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Abstract: A combination of spectroscopy and DFT calculations has been used to define the geometric
and electronic structure of the nitrite bound type 2 (T2) copper site at high and low pH in nitrite reductase
from Rhodobacter sphaeroides. At high pH there is no electron transfer from reduced type 1 (T1) to the
nitrite bound T2 copper, while protonation triggers T1 f T2 electron transfer and generation of NO. The
DFT calculated reaction coordinate for the N-O bond cleavage in nitrite reduction by the reduced T2 copper
suggests that the process is best described as proton transfer triggering electron transfer. Bidentate nitrite
binding to copper is calculated to play a major role in activating the reductive cleavage of the nitrite bond
through backbonding combined with stabilization of the -OH product by coordination to the Cu2+.

1. Introduction

Bacterial denitrification is a multistep process where nitrate
is reduced to dinitrogen by prokaryotic organisms. Nitrite
reductases (NiRs) catalyze the one electron reduction of nitrite
to nitric oxide in the second step of bacterial denitrification.1,2

There are two types of known NiRs: the copper- and the heme-
containing NiRs produced from the structural genes nirK and
nirS, respectively. Heme-containing NiRs are found in various
denitrifying bacteria, including Pseudomonas aeruginosa, Para-
coccus denitrificans, Paracoccus pantotropha, and Pseudomonas
stutzeri.3 These are homodimeric enzymes (∼120 kDa) contain-
ing one heme c and one heme d1 site per subunit.4,5 The heme
c accepts an electron from soluble cytochrome c551 or azurin
and transfers it to heme d1 which is the site of nitrite reduction.
Copper NiRs are 110 kDa homotrimeric enzymes. Each
monomer contains a T1 copper (also called blue copper)6 center
which is the electron transfer site ∼12.5 Å away from a
“normal” T2 copper center which is the site of nitrite reduction.7

The T1 copper site is situated in a monomer subunit, while the
T2 site is bound between two subunits. The T1 copper is ligated
by two histidine imidazoles, a cysteine thiolate and a methionine
thioether bond. The T2 center has a tetrahedral geometry with

three histidines and a water derived ligand.8-12 The T1 is
connected to the T2 center through a cys-his pathway for rapid
electron transfer (Figure 1).

High-resolution crystallographic data are available for both
the resting and nitrite-bound forms of NiR.13-17 Regarding
the mechanism of nitrite reduction, there is a debate as to
whether nitrite first binds to the oxidized T2 center, after
which an electron is transferred from the T1 to the T2 center,
or if the T2 center is first reduced, followed by nitrite
binding.2,3,9,10,18-20 There are crystallographic, ligand bind-
ing, electrochemical, and kinetic data suggesting the pos-
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sibility of both of the above routes.18,20,21 Steady-state kinetic
turnover experiments for nitrite reduction as a function of
pH indicate the existence of two pKas, where the lower pKa

(∼5) has been invoked as the protonation equilibrium of an
Asp residue and the higher pKa (∼7) has been ascribed as
the pKa of a His residue.22 Pulsed radiolysis experiments for
electron transfer from the T1 to the nitrite bound T2 site as
a function of pH also show similar behavior.23,24

We have recently shown that the T1 site can be selectively
reduced when nitrite is bound to the T2 site at high pH.25 In the
present study we use a combination of absorption, MCD, X and
Q-band EPR spectroscopies along with DFT calculations to
characterize this active site, which is not obscured by the dominant
spectral features of the T1 copper. We then study the effect of pH
on the substrate bound T2 copper using EPR and resonance Raman
spectroscopies. DFT calculations are used to analyze these results
and elucidate the nature of the pH effect. pH perturbation studies
further show that protonation triggers electron transfer from the
T1 to the T2 site which is key for reactivity. Reaction coordination
calculations evaluate the pathway for the N-O bond cleavage
reaction. Different modes of nitrite binding to the T2 copper active
site have been evaluated. These studies define key geometric and
electronic structural features required for the activation of nitrite
for the reductive cleavage of its NO bond.

2. Experimental Methods

2.1. Materials. All reagents were of the highest grade com-
mercially available and were used without further purification. Rs
NiR was isolated and purified (pH ≈ 7.2) as previously reported.22,26

Glassed samples for MCD experiments were prepared by adding
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Figure 1. T1 and T2 copper sites of NiR (pdb id: 2AFN).

Figure 2. Computational model for nitrite-bound NiR active site with
second sphere residues (residue numbers from PDB id: 1AS6).

Figure 3. Low-temperature solution data (A) absorption spectrum, 10 K, and
(B) MCD spectrum of T1 reduced nitrite bound (T1 Cu+, T2 Cu2+-NO2

-)
NiR at pH 7.5. The Gaussian-resolved bands obtained from a simultaneous fit
of the absorption and MCD spectra are shown by dashed lines.

