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Abstract

The nitrate anion is a simple, abundant and relatively stable species, yet plays a significant role in
global cycling of nitrogen, global climate change, and human health. Although it has been known
for quite some time that nitrate is an important species environmentally, recent studies have
identified potential medical applications. In this respect the nitrate anion remains an enigmatic
species that promises to offer exciting science in years to come. Many bacteria readily reduce
nitrate to nitrite via nitrate reductases. Classified into three distinct types — periplasmic nitrate
reductase (Nap), respiratory nitrate reductase (Nar) and assimilatory nitrate reductase (Nas), they
are defined by their cellular location, operon organization and active site structure. Of these, Nap
proteins are the focus of this review. Despite similarities in the catalytic and spectroscopic
properties Nap from different Proteobacteria are phylogenetically distinct. This review has two
major sections: in the first section, nitrate in the nitrogen cycle and human health, taxonomy of
nitrate reductases, assimilatory and dissimilatory nitrate reduction, cellular locations of nitrate
reductases, structural and redox chemistry are discussed. The second section focuses on the
features of periplasmic nitrate reductase where the catalytic subunit of the Nap and its kinetic
properties, auxiliary Nap proteins, operon structure and phylogenetic relationships are discussed.

1. Scope

Periplasmic nitrate reductase (Nap) catalyzes the transformation of nitrate to nitrite in
prokaryotes. Isolation and biochemical characterization of the catalytic subunit, NapA, with
or without an electron transfer subunit, NapB, from several genera of bacteria has
established that NapA’s high affinity for nitrate is conserved. Despite catalytic consistencies
and confinement in the periplasmic space, the physiological role of NapA is diverse. This is
in contrast to the more commonly studied eukaryotic nitrate reductase (eukNR)1-3 and
bacterial respiratory nitrate reductase (Nar).#-® All nitrate reductases are molybdopterin
enzymes, where molybdenum is explicitly ligated by one or two pyranopterin prosthetic
groups at the enzyme’s catalytic heart. Herein we examine the similarities and differences in
nap gene structure, nap operon regulation, and NapA enzyme biochemistry in an attempt to
learn about the physiological function of NapA in prokaryotes. The impact of NapA-
catalyzed nitrate reduction on the environment and human health is discussed. Additionally,
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we review Nap in the context of other molybdopterin containing enzymes, and nitrate
reduction in general.

2. Nitrate reduction

2.1 Nitrate in the nitrogen cycle

Nitrogen is distributed throughout Earth’s lithosphere, atmosphere, hydrosphere, and
biosphere. The lithosphere contains ~94% of all nitrogen on Earth, ~6% in the atmosphere,
and a small fraction (<0.006%) within the hydrosphere and biosphere. 7 Nitrogen is the 4th
most abundant element in the biosphere, preceded only by oxygen, carbon and hydrogen,
and is a vital component of the collective biomass.

The biosphere’s relative abundance of nitrogen is an indication of the importance of nitrogen
for living organisms. The ground state electronic configuration of nitrogen is 1s22s22p3.
Nitrogen can form numerous stable compounds, organic or inorganic, with oxidation states
ranging from -3 to +5. Organic nitrogen molecules e.g., hormones, amino acids, and nucleic
acids, are vital to life on Earth. Additionally, inorganic nitrogen, (e.g., nitrate, nitric oxide),
is of paramount importance as it is the keystone of the global nitrogen cycle. Inorganic
nitrogen species such as NO and NO,™ serves as important signaling molecules. The
importance of inorganic nitrogen compounds in the environment and human health will be
elaborated later in this review.

The global nitrogen cycle is an interconnected network of chemical transformations that
recycles nitrogen between the atmosphere, biosphere, hydrosphere, and lithosphere.
Inorganic nitrogen compounds (i.e., nitrate (NO3™), nitrite (NO,™), nitrous oxide (N,0),
nitric oxide (NO), dinitrogen (N5), and ammonia (NH3)) are central to the global nitrogen
cycle (Fig. 1). The most oxidized form of nitrogen is NO3~, while the most reduced form is
NHj3. Microbes are the driving force behind the global nitrogen cycle as they use an
assortment of redox reactions to metabolize nitrogen for energy transduction, detoxification,
or assimilation.

Both anaerobic ammonium oxidation (ANAMMOX) and nitrification oxidize ammonia,
either into N5 (egn (1)) or NO3™ (eqgn (2)), respectively. Denitrification is a four-step
reductive process, which transforms NO3™ to Np, via NO,~, NO, and N»O (eqn (3)).
Nitrogen fixation reduces N5 into NH3 (eqn (4)). Nitrate reduction to ammonia is a two-step
process with conversion of NO3™ to NO,™ followed by reduction of NO,™ to ammonium
(NH4") (eqn (5)).”8 Intermediates in NO,~ reduction pathways such as

NH, " 4+NOy~ — Ny+2H,0AGY = — 358kJmol (1)

INH;3+205 — 2NO3 ™ +3H,0AGY = — 349kJmol ™ (2)

INO3~ +2HT+5Hy — No+6Hy0AGY = — 1121kJmol™"  (3)
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No+2H +3H, — 2NH3+AGY = — 39.3kJmol *  (4)

NO;~ +2HT +4H, — NH,T+3H,0AGY = — 591kJmol ™! (5)

NO and hydroxylamine are not released into the environment.® Nitrate reduction is
designated as assimilatory or dissimilatory depending on the fate of the reduced nitrogen;
when incorporated into the biomass it is called assimilatory, and in dissimilatory reduction it
is excreted from the cell (vide infra). Microbes encode specialized enzymes, which catalyze
the transformations of each nitrogen compound (Table 1). These microbe-driven
transformations impact all life, as they are essential to maintain the bioavailability of
nitrogen.

Anthropogenic activity disrupts the nitrogen cycle through the use of fossil fuels and
nitrogen-rich fertilizers. Nitrogen speciation facilitates the movement of nitrogen among the
nitrogen-rich lithosphere and atmosphere and the nitrogen-limited biosphere and
hydrosphere. In general, volatile nitrogen compounds (e.g., NO, N»O, N5) accumulate in the
atmosphere, solid compounds sediment in the lithosphere (e.g., NO3~, NO,~, NH, %), and
ionic water-soluble compounds (e.g., NO3~, NO,~, NH,4*) are mobile in the hydrosphere. In
the biosphere, organisms acquire nitrogen in a species-specific manner; the key compounds
are NO3~ and NH,* (elaborated in the following paragraph). Burning fossil fuels releases
volatile nitrogen species (e.g., NO,, NO and N»0), which accumulate in the atmosphere.
N,O contributes to global warming, it is the 3rd most abundant greenhouse gas, with a heat
capacity of 37.2 J mol~1 K=1. This heat capacity is comparable to that of carbon dioxide and
methane, 37.1 J mol™ K71, and 35.7 J mol~1 K1, respectively.10 Agricultural run-off
contaminates water supplies with NO3~ and NH4* introduced through the disproportionate
use of nitrogen-rich fertilizers. Ammonia can exhibit adverse effects on aquatic life (e.g.,
fish), and NO3™ contaminated well water has been associated with undesirable human health
effects,11-14 as well as eutrophication.1>16 The use of fossil fuels and nitrogen-rich
fertilizers also limits nitrogen-bioavailability, by lowering natural nitrogen content in the
sediment and elevating nitrogen content in water supplies.

Despite the diversity of nitrogen species generated in the nitrogen cycle, only a select few
inorganic nitrogen compounds can be utilized by higher organisms. Animals require organic
nitrogen compounds as a source of nitrogen; amino acids and nucleic acids acquired from
diet are recycled for synthesis of new nitrogen compounds. In contrast, bacteria, plants, and
fungi can utilize inorganic nitrogen compounds, (e.g., NO3~, NH4*). Ammonia can be
directly used to synthesize proteins and nucleic acids, while NO3™ can be stored and
converted to ammonia via nitrate and nitrite reduction. The lithosphere contains the largest
pool of biologically useful nitrogen compounds, in the form of decomposed organic matter
or ionic nitrogen compounds. Inorganic nitrogen stays in the lithosphere as a result of
nitrogen’s non-rock forming nature. Nitrification can transform NH,4*, a by-product of
organic decomposition, into NO3™, a nontoxic nitrogen storage molecule. In essence, the
microbe-driven nitrogen cycle supplies biologically active forms of nitrogen to the biota.
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Although a vast pool of atmospheric N, covers Earth’s surface, it is essentially unusable.
Breaking the N-N bond (distance, 1.097 A) in N, is associated with a large heat of
dissociation (eqn (6)),17 thus the endothermicity of this reaction lends itself to the inertness
of Ny. Note that the reduction of

Na(g)=2N(g) AH=944.7kJmol *K=10"2" ()

dinitrogen in nitrogen fixation is thermodynamically favorable with a negative free energy
(eqgn (4)). Denitrification and ANAMMOX pathways replenish atmospheric No. Nitrogen
fixation transforms N, into NH,4*, which then is deposited in the lithosphere and
hydrosphere.

Of the nitrogen compounds involved in the nitrogen cycle, nitrate is the most stable and
important source of nitrogen that can be retained in soils, sediments, and water providing a
biologically useful pool. Enzymatic reduction of NO3™ to NO,™ can generate a large amount
of energy, which organisms can utilize to sustain life. This is evident by the large negative
free energy associated with microbial pathways that start with nitrate reduction,
denitrification (egn (3)) and nitrate reduction to ammonia (egn (5)).

Even though nitrate forms naturally in the environment, it is often found with contaminants
that formed either naturally or anthropogenically. For example, naturally occurring nitrate
and perchlorate have been reported to co-accumulate in soils from arid environments such as
the Mojave Desert in California.1® Perchlorate is a known contaminant that is used as an
oxidant in rocket fuel, and has additional uses, such as fireworks, flares and explosives.
Perchlorate interferes with iodine uptake, thus impacting the thyroid gland function.
Elevated levels of nitrate have also been associated with soils contaminated with heavy
metals and radionuclides as nitric acid is used in processing of these metals. Like nitrate,
perchlorate can serve as an electron acceptor in biology.1® For example, an elevated nitrate
level has been associated with chromium,2%:21 and uranium.22:23 Thus successful strategies
for the bioremediation of heavy metal contaminated sites must address the influence of
nitrate in the process.2:

2.2 Nitrate in human health

Humans naturally ingest nitrate through diet as it is found in meat, fruits, vegetables, grains,
dairy products, and drinking water.24 Nitrate concentration in meat is low (~5 mg kg™1),
although “cured” meats have higher levels (>10 mg kg™1).2% Vegetables contain a high level
of nitrate, ranging from a low of 13 mg kg~ in asparagus to a high of 2500 mg kg™ in
spinach. The USA Environmental Protection Agency (EPA) has set the maximum
contamination level (MCL) of nitrate in drinking water at 10 mg L™ (10 ppm),26 whereas
that set by the World Health Organization (WHO) is 50 mg L1 (50 ppm).27 Despite its
natural abundance in food, nitrate has been considered to have negative health effects, due to
the fact that it can be transformed into nitrite (which has an MCL of only 1 mg L™1) by
bacterial nitrate reductases (NR) in the oral cavity?8-30 and gastrointestinal tract.31-33

Nitrate-contaminated drinking water has been known to cause methemoglobinanemia in
infants (less than 4 month) and adults with a genetic mutation.3* The disease results from
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nitrite oxidizing the iron center of hemoglobin from Fe2* to Fe3* producing methemoglobin,
which cannot bind and transport oxygen, a condition that can have deadly consequences. In
healthy adults, methemoglobin reductase, also known as cytochrome bg reductase, rapidly
converts methemoglobin into hemoglobin. Infants do not have a high level of
methemoglobin reductase at birth, and as a result, methemoglobin levels can accumulate in
the blood stream, leading to hypoxia. Methemoglobinanemia is associated with nitrate and
nitrite contaminated well water, although congenital methemoglobinanemia exists.3%:36
Genetic mutations in cytochrome bs reductase or glucose-6-phosphate dehydrogenase have
been linked with this condition.

