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Abstract: A combination of spectroscopic methods and density functional calculations has been used to
describe the electronic structure of the axial mutant (Met182Thr) of Rhodobacter sphaeroides nitrite
reductase in which the axial methionine has been changed to a threonine. This mutation results in a dramatic
change in the geometric and electronic structure of the copper site. The electronic absorption data imply
that the type 1 site in the mutant is like a typical blue copper site in contrast to the wild-type site, which is
green. Similar ligand field strength in the mutant and the wild type (from MCD spectra) explains the similar
EPR parameters for very different electronic structures. Resonance Raman shows that the Cu-S(Cys)
bond is stronger in the mutant relative to the wild type. From a combination of absorption, CD, MCD, and
EPR data, the loss of the strong axial thioether (present in the wild-type site) results in an increase of the
equatorial thiolate-Cu interaction and the site becomes less tetragonal. Spectroscopically calibrated density
functional calculations were used to provide additional insight into the role of the axial ligand. The calculations
reproduce well the experimental ground-state bonding and the changes in going from a green to a blue
site along this coupled distortion coordinate. Geometry optimizations at the weak and strong axial ligand
limits show that the bonding of the axial thioether is the key factor in determining the structure of the ground
state. A comparison of plastocyanin (blue), wild-type nitrite reductase (green), and the Met182Thr mutant
(blue) sites enables evaluation of the role of the axial ligand in the geometric and electronic structure of
type 1 copper sites, which can affect the electron-transfer properties of these sites.

1. Introduction

Blue copper proteins play a key role in long-range inter- and
intraprotein electron transfer.1-6 They are characterized by high
reduction potentials, rapid electron-transfer rates, and unique
spectral features compared to normal tetragonal copper com-
plexes.2,7 The classic blue site, such as plastocyanin, has a copper
ion in a trigonally distorted tetrahedral environment. The trigonal
plane has a very short (2.1 Å) Cu-S(Cys) and two typical (2.0

Å) Cu-N(His) ligands. The axial ligand is usually a S(Met)
with a long Cu-S(Met) bond (2.8 Å).8,9 These structural features
impart the unique spectral features to the oxidized blue copper
center, an intense (ε ≈ 3000-6000 M-1 cm-1) absorption band
near 600 nm, responsible for the “blue“ color, and a small copper
parallel hyperfine constant (A| < 80 × 10-4 cm-1), which is
reduced by more than a factor of 2 from normal Cu(II) centers.
These characteristic spectral features are due to a very covalent
(38%) Cu-S(Cys) bond, which facilitates rapid electron transfer
over long distances (>13 Å).10-14

A number of perturbed sites within the family of blue copper
proteins have also been investigated.6,15-19 The perturbed blue
copper site in nitrite reductase (enzyme involved in the catalysis
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of the reduction of nitrite to nitric oxide, NO2- + 2H+ + e- f
NO + H2O a key step in the denitrifying pathway of anaerobic
bacteria) has the same ligand set as plastocyanin. However, the
changes in the spectral features (decreased 600 nm band intensity
and increased absorption intensity at 450 nm, leading to its green
color) indicate that the Cu-S(Cys) interaction in the highest
occupied molecular orbital (HOMO) is rotated from a pureπ
(in the typical blue copper site of plastocyanin) to aσ bonding
interaction.18 The magnetic circular dichroism (MCD) spectra
show that the ligand field transitions shift to higher energy in
nitrite reductase. This reflects a tetragonal distortion of the ligand
field in going from plastocyanin to nitrite reductase. The
effective stretching frequency of the Cu-S(Cys) bond (from
resonance Raman) decreases in nitrite reductase (relative to
plastocyanin), indicating a weakened thiolate Cu-S(Cys) bond.
The crystal structure of the active site in nitrite reductase
revealed that the axial Cu-S(Met) bond length decreases (2.6
Å) and the equatorial Cu-S(Cys) bond length increases (2.17
Å) compared to plastocyanin.20 This has led to the formulation
of thecoupled distortionmodel18 for the perturbed site of nitrite
reductase in which the axial Cu-S(Met) interaction strengthens,
the equatorial Cu-S(Cys) bond weakens, and the S(Cys)-Cu-
S(Met) plane rotates relative to the N(His)-Cu-H(His) plane
toward a more tetragonal geometry at the copper center. The
major change in the electronic structure is the rotation of the
Cu 3dx2-y2 HOMO about the Cu-S(Met) bond. This rotation
along with the tetragonal distortion allows for significantσ
interaction of the S(Cys) with the Cu half-occupied HOMO.
The electronic and geometric differences between the perturbed
blue site in nitrite reductase and the classical blue site in
plastocyanin can contribute to differences in the electron-transfer
properties of these sites.1 Further, it is interesting to note that
there are copper-containing reductases (e.g.,Alcaligenes xy-
losoxidansnitrite reductase21,22) which are blue. However, they
do not exhibit the tetragonal distortion (the NHisCuNHis to
SCysCuSMet dihedral angle (æ) is 75° vs 62° in the green nitrite
reductase) and are spectroscopically similar to typical blue
copper sites.

The studies on the electronic and geometric structure of
classical and perturbed blue copper sites have been extended
to the axial mutant of nitrite reductase (Met182Thr) where the
axial methionine residue has been mutated to a threonine.23 This
in principle replaces this shorter, stronger S(Met) of wild-type
nitrite reductase with no axial ligand. This mutation results in
an intense absorption at 600 nm and weaker absorption intensity
at 450 nm, more typical absorption features of classical blue

copper sites. However, the Met182Thr oxidized ground-state
properties (g values, copper hyperfine values, and ENDOR
frequencies) were unchanged from their values in the wild-type
enzyme.24

In this present study, the electronic structure of the mutant
has been defined relative to the wild-type nitrite reductase and
to the classical blue sites of plastocyanin and fungal laccase25

(a blue site with no axial ligation) in order to understand the
influence of the axial ligand on the geometric and electronic
structure of the site. Spectroscopic techniques including low-
temperature absorption, magnetic circular dichroism, circular
dichroism, and resonance Raman have been complemented by
spectroscopically calibrated density functional calculations to
probe the electronic structure of the Met182Thr mutant of nitrite
reductase. In conjunction with experiments, the calculations
generate a detailed description of bonding at the copper center
in the mutant relative to the wild-type protein and its contribution
to the properties of both sites. Geometric optimizations with
and without the axial S(Met) evaluate the role of the axial ligand
in determining the geometric and electronic structure of blue
and green copper sites.