Table 1. Gaussian-Resolved Peak Positions for Absorption and
MCD Spectra of T1-Reduced Nitrite-Bound (T1 Cu+, T2
Cu2+-NO2

-) NiR, pH 7.5

band energy (cm-1) assignment C/D

1 8539 dz2 -
2 10 315 dxy -
3 12 649 dxz/dyz 0.062
4 14 050 dxz/dyz -0.208
5 15 459 His CT -0.050
6 17 542 oop NO2

- CT -0.030
7 20 647 His+NO2

- CT 0.008
8 22 366 His+NO2

- CT 0.009
9 24 641 His+NO2

- CT -0.005
10 26 697 His+NO2

- CT -0.002
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50% (v/v) buffer/glycerol-(O-d)3. Addition of glycerol had no effect
on the EPR spectra of the enzymes. Concentrations of samples used
for spectroscopy were ∼0.5 mM. For the T1 reduced nitrite bound
samples, one equivalent of nitrite was added to the enzyme,
followed by anaerobic reduction with ascorbate which reduces the
T1 Cu (pH 7.5-8.2) in a nitrogen glovebox. NADH with phenazine
methosulfate could also be used in the place of ascorbate. For the
pH drop experiments, the same sample preparation was used and
excess reductant was removed by buffer exchange, followed by
dropping the pH to a buffered solution (twice the enzyme volume
and buffer strength) of pH 5 such the final pH is ∼5.6. For the
detection of NO, this pH dropped low pH solution was added to
reduced myoglobin solution and Fe2+-NO myoglobin formation
was monitored using absorption spectroscopy. Oxidized nitrite
bound samples were prepared by adding 2-4-fold excess nitrite to
the enzyme.

2.2. Spectroscopic Studies. Low-temperature absorption spec-
troscopy was performed on a double-beam spectrophotometer
(Cary 500) using a liquid helium cryostat (Janis Research Super
Vari-Temp). MCD data were collected on CD spectro-polarim-
eters (JASCO J810 with a S20 p.m. tube for the UV/vis region,
and J200 with an InSb detector for the near-IR region) with
sample compartments modified to accommodate magnetocry-
ostats (Oxford Instruments, SM4-7T). EPR spectra were obtained
using a Bruker EMX spectrometer, ER 041 XG microwave
bridge, and ER 4102ST cavity. All X band samples were run at
77 K in a liquid nitrogen finger dewar. A Cu standard (1.0 mM
CuSO4 · 5H2O with 2 mM HCl and 2 M NaClO4) was used for
spin quantitation of the EPR spectra. Q-band spectra were
obtained at 77 K using an ER 051 QR microwave bridge, an
ER 5106QT resonator, and an Oxford continuous flow CF935
cryostat. EPR spectra were baseline-corrected and simulated
using XSophe (Bruker). For a given enzyme sample, X and
Q-band EPR spectra were simultaneously fit in order to constrain
the simulation parameters (g values were obtained from Q-band
and hyperfine couplings from X band EPR spectra). Raman
spectra were obtained using a series of lines from Kr+ (Coherent
190CK) and Ar+ (Coherent Sabre 25/7) ion lasers with incident
power ranging from 10 to 50 mW in an ∼135° backscattering
configuration. Scattered light was dispersed through a triple
monochromator (Spex 1877 CP, with 1200, 1800, and 2400
groove/mm gratings) and detected with a back-illuminated CCD
camera (Princeton Instruments ST-135). Samples contained in
NMR tubes were immersed in a liquid nitrogen finger dewar.
Background spectra of charcoal in the same NMR tube were
subtracted to remove the quartz scattering.

2.3. Computational Details. All calculations were performed
using Gaussian 03 revision C02.27 The B3LYP functional was
employed for both geometry optimization and single point
calculations.28,29 For Cu, N, and O atoms 6-311g* basis set was
used and a 6-31g* basis set was used for C and H atoms for
geometry optimizations. Single point calculations were per-
formed using a 6-311+g* basis set on all atoms. For solvent
correction a PCM model with an ε ) 4.0 was applied.30 The
stability of the wave function was tested using the “stable” key
word. The spin densities were calculated using the Mulliken
population analysis and the coefficients were calculated using

PYMOLYZE.31,32 The computational model derived from the
crystal structure of the resting (pdb id: 1AS7) and the nitrite
bound (pdb id: 1AS6, 1AS8) NiR included the three coordinated
histidine residues and three second sphere residues, aspartate
98, histidine 255, and isoleucine 257 (Figure 2). Additionally
two H2O molecules were included, one that H-bonds to both
asp 98 and his 255 and another that H-bonds to the exchangeable
ligand. The terminal methyl carbons of individual amino acid
residues were frozen in the models. The potential energy surfaces
were calculated with full geometry optimizations. For every
N-O distance, three points were calculated, where a proton was
shifted from the aspartate to the nitrite. Single point calculations
were performed on these optimized geometries to obtain energies,
while ensuring appropriate spin polarization of the ground-state
wave function.

3. Results and Analysis

3.1. Spectroscopy. 3.1.1. High pH. The absorption and MCD
spectra of the T1 reduced nitrite-bound T2 NiR are shown in
Figure 3. In contrast to the intense T1 copper features, all the
T2 Cu2+ absorption features are relatively weak. The absorption
and MCD spectra were simultaneously fit to the minimum
number of resolvable transitions (Table 1). The four lowest
energy bands (1-4) are assigned asfd transitions as these are
intense in MCD but relatively weak in absorption.

