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Abstract—Octaheme oxidoreductases are widespread among various bacterial taxa involved in the biogeochemical nitrogen
cycle. The evolution of octaheme oxidoreductases of the nitrogen cycle from the evolutionarily more ancient pentaheme
nitrite reductases was accompanied by changes in function from reduction of nitrogen oxides to their oxidation under
changing environmental conditions. Octaheme nitrite reductases, which are the subject of the present review, are of a tran-
sitional form that combines structural and functional characteristics of pentaheme reductases and octaheme oxidases and
possesses a number of unique features typical of only this family of enzymes. The review summarizes data on
structure—function investigations of the family of octaheme nitrite reductases. Emphasis is given to comparison of the struc-
tures and functions of octaheme nitrite reductases and other multiheme oxidoreductases of the nitrogen cycle.

DOI: 10.1134/50006297912100057

Key words: multiheme cytochrome ¢, octaheme nitrite reductase, structure, properties, evolution

In recent years, understanding of the role of multi-
heme cytochromes ¢ (MCC) in the lifecycle of eukaryotes
and prokaryotes has greatly progressed. In addition to the
well-known role of MCC in respiratory electron transfer
in cells, their involvement in the catalysis of the most
important metabolic processes related to the global cycles
of nitrogen and sulfur by bacteria has been shown. The
most important processes include nitrification, respirato-
ry ammonification of nitrate and nitrite, anaerobic
ammonium oxidation, reduction of Fe(III), and reduc-
tion of sulfite, thiosulfate, and tetrathionate [1].

One of the most extensive and most studied families
of MCC with catalytic function are pentaheme
cytochrome ¢ nitrite reductases (NrfA), which catalyze

Abbreviations: HAO, octaheme hydroxylamine oxidoreductase;
MCC, multiheme cytochrome ¢; NrfA, pentaheme
cytochrome c nitrite reductase encoded by the nrfA4 gene (nitrite
reduction with formate); ONR, octaheme nitrite reductase;
OTR, octaheme tetrathionate reductase; rmsd, root mean
square deviation; TvNiR, octaheme nitrite reductase from
Thioalkalivibrio nitratireducens; TvPaR, octaheme nitrite
reductase from Thioalkalivibrio paradoxus.

* To whom correspondence should be addressed.

the six electron reduction of nitrite and sulfite, as well as
the reduction of nitrogen oxides in intermediate oxida-
tion states (NO, NH,OH) [2-16]. Such broad substrate
specificity allows NrfA to perform a variety of functions
in cells, participating in respiratory nitrite reduction dur-
ing anaerobic growth of bacteria with nitrate or nitrite as
an electron acceptor and in dissimilative reduction of
nitrite, nitric oxide, and hydroxylamine in detoxification
of cells [1, 2, 16].

NrfA from different classes of proteobacteria have a
number of structural features that allow them to be
merged into a single family [2, 17-23]. Monomeric NrfA
contains five c-type hemes. Four of the five hemes are
coordinated by two histidine residues in the proximal and
distal positions, and the fifth heme (catalytic) is coordi-
nated via a lysine residue in the proximal position, and
the distal position is occupied by the water molecule or
hydroxide ion that are replaced by the substrate molecule
during the course of the reaction [23]. There is a heme-
binding amino acid sequence motif CXXCK correspon-
ding to the catalytic heme, which is unique for
cytochrome c nitrite reductases. Hemes 3 and 4 are paral-
lel to each other, while hemes in pairs 2/3 and 4/5 are
almost perpendicular to each other (Fig. 1; see color
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insert). The catalytic heme 1 is almost parallel to hemes 3
and 4 and is located at a Fe—Fe distance of 9.5 A from
heme 3. The Fe—Fe distance between the other neighbor-
ing hemes in the monomer varies from 9 to 12.8 A, which
suggests the possibility of direct electron transfer between
these hemes [24, 25].

The NrfA active site is located at the distal side of the
catalytic heme and includes conserved catalytic residues
such as His, Tyr, and Arg. Two channels for transport of
the substrate (nitrite) and the reaction product (ammoni-
um ion), which differ in charge of the inner surface, con-
nect the active site to the surface of the molecule. Each
NrfA subunit contains a Ca>* ion, which is located at the
distance of about 11 A from the catalytic heme iron [17-
22]. It is believed that the role of this Ca?" ion is to stabi-
lize the catalytic conformation of the active site. In some
structures of NrfA a second Ca?" ion has been found; it is
located near hemes 3 and 4 [20, 22]. The role of this cal-
cium ion in the catalysis and stability of the enzyme is
unclear.

