J. Am. Chem. S0d.996,

118,11501-11514 11501

The Electronic Structure of Gu A Novel Mixed-Valence
Dinuclear Copper Electron-Transfer Center

J. A Farrar, T F. Neesé, P. Lappalainenf P. M. H. Kroneck,* M. Saraste$
W. G. Zumft," and A. J. Thomson*’

Contribution from the School of Chemical Sciences,Jdrsity of East Anglia,
Norwich NR4 7TJ, U.K., Fakultdur Biologie, Universita Konstanz,
D-78434 Konstanz, Germany, European Molecular Biology Laboratory,
D-69012 Heidelberg, Germany, and Lehrstuhl Kikrobiologie,

Université& Fridericiana, D-76128 Karlsruhe, Germany

Receied June 3, 1996

Abstract: Cua, an electron transfer center present in cytochramaidase, COX, and nitrous oxide reductase; N

OR, is a dimeric copper complex with four ligands, two cysteine thiols bridging the metal ions and two terminal
histidine residues. The center cycles between the mixed-valence state [Cu(l),Cu(ll)] and the reduced state [Cu(l),-
Cu(l)]. The EPR, optical absorption, low-temperature magnetic circular dichroism, and CD spectra of three proteins
containing the mixed-valence state of {hwave been measured between 33 000 and 5000.ciThese results point

to two forms of the chromophore, one in the enzym®R of Pseudomonas stutzelacking its catalytic center, and

also in a water soluble domain of subunit |l Baracoccus

denitrifican€0X and the other, referred to as Cuin

a site engineered into a soluble domain of subunit I of the quinol oxidaBecherichia coli An assignment of the
electronic spectrum has been made in terms of a covalent planar ca{SR3™ with a Cu-S distance of 2.2 A,

a Cu—Cu distance of 2.5 A, and a €18—Cu angle of 70. Molecular orbitals arising from five 3d orbitals on each
copper and two lone-pair thiolate orbitals on each cysteine ligand divide into three sets, four bonding (with respect
to the Cu-S interaction) orbitals at lower energy, four antibonding orbitals at higher energy, and six intermediate

nonbonding orbitals. The inversion center of the coppe

r core imposes rather strict selection rules giving rise to two

pairs of allowed electronic transitions, polarized along either th& &r the Cu-Cu axis. A delocalization energy

of ~4500 cn1?! can be estimated from the data, which is at least 1 order of magnitude larger than the vibrational
energies of the core, accounting for the stability of the class Il or delocalized mixed-valence form. Ak&gSu

in COX and NOR have essentially identical electronic structures with complete delocalization. Howeverathe Cu

site shows patrtial trapping of the valences. The close

approach2.® A, of the backbone carbonyl group of a

conserved glutamic acid residue is proposed to be responsible for this partial localizatigis e&highly covalent
planar rhomb which provides an effective path, with low reorganization energy, for electron transfer across subunit

Il from cytochromec to the cytochromea and possiblyag

Introduction

Cytochromec oxidase (COX) and nitrous oxide reductase
(N2OR) possess a novel electron storage and transfer cente
called Cw. In the case of COX this center receives electrons
from soluble cytochrome and transfers them to cytochrome
a, whereas in MOR, Cuw is believed to transfer electrons
between a cytochronand the catalytically active site at which
N2O is reduced. A wealth of spectroscopic evidence dating back
to 1962 has shown that ¢Unas a structure different from that
of the blue or type | copper electron-transfer centers exemplified
by azurin and plastocyaninl? The X-band electron paramag-
netic resonance (EPR) spectrum ofaGn COX, first recorded
by Beinert et all is a broad quasi-axial signal lacking well-
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of COX.

resolved copper hyperfine coupling. This led to the first
suggestion that Gumay be a dinuclear copper center. The

rsmall copper hyperfine coupling constant was explained by the

presence of a cysteine ligand with high copptriolate
covalence placing the unpaired electron largely on the ligand
and thus reducing coupling to the copper nuclus.

In COX the optical properties of Guare obscured in part
by intense and overlapping transitions from the two cyto-
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chromesa andas. The only absorption band which could be
assigned to Gy was a peak at~830 nm. However, low-

temperature magnetic circular dichroism (MCD) magnetization
characteristics were used to deconvolute the contribution of low-

spin heme from that of Gu# The application of a novel optical-

microwave double-resonance method confirmed the presence

of optical transitions of Cyat ~480 and 520 nm, lying below
the heme absorption MCH. The similarity between the Gu
centers in COX and pOR was first shown by a comparison of
the room-temperature MCD spectrum of@OR and the low-
temperature MCD spectrum of @ This was subsequently
confirmed by comparison with the MCD spectra ofOR
determined at low temperatute.For many years models were

Farrar et al.
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A3l The Cu-binding
including an invariant

motif contains additional residues,
cysteine residue, lying between the

based upon a mononuclear copper center although it was cleacysteine and the adjacent residue of the blue copper consensus
from EPR and MCD evidence that the center must possess moresequence, Scheme 1, to generate a consensus binding sequence
than one thiolate ligand and was electronically quite distinct of H—(X)34—C—(X)3—C—(X)3—H—(X)2—M for Cu,.242¢

from any of the structurally characterized type 1 copper sites.