Bands 3 and 4 show a pseudo-A term in the MCD spectrum
(i.e., derivative-shaped, oppositely signed C term transitions)
and are characteristic of the dxz and dyz transitions (to the dx2-y2

half-occupied valence orbital, vide infra) which have effective
spin-orbit coupling. Bands 1 and 2 are assigned as dz2 and dxy
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Table 2. EPR Parameters of T1-Reduced Nitrite-Bound NiR, pH
7.5

gz gy gx Az Ay Ax (× 10-4 cm-1)

T2-NO2
- 2.30 2.155 2.03 120 60 25

Figure 4. EPR spectra (bold lines) and simulations (dotted lines) at 77 K
(A) Q-band and (B) X band of T1 reduced nitrite bound (T1 Cu2+, T2
Cu2+-NO2

-) NiR at pH 7.5. a denotes residual T1 signal.
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spectrum.33 The ligand field splitting pattern implies a square
pyramidal geometry of the nitrite bound T2 site, consistent with
the reported crystal structure.34,35 The higher energy bands are
NO2

- and His to Cu2+ CT transitions; these will be assigned
with the help of TD-DFT calculations in Section 3.2.1.3.

Figure 4 shows the Q and X band EPR spectra of T1 reduced
nitrite-bound NiR. The g values of the enzyme have been
extracted from Q-band EPR data, which show that the active
site has a rhombic EPR signal with gz ) 2.30 > gy ) 2.155 >
gx ) 2.03 > 2.00 reflecting some dz2 mixing into a dominating
dx2-y2 ground state. The g values are higher than those observed
in most tetragonal Cu2+ complexes. The g and A values are
presented in Table 2.

3.1.2. Low pH. The EPR signal of the nitrite bound form of
the enzyme (T1 Cu2+ + T2 Cu2+-NO2

-) shows a pH effect.
There is a distinct change in the EPR spectrum of the enzyme
from pH 8.2 to 5.5 (Figure 5A), especially in the low field
region, which is characteristic of the lowest hyperfine features
of the T2 g// region (Figure 5B). Since electron transfer occurs
from the reduced T1 to the nitrite bound oxidized T2 form at
low pH (T1 Cu+ f T2 Cu2+-NO2

-, vide infra), the nitrite-
bound T2 Cu2+ had to be studied in the presence of the oxidized
T1 site.

The EPR spectrum of oxidized nitrite bound NiR has features
from both the T1 as well as the T2 Cu center. To isolate whether
the pH effect of the nitrite bound form was due to the
perturbation of the T2 site or the T1 site or both, resonance
Raman spectroscopy was used. The T1 copper center has well
characterized signature peaks in the resonance Raman spectrum.
The resonance Raman spectra taken on the T1 site of the nitrite
bound NiR at high and low pH (Figure 6) clearly demonstrate
that the T1 site is not significantly perturbed upon lowering the
pH. Hence the pH effect in the EPR spectra of nitrite bound
NiR is due to perturbation of the T2 site. The pKa of this effect
is 6.4 (Figure S1).

In order to extract the change in the EPR parameters of the
nitrite-bound T2 Cu2+ with pH, Q and X band EPR data (Figure
7, Table 3) were simultaneously fit where the T1 contribution
was obtained from the high-pH EPR data of the type 2 depleted
(T2D) derivative (see ref 36 and Figure S2 for details). The
sum of this and the nitrite bound T2 with T1 reduced reproduced
the nitrite bound high pH spectrum. The T1 EPR parameters in
the T2D derivative were not significantly perturbed with pH.
The resultant low pH nitrite bound T2 site EPR spectrum
(simulated) is compared to the high pH nitrite bound T2
spectrum (experimental data) in Figure 8. The most significant
difference in the high and low pH EPR spectra is the shift of
the g// value from 2.30 to 2.345 on going from high to low pH.
The gx and gy also shift to slightly higher values with lowering
pH. The A values do not have a significant change with pH.

3.1.3. Ligand Field Analysis. From ligand field theory, the
metal hyperfine coupling is given by

A⁄⁄ ) Pd[-κ�2 - 4 ⁄ 7�2 + (g⁄⁄- 2.0023)+ 3 ⁄ 7(g⊥ - 2.0023)]

(1a)

A⊥ ) Pd[-κ�2 + 2 ⁄ 7�2 + 11 ⁄ 14(g⊥ - 2.0023)] (1b)

where Pd[Cu2+] ) 400 × 10-4 cm-1, κ [Cu2+] ) 0.43, and g⊥
) (gx + gy)/2. This results in a calculated �2 ) 0.64 (�2 reflects
the covalency, i.e. the percentage Cu 3d character in the singly
occupied molecular orbital) at high pH. Also from ligand field
theory, the g// value of a Cu2+ site is inversely proportional to
the dxy to dx2-y2 transition energy (eq 2), thus a relatively low
energy dxy excited state could contribute to the high g// value
observed for the nitrite bound T2 site of NiR. Taking D4h

CuCl4
2- as a reference, as it has 63% Cu character in the ground-

state similar to that observed experimentally for NiR (�2 ) 0.64),
the g// value of the nitrite bound T2 site could be estimated
from the relative energies of the dx2-y2 transition (eq 2). ∆g// is
the deviation of g// from the spin-only value (2.0023), and Exy

(33) Gewirth, A. A.; Solomon, E. I. J. Am. Chem. Soc. 1988, 110, 3811.
(34) Note that the ligand field around Cu2+ is different form those of the

structurally characterized Cu2+-NO2
- model complexes.35

(35) Lehnert, N.; Cornelissen, U.; Neese, F.; Ono, T.; Noguchi, Y.;
Okamoto, K.; Fujisawa, K. Inorg. Chem. 2007, 46, 3916.

