
      Nitrogen is an essential element in all living organisms. Inter-conversions of nitrogen species between a number of
redox states (+5 to -3) form the biogeochemical nitrogen cycle which has multiple environmental impacts and industrial
applications [1]. Inorganic nitrogen oxides should be first reduced to ammonium, which can be further incorporated into
organic matter via glutamine synthase. Diazotrophic prokaryota possess nitrogenase genes and are able to fix molecular
nitrogen from the atmosphere.

      On the other hand, bacteria can obtain metabolic energy by redox processes utilizing soluble nitrogen oxides, nitrate
and nitrite as terminal respiratory oxidants under oxygen limiting conditions. Two dissimilar pathways of nitrate
respiration, ammonification and denitrification, involve formation of a common intermediate, i.e. nitrite, but end in
different products, ammonia and gaseous nitrogen oxides (NO or N2O) or dinitrogen respectively (Fig. 1).

      Autotrophic nitrification is a two-step process of an oxidative conversion of ammonia to nitrite via hydroxylamine,
carried out by ammonia-oxidizing bacteria, and further oxidation of nitrite to nitrate, performed by nitrite-oxidazing
chemolithoautotrophic bacteria.

    Finally, the cell should be able to detoxify the exogenously/metabolically produced NO and reactive nitrogen species.
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Fig. 1. Biological Nitrogen Cycle



Subsystem: Nitrate and Nitrite ammonification

         In the first step of this pathway nitrite is formed by one of the three different types of nitrate reductases: soluble
assimilatory NAS, membrane-associated respiratory NAR, and periplasmic dissimilatory NAP [2, 3].  NAS is located in
the cytoplasmic compartment and participates in nitrogen assimilation (termed NaRas here).  NAR is usually a three-
subunit complex anchored at the cytoplasmic face of the membrane with its active site located in the cytoplasmic
compartment.  It is involved in anaerobic nitrate respiration.  NAP is a two-subunit complex located in the periplasmic
compartment.  It is coupled to quinol oxidation via a membrane anchored tetraheme cytochrome.
         The members of all three classes of enzymes bind a bis-molybdopterin guanine dinucleotide cofactor at their active
sites, but they differ markedly in the number and nature of cofactors used to transfer electrons to this site. Analysis of
prokaryotic genomes reveals that different nitrate reductases are phylogenetically widespread.

         The next step of ammonification is conversion of nitrite into ammonia by either membrane-bound cytochrome c
containing respiratory nitrite reductase NrfA, or by one of the three different cytoplasmic assimilatory NiR isoenzymes.
In ε- and δ-proteobacteria NrfA forms a stable complex with a transmembrane component NrfH, whereas in γ-
proteobacteria NrfH is thought to be replaced by the nrfBCD gene products [4].  Among soluble NiRs the siroheme-
containing NADPH-dependent enzyme (NirBD in E.coli) is the most common one.  Cyanobacteria, plants, and some α-
proteobacteria possess a distinct ferredoxin-dependent cytoplasmic NiR [5].  Some strictly anaerobic species (e.g.
Clostridia) have another two-component NiR, which has not yet been characterized [6].

        The topological arrangements of nitrate and nitrite reductases in bacteria necessitate synthesis of transporter proteins
that carry nitrogen oxyanions across the cytoplasmic membrane.  Two types of uptake systems are known to act in
assimilation of nitrate (and nitrite): (i) ATP hydrolysis driven ABC transporters, and (ii) secondary transporters reliant on
proton motive force, which belong to either nitrite/nitrate transporter family (NarK), nitrite uptake NirC family, or
formate/nitrite transporter family [7].



Fig. 2. Nitrate and Nitrite ammonification. Subsystem diagram.



Functional variants: Bacteria can have different combinations of two general types of NiR and three main types of NaR. At least  20
different functional variants of NiR/NaR patterns have been observed in available bacterial genomes. For
example:
           #1: as in E. coli: assimilatory and respiratory NiRs, respiratory membrane-bound and periplasmic NaRs;

#2. as in B. subtilis: assimilatory NiR, assimilatory and respiratory NaRs;
#5: as in most cyanobacteria:only assimilatory NaR and NiR.

