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Abstract

Dissimilatory nitrite reductase (NIR) is a key enzyme in the anaerobic respiratory pathway
of denitrifying bacteria. There are two types of NIR, one of which contains copper and the
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other heme. Cu-containing NIR (Cu NIR) has the trimeric structure with one type 1 Cu
(blue copper) atom and one type 2 Cu (nonblue copper) atom in each subunit. The type 1
Cu atom bound by 2His, Cys, and Met accepts one electron from an electron donor protein
and shows an intense color, blue or green. The type 2 Cu atom bound by 3His and a solvent
(H,O or OH ) is a reduction center of nitrite to NO. The intramolecular long-range electron
transfer process is observed from the type 1 site to the type 2 Cu site with a half-life period
of ca. 0.3 ms. The present review deals with (i) spectroscopic characterization of Cu NIR’s,
(i) structures of Cu NIR’s, and (iii) functions of Cu NIR’s (intermolecular electron transfer
process, intramolecular electron transfer process, and reduction of nitrite ion). © 1999
Elsevier Science S.A. All rights reserved.

Keywords: Denitrification; Nitrite reductase; Type 1 Cv; Type 2 Cu; Copper proteins; X-ray crystal
structure; Long-range electron transfer

Nomenclature

NIR
nitrite reductase

T2D-NIR  type 2 Cu-depleted nitrite reductase

AxgNIR NIR from Alcaligenes xylosoxidans GIFU 1051
AxnNIR NIR from Alcaligenes xylosoxidans NCIB 11015
AciNIR NIR from Achromobacter cycloclastes IAM 1013
AfsNIR NIR from Alcaligenes faecalis 8-6

HypNIR NIR from Hyphomicrobium sp.

PsaNIR NIR from Pseudomonas aureofaciens

PssNIR NIR from Pseudomonas sp.G-179

RhhNIR NIR from Rhizobium ‘hedysari’ strain HCNT1
RhsNIR NIR from Rhodobacter sphaeroides 2.4.3

pAz pseudoazurin

Aci-pAz pseudoazurin from Achromobacter cycloclastes 1AM
1013

Afs-pAz pseudoazurin from Alcaligenes faecalis S-6

Az azurin

Axg-Az azurin from Alcaligenes xylosoxidans GIFU 1051
Aoase ascorbate oxidase

His histidine

Met methionine
Cys cysteine

Lys lysine

Glu glutamic acid
Asp aspartic acid

Val valine
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Thr threonine

CD circular dichroism

MCD magnetic circular dichroism

EPR electron paramagnetic resonance
ENDOR electron nuclear double resonance
NHE normal hydrogen electrode

1. Introduction

All organisms need organic nitrogen as a constituent part of the cell. The fixed
nitrogen utilizable for organisms is generally poor in the ecosystem, being the
suppressed growth factor for many organisms. A recent rapid rise in world
population is partly due to the invention of synthetic nitrogen fixation (Haber—
Bosch process). In order to keep the environment of the earth constant, fixed
nitrogen must be completely reconverted into dinitrogen gas. The reverse process of
dinitrogen fixation is denitrification. Fig. 1 shows the terrestrial nitrogen cycle that
consists of several linked biological and abiological processes. Denitrification is the
dissimilatory reduction of nitrate or nitrite ion usually to produce dinitrogen by
prokaryotic organisms [1]. Denitrifying bacteria occupy a wide range of natural
habitats including soil and water, and return large amounts of fixed nitrogen to the
atmosphere in the natural world. Therefore, we have to rely on denitrifying bacteria
to remove inorganic nitrogen compounds as pollutants which bring about air
pollution, acidic rain, and water pollution (eutrophication).

internal bustion engines
in - c?m : ion engi NO,
\ lightning discharges
nitrogen fixation I N, O
by bacteria "y denitrification H,0
nitrogen fixation by
Haber-Bosch process NO

NH3 nitrification NOy
oxidative ‘ nitrate assimilation
deamination

organic nitrogen
(biomolecules, organisms)