NirfA exists in solution as a functional dimer (Fig. 1).
The distance between the hemes 5 from each of two sub-
units located in the intersubunit contact is 11.7 A, which
leads to form a 10-heme electron transport chain and
enables the exchange of electrons between the catalytic
centers in the dimer. The formation of NrfA complexes
with physiological donors of electrons — tetraheme
cytochrome ¢ NrfH or pentaheme NrfB — leads to the
formation of even more extended intramolecular electron
transport chains consisting of 28 hemes in the
4NrfA—2NrfH complex from the bacterium Desulfovibrio
vulgaris [21] or 20 hemes in the 2NrfA—2NrfB complex of
FEscherichia coli [26]. In each of these chains there is con-
servative packing of hemes, consisting of alternating
diheme motifs formed by parallel and perpendicular ori-
ented hemes. The same organization of hemes was noted
in other multiheme cytochromes, and it seems to be opti-
mal for electron transfer in proteins over long distances
[27].

Based on the analysis of kinetic and structural data
and quantum mechanical calculations, a hypothetical
mechanism of six-electron reduction of nitrite catalyzed
by NrfA has been proposed [23], which includes the for-
mation of nitric oxide and hydroxylamine as intermedi-
ates.

OCTAHEME OXIDOREDUCTASES

The second largest group of MCC with catalytic
activity consists of octaheme oxidoreductases, which are
widespread in different taxa of bacteria involved in the
biogeochemical cycle of nitrogen. In contrast to NrfA,
this group of MCC is heterogeneous and includes several
subgroups (families) of enzymes that differ in the struc-
ture of the active site, substrate specificity, and the type of
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catalyzed reactions. The following octaheme oxidoreduc-
tases were structurally characterized: octaheme nitrite
reductases (ONR), hydroxylamine oxidoreductase
(HAO) of the nitrifying bacteria Nitrosomonas europaea
[28], and octaheme tetrathionate reductase (OTR) from
the bacterium Shewanella oneidensis [29, 30].

The physiological function of HAO in cells of nitri-
fying bacteria is the four-electron oxidation of hydroxyl-
amine to nitrite.

The physiological function of OTR from S. oneiden-
sis has not been determined, but it was shown in vitro that
in addition to reduction of tetrathionate to thiosulfate
OTR effectively reduces nitrite and hydroxylamine to
ammonium, which may suggest the participation of this
enzyme in nitrogen metabolism [30].

The evolution of multiheme oxidoreductases of the
nitrogen cycle from the evolutionarily more ancient pen-
taheme nitrite reductases (NrfA) to octaheme oxidases
(HAO) with changes in function from the reduction of
nitrogen oxides to their oxidation under changing envi-
ronmental conditions was postulated [31, 32]. Octaheme
nitrite reductases, which are the subject of the present
review, are considered as a transitional form that com-
bines structural and functional characteristics of penta-
heme nitrite reductases (NrfA) and octaheme oxidases
(HAO) and has a number of unique features typical of
only this family of enzymes.

OCTAHEME NITRITE REDUCTASES

Genes of homologous ONRs have been found in the
genomes of different classes of Proteobacteria (B, y, and
0) including sulfur-oxidizing haloalkaliphilic bacteria of
the genus Thioalkalivibrio (y-proteobacteria) and sulfur-
reducing non-halophilic neutrophilic bacteria of the
genus Geobacter (6-proteobacteria) that are characterized
by high adaptive flexibility [1, 33]. Biochemical and
structural characterization has been reported for ONR
isolated from the bacteria Thioalkalivibrio paradoxus
(TvPaR) [33] and Thioalkalivibrio nitratireducens
(TvNiR) [34, 35]. Both bacteria live in soda lakes with
high pH (up to 10) and high salinity (up to 380 g/liter),
which is due to high concentration of sodium carbonate
in solution [36-38].

These proteins have high similarity of amino acid
sequences (81% identical residues), of spatial structure
(root mean square deviation (rmsd) is 0.49 A when
aligned by Co-atoms of subunits TvPaR and TvNiR), and
of catalytic properties [33], so from now on we will dis-
cuss the general properties of both proteins, calling them
ONR.

Catalytic properties. Among all octaheme oxidore-
ductases, ONR are the closest to pentaheme nitrite
reductases both in catalytic properties and in structure.
ONR and NrfA both catalyze the six-electron reduction
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OCTAHEME NITRITE REDUCTASES

of nitrite (1) and sulfite (2) as well as two-electron reduc-
tion of hydroxylamine (3). Reduction is not accompanied
by the release of intermediate products into the solution
[33, 34].

NO; + 6¢~ + 8 H = NH; + 2 H,0 (1)
HSO; + 6¢~+ 6 H" = HS™ + 3 H,0 )
NH,OH +2e¢” + 3 H"=NH; + H,0 3)

Catalytic constants of nitrite reduction (k) are
higher for ONR than for NrfA (see table). However, the
second-order rate constants (k.,/K,,) (so-called efficien-
cy constants) are comparable for ONR and NrfA from E.
coli. The low value of the efficiency constant for NrfA
from D. desulfuricans is due to a high K, value, which can
be explained by the fact that the experiments were carried
out in the presence of sodium dithionite — an effective
competitive inhibitor of ONR and NrfA [12, 13].

