
Structural insights into the function of a thermostable
copper-containing nitrite reductase

Received September 25, 2013; accepted November 13, 2013; published online November 30, 2013

Yohta Fukuda1,2, Ka Man Tse3,
Masami Lintuluoto4, Yoshifumi Fukunishi5,
Eiichi Mizohata1,3, Hiroyoshi Matsumura1,3,
Hideto Takami6, Masaki Nojiri2,7 and
Tsuyoshi Inoue1,3,*

1Department of Applied Chemistry, Graduate School of
Engineering, Osaka University, 2-1 Yamadaoka, Suita, Osaka 565-
0871, Japan; 2Department of Chemistry, Graduate School of
Science, Osaka University, 1-1 Machikaneyama, Toyonaka, Osaka
560-0043, Japan; 3Department of Applied Chemistry, School of
Engineering, Osaka University, 2-1 Yamadaoka, Suita, Osaka 565-
0871, Japan; 4Faculty of Life and Environmental Sciences,
Department of Environmental Information, Kyoto Prefectural
University, Shimogamo-Hanki-cho, Sakyou, Kyoto 606-8522,
Japan; 5Molecular-Recognition Structure Analysis Team, Molecular
Profiling Research Center for Drug Discovery (molprof) National
Institute of Advanced Industrial Science and Technology (AIST) 2-
3-26 Aomi, Koto-ku, Tokyo 135-0064, Japan; 6Microbial Genome
Research Group, Japan Agency of Marine-Earth Science and
Technology, 2-15 Natsushima, Yokosuka, Kanagawa 237-0061,
Japan; and 7RIKEN SPring-8 Center, 1-1-1 Kouto, Sayo, Hyogo
679-5148, Japan

*Tsuyoshi Inoue, Department of Applied Chemistry, Graduate
School of Engineering, Osaka University, 2-1 Yamadaoka,
Suita, Osaka 565-0871, Japan. Tel: þ81-6-6879-7408,
Fax: þ 81-6-6879-7409, email: inouet@chem.eng.osaka-u.ac.jp

Copper-containing nitrite reductase (CuNIR) catalyzes
the reduction of nitrite (NO�2 ) to nitric oxide (NO)
during denitrification. We determined the crystal struc-
tures of CuNIR from thermophilic gram-positive bacter-
ium, Geobacillus thermodenitrificans (GtNIR) in
chloride- and formate-bound forms of wild type at
1.15 Å resolution and the nitrite-bound form of the
C135A mutant at 1.90 Å resolution. The structure of
C135A with nitrite displays a unique g1-O coordination
mode of nitrite at the catalytic copper site (T2Cu), which
has never been observed at the T2Cu site in known wild-
type CuNIRs, because the mobility of two residues es-
sential to catalytic activity, Asp98 and His244, are ster-
ically restricted in GtNIR by Phe109 on a characteristic
loop structure that is found above Asp98 and by an un-
usually short CH�O hydrogen bond observed between
His244 and water, respectively. A detailed comparison
of the WT structure with the nitrite-bound C135A struc-
ture implies the replacement of hydrogen-bond networks
around His244 and predicts the flow path of protons
consumed by nitrite reduction. On the basis of these ob-
servations, the reaction mechanism of GtNIR through the
g1-O coordination manner is proposed.

Keywords: Metallo/Enzyme/Oxidation-Reduction/
Enzyme/Copper/Metals/X-ray Crystallography/
Methods/Thermostable enzyme.

Abbreviations: AcNIR, CuNIR from Achromobacter
cycloclastes; AfNIR, CuNIR from Alcaligenes

faecalis; AxNIR, CuNIR from Achromobacter xylo-
soxidans; CuNIR, copper-containing nitrite reductase;
ET, electron transfer; GkNIR, CuNIR from
Geobacillus kaustophilus; GtNIR, CuNIR from
Geobacillus thermodenitrificans; HEPES, 4-(2-hydro-
xyethyl)-1-piperazineethanesulfonic acid; NgNIR,
CuNIR from Neisseria gonorrhoeae; NeNIR, CuNIR
from Nitrosomonas europaea; PDB, Protein Data
Bank; PEG, polyethylene glycol; PhNIR, CuNIR
from Pseudoalteromonas haloplanktis; RpNIR,
CuNIR from Ralstonia pickettii; Tris, tris(hydroxy-
methyl)aminomethane; WT, wild type.

Denitrification is a part of the geobiochemical nitrogen
cycle and is the process by which some organisms
couple the respiratory system to the gradual reduction
of nitrate or nitrite (NO�3 or NO�2 ) to gaseous dinitro-
gen (N2) via the respective formation of nitric oxide
(NO) and nitrous oxide (N2O) (1). Because of mainly
the invention of the Haber�Bosch process, the amount
of nitrogen oxides contained in soils and waters have
been increasing enough that the balance of the nitro-
gen cycle is at stake (2, 3). Denitrification is, therefore,
attracting attention because of its potential agronomic
and environmental impacts (2, 4). Each step of denitri-
fication is catalyzed by a distinct metal-containing re-
ductase, the structures of which have been elucidated
at an atomic level. Despite the global contribution of
the denitrification process in extremophiles as well as
mesophilic organisms, little attention has been paid to
enzymes originating from extremophilic denitrifiers
(5). In fact, the crystal structures of only two enzymes
have been elucidated to date: a nitric oxide reductase
from the thermophilic bacterium, Geobacillus stear-
othermophilus (6) and a copper-containing nitrite re-
ductase (CuNIR) from the psychrophilic bacterium,
Pseudoalteromonas haloplanktis (7).

