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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 spectrafdtaligenes denitrificangvild-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 @2 half-filled HOMO which increases the pseudcand decreases theinteractions of

the cysteine (Cys) sulfur with Cuady? 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 flétteagohalstructure.

In contrast to CBP/PNC, STC (which has the axial Met substituted by GIn) has its ligand field transitions
shifted to lower energy and undergoes much smaller degrees of HOMO rotation and Cys @sendeing;

no axial glutamine character is displayed in the HOMO. These changes inditatratzedraldistortion in

STC. Thereforeperturbed spectral features are consistent with both tetragonal and tetrahedral geometric
distortions relatve to PLC These perturbations are discussed in terms of the increased axial ligand strength
in these proteins (i.e., short E&(Met) in CBP/PNC and &GIn) in STC). This induces ate(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 ~450 nm R = essdfesoo < ~0.15) and display approximately
axial (O« ~ gy) EPR signals. These spectral features derive from
the Cu site’s distorte€s, tetrahedral ligand set in which two
histidine (His) N’s with typical Ct-N bonds (2.0 A) and a
highly covalent cysteine (Cys) S with an unusually short-Gu
bond (2.1 A) form an approximate trigonal plane which
contains the half-occupied Cyzdy? based HOMO. A weak
axial ligand completes the site (usually a long methionine (Met)
Cu—S bond at~2.8 A)1° A strongz S(Cys)-Cu interaction
orients the g2 orbital so that the CuS(Cys) bond bisects

* Author to whom correspondence should be addressed. the lobes of this orbital and is responsible for the intense S(Cys)
T Stanford University.

Blue (type 1) copper proteins exhibit rapid electron-transfer
rates and high redox potentials compared with tetragonal
“normal” copper complexes* Perhaps the most striking
features of such proteins are an intense absorptier680 nm
and a smalQ, value in the EPR spectP&. These features reflect
novel electronic structures which contribute to reacti@ity.

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

— iti 11

* University of California, Los Angeles. p Cu 3d<2*y2 transm'on at 600 nnf:

8| eiden University. Type 1 centers which exhibit spectral featdféd substan-
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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 cycloclastesitrite reductase
(NiR), and pseudoazurin, exhibit rhombic EPR signals (Agg

= 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 intenBity>(
~0.15). Such perturbed spectral features are observed in cases
where the classic blue Cu ligands (Cysi¥et) are retained
(i.e., cucumber basic protein, nitrite reductase, etc.) and when
they are not (i.e., stellacyanin). The recently available struc-
ture! of stellacyanin shows that the prototypical axid(B&et)

(Met 89) S

ligand is replaced by an amide oxygen from a glutamine side B Cy(Gin 99)
chain (G(GIn)).

Our previous study on the perturbed site (i.e., green)An (Gn 99) C5(Gln 99)
cycloclastesnitrite reductaseR. = 1.2'6) demonstrated this to O, &9 N_(GIn 99)
be tetragonally distorted (toward square planar), in contrast to
the tetrahedral distortion proposed for this site on the basis of c
resonance Raman measuremént§. To understand the elec- (H'T\‘A';) Cys%Q)

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 (als

called plantacyanin, PNE)*(R. ~ 0.6,Agn ~ 0.04) andRhus basic proteiff (B) andCucumis satius stellacyanif viewed with the
verniciferastellacyanif'-?*(STC) R ~ 0.2,Agy ~ 0.05) both cysteine-histidine-histidine (Cys-His—His) NNS plane perpendicular
exhibit perturbed spectral features and allow for a comparison (left) and parallel (right) to the plane of the paper. The angular
of Met and GIn axial ligation. The active site structures of orientation of the Cys, Met, and GIn ligands in relation to the His ligands
CBPY and STG*are summarized in Figure 1. Compared with is most apparent in the parallel view.
plastocyanin, in cucumber basic protein the<3{Cys) bond
has expanded by 0.1 A and the -€8(Met) has contracted by ~ Cu proteins. The study presented here also provides an
0.2 A The most prominent difference betwe@ucumis experimental and theoretical description of the electronic
sativa (cucumber) stellacyanin and plastocyanin is the replace- structure of a blue copper protein with an axial ligand other
ment of the S(Met) axial ligand with O(GIn) at a distance of than methionine. Combined with previous restilttiese results
~2.2 A; however, the CuS(Cys) bond also lengthens by 0.1 allow for spectroscopic trends and their origins to be examined
A relative to plastocyanift across the range of classic to perturbed proteins (both methionine
In this study, the electronic structure of the active sites in and non-methionine containing). Finally, spectroscopic cor-
cucumber basic protein and stellacyanin are defined relative torelations between classic wild-typ&lcaligenes denitrificans
that of the classic blue copper site in plastocyanin in order to azurin R ~ 0.1, Agy =~ 0.01) and its perturbed axial mutant
describe the differences in bonding associated with the spectralGIn M121G* (R. ~ 0.2, Agn ~ 0.05) provide further insight
changes and electronic effects on the geometry of the site. Theinto possible protein contributions to active site electronic and
energies and intensities of the excited-state spectral features argeometric structure of perturbed relative to classic blue copper

N1
(His 94)

¥
(Cys 89)

OFigure 1. Structure of the oxidized blue copper centers in (A) cucumber

obtained from low-temperature absorption (Abs), circular
dichroism (CD), and magnetic circular dichroism (MCD)
spectroscopie® Density-functional calculations are used to
probe further the electronic structure of these perturbed blue
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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 RBusvernicifera
stellacyanir?® wild type and M121Q forms oA\. denitrificansazurin?*
and cucumber basic protétwere prepared as described elsewhere.
Protein samples~0.5—-1.0 mM) were prepared as glasses in 50% (v/
v) D,O/glycerol-ds in either 50 mM phosphate (pD* 7.6) (cucumber
basic protein), 10 mM phosphate (pB* 6.0) (stellacyanin), or 20
mM phosphate (pD*= 7.0) (wild type and M121Q azurin).

Electronic Structure Calculations. A. Active Site Geometry. In
the Cy(met)(his) approximation of the active site in cucumber basic
protein used, the oxidized blue copper site is modeled by Cu[(§&H
(SCH)(C3N2H4)2) *. The blue site in stellacyanin was modeled by the
Ci(gln)(his) approximation, where acetamide ($CVDNH;), 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

(24) Romero, A.; Hoitink, C. W. G.; Nar, H.; Huber, R.; Messerschmidt,
A.; Canters, G. WJ. Mol. Biol. 1993 229, 1007-1021.

(25) Reinhammar, BBiochim. Biophys. Actd97Q 205 35-47.