The catalytic constant of reduction of hydroxyl-
amine by ONR is comparable to that of nitrite, as well as
to k., of hydroxylamine reduction by NrfA. However, the
high Michaelis constant values indicate that hydroxyl-
amine is not a physiological substrate for ONR and NrfA.

In cellular metabolism, HAO acts as an oxidase cat-
alyzing the oxidation of hydroxylamine to nitrite in
accordance with the scheme NH,OH —- HNO —» NO —»
NO* — HNO, [39, 40] to form the same intermediates
that are formed during the oxidation of nitrite by NrfA. In
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vitro, HAO is capable to catalyze the reverse reaction of
nitrite, nitric oxide and hydroxylamine reduction to
ammonium using reduced methyl viologen as an electron
donor (table) [41, 42]. The catalytic constant and the effi-
ciency constant of nitrite reduction by HAO are several
orders of magnitude lower than that of NrfA and ONR.
The low value of the efficiency constant is due to high K,
of HAO for nitrite, which is consistent with the fact that
nitrite is the product of the physiological reaction of
hydroxylamine oxidation and should easily dissociate
from the active site to avoid inhibition by the product.

As already noted, OTR is also able to reduce nitrite
and hydroxylamine to ammonium (table). The rate of
reduction of nitrite by OTR is comparable to that of HAO
and significantly lower than in the case of NrfA and
ONR. However, due to the low K, value, nitrite reduction
efficiency (k./K,) of OTR is comparable to that of
nitrite reductases NrfA and ONR, which confirms the
opinion of the authors [30] suggesting the possible
involvement of OTR in the reduction of nitrite in cells.

In addition to the reduction of compounds of nitro-
gen, ONR, like NrfA, can reduce sulfite. The rate of
reduction of sulfite by ONR is lower than by NrfA (except
NrfA from E. coli has comparable sulfite reductase activ-
ity). As a result, the ratio of nitrite reductase and sulfite
reductase activities for ONR is higher than that for NrfA
((6-7)-10* against the (0.6-5.5)-10%), indicating more
fine-tuning of the active site for nitrite reduction.
Nevertheless, sulfite reductase activity of ONR is compa-
rable to the activity of natural siroheme-containing sulfite

Kinetic parameters of nitrite, hydroxylamine, and sulfite reduction catalyzed by NrfA, ONR, OTR, and HAO

Nitrite Hydroxylamine Sulfite
Enzyme
kcata 56071 Km’ mM kca}/[(ma kC‘dl’ 86071 Km’ mM kcat/Kma kc;n’ Se071 Km’ mM kcat/Km7
M "sec™! M "sec™ M~ "sec”!
NrfA )
D. desulfuricans 453 1.140 36x10° 113 0.63 0.75 8.4x 107
[12, 13]
E. coli |9, 14] 769 0.022 3.5% 107 2700 30 9.0x10* 0.03 0.07 43%x 10
S. deleyianum [6] 962 490 0.34
ONR
Tv. paradoxus [33] | 4160 +£320 | 0.10 £0.02 | 4.2x 107 |2950 4407|230 £ 50%*| 1.3 x 10*** 0.06 0.08 £0.04*| 7.5x 107
Tv. nitratireducens | 3100+300| 0.18+0.05 | 1.7x 10 0.04 £ 0.005 0.3* 1.3 x 10?
[33, 39]
OTR [30] 2.8 £0.4 |0.0052+0.0010 | 53x10° | 849 +7 22404 | 39x10* 0
HAO [40, 41] 6.8+£0.3 7.6 0.9 89x 10> | 245+ 3 68102 3.6x10*

* Instead of K, values, K;values for competitive inhibition of nitrite reduction by sulfite are given.

** Our unpublished data.
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reductases [33, 43] and may have physiological signifi-
cance.

ONR also shows peroxidase activity, but it is signifi-
cantly lower than the activity of natural peroxidases [34].

A slowly reacting substrate — sulfite — is an effective
competitive inhibitor of the nitrite reductase reaction
[33]. The inhibition constant (K; = 0.08 = 0.04 mM) for
sulfite is comparable to the Michaelis constant for nitrite
(K, =0.10 £ 0.02 mM for TvPaR), so an excess of sulfite
in the cell may lead to a significant inhibition of nitrite
reduction. In addition to sulfite, the reduction of nitrite is
inhibited by cyanide and azide [34].

3D structure of ONR. Structure of the monomer. The
ONR subunit consists of two domains. The N-terminal
domain contains hemes 1-3, the second domain (catalyt-
ic) contains hemes 4-8. The structure of the ONR cat-
alytic domain is similar to that of the NrfA monomer [33,
35]. There are about 200 C_-atoms of the catalytic
domain of TvNiR and monomer NrfA that can be super-
imposed with rmsd less than 1 A. For this, the five hemes
of TvNiR are superimposed with the NrfA hemes, and 19
out the 30 a-helices of TvNiR including the three charac-
teristic long helices at the C-terminus are superimposed
with the corresponding helices of NrfA.