CuNIR is a periplasmic enzyme responsible
for the one-electron reduction of NO�2 to NO
(NO�2 þ 2Hþþ e� ! NOþH2O), a key reaction in de-
nitrification as the nitrogen compound is changed from
an ionic state to a gaseous molecule. CuNIR typically
has a homotrimeric structure containing one type 1
(T1Cu) and one type 2 Cu (T2Cu) site per monomer.
The T1Cu atom is coordinated by four amino acid
residues (two histidine residues, cysteine and methio-
nine) and functions as a receptor site for the electron
supplied by an electron-donor protein such as c-type
heme-containing cytochrome (8, 9) or blue-copper pro-
teins (10, 11). The T2Cu site is a catalytic centre
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composed of three histidine residues and an axial
ligand water molecule. The two Cu sites are spaced
�12.5 Å away from each other but are connected
through adjacent residues, that is, cysteine and histi-
dine, which are the ligands of the T1Cu and T2Cu
centres, respectively. Such a structure enables efficient
intramolecular electron transfer (ET) from the T1Cu
centre to the T2Cu centre. A great number of spectro-
scopic, kinetic and crystallographic studies have shown
that the conserved aspartate and histidine (hereafter
named as Aspcat and Hiscat) located above the T2Cu
centre are undoubtedly essential for enzymatic activity
(12�18). The reaction mechanism of CuNIR has been
proposed by several groups based on the crystal struc-
tures of the NO�2 - and NO-bound forms (14, 17, 18).
Although there are small differences between the sug-
gested mechanisms, a common view is that NO�2 binds
to the T2Cu atom in an Z2-O,O side-on manner and
forms a hydrogen bond with Aspcat to form an inter-
mediate, HONO, which is quickly reduced and drives
the release of NO. One of the most important insights
into the mechanism, which has been recently provided
by Hasnain and co-workers (19, 20), is that the ET
reaction is coupled with the proton transfer reaction.
However, the detailed reaction mechanism is still a
topic of discussion.

Recent genomic analyses have revealed that a wide
variety of organisms from all three taxonomic domains
contains at least one gene encoding CuNIR (nirK)
(21, 22). Among them, we have been focusing on
thermostable CuNIRs because denitrification in
thermophiles has a great deal of potential in industry;
that is, the denitrification process at high temperatures
can be applied to speeding up the removal of nitrogen
oxides in polluted water bodies. Geobacillus is a genus
of an extremophilic gram-positive bacterium (23)
and several species within this group are known to be
denitrifiers (24�26). The amino acid sequences of
Geobacillus CuNIRs show high similarity to each
other (80�95%) but in contrast, the sequences show
low similarities (20�40%) to CuNIRs from other spe-
cies (27); therefore, Geobacillus CuNIR likely possesses
a structure different from other CuNIRs. Although the
crystal structure of a thermotolerant CuNIR from
the thermophilic Geobacillus kaustophilus HTA426
(GkNIR) has recently been determined (submitted),
the detailed structure of the catalytic T2Cu site and
the associated reaction mechanism has yet to be
explored. Geobacillus CuNIR can perform nitrite re-
duction even at room temperature (28); however, it
remains unknown whether thermostable CuNIR will
follow the same mechanism as that of other CuNIRs
from mesophilic organisms.

Here, we report the high-resolution crystal struc-
tures of a soluble domain of another thermophilic
Geobacillus CuNIR from G. thermodenitrificans
NG80-2 (GtNIR). In contrast with G. kaustophilus,
which is devoid of the terminal enzyme, nitrous oxide
reductase (29), G. thermodenitrificans possesses a com-
plete set of all genes needed for absolute denitrification
(30). As reported herein, the structure of wild type
GtNIR (WT) was determined at near atomic resolution
(1.15 Å resolution). We then tried to determine

the complex structure of GtNIR with substrate.
However, it is known that in nitrite-soaked CuNIR
crystals, NO�2 bound to the T2Cu centre was reduced
to NO (18). The combined microspectroscopic and
crystallographic analyses revealed that hydrated elec-
trons produced upon X-ray irradiation rapidly reduce
the T1Cu sites (31). When nitrite is bound to the T2Cu
site, an electron gained by the T1Cu site can be effect-
ively transferred to the T2Cu site and consumed during
the reduction of NO�2 to NO. Therefore, interpretation
of electron density above the T2Cu sites in the nitrite-
soaked crystal structure is usually difficult because it
can be assigned as a mixture of NO�2 , NO and water.
To avoid a faulty judgment, we used two methods.
First, we determined the complex structure of WT
with formate, which is an analogue of nitrite and is
unlikely to be reduced during data collection.
Second, we made a mutant in which Cys135, one of
the T1Cu ligands, is replaced with alanine based on a
previous report that such a mutant lacks the T1Cu
atom and hence the ability to capture an electron
(32). The complex structure of the C135A mutant
with nitrite has been successfully determined and
shows a unique monodentate Cu(II)-nitrito complex
at the T2Cu site. Our structures provide new insights
into the detailed structure of the T2Cu site as well as
the reaction mechanism in a thermostable CuNIR.

Methods

Expression and purification of WT GtNIR and the
C135A mutant
The coding sequence of the putative soluble domain
of G. thermodenitrificans NG80-2 CuNIR (NCBI
Reference Sequence: NC_009328.1) from nucleotides
251 to 1377 was synthesized, by Fasmac Co., Ltd,
with NcoI and HindIII sequences to be cloned into
the pET-22b vector. The resulting pET-22b-GtNIR
construct was used to transform BL21 (DE3)
Escherichia coli. The cells were grown from a single
colony in six 1500mL Luria�Bertani cultures contain-
ing ampicillin at 200 mg ml�1 to an A600 of 0.35 at 39�C
with shaking at 180 rpm. The temperature was then
reduced to 20�C, and the cells were allowed to grow
further to an A600 of 0.6�0.7 when expression was
induced by the addition of IPTG to a final concentra-
tion of 1mM. The cultures were left for 18 h before the
cells were harvested by centrifugation. Cells were
immediately resuspended in 40mL of ice-cold resus-
pension buffer (40mM HEPES pH 8.0 for samples
of WT-formate and C135A-NO2, 40mM Tris�HCl
pH 8.0 for the sample of WT, buffer A). The cells
were disrupted by sonication in a chilled water bath
and the cell lysate was incubated at 343K for 120min
or 353K for 30min. The sample was centrifuged at
15,000g for 60min and 10mL of 10mM CuSO4 was
added to the supernatant. The resulting greenish
blue solution was loaded onto a HiLoad 16/600
Superdex 200 column (GE Healthcare UK Ltd.,
Buckinghamshire, UK) pre-equilibrated with buffer
A. The fractions containing GtNIR were collected
and ammonium sulphate was added to the sample so-
lution up to 40% w/v. After incubation at 277K for
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30min, the solution was centrifuged at 15,000 g for
30min and the supernatant was applied onto a
HiTrap Phenyl HP column (GE Healthcare UK
Ltd.) pre-equilibrated with buffer A containing 40%
w/v ammonium sulphate. The protein was eluted
with a linear gradient of ammonium sulphate concen-
tration from 40% to 0% w/v. The fractions containing
GtNIR were collected and dialyzed with buffer A at
277K for 12 h. The sample was loaded onto a HiTrap
Q HP column (GE Healthcare UK Ltd.) pre-equili-
brated with buffer A and after washing with buffer
A, the protein was eluted with a linear gradient of
ammonium sulphate concentration from 0 to 0.5M
(the sample for WT was eluted with a linear gradient
of NaCl concentration from 0 to 0.5M). The fractions
containing GtNIR were combined together and loaded
onto a HiLoad 16/600 Superdex 200 column
(GE Healthcare UK Ltd.) pre-equilibrated with
buffer A. GtNIR were collected and estimated to be
495% pure using SDS-PAGE (sodium dodecyl
sulphate�polyacrylamide gel electrophoresis); the ab-
sorption ratio of A280 to A600 was �11. Protein con-
centrations for all subsequent experiments were
determined by measuring the A280 using an extinction
coefficient of 27390 M�1 cm�1 and a molecular weight
of 35478 Da.

