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Synopsis

The periplasmic nitrate reductase (Nap) has been shown to support anaerobic growth of
Escherichia coli K-12 under nitrate-limiting conditions. Two of the Nap proteins, NapG and
NapH, are predicted to contain four and two [4Fe-48] clusters, respectively. In this thesis it
is reported that, during fermentative growth, Nap plays a role in redox balancing. This role
is most pronounced in a strain that lacks menaquinol and therefore cannot use the
menaquinol-dependent fumarate reductase to fulfil a redox balancing role during glucose
fermentation. Nitrate stimulated the growth of both a AmenBC AnapGH and an isogenic
AmenBC nap” strain to the same extent, even although the Nap activity was extremely low.
This showed that the residual 1% electron flow in the strain deleted for NapG and NapH was
sufficient to fulfil this redox balancing function. Using artificial quinones, NapG and NapH
were shown to be linked to oxidation of quinones with high midpoint redox potentials,
NapF" and NapF~ strains were grown anaerobically after either aerobic or anaerobic growth
and NapF was shown to be involved in adaptation from aerobic to anaerobic growth.

The hybrid cluster protein (HCP) contamns two Fe-S clusters, one of which is a
hybrid [4Fe-28-20] cluster. Despite intensive study, its physiological function is unclear. E.
coli HCP is detected after anaerobic growth with nitrate or nitrite, so a possible role for it in
some stage of the nitrogen cycle has been proposed. To study the regulation of HCP, an
hep:-lacZ fusion was constructed and transformed into far, arc4 and norR mutant strains of
E. coli. Transcription from the 2cp promoter was induced during anaerobic growth. Only the
Jfur mutant was defective in kcp expression, suggesting that transcription from the promoter
in response to anacrobiosis is dependent on FNR. Nitrate and nitrite further induced
transcription from the Acp promoter. The parental strain and the narL, narP and narLnarP
mutants were grown anaerobically in medium supplemented with nitrite or nitrate. The
nitrite and nitrate response of the Acp promoter was mediated by both of the response
regulator proteins, NarL and NarP. It is argued that NarL plays a dual role at the hcp
promoter acting as an activator during growth in the presence of a low concentration of

nitrite or nitrate and as both repressor and activator in the presence of high nitrite or nitrate



concentrations. Gel retardation assays were used to show that FNR and Narl. form a
complex with the Acp promoter, thus confirming that their effect on transcription is direct. A
technique involving the rapid amplification of cDNA ends (RACE) was used to demonstrate
that transcription of the hcp-her operon initiates at a thymine nucleotide located 31 bp
upstream of the translation-initiation codon.

A Ahcp strain was constructed by homologous recombination. When grown in
medium supplemented with nitrate, the growth rate and yield of the parental strain and the
Ahcp mutant were the same, suggesting that HCP is not involved in nitrate-dependent
growth. Both HCP" and HCP™ strains were equally sensitive to nitric oxide and
hydroxylamine. It was concluded therefore that HCP is unable to protect bacteria against
nitric oxide or hydroxylamine toxicity in vivo. HCP was overexpressed from a recombinant
plasmid and subsequently purified on a nickel column for biochemical studies. A qualitative
method using reduced methyl viologen as an electron donor was developed for usg in
attempts to identify a possible substrate of HCP in vitro. Nitrite, nitrate and hydroxylamine
were tested, but no evidence was presented that any of them can be used as an electron

acceptor.
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CHAPTER 1
INTRODUCTION



Iron and sulphur are versatile elements. Inorganic iron and sulphur are part of many
proteins with different functions: regulatory proteins and ¢enzymes mediating electron transport
and involved with carbon, oxygen, hydrogen, and nitrogen metabolism. Chusters involving iron
and sulphur (Fe-S clusters) are one of the most ancient and ubiquitous classes of electron
transfer groups (reviewed in Beinert et al., 1997, and Johnson, 1998). Unlike more complex
cytochromes and flavines, Fe-S clusters are among the simplest electron transfer systems. They
have been suggested as the first to be produced during chemical evolution. Common types of
cluster include {2Fe-2S], [3Fe-48], and [4Fe-4S] cores, and one or more of these units are found
in more than 120 distinct classes of protein. The most surprising result to appear in recent years
was the resolution of the unprecedented structure of a hybnd [4Fe-45-20] cluster, The primary
function of FeS clusters lies in mediating one-electron redox processes. That is why they are
integral components of respiratory and photosynthetic electron transfer chams, and a host of
redox proteins involved in different types of cell metabolism. They also constitute the substrate-
binding sites of a wide range of enzymes (Johnson, 1998). The term “iron-sulphur proteins”
refers to those proteins in which a non-haem iron is ligated to inorganic sulphur or cysteme
sulphur.

This thesis is concerned with some specialised non-haem Fe-S proteins of Escherichia
coli, NapG, NapH and bybrid cluster protein (HCP), which are expressed under anaerobic
conditions in the presence of nitrate. Based on their primary structares, NapG and NapH are
predicted to contain four [4Fe-4S] clusters. HCP has two types of cluster, [2Fe-25] and {4Fe-
48-20] (a hybrid cluster) (Krockel et al., 1998; van den Berg et al., 2000). NapG and NapH are
the subunits encoded by the periplasmic nitrate reductase operon, rap, which in E. colr 1s

expressed in the presence of nitrite and low concentrations of nitrate. The expression of HCP is



also elevated in the presence of nitrate and nitrite. NapG and NapH are involved in nitrate
reduction (Brondijk et al., 2002). HCP has been proposed to reduce hydroxylamine {Wolfe et al.,
2002; Cabello et al., 2004). Although a physiological role for HCP has not yet been established,
this protein 1s presumably involved in some aspect of niirogen metabolism.

In this chapter, the role of nitrate reduction in the nitrogen cycle will first be described.
Secondly, the structure of E. coli nitrate reductases will be introduced with particular emphasis
on the periplasmic nitrate reductase. The regulation of genes involved in anaerobic respiration

will be described and finally, an overview of the hybrid cluster protein will be presented.

1.1. The biological nitrogen cycle

Nitrogen is 2 component of the two essential biological macromolecules: proteins and nucleic
acids. Nitrogen is present in the environment in oxidation states betweem +5 and -3.
Interconversions of these nitrogen species constitute the global biogeochemical nitrogen cycle,
which 1s sustamed by biological processes with bacteria playing a predominant role (reviewed
by Richardson, 2001). The nitrogen cycle is shown in figure 1.1. Inorganic mitrogen is
assimilated into organic matter by mitrate assimilation and dinitrogen fixation. Dinitrogen
fixation is performed by bacteria such as Kiebsiella pneumoniae and Azotobacter vineland and
it depends on the nitrogenase reaction, which proceeds without free intermediates.
Denitrification constitutes a respiratory reduction of nitrate (NO;3") to nitrite (NOy), nitric oxide
(NO), nitrous oxide (N;0) and dinitrogen (N,} by denitrifying bacteria. There is also a short way
n the nitrogen cycle of reducing nitritc to ammonia avoiding the production of nitric and

nitrous oxides (Cole and Brown, 1980). Nitrification is the process whereby ammonia (NH4")
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Figure 1.1. The biological nitrogen cycle. The oxidation state of nitrogen is given in brackets
for each intermediate. Denitrification constitutes a respiratory reduction of nitrate (NOs’) to nitrite
(NOy), nitric oxide (NO), nitrous oxide (N>O) and dinitrogen (N). The oxidation of ammonia
(NH4") to nitrite, via hydroxylamine (NHOH) constitutes the first part of nitrification. Dinitrogen
fixation depends on the nitrogenase reaction, which proceeds without free intermediates.

ANAMMOX, ANaerobic AMMonia OXidation, is a process in which nitrite and ammonia

combine to produce dinitrogen and water.



is oxidized to nitrate via hydroxylamine (NH,OH) and nitrite by the combined action of two
species such as Nirozomonas europaea, ammonia oxidizer, and Nutrobacter vulgaris, nitrite
oxidizer. ANAMMOX, ANaerobic AMMonia OXidation, is a process in which nitrite and
ammonia combinte by planctomycetes to produce dinitrogen and water (van de Graaf et al,
1995, Jetten et al,, 2001; Jetten et al., 2005).

Nitrate reduction by bacteria plays a key role in the nitrogen cycle, which has important
effects 1n many ways, such as in agricultural activities. Denitrification is an important route for
the loss of nitrogen from the biosphere. There is woridwide concern over the excessive use of
fertilizers because nitrogen oxides generated by denitrification are a significant cause of the
green-house effect. They are also a source of ozone- damaging gases that have a major impact
both iz the environment, and as a cause of public health problems (Richardson et al., 1998,
Moreno-Vivian ¢t al., 1999), Therefore, nitrate reduction by bacteria has been a major research
topic for many years.

Nitrate reduction can be performed with three different purposes. It can be used m a
respiratory process to generate energy (Haddock and Kendall-Tobias, 1975, Berks et al., 1995a;
Richardson, 2000). Nitrate reduction is aiso ased by bacteria when grown on very reduced
substrates to dissipate the excess of reducing power (Ellington et al., 2002; Ellington et al.,
2003a). Assimilatory nitrate reductases use mitrate reduction 1o assimilate nitrate into organic

compounds (Gangeswaran and Eady, 1996; Gangeswaran et al., 1993; Rubio et al., 1996).

1.2. Respiratory process in bacteria
Respiration involves the transfer of electrons from a low redox-potential electron donor such as

NADH through a range of redox cofactors to a high redox-potential electron acceptor such as



oxygen or nitrate. The free energy released during this electron transfer process is used io
generate a trans-membrane proton electrochemical gradient (or proton motive force, Ap) that in
turn can drive the synthesis of ATP. The prokaryotic respiratory system has a very flexible
design, which enables the cell to survive changes of growth conditions and environmental
challenges (figure 1.2). Most bacterial respiratory systems comprise several dehydrogenases that
transfer electrons to a pool of quinones, which in turn is reoxidised by terminal oxidases that
pass clectrons fo the final electron acceptor. Before focusing on nitrate respiration, a brief

overview of different components of E. coli anaerobic respiratory system will be given.

1.2.1. Dehydrogenases involved in anaerobic respiration in E. coli

E coli encodes several dehydrogenases: formate-, glycerol-3-phosphate-, and NADH-
dehydrogenases, and uptake hydrogenases (Ingledew and Poole, 1984). During anaerobiosis,
formate is generated from the cleavage of pyruvate. E. colt expresses three enzymes capable of
oxidising formate to CO; Formate dehydrogenase H (FDHpy) is used during fermentative
growth, Formate dehydrogenases FDHy, encoded by the fdnGHI locus and FDHo, encoded by
the fdoGHI genes, couple the oxidation of formate to the reduction of an electron acceptor and
the generation of Ap (Jormakka et al, 2002b). FDHy contains 11 redox centres abgned in a
single chain, which extends almost 90 A (Jormakka et al., 2002a).

The anaerobic glycerol-3-phosphate dehydrogenase is encoded by the gipABC operon. It
is maximally expressed during anaerobic growth in the presence of fumarate, but it also
couples the oxidation of glycerol-3-phosphate to the reduction of nitrate, TMAQ and DMSO
(Miki and Lin, 1975). GlpB mediates electron transfer from the soluble GIpAC dimer to the

terminal electron accepior fumarate via the membrane-bound menaquinone pool (Varga
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Figure 1.2. Respiratory system of E. coli. £ coli respiratory systems comprises several
dehydrogenases that transfer electrons from electron donors to a pool of quinones
ubiquinone (UQ) and menaquinone (MK). UQ and MK are in turn reoxidised by terminal

oxidases that pass electrons to the final electron acceptor. From Soballe and Poole, 1999,



and Weiner, 1995).

NADH is the most important electron donor for the respiratory chains of £. coli during
growth with many substrates. E. coli contains two membrane-bound enzymes that couple
NADH oxidation to reduction of the quinone pool. NADH dehydrogenase 1 is encoded by the
nuo operon and consists of 14 subunits (Weidner et al., 1993). Its expression is stimulated in the
presence of electron acceptors oxygen and nitrate compared with fermentative growth. NADH
dehydrogenase II is encoded by the ndh gene. Its expression is maximal during aerobic growth
and is repressed in the absence of oxygen by FNR (regulator of fumarate and nitrate reduction)
(Green and Guest, 1994).

E. coli encodes four distinct uptake [NiFe] hydrogenases (denoting that H» is oxidised,
not gencrated). Hydrogenases | and 2 are encoded by the Aya4BCDF and hybOhybABCDEFG
operons, whose transcription is regulated in response to oxygen and nitrate (Menon et al., 1991;
Richard et al., 1999). Synthesis of hydrogenase 2 is induced when cells are grown anaerobically
on non-fermentable carbon sources such as hydrogen and fumarate or glycerol and fumarate
(Ballantine and Boxer, 1985). The physiological function of hydrogenase 1 is not clear.
Hydrogenase 3 forms part of the formate hydrogen-lyase complex (FHL), which, during
fermentation, converts formate produced by pyruvate formate-lyase to carbon dioxide and
molecular hydrogen (Bohm et al., 1990). Hydrogenase 4, encoded by the Ayf operon, is a part of
another form of formate hydrogen lyase (Bagramyan et al., 2601). Optimum expression of hyf

requires the presence of cyclic AMP receptor protein-cyclic AMP complex (Self et al., 2004).