2. Experimental Section

2.1. Samples.Wild-type and the Met182Thr mutant forms of
Rhodobacter sphaeroidesnitrite reductase were prepared by overex-
pression inEscherichia colias described elsewhere.23 To make type 2
depleted (T2D) samples, the enzyme was dialyzed at 4°C vs nitrogen-
flushed 50 mM pH 6.2 phosphate buffer that contained 2 mM
dimethylglyoxime, 1 mM EDTA, and 5 mM ferrocyanide. For T2D
depletion of the wild-type protein, the copper-removing dialysis took
about 6 h; for longer dialysis a color loss was noted that indicated
undesirable loss of the type 1 site. For T2D depletion of the Met182Thr
mutant we allowed the copper-removing dialysis treatment to last for
only 3 h, because loss of type 1 copper (and precipitation of protein)
occurred with longer treatment. The shorter copper-removing dialysis
for the T2D derivative of the Met182Thr mutant allowed 40% of the
type 2 copper to remain, based on EPR spin quantitation. Spin
quantitation was accomplished by using a copper standard, Cu(ClO4)2,26

of known concentration run in the same tube as the sample. Protein
samples (∼0.5-1.0 mM, concentrated using Amicon or Microcon
concentrators) were prepared as glasses in 50% (v/v) D2O/glycerol-d3

in 100 mM phosphate (pD*) 6.8). Samples were transferred to quartz
EPR tubes and MCD cells for spectroscopic characterization. Addition
of glycerol had no effect on the CD of the proteins. Chemicals used as
buffers were reagent grade and were used without further purification.
Water was purified to resistivity of 15-18 MΩ with a Barnstead
Nanopure deionizing system.

2.2. UV-Vis Electronic Absorption and Circular and Magnetic
Circular Dichoism. Absorption spectra at temperatures between 5 and
300 K were obtained using a computer-interfaced Cary-500 spectro-
photometer modified to accommodate a Janis Research Super Vari-
Temp cryogenic Dewar mounted in the light path. Low-temperature
circular dichroism and magnetic circular dichroism were performed
using two Jasco spectropolarimeters. Each is equipped with a modified
sample compartment to accommodate focusing optics and an Oxford
Instruments SM4000-7T superconducting magnet/cryostat. This ar-
rangement allows data collection at temperatures from 1.6 to 290 K
and fields up to 7 T.27 A Jasco J810 spectropolarimeter operating with
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a S-20 photomultiplier tube was used to access the visible and ultraviolet
spectral region. A Jasco J200 spectropolarimeter operating with a liquid
nitrogen cooled InSb detector was used for the near-infrared region.
Special care was taken to provide magnetic shielding for the PMT
detector. Depolarization of the light by the MCD samples was monitored
by their effect on the CD signal of nickel (+)-tartarate placed before
and after the sample. In all cases the depolarization was less than 5%.28

CD samples were run in a 1.0-cm quartz cuvette. MCD samples were
run in MCD cells fitted with quartz disks and a 0.3-cm rubber gasket
spacer. Simultaneous Gaussian fitting of the absorption, MCD, and CD
spectra was performed with the Peak-Fit program (Jandel).

2.3. Resonance Raman.Resonance Raman spectra were collected
with a Princeton Instruments ST-135 back-illuminated CCD detector
on a Spex 1877 CP triple monochromator with 1200, 1800, and 2400
grooves/mm holographic spectrograph gratings. Continuous wave
coherent Kr ion (Innova90C-K) and an Ar ion (Sabre-25/7) visible and
UV laser lines were used as variable excitation sources. A polarization
scrambler was used between the sample and the spectrometer. The
Raman energy was calibrated with Na2SO4. Frequencies are accurate
to within <2 cm-1. Samples were loaded in 4-mm NMR tubes and
stored in liquid nitrogen.

2.4. Electronic Structure Calculations.Gradient-corrected density
functional calculations (GGA-DFT) were carried out by using a
Gaussian9829 package on a 80-cpu heterogeneous cluster of SGI and
IBM PC compatible computers. The Becke8830 exchange and Per-
dew8631 correlation nonlocal functionals were used with Wosko-Vilk-
Nussair local functionals32 as implemented in the software package
(BP86). The triple-ú (VTZ*) 33 and double-ú (6-31G*)34-36 Gaussian
type all-electron basis sets (BS5) were employed with polarization
functions for the metal and ligand atoms, respectively. These basis
sets have been previously shown to be theoretically converged for
CuII-containing systems and additional polarization or diffuse functions
do not improve the electronic structure description.37-39 Since the
standard GGA-DFT calculations give too much ligand character in the
ground-state wave function compared to experiment, 38% of total DF
exchange was replaced with HF exchange (B(38HF)P86), giving an
accurate bonding description as discussed for other cupric systems.39

Population analyses were performed by means of Weinhold’s natural
population analysis40-42 (NPA), including the Cu 4p orbitals in the
valence set.

The computational models of the active sites were constructed from
imidazole, methyl thiolate, and dimethyl thioether molecules. The

atomic coordinates of the blue Cu (1PLC, 1.33 Å res.), green Cu (1NIA,
2.50 Å res.) and fungal laccase (1A65, 2.23 Å res.) active site geom-
etries were taken from the X-ray structures of the poplar plastocyanin
(Populus nigra),9 nitrite reductase fromAchromobacter cycloclastes,43

and laccase fromCoprinus cinereus,44 respectively.
Geometry optimizations were performed with frequent updates of

the force constants in order to stay as close as possible to the lowest
energy pathway. Stationary points were restarted with continuous update
of force constants until the optimization terminated due to negligible
forces. In all optimizations, the GDIIS45-47 optimizer was applied due
to the flat potential energy surface of the Cu site.