A variety of water soluble proteins containing only a single

However, a bisthiolate mononuclear copper center, as observedCua center are now available. The first example wa®R
in, for example, copper substituted into the catalytic site of horse V, a form of nitrous oxide reductase prepared from a Tn5
liver alcohol dehydrogenase, did not produce the very intense insertion mutant oPseudomonas stutzevhich lacks enzymatic

bisignate MCD bands at 480 and 520 AnThe possibility

activity but does contain G323 A truncated form of subunit

that Cw is a dinuclear copper center was raised anew when Il of COX in which the transmembrane anchor helices are

Kroneck and colleagues showed thaiOR contains, in the
oxidized resting state, a Gtlike center having an EPR spectrum

missing, but in which the Gubinding site is present, has been
obtained by genetic manipulation fBaracoccus denitrifican®

similar to that of COX but with some resolved copper hyperfine Bacillus subtilis®> and Synechocystispp2¢ In addition a Cy

coupling atg,.t”*® The form of this hyperfine coupling has
been analyzed in detail at several microwave frequetfci€’s

binding site has been engineered into the blue copper proteins
amicyanin from Thiobacillus versutug® and azurin from

and has been shown to be characteristic of a single unpairedPseudomonas aerugina%a Finally a Ci binding site has been
electron interacting with two equivalent copper nuclei. This engineered into the soluble domain of subunit Il from the quinol

indicated that Cnis a mixed-valence (MV) class llIA dimé&t
in which both copper ions must be equivalent.

oxidase (QOX) ofEscherichia coli see Scheme 1 for details
of the mutagenesis, to generate the purple CyoA prééeih.

As a result of extensive sequencing of the genes of COX For brevity and clarity this engineered Cuwenter will be

from many sources, it became clear thataGies in subunit

referred to as Gaf throughout the remainder of this paper.

I1.24 Furthermore, sequence analysis showed that this subunit The availability of considerable quantities of engineered water
contains a pair of membrane-anchor helices plus a domain withsoluble protein containing the Gusite has led rapidly to

striking similarities to the cupredoxin fold of blue copper

clarification of the structure of the Gicenter. A set of studies

proteins?®> A detailed sequence comparison revealed a clear of site-directed mutant forms of Pdll (the soluble domain of

similarity in the primary structure between the A=hbinding
domains of NOR and subunit Il of COX® These results

subunit 1l of P. denitrificanscytochromec oxidase expressed
in E. coli) and CyoA showed that all the residues of the

enabled a putative copper-binding consensus sequence to beonsensus sequence H172, H215, C207, C211, and M218 are
proposed in which the relationship between the blue copper required for the binding of a pair of copper ions to give a form

center and Cy emerged; see Scheme 1.

characteristic of Cu343° Electrospray mass spectrométry

The common ligands of the single copper site in blue copper showed that a pair of copper ions are bound to the soluble
proteins are two histidine and one cysteine residues with, in domain of PdIl. The mass difference between the apo and holo
most cases, a weak further interaction between the metal ionforms of the protein implied that no exogenous ligands such as

and methionine with a long coppesulfur interaction at-2.8
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Electronic Structure of Cu

oxide, hydroxide, or sulfide were needed to generate @ Cu

center. These results, together with the evidence from EPR
spectroscopy showing that both copper ions must have equiva-
lent coordination sites, rather strictly constrained the number

of possible structures for Gu For a period of time both
terminal and bridged thiolate ligation modes were considered
by a number of different groups.

Within the last year three crystal structures of proteins
containing Cy centers have been published, namely that of
oxidized bovine heart COX at 2.8 R of P. denitrificansCOX
also at 2.8 A and finally of CyoA fromE. coli at 2.3 A witt?®
and without? the Cy* center. All three structures show a
dimeric copper site with four ligands, namely two cysteine
thiolate groups bridging a pair of copper ions each of which is
ligated by a terminal histidine residue. The resolution of the
structure is not high in the case of the two COX structures. For

the bovine heart COX the anomolous Fourier map showed a
single metal site although the peak height was too high to be

attributable to a single copper ion. The coppeopper distance

of 2.8 A must be regarded as preliminary given the resolution
of the data. The structure of the Caite in P. denitrificans
COX was refined on the basis of a dinuclear copper site with
two bridging thiolates and two terminal histidines. However,

