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ABSTRACT

Cu-containing nitrite reductase is a homotrimer in which a ca. 36
kDa monomer contains each of type 1 Cu (two His, Cys, and Met
ligands) and type 2 Cu (three His and solvent ligands). Type 1 Cu
receives one electron from an electron donor and transfers it to
the reaction center, type 2 Cu. The distance between the two Cu
atoms bound by the Cys-His sequence segment is 12.6 A. The
intramolecular electron transfer from type 1 Cu to type 2 Cu occurs
probably through this segment. The noncoordinated Asp and His
residues around type 2 Cu play important roles in both the
electron-transfer and the catalytic processes.

Introduction

Organic nitrogen as a constituent part of the cell is
required for all organisms. As shown in Figure 1, the
terrestrial inorganic nitrogen cycle sustained by bacteria
plays an important role in the other organisms, animals,
and plants. The cycle manifests the redox chemistry
inherent to the principal inorganic nitrogen species,
dinitrogen (N°), ammonia (N™"), and nitrate (N*V). Inor-
ganic nitrogen is introduced into the biosphere by bio-
logical fixation process of dinitrogen and removed from
there again by denitrification. Therefore, the nitrogen cycle
has received much attention in recent years because of
its ecological importance. That is to say, the unbalance
of the nitrogen cycle brings about serious problems for
all organisms on the earth. For example, it has been
reported that feeding humankind demands so much
nitrogen-based fertilizer that the distribution of nitrogen
compounds on the earth has been charged in dramatic,
and sometimes dangerous, ways.!

Denitrification is the dissimilatory reduction of nitrate
or nitrite to produce dinitrogen by prokaryotic organisms
(Figure 1): it is part of the bioenergetic apparatus of the
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FIGURE 1. Biogeochemical nitrogen cycle on the earth.

cell of which denitrifying bacteria occupy a wide range of
natural habitats including soil and water, and return a
large amount of fixed nitrogen to the atmosphere. The
denitrification is a cascade of anaerobic respiration proc-
esses catalyzed by the corresponding metalloenzymes.?3
The first step (nitrate (N*V) — nitrite (N™"""), two-electron
reduction) is carried out by dissimilatory membrane-
bound nitrate reductase containing molybdenum with
both heme and non-heme irons, which has an Mo(VI1)O
center with two dithiolene-containing pterin cofactor
ligands.* The second step (nitrite (N*") — nitrogen
monooxide (N*"), one-electron reduction) is catalyzed by
the dissimilatory soluble enzyme, nitrite reductase (NIR),
of which two distinct types have so far been known:
multi-heme NIR and multi-copper NIR (CuNIR). Heme-
containing NIR is a 120 kDa homodimer, in which each
monomer carries one heme ¢ and one heme d,.5~7 CuNIR
is a 110 kDa homotrimer, in which a monomer contains
each of type 1 Cu (blue copper) and type 2 Cu (nonblue
copper).87% In the third step (nitrogen monooxide (2N*'")
— nitrous oxide (2N*'), two-electron reduction), nitric
oxide reductase containing hemes b and ¢ is concerned.??
This membrane-bound enzyme consists of two polypep-
tides of 42 and 20 kDa associated with two hemes b and
one heme c, respectively.!” The final step (nitrous oxide
(2Nt — dinitrogen (2N°), two-electron reduction) is
carried out by a soluble copper enzyme, nitrous oxide
reductase. The oxidized enzyme appears bright purple or
pink and changes into typical blue expected for copper
proteins after the reduction with dithionite.? According
to the recent X-ray crystal structure analysis of Pseudomo-
nas nautica nitrous oxide reductase,'® the enzyme is a
homodimer, and a monomer (ca. 65 kDa) contains a Cua
electron entry site (thiolate-bridged, binuclear copper
site), similar to that in cytochrome c oxidase,'®? and a
Cug catalytic center. The Cu; center is a new type of metal
cluster, in which four Cu atoms are ligated by seven His
residues.

Dissimilatory nitrite reductase is the key enzyme of
denitrification in catalyzing the first committed step that
leads to a gaseous intermediate. This paper will focus on
the structural and functional aspects of type 1 Cu and type
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FIGURE 2. Homotrimer structure of blue AxgNIR. Dark blue and
light blue spheres are type 1 Cu and type 2 Cu, respectively.

