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ABSTRACT: Variants of the copper-containing nitrite reductase (NiR) ofAlcaligenes faecalisS6 were
constructed by site-directed mutagenesis, by which the C-terminal histidine ligand (His145) of the Cu in
the type-1 site was replaced by an alanine or a glycine. The type-1 sites in the NiR variants as isolated,
are in the reduced form, but can be oxidized in the presence of external ligands, like (substituted) imidazoles
and chloride. The reduction potential of the type-1 site of NiR-H145A reconstituted with imidazole amounts
to 505 mV vs NHE (20°C, pH 7, 10 mM imidazole), while for the native type-1 site it amounts to 260
mV. XRD data on crystals of the reduced and oxidized NiR-H145A variant show that in the reduced
type-1 site the metal is 3-coordinated, but in the oxidized form takes up a ligand from the solution. With
the fourth (exogenous) ligand in place the type-1 site is able to accept electrons at about the same rate as
the wt NiR, but it is unable to pass the electron onto the type-2 site, leading to loss of enzymatic activity.
It is argued that the uptake of an electron by the mutated type-1 site is accompanied by a loss of the
exogenous ligand and a concomitant rise of the redox potential. This rise effectively traps the electron in
the type-1 site.

To convert nitrite (NO2
-) into nitric oxide (NO) and water,

the copper-containing nitrite reductases (NiRs)1 from a
variety of denitrifying bacteria use two copper sites: (A) a
type-1 site to acquire reducing equivalents in the form of
electrons from redox partner proteins, like pseudo-azurin in
the case ofAlcaligenes faecalis(1, 2), and (B) a type-2 site
to catalyze the enzymatic conversion (3-5). The 13-bond
long covalent connection between the two Cu centers
provides for sufficient electronic coupling to guarantee a rate
of electron transfer from the type-1 to the type-2 center that
is compatible with physiological needs.

We have modified the type-1 copper site ofA. faecalis
NiR by replacing the C-terminal ligand histidine of this site

by a glycine or an alanine. The resulting gap in the first
coordination shell of the Cu makes the metal accessible to
external ligands; it provides a means to study the role of the
type-1 site in the catalytic cycle and to establish the
importance of this ligand for the functioning of the enzyme
(6-12). A similar modification has been applied in the past
to the much simpler blue copper protein azurin, where it was
shown that this type of modification can be very revealing
about the properties of Cu in a biological context.

The present work focuses on the construction, expression,
and purification of the above-mentioned NiR variants, and
on their structural and enzymatic characterization. In par-
ticular, the reconstitution of the type-1 site with external
ligands is addressed in relation to the catalytic activity of
the enzyme. Crystallographic data of H145A NiR with the
type-1 site in the reduced and in the oxidized form provide
a solid basis for interpreting the spectroscopic and kinetic
results. It is the first time that the crystallographic structure
of a type-1 site with this type of mutation is reported. The
results show that various exogenous ligands can bind to the
oxidizedtype-1 site and restore the spectroscopic features
characteristic of these sites. On the other hand, thereduced
type-1 site stays three-coordinate and does not bind exog-
enous ligands. Electron transfer to the oxidized type-1 sites
in the NiR variants, provided exogenous ligands are bound,
occurs at rates similar to the native NiR, but internal electron
transfer from the reduced type-1 to the oxidized type-2 site
does not occur in the variants irrespective of whether external
ligands are present or not. Thus, the mutant NiRs exhibit
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impaired catalytic activity. The work reported here opens
the road to possible hot wiring of NiR.

MATERIALS AND METHODS

Site-Directed Mutagenesis, Protein Expression, and Puri-
fication.For overexpression and mutagenesis a pET28a-based
vector containing the wt NIR gene fromA. faecalisS6 (13)
was used (14). To replace the histidine at position 145 by
PCR mutagenesis, the following oligo-nucleotides were
used: NIR-H145G forward primer 5′-GCACCTCCCGG-
GATGGTTCCCTGGGGTGTCGTATCGGGC-3′ and NIR-
H145G reverse primer 5′-GCCCGATACGACACCCCAGG-
GAACCATCCCGGGAGGTGC-3′. The mutated codon is
in bold and the introduced Xma I restriction site is
underlined. The NiR-H145A forward and reverse primers
were identical to those used for the H145G mutation except
that the mutated codons were GCT and AGC, respectively.
The base-pair alterations were confirmed by DNA sequenc-
ing. The wt and mutant NiRs were overexpressed and
purified essentially as described (14), except that the cells
were precultured at 30°C before induction with IPTG, and
were subsequently cultured overnight at 25°C. The lower
temperatures increased the final yield to 200 mg of pure NiR
per liter of culture. Further slight modifications of the
procedure included the addition of CuCl2 (100µM) to the 2
YT medium, while during the lysis step 1 mM of CuCl2 was
added to ensure copper incorporation into the type-2 site.
After the first column step, Tris buffer was used instead of
phosphate buffer.