For many years, nitrite has been implicated in human carcinogenesis, because nitrite can
form reactive N-nitroso compounds, which have been associated with cancer.37-40 It has
been argued that generation of toxic nitrogen compounds occurs at non-physiological
concentrations. Dietary intake of such compounds increase the risk of cancer,* but it is yet
to be unequivocally proven that nitrate or nitrite can cause cancer.2’ More recently,
beneficial applications of nitrate and nitrite have been reported in the treatment of
cardiovascular disorders,*2-49 pulmonary hypertension,®® ischemia reperfusion induced
injury,5! and host defense mechanisms (i.e., mucus generation). 52 The benefits of dietary
nitrate are being established and the possible role of nitrate—nitrite therapy in myocardial
infarction, stroke, systemic and pulmonary hypertension, and gastric ulceration are now
being investigated.53:54

Nitrite can be converted into nitric oxide,> which then can be oxidized back to nitrite or
nitrate.?> Accordingly, nitrite has been described as a storage pool for nitric oxide in
mammals.>® Nitric oxide is a pluripotent signaling molecule, an essential component of
vasodilation,>* and has numerous physiological roles. The exact nature depends on factors
such as cell type, concentration, and time. Sustained pulses of NO can be genotoxic at low
concentrations (~100 nM) while higher concentrations (>1 pM) have been linked to
increased nitrosation of the DNA repair enzyme and Zn-finger proteins.>’59 Taken
together, it is evident that nitrate and nitrite are integral components of NO-biosynthesis and
regulation. As a result, their levels are now monitored in certain humans and animal
diseases. For example, patients with sickle cell disease have elevated levels of nitrate and
nitrite in their plasma,%9 with NO affecting vascular function.6!

At this time, the effect of nitrate-rich diets on the human microbiota has not been
investigated fully. Oral bacteria transform nitrate into nitrite affecting bioavailable NO2
which can influence cardiovascular health.4” Similarly, gastrointestinal bacteria can
metabolize nitrate into nitrite, and nitrite into NO as well as ammonia.53-%° Interestingly,
NO production increases antibiotic resistance in certain bacteria such as in B. anthracisand
S auresus.%6

The involvement of microbes in organ function is a relatively new concept; however there is
an increasing body of evidence suggesting microbial activity can affect organ function in
mammals.®7 It is estimated that there are 101 bacterial cells present in a human body, which
is an order of magnitude more than the human cells present.%8 Detailed biochemical and
biophysical studies on the pathogenic or communalistic species with specific NRs can
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provide insight into the effects of bacterial nitrate reduction in the human gastrointestinal
tract. Gomez et al. have suggested that in the presence of highly reduced carbon sources,
heterotrophic nitrification can occur in the intestine.89 Although this pathway is yet to be
fully elucidated, elevated nitrification can lead to a higher concentration of nitrate and nitrite
in the intestine that then can support microbial growth on nitrate via nitrate reductase.
Nitrate reduction by pathogenic microbes has also been noted. A large fraction of the
bacterial pathogens are gram-negative such as the nosocomial multidrug-resistant
Acinetobacter baumannii, Klebsiella, Escherichia coli, and Pseudomonas aeruginosa.
Mycobacterium and Pseudomonas also utilize nitrate reductases during host (lung) infection,
suggesting nitrate reduction is important to the physiology of pathogens.”%-72 It has recently
been demonstrated that nitrate reduction is an important pathway for Campylobacter during
host colonization.”374 Commonly known pathogenic bacteria, their nitrate—nitrite
reductases, and relationship to NO are listed in Table 2. Macrophages utilize nitric oxide to
kill invading organisms as part as the innate immune system.” A correlation between the
presence of nitrate and nitrite reductase enzymes and an organism’s insensitivity to nitric
oxide (Table 2) implies that nitrate reductase may have a role in microbial survival.

2.3 Taxonomy of nitrate reductases

All nitrate reductases are molybdenum dependent enzymes, and have been divided into four
major groups: eukNR, Nas, Nap, and Nar.”8 Nitrate reductases have been classified
according to physiological function, subcellular location (i.e., cytoplasmic, periplasmic, or
membrane) of the enzyme, structure of the molybdenum active site (e.g., dioxo-Mo(w) and
monooxo-Mo(w)). In plants and fungi, eukNR functions in nitrate assimilation, while the
three prokaryote nitrate reductases can function in both assimilatory and dissimilatory nitrate
reduction: assimilatory nitrate reductase (Nas) or dissimilatory nitrate reductases i.e., Nar
and Nap.”8 The metabolic roles of both assimilatory and dissimilatory nitrate reduction are
discussed in Section 2.4, the cellular localization is discussed in Section 2.5, while the
structural aspects of the catalytic subunit are discussed in Section 2.6. Eukaryotic nitrate
reductase (eukNR) has been isolated from plants and fungi; animals do not encode a
classical nitrate reductase, although bovine xanthine oxidase (XO) can reduce nitrate into
nitrite.”’-80 Moreover, eukaryotic molybdenum enzymes have been investigated as nitrite
reductase; Nas, XO, aldehyde oxidase (AQO), and mitochondrial amidoxime reducing
component (MARC) are also capable of nitrite reduction to NO.7981-84 Most of these
molybdenum enzymes i.e., sulfite oxidase (SO), XO, and AO, have well-established
physiological functions and thus they are not generally considered as classical “nitrate or
nitrite reductases”.

2.4 Assimilatory and dissimilatory nitrate reduction

The assimilatory and dissimilatory nitrate reductase enzymes were designated based on the
ultimate fate of the nitrogen. Assimilatory nitrate reduction, a form of anabolism,
incorporates nitrogen from nitrate into the organism’s biomass. Nitrate is first reduced by
nitrate reductases to nitrite, and then nitrite is transformed into ammonia via assimilatory
nitrite reductases. Dissimilatory nitrate reduction, a catabolic pathway, does not incorporate
nitrogen into the biomass; instead the end products of dissimilatory nitrate reduction are
excreted from the cell. Although dissimilatory NR also forms nitrite from nitrate, nitrite can
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be furthermetabolized into dinitrogen or ammonia as part of denitrification or dissimilatory
nitrate reduction to ammonia (DNRA), respectively (Fig. 2). DNRA is an important part of
the global nitrogen cycle because ammonia can be stored in the soil. Denitrification
generates volatile compounds, which accumulate in the atmosphere. In some cases,
dissimilatory nitrate reduction is an energy yielding process; therefore, the term “nitrate
respiration” is used to specify nitrate reduction coupled to ATP generation.

The nitrate anion is composed of two elements, nitrogen and oxygen, which can exist in
more than one stable isotope (*N and 14N; 180 and 160). The isotopic ratios of nitrogen and
oxygen have been used to assess biological roles in nitrate cycling such as in denitrification
and nitrate assimilation.8 Nitrate composed of light isotopes (1*N1603 ) is consumed more
rapidly than the nitrate composed of heavy isotopes (:*N18037).86 Thus, generation of
volatile nitrogen compounds, such as N, via denitrification leaves a pool of the heavy
isotope-enriched nitrate for nitrate assimilation. As a result of the disproportionate isotope
distribution among the atmosphere and lithosphere, dissimilatory nitrate reduction rates
would be slower than rates of nitrate assimilation, hence an observable kinetic isotope
effect.86 The periplasmic nitrate reductase (Nap) fractionates with an O-to-N ratio of ~0.6,
and is considered to have a limited effect on the overall pool of nitrate reduction in the
environment. It was suggested that the O-to-N ratio for respiratory nitrate reductase (Nar)
should be similar to that of eukaryotic nitrate reductase (eukNR), both of which play a major
role in biogenic nitrate reduction.86

In a recent study, Li et al. have shown that biogenic magnetite formation by
Magnetospirillum gryphiswal dense requires periplasmic nitrate reductase (Nap).8” Nap
deletion mutants of M. gryphiswal dense exhibit attenuated growth and production of
magnetite crystals. Biogenic membrane encapsulated magnetite crystals are favored by low
cellular redox potential, although how the cellular redox impacts the formation of the mixed
valence iron-oxide material is not clear. It is now believed that the oxygen in the iron-oxide
comes from water not molecular oxygen. It is possible that dissimilatory nitrate reduction
dominates under microaerobic conditions and is perhaps important in redox balance.

2.5 Cellular locations and functional diversity

The cellular location of nitrate reductases differs in a manner that bears functional
significance. The assimilatory NRs (both eukNR and Nas) are soluble, cytoplasmic proteins,
while the dissimilatory NRs (i.e., Nap and Nar) are membrane associated. The Nap complex
is associated with the periplasmic side of the cell membrane. The Nar complex faces the
cytoplasmin bacteria, and the periplasm in Archaea (pNar).88-92 The cytoplasmic location of
the assimilatory NR is appropriate, as biosynthesis occurs in the cytoplasm. Conversely, the
dissimilatory NRs are associated with the cell membrane, and are typically involved in
energy acquisition, detoxification, and redox regulation. Nar, the classical respiratory NR,
couples nitrate respiration to proton translocation across the cytoplasmic membrane of
bacteria. The resulting electrochemical gradient can then be exploited to drive ATP
generation via ATP synthase. In general, the periplasmic-oriented complexes i.e., Nap and
pNar are functionally diverse. Unaccompanied Nap and pNar are not capable of producing a
proton motive force across the inner membrane; however nitrate reduction when coupled to
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formate oxidation does indeed generate a proton gradient across the cell membrane (see
below).93

The periplasmic nitrate reductase (Nap) was first purified from Paracoccus denitrificansin
1993.%4 Initially, it was differentiated from the well-known respiratory nitrate reductases
(Nar) not just by its cellular location but also by its insensitivity to azide and its inability to
reduce chlorate. Since the first report of Nap several functionally diverse Nap enzymes have
been isolated from a variety of prokaryotes (see Section 3.6.1, Table 7).

In some species, periplasmic NRs have been implicated in nitrate respiration; however the
validity of this is under debate. The Epsilonproteobacteria only contain Nap yet are capable
of anaerobic nitrate respiration.93 For example, Sulfurospirillum barnesii has been shown to
couple lactate oxidation to dissimilatory nitrate reduction to ammonia.%> Nevertheless,
respiration via the periplasmic nitrate reductase is predicted to generate less ATP than Nar.
As both the electron donor complex (e.g., formate dehydrogenase) and the acceptor complex
(e.g., Nap) are oriented into the periplasm, the net change in number of protons within the
periplasmic space should be zero and thus no proton gradient should be formed across the
membrane.% In reality, when nitrate reduction is coupled to formate oxidation, a proton
gradient is indeed generated across the cell membrane.%8 Although the gradient may be less
than that generated by the cytoplasmic-facing Nar complex, the loss of potential energy may
be compensated by the higher affinity for nitrate typically found in periplasmic nitrate
reductases.®’ Furthermore, the variety of additional subunits associated with the different
Nap complexes may further increase this influence.

Unlike other nitrate reductases that have conserved functionality from species to species,
Nap is functionally diverse. Nap has been implicated in dissimilatory nitrate reduction, both
denitrification and nitrate reduction to ammonia,®8:99 maintenance of cellular oxidation—
reduction potential i.e., redox poise, 100 as well as nitrate scavenging.101102 Similar to Nar,
Nap has the ability to function in nitrate respiration.193 In some organisms, nitrate
respiration is dependent on the presence of the nap operonl% eg.,
Epsilonproteobacteria.?3195 Nap proteins have also been associated with pathogenicity in
Helicobacter and Campylobacter, where Nap genes are up-regulated in response to
oxidative stress.”3:106-110 The functional diversity of Nap demonstrates that the presence of
a napA homolog in an organism’s genome does not necessarily confer functionality. The
potential sources of the functional diversity in Nap, and their molecular properties are
discussed in subsequent sections.

