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Abstract

Nitrous oxide (N20) is an important greenhouse gas with large global warming potential
and also leads to ozone depletion through photo-chemical nitric oxide (NO) production
in the stratosphere. The negative effects of N>O on climate and stratospheric ozone
make N2O mitigation an international challenge. More than 60% of N.O emissions
globally are emitted from agricultural soils mainly due to the application of synthetic N
in the form of fertilisers to soils. Thus, mitigation strategies must be developed which
increase (or at least do not negatively impact) on agricultural efficiency whilst decrease
levels of NoO emissions. This aim is particularly important in the context of the ever
expanding population and sunsequent increased burden on the food chain. More than
two-thirds of N2O emissions from soils arise from bacterial and fungal denitrification
and nitrification processes. In ammonia oxidizing bacteria (AOB) or nitrifiers, N2O is
formed through the oxidation of hydroxylamine (NH2OH) to nitrite (NO2). In
denitrifiers, nitrate (NO3’) is reduced to N2 via NO2, NO and N20 production. In
addition to denitrification, respiratory NOs/NO2" ammonification also named
dissimilatory nitrate reduction to ammonium (DNRA) is another important nitrate
reducing mechanism in soil, responsible for the loss of NO3z™ and production of N.O
from reduction of NO that is formed as a by-product of NOs/NO2" reduction. This
review will synthesize our current understanding of the environmental, regulatory and
biochemical control of N2O emissions by nitrate-reducing bacteria and point to new

solutions for agricultural greenhouse gas mitigation.
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1. INTRODUCTION

Nitrous oxide (N20) is a powerful greenhouse gas (GHG) and a major cause of
ozone layer depletion with an atmospheric lifetime of 114 years. Although N20O only
accounts for around 0.03 % of total GHG emissions, it has an almost 300-fold greater
potential for global warming effects, based on its radiative capacity, compared with that
of carbon dioxide (CO.). Hence, when the impact of individual GHGs on global
warming is expressed in terms of the Intergovernmental Panel on Climate Change
(IPCC) approved unit of CO2 equivalents, N2O accounts for approximately 10 % of
total emissions (IPCC, 2014). Human activities are currently considered to emit 6.7 Tg
N-N20O per year mainly from agriculture, which accounts for about 60 % of N.O
emissions (IPCC, 2014; Smith et al., 2008; 2012). This contribution has been
exacerbated through the intensification of agriculture, the so-called ‘green revolution’,
which has increased the presence of nitrogen (N) in soil through the application, since
the early 1900s, of synthetic nitrogen-based fertilizers whose production steadily
increased after the invention of the Haber-Bosch process. Since 1997, many of the non-
biological emissions of N.O, for example, those associated with the transport industry,
have been systematically lowered, whereas emissions from agriculture are essentially
unchanged (IPCC, 2014). Given the clear evidence about the damaging effects on
climate of atmospheric N2O, strategies to ameliorate N>O emission arising from
intensive agricultural practices have to be developed in order to increase agricultural
efficiency and decrease current levels of N2O emissions in particular in the context of
the continuing population growth (Richardson et al.,, 2009; Thomson et al. 2012).
Strategies that might be adopted include: (i) management of soil chemistry and
microbiology to ensure that bacterial denitrification runs to completion, thus generating

N> instead of N2O; (ii) reducing the dependence on fertilizers through engineering crop
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plants to fix nitrogen themselves or through the application of nitrogen-fixing bacteria,
(iii) promotion of sustainable agriculture, that is producing more output from the same
area of land while reducing the negative environmental impacts, and (iv) an increased
understanding of the environmental and molecular factors which contribute to the
biological generation and consumption of N2O. Pathways for biological N2O production
include dissimilatory nitrate/nitrite reduction to N2 (denitrification) (Zumft, 1997),
dissimilatory nitrate reduction to ammonia (DNRA) (Bleakley and Tiedje, 1982),
nitrifier denitrification, hydroxylamine oxidation by ammonia oxidizing bacteria
(AOB), and NO detoxification (also known as nitrosative stress defense). N2O is also
produced by methane-oxidizing bacteria (Campbell et al., 2011) and ammonia oxidizing
archaea (AOA; Liu et al., 2010; Stieglmeier et al., 2014). N2O production by nitrite-
oxidizing bacteria (NOB), anaerobic methane (N-AOM) and anaerobic AOB (anammox
bacteria) has also been reported (for reviews see Stein, 2011; Schreiber et al., 2012).
Among them, denitrification and DNRA are the major microbial processes in soil that
are capable of removing NOs™ since they are two competing, energy-conserving NO3’
INO2™ reduction pathways (Fig. 7.1). During denitrification, NOs™ is reduced to the
gaseous products, N2O and dinitrogen gas (N2), in a step-wise manner via NO2™ and
nitric oxide (NO) as intermediates (Zumft, 1997). N>O and N2 release to the atmosphere
causes N loss from terrestrial and aquatic environments, and N2O is an ozone-depleting
greenhouse gas. DNRA shares the NO3z™ to NO>™ reaction step with denitrification but
reduces NO2" to NH4 (Bleakley and Tiedje, 1982; Simon and Klotz, 2013). In contrast
to NO3z™ and NO2, NHj is retained in soils and sediments and has a higher tendency for
incorporation into microbial or plant biomass. Hence, the relative contributions of
denitrification versus respiratory ammonification activities have important

