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Evolution of Nitrate Reductase: Molecular and
Structural Variations on a Common Function

John F. Stolz® and Partha Basu*[

The biological transformation of nitrogen oxyanions is widespread
in nature and gives rise to a robust biogeochemical cycle. The first
step in nitrate reduction is carried out by the enzyme nitrate
reductase (NR). Although NR always catalyzes the same chemical
reaction (conversion of nitrate into nitrite), its location in the cell,
structure, and function are organism-dependent. We use protein
sequence data to determine phylogenetic relationships and to
examine similarities in structure and function. Three distinct clades
of NR are apparent: the eukaryotic assimilatory NR (Euk-NR) clade,
the membrane-associated prokaryotic NR (Nar) clade, and a clade
that includes both the periplasmic NR (Nap) and prokaryotic
assimilatory NR (Nas). The high degree of sequence similarity and a
phylogenetic distribution that follows taxonomic classification
suggest a monophyletic origin for the Euk-NR early on in the
evolution of eukaryotic cells. In contrast, sequence conservation,
phylogenetic analysis, and physiology suggest that both Nar and
Nap were acquired by horizontal gene transfer. Nap and Nas share

Introduction

Organisms reduce nitrate for three principle reasons: to
incorporate nitrogen into biomolecules, to generate energy for
cellular function, and to dissipate excess energy by respiration
(Figure 1)."2 Although the chemical reaction is always the
reduction of NO;~ to NO,~, different types of nitrate reductase
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Figure 1. The nitrogen cycle.
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a lesser degree of similarity, with Nap a subclade of Nas. Nap from
strict anaerobic bacteria such as Desulfovibrio desulfuricans is
ancestral to facultative species and may provide an evolutionary
link between Nap and Nas. We observed conserved binding sites for
molybdenum and pterin cofactors in all four proteins. In pathways
involving Euk-NR, Nas, and Nar, for which ammonia is the end
product, nitrite is reduced to ammonia by a siroheme nitrite
reductase. Nap, however, is coupled to a pentaheme nitrite
reductase. In denitrification, whether Nar or Nap is involved, nitrite
is reduced to nitric oxide by either a cytochrome cd, or a copper-
containing nitrite reductase. This complexity underscores the
importance of nitrate reduction as a key biological process.
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(NR) carry out the catalytic reaction. NRs can be distinguished by
taxonomy, function, location in the cell, structure, and the end
product of the pathway that they initiate. These reductases, with
a few reported exceptions, are mononuclear molybdenum
enzymes with a metal center at the active site coordinated by
distinctive pyranopterin cofactors.® NR is found in plants, algae,
fungi, archaea, and bacteria.*”! Thus, a distinction can be made
at the taxonomic level, namely between eukaryotic and
prokaryotic NR. This distinction is further substantiated by
structural differences. Eukaryotic NR (Euk-NR) belongs to the
sulfite oxidase family of mononuclear molybdenum enzymes
and contains the simplified pyranopterin cofactor.® In contrast,
all prokaryotic NRs described to date (Nas, Nap, Nar; described
below) belong to the dimethylsulfoxide (DMSO) reductase family
and contain a modified form of the cofactor.®

NR is primarily involved in nitrogen assimilation, respiration (in
other words, dissimilatory nitrate reduction), or maintenance of a
favorable cellular oxidation/reduction potential (redox poise).!"
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Evolution of Nitrate Reductase

Assimilatory nitrate reductase is the first enzyme of an anabolic
pathway for nitrogen incorporation into the biomass that
maintains the bioavailability of NO;~ to plants, algae, fungi,
archaea and bacteria.”* In bacteria, the expression of Nas is
induced by a lack of available NH,* and the presence of NO,~.1")
Dissimilatory nitrate reductases catalyze the first step of a
catabolic, anaerobic respiration pathway.” ' Dissimilatory ni-
trate reduction (DNR) is a bacterial mode of energy generation
under anoxic conditions and, hence, is not directly regulated by
a nutritional requirement for nitrogen. Thus, DNR can result in
the complete consumption of NO;~ in the absence of other
limitations such as a carbon source or an electron donor. In
denitrification, nitrite is reduced to nitric oxide, which can further
be reduced to nitrous oxide and dinitrogen by additional
enzymes.” " In dissimilatory nitrate reduction to ammonia
(DNRA), nitrite is usually reduced directly to ammonia by heme-
containing nitrite reductases.""! Although the subsequent steps
involve different enzymes and intermediates, the first steps in
the processes of DNRA and denitrification are identical and can
be carried out by the same enzyme.