2.6 Structural aspects of nitrate reductases

Pterin dependent molybdenum enzymes contain a dithiolene-modified pterin that binds to a
molybdenum atom constituting the active site. The basic pterin molecule, (i.e,
pyranopterin),111:112 serves as a scaffold, holding molybdenum in the active site. The
majority of these enzymes have been classified into three families, dimethyl sulfoxide
reductase (DMSOR), sulfite oxidase (SO), and xanthine oxidase (X0).113 Of these, the
DMSOR enzymes contain two pyranopterin moieties, while members of the SO and XO
families contain a single pterin moiety. Dissimilatory NRs, Nar and Nap, as well as
prokaryotic assimilatory nitrate reductase (Nas) belong to the DMSOR family. In the case of
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Nap and Nar the presence of two pterin cofactors has been unequivocally established,
however, no such information for Nas is yet available. Eukaryotic assimilatory NR (eukNR),
contains one pyranopterin moiety and is classified as a member of the SO family. In addition
to the dithiolene from the pterin, molybdenum is coordinated by additional ligands. A
cysteine residue coordinates to molybdenum in eukNR, as it does in Nap and presumably in
Nas.114.115 |n Nar, an asparate residue coordinates to the molybdenum center.116:117 The
eukNR is further distinguished from the other nitrate reductases as it has a dioxo Mo-center.
The Mo coordination sites, as determined by crystallography, are shown in Fig. 3. It is
important to note that crystallography alone cannot unambiguously define the nature of the
coordination spheres, especially, as some of the structures are solved at lower resolution and
there is evidence of radiation damage during crystallography.118 A complete picture must
therefore include spectroscopic information that is calibrated with well-defined discrete
inorganic compounds. However, in the absence of a more robust data set, here we have used
crystallographic information as a starting point of discussion.

The catalytic subunit of periplasmic nitrate reductase from Desulfovibrio desulfuricans,
NapA, was the first nitrate reductase to be structurally characterized.19 Initially the Mo-
center was proposed to contain a terminal oxo-group. Later redetermination of the structure
revealed a terminal sulfido group instead of an oxo-group.120 The sulfide group showed
S---S interaction with the coordinating S from a disordered cysteine. A similar structure was
determined from the same group from Cupriavidus necator.121

The pterin cofactor of prokaryotic NR is modified with a guanine dinucleotide (Fig. 4). This
molecule has been referred to as molybdopterin guanidine dinucleotide (MGD) or
pyranopterin guanidine dinucleotide (PGD).112 Themolybdenum center is deeply buried
inside the protein milieu. The two pyranopterins, are designated as distal or proximal to the
iron—sulfur cluster. It is believed that the proximal pyranopterin participates in the
intermolecular electron transfer, from electron donors in the cell to the molybdenum active
site. In all NapA and eukNR structures determined to date, the pyran ring of the
pyranopterin cofactor is in the closed form; however, the distal pyranopterin ring is open in
E. coli Nar (Fig. 4). A similar open pyran ring has also been observed in the crystal structure
of ethylbenzene reductase isolated from Aromatoleum aromaticum.122 It has been suggested
that the opening and closing of the pyran ring may serve as a means to shuttle proton during
the catalytic turnover.123 There are only a handful of synthetic pyran dithiolene molecules
available,111:124-128 therefore the fundamental properties are not well defined. However,
under oxidative conditions, pyran ring scission has been observed in a pyran dithiolene
molecule.12% Whether or not the ring scission and closure has a functional significance
remains to be established, but the presence of the ring open structure in two structures raises
a question as to what controls the ring-open structure i.e., is it naturally there or an artifact.
Future studies should elaborate this aspect more.

The saturated nature of the pyrazine ring in pyranopterin cofactor is reminiscent of the
structure of a tetrahydropterin, and in some renditions it has been thought to be in fully
reduced state. However, a simple scission of the pyran ring leads to a 5,6-dihydropterin,
which then can tautomerize to other dihydro forms, or can be oxidized to a fully oxidized
pterin or can be reduced to tetrahydropterin. Thus, the pyranopterin cofactor should be taken
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as a ‘dihydropterin’. The two electron oxidation of any of the isomeric forms would lead to
the fully oxidized ring open structure.112 A detailed discussion can be found in a recent
review article.111

The pterin cofactor is expected to adopt different geometries depending on the redox state,
and these differences are manifested in their torsion angles. An analysis of the <OCCS and
<OCCC torsion angles determined by crystallography of all pterincontaining molybdenum
enzymes reveals a linear trend between the two angles. For most structures, the angles
linearly correlate with the exception of a few DMSOR and formate dehydrogenase (FDH)
structures that may reflect the quality of the structure rather than an intrinsic property of the
cofactor. In structures where the pyran ring is open, the observed values of <OCCS angle are
lower while <OCCC angles are of higher value, even though they fall on the same line.
When looked at closely, the structures from NR (excluding the ring open cofactor) and
structures of enzymes belonging to the XO and SO families, it appears that the angles from
the DMSOR family cluster at a different position than those from SO, and members of the
XO family (Fig. 5). Most representatives of the SO family analyzed here were from
mammalian sources, while the NR representatives were from microbial sources. The XO
enzymes however, exhibit more heterogeneity regardless of their source — eukaryotic or
prokaryotic. The different geometric features are related to different redox states of the
pterin, which suggests that redox states of the pterin are fundamentally different in NR and
SO. If so, the impact of their redox state on function remains to be established. Based on a
detailed analysis of the conformation of the pterin cofactor as determined from
crystallography, Rothery et al.139 suggested the redox state of the pterin in different
enzymes are as follows: sulfite oxidase in dihydro, xanthine oxidase in tetrahydro, the two
pterins in DMSO reductases are in tetrahydro and dihydro forms. Implication of this finding
is that the redox state of the pterin allows tuning of the redox state of the metal center and
vectorial electron transfer in the case of NapA, which has two pyranopterin cofactors
coordinating the Mo-center.

The pyran ring can not only protect a reduced state of the pterin cofactor but also influence
the orientation of the cofactor in the protein milieu, possibly modulating electron transfer.
The efficient electron transfer is reminiscent of the “entatic state’ described for copper
centers in biology.131-138 Whether this is indeed the case in molybdopterin enzymes, needs
to be tested experimentally.

In crystallographically characterized pterin-containing molybdenum enzymes, the Mo-center
is found to be nearly 15 A inside the protein and Nap is no exception. This topological
feature may be a protective mechanism from dimerization of the molybdenum center, a
pervasive reaction in synthetic oxo-transferring molybdenum complexes.39 Model studies
have shown that not only does this topological feature protect the Mo-centers from
dimerization,140.141 byt also changes the electronic structure of the center via modulation of
metal—-sulfur covalency. This alteration in covalency along with a change in the dielectric
properties alters the reduction potential of the molybdenum center, thus providing the
driving force of the reaction.142.143
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The redox potential of Mo centers in these enzymes is dependent on the electronic structure
of the molybdenum center. The terminal oxo-group in oxo-molybdenum complexes
dominate the ligand field making the dy orbital energetically isolated and the lowest in
energy among the 4d orbitals. In the desoxo-Mo complexes, the dominating effect of the
terminal oxo group is absent,144-148 and the dithiolene ligand effectively dictates the Mo
ligand field, again resulting in an isolated dyy orbital in the ground state.14% In the Mo(v)
state the dyy orbital is fully occupied and is empty in the Mo(v) state. The energy of this
orbital can be altered through small perturbations in the geometry around the molybdenum
center (e.g., changing the torsion angle of the coordinated amino acid, changing the fold
angle of dithiolene ligand) and solvation of the center preferentially stabilizes the higher
charges.150-153 Both factors, the electronic structure dictated by the geometric structure and
charge stabilization through solvation, are important in the defining the redox potentials in
these enzymes. The exact contribution from each component is difficult to assess a priori,
and should be taken case by case.

2.7 Substrate level redox chemistry

The reduction of nitrate to nitrite occurs at the molybdenum site of NRs, and it requires two
electrons and is coupled with the transfer of two protons. Such reactions are a hallmark of
pterin-containing molybdenum enzymes, which catalyze substrate transformations spanning
an astonishing 1.8 V range (Table 3). Of the substrates, the redox potential of the nitrate—
nitrite couple is highly positive (+433 mV) justifying the ease of its reduction. The oxygen
atom in nitrate to nitrite transformation forms a water molecule coupling with the proton
mentioned above. In oxidases, such as SO a water molecule serves as a source of the oxygen
atom. Because only one oxygen atom is transferred to or from the substrate, these enzymes
can be viewed as a monooxygenase. The net transfer of the oxygen atom, a two-electron
transfer process, can occur either via a hydroxylation or by a formal atom transfer processes.
It is believed that the DMSO reductase and SO family of enzymes function via atom transfer
process, 124 while XO members function via hydroxylation.155-157 Direct atom transfer
processes have been demonstrated with model complexes, and have been summarized
elsewhere.126:139.158-163 g ch reactions may proceed via multiple transition states involving
an associative transition state and formation of a product bound intermediate.164-172 |n
enzymatic systems, complications with the labeling studies have hindered definitive
demonstrations of direct oxygen atom transfer (OAT) reactions in NR.154 The involvement
of a proton in the reaction has also been demonstrated with model compounds.173-177
During the two-electron substrate transformation, the metal center changes its redox state by
two units, and the catalytically competent center is regenerated in two one-electron steps. In
most cases, including nitrate reductase, the intermediate +5 oxidation state of molybdenum
has been characterized by electron paramagnetic (EPR) spectroscopy. During the electron
regeneration process, the Mo center is reduced via physiological partners such as quinones,
or hemes. The redox potentials of representative redox partners are listed in Table 4.

It is interesting to note that while the redox potentials of the substrate half reactions (Table
3) can vary significantly, the redox potential of the Mo-centers do not change as much.113
The redox flexibility of molybdenum enzymes involves the redox active pyranopterin i.e.,
pterin as well as the dithiolene, not just the metal center. The cofactor itself can be viewed as
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a combination of three distinct redox active components — the Mo center, the dithiolene
ligand and the pterin unit. The Mocenter shuttles between +4 and +6 oxidation states, thus
can carry out two-electron chemistry. The dithiolene ligand can also carry out two-electron
chemistry from fully reduced dithiolene to fully oxidized dithione, and these redox states
have been experimentally demonstrated.178-183 A pterin unit in dihydro state can carry out
two electron chemistry,112:184 and pterin based radical has been detected in AO.185 Thus, in
principle, molybdenum centers coordinated by two pyranopterins can provide up to ten-
electron chemistry, making it one of the most electron rich redox active centers in biology.
Studying the distribution of redox equivalents through the entire pyranopterin cofactor
within the individual molecular components of the enzyme remains an experimental
challenge. Representative redox isomers are shown in Fig. 6.