3. Results and Analysis.

3.1. Absorption, Circular Dichroism, and Magnetic Cir-
cular Dichroism. Spectroscopic properties of the wild type are
compared to those of the type 2 depleted enzyme in the sup-
plementary information (S1). This allows the study of the type
1 site and identifies the type 2 spectral features. The absorption
and MCD spectra for the wild-type and the type 2 depleted
enzymes are essentially the same, suggesting that the removal
of the type 2 copper does not affect the type 1 site. Detailed
comparison (in S1B inset) reveals a small MCD feature, which
is attributed to the type 2 copper. Low-temperature absorption,
CD, and MCD spectra in the region from 5000 to 30000 cm-1

for the type 2 depleted (containing 40% type 2, see Section
2.1) Met182Thr mutant are presented in Figure 1A and for type
2 depleted wild-type nitrite reductase in Figure 1B. Gaussian
resolution of the absorption spectra for the Met182Thr mutant
and the wild-type nitrite reductase obtained from a simultaneous
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Figure 1. Electronic absorption (top), magnetic circular dichroism (middle),
and circular dichroism (bottom) spectra of Met182Thr mutant (A) and wild
type ofRhodobacter sphaeroidesnitrite reductase (B). The derivative-shaped
MCD feature at 24 000 cm-1 (* in Figure 1A ii) in the M182T mutant is
due to a small amount of heme present in the protein sample. Band 2 is not
labeled in the wild-type nitrite reductase spectra because it cannot be
resolved due to overlap with bands 1 and 3.
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fit of the absorption, CD, and MCD spectra for each protein
are included in the top panels of Figure 1. Energies andε (M-1

cm-1) values for the absorption bands determined from these
fits are summarized in Table 1. To be consistent with other blue
copper proteins, we have used the numbering scheme from
plastocyanin.48,49

3.1.1. Band Assignments.Bands observed in the absorption
and MCD spectra can be classified as ligand field or charge
transfer by comparing their relative intensities in MCD and
absorption. This parameter is the ratio ofC0, the MCDC-term
intensity, andD0, the dipole strength in absorption.C0/D0 ratios
were determined from the Gaussian fit of the MCD taken within
the linear 1/T region and the absorption spectra50 by using the
relation

whereT is the temperature,B is the external magnetic field
strength,k is Boltzmann’s constant,µB is the Bohr magneton,
ε max is the absorption maximum in M-1 cm-1, and∆ε is the
MCD intensity maximum measured in M-1 cm-1 (k/µB ≈ 1.489
TK-1). MCD intensity depends on the spin-orbit coupling for
the center involved in the transition. The spin-orbit coupling
for Cu is greater than for S or N (ê(Cu) ) 830 cm-1, ê(S) )
382 cm-1, andê(N) ) 70 cm-1). Therefore, transitions centered
on Cu (i.e., df d) have a higherC-term MCD intensity than
charge-transfer transitions that involve significant S or N
character. Alternatively, ligand-ligand overlap determines the
absorption intensity and is greater for the two levels involved
in a charge-transfer transition. Specific assignments for the
transitions were made on the basis of the magnitude and sign
of C0/D0 relative to plastocyanin.

In the low-energy region (<16 000 cm-1) five bands are
observed at 5800 cm-1 (band 8), 10 000 cm-1 (labeled as type
2 in Figure 1A (ii); to be discussed below), 12 000 cm-1 (band
7), 13 500 cm-1 (band 6), and 14 800 cm-1 (band 5), in the
Met182Thr mutant. Four higher energy bands in the Met182Thr
mutant are observed at 16 800 cm-1 (band 4), 19 100 cm-1

(band 3), 22 500 cm-1 (band 2), and 25 000 cm-1 (band 1′).
The highest energy band has been labeled 1′ because it has a
different spectral pattern and a different assignment from band
1 of plastocyanin (vide infra). The wild-type nitrite reductase
spectrum is characterized by four bands in the low energy region
at 5600 cm-1 (band 8), 11900 cm-1 (band 7), 13500 cm-1 (band

6) and 14900 cm-1 (band 5) and three bands at 17550 cm-1

(band 4), 21900 cm-1 (band 3) and 25650 cm-1 (band 1) in the
higher energy region. (A counterpart for band 2 in plastocyanin
cannot be resolved from the spectra of wild-type nitrite
reductase, due to overlap with bands 1 and 3.)

The five lower energy bands (bands 5-8, see Table 1) in
the Met182Thr mutant are assigned as ligand field transitions
as they exhibit|C0/D0|∼ 0.10. On the basis of the MCD sign
and intensity of band 5 (14 800 cm-1) as compared to that of
plastocyanin, this band is assigned to the dxz f dx2-y2 transition.
This band is usually the most intense negative feature in the
MCD spectrum of blue copper proteins.18,19,49Band 6 (13 500
cm-1) is not resolved in the MCD spectrum. However, it is
clearly present in the CD spectrum and is required by the
simultaneous fit of the absorption, CD, and MCD. It is not
resolved in the MCD because it overlaps with the two negative
features due to band 5 (14 800 cm-1) and band 7 (12 000 cm-1),
which are closer in energy by∼200 cm-1 in the Met182Thr
mutant relative to wild-type nitrite reductase. Band 6 (13 500
cm-1) is attributed to the dxz+yz f dx2-y2 transition based on its
positive sign in MCD as is typically observed for blue copper
sites. Band 7 (12 000 cm-1) is assigned to the dxy-yz f dx2-y2

transition. The lowest energy band (band 8, 5800 cm-1) is
present in the MCD and CD spectra. This ligand field band is
assigned to the dz2 f dx2-y2 transition.

The Met182Thr mutant shows an additional band at
∼10 000 cm-1 in the CD and the MCD (shoulder at 10 000
cm-1) spectra compared to typical blue copper spectra. To assign
the 10 000 cm-1 band, the spectroscopic properties of the wild-
type nitrite reductase were compared to those of the type 2
depleted wild-type enzyme (supplement information; Figure S1).
This allowed the identification of the spectral features of the
type 2 site. This revealed the presence of a band at∼10 000
cm-1 only in the holoenzyme, which is thus assigned as a type
2 copper ligand field transition. It is observable because it occurs
in a spectroscopically silent portion of the blue copper MCD
spectrum. Analogously, the band at 10 000 cm-1 in the MCD
spectrum of the Met182Thr mutant is assigned as a type 2
copper ligand field transition. The presence of this band in the
“type 2 depleted“ spectrum of Met182Thr results from incom-
plete removal of the type 2 sites. EPR data (supplement
information; Figure S2) confirm the presence of some residual
type 2 copper (∼40%) in the type 2 depleted Met182Thr mutant
sample.