NR is localized in the cytoplasm of eukaryotes (EuK-NR) while
in prokaryotes it may be cytoplasmic (prokaryotic assimilatory
NR=Nas) or membrane-associated, facing either into the
periplasm (prokaryotic periplasmic NR=Nap) or into the cyto-
plasm (membrane-associated prokaryotic NR=Nar). The loca-
tion and orientation are crucial to function. Cytoplasmic NRs
(both Euk-NR and Nas) are exclusively involved in nitrate
assimilation and obtain their reducing equivalents from reduced
nicotinamide adenine dinucleotide (NADH), reduced nicotin-
amide adenine dinucleotide phosphate (NADPH), ferredoxin, or
flavodoxin. ¥ Membrane-bound NRs that are oriented into the
cytoplasm participate in the generation of proton motive force
(PMF).” 1 The flow of electrons follows a conventional path in
organisms like Escherichia coli.""! Oxidation of the electron donor
formate occurs in the periplasm. The electrons are shuttled to
the intramembrane quinone pool where they are subsequently
transferred to the NR active site by the b-type cytochrome (Narl)
and iron-sulfur-containing subunit (NarH) of the NR. The nitrite
produced is released into the cytoplasm. Periplasmic NRs
present a dilemma in that they can be involved in redox
balancing, respiration (either denitrification or DNRA), and
nitrate-scavenging.l'>" Electrons from the quinone pool are
shuttled from a tetraheme cytochrome ¢ (NapC) to the active site
(NapA) by a biheme cytochrome ¢ (NapB). Nap is believed not to
contribute directly to PMF."® However, several nitrate-respiring
bacteria possess only Nap, for example, Pseudomonas sp. strain
G-179, and Desulfovibrio desulfuricans.'”'® Thus, the mecha-
nism(s) of energy generation by Nap need(s) to be establish-
ed.

The molecular mass, the number of subunits, and the
prosthetic groups have been used to distinguish NRs structurally.
Euk-NR is @ multimer occurring in either a homodimeric form (for
example, in plants and Chlamydomonas) or homotetrameric
form (such as that in Chlorella).® The monomer has a mass of
about 100 kDa and contains the molybdenum cofactor, a b-type
heme, and flavin adenine dinucleotide (FAD). Electrons are
believed to be transferred from NADH/NADPH to FAD and are
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then shuttled through cytochrome b to the active site. Bacterial
Nas contains the molybdenum cofactor along with an iron-
sulfur (Fe,S,) cluster. However, unlike in the Euk-NR, no heme
or FAD is present in the active subunit.”? Nas can occur in a
monomeric form ranging in size from 70-95kD, or as a
heterodimer composed of the catalytic subunit (90- 105 kDa)
and an FAD-containing subunit called the diaphorase subunit.'®
At least three subgroups of Nas are recognized. In NAD(P)H-
dependent Nas, electrons are transferred through the diaphor-
ase subunit to the active site by iron-sulfur clusters."” The
location and number of iron-sulfur clusters distinguish two
types of NAD(P)H-dependent Nas. Two iron-sulfur clusters
(Fe,S,, Fe,S,) are an integral part of the active subunit in
Klebsiella. Only one Fe,S, cluster is found in the active subunit in
Bacillus but two Fe,S, clusters are part of the FAD-containing
subunit.™ In ferredoxin-dependent Nas, which is found in
Synechococcus sp., electrons are donated to the active site by a
single iron - sulfur cluster.

Membrane-bound nitrate reductases from both nitrate-respir-
ing bacteria such as E. coli, Klebsiella pneumoniae, and Proteus
mirabilis, and from denitrifying bacteria such as Paracoccus
denitrificans, Pseudomonas stutzeri, Pseudomonas aeruginosa,
and Bacillus halodenitrificans have been characterized.'*-»! The
species studied represent a wide taxonomic range, but their
nitrate reductases all have similar characteristics. Several recent
reviews have discussed the structural aspects of Nar in de-
tail, 1% 2 and thus only global features are highlighted here.
The generalized model of the Nar consists of three subunits: a
large (118 - 150 kDa) subunit which is the catalytically active site
and contains the molybdenum cofactor, a smaller (55 - 64 kDa)
anchor protein subunit, and an associated cytochrome b (19—
21 kDa).2" 22:25.27. 28 periplasmic NR (Nap) has been purified from
several species. The catalytic subunit ranges in size from about
70 kDa in species such as D. desulfuricans®®” to 90 kDa in, for
example, Rhodobacter capsulatus and Thiosphaera pantotropha,
now known as Paracoccus denitrificans.%3" All the catalytic
subunits contain a molybdenum cofactor as a part of the active
site and an iron - sulfur cluster. In addition to this subunit, there
is the 16 kDa biheme cyctochrome and an associated tetraheme
cytochrome c.