consequences for N retention, plant growth and climate. In addition to denitrification
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that produces N2O when abiotic conditions or the lack of an N2O reductase encoding
gene prevent its reduction to N2, DNRA seemingly releases N2O as a by-product of the
NO3/NO; reduction process (Fig. 7.1). In denitrifiers, it has been well established the
role of the Cu-containing (NirK) and cdi-type (NirS) nitrite reductases as well as the
membrane-bound respiratory NO reductases (cNor and gNor enzymes) in NO and N.O
formation (Fig. 7.1). In DNRA, the ammonium-generating respiratory cytochrome c
nitrite reductase (NrfA), the assimilatory siroheme-containing nitrite reductase (NirB)
and the NO-detoxifying flavorubredoxin (NorVW) are the main candidates to be
involved in NO and N2O production (Fig. 7.1). Recent findings have proposed the
involvement of the membrane-bound respiratory nitrate reductase (NarG, Gilberthorpe
and Poole, 2008; Rowley et al., 2012) and the assimilatory nitrate reductase (NasC,

Cabrera et al., 2015) in NO and N2O metabolism (Fig. 7.1).

While there are several enzymatic and microbial routes to N2O production, the
bacterial N2O reductase (N2OR), is the only known enzyme capable of reducing N2O to
N2 (Fig. 7.1). The typical N2OR enzyme, NosZ, from denitrifiers has been considered
for long time the only enzyme involved in N2O mitigation. Recently, however, a closely
related enzyme variant named atypical NosZ has been identified in diverse microbial
taxa forming a distinct clade of N2OR (Sanford et al., 2012; Jones et al., 2013).
Organisms containing atypical NosZ enzymes also possess divergent nos clusters with
genes that are evolutionarily distinct from the typical nos genes of denitrifiers (Table
7.1). Interestingly, DNRA bacteria such as Wolinella succinogenes as well as some
other non-denitrifiers contain this atypical N.OR that probably acts on the N2O
produced by detoxifying activities that remove the NO formed as a by-product of nitrite
accumulation during the DNRA process (Simon et al., 2004; Sanford et al., 2012; Jones

et al., 2013). However, another group of DNRA including enterobacteria such as
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Escherichia coli or Salmonella enterica that also can produce N>O do not have an
enzyme that can consume it. Thus, these bacteria might contribute significantly to
global N2O emissions. A greater understanding of the key enzymes and environmental
and regulatory factors involved in N2O metabolism in denitrifiers and DNRA may allow
the development of more effective NoO mitigation strategies in soil nitrate reducing
communities. The goal of this review is to present an overview of the enzymatic
mechanisms of N2O production and consumption by nitrate reducing bacteria, as well as

the environmental signals and the regulatory pathways or networks involved.

2. NITROUS OXIDE METABOLISM IN NITRATE-AMMONIFYING

BACTERIA

The metabolism of N20 in organisms that grow by respiratory nitrate or nitrite
ammonification is poorly understood. The respective organisms reduce NOs to NO2
using a membrane-bound nitrate reductase (Nar) and/or a periplasmic nitrate reductase
(Nap) (Richardson et al., 2001; Kern & Simon, 2009; Simon & Klotz, 2013).
Subsequently, NO> is reduced to NH4 by a cytochrome c nitrite reductase (NrfA),
which obtains electrons from the quinone/quinol pool through one of several different
electron transport enzyme systems, depending on the organism (Simon, 2002; Kern &
Simon, 2009; Simon & Klotz, 2013). Prominent examples of respiratory ammonifiers of
NO3s/NO2 are Gamma-, Delta- and Epsilonproteobacteria such as Escherichia coli,
Salmonella enterica serovar Typhimurium, Shewanella oneidensis, Shewanella loihica,
Anaeromyxobacter dehalogenans, Campylobacter jejuni and Wolinella succinogenes
but also some less well-known members of the genus Bacillus (phylum Firmicutes), for
example Bacillus vireti, Bacillus azotoformans or Bacillus bataviensis (Simon, 2002;
Heylen & Keltjens, 2012; Simon & Klotz, 2013; Mania et al., 2014). With the exception

of S. loihica, nitrate-ammonifying bacteria usually lack both the Cu-containing (NirK)

8
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and cdi-type (NirS) nitrite reductases as well as typical membrane-bound respiratory
NO reductases (cNor and gNor enzymes) found in denitrifiers. Apparently, however, the
catalysis of respiratory ammonification of NOs/NO> is also a source of N20O. In a first
step leading to N2O production, NO is generated either chemically and/or enzymatically
from nitrite. The detailed mechanisms of these conversions, however, are yet to be
elucidated. Since NO is a highly toxic compound that exerts nitrosative stress on cells
and organisms, it needs to be detoxified (Poole, 2005). It is therefore not surprising that
N2O generation from NO has been described for numerous non-respiratory enzymes,
including flavodiiron proteins (Fdp), flavorubredoxin (NorVW), cytochrome Csss
(CycA,; present in nitrifiers), cytochrome c”-beta (CytS) and cytochrome c”-alpha (CytP)
(Simon & Kilotz, 2013 and references therein). In these cases, NO reduction to N2O is
thought to serve predominantly in NO detoxification. In the light of such an N2O-
producing capacity, it is not surprising that some NOs/NO2-ammonifiers such as W.
succinogenes, A. dehalogenans and B. vireti have been reported to grow by anaerobic
N20 respiration using N2O as sole electron acceptor (Yoshinari, 1980, Sanford et al.,
2012; Kern & Simon, 2016; Mania et al., 2016). Moreover, the cells of some other
species have been reported to reduce N2O and many genomes of ammonifiers indeed
contain a nos gene cluster (see section 2.2.2). These nos clusters comprise a nosZ gene
encoding the “atypical” nitrous oxide reductase and some of them even a cytochrome C
nitrous oxide reductase (cNosZ) (Table 7.1) (Simon et al., 2004; Zumft & Kroneck,
2007; Kern and Simon, 2009; Sanford et al., 2012; Jones et al., 2013; Simon and Klotz,
2013). The cNosZ enzyme is a variant of the canonical NosZ found in denitrifiers that
contains a C-terminal monoheme cytochrome ¢ domain, which is thought to donate