(26) Nersissian, A. M.; Nalbandyan, R. Biochim. Biophys. Act4988
957, 446.
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in a coordinate system chosen to give a Gudground state wave Wavelength (nm)
function, which is experimentally observed from thevalues in the 400 500 600 750 1000 2000
EPR spectrum of each sitg;(> gn > 2.0)1922the Cu-S(Cys) bond ‘ ‘ ' ‘ E
is 45° from thex andy axes, while the bond closestzdas Cu—S(Met)

or O(GIn). This axis system diagonalizes tpensor for plastocya-
nin*' 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-Xa-SW Calculations. The 1982 QCPE release of the SCF-
Xa-SW packag€—3° 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 experimegtalalues in
plastocyanin were employed for all calculatidhsThe oxygen sphere
radius in the stellacyanin calculations was set to 1.70 Bohr on the basis
of the Norman criterid® The parameters used for the SCE-8W

[ T
E CBP ABS

e (10° M'em™)

calculations are listed as Supporting Information. = F

C. LCAO Density Functional Calculations. Spin restricted PR N gl
calculations were performed as described previdfslging version o [ 12 7
1.1.3 of the Amsterdam Density Functional (ADF) programs of = 0L ]
Baerends and co-workets.Basis functions, core expansions functions, 8 1

core coefficients, and fit functions for all atoms were used as provided 20}
from database 1V, which includes Slater-type orbital tripleasis sets r

for all atoms and a singlé-polarization function for all atoms except it
Cu. [ CBPCD

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 dior b
cucumber basic protein are presented in Figure 2. Simultaneous 4 ]
Gaussian resolution of these spectra requires eight bands to [ ]
adequately fit the spectra and are included in top panel of Figure S PT EPE SR
2. Three bands @3) with approximately equal intensity are 30000 25000 20000 15000 10000 5000

Ae (M'em™)
{- !

required to fit the~450 nm absorption transition envelope. A Energy (cm™)
single transition (4) accounts for the intensity under t&00 Figure 2. Electronic absorption (top), magnetic circular dichroism

nm band. Two transitions (56) and a portion of a third (7) (middle), and circular dichroism (bottom) spectra of cucumber basic
contribute to the~750 nm band. The positions and relative protein. Abs, MCD, and CD spectra were obtained at 4._2 Kon 0.0_5 M
intensities of the individual bands are easier to envision by Phosphate (pD* 7.0)/glyceral; glasses (50:50 v/v). Gaussian resolution
inspection of the MCD and CD spectra (Figure 2). While the ©f bands in the absorption spectra is based on a simultaneous linear
position and intensity of band 2 cannot be determined from the 'east-squares fit of the Abs, MCD, and CD data. The numbering scheme
MCD spectrum, the presence of this band is required by the is chosen to be consistent with the assignments of bands in plastocyanin
intense negative CD feature found~a22500 cn? for which

(see Table 1 for assignments). The position and intensity of band 2
. cannot be resolved in the MCD spectrum; however, its presence is
band§ 1 and 3 cannot account. The lowest energy band (8) ISrequired by the CD data.
required by the MCD spectrum.

The transition energies ardvalues, at the absorption band  which is consistent with the Cu(ll) ground-state EPR spec-
maxima, are summarized in Table 1. Experimental oscillator trum1%20 To differentiate ligand field from charge-transfer
strengthsfexp listed in Table 1 have been calculated through transitionsCo/Do ratios are particularly valuable since this ratio
the fitted absorption maxima and full widths at half-maxima is sensitive the amount of metal character in the particular

according to the approximation excited state (vide infra). For complexes exhibiting a@erm

MCD intensity, Co/Dg ratios can be determined from the
foxp™~ 4.61x 1072 € P10 1) and ¢ values obtained from the Gaussian fit of the MCD

spectrum (Table 1) taken within the lineaMIegion and the

where the absorption maximumpay is expressed in M cm1 absorption spectruri?, respectivelyvia

andvyy,, the full width at half-maximum of the absorption band,

is in cnrL. All features in the MCD spectrum of cucumber Co _ KT [Ae

. All fea : MCD . 20— —(—) @)
basic protein consist dE-term intensity and have magnetiza- Dy ugB\ € Jmax

tion—saturation curves that can be fit to an isotrogie- 2.1,

(27) Johnson. K. H.. Norman. J. G.. Jr. Connolly, 3. W. D. In whereT is the temperatureB is the external magnetic field

Computational Methods for Large Molecules and Localized States in Solids st_rength,k IS BOI_tzmann’_S Cons_tam‘B is the Bohr magneton,
Herman, F., McLean, A. D., Nesbet, R. K., Eds.; Plenum: New York, 1973; € is the absorption maximum in M cm~%, and Ae is MCD

pp 161+-201. S o ) intensity maximum measured in Mcm™ (klug ~ 1.489 T
(28) Rosch, N. IrElectrons in Finite and Infinite Structure®hariseu, K1)
P., Scheire, L., Eds.; Wiley: New York, 1977. : .
(29) Slater, J. CThe Calculation of Molecular Orbitajslohn Wiley & B. SCF-Xa-SW Calculations. The SCF-X«-SW calculated
Sons: New York, 1979. ground-state energies and one-electron wave functions for the
(30) Connolly, J. W. D. InModern Theoretical Chemistrysegal, G.
A., Ed.; Plenum: New York, 1977; Vol. 7, pp 16432. (33) Piepho, S. B.; Schatz, P. I&roup Theory in Spectroscopy With
(31) Norman, J. G., JMol. Phys.1976 31, 1191-1198. Applications to Magnetic Circular Dichroismdohn Wiley & Sons: New

(32) te Velde, G.; Baerends, E. J. Comput. Phys1992 99, 84—98. York, 1983.
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Table 1. Experimental Spectroscopic Parameters for Cucumber Basic Protein (with Plastocyanin Palafoetemnparison)
fexp OSCillator Ae (M~tecm™tTY
assignments in energy (cn?) e(M~tcm™) strength at4.2 K Co/Do
band PLC!® CBP PLC diff CBP PLC CBP PLC CBP PLC CBP PLC

8 d2 5800 5000 800 +2.6 t)e () ()
7 Oy 10800 10800 0 300 250 0.0030 0.0031 -45 -85 —0.093 —0.213
6 Oztyz 12900 12800 100 1640 1425 0.0151 0.0114 +15.3 +20.9 +0.058 +0.092
5 vz 14100 13950 150 1480 500 0.0121 0.0043 —35.0 —41.4 —0.148 —0.518
4 Cysm 17100 16700 400 3410 5160 0.0381 0.0496 —15.2 —10.2 —0.028 —0.012
3 pseudos 21000 18700 2300 1320 600 0.0150 0.0048 +3.8 +1.2 +0.018 +0.013
2 His 7, 22500 21390 1110 1610 288 0.0185 0.0035 b -0.5 b —0.011
1 Met! 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 énengyposition and intensity of band 2 cannot

be determined from the MCD data; however, its presence is required

by the CD speédDnly.signs can be determined from the data for these

parameters? however, theCo/Dy ratios should be greater than 0.1 based on the relative magnitude of MCD toeujgpérin absorption.? This

likely involves the Met b orbital. See Ref 15 for details.