The forward and reverse primers for the C135A
mutant were 50-TTATGTACCATGCAGGTACGAA
GCCA-30 and 50- TGGCTTCGTACCTGCATGGT
ACATAA-30, respectively. The mutant plasmids were
confirmed by DNA sequencing before transformation
into E. coli strain BL21 (DE3) E. coli. The mutant was
expressed and purified following the wild-type protein
protocol.

Crystallization of GtNIR
X-ray diffraction-quality greenish blue crystals of the
wild type (WT) were grown in hanging drops consist-
ing of 1.5 ml protein solution (100mg ml�1) and 1.5 -ml
well solution and the drops were equilibrated in 0.45
ml well solution [0.1M acetate buffer pH 4.5, 5.0%
(w/v) PEG 4000, and 75mM CuSO4] at 293K. The
very important difference from the previously reported
crystallization conditions for Geobacillus CuNIR (27)
was the use of CuSO4 instead of ZnSO4. This minor
difference resulted in a drastic improvement of quality
of crystals. Crystals of WT with formate (WT-formate)
were grown in hanging drops consisting of 1.5 ml pro-
tein solution (100mg ml�1) and 1.5 -ml well solution
and the drops were equilibrated in 0.45-ml well solu-
tion [0.1M acetate buffer pH 4.5, 5.0% (w/v) PEG
4000, 75mM CuSO4, 200mM sodium formate] at
293K. Nitrite-soaked C135A crystals (C135A-NO2)
were obtained by soaking the colourless crystals of
C135A, which was grown in the same condition as
WT, in 200mM sodium nitrite for 20 min.

X-ray diffraction data collection, phasing and
refinement
Prior to synchrotron data collection, all crystals were
rinsed with well solution containing 35% (v/v)
2-methyl-2,4-pentanediol as a cryoprotectant and
then flash-cooled by immersion in liquid nitrogen.

Data sets were collected from a single crystal at
100K on beamline BL44XU (for WT) and BL38B1
(for C135A-NO2) at SPring-8 (Hyogo, Japan) using a
MX-225HE and an ADSC Quantum 315 CCD de-
tector (Area Detector Systems Co., CA, USA), respect-
ively, and on beamline BL1A (for WT-formate) at
Photon Factory (Tsukuba, Ibaraki, Japan) using a
Pilatus 2M-F detector (DECTRIS Ltd., Baden,
Switzerland). The HKL-2000 package (33) was used
to reduce, integrate and scale the collected data. The
crystals belonged to space group R3, with a GtNIR
monomeric molecule per asymmetric unit. The crystal
structure was determined by molecular replacement
using the program MOLREP (34) from the CCP4
suite (35). A monomeric subunit of GkNIR (sequence
identity between GkNIR and GtNIR is 94%) deter-
mined in our previous study (submitted) was used as
the search model. The resulting GtNIR models were
subject to a cycle of positional and individual
B-factor refinement in REFMAC5 (36). Manual
model building was carried out using COOT (37) thor-
ough the refinement process. Water molecules were
added to the model using the automated water-search-
ing program built into COOT, and during the refine-
ment of the WT and WT-formate structures,
anisotropic refinement parameters were introduced.
When the structure of WT was refined, electron density
on the T2Cu atom was first assigned to fully occupied
water. The B-factor of the resulting water molecule
was, however, unusually small and positive electron
density remained at the position in the resulting
Fo-Fc map. Therefore, partially occupied chloride was
assigned instead because Tris�HCl buffer was used in
the purification of the sample for WT. To be more
exact, this axial ligand may be a mixture of chloride
and water; that is, there are actually several states of
axial ligands of the T2Cu atom in WT. However, we
regarded it as one chloride ion in the refinement for
simplicity. When the structure of the WT-formate
structure was being refined, electron density on
the T2Cu centre was first assigned to formate with
two predominant binding modes (Z1�O and
Z2�O,O).However, formate in the Z2�O,O binding
mode showed a distance between the carbon atom of
formate and the T2 Cu atom (2.13 Å), which is shorter
than that between the oxygen atoms of nitrite and the
T2Cu atom [2.27 (O1�Cu) and 2.22 (O2�Cu) Å].
Therefore, partially occupied formate and water mol-
ecules were assigned to this position. The copper co-
ordination geometry was not restrained. To calculate
the correct distances between the Cg atom and Od

atoms of Asp98, the unrestrained refinement was exe-
cuted for the WT and WT-formate structures. The
final models were checked for stereochemical quality
using PROCHECK (38) and MolProbity (39). Data
collection and refinement statistics are summarized in
Table I.

Results

The copper centres in GtNIR
The structure of C135A in complex with nitrite
(C135A�NO2) was determined at 1.90 Å resolution.

Structure of a thermostable CuNIR
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In addition, two other crystal structures of GtNIR,
WT and a WT structure in complex with formic acid
(an analogue of nitrite, WT-formate), were both deter-
mined at near atomic resolution (1.15 Å). Data collec-
tion and refinement statistics are summarized in
Table I. The overall structure of GtNIR composed of
294 amino acid residues resembles those of other
known homotrimeric CuNIRs (Supplementary Fig.
S1A). As expected from the exclusively high similarity
of the amino acid sequences between CuNIRs from
G. thermodenitrificans and G. kaustophilus (94%), the
structure of GtNIR is very similar to that of GkNIR
as indicated by root mean square deviation of 0.07 Å
calculated for superposed 277 Ca atoms and has a
unique N-terminal arm structure, a short tower loop,
and an extra loop, which were also found in GkNIR
(Supplementary Fig. S1A). The RMSD (Ca) between
the WT and WT-formate complex structures is 0.08 Å,
which indicates that binding of a small molecule to the
T2Cu centre did not dramatically affect the overall
structure of GtNIR. The geometry of the T1Cu sites
in the WT and WT-formate structures are almost the
same as that of previously analyzed GkNIR (sub-
mitted). Therefore, we will not describe these details

in this article. The geometric parameters of the Cu
centres of GtNIR are shown in Table II.