electrons to the active copper site (Simon et al., 2004). Export of cNosZ to the
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periplasm is accomplished by the Sec secretion pathway rather than by the Tat pathway

used by the canonical NosZ.

2.1. Gammaproteobacteria

N2O metabolism by Gammaproteobacteria that perform dissimilatory nitrate/nitrite
reduction to ammonia (DNRA) has been mainly investigated in Escherichia coli and
Salmonella enterica serovar Typhimurium. These bacteria belong to the
Enterobacteriaceae family of Gammaproteobacteria which have their natural habitats in
soil, water (fresh and marine) environments or the intestines of both warm and cold
blooded animals. In humans, while Salmonella species are pathogenic and can result in
an inflamed intestine and gastroenteritits, E. coli strains can form part of the normal

flora having beneficial traits for humans.

In many species of Enterobacteriaceae, there are two biochemically distinct
nitrate reductases: one membrane-bound with the active site located in the cytoplasm
(Nar) and a periplasmic nitrate reductase (Nap). Nar enzymes have been most studied in
E. coli and Paracoccus (reviewed by Potter et al., 2001, Richardson et al., 2001;
Gonzélez et al., 2006; Richardson et al., 2007; Richardson, 2011). Nar is common to
both ammonification and denitrification and has been crystallographically resolved from
E. coli (Bertero et al., 2003; Jormakka et al., 2004). It is a 3-subunit enzyme composed
of NarGHI, where NarG is the catalytic subunit of about 140 kDa that contains a
bismolybdopterin guanine dinucleotide (bis-MGD) cofactor and a [4Fe-4S] cluster.
NarH, of about 60 kDa, contains one [3Fe-4S] and three [4Fe-4S] clusters. NarG and
NarH are located in the cytoplasm and associate with Narl, an integral membrane

protein of about 25 kDa with five transmembrane helices and the N-terminus facing the

10
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periplasm (Fig. 7.2A). Nar proteins are encoded by genes of a narGHJI operon.
Whereas narGHI encode the structural subunits, narJ codes for a cognate chaperone
required for the proper maturation and membrane insertion of Nar. The organization of
this operon is conserved in most species that express Nar. E. coli and S. Typhimurium
have a functional duplicate of the narGHJI operon named narZYWV, which has a
central role in the physiology of starved and stressed cells, rather than anaerobic
respiration per se (Blasco et al., 1990, Spector et al., 1999). In the cytoplasm, a NADH-
dependent assimilatory nitrite reductase (Nir) reduces nitrite to ammonia as rapidly as it
is formed from nitrate by Nar (Fig. 7.2A). The nir operon includes nirB and nirD as
structural genes for the two enzyme sub-units; a third gene, nirC, probably encodes a
nitrite transport protein; and finally cysG, the product of which is required for the

synthesis of the novel haem group, sirohaem (Peakman et al., 1990).

Enteric bacteria such as E.coli and S. Typhimurium have evolved a second
respiratory pathway to survive in electron acceptor-limited anaerobic conditions. Under
anoxic and microoxic conditions in the presence of low levels of nitrate, the periplasmic
nitrate reductase (Nap) system and the periplasmic nitrite reductase (Nrf) system are
expressed (Figs. 7.2 and 7.3A). NapA is the catalytic subunit responsible for the two
electron reduction of NOz™ to NO2", while NrfA reduces NO2 to NH4 through a six-
electron reduction proposed to involve bound intermediates of nitric oxide (NO) and
hydroxylamine (NH20H) (Einsle et al., 2002). In E. coli, the reduction of NO3™ to NH4
can be coupled to energy-conserving electron transport pathways with formate as an
electron donor (Potter et al., 2001).The Nap system is found in many different Gram-
negative bacteria (reviewed by Potter et al., 2001; Gonzélez et al., 2006; Richardson et
al., 2007; Richardson, 2011; Simon and Klotz, 2013). The best studied Nap enzymes

were isolated from Paracoccus pantotrophus, E. coli, Rhodobacter sphaeroides, and

11
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Desulfovibrio desulfuricans. The crystal structure of E. coli NapA has been solved
(Jepson et al., 2007). Similar to NarG, NapA binds bis-MGD and a [4Fe-4S] cluster. In
the majority of known cases, NapA forms a complex with the dihaem cytochrome c
NapB. Generally, mature NapA is transported across the membrane by the Tat apparatus
and this process requires the cytoplasmic chaperone NapD, which is encoded in all
known nap gene clusters (Grahl et al., 2012). In the mayority of Nap systems, electron
transfer from quinol to NapAB complex requires a tetrahaem cytochrome ¢ NapC, a
member of the NapC/NrfH family (Fig. 7.2A). However, in E. coli a second quinol-
oxidizing system has been identified, the NapGH complex which consists of two
proposed Fe/S proteins. NapH is a membrane-bound quinol dehydrogenase containing
four transmembrane domains while NapG is a periplasmic electron transfer adapter
protein (Fig. 7.2A). The structure and detailed function of the NapGH proteins,
however, remain unclear as these have not been purified. In addition to napDAGHBC
genes directly involved in nitrate reduction, E. coli napFDAGHBC operon also contains
napF encoding an accessory protein. NapF is a cytoplasmic Fe/S protein that is thought
to have a role in the post-translational modification of NapA prior to the export of

folded NapA into the periplasm (Nilavongse et al., 2006).