Seven hemes ¢ of the ONR monomer (hemes 1-3
and 5-8 in Fig. 2a; see color insert) are associated with the
polypeptide chain via classic heme(c)-binding motifs
CXXCH and are coordinated in the distal and proximal
positions by histidine residues. The catalytic heme 4 is
coordinated in the proximal position by the LysI88
residue from the unique heme-binding motif CXXCK,
which was previously found only in pentaheme nitrite
reductases, and in the distal position — by a water mole-
cule [33, 35].

Bis-histidine-coordinated hemes are arranged in
diheme motifs, which are characteristic of multiheme
cytochromes c. Hemes in the pairs 1/2, 3/5, and 6/7 are
parallel to each other with distances between iron atoms
of about 9.1-9.6 A. The planes of hemes 2/3, 5/6, and 7/8
are almost perpendicular to each other, with distances
between iron atoms in these pairs of about 11.5-12.9 A
(Fig. 3). Six hemes are organized into two branches that
converge to heme 6. Heme 6 is located at Fe—Fe distance
of 9.6 A and is almost parallel to the catalytic heme 4.
Arrangement of the eight hemes of ONR coincides with
the arrangement of eight hemes of HAO, and the five
hemes of the catalytic domain of ONR coincide with the
five hemes of NrfA including the catalytic hemes (Fig. 3).
Seven hemes of ONR can be superimposed with seven
hemes of OTR [35] such that the catalytic hemes are not
involved in this superposition and appear on opposite
sides of the line of superimposed hemes. Thus, the pack-
ing of the hemes in all octaheme oxidoreductases coin-
cides, while the packing of five hemes in NrfA can be
regarded as a fragment of a more general octaheme
chain.

TIKHONOVA et al.

Structure of the hexamer. X-Ray diffraction and chro-
matographic data as well as small-angle X-ray scattering
data showed that ONR in a crystal and in solution forms
a stable homohexamer [33-35, 44]. The hexamer shape is
close to a triangular bipyramid with a height of ~150 A
and a length of a basis of ~120 A (Fig. 2a). The ONR
hexamer can be described as a “dimer of trimers”. Each
ONR monomer forms 36 hydrogen bonds with neighbor-
ing monomers in the trimer (the surface area of contact is
3200 A? per monomer) and 13 hydrogen bonds with the
monomers of neighboring trimer in hexamer (contact
surface area 1650 A?). The total surface area of the
monomer inaccessible to solvent is 4850 A2 [35], which
ensures high stability of the hexamer in solution.
Dissociation of hexamers was not observed upon dilution
to nanomolar concentrations. Hexamers were stable in
the temperature range of 20-70°C, at pH 4.5-9.7, and in
solutions with high (up to 2 M NaCl) salt concentrations.
A presumed role of oligomerization of the ONR from
haloalkaliphiles is stabilization at high pH and salinity.

NrfA dimers are much less stable. The dissociation
constant is 1-3 nM for NrfA from Sulfospirillum
deleyianum [6] and 4 uM for NrfA from E. coli [9] (area
of intersubunit contact is 2150 and 1530 A2, respectively).
The HAO trimer is much more stable than NrfA dimers
or ONR hexamers due to the greater area of intersubunit
contacts (5430 A?) [28] as well as through a covalent
bonding between the subunits.

The formation of the ONR hexamer structure leads
to the formation of a large cavity (38 x 46 A) inside the
hexamer filled with solvent and connected with surround-
ing solution through three outlets of size 9 x 16 A, which
are located in the trimer—trimer contact site near heme 8
(Fig. 2a) [35].

The forty-eight hemes in the ONR hexamer do not
form a common electron transport chain, in contrast to
HAO and NrfA. Direct electron transfer is possible only
between hemes 3 of the subunits forming the dimer,
where the Fe—Fe distance is 13.1 A (Fig. 2a). The mini-
mum distance between iron atoms of the closest hemes 6
and 8 from the neighboring subunits in the trimer is about
30 A (Fig. 2b). The absence of a common electron trans-
port chain indirectly confirms the hypothesis that the pri-
mary role of oligomerization is the stabilization of the
enzyme.

Active site. As in the case of NrfA, the active site of
ONR is located on the distal side of the catalytic heme
coordinated in the proximal position by the LysI88
residue and includes conserved residues Tyr303, His361,
and Argl31. In the free form of the enzyme, residues
Tyr303 and His361 form hydrogen bonds with a water
molecule coordinated to the heme Fe(III) ion [33, 35]. It
is assumed that in ONR, as well as in NrfA, tyrosine and
histidine residues are directly involved in catalysis,
whereas the arginine provides the correct orientation of
the substrate and intermediate products during the reac-
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Fig. 3. Superimposition of hemes: a) TvNiR (black) and NrfA (gray); b) TvNiR (black) and HAO (gray); c¢) TvNiR (black) and OTR (gray).
Hemes are numbered in accordance with position of the heme-binding motifs in the corresponding amino acid sequence. Heme numbering

in TvNiR and HAO coincides.