Preparation of H145G/A-Ligand Complex.NiR-H145G
and -H145A complexed with imidazole were obtained by
incubating the NiRs (20µM) at 4 °C with a large excess of
imidazole (10 mM, pH 7) to which K3Fe(CN)6 (300 µM)
and CuNO3 (100 µM) was added. After 16 h, the samples
were centrifuged for 1 h at 5300 g; the supernatant was
washed by ultrafiltration with 500 mM NaCl (buffered by 5
mM Mops, pH 7) to remove ferricyanide and aspecifically
bound copper. The chloride was subsequently exchanged for
other ligands by ultrafiltration with a buffered solution of
the proper ligand (substituted imidazoles; concentration: 2
mM).

Assays.Protein concentrations were determined with the
Bradford assay. In this way, anε280 nmof 46 mM-1 cm-1 per
monomer was found for both wt and mutant NiRs. Copper
contents were determined by the bicinchoninic acid method
after complete reduction of the sample (15). This method,
in our hands, gave better reproducible results than a
determination by atomic absorption spectroscopy. The zinc
content was determined by atomic absorption spectroscopy
with the use of internal standards. Electron-spray mass
spectrometry was performed at the mass spectroscopy center
of the Medical Faculty in Leiden (LUMC, The Netherlands).
Activity assays using methyl viologen-dithionite as the
electron donating couple were performed according to ref
1. One unit of activity is defined as catalyzing the conversion
of 1 µmol of nitrite/min. For stopped-flow measurements
an Applied Photophysics SX18MV instrument was used.
Preparation of the stopped-flow machine for anaerobic
experiments and sample handling was according to the
protocol supplied by Applied Photophysics that recommends
the glucose oxidase-catalase system (16) for flushing of the

tubing and the reaction chamber prior to experiments. Cyclic
voltammetry (CV) of wt afNiR was performed at room
temperature as described elsewhere (17) in the presence of
apo-pseudoazurin ofA. faecalisin 100 mM of potassium
phosphate, pH 7.

Spectroscopy.Electronic spectra were recorded on a
Perkin-Elmer Lambda 800. To minimize light scattering,
samples were first spun for 10′ at 16 000 g, at 4°C to remove
aggregated protein. The X-band EPR measurements were
carried out using an Elexsys X-band Bruker spectrometer
with a rectangular cavity. The measurements were performed
at 40 K using an Oxford helium cryostat ESR 900.

Crystal Structure Determination.Crystals of NiR-H145A
were grown at room temperature in mother liquor consisting
of 0.1 M sodium cacodylate, pH 5.5, 0.1 M sodium acetate,
pH 4.7, 2 mM zinc acetate, 2 mM copper chloride, pH 5.5
and 8 to 12% poly(ethylene glycol) 6000. These conditions
resulted in crystals that grew in an orthorhombic lattice (space
group P212121). For the imidazole reconstituted H145A
structure, the mother liquor was supplemented with 10 mM
imidazole and 2 mM CuCl2. The NiR concentration used
was 10 to 15 mg/mL. Prior to freezing in a nitrogen stream,
crystals were incubated for 1 min in mother liquor with 30%
glycerol as a cryoprotectant. Crystals were looped directly
into a cryostream at 100 K generated by a cryostat (Oxford
Cryo Systems, Oxford, U.K.). X-ray data were collected on
a Rigaku R-AXIS IIc image plate system with CuKR
radiation generated by a Rigaku RU 300 rotating anode
operating at 100 mA and 50 kV and focused with Osmic
confocal max-flux optical mirrors. All data sets were
collected to at least 1.9 Å resolution and processed with
DENZO (18).