The recent reports of non-molybdenum-containing nitrate
reductases from Pseudomonas isachenhovii®? and tungstate-
dependent but molybdenum-inhibited nitrate reduction in the
hyperthermophilic archaeon Pyrobaculum aerophilum™ suggest
the existence of alternative systems. Ps.isachenhovii contains
two different molybdenum-free nitrate reductases. The peri-
plasmic nitrate reductase has a monomer size of 55kDa and
contains vanadium. The membrane-bound nitrate reductase, in
which no metal was found, is a dimer with 130 and 67 kDa
subunits.?? We have recently described a reductase complex
from the dissimilatory iron-reducing bacterium Geobacter met-
allireducens that contains cytochrome ¢ and can reduce both
nitrate and nitrite but does not contain molybdenum.B4
However, for the purpose of this study we have focused on
only molybdenum-containing nitrate reductases.

The end product of nitrate reduction may be ammonia as in
assimilation and DNRA, or primarily dinitrogen as in denitrifica-

199



BIO

Denitrification

NO; NarG or NapA NO; NirSorNitK oy, 1 N,O —P N,

Dissimilatory Nitrate Reduction to Ammonia

NarG NiB
NO; = NO; P NH,

NapA NrfA
NO; —229 NO; ——P NH,
Assimilatory Nitrate Reduction

Eukaryotic
NO; Euk-NRI NO;
Prokaryotic

No; Nas__p no; Ny Ny,

N
—» NH,

Scheme 1. Pathways involving nitrate reduction. The nomenclature for dissim-
ilatory nitrate and nitrite reductases is for the most part standardized: NarG =
membrane-bound nitrate reductase, NapA = periplasmic nitrate reductase,

NirS = cytochrome cd, nitrite reductase, NirK = copper-containing nitrite reduc-
tase, NirB=siroheme nitrite reductase, NrfA = pentaheme cytochrome c nitrite
reductase. Assimilatory nitrate and nitrite reductases nomenclature is not
standardized: Euk NR = eukaryotic nitrate reductase (Nia, NiaD, INR, Nit), Nas =
cytoplasmic nitrate reductase (NasA, NasB, NasBB, NasC, NarB), Nir = siroheme
nitrate reductase (Nir, NirB, NasA, NasC, NasD). Note that both NapA and NarG
can be involved in nitrate reduction leading to either dinitrogen or ammonia.
In contrast, Euk-NR and Nas are involved in nitrate reduction to ammonia
only.

tion (Scheme 1). The nitrite produced by NR is further reduced to
either the end product ammonia or the denitrification inter-
mediate nitric oxide. Four different types of nitrite reductases
have been identified: a copper-containing type and three that
contain a heme moiety."” 2% 3537 Copper-containing nitrite re-
ductase (NirK) is found exclusively in denitrifying bacteria and
reduces nitrite to nitric oxide.”” The three types of heme
containing nitrite reductases are the cytochrome cd, type, the
siroheme type, and the multiheme type that contains only
heme C.™ The cytochrome cd, type (NirS), also found exclu-
sively in denitrifying bacteria, is a homodimer comprised of two
62 kDa monomers that each contain one hemeC and one
heme D,.B%3% E, coli has both siroheme (NirB) and multiheme
(NrfA) nitrite reductase.?®3% NirB is coupled to Nar in DNRA,
whereas the pentaheme nitrite reductase NrfA is associated with
Nap (Scheme 1).3% 371 Recent work has suggested that NrfA is a
homodimer associated with an additional tetraheme cyto-
chrome ¢, although it was originally believed to be a single
polypeptide of 65 kDa.