Table 2. Results of SCF-¥-SW Calculations for the Highest Occupied Valence Orbitals ofG{enet)(his) Site in CBP
%Cu % Cu d orbital breakdown %Cys %Met %His
level  orbitallabel energy(eV) Cu & p° d° dz Oz d, dey  dy S Cyd S Mef Ne Hisd
48 a Cu gy -2.75 58 1 2 52 1.4 0.4 0.4 495 0.2 29 2 2 0 6 2
47a Cudgy -3.24 58 2 7 46 0.0 1638 8.7 01 204 26 2 8 0 2 2
46 a Cug -3.73 78 0 4 73 294 175 0.4 111 14.6 2 1 10 2 3 2
45a  Cudy,f -4.00 799 0 2 75 41 47 650 0.9 0.3 5 1 0 0 0 9
44a  CUGhy,f -4.12 82 0 1 78 64 442 52 114 108 8 1 1 0 3 5
43a Cyst -4.46 52 0 4 45 37 162 35 124 9.2 32 4 0 0 5 7
42a  Hism -4.68 14 0 0 13 338 1.9 0.3 0.3 6.8 1 0 2 0 8 75
4la  Hism -4.87 13 0 1 10 26 0.7 35 0.8 2.4 2 0 14 2 8 50
40a Meth -5.03 30 3 1 25 21 145 1.4 1.9 5.1 0 0 45 8 2 15
39a Cys pseudo- -5.47 40 2 5 31 59 0.1 6.0 28 172 49 8 0 0 1 1
38a  Hisx, -6.50 8 0 O 6 01 3.8 0.5 0.0 1.6 0 0 6 3 44 36
37a Meta -7.02 8 0 2 4 12 1.6 0.4 0.4 0.5 5 3 a7 29 5 3
36a Cyso -7.26 19 0 3 11 03 0.4 7.2 1.7 07 41 26 4 2 4 2
35a Hism -7.48 7 0 2 3 038 0.1 0.1 0.0 2.0 6 4 0 0 4 37

aTotal charge on the copper iohl quantum breakdown for the copper iGrSpecific d orbital contributions to the total Cu d chargj&otal
charge for all atoms of the ligand except the S or N coordinated t¢ Taotal charge for the coordinating N atoni¥hese labels are only strictly

valid for Cs symmetry; in the lower symmetry used here, variable am

highest occupied valence orbitals obtained for@Ghénet)(his)
approximation of the cucumber basic protein active site are
presented in Table 2. Reference 15 describes SERSW
calculations on th€;(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

ounts of mixing between these orbitals can occur.

C. Ligand Field Transitions and Site Geometry. The low
symmetry of the blue Cu site removes all orbital degeneracy.
In such a situatioA! the two orthogonal dipole moments
required for MCD C-term intensity® can only be acquired
through out of state spinorbit coupling (SOC). Therefore, the
MCD intensities (i.e.Co/Dg 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 o&dy (

as well as differences between classic and perturbed blue sitedCU) ~ 828 cnmt > £34(S) ~ 382 cnTt > &x(N) ~ 70 cnt?),

can be observed in the properties of the HOMO (vide infra).
Similar to plastocyanin, the cucumber basic protginyebased
HOMO (level 48 a, Table 2) is highly covalent (52% Cu d
character, the same value calculated for B Cwith the
predominant Culigand 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-
dominantlysz S(Cys)-Cu interaction is clearly evident in the
contour plot of the cucumber basic protein HOMO shown in
Figure 3A. Several significant Ctligand interactions not
present in plastocyanihare apparent in the ground-state wave
function of cucumber basic protein. Increased psewdo-
S(Cys)-Cu and S(Met) antibonding interactions in the HOMO
can be seen in Figure 3B. Finally, the 1.4% character that

is mixed into the HOMO (Table 2) has been shown by Gewirth
et al3* to be sufficient to generate the rhombic splitting of the
EPR spectrum.

the Cu-based &> d transitions will exhibit greate€y/Dy ratios
than the ligand-based charge-transfer transitidns.

The four CD and MCD spectral features and signs in the
low-energy, ligand field region (bands-8) for cucumber basic
protein (Figure 2) are qualitatively similar to plastocyatin,
exhibiting similar signs an¢Co/Do| ratios of~0.1 (Table 1)°
Thus, the specific assignments for bands85can be made to
parallel those in plastocyanin (Table 1). The energies of d
d transitions are very sensitive to the ligand field at the copper
site: The d— d transitions in cucumber basic protein are
observed to be-100 cn1t 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 plastocyanif. 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, Endrg.
Chem.1987, 26, 1133-1146.

(35) While Cy/Do for band 8 cannot be determined from the data,
estimates for the lower limit o\e (>1.0 M~1 cm~1 T-1) and the upper
limit for € (<50 M~% cm?1) indicate that the lower limit ofCo/Do| for this
band is greater than 0.1.



Variations in Perturbed Blue Copper Centers

S Met

Cu —S%ys

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/
Bohr)12,

tetrahedral toward square planar. The EPR spectrum of
cucumber basic protein also reflects the increased ligand field
by a decrease ig, relative to plastocyanin (2.207 in CB¥0

Vs 2.226 in PLEY).

In addition to the changes in transition energies, the intensities
of the ligand field absorption bands also change. Such change
can reflect differences in bonding, since—e 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 plastocyani
(Table 1). As in plastocyaniH, the high intensity of the Cu
3de+yz— Cu 3de—y2 transition (band 6) is attributed to its having
the correct symmetry to gain intensity from the highly allowed
blue S(Cys)r — Cu 3de-2 transition through configuration
interaction between the orbitals involved in this transition.
Analogously, Cu 3g@-y,— Cu 3dz-, (band 5) can gain intensity
through mixing with the S(Cys) pseudo-— Cu 3de-
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 Cysand pseudaer
character mixed into the HOMO described above.

The intensity pattern observed for bands 5 and 6 in cucumber
basic protein supports the SCF»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 ¢, HOMO) mixed into the ligand-based
orbital. Thus, ¢, character in ligand orbitals involved in intense
charge-transfer transitions will result in an increase in band 6
intensity, and the presence qgf dharacter will correspond with

(36) Penfield, K. W.; Gay, R. R.; Himmelwright, R. S.; Eickman, N.
C.; Norris, V. A.; Freeman, H. C.; Solomon, E.Jl.Am. Chem. S0d.981,
103 4382-4388.
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band 5 intensity. The Cys orbital (level 43 a) contains 16.2%
dx; character and the Cys pseud@rbital (level 39 a) contains
6.0% d.. 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 Cygpseudos mixing.
Intensity borrowing from the multiple low-energy, intense
charge-transfer bands under tkd50 nm absorption envelope

in Figure 2 is also possible. The significant amount of d
character (14.5%) found in the Met brbital (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 (+4) with smallerCy/Dg 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 plastocyahin.
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
plastocyanirt! Accordingly, this band is assigned as the S(Cys)
s — Cu 3d2_2 charge-transfer transition. As in plastocyahin,
the single positive charge-transfer feature (band 3) in the MCD
of cucumber basic protein is assigned as the S(Cys) pseudo-
— Cu 3de-y transition. Band 3 in cucumber basic protein has
shifted to higher energy relative to plastocyanin by 2300%&m
such that it is contained within the450 nm absorption envelope
rather than the~-600 nm envelopé’

The absorption intensities in bands 3 and 4 are distributed
differently in cucumber basic protein than in plastocyanin. The
S(Cys)t — Cu 3de- transition (band 4) in cucumber basic

Sprotein is reduced in intensity to 3410 ™cm=! from 5160

M~1cm™tin plastocyanin (Table 1). This decrease in intensity
is accompanied by an increase in the pseado-Cu 3dz-
transition (1320 M cm™t vs 600 M1 cm™t in plastocyanin).
Since the intensity of these charge-transfer transitions is

r]oroportional to the overlap of the cysteirs p and Cu @

orbitals, the increase in intensity for band 3 and the loss of
intensity for band 4 relative to plastocyanin indicate a decrease
in w7 and increase in pseudo-S(Cys)-Cu overlap in the
cucumber basic protein HOMO.

