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Abstract: The electronic structures of the perturbed blue copper proteins stellacyanin (STC) and cucumber
basic protein (CBP, also called plantacyanin, PNC) are defined relative to that of the well-understood “classic”
site found in plastocyanin (PLC) by combining the results of low-temperature optical absorption, circular
dichroism, and magnetic circular dichroism spectra with density functional calculations. Additionally, absorption
and magnetic circular dichroism spectra ofAlcaligenes denitrificanswild-type and M121Q azurin are presented
and compared to PLC and STC, respectively. These studies show that the principal electronic structure changes
in CBP/PNC, with respect to PLC, are a small shift of the ligand field transitions to higher energy and a
rotation of the Cu dx2-y2 half-filled HOMO which increases the pseudo-σ and decreases theπ interactions of
the cysteine (Cys) sulfur with Cu dx2-y2 and, in addition, mixes some methionine (Met) sulfur character into
the HOMO. The geometrical distortion responsible for the perturbed electronic structure, relative to PLC,
involves a coupled angular movement of the Cys and Met residues toward a more flattenedtetragonalstructure.
In contrast to CBP/PNC, STC (which has the axial Met substituted by Gln) has its ligand field transitions
shifted to lower energy and undergoes much smaller degrees of HOMO rotation and Cys pseudo-σ/π mixing;
no axial glutamine character is displayed in the HOMO. These changes indicate atetrahedraldistortion in
STC. Therefore,perturbed spectral features are consistent with both tetragonal and tetrahedral geometric
distortions relatiVe to PLC. These perturbations are discussed in terms of the increased axial ligand strength
in these proteins (i.e., short Cu-S(Met) in CBP/PNC and Oε(Gln) in STC). This induces an∼ε(u)-like distorting
force which either results in a tetragonal distortion of the site (CBP/PNC) or is structurally restrained by the
protein (STC and M121Q).

Introduction

Blue (type 1) copper proteins exhibit rapid electron-transfer
rates and high redox potentials compared with tetragonal
“normal” copper complexes.1-4 Perhaps the most striking
features of such proteins are an intense absorption at∼600 nm
and a smallA| value in the EPR spectra.5,6 These features reflect
novel electronic structures which contribute to reactivity.6-9

Classic blue copper proteins, such as plastocyanin and azurin,
show intense∼600 nm bands, a weak absorption envelope at

∼450 nm (Rε ) ε450/ε600 < ∼0.15) and display approximately
axial (gx ≈ gy) EPR signals. These spectral features derive from
the Cu site’s distortedC3V tetrahedral ligand set in which two
histidine (His) N’s with typical Cu-N bonds (∼2.0 Å) and a
highly covalent cysteine (Cys) S with an unusually short Cu-S
bond (∼2.1 Å) form an approximate trigonal plane which
contains the half-occupied Cu dx2-y2 based HOMO. A weak
axial ligand completes the site (usually a long methionine (Met)
Cu-S bond at∼2.8 Å).10 A strong π S(Cys)-Cu interaction
orients the dx2-y2 orbital so that the Cu-S(Cys) bond bisects
the lobes of this orbital and is responsible for the intense S(Cys)
p f Cu 3dx2-y2 transition at 600 nm.8,11

Type 1 centers which exhibit spectral features12,13 substan-
tially varied from those of the well-defined classic center are
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referred to as “perturbed” blue copper centers. Perturbed blue
copper sites, such as those in stellacyanin (STC), cucumber basic
protein (CBP),Achromobacter cycloclastesnitrite reductase
(NiR), and pseudoazurin, exhibit rhombic EPR signals (i.e.,∆g⊥
) gx - gy > 0.01) and increased 450 nm absorption intensities
relative to those in classic blue copper proteins, usually
accompanied by a decrease in the blue band intensity (Rε >
∼0.15). Such perturbed spectral features are observed in cases
where the classic blue Cu ligands (CysHis2Met) are retained
(i.e., cucumber basic protein, nitrite reductase, etc.) and when
they are not (i.e., stellacyanin). The recently available struc-
ture14 of stellacyanin shows that the prototypical axial Sδ(Met)
ligand is replaced by an amide oxygen from a glutamine side
chain (Oε(Gln)).

Our previous study15 on the perturbed site (i.e., green) inA.
cycloclastesnitrite reductase (Rε ) 1.216) demonstrated this to
be tetragonally distorted (toward square planar), in contrast to
the tetrahedral distortion proposed for this site on the basis of
resonance Raman measurements.17,18 To understand the elec-
tronic and geometric structure origins of the spectral features
across the entire range of perturbed sites, blue centers with lesser
degrees of perturbation and different axial ligation from nitrite
reductase must be examined. Cucumber basic protein (also
called plantacyanin, PNC)19,20(Rε ≈ 0.6,∆g⊥ ≈ 0.04) andRhus
Verniciferastellacyanin21,22(STC) (Rε ≈ 0.2,∆g⊥ ≈ 0.05) both
exhibit perturbed spectral features and allow for a comparison
of Met and Gln axial ligation. The active site structures of
CBP10 and STC14 are summarized in Figure 1. Compared with
plastocyanin, in cucumber basic protein the Cu-S(Cys) bond
has expanded by 0.1 Å and the Cu-S(Met) has contracted by
0.2 Å.10 The most prominent difference betweenCucumis
satiVa (cucumber) stellacyanin and plastocyanin is the replace-
ment of the S(Met) axial ligand with O(Gln) at a distance of
∼2.2 Å; however, the Cu-S(Cys) bond also lengthens by 0.1
Å relative to plastocyanin.14

In this study, the electronic structure of the active sites in
cucumber basic protein and stellacyanin are defined relative to
that of the classic blue copper site in plastocyanin in order to
describe the differences in bonding associated with the spectral
changes and electronic effects on the geometry of the site. The
energies and intensities of the excited-state spectral features are
obtained from low-temperature absorption (Abs), circular
dichroism (CD), and magnetic circular dichroism (MCD)
spectroscopies.23 Density-functional calculations are used to
probe further the electronic structure of these perturbed blue

Cu proteins. The study presented here also provides an
experimental and theoretical description of the electronic
structure of a blue copper protein with an axial ligand other
than methionine. Combined with previous results,15 these results
allow for spectroscopic trends and their origins to be examined
across the range of classic to perturbed proteins (both methionine
and non-methionine containing). Finally, spectroscopic cor-
relations between classic wild-typeAlcaligenes denitrificans
azurin (Rε ≈ 0.1, ∆g⊥ ≈ 0.01) and its perturbed axial mutant
Gln M121Q24 (Rε ≈ 0.2, ∆g⊥ ≈ 0.05) provide further insight
into possible protein contributions to active site electronic and
geometric structure of perturbed relative to classic blue copper
centers.

Experimental Section

Low-Temperature Optical Spectra. Low-temperature absorption,
circular dichroism (CD), and magnetic circular dichroism (MCD)
spectra were obtained and fit as described in ref 15.RhusVernicifera
stellacyanin,25 wild type and M121Q forms ofA. denitrificansazurin,24

and cucumber basic protein26 were prepared as described elsewhere.
Protein samples (∼0.5-1.0 mM) were prepared as glasses in 50% (v/
v) D2O/glycerol-d3 in either 50 mM phosphate (pD*) 7.6) (cucumber
basic protein), 10 mM phosphate (pD*) 6.0) (stellacyanin), or 20
mM phosphate (pD*) 7.0) (wild type and M121Q azurin).

Electronic Structure Calculations. A. Active Site Geometry. In
the C1(met)(his) approximation of the active site in cucumber basic
protein used, the oxidized blue copper site is modeled by Cu[(S(CH3)2)-
(SCH3)(C3N2H4)2]+. The blue site in stellacyanin was modeled by the
C1(gln)(his) approximation, where acetamide (CH3CONH2), occupies
the axial position. The crystallographically determined coordinates were
used for all atoms except hydrogens, which were added in appropriate
geometries to complete the site. Each blue copper center was placed
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Figure 1. Structure of the oxidized blue copper centers in (A) cucumber
basic protein38 (B) andCucumis satiVusstellacyanin14 viewed with the
cysteine-histidine-histidine (Cys-His-His) NNS plane perpendicular
(left) and parallel (right) to the plane of the paper. The angular
orientation of the Cys, Met, and Gln ligands in relation to the His ligands
is most apparent in the parallel view.
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in a coordinate system chosen to give a Cu dx2-y2 ground state wave
function, which is experimentally observed from theg values in the
EPR spectrum of each site (g| > g⊥ > 2.0):19-22 the Cu-S(Cys) bond
is 45° from thex andy axes, while the bond closest toz is Cu-S(Met)
or O(Gln). This axis system diagonalizes theg-tensor for plastocya-
nin.11 The Cartesian coordinates for calculations performed in this study
on the cucumber basic protein and stellacyanin active sites are provided
as Supporting Information.