The crystal structure of C135A-NO2 contains a fully
occupied Cu atom at the T1Cu site (Supplementary
Fig. S1B), although in the C130A mutant of CuNIR
from Achromobacter xylosoxidans (AxNIR), which is
equivalent to our C135A mutant, the T1Cu site is com-
pletely devoid of a metal ion (32). Three ligands,
His95, His143 and Met148, contribute to the forma-
tion of a slightly distorted T-shaped centre.
Supplementary Fig. S1C presents a comparison of
the T1Cu site in C135A-NO2 with that in WT. The
distance between Cu�SMet148 is 2.07 Å, which is
much shorter than that in WT (2.61 Å). Although the
methyl carbon of Ala135 is unexpectedly close to the
T1Cu atom (3.55 Å), no coordination bond is observed
between the T1Cu centre and Ala135. As compared
with WT, no structural changes except minimal shift
(0.4 Å) of the carbonyl oxygen atom of Gly136 was
observed in the second coordination sphere of the
T1Cu centre in C135A despite the drastic conform-
ational change in the first coordination sphere. The
RMSD between the WT and C135A-NO2 structures
is only 0.12 Å, which reveals that the protein backbone

Table I. Data collection and refinement statistics for GtNIR WT, C135A-NO2, and WT-formate.

WT (3WKO) C135A-NO2 (3WKP) WT-formate (3WKQ)

Data collection
Synchrotron beamline SPring-8 BL44XU SPring-8 BL38B1 PF BL1A
Detector MX-225HE Quantum 315 Pilatus 2M

Wavelength (Å) 0.9 0.9 0.9
Space group R3 R3 R3
Unit cell

a b (Å) 115.05 114.87 114.98
c (Å) 84.42 84.04 84.43
� � (�) 90 90 90
� (�) 120 120 120

Resolution range (Å) 50.0�1.15 (1.17�1.15)a 50.0�1.90 (1.94�1.90) 100.0�1.15 (1.17�1.15)
Rmerge (%)b 7.3 (28.5) 10.5 (24.6) 8.6 (31.7)
Completeness (%) 95.7 (91.7) 93.2 (90.7) 97.3 (98.9)
Unique reflections 141,618 (6786) 30,251 (1461) 143,313 (7283)
5I/s (I)4 13.2 (1.6) 9.5 (2.0) 19.7 (2.8)
Redundancy 2.6 (2.1) 2.3 (2.0) 3.3 (2.9)
Refinement

Resolution range (Å) 22.1�1.15 25.2�1.90 26.3�1.15
No. of Reflections 134,511 28,714 136,148
Rwork (%)c/Rfree (%)d 13.1/16.3 15.6/20.6 11.8/13.7
RMSD bond length (Å) 0.029 0.023 0.023
RMSD bond angle (�) 2.499 2.088 2.322
Average B (Å2) 15.3 20.6 13.7
No. of protein atoms 2,541 2,357 2,597
No. of heterogen atoms 89 29 93
No. of water molecules 415 242 418

Ramachandran plot (%)e

Favoured 98.3 96.9 98.3
Allowed 1.7 3.1 1.7
Outliers 0 0 0

ESU based on ML (Å)f 0.023 0.078 0.012

aValues in parentheses are for the highest-resolution shell.
bRmerge is calculated as �hkl�ijIi(hkl)�5I(hkl)4j/�hkl�iI(hkl), where Ii(hkl) is the intensity of an individual measurement of the reflection with
Miller indices hkl and5I(hkl)4 is the average intensity from multiple observations.
cRwork¼�hkljjFobsj � jFcalcjj/�hkljFobsj, where Fobs and Fcalc are the observed and calculated structure-factor amplitudes, respectively.
dThe free R factor, Rfree, is computed in the same manner as Rwork but using only a small set (5%) of randomly chosen intensities that were
not used in the refinement of the model.
eMolProbity statistics (39).
fESU, estimated standard uncertainty; ML, maximum likelihood.
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is barely affected by the point mutation and soaking of
nitrite. A well-defined omit electron density map in the
region of the T2Cu site revealed density in the apical
position of the copper that could best be modelled as a
nonlinear molecule of three atoms. This density was
modelled as fully occupied nitrite coordinated to the
T2Cu centre in an Z1�O coordination manner
(Fig. 1A). A monodentate coordination mode has
never been observed in other wild-type T2Cu sites in
CuNIR structures in which nitrite adopts an Z2�O,O
binding mode (17, 18). The distance between the O2
atom (closest to the T2Cu atom) of nitrite and the
T2Cu atom is 1.97 Å, which is slightly shorter than
the distances observed in the Z2�O,O binding mode
in structures of CuNIR from Alcaligenes faecalis
(AfNIR) [2.04�2.08 Å (Cu�O2), 2.29�2.38 Å
(Cu�O1)] and is consistent with those seen in model
complexes showing the Z1-O coordination manner of
nitrite (1.94�2.01 Å) (40, 41). A refined average
B-factor of 31 Å2 indicates that the nitrite ion is well
ordered. A slightly larger B-factor of the noncoordi-
nated O1 atom (42 Å2); however, indicates that it is
more disordered than the other two atoms of nitrite.
A hydrogen bond can be formed between the O2 atom
of nitrite and the Od2 atom of Asp98 (3.38 Å) and be-
tween the O1 atom of nitrite and Wat4 (3.07 Å).
Figure 1B illustrates a comparison of the nitrite-
bound T2Cu site in GtNIR with those in AfNIR and
CuNIR from Achromobacter cycloclastes (AcNIR).
The Nd1 atom of His244 in GtNIR forms a hydrogen
bond with the carbonyl oxygen of Gln267, whereas the
Nd1 atoms of corresponding Hiscat in AfNIR and

AcNIR are connected to the Og1 atom of threonine.
The former conformation of Hiscat observed in GtNIR
henceforth will be referred to as a ‘horizontal’ con-
formation and the latter observed in AfNIR and
AcNIR as a ‘vertical’ conformation. Threonine con-
nected to Hiscat in the vertical conformation is highly
conserved in most CuNIRs except CuNIRs from
Neisseria gonorrhoeae (NgNIR) (42) and an ammo-
nia-oxidizing bacterium, Nitrosomonas europaea
(NeNIR) (43) in which the threonyl residues are
replaced by seryl ones.