NR continues to generate a great deal of interest and several
excellent reviews on the physiology, biochemistry, and molecular
biology of nitrate reduction have been published in the last few
years.I" 27.9.10.16. 261 pravjous sequence comparisons relied heav-
ily on identification of regions of sequence identity in closely
related enzymes with different functions and the inference of
binding motifs to provide a broader view of mononuclear
molybdenum enzymes. We used the wealth of protein sequence
data that has recently become available to determine phyloge-
netic relationships and to identify structural/functional roles of
conserved amino acids specific to NR. Our results are presented
in the context of these past reviews.
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Phylogenetic Analysis

Phylogenic analysis by using protein sequence provides insight
into the origin and evolution of nitrate reductase. We used only
complete sequences in this analysis. The increasing number of
genome projects makes more sequence data available but
caution must be exercised when accepting annotation without
the accompanying physiological data.*" 42 A recent review!" of
prokaryotic nitrate reductases listed 20 organisms with at least
one Nar homologue, 23 organisms with a Nap homologue, and
24 organisms with a Nas homologue. Unfortunately, sequence
data amenable to phylogenetic analysis was available for only
about half of these species. The reason for the reduced data set
was that either only a partial sequence was available (in some
cases as few as 20 amino acid residues), or the identification was
made from a preliminary genomic sequence without confirma-
tion by physiological studies. It seems prudent to take a
conservative approach given the great diversity of molybde-
num-containing proteins and the relative paucity of sequence
data for them. For our analyses, sequences were aligned by using
the Clustal X program.™ Maximum parsimony trees were
generated, sequence similarities were determined with the
PHYLIP program (version 3.572),* and neighbor-joining trees
were generated by using PAUP software (version 4.0b7).14

The distinction between prokaryotic and eukayrotic nitrate
reductases has been known for some time based on sequence
data® #71 and the structure of the active site.® When all four
types of NR are compared three major clades become apparent.
These are the Euk-NR, Nar, and Nas/Nap clades (Figure 2). The
Euk-NR clade is further divided into two subclades, a “plant”
group and a “fungal” group, with further subdivisions following
taxonomic classification (Figure 3). This conclusion is based on
analysis of representative sequences for monocots (three
species), dicots (thirteen species), algae (five species), ascomy-
cetes (twelve species), basidiomyces (two species), yeast (two
species), and an oomycete. This analysis included the two
isoforms for each of Nicotiana, Glycine, and Arabidopsis. The
isoforms had a high degree of sequence similarity (99.3, 95.5, and
94 % respectively) and always branched together. In the final tree
(Figure 3) only one isoform of Arabidopsis (Nia1) and Nicotiana
(Nia2) were used. However, the two isoforms of Glycine max
(INRT and INR2) were included as an example. The “plant” group
is comprised of the dicots, monocots, algae, and interestingly,
the oomycete. The dicots form a tight cluster, as can be seen in
Figure 3. Their sequences are highly conserved, sharing an
identity of 43 % and a similarity of 77 %. The monocots and algae,
with three species each, also appear to define their own subclades.
The monocots, however, are more closely related to the dicots
with 38 % identity and 71 % similarity. Algae have Euk-NR and not
Nas (which is present in cyanobacteria) and this has implications
for the symbiotic origin of chloroplasts. The chloroplast was
derived from a cyanobacterial-like ancestor so it follows that Euk-
NR originated from the host cell. While the Nas homologue was
lost by the chloroplast, the assimilatory nitrite reductase (Nir)
was retained. This process is reflected in the similarity between
the Nir protein sequences and also in the location of the two
processes in plants and algae: nitrate reduction occurs in the cell
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Figure 2. Phylogeny of nitrate reductases (neighbor joining tree) showing three distinct clades: EukNR, Nar,

and Nas/Nap. Nap sequences are denoted by *.

cytoplasm whereas nitrite reduction occurs in the chloroplast.”®!
Another interesting finding is the single example of an oomycete
species. The fact that it forms a deep branch with the algae and
plants lends support to the view that the oomycetes are more
like flagellated algae (for example, chrysophytes) than fungi.*!
The “fungal” group appears to be divided into two distinct
subclades with ascomycetes and yeast forming one and the
basidiomycetes the other. The Euk-NR is highly conserved and
follows taxonomic lines, which suggests to us that it originated
from a single evolutionary event early on in the history of
eukaryotes. The different number of subunits possible in the
active enzyme (dimer, tetramer) and the different electron
donors (ferredoxin or flavodoxin) were subsequent modifica-
tions.