1.2.2. Quinones
Quinones are best known as lipid-soluble components of membrane-bound electron transport
chains. An important property of quinones is their hydrophobicity, which allows free movement
between partner reductants and oxidants in the membrane. The quinone structure has isoprenoid
side chains of various length depending on the species (reviewed in Soballe and Poole, 1999).
Bacterial respiratory quinones can be divided into two groups. The first comprises
benzoquinone termed ubiquinone or coenzyme Q. The abbreviation for ubiquinone is UQ or
UQ-n, where n refers to the number of isoprenoid units in the side chain. The second group
contains the naphthoquinones, menaquinone (vitamin K, MK or MK-n) and
demethylmenaquinone (DMK or DMK-n). The reduced forms of the quinones are referred to as
quinols and are named ubiquinol (UQH:), menaquinol (MKH;) and demethyimenaquinol
(DMKHo), respectively. Animal cells synthesize only UQ, but MK is obtained from the diet.
Escherichia coli uses 3 different types of quinone as redox mediators — ubiquinone,
menaquinone and demethylmenaquinone. They are produced in variable amounts depending on
the growth conditions (Bentley and Meganathan, 1982). The cellular concentration of
ubiquinone is the same during aerobiosis and anaerobiosis; menaquinone and
demethylmenaquinone are produced in higher amounts during anaerobiosis. With E. coli
mutants deficient in either UQ or MK and DMK it was demonstrated that UQ serves as a redox
mediator in aerobic and nitrate respiration while the naphthoquinones fulfil the same function in
anaerobic respiration with nitrite, nitrate, fumarate, dimethyl sulphoxide (DMSO) and
trimethylamine N-oxide (TMAQO) as the acceptors (Wissenbach et al., 1990). Thus, nitrate
respiration in E. coli has a unique position because electrons from both UQ and MK, but not

DMK, can be used for nitrate reduction (Soballe and Poole, 1999).



The selectivity of quinones for particular electron donors and acceptors could be due to
differences in the midpoint redox potential between UQ/UQH;z (Em = 113 mV) and MK/MKH,
couples (Ep = -74 mV) (Gennis and Stewart, 1996). Thus, MK is more suitable for a respiratory
chain with lower-potential electron acceptors such as fumarate, whereas UQ is well suited for

oxygen and nitrate respiration.

1.2.3. Terminal reductases involved in anaerobic respiration in E. coli

In addition to nitrate, E. coli can use nitrite, TMAQ, DMSO and fumarate as terminal electron
acceptors in the absence of oxygen. Before focusing on nitrate reductases a brief overview of
other terminal reductases will be given. E. coli expresses two nitrite reductases; both catalyse
the six-electron reduction of nitrite to ammonia. The nitrite reductase Nir uses NADH as an
electron donor and is encoded by the nirBDC operon (Harborne et al., 1992). The alternative
nitrite reductase, Nrf, uses formate as an electron donor and is encoded by the mfABCDEFG
operon (Hussain et al., 1994). The role of Nir is to detoxify nitrite formed in the cytoplasm as a
product of nitrate reduction. In contrast, reduction of nitrite by the Nrf pathway provides energy

for anaerobic growth (Page et al., 1990).

Fumarate is the weakest oxidising agent used by E. coli as a terminal electron acceptor
during anaerobic respiration. Reduction of fumarate to succinate is catalysed by fumarate
reductase (Cole et al., 1985), which contains covalently attached FAD at the active site of the
enzyme. The frdABCD operon is induced by FNR during anaerobiosis and repressed by NarL in

response to nitrate (Jones and Gunsalus, 1987).

DMSO reductase is encoded by the dmsABC operon. It reduces dimethyl sulphoxide

(DMSOQ) to dimethyl sulphide, but also has broad range of specificity, being capable of reducing
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a wide variety of S-oxides and N-oxides (Weiner et al., 1988). To reduce trimethylamine oxide
(TMAQO), E. coli synthesises two homologous systems. One, the TorCAD, is strongly induced
by TMAO, whereas the other, TorYD, is expressed at a low level (Silvestro et al., 1989; Gon et

al., 2000).

1.3. Nitrate reductases

Three types of nitrate reductase, each fulfilling a different physiological role, can be found in
some, but not all, Gram-negative bacteria (reviewed in Philippot and Hojberg, 1999; Stolz and
Basu, 2002). The active site of all three enzymes is molybdenum-bis-moiybdopterin guanine
dinucleotide cofactor (Mo-bis-MGD). The three types are the soluble, assimilatory nitrate
reductase (NAS) located in the cytoplasm, the membrane-associated nitrate reductase (NAR)
and a soluble periplasmic nitrate reductase (Nap). E. coli expresses two isoenzymes of
membrane bound nitrate reductase, NRA and NRZ, and a periplasmic nitrate reductase, Nap

(figure 1.3).

1.3.1. Assimilatory nitrate reductases

Assimilatory nitrate reductases are widely distributed. Nitrate is assimilated into the pool of
organic nitrogen compounds by plants, eukaryotic and prokaryotic micro-organisms.
Assimilatory nitrate reductases in several phototrophic and heterotrophic bacteria have been
studied at the biochemical or genetic level. Nitrate assimilation by bacteria is reviewed by Lin
and Stewart (1998). The first reduction step in nitrate assimilation is the two-¢lectron reduction
of nitrate to nitrite; this is followed by the six-electron reduction of nitrite to ammonia. The
ammonia so formed is then predominantly incorporated into either glutamine or glutamate

(Ogawa et al., 1995). Expression of nas genes is subjected to dual control: ammonia repression
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by the general nitrogen regulatory system (Ntr) and specific nitrate or nitrite induction (Goldman

etal., 1994; Lin and Stewart, 1998).

1.3.2. The respiratory nitrate reductase A (NRA)

The respiratory nitrate reductase A (NRA) has become one of the best-characterised anaerobic
respiratory enzymes (Magalon et al,, 1997; Blasco et al., 2001; Rothery et al., 2001). NRA is the
most active nitrate reductase expressed during anaerobic growth in E. coli in the presence of
excess nitrate; for many years it was believed to be the only one present. The narG, narH and
narl genes encode the o-, B-, and y-subunits, respectively. The third gene in the operon, narJ,
encodes a soluble protein that is not part of the mature enzyme complex (Eaves et al., 1998). The
a~subunit contains Mo-bis-MGD cofactor at the active site of the enzyme and the B-subunit is an
FeS protein. The y-subunit is a b-type cytochrome that anchors the aff complex to the membrane
(Blasco et al., 1992b). Formate is the preferred electron donor for NRA, although the oxidation
of NADH, lactate and glycerol-3-phosphate can be coupled via the quinone pool to nitrate
reduction (Wimpenny and Cole, 1967; Cole and Wimpenny, 1968; Wallace and Young, 1977).
Approximately 500 bp upstream of the narGHJI operon, and in the same orientation, is the nark
gene encoding an integral membrane protein acting as a nitrite extrusion and nitrate uptake
protein (Rowe et al., 1994; Clegg et al., 2002). The narL and narX genes, encoding the nitrate
sensor NarX and the DNA-binding regulator NarL, form another operon in the ch/C locus and

are transcribed in the opposite direction to narGHJL.
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1.3.3. The respiratory nitrate reductase Z (NRZ)

The second membrane-bound nitrate reductase, nitrate reductase Z, has been identified in few
organisms including E. coli and Salmonella pyphi. This enzyme is very similar to nitrate
reductase A. First, the two enzymes have the same ofy subunit composition. The o and B
subunits of NRZ, encoded by narZ and narY genes, correspond to the o and B subunits of NRA
coded by narGG and narH, with 76% and 75% identity, respectively (Bonnefoy et al,, 1997).
There is also 87% identity between Narl and NarV (the y subunit of the protein). Formation of
relatively active heterologous nitrate reductases between NRA and NRZ of E. coli was achieved
(oA BZ ¥2Z), which implicates the possibility that heterologous nitrate reductases could be formed
in vivo (Blasco et al., 1992a).

The structural genes encoding NRZ are clustered in the chlZ locus, which is located at 32
min on the E. coli chromosome and encoded by a five-gene narUZYWYV operon (Bonnefoy et al.,
1997; Clegg, 2002). The nar# and narU genes encode a chaperone-like protein and a NarK-like
protein 74% identical in sequence to NarK, respectively (Bonnefoy et al., 1997). The function
of NarlJ is to provide both nitrate and nitrite transport (Clegg et al., 2002; Jia and Cole, 2005).
The chiZ region does not contain a regulatory gene (narXL homologue) upstream of narU.

Another difference between NRA and NRZ lies in the regulation of expression of the
two proteins. NRA is strongly induced by nitrate during anaerobic growth, but NRZ is expressed
at a very low, constitutive level. It was shown that E. coli NRZ is only slightly regulated by FNR
and that its expression is highly growth phase dependent and is controlled by RpoS, the
alternative sigma factor (Blasco et al., 1990; Chang et al, 1999). Expression studies, using
operon fusions and nitrate reductase assays, revealed that the narUZYWV operon is controlled

mainly at the level of transcription and is induced 10-fold at the onset of stationary phase in rich
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media (Chang et al., 1999). The physiological role of the NarU-NarZ system appears to be to
provide a selective advantage in the survival of stationery phase bacteria, or during stress

imposed by very slow, nutrient-limited growth (Clegg, 2002).

1.4. Periplasmic nitrate reductase Nap

The assimilatory and membrane-assaciated respiratory nitrate reductases have been studied for
many years, but it is only recently that periplasmic nitrate reductases (Nap) have attracted
growing interest (reviewed in Potter et al., 2001). So far, proteins of the Nap complex have been
purified from various bacteria including enterobacteria, denitrifiers and non-sulphur
photosynthetic bacteria, such as Rhodobacter capsulatus (Richardson et al., 1990), Paracoccus
denitrificans (Sears et al., 1995), P. pantotrophus (Bell et al., 1990; Berks et al., 1995b),
Raistonia eutropha (formerly Alcaligenes eutrophus; Siddiqui et al., 1993), Desulfovibrio
desulfuricans (Dias et al., 1999) and Azospirillum brasilense (Steenhoudt et al., 2001).

Nap fulfils different roles in different groups of bacteria. In Haemophilus influenzae and
Pseudomonas sp. strain G179 Nap is the only nitrate reductase present and its role is clearly to
support nitrate respiration (Bedzyk et al., 1999, Liu et al,, 1999). In £. cofi, which expresses not
only Nap, but also NRA and NRZ, the Nap enzyme is used during nitrate respiration in nitrate-
limited environments (Potter et al., 1999). Brondijk et al. (2002) have shown that Nap in E. coli
couples more effectively to menaquinol oxidation than to ubiguinol oxidation and that
conversely, nitrate reductase A couples more effectively with ubiquinol than with menaquinol.

Paracoccus pantotrophus and Ralstonia eutropha express membrane bound, periplasmic
and assimilatory nitrate reductases. In Paracoccus pantotrophus Nap is used for redox balancing

during aerobic respiration on highly reduced carbon sources, for example, during growth on
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butyrate as the main source of carbon and energy (Richardson et al., 2001; Sears et al., 2000,
Ellington et al., 2602 and 2003b). Redox balancing is the process by which bacteria utilise an
electron acceptor to dissipate excess reductant generated during metabolism of a carbon source
that is more reduced than the average oxidation state of the biomass (Sears et al., 2000). In
Rhodobacter sphaeroides, where Nap is the sole nitrate reductase, it can also function as an

electron sink during photosynthesis (Reyes et al., 1996; Reyes et al., 1998).

1.4.1. NapA, B, C and D — four common components of all Nap enzymes

The nap operon was originally named the “aeg 46.5” operon as it was detected as “anaerobically
expressed genes” located at minute 46.5 on the E. coli linkage map (Grove et al., 1996). The
seven napFDAGHBC genes of E. coli are followed by eight cemABCDEFGH genes, which
encode proteins essential for cytochrome ¢ maturation (Tanapongpipat et al., 1998). The ccm
genes are transcribed from the napF and ccmA promoters, and also from a weak promoter,
which is suggested to permit transcription of the downstream ccmEFGH genes.

The nap gene clusters of different bacteria reveal considerable heterogeneity in their
composition (figure 1.4), but most of the rap clusters have four genes in common: napDABC
(with exceptions in Campylobacter jejuni, Wollinella succinogenes, Symbiobacterium
thermophilum and Desulfovibrio desulfuricans, Parkhill et al., 2000; Simon et al,, 2003;
Marietou and Mohan, personal communication). The conservation of napAd, napB and napC is
expected as they encode the periplasmic molybdoprotein, NapA, a di-haem cytochrome, NapB,
and a putative tetra-haem quinol dehydrogenase, NapC. The napD gene encodes a possible
pathway-specific chaperone, NapD. Potter and Cole (1999) showed that products of the

napABCD genes are all essential for the Nap activity in E. coli.
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The NapA protein contains Mo-bis-MGD and [4Fe-4S] as cofactors. Although some
hyperthermophilic archaea synthesise a number of enzymes with tungsten at the active site, none
of the utilised approaches revealed evidence that tungsten could replace molybdenum at the
active site of £. coli NapA (Gates et al,, 2003). NapA is a90kDa protein with a 36-residue
leader peptide, which includes the double-arginine (RR) motif (Thomas et al., 1999). This motif
is typical of proteins to which complex redox cofactors are attached in the cytoplasm and which
are transported to the periplasm via the twin-arginine translocation, Tat, pathway (reviewed in
Berks et al., 2000a and 2000b). The pre-NapA leader sequence is both unexpectedly long and is
cleaved at the unprecedented sequence G-Q-Q (Thomas et al., 1999).

The crystal structure of the NapA from Desulfovibrio desulfuricans was determined at
1.9 A resolution by multiple-wavelength anomalous dispersion (MAD) (Dias et al., 1999). The
protein is folded into four domains comprising both alpha-helices and beta-sheets and all four
domains are involved in cofactor binding. The [4Fe-48] centre is located near the periphery of
the molecule, whereas the MGD cofactor extends across the interior of the molecule. The
molybdenum atom is positioned 12 A from the [4Fe-4S] cluster (Dias et al,, 1999). A facile
clectron-transfer pathway connects the di-haem NapB, molybdenum and the [4Fe-4S] cluster.