Figure 5. Overlay of the X band EPR spectra of oxidized nitrite bound NiR (T1 Cu2+, T2 Cu2+-NO2
-) at pH 8.2 (blue) and 5.5 (red) obtained at 77 K:

(A) complete spectrum and (B) blow-up.

Figure 6. Overlay of the resonance Raman spectra of oxidized nitrite bound
NiR (T1 Cu2+, T2 Cu2+-NO2

-) at pH 8.2 (blue) and 5.5 (red) excited at
458 and obtained at 77 K.
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is the dxy to dx2-y2 transition energy (for D4h CuCl4
2-, g// ≈ 2.22,

Exy ) 12 500 cm-1). The Exy for NiR from abs/MCD is 10320

cm-1 (Table 1), which gives g// ≈ 2.27 which is reasonably
close to that experimentally observed value of 2.30 (Tables 2
and 3).

∆g ⁄ ⁄ (NiR))
Exy(CuCl4

2-)∆g ⁄ ⁄ (CuCl4
2-)

Exy(NiR)
(2)

The other interesting spectroscopic feature of the ground-
state of this site is its rhombic splitting of g⊥ . Using a ground-
state wave function with some dz2 mixing into a dominantly
dx2-y2 orbital produces a significant rhombic splitting of g⊥ . The
experimental ∆g⊥ is reproduced with 7% dz2 mixing as shown
in the Supporting Information.

There is a significant increase in the g// value (g// ) 2.345) in
going to the low pH form. From eq 2 this reflects a weaker
ligand field at low pH, which is consistent with TD-DFT
calculations (vide infra). Using the experimental g values of
the nitrite bound T2 form at low pH (Table 3), the lack of change
in the experimental A values is calculated (eq 1a) to reflect a
decrease in the covalency of the site (�2 ) 0.68) on lowering
the pH.

In summary the NO2
--bound T2 copper active site shows a

pH effect in its spectroscopic properties with a pKa of 6.4. There
are three ionizable residues that are possible candidates for this
pH effect: the highly conserved aspartate (directly H-bonded
to the axial ligand), histidine residues or the substrate NO2

-

itself. All the three possibilities have been proposed in literature
and will be evaluated below using DFT calculations.

3.2. Computational. In this section a computational model
of the active site at high pH is developed by comparing
geometric and spectroscopic parameters to the DFT calculations.
This will then be extended to develop a low pH computational
model consistent with the experimental data.

3.2.1. High pH. The computational models tested for the high
pH form are shown in Scheme 1A, B. Aside from the three

Figure 7. EPR spectra (bold lines) and simulations (dotted lines) of oxidized nitrite bound NiR (T1 Cu2+, T2 Cu2+-NO2
-) at 77 K (A) Q-band, pH 8.2,

(B) X band, pH 8.2, (C) Q-band, pH 5.5, and (D) X band, pH 5.5.

Table 3. EPR Parameters of T1 and Nitrite-Bound T2 (T1 Cu2+,
T2 Cu2+-NO2

-) Centers of NiR, pH 8.2 and 5.5

nitrite-bound NiR, pH 8.2 nitrite-bound NiR, pH 5.5

T1 gx 2.03 2.03
gy 2.05 2.05
gz 2.19 2.19
Ax 40 40
Ay 0 0
Az 67 67

T2 gx 2.03 2.04
gy 2.155 2.162
gz 2.30 2.345
Ax 25 25
Ay 60 70
Az 120 120

Figure 8. EPR spectra of T1 reduced nitrite bound form (T1 Cu+, T2
Cu2+-NO2

-), pH 8.2 (blue) and generated spectra of T1-reduced nitrite-
bound form from simulation, pH 5.5 (red).
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coordinated imidazoles and nitrite, some second sphere residues
were included that are required to reproduce the geometric
properties of the active site and may be important for reactivity;
an aspartate H-bonded to the exchangeable ligand which is in
turn H-bonded to a histidine residue via a water molecule. An
isoleucine residue, that has been identified to be important for
reactivity, has been included as well.

3.2.1.1. Geometry Optimization. As discussed in Section 3.1,
the pH > 7 active site could have either protonated aspartic
acid or histidine (Scheme 1A, B). Both of these models were
evaluated and the results are presented below. There are some
significant differences between the optimized structures of A
and B, in particular, in the coordination environment of Cu2+

(Table 1). Although, the nitrite is bidentate in both cases, A
has significantly longer Cu-O distances (2.17 and 2.22 Å) than
B (2.03 and 2.09 Å). This primarily reflects the strong
H-bonding interaction between the aspartic acid and the nitrite
ligand in A. This weakening of Cu-NO2

- bonding in A is
compensated by the stronger Cu-NHis interaction as indicated
by shorter Cu-NHis bond lengths in A (Table 4). Also worth
noting is that the two O’s of NO2

- ligand and two histidine
N’s are in the same plane (Figure 9C, blue) with a histidine
axial ligand in model B providing a square pyramidal environ-
ment around Cu. The NO2

- is significantly displaced off this
plane in A, again due to the H-bonding interaction with the
aspartic acid (Figure 9C, green). These distortions create
considerable differences in the ground-state wave functions of
these models.