Prokaryotic nitrate reductases form two major clades, the Nar
clade and the Nas/Nap clade (Figure 4). Haloarcula marismortui, a
member of the halophilic Euryarchaeota,*® is the deepest
branch of the Nar clade. Maximum parsimony trees could not
distinguish a branching order for Aeropyrum pernix, a Crenarch-
aeota, and Thermophilus thermophilum, a deeply branching
thermophilic member of the bacteria. This problem may arise
because their sequences share an identity of 54% and a
similarity of 81%. The high and low guanine + cytosine (G+ Q)
Gram positive bacteria and the proteobacteria form separate
subclades within the remaining species (Figure 4). The clustering
together of denitrifying and DNRA bacteria is of the greatest
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NirB, NirK, and NirS, the mosaic nature of
denitrification gene organization,”® and
the presence of all three prokaryotic NRs
in a single species.'> 4

Prokaryotic Nas and Nap are clearly related and together form
the third clade of nitrate reductases. Nap is a distinct subclade.
Each of the representatives of Nap possess the twin arginine
motif, with the exception of P aeruginosa. The amino acid
sequence is highly conserved across phylogenetic lineages
(based on 16S rRNA), with a 51% similarity. In most cases, Nap
catalyzes the first step in nitrate reduction to ammonia but it can
also be involved in denitrification,!'” % maintaining redox
poise, and nitrate scavenging. Genetic analysis revealed that
nap genes can be found on plasmids (for example, in R. capsu-
latus, Rhodobacter sphaeroides, Ralstonia eutrophus, and Para-
coccus denitrificans) as well as at chromosome loci.l" Thus Nap,
like Nar, is an excellent candidate for horizontal gene transfer.!
The divergence of Nap from the two strict anaerobes Desulfovi-
brio desulfuricans and Campylobacteria jejuni early on in this
subclade provides an evolutionary link between Nap and Nas. As
more sequences become available for strict anaerobes that can
respire nitrate it will be important to see if they indeed create yet
another distinct subclade. It is also tempting to speculate that if
DNRA with Nap always involves NrfA, then strict anaerobes such
as Sulfurospirillum deleyianum, Sulfospirillum barnesii, and Geo-
bacter metallireducens should possess Nap homologues as well.
Nas seems to have the least conserved sequence of all the
bacterial nitrate reductases, with only 19% similarity and several
deeply branching subclades (Figure 4). There also does not
appear to be any specific clustering based on preferred electron
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Figure 3. Phylogeny of eukaryotic assimilatory nitrate reductase (maximum parsimony). Bootstrap values are
noted at the nodes. The following sequences were used: Plants: Arabidopsis thaliana Nial Z19050, Betula

pedula X54097, Brassica napus D38220, Cichorium intybus X84103, Cucurbita maxima A41667, Glycine max
INR1 L23854, Glycine max INR2 U13987, Hordeum vulgare X60173, Lotus japonicus X80670, Lycopersicon

Ustilago

Hebeloma

esculentum X74060, Nicotiana tabacum Nia2 X14059, Oryza sativa P16081, Petunia hybrida L17563,

Phaseolus vulgaris X53603, Prunus persica AB061670, Ricinus communis AF314093, Solanum tuberosum
U95317, Spinacia oleracea D86226, Triticum aestivum BAB11739, Zea mays AF153448. Algae: Chlamydo-
monas reinhardtii AF203033, Chlorella vulgaris U39931, Volvox carteri X64136; Oomycete: Phytophthora
infestans U14405. Fungi: Aspergillus oryzae D49701, Aspergillus parasiticus U38948, Beauveria bassiana

X84950, Botryotinia fuckeliana U43783, Fusarium oxysporum Z22549, Gibberella fujikuroi X90699,

Hebeloma cylindrosporum AJ238664, Leptosphaeria maculans U044405, Metarhizium anisopliae AJ001141,

Neurospora crassa $16292, Penicillium chrysogenum U20779, Phaeosphaeria nodorum Y13654, Pichia

angusta Z49110, Pichia anomala AF123281, Stagonospora nodorum AJ009827, Ustilado maydis X67687;
Sulfite oxidase: Arabidopsis thaliana AF200972.

donor (ferredoxin- or NAD(P)H-dependent), taxonomic classifi-
cation, or 16S rRNA phylogeny. Cyanobacteria do cluster
together, but clearly have a Nas homologue, which provides
further evidence that the prokaryotic assimilatory nitrate
reductase was an early victim of the chloroplast symbiosis at
least for the green algae. The low degree of sequence similarity
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among a great diversity of bacteria sug-
gests that Nas is a rapidly evolving
protein.