In the WT structure, a partially occupied chloride
ion (70% occupancy) is bound to the T2Cu centre with
a Cl�Cu distance of 2.22 Å (Supplementary Fig. S2A).
The chloride ion is unusually close to a nearby fully
occupied water molecule (Wat6) with a distance of
3.05 Å, which is shorter than the sum of the van der
Waals radii of Cl and O atoms. Supplementary Fig.
S2B illustrates that formic acid in WT-formate was
bound to the T2Cu centre in the Z1�O coordination
manner but with an occupancy of 50%.

The backbone structure located above the T2Cu site
in GtNIR differs from those in almost all CuNIRs
(Supplementary Fig. S2C). A single known exception,
which has the same backbone structure as GtNIR, is
recently reported NeNIR. This region is hereinafter
referred to as a ‘cover loop’ for convenience. The
unique structure of the cover loop provides a distinct
shape of the substrate pocket from other typical
CuNIRs (Fig. 2A and B). As can be seen in
Supplementary Fig. S2C, Phe109 on the cover loop
extends just above Asp98. The hydrogen atom on the
Ca atom of Asp98 can form a CH-p hydrogen bond
with the aromatic ring of Phe109.

Accessibility of solvent molecules to the T2Cu site
On a wall of the substrate channel in GtNIR, as with
other CuNIRs, sit the hydrophobic residues: Pro106,
Val140, Val246, Pro290, Val292, Phe296, Ala299,
Val304 and Met306. Positively charged Lys138 is
located at the entrance of the substrate channel
(Fig. 2A). In AxNIR, two polar residues, Glu133 and
His313, are positioned at the entrance of the substrate
pocket, both of which are thought to be involved in the
uptake of small molecules including the substrate (44,
45) (Fig. 2B). Geobacillus CuNIR is the first natural
CuNIR which has valine, Val246, instead of isoleucine
above the T2Cu centre. Ile257 above the T2Cu centre
in AxNIR and the equivalent isoleucine in other
CuNIRs are thought to be key residues involved in
controlling the binding mode of the substrate/inter-
mediate and discriminating the substrate from other
small molecules (46�48). Replacement of isoleucine
with valine had no significant effect on activity and
the binding mode of nitrite (46). However, it is obvious
that a combination of the difference of the cover loop
described above and existence of valine instead of iso-
leucine will provide a wider substrate channel (Fig. 2A
and B) which can accommodate more water molecules
than other CuNIRs (see channel A in Fig. 2C and
Supplementary Fig. S3). Although NeNIR has the
same type of cover loop as GtNIR, Met128 in
NeNIR at the other side of isoleucine above the

Table II. Copper site ligand and hydrogen-bond distances.

Parameter WT C135A-NO2 WT-formate

Type 1 Cu�ligand distances (Å)
T1Cu�H95Nd1 2.03 2.14 2.05
T1Cu�C135Sg 2.17 3.55a 2.22
T1Cu�H143Nd1 2.01 1.96 2.01
T1Cu�M148Sd 2.61 2.07 2.59

Type 1 Cu�ligand angles (�)
H95Nd1�T1Cu�C135Sg 138.9 n/a 135.2
H95Nd1�T1Cu�H143Nd1 100.4 102.9 102.8
His95Nd1�T1Cu�M148Sd 81.7 101.7 81.7
C135Sg�T1Cu�H143Nd1 105.0 n/a 107.2
C135Sg�T1Cu�M148Sd 113.6 n/a 113.0
H143Nd1�T1Cu�M148Sd 116.5 155.3 115.7

Type 2 Cu�ligand distances (Å)
T2Cu�H100N"2 1.93 1.96 1.98
T2Cu�H134N"2 1.97 1.95 1.99
T2Cu�H294N"2 1.96 2.01 1.98
T2Cu�Wat0/Cl 2.23/2.22 n/a 2.19
T2Cu�Nnitrite or Cformate n/a 2.85 3.27
T2Cu�O1nitrite or O1formate n/a 3.41 4.11
T2Cu�O2nitrite or O2formate n/a 1.97 2.21

H�bond distances around the active site (Å)
D98Od2�Wat0 2.48 n/a 2.35
D98 Od2�O2nitrite or O2formate n/a 3.38 3.72
D98Od1�Wat1 2.90 3.15 2.85
D98Od2�Wat1 3.41 3.31 3.44
H244N"2�Wat4 2.94 2.75 2.99
H244C"1�Wat3b 3.12 3.03 3.09
Wat1�Wat2 (Wat2A/2B) 2.76/2.69 2.68 2.76/2.69
Wat3�Wat2 (Wat2A/2B) 3.49/4.39c 3.85c 3.57/4.61c

aThe distance between the T1Cu and the methyl carbon of Ala135.
bUnusual short CH�O hydrogen bond.
cLonger than accepted hydrogen bond distance.
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T2Cu site yields a bottleneck (43). Thus, Geobacillus
CuNIR has the most spacious substrate pocket in all
known CuNIRs.

Nitrite reduction requires two protons and all
CuNIRs contain a so-called ‘proton channel’, which
lines up water molecules from the molecular surface
to the catalytic site so as to effectively supply protons
to the catalytic site (18, 49, 50). A putative proton chan-
nel (channel A) is composed of water molecules located
along the side of the substrate channel in GtNIR
(Fig. 2C). AxNIR has two proton channels, channel
A and B (Supplementary Fig. S3). There exists Asn90
in channel A of AxNIR, which is one of the most im-
portant residues to sustain a water network. An N90S
mutant of AxNIR showed a serious decrease of activity
because of disruption of a hydrogen bond network (50).
By comparison, GtNIR has Ser96 at the same position
as Asn90 of AxNIR, and Ser96 is not utilized to con-
struct the hydrogen bond network. Instead, the network
in GtNIR is maintained by the carbonyl oxygen atoms
of Phe109 and Gly136 juxtaposed to Cys135 (Fig. 2C).
Gly136 and Thr137 are connected via a peptide bond
and the amide nitrogen of Thr137 forms a hydrogen
bond with the S atom of Cys135 (3.45 Å). That is, chan-
nel A is connected to the T1Cu site albeit indirectly.
Incidentally, this region is quite close to the region
where CuNIR and an electron-donor protein interact
with each other (8, 10). Channel B in GtNIR is blocked

up by hydrophobic Val249 at the middle of channel B
although in AxNIR, the equivalent residue His254
maintains the flow of protons in the channel
(Supplementary Fig. S3).