the metrical parameters can only be quoted approximately. The

structure of purple CyoA, on the other hand, at considerably
higher resolution was the first to establish unequivocally the

bridged coordination mode. Figure 1a shows a schematic

drawing of the dinuclear copper site in purple CyoA  &un
which the metrical parameters of ref 29 are given. A projection
of the structure almost along the-S axis is given in Figure
1b. The four atoms, G&,, form a rhomb which is planar to
within 1.47. The coppercopper distance is 2.4%& 0.1 A,

the N—N axis of the pair of histidine ligands, H172 and H215,
is tilted by 10-15° from the Cu-Cu direction. One copper
atom sits 0.28 A above while the other copper atom sits 1.01 A
below the ligand plane NSlefined by C207, C217, and either
H172 or H215, respectively. A fourth atom lies almost
perpendicular to this plane; for one copper ion thea®m of
M218 lies 3.02 A from the copper and for the other metal ion
the oxygen atom of the backbone carbonyl of E209 is 2.28 A
from the copper. This contrasts with the structural evidence
from bovine heart and. denitrificansCOX, in which the 3

atom of the conserved methionine residue and the carbonyl

oxygen of the glutamic acid residue both #€.0 A from the
nearest copper ion.
The electronic structure of this novel MV dinuclear copper

J. Am. Chem. Soc., Vol. 118, No. 46, 1996503
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Figure 1. The structure of the Gd site in E. coli QOX. (a) Schematic
drawing looking along the-axis onto the Ci5, rhomb and showing

the metrical parameters. (b) View along theSaxis {-axis) showing

the spatial orientation of the copper ligands. The atom positions and
distances were taken from the X-ray crystallographic data of purple
CyoA?

cells as described previoust.Purification of the protein via inclusion
bodies and reconstitution with copper was as descfb&d.

For spectroscopic measurements the sample was exchanged on a
Sephadex G-25 column (PD10, Pharmacia) into 50 mM HEPES (pH
6.0) and then concentrated at°€6 in a Centricon 10 concentrator
(Amicon). When required, glassing agent was added after exchange
of buffer. Protein concentrations were determined using the millimolar
extinction coefficient of 48.7 mMt cm at 278 nm for the purified
Cus domain protein. This value is based on a protein concentration
determined by amino acid composition. The total copper content of
the Cuy domain was chemically measured by the biquinoline method.
The sample used in this study contained 1.8 Cu/protein. The purity of
the Cy domain protein samples was determined by polyacrylamide
gel electrophoresis in the presence of SDS using the buffer system of

thiolate center is of considerable interest. We have gathered a_aemmli#s which resulted in a single observable band.

wide range of absorption, MCD, and CD (circular dichroism)
spectra as well as EPR spectra for both,@ad Cu*, and we

P. stutzeriNitrous Oxide Reductase (NOR V). The mutant form
of nitrous oxide reductase used in this study was obtained from strain

present here a comparison of these data together with aMK402 of P. stutzeri ATCC 14405 which is defective in copper

theoretical study of the electronic energy levels of this center.

This has enabled us to propose an assignment of the electroni

spectrum. We show that the electronic structures of thg Cu
and Cu* sites are different, and we identify the likely structural
variation which gives rise to these differences.

Experimental Methods

A. Protein Purification. P. denitrificans Cun Domain Protein
(Pdll). The soluble Cn domain was expressed i coli BL21(DE3)

(40) Tsukihara, T.; Aoyama, H.; Yamashita, E.; Tomizaki, T.; Yamagu-
chi, H.; Shinzawa-Iltoh, K.; Nakashima, R.; Yaono, R.; Yoshikawa, S.
Sciencel995 269, 1069-1074.

(41) Iwata, S.; Ostermeier, C.; Ludwig, B.; Michel, Nature1995 376,
660-669.

(42) van der Oost, J.; Musacchio, A.; Pauptit, R. A.; Ceska, T. A;
Wierenga, R. K.; Saraste, M. Mol. Biol. 1993 229, 794-796.

chromophore biosynthesi$*¢ The bacterium was grown in wild type

6nediun18supplemented with kanamycin and streptomycin. The nitrous

oxide reductase was purified as for the wild type enzyfne.

Metal analysis of the purified protein was performed by atomic
absorption spectroscopy using a Varian spectrophotometer with a carbon
rod atomizer. Protein determination was by the method of LdVry.
The MK402 mutant nitrous oxide reductase used for this study contained
1.7 copper atoms per 140 kld& dimer. No other metals were present.
For spectroscopic measurements the buffer was

(43) Farrar, J. A.; Lappalainen, P.; Zumft, W. G.; Saraste, M.; Thomson,
A. J. Eur. J. Biochem 1995 232 294-303.