Fig. 1. Terrestrial nitrogen cycle.
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In Fig. 1, the denitrification process is a cascade of anaerobic respiration
processes which are catalyzed by the corresponding metalloenzymes [1,2]. The first
step (two-electron reduction) is carried out by the dissimilatory membrane-bound
nitrate reductase containing molybdenum with both heme and non-heme irons.
This enzyme is more closely related to the respiratory DMSO reductase of E. coli
and has an Mo(VI)O center with two dithiolene-containing pterin cofactor ligands
[3]. The second step (one-electron reduction) is catalyzed by the dissimilatory
soluble enzyme, nitrite reductase (NIR) of which two distinct types are known:
hemes c,d,-containing NIR and Cu-containing NIR. The former is isolated from a
large number of bacteria, approximately two-thirds of the denitrifying bacteria
examined to date. The dimeric enzyme consists of two domains, a small one
including the covalently bound heme ¢ and a large one including the heme d, [4,5].
Copper NIR is a trimer, in which the monomer contains one type 1 Cu (blue
copper) bound in a subunit and one type 2 Cu (nonblue copper) located between
two subunits {6—10a]. The nitric oxide reductase containing hemes 5 and c is
concerned with the third step (two-electron reduction). The reason why the presence
of nitric oxide reductase was not ascertained for a long time is that this enzyme is
an unstable membrane-bound protein. The protein consists of large and small
subunits containing heme ¢ and heme b, respectively [2,11]. The final step (two-elec-
tron reduction) is carried out by the soluble copper enzyme, nitrous oxide reduc-
tase. The protein is usually a homodimer of 7--9 kDa subunits with 4 Cu/monomer.
The oxidized enzyme shows bright purple or pink and changes into typical blue
expected for copper proteins after the reduction with dithionite. The spectroscopic
studies suggest that the enzyme contains at least one mixed-valent, thiolate-bridged
Cu(I)-Cu(Il) unit [12], which is similar to the binuclear copper center in cy-
tochrome ¢ oxidase [13,14]. Nitric oxide reductase and nitrous oxide reductase
attract special attention because these enzymes might be an ancestor protein of
terminal oxidases like cytochrome ¢ oxidase and ubiquinol oxidase [15.16].

About ten Cu NIR’s have been characterized so far from a variety of denitrifying
bacteria. In 1955, the first Cu NIR was found in the strain of Alcaligenes
xylosoxidans NCIB 11015, which was isolated from soil at Nagoya University by
Iwasaki et al. and was tentatively identified as Pseudomonas denitrificans [17,18].
Other such copper enzymes were isolated from Achromobacter cycloclastes [19],
Alcaligenes faecalis S-6 [20], Bacillus halodenitrificans [21], Haloferax denitrificans
[22], Nitrosomonas europaea [23], Pseudomonas aureofaciens [24], Rhodobacter
sphaeroides [25], and Hyphomicrobium sp. [26). In the early reports, Cu NIR was
not uniform with respect to the number and tvpe of copper species and the subunit
structure. The Cu NIR’s from A4. xylosoxidans NCIB 11015 (AxnNIR) [27] and P.
aureofaciens [24] were reported to be dimeric enzymes (70-85 kDa) and have two
type 1 Cu atoms only. The dimeric Cu NIR (69 kDa) from A4. cycloclastes IAM
1013 (AciNIR) was believed to have both the type | and 2 Cu atoms [28].
Moreover, the Cu NIR from 4. faecalis S-6 (AfsNIR) was described as being a
tetramer of 110 kDa, containing four copper atoms distributed in the enzyme as the
type 1 and 2 Cu sites [29]. However, X-ray crystal structure analyses of three Cu
NIR’s revealed that all of AciNIR [6,7], AxnNIR [9,10a], and AfsNIR [8] are
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similar trimers with each of the type 1 and 2 Cu atoms per monomer. The paper on
the first crystal structure analysis of AciNIR by Adman et al. described a trimer
both in the crystal and in solution [6]. It was subsequently concluded that Cu NIR’s
require both type 1 and 2 Cu’s for optimal activities [30,31]. The fourth crystal
structure of the Cu NIR from A. xylosoxidans GIFU 1051 [32] (AxgNIR) has been
recently determined at 2.05 A resolution [33]. The molecular structure of AxgNIR
is also a trimer with two Cu atoms. Two azurins (Az-I and Az-II) with AxgNIR
were found in this bacterium as well as A. xylosoxidans NCIB 11015 [34].
According to sequence analyses of these Az’s composed of 129 amino acid residues,
only one residue in each Az from A. xylosoxidans GIFU 1051 (GIn106 in Az-1 and
Val31 in Az-1I [35]) is replaced in the corresponding protein from A. xylosoxidans
NCIB 11015 (Glul06 in Az-I and Met31 in Az-II [36]).

Herein we focus on the structure—function relationships of Cu NIR’s which
catalyze the dissimilatory reduction of nitrite ion to nitric oxide. In the functions of
Cu NIR, three basic reactions are included: intermolecular and intramolecular
electron transfer processes and redox reaction. Several physicochemical methods
(spectroscopy, electrochemical method, pulse radiolysis, and X-ray crystal analysis)
and techniques of protein engineering are very effective for the structure—function
studies of Cu NIR’s,

2. Spectroscopic characterization of Cu-containing nitrite reductases

The metal binding sites of copper proteins are generally categorized as type 1,
type 2, and type 3 Cu’s according to their spectroscopic and magnetic properties
[37]. Type 1 Cu or blue copper derived from the intense blue color of proteins
shows unique spectroscopic properties. This Cu(II) ion exhibits an intense absorp-
tion band near 600 nm (¢=2,000-5,000 M~ ' cm ~ '), which is attributable to an
allowed ligand-to-metal charge transfer transition [S(Cys) —(Cu(Il)]. The EPR
spectra of type 1 Cu give small hyperfine coupling constants (3—7 mT). The type 1
Cu center is characterized by a distorted tetrahedral or a trigonal bipyramidal
geometry and usually serves as an electron transfer site in mobile electron carrier
proteins such as azurin and plastocyanin. In redox Cu-containing enzymes, type 1
Cu accepts electron(s) from an electron donor and then donates them to a reaction
center in the same molecule. On the other hand, type 2 Cu or nonblue copper shows
weak visible bands in electronic absorption spectra and larger hyperfine coupling
constants (12-20 mT) in EPR spectra. These spectral characters are typical of
distorted tetragonal coordination. Type 2 Cu is usually involved in the catalytic
redox system of the substrate. Type 3 Cu center contains a pair of antiferromagnet-
ically-coupled Cu(II) ions (EPR-silent). Since type 2 and 3 Cu’s generally have no
Cys ligand, these centers do not show intense colors. Moreover, a new Cu site has
been recently found in cytochrome ¢ oxidases: a paramagnetic Cu, site is composed
of mixed valence binuclear Cu atoms with two Cys-bridging ligands [13,14].