B. SCF-Xr-SW Calculations. The 1982 QCPE release of the SCF-
XR-SW package27-30 was used to evaluate the electronic structure of
cucumber basic protein and stellacyain as described in ref 15. Atomic
sphere radii adjusted to reproduce the experimentalg values in
plastocyanin were employed for all calculations.11 The oxygen sphere
radius in the stellacyanin calculations was set to 1.70 Bohr on the basis
of the Norman criteria.31 The parameters used for the SCF-XR-SW
calculations are listed as Supporting Information.

C. LCAO Density Functional Calculations. Spin restricted
calculations were performed as described previously15 using version
1.1.3 of the Amsterdam Density Functional (ADF) programs of
Baerends and co-workers.32 Basis functions, core expansions functions,
core coefficients, and fit functions for all atoms were used as provided
from database IV, which includes Slater-type orbital triple-ú basis sets
for all atoms and a single-ú polarization function for all atoms except
Cu.

Results and Analysis

Electronic Structure of Cucumber Basic Protein. A.
Optical Spectroscopic Parameters.Low-temperature absorp-
tion, MCD, and CD spectra between 5000 and 30000 cm-1 for
cucumber basic protein are presented in Figure 2. Simultaneous
Gaussian resolution of these spectra requires eight bands to
adequately fit the spectra and are included in top panel of Figure
2. Three bands (1-3) with approximately equal intensity are
required to fit the∼450 nm absorption transition envelope. A
single transition (4) accounts for the intensity under the∼600
nm band. Two transitions (5-6) and a portion of a third (7)
contribute to the∼750 nm band. The positions and relative
intensities of the individual bands are easier to envision by
inspection of the MCD and CD spectra (Figure 2). While the
position and intensity of band 2 cannot be determined from the
MCD spectrum, the presence of this band is required by the
intense negative CD feature found at∼22500 cm-1 for which
bands 1 and 3 cannot account. The lowest energy band (8) is
required by the MCD spectrum.

The transition energies andε values, at the absorption band
maxima, are summarized in Table 1. Experimental oscillator
strengths,fexp, listed in Table 1 have been calculated through
the fitted absorption maxima and full widths at half-maxima
according to the approximation

where the absorption maximum,εmax, is expressed in M-1 cm-1

andνj1/2, the full width at half-maximum of the absorption band,
is in cm-1. All features in the MCD spectrum of cucumber
basic protein consist ofC-term intensity and have magnetiza-
tion-saturation curves that can be fit to an isotropicg ≈ 2.1,

which is consistent with the Cu(II) ground-state EPR spec-
trum.19,20 To differentiate ligand field from charge-transfer
transitionsC0/D0 ratios are particularly valuable since this ratio
is sensitive the amount of metal character in the particular
excited state (vide infra). For complexes exhibiting onlyC-term
MCD intensity, C0/D0 ratios can be determined from the∆ε

and ε values obtained from the Gaussian fit of the MCD
spectrum (Table 1) taken within the linear 1/T region and the
absorption spectrum,33 respectivelyVia

whereT is the temperature,B is the external magnetic field
strength,k is Boltzmann’s constant,µB is the Bohr magneton,
ε is the absorption maximum in M-1 cm-1, and∆ε is MCD
intensity maximum measured in M-1 cm-1 (k/µB ≈ 1.489 T
K-1).

B. SCF-Xr-SW Calculations. The SCF-XR-SW calculated
ground-state energies and one-electron wave functions for the
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fexp ≈ 4.61× 10-9
εmax νj1/2 (1)

Figure 2. Electronic absorption (top), magnetic circular dichroism
(middle), and circular dichroism (bottom) spectra of cucumber basic
protein. Abs, MCD, and CD spectra were obtained at 4.2 K on 0.05 M
phosphate (pD* 7.0)/glycerol-d3 glasses (50:50 v/v). Gaussian resolution
of bands in the absorption spectra is based on a simultaneous linear
least-squares fit of the Abs, MCD, and CD data. The numbering scheme
is chosen to be consistent with the assignments of bands in plastocyanin
(see Table 1 for assignments). The position and intensity of band 2
cannot be resolved in the MCD spectrum; however, its presence is
required by the CD data.

C0

D0
) kT

µBB(∆ε

ε )max
(2)
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highest occupied valence orbitals obtained for theC1(met)(his)
approximation of the cucumber basic protein active site are
presented in Table 2. Reference 15 describes SCF-XR-SW
calculations on theC1(met)(his) sites in plastocyanin and nitrite
reductase.

The properties of the redox active, half-occupied HOMO
directly affect the electron-transfer reactivity of the site. The
origins of many of the distinctive characteristics of blue sites
as well as differences between classic and perturbed blue sites
can be observed in the properties of the HOMO (vide infra).
Similar to plastocyanin, the cucumber basic protein dx2-y2 based
HOMO (level 48 a, Table 2) is highly covalent (52% Cu d
character, the same value calculated for PLC15), with the
predominant Cu-ligand interaction involving 29% S(Cys) and
smaller contributions from the ligating S(Met) (2%) and N(His)
(6% total) atoms. Contour diagrams for the cucumber basic
protein HOMO, plotted perpendicular and parallel to the
S(Met)-Cu-S(Cys) plane are shown in Figure 3. These plots
reveal the S(Cys)-Cu and S(Met)-Cu interactions. A pre-
dominantlyπ S(Cys)-Cu interaction is clearly evident in the
contour plot of the cucumber basic protein HOMO shown in
Figure 3A. Several significant Cu-ligand interactions not
present in plastocyanin11 are apparent in the ground-state wave
function of cucumber basic protein. Increased pseudo-σ
S(Cys)-Cu and S(Met) antibonding interactions in the HOMO
can be seen in Figure 3B. Finally, the 1.4% dz2 character that
is mixed into the HOMO (Table 2) has been shown by Gewirth
et al.34 to be sufficient to generate the rhombic splitting of the
EPR spectrum.

C. Ligand Field Transitions and Site Geometry. The low
symmetry of the blue Cu site removes all orbital degeneracy.
In such a situation,11 the two orthogonal dipole moments
required for MCD C-term intensity33 can only be acquired
through out of state spin-orbit coupling (SOC). Therefore, the
MCD intensities (i.e.,C0/D0 ratios) will depend on the magnitude
of SOC occurring at the centers involved in the transitions. Since
the SOC parameter for Cu is greater than that for S or N (ê3d-
(Cu) ≈ 828 cm-1 > ê3p(S) ≈ 382 cm-1 > ê2p(N) ≈ 70 cm-1),
the Cu-based df d transitions will exhibit greaterC0/D0 ratios
than the ligand-based charge-transfer transitions.11

The four CD and MCD spectral features and signs in the
low-energy, ligand field region (bands 5-8) for cucumber basic
protein (Figure 2) are qualitatively similar to plastocyanin,11

exhibiting similar signs and|C0/D0| ratios of∼0.1 (Table 1).35

Thus, the specific assignments for bands 5-8 can be made to
parallel those in plastocyanin (Table 1). The energies of df
d transitions are very sensitive to the ligand field at the copper
site: The df d transitions in cucumber basic protein are
observed to be∼100 cm-1 higher energy than their counterparts
in plastocyanin. This indicates that the cucumber basic protein
type 1 center experiences a slightly greater ligand field strength
than that of plastocyanin.11 Such an increased ligand field would
result from a small tetragonal geometric distortion from pseudo-

(34) Gewirth, A. A.; Cohen, S. L.; Schugar, H. J.; Solomon, E. I.Inorg.
Chem.1987, 26, 1133-1146.

(35) While C0/D0 for band 8 cannot be determined from the data,
estimates for the lower limit of∆ε (>1.0 M-1 cm-1 T-1) and the upper
limit for ε (<50 M-1 cm-1) indicate that the lower limit of|C0/D0| for this
band is greater than 0.1.