(44) Broman, L.; Malmstim, B. G.; Aasa, R.; Viangad, T. J. Mol.
Biol. 1962 5, 301—310.
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199Q 192 591-599.
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Chem 1951, 193 265-275.
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50 mM Tris pH 7.5, with the addition of glassing agent to 50% by that any MCD B-term intensity is negligible, as will be the case at 4.2

volume for low-temperature MCD measurements. K, then for a given band

Enzymic activity was measured by the gas chromatography assay
used for wild type nitrous oxide reductase as described in ref 18. The (_;O Avco Aécaic Vags kT
protein was inactive under this assay system. Attempts to incorporate DA e v B
additional copper were unsuccessful and did not result in observable 0 ABS €calc VmcD M8

N2O reduction. In other preparations the level of copper present has ) _ '
ranged from 1.9 to 2.2 copper per dimer, although activity was never wherekis the Boltzmann constarit,is the absolute temperatuge, is
observed? The level of copper in the mutant form is much reduced the Bohr magneton, arlis the magnetic field strength at which the

compared with the eight copper atoms per 140 k2adimer found MCD spectrum is measured. The valuesAgfy, Aeca, andecac are
for wild type P. stutzerinitrous oxide reductase, which results in those obtained from the Gaussian analysis. Thhgs2the full width
maximal observed activity/. at half-maximum height (fwhm)yags and vucp are the calculated

E. coli Quinol Oxidase Purple CyoA Protein. Site-directed energies of the band maxima for the absorbance and MCD spectra,

mutagenesis to introduce the Lwcenter into the soluble domain of ~ respectivelyecacis the band height atusfor the absorption spectrum,

subunit Il of E. coli quinol oxidase and subsequent protein purification andAecac is the band height atucp. The value ofAecaic used in the

has been described previoudh?® Metal analysis showed 1.7 mol of above expression is increased by a factor of 1.25 compared to the value

Cu/mol of proteir®® For spectroscopic measurements the buffer was obtained from the Gaussian analysis to account for the nonlinearity of

exchanged as for the Pdll protein. the MCD signal at 4.2 K ah5 T due to the onset of magnetization
B. Spectroscopic Methods. Optical SpectroscopyAbsorption (saturation), as expected fors= "/, system, due to the Boltzman

spectra were recorded using a Hitachi U4001 spectrophotometer with effect.

the sample at ambient temperature. Extinction coefficient values for ~ The oscillator strengthf,sc = 4.3€7® x area of the curve, for each

the absorption spectra are quoted on a protein concentration basis. absorbance band and the Kuhn anisotropy faetdtecadecar, the ratio
MCD spectra were measured as previously describedt low of the intensity of a transition in the CD spectrum to that in the

temperature the MCD spectrum is expected to be dominated by the absorbance spectruthhave also been calculated.

C-term intensity and is thus dependent on the concentration of the  The EPR spectra from Pdll and purple CyoA have been simulated
paramagnetic chromophate Hence, the extinction coefficients quoted,  using the program EPR. This program allows the simultaneous and
Ae = e — er (Mt cm™), refer to the concentration of the paramagnetic - independent variation of thg:tensor and any number @f-tensors as
copper chromophore present as determined by spin integration of thewell as rotation of theA-tensor relative to the-tensor.

copper EPR signal and are not normalized for the magnetic field. Low- - pegails of Semiempirical Calculations. Semiempirical INDO/S

temperature optical spectroscopy. requires the addition of a_glass_ing(intermediate neglect of differential overlap/spectroscopic parameteriza-
agent, either glycerol or 1,2-ethandiol, to 50% by volume. The integrity tion) calculation&5* on a [NHCU(SCH);CuNHg* model in C

of the protein samples in this solvent mix was monitored using both oy etry were similar to those described previoddfy. All state
optical and EPR spectroscopies. Addition of cryoprotectant did not labels refer to the point groupa, of the stripped NCUSSCUN unit.

affect the spectroscopic properties of the proteins. Integration of the Reduction of34(Cu) to 20 eV is essential. The interaction factts.

EPR signal before and after addition of glassing agent gave, within _ fugr = 0.585 andfo, = faw = 1.266 were used. and all other
rdr . popo lodo . 1

experimental error, the same percentage concentration of paramagneﬁ‘i:nteraction factors were set to unity. The restricted open shell Hartree
copper, showing the center to be unaffected by the solvent change.Fock (ROHF) formalism of ref 55 was employed. We have stéwn
For o_ptical spectroscopy in the ne_ar-infrared region of the spectrum, that spin polarization is of little importance in Gui.e. the ROHF
protein samples were exchanged into deuterateq buffer. . solution is close to the spin-unrestricted Hartr€®ck solution and is
CD spectra were recorded on samples at ambient temperature USINGperefore a suitable starting point for a configuration interaction with
the same spectrometers as for the MCD spectroscopy, namely @ JASCQjjnqie excitations from the self-consistent field (SCF) state (CIS)
J500-D spectr_ometer for the_ wavelength region-30000 nm, and a .__treatment. All transitions into and from the singly occupied molecular
laboratory-designed and -built spectrometer for the near-infrared region orbital (SOMO) were included in the configuration interaction (CI). In