Copper NIR’s are classified into three groups by the spectroscopic properties of
type 1 Cu as follows.
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2.1. Group 1

Since the type 1 Cu sites of AxnNIR [27,31], AxgNIR [38], and PsaNIR [24]
exhibit an intense ca. 590 nm absorption band, NIR’s in this group are blue in
color. They show EPR signals with an axial symmetry such as those of plastocyanin
and azurin [37,39]. It has been recently reported that the Cu NIR from fungus
Fusarium oxysporum also gives very similar electronic absorption and EPR spectra
[40].

2.2. Group 2

AciNIR [19,28], AfsNIR [20], the NIR from R. sphaeroides forma sp. denitrificans
[25,41], and RhsNIR [42] are green or bluish—green enzymes, displaying two intense
absorption bands (near 460 and 600 nm) and rhombic EPR signals from the type
1 Cu sites.

2.3. Group 3

Miscellaneous NIR’s except the enzymes in groups 1 and 2 belong to group 3. N.
europaea NIR shows a visible absorption spectrum similar to those of multicopper
oxidases [43]. The NIR’s from B. halodenitrificans [44] and Hyphomicrobium sp. [26]
also have spectroscopically unique type 1 Cu.

The typical electronic absorption and CD spectra of NIR’s (AciNIR, AxgNIR,
and HypNIR) in the three groups are shown in Fig. 2, [26,38]. The absorption and
CD spectra of type 2 Cu-depleted NIR (T2D-AxgNIR and T2D-AciNIR) prepared
by the treatment of the native enzyme with chemical reagents are quite similar to
those of the native enzyme, indicating that the type 2 Cu center makes extremely
small spectral contribution in the visible region [38]. The absorption bands of the
blue NIR, AxgNIR (group 1) appear at 470, 593, and 785 nm in the pH range
6.0-8.5, being the same as those of AxnNIR [45]. The visible spectrum is analogous
to that of plastocyanin [39,46]. The unique absorption spectrum of green AciNIR
(group 2) displays three intense bands at 460, 589, and 690 nm and a shoulder band
around 400 nm. Greenish blue HypNIR (group 3) shows two strong absorption
bands at 456 and 605 nm. Moreover, the similar CD extrema of these three NIR’s
are observed in the visible region, but in AxgNIR and AxnNIR the extrema around
600 nm have a negative sign [38,45]. In plastocyanin having a distorted tetrahedral
Cu(IT) center, a weak absorption band in the range of 400500 nm is separated to
two peaks (427 and 468 nm) assigned as the Met — Cu(IT) and His — Cu(ll) charge
transfer transitions, respectively [46]. The geometry of the type 1 Cu center in
AxgNIR is also distorted tetrahedral (vide infra) [33). Two transitions appeared at
410 and 477 nm by the curve analysis of AxnNIR [45] would be assigned to the
Met — Cu(Il) and His — Cu(Il) charge transfer transitions, respectively. The most
intense absorption band near 600 nm is assigned as the Cys — Cu(Il) charge transfer
transition and all the d —d transitions are predicted to be lower in energy than 700
nm [46]. The assignment of the absorption bands for HypNIR would be similar to
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Fig. 2. Electron absorption (upper) and CD (lower) spectra of AxgNIR (solid line), AciNIR (broken
line), and HypNIR (dotted line) at pH 7.0.

those for AxgNIR and AxnNIR. On the other hand, two intense bands (460 and
589 nm) of AciNIR having the flattened tetrahedral type 1 Cu center [6,7] are
assigned as the Cys— Cu(Il) transfer transition and a shoulder near 400 nm is
assigned to the Met— Cu(Il) transfer transition [46]. The geometric distortion
responsible for the electronic structure changes in AciNIR, relative to plastocyanin
having a distorted tetrahedral Cu site, is determined to involve a coupled angular
movement of the Cys and Met residues toward a more flattened tetrahedral (toward
square planar) structure. This movement is consistent with a greater tetragonal
Jahn-Teller distortion resulting from the shorter Cu-S(Met) bond in AciNIR
compared with the Cu site in plastocyanin: this increased distortion implies that the
type 1 Cu site in AciNIR is in a ‘less entatic’ (or reduced rack) state than in
plastocyanin [46].