 Another highly variable component of the pathway is the transport systems for nitrate and nitrite ions.

Fig. 3. Nitrate and Nitrite ammonification. Subsystem spreadsheet.



Subsystems: Respiratory Denitrification and
 and Nitrosative Stress Protection

       Denitrification constitutes one of the main branches of the global nitrogen cycle sustained by bacteria [8].
Nitrogen is introduced into the biosphere by fixation of dinitrogen and removed from there again by denitrification. In
doing this, denitrification catalyzes successively N-N bond formation in the transformation of its intermediates nitric
oxide (NO) and nitrous oxide (N2O) to the next-lower oxidation state. The bacterial process is nearly exclusively a
facultative trait which occurs in periplasm. Its expression is triggered in the cell by the environmental parameters, low
oxygen tension, and availability of an N oxide. At the first step, nitrite is formed by one of three different types of
nitrate reductases (see Nitrate and Nitrite Ammonification SS), which are shared by the downstream pathways. Next,
during denitrification nitrite is reduced to NO by one of the two different types of nitrite reductases (Cu-NiR or
cytochrome cd1-NiR), then to N2O by one of the two types of nitric oxide reductase (quinol-dependent  qNOR or
cytochrome bc-type cNOR, [9]), and finally to dinitrogen, using Cu-containing nitrous oxide reductase complex
(NOS). Interestingly, the ε-proteobacterium Wolinella succinogenes grows anaerobically by respiratory nitrite
ammonification but not by denitrification. Nevertheless, it is capable of N2O reduction to N2, possesing an active
NOS complex [10].
        Nitric oxide is a signaling and defense molecule in animals, but bacteria are sensitive to high NO concentrations
due to its reactivity and membrane permeability [11]. NO and hydroxylamine (NH2OH) -- two toxic intermediates in
6-electron reduction of nitrite could be formed during nitrite ammonification [12]. In addition to a classical NO
reductase (qNOR or cNOR) occurring in denitrifying species, two other bacterial NO detoxification enzymes have
been characterized: an NO reductase (flavorubredoxin NorVW in Escherichia coli) and an NO dioxygenase
(flavohemoglobin Hmp or Fhp in E. coli, Bacillus subtilis, Ralstonia eutropha, and Pseudomonas species) [13]. An
unusual redox enzyme, called the hybrid cluster protein (HCP) has been extensively studied both in strictly anaerobic
and facultative anaerobic bacteria, where it is mostly induced during conditions of nitrite or nitrate stress. In vitro
studies demonstrated oxygen-sensitive hydroxylamine reductase activity of the E. coli HCP protein, suggesting its
possible role in detoxification of reactive by-products of nitrite reduction [14].
       Recent comparative analysis of NO protection genes and their transcriptional regulatory signals was used to
demonstrate considerable interconnection between various regulons of denitrification and NO detoxification and to
identify two new members of the nitrosative stress protection pathway, the hypothetical proteins DnrN and NnrS [13].



Fig. 4. Respiratory Denitrification and Nitrosative Stress Protection. Subsystem diagram.



Functional variants:
#1 and 2: two variants of a complete denitrification pathway from nitrite to N2, which use different types of nitrite reductase.
#3, 4, 6, 7, 8: five variants of the denitrification pathway from nitrite to N2O, which use different types of nitrite and NO reductases.
#10: short denitrification pathway from nitrite to NO. #9: solely N2O reduction pathway. #5: solely NO and N2O reduction pathway.

Fig. 6. Cytoplasmic nitrosative stress protection. Subsystem spreadsheet.

Functional variants: Bacteria can have eight different combinations of four known nitrosative stress protection systems (HMP,
HCP, qNor and NorVW). These basic variants are further subdivided into sub-variants (marked by additional letters N and S)
depending on the presence of the two hypothetical genes dnrN and/or nnrS, which are often co-regulated or co-localized with
nitrosative stress protection and denitrification genes, and thus should play an important functional role in these processes.

Fig. 5. Periplasmic respiratory denitrification. Subsystem spreadsheet.
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