Table 1. Experimental Spectroscopic Parameters for Cucumber Basic Protein (with Plastocyanin Parameters15 for Comparison)

energy (cm-1) ε (M-1 cm-1)
fexp oscillator

strength
∆ε (M-1 cm-1 T-1)

at 4.2 K C0/D0

band
assignments in

PLC11 CBP PLC diffa CBP PLC CBP PLC CBP PLC CBP PLC

8 dz2 5800 5000 800 +2.6 (+)c (+)c (+)c

7 dxy 10800 10800 0 300 250 0.0030 0.0031 -4.5 -8.5 -0.093 -0.213
6 dxz+yz 12900 12800 100 1640 1425 0.0151 0.0114 +15.3 +20.9 +0.058 +0.092
5 dxz-yz 14100 13950 150 1480 500 0.0121 0.0043 -35.0 -41.4 -0.148 -0.518
4 Cysπ 17100 16700 400 3410 5160 0.0381 0.0496 -15.2 -10.2 -0.028 -0.012
3 pseudo-σ 21000 18700 2300 1320 600 0.0150 0.0048 +3.8 +1.2 +0.018 +0.013
2 His π1 22500 21390 1110 1610 288 0.0185 0.0035 b -0.5 b -0.011
1 Metd 24750 23440 1310 1290 250 0.0148 0.0030 -2.7 -0.5 -0.013 -0.013

a Difference in transition energies (defined as cucumber basic protein minus plastocyanin energy).b The position and intensity of band 2 cannot
be determined from the MCD data; however, its presence is required by the CD spectrum.c Only signs can be determined from the data for these
parameters;35 however, theC0/D0 ratios should be greater than 0.1 based on the relative magnitude of MCD to upperε limit in absorption.d This
likely involves the Met b1 orbital. See Ref 15 for details.

Table 2. Results of SCF-XR-SW Calculations for the Highest Occupied Valence Orbitals of theC1(met)(his) Site in CBP

%Cu % Cu d orbital breakdownc %Cys %Met %His

level orbital label energy (eV) Cua sb pb db dz2 dxz dyz dx2-y2 dxy S Cysd S Metd Ne Hisd

48 a Cu dx2-y2 -2.75 58 1 2 52 1.4 0.4 0.4 49.5 0.2 29 2 2 0 6 2
47 a Cu dxy -3.24 58 2 7 46 0.0 16.8 8.7 0.1 20.4 26 2 8 0 2 2
46 a Cu dz2 -3.73 78 0 4 73 29.4 17.5 0.4 11.1 14.6 2 1 10 2 3 2
45 a Cu dxz-yz

f -4.00 79 0 2 75 4.1 4.7 65.0 0.9 0.3 5 1 0 0 0 9
44 a Cu dxz+yz

f -4.12 82 0 1 78 6.4 44.2 5.2 11.4 10.8 8 1 1 0 3 5
43 a Cysπ -4.46 52 0 4 45 3.7 16.2 3.5 12.4 9.2 32 4 0 0 5 7
42 a Hisπ1 -4.68 14 0 0 13 3.8 1.9 0.3 0.3 6.8 1 0 2 0 8 75
41 a Hisπ1 -4.87 13 0 1 10 2.6 0.7 3.5 0.8 2.4 2 0 14 2 8 50
40 a Met b1 -5.03 30 3 1 25 2.1 14.5 1.4 1.9 5.1 0 0 45 8 2 15
39 a Cys pseudo-σ -5.47 40 2 5 31 5.9 0.1 6.0 2.8 17.2 49 8 0 0 1 1
38 a Hisπ2 -6.50 8 0 0 6 0.1 3.8 0.5 0.0 1.6 0 0 6 3 44 36
37 a Met a1 -7.02 8 0 2 4 1.2 1.6 0.4 0.4 0.5 5 3 47 29 5 3
36 a Cysσ -7.26 19 0 3 11 0.3 0.4 7.2 1.7 0.7 41 26 4 2 4 2
35 a Hisπ2 -7.48 7 0 2 3 0.8 0.1 0.1 0.0 2.0 6 4 0 0 44 37

a Total charge on the copper ion.b l quantum breakdown for the copper ion.c Specific d orbital contributions to the total Cu d charge.d Total
charge for all atoms of the ligand except the S or N coordinated to Cu.e Total charge for the coordinating N atoms.f These labels are only strictly
valid for Cs symmetry; in the lower symmetry used here, variable amounts of mixing between these orbitals can occur.
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tetrahedral toward square planar. The EPR spectrum of
cucumber basic protein also reflects the increased ligand field
by a decrease ingz relative to plastocyanin (2.207 in CBP19,20

vs 2.226 in PLC36).
In addition to the changes in transition energies, the intensities

of the ligand field absorption bands also change. Such changes
can reflect differences in bonding, since df d transitions
acquire their intensity from interactions with the higher-energy
allowed charge-transfer transitions. Band 5 in the cucumber
basic protein absorption spectrum gains considerable intensity
while band 6 remains as intense as its counterpart in plastocyanin
(Table 1). As in plastocyanin,11 the high intensity of the Cu
3dxz+yz f Cu 3dx2-y2 transition (band 6) is attributed to its having
the correct symmetry to gain intensity from the highly allowed
blue S(Cys)π f Cu 3dx2-y2 transition through configuration
interaction between the orbitals involved in this transition.
Analogously, Cu 3dxz-yzf Cu 3dx2-y2 (band 5) can gain intensity
through mixing with the S(Cys) pseudo-σ f Cu 3dx2-y2

transition (band 3). Therefore, the intensity difference in band
5 absorption in cucumber basic protein relative to plastocyanin
support the change in the amount of Cysπ and pseudo-σ
character mixed into the HOMO described above.

The intensity pattern observed for bands 5 and 6 in cucumber
basic protein supports the SCF-XR-SW calculations in Table
2. The degree to which the individual ligand field transitions
borrow intensity from a given charge-transfer transition will be
reflected in the amount of the specific d orbital involved in the
transition (to the dx2-y2 HOMO) mixed into the ligand-based
orbital. Thus, dxz character in ligand orbitals involved in intense
charge-transfer transitions will result in an increase in band 6
intensity, and the presence of dyz character will correspond with

band 5 intensity. The Cysπ orbital (level 43 a) contains 16.2%
dxz character and the Cys pseudo-σ orbital (level 39 a) contains
6.0% dyz. Therefore, it is reasonable for both band 5 and 6 to
have sizable intensity, as is observed experimentally. However,
the increase in band 5 intensity in cucumber basic protein
relative to plastocyanin without a corresponding decrease in
band 6 indicates that the intensity redistribution in the ligand
field region cannot be only due to Cysπ/pseudo-σ mixing.
Intensity borrowing from the multiple low-energy, intense
charge-transfer bands under the∼450 nm absorption envelope
in Figure 2 is also possible. The significant amount of dxz

character (14.5%) found in the Met b1 orbital (level 40 a, Table
2) indicates that this level is a likely candidate for additional
intensity mixing into band 6.

D. Charge-Transfer Transitions and Bonding. The
cucumber basic protein absorption spectrum (Figure 2, top)
exhibits an intense absorption envelope centered about 450 nm
containing sizable contributions from three transitions. Four
bands (1-4) with smallerC0/D0 ratios (∼0.01, Table 1) can be
identified to higher energy than the ligand field transitions
(Figure 2). As above, these transitions are charge-transfer
transitions; specific assignments can be made through correlation
of band energy and CD and MCD features with plastocyanin.11

Band 4 occurs at similar energy and exhibits the same negative
CD and MCD signs as the blue band (band 4 at 598 nm) in
plastocyanin.11 Accordingly, this band is assigned as the S(Cys)
π f Cu 3dx2-y2 charge-transfer transition. As in plastocyanin,11

the single positive charge-transfer feature (band 3) in the MCD
of cucumber basic protein is assigned as the S(Cys) pseudo-σ
f Cu 3dx2-y2 transition. Band 3 in cucumber basic protein has
shifted to higher energy relative to plastocyanin by 2300 cm-1

such that it is contained within the∼450 nm absorption envelope
rather than the∼600 nm envelope.37

The absorption intensities in bands 3 and 4 are distributed
differently in cucumber basic protein than in plastocyanin. The
S(Cys)π f Cu 3dx2-y2 transition (band 4) in cucumber basic
protein is reduced in intensity to 3410 M-1 cm-1 from 5160
M-1 cm-1 in plastocyanin (Table 1). This decrease in intensity
is accompanied by an increase in the pseudo-σ f Cu 3dx2-y2

transition (1320 M-1 cm-1 vs 600 M-1 cm-1 in plastocyanin).
Since the intensity of these charge-transfer transitions is
proportional to the overlap of the cysteine S p and Cu dx2-y2

orbitals, the increase in intensity for band 3 and the loss of
intensity for band 4 relative to plastocyanin indicate a decrease
in π and increase in pseudo-σ S(Cys)-Cu overlap in the
cucumber basic protein HOMO.