out to 2000 nnt? Extinction coefficientsAe = e, — er (M~ cm™), addition, all configurations arising from excitation from the 13 highest

are quoted based on the protein concentration. doubly occupied into the five lowest unoccupied molecular orbitals
EPR Spectroscopy. EPR spectra were recorded on a Bruker ER-  (\10s) were included, leading to a total of 168 configurations.  Inclusion

200D spectrometer equipped with an X-band cavity (9.4 GHz) and an 4 ' 19 288 configurations resulted in only minor changes to the

Oxford Instruments ESR-900 helium flow cryostat. A modulation  c4jcyjated properties. With the present parameterization the ROHF-

frequency of 100 kHz and a modulation amplitude of either 0.5 or 1 g-E INDO/S method converged in typically 7@00 iterations to a

mT were used. To enable accurate simulation of the spectra andzg ground state, the next ground steés,, being within 2000 cmt.

hence calculation of theg-values, the microwave frequency and pqrthe calculation of spectra for tABs, ground state, these two low
magnetic field were measured by means of an external frequency \ving states were swapped after diagonalization of the CI matrix.

counter and gaussmeter. Spectra were recorded under nonsaturating,iico| transition intensities were calculated in the dipole length
conditions to allow quantitative determination of the EPR detectable formalisnf® including only one-center terms. The theoretical and

copper according to the method of Aasa anthigad™ using a computational methodology for calculatiggvalues and MCD C-term

copper-EDTA standard; this typically involved a temperature of 20 jensities will be fully described elsewhere. Essentially a number of

Kanda powgr.of 200 nW. . . o states (typically around 50) belonging to the lowest energy CI roots
C. Data Fitting and Simulation. To allow identification of the \ ere selected as a basis for the inclusion of sirbit coupling, again

electronic transitions, the absorption, MCD, and CD spectra of all three including only one-center terms. From the set of many electron states

proteins were fitted to a sum of Gaussian curves between 33 000 andyy, s, corrected with spirorbit coupling, the theoretical C-term

7500 cm, using the curve fitting routine in the Origin software jnensities andCyD, ratios were calculated according to Piepho and

package (Microcal). As an aid to the assignment of the optical gchat40 where

transitions, the ratio of the MCD C-term intensity to that of the optical

absorption,Co/Do, has been calculated. The ratio 6§ and Dy for (51) Kuhn, W.Trans Faraday Soc193Q 26, 293308,

each band is easily calculated from the expressions in ref 49 once the  (52) Neese, FQCPE 1995 15, 5.

experimental data have been fitted to Gaussian curves. Assuming (53) Zerner, M. C.; Loew, G. H.; Kirchner, R. F.; Mueller-Westerhoff,

U. T.J. Am Chem Soc 198Q 102, 589-599.

(48) Thomson, A. J.; Cheesman, M. R.; George, $1ethods Enzymol (54) Zerner, M. C. IrReviews in Computational Chemistriipkowitz,
1993 226, 199-231. K. B., Boyd, D. B., Eds.; VCH: Weinberg, Germany, 1990; pp 3B839.
(49) Piepho, S. B.; Schatz, P. i&roup Theory in Spectroscopy with (55) Kappl, R.; Neese, F.; Zumft, W. G.; Harmann, J.; Kroneck, P.
Applications to Magnetic Circular DichroispWiley-Interscience: New M. H. Manuscript in preparation.
York, 1983. (56) Avery, J. BThe Quantum Theory of AtonMolecules and Photons

(50) Aasa, R.; Vangad, T.J. Magn Reson 1975 19, 308-315. McGraw-Hill: London, 1972.



Electronic Structure of Cu J. Am. Chem. Soc., Vol. 118, No. 46, 19968505
C_:O(lpoﬁlp.]) = g-value

I A T T T T T T
- EZ (W e LGS W g W o | M| W 5, (W 5, M| W, L (1)
ool

Dy(Wg—W) = 1/6; [{ W oo MW, 0F

Herem s the electric dipole moment operator, dndéndS are the
operators for the total orbital and spin angular momentum, respectively.
Simulated spectra were obtained by convoluting the theoretical spectra
with a Gaussian line shape using a fwhm of 750 &mThe structural
parameters of the idealized model were as follows:—S12.22 A,
Cu—N 2.05 A, Cu-S—Cu 72, and a planar Gi%;N, frame.