In the Met182Thr mutant, band 4 at 16 800 cm-1 has very
high absorption intensity (εmax ) 2170 M-1 cm-1) and relatively
low MCD intensity (|∆ε| ) 12 M-1 cm-1) and is the intense
absorption feature responsible for the blue color of this mutant.
In analogy to other well-characterized blue copper proteins, this
band involves theπ Cu-S bonding interaction and is assigned
as the S 3pπ f Cu 3dx2-y2 charge-transfer transition.18,19,49Note
that EPR (g| > g⊥ > 2.0023)23 and density functional calcula-
tions (vide infra) identify dx2-y2 as the highest singly occupied
molecular orbital (SOMO). At a higher energy the MCD
spectrum of Met182Thr exhibits a relatively weak band at
19 100 cm-1 (band 3), which can be assigned to the S 3p psuedo
σ f Cu 3dx2-y2 charge-transfer transition, by analogy to
plastocyanin. The higher energy bands at 22 500 cm-1 (band
2) and 25 000 cm-1 (band 1′) are assigned to charge-transfer
transitions from the equatorial histidine ligands (vide infra).

(48) Penfield, K. W.; Gay, R. R.; Himmelwright, R. S.; Eickman, N. C.; Freeman,
H. C.; Solomon, E. I.J. Am. Chem. Soc.1981, 103, 4382-4388.

(49) Gewirth, A. A.; Solomon, E. I.J. Am. Chem. Soc.1988, 110, 3811-3819.
(50) Piepho, S. B.; Schatz, P. N. InGroup Theory in Spectroscopy: With

Applications to Magnetic Circular Dichroism; John Wiley & Sons: New
York, 1983.

Table 1. Experimental Spectroscopic Parameters for Rhodobacter
sphaeroides Nitrite Reductase Met182Thr Mutant

band energy, cm-1 ε, M-1 cm-1 ∆ε, M-1 cm-1 T-1 C0/D0

8 5 800 +a +a

7 12 000 630 -11.8 -0.14
6 13 500 760 +6.5 +0.10
5 14 800 620 -22.0 -0.26
4 16 800 2170 -11.6 -0.04
3 19 100 630 -4.0 -0.04

a Only signs can be determined from the data for these parameters;
however, theC0/D0 ratio should be greater than 0.1 on the basis of the
relative magnitude of MCD to upperε limit in absorption.

C0/D0 ) (kT∆ε)/(µBBεmax)
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3.1.2. Comparison with Plastocyanin and Fungal Laccase.
Comparison of the Met182Thr spectral features with those of
plastocyanin48,49 and fungal laccase25 quantitates the nature of
the blue copper center in the mutant. The blue copper center in
plastocyanin is characterized by three equatorial ligands (two
histidines and a cysteine) and a weak axial methionine ligand.
The blue copper center in fungal laccase is tricoordinate and
lacks the axial ligand. The charge-transfer region of Met182Thr
is qualitatively similar to that in plastocyanin and fungal laccase,
exhibiting the strong∼595 nm and weak∼450 nm absorption
intensity pattern. In the Met182Thr mutant the df d transition
energies are between those of plastocyanin and fungal laccase
(Table 2). The energies of df d transitions are very sensitive
to the ligand field at the copper center, which is determined by
the extent of axial and equatorial ligand interactions. The
increase in axial interaction on going from fungal laccase (no
axial ligand) to plastocyanin (weak S(Met) axial ligand) results
in the displacement of the metal out of the trigonal plane of the
equatorial ligands toward the axial ligand by 0.33 Å. The net
effect of this is to decrease the ligand field and thus the df d
transition energies on going from fungal laccase to plastocyanin.
The df d transition energies of Met182Thr (lower than fungal
laccase but higher than in plastocyanin) reflect a ligand field
strength for Met182Thr intermediate between those of plasto-
cyanin and fungal laccase. The type 1 copper center in
Met182Thr has a substantially weaker (but nonzero) axial
interaction compared to plastocyanin, in addition to the two
histidines and the cysteine equatorial ligands. Threonine, which
has replaced the axial methionine in the mutant, could provide
the relatively weak interaction or be replaced by water or by a
protein endogenous ligand. Preliminary X-ray data51 suggest that
the last possibility can be eliminated.

This is also reflected in the change in the energy of the dz2

f dx2-y2 transition (band 8) in going from plastocyanin (5000
cm-1) to Met182Thr (5800 cm-1) and to fungal laccase (6500
cm-1). The dz2 transition energy increases as the strength of the
axial ligand decreases, because dz2 is antibonding with respect
to the axial ligand.

The higher energy region (beyond the cysteine-based charge-
transfer transitions) of plastocyanin is characterized by two
charge-transfer transitions at 21 390 cm-1 (band 2) and 23 440
cm-1 (band 1) derived from the N(His)fCu and S(Met)fCu
charge-transfer transitions. In the tricoordinate fungal laccase,25

two transitions are observed in this region at∼22 500 and
∼25 000 cm-1. In yeast Fet3p52 (also a three-coordinate type 1
blue copper center), the two high-energy transitions are at 22 400

and 26 500 cm-1. The Met182Thr mutant also exhibits two
transitions at 22 500 and 25 000 cm-1.

In a detailed spectroscopic and electronic structure compara-
tive study53 of plastocyanin and the tris(pyrazolyl)hydroborate
triphenylmethylthiolate Cu(II) model complex, it is clearly seen
that theπ1 imidazole ligand based orbitals contribute to the
absorption intensity for band 2 at 21 390 cm-1. Q-band14N
ENDOR studies have shown that the two histidine nitrogens
are equivalent in plastocyanin (AN1 ∼ AN2 ∼ 22 MHz), while
they are inequivalent in fungal laccase (AN1 ) 36, AN2 ) 23
MHz)54and in the Met182Thr mutant (AN1 ) 39, AN2 ) 18
MHz).24 Since the later two proteins lack the axial S(Met)
ligation and have the two inequivalent histidines, the two high-
energy transitions can reasonably be assigned to the two histidine
π1 f Cu charge-transfer transitions.