2 Cu in blue and green CuNIRs, which are typical of
CuNIRs classified by spectroscopic properties of type 1
Cu.?® The blue CuNIRs from Alcaligenes xylosoxidans
NCIB 11015 (AxnNIR)??~2?* and Alcaligenes xylosoxidans
GIFU 1051 (AxgNIR)? exhibit an intense 593-nm absorp-
tion band (¢ = 3800 Mt cm™1) due to a S(Cys) — Cu(ll)
charge-transfer transition of type 1 Cu. The enzymes show
EPR signals of type 1 Cu with axial symmetry such as those
of electron-transfer blue copper proteins (cupredoxins),
plastocyanin and azurin. The green CuNIRs isolated from
Achromobacter cycloclastes IAM 1013 (AciNIR)?672° and
Alcaligenes faecalis S-6 (AfsNIR)% display two intense
visible absorption bands (AciNIR, 460 nm (e = 2400) and
584 nm (e = 1800 M~ cm~!))®» and rhombic EPR signals
of type 1 Cu. Two intense visible absorption bands are
also assigned to S(Cys) — Cu(ll) transfer transitions of type
1Cu®

Structure of CuNIR

The protein sequence of AxgNIR composed of 360 amino
acid residues is perfectly identical to that of AXnNIR,% but
the difference between open reading frames of these NIRs
is only one base in the total 1083 bp gene sequence.®
AxgNIR shows a high level of homology (ca. 80%) with
the other blue NIR from Pseudomonas aureofaciens® and
has ca. 70% identity with green AciNIR and AfsNIR.?
The X-ray crystal structure of green AciNIR was re-
ported for the first time by Godden et al.® The crystal
structures of two green NIRs (AciNIR®!! and AfsNIR®10.13)
and two blue NIRs (AxnNIR21516 and AxgNIR*) have so
far been analyzed. All of these enzymes have quite similar
whole structures, regardless of the colors of NIRs. Three
identical subunits are tightly associated around a 3-fold
axis to form a trimer around a central channel of 5—6 A,
as illustrated in Figure 2. The type 1 Cu site is bound in
one subunit, but the type 2 Cu site is located between
two subunits. The type 2 Cu site is bound by two His

Met150

FIGURE 3. Superposition of type 1 Cu sites of oxidized AxgNIR (blue)
and AfsNIR (green). The numbers refer to the AcINIR sequence.

residues from a monomer and one His from an adjacent
monomer. The interatomic distance between the two Cu
sites is 12.6 A. The polypeptide fold forms two domains
of which each consists predominantly of an eight-stranded
p-barrel like cupredoxins. The core regions of the two
pB-barrels superimpose with a root mean square deviation
of 1.25 A on the C(a) atoms.’® In a monomer, two
pB-barrels are stacked on each other, and there are one
long and two short a-helical regions.

The type 1 Cu(ll) sites of blue AxgNIR and green AfsNIR
are shown in Figure 3.4 The superposition of the two sites
was carried out on the three strong ligands, His95N(d1),
His145N(01) (Cu—N = 2.00—2.11 A), and Cys136S(y)
(Cu—S = 2.08—2.18 A).1314 The fourth weak ligand is
Met150 (Cu—S = 2.62—2.64 A). In AxgNIR, the displace-
ment of the Cu atom out of the NNS plane defined by
2N(His) and S(Cys) atoms toward S(Met150) is ca. 0.5 A,
like that in AfsNIR. The S(Met) ligand of AxgNIR deviates
slightly from the axial position of the NNS plane, whereas
that of AfsNIR is in the considerably tilted position. These
Cu(I)—S(Met) distances are shorter than that of plasto-
cyanin by ca. 0.2 A. Therefore, the geometries of the type
1 Cu sites in blue NIR (AxgNIR and AxnNIR) and green
NIR (AfsNIR and AciNIR) are distorted tetrahedral and
flattened tetrahedral, respectively. The imidazole ring of
His145 bound to type 1 Cu with the N(61) atom is oriented
such that the N(e2) atom is exposed to the solvent at the
bottom of a small cavity composed of hydrophobic amino
acid residues (Met, Trp, and Pro) in the protein surface.
Surrounding the cavity containing His145 is a flat area of
protein surface, with the Cu atom being ca. 7 A beneath.
The intermolecular electron transfer from a donor protein
to the type 1 Cu(ll) site might occur through the cavity.