3 Periplasmic nitrate reductase

3.1 Structure of the catalytic subunit, NapA

The crystal structures of NapA from several species have been reported: Cupriavidus
necator (PDB ID: 3ML1),121 E. coli (PDB ID: 2NYA),%6 R. sphaeroides (PDB ID:
10GY),186 and D. desulfuricans (PDB 1D: 2NAP).119 NapA contains two redox active
centers: a molybdenum active site and an iron sulfur cluster (Fig. 7). As in other pterin-
containing molybdenum enzymes, the Mo-active site of NapA is buried ~15 A below the
surface of the protein and accessible to nitrate via a large funnel shaped cavity. In addition to
four dithiolene sulfurs, a fifth sulfur ligand derived from a conserved cysteine residue
coordinates the Mo in the active site of NapA.96:119.186 |n the initial structure of NapA from
D. desulfuricans, the sixth ligand was assigned as a terminal oxo, and in subsequent
structures of NapAB from E. coli and R. sphaeroides the sixth ligand to the oxidized
molybdenum center was viewed as a coordinated water or hydroxo ligand. These
descriptions were consistent with the spectroscopically characterized Mo(v) state where it is
generally accepted that a water or hydroxyl group coordinates to the Mo-center. However,
reexamination of the D. desulfuricans NapA structure with single-wavelength anomalous
diffraction experiments revealed that the sixth ligand is a sulfide, rather than an ox0.120 A
high resolution (1.5 A) structures of NapAB complex from Cupriavidus necator in both the
oxidized and partially reduced state support the notion that the sixth ligand is a sulfide group
and in the reduced state this sulfide group forms a partial bond with the cysteine sulfur that
coordinates to the molybdenum center.121

NapA contains an N-terminus twin arginine translocase (TAT) signal sequence
(approximately 20 amino acids) and an iron-sulfur ([4Fe—4S]) binding motif (C—X,—C—-X3—
C-X24-26-C). Additional residues to note include the strictly conserved lysine residue,
believed to transport electrons from the [4Fe—4S] cluster to the active site, and the
tyrosine-58 in R. sphaeroides participates in electron transfer from NapB to the [4Fe—4S]
cluster of NapA, conserved in all heterodimeric NapA, but absent in monomeric NapA such
as D. desulfuricans.186 Size is also a prominent difference among NapA enzymes, with
some as small as 70 kDa to larger ones of 105 kDa. The additional residues are dispersed
throughout the protein rather than extensions at the N- or C-termini. Superimposition of the
D. desulfuricans (70 kDa) and R. sphaeroides (90 kDa) NapA structures indicates that the
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sequence insertions are located on the surface of the protein. This would be expected for
molybdopterin proteins that share a high degree of sequence similarity, and the extra
residues are distributed over themolecular surface.187 Interestingly, the two larger inserts in
the Epsilonproteobacteria NapA expand upon the same polypeptide inserts observed in
heterodimeric NapA like R. sphaeroidesand E. coli (Fig. 8).98 Jepson et al. described the
two inserts as an evolutionary feature, which can be used to distinguish the smaller
monomeric NapA (i.e. D. desulfuricans) from larger heterodimer NapA (i.e., R. sphaeroides
and E. coli).188 The amino acid composition also varies among species. The isoelectric point
of NapA spans from basic (for example, C. jejuni NapA) to acidic (R. sphaeroides NapA) as
a result of differences in the amino acid composition (Fig. 9). Whether the differences in the
amino acid content and size affect protein function needs to be explored.

3.2 Kinetic properties of nitrate reductase

The crystal structure of NapA provided a map of the redox active iron—sulfur and
molybdopterin centers, leading to mechanistic proposals. As mentioned, the reduction of
nitrate takes place at the molybdenum center. Upon reduction, the molybdenum center gets
oxidized and must be reduced to regain catalytic competency. Electrons flow from the
partner prosthetic group, i.e., the [4Fe—4S] cluster, to the Mo-center. The Mo atom is 12 A
away from the closest Fe atom of the [4Fe—4S] cluster; a lysine (lys49 in 2NAP) residue is
hydrogen bonded to the NH, group of the pterin cofactor, providing a pathway for electron
transfer. Alternatively, electron transfer can follow to the pyrimidine (pterin) nitrogen from
the [4Fe-4S] cluster via two water molecules. The oxidized [4Fe—4S] cluster receives
electrons from NapB, which in turn receives electrons from the quinone pool completing the
electron shuttling.

Based on the crystal structure, a catalytic mechanism was proposed for D. desulfuricans
NapA (Fig. 10A).119 Accordingly, in the reduced 4+ state, the molybdenum is penta-
coordinated, where nitrate binds via one oxygen atom making it a sixcoordinate center. The
nitrate is reduced to nitrite and the bound oxygen of nitrate is transferred to the molybdenum
as a terminal oxo group. At this time, the molybdenum is oxidized to +6 state, then, the
terminal oxygen is protonated making a water molecule, which remains coordinated. The
reduction of molybdenum with concomitant loss of the water molecule regenerates the
penta-coordinated, reduced Mo(w) center. Based on the thermodynamic considerations a
slightly different mechanism was offered for the E. coli NapA.%6 According to the proposed
mechanism, nitrate binds to a penta-coordinated Mo(v) center though one of the oxygen
atoms, making it a six coordinated species. In this state the molybdenum is reduced by one
electron to Mo(wv). The coordinated nitrate is reduced to nitrite and is released. The
molybdenum center is oxidized to monooxo-Mo(vi), which is subsequently protonated to
give a six-coordinated Mo(w) state with a coordinated water. This state is reduced by one
electron with the loss of a water molecule, regenerating Mo(v) (Fig. 10B). The tenors of
these mechanisms are very similar to that proposed for functioning of DMSO reductase
where in essence the Mo-center shuttles between a desoxo-Mo(v) andamonooxo-Mo(w)
centers.154.189 Fyrthermore, such OAT reactivity has been observed in discrete inorganic
molecules,144.161,173,190-194 a5 \we|| as the proton coupled electron transfer
reactions.173-175.177.195-197 | nterestingly, stoichiometric nitrate reduction can be achieved
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by inorganic molybdenum and tungsten compounds with148:190.198.199 or \yjthout200
dithiolene coordination.

The revised crystal structure of D. desulfuricans NapA and the structures of C. necator show
no terminal oxo-group. Instead a sulfido group was found in the oxidized state and in the
reduced state a persulfide bond between the sulfido sulfur and the cysteine sulfur. These
structural descriptions were incorporated into a mechanistic proposal whereby significant
structural reorganization was proposed.120 Specifically, the persulfide bond was viewed
under dynamic control that generates an oxygen-sulfido intermediate and a sulfido species
under turnover conditions, in both cases the coordinated cysteine comes off of the Mo-
center.120.121.201 The mechanistic proposal was corroborated by density functional theory
calculations. 202203 |t js important to point out that initial crystal structures of DMSO
reductase showed different geometries about the Mo-center due to sample heterogeneity as
revealed by a high resolution structure coupled with spectroscopic investigations.118.204
Such a situation may exist in the case nitrate reductase and indeed has been proposed by
Fourmond et al.2% In addition, previous EXAFS studies of Nap have pointed out the
presence of a terminal oxo group.29¢ Kinetics studies of the alpha, beta and gamma-
proteobacteria NapA indicated a relatively high affinity for nitrate (Table 5). Steady state
kinetic properties have been determined for both the monomeric NapA and heterodimeric
NapAB complex, and in most cases the assays were conducted using reduced methyl
viologen as a surrogate electron donor (Table 5).

Tungsten, a group 6 transition metal like molybdenum, often thought of as an antagonist of
molybdenum enzymes, can be incorporated into the pyranopterin cofactor, replacing
molybdenum, yielding an inefficient enzyme. In the case of DMSOR, the enzyme is
functional with Mo or W.297 This is not the case with nitrate reductases. No W-substituted
nitrate reductase has been reported in any bacterium. However, a functional W-containing
nitrate reductase (Nar) has been isolated from an Achaea, Pyrobaculum aerophilum.208 |t
has a very high specific activity (K¢, 1162 s™1 and K;,, 58 pM) and functions optimally at a
temperature greater than 95 °C. Even this enzyme, purified from cells grown in the presence
of Mo and W, was reported to contain mostly Mo indicating a natural selection of Mo in
nitrate reductases.208.209

The detailed kinetic properties of the monomeric NapA from D. desulfuricans have revealed
that ionic strength has a peculiar effect on the activity. Monovalent cations (e.g., potassium
and sodium) have a stimulatory effect, while divalent cations (e.g., magnesium and calcium)
have an inhibitory effect.210 Both ferricyanide and cyanide are inhibitors; however, the
presence of phosphate neutralizes the inhibition by cyanide at a lower concentration.?10 The
optimal pH for nitrate reduction was found to be 8.211 NapA from Paracoccus pantotrophus
is competitively inhibited by azide?12 and thiocyanate26 with a K; 11.0 mM and 4.0 mM,
respectively. The mechanism of azide inhibition is not clear but it may directly bind to the
Mo-center. Thiocyanate inhibition occurs with direct binding to the Mo-center and
subsequent displacement of one pyranopterin cofactor. Cyanide also inhibits this enzyme but
noncompetitively, with a distinct change in Viay but no significant change in K,,212
however, crystal structure of the cyanide inhibited form of C. necator NapA (PDB code:

Chem Soc Rev. Author manuscript; available in PMC 2015 January 21.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Sparacino-Watkins et al. Page 15

2JIR) clearly show its coordination to Mo. Rhodobacter sphaeroides NapA is
noncompetitively inhibited by Zn?* ions with a K; of ~1 pM.213

In general, Nap enzymes have a high affinity for nitrate (Table 5), with micromolar K,
values (less than 300 uM), and a Viay ~2 pmol min~1 mg=1. Removal of NapB from the
NapAB complex reduces the efficiency of the monomer only 4-6 fold in R. sphaeroides!86
but 30 fold in Thiosphaera pantotropha.214 The substrate binding is also affected similarly,
and has been suggested to follow a ping-pong type mechanism where nitrate binding is
controlled by the reduction of the Mo center.186 Interestingly, napB gene deletion mutants in
R. sphaeroides?!5 and E. colil02 exhibit very little activity, indicating an essential role of
NapB. The NapAB complex formation may be oxidation state dependent as well. In the
reduced state the calculated Kg is ~0.5 nM while that in the oxidized state is 2.4 pM.186
However, redox modulated binding may control the flow of electrons only in the reduced
state.

Gates et al. argue that such experiments, in general, do not account for any implicit change
in the redox potential of the catalytic metal center, which can be measured by protein film
voltammetric (PFV) studies.?16 Indeed, PFV experiments on Nap and Nar enzymes reveal
different kinetic parameters.217-220 Anderson et al. reported that for the NarGHI complex,
there are two states capable of substrate reduction and these two states are coupled by a
redox reaction.21” The relative rate of each of the processes then dictates the overall ease of
the reaction. Here the Mo(v) state associates more rapidly with nitrate than the Mo(v) state
and the Mo(v):NO3 complex is more stable. A similar conclusion was also reached by Elliot
et al.218 At lower nitrate concentrations the substrate is transformed effectively via a slower
Mo(w) pathway. However, at higher substrate concentrations where the catalysis becomes
enzyme-limited, the pathway involving the Mo(v) state, which is also faster, becomes more
involved. In this scenario, Mo(v) is reduced to Mo(w) in a substrate bound form. Marangon
et al. reported that the NarGHI complex from Marinobacter hydrocarbonoclasticus exhibits
a substrate dependent catalysis implying that the enzyme—substrate complex formation
precedes electron transfer (Fig. 11).21° There is a redox switch between the two states,
termed as “catalytic” and “boost” which are essentially the Mo(v) state and Mo(v) states,
respectively. This redox switch is thought to occur under catalytic conditions, which is
independent of the redox potentials of the cofactors present in Nar but dependent on the pH.

PFV has also been employed in investigating the catalytic mechanism of Nap enzymes.
Frangioni et al. reported that the catalytic activity of the R. sphaeroides NapAB complex
exhibits catalytic activity close to the reduction potential of the nitrate saturated Mo(v/w)
couple even under non-saturating substrate conditions suggesting a strong binding of the
substrate.22! Furthermore, the same group reported the interfacial electron transfer is much
faster than the catalytic turnover.205220 Under turnover conditions, the enzyme has two
forms — active and inactive, and they interconvert on a time scale slower than the catalytic
turnover. Furthermore, under reducing conditions and in the presence of excess nitrate (high
nitrate loading), the inactive form accumulates, causing inhibition of the enzyme.2%° The
concept of the redox switch as discussed above for Nar has also been invoked in the
discussion of the NapAB complex from Paracoccus pantotrophus, which may be attributed
to the partner prosthetic group [4Fe—4S] cluster or the Mo center.222 In this case, the activity
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of the complex has been linked to a single protonation event with a pK; = 7.8; the enzyme
exhibits a higher catalytic current at pH~6.222 The authors also conducted experiments with
P. pantotrophus cells that express both Nar and Nap. Because the NapAB complex operates
at a lower potential than NarGH, the authors argue that electron transfer to Nar through the
quinone pool would be thermo-dynamically more favorable; thus is the dominant process. In
the presence of high quinone concentrations, reduction of nitrate through NapAB is
activated. The exact molecular nature of the components of the redox switch in either
enzyme is not clear at this time; it represents catalytically competent but Kinetically distinct
forms of the enzymes. As mentioned before, it may represent the redox state of the Mo-
center, or conformational change that impact redox potential.