The best-known periplasmic ammonium-generating nitrite reductase is the
decahaem homodimeric cytochrome c nitrite reductase NrfA (Figs. 7.2 and 7.3A)
(reviewed by Clarke et al., 2008; Einsle, 2011; Simon and Klotz, 2013). This enzyme
reduces NO2  produced by Nap to NHs by using six electrons that are commonly
obtained through the oxidation of formate (nitrite reduction with formate, Nrf). This
allows NOy™ to be used as a terminal electron acceptor, facilitating anaerobic respiration
while allowing nitrogen to remain in a biologically available form. NrfA, first described

in E. coli is expressed within the periplasm of a wide range of Gamma-, Delta- and

12
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Epsilonproteobacteria. In E. coli, nrfABCDEFG genes are involved in the synthesis and
activity of NrfA with nrfA coding for the actual enzyme, nrfB coding for a small,
pentahaem electron transfer protein, nrfC and nrfD for a membrane-integral quinol
dehydrogenase (Fig. 7.3A), and nrfE, nrfF, and nrfG for components of a dedicated
assembly machinery required for attachment of the active site haem group. The electron
transfer between NrfCD and NrfA in E. coli is mediated by the pentahaem cytochrome c
NrfB (Clarke et al., 2007). Crystal structures of NrfA from E. coli are currently
available (Bamford et al., 2002; Clarke et al., 2008). NrfA contains four His/His ligated
c-haems for electron transfer and a structurally differentiated haem that provides the
catalytic center for nitrite reduction. The catalytic haem has proximal ligation from
lysine, or histidine, and an exchangeable distal ligand bound within a pocket that
includes a conserved His. Recent experiments where electrochemical, structural and
spectroscopic analyses were combined revealed that the distal His is proposed to play a

key role in orienting the nitrite for N—O bond cleavage (Lockwood et al., 2015).

2.1.1 Enzymes involved in NO and N20 metabolism

The cytotoxin nitric oxide (NO) is the major precursor of N2O in many biological
pathways, and the accumulation of N2O in bacteria which lack NosZ, can be used as a
direct reporter of intracelular NO production (Rowley et al., 2012). In prokaryotes, NO
formation was considered to occur only in denitrification, anaerobic ammonium
oxidation and other related respiratory pathways (Zumft, 1997; Bothe et al., 2007;
Jetten, 2008; Schreiber et al., 2013; Maia and Moura, 2014). NO formation from NO2
constitutes the first committed step in denitrification and is an essential step in

anaerobic ammonium oxidation and other respiratory pathways, where nitrogen

13
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compounds are used to derive energy. For those respiratory functions, prokaryotes
developed NirS-type (cytochrome cdi) or NirK-type (copper containing) nitrite
reductases to reduce NO> to NO. Several studies have suggested that NO is also
generated in prokaryotes by non-respiratory pathways via NO synthase (NOS) enzymes,
homologous to the oxygenase domain of the mammalian NOS. NOS catalyses aerobic
NO formation from arginine, using cellular redox equivalents that are not normally
committed to NO production (reviewed by Spiro, 2011; Maia and Moura, 2015).
Salmonella species and E. coli lack the typical respiratory NirS or NirK enzymes, as
well as NOS, however they do produce NO as a side-product of nitrate or nitrite
metabolism. Studies with E. coli mutants suggested that nitrite-dependent NO formation
was assumed to arise from the “side” activity of the assimilatory sirohaem-containing,
NirB, as well as from NrfA that both catalyse NO>™ reduction to NH4 (Corker and Poole,
2003; Weiss, 2006) (Fig. 7.2A). However, NO formation from NO2 in S. Typhimurium
does not involve NirB or NrfA. Recently, reduction of NO2™ by the membrane-bound
nitrate reductase NarG has been proposed as one major source of NO in E. coli and S.
enterica serovar Typhimurium (Fig. 7.2A). By contrary, a small contribution (less than
3 %) from the periplasmatic Nap to NO formation has been reported in both bacteria

(Gilberthorpe and Poole, 2008; Vine et al., 2011; Rowley et al., 2012).