Type 2 Cu bound at the interface of two subunits lies
at the bottom of a 12—13 A deep solvent channel, being
the substrate-binding and reduction site. The His135-
Cys136 amino acid sequence segment bound to type 2
Cu with His135 is also bound to type 1 Cu with Cys136,
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FIGURE 4. Type 1 and type 2 Cu sites in oxidized AxgNIR. The numbers refer to the AciNIR sequence. His306 residue comes from an

adjacent subunit.

as shown in Figure 4. The type 2 Cu center is ligated by
three His ligands (His100 N(e2), His135 N(¢2), and His306
N(€2)). In the early reports, the total number of Cu atoms
per one subunit fluctuated,?25%2° indicating type 2 Cu
would be partially or considerably removed under drastic
conditions such as the enzyme preparation. The three His
ligands together with a solvent ligand (H,O or OH™) form
a distorted tetrahedral geometry. All the His residues
remain oriented in the same place even on selective
removal of type 2 Cu.l

In Figure 4, there is a hydrogen-bonding network
extending from the solvent ligand of type 2 Cu, which
involves both the Asp98 and His255 residues in the vicinity
of the Cu atom.!*13-15 The solvent ligand is hydrogen
bonded to the carboxylate group of Asp98, which in turn
forms a H,O-bridged hydrogen bond to the imidazole
nitrogen atom of His255. X-ray crystal structure analyses
of nitrite-soaked oxidized NIRs showed that nitrite is
coordinated to type 2 Cu(ll) in an asymmetric bidentate
fashion through two oxygen atoms (Cu—O = 2.2 and 2.3
A in AfsNIR;13 1.65 and 2.65 A in AxnNIR?) instead of
the solvent ligand. One of the nitrite oxygens forms a
hydrogen bond to one of the carboxylate oxygen atoms
of Asp98. The other carboxylate oxygen atom of Asp98 also
forms a H,O-bridged hydrogen bond to His255, as ob-
served in the vicinity of the type 2 Cu site with the solvent
ligand. In colorless reduced AfsNIR, there is no solvent
ligand (H,O or OH"™) at the type 2 Cu(l) site, although the
structure of the type 1 Cu site is scarcely changed.®® The
type 2 Cu(l) site, having three His ligands, results in a
tricoordinate tetrahedral geometry. The X-ray crystal
structures around the type 2 Cu site will give an important
clue to the mechanism of nitrite reduction.

Intermolecular Electron-Transfer Process of
CuNIR

For nitrite reduction, NIR requires one electron from an
electron donor protein. Electron donors for green AciNIR?"35
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and AfsNIR® are a cupredoxin, pseudoazurin (pAz) iso-
lated with the cognate NIR. pAz (ca. 14 kDa) shows an
intense ca. 590-nm band with two weak bands around 450
and 780 nm, and a rhombic EPR signal.’” The second-
order rate constant of the electron-transfer reaction from
Aci-pAz (pl = 8.6, E;/, = +0.26 V vs NHE at pH 7.0)* to
ACIiNIR (pl = 4.6, E1/»(type 1 Cu) = +0.24 V vs NHE at pH
7.0 is 7.3 x 10° Mt st at pH 7.0 and 20 °C.?138

The overall topologies of the pAz’s from Alcaligenes
faecalis S-6 (Afs-pAz)*® and Achromobacter cycloclastes
(Aci-pAz)* consist of an eight-stranded -barrel like those
of plastocyanin and azurin. The distorted tetrahedral
copper site bound by His40, His81, Cys78, and Met86 is
located below the protein surface at a depth of ca. 5 A.
Nine of a total 13 Lys residues surround the hydrophobic
patch of the molecule, from which the His81 ligand
protrudes slightly. Afs-pAz has a surface ring of four Lys
residues around the Cu center (the 10—13 A distances
between the N; atoms of the Lys side chains and the Cu
atom).’4 There is little change in the kg values of
intermolecular electron transfer on replacement of these
Lys residues with Ala, but the K, values increase by a
factor of 2—3.%6 These findings suggest that pAz interacts
with NIR through the domain containing these Lys
residues close to the Cu center. At the AfsNIR surface
around the type 1 Cu site, three Glu and Asp residues are
substantially conserved in green NIRs. The substitution
of Ala for these acidic amino acid residues decreases in
Keat @and increases in Ky, suggesting that these negatively
charged residues are involved in electrostatic interaction
with pAz.*' The recent surface charge calculations of
AxnNIR and AfsNIR have demonstrated that a surface
charge distribution for AfsNIR is almost exclusively nega-
tive, but for AxnNIR, the surface charge is much more
neutral .15