The EPR spectra of native AxgNIR, AciNIR, and HypNIR at 77 K are depicted
with those of the T2D forms of AxgNIR and AciNIR in Fig. 3, [26,38]. Both
signals of type 1 and 2 Cu’s are observed in the native NIR’s. The EPR parameters
of rhombic type 1 Cu in AciNIR are g, =2.19, 4, =7.3 mT, g, =2.06, g, =2.02,
and 4,=4.2 mT and those of type 2 Cu are g, =2.33 and A,=13.0 mT. The
axial-type spectra of AxgNIR show the parameters of g;=222, g, =205, and



252 S. Suzuki et al. / Coordination Chemistry Reviews 190192 (1999) 245-265

A;=6.9 mT (type 1 Cu) and g;=2.32 and 4;=12.8 mT (type 2 Cu). The EPR
signal of HypNIR also shows an axial symmetry (type 1 Cu, gy=2.25 and
A, =5.5mT; type 2 Cu, gy=2.35 and 4= 13.0 mT). Two hyperfine lines of type
2 Cu in the region of 0.26-0.29 T are shifted in the presence of anion (nitrite,
azide, or nitrate ion), implying the binding of these ions to the type 2 Cu site [38].

The mutation Met182Thr in which the Met ligand of type 1 Cu was changed to
Thr in the NIR from R. sphaeroides 2.4.3 (RhsNIR), results in a blue rather than
green type 1 Cu center. However, the EPR signal of the mutant is unchanged
from that of the native type 1 Cu site [42]. On the other hand, the mutant
(Met150Glu) with a replacement of the type 1 Cu ligand, Met150 by Glu in green
AfsNIR shows no intense visible absorption band and a type 2-Cu EPR signal
only [47].

L s 1 n L n i
0.25 0.30 0.35

magnetic flux density / T

Fig. 3. A 77-K EPR spectra of AciNIR (a), T2D-AciNIR (2", AxgNIR (b), T2D-AxgNIR (b'), and
HypNIR (c and ¢') at pH 7.0.
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Fig. 5. Molecular structures of monomer (left) and trimer (right) of AxgNIR.

3. Structures of Cu-containing nitrite reductases

The primary structures of two blue NIR’s (group 1: AxgNIR and PsaNIR), three
green NIR’s (group 2: PssNIR, AfsNIR, and AciNIR), and RhhNIR are exhibited
in Fig. 4. According to the ca. 80% sequence identity of RhhNIR with the NIR’s
in group 2, RhhNIR probably has a green color. In the figure, the numbering of the
amino acid residues of all NIR’s are the same as those of AciNIR [7]. AxgNIR
(monomer, 36 kDa) has ca. 80% sequence identity with the other blue NIR’s and
ca. 70% identity with three green NIR’s. Bluish—green RhsNIR has an extra residue
between the 140 and 141 amino acid residues of the sequence alignments in Fig. 4,
[54]. In the latest paper by Vandenberghe et al. [55] the sequence alignment of
AxnNIR was described to be identical with that of AxgNIR except for only one
amino acid residue, that is, Val39 in AxgNIR is replaced with Thr39 in AxnNIR
[54]. However, Dodd et al. [10a] and Suzuki et al. [10b] reported that the sequence
alignment of AxnNIR is completely in agreement with that of AxgNIR.

The first X-ray crystal analysis of Cu NIR was achieved with green AciNIR by
Adman et al. [7]. The crystal structures of two green NIR’s (AciNIR [7.8] and
AfsNIR [8]) and two blue NIR’s (AxnNIR [9,10a] and AxgNIR [33]) have so far
been analyzed. The four NIR’s have quite similar whole structures. The enzyme
subunits are tightly associated around a 3-fold axis to form a trimer around a
central channel, as shown in Fig. 5. Each subunit has each of type 1 and 2 Cu’s.
Their polypeptide fold is a ‘Greek key’ B barrel like as in copper proteins. In one
subunit, the B barrels are stacked on each other and there are two short a-helical
regions. One of the helixes runs from residue 141 to 149 and contains two type 1
Cu ligands, His145 and Met!50.
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The His 145 residue bound to the type 1 Cu ion with the N(81) atom is oriented
such that the N(s2) atom is exposed to the solvent at the bottom of a small cavity
in the protein surface. The Cu atom lies ca. 4 A from the Hisl45 N(e2) atom.
Surrounding the cavity containing the Hisl45 residue is a flat area of protein
surface, with the Cu atom being ca. 7 A beneath. An electron will be transferred
through the cavity from a donor protein to the type 1 Cu(Il) site. In the type 1 Cu
site, four amino acid residues (His95, Cys136, His145, and Met150) form a flattened
tetrahedron (green AciNIR and AfsNIR) or a distorted tetrahedron (blue AxgNIR)

Table 1
Details of the Cu geometries of oxidized NIRs*

Blue NIR Green NIR

Axg Axn Aci Afs
Crystallization pH 8.5 pH 6.0 pH 54 pH 4-4.8
Resolution 205 A 21 A 21 A 20A
R-factor 0.180 0.181 0.164 0.191
{Type 1 Cu site)
Cu-His95 2.1 2.07 2.02 2.06
Cu--His145 2.00 1.94 2.02 1.98
Cu-Cysl36 2.18 2.20 2.16 208
Cu-Metl50 2.62 2.62 2.59 2.64
Displacement from 0.6 A 05 A ca. 04 A ca. 0.5 A