The H145A crystals contain the assembled NiR trimer in
the asymmetric unit. The structure of nitrite-soaked wt NiR
(19) was used as the starting model for the native H145A
structure following removal of the His145 side-chain, nitrite,
and all the solvent atoms. The H145A variant structure was
subsequently used as the starting model for the imidazole-
reconstituted H145A structure. The final structure of each
mutant begins at Ala4 and ends at Glu339. Five percent of
the data were set aside for calculation of the free R-factor
(20). Standard CNS (21) maximum likelihood positional and
B-refinement was carried out with solvent being added with
the WATERPICK procedure. The copper ligand geometry
and the positions of the copper and chloride ions were not
restrained throughout the refinement. TheRwork and Rfree

refinement statistics were calculated to be less than 20 and
23%, respectively, in both structures. Over 90% of the
residues in each structure occupy the most favorable position
in the Ramachandran plot as described by PROCHECK (22,
23). Statistics of data processing and structure refinement
are presented in Table 1.

RESULTS

NiR-H145G/A with Reduced Type-1 Site.The optical
spectrumof the green colored solution of the purified wild
type (wt) NiR agreed with published data (1) (Figure 1A).
By contrast, the optical spectra of the colorless NiR-H145G
and -H145A protein solutions showed no features in the
visible range except for a weak absorption at 790 nm (Figure
1A), which disappeared upon incubation with dithionite. The
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experimentally determinedmassesof the NiRs were in good
agreement with the calculated masses (Table 2).Metal
contentdeterminations showed that all purified NiRs were
fully loaded with copper (Table 2); no zinc could be detected.
In theEPR-spectraof wt NiR the signals of both the type-1
site and the type-2 site could be distinguished in accordance
with literature data (24) (Figure 2); only signals of the type-2
site were observed in the EPR spectra of the NiR H145G
and H145A variants. Since the copper content of the purified
NiR variants is consistent with full occupation of both sites,
the absence of UV-Vis absorption bands and of a type-1
EPR absorption signal means that the type-1 site in NiR
H145G/A was reduced and consequently spectroscopically
silent.

Oxidation of the NiR H145G/A Type-1 Site.It appeared
impossible to oxidize the type-1 sites of NiR H145G and
NiR H145A by treatment with Fe(CN)6

3- or IrCl62-.
However, in the presence of 10 mM imidazole, addition of
Fe(CN)63- resulted in the slow appearance of an absorption
around 590 nm, typical of an oxidized type-1 site. Appar-
ently, the imidazole acts as an external ligand for this site.
Oxidation of the type-1 site could also be observed by using
IrCl62- in the presence of 500 mM NaCl in which case
chloride acts as the external ligand (vide infra; see also ref
12). External ligands (chloride, substituted imidazoles) could
be exchanged for each other by ultrafiltration. To confirm
the presence of oxidized type-1 Cu sites, EPR spectra were
recorded. In the spectra of imidazole reconstituted oxidized
NiR-H145G/A (NiR H145G/A-Im) signals of the type-1 site
are present as well as those of the type-2 site (Figure 2).

The preparation of oxidized, imidazole-reconstituted H145G/
A-Im as described in Materials and Methods resulted in
protein in which about 50% of the type-1 sites was oxidized
as demonstrated by the further increase of the 590 nm
absorption upon addition of fresh Fe(CN)6

3-. Extinction
coefficients were determined from titration of the partly
oxidized NiRs with reduced horse-heart cytochromec (Table
3).

The reduction potential of wt afNiR as measured by cyclic
voltammetry at room-temperature amounted to 260 mV
versus NHE. The redox potential of NiR-H145A in the

presence of imidazole was determined by incubation over-
night in a ferri/ferrocyanide redox buffer and determination
of the degree of oxidation of the type-1 site afterward by
measuring the optical extinction at 593 nm; it amounted to
505 mV in the presence of 10 mM imidazole at pH 7 (see
Figure 3).