In addition to the catalysis of the six-electron reduction of NO2™ to NH4, E. coli
NrfA has also the ability to act as an NO reductase. Kinetic, spectroscopic,
voltammetric, and crystallization studies with purified NrfA have demonstrated the
capacity of this enzyme to reduce NO (Clarke et al., 2008; Einsle, 2011). This capacity
has also been reported in whole cells studies using wild-type and nrf mutant strains of
E. coli and S. Typhimurium where a contribution by NrfA to NO stress tolerance has

been demonstrated (Poock et al., 2002; Poole, 2005; Mills et al., 2008). E. coli and S.
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Typhimurium are known to possess other NO-consuming systems to overcome NO
produced by the immune system as well as to defend themselves against their own toxic
metabolites. They comprise the soluble flavohaemoglobin Hmp, and the di-iron-centred
flavorubredoxin NorV with its NADH-dependent oxidoreductase NorW (NorVW).
Hmp is phylogenetically widespread, being found in denitrifying bacteria and non-
denitrifiers (Vinogradov et al., 2013). This enzyme has a globin like domain, and an
FAD-containing domain that binds NAD(P)H. In the presence of oxygen, Hmp oxidizes
NO to nitrate, an activity that has been described as an NO dioxygenase or NO
denitrosylase. A detailed description of Hmp enzymatic and structural properties have
been published in several reviews (Gardner, 2005; Poole, 2005; Spiro, 2011; Forrester
and Foster, 2012). Aside from NO dioxygenation, Hmp has also been shown to execute
NO reduction to N2O under anoxic conditions (Kim et al., 1999), which operates at
approximately 1% of the rate of the aerobic dioxygenation reaction (Mills et al., 2001).
Although this Hmp-based NO reduction may operate under anaerobic conditions, it
remains somewhat unclear whether it provides physiologically relevant protection from
nitrosative stress. Consequently, Hmp may not be a significant source of N2O. The main
candidate to reduce NO to N.O in non-denitrifying bacteria is NorVW (Fig. 7.2A). The
physiological role of this enzyme seems to be NO detoxification under anaerobic or
micro-oxic conditions. This reaction may be particularly important in organisms (such
as E. coli or S. Typhimurium) which make low concentrations of NO as a by-product of
the reduction of NO2™ to NH4 and they lack the respiratory Nor enzymes typical from
denitrifiers (reviewed by Poole, 2005; Spiro, 2011; Spiro, 2012). In NorVW, NO is
reduced by a flavo-diiron protein, which receives electrons from a rubredoxin domain or
protein. The rubredoxin is itself reduced by an NADH-dependent flavoenzyme. The

flavo-diiron protein of E. coli and S. Typhimurium has a fused rubredoxin domain, and
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so is called flavorubredoxin (also called NorV). In complex with the NADH-dependent
oxidoreductase (NorW), this enzyme functions as an NO reductase in vitro (Gomes et
al., 2002). Consistently, in E. coli and Salmonella it has been reported that protection
against NO stress during anaerobic respiratory conditions was mainly attributed to the
action of the flavorubredoxin NorV (Gardner et al., 2002; Mills et al., 2008; Muhlig et
al., 2014). However, it should be noted that S. Typhimurium mutant strains lacking
functional copies of hmpA, norV and nrfA are still able to resist anaerobic NO stress,
albeit very poorly, indicating a role for other NO detoxification mechanisms in this
bacterium (Mills et al., 2008). As observed in S. Typhimurium, E. coli single mutants
defective in NirB, NrfA; NorV or Hmp and even the mutant defective in all four
proteins reduced NO at the same rate as the parent. Clearly, therefore, there are
mechanisms of NO reduction by enteric bacteria that remain to be characterized (Vine

and Cole, 2011).

Although N2O has been proposed to be a product of NO reduction in nitrate-
ammonifiers, studies about the contribution of this bacterial group to N2O emissions
from agricultural soils as well as the mechanisms behind this are poorly understood. In
this context, there have been a few reports of N2O release by pure cultures of
Enterobacteriaceae, including E. coli, Klebsiella pneumoniae and S. Typhimurium
during NO3™ metabolism that presumably reflects NO being converted into N2O (Smith,
1983; Bleakley and Tiedje, 1982). In complex medium nutrient-sufficient batch culture
experiments, the rate of N2O production during nitrate ammonification was around 5%
of NOs™ (Bleakley and Tiedje, 1982). Thus, it has been suggested that enteric nitrate-
ammonifying bacteria could be a significant source of N2O in soil (Bleakley and Tiedje,
1982). In this context, it has been proposed that under high C-to-NOsz™ conditions, nitrate

ammonification may be faster and produce greater quantities of N>O than
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denitrification, depending on enzyme regulation (Yin et al., 2002). Recently, it has been
demonstrated the potential for N2O production by soil-isolated nitrate-ammonifying
bacteria under different C and N availabilities. By performing chemostat cultures, it has
been shown that maximum N2O production was correlated with high NO2>™ production

under C-limitation/NOssufficiency conditions (Streminska et al., 2012).

As mentioned above, one major source of N2O in S. Typhimurium is the
reduction of NO produced by the membrane-bound nitrate reductase NarG
(Gilberthorpe and Poole, 2008) (Fig. 7.2A). In this context, Kinetics analyses of NOz
consumption, NO2  accumulation and N2O production by chemostat cultures of S.
Thyphimurium nap or nar mutants confirmed that Nar is the major enzymatic route for
NO3" catabolism associated with N2O production (Rowley et al., 2012). While in nitrate-
sufficient cultures, a narG mutant produced ~30-fold more N>O than the wild-type,
under nitrate-limited conditions, nap, but not nar, was upregulated and very little N.O
production was observed. Thus, these authors conclude that a combination of NO3™-
sufficiency, NO2" accumulation and an active Nar-type nitrate reductase leads to NO
and thence N2O production, and this can account for up to 20% of the NOs" catabolized

(Rowley et al., 2012).