Tight hydrogen bond networks around the T2Cu site
Water molecules in the substrate pocket of GtNIR
make tighter hydrogen bond networks than other
CuNIRs. Wat1 bridging Asp98 and His244 can form
hydrogen bonds with the Od2 atom as well as the Od1

atom of Asp98 (Fig. 3A and Table II). Wat1 in other
CuNIRs such as AxNIR can form only one hydrogen
bond with Aspcat because Wat1 is about 3.9 Å away
from the Od2 atom of Aspcat (Fig. 3C). In
C135A�NO2, Wat1 remains at the position where it
can be connected to both Od1 and Od2 atoms of
Asp98 through hydrogen bonds (Fig. 3B). The distance
between the Od1 atom and Wat1 in C135A-NO2 is
longer than in WT; conversely, the distance between
the Od2 atom and Wat1 in C135A�NO2 is shorter than
in WT (Table II). In all CuNIRs, Wat1 is also con-
nected to Wat2. Electron density observed around
Wat2 in data of WT and WT-formate shows an ellips-
oidal form, which indicates that Wat2 adopts two con-
formations with 50% occupancy (Wat2A and Wat2B
in Fig. 3A). Wat2 can also be linked to Wat3 and the
carbonyl oxygen atoms of Phe99, Val102, Thr248 and
ligand His100 via hydrogen bonding. Although Wat3

Fig. 1 (A) The stereo view of the g1�O binding mode of nitrite at the T2Cu site in C135A�NO2. The 2Fo�Fc (contoured at 1.0�) is represented by
a dark blue mesh. The Cu ion is shown as a brown sphere. Carbon, oxygen and nitrogen atoms are shown in green, red and blue, respectively.
Carbon atoms of residues originating from an adjacent monomer in the crystallographic asymmetric unit are shown in orange. (B) Comparison
of the coordination mode of nitrite and the environment around the T2Cu site. Wat1 between Aspcat and Hiscat is omitted for clarity. Three
coordinating N" atoms of His100, His134, and His294 and Cu ions are superimposed. Oxygen and nitrogen atoms are represented by red and
blue sticks, respectively, other than those in the nitrite molecules. Carbon atoms are coloured by green, yellow and magenta in GtNIR, AfNIR
(PDB code 1SJM) and AcNIR (PDB code 2BWI), respectively. Hydrogen bonds are represented by cyan dashed lines.
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is found in all CuNIRs, Wat3 in GtNIR is peculiar;
that is, it is so close to the C"1 atom of His244 that the
distance between two atoms (3.12 Å in WT and 3.03 Å
in C135A�NO2) are shorter than the sum of the van
der Waals radii of C and O atoms. There was no al-
ternative conformer of His244 in which the imidazole
ring flips 180 degrees because the Cd1 atom of the con-
former would be located �2.6 Å away from the car-
bonyl oxygen atom of Gln267. The short distance
between Wat3 and the C"1 atom of His244 indicates
the existence of a CH�O hydrogen bond. As a typical
donor�acceptor distance of CH�O hydrogen bonding
is 3.2�3.6 Å, the CH�O hydrogen bond between Wat3
and the C"1 atom of His244 is classified into a short
and relatively strong CH�O hydrogen bond (51). Wat3
is also connected to the carbonyl oxygen atom of
ligand His100.

Crystal structures of oxidized CuNIRs show a water
molecule axially coordinated to the T2Cu atom (Wat0
shown in Fig. 3A and C). Wat0 usually forms a hydro-
gen bond with the Od2 atom of Aspcat. As described
earlier, the WT structure of GtNIR accommodates not
only Wat0 but also chloride. This chloride is connected
to Wat6 specific to GtNIR and linked to Asp98 and
Wat5 through Wat4. The near atomic resolution data
of WT shows that the bond lengths between the Cg

atom and two Od atoms of Asp98 are different: 1.24
(Cg-Od1) and 1.33 (Cg-Od2) Å, respectively. This differ-
ence in bond lengths is significantly larger than the
value of estimated coordinate error (Table I), indicat-
ing that a negative charge on the carboxyl moiety is
localized and the Od2 atom is protonated (52, 53). On
the other hand, the carboxyl group in WT-formate is
no longer protonated because WT-formate shows no

Fig. 2 Molecular surfaces around the T2Cu site and the substrate pockets of GtNIR (A) and AxNIR (B, PDB code 1OE1). The different monomers
are shown in different colours. (C) H-bonding networks in GtNIR (dotted cyan lines). Residues originating from an adjacent monomer of the
same GtNIR trimer are shown in orange. Cu ions are shown as brown spheres, and water molecules red spheres. Distances from Cu atoms to
coordinating protein atoms are shown as dotted black lines.
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significant difference between those lengths: 1.23
(Cg�Od1) and 1.26 (Cg�Od2) Å, respectively. These
two bond lengths are also not different in the
C135A�NO2 structure: 1.23 (Cg�Od1) and 1.26
(Cg�Od2) Å, respectively. However, the coordinate
error of C135A�NO2 was too large to judge whether
the two bond lengths are truly equivalent. When nitrite
binds to the T2Cu centre, Wat0 and Wat6 are expelled
and instead, the O2 and O1 atoms of nitrite can form
hydrogen bonds with the Od2 atom of Asp98 and
Wat4, respectively. Electron density reveals that
Wat2 occupies only one position in C135A�NO2.