Azurin (Az; ca. 14 kDa) is a cupredoxin isolated with
blue AXnNIR and AxgNIR, exhibiting an intense ca. 620-
nm band and an axial EPR signal with a small hyperfine
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FIGURE 5. Time-resolved absorption changes of AxgNIR solution
(pH 6.0) in the absence (a) and in the presence (b) of nitrite, and
Asp98Ala solution (pH 7.0) in the absence (c) and in the presence
(d) of nitrite at 20 °C.

coupling constant (A)) of ca. 6 mT.*? Az was reported as
an electron donor for the blue NIR from Pseudomonas
aureofaciens®* and AxnNIR.*® However, the cyclic-voltam-
metric responses of the two Az’s from Axg strain were
slightly changed in the presence of AxgNIR and nitrite,
indicating the very slow electron-transfer processes.?
Moreover, it has been shown by an in vivo approach with
mutant strains of Psesudomonas aeruginosa deficient in
one or both of cytochrome css; (Cyt css1) and Az that Cyt
Css1, NOt Az, is functional as an electron donor for heme-
containing NIR.** The rate constant of the electron transfer
from Axg-Cyt css; to AXgNIR was estimated to be 4.0 x
10° Mt st at pH 6.0 and 25 °C.*® Therefore, an electron
donor protein for blue CuNIR would also be Cyt css;.

Intramolecular Electron-Transfer Process of
CuNIR

The electron donated by an electron carrier at type 1 Cu
is shifted to type 2 Cu, perhaps through the Cys136-His135
sequence segment (Figure 4). The intramolecular electron-
transfer process was observed by pulse radiolysis.?546748
In Figure 5, traces a and b show time courses of the
absorbances at 590 nm in the absence and in the presence
of nitrite, respectively, after pulse radiolysis of AxgNIR.#
In these absorption changes, the blue bands are quickly
disappeared, indicating that the type 1 Cu sites are

Table 1. Observed Intramolecular Electron-Transfer
Rate Constants (ket) of Native AXgNIR, Asp98Ala, and
His255Ala in the Absence and in the Presence of
Nitrite at pH 7.0 and 20 °C

AxgNIR and mutants (61—136 uM) ker/s™1
native AxgNIR 1900
native AxgNIR + nitrite (500 uM) 320
Asp98Ala -
Asp98Ala + nitrite (500 uM) 3100
His255Ala 68
His255Ala + nitrite (500 uM) 113

reduced with a half-time period of ca. 10 us. After the
reduction of type 1 Cu, the slow recoveries of the ab-
sorbance at 590 nm are observed on the millisecond time
scale. However, the corresponding absorbances of type 2
Cu-depleted (T2D) forms of AxgNIR and AciNIR do not
recover even after 10 ms.?>%6 A linear relationship between
the amount of type 2 Cu in AciNIR and the recovered
absorbance at 460 nm is observed.*® These findings
suggest that the recovery process is the intramolecular
electron-transfer reaction from type 1 Cu (T1Cu) to type
2 Cu (T2Cu) as follows:

T1Cu(ll) — T2Cu(ll) = T1Cu(l)—T2Cu(ll) :*——’;
T1Cu(I1)—T2Cu(l)

The observed intramolecular electron-transfer rate con-
stant (ker) consists of the sum of k¢ (forward) and k
(backward). The ket values of AxgNIR in the absence and
in the presence of nitrite were estimated to be 2 x 103s™!
at pH 6.21%" This value indicates a half-life period of 0.3
ms.