2.1.2 Regulatory proteins

The main regulators that mediate NO detoxification and consequently N>O formation in
Salmonella and E. coli include NorR, NsrR, and FNR (reviewed by Spiro 2007, 2011,
2012; Tucker et al., 2011; Arkenberg et al., 2011; Mettert and Kiley, 2015) (Fig. 7.2B).
NorR is a member of the c54-dependent enhancer-binding protein (EBP) family of

transcriptional activators that has a three-domain structure that is typical of EBPs, with
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a C-terminal DNA-binding domain, a central domain from the AAA" family that has
ATPase activity and interacts with RNA polymerase (Bush et al., 2010), and an N-
terminal signalling domain. The N-terminal regulatory GAF domain of NorR contains a
mononuclear non-haem iron centre, which reversibly binds NO. Binding of NO
stimulates the ATPase activity of NorR, enabling the activation of transcription by RNA
polymerase. The mechanism of NorR reveals an unprecedented biological role for a
non-haem mononitrosyl—iron complex in NO sensing (D’Autreaux et al., 2005; Tucker
et al., 2008). NorR is an transcriptional activator of E. coli norVW genes in response to

NO (Hutchings et al., 2002; Gardner et al., 2003) (Fig. 7.2B).

NsrR is a NO-sensitive transcriptional repressor that contains an [Fe—S] cluster.
The cluster is likely to be [4Fe—4S] and is the binding site for NO. Nitrosylation of this
cluster leads to a loss of DNA binding activity and, hence, derepression of NsrR target
genes (Bodenmiller and Spiro, 2006; Yukl et al., 2008; Tucker et al., 2008; Crack et al.,
2015). The NsrR binding site is an 11-1-11 bp inverted repeat of the consensus motif
AAGATGCYTTT  (Bodenmiller &  Spiro, 2006), although  chromatin
immunoprecipitation (ChlP-chip) analysis suggested that a single 11 bp motif (with the
consensus sequence AANATGCATTT) can function as an NsrR-binding site in vivo
(Partridge et al., 2009). Very recently, it has been demonstrated that although nsrR is
expressed from a strong promoter, however its translation is extremely inefficient,
leading to a low cellular NsrR concentration. Thus, promoters with low-affinity NsrR
binding sites may partially escape NsrR-mediated repression (Chhabra and Spiro,
2015). Using comparative genomics approaches, the most conserved member of the
predicted NsrR regulon was found to be hmp (Rodionov et al., 2005). However,
microarray analysis revealed that NsrR represses nine operons encoding 20 genes in E.

coli, including the hmp, and the well-studied nrfA promoter that directs the expression
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of the periplasmic respiratory nitrite reductase (Filenko et al., 2007). Regulation of the
nrf operon by NsrR is consistent with the ability of the periplasmic nitrite reductase to

reduce nitric oxide and hence protect against reactive nitrogen species (Fig. 7.2B).

FNR (Fumarate-nitrate reduction regulator) belongs to the subgroup of the
cyclic-AMP receptor protein family of bacterial transcription regulators. FNR is a O»-
sensitive protein involved in gene expression to coordinate the switch from aerobic to
anaerobic metabolism when facultative anaerobes like E. coli are starved of O
(Constantinidou, et al., 2006; Partridge et al., 2007; Rolfe et al., 2012; Myers et al.,
2013). The N-terminal region of FNR contains four essential cysteine residues that
coordinate an O»-sensitive [4Fe-4S] cluster (Crack et al., 2012; Zhang et al., 2012). In
the absence of Oy, the [4Fe-4S] cluster is stable, and FNR exists as a homodimer that is
capable of high affinity, site-specific DNA binding to an FNR box
(TTGATNNNNATCAA). When bound to target DNA, FNR activates the expression of
genes encoding proteins required for anaerobic metabolism and represses those utilized
under aerobic conditions. In addition to its primary function in mediating an adaptive
response to O.-limitation, FNR plays a role in sensing and responding to NO. NO
damages the E. coli FNR [4Fe—-4S] cluster in vitro, resulting in decreased FNR DNA
binding activity (Crack et al., 2013). In the absence of nitrogen oxides, hmp is repressed
by FNR, but the addition of either nitrite or nitrate causes a derepression of hmp gene
expression (Cruz-Ramos et al., 2002). Conversely, transcription from the E. coli nrf
operon is activated by FNR in the absence of oxygen and induced further by NarL and
NarP in response to low concentrations of nitrate or to nitrite (Tyson et al., 1994) (Fig.
7.2B). Consistent with the additional NO detoxifying function of Nrf, recent studies
have suggested that pnrf is also regulated by the global transcription repressor NsrR

(Filenko et al., 2007; Partridge et al., 2009). In this context, it has been demonstrated
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that FNR-dependent activation of the E. coli nrf promoter is downregulated by NsrR
together with the nucleoid-associated protein IHF, which bind to overlapping targets
adjacent to the DNA site for FNR (Browning et al., 2010). Interestingly, alignment of
the pnrf sequence from Salmonella Typhimurium with that of E. coli revealed a base
difference in the DNA site for NsrR that would be expected to decrease NsrR binding.
In fact, anaerobic expression from the Salmonella nrf promoter is unaffected by the
disruption of nsrR (Browning et al., 2010), suggesting that in contrast to E. coli,
Salmonella nrf promoter appears to have become “blind” to repression by NsrR, though

it remains to be seen if this has any biological significance.