The mixing ofπ/pseudo-σ character in the HOMO indicated
by the experimental data is supported by the results of the SCF-
XR-SW calculations. As can be seen in the contour plot of the
cucumber basic protein HOMO (level 48 a, Table 2) (Figure
3), dx2-y2 is rotated by∼10° about the molecularz-axis (i.e.,∼
Cu-S(Met) bond) such thatπ overlap decreases and pseudo-σ
overlap increases in contrast to the purelyπ interaction in
plastocyanin.11 The increase in pseudo-σ interaction is indicated
by the electron density found along the Cu-S(Cys) bond (Figure
3B). This rotation of Cu dx2-y2 provides a mechanism for the
changes in charge-transfer transition intensity observed experi-
mentally, as the charge-transfer transition intensities depend on

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

(37) Conflicting evidence, primarily involving single-crystal polarized
absorption and resonance Raman studies, exists regarding whether the
S(Cys) pseudo-σ f Cu 3dx2-y2 transition should be attributed to band 2 or
3 in plastocyanin (no conflict exists in the assignments in nitrite reductase).
However, bands 2 and 3 are both found under the∼450 nm absorption
band, are of similar intensity, and are significantly more intense than their
counterparts in plastocyanin.

Figure 3. Contours of the highest energy, half-occupied orbital (level
48 a in Table 2) for cucumber basic protein plotted (A) perpendicular
and (B) parallel to the S(Cys)-Cu-S(Met) plane. Contour lines are
drawn at(0.64,(0.32,(0.16,(0.08,(0.04,(0.02, and(0.01 (e/
Bohr3)1/2.
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the specific ligand orbitals involved in bonding with the HOMO
as well as the total ligand character. The degree to which the
specific ligand orbitals mix with the HOMO is reflected in the
amount of Cu dx2-y2 character present in the ligand-derived
bonding orbitals (Table 2). Relative to plastocyanin,15 the Cys
π/pseudo-σ mixing in cucumber basic protein is characterized
by an increase in dx2-y2 character in the Cys pseudo-σ (level
39a, 2.8% in CBP vs 0.0% in PLC15) and a decrease in the Cys
π (level 43a, 12.4% in CBP vs 23.9% in PLC15) bonding levels.
The perturbed type 1 site in nitrite reductase also exhibits Cys
π/pseudo-σ mixing in the HOMO, but the degree to which this
occurs is larger in the nitrite reductase site where the dx2-y2

character in Cysπ falls to 8.8% while that in pseudo-σ increases
to 4.5%, consistent with its experimentally observed higher
intensity of the∼450 nm band (band 3 in nitrite reductase)
relative to the∼600 nm band (band 4).15

The charge-transfer transition intensities in the absorption
spectrum also allow for comparison of the total strength of the
ligand-metal interaction between sites. The total oscillator
strength for the cysteine-based charge-transfer transitions is
smaller in cucumber basic protein (0.0531) than in plastocyanin
(0.0544) which indicates that, in addition to a shift in theπ/σ
overlap, the total S(Cys) contribution to the HOMO is less in
cucumber basic protein. This finding is consistent with the
reduced S(Cys) covalency in the calculated HOMO in Table 2
(level 48 a) (29% in CBP vs 35% in PLC15), a lengthening of
the Cu-S(Cys) bond by∼0.1 Å,38 and a decrease of∼30 cm-1

in the primary Cu-S(Cys) stretching frequency.39

The two transitions (bands 1 and 2 in Figure 2) that are found
to be of higher energy than the cysteine-based charge-transfer
transitions in cucumber basic protein exhibit considerable
absorption intensity increases compared with their counterparts
in plastocyanin. In plastocyanin this spectral region exhibits
two weak bands assigned as Hisπ1 f Cu 3dx2-y2 and Metf
Cu 3dx2-y2 charge-transfer transitions.11 In the MCD both are
weak and negative, but in the CD Hisπ1 f Cu 3dx2-y2 (band
2) is negative while Metf Cu 3dx2-y2 (band 1) is positive. Since
band 1 in cucumber basic protein has a negative MCD and a
positive CD sign, it is assigned as a Metf Cu 3dx2-y2 transition,
while band 2 has a negative CD sign and is assigned to the
His-based transition.

The absorption intensity increase associated with band 1 in
cucumber basic protein reflects the fact that S(Met) character
is present in the cucumber basic protein HOMO. This finding
is supported by the SCF-XR-SW calculated HOMO wave
function, which includes∼2-3% S(Met) character (level 48 a,
Table 2) compared to 0% in plastocyanin.11,15 The reorientation
of dx2-y2 allows for an increased interaction between this orbital
and S(Met), as demonstrated in Figure 3B where appreciable
electron density is found along the Cu-S(Met) bond. Examina-
tion of the Met valence orbitals (Table 2) indicates that the Met
b1 orbital (level 40 a) contains the most dx2-y2 character (1.9%).
The perturbed nitrite reductase HOMO also contains an
analogous contribution from the axial methionine (∼ 6%).15 The
magnitude of this interaction is greater in nitrite reductase,
consistent with the higher intensity of band 1.

In summary, relative to plastocyanin the changes in electronic
and geometric structure in cucumber basic protein are similar
to the changes which occur in the perturbed type site in nitrite
reductase,15 but are smaller in magnitude. Thus, the perturbed
spectral features in the two proteins share common origins: a

distortion toward atetragonalgeometry that causes a rotation
of dx2-y2 such that a there is significant Cu-S(Cys) pseudo-σ
and nonzero Cu-S(Met) overlap in the HOMO in addition to
a weakened Cu-S(Cys) bond.

Electronic Structure of Stellacyanin. A. Optical Spec-
troscopic Parameters. Low-temperature absorption,40,41MCD,
and CD spectra between 5000 and 30000 cm-1 for stellacyanin
are presented in Figure 4. The Gaussian resolution of the
absorption spectrum, obtained from a simultaneous fit of the
absorption, MCD, and CD spectra is included in the top panel
of Figure 4. The transition energies, oscillator strengths,ε, ∆ε,
and C0/D0 values have been determined as presented above
(Table 3). All features in the MCD spectrum of stellacyanin
exhibit magnetization-saturation behavior consistent with a
paramagnetic Cu(II) ground state, and at the low temperatures
employed here they consist entirely ofC-term intensity (as
determined from their linear 1/T dependence).

In contrast to both classic and perturbed proteins containing
an axial S(Met) ligand, only seven bands are required to fit the

(38) Guss, J. M.; Merritt, E. A.; Phizackerley, R. P.; Freeman, H. C.J.
Mol. Biol. 1996, 259, 686-705.

(39) Sakurai, T.; Sawada, S.; Nakahara, A.Inorg. Chim. Acta1986, 123,
L21 - L22.

(40) Solomon, E. I.; Hare, J. W.; Dooley, D. M.; Dawson, J. H.; Stephens,
P. J.; Gray, H. B.J. Am. Chem. Soc.1980, 102, 168-178.

(41) Gewirth, A. A., Ph.D. Dissertation, 1987, Stanford University.

Figure 4. Electronic absorption (top), magnetic circular dichroism
(middle), and circular dichroism (bottom) spectra of stellacyanin.
Absorption data (adapted from ref 40) were recorded on a thin film at
25 K. MCD and CD spectra were obtained from ref 51 and 41
respectively, except in the regions>19 000 cm-1 (MCD) or >25 000
cm-1 (CD) which were recorded at 4.2 K in 0.01 M phosphate (pD*
6.0)/glycerol-d3 glasses (50:50 v/v). Gaussian resolution of bands in
the absorption spectra is based on a simultaneous linear least-squares
fit of the Abs, MCD, and CD data. The numbering scheme is chosen
to be consistent with the assignments of bands in plastocyanin (see
Table 3 for assignments). A counterpart for band 1 is not observed.
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spectra of stellacyanin. A single band (2) is required to fit the
∼450 nm absorption intensity, which is labeled band 2 (rather
than 1, vide infra) due to its negative CD and MCD sign. Two
transitions (3-4) contribute to the∼600 nm absorption transi-
tion envelope. Two transitions of roughly equal intensity (5-
6) and a third weaker band (7) at lower energy contribute to
the ∼800 nm absorption envelope. A final low energy band
(8) is required by the MCD spectrum. No spectral features can
be attributed to a transition corresponding to band 1 in
plastocyanin, which would exhibit a negative MCD and positive
CD sign in the high-energy region of the spectrum.