Structural analysis

The majority of the nitrate reductases are
mononuclear molybdenum enzymes. The
molybdenum atom is coordinated by the
sulfur donors of the ene-1,2-dithiolate
(dithiolene) moiety from a unique py-
ranopterin cofactor. Crystallography indi-
cates that the pterin cofactor adopts a
tricyclic pyran ring structure rather than
the originally proposed bicyclic ring struc-
ture.® The basic structure of the py-
ranopterin cofactor with a phosphate
group is retained for Euk-NR and sulfite
oxidase. Currently, no complete crystal
structure of any Euk-NR is known, how-
ever, the crystal structure of chicken liver
sulfite oxidase (CLSO)®” has confirmed
the formulation of the cofactor as pro-
posed. In prokaryotic proteins the phos-
phate group originating from the 2-posi-
tion is replaced by guanine diphosphate
(Scheme 2). The formulation of the cofac-
tor has been crystallographically demon-
strated for Nap®® and represents en-
zymes of the Nas/Nap clade. At present
no crystal structure of membrane-bound
nitrate reductase (Nar clade) or mem-
brane-bound DMSO reductase is known,
although these structures are expected to
be similar to that of Nap. Clearly, there is a
significant difference between the cofac-
tor formulation of the proteins from
eukaryotic and prokaryotic organisms.
The functional ramification of this diver-
sity has yet to be elucidated.

Although the complete crystal struc-
ture of Euk-NR has yet to be determined,
the structure of the cytochrome and the
FAD domains have been published.
Furthermore, the crystal structure of a
structurally similar enzyme, sulfite oxi-
dase, is established. We aligned the
sequences of Euk-NRs with three different
sulfite oxidases (chicken, rat, and Arabi-
dopsis). The high degree of sequence
conservation among Euk-NR (Figure 5)

made comparisons useful. When only Euk-NR sequences were
compared, twelve conserved residues were identified as “cofac-
tor-binding residues” (Figure 5). These residues were identified
through comparison with the 14 residues involved in cofactor
binding in CLSO. The similarity is remarkable in view of the
various types of organisms from which the sequences are
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Figure 4. Phylogeny of prokaryotic nitrate reductases (maximum parsimony). Bootstrap values are noted at
the nodes. The following sequences were used: Nar: Aeropyrum pernix AP000061, Bacillus subtilis 249884,
Escherichia coli NarG X16181, Escherichia coli NarZ P19319, Haloarcula marismortuii AJ277440,
Mycobacterium tuberculosus AAK45455, Mycobacterium bovis AF149772, Pseudomonas aeruginosa
Y15252, Pseudomonas fluorescens U71398, Staphylococcus aureus AF029225, Staphylococcus carnosus
AF029224, Streptomyces coelicolor CAC18712, Thermus thermophilus Y10724; Nap: Campylobacter jejuni
Cj0780, Desulfovibrio desulfuricans Y18045, Escherichia coli P33937 Magnetospirillum magnetotacticum
BAB59022, Paracoccus pantatrophus Z36773, Pasteurella multicida AAK03678, Pseudomonas G-179
AF040988, Pseudomonas aeruginosa F83499, Ralstonia eutropha X71385, Rhodobacter sphaeroides

f. denitrificans AF06954, Shewanella putrifaciens TIGR, Vibrio cholera D82430,; Nas: Amycolatopsis
mediterranei AJ298195, Bacillus halodurans BAB04334, Bacillus subtilis D30689, Caulobacter crescentus
AAK22602, Clostridium perfringens AB017192, Klebsiella oxytoca L08600, Klebsiella pneumonia Q06457
Oscillatoria chalybea X89445, Pseudomonas putida AF203789, Synechococcus sp. PCC7942 S36605,
Synechococcus sp. PCC7002 AAD45942, Synechocytis sp. PCC6803 S77385. DMSO: Escherichia coli P18775.

coordinate to the iron center. The se-
quences of eukaryotic Euk-NR do not
show any conserved histidine at the N
terminus that can be positively identi-
fied as a ligand to the iron. Campbell
reported that the b-heme-binding do-
main is located at the C terminus and
identified two histidines as the heme-
binding residues.”! Our analysis with the
additional sequences concur with this
prediction as these residues are con-
served (Figure 5).