The NapB protein from Haemophilus influenzae was overproduced (Brige et al., 2001)
and its crystal structure was resolved at 1.25 A by MAD spectrometry (Brigé et al., 2002).
Finally, the structure of the NapAB complex from R. sphaeroides was determined at a resolution
of 3.2 A (Arnoux et al., 2003 and figure 1.5). The NapB subunit binds to the large NapA subunit
with haem Il in close proximity to the [4Fe-4S] cluster of NapA. The N- and C-terminal

extremities of NapB adopt an extended conformation, embracing the NapA subunit (Amoux et
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Figure 1.5. Views of the overall fold of the NapAB complex from R. sphaeroides.

a: NapA is represented as a white ribbon, and NapB is colored from blue to red from the N to
the C terminus, respectively. Mo-bis-MGD cofactor and [4Fe-4S] cluster of NapA and the
two haems of NapB are indicated. b: The same view as in a, rotated by 90 °C. NapB is white,
and the four structural domains of NapA are coloured as follows: domain 1, red; domain II,

green; domain III, yellow; domain IV, blue. Adapted from Amoux et al., 2003.
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al., 2003). Based on the protein from Haemophilus influenzae a model of the NapAB complex
was proposed, in which the four redox centres are positioned in a virtually linear configuration,
which spans a distance of nearly 40 A (Brigé et al., 2002). This suggests an efficient pathway for
the transfer of electrons from NapB to a nitrate molecule at the catalytic site of NapA.

The nap gene cluster of D. desulfuricans does not encode a NapB (Marietou and Mohan,
personal communication; see also figure 1.4). It is proposed that at some point in evolution
NapA must have recruited the di-naem NapB as a redox partner (Richardson, personal
communication). The molecular interaction with the primordial NapB would not have initially
been strong, which perhaps is still reflected by the weak NapA-NapB interaction of y-
proteobacterium E. coli. As the NapA and NapB co-evolved, the interaction would have become
stronger, which is exemplified by the tight heterodimeric NapA-NapB complex of o-
proteobacterium R. sphaeroides {Dias et al., 1999; Richardson, personal communication).

Each haem-iron centre of NapC has a bis-histidinyl coordination. Four proximal ligands
arise from each of four Cys-X,-Cys-His haem-binding motifs; candidates for the four distal
ligands are four other histidine residues. A model of organisation of NapC into two domains,
each containing a di-haem pair, was proposed (Cartron et al., 2002). In this model, each haem
pair obtains one distal haem ligand from its own domain and a second one from the other
domain. One of the Nap systems, known to be independent of NapC, is that one of Wolinella
succinogenes. The nap cluster of this bacterium lacks the napC gene, and neither of two other
members of the NapC/NirT family encoded by the genome are required for nitrate respiration

(Simon et al., 2003).
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1.4.2. Nap E, F, G, H and K - additional proteins of Nap systems

Apart from napA, napB, napC and napD, additional genes are not the same among different
organisms (figure 1.4). The napE gene has been found in 7. pantotropha, R. sphaeroides, P.
aeruginosa and B. japonicum nap operons (Reyes et al., 1998; Liu et al., 1999; Delgado et al.,

2003). NapK and NapE are integral membrane proteins of currently unknown function.

The genome of £. coli contains 3 additional genes for putative iron-sulphur proteins
NapF, NapG and NapH. It has been shown recently that electron transfer from ubiquinol to
NapAB is almost totally dependent upon NapGH and it was originally proposed that NapGH
form an energy-conserving ubiquinol dehydrogenase (Brondijk et al., 2002). The topology
model of the E. coli periplasmic nitrate reductase complex is shown in figure 1.6. Sequence
analysis of NapF, NapG and NapH predicts them to bind four [4Fe-48] clusters. NapF, G and H
are 16, 20 and 32 kDa proteins, respectively. Based on the primary structure, NapF is a
hydrophilic protein with a hydrophobic region in its C-terminus. Although it has an N-terminal
double-arginine motif that might be required for translocation across the cytoplasmic membrane
of E. coli by the twin-arginine translocation system, its mutation did not affect nitrate dependent
growth. NapF from E. coli was shown to be loosely associated with the membrane facing the
cytoplasm (Nilavongse, 2003). This partially agrees with the finding of Olmo-Mira et al. (2004)
who showed NapF of R. sphaeroides to be located in the cytoplasm. The 6xHis-tagged NapF
protein of this bacterium displayed spectral properties indicative of Fe-S clusters, but these
features were rapidly lost, suggesting cluster lability. NapA could not be detected in an isogenic
AnapF strain of R, sphaeroides, and also the recovery of NapA, which had previously been
treated with 2,2’-dipyridyl to remove the [4Fe-4S] cluster, was achieved in the presence of

NapF. Based on these observations, a role for NapF was proposed in assembling the [4F¢-45]
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Figure 1.6. Working model for electron trausfer from the cytoplasm via ubiquinone, NapH
and NapG to the NapCBA complex in the periplasm. NapA, B and C proteins are common
components of all Nap enzymes. NapA is a periplasmic molybdoprotein, NapB is a di-haem
cytochrome and NapC a putative quino] dehydrogenase. The putative iron-sulphur proteins NapG
and Napl{ participate in oxidation of ubiquinol, but oxidation of menaquinol is independent from
Nap( and NapH (Brondijk et al., 2002; Brondijk et al., 2004). P: periplasm; C: cytoplasm.
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centre of the catalytic subunit NapA (Olmo-Mira et al., 2004).

NapG is encoded by the fourth gene in the nap operon. Like NapF, the N-terminal
sequence of NapG includes a twin arginine motif. Alignment of NapG coding sequences from
several bacteria reveals a consensus sequence of Leu-Arg-Pro-Pro-(Gly/Phe)-Ala. The first
proline in this consensus sequence is located 35 or 36 amino acid residues after the twin arginine
motif and 13 residues before the first cysteine motif, Mutagenesis of the twin-arginines showed
that RR is essential for NarG function, presenting strong evidence that NapG is exported into the

periplasm (Brondijk et al., 2004).

The fifth gene of the nap operon encedes NapH, an integral membrane protein with four
transmembrane helices (Brondijk et al., 2004). The proposed cytoplasmic C-terminal domain
contains one of the four cysteine clusters. This region of the polypeptide is thus likely to bind
one non-haem [4Fe-4S8] cluster. One of the other three cysteine clusters is found in the

cytoplasmic loop between helices 2 and 3 (figure 1.6).

1.4.3, Energy conservation by NRA and NRZ and energy dissipation by Nap

As active centres of the NRA/Z and Nap enzymes are located at the opposite sides of the
membrane, the enzymes differ in terms of energy conservation (figure 1.3). NRA generates
energy by a redox loop mechanism (Jones et al., 1980; reviewed in Jormakka et al., 2003). The
quinol is oxidised by the Narl/V subunit at the periplasmic face of the cytoplasmic membrane.
Protons are ejected into the periplasm while the electrons flow back to the cytoplasm across the
membrane through the two Narl/V haems. The elecirons then pass, via the NarH/Y iron-sulphur

centres, to the cytoplasmically located NarG/Z MGD cofactor, where nitrate is reduced to nitrite.
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The reduction also involves consumption of two protons. This electron-transfer process ensures
that the free energy is conserved as a proton motive force.

In the case of the E. coli periplasmic nitrate reductase, the quinol is thought to be
oxidised by NapC at the periplasmic face of the cytoplasmic membrane. The electrons flow into
the periplasm, where during the reduction of nitrate to nitrite, the protons released by quinol
oxidation become consumed. Thus, in contrast to the membrane-bound nitrate reductases A and
Z, the free energy in the QHy/NO; redox pair is not conserved as a proton motive force, but is
dissipated. Interestingly, in Paracoccus pantotrophus the Nap complex is expressed under
aerobic conditions. This expression of an energy-dissipating system raised the possibility of a
role for Nap in redox balancing (Richardson et al.,, 1998; Ellington et al., 2002). However,
despite not creating an electrochemical gradient, periplasmic nitrate reductase can participate
indirectly in respiration, by functioning as a part of electron transport chain with a proton-

translocating enzyme, such as NADH-dehydrogenase I (NuoA-N enzyme).

1.5. Regulation of genes involved in anaerobic respiration

The expression of most bacterial genes is regulated at the initiation of transcription. Bacterial
promoters contain different elements that are recognised by RNA polymerase holoenzyme
(RNAP). The —10 and —35 hexamer elements are contacted by specific surfaces in the RNAP o™
subunit. Upstream (UP)-elements, which are located upstream of the —33 region at many
promoters, are contacted by the RNA polymerase a subunit carboxy-terminal domain (¢ CTD)

(reviewed in Rhodius and Busby, 1998). Different promoters contain different combinations of



these elements: in some cases recognition of these elements by RNAP is sufficient for

transcription initiation, but in other cases an activator, or activators, are required.

To adapt to a new environment, E. coli must be able to repress synthesis of enzymes that
are no longer needed and induce those that are required for the metabolism of available
substrates. Oxygen is the preferred electron acceptor, but in the absence of oxygen nitrate
becomes the most favourable electron acceptor. Gene expression in response to oxygen
availability is mediated either by FNR or by the ArcB/ArcA system. Both systems can eijther
repress or activate expression from relevant operons. Further regulation in the presence of nitrate

or nitrite is ensured by the NarX/Narl. and NarQ/NarP systems (Stewart, 1993).

1.5.1, FNR

Anaerobic induction of respiratory enzyme synthesis is in many cases regulated by the
transcription regulator protein FNR. At most target promoters two FNR monomers bind to a 22
bp sequence, resulting in the activation of transcription initiation by RNA polymerase
(Jayaraman et al., 1988; Bell et al., 1989; Bell and Busby, 1994). FNR can also function as a
repressor of genes involved in aerobic metabolism as well as an autorepressor of the fir gene
itself (reviewed in Spiro and Guest, 1990). Recently it was shown that FNR can respond not
only to oxygen, but also to nitric oxide, with major implications for gene regulation in bacteria
(Cruz-Ramos et al., 2002). Global gene expression profiling of E. coli showed that more than
40% of genes are either directly or indirectly modulated by FNR, although this extent of
regulation by FNR should be taken with caution as microarray techniques may raise biased data
(Salmon et al., 2005). In another study, it was shown that 184 operons comprised of 465 genes

are regulated by FNR and/or O, (Kang et al., 2005). The expression of many genes known to be
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involved in anzerobic respiration and fermentation was increased under anserobic growth
conditions, while that of genes involved in aerobic respiration and the tricarboxylic acid cycle
(TCA) were repressed. Ninety-one genes with no presently defined function were also altered in
expression, six of which were found to be directly regulated by FNR (Kang et al., 2005).

The fnr gene is located at 29 min on the E. coli chromosome. The FNR protein is
homologous to the well-characterised transcription regulator, CRP (cyclic AMP receptor
protein) (Shaw et al, 1983; Kolb et al., 1993). In contrast to CRP, FNR contains a cysteine-rich
N-terminal extension, which is essential for FNR function (Shaw and Guest, 1982). Four
essential cysteines coordinate an iron-sulphur centre of FNR (Green et al., 1993). Mossbauer
spectroscopy was used to identify two forms of Fe-$ centre in native FNR namely [4Fe-4S]**
and [2Fe-2S]**. These and other observations have led to a model for iron-sulphur centre
transition in FNR (figure 1.7; see also Unden and Schirawski, 1997; Kiley and Beinert, 1998).
According to this model an equilibrium exists between the active dimeric FNR-[4Fe-4S]*" and
inactive monomeric FNR-[2Fe-2S]** depending on the concentration of oxygen.

The site of FNR binding at most promoters is centred between base pairs 41 and 42
upstream from the transcript start point (i.e. —41.5) (Jayaraman et al., 1989). Promoters in which
the FNR-binding site is located at this position are referred to as class [} FNR-dependent
promoters {Wing et al., 1995). Studies of the FNR-activated napF control region indicated that
the FNR binding site is at position —64.5 (Choe and Reznikoff, 1993; Darwin and Stewart,
1995b; Darwin et al., 1998). napF exemplifies another class of FNR activated promoters called

class | FNR-dependent promoters.
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Figure 1.7. A model of the oxygen-sensing mechanism of E, coli FNR. An equilibrium exists
between the active dimeric FNR-[4Fe-4S[* in the absence of oxygen and inactive monomeric
FNR-[2FeZ8]* in the presence of oxygen, The active [4Fe-4S]** centre may also degrade
aerobically to a [3Fe-4S[* centre. When continuously exposed to oxygen, the FNR monomer
loses its iron-sulfur centre to form apo-FNR, Active FNR-4Fe#5]** can be regenerated by
NifSE, Dotted lines show unproven pathways. Adapted from, Kiley and Beinert, 1998.
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1.5.2. The ArcB/ArcA apd the Nar two-component signal transduction systems

Proteins involved in anaerobic respiration are also regulated by two-component systems
ArcB/ArcA, NarX/Narl. and Nar(Q/NarP. The number of two-component systems is highly
variable in the eubacteria (reviewed in Stock et al., 2000). In the enteric bacteria £ coli and S.
typhimurium, about 30 different two-component systems are known to occur.

Each two-component system consists of a histidine protein kinase and a response
regulator element. In all cases the former protein contains the histidine protein kinase domain
(HPK) and the latter one the response regulator domain (RR). The regulation exploits the
phosphorelay scheme (Kwon et al, 2000). The HPK domain catalyses the reversible
phosphorylation of a conserved histidine residue within the HPK domain at the expense of ATP,
producing ADP. The phosphorylated HPK domain is dephosphorylated by the RR domain by
means of a reversible reaction in which the phosphoryl group is transferred to a conserved
aspartatc within the response regulator domain. The phosphorylated RR domain may be
dephosphorylated by a number of mechanisms including a self-catalysed autophosphatase
activity, a regulated phosphatase activity of the HPK, and dephosphorylation by distinct

phosphatases (Stewart, 1998).