The mixing ofr/pseudos character in the HOMO indicated
by the experimental data is supported by the results of the SCF-
Xo-SW calculations. As can be seen in the contour plot of the
cucumber basic protein HOMO (level 48 a, Table 2) (Figure
3), de-y2 is rotated by~10° about the moleculaz-axis (i.e.,~
Cu—S(Met) bond) such that overlap decreases and pseudo-
overlap increases in contrast to the purelyinteraction in
plastocyanid! The increase in pseudpinteraction is indicated
by the electron density found along the-€8(Cys) bond (Figure
3B). This rotation of Cu g-y2 provides a mechanism for the
changes in charge-transfer transition intensity observed experi-
mentally, as the charge-transfer transition intensities depend on

(37) Conflicting evidence, primarily involving single-crystal polarized
absorption and resonance Raman studies, exists regarding whether the
S(Cys) pseude— Cu 3de-y 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 undert#50 nm absorption
band, are of similar intensity, and are significantly more intense than their
counterparts in plastocyanin.
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the specific ligand orbitals involved in bonding with the HOMO Wavelength (nm)

as well as the total ligand character. The degree to which the 400 500 600 750 1000 2000
specific ligand orbitals mix with the HOMO s reflected in the E Stellacylanin ABS I ' ‘ ]
amount of Cu ¢-y character present in the ligand-derived 50L e

bonding orbitals (Table 2). Relative to plastocyatithe Cys
mr/pseudos mixing in cucumber basic protein is characterized
by an increase in,d.2 character in the Cys pseudoflevel
39a, 2.8% in CBP vs 0.0% in P11} and a decrease in the Cys
7 (level 43a, 12.4% in CBP vs 23.9% in PECbonding levels.
The perturbed type 1 site in nitrite reductase also exhibits Cys 100
st/pseudos mixing in the HOMO, but the degree to which this E

400

20

e (10° M'em™)
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occurs is larger in the nitrite reductase site where thed . stellacyanin MCD‘ 6 ‘ :
character in Cyg falls to 8.8% while that in pseudeincreases Stk Y 3 /\ 87
to 4.5%, consistent with its experimentally observed higher = 0O =
intensity of the~450 nm band (band 3 in nitrite reductase) L _‘,W\/ \/ E
relative to the~600 nm band (band 4¥. 5 1of 7 ]
The charge-transfer transition intensities in the absorption s 45 2 E
spectrum also allow for comparison of the total strength of the w ]
ligand—metal interaction between sites. The total oscillator < -20¢ 5 E
strength for the cysteine-based charge-transfer transitions is 25 ¢ 4 E
smaller in cucumber basic protein (0.0531) than in plastocyanin P |
(0.0544) which indicates that, in addition to a shift in tiner 41 stellacyanin CD ]
overlap, the total S(Cys) contribution to the HOMO is less in 2b ]
cucumber basic protein. This finding is consistent with the - A
reduced S(Cys) covalency in the calculated HOMO in Table 2 E: 0 [enu, ]
(level 48 a) (29% in CBP vs 35% in P8, a lengthening of S o0 ]
the Cu-S(Cys) bond by~0.1 A38and a decrease 630 cnT? g ]
in the primary Cu-S(Cys) stretching frequendéy. -4 .
The two transitions (bands 1 and 2 in Figure 2) that are found . ]
to be of higher energy than the cysteine-based charge-transfer R S E N B
transitions in cucumber basic protein exhibit considerable 30000 25000 20000 15000 10000 5000
absorption intensity increases compared with their counterparts Energy (cm™)
in plastocyanin. In plastocyanin this spectral region exhibits Figure 4. Electronic absorption (top), magnetic circular dichroism
two weak bands assigned as His— Cu 3de-y2 and Met— (middle), and circular dichroism (bottom) spectra of stellacyanin.

Cu 3de-y2 charge-transfer transitiod. In the MCD both are Absorption data (adapted from ref 40) were recorded on a thin film at
weak and negative, but in the CD Hig — Cu 3dz- (band 25 K. MCD and CD spectra were obtained from ref 51 and 41
2) is negative while Met> Cu 3dz_, (band 1) is positive. Since  respectively, except in the regionsl9 000 cm* (MCD) or >25 000
band 1 in cucumber basic protein has a negative MCD and ac™m * (CD) which were recorded at 4.2 K in 0.01 M phosphate (pD*
positive CD sign, it is assigned as a MetCu 3de_ transition, 6.0)/glycerolds; glasses (50:50 v/v). Gaussian resolution of bands in

. . : . : the absorption spectra is based on a simultaneous linear least-squares
W.h"e band 2 ha_S_ a negative CD sign and is assigned to thefit of the Abs, MCD, and CD data. The numbering scheme is chosen
His-based transition.

o oo . . ._to be consistent with the assignments of bands in plastocyanin (see
The absorption intensity increase associated with band 1 intapje 3 for assignments). A counterpart for band 1 is not observed.
cucumber basic protein reflects the fact that S(Met) character

is present in the cucumber basic protein HOMO. This finding distortion toward &etragonalgeometry that causes a rotation
is supported by the SCFeSW calculated HOMO wave  Of de-y such that a there is significant €$(Cys) pseuder
function, which includes-2—3% S(Met) character (level 48 a, and nonzero CuS(Met) overlap in the HOMO in addition to
Table 2) compared to 0% in plastocya#li® The reorientation ~ @ weakened CuS(Cys) bond. . .

of de—2 allows for an increased interaction between this orbital ~ Electronic Structure of Stellacyanin. A. Optical Spec-
and S(Met), as demonstrated in Figure 3B where appreciabletroscopic Parameters. Low-temperature absorptidfi;** MCD,
electron density is found along the €8(Met) bond. Examina-  and CD spectra between 5000 and 30000for stellacyanin

tion of the Met valence orbitals (Table 2) indicates that the Met are presented in Figure 4. The Gaussian resolution of the
b; orbital (level 40 a) contains the mosgdz character (1.9%). absorption spectrum, obtained from a simultaneous fit of the
The perturbed nitrite reductase HOMO also contains an absorption, MCD, and CD spectra is included in the top panel

analogous contribution from the axial methionine@%) 15 The of Figure 4. The transition energies, oscillator strengthA,
magnitude of this interaction is greater in nitrite reductase, and Co/Do values have been determined as presented above
consistent with the higher intensity of band 1. (Table 3). All features in the MCD spectrum of stellacyanin

In summary, relative to p|astocyanin the changes in electronic exhibit magnetizatiOﬁsaturation behavior consistent with a
and geometric structure in cucumber basic protein are similar Paramagnetic Cu(ll) ground state, and at the low temperatures
to the changes which occur in the perturbed type site in nitrite €mployed here they consist entirely Gfterm intensity (as
reductasé® but are smaller in magnitude. Thus, the perturbed determined from their linear T/dependence).