3.1.3. Comparison with Wild-Type Nitrite Reductase.The
type 1 site in nitrite reductase has the same ligand set as
plastocyanin but with a shorter axial S(Met) ligand (2.55 Å in
nitrite reductase vs 2.82 Å in plastocyanin). The “perturbed“
type 1 copper center in the wild-type nitrite reductase exhibits
dramatically different spectroscopic features (Figure 1B) com-
pared to the classic blue copper site in plastocyanin (Table 2).
The absorption intensity at 17 550 cm-1 (∼570 nm, band 4)
dramatically decreases (ε ≈ 1490 M-1 cm-1 in wild-type nitrite
reductase vsε ≈ 5160 M-1 cm-1 in plastocyanin) accompanied
by a large increase in the intensity at 21 900 cm-1 (∼450 nm,
band 3,ε ≈ 2590 M-1 cm-1 in wild-type nitrite reductase vsε
≈ 600 M-1 cm-1 in plastocyanin), leading to the green color.
The higher energy band at 25 650 cm-1 (band 1) is due to the
S(Met) f Cu charge-transfer transition and is more intense in
the wild-type nitrite reductase (ε ≈ 1750 M-1 cm-1) relative to
plastocyanin (ε ≈ 250 M-1 cm-1). Additionally, all the ligand
field transitions (bands 5-8) shift to higher energy by∼1000
cm-1 compared to those in plastocyanin. These spectral changes
have been determined to be due to (1) the rotation of the Cu
3dx2-y2 to σ overlap with the S(Cys) leading to the intenseσ
and weakπ S(Cys)f Cu charge-transfer transitions and (2)
tetragonal distortion leading to the increased df d transition
energies. These derive from the coupled distortion where the
shorter Cu-S(Met) bond leads to longer Cu-S(Cys) bond and
tetragonal rotation of the S(Met)-Cu-S(Cys) plane toward the
N(His1)-Cu-N(His2) plane.

In this study, the significant spectral differences between wild-
type nitrite reductase and the mutant Met182Thr have been
investigated. In the charge-transfer region there is a redistribution
of absorption intensities between bands 3 and 4 in Met182Thr
compared to that of wild-type nitrite reductase. The S(Cys) pπ
f Cu 3dx2-y2 transition (band 4) in Met182Thr is∼1.6 times
more intense than its counterpart in the wild-type protein (2170
M-1 cm-1 in Met182Thr vs 1490 M-1 cm-1 in wild-type nitrite
reductase). This is accompanied by the dramatic drop in intensity
in Met182Thr for the higher energy S(Cys) pseudo-σ f Cu
3dx2-y2 transition (band 3, from 2590 M-1 cm-1 in wild-type
nitrite reductase to 630 M-1 cm-1 in the mutant), which is the

(51) Sjölin, L.; Scholes, C. P., personal communication.
(52) Machonkin, T. E.; Quintanar, L.; Palmer, A. E.; Hassett, R.; Severance,

S.; Kosman, D. J.; Solomon, E. I.J. Am. Chem. Soc.2001, 123, 5507-
5517.

(53) Randall, D. W.; George, S. D.; Hedman, B.; Hodgson, K. O.; Fujisawa,
K.; Solomon, E. I.J. Am. Chem. Soc.2000, 122, 11 620-11 631.

(54) Werst, M. M.; Davoust, C. E.; Hoffman, B. M.J. Am. Chem. Soc.1991,
113, 1533-1538.

Table 2. Experimental Spectroscopic Parameters for Spinach
Plastocyanin, Rhodobacter sphaeroides Nitrite Reductase
Met182Thr Mutant, Rhizoctonia solani Fungal Laccase, and
Rhodobacter sphaeroides Nitrite Reductasea

band energy, cm-1 plastocyanin Met182Thr fungal laccase WT NiR

8 dz2 5 000 5 800 6 500 5 600
7 dxy 10 800 12 000 13 080 11 900
6 dxz+yz 12 800 13 500 14 590 13 500
5 dxz-yz 13 950 14800 15 850 14 900
4 Cysπ 16 700 16 800 16 660 17 500
3 pseudo-σ 18 700 19 100 18 640 21 900

a Parameters for plastocyanin and fungal laccase were reported previously
in refs 18 and 25. The energy for the dz2 transition is taken from the low-
temperature MCD, whereas the energies of the remainder transitions are
taken from the low-temperature absorption.
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dominant absorption feature in nitrite reductase. Since the
intensity of these transitions is proportional to the overlap of
the cysteine and the Cu 3dx2-y2 orbitals, the increase in intensity
of band 4 and the loss in intensity of band 3 in Met182Thr
relative to wild-type nitrite reductase indicates that there is an
increase in the S(Cys) pπ overlap and a decrease in the pseudo-σ
overlap in the mutant HOMO. In addition, the higher energy
bands in the Met182Thr mutant are different from those of the
wild-type enzyme. In wild-type nitrite reductase the high-energy
band at 25 650 cm-1 (band 1) is assigned to the S(Met)f Cu
charge-transfer transition. Band 2, which is typically assigned
to the N(His)f Cu charge-transfer transition, is not observed
in wild-type nitrite reductase because of overlap with bands 1
and 3. The large absorption intensity associated with band 1 in
wild-type nitrite reductase reflects the fact that significant S(Met)
character is present in the HOMO and the increased intensity
of band 3 is due toσ-overlap of the S(Cys) with the copper
(discussed above). In the Met182Thr mutant, two bands are
observed at 22 500 cm-1 (band 2) and 25 000 cm-1 (band 1′),
assigned as the N(His)f Cu charge-transfer transitions (vide
supra).