The use of buffers such as Mops/Mes and phosphate, at
medium to high concentrations (50-500 mM), gave rise to
optical absorbances in the visible region for oxidized NiR
variants, suggesting binding of buffer components. Therefore,
buffer concentrations were kept as low as possible, usually
below 10 mM, to minimize interference in the ligand binding
experiments. In an attempt to observe the spectrum of the
oxidized type-1 site in the absence of external ligands,
oxidized enzyme was prepared first in the presence of an
external ligand after which the ligand was removed as quickly
as possible (within 1 h) by extensive ultrafiltration against
buffer at very low buffer concentrations (2 mM Mops, pH
6.5, 4°C). This yielded protein preparations with a unique
optical spectrum, the intensity of which slowly decreased
with time (Figure 4). Treating the bleached solution with
ferricyanide and imidazole restored the absorbance around
590 nm, indicating that the bleaching was due to autoreduc-
tion of the type-1 site.

Enzymatic ActiVity. For NiR-H145G/A the enzymatic
activity in the conversion of nitrite was 2 orders of magnitude
less than that of wt NiR (see Table 2). The presence of
imidazole made no difference. To probe the origin of this
low enzymatic activity, the electron transfer to the type-1
site was studied by stopped-flow experiments. As an electron
donor cytochromec2+ was chosen. Cytochromes are com-
monly applied in the study of the ET kinetics with NiR. They
have the advantage over blue copper proteins such as pseudo-
azurin, of possessing an improved sensitivity due to their
high differential absorbance. On mixing of oxidized wt NiR
with excess cyt c2+ (25-27), a burst in cyt c2+ consumption
was observed that decreased exponentially in time (Figure
5). When excess nitrite was present, the burst continued until
all cyt c2+ had been oxidized. Upon mixing H145G/A-Im
with cyt c2+ an exponential decrease of cyt c2+ was also
observed, but the addition of nitrite had no effect either on
the rate of cyt c2+ consumption or on the total amount of
cyt c2+ consumed. Reduced NiR-H145G/A (type-1 site in
the CuI state) did not oxidize cyt c2+, neither in the presence
nor the absence of nitrite. With substituted imidazoles (1-
methylimidazole, 4-methylimidazole) instead of imidazole
similar observations were obtained. An overview of the
kinetic data is presented in Table 4.

Crystallographic Results.We succeeded in crystallizing
NiR-H145A (type-1 site reduced; see Figure 6A) and NiR
H145A-Cl (type-1 site oxidized; see Figure 6B). Overall,
there is little change in the fold of the H145A variant
structures relative to the native NiR structure as revealed by
a root-mean-squared deviation between the CR chains of less
than 0.2 Å. The substitution of a histidine with an alanine at
the type-1 site does not seem to affect the occupation of the
type-2 copper sites, which appear fully occupied based on a
comparison of the B-values of the metal and the ligands and
the electron density peak heights. The main structural
differences between the H145A variant and the native
enzyme are localized at the type-1 copper site.

Table 1: Crystallographic Data Collection and Refinement Statistics

H145A H145A-Cl

crystal
cell dimensions (Å) a ) 61.60 a ) 61.80

b ) 102.5 b ) 102.5
c ) 146.0 c ) 146.0

resolution (Å) 1.90 (2.05-1.90)a 1.80 (1.91-1.80)
R-merge 0.088 (0.261) 0.041 (0.141)
{I}/{σ(I)}b 13.6 (4.65) 26.4 (7.38)
completeness (%) 87.6 (86.0) 90.0 (68.0)
unique reflections 64626 (12511) 78136 (9687)
working R-factor 0.174 0.156
free R-factor 0.225 0.195
rmsd bond length (Å) 0.009 0.011
overall B-factor (Å2)c 24.6 16.2
water molecules 1251 1346
PDB entry code 1NPJ 1NPN

RCSB018084 RCSB018085
a Values in parentheses are for the highest resolution shell.b {I}/

{σ(I)} is the average intensity divided by the average estimated error
in intensity.c B-factors are an average from all three monomers.
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Oxidized NiR-H145A. In the structure of the H145A
variant, the side-chain of residue 145 is nearly 3.6 Å shorter
than that of the histidine in the native structure resulting in
a channel between the copper atom and the bulk solvent. In
the structure an exogenous ligand is present. Although the
starting material was H145A-Im, the electron density strongly
suggests that the ligand is a chloride (Figure 6B). Chloride
was present in the crystallization buffer in a final concentra-
tion of 2 mM. Furthermore, the vivid blue color of the
crystals differed from that of the blue-green starting solution
of NiR H145A-Im, but it was similar to that of a solution of
H145A-Cl. Refinement of the structure resulted in a distance
of the chloride to the copper of 2.29 Å which, within
experimental error, is identical to the Cu-Cl distance in
azurin H117G-Cl (2.22 Å) as measured by EXAFS (28).