2His and Cys plane

Geometry of type 1 Cu Distorted Distorted Flattened Flattened

tetrahedral trigonal planar  tetrahedral tetrahedral
H145-Cu-H95 99 103 99 102
H145-Cu-C136 116 117 103 108
H145-Cu-M150 114 115 129 130
H95-Cu-C136 131 127 134 133
H95-Cu-M150 86 86 88 85
C136-Cu-M150 108 106 108 101
(Type 2 Cu site)
Cu~-H100 2.07 2.07 2.00 1.91
Cu-HI135 2.18 2.17 2.04 2.07
Cu--H306 2.27 2.17 2.19 2.09
Cu-WO(water) 2.55 2.26 1.90 2.00
H100-Cu-H135 110 104 99
H100-Cu--H306 94 108 99
H135-Cu-H306 104 111 111
WO-Cu-H100 164 101 148
WO--Cu-H135 81 110 97

WO--Cu-H306 94 121 99

* Axg, A. xylosoxidans GIFU1051 [33]; Axn, A. xylosoxidans NCIB11015 [10a}; Aci, 4. cvcloclastes
1AM 1013 [7]. Afs, A. faecalis S-6 [8].
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Met150

d

His145

Fig. 6. (a) Superposition of the type 1 Cu sites of AxgNIR (black) and AfsNIR (gray), and (b) structure
of type 1 and 2 Cu sites of AxgNIR.

(Table 1). The structure of the type 1 Cu site in AxgNIR is quite similar to that in
poplar plastocyanin [56], but it has been reported on blue AxnNIR that the type 1
Cu center is in a distorted trigonal planar geometry [10a]. The superposition of the
type 1 Cu sites of AxgNIR and AfsNIR is shown in Fig. 6(a), the superposition was
carried out on the three strongly ligating residues (His95N(81), His145N(51), and
Cys1365(y)). In AxgNIR the displacement of the Cu ion out of the NNS plane
defined by 2N(His) and S(Cys) ligands toward S(Metl150) is similar to that in
AfsNIR (ca. 0.5 A). The S(Met) ligand of AxgNIR deviates slightly from the axial
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position of the NNS plane, while that of AfsNIR is in the considerably tilted
position. Both the Cu(I)—S(Met) distances in these NIR’s are shorter than that of
plastocyanin by ca. 0.2 A [56]. Moreover, the side chains of the Met ligands are
quite different from each other in conformation and the dihedral angle between the
planes involving the C(B)-C(y)-S(8) side chain is 77° (Fig. 6(a)).

The type 2 Cu atom lies at the bottom of a 1213 A deep solvent channel and
is the site to which the nitrite ion binds. The type 2 Cu is ligated by three His
ligands (His100 N(g2), His135 N(g2), and His306 N(¢2)), but His306 comes from
the adjacent subunit. Thus, the Cu atom is bound at the interface of two subunits
(Fig. 5). In the early reports, the total number of Cu atoms in Cu NIR’s were not
constant, since the type 2 Cu ion would be partially or considerably removed under
drastic conditions such as the enzyme preparation [30,31,38]. The three His ligands
of the type 2 Cu site together with a solvent ligand (H,O or OH ) form a distorted
tetrahedral geometry (Fig. 6(b)), which gives the smaller 4, value (12.8 mT) of the
type 2 Cu ion in AxgNIR than those of type 2 Cu’s in the other Cu proteins [38].
All the His residues remain oriented in the same place even on removal of the type
2 Cu (T2D-NIR) [7]. The type 2 Cu site is suggested to be similar to the Zn(II) site
binding three His residues in carbonic anhydrase [57]. The MCD spectra of the
Co(II)-substituted type 2 sites in AciNIR and AxgNIR are analogous to those of
Co(II)-substituted molluscan hemocyanins involving a tetrahedral Co(II) ion [58).

There is a hydrogen bond network extending from the solvent ligand of the type
2 Cu atom, which involves Asp98 and His255 residues in the vicinity of the Cu
atom and is related with nitrite reduction to NO [7-10a). The solvent ligand is
hydrogen bonded to the carboxylate group of Asp98, which in turn forms a
H,O-bridged hydrogen bond to the histidyl nitrogen atom (His255). X-ray crystal
structure analysis of nitrite-soaked NIR demonstrated that nitrite ligates the type 2
Cu(Il) ion in a bidentate fashion through two oxygens [7—10a]. One of the nitrite
oxygens forms a hydrogen bond to one of the carboxylate oxygen atoms of Asp98
(the OO distance between nitrite oxygen and carboxylate oxygen of Asp, 3.0-3.4
A) and the other nitrite oxygen is hydrogen bonded to two H,O molecules [8]. The
other carboxylate oxygen atom of Asp98 also forms a H,O-bridged hydrogen bond
to His255 in the vicinity of the type 2 Cu site without the nitrite ligand. In
ascorbate-reduced colorless AfsNIR, the H,O or OH = ligand at the type 2 Cu(l)
ion is no longer present, although the structure of the type 1 Cu site is scarcely
changed [8]. The conformation of the three His ligands does not change from the
oxidized structure, resulting in a tri-coordinate tetrahedral Cu site. Moreover, the
conformations of Asp98 and His255 are not perturbed by the absence of the H,0O
or OH ~ ligand. In the case of the nitrite-soaked reduced copper, nitrite appears to
be coordinated to the type 2 Cu(I) site in the same mode as the oxidized form [8].