To shed light on a role of the hydrogen-bonding
network containing Asp98 and His255 around the type 2
Cu center (Figure 4), two mutant AxgNIRs in which these
amino acid residues are replaced with Ala were prepared.
In Figure 5, traces ¢ and d exhibit the absorption changes
after pulse radiolysis of Asp98Ala in the absence and in
the presence of nitrite at pH 7.0, respectively.*® In the
absence of nitrite, nonrecovery of the absorbance at 590
nm indicates that the electron-transfer process from type
1 Cu to type 2 Cu does not occur or is extremely slow. In
the presence of nitrite, however, the recovery due to the
electron-transfer process is observed. An increase of the
absorbance is about 25% at 5 ms, although reoxidation
of type 1 Cu in native AxgNIR occurs completely at the
same time.*” The kgt value of Asp98Ala is, interestingly,
larger than that of AxgNIR, as shown in Table 1.#° The ket
values of His255Ala in the absence and in the presence
of nitrite are smaller than those of the native enzyme.
These results imply that both the Asp98 and His255
residues around type 2 Cu control the intramolecular
electron-transfer process by the formation of the hydrogen-
bonding network. In addition to the role in the electron-
transfer process, each of these amino acid residues would
provide a proton for nitrite bonded to type 2 Cu in the
nitrite reduction process (vide infra).

The pH dependence of ker of AciNIR in the absence
and in the presence of nitrite is depicted in Figure 6.#
The ket values independent of nitrite in the range of pH
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FIGURE 6. pH dependence of intramolecular electron-transfer rate
constant (ker) of AciNIR in the absence (O) and in the presence
(@) of nitrite at 20 °C.
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FIGURE 7. pH dependence of intramolecular electron-transfer rate
constant (ker) of AxgNIR in the presence of nitrite and apparent
catalytic rate constant (Kapp) of AxgNIR.

5.5—6.3 show a maximum of 2 x 102 s™! near pH 6. Above
pH 6.3, the ker values in the absence of nitrite are
decreased with increasing pH, whereas those in the
presence of nitrite are abruptly decreased. The pH profile
for ket of AxgNIR also presents a behavior similar to that
of AciNIR*" (see Figure 7). These results suggest that the
binding of nitrite to type 2 Cu possibly brings about
deprotonation of His255, forming the hydrogen-bonding
network around type 2 Cu, that is, the cleavage of the
network. This proposal might be supported by the fact
that kgt of His255Ala having no hydrogen-bonding net-
work is considerably smaller than that of the native
enzyme (Table 1).

The redox potentials of the type 1 and 2 Cu centers in
AxgNIR and AciNIR were determined by cyclic voltam-
metry and pulse radiolysis. The type 1 Cu potential (+0.24
V vs NHE) of AciNIR is close to the +0.25-V midpoint
potential of Aci-pAz at pH 7.0.4” The midpoint potential
(+0.20 V at pH 7.0) of T2D-AciNIR is slightly shifted to
negative potential compared with that of native AciNIR.?
The differences between two potentials of type 1 and 2
Cu’s in AciNIR and AxgNIR are less than 50 mV.*#” Since
the redox potential of type 2 Cu is shifted to more positive
potential than that of type 1 Cu, the electron-transfer

732 ACCOUNTS OF CHEMICAL RESEARCH [ VOL. 33, NO. 10, 2000

process from type 1 Cu to type 2 Cu is energetically
favored. On the other hand, the NIR from Rhodobacter
sphaeroides 2.4.3 has the +0.247-V midpoint potential
(type 1 Cu), and the type 2 Cu reduction potential is be-
low +0.200 V in the absence of nitrite.5? Although reduc-
tion of type 2 Cu(ll) by type 1 Cu(l) is not energetically
favored, it is suggested that the binding of nitrite to type
2 Cu(ll) is the trigger, positively shifting the type 2 Cu
reduction potential, and induces the electron-transfer
reaction.