Experimental Results

A. EPR Spectra. The experimental EPR spectra ofOR
V, PdIl, and purple CyoA are presented in Figure 2, spectra A,
B, and D, respectively. Integration of each of the signals yields
the spin concentration. This value was found to be 50%%6
of the total copper content for all the proteins studied in this
work, showing that the native state of both theaGund Cuy*
centers is the MV [Cu(l),Cu(ll)] state in which there is one . . \ e
unpaired electron resulting in &= 1/, ground state. 028 0.30 0.32 034 0.36

The experimental spectra are axial with > go. The Field (mT)
hyperfine splittings ofy, are extremely similar for BOR V and Figure 2. (A) EPR spectrum of bBOR V. (B) EPR spectrum of Pdll.
Pdll (Figure 2, spectra A and B), with a seven-line splitting © S_lmulated spectrum of PdIl. (D) EPR spectrum of purplz_a_CyoA.
pattern clearly being observed for both proteins. Purple CyoA (E) Simulated SpeCtru_m of purple CyoA. Measurement conditions for
(Figure 2D), on the other hand, shows a more complex splitting experimental spectra: 30 K, 200 nW power, 0.1 mT modulation.
pattern. In order to evaluate these differences, the spectra of a Wavelength (nm)
typical Cu, center in Pdll and the G center in purple CyoA 350 550 750 9501150
were simulated. The resulting spectra are presented in Figure s
2, spectra C and E, respectively. For Pghkx= 2.19,0mid =
2.03, andgmin = 1.99. The hyperfine splitting pattern @max
has been simulated with = 3.1 mT for both copper nuclei,
resulting in the now classic seven-line splitting pattern with an
intensity ratio of 1:2:3:4:3:2:181° Thus the Cy center is more
accurately described as an average valence [Cu(1.5),Cu(1.5)]
dimer than a mixed-valence [Cu(l),Cu(ll)] dimer. A hyperfine B.

12 ' \ 6

118
splitting of 3.1 mT is extremely small for copper proteins, {12
]
]

smaller even than that obtained for the blue copper proteins 06

wo | W ) 3V

such as azurin (typically¥8 mT®), and indicates a high degree v 00
of delocalization of the electron onto the copper ligatd$or \ / s 17063
purple CyoA theg-values obtained from simulation of the 10 : 12 =

spectrum ar@max = 2.20,0gmia = 2.02, andgmin = 2.00. The — : —
Omax Signal shows a more complex hyperfine splitting pattern L C. 13
than that observed in the Pdll spectrum. It has been simulated 1 (/\ g 3
M
0

with two slightly inequivalent copper nuclei with(1) = 6.8 A
IRV VA-

mT andA(2) = 5.3 mT. Thus the two copper nuclei are not in
12

ac(M7Tem™)

equivalent environments, and the degree of delocalization of

the electron onto the ligands is less pronounced for*Gian -2 9

for the Cu centers studied here and elsewhérg19.3543 0000 25000 20000 15000 10000
B. Optical Spectra. The room-temperature absorption spec-

tra, 4.2 K MCD spectra, and room-temperature CD spectra for

N2OR V, Pdll, .and. purple CyoA from 33,000 t0.7.500 c (A) RT absorbance spectrum. (B) 4.2 K MCD spectrum. (C) RT CD

are presented in Figures-3. No electronic transitions have spectrum.

been detected by low-temperature MCD between 5000 and 7500

cm~1. In order to able to assign them, all the spectra in Figures out the fitting procedure bands from both Pdil angOR V

3-5 have been subjected to Gaussian deconvolution. The\yere required to remain close in energy, but the bands from

absorption, MCD, and CD spectra were first independently fitted purple CyoA were not restrained. A maximum of 11 different

to the minimum number of Gaussian curves, keeping the fWhm 545 were identified in the region 33 000 to 7500 &miThe

to aminimum. Then the absorbance and MCD spectra for each g its of the Gaussian analysis are presented in Tables 1 and

sample were iteratively refined until the energies and fwhm for 5 ¢4, pqil and purple CyoA, respectively. Deconvolution of

a particular band were matched as closely as possible. Throughype N:OR V gave data identical to that of Pdll, and hence

(57) Shadle, S. E.; Penner-Hahn, J. E.; Schugar, H. J.; Hedman, g..they are not presented here. Simulated spectra, obtained
Hodgson, K. O.; Solomon, E. . Am Chem Soc 1993 115, 767—776. as a sum of the individual Gaussian curves, are shown plotted

Wavenumber (cm™)

Figure 3. Optical data of MNOR V from 33 000 cm* to 7500 cn1.
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Wavelength (nm)

350 550 750 9501150

Farrar et al.