The coordination of the chloride-reconstituted type-1 site
is similar to the site in the wt protein in that it is tetrahedral,
although it is not identical to the native site (Table 5).
Relative to the position of the coordinating Nδ1 atom of the
His145 side-chain in the native structure, the exogenous
chloride ligand is shifted approximately 1.32 Å toward the
side-chain of Met62 (not a Cu-ligand) (Figure 6B). As a
result, Met62 adopts a new conformation where theø2 angle
is changed by nearly 120° accompanied by a shift of the Sδ
atom of approximately 2.4 Å away from the type-1 copper
when compared to to the native structures (reduced and
oxidized type-1 site) and the H145A structure (type-1 site
reduced). The mutation at position 145 and the reorientation
of the Met62 side-chain in the chloride-reconstituted structure
represent the only significant structural differences from the
native structure (19). The remaining metal-ligand distances
did not differ significantly from the native structure.

Reduced NiR-H145A. In reduced NiR-H145A, there is no
electron density of an exogenous ligand present (see Figure
6A). The Cu atom in the type-1 site is coordinated trigonally
by the Sγ of Cys136, the Sδ of Met150 and the Nδ of His95.
Furthermore, the distance of the Cu atom to the plane of
these remaining type-1 site ligands has decreased in H145A
to 0.27 Å as compared to H145A-Cl (0.57 Å) and native
NiR (0.64 Å) (Table 5). These differences are significant as
indicated by the range calculated from comparing the
different type-1 sites in the asymmetric unit. Thus, for the
reduced site the coordination is significantly different from
that of wt. In particular, no exogenous ligand is bound and
the Cu(I) is tricoordinated by the remaining ligands.

DISCUSSION

Spectroscopic and Structural Features.The H145A and
H145G mutations lead to stable NiR variants with fully
occupied type-1 and type-2 sites. In the proteins, as isolated,
the type-1 site is reduced, while the type-2 site is oxidized
(see the EPR spectrum, Figure 2, traces B and C). The optical
spectrum of the NiR-145G/A variants is featureless except
for a weak absorption around 790 nm (see Figure 1A;ε790

) 85 ( 10 M-1 cm-1), which disappears upon incubation
with dithionite. We ascribe this absorption to the oxidized
type-2 site and its disappearance to reduction of the site.
Similar absorption bands have been observed for a variant
of NiR containing spectroscopically silent zinc in the type-1
site (24), and for type-2 sites in copper containing oxido-
reductases (500 nm< λmax < 1 µm; εmax < 200 M-1 cm-1)
(29).

Commonly used oxidants such as Fe(CN)6
3- or IrCl62-

can oxidize the type-1 site only in the presence of a large
excess of external ligands, like (substituted) imidazoles or
chloride. Such a behavior has also been observed for the
His117Gly variant of azurin fromPseudomonas aeruginosa.
In azurin, His117 occupies a similar position as His145 in
the 3D structure of NiR. For the azurin variant it was found
that the type-1 Cu site is three-coordinated in the reduced
form, while in the oxidized form the Cu has a strong
preference for a four-coordination, the fourth ligand coming
from the solution. In the absence of external ligands the Cu-

FIGURE 1: Optical spectra of native NiR and derivatives. To minimize light scattering, all samples were spun for 10 min (16000g, at 4°C)
to remove aggregated protein. The vertical axis in all spectra is scaled to a concentration of 1 mM of NiR(A) Native NiR (WT) and NiR
H145G/A in 20 mM Mops pH 7.0; (B) NiR H145G/A reconstituted with imidazole. Recorded in 2 mM imidazole pH 7.0; (C) NiR H145G/A
after exchange of imidazole with chloride (500 mM in 5 mM Mops, pH 7.0).