Discussion

The rigid and compacted catalytic site in GtNIR com-
pels the unique Z1�O nitrito Cu complex. We made the
C135A mutant to obtain the crystal structure in com-
plex with NO�2 as it can never be reduced to yield NO.
The T1Cu and T2Cu sites in the C135A mutant are not
directly connected hence intra-copper ET must be in-
hibited. Blocking intramolecular ET leads to observa-
tion of fully occupied nitrite on the T2Cu centre.
However, unexpectedly, the observed binding mode of
nitrite in the C135A structure was unique. Our present

structure is the first case that the Z1�O nitrito complex
is observed in the wild-type T2Cu site of CuNIR.
Following, we discuss the reason the Z1�O coordin-
ation manner of nitrite was observed in C135A�NO2.

Aspcat located above the T2Cu site in AfNIR and
AcNIR is known to be able to adopt two conformations
(Fig. 1B). Antonyuk et al. (18) annotated them as a
proximal and gatekeeper conformation. The proximal
conformation is also found in GtNIR. In AcNIR, this
conformation results in very close contact between the
Od2 atom of Aspcat and the atoms of nitrite. Antonyuk
et al. concluded that when Aspcat adopts this position,
there should be a water molecule (Wat0) at the T2Cu
site in place of nitrite because, in the extreme case, the
Od2 atom of Aspcat is only 1.9 Å away from the O2 atom
of nitrite. In other words, Aspcat has to change its con-
formation from proximal to gatekeeper to accommo-
date nitrite at the catalytic site. However, for AfNIR,
although some structures with small molecules at the
T2Cu site demonstrate the gatekeeper conformation of
Aspcat (47), nitrite can bind to the T2Cu centre in the
Z2�O,O side-on manner without collision with Aspcat in
the proximal conformation (17) (Fig. 1B). This incon-
sistency can be resolved when the conformation of the
other catalytic residue Hiscat is considered. Hiscat in

Fig. 3 H-bonding networks around the T2Cu site in (A) WT, (B) C135A-NO2 of GtNIR and (C) AxNIR (PDB code 1OE1). Cu and Cl atoms are
shown as brown and green spheres, respectively. H-bonding networks, the unusual CH�O hydrogen bond and the close contact between chloride
and Wat6 are represented by dotted cyan, red and yellow lines, respectively. Coordinate bonds to Cu atoms are shown as dotted black lines.
Residues originating from an adjacent monomer of the same CuNIR trimer are shown in orange (A and B) or light orange (C).
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both AfNIR and AcNIR adopts a vertical conformation
that interacts with nearby threonine (Fig. 1B), which
creates a wider space at the catalytic site than the case
when Hiscat adopts a horizontal conformation in which
a hydrogen bond is formed with the carbonyl oxygen
atom of the main chain. Consequently, AfNIR is able to
accommodate nitrite at the catalytic centre without
adopting the gatekeeper conformation of Aspcat.
Conversely, GtNIR cannot adopt the gatekeeper con-
formation of Asp98 or the vertical conformation of
His244 probably because of steric hindrance created
by Phe109 on the cover loop and the unusual CH�O
hydrogen bond with Wat3, respectively. It is known
that not only classical hydrogen bonding but also
non-classical hydrogen bonding including CH�O and
CH�p hydrogen bonding is one of the important keys
to thermostability (54). As a result, the catalytic site is
more rigid and the space above the T2Cu site is more
compacted in GtNIR than in other CuNIRs. The rigid
and compacted catalytic site of GtNIR, therefore, works
for G. thermodenitrificans, which grows between 45�C
and 73�C (optimum is 65�C) (55). However, the rigid
and compacted catalytic site will easily result in steric
hindrance for nitrite in an environment where the ther-
mal mobility of atoms is restricted. As, in our experi-
ment, crystallization and soaking of nitrite were
performed at 293K (20�C) and the diffraction data
were collected at 100K (-173�C), nitrite would not be
able to intrude into the narrow space above the T2Cu

site. Thus, it has no choice but to bind in the Z1�O
coordination manner.

The Z1�O binding mode was also observed in the
WT-formate structure. Although, during the crystal-
lization of WT-formate, the GtNIR molecules were
exposed to a high concentration (200mM) of formate
for long periods of time (5 days), formate could not
bind to the T2Cu atom in a bidentate manner. This
fact indicates that it is difficult for a nonlinear mol-
ecule composed of three atoms, such as nitrite and
formate, to bind to the T2Cu centre of GtNIR in the
side-on Z2�O,O mode. It is also worth noting that the
bulkiness of ligands is correlated with the binding
mode of nitrite in the Cu(II)�NO�2 model complexes
(56). The sterically bulky complex adopts an asymmet-
ric Z2�O,O binding mode whereas the less sterically
bulky complex shows a symmetric Z2�O,O nitrite co-
ordination. When taken together, it is reasonable that
the steric obstruction at the catalytic site in GtNIR
compels substrate to bind to the T2Cu site in an asym-
metric monodentate coordination manner.

The role of His244cat in the reaction mechanism
There is a good possibility that NO�2 can be reduced to
NO from the Z1�O binding mode because Geobacillus
CuNIR can also function at room temperature (28).
The first step in which water on the T2Cu atom
(Wat0) is substituted with nitrite is similar to the
usual mechanism except nitrite adopts the

Scheme 1 Proposed mechanism of nitrite reduction by GtNIR at ambient temperature. Hydrogen bonds and coordinate bonds are shown by
dashed lines.
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monodentate mode (Scheme 1A and B). Our present
crystal structures imply that the Od2 atom of Asp98 is
protonated in the resting state while it is deprotonated
in the substrate-bound form. The proton may move
from Asp98 to nitrite to produce HONO, and a hydro-
gen bond between Asp98 and nitrite is formed as is
observed in the crystal structure of C135A-NO2.

At the same time as the electron transferred from the
T1Cu site to the T2Cu site moves on the oxygen atom
of nitrite, nitrite has to gain the second proton to pro-
duce H2O and NO. In the mechanism proposed by
Suzuki and co-workers (14), the second proton is pro-
vided directly by the N"2 atom of Hiscat. However, our
present crystal structures reveal that the imidazole ring
of His244 in GtNIR is fixed and scarcely moves, indi-
cating that His244 is not able to directly give a proton
to nitrite. Instead, the proton on the N"2 atom of
His244 is thought to first be shifted to Wat1 to produce
a hydronium cation and then the proton is relayed to
nitrite as is pointed out by Boulanger and Murphy
(16). In the case of GtNIR, the delivery of the proton
from Wat1 to nitrite may be mediated by the Od2 atom
of Asp98 because Wat1 moves closer to the Od2 atom
when the substrate binds to the T2Cu centre than in
the resting state.