tion [17, 18, 35]. The active sites of NrfA and ONR are
very similar [22, 33, 35], but unlike NrfA, the active site
of ONR contains a Cys residue that forms a covalent
bond with catalytic Tyr303 (Fig. 4a; see color insert).
This bond does not affect the overall architecture of the
active site, but it causes shifting of the hydroxyl group of
the tyrosine residue by 1.2 A in the direction of the cat-
alytic heme [35] and compaction of the active site. As a
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result, the hydrogen bonds formed between residues
Tyr303 and His361 and the substrate are shorter than in
NrfA. The second presumed consequence of this bond
formation is a decrease in pK, of the hydroxyl group of
Tyr303 by 0.5-1.0 unit, which facilitates the transfer of a
proton from the hydroxyl to an oxygen atom in the sub-
strate molecule (nitrite). It has been suggested that the
formation of this bond is responsible for the increase in
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nitrite reductase activity of ONR compared with that of
NrfA [35, 45].

In ONR as well as in NrfA there is a Ca*" ion locat-
ed at a distance of 10.5 A from the catalytic heme iron
atom. This Ca?" ion is coordinated with residues Glu302,
Tyr303, Lys358, and GIn360 and two water molecules
(Fig. 4a). The GIn residue is conserved in multiheme
nitrite reductases. Its substitution in NrfA by Glu, which
is more common in Ca**-binding proteins, led to a 10-
fold decrease in nitrite binding [22, 46], the catalytic con-
stant being unaffected. Due to the presence of the Ca?"
ion and the charged residues Argl31 and His361, the
active site of ONR has a positive charge, which promotes
the binding of negatively charged substrates (nitrite, sul-
fite) and the dissociation of the positively charged prod-
uct (ammonium ion).

A number of structures of ONR have a second bind-
ing site for a metal ion (Ca?") [44, 45]. A Ca’>' ion is
located in the channel of the product transport and is
coordinated by carboxyl groups of hemes 6 and 7, by the
oxygen atom of the main chain of Prol16, and by three
water molecules. A similar binding site for a second Ca?*
ion is found in NrfA molecules [17]. The role of this cal-
cium ion for activity and stability of ONR is unclear. It is
possible that the binding of the second Ca’" ion affects
the redox potentials of the coordinated hemes 6 and 7
[22], and thus affects the rate of intramolecular electron
transfer.

Substrate and reaction product transport channels. As
in the case of NrfA, the active site of ONR is connected
with the surface of the subunit via two channels for the
transport of substrate and reaction product molecules
(Fig. 4b) [33, 35]. The entrance to the substrate channel
has a positive charge due to the presence of residues
Argl71, Arg316, and Arg348 in TvNiR and Lys213 and
Argl71 in TvPaR, which promotes transport of negatively
charged nitrite ions to the active site. The central part of
the channel is characterized by almost neutral charge with
the area of a negative charge around Asp346, which is con-
served for ONR and NrfA. This residue seems to con-
tribute to pushing the substrate directly into the active site.

The product transport channel is negatively charged,
which promotes the leaving of the positively charged
ammonium ion from the active site. The negative charge
of the channel is due to the presence of conserved
residues Glu83 and Glul15 (TvPaR also has Glu88) and
propionate groups of hemes 6 and 7. Due to hexameric
structure of ONR, the channel does not transport the
product to the surface of the molecule as in NrfA, but
leads it into the inner cavity of the hexamer. The exit of
the channel into the cavity inside the hexamer has a pos-
itive charge. Three of the four residues (Arg96, Arg404,
and Lys431) responsible for this charge are conserved in
the sequences of other octaheme nitrite reductase, which
confirms their importance for the functioning of these
enzymes. The reaction product is released from the hexa-
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mer inner cavity into the solution via the mentioned three
outlets located at sites of trimer—trimer contact near
heme 8 (Fig. 2a) [35].

The product ands substrate transport channels are
filled with water molecules linked by hydrogen bonds [35]
and thus can perform an additional function of transport
of protons into the active site. The water molecule of the
substrate channel closest to the active site is linked by
hydrogen bonds with the amide group of GIn360 and the
hydroxyl group of catalytic residue Tyr303, thus providing
the transfer of protons to the hydroxyl linked in turn by a
hydrogen bond with the oxygen atom of the substrate
(nitrite or sulfite). Because the nitrite reduction reaction
is accompanied by the binding of eight protons, efficient
transport of protons into the active site can have a signif-
icant effect on the catalytic process.

In the case of ONR, efficiency of proton transport to
the active site can be much higher than in the case of
NrfA due to the presence of an additional channel
through which protons from the surface of the protein can
be transferred to water molecule linked by hydrogen bond
with the hydroxyl group of residue Tyr303 (Fig. 4b) [45].
The channel contains a chain of five water molecules
linked by hydrogen bonds with each other and the amino
acid residues forming the channel wall. The width of the
channel excludes the possibility of transport of the sub-
strate or product through it. In NrfA structure, this chan-
nel is closed on the surface of the protein by the side chain
of an arginine residue, and inside the channel — by the
side chains of tyrosine and leucine (isoleucine) residues.
In ONR these positions are occupied by Tyr473, Ala339,
and Pro357, respectively.