2.1.3 Nitrate-ammonification and denitrification pathways in Shewanella loihica

Until recently, the general understanding had been that denitrification and respiratory
nitrate ammonification pathways do not coexist within a single organism. However,
recent genome analyses found that at least three different bacterial species, Opitutus
terrae strain PB90-1, Marivirga tractuosa strain DSM 4126, and the
Gammaproteobacterium Shewanella loihica strain PV-4, possess the complete sets of
genes encoding the pathways for denitrification and respiratory ammonification
(Sanford et al., 2012). S. loihica strain PV-4 possesses two copies of nrfA, as well as the
complete suite of genes encoding denitrification enzymes (nirK, norB and nosZ)
(Sanford et al., 2012; Yoon et al., 2013). The functionality of both the denitrification
and the respiratory ammonification pathways has been recently confirmed (Yoon et al.,
2015a). Batch and continuous culture experiments using S. loihica strain PV-4 revealed
that denitrification dominated at low carbon-to-nitrogen (C/N) ratios (that is, electron

donor-limiting growth conditions), whereas ammonium was the predominant product at
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high C/N ratios (that is, electron acceptor-limiting growth conditions) (Yoon et al.,
2015a). In addtion to C/N ratio, pH and temperature also affected NO3/NO>" fate being
ammonium formation favored by incubation above pH 7.0 and temperatures of 30 °C
(Yoon et al., 2015a). Recent findings revealed that the NO>/NOs  ratio also affected the
distribution of reduced products, and respiratory ammonification dominated at high
NO./NOg3" ratios, whereas low NO>/NOs ratios favored denitrification (Yoon et al.,
2015b). These findings implicate NO>™ as a relevant modulator of NO3™ fate in S. loihica
strain PV-4, and, by extension, suggest that NO> is a relevant determinant for N
retention (i.e., ammonification) versus N loss and greenhouse gas emission (i.e.,

denitrification).

2.2. Epsilonproteobacteria

2.2.1. Respiratory reduction of nitrate and nitrite, detoxification of NO and the

concomitant generation of N2O

Epsilonproteobacteria comprise host-associated heterotrophic species (exemplary
genera are Campylobacter, Helicobacter and Wolinella) as well as free-living species
that have been isolated mostly from sulfidic terrestrial and marine habitats
(Sulfurospirillum,  Sulfurimonas,  Nautilia)  (Campbell et al., 2006).
Epsilonproteobacterial cells usually grow at the expense of microaerobic or anaerobic
respiration and many species use hydrogen, formate or reduced sulfur compounds, such
as sulfide or thiosulfate as electron donor substrates. Nitrate is a prominent electron
acceptor in Epsilonproteobacteria and is initially reduced to nitrite by the Nap enzyme
system of nitrate respiration. The non-fermentative rumen bacterium W. succinogenes

has been used for a long time as an epsilonproteobacterial model organism to
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investigate the multitude of electron transport chains that couple anaerobic respiration to
ATP generation. W. succinogenes cells may use formate, hydrogen gas or sulfide as
electron donors and either fumarate, nitrate, nitrite, N2O, dimethyl sulfoxide (DMSO),
polysulfide or sulfite as electron acceptors (Kroger et al., 2002; Simon, 2002; Klimmek
et al., 2004; Kern & Simon, 2009; Kern et al., 2011a; Simon & Klotz, 2013; Simon &
Kroneck, 2013; 2014; Hermann et al., 2015; Kern & Simon, 2015 and references
therein). The cells are also capable of microaerobic respiration and the complete
genome sequence suggests the existence of further electron acceptors such as arsenate
or tetrathionate (Baar et al., 2003). With respect to the physiology and enzymology of
respiratory nitrate ammonification, W. succinogenes is arguably the best characterized
member of the Epsilonproteobacteria (reviewed by Simon, 2002; Kern and Simon,
2009; Simon and Klotz, 2013). Like many other Epsilonproteobacteria, the cells employ
a periplasmic nitrate reductase (NapA) for nitrate reduction to nitrite and the latter is

subsequently reduced to ammonium by cytochrome c nitrite reductase (NrfA).

Epsilonproteobacterial nap gene clusters generally lack a napC gene but,
instead, NapG and NapH proteins are encoded (Kern and Simon, 2008). The NapGH
complex is thought to constitute a menaquinol-oxidizing complex, in which NapH
presumably acts as a membrane-bound quinol dehydrogenase containing four
transmembrane domains while NapG is a periplasmic Fe-S protein that is thought to
deliver electrons to the diheme cytochrome ¢ NapB (or a NapAB complex)(Fig. 7.2A).
In W. succinogenes, the Nap system is encoded by the napAGHBFLD gene cluster. The
role of individual nap genes in W. succinogenes has been assessed by characterizing
non-polar gene inactivation mutants (Kern et al., 2007; Kern & Simon 2008; 2009).

NapB and NapD were shown to be essential for growth by nitrate respiration, with
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NapD being required for the production of mature NapA. The inactivation of either
napH or napG almost abolished growth without affecting the formation and activity of
NapA. The cytoplasmic Fe/S protein NapF was shown to interact with NapH. NapF
could be involved in electron transfer to immature NapA. Inactivation of napL did only
slightly affect the growth behaviour of mutant cells although the NapA-dependent
nitrate reductase activity was clearly reduced. The function of NapL, however, is not

known.