Table 1. Detailed Analysis of the Optical Transitions for the LCu
Center in Pdll following Gaussian Deconvolution of the

T — T T T T Experimental Data
exptl energy oscillator exptl Kuhn anisotropy
band (cm™) FWHM strength Cy/Do factor
2 Abs: 9040 2056  0.0031
MCD: 9030 1762 —0.183
CD: 8610 1861 1.2k 10
3 Abs: 12280 3106  0.0224
MCD: 12690 2281 —0.334
s Jio & CD: 11720 3753 21 104
p 1 i3 5 CD: 15000 1810
12 i 6 105 ) 6 Abs: 16 950 3313  0.0124
—esas — 00 = MCD: 17 000 1428 0.033
NS 2], g 8 CD: 16955 1400
/ 3 1 g 9 Abs: 18580 2146  0.0159
1™ MCD: 19080 1720 1.774
CD: 19030 1982 4.94 10
10 Abs: 20940 3133  0.0427
- MCD: 20870 2155 —0.383
g 12 Abs: 25330 3500 0.0084
T MCD: 26 055 2035 0.075
- CD: 26 040 3540 3.1 1074
4 - 13 Abs: 28155 4155  0.0152
5 CD: 29800 2318 1.66:10*
1 . 1 FR— " 1 . 1

30000 25000 20000 15000 10000

Wavenumber (cm™")

Figure 4. Optical data of Pdll from 33 000 to 7500 cta (A) RT

aFor details of the calculations, see the Experimental Methods
section.

Table 2. Detailed Analysis of the Optical Transitions for the Zu

absorbance spectrum. (B) 4.2 K MCD spectrum. (C) RT CD spectrum. Center in Purple CyoA following Gaussian Deconvolution of the
Experimental Data

Wavelength (nm)

350 550 750 9501150

exptl energy

oscillator

exptl  Kuhn anisotropy

30000 25000 20000 15000 10000

-— T —— band (cm™) fwhm strength  Co/Dg factor
2 Abs: 9740 2654 0.0162
MCD: 10000 1711 —0.1651
CD: 9280 3164 7.64 104
3 ABS: 13150 4193 0.0227
MCD: 13145 2897 —0.1294
CD: 12 370 1674 1.16 104
5 CD: 15300 1575
6 Abs: 15350 2121 0.0001
. MCD: 15350 2121 0.9928
2 7 Abs: 16 450 2272 0.0071
% MCD: 116 530 1683 —0.3850
N 8 CD: 17555 1400
g 9 Abs: 18600 2631 0.0215
= MCD: 19280 2030 0.3460
CD: 19930 1982 1.5% 103
10 Abs: 21330 3198 0.0195
2 MCD: 21170 2491 —0.2118
< 11 Abs: 23980 2867 0.0082
5 0 CD: 23980 2867 3.2% 1072
St 12 Abs: 26130 3215 0.0258
- MCD: 26130 3518 0.1627
) CD: 26 790 2161 1.46c 1078
alb 12 : 13  Abs: 28450 3133 0.0422
L £ CD: 29400 2105 5.9& 104

Wavenumber (cm™)

section.

Figure 5. Optical data of purple CyoA from 33 000 to 7500 Tn
(A) RT absorbance spectrum. (B) 4.2 K MCD spectrum. (C) RT CD
spectrum.

aFor details of the calculations, see the Experimental Methods

the Cw center in these two proteins are also extremely similar.

The same number of bands with identical signs is found.
Features of note are the oppositely signed CD bands, labeled 5
and 8, which lie at energies where there is little intensity in the
absorption or the MCD spectra. In the region of the intense
absorption and MCD bands, 9 and 10, there is only one CD
active transition. Figures 3 and 4 show that the, Gites in

over the absorbance, MCD, and CD spectra of PdIl and purple
CyoA in Figures 4 and 5, together with the individual Gaussian
curves.

The data in Figures 3 and 4 are strikingly similar. The MCD
;spe(ftra are dominated by |_nt(=insg opposnelyl S|g|ned baEdS'PdII and in NOR V are virtually identical in electronic structure.
abeled 9 a“‘?' 10, and a negatively §|gned band, a_be ed 3,' ,T €Sience, the coordination geometry of the ligands which dictates
spectra are in good agrlies?ent with those obtained originally this structure must be the same. The CD spectra also reflect
from bovine heart COX:4%% Remarkably, the CD spectra of  yiq simiilarity in spite of the low degree of sequence conserva-

(58) Greenwood, C.; Thomson, A. J.; Barrett, C. P.; Peterson, J.; George, ion, apart from the metal ligands around the,Giites, in the
G. N.; Fee, J. A;; Reichardt, Ann N.Y. Acad Sci 1988 550 47—52. two proteins.
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By contrast, comparison of these two sets of data with those The crystal structure of bovine COX now enables deductions

from the Cwu* center in purple CyoA shows very substantial

to be made about the orientations of thdensor and the

differences. The positions of the major bands in the absorption polarizations of the optical transitions relative to the molecular
spectrum, 2, 3, 9, 10, and 13 in Figure 5A, are comparable to framework for the chromophores in COX. Such data are an

those from the Calcenters, Figures 3A and 4A. However, the

important aid in limiting the assignment choices.