We must admit that it may be feasible for nitrite to
bind to the T2Cu site in an Z2�O,O side-on manner at
high temperatures whereby the high flexibility of the
protein structure may widen the catalytic site and
allow accommodation of bidentate nitrite. His244
should be in focus in considering a reaction mechanism
at high temperatures. The imidazole ring of it should
be able to easily rotate at high temperatures to form a
hydrogen bond with Thr268. This threonine must be
an important one for enzymatic function because this
residue is highly conserved in most CuNIRs except
NgNIR and NeNIR in which serine exists in place of
threonine. Although serine can form a hydrogen bond
with Hiscat as with threonine, in some instances it does
not. Serine can adopt more conformations in the pro-
tein structure than threonine because it is sterically less
bulky than threonine. As a matter of fact, the imid-
azole ring of His227cat in NeNIR only has to rotate to
form a hydrogen bond with Ser251 because the Og
atom of Ser251 points to His227cat, whereas the Og
atom of Ser263 in NgNIR somehow faces the opposite
direction of His240cat and hence it is less probable that
Ser263 forms a hydrogen bond with His240cat. The
activity of NeNIR is similar to other CuNIRs (43);
on the other hand, the activity of NgNIR is approxi-
mately half that measured for AfNIR using the same
assay system (42). These facts support the significance
of forming a hydrogen bond between Hiscat and threo-
nine (or serine), which has been an ignored residue for
long.

The flow of protons required for nitrite reduction
All CuNIRs have proton channels in which water mol-
ecules are spotted for the effective supply of protons to
the catalytic site because nitrite reduction consumes
two protons. Some CuNIRs such as AxNIR have
two proton channels, channel A and channel B.
However, proton channel B in GtNIR is blocked-up

because of the presence of Val249 in the middle of the
channel. However, channel B of NeNIR is filled with
water molecules regardless of the existence of Ile232 at
the same position. Two novel CuNIRs from
Pseudoalteromonas haloplanktis (PhNIR) (7) and
Ralstonia pickettii (RpNIR) (23) have been recently re-
ported, and both have isoleucine in channel B as with
NeNIR. Interestingly, PhNIR has a blocked-up chan-
nel B like GtNIR, whereas RpNIR contains a fully
hydrated one like NeNIR. Crystal structures of
RpNIR and NeNIR imply that the channel B of
GtNIR can be opened up to function as long as
Val249 changes its conformation. Nevertheless, we be-
lieve that channel A plays the principal role in GtNIR
for the following reasons. First, channel A is thought
to be the primary one in AxNIR because a mutant,
H254F, in which channel B was broken, showed no
significant decrease of activity (50). Second, the con-
formation of Val249 is restricted by nearby bulky
Lys127 (Fig. 2C), which occupies the entrance of chan-
nel B and forms a salt bridge with Asp251. Thus, it is
difficult for Val249 to assume the conformation
observed for Ile232 in NeNIR, which affords enough
space for the water molecules lined up in channel B.
Finally, channel A must be profitable for the proton-
coupled ET reaction. The end of channel A at the mo-
lecular surface of GtNIR is close to an interaction
interface between CuNIR and an electron-donor pro-
tein. In addition, two water molecules in the channel A
of GtNIR are connected to the carbonyl oxygen atom
of Gly136 next to the ligand residue of the T1Cu
centre, Cys135. C135A-NO2 showed a small shift of
the carbonyl oxygen atom of Gly136 because of the
perturbation of the T1Cu site. On the opposite side
of the oxygen atom of Gly136 exists that of Phe109,
which is located above catalytic Asp98. These obser-
vations suggest that changes in environmental condi-
tions around the T1Cu site upon docking of the
electron-donor, information about redox states of the
T1Cu site, and states around the catalytic residue are
efficiently transmitted to channel A. Thus, usage of
channel A will facilitate intramolecular ET coupled
with proton transfer in GtNIR.

Instead, the blocked-up channel B of GtNIR may
act as a pool of protons. Indeed, Wat2 is surrounded
by many proton-acceptor atoms, the carbonyl oxygen
atoms of Phe99, His100, Val102 and Thr248, all
located within distances of typical hydrogen bonding,
which indicates that Wat2 can easily receive a proton
to become a hydronium ion. Thus, the proton on Wat1
in Scheme 1C is thought to be in an equilibrium state
between Wat1 and Wat2; that is, the proton on Wat1
can be transferred to and transiently stored on Wat2.
The replacement of hydrogen bonds is coupled with
the states of the T2Cu site partly because Wat2 can
directly form a hydrogen bond with ligand His100.
For example, when the axial ligands of the T2Cu
centre show only one predominant structure as is
seen in C135A�NO2, the position of Wat2 is fixed
and it does not form a hydrogen bond with Wat3
(Fig. 3A and B), which forms the unusual CH�O
hydrogen bond with His244 and is also linked to
ligand His100. Considering these observations,
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although channel B is truncated in GtNIR and hence
does not supply protons from bulk water, the hydro-
gen bond network sustained by water molecules in this
channel can be partly involved in proton-coupled ET.
Hydrogen bond networks related to Wat2 and Wat3
have drawn little attention until now; however, we
strongly believe that they are an important piece of
the puzzle of mechanism because all CuNIRs have
Wat2 and Wat3.

Our proposed mechanism is summarized as follows.
First, nitrite binds to the T2Cu atom in the Z1�O
coordination manner due to restricted conformations
of Asp98 and His244. However, our result does not
exclude the possibility that nitrite adopts the Z2�O,O
binding mode at high temperatures. The first proton is
provided by Asp98 when Wat0 is substituted by nitrite,
and the second one is supplied by His244 or Wat2, but
through Wat1, after intramolecular ET, which is
coupled with replacement of hydrogen bonds around
the T2Cu site. NO is generated and released without
forming the copper�nitrosyl complex. The final step is
reconstruction of the hydrogen bond networks by a
water molecule and a proton supplied through channel
A (Scheme 1D and A).

Molecular dynamics simulations showed that the ro-
tation of the imidazole ring of His244 was related to
whether nitrite can go into the narrow space above the
T2Cu site to bind to the copper atom in the Z2�O,O
binding mode. The more detailed QM/MM calculation
will help to support the validity of our hypothesis. This
experiment is in progress and the results will be re-
ported in due course.

Supplementary Data

Supplementary Data are available at JB Online.
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