Structure of complexes of ONR with substrates and
inhibitors. Localization of the active site at heme 4 was
confirmed by obtaining the structures of complexes of
ONR with substrates (sulfite, nitrite, and hydroxylamine)
and inhibitors (azide [35], cyanide [45], and phosphate
[47]), where the ligands bind at the distal side of heme 4
to form a coordination bond with the heme iron atom. In
all cases, ligand binding was not accompanied by signifi-
cant structural changes (rmsd between all Ca atoms of
one subunit in apo- and holo-forms was about 0.2 A)
[35].

Binding of nitrite was accompanied by formation of
a coordination bond between the nitrogen atom of nitrite
and the iron atom of heme 4 (Fig. 5a). One oxygen atom
of nitrite forms hydrogen bonds with the catalytic groups
Tyr303 and His361, and the other one forms a hydrogen
bond with Argl31. As already noted, the length of the
hydrogen bonds formed by nitrite with histidine and tyro-
sine residues is shorter [35, 45] than that in the complex
of NrfA with nitrite [14, 17], which may be a reason for
the increased activity of ONR in nitrite reduction.

In ONR complexes with sulfite (Fig. 5b) [33, 43, 45],
sulfite is coordinated with the catalytic heme iron atom
through a sulfur atom. One of the oxygen atoms forms two
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His361

Fig. 5. Binding of nitrite [45] (a) and sulfite [43] (b) in the active site of ONR from TV. nitratireducens. The active site residues are labeled; the
catalytic heme 4 is shown in white. The conservative water molecule linked by hydrogen bonds with the catalytic heme carboxylates is shown
by gray sphere. Coordination and hydrogen bonds are shown by dashed lines.

hydrogen bonds with residues Tyr303 and His361. The
second oxygen atom forms a hydrogen bond with the side
chain of Argl31, and the third forms a hydrogen bond
with a conserved water molecule associated with the car-
boxyl groups of the heme. Reduction of the complex with
sulfite does not lead to significant structural changes in
the active site of the enzyme [45]. An oxygen atom of sul-
fite linked to a conserved water molecule is cleaved first in
the reduction process, and this leads to the formation of
an intermediate that is bound similarly to the nitrite ion
in the corresponding complex.

Hydroxylamine is a substrate of NrfA and ONR as
well as a possible intermediate in the reduction of nitrite.
The location of the hydroxylamine molecule in the struc-
ture of the ONR complex [45] is similar to its position in
the NrfA complex [23]: the nitrogen atom of NH,OH
forms a coordination bond with the catalytic heme iron
ion and the molecule is tilted toward residue Argl31. The
direction of the N—O bond in the NH,OH molecule
coincides with the direction of one of the N—O bonds in
the nitrite ion in the corresponding complex (Fig. 5a).
This orientation of the hydroxylamine molecule suggest-
ed [23] that during the reduction of nitrite the first bond
to be broken is N—O, which is directed toward His361
and Tyr303.

During co-crystallization of ONR with hydroxyl-
amine, a modification of the enzyme with the formation
of an additional covalent bond between the C-atom of the
aromatic ring of Tyr303 located in ortho-position toward
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the hydroxyl group and the Cy atom of GIn360 coordi-
nating Ca’" ion was observed. The formation of this bond
leads to the rotation of the Tyr aromatic ring by 12° and
changing the conformation of the side chain of GIn360.
These structural changes do not affect the position of sub-
strates in the active site of ONR.

Reduced nitrite reductase activity of the modified
enzyme was explained [45] by the possible increase of pK,
of the hydroxyl of the modified Tyr303, which serves as a
primary proton donor during catalysis. The importance of
the hydroxyl group of the Tyr303 residue for catalysis was
confirmed in [14], where mutation of the corresponding
residue Tyr218 in the active site of NrfA to Phe led to
almost complete loss of nitrite reductase activity despite
the fact that the overall structure of the active site
remained virtually unchanged.

On the whole, the arrangement of substrates and
inhibitors in the active site of ONR coincides with that in
the NrfA active site, which correlates with a similar struc-
ture of the active sites, explains the similarity of the cat-
alytic properties of both classes of enzymes, and suggests
the same mechanism of catalysis, which has been
described for NrfA [23]. According to the proposed
mechanism, in the first stage the catalytic heme iron ion
is reduced to the oxidation state +2, then the water mol-
ecule, which occupies the place of the distal ligand, is
replaced by nitrite to form a N—Fe coordination bond. In
the next stage heterolytic cleavage of one of N—O bonds
of nitrite ion occurs, and this is followed by two one-elec-
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tron reductions of the formed {FeNO}® complex to the
{FeNO}® complex. The NO ligand in the {FeNO}® com-
plex is nucleophilic and is readily protonated to form
HNO, which leads to the formation of Fe(II)-HNO. The
latter is then reduced by two electrons with the formation
of Fe(II)-NH,OH. In the last stage, hydroxylamine
undergoes reductive cleavage to form ammonium ion,
which dissociates from the active site and is pushed by
electrostatic forces to the subunit surface through the
product output channel. Formation of NO and NH,OH
as the possible intermediate products is consistent with
the fact that both compounds are substrates of NrfA and
ONR.