3.2.1.2. Ground-State Wave function. The ground-state wave
function for model A shows 0.67 spin density on the Cu (Table
5, Figure 10) which is a little higher than 0.64, derived from
the EPR parameters in Section 3.1. The Cu d orbital involved
in the � LUMO (Figure 10, left) is primarily dz

2. The spin
density on Cu calculated in model B is 0.65 which is in better
agreement with the experimental value, and this structure has a
dx2-y2 ground-state with ∼5% dz2 mixing. Due to H-bonding to
the nitrite from the aspartic acid in model A, the Cu-O bonds
are longer relative to model B where this carboxylate is
deprotonated and cannot H-bond. This causes a reduction of
the covalency of the Cu-NO2

- bond in model A relative to

model B (Table 5). The lower spin density on nitrite in A is
compensated by the higher spin density on Cu and on the
histidine nitrogens. Model A has comparable Cu-NHis distances
that lead to comparable spin densities on the three histidine
nitrogens. This is in disagreement with 15N ENDOR data that
indicates two strongly coupled and one weakly coupled nitro-
gen.22 Alternatively, there are two short and one long Cu-NHis

bonds in model B and this leads to two strongly coupled N and
one weakly coupled N, consistent with 15N ENDOR.

3.2.1.3. TD-DFT. TD-DFT calculations on both high pH
models A and B indicate some significant differences. While
model A had excitation energies indicative of a trigonal
bipyramidal ligand field (i.e., dz2 > dx2-y2 ≈ dxy > dxz ≈ dyz)
model B has a distorted square pyramidal ligand field (i.e., dx2-y2

> dz2 > dxy > dxz > dyz) (Table 6, Figure S3). The stronger
equatorial field in model B, due to the strong NO2

- ligand and
two shorter histidine nitrogens in the Cu-O-O plane, leads to
higher energy dfd transitions. Model A shows a series of
LMCT transitions starting from 14 500 cm-1. The lower energy
ones are mainly HisfCu CT with some in-plane (ip) NO2

-

mixed in, followed by out of plane (oop) NO2
-fCu CT

transitions.37 These transitions are shifted to higher energies in
model B due to its increased ligand field (energies and
assignments in Table 6). Overall the TD-DFT results on model
B agree better with the experimental ligand field and CT
transitions observed for the high pH form.

In summary based on the ground-state wave function, ligand
field description and TD-DFT results, model B fits the experi-
mental data better. Thus an active site with deprotonated aspartic
acid and protonated distal imidazole models well the high-pH
form of the NO2

- bound T2 copper in NiR.
3.2.2. Low pH. Two computational models were considered

for the low pH form of the nitrite bound active site: (1) both
the aspartate and the histidine ligands are protonated and
nitrite is bound as NO2

- (Scheme 1, C) and (2) the aspartate
is protonated and nitrite is bound as HNO2 (Scheme 1, D).
Structure D has very long Cu-O bond lengths (2.3 and 2.8
Å) relative to structure C (2.02 and 2.13 Å) indicating that
the nitrite is effectively dissociated from the T2 site when
protonated. The long Cu-O bond lengths in D are incon-
sistent with the Cu-O bond lengths observed crystallo-
graphically in the low pH nitrite bound structures. Model C
on the other hand shows good agreement with the crystal
structure (Figure 11A, Tables 4 and 5).

The wave function for model C show that it has a dx2-y2 hole
(Figure 11) with 67% Cu, 15% NO2

- (oxygen) and 21%
histidine (nitrogens). The small increase of spin density on Cu
relative to model B (i.e., high pH model) is consistent with the
EPR parameters and reflects a weaker ligand field at low pH.
The TD-DFT calculated ligand field for model C (Table 6,
Figure S3) shows a general decrease of dfd and CT transition
energies relative to the high pH model B. The weakened ligand
field can be correlated to the experimentally observed shifts in

(36) Basumallick, L.; Szilagyi, R. K.; Zhao, Y.; Shapleigh, J. P.; Scholes,
C. P.; Solomon, E. I. J. Am. Chem. Soc. 2003, 125, 14784.

(37) These CT transitions are at lower energy than those reported in ref 35
because the π2 donor orbital of imidazole is higher in energy than
those of pyrazole (i.e., lower energy CT transition) as shown by
Randall et. al. (Randall, R. W.; George, S. D.; Hedman, B.; Hodgson,
K. O.; Fujisawa, K.; Solomon, E. I. J. Am. Chem. Soc. 2000, 122,
11620. Also note that the NO2

- π CT transition is present in NiR
and not in the model complexes due to differences in the Cu ground
state wavefunction which allows NO2

- π mixing into the SOMO in
NiR but not the model complexes.

Scheme 1. Selected Computational Models Used to Test the High
(A, B) and Low pH Forms (C, D)a

a (A) Protonated aspartic acid, deprotonated histidine and nitrite, (B)
protonated histidine, deprotonated aspartic acid and nitrite, (C) protonated
histidine and aspartic acid and deprotonated nitrite, and (D) protonated
aspartic acid and nitrite, deprotonated histidine. In blue is the isoleucine
residue. See Scheme S1 for a complete list of models tested.
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the EPR g values. The experimentally observed dfd transitions
for the high pH nitrite bound form (Table 1) were shifted as
given by the TD-DFT calculated energy shifts between the high

and low pH models in Table 6 to estimate the dfd energies
for the low pH nitrite bound form which could not be obtained
experimentally due to overlapping intense absorption features
of the T1 site. This 2900 cm-1 shift in the dxy transition energy
(Table 6, model B to C) due to protonation of the aspartate in
the low pH model C predicts the dxy transition to be at 7415
cm-1 for the low-pH NO2

- bound form. Using equation 2 the
predicted g// is 2.37, which is in general agreement with the
increase g// of 2.345 observed experimentally. Thus the proto-
nation equilibrium of this highly conserved aspartate residue
appears to be responsible for the pH effect observed in the nitrite
bound form of NiR (Figure 11B). The functional role of
protonation/deprotonation of this highly conserved second sphere
residue is investigated both experimentally and theoretically
below.