Table 2: Physical Characteristics of the Purified Nitrite Reductases

wild type H145G H145A

activity (units/mg) 550( 50 8.9( 2.0 4.7( 1.0
Cu-content per monomera 2.0 2.0 1.9
measured mass (D) 36.838( 4 36.758( 4 36.771( 4
calculated mass (D) 36.838 36.758 36.772

a Reproducibility better than 5%.
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(II) form is destabilized with respect to the Cu(I) form which
gives rise to a strong increase in redox potential (up to 670
mV in the case ofP.a. H117G azurin). On the other hand,

at very high concentrations of an external ligand the redox
potential drops to values that are common for blue copper
proteins (260 mV for H117G azurin when extrapolated to
infinite Imz concentration). This dependence of the redox
potential on external ligand concentration is intimately
connected with a dependence of the dissociation constant of
the external ligand on the redox state of the copper (Kd

app

increases from 3.6µM to 14 M upon reduction of the azurin
H117G at pH 6 (12)).

For the NiR-145G/A variants, a similar behavior is
observed: the ox-form of the type-1 site is stable only in
the presence of external ligands; otherwise it becomes
reduced through autoreduction. In the presence of 10 mM
imidazole the reduction potential of NiR-H145A is 250 mV
higher than that of the native enzyme. This change in
potential indicates a difference in affinity for external ligands
between the oxidized and reduced state similar to that
observed in H117G azurin.

FIGURE 2: X-band EPR spectra of native NiR and derivatives. (A)
native NiR; (B) H145G as isolated; (C) H145A as isolated; (D)
H145G reconstituted with imidazole; (E) H145A reconstituted with
imidazole. Modulation amplitude: 0.5 mT; modulation frequency:
100 kHz; microwave power: 0.6 mW; total measurement time: 21
min per run. Enzyme samples (150-300 µM) were prepared in
30-40% glycerol. Measurements were carried out at 40 K using
an Elexsys X-band Bruker spectrometer with a rectangular cavity.
The signal around 340 mT is ascribed to a small contamination.

Table 3: Wave Lengths of Absorption MaximaλMax (nm) and
Extinction Coefficientsε (cm-1 mM-1) in the Optical Spectra of
Wild Type and Imidazole Reconstituted H145G/A

nitrite reductase λmax (nm)/ε (cm-1 mM-1)a

wild type 460 / 2.9 589 / 2.2 685 / 1.9
H145G-Im 454 / 2.9 589 / 2.9
H145G-1-methyl-Im 385 / 2.3 459 / 3.1 594 / 3.4
H145G-4-methyl-Im 380 / 2.0 457 / 2.6 597 / 3.1
H145A-Im 472 / 1.3 593 / 3.5 735 / 2.3
H145A-1-methyl-Im 477 / 1.2 599 / 4.7
H145A-4-methyl-Im 474 / 1.9 594 / 3.7 726 / 2.8

a Extinction coefficients were determined by titrating a (partially)
oxidized solution of NiR with horse-heart cyt c2+ and using a∆ε550 nm

) 21.2 mM-1 cm-1 for calculating the concentration of oxidized NiR.
Accuracy of quoted values:( 5%

FIGURE 3: Reduction-potential of H145A-Imz. NiR H145A (10
µM) was incubated anaerobically overnight in a solution containing
10 mM of imidazole, 100µM of CuNO3, and a 300µM mixture
of ferri/ferrocyanide. After incubation of the sample, the redox-
potential of the solution was measured using a calomel electrode
and the absorbance at 593 nm was determined. The percentage of
oxidized protein was determined using the extinction coefficients
reported in Table 3. The data were fitted to the Nernst equation to
obtain a value for the redox potential.

FIGURE 4: Decrease (after removal of exogenous ligands) in
absorbance of oxidized NiR-H1145G over time in 2 mM Mops at
pH 6.5 at 15°C. Spectra were recorded at 10 min intervals, starting
5 min after diluting a sample from a 200 mM of MOPs pH 6.5
solution one hundred times with demineralized water.

Nitrite Reductase Reconstituted by Exogenous Ligands Biochemistry, Vol. 42, No. 14, 20034079



Crystallographic evidence indeed shows that the copper
in the type-1 site, when reduced, is three-coordinate with a
relatively short Cu-Sδ bond, while the metal is pulled
toward the plane of the three ligands (His50-Nδ, Cys143-
Sγ, His146-Nδ). This is reminiscent of what has been
reported for the structure of the active site of reduced
plastocyanin at low pH (30, 31). For the oxidized type-1
site the crystallographic evidence shows that the Cu-site is
four-coordinate, the fourth ligand being a chloride in the
present case.