In the low-energy region the Gaussian fit of the absorption
spectrum of Met182Thr reveals that there is a redistribution of
the intensity of the ligand field absorption bands. Band 5 (ε )
1160 M-1 cm-1) is more intense than band 6 (ε ) 970 M-1

cm-1) in wild-type nitrite reductase absorption spectrum, while
band 6 (ε ) 760 M-1 cm-1) is relatively more intense than
band 5 (ε ) 630 M-1cm-1) in the Met182Thr mutant. Band 6,
which is assigned as the Cu 3dxz+yz f 3dx2-y2 transition, gains
intensity from the S(Cys) pπ f Cu3dx2-y2 transition due to
configuration interaction with the S(Cys) pπ orbital.49 Similarly,
band 5, assigned as the dxz-yz f dx2-y2 transition, can gain inten-
sity due to mixing with the symmetry-allowed S(Cys) psuedo-σ
f Cu 3dx2-y2 transition. The decrease in band 5 and the increase
in band 6 in Met182Thr relative to wild-type nitrite reductase
correlate to the decrease in the S(Cys) psuedo-σ f Cu 3dx2-y2

and increase in the S(Cys) pπ f Cu 3dx2-y2 transition intensities.

The df d transition energies in the Met182Thr mutant are
very similar to those of the wild-type nitrite reductase (Table
2, bands 5-8). Additionally, EPR measurements have shown
that the type 1 parameters (gz ) 2.19,gx ) 2.02,gy ) 2.06,Az

) 67 ( 5 G) of the mutant are identical to the values of the
wild-type enzyme.23 The g value expressions for a singly
occupied Cu 3dx2-y2 HOMO from ligand field theory are directly
proportional to the amount of the metal d-character in the
HOMO and inversely to the ligand field transition energies.55

This would imply that the Cu d-character in the HOMO in the
mutant is unchanged relative to the wild type. This suggests
that the loss of the strong axial S(Met) ligand (which contributes
to the HOMO) is compensated by an increase in the equatorial
S(Cys)-Cu interaction. This increased S(Cys) covalency is
observed in resonance Raman data and density functional
calculations (vide infra).

3.2. Resonance Raman.Figure 2A presents the resonance
Raman spectra of the Met182Thr mutant obtained with excita-
tion at 647.1 nm into the Cu-S(Cys) charge-transfer band. The
resonance Raman spectra of wild-type nitrite reductase using
an excitation wavelength of 458 nm is presented in Figure 2B
as a reference. The Met182Thr mutant spectrum displays an
envelope of resonance Raman bands centered around 400 cm-1,

associated with vibrations having Cu-S distortions. This is
typically exhibited by blue copper proteins such as plastocyanin
in the 350-500-cm-1 region.56,57 The envelope is due to
coupling of the Cu-S stretch with other modes. The envelope
of bands occurs at a higher energy in Met182Thr mutant relative
to that of wild-type nitrite reductase. The dominant peak is at
408 cm-1 in the Met182Thr mutant. There are some additional
vibrations at 375 and 420 cm-1. The wild-type nitrite reductase
spectrum is characterized by dominant vibrations at 367, 380,
and 405 cm-1. (* denotes a peak from the frozen solvent).

The intensity weighted average energy of the peaks〈νCu-S〉
where〈νCu-S〉 ) Σi(Iiν2)/Σi(Iiνi) has been used as an indicator
of the Cu-S(Cys) bond strength.56 The value of〈νCu-S〉 for
Met182Thr mutant is 408 cm-1, and for wild-type nitrite
reductase it is 383 cm-1. These results indicate that the
Met182Thr mutant has a stronger Cu-S(thiolate) bonding
interaction compared to wild-type nitrite reductase. The value
of 〈νCu-S〉 for plastocyanin is 403 cm-1 56 and for fungal laccase
is 419 cm-1.25 The above values suggest that the Cu-S(thiolate)
bond strength in the Met182Thr mutant is intermediate between
those of plastocyanin and fungal laccase.

3.3. Electronic Structure Calculations. In this section we
consider the effect of the axial methionine ligand on the
geometric and electronic structures of the blue and green Cu
sites. Therefore, as starting points the blue Cu site in plasto-
cyanin, the green Cu site in nitrite reductase, and the blue Cu
site in fungal laccase (which has no axial ligand) with known
experimental structures were calculated by using the B(38HF)-
P86 density functional.

The experimental structures and the corresponding calculated
atomic spin densities using the spectroscopically calibrated,
hybrid density functional B(38HF)P86 with a theoretically
converged basis set (BS5) are presented in Figure 3A-C. The
trends in theσ/π ratios (ratio of S(Cys) 3p lobes along (σ) and
perpendicular (π) to the Cu-S(Cys) bond) in the ground-state
wave function and the covalency of the Cu-S(thiolate) bonds
parallel the experimental results. The most covalent bond was

(55) McGarvey, B. R. InTransition Metal Chemistry; Carlin, B. L., Ed.; 1966;
Chapter 3, pp 89-201.

(56) Blair, D. F.; Campbell, G. W.; Schnoover, J. R.; Chan, S. I.; Gray, H. B.;
Malmström, B. G.; Pecht, I.; Swanson, B. I.; Woodruff, W. H.; Cho, W.
K. J. Am. Chem. Soc.1985, 107, 5755-5766.

(57) Han, J.; Adman, E. T.; Beppu, T.; Codd, R.; Freeman, H. C.; Huq, L.;
Loehr, T. M.; Sanders-Loehr, J.Biochemistry1991, 30, 10 904-10 913.

Figure 2. Resonance Raman spectra ofRhodobacter sphaeroidesnitrite
reductase Met182Thr mutant (A), excitation at 647.1 nm, andRhodobacter
sphaeroidesnitrite reductase (B), excitation energy 458 nm.
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found in the three-coordinate, fungal laccase site (Figure 3A,
calcd 58% vs exptl 55% from stellacyanin Q99L variant58,59),
despite the long Cu-S(thiolate) bond (2.28 Å vs. 2.07 Å in
blue and 2.17 Å in green sites). The Cu-S(thiolate) bond
covalencies of the blue (Figure 3B, 51%) and the green (Figure
3C, 54%) sites are similar, with the latter having a slightly higher
value also consistent with experiment.18,60 Resonance Raman
spectroscopy25,56 shows that in going from the three- to four-
coordinate blue site (Figure 3, A vs B), the Cu-S(thiolate) bond
strength decreases (〈ν〉Cu-S(Cys) ) 413 to 403 cm-1), which
parallels the change in the covalency of this bond (calcd 58%
to 51%). However, in going from the four-coordinate blue to
the green site, while the Cu-S(thiolate) bond strength further
decreases (〈ν〉Cu-S(Cys) ) 403 to 383 cm-1, consistent with the
longer bond, 2.07 to 2.17 Å), the green site is slightly more
covalent (by 3%). This reflects the fact that the bonding changes
from pureπ (Figure 4B) to mixedσ/π character (Figure 4C)
and theσ interaction has better overlap between the Cu 3d and
the ligand S 3p orbitals.