3.3. pH Drop Experiment. When the T1 reduced nitrite bound
T2 NiR at pH 8.2 is injected into a 2-fold excess of pH 5 buffer,
to a final pH of 5.6, a green color is immediately observed,
reflecting the appearance of an oxidized T1 site.6 When this

Figure 9. Optimized geometries of (A) model A, (B) model B, and (C) overlay of models A (green) and B (blue).

Figure 10. � LUMO of models A (left) and B (right). The Cu and NO2
-

are indicated as balls and the rest are indicated as sticks for clarity.

Table 4. Geometric Parameters of the Models of the Active Site at
High pH (Models A, B) and Low pH (Models C, D)

NO2
- histidine

O1 O2 N1 N2 N3 Cu-HAsp

X-tal (pdb id: 1AS6) 2.18 2.29 1.93 2.05 2.15
model A: aspH, his, NO2

- 2.17 2.22 1.99 2.08 2.01 2.99
model B: asp, hisH, NO2

- 2.03 2.09 1.97 2.00 2.23
model C: aspH, hisH, NO2

- 2.02 2.13 1.96 1.98 2.24 2.89
model D: aspH, his, HNO2 2.30 2.80 1.94 1.93 2.00 2.61

Table 5. Spin Densities of the Models of the Active Site at High
pH (Models A, B) and Low pH (Models C, D)

NO2
- histidine

Cu O1 O2 N1 N2 N3

model A: AspH, his, NO2
- 0.67 0.09 0.005 0.07 0.11 0.04

model B: asp, hisH, NO2
- 0.65 0.10 0.06 0.10 0.09 0.00

model C: aspH, hisH, NO2 0.67 0.09 0.07 0.08 0.10 0.00
model D: aspH, his, HNO2 0.62 0.02 0.10 0.08 0.08 0.00
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reaction was monitored by absorption spectroscopy, the char-
acteristic T1 CT bands at 600 and 460 nm appeared on dropping
the pH from 8.2 to 5.6 (Figure 12A, red fgreen). Thus the T1
site is oxidized in the process. The EPR spectrum of this
resulting species shows the characteristic hyperfine features of
the resting T1 and T2 sites (Figure 12B, green) thus nitrite is
no longer bound to the T2 site. Spin integration shows a 2-fold
increase in paramagnetic species after the pH drop (the high-
pH form had <5% T1 and >95% T2-NO2

-, the low-pH form
had >90% T1 and >90% resting T2). A parallel pH drop
experiment with the T1 oxidized and T2 nitrite bound shows

no dissociation of nitrite at low pH. The EPR and the absorption
data for the final species after the pH drop of the T1 reduced
nitrite bound T2 form indicate that both the T1 and the T2 sites
are oxidized. 89% NO was in fact detected after the pH drop
experiment (by reduced myoglobin, Figure S4) demonstrating
the reduction of nitrite to NO. Thus, protonation of the aspartate
residue (as suggested from the DFT calculations) triggers the
transfer of one electron from the T1 site to the nitrite bound T2
site, leading to enzyme turn over and formation of the resting
wild type form with release of NO.

Table 6. TD-DFT Calculated Energies and Assignments of Transitions for the Models of the Active Site at High pH (Models A, B) and Low
pH (Models C, vide infra)

model A model B model C (low pH)

energy (cm-1) assignment energy(cm-1) assignment energy(cm-1) assignment

6900 dx2-y2 8200 dz2 6700 dz2

7700 dxy 14 100 dxy 11 200 dxy

12 000 dxz 14 500 dxz 13 400 dxz

13 100 dyz 15 800 dyz 14 200 dyz

14 500 His CT 18 400 His CT 16 900 His CT
15 400 i-p NO2

- + His CT 20 200 oop NO2
- CT 17 400 His CT

16 300 i-p NO2
- + His CT 21 500 oop NO2

- + His CT 19 100 oop NO2
- + His CT

16 900 oop NO2
- + His CT 21 700 oop NO2

- + His CT 19 600 oop NO2
-

18 100 oop NO2
- CT 21 900 oop NO2

- + His CT 21 300 oop NO2
- + His CT

21 000 His CT 21 400 oop NO2
- + His CT

Figure 11. Optimized geometries of (A) low-pH model C and (B) overlay of high-pH model B (blue) and low-pH model C (red). Green dotted line shows
H-bond between nitrite O and asp H at low pH. (C) The � LUMO of the low-pH model C: Cu (67%), NO2

- (15%), and NHis (21%).
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3.4. Reaction Coordinate Calculations. The pH drop experi-
ment described above shows that the reduced nitrite bound T2
site at low pH is the active form involved in enzymatic turnover.
To obtain the geometry of this form, the spectroscopically
calibrated low pH nitrite bound oxidized T2 site was reduced
by one electron and then geometry was optimized. The resultant
structure (Figure 13) shows that (a) the proton on the aspartic
acid in the oxidized structure is still retained,38 (b) the Cu-O
bond-lengths have elongated to 2.3 Å in the reduced structure
relative to 2.1 Å in the oxidized site, and (c) the Cu-NHis

distances are not significantly affected. A comparison of the
calculated ionization energies for this low pH nitrite bound form
and the high pH reduced form (i.e., with a deprotonated
aspartatic acid residue) shows that the ionization energy changes
from +70 to -1032 mV, respectively. This implies that the
protonation of the aspartic acid residue raises the reduction
potential of the nitrite bound T2 site by ∼1100 mV which
facilitates electron transfer from the reduced T1 site.