The optical data can also be combined with the crystal-
lographic data to check the purported relation (32, 33)
between the intensity ratio of the 450 and 600 nm bands in
the optical spectrum of a type-1 site and the value of the
dihedral angle,θ, between the S(Met)-Cu-S(Cys) plane
and the plane containing the N(His)-Cu-fourth ligand as
illustrated in Figure 7. It appears that the points correspond-
ing with the type-1 site in wt and H145A-Cl NiR fit the

correlation line very well. Remarkably, in the case of NiR-
145G/A the value ofθ varies and allows for both blue and
green NiR variants, depending on the external ligand
(chloride vs imidazole, respectively). For H117G azurin these
ligands only produced blue sites. Thus, in NiR, residue Met62
and possibly other elements of the structure around His145
are more flexible than the analogous region around His117
in azurin.

Kinetics. In the absence of external ligands the NiR-
145A/G variants exhibit a residual enzymatic activity which
is 2 orders of magnitude less than the activity of wt NiR. A
similar low enzymatic activity (up to 5% of the wt) (24) has
been observed for a NiR variant containing the redox-inactive
zinc in its type-1 site (47). The type-1 site being disfunc-
tional, this residual activity is ascribed to direct electron
donation to the type-2 site by the dithionite/methyl viologen
used in the nitrite reductase assay.

To investigate the electron transfer (ET) properties of the
type-1 site, cytochromec2+, which reacts with the type-1
but not with the type-2 site of wt NiR, was used as a
reductant. In the absence of nitrite, oxidized wt as well as
the oxidized Imz-substituted H145A/G NiR variants exhib-
ited single turn-over kinetics with similar rates (Table 4).
Obviously, the mutations do not impede the type-1 site from
acting as an electron acceptor. When repeating the assay in
the presence of nitrite, however, a clear difference shows
up between the wt NiR and the variants. The wt enzyme
converts the nitrite until the source of reducing equivalents
(i.e., the cytochromec2+) is exhausted, while the NiR-
H145A/G variants do not show any enzymatic turnover.
Clearly, the type-1 site in the NiR variants is able to accept
an electron from an external donor when a strong external
ligand for the Cu(II) is present, but fails to give the electron
off to the type-2 site (i.e., to the site where the catalytic
conversion occurs).

The explanation in light of the preceding data is that as
soon as the type-1 site in the NiR variants is reduced, the
Cu reverts to its three-coordinate form which is accompanied
by a rise in redox potential of the type-1 site. This makes it
impossible for the electron to move to the type-2 site, as the
redox potential of the latter site is now below that of the
type-1 site. Enzymatic activity would be possible only if the
electron were transferred to the type-2 site before dissociation
of the ligand from the type-1 site. Cyclic voltammetry
experiments on protein films of H117G azurin have shown
that the time constants of the dissociation and electrochemical
steps are critical in deciding if a particular redox event may
occur or not. In the present case dissociation of the external
ligand from the reduced type-1 site in the NiR variants must
be faster than the time needed for internal ET to the type-2
site (320-2000 s-1 (48-50)) and subsequent conversion of
the nitrite.

Like in azurin (28) the covalent link between the imidazole
ring (of histidine 145) and the protein scaffold of NiR seems
essential for the surface-exposed histidine to bind both to
the oxidized and the reduced type-1 copper. In the nonco-
valently associated imidazoles the entropic term of the Gibb’s
free energy increases dramatically when the bond to the
copper is broken and the imidazole diffuses away. This shifts
the equilibrium to unbound imidazole in the case of Cu1+.
For the native enzyme this dissociation step is not possible.

FIGURE 5: Pre-steady-state ferrocytochromec consumption by NiR.
Samples were mixed under anaerobic conditions as reported in
Materials and Methods. (A) Decrease in absorption at 550 nm upon
mixing wt NIR (1 µM) with cyt c2+ (10 µM); (B) As A but
displayed on a larger scale, (C) H145G-Im (0.94µM) with cyt c2+

(15 µM).