B. SCF-Xr-SW Calculations. The SCF-XR-SW calculated
ground-state energies and wave functions for the highest
occupied valence orbitals obtained with theC1(gln)(his) ap-
proximation of the stellacyanin active site are presented in Table
4. The SCF-XR-SW calculated half-occupied dx2-y2 based
HOMO (level 50 a, Table 4) in stellacyanin is highly covalent
(53% Cu d character), with the predominant Cu-ligand interac-
tion involving 30% S(Cys), and minor contributions from the
N(His) atoms (∼7% total). Contours for the half-filled HOMO
of stellacyanin are plotted perpendicular and parallel to the
O(Gln)-Cu-S(Cys) plane (Figure 5). In stellacyanins the
dominantπ S(Cys)-Cu antibonding interaction that is found
for the HOMO of the classic blue copper plastocyanin11,15 is
clearly evident perpendicular to this plane in Figure 5A. Only
minor contributions from S(Cys)-Cu and O(Gln)-Cu σ anti-
bonding interactions can be seen parallel to this plane in Figure
5B. The stellacyanin HOMO (level 50 a) contains no contribu-
tion from the axial ligand (i.e., glutamine-based orbitals).

Table 3. Experimental Spectroscopic Parameters for Stellacyanin (with Plastocyanin Parameters15 Included for Comparison)

energy (cm-1) ε (M-1 cm-1)
fexp oscillator

strength
∆ε (M-1 cm-1 T-1)

at 4.2 K C0/D0

band
assignments in

PLC11 Stc PLC diffa Stc PLC Stc PLC Stc PLC Stc PLC

8 dz2 5500 5000 500 +1.8 (+)c (+)c (+)c

7 dxy 8750 10800 -2050 100 250 0.0009 0.0031 -5.7 -8.5 -0.356 -0.213
6 dxz+yz 11200 12800 -1600 580 1425 0.0048 0.0114 11.6 +20.9 0.105 +0.092
5 dxz-yz 12800 13950 -1150 690 500 0.0056 0.0043 -19.1 -41.4 -0.173 -0.518
4 Cysπ 16800 16700 100 4970 5160 0.0439 0.0496 -28.6 -10.2 -0.036 -0.012
3 pseudo-σ 18600 18700 -100 890 600 0.0074 0.0048 +1.8 +1.2 0.013 +0.013
2 His π1 22750 21390 1350 1090 288 0.0120 0.0035 -9.4 -0.5 -0.054 -0.011
1 Metd b 23440 b 250 b 0.0030 b -0.5 -0.013

a Difference in transition energies (defined as stellacyanin minus plastocyanin energy).b This band is not observed in the stellacyanin data.
c Only signs can be determined from the data for these parameters;35 however, theC0/D0 ratios should be greater than 0.1 based on the relative
magnitude of MCD to upperε limit in absorption.d This likely involves the Met b1 orbital. See Ref 15 for details.

Table 4. Results of SCF-XR-SW Calculations for the Highest Occupied Valence Orbitals of theC1(gln)(his) Site in Stellacyanin

%Cu % Cu d orbital breakdownc %Cys % Gln %His

level orbital label energy (eV) Cua sb pb db dz2 dxz dyz dx2-y2 dxy S Cysd O Glnd Ne Hisd

50 a Cu dx2-y2 -2.99 57 0 2 53 1.2 0.6 0.4 49.4 1.4 30 2 0 0 7 2
49 a Cu dxy -3.46 69 4 6 57 16.7 2.3 0.1 3.4 34.5 19 1 2 1 4 4
48 a Cu dz2 -3.94 85 0 2 81 56 6.6 0.2 0.1 18.1 1 0. 4 1 5 3
47 a Cu dxz-yz

f -4.08 77 0 1 74 0.2 0.3 72.1 0.5 0.8 5 1 1 0 6 10
46 a Cu dxz+yz

f -4.26 64 0 1 61 0.3 53.2 0.2 0.2 7.1 5 1 0 0 6 23
45 a Hisπ1 -4.33 27 0 2 22 1.5 15.9 0.2 4.3 0.1 16 1 0 0 10 45
44 a Cysπ -4.63 43 0 3 37 2.7 12.4 0.1 20.7 1.1 25 2 0 0 5 25
43 a Hisπ1 -4.79 27 0 0 25 1.5 0.1 16.1 6.9 0.4 6 0 1 0 7 58
42 a Cys pseudo-σ -5.70 37 1 5 28 4.7 0.2 0.1 0.7 22.2 52 7 1 0 2 1
41 a Gln Opy -6.18 8 0 0 6 5.4 0.0 0.5 0.1 0.0 0 0 54 22 6 8
40 a Hisπ2 -6.42 7 0 0 5 0.2 0.9 0.6 0.7 2.5 1 0 2 0 47 42
39 a Hisπ2 -6.70 9 0 0 7 0.5 0.0 5.5 0.1 0.9 0 0 16 15 32 29
38 a Gln Opx -6.75 8 0 2 4 2.3 0.4 1.1 0.1 0.1 0 0 39 35 9 6
37 a Cysσ -7.49 20 1 6 11 0.4 2.3 1.8 0.0 6.5 49 29 0 0 2 0

a Total charge on the copper ion.b l quantum breakdown for the copper ion.c Specific d orbital contributions to the total Cu d charge.d Total
charge for all atoms of the ligand except the S, O, or N coordinated to Cu.e Total charge for the coordinating N atoms.f These labels are only
strictly valid for Cs symmetry; in the lower symmetry used here, variable amounts of mixing between these orbitals can occur.

Figure 5. Contours of the highest energy, half-occupied orbital (level
50 a in Table 4) for stellacyanin plotted (A) perpendicular and (B)
parallel to the S(Cys)-Cu-O(Gln) plane. Contour lines are drawn at
(0.64, (0.32, (0.16, (0.08, (0.04, (0.02, and(0.01 (e/bohr3)1/2.
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The two glutamine-based levels (41 a and 38 a in Table 4),
which replace the methionine Met a1 and b1 levels, are labeled
to indicate the specific O(Gln) p orbital which contributes to
the wave function. As the Gln makes no contribution to the
half-occupied HOMO, net Cu-Gln bonding is reflected in the
amount of Cu 4s and 4p character mixed into the ligand based
orbitals. The principal Gln-Cu bonding interaction is found to
involve Gln Opx (level 38 a) which contains 2-3% Cu 4p
(Table 4) (Gln Opy, level 41 a, contains<1% Cu 4s and 4p).42

The Gln Opx orbital (level 38 a, Table 4), is composed mainly
of the O(Gln) p orbital oriented perpendicular to the amide plane
and is depicted in the contour diagram plotted in the O(Gln)-
Cu-S(Cys) plane (Figure 1S). Theσ Gln-Cu bonding
interaction is easily identified by the electron density along the
Cu-O(Gln) bond. The orientation of this interaction is ap-
proximately that of the Met b1 orbital in cucumber basic protein.
As above, the 1.2% dz2 character mixed into the stellacyanin
HOMO (Table 4) is sufficient34 to generate the observed
rhombic EPR splitting.22

C. Ligand Field Transitions and Site Geometry. In the
low-energy region of the spectra for stellacyanin (<16 000
cm-1), four transitions (bands 5-8) are exhibit large|C0/D0|
ratios (∼0.1) (Table 3) and are therefore assigned as ligand field
transitions (vide supra).35 These df d bands for stellacyanin,
which exhibit qualitatively similar the CD and MCD spectral
features and signs to plastocyanin (Figure 4 and Table 3),11 can
be assigned analogously to those in plastocyanin (Table 3).