The distance between the type 1 and 2 Cu sites in the monomer is 12.6 A and the
bridging ligand between two Cu’s is the His135-Cys136 amino acid sequence
segment, as shown in Fig. 6(b). This bridging mode between type 1 and 2 Cu’s is
similar to that between the type 1 Cu site and the trinuclear Cu center composed of
one type 2 Cu atom and a couple of type 3 Cu in multicopper oxidases such as
laccase [59], ascorbate oxidase [60], and ceruloplasmin [61]. In zucchini ascorbate
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oxidase (AOase), the His506-Cys507-His508 amino acid sequence segment links the
type 1 Cu ion and the type 3 Cu ions as a bridging ligand: the Cys(507) residue is
coordinated to the type 1 Cu ion and the two adjacent His residues bind to each of
the type 3 Cu pair [60]. The shortest distance between the type 1 Cu site and the
trinuclear Cu center is 12.2 A and electrons from ascorbate ion transfer from the
type 1 Cu center to the trinuclear center through the Cys-His sequence segment.

4. Functions of Cu-containing nitrite reductases
4.1. Intermolecular electron transfer process

NIR requires an electron donor for the one-electron reduction of nitrite. The
electron donors of AciNIR [28,62] and AfsNIR [63] in group 2 are a kind of blue
copper protein, pAz which shows an intense ca. 590 nm band with two weak bands
around 450 and 780 nm, and a rhombic EPR signal [64]. Az is believed to be an
electron donor for blue NIR’s found in P. aureofaciens [24] and A. xylosoxidans
[36]. The reduced Az from the former strain, transfers an electron efficiently to its
cognate NIR [24]. Two Az’s from the latter strain also function as donors to
AxnNIR, and the progress curves are biphasic, with an initial linear phase followed
by an extended nonlinear phase [36]. However, a cytochrome ¢ might be an electron
donor for A. xylosoxidans NIR [27].

Voltammetric study of the electron transfer reaction from Aci-pAz (pI = 8.6,
Ei»= +0.26V vs. NHE at pH 7.0 [64]) to AciNIR (p] = 4.6, E, »,(type 1 Cu) = +
0.24 V vs. NHE at pH 7.0 [38]) is shown in Fig. 7, [65]. The pAz accepts an electron
from a bis(4-pyridyl)disulfide modified gold electrode and donates it to AciNIR
(1/100 equivalents of pAz) in the presence of nitrite ion (Fig. 7, the electron transfer
process). The cyclic voltammetric response of Aci-pAz indicates the quasi-reversible
electron transfer process (Fig. 7(a)). In the presence of excess nitrite, the shape of
the voltammogram changes remarkably and an enhanced sigmoidal cathodic cur-
rent-potential curve (catalytic current) is observed (Fig. 7(b)). The appearance of
the catalytic current implies the regeneration of the oxidized pAz in the diffusion
layer. The second-order rate constant of the intermolecular electron transfer from
Aci-pAz to AciNIR was estimated to be 7.3 (10° M ' s ' at pH 7.0. On the other
hand, apo-AciNIR does not change the voltammetric response of Aci-pAz (Fig.
7(c)). In the electron transfer system between Axg-Az(I or II) and AxgNIR,
however, the voltammetric responses of two Az’s were slightly changed in the
presence of the enzyme, indicating the very slow electron transfer processes
(unpublished data).

The interaction of pAz with its cognate NIR involves a strong electrostatic
element. Afs-pAz (basic protein) has a surface ring of Lys residues (Lys10, Lys38,
Lys57, and Lys77) around the blue Cu center, which is required for the electron
transfer to AfsNIR [63,66]. There is little change in the k., values of intermolecular
electron transfer reaction on replacement of these Lys residues, but the K. values

m

increase by a factor of 2-3 [63]. At the AfsNIR surface, the Glull8, Glul97,
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Glu204, and Asp205 residues are substantially conserved in green NIR’s (Fig. 4).
The substitution of their acidic amino acid residues decreases the k., values and
increases the K, values [66]. It is proposed by X-ray crystal analysis and kinetic
analysis of the wild and mutant proteins that the following pairings between the
basic amino acid residues of Afs-pAz and the acidic amino acid residues of AfsNIR
are possible: Lys10 with Glu197, Lys77 and/or Lys57 with Glul18, and Lys38 with
Glu204 and/or Asp205. The type 1 Cu atoms in each would be 14-15 A apart in
the suggested pAz—NIR complex.