Clearly, the enzymatic mechanism of Nap is complex and fascinating. There are different
variables such as pH, substrate and electron source that can influence the mechanism.
Further complicating this scenario is the revelation that the Mo center has a sulfide
coordination rather than an oxo coordination. Combining the different evidences discussed
above, a simplified mechanism can be proposed (Fig. 12). This mechanism takes advantage
of the internal redox chemistry of sulfur and assumes that it is operative under low nitrate
loading. Here the persulfide bond may remain intact during nitrate binding and
transformation, whereby the metal center is converted into a monooxo-Mo(w) center which
can be reduced back to Mo(iv) by two one electron steps associated with proton transfer. In
the resting state, the Mo(iv) persulfide moiety undergoes an internal redox change generating
a Mo-sulfido species. Noninnocent behavior of the coordinated sulfur involving internal
redox has been reported in discrete inorganic compounds.223-231 The proposed mechanism
utilizes a direct transfer of an oxygen atomfrom the substrate to themetal. The two forms of
catalytically competent enzyme may be related to the redox process mentioned above or a
redox process involving pterin cofactor may be possible. The description of the metal redox
and details of the Mo(wi) center utilized in the catalytic cycle remain to be fully appreciated.
In principle, spectroscopic characterization of different species in the catalytic cycle should
help in delineating their electronic structure, which ultimately controls the reactivity.

From the early days, continuous wave electron paramagnetic resonance (EPR) spectroscopy
has played an important role in understanding of pterin-containing molybdenum enzymes.
Much of that effort was directed by Bray and his coworkers on XO and SO,232-235 more
recently, pulsed EPR spectroscopy on studying sulfite oxidase by Enemark and
coworkers.236-241 The naturally abundant, stable molybdenum isotopes (**Mo, | = 5/2,
15.72%; 9"Mo, | = 5/2, 9.46% and | = 0 isotopes, 74.82%) give rise to characteristic and
unique EPR signals for Mo(v). The nuclear gyromagnetic ratios of the two isotopes with | =
5/2 are very similar to one another, and the signals originating from the two isotopes are
normally indistinguishable in continuous wave EPR spectroscopy. Thus, an isotropic Mo(v)
EPR signal consists of one large central peak (~75% of total intensity) with 6 satellite peaks
(~25% of total intensity). The g-factor falls within a narrow range of 1.8-2.2, yet it is
sensitive to small geometric perturbations. EPR spectra of Mo(v) are normally observable at
room temperature due to its long electronic relaxation time of Mo(v). Anisotropic EPR
spectra can be obtained at liquid nitrogen temperature (77 K). Because of the narrow line-
width of the Mo(v) signals, small hyperfine coupling due to the interaction with other
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magnetic nuclei such as hydrogen and phosphorus, can be observed in CW EPR spectra
either directly or by difference spectroscopy.23%:242 |n the last decade, in addition to
measurements at a higher field and with more careful analysis, pulsed EPR techniques have
been utilized to understand the finer details about the molybdenum center.118.243,244
Detection of these couplings has played important roles in delineating the mechanistic
details. One advantage of this technique is that it can selectively probe the Mo(v) center in
the presence of other prosthetic groups. The same can also be viewed as a weakness, as
other relevant states are not probed. Like other pterin-containing molybdenum enzymes,
nitrate reductases, including periplasmic nitrate reductases, have been investigated by EPR
spectroscopy. In most cases, however, the g-values but not the molybdenum hyperfine
constants (i.e., A-values), are reported.

The EPR signals of the Mo-center in Nap have been designated into three broad categories
based on their average g values ({g)). These are “very high-g”, “low-g” and “high-g” species
(Table 6), and all of them are rhombic in nature. The g; value in “very high-g” is greater
than 2 suggesting substantial sulfur contributions in the singly occupied molecular orbital
(SOMO). This “very high-g” species is considered to originate from an inactive form of the
enzyme. The “low-g” (gay ~ 1.96) is observed when the enzyme is incubated with dithionite,
reminiscent of the XO signal. Thus, it suggests the presence of only one dithiolene moiety,
as is the case for XO or SO. The species giving this signal is also considered to be inactive.
Perhaps the most common signal is the so-called “high-g” species with a g,y ~ 1.99, also
known as ‘high-g split” or ‘high-g resting’ signal. It has been suggested that this signal does
not represent a catalytically competent species due to its insensitivity to pH and other
ligands (i.e., nitrate, nitrite, cyanide, azide, and thiocyanate). 206212 Under turnover
conditions using dithionite as a reductant, another signal called ‘high-g nitrate’ with a lower
anisotropy has been reported.296:212 However, subsequent experiments with reduced
viologen showed the ‘high-g’ signal during catalysis raising questions about the ‘high-g
nitrate’ signal.24° Studies with D. desulfuricans suggest that the “nitrate species’ is not
catalytically relevant.120.246 Detailed work with R. sphaeroides demonstrated that the “high-
g’ species is catalytically relevant.247 A recent theoretical (QM/MM) study provided a
structural rationale for the different species detected for NapA (Fig. 13).248 Biaso et al.
considered different ‘high-g’ signals — ‘high g-resting’, ‘high-g nitrate” and ‘high-g
turnover’ to be magnetically similar to each other indicating little difference in the first
coordination sphere. What they suggest is a MoSg core, and different species arise due to the
presence of different ions, and/or a structure distortion. Of these, the ‘high-g’ species is a
more reduced state where the disulfide bond is reduced, while the ‘low-g’ signal is attributed
to a species coordinated by only one pterin cofactor, as proposed before.

3.3 Redox active auxiliary Nap proteins (NapB, NapC, NapG and NapH)

The genes in the nap operon can be divided into two groups, redox active or maturation,
based on the physiological functions of the translated proteins. NapB, NapC, NapG, NapH,
and NapM are electron transport proteins involved in the transfer electrons to or from the
terminal reductase, NapA. Thematuration proteins NapD, NapL and NapF are involved in
post-translational modification of NapA (discussed later). The presence of these genes varies
among organisms and no solitary nap gene can be considered ubiquitous to all napA
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encoding organisms. Mutational studies conducted on R. sphaeroides,?1® E. coli,192 and
Wolinella succinogenest® have given insight into the significance of each auxiliary nap
gene in nitrate reduction via Nap.

Of the redox active Nap proteins other than NapA, NapB is the most extensively studied.
This small c-type cytochrome is an essential component of electron transport in organisms
where it is present.191.195 Organisms lacking the napB gene, such as Desulfovibrio
desulfuricans, encode alternative iron cofactor redox partners, such as NapM or
NapC.249:250 |n most organisms, the functional enzyme has been isolated as a NapAB
heterodimer. The Rhodobacter sphaeroides and Cupriavidus necator NapAB heterodimer
structures have been determined using X-ray crystallography.121.186 Additionally, the crystal
structures of two monomeric NapAs are available.9%:119 In E. coli the functional enzyme is
also a heterodimer, however NapB is not present in the crystal structure because it
dissociated from the complex during purification. A tyrosine residue in NapA is proposed to
aid in electron transfer from the heme of NapB to the [4Fe—4S] cluster of NapA. This
tyrosine residue is conserved in all heterodimeric NapA proteins and absent in monomeric
NapA proteins such as D. desulfuricans.188

The crystal structure of the recombinant Haemophilus influenza NapB has revealed that the
two heme molecules are stacked parallel and hydrogen bonded to each other via propionic
acid side chains.2%1 In this structure, the conserved residues of NapB are located in close
proximity to the heme binding motifs (HX,CX,CH). The N- and C-termini are poorly
conserved, and are not involved in electron transfer to NapA.25! The N-terminus encodes a
hydrophaobic signal sequence, roughly 30 amino acids long, which targets the unfolded
NapB for periplasmic export via the sec dependent pathway.186:252.253 Arnoux et al. suggest
that the N- and C-termini of NapB are involved in NapA binding.186 The crystal structures
of NapAB heterodimers from C. necator and R. sphaeroides underscore this aspect.121.186
The poor conservation of the NapA binding sites on NapB proteins could be the source of
the different binding affinities observed in the active enzyme. E. coli and R. sphaeroides
NapAB exhibit different dissociation constants, 32 uM ref. 96 and 5 x 10~ uM ref. 186
respectively, and are reflective of the purified form. This could explain why the E. coli
NapA was isolated as a monomer, while the R. sphaeroides homologue was isolated as a
heterodimer.2%4

Similar to NapA, the post-translational modification for functional NapB requires
maturation proteins. In this case cytochrome ¢ maturation (Ccm) proteins are involved in
NapB cytochrome ¢ biosynthesis and insertion. While the ccmABC-DEFGHI operon is
located directly adjacent to the nap operon in E. coli,2° this is not the situation in most
other organisms. The ccm operon is missing completely from the genomes of
Epsilonproteobacteria, suggesting that these organisms have alternative methods for iron
uptake and heme synthesis. C. jejuni encodes a large variety of genes associated with iron
scavenging, uptake, and storage, one of which (chu) can transport intact heme into the
cell.2%6 The ability of C. jejuni to utilize intact heme could make cytochrome c biogenesis
redundant, and thus energetically unfavorable.
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The nap operons can also encode one or both of the membrane quinone oxidases NapC and
NapH (Table 4). The presence of NapC and/or NapH may be an indication that the organism
can catalyze nitrate respiration via Nap. This variability and diversity may indicate diverging
functional roles of Nap as well. The presence of and type of quinone oxidase to classify nap
operons in bacteria is shown in Table 7.

NapC, a tetra-heme transmembrane protein, is also considered to be an essential component
of electron transport to NapA in organisms in which it is found.192 NapC transports
electrons via the heme cofactors from the membrane quinone pool to the periplasmic
NapB.2%7 In E. coli, electron transfer from ubiquinone and menaguinone to NapAB is
dependent on NapC. Ubiquinone electron transfer from NapGH to NapABC is more
efficient than ubiquinol transfer directly from NapC to NapAB.28 Like napB, napC is not
present in all nap operons. NapC belongs to a large group of tetra heme proteins, the NapC/
NirT family.25% The possibility that other members of the NapC/NirT family, NrfH and
Cym, could fulfill the function of NapC (i.e., electron transport to NapA) in organisms
which lack napC has been postulated,25%-261 although supporting experimental evidence is
not available.

The genes napG and napH encode two putative ferredoxins. NapH is an integral membrane
protein. The cytoplasmic portion of NapH contains two iron sulfur binding motifs. NapG
contains four iron sulfur binding motifs and is associated with the periplasmic face of the
membrane. In organisms which do not encode a NapC homologue, NapG and NapH are
predicted to transfer electrons from the quinone pool directly to NapAB.262 Campylobacter
only has menaquinone, but does not have a NapC homologue. In Campylobacter, NapGH
are believed to transport electrons from the menaquinone pool to NapAB.% The MQH,
couple has a lower midpoint redox potential than UQH,, =70 mV compared to +90 mV,262
indicating that MQH, would be a less efficient electron acceptor. The proposed electron
transfer pathway from the quinone pool to the substrate nitrate is shown in Fig. 14 as well as
in Fig. 18 (vide infra).

3.4 Non redox-active auxiliary Nap proteins (NapD, NapF, and NapL)

Of the auxiliary Nap proteins, the napD gene is the most common and appears to be the
most vital. The R. sphaeroides, E. coli, and W. succinogenes mutational studies are in
agreement, napD is an essential component of nitrate reduction, as in all napD mutants
nitrate reduction is inhibited.102.105.215 Translated NapD is a dedicated chaperone protein as
it has a defined role in NapA maturation.263 NapD is a member of the well-studied TorD
chaperone protein family.264-266 |t interacts with the twin arginine translocase (TAT) leader
sequence of NapA and possibly other maturation proteins, such as NapF, in the biosynthesis
of NapA.267

NapD modulates the periplasmic export of NapA by binding to the N-terminal TAT leader
sequence of NapA. Structural characterization of the E. coli NapD2%7 indicates (Fig. 15) that
the non-polar residues in the B-sheet of NapD bind, via protein—protein interactions, to the
TAT leader-sequence of NapA (Fig. 8). It is conceivable that NapD delays export of NapA
until the protein is properly folded and the cofactors are inserted.267 While the purpose of
the NapA-D interaction is predicted to be comparable in all organisms, the chemical basis of
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the interaction is species-specific, thus may be considered as a redox enzyme maturation
protein (REMP).268.269 NapD lacks a conserved NapA binding motif.