spectral features in the two proteins share common origins: a 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.
Mol. Biol. 1996 259 686—705. (40) Solomon, E. I.; Hare, J. W.; Dooley, D. M.; Dawson, J. H.; Stephens,
(39) Sakurai, T.; Sawada, S.; Nakahara|arg. Chim. Actal986 123 P. J.; Gray, H. BJ. Am. Chem. S0d.98Q 102 168-178.
L21 — L22. (41) Gewirth, A. A., Ph.D. Dissertation, 1987, Stanford University.
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Table 3. Experimental Spectroscopic Parameters for Stellacyanin (with Plastocyanin Parénietdwded for Comparison)

fexp OSCillator Ae (M~tcm1TY)
assignments in energy (cnm?) e(M~tcm) strength at4.2 K Co/Do

band pPLCH Stc PLC diff Stc PLC Stc PLC Stc PLC Stc PLC
8 d2 5500 5000 500 +1.8 e (+)° (+)°
7 Oy 8750 10800 —2050 100 250 0.0009 0.0031 -5.7 —8.5 —0.356 —0.213
6 Orztyz 11200 12800 —1600 580 1425 0.0048 0.0114 11.6 +20.9 0.105 +0.092
5 Oz yz 12800 13950 —1150 690 500 0.0056 0.0043 —19.1 —41.4 —0.173 —0.518
4 Cysm 16800 16700 100 4970 5160 0.0439 0.0496 —28.6 —10.2 —0.036 —0.012
3 pseudaos 18600 18700 —100 890 600 0.0074 0.0048 +1.8 +1.2 0.013 +0.013
2 His 22750 21390 1350 1090 288 0.0120 0.0035 —9.4 —-0.5 —0.054 —0.011
1 Met b 23440 b 250 b 0.0030 b —-0.5 —0.013

a Difference in transition energies (defined as stellacyanin minus plastocyanin erfe€fgjg.band is not observed in the stellacyanin data.
¢Only signs can be determined from the data for these paraniétessyever, theCo/Do ratios should be greater than 0.1 based on the relative
magnitude of MCD to upper limit in absorption.d This likely involves the Met borbital. See Ref 15 for details.

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

%Cu % Cu d orbital breakdown %Cys % GIn %His

level  orbitallabel energy(eV) Cu s p° dz  dy d, dey dy S Cyd O GInf Ne His?

50a Cugky —2.99 57 0 2 53 1.2 0.6 0.4 494 1.4 30 2 0 0 7 2
49a Cudy —3.46 69 4 6 57 16.7 2.3 0.1 34 345 19 1 2 1 4 4
48a Cug —3.94 85 O 2 81 56 6.6 0.2 0.1 181 1 0. 4 1 5 3
47a  Cugy,f —4.08 77 0 1 74 0.2 03 721 0.5 0.8 5 1 1 0 6 10
46a  Cugyy,' —4.26 64 O 1 61 0.3 532 0.2 0.2 7.1 5 1 0 0 6 23
45 a Hismy —4.33 27 0 2 22 1.5 159 0.2 4.3 0.1 16 1 0 0 10 45
44a  Cyst —4.63 43 0 3 37 27 124 0.1 20.7 1.1 25 2 0 0 5 25
43 a Hismy —4.79 27 0 0 25 1.5 0.1 161 6.9 0.4 6 0 1 0 7 58
42a  Cys pseudo- —5.70 37 1 5 28 47 0.2 0.1 0.7 222 52 7 1 0 2 1
41a GInOpy —6.18 8 0 0 6 54 0.0 0.5 0.1 0.0 0 0 54 22 6 8
40 a Hism, —6.42 7 0 0 5 0.2 0.9 0.6 0.7 2.5 1 0 2 0 47 42
39a Hism, —6.70 9 0 0 7 0.5 0.0 55 0.1 0.9 0 0 16 15 32 29
38a GInOp —6.75 8 0 2 4 2.3 0.4 1.1 0.1 0.1 0 0 39 35 9 6
37a Cyso —7.49 20 1 6 11 0.4 2.3 1.8 0.0 6.5 49 29 0 0 2 0

aTotal charge on the copper iohl quantum breakdown for the copper igrSpecific d orbital contributions to the total Cu d charg@otal
charge for all atoms of the ligand except the S, O, or N coordinated t& Tatal charge for the coordinating N atonmi¥hese labels are only
strictly valid for Cs symmetry; in the lower symmetry used here, variable amounts of mixing between these orbitals can occur.

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-Xo-SW Calculations. The SCF-X-SW calculated
ground-state energies and wave functions for the highest
occupied valence orbitals obtained with tlg(gIn)(his) ap-

proximation of the stellacyanin active site are presented in Table -~ Ogin
4. The SCF-X-SW calculated half-occupied,d, based B N B
HOMO (level 50 a, Table 4) in stellacyanin is highly covalent @ G

(53% Cu d character), with the predominant-@digand interac-

tion involving 30% S(Cys), and minor contributions from the :‘/,

N(His) atoms 7% total). Contours for the half-filled HOMO A |

of stellacyanin are plotted perpendicular and parallel to the Cu ‘ff:",::"“"? Qann
O(GIn)-Cu—S(Cys) plane (Figure 5). In stellacyanins the Y Scys '
dominantz S(Cys)-Cu antibonding interaction that is found I CU—S%ys

for the HOMO of the classic blue copper plastocyahifiis
clearly evident perpendicular to this plane in Figure 5A. Only

minor contributions from S(Cys)Cu and O(GIn)-Cu o anti- Figure 5. Contours of the highest energy, half-occupied orbital (level

bonding interactions can be seen parallel to this plane in Figuresg 4 in Table 4) for stellacyanin plotted (A) perpendicular and (B)
5B. The stellacyanin HOMO (level 50 a) contains no contribu- parallel to the S(Cys)Cu—O(GIn) plane. Contour lines are drawn at
tion from the axial ligand (i.e., glutamine-based orbitals). +0.64,40.32,40.16, +£0.08, +0.04,40.02, and+0.01 (e/boh})2



9628 J. Am. Chem. Soc., Vol. 120, No. 37, 1998

The two glutamine-based levels (41 a and 38 a in Table 4),

which replace the methionine Met and R levels, are labeled

to indicate the specific O(GIn) p orbital which contributes to
the wave function. As the GIn makes no contribution to the
half-occupied HOMO, net Cu-GIn bonding is reflected in the

LaCroix et al.

would be expected to be less intense than its counterpart in
cucumber basic protein (16.2%;¢h its Cysax 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

amount of Cu 4s and 4p character mixed into the ligand basedtransitions, exhibit smalle€y/Dy ratios (~0.01) which allows

orbitals. The principal GIn-Cu bonding interaction is found to
involve GIn Opx (level 38 a) which contains-23% Cu 4p
(Table 4) (GIn Op, level 41 a, contains1% Cu 4s and 4p¥
The GIn O orbital (level 38 a, Table 4), is composed mainly

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 supr). Band 4 in

of the O(GIn) p orbital oriented perpendicular to the amide plane stellacyanin is assigned as the S(Cys)> Cu 3de_2 charge-

and is depicted in the contour diagram plotted in the O(&In)
Cu—S(Cys) plane (Figure 1S). The GIn—Cu bonding
interaction is easily identified by the electron density along the
Cu—0O(GIn) bond. The orientation of this interaction is ap-
proximately that of the Metjorbital in cucumber basic protein.
As above, the 1.2% fcharacter mixed into the stellacyanin
HOMO (Table 4) is sufficierit to generate the observed
rhombic EPR splitting?