In contrast to E. coli and other Gammaproteobacteria, the epsilonbacterial NrfA
cytochrome c nitrite reductase forms a subunit of a membrane-bound menaquinol-
reactive complex that also contains a tetraheam cytochrome ¢ of the NapC-type called
NrfH (Simon et al., 2000; Rodrigues et al., 2006; Kern et al., 2008; Einsle, 2011; Simon
& Kroneck, 2014) (Fig. 7.3B). Such NrfHA complexes form a membrane-associated
respiratory complex on the extracellular side of the cytoplasmic membrane that
catalyses electroneutral menaquinol oxidation by nitrite. In W. succinogenes the
structural genes nrfA and nrfH are part of an nrfHAIJ gene cluster. The product of the
nrfl gene is a membrane-bound cytochrome ¢ synthase of the CcsBA-type, which is a
crucial enzyme of the so-called system Il of cytochrome c biogenesis (Simon &
Hederstedt, 2011). W. succinogenes Nrfl was shown to play a crucial role in NrfA
biogenesis as it is required for the attachment of the CX>CK-bound and thus lysine-
ligated haem 1 in NrfA (Pisa et al., 2002; Kern et al., 2010). No function in nitrite
respiration could be assigned to Nrf] as concluded from the characterization of a

corresponding gene deletion mutant (Simon et al., 2000).
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NrfA proteins have a remarkable substrate range since they catalyse the
reduction of nitrite, NO and hydroxylamine to ammonium (Stach et al., 2000; Simon et
al., 2011; Simon & Kroneck, 2014). NrfA was also reported to produce N.O as a
product of NO reduction under suitable conditions (Costa et al., 1990) and to react with
N20 to a so far unidentified product (Stach et al., 2000). Furthermore, NrfA catalyses
the decomposition of hydrogen peroxide and the reduction of sulfite to hydrogen
sulfide, which is an isoelectronic reaction to ammonium production from nitrite (Lukat
et al., 2008; Kern et al., 2011b). The reactive promiscuity of NrfA has been shown to
mediate the stress response to NO2", NO, hydroxylamine and hydrogen peroxide in W.
succinogenes cells indicating that NrfA has a detoxifying function in cell physiology
(Kern et al., 2011b). Apart from NrfA, a cytoplasmic flavodiiron protein (Fdp) has been
proposed to be involved in nitrosative stress defence in W. succinogenes (Kern et al.,
2011b). As proposed previously for these type of Fdps (Saraiva et al., 2004), W.
succinogenes Fdp is assumed to reduce NO to N2O. However, this reaction has not been
demonstrated for W. succinogenes Fdp since the protein has not been purified. Further
possible NO reductases in W. succinogenes are the hybrid cluster protein (Hcp) and a
homolog of Helicobacter pylori NorH (Ws1903) (Kern et al., 2011b; Justino et al.,
2012; Luckmann et al., 2014). The contribution of these proteins to N2O production,

however, has to be clarified in the future.

The capacity of W. succinogenes to produce N.O during growth by nitrate
ammonification has been recently examined using nitrate-sufficient or nitrate-limited
medium containing formate as electron donor (Luckmann et al., 2014). It was found
that cells growing in nitrate-sufficient medium (80 mM formate and 50 mM nitrate)
produced small amounts of N>O (about 0.15% of nitrate-N), which derived from

accumulated nitrite and, most likely, from the presence of NO. In contrast, nitrite is only
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transiently formed during growth in nitrate-limited medium (80 mM formate and 10
mM nitrate) and both NO and N2O could not be detected under these conditions
(Luckmann et al., 2014). However, the question remains how NO is generated from
nitrite by W. succinogenes since NapA and NrfA are unlikely to release NO as a by-
product (as opposed to the membrane-bound Nar-type nitrate reductase complex; see
section 2.1). In the experiments described by Luckmann et al. (2014), NO might have
been generated by chemical reactions between components of the medium and nitrite.
Taken together, there is clear evidence that W. succinogenes cells are able to produce
N20 as a result from NO production and subsequent detoxification. It is quite likely that
these features do also hold true for other Epsilonproteobacteria that contain similar nap,
nrf and nos gene clusters, for example free-living species of the genus Sulfurospirillum
(Kern & Simon, 2009) as well as host-associated Campylobacter species (Payne et al.,
1982; Schumacher & Kroneck, 1992). Interestingly, Kaspar & Tiedje (1981) reported
that the nitrate-ammonifying rumen microbiota accumulated up to 0.3% of the added

nitrate-N as N2O.

2.2.2 Growth by N2O respiration and reduction of N2O by the atypical cytochrome ¢

nitrous oxide reductase system

More than three decades ago, W. succinogenes and Campylobacter fetus cells have been
reported to grow by N2O respiration using formate as electron donor ('Yoshinari, 1980;
Payne et al., 1982). However, only recently a corresponding growth curve for W.
succinogenes has been provided that allowed to determine a doubling time of 1.2 h and
to estimate a growth yield of about 10 g dry cells per mole formate (Kern & Simon,

2015). Interestingly, this value is higher than the reported maximal cell yield of
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fumarate respiration (8.5 g of dry cells per mole formate; Bronder et al., 1982) as well
as of nitrate and nitrite respiration (5.6 g and 5.3 g of dry cells per mole formate,
respectively; Bokranz et al., 1983). In the latter three mode of anaerobic respiration the
proton motive force (pmf) is built up by the redox loop mechanism of formate
dehydrogenase (Richardson & Sawers, 2002; Simon et al., 2008). Furthermore, it has
been shown that menaquinol oxidation by fumarate or nitrite are electroneutral
processes (Simon et al., 2000; Kroger et al., 2002; Lancaster et al., 2005) and,
originally, the same was expected for menaquinol oxidation 