Three of the df d transition energies in the stellacyanin
spectra (bands 5-7) shift to much lower energy (1000-2000
cm-1) than their counterparts in plastocyanin.43 The direction
of this shift is in contrast to the shift of the df d transitions in
cucumber basic protein to higher energy (vide supra) and
indicates that the type 1 center in stellacyanin experiences a
decreased ligand field compared to plastocyanin. Such a
decreased ligand field would result from atetrahedraldistortion
relative to the structure of plastocyanin and not from a tetragonal
geometric distortion as in cucumber basic protein and nitrite
reductase.15 The weaker ligand field of stellacyanin relative to
plastocyanin, reflected by the 1000-2000 cm-1 decrease in d
f d energies, results in an increase ofgz in stellacyanin (2.287)22

relative to that of plastocyanin (2.226).36

Changes in the intensity of bands 5 and 6 relative to
plastocyanin may reflect changes in ligand-metal bonding in
the site. Band 5 intensity increases by a minor amount, but the
major change in this region of the spectrum involves band 6
which decreases significantly in intensity (Table 3). The
magnitude of the decrease in band 6 (-845 M-1 cm-1) is greater
than the increase in band 5 (190 M-1 cm-1) suggests that rather
than a change in Cysπ/pseudo-σ character mixing in the HOMO
the net S(Cys) covalency has decreased. In particular, the
greater energy separation of band 6 and band 4 (the S(Cys)π
f Cu 3dx2-y2 charge-transfer transition from which the intensity
of band 6 derives, vide supra) in stellacyanin (5600 cm-1)
relative to plastocyanin (3900 cm-1) implies that the degree of
configuration interaction between the orbitals should be lessened.
The SCF-XR-SW calculations on stellacyanin (Table 4) are
consistent with the observed ligand field intensities. Following
the analysis presented above, the Cysπ orbital (level 44 a)
contains 12.4% dxz character and the Cys pseudo-σ orbital (level
42 a) contains very little dyz character (0.1%). Thus, band 6

would be expected to be less intense than its counterpart in
cucumber basic protein (16.2% dxz in its Cysπ level), and band
5 should not exhibit much increased intensity.

D. Charge-Transfer Transitions and Bonding. Bands 2,
3, and 4 (Figure 4), at higher energy than the ligand field
transitions, exhibit smallerC0/D0 ratios (∼0.01) which allows
for their assignment as charge-transfer transitions (Table 3).
Bands 4 and 3 can be assigned in parallel with those in
plastocyanin on the basis of energy considerations and correla-
tion of the CD and MCD signs (vide supra).11 Band 4 in
stellacyanin is assigned as the S(Cys)π f Cu 3dx2-y2 charge-
transfer transition. Band 3 is assigned as the S(Cys) pseudo-σ
f Cu 3dx2-y2 transition. Unlike cucumber basic protein, band
3 in stellacyanin does not shift significantly in energy and it
remains within the∼600 nm envelope as in plastocyanin.11,15

Bands 2 and 3 in stellacyanin have similar absorption intensities.
Compared to the intensities in plastocyanin, in stellacyanin the
S(Cys)π f Cu 3dx2-y2 transition (band 4) is reduced while the
pseudo-σ f 3dx2-y2 transition (band 3) slightly increased. The
limited intensity gain for band 3 and the intensity loss for band
4 indicate that only a minor decrease inπ overlap and a slight
increase in pseudo-σ S(Cys)-Cu overlap occurs in the stella-
cyanin HOMO, relative to that of plastocyanin.

The contour plot of the stellacyanin HOMO (Figure 5) reveals
that the dx2-y2 orbital has aπ S(Cys)-Cu interaction which is
not rotated significantly compared to that of plastocyanin (Figure
5A).11,15 The relatively minor Cys pseudo-σ character in the
HOMO is indicated by the lack of electron density found along
the Cu-S(Cys) bond (Figure 5B). The predominantly Cysπ
interaction with Cu dx2-y2 is also reflected in the degree to which
the specific ligand bonding orbitals mix with the HOMO.
Examining the amount of Cu dx2-y2 character present in the
bonding ligand-derived orbitals indicates that the Cysπ (level
44 a) contains nearly the same amount of Cu dx2-y2 character
as in plastocyanin (20.7% in STC vs 23.9% in PLC15) and there
is only a small increase in the amount of Cu dx2-y2 in the
pseudo-σ level (42 a) (0.7% in STC vs 0.0% in PLC15). This
is in contrast to cucumber basic protein (Table 2), where these
value are 12.4% (Cysπ) and 2.8% (Cys pseudo-σ), respectively.

The total oscillator strength for the cysteine-based charge-
transfer transitions is smaller in stellacyanin (0.0513) than in
plastocyanin15 (0.0544). This indicates that while only minor
changes occur in theσ/π overlap involving the S(Cys), the total
S(Cys) contribution to the HOMO is less in stellacyanin relative
to that in plastocyanin. This result is supported by the reduced
S(Cys) covalency in the calculated HOMO (level 50 a, Table
4) (30% in STC vs 35% in PLC15). Additionally, the presence
of a longer, weaker Cu-S(Cys) bond in stellacyanin relative
to plastocyanin is supported by studies which indicate that the
HOMO S covalency is 24% vs 38% in plastocyanin,44 Cu-
S(Cys) is longer by∼0.1 Å,14 and ν(Cu-S(Cys)) is reduced
by ∼40 cm-1.45

The single transition found to higher energy than the cysteine-
based charge-transfer transitions in stellacyanin (band 2 in Figure
4) is assigned, in parallel with band 2 in plastocyanin, as a His
π1 f Cu 3dx2-y2 charge-transfer transition based on its energy
and negative CD sign (band 1 would exhibit a positive CD
signal). The absence of band 1, which is typified by a weak
negative MCD feature and a prominent positive CD band, in
stellacyanin is consistent with the assignment of band 1 as a

(42) Orbital 38 a also contains 4% Cu dz2 mixing; however, the dz2 level
(48 a) is fully occupied and does not make a net contribution to bonding.

(43) The remaining ligand field transition (band 8) is found at higher
energy than that of plastocyanin but∼200 cm-1 to lower energy relative
to azurin (vide infra).

(44) Shadle, S. E., Ph.D. Dissertation, 1994, Stanford University.
(45) Blair, D. F.; Campbell, G. W.; Schoonover, J. R.; Chan, S. I.; Gray,

H. B.; Malmstrom, B. G.; Pecht, I.; Swanson, B. I.; Woodruff, W. H.; Cho,
W. K.; English, A. M.; Fry, H. A.; Lum, V.; Norton, K. A.J. Am. Chem.
Soc.1985, 107, 5755-5766.
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Met f Cu 3dx2-y2 charge-transfer band in Met containing blue
copper sites, such as plastocyanin, cucumber basic protein, and
nitrite reductase.

While transitions from Gln Opy and Gln Opx to the HOMO
could occur between 25 000 and 30 000 cm-1, no bands to
higher energy than band 2 are observed in the stellacyanin
spectra. The SCF-XR-SW calculated HOMO wave function
for stellacyanin includes virtually no O(Gln) character (level
50 a, Table 4) (also see Figure 5). Further, the highest energy
Gln valence orbitals (levels 41 a and 38 a, Table 4) contain
virtually no dx2-y2 character (0.1% in both levels). Therefore,
the SCF-XR-SW calculations on the stellacyanin active site
(Table 4) indicate that the Glnf Cu charge-transfer transitions
should not exhibit appreciable intensity due to lack of orbital
overlap.

In summary, the electronic and geometric structure effects
responsible for the perturbed spectroscopic features in stella-
cyanin relative to the classic site in plastocyanin differ signifi-
cantly from those for the Met containing, perturbed blue copper
sites in cucumber basic protein and nitrite reductase.15 Despite
a longer, weaker Cu-S(Cys) bond consistent with other
perturbed blue copper sites, very little HOMO rotation occurs
and only a small amount of Cys pseudo-σ and no axial ligand
character is present in the HOMO. The most striking difference
between stellacyanin and cucumber basic protein and nitrite
reductase is the lower energy of the ligand field transitions in
stellacyanin which reflects atetrahedralrather than tetragonal
geometric distortion relative to plastocyanin.

The Blue Copper Sites inA. denitrificans Azurin and
M121Q. A. Optical Spectroscopic Properties. Low-tem-
perature absorption and MCD spectra in the region from 5000-
30000 cm-1 for wild type and M121QA. denitrificansazurin
are presented in Figure 6 (thick lines). For comparison, the
corresponding spectra of plastocyanin and stellacyanin are
superimposed (thin lines) on the wild-type azurin and M121Q
spectra.

B. Comparison with Plastocyanin and Stellacyanin.The
Abs and MCD spectra ofA. denitrificansazurin are very similar
to those of plastocyanin (Figure 6). The blue copper site in
azurin exhibits the strong∼600 nm/weak∼450 nm absorption
intensity pattern associated with classic sites. Furthermore, the
d f d bands 5-7 occur at the same energy as their counterparts
in plastocyanin, indicating a similar ligand field. Therefore,
the electronic structure description for the classic site in
plastocyanin11,15 is applicable to azurin. The∼1000 cm-1

higher energy of band 8 in azurin compared with plastocyanin
is consistent with its assignment as the Cu dz2 f Cu dx2-y2

transition and demonstrates the variability in this transition
among classic sites. Band 8 should be shifted to higher energy
by the weaker axial (approximately alongz) interaction in azurin,
which is reflected by azurin’s∼0.3 Å longer Cu-S(Met) bond.46

The notable difference in blue band energy between these sites
has been attributed3 to the number of hydrogen bonds involving
the Cys residue (two in azurin vs one in plastocyanin).