The higher covalent bonding in the three-coordinate site
compared with the four-coordinate sites indicates that the loss
of the axial thioether interaction makes the Cu-S(thiolate) bond
more covalent. The effect of the axial ligand on the geometric
and electronic structures has been investigated by modeling two
limits for the blue and green Cu sites: (i) the axial thioether is

present and allowed to geometry optimize and (ii) the axial
thioether is eliminated and the resulting structure is optimized.

At the strong axial limit, the geometries of the green and the
blue sites were optimized at the B(38HF)P86/BS5 level of
theory, which gave a common equilibrium geometry (Figure
3D). This structure is rather different from what has been
previously reported.61-63 The optimized structure of the four-
coordinate site has a short axial Cu-S(thioether) and a long
Cu-S(thiolate) bond (2.39 and 2.19 Å, respectively). The site
is tetragonally distorted and optically can be characterized as a
green site due to the increasedσ/π ratio (0.73 and Figure 4D)
relative to both the blue (σ/π ) 0.00 and Figure 4B) and the
green (σ/π ) 0.47 and Figure 4C) sites. In addition to the
changes in the Cu-S bond length, the thiolate ligand rotates
around the Cu-S bond by about 50° and the imidazole rings
move within the equatorial plane to close and open the S(Cys)-
Cu-N(His1) and S(Cys)-Cu-N(His2) angles by about 10° and
20°, respectively, while the N(His1)-Cu-N(His2) angle re-
mains virtually unchanged. These changes indicate that the
corresponding internal coordinates of the site are constrained
by the protein environment. The magnitude of this protein effect
can be estimated by back-transforming all the Cu-containing
internal coordinates of the optimized site to the experimental
structure, which gives energy differences of about 6-8 kcal
mol-1. This energy destabilization is larger than reported earlier
(1-2 kcal mol-1), because references 61-63 compare optimized

(58) George, S. D.; Basumallick, L.; Szilagyi, R. K.; Randall, D. W.; Hill, M.
G.; Nersissian, A. M.; Valentine, J. S.; Hedman, B.; Hodgson, K. O.;
Solomon, E. I.J. Am. Chem. Soc.2003, 125, 11314-11328.

(59) The S-K edge data could not be collected for fungal laccase because of
photoreduction in the beam.

(60) Shadle, S. E.; Penner-Hahn, J. E.; Schugar, H. J.; Hedman, B.; Hodgson,
K. O.; Solomon, E. I.J. Am. Chem. Soc.1993, 115, 767-776.

(61) Ryde, U.; Olsson, M. H. M.; Pierloot, K.; Roos, B. O.J. Mol. Biol. 1996,
261, 586-596.

(62) Pierloot, K.; DeKerpel, J. O. A.; Olsson, M. H. M.; Roos, B. O.J. Am.
Chem. Soc.1998, 120, 13156-13166.

(63) Kerpel, J. O. A. D.; Ryde, U.Proteins: Struct., Funct. Genet.1999, 36,
157-174.

Figure 3. Experimental structures of type 1 Cu sites from fungal laccase (A), plastocyanin (B), nitrite reductase (C), and B(38HF)P86/BS5 optimized
structures of computational models at strong (D) and weak (E) axial ligand limits (atomic densities from natural population analysis are given in topinsets).
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structures with and without constrained Cu-S(Met) bond
lengths, which gives only part of the energy change associated
with the protein constraint. More importantly, the energy
destabilization in the oxidized structures is small compared to
that of the reduced site (14-21 kcal mol-1),64 indicating the
reduced site is destabilized relative to the oxidized site by the
protein environment.

To consider the weak axial limit, the thioether ligand was
removed from the experimental green and the blue sites and
the geometry of the resulting three-coordinate site was opti-
mized. Even for the initial, three-coordinate structures without
optimization, the S atomic spin density increases by 7 and 13%
and the Cu spin density decreases by 7 and 11% (not shown),
respectively, relative to the blue and green experimental sites.
As found for the strong axial limit, the optimizations converge
to a common equilibrium geometry (Figure 3E), which is quite
similar to the experimental blue Cu site in fungal laccase (Figure
3A). It is characterized by a short (2.12 Å) and highly covalent
Cu-S(thiolate) bond (55% S character) and relatively short
Cu-N(His) bond lengths of 1.98 Å. In comparison to the
optimized four-coordinate site (Figure 3D), the equatorial bonds
in the optimized three-coordinate site (Figure 3E) get shorter
(Cu-S(Cys) 2.18 Å, about 2.04 Å Cu-N(His) from Figure 3D)
and the electronic structure changes. The geometry-optimized
four-coordinate site is green with aσ/π ) 0.73 (Figure 4D),
while the optimized three-coordinate site is blue with aσ/π )
0.00 (Figure 4E), consistent with the experimental spectral
changes observed in this study.

4. Discussion

Blue and green sites have same ligand set yet different
electronic structuresswhile the former has S(Cys)f CuII π
charge transfer (CT) the later hasσ CT. This large difference
in bonding has been associated with the strength of the axial
S(Met) ligand-CuII bond and the associated coupled distortion.
In the Met182Thr mutant the short/strong axial S(Met)-CuII

bonding of the wild-type enzyme has been mutated to a
threonine. There is an increase in the absorption intensity at
∼600 nm (π CT) and an accompanying decrease in intensity at
∼450 nm (σ CT), making it blue. The significance of studying
this mutant is that it enables us to directly evaluate the effect
of the strong axial methionine, and the properties of the blue
site which result from its elimination, in the green protein matrix
environment. This leads to an interesting sequence in going from
plastocyanin (blue)f nitrite reductase (green)f the axial
mutant of nitrite reductase (blue). This sequence is important
for evaluating the protein matrix and the axial ligand contribu-
tions to the active site geometric and electronic structure.