The ArcB/ArcA regulatory system

The ArcB/ArcA signal transduction system comprises the membrane-associated ArcB sensor
kinase and its cognate response regulator, ArcA (Tuchi and Lin, 1988). Under microaerobic
conditions, ArcB undergoes autophosphorylation and then catalyses the transphosphorylation of
ArcA. The sequence of most conserved bases, recognized by ArcA-P, is 5'-

GTTAATTTAAATGTTA-3" (Georgellis et al., 2001). Phospho-ArcA (ArcA-P) subsequently
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represses a wide variety of acrobic enzymes such as enzymes of the tricarboxylic acid cycle, and
activates some others (cytochrome d operon and pyruvate formate lyase operons). Microaerobic
control of cyd4B (cytochrome d oxidase) gene expression involves ArcA/B in conjunction with
FNR. Analysis of the ArcA/B modulon of E. coli revealed that 9% of all reading frames are
affected either directly or indirectly by ArcA-P (Liu and Wulf, 2004). The data also suggest that
the Arc regulon overlaps partly with the FNR regulatory network. This is not surprising as ArcA
is regulated by FNR (Compan and Touati, 1994). The arc4 and arcB genes are located at minute
0 and 69.5, respectively, on the E. coli chromosome. Expression of ared is positively regulated
by both ArcA and FNR during anaerobic growth and as a consequence FNR indirectly regulates
the synthesis of many aerobic respiratory enzymes (Compan and Touati, 1994). No equivalent
regulation has been observed for arcB (Lynch and Lin, 1996).

ArcB contains a PAS domain (figure 1.8), the common domain of many sensor proteins
that monitor changes in light, redox potential, oxygen and overall level of energy of a cell
(reviewed in Taylor and Zhulin, 1999). PAS is an acronym formed from the names of the
proteins in which the imperfect repeat sequences were first recognised: the Drosophila period
clock protein (PER), vertebrate aryl hydrocarbon receptor nuclear translocator (ARNT), and the
Drosophila single-minded protein (SIM). Recent studies suggest that the PAS domain comprises
a region of approximately 100 to 120 amino acids. In PYP (photoactive yellow protein), which
is the structural prototype for the three-dimensional PAS domain, four segments have been
delineated: the N-terminal cap, the PAS core, the helical connector and the B-scaffold (figure
1.8). The PAS core has the highest density of conserved residues in PAS domains. The
mechanism of oxygen sensing by ArcB is not entirely elucidated, although redox-sensing rather

than sensing of oxygen per se was proposed (Iuchi et al., 1990). And indeed, recently quinones
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N-terminal cap

helicai connector

Figure 1.8. Structure of PAS domain. The proposed PAS three-dimensional fold is
illustrated on the structure of PYP (photoactive yellow protein) from Ectothiorhodospira
halophida. The PYP is a bacterial blue-light receptor. The PAS domain contains the N-
terminal cap (purple), the PAS core (gold), the helical connector (green) and the 8-scaffold
(blue). The PAS core has the highest density of conserved residues in PAS domains. From

Taylor and Zhulin, 1999.
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were shown to be a redox signal for the Arc system: it was demonstrated that the oxidised forms
of quinones are the ArcB-specific signals that silence ArcB kinase activity, whereas reduced

forms permit the ArcB autophosphorylation (Georgellis et al., 2001).

The Nar (NarX/NarL and NarQ/NarP) regulatory system

Expression of operons involved in anaerobic respiration is also modulated in response to the
availability of nitrate and nitrite. This establishes priorities for operons involved in nitrate/nitrite
reduction amongst other anaerobically expressed operons. This expression is mediated by
another two-component, dual, regulatory system, - the Nar system. Homologous membrane-
bound sensor proteins, NarX and Nar(Q, monitor the availability of nitrate and nitrite in the
medium. They control the phosphorylation state of homologous DNA-binding response
regulators NarL and NarP by phosphorylating or dephosphorylating them (Rabin and Stewart,
1993; Wang et al., 1999; Wang and Gunsalus, 2000). The phosphorylated response regulators
then bind to the control regions of target operons and regulate their expression. The regulation of
gene expression by the Nar two-component system is shown in figure 1.9. Two-component
signalling represents only one of several possible regulatory mechanisms for response to nitrate
and nitrite. For example, Paracoccus pantotrophus employs an FNR-like nitrate-responsive
regulator (Wood et al., 2001).

Generally it is thought that both sensor proteins NarX and NarQ interact with both
response regulator proteins Narl. and NarP (Rabin and Stewart, 1993), although it was shown
that cytoplasmic domains of the two sensor proteins differ in their ability to interact with NarL.
(Schréder et al., 1994). Different roles for NarX and Nar(Q were proposed in nitrate and nitrite

control in which NarQ is the major phospho-kinase to generate active Narl. (Narl.-phosphate)
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NarX and NarQ, autophosphorylate and then control the phosphorylation state of homologous DNA-binding response regulators, NarL and NarP,
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response regulators then bind to the control regions of target operons and regulate their expression.
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when nitrate is present, whereas NarX serves as a major phosphatase when nitrate is absent.
There is some disagreement as to whether nitrite or nitrate is a superior ligand (Rabin and
Stewart, 1993; Lee et al.,, 1999). A chemostat was used to show that nitrate is a stronger
regulatory signal than nitrite by at least 2 to 3 orders of magnitude (Wang et al., 1999; Lee et al.,
1599; Wang and Gunsalus, 2000).

The presence of dual Nar two-component regulatory systems is a peculiarity confined to
one branch of the enterobacteria represented by Escherichia coli and Salmonella enterica.
Sequenced genomes of the other bacteria each comtain only two genes: rarX and narl in
Pseudomonas aeruginosa and Ralstonia solanaceum and narQ and narP in Vibrio cholerae,
Haemophilus influenzae, Pasteurella multocida and Yersinia pestis (reviewed in Stewart, 2003).
One noteworthy observation is that narXL genes are specifically associated with the structural
genes for membrane-bound nitrate reductase, ngrGHJI, whereas organization and linkage of the
narQ and narP genes is quite variable.

In E. coli, the narX and narl, genes form an operon in the ch/C locus and are transcribed
in the opposite direction to the narK gene, coding for a nitrate/nitrite antiporter, and the
rarGHJ operon. The narQ and narP gencs are located at 53 and 46 min, respectively, on the E.
coli genetic map (Nohno et al., 1989; Stewart, 1994; Darwin and Stewart, 1995a). The primary
sequence of NarP shares 44% identity with Narl. and the putative NarP helix-turn-helix DNA-
binding element is identical to that of NarL at 12 out of 20 positions (Rabin and Stewart, 1993).
Alignment of the primary amino acid sequences of NarX and NarQ revealed that they are
homologous with 28% identity (Rabin and Stewart, 1992). The 8 amino acid motif of NarX and

NarQ (residues 53-60 and 49-56 respectively) known as the P-box is essential for signal sensing
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and discrimination between nitrate and nitrite. Mutations in the P-box lead to ligand insensitivity
or loss of discrimination between the ligands (Williams and Stewart, 1997; Chiang et al., 1997).

A consensus heptameric DNA binding sequence for both Narl. and NarP is TACYYMT,
where Y=C or T and M=A or C (Dong et al.,, 1992, Tyson et al., 1993; Tyson et al., 1994).
DNAse 1 footprinting experiments (Darwin et al., 1997) showed that NarP only binds to these
heptamer sequences organised as an inverted repeat with a 2 bp spacing (referred to as 7-2-7
sites). NarL protein recognises not only 7-2-7 sites, but also heptamers in other arrangements.

The interplay between two metabolites, two sensors, two response regulators and
different affinities of consensus sequences for Narl. and NarP at different regulatory regions
inevitably means that complex and diverse regulatory interactions are involved in different
contexts. Ultimately it is the amount of active (phosphorylated) NarL. and NarP that determines
the level of expression of target genes. There is yet another layer of complexity to the system:
the narXL, narQ and narP genes are all regulated (Darwin and Stewart, 1995a). Expression of
the narP and rnar genes is weakly repressed by nitrate which is mediated by Narl.. The narP
and narQ genes are induced under anaerobic conditions independently of FNR or ArcA whereas
the narXL operon is unaffected by anaerobiosis. The Narl and NarP proteins are required for
full nitrate induction of the narXL operon expression.

The Nar regulon (operons regulated by the Nar system) includes about 15 operons
(Darwin and Stewart, 1996; table 1.1). These operons can be classified into two types. The first
group includes operons for nitrate reductase A (narGHJI), fumarate reductase (frd4BCD) and
nitrite export/nitrate import (#arK) and is regulated only by NarL. The secand group of operons,
for which the regulatory regions contain not only single heptamers, but also 7-2-7 sites, is

controlled by both NarL and NarP. This group includes operons for formate-dependent nitrite



Table 1.1 NarL and NarP regulated promoters in E. coli
Key: +, positive regulation; -, negative regulation; n/d, not determined. Adapted from Darwin

and Stewart, (1996).

Enzyme Locus Effect of NarL, Effect of NarP
Nitrate reductase A narGHJI + none
Periplasmic nitrate reductase napFDAGHBC - +
NADH-dependent nitrite reductase nirBDC + +
Formate-dependent nitrite reductase nrfABCDEFG +/- +
Nitrate/nitrite regulation narXL + +
narQ - none
narP - none
Nitrite transport protein NarK nark + none
Moiybdate uptake maodE + n/d
Formate dehydrogenase N JdnGHI + +
NADH dehydrogenase I nuoA-N + +
Alcohol dehydrogenase adhE - n/d
Pyruvate formate lyase A - -
DMSQO reductase dmsABC - n/d
Fumarate reductase frdABCD - none

Hybrid cluster protein hep M ?)
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reductase (nfABCDEFG), NADH-dependent nitrite reductase (nirBDC) and the periplasmic
nitrate reductase (napABCD) (Darwin et al., 1997). This work (chapter 3) describes regulation of
the hybrid cluster protein by the Nar system.

There are several distinct patterns of operon expression known, including induction by
nitrate for rnarG and finG operons, and repression by nitrate for the frdd4 operon. The
organisation of five E. coli promoters that are regulated by FNR and Narl.P is shown in figure
1.10. In the case of NADH-dependent nitrite reductase, encoded by the nir operon, anaerobic
expression can be increased by both nitrite and nitrate (Tyson et al.,, 1993). Anacrobic
transcription activation of the nirB operon is co-dependent on both FNR and either Narl. or
NarP transcription factors as mutations in the Narl/NarP-binding site at the nirB promoter
decrease FNR-dependent anaerobic induction {Tyson et al., 1993). In the absence of NarL or
NarP the FNR-dependent expression from the nir promoter is suppressed by three DNA binding
proteins, Fis (factor for inversion stimulation), THF (integration host factor) and H-NS (histone-
like nucleoid structuring protein), which bind to the upstream elements (Wu et al., 1998;
Browning et al., 2000). An important role of NarL and NarP is to counteract these repressing
proteins,

The activity of the nrf operon, encoding the aiternative formate-dependent nitrite
reductase, is activated by nitrite and nitrate at low concentration, but repressed by nifrate at high
concentration, The nrf4 promoter has an inverted 7-2-7 repeat centred around —74.5 and also
three other single heptamers (figure 1.10). The expression of this promoter is activated by NarL.-
P and NarP-P binding to the inverted repeat, but during high nitrate conditions is repressed by
NarL-P occupation of heptamers situated at —50 and -22, which excludes binding of FNR and

RNAP, respectively (Tyson et al., 1994; Wang and Gunsalus, 2000).



Figure 1.10. Architecture of five E. coli promoters that are regulated by FNR and NarLP,
The rightward-facing arrows on the right are the transcription start sites. The orange inverted
arrows show the FNR (regulator of fumarate and nitrate reduction} binding sites, the green
arrows are NarL recognition sites, the ocean-grey inverted arrows denote 7-2-7 recognition
sites for both NarL. and NarP. ModE is involved in regulation of genes in response to
molybdenum. Fis is factor for inversion stimulation, THF is integration host factor and H-NS is
histone-like nucleoid structuring protein. Lines with arrowheads denote activation; lines with
straight ends denote repression. Adapted from Tyson et al., 1994; Li et al., 1994; Darwin and
Stewart, 1996; Darwin et al., 1998; Browning et al., 2000 and McNicholas and Gunsalus, 2002.
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The napF operon reveals even more complicated regulation: it is activated by nitrate at
low concentration and by nitrite, but repressed by nitrate at high concentration (Darwin and
Stewart, 1995b; Darwin et al., 1998). Amongst all operons mentioned above the napF operon
has unique features with respect to its FNR-, Narl.- and NarP-dependent regulation. The napF
control region directs synthesis of two transcripts whose 5" ends differ by about 3 nucleotides
(Choe and Reznikoff, 1993), Results indicate that the downstream promoter (P1) is responsible
for FNR and NarP-regulated napF operon expression, whereas transcription from the upstream
(P2) promoter is activated only weakly by the FNR protein and is inhibited by phospho-NarL
and phospho-NarP proteins (Stewart et al., 2003). The physiological function of the promoter P2
is unknown. The FNR-binding site is centred at position —64.5 with respect to P1 (figure 1.10),
which by analogy with CRP-dependent promoters indicates that it is a naturally occurring
example of a c¢lass I FNR-dependent promoter. Besides other peculiarities, nitrate and nitrite
activation of the napF operon is solely dependent on NarP but antagonised by the Narl protein.
Both Narl. and NarP profeins are able to bind to the common binding region of the napF
promoter centred at —44.5 bp, but NarL fails to activate transcription in the presence of FNR.
Orne of the possible explanations is that the binding of Narl. may not have the required effect on
the DNA structure to enable FNR to be an efficient activator. It may not bend DNA in the same
way as NarP (Darwin et al., 1998).