A two-dimensional potential energy surface of the low pH
nitrite bound form was calculated for the reduction of nitrite
by Cu+ (Figure 14). One coordinate (front to rear on right) is
cleavage of N-O bond and the other coordinate (front to rear
on left) is proton transfer from aspartate to oxygen of nitrite.
Therefore the reaction proceeds from the reactant in the front
to the product at the diagonal rear. The lowest energy point on
the surface, the reactant, is indicated by a red circle. This is the
structure described above. The trajectory indicated by the red
arrow gives a path where the N-O bond is cleaved without
proton transfer to the nitrite. This path is extremely endothermic
due to lack of stabilization of the Cu2+-O2- species formed
along the reaction coordinate. A favorable pathway is indicated
by the white line. This pathway involves a proton transfer from
the aspartic acid residue to the bound nitrite followed by N-O
bond cleavage. It is important to note that a proton transfer does
not lead to spontaneous HO-NO bond cleavage. This reaction
is calculated to be 16 kcal/mol endothermic, without an
additional barrier, i.e., the calculated ∆E( for this reaction is
16 kcal/mol. This calculated ∆E( agrees well with the experi-
mental ∆E( of ∼15 kcal/mol.22

(38) Note that the reduction of the T2 Cu increases the proton affinity of
the aspartate residue by 25 kcal/mol both in the presence and absence
of nitrite. This is because the decreased positive charge on the copper
favors the protonation of the negatively charged aspartate residue.

Figure 12. (A) Room temperature absorption spectra of oxidized nitrite bound NiR, pH 8.2 (blue), which was reduced to form the T1 reduced nitrite bound
form (red), followed by pH drop to 5 (green, corrected for concentration) and (B) X band EPR spectra of oxidized nitrite bound NiR, pH 8.2 (blue), which
was reduced to form the T1 reduced nitrite bound form (red), followed by pH drop to 5 (green), overlaid with resting WT (black), at 77 K.

Figure 13. (A) Optimized structure of the reduced low-pH form: Cu-O1 ) 2.30, 2.26 Å; Cu-NHis ) 2.00, 2.01, 2.10 Å; N-O ) 1.28, 1.26 Å. (B) Crystal
structure of the cryogenically reduced NiR: Cu-O1 ) 2.48, 2.24 Å; Cu-NHis ) 1.89, 2.03, 2.13 Å.
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Frontier molecular orbitals (FMO) along the reaction coor-
dinate were evaluated to develop a mechanism for the activation
of nitrite for N-O bond cleavage by proton transfer along the
left of the coordinate. HNO2 has a LUMO which is NO-OH
π* in nature and is mainly localized on the NO unit (Figure
S5). The HO-NO σ* orbital is quite high in energy and needs
to be populated along the reaction coordinate for HO-NO bond
cleavage. In the Cu+ HNO2 bound form (point on PES after
the proton transfer, Figure 14) there is no backbonding from
the Cu+ into the HO-NO antibonding orbitals (Figure S6).
However along the reaction coordinate, as the HO-NO bond
is elongated, the σ* orbital is lowered in energy and becomes
mixed with the dx2-y2 HOMO (Figure 15 A, B and Figure S7)

of the reduced Cu+ center. This mixing of the occupied Cu+

d-orbital leads to transfer of charge density from Cu+ to the
bound HNO2 (i.e., backbonding). This leads to a Cu2+-OH and
a NO. The NO then dissociates from the active site. Note that
the σ* FMO involved has overlap of the dx2-y2 orbital with both
the oxygens of HNO2. This is the key factor in lowering the
barrier of HO-NO bond cleavage by efficient configurational
interaction (CI) between the donor (Cu d) and the acceptor
(HNO2 σ*) orbitals and is discussed below.

4. Discussion

Spectroscopy combined with DFT modeling indicate that at
high pH nitrite is bound to the T2 with a deprotonated aspartic
acid residue and a protonated histidine residue in the pocket.
At low pH, the experimental data and DFT calculations are
consistent with protonation of the aspartate residue near the

Figure 14. Two-dimensional potential energy surface for the N-O bond cleavage of nitrite reduction.

Figure 15. Acceptor NO-OH σ* (unoccupied) orbital on HNO2 (left) and
the donor Cu dx2-y2 (occupied) orbital (right). % composition indicated below
the respective structures.

Figure 16. Mulliken spin densities on Cu-OH and NO fragments along
the reaction coordinate. The increasing spin density indicates charge transfer
from the dx2-y2 orbital of Cu+ to the HO-NO σ* of the bound HNO2. These
points represent the beginning, middle, and end of the NO-OH coordinate.
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copper. The pH drop experiment provides direct evidence that
the nitrite bound oxidized T2 is reduced by the reduced T1
center when a proton is provided. Resonance Raman spectra
on the T1 site indicate that it is not perturbed by change in pH.