The spectra of M121Q and stellacyanin are nearly superim-
posable (Figure 6A,B). With the exception of an intensity
difference in the blue absorption bands (band 4), all transitions
in the M121Q spectra occur at the same energies and exhibit
similar intensities andC0/D0 ratios as their counterparts in
stellacyanin. Thus, the description of the stellacyanin electronic
structure developed above applies equally to M121Q.

Discussion

The electronic structures for the blue (type 1) copper sites in
cucumber basic protein, which contains the more prevalent Met
Sδ axial ligation,38 and stellacyanin, which contains Gln Oε

axial ligation,14 have now been defined. In cucumber basic
protein, the shift of the df d transitions to∼100 cm-1 higher
energy than those in plastocyanin indicates that the site is
somewhat more tetragonal than plastocyanin (Figure 7). In
stellacyanin, however, the shift of the ligand field transition
energies to∼1000 cm-1 lowerenergy than those in plastocyanin
(Figure 6) indicates a more tetrahedral geometry. The fact that
both tetragonal and tetrahedral distortions of the blue Cu site
occur, which result in a redistribution of intensity in the 600/
450 nm absorption envelopes and a rhombically split EPR
signal,19-22 illustrates thateither a tetrahedral or tetragonal
distortion can result in perturbed blue copper spectral features.
These two classes of perturbed blue copper centers can, how-
ever, be differentiated by specific spectroscopic characteristics.

It appears that perturbed blue copper sites with Met axial
ligation exhibit geometries along a continuum of the tetragonal
distortion from the pseudo-tetrahedral geometry in plastocyanin.
In Met-containing perturbed blue Cu sites (i.e., NiR, CBP), the
rotation of the dx2-y2 HOMO relative to plastocyanin causes(46) Baker, E. N.J. Mol. Biol. 1988, 203, 1071-1095.

Figure 6. Absorption (A) and low energy MCD (B) spectra of wild
typeA. denitrificansazurin (top), and M121Q azurin (bottom) showing
the HOMOs and altered spectral features associated with the increasing
tetrahedralgeometric distortion depicted in panels C and D. Spectra
of plastocyanin and stellacyanin (thin lines) are overlaid on the top
and bottom panels, respectively. (A) Arrows indicate the direction of
the intensity change of the labeled absorption band relative to the classic
blue site inA. denitrificansazurin. (B) The shift tolower energy of
the xz + yz band in the MCD spectra is indicated. The lowest energy
band in the MCD has been scaled by a factor of 5. In panel (C) and
(D), thick lines (white shading) represent M121Q and thin lines
(diagonal shading) representA. denitrificansazurin. In Panel C, Cu-
S(Cys) bond extends into the page. Panel D examines the angle between
the NHis-Cu-NHis (extends into the paper) and SCys-Cu-Lax planes.
PLC data and HOMO from ref 15.
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increasedσ and decreasedπ overlap involving the S(Cys) p
and Cu dx2-y2 orbitals15 and is a key difference from plastocya-
nin’s classic blue site. This rotation is reflected in the increase
of the S(Cys) pseudo-σ f Cu 3dx2-y2 CT transition intensity
(band 3) at the expense of the S(Cys)π f Cu 3dx2-y2 CT
transition (see arrows in Figure 7). This rotation of the dx2-y2

based HOMO also allows for appreciable mixing of axial S(Met)
character into the perturbed HOMO relative to plastocyanin,
which also enhances methionine ligand-based charge-transfer
intensity (band 1). The degree to which this perturbation occurs
increases over the plastocyanin (none,Rε ≈ 0.1), cucumber basic
protein (moderate,Rε ≈ 0.6), nitrite reductase (extreme,Rε ≈
1.2) series is reflected in trends inRε (Figure 7A) and ligand
field transition energies (Figure 7B).

This tetragonal distortion can reflect a Jahn-Teller distorting
force that would be present for Cu(II) in a hypothetical
intermediate structure (structure 1 in ref 15) with a more
tetrahedral geometry resulting from a shorter Cu-S(Met) bond
(2.55 Å in NiR47 vs 2.82 Å in PLC10) and a longer Cu-S(Cys)
bond (2.17 Å in NiR47 vs 2.07 Å in PLC10) relative to the

plastocyanin geometry.15 This hypothetical intermediate struc-
ture would undergo a tetragonal distortion to the nitrite reductase
geometry which involves a coupled rotation of the Met ligand
toward the NNS(Cys) plane and the Cys ligand within this
plane.15 This distortion approximates theε(u) tetrahedral
vibrational mode. The degree to which this distortion occurs
can be quantified by measuring the angle between the S(Met)-
Cu-S(Cys) and N(His)-Cu-N(His) planes relative to that of
plastocyanin. In cucumber basic protein, the 2.61 Å Cu-S(Met)
bond38 corresponds to a-11.9° ∼ε(u) distortion. In nitrite
reductase, the 2.55 Å Cu-S(Met) bond results in a-22.8°
distortion along the∼ε(u) mode. This progressive flattening
of the perturbed blue sites with reduction in the axial bond length
and the shift in position of the axial residue is illustrated in
Figure 7C,D. This distortion also manifests itself in pseudoa-
zurin (2.76 Å Cu-S(Met),-7.8° ∼ε(u) mode distortion), which
exhibits less perturbed spectral features (Rε ≈ 0.4) than
cucumber basic protein. It is also present in the azurin mutant48

M121A/N3
- which exhibits axial azide binding and shows the

∼ε(u) mode distortion to a greater degree (as much as-35.2°)
than nitrite reductase (-22.8°, Rε ≈ 1.2).

In contrast to the tetragonally distorted perturbed blue Cu
proteins, the electronic structure in stellacyanin does not reveal
a significant rotation of the Cu dx2-y2 based HOMO and no axial
ligand charge-transfer transitions are observed even though both
classes exhibit perturbed spectral features. Also, relative to
plastocyanin, little shift in energy or intensity redistribution of
the Cys to Cu charge-transfer transitions occurs in stellacyanin
pointing to a unique electronic structure. Instead of the HOMO
rotation mechanism, the more limited change in the 600/450
nm absorption intensities associated with stellacyanin appears
to be due to increased overlap of the His and S(Cys) pseudo-σ
orbitals with the HOMO as a result of the more tetrahedral
geometry of this site. The characteristic features of tetrahedrally
distorted perturbed blue sites can be summarized as follows:
the ligand field transitions shift to lower energy;gz increases
relative to plastocyanin; and little charge-transfer transition
absorption intensity attributable to the axial ligand is found at
high energy.

The crystal structure of stellacyanin14 confirms that, as
indicated by spectroscopy, the site distorts in the direction of a
more tetrahedral structure (+2°) relative to plastocyanin. The
decreased S(Cys)-Cu stretching frequency,45 longer Cu-S(Cys)
bond length,14 and lower total Cys oscillator strength in the
absorption spectrum of stellacyanin relative to plastocyanin all
imply a weaker Cu-S(Cys) interaction resulting from a stronger
axial ligand in stellacyanin relative to plastocyanin. According
to the argument applied to the tetragonally distorted blue Cu
centers,15 such a situation should induce a Jahn-Teller distortion
along the∼ε(u) mode. Two possibilities exist to explain the
lack of the expected tetragonal distortion in stellacyanin despite
the stronger axial ligand field. It is possible that the axial ligand
field strength may be stronger than that in plastocyanin, but
has not increased enough to induce a Jahn-Teller distorting
force. Alternatively, the protein could resist the Jahn-Teller
distortion, enforcing the tetrahedral geometry.

To evaluate the first of these possibilities, the relative strength
of the various ligands can be evaluated. The ligand strength
will correlate with increased charge donation from the ligand
to the Cu ion and increased Cu 4s/4p mixed into the ligand

(47) Adman, E. T.; Godden, J. W.; Turley, S.J. Biol. Chem.1995, 270,
27458-27474.