The NarX sensor protein exhibits a differential response to nitrate and nitrite in
interactions with NarL. (Rabin and Stewart, 1993). In response to nitrate at high concentration,
the NarX protein primarily phosphorylates Narl, whereas in response to nitrite and nitrate in
low concentration, it primarily dephosphorylates phospho-NarL. This results in high levels of

phospho—NarL (NarL-P) in the presence of a high concentration of nitrate and much lower levels
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in response 1o nitrite and low nitrate. In contrast, it appears that the phospho-NarP (NarP-P)
concentration is similar in the presence of nitrate or nitrite (Rabin and Stewart, 1993; Wang and
Gunsalus, 2000). It was demonstrated that two nitrate reductase operons, narG and napk, are
differentially expressed in a complementary pattern (Wang et al., 1999). In E. coli at high nitrate
concentration the ratio NarL-P/NarP-P is high. This results in nerG operon expression, activated
by NarL-P. Under these conditions the napF operon is not transcribed because NarL-P binds to
the napF promoter, but is unable to activate its transcription. The membrane-bound nitrate
reductase is thus a “high-substrate-induced” operon (Wang et al., 1999; see also Potter et al.,
1999). When the concentration of nitrate decreases to about | mM, NarL-P becomes primarily
dephosphorylated, which results in a high NarP-P/NarL-P ratio. NarP-P is not able to activate
the narG promoter, lacking the 7-2-7 site (figure 1.10), so this operon is switched off.
Conversely, this provides a higher occupation by NarP-P of the napF 7-2-7 target site and
increased transcription activation from the napF promoter.

Other genes regulated by the Nar system include those encoding pathways for the
reduction of alternative electron acceptors. The expression of genes encoding DMSO reductase
(dmsABC) and fumarate reductase (frddBCD) are repressed by phospho-Narl. to ensure
preferential use of nitrate and nitrite as electron acceptors. The Narl heptamers are scattered
around the transcription start site of the frd4 promoter (figure 1.10); so that binding of NarL
displaces RNA polymerase (Stewart and Berg, 1988, Li et al, 1994). Synthesis of
dehydrogenases is also tuned according to the metabolism type so that alcohol dehydrogenase
{adhE) and pyruvate-formate lyase (pfl), which non-oxidatively cleaves pyruvate to yield
formate and acetyl CoA, arc repressed by phospho-Narl. whereas formate dehydrogenase (fidnG)

and NADH dehydrogenase (ruoA-N) are activated by both NarL and NarP (table 1.1).
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1.5.3. Carbon catabolite repression

Some operons of the Nar regulon are afso subject to catabolite repression. The E. coli nir
promoter is repressed by Cra (catabolite repressor-activator) when cells are grown in minimal
medium with glycerol and fumarate (Tyson et al., 1997a). The term carbon catabolite repression
(CCR) is currently in use to describe the general phenomenon in microorganisms whereby the
presence of some carbon sources in the medium can repress expression of certain genes and
operons, whose gene products are often concemed with the utilization of altemative carbon
sources. While the final outcome of CCR is uniform (reduced expression of certain genes and
operons) the mechanisms leading to repression may be quite diverse (reviewed in Bruckner and
Titgemeyer, 2002). This includes mechanisms preventing carbohydrate-specific induction
{inducer exclusion) and transcriptional control by global regulators.

Carbohydrate transport and concomitant phosphorylation is achieved by components of
the phosphoenolpyruvate (PEP)-dependent carbohydrate phosphotransferase system (PTS)
(Postma et al., 1993). The system consists of sugar-specific PTS permeases, also referred to as
enzymes Il (EI), and two general PTS proteins, enzyme I (EI) and histidine-containing protein
(HPr), that participate in the phosphorylation of all PTS-transported carbohydrates. Inducer
exclusion is a regulatory phenomenon whereby a carbohydrate inhibits uptake of another carben
source. In E. coli, inducer exclusion is mediated by the glicose-specific enzyme I1A (EILAZ) of
the PTS (Postma et al., 1993). When a PTS substrate, for example glucose, is present, the
phosphate group of PTS proteins is drained to the incoming sugar, Consequently, EITA®* exists
predominantly in its unphosphorylated form. This form of EMA®° binds to non-PTS sugar

permeases, that are specific for other sugars such as lactose, maltose, melibiose, and raffinose.
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As a result, transport of these sugars is inhibited and due to this the respective operons remain
poorly expressed.

One of the best studied consequences of the availability of carbohydrates is the activation
of global transcriptional control systems. In enteric bacteria an activation mechanism that uses
the CRP protein is realized (Busby et al., 1994} and CCR is the result of diminished activation of
promoters for catabolic genes or operons. In E. coli, CRP (cAMP receptor protein, also known
as CAP}) activates transcription at more than 100 promoters and is in some cases also involved in
repression. CRP needs the allosteric effector cAMP in order to bind efficiently to DNA. Global
regulation by CRP is dependent on the intracellular amount of cAMP and on autoregulation of
CRP levels (Ishizuka et al., 1994). The intracellular cAMP level, in tumn, is adjusted by
adenylate cyclase, whose activity depends on the phosphorylated form of EIIA®® (P-EILIA®)
(Postma et al., 1993). Besides controiling carbohydrate catabolic genes, CRP is directly involved
in the modulation of a large number of other celtular processes. It also exerts indirect control by
influencing expression of global regulators such as FIS (Nasser et al., 2001); therefore, the role

of CRP goes far beyond regulation of sugar utilization.

1.5.4. Other regulation of Nap expression

Transcription of the Paracoccus pantotrophus nap operon is negatively regulated under
anaerobiosis so that expression is restricted to aerobic growth, but only when the carbon source is
highly reduced (Sears et al., 2000). In Rhodobacter sphaercides, nitrate reduction is mainly
regulated at the level of enzyme activity by both nitrate and the level of reduction of electron

donors (Gavira et al., 2002).
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The nap opercn is also regulated by the availability of molybdenum in the medium. The
modABC genes code for a high-affinity ABC-type molybdate uptake system in which ModA
binds molybdate in the periplasm, ModB is the transmembrane component of the permease, and
ModC provides the energiser function on the cytoplasmic side of the membrane. In the presence
of molybdenum, ModE represses transcription of the mod4BC genes (Self et al., 2001). A ModE
protein binding site centred at —134.5 relative to the transcription start confers molybdate-
responsive napF operon expression, but deletion of this site renders expression independent of
ModE (McNicholas and Gunsalus, 2002). A Bradyrhizobium japonicum modA mutant was
constructed that was not able to grow anaerobically with nitrate and lacked nitrate reductase

activity (Bonnard et al., 2005),

1.6. Hybrid cluster protein

Another focus of this work was a study of E. coli hybrid cluster protein (HCP), which is
presumably involved in the nitrogen cycle. HCP contains two Fe-S clusters: cither a cubane
[4Fe-4S] cluster with spin-admixed S = 3/2 ground-state paramagnetism (D. vulgaris and D.
desulfuricans) or [2Fe-28] cluster (E. coli) and a hybrid [4Fe-4S-20] cluster. This soluble,
cytoplasmic protein has been extensively studied because of the unusual properties of its redox-
active iron clusters. Initial characterisation by electron paramagnetic resonance (EPR) and
Méassbauer spectroscopy suggested the presence of an Fe/S cluster with magnetic properties
similar to those of synthetic [6Fe—6S] model compounds (Moura et al., 1992; Pierik et al.,
1992a; Pierik et al,, 1992b). These compounds were previously named ‘prismane’ clusters,

hence the name ‘prismane protein® was initially proposed for the HCP.
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Hybrid cluster protein occurs in three domatns of life, bacteria, archaea and eucaryota,
but only in unicellular organisms and only in facultative or strict anaerobes. Nevertheless, the
hcp genes have not been encountered in all strains for which the genomes have now been
completely sequenced. The Acp genes are not found, for example, in the genomes of Bacilius
subtilis, Pyrococcus horikoshii, Archeoglobus fulgidus, nor in several other bacterial species
with small genomes {e.g. Mycobacterium sp., Haemophilus influenzae). Table 1.2 shows the
species distribution for HCP. The gene for the HCP protein has been sequenced in more than 40
organisms, but structural, physiological and enzymic studies have heen carried out in only some
of them. These include Desulfovibrio vulgaris (Pierik et al.,, 1992a; Pierik et al., 1992b;
Stokkermans et al., 1992a; Cooper et al., 2000), Desulfovibrio desulfuricans (van den Berg et
al., 1994; Aragao et al. 2003), E. coli (van den Berg et al., 2000; Wolfe et al., 2002), Shewanella
oneidensis (Beliaev et al., 2002), Clostridium perfringens (Briolat and Reysset, 2002),
Salmonella enterica (Kim et al., 2003) and Rhodobacter capsulatus (Cabello et al., 2004).

Differences in primary structures allow the distinction of three classes of putative HCPs
(Cooper et al., 2000). Genes for class 1 HCPs have been found only in strictly anaerobic bacteria
and in the methanogenic archaeon Methanococcus jannaschii. A distinctive feature of class 1
HCPs is the spacing of the N-terminal cysteine ligands for the cubane cluster: Cys-X;-Cys-X7.g
Cys-Xs-Cys. This is different from typical cubane binding motifs where the final ligand is
donated from the C-terminal end of the molecule (Hinks et al., 2002). Genes for class 2 HCPs
are found in facultatively anaerobic Gram-negative bacteria and the spacing of the N-terminal
cysteines is Cys-X3-Cys-X-Cys-Xg-Cys. Class 3 HCPs are found in hyper-thermophilic

bacteria and archaea. Class 3 proteins have the same spacing of the N-terminal cysteines as class



Table 1.2. Species distribution for hybrid cluster protein

Kingdom _ Family Species

Eukaryota Entamoebidae Entamoeba histolytica
Parabasalidea Trichomonas vaginalis
Diplomonadida Giardia lamblia

Giardia intestinalis
Spironucieus barkhanus

Bacteria Thermotogae Thermotoga maritima

Proteobacteria
Alphaproteobacteria Rhodospirilium rubrum

Gamma proteobacteria  Acidithiobacillus ferrooxidans
Shewanella oneidensis
Vibrio vulnificus
Photobacterium phosphoreum

Enterobacteriaceae:
Escherichia coli
Salmonella typhimurium
Salmonelia typhi
Yersinia pestis

Delta proteobacteria Desulfuvibrio desulfuricans
Desulfuvibrio vuigaris

Fusaobacteria Fusobacterium mucleatum
Chlorobi Chlorobium tepidum

Firmicutes Thermoanaerobacter tengcongensis
Clostridium acefobutylicum
Clostridium perfringens
Bacillus cereus

Archaga Euryarchaeota Methanothermobacter thermoautotrophicum
Methanopyrus kandleri
Methanocaldococcus jannaschii
Methanosarcina mazei
Pyrococcus abyssi
Pyrococcus furiosus
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I proteins but have a deletion of 116 amino acids downstream of the N-terminal cysteine cluster.
This deletion corresponds to one of the two three-helix bundles in domain 1 of D. vulgaris HCP.
Hybrid cluster protein belongs to the carbon monoxide (CO) dehydrogenase (CODH)
family of proteins. The CODH catalyses the reversible oxidation of CO to CO, Overall
sequence similarity of HCP and CODH is weak, but sequence similarity of the active site
binding domain is strong. CODH dimer has five metal clusters of 3 types B, C and D (Dobbek et
al., 2001; Drennan et al., 2001): a 4Fe4S cluster that bridges the two subunits and that is termed
the D cluster, a pair of 4Fe4S clusters referred to as B clusters, and a pair of clusters referred to
as C clusters. The C cluster constitutes the active site of the enzyme. This cluster from
Rhodospirillum rubrum CODH is reported to contain Ni4Fe4S while that from
Carboxydothermus hydrogenoformans CODH is reported to contain NidFe5S (Dobbek et al.,
2001; Drennan et al., 2001). In both cases the nickel atom is associated with a 3Fe4S unit and is

bridged to a fourth iron atom.

1.6.1. Characterisation of HCP in sulphate reducing bacteria

The hybrid-cluster proteins were initially purified from species of the strictly anaerobic sulphate-
reducing bacterial genus Desulfovibrio: D. vulgaris (tildenborough) (Pierik et al., 1992b) and
D. desulfuricans (Moura et al., 1992). The gene encoding the HCP protein of Desulfovibrio
vilgaris (Hildenborough) has been cloned and sequenced (Stokkermans et al., 1992a). The gene
encodes a polypeptide composed of 553 amino acids (60 kDa). The polypeptide contains nine
Cys residues. Four of these residues are gathered in a Cys-X»-Cys-X7-Cys-X5-Cys motif located
towards the N-terminus of the protein, which serve as ligands to a conventional cubane cluster.

In the transconjugant D. vulgaris cells the prismane protein was 25-fold overproduced and
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characterized by molecular mass, isoelectric point, iron content and spectroscopic properties
(Stokkermans et al., 1992a).

The amino acid sequence of Desulfovibrio desulfuricans HCP is highly similar to that of
the corresponding protein from D. vulgaris (Hildenborough) and also contains a cysteine motif
that is involved in coordination of the Fe-S cluster (Stokkermans et al., 1992b). The hybrid
cluster protein of D. desulfuricans is composed of 544 amino acids. Desulfovibrio vulgaris HCP
was shown to be a stable monomeric protein, which has a molecular mass of 52 kDa, as
determined by sedimentation-equilibrium centrifugation (Pierik et al.,, 1992b). The prismane
protein has a slightly acidic amino acid composition and isoelectric point (pl = 4.9). The shape
of the protein is approximately globular. Its cytoplasmic localisation was inferred from
subcellular fractionation studies (Pierik et al., 1992b).