Despite the importance of NapD, some organisms do not possess a hapD homologue (e.g.,
Sorangium cellulosum, Photobacterium damselae, Rhodothermus marinus, and
Anaeromyxobacter species). In general, nap operons which lack napD have relatively few
genes. Its absence may be an indication of reduced functionality as a result of the incapacity
to synthesize a functional NapA. For example, neither Photobacterium damselae, 270 or
Rhodothermus marinusas?’? are capable of reducing nitrate despite having a napA
homologue. Sorangium cellulosum and Anaeromyxobacter species can reduce nitrate,272:273
though this activity cannot be attributed to NapA without a more detailed investigation as
the genomes of these organisms encode multiple nitrate reductases (i.e., Nar, Nap and Nas).
A better understanding of how essential NapD is may come from studies of the organisms
without the gene or those lacking the twin arginine motif (e.g., S. cellulosum, P. damselae).

NapF, a cytoplasmic, non-heme iron sulfur protein also plays a role in NapA maturation.
While mutation of the napF gene does not completely abolish nitrate reductase activity in E.
coli,102 3 drastic decrease in activity is observed in R. sphaeroides and W.
succinogenes.105215 NapF is not considered to be essential for NapA maturation, although it
does aid in [4Fe-4S] insertion. 105.258.274 NapF contains four iron sulfur binding motifs.
Mutation of each motif demonstrated that one specific motif is responsible for transferring
the [4Fe—4S] cluster into NapA.19% Moreover mutation of the W. succinogenes NapF led to
the accumulation of the inactive precursor NapA in the cytoplasm.193 The ability of NapF to
reconstitute the [4Fe—4S] cluster of the apo-NapA has also been demonstrated in vitro.27®
The association of NapF and NapA has also been confirmed.2”* Interestingly, recombinant
affinity-tagged NapF has been used to purify NapA from E. coli.2’4 NapA maturation is
more efficient in the presence of NapF. Mature NapA is able to accumulate in the
periplasmic space with time, as indicated by nitrate reductase activity assays, growth curves
and SDS-PAGE data. Thus, NapF is possibly an evolutionary advantage to organisms that
possess it.

A third putative maturation protein, NapL, is found primarily in the Epsilonproteobacteria.
The gene napL encodes a 35 kDa periplasmic chaperone protein,193.105 with no known
metal binding motifs.103 While the function of NapL is unknown, mutation of napL in W.
succinogenes and C. jejuni delays respiratory growth on nitrate media.105.276

3.5 Nap protein of unconfirmed function (NapS)

No experimental evidence is available to confirm if NapS is translated, and if so, what the
function may be. The napSgene, found in Arcobacter butzleri (YP_001489295.1 or
ZP_07891038.1), Sulfurovum sp. (YP_004049825.1), Nitratiruptor sp. SB155-2
(YP_001357263.1) and Sulfurimonas denitrificans (YP_003892305.1), is annotated as a
methyl-accepting chemotaxis sensor protein, part of the PAS (Per-ARNT-Sim) superfamily.
The putative Nap$S proteins exhibit significant homology with the structurally characterized
region of Azotobacter vinelandii NifL. NifL is the redox sensor domain of the NifLF two-
component regulatory system, which, along with NifA, regulates nitrogen fixation genes in
response to oxygen. 277278 Thus NapS may be involved in regulation of the nap operon,
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however, this has yet to be experimentally determined. The variety of nap genes indicates
that the nap operon evolved by gaining or losing genes in an effort to fit the functional needs
of the organism.

3.6 The Nap operon

3.6.1 Operon structure and organization—The nap operon is typically found on the
chromosome, although examples of plasmid borne nap operons are known e.g., Paracoccus
denitrificans, Cupriavidus metallidurans, Snorhizobium meliloti Snorhizobium medicae
Sulfuricurvum kujiense, Rhodobacter sphaeroides,2”® Ralstonia eutropha (also known as
Cupriavidus necator).280.281 |n some organisms (e.g. Shewanella species) multiple copies of
the nap operon have been found.254:282 The nap operon exhibits significant variability in
gene organization and composition (Fig. 16). In addition to the napA gene, eleven nap genes
have been identified to date.#249:283 While different operon structures have been observed
(Table 7), the most common structure of the nap operon is napEDABC, which is found
primarily in alpha-, beta-, and gamma-protecbacteria.

3.6.2 Regulation of the nap operon—The functional diversity of Nap has a foundation
in transcriptional regulation. The nap operon can be regulated in response to multiple
environmental cues e.g., the absence or presence of nitrate, oxygen, molybdenum and/or
iron, the type of carbon source, or redox potential in the cell. As a result mechanisms of nap
transcriptional regulation are not conserved, considerable variations exist.

Microbes utilize multiple terminal reductases during respiratory growth, thus regulating
translation of each reductase, under the appropriate conditions, is a concerted endeavor.
During aerobic growth, oxygen is typically the preferred terminal electron acceptor, a result
of the high redox potential (E% = +840 mV). Under anaerobic conditions, nitrate takes
precedence over other terminal electron acceptors, again due to the relatively high redox
potential (E®" = +433 mV). Not surprisingly, the presence and absence of both oxygen and
nitrate can affect transcription of Nap (Fig. 17).

Multiple global transcription regulators have been identified for nitrate reductases although
no unique nap regulator has been identified (Fig. 17). Each regulatory protein binds to a
DNA consensus sequence upstream from the regulated genes. In response to oxygen, the
fumarate and nitrate reductase (FNR) protein can control transcription of the nap
operon.284.285 Additionally, the NarPQ/NarLX dual interacting two-component regulatory
system is employed to regulate transcription of nap in the presence of nitrate.286 The
dualistic constituents, a membrane bound sensor (i.e., NarX and NarQ), and a DNA binding
response regulator, (i.e.,, NarL, NarP), work together to control expression. E. coli uses both
the Fnr and NarPQ/NarLX transcriptional regulators to sense nitrate and oxygen levels and
coordinate expression of nitrate reductases, Nap and Nar (both narG and narZ operons) as
well as nitrite reductases, Nrf and Nir.287 Nap is maximally expressed anaerobically in the
presence of low nitrate concentrations, possibly providing a selective advantage over Nar
during colonization of the human Gl tract,101:255.288,289

In Bradyr hizobium japonicum napEDABC expression is also up-regulated in response to
micro-aerophillic growth and the presence of nitrate. In B. japonicum the FixLJ-FixK2-
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NnrR regulatory cascade controls nap expression in response to oxygen.290.291 Fix|_J, a two-
component regulatory system, down-regulates translation of the nap operon, when an
elevated concentration of oxygen is present. However translation of the nap operon is not
always repressed in the presence of oxygen. In P. pantotrophus Nap expression occurs
aerobically. The P. pantotrophus nap operon does not have a FNR-binding site upstream.292
R. capsulatus and R. sphaeroides express nap both in the presence and absence of
oxygen.2%3

The cellular redox state can also regulate nap expression. P. pantotrophus utilizes the ferric
uptake regulator (Fur) as a transcriptional regulator of NarP and NarL. Fur is a global
regulator, which controls iron (Fe2*) uptake and detoxification. 294:295 Fyr controls nap
expression and the response to oxygen and cellular redox status as it is dependent on free
FeZ*. Consequently oxidants (i.e., O5) can decrease Fur activity.287 In E. coli, the cyclic
AMP receptor protein (Crp) has also been demonstrated to up-regulate nap operon
translation in response to carbon source. Less favorable sugars, such as mannose, increased
nap translation compared to the typical fermentative sugars, such as glucose.2% In
Shewanella oneidensis it has been shown than NapA is responsive to nitrate but nitrite
reductase (NrfA) is responsive to both nitrate and nitrite in a Crp dependent way.2%7

The translation of the nap operon is also coordinated with the biosynthesis of the iron sulfur
cluster and the pyranopterin cofactors required in active NapA. An iron-sulfur
clustercontaining transcription factor, the iron—sulfur cluster regulator (IscR), represses nap
transcription under aerobic conditions.2% IscR also regulates iron—sulfur cluster
biogenesis.2% The IscR binding motif is typically located up-stream from the nap operon.
The IscR binding region overlaps with an additional regulatory protein-binding site, the
molybdate responsive (ModE) transcriptional regulator protein. In response to molybdenum,
ModE up-regulates the nap operon translation. ModE also regulates transcription of the
pyranopterin biosynthesis genes (moaABCDE)?%° and a high affinity molybdate transporter
(modABC).3%0 The ModE and IcsR regulatory sites are located further up-stream from the
nap operon than the FnrR, NarP, NarL binding sites.3% Thus ModE and IscR can supersede
transcription of the nap operon, dominating FnrR, NarP, or NarL regulatory elements, if
molybdate (MoO427) and iron are limited.302

The Epsilonproteobacterium C. jejuni appears to employ analogous regulatory mechanisms
for nitrate respiration. Unlike E. coli, which encodes three dissimilatory nitrate reductases
(i.e. NapA, NarG and Narz), C. jejuni only encodes NapA. In C. jejuni NapABGH are
expressed in response to iron303-305 and molybdenum.109:305 This suggests that the IscR and
ModE regulatory proteins are involved in transcriptional regulation of the C. jejuni nap
operon. Additionally, C. jejuni preferably up-regulates Nap expression anaerobically. The
napABG expression is up-regulated during colonization in chickens3% and napABGH in
elevated growth temperatures,3%7 possibly an indication of Fnr regulation. The alignment of
the C. jejuni pre-nap operon DNA with the corresponding E. coli sequence indicates that all
of the regulatory elements binding sites are conserved.
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3.7 Phylogenetic relationship

In 2002, we (JFS and PB) explored the possible evolutionary relationships among the nitrate
reductases;’® and more recently, the evolutionary aspects of the different sub families of
nitrate reductases have been discussed.398:399 |n our original study, using available sequence
data at the time (13 NarG, 12 NasA and 11 NapA), we found that bacterial nitrate reductases
formed two major clades, the NarG clade and the NasA/NapA clade. We postulated’® that
NapA might have evolved from the catalytic subunit of the assimilatory nitrate reductases;
Jepson and colleagues further explored this idea.188 Bacterial assimilatory nitrate reductases
have been further divided into three types based on their protein sequence and the
biochemical properties of the catalytic subunits, namely NasA, NasC and NarB.# NarB is the
closest phylogenetic relative of NapA.188 Although the structural aspects of NapA are
conserved among the different microbial species, (e.g., the molybdenum center, iron sulfur
cluster, and TAT leader sequence), they may also be subdivided into distinct subclades
based on differences in amino acid sequence and operon organization.

A neighbor joining tree has been constructed from multiple sequence alignments of 288
NapA sequences with three assimilatory nitrate reductases and one formate dehydrogenase
out-group taxa (Fig. 18). The monomeric NapA, exemplified by D. desulfuricans NapA, is
clearly the most similar to the assimilatory nitrate reductase (Nas). The deepest branch in the
NapA tree (most similar to assimilatory nitrate reductases) is comprised mainly of
Deltaproteobacteria, along with some non-proteobacteria (i.e., Firmicutes, Deferribacteres,
Bacteroidetes and Chrysiogenetes). A second, deep branch in the NapA tree is comprised of
mainly Epsilonproteobacteria, although Aquificae and one Deinococcus also cluster into this
branch. This unique Epsilonproteobacterial subclade was hinted to by the sole
Campylobacter species in the original phylogenetic tree.”® Two additional subclades include
NapA from alpha-, beta- and gamma-proteobacteria possibly indicating more heterogeneity
and a greater divergence from assimilatory nitrate reductase. A clearer picture emerges of
this divergence with further examination of the distribution of Nap isoforms.