Specific structural features at the
coordination sphere of molybdenum
also differentiate NRs. Euk-NR is charac-
terized by coordination of the molybde-
num center by a single pyranopterin
cofactor through a dithiolene linkage
(Scheme 3).59 A second defining struc-
tural feature of Euk-NR is a mono-oxo
Mo center in the reduced, resting state
of the enzyme. This feature was derived
from the structure of CLSO and by
extended X-ray absorption fine structure
(EXAFS) spectroscopy at the molybde-
num K-edge of Euk-NR from Arabidop-
sis. 591

To date, the complete crystal structure
of Nap has only been determined for
D. desulfuricans. We used the D. desulfur-
icans structural data to predict the roles
of the conserved residues within the
Nas/Nap clade since the clade shows
considerable sequence similarities. The
crystal structure of Nap indicated 29
residues that are involved in binding the
two cofactor molecules. Comparisons
with other Nap enzymes showed that
21 of these 29residues (72%) were
conserved (Figure 6). This is significant
because the overall identity between
Nap sequences is only 22%. All Nap
sequences have an iron-sulfur cluster
with a CX;X,CX;X,XsC sequence at the N
terminus,!" > 2 where X, =R, X,=F or,
X;=G, X,=TorV, and X;=G. The entire
motif is robustly conserved. No other
cofactor binding sequence could be
positively identified, which suggests that
in Nap enzymes there are two prosthetic

derived and strongly suggests that the cofactor-binding residues  groups: the pyranopterin cofactor and the iron - sulfur cluster. In
remain conserved during evolution. None of the EuK-NR addition, there is one conserved cysteine residue that coordi-
sequences have an iron-sulfur cluster binding motif (such as  nates the molybdenum atom. The cysteine ligation to molybde-
CXXCXXXC; X =undefined amino acid). Physiochemical studies num already predicted by other researchers® 3! was crystallo-
indicate a heme center is present as the partner prosthetic  graphically confirmed in D. desulfuricans. All Nap proteins have a
group, a feature crystallographically confirmed in CLSO. In CLSO  twin arginine motif that is believed to be required for placement
the heme is located at the N terminus and H40 and H65 of the protein into the periplasm,©® with the exception of
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of the Fe,S, iron-sulfur cluster that is common to all Nas. A

WIORNSSMLRLTGHHPFNAEAET

EPSILDPEDESTADE

VELHYVE NHG VPE NWSDWSIEITGLVE KFTMEELIS

AGNRRKEON!MVEQT .GF WGS GV Sl W.-G PLSEILRRCGIY-----—--5R—-————RI
GALNVCFEGAE-DLP  KYGTS AMDPARDITLAYMONGELLTFDHGFPVRV I
VP i'IGERf-:VIjH:.KRI'V:': SDSYYHY DHRVLP LVDAEI
LNINSVITTPCHAEILP INAFTTO-—-K Y AY SGGGEK

FELDOHOFEPNE-——-

WOWCEWS LDV

WDESFNTOPDELIWNLM-

Figure 5. 37 different Euk-NR sequences aligned with that of the Arabidopsis NIAT Euk-NR. Identities are
bold black; similarities (both strong and weak) are italicized bold grey; residues with structural roles are
underlined; residues that are thought to be involved in cofactor binding are represented with a different
(larger) font type.

ys /Ser

\\\ /

AN,

\\//

\ -

Scheme 3. Active site structures of NRs: I, eukaryotic (Euk-NR); Il, periplasmic (Nap); lll, membrane bound
(Nar).

P.aeruginosa. The Nas proteins are the most diverse with an
extremely low overall sequence conservation of less than 1%
identity and 19% similarity (Figure 7). Even among the Gram
negative species the sequence similarity is low (17 % identity,
37% similarity). Nevertheless, a highly conserved iron -sulfur
cluster binding motif, CPYCGVGCG, at the N terminus could be
observed in all Nas.! This observation suggested it was the site

204

cysteine residue that could ligate to the molybdenum center was
also found to be conserved. When Nas was compared with Nap,
five residues that might be involved in cofactor binding were
identified (Figure 7). Interestingly, the low number of binding
residues may indicate that even though Nas clusters with Nap,
there may be only one cofactor per molybdenum atom,
verification of which must await structure determination.