HCP was previously thought to contain 6Fe-6S clusters with 4 valency states, 3+, 4+, 5+
and 6+, which were identified in the titration experiments (Pierik et al, 1992a). The fully
oxidized 6+ state appeared to be diamagnetic at low temperaturc. The aerobically isolated
prismane protein is predominantly in the one-electron-reduced 5+ state. The nature of the HCP
redox states was later supported on the HCP of D. desulfuricans overproduced in D. vulgaris
cells (van den Berg et al., 1994). The redox titration demonstrated that the [Fe-S] cluster in this
protein might attain four different redox states with midpoint potentials for the transitions of
approximately -220, +50/-25 and +370 mV, respectively. In the +5-state, virtually all of the iron
was in an S = 9/2 spin state, which indicated a cluster that is more complex than common [4Fe-
48] or {2Fe-28] clusters (van den Berg et al., 1994).

Later, contrary to the previous result low-temperature magnetic circular dichroic

spectroscopy {MCD) showed three paramagnetic redox states of the HCP, 3+, 4+ and 5+
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(Marritt et al,, 1995). Each of the redox states showed a distinctive low-temperature MCD
spectrum unlike that observed for any other iron-sulphur clusters. Finally, with Mossbauer
spectroscopy HCP was shown to contain the hybrid cluster (Krockel et al., 1998). The
Mossbauer parameters of HCP in its isolated, its one-electron-reduced, and its oxidized states
indicated that it represents a 4Fe cluster with an unusual mixture of bridging and terminal
ligands and metal coordinations, a hybrid cluster. It was also shown to contain an additional 4Fe
unit, which according to its Mossbauer parameters was a [4Fe-4S] cubane structure. These
findings were contrary to the former hypothesis of one or two [6Fe-6S] cluster(s) as the
prosthetic group of this protein (Pierik et al., 1992a; Moura et al., 1992).

The three-dimensional structure of the hybrid cluster protein from Desulfovibrio vulgaris
(Hildenborough) has been determined at 1.6 A resolution using synchrotron X-ray radiation
(Cooper et al., 2000). The protein can be divided into three domains: an N-terminal mainly
alpha-helical domain and two similar domains comprising a central beta-sheet flanked by alpha-
helices (figure 1.11). The protein contains two 4Fe clusters with an edge-to-edge distance of
10.9 A. Four cysteine residues at the N-terminus of the protein are ligands to the iron atoms of a
conventional [4F¢-4S] cubane cluster. The second hybrid cluster with a variety of protein
ligands, namely two p2-sulphido and two p2-oxo bridges, is ligated to the protein via three
cysteine residues, a cysteine persulphide, two glutamate residues, and a histidine residue (figure
1.12) (Cooper et al., 2000). The hybrid cluster is buried in the centre of the protein, but is
accessible through a large hydrophobic cavity that runs the length of domain 3. The hybrid
cluster is also accessible by 2 hydrophilic channel. At the present time the significance of these

channels is not known.
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Figure 1.11. A schematic representation of the 3-D structure of hybrid cluster protein
from D. vulgaris (from Cooper et al., 2000). Domain Il is depicted in blue (light and dark),
domain 2 in light green and domain 3 in red. The iron, sulphur and oxygen atoms of the

clusters are shown as brown, green, and red spheres, respectively. The cubane cluster is the

unper of the two clusters.
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Figure 1.12. View of the hybrid cluster from D, vulgaris HCP (from Cooper et al.,
2000). Iron, sulphur and oxygen atoms are represented as brown, green and red spheres,
respectively. Ambiguous atoms X /X2 are shown as smaller spheres and their bonds with
dotted lines. The carbon atoms of protein ligands from domain 2 are in light green and

those from domain 3 in red.
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Both naturally oxidized and dithionite-reduced structures from D. wulgaris and D.
desulfuricans were elucidated at higher, 1.25 A resolution (Macedo et al., 2002; Aragao et al.,
2003). The structural changes in the HCP in maving between the reduced and the oxidized state
and vice versa have been compared. They show the large movements of Feg and S7 atoms and

involve gain or loss of the two bridging O atoms O8 and 09 (Macedo et al., 2003).

1.6.2. Thiobacillus ferrooxidans HCP as a part of an electron transport chain
HCP was also found to be encoded by plasmid pTF5 in Thiobacillus ferrooxidans (Dominy et
al., 1997). The plasmid contains a region of approximately 5 to 6 kb that is aiso found on the
chromosome. This region was sequenced and found to encode four complete ORFs, which when
translated had a high percentage of amino acid similarity to [3Fe-48,4Fc-4S] ferredoxins,
proteins of the FNR regulator family, prismane-like proteing and the NADH oxidoreductage
subunit of a methane monooxygenase (Dominy et al., 1997), Ferredoxins, prismane-like proteins
and NADH oxidoreductases are redox-active proteins, so it is likely that the proteins on pTF5

represent an electron transport system of as yet unknown function.

1.6.3. Characterisation of HCP in Escherichia coli

HCP of E coli was overproduced and isolated (van den Berg et al., 2000). EPR. spectroscopy
showed the presence of a hybrid cluster in the E. coli protein with characteristics similar to those
in the proteins of anaerobic sulphate reducing bacteria. EPR spectra of the reduced E. cofi
hybrid-cluster protein, however, gave evidence for the presence of a [2Fe-28] cluster instead of a

[4Fe-48] cluster.



The hcp gene encoding the hybrid-cluster protein in £ coli and other facultative
anaerobes occurs, in contrast with %cp genes in obligate anaerobic bacteria and archaea, is found
in a small operon with a gene encoding a putative NADH oxidoreductase. This NADH
oxidoreductase was also isolated and shown to contain FAD and a [2Fe-28] cluster as cofactors
(van den Berg et al., 2000). It catalysed the reduction of the hybrid-cluster protein with NADH
as an electron donor. Midpoint potentials (25 °C, pH 7.5) for the Fe/S clusters in both proteins
indicate that electrons derived from the oxidation of NADH (Ey, NAD® /NADH couple = -320
mV) are transferred along the [2Fe-28] cluster of the NADH oxidoreductase (Ey, = ~220 mV)
and the {2Fe-2S8] cluster of the hybrid-cluster protein (E, = -35 mV) to the hybrid cluster (E, =

0, +85 and +365 mV for the three redox transitions). Westemn hybridisation demonstrated that
in the facultative anaerobes FEscherichia coli and Morganella morganii the protein is only
detected after cultivation under anaerobic conditions in the presence of nitrate or nitrite, which
suggested a role for HCP in nitrate or nitrite respiration (van den Berg et al., 2000).

E. coli HCP has also been implicated in reduction of hydroxylamine in vitro. One
interesting feature of the amino acid ligands to the hybrid cluster is their similarity to the ligands
to the FeNiS active-site cluster of Rhodospirillum rubrum carbon monoxide dehyrogenase
{CODH; the C cluster) (Garavelli et al., 2000). It was shown previously that upon substitution of
some key residues that bind the CODH C cluster the specificity of the CODH was altered,
effectively converting it from an enzyme that catalyzes CO oxidation to one that has some
hydroxylamine (NH>OH) reductase activity (Heo et al., 2002). The activity was 28.8 + 4.6 umol
of NHOH reduced min™' mg of protein™. It has also been found that, by inserting iron into the
vacant position of Ni-deficient CODH, in a sense creating an Fe-CODH, a similar

hydroxylamine reductase activity can be produced. These findings led to the investigation and
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discovery of a similar hydroxylamine reductase activity for the HCP from Escherichia coli
(Wolfe et al., 2002). It was shown that NH; was produced in a 1:1 ratio with NH,OH loss when
HCP was incubated with NHOH. Therefore, it was proposed that HCP catalyzes the reduction
of NH;OH to NH; and H;O. Upon addition of NH>OH to the fully reduced HCP, an increase in
the absorbance at 420 nm was observed, indicating that the FeS clusters in HCP are oxidized.
The coupling of hydroxylamine reduction with the oxidation of the Fe clusters present in HCP
shows strong evidence that in fact HCP is responsible for hydroxylamine reduction in vitro. In
addition, HCP reduced NH>OH analogs CH;NHOH and hydroxyquinone. The product (NH;)
and product analog (NH>NH) showed only minor effects on the hydroxylamine reductase
activity of HCP. Changing the pH of the assay solution had a dramatic effect on the ¥pay of the
enzyme. The highest recorded activity occurred at pH 9.0, with the Fp.a at this pH reaching 458
+ 19 pmol of NH,OH reduced min™' mg of protein™ (Wolfe et al., 2002). These data suggest that
pH affects the reaction mechanism of the enzyme due to ionization of key residues,

Though the above study provides some evidence that HCP may function as a
hydroxylamine reductase in vitro, other functions of HCP cannot be completely ruled out (Wolfe
et al., 2002). It is possible to imagine the role of this enzyme as a scavenger of potentially toxic
by-products of nitrate metabolism. If at some point in the metabolism of nitrate and nitrite small
amounts of NH,OH are produced, it would be necessary to have present an enzyme that could
quickly metabolize this compound before it could act on the cell. Therefore it is feasible that
HCP could provide this detoxification, which wouid be necessary for organisms to carry out

nitrate metabolism safely (Wolfe et al., 2002).
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1.6.4. Clostridium perfringens HCP and oxidative stress

The hcp gene of Clostridium perfringens has been shown to be involved in the oxidative
response (Briolat and Reysset, 2002). Clostridium perfringens is a ubiquitous Gram-positive
pathogen that is present in the air, soil, animals, and humans. It is suggested that C. perfringens
possesses a complex oxidative stress response that provides protection against the adverse
effects of the reactive oxygen species encountered both in vivo and in vitro. C. perfringens
encodes a classical Mn superoxide dismutase, but no catalases have been found in this bacterium
(Poyart et al., 1995). In contrast, components of the alternative oxidative stress protection system
recently described in the sulphate-reducing bacterium Desulfovibrio vulgaris (Lumppio et al,,
2001) have been identified in one strain of C. perfringens (Lehmann et al., 1996). This system
consists of two non-haem proteins, rubrerythrin (Rbr) and rubredoxine oxidoreductase (Rbo).
Rbo has superoxide reductase activity that catalyzes the reduction of O to HyO, without
dismutation. Rbr is the terminal component of NADH peroxidase that catalyzes the reduction of
hydrogen peroxide to water. Nonetheless, the ability of C. perfringens to survive when itis faced
with a wide variety of natural and accidental oxidative stresses suggests that many genes are
involved in this adaptive response.

Tn97/6 mutagenesis was used to isolate C. perfringens mutants including the ~cp mutant
with altered oxidative stress response (Briolat and Reysset, 2002). The clones were screened,
and Tet" mutants with higher or lower sensitivities to air, a superoxide-generating compound
plumbagin, or to hydrogen peroxide and to peroxyl radical-generating compounds (H2O:,
ethanol) were identified. To confirm that the prismane protein was implicated in the oxidative
stress response, the prismane-encoding gene was disrupted by an erythromycin resistance

cassette (Prismane::ermc'). The sensitivities to HyO» and plumbagin of the mutant strain were
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compared to those of the same strain harboring the wild-type prismane gene¢ cloned on an
expression vector. In anaerobic conditions, the knockout mutant was more resistant to H2Q, than
the complemented strain. In conftrast, both strains were very sensitive to plumbagin, suggesting
that the overproduction of the protein was toxic to the cells in the presence of oxygen. The result
with HoO, implies that the hybrid cluster protein is somehow negatively related to oxidative

stress.

1.6.5. Induction of HCP expression by NO and its role in Salmonelia virulence
Promoter-GFP (green fluorescent protein) libraries of Salmonella enterica were screened with
acidified nitrite as an inducer (Kim et al., 2003). Acidified nitrite is used as an in vitro model to
mimic reactive nitrogen intermediates (RNI) (Feelish and Stamler, 1996). Two acidified-nitrite-
inducible promoters were identified (Kim et al., 2003). One of these was located upstream of a
locus, which corresponds to E. coli hcep-her (nipAB, pitrite-activated promoter, according to
authors’ nomenclature),

Nitric oxide (NO) exhibits multiple modes of antimicrobial activity. NO possesses a free
electron that is reactive with many other intracellular molecules, which can result in the
generation of even more destructive RNI such as peroxynitrite (MacMicking et al., 1997). In
addition, RNI can cause damage to DNA by a variety of chemical mechanisms and are thereby
mutagenic (Christen et al., 1996). Moreover, NO also possesses signalling roles for host
processes such as the inflammatory response and cytokine regulation (Nathan and Shiloh, 2000).

The nipAB::GFP expression was 9 times higher when the promoters were induced with |
mM acidified nitrite. It was also shown that nitrite-induced activation of the nipAB.:lacZ

promoter exhibits pH dependence. The nipAB fusion displayed the maximal induction near pH
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6.5. When using acidified nitrite for the generation of RNI, NO production would be expected
under more acidic conditions. The observation that maximal induction occurred at pH 6.5
implies that the substrate may be different to nitrogen oxide (Kim et al., 2003). The authors
suggest that hydroxylamine could be one of the candidates taking into account the recent report
that HCP displays hydroxylamine reductase activity (Wolfe et al., 2002).

The nipAB promoter was also upregulated in activated RAW264.7 macrophage-like
cells, which produce NO via the inducible nitric oxide synthase (INOS). The induction was
inhibited by aminoguanidine, an inhibitor of iNOS. It was concluded that these genes are
regulated by physiological nitrogen oxides (Kim et al., 2003).