C. Ligand Field Transitions and Site Geometry. In the
low-energy region of the spectra for stellacyaninle 000
cm ), four transitions (bands-58) are exhibit larggCo/Dy|

transfer transition. Band 3 is assigned as the S(Cys) pseudo-
— Cu 3dz_y 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 plastocyadii>
Bands 2 and 3 in stellacyanin have similar absorption intensities.
Compared to the intensities in plastocyanin, in stellacyanin the
S(Cys)z — Cu 3de-2 transition (band 4) is reduced while the
pseudos — 3de-2 transition (band 3) slightly increased. The
limited intensity gain for band 3 and the intensity loss for band
4 indicate that only a minor decreasesiroverlap and a slight
increase in pseudo-S(Cys)-Cu overlap occurs in the stella-

ratios ¢~0.1) (Table 3) and are therefore assigned as ligand field cyanin HOMO, relative to that of plastocyanin.

transitions (vide supraf. These d— d bands for stellacyanin,
which exhibit qualitatively similar the CD and MCD spectral
features and signs to plastocyanin (Figure 4 and Tablé&n
be assigned analogously to those in plastocyanin (Table 3).
Three of the d— d transition energies in the stellacyanin
spectra (bands-57) shift to much lower energy (1062000
cm™1) than their counterparts in plastocyafi The direction
of this shift is in contrast to the shift of the-¢ d transitions in

The contour plot of the stellacyanin HOMO (Figure 5) reveals
that the ¢k—y2 orbital has ar S(Cys)-Cu interaction which is
not rotated significantly compared to that of plastocyanin (Figure
5A).11.15 The relatively minor Cys pseudo-character in the
HOMO is indicated by the lack of electron density found along
the Cu-S(Cys) bond (Figure 5B). The predominantly Cys
interaction with Cu ¢ is also reflected in the degree to which
the specific ligand bonding orbitals mix with the HOMO.

cucumber basic protein to higher energy (vide supra) and Examining the amount of Cu,d? character present in the
indicates that the type 1 center in stellacyanin experiences abonding ligand-derived orbitals indicates that the Gy8evel

decreased ligand field compared to plastocyanin.
decreased ligand field would result frontesrahedraldistortion

Such a44 a) contains nearly the same amount of Gu.e character

as in plastocyanin (20.7% in STC vs 23.9% in PR@nd there

relative to the structure of plastocyanin and not from a tetragonal is only a small increase in the amount of Cu-¢¢ in the

geometric distortion as in cucumber basic protein and nitrite
reductasé® The weaker ligand field of stellacyanin relative to
plastocyanin, reflected by the 106@000 cn1! decrease in d
— d energies, results in an increasapih stellacyanin (2.287§
relative to that of plastocyanin (2.22%).

Changes in the intensity of bands 5 and 6 relative to
plastocyanin may reflect changes in ligaidetal bonding in

pseudoes level (42 a) (0.7% in STC vs 0.0% in PLg. This

is in contrast to cucumber basic protein (Table 2), where these

value are 12.4% (Cys) and 2.8% (Cys pseuda), respectively.
The total oscillator strength for the cysteine-based charge-

transfer transitions is smaller in stellacyanin (0.0513) than in

plastocyani#® (0.0544). This indicates that while only minor

changes occur in the/zr overlap involving the S(Cys), the total

the site. Band 5 intensity increases by a minor amount, but the S(Cys) contribution to the HOMO is less in stellacyanin relative
major change in this region of the spectrum involves band 6 to that in plastocyanin. This result is supported by the reduced

which decreases significantly in intensity (Table 3). The
magnitude of the decrease in band-@45 M1 cm™?) is greater
than the increase in band 5 (190 Mcm™1) suggests that rather
than a change in Cys/pseudos character mixing in the HOMO

S(Cys) covalency in the calculated HOMO (level 50 a, Table
4) (30% in STC vs 35% in PLY). Additionally, the presence
of a longer, weaker CuS(Cys) bond in stellacyanin relative
to plastocyanin is supported by studies which indicate that the

the net S(Cys) covalency has decreased. In particular, theHOMO S covalency is 24% vs 38% in plastocyaftrCu—

greater energy separation of band 6 and band 4 (the S(€ys)
— Cu 3de-y2 charge-transfer transition from which the intensity
of band 6 derives, vide supra) in stellacyanin (5600-§m
relative to plastocyanin (3900 ci#) implies that the degree of

S(Cys) is longer by~0.1 A4 and »(Cu—S(Cys)) is reduced
by ~40 cntT1.45

The single transition found to higher energy than the cysteine-
based charge-transfer transitions in stellacyanin (band 2 in Figure

configuration interaction between the orbitals should be lessened4) is assigned, in parallel with band 2 in plastocyanin, as a His
The SCF-X-SW calculations on stellacyanin (Table 4) are w1 — Cu 3dz-y2 charge-transfer transition based on its energy
consistent with the observed ligand field intensities. Following and negative CD sign (band 1 would exhibit a positive CD
the analysis presented above, the Gysrbital (level 44 a) signal). The absence of band 1, which is typified by a weak
contains 12.4%,dcharacter and the Cys pseudarbital (level negative MCD feature and a prominent positive CD band, in
42 a) contains very little @ character (0.1%). Thus, band 6 stellacyanin is consistent with the assignment of band 1 as a

(42) Orbital 38 a also contains 4% Cu thixing; however, the dlevel
(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 b&200 cn1! 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. |.; Gray,
H. B.; Malmstrom, B. G.; Pecht, |.; Swanson, B. |.; Woodruff, W. H.; Cho,
W. K.; English, A. M.; Fry, H. A.; Lum, V.; Norton, K. AJ. Am. Chem.
Soc.1985 107, 5755-5766.
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Met— Cu 3de-2 charge-transfer band in Met containing blue
copper sites, such as plastocyanin, cucumber basic protein, anc
nitrite reductase.
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While transitions from GIn Opand GIn Ox to the HOMO
could occur between 25000 and 30 000 émno bands to
higher energy than band 2 are observed in the stellacyanin
spectra. The SCF-¢SW calculated HOMO wave function

for stellacyanin includes virtually no O(GIn) character (level & 1.0
50 a, Table 4) (also see Figure 5). Further, the highest energy~

GIn valence orbitals (levels 41 a and 38 a, Table 4) contain % 5.0

virtually no dz-y? character (0.1% in both levels). Therefore, % 4.0

the SCF-X.-SW calculations on the stellacyanin active site 3.0 f
(Table 4) indicate that the Gl Cu charge-transfer transitions 2.0 }
should not exhibit appreciable intensity due to lack of orbital 1.0

overlap.

In summary, the electronic and geometric structure effects
responsible for the perturbed spectroscopic features in stella-
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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 reductasBespite

a longer, weaker CuS(Cys) bond consistent with other
perturbed blue copper sites, very little HOMO rotation occurs
and only a small amount of Cys pseudoand 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 trahedralrather than tetragonal
geometric distortion relative to plastocyanin.

M121Q
Azurin

N His Cu NHis

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
The Blue Copper Sites inA. denitrificans Azurin and tetrahedralgeometric distortion depicted in panels C and D. Spectra
M121Q. A. Optical Spectroscopic Properties. Low-tem- of plastocyanin and stellacyanin (thin lines) are overlaid on the top
perature absorption and MCD spectra in the region from 5000 and bottom panels, respectively. (A) Arrows indicate the direction of
30000 cn1t for wild type and M121QA. denitrificansazurin the intensity change of the labeled absorption band relative to the classic
are presented in Figure 6 (thick lines). For comparison, the PU€ site inA. denitrificansazurin. (B) The shift tdower energy of
corresponding spectra of plastocyanin and stellacyanin arethexz—i— yzband in the MCD spectra is indicated. The lowest energy

. a f . band in the MCD has been scaled by a factor of 5. In panel (C) and
Supetrlmposed (thin lines) on the wild-type azurin and M121Q (D), thick lines (white shading) represent M121Q and thin lines
spectra.