Physiological relevance. The role of ONR in the cells
of sulfur-oxidizing bacteria of the genus Thioalkalivibrio
is unclear. It is known that the bacterium 7Tv. paradoxus
uses thiocyanate, thiosulfate, and sulfide as electron
donors for growth. Thioalkalivibrio paradoxus does not
grow under anaerobic conditions with nitrate or nitrite as
an electron acceptor and does not use oxygen compounds
of nitrogen in assimilatory processes [48].

The bacterium 7v. nitratireducens can use sulfur
compounds such as sulfide, polysulfide, and thiosulfate,
as well as hydrogen, as electron donors and under anaer-
obic conditions — nitrate (not nitrite) as an electron
acceptor in respiratory processes. Reduction of nitrate in
anaerobic culture growth is accompanied by accumula-
tion of nitrite in the medium [37, 38].

These metabolic features of both bacteria suggest
that the physiological function of ONR is not a respirato-
ry reduction of nitrite. The participation of ONR in the
detoxification of cells from intracellular nitrite is also
unlikely because in 7v. paradoxus endogenous nitrite is
not formed. In addition, most dissimilatory nitrite reduc-
tases are not constitutive and are formed only in response
to increasing concentrations of nitrite. But for TvNiR and
TvPaR it was shown that both proteins are constitutive,
being present in the cells at all stages of growth with their
content reaching 5-9% of soluble cell protein (A. V.
Tikhonov, personal communication).

As already noted, sulfite reductase activity of ONR is
comparable with the activity of natural siroheme-contain-
ing sulfite reductases [33, 43], suggesting that ONR can
participate in the conversion of sulfur-containing com-
pounds that play a key role in the metabolism of sulfur-
oxidizing bacteria of the genus Thioalkalivibrio. In addi-
tion, the presence of ONR genes in all known genomes of
bacteria of the genus Geobacter, characterized by high res-
piratory flexibility and the ability to use the oxides of vari-
ous metals including iron and radioactive metals like ura-
nium as an electron acceptor during anaerobic growth,
suggests that ONR could be involved in respiratory
processes with acceptors other than nitrite and sulfite.

ONR as an intermediate link in evolutionary chain of
multiheme oxidoreductases involved in the nitrogen cycle.
Comparative analysis of the properties and structure of
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multiheme oxidoreductases of nitrogen cycle has revealed
significant similarity of these enzymes despite the low
homology of amino acid sequences and the differences in
oligomeric state, the structure of the active site, and the
reactions catalyzed in cells. One of the most obvious gen-
eral properties of all the above proteins was already men-
tioned — a conserved heme arrangement within the
monomer. Axial ligands (His) of all hemes, except for the
catalytic heme, are also conserved. Another important
similarity is the presence of three long a-helices in the C-
terminus of the NrfA, HAO, and ONR molecules, which
are involved in the formation of intersubunit contacts in
NrfA dimers [17], HAO trimers [28], and ONR hexamers
[35]. A third similarity is that the reactions of conversion
of nitrogen compounds catalyzed by multiheme oxidore-
ductases — oxidation of hydroxylamine to nitrite by HAO
and reduction of nitrite, nitric oxide, and hydroxylamine
to ammonium by NrfA and ONR, as well as the reduction
of nitrite and hydroxylamine by HAO and OTR in vitro —
appear to have similar mechanisms and proceed through
the same intermediate states. All these signs point to the
evolutionary relationship of the reviewed multiheme oxi-
doreductases.

Based on analysis of amino acid sequence [31, 32],
secondary structure elements, and available 3D structures
of multiheme oxidoreductases of the nitrogen cycle, it has
been postulated that the pentaheme dimeric nitrite NrfA
reductases are evolutionary precursors of a variety of octa-
heme multisubunit proteins that reduce and oxidize nitro-
gen-containing compounds and possibly also sulfur-con-
taining compounds. From NrfA two evolutionary groups
are derived — the OTR and the HAO branches. In the sec-
ond branch, ONR are regarded as an intermediate link. It
is assumed that ONR were derived directly from NrfA by
a single 5'-terminal insertion into a gene of a sequence
that contains three heme-binding motifs [31], for exam-
ple, a fragment of a gene (which is located immediately
after the NrfA gene) of the electron donor (tetraheme
cytochrome ¢ NrfH for NrfA from o-proteobacteria or
pentaheme cytochrome ¢ NrfB for NrfA from y-pro-
teobacteria FE. coli). This assumption is confirmed by the
superposition of the structure of TVNiR and the structure
of NrfB taken from the structural model of the
NrfB—NrfA complex from E. coli [49]. In the NrfB—NrfA
model, hemes 1 and 2 of NrfB are exposed to the solution
and, apparently, serve as a point of contact and electron
transfer to the following member of the electron transport
chain, NrfC. Hemes 1 and 2 of NrfB and solution-
exposed hemes 1 and 2 of ONR superimpose (rmsd 0.8 A)
as well as the fragments of the protein structure surround-
ing hemes (rmsd 0.8 10\) (Fig. 6; see color insert) [35].