Small inoculating doses (10° to 10° CFU) of the hcp-her mutant showed unexpectedly
increased ability to cause lethal infection 2 to 3 weeks after challenge, compared to a similar
challenge dose of the wild-type bacteria. Perhaps the mutant cells fail {0 metabolise NO to the
same degree as the wild type, leading to an excessive concentration of NO and subsequent host
damage and/or immunosuppression. The absence of these bacterial genes in some way

diminishes the ability of mice to clear a low dose infection (Kim et al., 2003).

1.6.6. Shewanella oneidensis HCP expression under nitrate reducing conditions

Recently changes in mRNA and protein expression profiles of Shewanella oneidensis MR-1
during a switch from aerobic to nitrate-reducing conditions were examined using DNA
microarrays and two-dimensional polyacrylamide gel electrophoresis (2-D PAGE) (Beliaev et
al., 2002). It was shown that transcription of genes encoding a periplasmic nitrate reductase

{(napBHGA), cytochrome css2, and HCP was elevated 8- to 56-fold in response to the presence of
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nitrate. Protein identification by mass spectrometry indicated that the expression of prismane
protein correlated with the microarray data.

Beliaev et al. (2002) also used the DNA microarrays to examine the franscriptional
effects under fumarate and nitrate reducing conditions of an insertional disruption in the
chromosomal etrA locus. The predicted S. oneidensis EtrA (electron transport regulator) protein
(Saffarini and Nealson, 1993) shares a high degree of amino acid sequence identity with E. coli
FNR protein. The gene encoding HCP was induced approximately three-fold in an EtrA”
background under fumarate-reducing conditions. The ratio (R) of mRNA of the parental strain to
that of the efr4 mutant was 2.89+1.62. The expression of HCP under nitrate-reducing conditions

exhibited a marginal decrease (R=0,59+0.06).

1.6.7. HCP and hydroxylamine assimilation by Rhodobacter capsulatus

DNA sequencing revealed that the nitrate assimilation gene region, nas, in R. capsulatus
includes the hcp gene (Cabello et al., 2004), It was suggested that expression of the hcp gene is
probably regulated by a nitrite-sensitive repressor encoded by the adjacent nsrR gene. The 6-
histidine-HCP from R. capsulatus was overproduced in E. coli and purified. It showed
hydroxylamine reductase activity (Kn = 1 mM) as previously reported for £. coli HCP. This
activity was oxygen-sensitive and was inhibited by sulphide and iron reagents (Cabello et al.,
2004). It was shown that R. capsulatus grew well with 1 mM hydroxylamine as the sole nitrogen
source under anaerobic phototrophic conditions, although a long lag-phase was observed.
Hydroxylamine uptake was measured, ammonium was transiently accumulated in the medium,
and ammonium assimilation was prevented by L-methionine-D, L-sulfoximine, a glutamine

synthetase inhibitor (Cabello et al., 2004). However, an R. capsulatus strain lacking the whole
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hep-nas region did not grow with 1 mM hydroxylamine. In addition, the hydroxylamine
reductase activity detected in the extracts of cells grown on hydroxylamine as a sole nitrogen
source was also inhibited by oxygen and by iron and sulphur reagents and it showed the same
temperature optima (40 °C) as the purified HCP protein, It was also shown that E. coli cells
overproducing HCP from R. capsulatus tolerate hydroxylamine better during anaerobic growth
{Cabello et al.,, 2004). These findings indicated that the Acp gene product could be involved in

assimilation of hydroxylamine by R. capsulatus.

1.7. Aims of this investigation

Prior to start of this investigation the crystal structure of HCP had been determined, which
together with spectroscopic studies showed that it has two FeS clusters as redox active sites
(Cooper et al., 2000; Macedo et al., 2002, Aragao et al., 2003). HCP is accumulated under nitrite
or nitrate respiring conditions in E. coli and the hcp promoter of S. enterica is induced by acidic
nitrite as a source of reactive nitrogen species (van den Berg et al., 2000; Kim et al., 2003). This
indicated that HCP is involved in the nitrogen cycle. The finding that the hcp mutant in C.
perfringens has lower sensitivity to peroxide suggested that HCP is linked to oxidative stress
(Briolat and Reysset, 2002).

It had been established before that the multi-subunit periplasmic nitrate reductase, Nap,
supports nitrate dependent growth of E. coli under nitrate-limiting conditions (Potter et al.,
1999). It was shown that electron transport from ubiquinol, whose oxidized/reduced couple has
higher midpoint redox potential than that of menaquinol, is dependent on NapG and NapH

(Brondijk et al., 2002).
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The aims of the work presented in this thesis were to study the transcription regulation of
the hcp gene and to investigate whether HCP is involved in several steps of the nitrogen cycle.
Secondly, the aims were to establish whether Nap is involved in redox balancing and to
investigate the roles of NapF, NapG and NapH. The objectives were to:

1. construct an hcp::lacZ fusion to determine whether transcription from the Acp promoter is
affected by different electron acceptors, hydroxylamine and nitric oxide, and whether it is
regulated by FNR, ArcA, NorR, NarL and NarP;

2. identify whether HCP is involved in nitrate-dependent growth and whether it protects against
hydroxylamine and nitric oxide toxicity;

3. develop a qualitative assay to study whether HCP reduces nitrite, nitrate and hydroxylamine
in vitro;

4, determine whether NapG and NapH are involved in the oxidation of quinols with higher
midpoint redox potentials;

5. determine whether the deletion of napF, napG and napH affects activity of the napF promoter
and nitrate-reductase activity of NapA;

6. identify the impact of Nap on redox balancing in strains able to synthesize only ubiquinone or

menaquinone during growth in the presence of glucose and nitrate.



CHAPTER 2
MATERIALS AND METHODS
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2.1. Materials

2.1.1. Suppliers

Chemicals, reagents and media were purchased from Difco, Oxoid and Sigma. Restriction
endonucleases were obtained from New England Biolabs. Calf intestinal alkaline
phosphatase (CIAP) and T4 DNA ligase were supplied by Gibco BRL. Bio-X-Act DNA
polymerase and Tag polymerase were obtained from Bioline. Enzymes and appropriate
buffers were stored at -20 °C. Radioactive isotopes were supplied by Amersham
International. QIAquick PCR purification kit, QIAquick gel extraction kit, QlAprep
miniprep kit and RNeasy Mini kit for isolation of RNA were obtained from Qiagen. The
RACE kit was purchased from Invitrogen. pGEM-T Easy ligation kit was obtained from

Promega.

2.1.2. Media
Liquid and solid media were prepared by dissolving the quantities specified below in
distilled water, followed by autoclaving at 120 °C and 1 atmosphere for 15 minutes.

LB (Lennox broth) contained 10 g/l tryptone, 5 g/l yeast extract and 5 g/l NaCl. MS
(minimal salts) medium was composed of 33 mM KH,PO,, 60 mM K,HPO,, 7.6 mM
(NH4)2804, 0.5 mM MgCl,, 1 pM ammonium molybdate, 1 uM sodium selenate and 1ml/]
of E. coli sulphur-free salts. The E. coli sulphur-free salts contained 82 g of MgCl, 7H;0, 10
g of MnC1l'4H,0, 4 g of FeCly'6H,0, 1 g of CaCly6H;0 and 20 mi of concentrated HCI per
litre of distilled water. SOC medium contained 20 g bacto-tryptone, 5 g yeast extract, 0.58 g
NaCl, 0.189 g KCI, 2.03 g MeCly'6H:0, 2.46 g MgSO4 7H>O per 980 ml of distilled water.

Glucose (20 ml of 20% wfv solution} was added after autoclaving.
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Nutrient agar medium (NA) contained 28 g of nutrient agar per | of distilled water.
For agar plates, approximately 25 m! of molten agar was poured into Petri dishes and

allowed to set. Plates were dried at 60 °C and stored at 4 °C prior to use.

2.1.3. Antibiotics

Stock solution of the sodium salt of ampicillin (100 mg/ml) was prepared in water. The
solution was sterilised by filtration and stored at -20 °C. The stock solution was added to the
liquid medium to give the final concentration of 100 pg/ml ampicillin (Amp). To prepare the
agar plates, the autoclaved medium was cooled to 48 °C before adding the stock solution of
ampicillin to the final concentration of 100 pg/ml. Plates containing ampicillin were stored at
4 °C for not longer than 2 weeks before use.

Solid chloramphenico] was dissolved in 100 % ethanol at a concentration of 34
mg/ml. Chloramphenicol is stable for at least a year when prepared in this way. The stock
solution was stored at -20 °C. The stock solution was added to the liquid medium to give the
final concentration of 10 pg/ml chloramphenicol (Cm). To prepare the agar plates, the
autoclaved medium was cooled as described for Amp and the stock solution of Cm was
added to the final concentration of 10 pg/ml. The plates were stored at 4 °C and used within

1 to 5 days.

2.1.4. Buffers and solutions

All buffers and solutions used are described in table 2.1.

2.1.5. Preparation of nitric oxide saturated water (NOSW)
Sterile water (5 ml) was placed in a tube, which was then closed with a rubber stopper. Two

needles were inserted into the rubber stopper, one of which was connected to the nitrogen



61

Table 2.1. Buffers and solutions used in this work

Name

Composition

(a) General buffers

Tris-EDTA (TE) buffer (pH 8.0)

Phosphate buffer (50 mM, pH
7.5)

(b) Buffers for agarose gel
electrophoresis

Stock 5xTBE buffer

0.8% agarose solution

Sample buffer

(c) Buffers for sequencing

BigDye reaction mix

Dye terminators

Deoxynucleoside triphosphates

Big Dye (terminator) ready
reaction mix

250 mM EDTA

10 mM Tris-HCl and 1 mM EDTA
(diaminoethanetetra-acetic acid).
7.26 g of K;HPOsand 1.13 g of KHoPO; per litre.

0.445 M Tris-HC! (pH 8.0), 0.445 M boric acid and
0.01 M EDTA (pH 8.0).

0.8 g of agarose in 100 ml 1xTBE buffer.

0.025% (w/v) bromophenol blue, 10% (v/v) glycerol
in 10 mM Tris-HCI (pH 7.5) and 1 mM EDTA.

Included in a ready format the dye terminators,
deoxynucleoside triphosphates, AmpliTag DNA
polymerase, MgCl; and Tris-HCI buffer, pH 9.0.
A-BigDye terminator v3.0, C-BigDye terminator v3.0,
G-BigDye terminator v3.0 and T-BigDye terminator
v3.0.

dATP, dCTP, dITP and dUTP. This mix included dITP
in place of dGTP and dUTP in place of dTTP.

2 pl of BigDye reaction mix (as above) and 6 ul of
dilution buffer.

Was used to dilute DNA in sequencing purification
step.
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(d) Solutions for RNA
isolation

0.1% DEPC (diethyl
pyrocarbonate)

TE (resuspension buffer) with
lysozyme

RLT (denaturing buffer) with -
mercaptoethanol

RPE (washing buffer)

(e) Buffers for transcription
start mapping by 3’ RACE
system (provided with a kit)

Wash buffer

10x reverse transcription buffer

5x tailing buffer

(f) Buffers for French press
and purification of proteins on
Ni-NTA column

Formate buffer

Tris-HCI buffer

(g) Buffers for Folin protein
assay

Water and solutions were treated with 0.1% DEPC, 1
mi of which was added to I | of water or

solution to be treated and shaken vigorously to
dissolve the DEPC. The solution was incubated for 12
to 16 hours at 37 °C and autoclaved for 15 minutes at
121 °C to remove any trace of DEPC.

Lysozyme was diluted in TE to a final concentration
of 400 pg/ml.

Immediately before use 10 pl of f-mercaptoethanol
were added to 1ml of RLT.

RPE buffer was supplied as a concentrate. Before
using it for the first time, 4 volumes of ethanol were

added to obtain a working solution.

Was prepared by adding 49 ml 70 % ethanol to 1 ml of
wash concentrate.

25 mM MgCl; and 0.1 M DTT.

50 mM Tris-HCI (pH 8.4), 125 mM KCl and 7.5 mM
MgClL.

5 mM formate and 50 mM phosphate, pH 7.5

50 mM Tris-HCI, pH 8.0, 250 mM NaCl and 5%
glycerol.




Folin A solution

Folin B solution

Folin Reagent

(h) Buffers and solutions for
SDS polyacrylamide gel
electrophoresis (SDS-PAGE)
of proteins

Ultrapure Protogel ™

Stock resolving gel buffer

Stock stacking gel buffer

10x electrode buffer (stock

solution)

Electrode buffer (working

solution)

Ammonium persulphate
solution (APS)
Sample buffer

2% NazCOs in 0.1 M NaOH.

1 m} 1% CuSO, and 1 ml 2% Na Tartrate in 100 ml of
A solution.

Contained Folin/Ciocalteu’s Phenol Reagent and H2O

in ratio 10:7.

30% (w/v) acrylamide and 0.8% NN’
methylenbisacrylamide) used for both the stacking and
the resolving gel.

Contained 0.75 M Tris-HC] pH 8.3. Tris (18.17 g) was
dissolved in 100 m! of deionised water and the pH
adjusted to 8.3 using HCI. The solution was stored at
4 °C.

1.25 M Tris-HC1 pH 6.8.

Tris (30.29 g) was dissolved in 100 ml of deionised
water, and the pH adjusted to 6.8 using HCL The
volume of 200 ml was prepared and stored as
described above for the stock resolving gel buffer.
150 g glycine was dissolved in 800 ml distilled water.
Tris (15g) was added, the volume was made to 1 1
using deionised water and the solution was stored at
room temperature.

5 ml of 20% SDS (w/v) were added to 100 ml 10x
elecirode buffer and diluted with 895 m! of distilled
water.

Was prepared at 8% (w/v), aliquoted and stored at
-20 °C until required.