4.2. Intramolecular electron transfer process

As shown in Fig. 5, type 1 and 2 Cu’s are 12.6 A apart. One electron donated by
an electron carrier at the type 1 Cu site is transferred to the type 2 Cu site through
the Cysl36-His135 sequence segment (Fig. 6(b)). The intramolecular electron
transfer process was successfully observed by a pulse radiolysis experiment [38,67].
Fig. 8 shows the time-course of the absorbance at 590 nm after pulse radiolysis of
AxgNIR and that in the presence of nitrite at pH 6.0 [68]. In these room

electrode

pAz(Cu®") NIR(Cu") NO, +2H*

pAz(Cu*) NIR(Cu®") NO + H,0

J [20 na

04 0 04 o4 0 04
E/V vs. Ag/AgCI E/V vs. Ag/AgCI

Fig. 7. Electron transfer process for cyclic voltammetry (upper) and cyclic voltammograms of Aci-pAz
system in 0. M phosphate buffer (pH 7.0) at 25°C (lower). (a) Aci-pAz (100 pM); (b) Aci-pAz after
addition of AciNIR (1 pM); (¢) pAz after addition of apo-AciNIR (1 uM).
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d
i

AA590 nm = 0.02

2 ms

- AA590 nm ~ 0.02

2 ms

Fig. 8. (a) Time-resolved absorption change of an AxgNIR solution at 25°C (k.r = 2,100 s~ ') and (b)
a in the presence of nitrite (k.1 = 2,000 s ~'). Reaction conditions are as follows: NIR, 102 uM; nitrite,
500 pM; z-butyl alcohol, 0.1 M; N-methylnicotinamide, 1 mM; 10 mM potassium phosphate buffer (pH
6.1).

temperature spectra, the blue bands quickly disappear after pulse irradiation,
indicating that the type 1 Cu sites are reduced with a half-time period of ca. 10 ps.
After the reduction, slow recoveries of the absorbance are observed in the sample
solutions containing the native enzyme, while the absorbance of T2D-AxgNIR at
590 nm does not recover even after 8 ms. The increased absorbance is held constant
at 53% of the total absorbance change in Fig. 8(a). A linear relationship between
the amount of type 2 Cu in AciNIR and the absorbance at 460 nm is observed [67].
These results suggest that the recovery process is the intramolecular electron
transfer process from the type 1 Cu site to the type 2 Cu site:

e— k
T1Cu(I1)-T2Cu(I) S T1Cu(I)-T1Cu(I)=T2Cu(Il) & T1Cu(ll)—T2Cu(l)
Kb

The observed rate constants of the electron transfer reaction (k) consists of the
sum of k; (forward) and k, (backward). In Fig. 8(a and b), the k., values were
estimated to be 2100 and 2000 s~ ' at pH 6.1, respectively. The k., values of
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AxgNIR and AciNIR in the absence and presence of nitrite are listed in Table 2.
The observed kg values (2100 s ') of two NIR’s at pH 6 indicate a half-life period
of 0.3 ms, being about 13 times as large as that of the intramolecular electron
transfer process from type 1 Cu to the trinuclear Cu site in zucchini AOase [69,70].
It seems curious that the kg values in the presence of nitrite are smaller than those
in the absence of it at pH 7.0. However, the pH-kg profiles of AciNIR and
AxgNIR indicate the maximum values around pH 6 [68], and those in the presence
of nitrite are approximately consistent with the pH-nitrite reduction activity profiles
which show the optimal values of pH 5.5-6.0 [19a,71]. Therefore, the intramolecu-
lar electron transfer process would be closely linked to the following catalytic
reduction process of nitrite.

The redox potentials of the type 1 and 2 Cu centers in AxgNIR and AciNIR were
estimated by cyclic voltammetry [72] and pulse radiolysis [38], (Table 2). The type
1 Cu potential of AciNIR is close to the + 0.26 V midpoint potential of Aci-pAz
at pH 7.0. The midpoint potential ( + 0.20 V at pH 7.0) of T2D-AciINIR is slightly
shifted to negative potential [72] compared with that of native AciNIR. The
differences between two potentials of type 1 and 2 Cu’s are small (20-40 mV).
However, RhsNIR in group 2 has the + 0.247 V type 1 Cu midpoint potential and
the type 2 Cu reduction potential is below + 0.200 V in the absence of nitrite [42].
Therefore, reduction of the type 2 Cu(Il) site by the type 1 Cu(l) site is not
energetically favored, but it is suggested that the binding of nitrite to the type 2
Cu(II) center is the trigger positively shifting the type 2 Cu reduction potential and
induces catalytic electron transfer reaction. Moreover, the mutation Met182Thr in
which the Met ligand of type 1 Cu is changed to Thr, resulted in a blue rather than
blue—green type 1 Cu, the midpoint potential of +0.345 V, and a somewhat
reduced NIR activity [42].