(diagonal shading) represefit denitrificansazurin. In Panel C, Cu
B. Comparison with Plastocyanin and Stellacyanin.The S(Cys) bond extends into the page. Panel D examines the angle between
Abs and MCD spectra 0. denitrificansazurin are very similar ~ the Nuis—Cu—Nis (extends into the paper) and,$-Cu—Lax planes.
to those of plastocyanin (Figure 6). The blue copper site in PLC data and HOMO from ref 15.
azurin exhibits the strong600 nm/weak~450 nm absorption
intensity pattern associated with classic sites. Furthermore, the

d— dbands 57 occur at the same energy as their counterparts  The electronic structures for the blue (type 1) copper sites in
in plastocyanin, indicating a similar ligand field. Therefore, cycumber basic protein, which contains the more prevalent Met
the electronic structure description for the classic site in g5 axial ligation3® and stellacyanin, which contains GlneO
plastocyani** is applicable to azurin. The-1000 cnrt axial ligation have now been defined. In cucumber basic
higher energy of band 8 in azurin compared with plastocyanin protein, the shift of the &~ d transitions to~100 cnT? higher

is consistent with its assignment as the Gau-¢ Cu de- energy than those in plastocyanin indicates that the site is
transition and demonstrates the variability in this transition somewhat more tetragonal than plastocyanin (Figure 7). In
among classic sites. Band 8 should be shifted to higher energystellacyanin, however, the shift of the ligand field transition
by the weaker axial (approximately aloggnteraction in azurin, energies to~1000 cnt! lower energy than those in plastocyanin
which is reflected by azurin’s0.3 A longer Cu-S(Met) bond® (Figure 6) indicates a more tetrahedral geometry. The fact that
The notable difference in blue band energy between these sitesdoth tetragonal and tetrahedral distortions of the blue Cu site
has been attributédo the number of hydrogen bonds involving  occur, which result in a redistribution of intensity in the 600/
the Cys residue (two in azurin vs one in plastocyanin). 450 nm absorption envelopes and a rhombically split EPR

The spectra of M121Q and stellacyanin are nearly superim- Signal’*-2? illustrates thateither a tetrahedral or tetragonal
posable (Figure 6A,B). With the exception of an intensity distortion can resultin perturbed blue copper spectral features
difference in the blue absorption bands (band 4), all transitions These two classes of perturbed blue copper centers can, how-
in the M121Q spectra occur at the same energies and exhibiteVver, be differentiated by specific spectroscopic characteristics.
similar intensities andCy/Dy ratios as their counterparts in It appears that perturbed blue copper sites with Met axial
stellacyanin. Thus, the description of the stellacyanin electronic ligation exhibit geometries along a continuum of the tetragonal

structure developed above applies equally to M121Q. distortion from the pseudo-tetrahedral geometry in plastocyanin.
In Met-containing perturbed blue Cu sites (i.e., NiR, CBP), the

rotation of the g¢-,» HOMO relative to plastocyanin causes

Discussion

(46) Baker, E. NJ. Mol. Biol. 1988 203 1071-1095.
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A B plastocyanin geometrp. This hypothetical intermediate struc-
Wavelength (nm) Wavelength (nm) ture would undergo a tetragonal distortion to the nitrite reductase
400 500 600 750 1000 5 7 2000 geometry which involves a coupled rotation of the Met ligand
5.0 Plastocyanin ps(m) HOMO /\XZWZ 2! 10 toward the _NNS_(Cys_) plane an_d the Cys ligand within this
i I 0 p_Iane_?5 This distortion approximates thg(u)_ tetrghedral
30l \{ 10 vibrational mode. The degree to which this distortion occurs
a0l s i 20 can be quantified by.measurlng .the angle between the S(Met)-
1ol ©) i 20 Cu—S(Cys_) and N(HIS—)—CU—N(HIS) plqnes relative to that of
: e N AN , ) ‘ plastocyanin. In cucumber basic protein, the 2.61 A-G(@Viet)
Cucumber  g(x) = bond® corresponds to a11.9 ~¢(u) distortion. In nitrite
o~ 201 Basic { /\ A/"‘“’ Ly reductase, the 2.55 A Gt5(Met) bond results in a22.8
g 404 = 10 g distortion along the~¢(u) mode. This progressive flattening
5 304 0 T of the perturbed blue sites with reduction in the axial bond length
E20 120 % and the shift in position of the axial residue is illustrated in
w 10 < Figure 7C,D. This distortion also manifests itself in pseudoa-
20 zurin (2.76 A Cu-S(Met),—7.8°> ~¢(u) mode distortion), which
50 S(0) /\ 10 exhibits less perturbed spectral featurd® & 0.4) than
40 s ——0 cucumber basic protein. Itis also present in the azurin mtftant
30 :;g M121A/N;~ which exhibits axial azide binding and shows the
20 -30 ~¢(u) mode distortion to a greater degree (as much 35.2)
= A4 -40 than nitrite reductase-22.8, R. ~ 1.2).
30000 20000 10000 20000 15000 10000 5000 In contrast to the tetragonally distorted perturbed blue Cu
Energy (cm™) Energy (cm'1) proteins, the electronic structure in stellacyanin does not reveal

a significant rotation of the Cul.2 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
Figure 7. Absorption (A) and low-energy MCD (B) spectra of PLC to be due .to increased overlap of the His and S(Cys) pseudo-
(top), CBP (middle), andh. cycloclasteNiR (bottom) showing the orbitals with the .HOMO as a resu]t .of the more tetrahedral
altered spectral features and HOMOs associated with the increasingd®Ometry of this site. The characteristic features of tetrahedrally
tetragonalgeometric distortion depicted in panels C and D. (A) Arrows  distorted perturbed blue sites can be summarized as follows:
indicate the direction of the intensity change of the labeled absorption the ligand field transitions shift to lower energy; increases
band relative to plastocyanin. (B) Shifts higher energy of thexz + relative to plastocyanin; and little charge-transfer transition
yzband in the MCD spectra are indicated. The lowest energy band in absorption intensity attributable to the axial ligand is found at
the MCD of PLC, CB_P, a_md NiR has bee_n scaled by a faptor of 5 In" high energy.

panel (C) and (D), thick lines (white shading) represent NiR, medium 1o crystal structure of stellacyadinconfirms that, as

lines (horizontal shading) represent CBP, and thin lines (diagonal jicated by spectroscopy, the site distorts in the direction of a

shading) represent PLC. In Panel C,-€3(Cys) bond extends into the o . .
page. Panel D examines the angle between fhe-Ku—Nyss (extends more tetrahedral structure-g°) relative to plastocyanin. The

into the paper) and §—Cu—La planes. PLC and NiR data and decreased S(Cys)Cu stretching frequend}?,longer Cu-S(Cys)
HOMOs from ref 15. bond lengthi* and lower total Cys oscillator strength in the