(48) Tsai, L. C.; Bonander, N.; Harata, K.; Karlsson, G.; Vanngard, T.;
Langer, V.; Sjolin, L.Acta Crystallogr., Sect. D: Biol. Crystallogr.1996,
52, 950-958.

Figure 7. Absorption (A) and low-energy MCD (B) spectra of PLC
(top), CBP (middle), andA. cycloclastesNiR (bottom) showing the
altered spectral features and HOMOs associated with the increasing
tetragonalgeometric distortion depicted in panels C and D. (A) Arrows
indicate the direction of the intensity change of the labeled absorption
band relative to plastocyanin. (B) Shifts tohigher energy of thexz +
yzband in the MCD spectra are indicated. The lowest energy band in
the MCD of PLC, CBP, and NiR has been scaled by a factor of 5. In
panel (C) and (D), thick lines (white shading) represent NiR, medium
lines (horizontal shading) represent CBP, and thin lines (diagonal
shading) represent PLC. In Panel C, Cu-S(Cys) bond extends into the
page. Panel D examines the angle between the NHis-Cu-NHis (extends
into the paper) and SCys-Cu-Lax planes. PLC and NiR data and
HOMOs from ref 15.
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orbitals. The changes in the charges on the ligated residues
and in the amount of Cu 4s/4p character mixed into the various
ligands in cucumber basic protein, nitrite reductase, and
stellacyanin relative to those in plastocyanin are summarized
in Table 5. ADF density functional calculations on the
C1(axial)(his) approximation to these sites have been employed
to avoid the added parameters of sphere radius variation
associated with the SCF-XR-SW method. These results clearly
show the increase in the Met ligand strength and decrease in
the Cys ligand strength associated with decreasing Cu-S(Met)
bond length (and associated longer Cu-S(Cys) bond length)
along the tetragonally distorted series. The corresponding values
for tetrahedrally distorted stellacyanin indicate that the axial
ligand field strength in stellacyanin should be similar to that of
tetragonally distorted cucumber basic protein. Because cucum-
ber basic protein is observed to distort-11.9° along the∼ε(u)
mode, a measurable tetragonal distortion might be expected for
stellacyanin as well.

The expected distorting force along the∼ε(u) mode can also
be assessed from the electronic-vibrational linear coupling
term,49 δV/δQi (whereV is the potential energy andQi is the
normal mode of vibration), evaluated over the ground state for
stellacyanin. Following ref 49,δV/δQi for the∼ε(u) mode in
stellacyanin is calculated to be 0.011 eV/deg, which is signifi-
cantly greater than that of plastocyanin (0.002 eV/deg) yet only
∼25% of the value of the hypothetical tetrahedral intermediate
structure 1 of ref 15 (vide supra) (0.046 eV/deg). This result
also supports the assertion that stellacyanin should undergo a
modest tetragonal distortion of the magnitude observed in
cucumber basic protein.

It is likely then that features of the protein structure in
stellacyanin oppose the nonzero distorting force at the blue Cu
site and maintain its tetrahedral structure. Stellacyanin, there-
fore, appears to remain in a rack-induced/entatic condition.
However, the protein rack-induced/entatic state in stellacyanin
would be somewhat different from that in plastocyanin8,49 due
to the change in ligation. The weak thioether interaction, which
the protein structure imposes on the Cu site of plastocyanin,
effects increased charge donation from the thiolate which
increases the splitting of the dxy and dx2-y2 orbitals and effectively
eliminates the Jahn-Teller distortion in the oxidized site. In
stellacyanin, the amide oxygen of the glutamine residue has a
somewhat larger axial interaction which weakens the thiolate
interaction and reduces the splitting between the dxy and dx2-y2

orbitals from 10 800 to 8750 cm-1 (Table 3). In the absence
of additional interactions this should result in a limited Jahn-
Teller tetragonal distortion in stellacyanin. This, however,
appears to be countered by the nature of the glutamine ligand
and/or the protein secondary structure.

While there are a multitude of differences between the
structures of plastocyanin, comparison of the structures of wild-

type A. denitrificansazurin46 with its M121Q mutant24 allows
for an assessment of the effect of changing only the axial ligand.
Relative to wild-typeA. denitrificansazurin, the axial ligand
in M121Q is distorted by+2.9° along the∼ε(u) coordinate
(i.e., more tetrahedral, Figure 6C,D), as was anticipated from
the spectroscopy (Figure 6A,B) and arguments presented above.
Further, the similarity of the spectroscopic features of the
M121Q and stellacyanin, which have rather dissimilar secondary
structures, suggests that little specialized protein secondary
structure is required to create this tetrahedrally distorted blue
Cu center. One possible source of rigidity toward∼ε(u)
distortion lies in the planar nature of the glutamine ligand, which
reduces the number of degrees of freedom available to the side
chain compared to the methionine side chain. The nearly
identical orientation of the Gln side chain relative to the blue
Cu site in the crystal structures of stellacyanin14 and M121Q24

suggest that little variation in the orientation of the Gln ligand
is possible in comparison to the numerous axial ligand orienta-
tions observed in Met containing blue Cu proteins.3,4,10,38,47,50

Finally, additional interactions, potentially from hydrogen
bonding in the site and/or interactions resulting from the
carbonyl and NH2 groups, may also be present and serve to
stabilize the tetrahedral geometry observed in stellacyanin.

In summary, variation in axial ligand strength will alter the
electronic structure of blue Cu sites. This perturbation associ-
ated with a stronger axial bond, concomitant with decreasing
S(Cys)-Cu bond strength, will produce a Jahn-Teller distorting
force at the blue copper site in the Cu(II) state. For relatively
unconstrained axial ligands this results in a tetragonal distortion
of the site which increases in magnitude with the strength of
the axial ligand. The Jahn-Teller induced tetragonal distortion
along the∼ε(u) mode are exemplified along the series plasto-
cyanin < pseudoazurin< cucumber basic protein< nitrite
reductase. Since the protein rack-induced/entatic state of the
blue Cu site in plastocyanin involves the long axial thioether
bond,49 this tetragonally distorted series of blue Cu sites can be
thought of as less entatic.15 In the case of a more constrained
ligand, such as the axial Gln in stellacyanin, the stronger axial
interaction results in a more tetrahedral site that is somewhat
destabilized by a nonzero Jahn-Teller distorting force in the
oxidized state.

Acknowledgment. The authors thank Dr. Michael Lowery
for assistance in the preparation of stellacyanin; Prof. Susan
Shadle for helpful discussions regarding covalency in these sites;
Prof. Andrew Thomson for collection of preliminary stellacyanin
MCD data; and Dr. John Hart, Prof. Hans Freeman and Prof.
Albrect Messerschmidt for structural information on stellacya-
nin, cucumber basic protein, and M121Q, respectively. This
research was supported by NSF CHE-9528250 (E.I.S.) and NIH
GM-28222 (J.S.V.). This work was further supported by the
SON and NWO (G.W.C.) as well as a postdoctoral fellowship
from the Alexander von Humboldt Foundation (A.M.N.). The
computing facilities of the Stanford Department of Chemistry
are supported, in part, by a grant from NSF (CHE-9408185).

Supporting Information Available: Tables of Cartesian
coordinates and input parameters for SCF-XR-SW calculations
for cucumber basic protein and stellacyanin and a figure of Cu-
O(Gln) interaction (3 pages, print/PDF). See any current
masthead page for ordering information and Web access
instructions.

JA980606B

(49) Guckert, J. A.; Lowery, M. D.; Solomon, E. I.J. Am. Chem. Soc.
1995, 117, 2817-2844.

(50) Libeu, C. A. P.; Kukimoto, M.; Nishiyama, M.; Horinouchi, S.;
Adman, E. T.Biochemistry1997, 36, 13160-13179.

(51) Thomson, A. J. Personal communication.

Table 5. Changes in the ADF Calculated Charge Decompositions
for the C1(axial)(his) Active Sites of Blue Copper Proteins Relative
to Plastocyanin

protein ∆q(cys)a ∆q(axial)b ∆q(His)c ∆%(4s+ 4p)d

CBP -0.056 0.046[Met] 0.010 4.8%
NiR -0.097 0.131[Met] -0.034 7.3%
Stc -0.062 0.051[Gln] 0.011 5.0%

a Change in total charge on the thiolate (protein minus plastocyanin).
b Change in total charge on the axial ligand (protein minus plastocyanin).
c Change in total charge on both imidazoles (protein minus plastocya-
nin). d Change in total amount of Cu 4s and 4p character summed over
all of the axial ligand valence orbitals (protein minus plastocyanin).
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