Table 2
Observed intramolecular electron transfer rate constants (ki) and redox potentials (£°) of AxgNIR

NIR’s pH kpris ™! E°{V (vs. NHE)
Type 1 Cu Type 2 Cu

AxgNIR 6.1 2100 +0.29 +0.31
AxgNIR + nitrite 6.1 2000

AxgNIR 7.0 1900 +0.28 +0.25
AxgNIR + nitrite 7.0 320

AciNIR 6.0 2100 +0.27 +0.29
ACciNIR + nitrite 6.0 1900

AciNIR 7.0 1400 +0.24 +0.28

AciNIR + nitrite 7.0 650

“NIR, 100-200 pM; nitrite, 500 uM.
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4.3. Reduction of nitrite ion

The cyclic voltammetry of AciNIR exhibits well defined voltammetric response at
a modified gold electrode in the presence of its cognate apo-pAz as a mediator [72].
From the relative catalytic currents at various nitrite concentrations, the second-or-
der rate constant of nitrite reduction (k) and the Michaelis constant (K of
AciNIR were shown to be 5x 10> M~ 's~ ! and 7 x 10~* M at pH 7.0 and 25°C,
respectively. The k£ and K|, values of T2D-AciNIR are 1 x 10> M~ !s~! and
3 x 1077 M, respectively. The measurement of the enzyme activity of AciNIR by
colorimetric method also indicated that the reduction activity of T2D-NIR is equal
to half the activity of the native enzyme at pH 6.0 [38]. On the other hand, the
relationship between the activity and the Cu content of AciNIR was extrapolated to
zero activity for the enzyme containing only 3 Cu per trimer (T2D NIR) [30]. The
catalytic activity of T2D-NIR is still controversial.

The EPR-measurement of native Cu NIR. in the presence of an anion (nitrite,
azide, and nitrate) implies that these ions bind to the type 2 Cu(Il) site [38]. X-ray
crystal structure analyses of nitrite-soaked crystals of AciNIR [7], AfsNIR [8], and
AxnNIR [9,10a] also demonstrated that nitrite replaces a solvent bound to the type
2 Cu site and binds via its oxygen atoms to the metal center (vide ante). In the case
of AfsNIR, the distances between Cu and nitrite oxygens are 2.2 and 2.3 A [8]. In
general two types of binding between nitrite ion and the Cu(Il) or Cu(I) complex
are known as nitrito- and nitro-modes (O-NO; and N-NO;, respectively) [73,74].
It has recently reported that the latter mode is thermodynamically favored in the
Cu(I) complexes and the demonstration of quantitative NO evolution upon addi-
tion of two equivalents of protons to the Cu(INN-NO; ) complex suggests the
substrate adduct having N-NO, coordination as the most important enzyme
intermediate [74]. However, all of the binding mode in NIR’s interestingly are
O-NO; coordination. X-ray crystal analyses of NIR’s suggested that two amino
acid residues (Asp98 and His255) near the type 2 Cu site play an important role for
nitrite reduction. On the basis of the structures of oxidized, reduced, nitrite-soaked
oxidized, and nitrite-soaked AfsNIRs, Adman et al. have hypothesized, (1) that
nitrite displaces a solvent bound to the type 2 Cu ion and forms a hydrogen bond
to Asp98 with one of the two oxygen atoms; (2) that the proton in this hydrogen
bond remains with Asp98 until the nitrite is reduced by one electron transferred
from the type 1 Cu atom to the type 2 Cu atom; (3) that the N-O bond at the
oxygen atom, hydrogen bonded to Asp98, breaks; and (4) that NO is released and
the active site is restored [8]. The role of His255 might be to provide a hydrogen
bond to water, which also hydrogen bonds to Asp98, in order to allow Asp98 to
temporarily hold a hydrogen on the other carboxylate oxygen, during the displace-
ment reaction of the solvent ligand with nitrite [7). The RhsNIR mutant replaced
the corresponding His with Glu showed a 100-fold loss of enzyme activity, and
EPR and ENDOR measurements of the type 2 Cu center in the mutant demon-
strated that nitrite does not bind to the copper site [42,75].
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5. Conclusion

Copper NIR is a homotrimer, in which a monomer (ca. 36 kDa) contains one
type 1 Cu (having 2His, Cys and Met ligands) and one type 2 Cu (having 3His and
solvent ligands). The structures of the blue and the green type 1 Cu sites having
electron-accepting function is distorted tetrahedral and flattened tetrahedral, respec-
tively, and that of the type 2 Cu site catalyzing nitrite reduction is tetrahedral. The
interatomic distance between the type 1 and 2 Cu’s is 12.6 A and these two Cu’s are
bound by the Cys-His sequence segment. The intramolecular electron transfer rate
constant is ca. 2 x 10° s~ ' at pH 6 and 25°C. The Cu NIR’s interestingly bear some
resemblance to cytochrome ¢,d,-NIR’s. The heme NIR’s also contain two kinds of
metal centers: ¢ heme accepting an electron and ¢, heme relating to the catalytic
reduction of nitrite. The shortest edge-to-edge distance between the ¢ and d, hemes
is 11 A in a monomer [4]. The first-order rate constant of the intramolecular
electron transfer process from the ¢ heme site to the d, heme site in Thiosphaera
pantotropha NIR is 1.4 x 10* s~ ' at pH 7.0 [76].
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