] ) ) absorption spectrum of stellacyanin relative to plastocyanin all
increaseds and decreased overlap involving the S(Cys) p imply a weaker Ct+S(Cys) interaction resulting from a stronger
and Cu ¢y orbitals® and is a key difference from plastocya-  axjal ligand in stellacyanin relative to plastocyanin. According
nin’s classic blue site. This rotation is reflected in the increase g the argument applied to the tetragonally distorted blue Cu
of the S(Cys) pseudo-— Cu 3de-y CT transition intensity  centerd5 such a situation should induce a Jafireller distortion
(band 3) at the expense of the S(Cys)~ Cu 3dz—y CT along the~e(u) mode. Two possibilities exist to explain the
transition (see arrows in Figure 7). This rotation of the-d lack of the expected tetragonal distortion in stellacyanin despite
based HOMO also allows for appreciable mixing of axial S(Met) the stronger axial ligand field. Itis possible that the axial ligand
character into the perturbed HOMO relative to plastocyanin, fie|q strength may be stronger than that in plastocyanin, but
which also enhances methionine ligand-based charge-transfef, a5 not increased enough to induce a Jdfeller distorting
intensity (band 1). The degree to which this perturbation occurs fgrce. Alternatively, the protein could resist the Jafiieller
increases over the plastocyanin (naRes 0.1), cucumber basic  gjstortion, enforcing the tetrahedral geometry.

protein (moderateR ~ 0.6), nitrite reductase (extremB, ~ To evaluate the first of these possibilities, the relative strength
1.2) series is reflected in trends R (Figure 7A) and ligand  of the various ligands can be evaluated. The ligand strength
field transition energies (Figure 7B). o will correlate with increased charge donation from the ligand
This tetragonal distortion can reflect a Jafreller distorting to the Cu ion and increased Cu 4s/4p mixed into the ligand
force that would be present for Cu(ll) in a hypothetical
intermediate structure (structure 1 in ref 15) with a more  (47) Adman, E. T.; Godden, J. W.; Turley, .Biol. Chem1995 270,

. 27458-27474.
tetrahedral geometry resulting from a shorter-G{Met) bond (48) Tsai, L. C.; Bonander, N.; Harata, K.; Karlsson, G.; Vanngard, T.;

(2.55Ain NiRﬁ Vs 2-82 Ain PLGO).and a longer C;uS(Cys) Langer, V.; Sjolin, L.Acta Crystallogr., Sect. D: Biol. Crystallogf.996
bond (2.17 A in Ni®7 vs 2.07 A in PLQ9) relative to the 52 950-958.
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Table 5. Changes in the ADF Calculated Charge Decompositions  type A. denitrificansazurirf® with its M121Q mutar® allows
for the Cl(axial)(his) Active Sites of Blue Copper Proteins Relative  for an assessment of the effect of changing only the axial ligand.
to Plastocyanin Relative to wild-typeA. denitrificansazurin, the axial ligand

protein  Aq(cys}  Aq(axialp  Aq(Hisy  A%(4s+ 4py in M121Q is distorted by+2.9° along the~¢(u) coordinate
CBP —0.056  0.044Met] 0.010 4.8% (i.e., more tetrahedral, Figure 6C,D), as was anticipated from
NiR —0.097  0.13]Met] =~ —0.034 7.3% the spectroscopy (Figure 6A,B) and arguments presented above.
Stc —0.062 0.051GIn] 0.011 5.0%

Further, the similarity of the spectroscopic features of the
2 Change in total charge on the thiolate (protein minus plastocyanin). M121Q and stellacyanin, which have rather dissimilar secondary
> Change in total charge on the axial ligand (protein minus plastocyanin). structures, suggests that little specialized protein secondary

¢ Change in total charge on both imidazoles (protein minus plastocya- gyrcture is required to create this tetrahedrally distorted blue
nin). ¢ Change in total amount of Cu 4s and 4p character summed over

all of the axial ligand valence orbitals (protein minus plastocyanin). CU center. One possible source of rigidity toward(u)

) ) ) ) distortion lies in the planar nature of the glutamine ligand, which
orbitals. The changes in the charges on the ligated residuesqqy ces the number of degrees of freedom available to the side
and in the amount of Cu 4s/4p character mixed into the various .pain compared to the methionine side chain. The nearly

ligands in cucumber basic protein, nitrite reductase, and jjentical orientation of the Gin side chain relative to the blue
stellacyanin relative to those in plastocyanin are summarized ¢, site in the crystal structures of stellacydfiand M121G*

in Table 5. ADF density functional calculations on the gqgest that little variation in the orientation of the Gin ligand
Cy(axial)(his) approximation to these sites have been employedig nossible in comparison to the numerous axial ligand orienta-
to avgid the. added parameters of sphere radius variationyns opserved in Met containing blue Cu proteifg0.3847.50
associated with the SCFeXSW method. These results clearly  ginaly, additional interactions, potentially from hydrogen
show the increase in the Met ligand strength and decrease Nhonding in the site and/or interactions resulting from the
the Cys ligand strength a}ssociated with decreasing&ivet) carbonyl and NH groups, may also be present and serve to
bond length (and associated longer-€3(Cys) bond length)  gapilize the tetrahedral geometry observed in stellacyanin.
along the tetragonally distorted series. The corresponding values |, summary, variation in axial ligand strength will alter the
for tetrahedrally distorted stellacyanin indicate that the axial g|actronic structure of blue Cu sites. This perturbation associ-
ligand field strength in stellacyanin should be similar to that of a4 with a stronger axial bond, concomitant with decreasing

tetragor)ally dis.tor.ted cucumber bgsic protein. Because cuCUM-g(cys)-Cu bond strength, will produce a Jatieller distorting

ber basic protein is observed to distert 1.9’ along the~(u) force at the blue copper site in the Cu(ll) state. For relatively

mode, a measurable tetragonal distortion might be expected for nconstrained axial ligands this results in a tetragonal distortion

stellacyanin as well. of the site which increases in magnitude with the strength of
The expected distorting force along the(u) mode can also e axial ligand. The JahTeller induced tetragonal distortion

be assessed from the_ electronic-v_ibrational Iinear_ coupling along the~e(u) mode are exemplified along the series plasto-
term® OV/6Qy (whereV is the potential energy an@; is the cyanin < pseudoazurin< cucumber basic proteirs nitrite

normal mode of vibration), evaluated over the ground state for g crase. Since the protein rack-induced/entatic state of the
stellacyanin. - Following ref 49V/0Q for the~e(u) mode in 6 Cy site in plastocyanin involves the long axial thioether
stellacyanin is calculated to be 0.011 eV/deg, which is signifi- o449 this tetragonally distorted series of blue Cu sites can be
cantly greater than that of plastocyanin (0.002 eV/deg) yet only yhqght of as less entatié. In the case of a more constrained
~25% of the value of the hypothetical tetrahedral inter.mediate ligand, such as the axial Gn in stellacyanin, the stronger axial
structure 1 of ref 15 (vide supra) (0.046 eV/deg). This result jieraction results in a more tetrahedral site that is somewhat

also supports the assertion that stellacyanin should undergo gjestapilized by a nonzero Jahfeller distorting force in the
modest tetragonal distortion of the magnitude observed in yyigized state.

cucumber basic protein. )
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