Experimentally, at high pH, the T1 site can be selectively
reduced when nitrite is bound to the oxidized T2 site. So the
reduction potential of the T2 site must be lower by at least 120
mV relative to the T1 site (reduction potential of T1 site of Rs
NiR39 ) 247 mV). However, at low pH, there is complete
electron transfer from the reduced T1 site to the nitrite bound
T2 site, indicating that the reduction potential of the nitrite bound
T2 site is now 120 mV higher than the T1 site, (which is
unperturbed with pH as indicated by resonance Raman data).
Thus, lowering the pH raises the reduction potential of the nitrite
bound T2 site by more than 240 mV. Calculated ionization
energies for the high pH and low pH structures indicate that
the protonation of the aspartate electrostatically increases the
reduction potential of the T2 site and drives the electron transfer
to reduce nitrite at the T2 center, consistent with experimental
observations.

The calculations on the Cu+-NO2
- are consistent with a

proton transfer from the aspartate residue to the NO2
- followed

by an electron transfer from the reduced copper to the nitrite to
generate NO. The protonation of the nitrite and further elonga-
tion of the HO-NO bond along the reaction coordinate bring
the HO-NO σ* orbital down in energy which facilitates back-
bonding from the occupied dx2-y2 orbital into this unoccupied
HO-NO σ* orbital (see Figure 15). This CI between these
orbitals leads to an electron transfer from Cu+ to HNO2 resulting
in the formation of Cu2+ and NO as indicated by the spin
polarization between the fragments (Figure 16). This step is

endothermic by 16 kcal/mol without any additional barrier, in
reasonable agreement with the experimental ∆E( of 15 kcal/
mol reported in the literature.22 The alternative pathway, i.e.,
reductive cleavage of the NO bond followed by the proton
transfer is >50 kcal/mol. This barrier is significantly higher
because, in the absence of an H+, the charge density developing
on the O2- of NO2

- along O-NO- cleavage is not stabilized.
Note that in Figure 15, the contours indicate that both the

oxygen atoms of NO2
- are involved in this CI leading to charge

transfer from Cu+ to NO2
-. This raises a possible role of the

bidentate coordination of nitrite. Oxidized Cu2+ binds NO2
- in

a bidentate manner with both the oxygens coordinated to copper.
However, in absence of any second sphere residue Cu+ binds
HNO2 (as well as NO2

-) via the nitrogen (η1κN, Figure 17B).
Attempts of binding HNO2 via O or OH computationally led to
dissociation of this ligand. In the protein active site, the nitrite
is bound bidentate η2 because of the presence of the hydrophobic
isoleucine residue on top of the NO2

- binding site (Figure
17A).40,41 The role of this unique mode of binding has been
evaluated by comparing the HO-NO reductive cleavage energy
of HNO2 bound η1κN and η1κO(H) with the η2 binding mode
observed in the protein active site (Figure 17). The η1κN surface
is much higher in energy, (∼50 kcal/mol), relative to the 16
kcal/mol for the native η2 coordination. This is because the -OH
formed along the reaction coordinate is not stabilized by bonding
with Cu2+. Note that, recent analogue studies of the T2 site
revealed that the NO2

- bind Cu+ η1κN (as observed in our DFT
calculations without the isoleucine residue) and the rate of NO
formation was very slow even in presence of strong acid.42 This
is consistent with the high barrier of the η1κN surface evaluated
here. For the η1κO(H) structure, the OH is already bound to
the T2 copper and hence the -OH should be stabilized along
the reaction coordinate. However, although the total reaction
energy is 16 kcal/mol comparable to the η2 model, there is a

(39) Olesen, K.; Veselov, A.; Zhao, Y.; Wang, Y.; Danner, B.; Scholes,
C. P.; Shapleigh, J. P. Biochemistry 1998, 37, 6086.

Figure 17. Different modes of HNO2 binding evaluated (A) η2 bidentate, (B) η1κN, and (C) η1κO(H).
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barrier of 26 kcal/mol in this case. FMO analyses reveals that
backbonding into the HO-NO σ* orbital from Cu in the
η1κO(H) bound mode is significantly less than that in the η2

bound mode. In fact the amount of backbonding from Cu+ to
HO-ON σ* orbital at 2.30 Å (the highest point on the η1κO(H)
surface) is equivalent to the extent of backbonding at 1.98 Å in
the η2 HNO2 surface. The larger barrier on the η1κO(H) surface
arises from lack of efficient CI between the donor Cu dx2-y2

orbital and the acceptor HO-NO σ* orbital. Thus the bidentate
coordination of the HNO2 plays a key role in the reaction
mechanism by allowing good CI between the Cu+ and both
oxygens of the HNO2 that enables facile backbonding and thus
electron transfer. This lowers the activation barrier for HO-NO
cleavage by 10 kcal/mol and simultaneously stabilizes the -OH
generated during this reaction coordinate reducing the reaction
barrier by 34 kcal/mol.

In summary proton transfer to nitrite enhances the reductive
cleavage of the N-O bond of η2-bound nitrite Cu+. This

involves efficient backbonding into the σ* along the reaction
coordinate that weakens the N-O bond and stabilizes the -OH
by binding to the Cu2+ and not the product NO which is easily
released.
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