Nitrite Reduction Process of CuNIR

Figure 7 shows the pH dependence of the catalytic activity
of AxgNIR together with that of kgr. The pH profile for
kapp (apparent catalytic rate constant) is bell-shaped with
the optimum near pH 5.5, being substantially similar to
those of AciNIR,?® AfsNIR,%° and AxnNIR.?* The bell-shaped
curve implies that two protonated groups with pK, values
of about 5 and 7 are involved in catalysis. The X-ray crystal
structures of blue and green NIRs show that there are only
two nonligand ionizable conserved residues around type
2 Cu, Asp98 and His255 (vide ante). Therefore, these
residues are likely to be the immediate sources of the two
protons utilized in the nitrite reduction. Steady-state
kinetic analyses were performed with the Asp and His
mutants of AxgNIR (Asp98Ala, Asp98Asn, Asp98Glu;
His255Ala, His255Lys, His255Arg) to elucidate the roles
of these residues.®® In all Asp98 mutants, decreases by
2—3% of kapp Of recombinant AxgNIR are observed at pH
5.5, and their apparent K, values for nitrite are increased
by factors of 17 (Asp98Glu), 65 (Asp98Ala), and 200
(Asp98Asn) compared with that of the recombinant
AxgNIR. The K, of Asp98Glu introducing the carboxyl
group like Asp shows a little increase, indicating that
hydrogen bond formation between the carboxyl group and
nitrite would be necessary to anchor nitrite. The Kapp
values of three His255 mutants are 0.3—0.4% of that of
the recombinant at pH 5.5, and their K., values for nitrite
are increased 23 (His255Ala), 5 (His255Lys), and 2
(His255Arg) times. The His287Glu mutant of RhsNIR also
shows a similar decrease in catalytic activity (0.3% of the
wild type) and unchanged K, value.%? Therefore, His255
is not involved in nitrite binding directly but presumably
controls the position of Asp98 through the hydrogen-
bonding network. Moreover, the low catalytic activities of
the His255 mutants as well as the Asp98 mutants supports
that His255 also play the role of proton donor to nitrite
bound to type 2 Cu. For the proton donation, the
protonated imidazole (imidazolium) ring of His255 prob-
ably approaches to the substrate. According to X-ray
crystal structure analysis, there is a vacancy in which this
histidyl side chain is movable to approach type 2 Cu.
Figure 8 depicts the proposed catalytic mechanism of
CuNIR based on the X-ray crystal structures of native and
nitrite-soaked CuNIRs*® and the kinetics of the Asp and
His mutants.3 In the first step, the substrate is replaced
with the water ligand, which is released as OH~ (I — II).
Type 2 Cu accepts one electron, and the NOOH interme-
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FIGURE 8. Proposed catalytic mechanism of CuNIR.

diate is formed by protonation of nitrite (Il — III). The
movement of protonated His255 toward the type 2 Cu site
and the electron transfer from type 2 Cu(l) to NOOH may
facilitate cleavage of the N—O bond (I111 — V). One proton
would be donated from the His255 imidazolium group to
produce a water ligand, and NO is generated (IV — V).
Asp98 and His255 residues behave as general acid—base
catalysts, which provide two protons required for the
substrate reduction (proton shuttling residues).

The pH profile for Kapp is interestingly consistent that
for ker, as shown in Figure 7. This means that the two
amino acid residues, Asp98 and His255, would function
in both the intramolecular electron-transfer and the
catalytic processes, which will be closely associated with
each other.

Conclusions

CuNIRs from denitrifying bacteria (Alcaligenes xylosoxi-
dans GIFU 1051 and NCIB 11015 (blue NIR), Achromo-
bacter cycloclastes IAM 1013, and Alcaligenes faecalis S-6
(green NIR)) are a homotrimer, and one subunit (ca. 36
kDa) contains each of type 1 Cu (two His, Cys, and Met
ligands) and type 2 Cu (three His and solvent ligands).
The type 1 Cu sites for accepting one electron in blue and
green NIRs have distorted tetrahedral and flattened
tetrahedral geometries, respectively. The type 2 Cu sites
for catalyzing nitrite reduction in both NIRs are tetrahedral
structures. The interatomic distance between the type 1
and 2 Cu’s is 12.6 A, and these Cu atoms are bound by
the Cys-His sequence segment, which is probably the
electron pathway from type 1 Cu to type 2 Cu. The
intramolecular electron transfer occurs with a first-order
electron-transfer rate constant (ker) of 2 x 103 st at pH
6. In both NIRs, pH profiles for ker values are similar to
those of the catalytic activities, indicating that the in-
tramolecular electron-transfer process would be closely

)
e < gy W
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7 £
O gy, é ut

\—_Ll-lis255

linked to the following nitrite reduction process. Moreover,
the intramolecular electron transfer and the catalytic
kinetics of the Asp98 and His255 mutants demonstrate
that each of Asp and His around the type 2 Cu site not
only controls the electron-transfer process but also pro-
vides a proton for nitrite bound to type 2 Cu as a general
acid—base catalyst in the nitrite reduction process.
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