In the absence of a crystal structure for Nar, we used the
structural data of Nap to identify putative cofactor binding
residues. This comparison led us to identify 16 highly conserved
residues that might be involved in the cofactor binding (Fig-
ure 8). If this is true then the large number of amino acid residues
that are involved in binding the cofactor supports the notion
that Nar has two pyranopterin cofactors. Nar is also thought to
have an iron-sulfur cluster near the N terminus. While a

conventional binding motif could not be
found, a highly conserved sequence
HG(V)NCTGSC was detected. This sequence
is not typical for an iron -sulfur cluster and
may be involved in binding of the molybde-
num cofactor.®” Indeed, when the histidine
was replaced with a cysteine in E. coli, the
resulting protein failed to bind an iron-
sulfur cluster.®? Another interesting feature
is that there is a conserved serine (not
cysteine) that may coordinate the molybde-
num. Although, X-ray absorption spectros-
copy®! has been used to investigate the
active site structure, biochemical or spectro-
scopic confirmation of the serine coordina-
tion has yet to be found.!" If, however, serine
really does coordinate to the molybdenum
atom, it represents yet another variation in
the active-site structure of nitrate reductase.

The defining structural features of Nar and
Nap place them in the DMSO reductase
(DMSOR) family of Mo enzymes. The Mo
atom is coordinated by two pyranopterin
molecules through dithiolene linkages
(Scheme 3) and is desoxo in the reduced,
catalytically active state. The issue of wheth-
er the oxidised state is monooxo or dioxo in
DMSOR has been intensely debated in
recent years, in part due to different inter-
pretations of structural studies. For example,
the crystal structures of DMSOR isolated
from Rhodobacter sphaeroides were inter-
preted in terms of desoxo Mo" and mono-
oxo MoV centers.®® However, the crystal

structures of enzymes isolated from Rhodobacter capsulatus
were interpreted as having monooxo Mo" and dioxo Mo
centers.%’! Subsequent resonance Raman (rR) and EXAFS spec-
troscopy at the molybdenum K-edge on the two enzymes
supports the views derived from the structural studies.'®
Recently, a very high-resolution structure indicated that plasticity
of the structure is heavily dependent on experimental conditions

ChemBioChem 2002, 3, 198 - 206



Evolution of Nitrate Reductase
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Figure 6. Nap sequences from 10 species of bacteria aligned with Pseudomonas sp. G-179 Nap. See
Figure 5 legend for key.
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Figure 7. Nas sequences from 13 species of bacteria aligned with Klebsiella oxytoca NasA. Klebsiella
oxytoca, Klebsiella pneumonia, Caulobacter cresensus, and Pseudomonas aeroginosa strain PAO1 have
an extension of about 160 amino acids at the C terminus. See Figure 5 legend for key.
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Figure 8. Nar sequences from 11 species of bacteria aligned with Escherichia coli NarG. See Figure 5 legend
for key.
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such as the buffer.** Certainly, these stud-
ies provided a basis for a catalytic trans-
formation between a desoxo molybde-
num(v) and a monooxo molybdenum(v)
center. This important concept can also be
applied to Nap.®® Indeed, in Nap, four sulfur
donors from two pyranopterin cofactors as
well as the sulfur atom from the cysteine
residue coordinate the molybdenum atom.
Although no terminal oxo group could be
located, a water molecule does coordinate
the metal center*® No crystallographic or
spectroscopic data is currently available on
any Nas protein. It is tempting to speculate
from the cofactor binding motif analysis
that Nas has only one pyranopterin cofac-
tor, however, investigation of this proposal
must rely on experimental evidence.

Summary and Outlook

The dramatic increase in the amount of
sequence data available made it possible to
make a comparative study of the different
nitrate reductases. Our analyses indicate
three different clades of nitrate reductase:
Euk-NR, Nar, and Nas/Nap. Nap from strict
anaerobes provides the evolutionary link
between the closely related Nas and Nap.
Our results also suggest that the gene
encoding Euk-NR might be useful for the
study of algal, plant, and fungal evolution.
Whereas Euk-NR appears to have emerged
early on in the evolution of eukaryotes, Nar
and Nap are prime candidates for horizontal
gene transfer. Thus additional sequences of
Nap and Nar especially from strict anaer-
obes and archaea are of great interest.
Sequence alignments coupled with crystal-
lographic information were used to predict
which residues could be involved in cofac-
tor and metal binding. Confirmation of this
prediction awaits site-directed mutagenesis
studies. Genome-sequencing projects offer
the exciting prospect of additional sequen-
ces but need to be complemented with
physiological, biochemical, structural, and
spectroscopic studies. This investigation
points out the serious lack of biophysical
information on Nas and also of detailed
kinetic studies on Nap and Nar in denitrifi-
cation and DNRA. Work also needs to be
done to determine the mechanism by
which nitrate respiration with Nap gener-
ates PMF. Furthermore, we anxiously await
the determination of the crystal structures
of Euk-NR, Nar, and Nas.
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