The absorption intensity pattern in the mutant indicates an
increase in the S(Cys)π-Cu interaction and a decrease in the
S(Cys) pseudoσ-Cu interaction. Resonance Raman data
provide direct evidence that the Cu-S(Cys) bond is stronger
in the mutant relative to the wild type. Furthermore, the
comparison of the ligand field transition energies of the
Met182Thr mutant to other blue copper centers (plastocyanin
and fungal laccase) suggests that there is a very weak axial
interaction involving threonine or H2O.

Interestingly, this diminished axial interaction and associated
optical spectral differences in the mutant relative to the wild

(64) Solomon, E. I.; Szilagyi, R. K.; George, S. D.; Basumallick, L.Chem. ReV.,
in press.

Figure 4. Spin density contour plots for the experimental structures of type 1 Cu sites from the fungal laccase (A), plastocyanin (B), nitrite reductase (C),
and optimized structures of four- (D) and three-coordinate (E) computational models calculated at the B(38HF)P86/BS5 level of theory.
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type do not change some of the ground state properties (vide
infra) of the mutant. The MCD assignments indicate that the
ligand field transition energies have remained unchanged in the
mutant compared to those in the wild type, type 1 site. This is
the result of competing factors: The weaker axial S(Met),
stronger equatorial S(Cys), and less tetragonal structure should
shift the ligand field transitions lower in energy, while the weak
axial interaction also allows the copper to shift toward the tri-
gonal plane, which would shift the ligand field transitions in
the opposite direction. EPR measurements have shown that the
type 1 parameters (g values and copper hyperfine values) of
the mutant were identical to the values in the wild type. The
similarg values reflect the similar ligand field transition energies
and imply that the Cu d character in the HOMO is similar in
the wild type and the mutant. The equivalentg values of the
mutant and the wild type further account for the lack of change
in the copper hyperfine between the two proteins: the orbital
dipolar coupling does not change, and the equivalent covalency
leads to the same Fermi contact and the spin dipolar terms.
Further, the rhombicity (∆g⊥ ) 0.04) of the type 1 site remains
the same in the green site (wild type) and the blue site (M182T).
This is consistent with W-band EPR studies,65 which indicate
that the rhombicity of a green and a blue site could be similar.

Interestingly, the ENDOR frequencies24 for the histidine nitro-
gens were unchanged in the mutant from their values in the
wild-type enzyme. The dominant contribution to the hyperfine
coupling (determined from the ENDOR frequencies) for a
Cu-N(His) ligation is the isotropic Fermi coupling due to
unpaired electron spin density on the nitrogens. The spin density
on the nitrogens in the mutant and the wild type has in fact
been found from density functional calculations to be equivalent.

It is particularly interesting that cysteineâ methylene proton
hyperfine couplings do not change though the bonding goes
from π to σ. These hyperfine couplings are effected by the spin
density in the S(Cys) 3p orbitals and the dihedral angle of the
S-Câ-Hâ plane, with the direction of the spin containing orbital
on the sulfur. In going from the crystal structure of wild-type
nitrite reductase to the mutant the Câ-C(backbone) is rotated
∼10° about the S-Câ bond.51 A similar rotation is observed
for the blue site of plastocyanin compared to nitrite reductase.
This rotation, which effects the orientation of the cysteineâ
methylene protons, will oppose the effect of the change in spin
density on the S(Cys) in going fromσ (wild-type enzyme) toπ
(mutant) and would tend to limit the effect on the hyperfine
coupling.

While the protein environment changes the reduction potential
of a blue copper site (e.g., the structurally equivalent three
coordinate blue sites in Fet3p and fungal laccases range from
430 to 800 mV), this study allows the evaluation of how the
change in the electronic structure in going from the green to
the blue site affectsE° in the same protein environment. The
mutation results in the increase in reduction potential from 247
mV (wild type, green) to 350 mV (M182T, blue).23 This
indicates that the modulation of the strength of the axial ligand
interaction allows the protein to tune the redox potential of the
site. The extent of change is consistent with studies66 on
Pseudomonas aeruginosaazurin in which the naturally occurring

axial Met was mutated to a variety of other amino acids
including those with noncoordinating groups such as Leu (E°
increased 102 mV) and the Ile (E° increased 128 mV).

The spectroscopically calibrated DFT calculations reproduce
the differences in electronic structure and bonding among the
four-coordinate green and blue sites and three-coordinate blue
(fungal laccase) sites. Calculations whose results strongly
correlate with the data show that both four- and three-coordinate
blue sites have pureπ character, while the four-coordinate green
site gains significantσ character. The DFT calculations indicate
that the axial thioether ligand affects the geometric and
electronic structures of the Cu site. The weak axial interaction
corresponds to a trigonal geometry and aπ-type Cu-S(thiolate)
bond (Figure 4E). The strong axial interaction modeled by
unconstrained optimization of a blue or green Cu site has a short
Cu-S(thioether) bond, a tetragonally distorted geometry, and
a mixedσ/π-type Cu-S(thiolate) bond (Figure 4D) as seen in
the green Cu site (Figure 4C). Therefore, starting from the green
site and replacing the axial thioether ligand with a very weak
ligand leads to a trigonal structure, where the Cu-S(thiolate)
bond gets stronger and more covalent and the site becomes
optically blue due to a pureπ interaction as observed experi-
mentally for the M182T variant of nitrite reductase.

This study gives a detailed description of the electronic
structure of the axial Met182Thr mutant of nitrite reductase.
The data demonstrate that the mutant is very similar to a
prototypical blue site as in plastocyanin. Relative to the wild-
type, type 1 site in nitrite reductase, the very weak axial inter-
action in the mutant leads to an increase in the Cu-S(thiolate)
interaction and the site being subjected to less tetragonal
distortion. However, the net ligand field strength in the mutant
is comparable to that of the wild type as confirmed in the MCD
data, and theg values remain unchanged. Our experimental
results are further supported by electronic structure calculations
that show that the axial ligand plays a key role in determining
the geometric and electronic structure of the ground state of
blue, green type 1 copper sites.
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