There are at least 11 nap genes (napA,B,C,D,E,F,G,H,L,M, and S) and at least 4 distinct nap
operons (EDABC, DAGHBC, CMADGH, and AGHBFLD) (Fig. 16 and Table 7). Thus the 4
major subclades evident in the NapA tree in Fig. 15 underscore not only differences in
protein sequence, but also differences in operon organization, with DAGHBC defining the
subclade predominated by Gammaproteobacteria, EDABC defining the subclade with alpha-,
beta-, and gamma-proteobacteria, AGHBFLD defining the Epsilonproteobacterial subclade,
CMDAGH found in the Deltaproteobacteria subclade. Only the Epsilonproteobacterial
subclade appears to be highly conserved but even so has exceptions with some operons
having an additional gene (e.g., napS). A further investigation of Shewanella species
provides interesting insight into the distribution of the napEDABC and napDAGHBC
isoforms as many species have both.282 The Nap from two operons have been isolated and
characterized, and one of them (Nap-a;) was found to be more stable.24 Jepson et al., based
on their examination of gene order in 19 Shewanella species, postulated that the different
isoforms might serve different functions and/or could be under different regulatory
control.254 However, a closer look at not just the presence of the two isoforms, but the actual
number of genes in the operons reveals another more fascinating phenomenon. Table 7
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shows the gene orders for a total of 26 strains representing 19 species of Shewanella. Nine
strains have both complete EDABC and DAGHB operons. Two species (S oneidensis, S
halifaxensis) have only DAGHB. S. denitrificans is the only known species with EDABC.
The rest have one complete operon with the other isoform missing crucial genes. Even more
intriguing is the presence of a unique isoform of napA found in the genomes of both S,
benthica and S violacea. In addition to a DABC (missing napE) there is a napA homolog
with an accompanying gene annotated as dsmC, a membrane-anchored quinone electron
shuttle. Furthermore, amino acid sequence alignment revealed that the — CMAS — amino
acid sequence of the core of the catalytic site is conserved whilst other residues are not. We
suggest that the nap operon is rapidly evolving and inmost strains only one complete operon
is functional as the periplasmic nitrate reductase. Thus the NapA phylogeny can be
explained by nap operon gene content and organization. It suggests an evolutionary
progression of the nap operon, possibly away from the monomeric assimilatory nitrate
reductase operon of NarB, into more complex operons with horizontal gene transfer
widespread among the alpha-, beta-, and gamma-proteobacteria. In that context Shewanella
may represent an intermediate stage in evolution as both types of operon are present, and it
has been suggested that nap-p may have been acquired by horizontal gene transfer.310

Shewanella strains are not the only organisms where multiple copies of the nap operon can
be found. In Rhodobacter sphaeroides 2.4.3 two copies of nap operon were also found.
These two nap operons are napFDABC that encodes for Nap-a and napDFAGHBC that
encodes for Nap-p. Activity from Nap-a is only detected when the cells are grown in solid
media, perhaps it’s synthesis have different regulatory elements and functionally it is
involved in redox poise (homeostasis). The Nap-p has a negative oxygen control, and does
not contribute to nitrite production.310

Another example of gene modification (e.g., truncation or loss) can be found in
Campylobacter jegjuni. There are two subspecies of C. jejuni, C. jgjuni subs. jejuni and C.
jejuni subs. doylei. The latter is often found in patients with bacteremia and gastroenteritis
and can be differentiated from C. jejuni subs. jejuni by its inability to respire nitrate. It was
found to have a deletion of the napA gene and mutations in napB.311

Interestingly, the phylogeny of NapA correlates with the nap operon structure. Examining
the presence, or absence, of hap genes, which encode proteins involved in post-translational
modification of NapA (i.e. NapD, NapF, and NapL) and electron transport to NapA (i.e.
NapB, NapC, NapG, and NapH), can provide fundamental information on how the
mechanism of NapA maturation and electron transport differs in each organism. Whilst the
presence of dedicated nap chaperone proteins and electron transport proteins would increase
the overall efficiency of nitrate reduction via NapA, it is possible that, in the absence of
these dedicated genes, the organism can use more undefined proteins to fulfill the same role.
For example, in Shewanella oneidensis uses CymA, a c-type cytochrome containing
membrane protein similar to NapC, to transfer electrons from the quinone pool to NapA312
It will be important to explore the strength as well as time scale of the interaction between
different subunits of Nap. Comparison with those of the membrane bound complexes such
formate dehydrogenase (FDH-GHI) or respiratory nitrate reductase (NarGH]I) should
provide a map of the physiological function.
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4 Summary

This review has tried to convey important aspects of nitrogen cycling in the environment
and in health as well as call attention to the remarkable forms and functions of nitrate
reductase. There have been significant advances in our understanding of the molybdopterin
cofactor and its role in nitrate reduction as well as insights into the impact of the protein
milieu on the reactivity and specificity. While catalyzing a single reaction, nitrate reduction
to nitrite, periplasmic nitrate reductase has been linked to a number of cellular functions
including the maintenance of redox poise, nitrate scavenging, nitrate respiration and
pathogenicity. In addition to this functional diversity, genetic variability is also common as
revealed by the variety of nap genes and operon structure. The transcriptional level
regulatory mechanisms vary among organisms with as many as three different promoters
and seven regulatoryprotein binding sites. Clearly, in the last decade many exciting results
informing the structure, genetics, and kinetics were reported and it is hoped the same
excitement will continue in the next decade. An important aspect would be how Nap
enzymes play a role in pathogenicity and whether therapeutic intervention would be possible
utilizing the chemistry of Nap. One cautionary aspect is that many of the organisms
described herein have been renamed, some several times, posing a challenge to keep track of
just what has been studied on which organism. We look forward to future studies enhanced
by the ever-increasing volume of genomic data, advances in instrumentation, and new
isolates.
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Abbreviations
Aio
SO
X0
DMSOR
mARC
PGD
Nap

Arsenite oxidase

Sulfite oxidase

Xanthine oxidase

Dimethyl sulfoxide reductase

Mitochondrial amidoxime reducing component
Pyranopterin guanidine dinucleotide

Periplasmic nitrate reductase
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pNar Periplasmic respiratory nitrate reductase

Nar Respiratory nitrate reductase

eukNR Eukaryotic nitrate reductase

NasA Assimilatory nitrate reductase A

NarB Assimilatory nitrate reductase B

Fdh Formate dehydrogenase

DNRA Dissimilatory nitrate reduction to ammonia

TAT Twin arginine translocase

MQH, Menaquinone

UQH, Ubiquinone

Crp Cyclic AMP receptor protein

IscR Iron—sulfur cluster regulator

FNR Fumarate and nitrate reductase

ModE Molybdate-responsive transcriptional regulator protein

AMP Adenosine monophosphate

MOE Molecular operating environment

PDB Protein data bank
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A schematic representation of the bacterial nitrogen cycle.
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Schematic representation of dissimilatory and assimilatory nitrate reduction.
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Fig. 3.
Coordination about the molybdenumcenter of crystallographically characterized nitrate

reductases with PDB codes. Ec: Escherichia coli, Dd: Desulfovibrio desulfuricans; Rs:
Rhodobacter sphaeroides; Cn: Cupriavidus necator. Conformationally flexible Cys 152 in
Cn-NapA structure is shown in two positions.
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(A) The pyranopterin cofactor attached to the dinucleotide as found in bacterial nitrate
reductases; (B) the basic pyranopterin cofactor found in all nitrate reductases; (C) the ring
open form of the cofactor found in the structures of respiratory nitrate reductase, Nar.
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Left: the structure of Rhodobacter sphaeroides NapAB (10GY) highlighting the metal
cofactors along with important amino acid residues. Right: a close up of the metal cofactors
and select amino acid residues with distance suggesting a potential electron and or proton

transfer path.
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A sequence alignment, created using GeneDoc, of NapA from D. desulfuricans, Ralstonia

eutropha, Rhodobacter sphaeroides, E. coli, and C. jguni, representing 8, a, B, y and &
proteobacteria, respectively. Sequence inserts (underlined in red), identical residues (black),
[4Fe-4S] binding motif (red), the Mo-coordinated cysteine residue (orange); the lysine

(green) and tyrosine (pink) are shown here, the latter two residues are predicted to be
involved in electron transfer. The twin arginine translocase (TAT) signal peptide is
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underlined in blue. Also shown (bottom panel) is the homology models of C. jejuni NapA
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and NapAB. The insertion sequences, shown in red, are opposite to the NapB binding site.
The homology models were created using Molecular Operating Environment (MOE)
software heme is purple, [4Fe—4S] is orange, and the MPT is yellow.

Chem Soc Rev. Author manuscript; available in PMC 2015 January 21.



yduasnUe J0yINY Vd-HIN 1dudsnUeN JoYyINY Vd-HIN

1duosnue Joyiny Vd-HIN

Sparacino-Watkins et al.

Page 48

Class o f Y ) €
Organism R. Sphaeroides C. necator E. coli D. desulfuricans C. jejuni
MW (kDa) 93 93 93 83 105
PDB code 10GY 3ML1 2NYA 2NAP model

Fig. 9.
Properties of NapA from representative organisms from each class of proteobacteria: alpha

(a), beta (B), gamma (), delta (d), and epsilon (e). One representative organism from each
proteobacteria is presented, though multiple organisms were evaluated from each class. C.
jejuni NapA structure was generated from the 10GY structure following standard homology
modeling technique using MOE software. Pymol was used in aligning protein structures,
calculate and graph electrostatic potential and rendered images.
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Proposed catalytic mechanism of NapA of D. desulfuricans (A) and E. coli (B).

o

Chem Soc Rev. Author manuscript; available in PMC 2015 January 21.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Sparacino-Watkins et al. Page 50

NO,” + H,O

H+

Fig. 11.
Proposed catalytic mechanism of respiratory nitrate reductase as suggested by Marangon et
al 219
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Fig. 12.
A minimalistic mechanistic proposal for periplasmic nitrate reductase.
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Fig. 13.
Proposed structures of the active sites of *high-g’, ‘very-high-g’ and ‘low-g’ species.
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Fig. 14.

Tr?e proposed routes of electron transport to NapAB from quinone pool during nitrate
reduction. Electrons can be transferred from menaquinone (MQH>) or ubiquinone (UQH>)
with in the inner membrane by a quinone oxidase (i.e., NapC or NapH). Electrons are
transported to NapAB via NapC, NapGH or NapCGH.
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Fig. 15.
The protein structure of E. coli NapD in complex with the N-terminus of NapA. The protein

backbone, of NapD (blue) and NapA (red), is displayed as a ribbon. The location of the two
arginine residues (RR), for which the TAT leader sequence is named, is on the N-terminus
of NapA. The figure the NMR solution structure (PDB I1D: 2PQ4 was created using VMD
(version 1.8.7) software.
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Fig. 16.
Representative examples of the nap operon gene content and organization. Each nap gene

(arrow) was identified by performing a blast search of the NCBI database, (*) indicates
organisms that encode two nap operons.
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Fig. 17.
Transcriptional regulation of the nap operon, and the pyranopterin and [4Fe—4S] cofactor

biogenesis operons. Note that not all regulatory effects are present in the same organism.
Proteins directly regulating the nap operon transcription are connected to “NapA” with a
dashed line (=), and those that affect the cofactor biogenesis operons are connected to the
specific operons by a double dashed line (==). The operons for pyranopterin and [4Fe-4S]
cofactor biogenesis (blue) are moaABCDE and iscRSUA-hscBA-fdx, respectively. Lines with
arrow (—) denote a positive regulatory effect, i.e., up-regulation, in the presence of the
associated environmental signal; negative effects, i.e., down-regulation, is indicated with
circle lines (—¢). Concentration dependent regulation is indicated with brackets surrounding
the chemical, for example [O5].
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Fig. 18.
Phylogenic tree of NapA using 292 protein sequences. Positions containing gaps were

eliminated, yielding a total of 600 amino acid positions in the final dataset. MEGA5
software was used for alignments and phylogenetic analyses. Formate dehydrogenase (FDH)
was included in the analysis as an outlier. Three assimilatory nitrate reductases (Nas) were
also included for reference. NapA sequences were collected from the NCBI database.
Branches corresponding to similar species (sp.) or subspecies (ssp.) are collapsed. Branches
are colored according to the phyla of proteobacteria: alpha (aqua); beta (navy blue); gamma
(green); delta (orange); epsilon (red); non-proteobacteria (grey). Branch nodes are colored
red (NapH); blue (NapC); red/blue (NapH + NapC); grey (no quinone oxidase). Diagrams at
the four corners display the topology of the different Nap forms with respect to the

Chem Soc Rev. Author manuscript; available in PMC 2015 January 21.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Sparacino-Watkins et al. Page 58

periplasmic membrane and correspond to the node colors. Open circles represent NapA
sequences from organisms where complete nap operon content is unknown.