Was prepared by dissolving 5 g of bromophenol blue,
2 g of SDS and 20 ml of giycerol in 0.1x stock
stacking gel buffer to a final volume of 92 mi. This
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(i) Buffers for Coomassie
brilliant blue staining of SDS-
PAGE gels

Stain solution

Destain solution

Shrink solution

(j) Buffers for Western
blotting

Blotting buffer

PBS buffer (pH 7.4)

10 mM Tris-HC]1 buffer, pH 7.5

(k) Acrylamide gel buffers for
separation of DNA fragments
Acrylamide gel buffer for
separation of DNA fragments
after digest

Acrylamide gel buffer for band-

shift assays

(1) Buffers for band shifts

was then dispensed into 1 ml aliquots and stored at
room temperature. Immediately prior to use, 87 pl of

B-mercaptoethanol were added to each aliguot.

0.2% (w/v) Coomassie brilliant blue, 50% (v/v)
methanol and 10% (v/v) glacial acetic acid. The
solution was filtered to remove undissolved solid and
stored at room temperature.

40% (v/v) methanol and 10% (v/v) acetic acid.

48% (v/v) methanol and 20% (v/v) glycerol.

14.4 g of glycine, 3.0 g of Tris, 200 ml of MeOH in
total volume of 11.

8.0 g NaCl, 0.2 g KHPO,, 1.32 g Na;HPQq, 0.2 g KCI
and 0.2 g NaNj3 in 1 1 of solution.

Was used for washing step.

7.5% acrylamide, 15% glycerol and 1x TBE. This
buffer was prepared by adding 125 ml of 30%
acrylamide, 75 ml of glycerol and 100 ml of 5x TBE
to the total volume of 500 ml.

6% acrylamide, 2% glycerol and 0.25x TBE. This
buffer was prepared by adding 60 m! of 30%
acrylamide, 6 ml of glycerol and 15 ml of 5x TBE to
the total volume of 300 ml.
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Buffer for dilution of purified
FNR protein
Buffer for dilution of purified
NarlL protein

10x buffer for band-shifts

Running buffer for the DNA gel
Herring sperm DNA

(m) Buffers for methyl
viologen assay

Sodium dithionite buffer

Buffer D

(n) Buffers from QIAprep
miniprep spin kit

Pl

P2

N3

PB and PE

EB

(0) Buffers from Qiaquick
PCR purification kit and
Qiaquick gel extraction kit

PB
QG

PE
EB

20 mM Hepes, pH 8.0, 5 mM MgCl;, 50 mM
potassium glutamate, 2 mM DTT and 1mg/m! BSA.
20mM potassium Epps (N [2-hydroxyethyl]
piperazine-N'-3-propanesulfonic acid) pH 8.0, 125
mM potassium glutamate, 1.5 mM DTT and 5%
glycerol.

200 mM Hepes pH 8.0, 50 mM MgCl,, 500 mM
potassium glutamate and 10 mM DTT.

0.25x TBE.

Was diluted to a concentration of 500 pg ml™ and was

stored at -20 °C.

9.6 g/l sodium dithionite in 0.1 M sodium hicarbonate
and 0.5 M NaNO;,
Equal volumes of sodium dithionite buffer and 0.2

mM methyl viologen.

Use

Resuspension buffer.

Lysis buffer.

Precipitation buffer.

Wash buffers.

Elution buffer (10 mM Tris-HC], pH 8.5).

Binding buffer.
Solubilization and binding buffer.

Washing buffer.
Elution buffer (10 mM Tris-HC], pH 8.5).
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cylinder. The water was bubbled with gaseous nitrogen for 5 minutes. The same needle was
connected to the nitric oxide cylinder and the water was saturated with nitric oxide for 10
minutes. The second needle was taken out, the tubing connecting to the nitric oxide cylinder
was closed and the tube with water was inverted so that NOSW was kept under the
atmosphere of nitric oxide. If prepared in this way, the concentration of NO in NOSW is 20

mM. When needed, the required amount of NOSW was taken and added to the cell culture.

2.2, Bacterial and chemical methods

2.2.1. Strains

Strains used during this study were derivatives of E. coli K-12 and are listed in table 2.2.
They were purified by streaking to single colonies onto agar plates containing appropriate
antibiotics (ampicillin or chloramphenicol). Plates were incubated at 37 °C unless stated
otherwise and stored at 4 °C. Liquid cultures were prepared by inoculating sterile medium
with a single colony from an agar plate and grown at 37 °C unless stated otherwise. Agar
plates were kept for several weeks at 4 °C for short term storage of bacteria. For longer term
storage, 0.625 ml of an overnight liquid culture was mixed with 0.375 ml of a sterile solution

of 40% (v/v) glycerol and stored at -80 °C.

2.2.2. Growth of strains

For growth curve experiments E. coli strains were grown anaerobically in MS medium
supplemented with 2.5 g/l nutrient broth, 20 mM NaNO; and 0.4% (w/v) glucose. Glycerol
(0.4% v/v) was used instead of glucose for growth of HCP mutant strains. Cultures were
grown at 37 °C and the optical density at 650 nm was monitored throughout the growth

cycle.
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Bacterial strains

Relevant genotype Reference
RK4353 AlacU169 araD139 rpsL Stewart and McGregor,
gyrA 1982
RV FLac prototroph Page et al., 1990
JCB4041 RK4353 dnarZ::Q AnarG-I  Brondijk et al., 2002
AnarL::Tnl0
JCB4081a JCB4041 dnrfdB Brondijk et al., 2004
AnirBDC: km
JCB4083a JCBA041 dnapGH AnrfAB Brondijk et al., 2004
AnirBDC: :km
JCB4042 JCB4041 AnapF Brondijk et al., 2002
JCB4043 JCB4041 AnapGH Brondijk et al., 2002
JCB4044 JCB4041 AnapFGH Brondijk et al., 2002
JCB4045 JICB4041 AnapC Brondijk et al., 2002
JCB4141 RK4353 AnarZ::Q AnarG-I  Brondijk et al., 2002
narL::Tnl0 AmenBC
ICB4142 JCB4141 dnapF Brondijk et al., 2002
JCB4143 JCB4141 AnapGH Brondijk et al., 2002
JCB4144 JCB4141 AnapFGH Brondijk et al., 2002
JCB4145 JCB4141 AnapC Brondijk et al., 2002
JCB4241 RK4353 AnarZ:: AnarG-I  Brondijk et al., 2002
narl::Tnl0 AubidB
JCB4242 JCB4241 AnapF Brondijk et al., 2002
JCB4243 JCB4241 AnapGH Brondijk et al., 2002
JCB4244 JCB4241 AnapFGH Brondijk et al., 2002
JCB4245 1CB4241 AnapC Brondijk et al., 2002
JCB4999 RK 4353 hcp::cat This work
RK4353 Ahcp This work

JCB5000
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ICB4340 JCB4041 hep::cat This work

JCB4341 JCB4041 Ahcp This work

JCB4G11 RK4353 dnarZ::42 AnapA-B  Potter et al., 1999

ICB4310 JCB4011 hcp: :cat This work

JCB4311 JCB4011 Ahep This work

JCB4141 JCB4041 AMenBC Brondijk et al., 2002

JCB444] JCB4141 Ahcp This work

JCR387 Anir Alac Page et al., 1990

JCB38705 JCB387 arcA::cat This work

ICB3871 JCB387 Afnr Page et al., 1990

JCB38715 JCB3871 gred::cat This work

ICB302 AfnirB-cysG) chl” RV Page et al., 1990

JCB3875 JCB387 narP253::Tni Page et al., 1990

JCB3893 JCB302 narXnarL Constructed by L.
Griffiths for this project

JCB3894 JCB302 narXnarLnarQOnarP  Constructed by L.
Griffiths for this project

JCB4401 RK4353 norR::cat Constructed by M.
Campos for this project

JM109 recA AlacZ Promega

TWO0857 recAl endAl gyrA96 Kitagawa et al, in

preparation.
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For large-scale growth strains were grown anaerobically in 1 1 or 2 1 cultures in MS
mediun supplemented with 2.5 g/l nutrient broth and 0.4% (w/v) glucose. NaNO; (20 mM)
was added if required.

Unless otherwise specified, for measurements of B-galactosidase activity an
overnight culture was grown in 2 ml of LB at 37 °C and was used to inoculate the required
selective medium. Strains were grown aerobically in LB medium. For 5 m! aerobic cultures,
50 p! of overnight culture were taken. The cultures were grown until the ODyso was 0.15 to
0.3. Strains were grown anaerobicaily in MS medium supplemented with 0.4% glycerol, 20
mM fumaric acid, 20% LB (2 g/l tryptone, 1 g/l yeast extract, 1 g/l NaCl), 100 pg/ml
ampicillin, with or without 2.5 mM NaNO; or 20 mM NaNO;_ For10 ml anaerobic cultures
0.4 ml of overnight culture were used. The cultures were grown until the ODgsp was 0.5 to
0.8. For measurements of [(-galactosidase activity during the growth cycle, strains were
grown anaerobically in MS medium supplemented with 0.4% glucose, 10% LB (1 g/l
tryptone, 0.5 g/l yeast extract, 0.5 g/l NaCl), 100 pg/ml ampicillin, with or without 2.5 mM

NaNO; or 20 mM NaNQO;,

2.2.3. Preparation of cell-free extracts

Preparation of cytoplasmic proteins by French pressure cell

Cultures were grown anaerobically on a large scale as described previously. Bacteria were
harvested by centrifugation at 5 000 g for 15 minutes. The pellet was resuspended in 40 ml
of formate buffer and pelleted by centrifugation at 5 000 g for 20 minates. The supernatant
was discarded and the pellet resuspended in 5 ml of formate buffer using a glass
homogeniser and passed through a French pressure cell at 10 000 psi. Each bacterial sample
was passed through the French press 2 to 3 times, and during the procedure the bacteria were

kept on ice. The resultant suspension, consisting of unbroken cells, periplasm, membrane,
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cytoplasm and inclusion bodies was centrifuged at 40 000 g for 30 minutes to separate
soluble cytoplasmic proteins and inclusion bodies. The supernatant contained cytoplasmic

proteins and was used for further analysis.

Sonication procedure

For sonication, the cell culture was grown on a large scale. The optical density of the cells
was taken, the cells were centrifuged at 5 000 g for 15 minutes and the pellet was
resuspended in 10 mM phosphate buffer, 150 mM NaCl, pH 6.5 to an ODgs of 125. Before
sonication, the probe was cooled down on ice and rinsed with cthanol. The probe was
inserted into the tube with cells and the pulse of 1 minute 20 seconds was applied to the cell
culture. The procedure was repeated twice. The ODgso of the cell culture was checked after

sonication. If the cell walls had been broken, the optical density at 650 nm decreased.

2.2.4. B-galactosidase assay

For B-galactosidase assays the method described by Jayaraman et al. (1987) was used. The
culture (2 ml) was lysed with 30 pl each of 1% Na’-deoxycholate and toluene. After aeration
at 37 °C for 20 minutes the cultures were placed on ice. The lysate (0.1 ml of undiluted or of
10-fold diluted depending on the expected activity) was added to 2 ml of assay buffer, and
pre-warmed at 30 °C. The reaction was started by the addition of 0.5 ml of pre-warmed 13
mM ONPG. NaCOs; (1 M, 1 ml) was added to stop the reaction when a sufTiciently yellow
colour had developed. The OD4z was measured and the p-galactosidase activity was
calculated from the formula:

A= 0Dy 1000-D-C-V/ (ODgspt-e-L)

Key:

ODy20: optical density of cell lysate at 420 nm;



n

D: dilution factor;

C: coefficient used to convert ODgso to mg dry weight (C=2.5);

V: volume of the assay mixture in ml (V=3.5);

ODjgso: optical density at 650 nm of cell culture before lysis;

t: the incubation titne in minutes;

&: the molar extinction of o-nitrophenol (e=4.5) (L mmol’! cm™)

L: the volume of lysate that was used in ml.

Cultures were assayed in duplicate and reported values are averages from at least two

independent experiments.

2.2.5. Determination of nitrate reductase activities using the artificial electron donor,
methyl viologen
Methyl viologen is an electron donor that in the presence of nitrate donates electrons directly
to the catalytic subunit of nmitrate reductases. Reduced methyl viologen is blue and becomes
colourless upon oxidation (Jones and Garland, 1977). A simple assay has been developed in
which methyl! viologen is used as an artificial electron donor for the reduction of nitrate to
nitrite (Showe and DeMaoss, 1968). The presence of nitrite in the assay mixture is then
determined colorimetrically and from this, the rate of nitrate reduction can be estimated.
Bacteria were grown as described previously until the desired ODgso had been
reached. At this point, the cultures were placed on ice until required. At the start of the
experiment, the bacteria were centrifuged for 2 minutes at 8 000 g at room temperature and
the pellet resuspended in 50 mM potassium phosphate buffer (pH 7.4) to an ODgsp of about
1.0. A sample of the bacterial suspension was diluted if required to 200 ul with 50 mM
phosphate buffer in a small test tube. Each culture was assayed in duplicate. Following

addition of 50 pli of 2 mM methy! viologen, the tubes were incubated at 30 °C in a water
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bath. A freshly made solution of sodinm dithionite buffer was prepared, which consisted of
0.5 M sodium nitrate and 0.1 M sodium bicarbonate, de-aerated with nitrogen gas whilst 9.6
g1 of sodium dithionite dissolved. After 5 minutes the assay was started by the addition of
50 ul sodium dithionite buffer. During this time methyl viologen passed ¢lectrons through
NapA to nitrate. The test tubes were gently inverted to mix the contents, without aerating
them, to give a uniform blue colour. Afier a 5-minute incubation, the reaction was stopped
by vigorous aeration. Cell debris was sedimented by centrifugation at 8 000 g for 3 minutes,

and the concentration of nitrite in 50 pl samples of the supernatant was determined.
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