In addition to heme-binding motifs, ONR inherited
from NrfA the residues forming the substrate channel and
the residues involved in binding of calcium ions and the
substrate. The newly acquired feature of ONR is cysteine
located near the active site. In the active site of ONR, this
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cysteine forms a covalent bond with the catalytic tyrosine
residue and cannot interact with the substrate. This bond
is a distinguishing feature of ONR within multiheme oxi-
doreductases [31, 32].

CONCLUSION

Octaheme oxidoreductases are widespread in differ-
ent taxa of bacteria involved in the biogeochemical nitro-
gen cycle and possibly also the sulfur cycle [1, 31, 32].
Molecular genetic and structure-function analysis of
genomes and proteins allowed to formulate a possible path
of evolution of octaheme oxidoreductases of the nitrogen
cycle from more ancient pentaheme nitrite reductases,
with a change in their function from the reduction of
nitrogen oxides to their oxidation under the influence of
changing environmental conditions. Octaheme nitrite
reductases are a transitional form combining structural
and functional features of pentaheme nitrite reductases
(NrfA) and octaheme oxidases (HAO). Packing of the
eight hemes of ONR coincides with packing of hemes in
HAO, while the structure of the catalytic domain, the
presence of lysine-coordinated catalytic heme, and the
structure of the active site correspond to those in NrfA.
Despite the similarities, the structure of ONR demon-
strates some distinctive features such as: covalent bond
between the tyrosine and cysteine residues in the active
site leading to a change in the properties of the catalytic
tyrosine and providing more efficient nitrite reduction;
hexameric organization of ONR in solution and, appar-
ently, in the cell, which results in the release of the reac-
tion product into the cavity inside the hexamer. Perhaps
the formation of the hexameric structure in the two
haloalkaliphilic ONR proteins studied is a consequence of
adaptation to extreme environmental conditions and pro-
vides stability to the molecule at high salt concentrations
and high pH values. Thus, it becomes clear that the for-
mation of a stable hexamer containing 48 hemes does not
lead to the formation of a common electron transport
chain that unites the catalytic sites located on different
subunits, as was shown for NrfA and HAO. The question
of the possible role of oligomeric structure in catalysis and
the question of the physiological function of ONR family
proteins remains a subject of further research.
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Fig. 1. (T. V. Tikhonova et al.) Structure of the NrfA dimer from W. succinogenes (PDB 1FS7). The hemes are numbered according to the posi-
tion of the heme-binding motif in the amino acid sequence. The catalytic heme 1 is shown in black, and the others are shown in red. A cal-
cium ion is shown in gray.

Fig. 2. (T. V. Tikhonova et al.) a) Spatial structure of the 7. nitratireducens ONR hexamer (PDB 20T4 [35]). Subunits in the trimer are shown
in different colors, and adjacent subunits (dimers) of the different trimers are shown in the same color. The location of hemes in the dimer is
shown, the hemes being numbered according to the position of the heme-binding motifs in the amino acid sequence, and the catalytic heme
4 is shown in black. b) Arrangement of the hemes in the trimer, the catalytic hemes being highlighted in black.
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Fig. 4. (T. V. Tikhonova et al.) a) Structure of the active site of ONR from 7v. paradoxus (PDB 3SXQ [33]). A map of 2Fo-Fc electron density
(lo) for Tyr303 and Cys305 is shown. The catalytic heme iron and cobalt ions are shown in brown, and the calcium ion is shown in gray.
Coordination and hydrogen bonds are shown by dashed lines. b) Transport channels of substrate (orange), product (yellow), and protons (blue)
in the structure of the ONR. The side chains of residues forming the channels are shown. Hemes 4, 6, and 7 are shown in gray, water molecules
as blue spheres, the calcium ion in gray, and cobalt ions in brown.

Fig. 6. (T. V. Tikhonova et al.) Superimposition of hemes 1 and 2 from TvNiR (PDB 20T4 [35]) and hemes | and 2 from NrfB [49]. Hemes
from TvNiR are shown in blue, the elements of secondary structure are shown in pink, hemes from NrfA are shown in yellow, the elements of
secondary structure are shown in green, and matching secondary structure elements are shown in red.

BIOCHEMISTRY (Moscow) Vol. 77 No. 10 2012