Table 4: Pre-Steady-State cyt c2+ Consumption by NiR WT and
Imidazole Reconstituted H145G/Aa

nitrite reductase
second order rate constants

(106 M-1 s-1)b

wild type 6.5
H145G-Im 2.0
H145G-1-methylimidazole 0.75
H145G-4-methylimidazole 0.70
H145A-Im 4.0
H145A-1-methylimidazole 4.5
H145A-4-methylimidazole 0.95

a Conditions: 20°C in 2 mM of either imidazole or a substituted
imidazole buffered anaerobic solution at pH 7.b Second order rate
constants (k2) were calculated by dividingkobsby [cyt c2+] (kobs) k2[cyt
c2+]) and are based on three assays. Accuracy:( 20%.
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SUMMARY AND OUTLOOK

Small blue copper proteins function as electron carriers
in the cell. A distinguishing feature in their structures is the
C-terminal copper ligand, a histidine that cuts through the
so-called hydrophobic patch of the protein surface. It plays
a crucial mechanistic role in that it provides for the electronic
coupling between the redox center (Cu) and the redox partner
(often another redox protein) required for efficient ET. When
replacing this histidine by a small noncoordinating residue
(like Gly or Ala) the ligand shell of the Cu changes from
four- to three-coordinate thereby considerably stabilizing the
Cu(I) over the Cu(II) state. One of the results is a substantial
rise in redox potential.

In the present case, we have studied a similar modification
applied to a redoxenzyme, nitrite reductase, where the type-1
site mediates the shuttling of reducing equivalents between
an outside redox partner and the site of catalysis, a type-2
Cu site. This provides the possibility to study the activity of
the type-1 site by monitoring the enzymatic activity of the
protein. The replacement of the C-terminal histidine ligand

also in this case leads to a rise in redox potential, which, in
the presence of suitable external ligands, can be partially
reverted depending on binding strength and concentration
of the ligand. Thus, the redox potential becomes dependent
on the nature and the concentration of the ligand. The results
of the present study can now be summarized as follows.

For the first time, solid crystallographic evidence has been
obtained showing that the Cu in a mutated type-1 Cu site
(C-terminal His into Gly/Ala) becomes three-coordinate
when reduced. This is important corroboration of a conclu-
sion that was based until now only on circumstantial, albeit
extensive, evidence.

Further, the type-1 site in the NiR variants is still able to
accept electrons in the presence of external ligands but is
unable to pass the electron on to the catalytic site, presumably
because the reduced type-1 site converts to the three-
coordinate form and traps the electron. This opens up the
possibility of kinetic control over the enzymatic activity.
While the enzyme can still be loaded with reductive
equivalents the transfer to the catalytic center depends on

FIGURE 6: Stereoviews of the H145A NiR type-1 site in the (A) reduced and (B) oxidized state. (A) The side-chains and CR atoms of
residues 62, 95, 136, 145, and 150 are depicted as balls and sticks and are labeled. The copper atom is represented as a sphere. An omit
difference electron density map of the ligand side chains and the copper atom is contoured at 4σ. In panel B, a chloride ion is included in
the difference omit map (3.5σ) and is drawn as a large sphere above the copper. In panel C, the two structures are superimposed with the
native NiR structure [entry code 2AFN, (19)]. Oxidized H145A is in magenta, reduced H145A is in blue, native NiR is green. In panel D,
the H145A structures are superimposed with the oxidized plastocyanin structure in orange [entry code 5PCY, (30)].
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the presence of an external ligand. By regulating the
(effective) concentration of the ligand control may be exerted
over the enzyme activity. This can be understood either in
thermodynamic or in kinetic terms. Increasing the ligand
concentration will lower the redox potential of the type-1
with respect to the type-2 site, thus increasing the probability
of ET from one to the other site. Alternatively, an increase
in ligand concentration can be seen as increasing the fraction
of time the reduced type-1 site spends in the four-coordinate
form, leading to enhanced ET to the type-2 site. Experiments
on this subject are in progress.

The His to Gly/Ala mutation of a type-1 Cu site has been
cited in the past as a construct that might allow wiring a
type-1 site to a surface by applying an organic linker (“hot
wire”) that would terminate at one end into an imidazole
group. The present experiments make it clear that this type
of construct can also be applied to multicenter proteins and
enzymes, provided attention is paid to enhance the local
(effective) concentration of the ligand to the type-1 Cu.
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