Chem Soc Rev. Author manuscript; available in PMC 2015 January 21.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny Yd-HIN

Sparacino-Watkins et al.

Table 1

Biogenic processes involved in the nitrogen cycle

Page 59

Pathway(s)

Reactions catalyzed

Enzyme

Redox potential (mV)  Ref.

Assimilatory and
dissimilatory
nitrate reduction

Denitrifieation

Anammox

Nitrification

Nitrogen fixation

NO;™ + 2H* + 26 — NO,™ + H,0

NO,™ + 8H* + 66~ — NH4* + 2H,0
NO,™ + 2H* + e~ — NO + H,0
2NO + 2H* + 2e™ — N,0 + H,0
N,O + 2H* + 26~ — N, + H,0

NO + NHz + 3H* + 3e™ — NyH, +
H,0

NoHy — Ny + 4H* + 4e”
NO,™ + HyO — NO3™ + 2H* + 2e”
NH,OH + H,0 — NO,™ + 5H* + 4e—

NH; + O, + 2H* + 2e™ — NH,0H +
H,0

N, + 6H* + 6e™ — 2NH3

Nitrate reductase (NR: eukNR, Nar, Nap
and Nas)

Nitrite reductase (Nrf)
Nitrite reductase (NiR)
Nitric oxide reductase (NoR)
Nitrous oxide reductase

Hydrazine hydrolase (HH)

Hydrazine dehydrogenase (HDH)
Nitrite oxidase (NO)
Hydroxylamine oxidoreductase (HAO)

Ammonia oxidase (AMO)

Nitrogenase

+433 313
+340 314
+350 313
+1175 313
+1355 313

+340 315, 316

-230 313

+420 317,318

+60 317
+730 317
-92 319
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Table 3

Page 61

Reactions catalyzed by the pterin-containing molybdenum enzymes. Potentials are with respect to standard
hydrogen electrode at pH ~ 7 and 25 °C

Enzymes Redox reactions Potential (mV)  Ref.
Perchlorate reductase ClO4~ + 2H* + 2~ — ClO3™ + H,0 +1200 327
+788 328
Chlorate reductase ClO3™ + 2H* + 2e™ — ClO,™ + H,0 +709 328
Selenate reductase Se0,2 + 2H* + 2™ — Se05%™ + H,0 +895 329
+475
Aldehyde oxidase CH3COO™ + 3H* + 2™ — CH3CHO + H,0 +580 330
Arsenate reductase H3AsO, + 2H* + 2e™ — H3AsO3 + H,0 +560 331
Nitrate reductase NO;™ + 2H* + 2e~ — NO,™ + H,0 +420 332
+433 313
DMSO reductase Me,SO + 2H* + 2e~ — Me,S + H,0 +160 332
TMAO reductase MesNO + 2H* + 2e~ — MesN + H,0 +130 333
Tetrathionite reductase S0 + 28~ — 25,032 +80 329
+24 313
CO dehydrogenase CO, + 2H* + 2¢” — CO + H,0 -106 334
Xanthine oxidase uric acid + 2H* + 2e~ — xanthine + H,0O -360 332
Sulfite oxidase SO4% + 2H* + 2e™ - SO42 + H,0 -380 332
Formate dehydrogenase CO, + H* + 2 — HCOO~ -430 313,332
Formylmethanofuran dehydrogenase  CO, + MFR™ + H* + 2¢~ — CHO-MFR + H,0 -497 330, 332
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Table 4
Redox potentials of partner reactions
Potentials
Enzymes Redox partner reactions (mV) Ref.
Plant SO +815 335
502+2H++2e_ — 2H,0
X0 O,+e” — 0y -330 336
X0 0,+H* +e~ = HO, -80 336
O, + 2H* + 2e™ — H,0, +295 336
FAD + 2H* + 2e~ — FADH, 0 335
SO Cytochrome bs: Fe3* + e~ — Fe?* 77 335
NR Fdox + € — Fdreg -35010-500 335
Cytochrome c: Fe3* + e~ — Fe?* 235 335
NAD* + H* + 2~ — NADH -320 335
Ubiquinone: U + 2H* + 2e™ — UH, 45 335
90 262
Menaquinone: M + 2H* + 2™ — MH, -70 262
Aio Rieske: [(Cys),Fe;S,(His),] + e~ — [(Cys),FeSy(His),]~  —140to +350 337
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Table 7

The nap operon gene content and organization in bacteria

Quinone oxidase

nap Operon Phylogenic class

Organism

H

AGHBF_LD €
AGHBFLD Aquificae

Deinococci

€

AGHBFLDS €

AGHBFLSD €

AGHBLD e
DAGHB B.
v

DAGHB_F< B
DAGHF 8
DGBAH:G Clostridia

FDAGHB a
GBAH:G Clostridia
MADGH Chrysiogenetes

Deferribacteres

ABC Y
AC Sphingobacteria
CDAG Clostridia
DABC B

v
DABCF Flavobacteria

Sulfurovum sp. Autotrophic

Hydrogenivirga sp. 128-5-R1-1

Persephonella marina EX-H1

Sulfurihydrogenibium sp. YO3AOP1

Oceanithermus profundus DSM 14977

Arcobacter (butZeri RM4018 and Nitrofigilis) Campylobacter species
(concisis, curvis, hominis, fetus)

Helicobacter mustelae 1219

Nautilla profundicola

Sulfuricurvum kujiensedum

Sulfurospirillum (barnesii and deleyianum)

Wolinella succinogenes

Nitratiruptor sp. SB155-2

Caminibacter mediatlanticus

Thiomicrospira (formerly Sulfurimonas) denitrificans DSM 125
Campylobacter (lari, coli, jejuni (8 strains), upsalensis) Helicobacter hepaticus
Burkholderiales bacterium 1_1_47

Shewanella amazonensis SB2B”, halifaxensis HAW-EB4, loihica PV-4",
oneidensis MR-1,

pealeana ATCC 700345%, sediminis HAW-EB3”, sp. ANA-3", MR-4", MR-7,
w3-18-1*

Candidatus Accumulibacter phophatis

Geobacter lovieyi

Desulfitobacterium hafniense strains (2 DCB-2 & 2 DCB-1)

Magnetospirillum magnetotacticum AMB-1

Desulfitobacterium hafniense Y51

Desulfurispirillumindicum

Calditerrivibrio nitroreducens

Deferribacter desulfuricans

Denitrovibrio acetiphilus

Photobacterium (damselae CIP 102761 and profundum SSQ*)
Rhodothermus marinus

Symbiobacterium thermophilum

Dechloromonas aromatica RCB

Hahella chejuensis KCTC 2396
Photobacterium sp. SKA34"

Shewanella (piezotoleransWPS*, sediminis HAW-EB3", violacea DSS12)
Vibrio vulnificus CMCP6
Maribacter Sp. HTCC2170
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Quinone oxidase  nap Operon Phylogenic class  Organism

EABC

EDAB

EFDA

Y Photobacterium profundum 3TCK”
C a Afipiasp. INLS
Azospirillumsp. B510
Bradyrhizobium japonicum USDA 110
Bradyrhizobiumsp. BTAIil
Bradyrhizobium sp. ORS278
Methylobacterium sp. 4-46

Paracoccus (denitrificans PD1222 and pantatrophus) Rhodopseudomonas palustris
BisB18

B Achromobacter xylosoxidans A8

Azoarcus sp. BH72"
Burkholderia xenovorans LB400
Comamonas testosteroni CNB-2
Cupriavidus metallidurans CH34, taiwanensis LMG 19424 and necator
(formerly Ralstonia eutropha H1 6)
Ralstonia (eutropha JMP134 and pickettii strains 12D & 12J)
Y Marine y proteobacterium HTCC2148
Pseudomonas (mendocina ymp, and stutzeri A1501)

Saccharophagus degradans 2-40
Shewanella amazonensis SB2B”, baltica 0S155, baltica 05185, baltica 05195,
baltica 0S223, denitrificans 0S217, frigidimarina NCIMB 40, loihica PV-4*,

pealeana ATCC 700345", ANA-3", MR-4", W3-18-1%, woodyi ATCC 51908"
BC a Agrobacterium tumefaciens str. C58
Pseudomonas sp. G-179
Rhizobium leguminosarum bv. trifolii WSM2304
Rhodobacterales bacterium Y4l
Rhodospirillum centenum SW
Snorhizobium (fredii NGR234, medicae WSM419, meliloti 1021)
Sarkeya novella
Y Colwellia psychrerythraea 34H
Pseudomonas aeruginosa (strains LESB58, UCBPP-PA14, PAOL & PA7)
Reinekea sp. MED297

FDABC Y Pantoea sp. At-9b, Photobacterium (angustum S14, profundum strains (3TCK”* &

$s9%))

Psychromonas ingrahamii 37

Serratia odorifera 4Rx13, proteamaculans 568, Vibrio (cholerae str. N16961,
harveyi ATCC BAA-1116,fischeri strains (ES114, MJ11), parahemeolyticus
RIMD 2210633, vulnificus YJ016)

Yersinia (pestis (5 strains), enterocolitica)

FDABC_ABC vy Moritella sp. PE36

KEFDABC a Rhodobacter sphaeroides strains (2.4.1 & ATCC 17025*)
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Quinone oxidase  nap Operon Phylogenic class

Organism

HC CMADGH Aquificae
8
DAGHBC B
Y

FDABGHBC «
FDAGHBC a

p

Y

NA A Y
€

AB §

DAB v

MA 8

Thermovibrio ammonificans
Desulfovibrio desulfuricans strain 27774
Desulfovibrio sp. 3 1 syn3

Leptothrix cholodnii

Aggregatibacter aphrophilus
Citrobacter (koseri and rodentium)
Escherichia coli IAI3

Salmonella typhimurium

Shigella flexneri (2 strains)
Rhodobacter sphaeroides ATCC 17025
Dinoroseobacter shibae DFL 12

Laribacter hongkongensis

Azoarcus sp. BH72"

Thauerasp. MZ1T

Aeromonas hydrophila

Edwardsiella (ictaluri, tarda)

Escherichia coli (16 strains), Grimontia hollisae CIP 101886
Haemophilusinfluenza

Pectobacterium (atrosepticum, carotovorum (2 strains), wasabia€)
Providencia (alcalifaciens, rettgeri, rustigiianii, stuartii)

Salmonella enterica

Serratia odorifera DSM 4582

Shigella (boydii (2 strains) and dysenteriae)

Photobacterium sp. SKA34"

Helicobacter felis

Sorangium cellulosum

Shewanella (baltica 0S185", baltica 0S195", Piezotolerans WP3", woodyi ATCC
51908")

Anaeromyxobacter sp. K and dehalogenans strains (2CP-1 & 2CP-C)

The nap operons categorized into four groups based on the presence or absence of a membrane quinone oxidase (napC or napH). The gene order in
each organisms nap operon was provided by the NCBI gene and phenotype mapping database (http://www.nchi.nIm.nih.gov/gene), and in a few
cases the JGI database (http://img.jgi.doe.gov). The identity of each translated Nap protein was confirmed by performing NCBI database blast
searches. In each operon the nap genes are listed by the order in which they are found. Organisms that encode two separate nap operons are shown
with asterisks (*); fused operons with a colon (:), underscore indicates a gap, and gene encoded on the complementary strand is indicated with an

arrow (<). Proteobacteria are denoted as a, f3, v 6, .
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