overall intensity has decreased, and there are different intensity The crystal structures of bovine heart aRddenitrificans

ratios for the bands in the Gt spectrum, most noticably the
increased intensity of band 13 compared with that for thg Cu
centers. The MCD spectrum of the Cucenter has also

COX show that the CuCu axis of Cy lies approximately
perpendicular to the membrane pldfAé! The S-S axis lies
parallel to the membrane plane. The angle of the-Cu axis

weakened in overall intensity, and there is a more even intensitywith respect to the membrane normal cannot presently be

distribution compared with those for the £uFor example,
the major feature around 19 000 chband 9, is reduced in
intensity fromAeops= 1200 M1 cm1 in the spectrum of Pdll
t0 Aegps= 700 M~1 cm~1in the spectrum of purple CyoA, and
band 2, at around 10 000 cty is substantially increased in
the spectrum of Gaf. Despite the apparently different MCD

deduced with high accuracy given the relatively low resolution
of the X-ray structures. However, copper EXAFS of oriented
membranes of COX provides further useful information.
George et af?identified a scattering due to an interaction,-Cu
X, at approximately 2.6 A. Although X was assigned to a sulfur
atom, it is now clear from subsequent wétkn a soluble Cn

spectra, Gaussian analysis has shown that the only differencedomain fromB. subtilis that this scattering is due to the €u

is an additional band, band 7 in Figure 5B, present in the MCD Cu interaction at approximately 2.5 A. The EXAFS results on
spectrum of Cw*. The CD spectrum of Cur has gained one  oriented membranes of CGXshowed that this scattering peak
additional band, band 11, compared with those obtained for thewas highly anisotropic, being almost zero when the X-ray
Cua centers. Taken together, the spectroscopic data show thaklectric vector was polarized in the membrane plane, but having

it is likely that the Cu* center created in the soluble domain
of subunit Il fromE. coli QOX is a close, although not exact,
replica of the “true” Cy center present in COX and,8R V.

a maximum value when the vector wastdt5° to the membrane
normal. No data were reported at @ the normal. Hence,
these data are consistent with a-@Tu axis lying within a

Therefore, the structure obtained from the X-ray crystallography cone with an axis normal to the membrane plane and a half
of Cua* is used as a starting point for the analysis of both types angle of 15°.

of center.

EPR spectra at Q-band of oriented bovine heart COX

It is interesting to compare the optical data presented here membrane® established the orientation of the £g-tensor,

with the data recently obtained from the solubleaGlomain
from Thermus thermophilu€OX5°® The CD spectrum of.
thermophilusCu, domain protein has positive intensity between

in which gmax lies at an angle of 63to the membrane normal
andgmin lies in the membrane plane. This shows thalx lies
approximately perpendicular to the £ plane, thaigmi, lies

400 and 500 nm, in contrast to the CD spectra from Pdll and along the S-S axis, andgmiq lies along the CtCu direction,

N2OR V, but more like the CD spectrum of the Cucenter.
Additionally, the absorbance spectrum of thea@enter inT.

consistent with the theoretical analysis presented in ref 20.
MCD spectra of oriented membranes of C&Xwith the

thermophilusshows increased intensity in the 360 nm band, circularly polarized light beam propagating along the membrane
comparable to the spectrum obtained from the soluble domainnormal, showed no heme optical transitions. Because the heme
of Synochocystispp. COX where the magneto-optical data can rings are viewed edge-on, the heme optical transitions appear

be interpreted in terms of slight differences between the as one-dimensional or linearly polarized oscillators.

coordination geometries of the two copper iéfslt is most
likely that there is a virtually continuous variation in the degree
of equivalence of the two copper ions in the dimeriga@enter
from different sources. Thus, the £aenter in Pdll and M

Two
orthogonal components of intensity are required for significant
MCD intensity. However, the MCD spectra did reveal optical
transitions arising from Gy including the bands at 475, 525,
and 708 nm. A comparison of the intensity ratios of these bands

OR V has equivalent copper ions and is a true average-valencewith the ratios obtained from an isotropic frozen glass of Cu

site, whereas for the Gucenter in T. thermophilusand
Synochocystispp., the degree of delocalization is still high,
although the two metal ions are slightly inequivalent. In the

domain shows that the band at 475 nm is relatively weaker,
compared to the bands at 540 and 708 nm, in the spectrum
obtained from the oriented membranes; hence this band is

Cun* center the two copper ions are markedly inequivalent. The polarized along the CuCu axis.

optical, CD, MCD, and EPR spectra are clearly highly sensitive

reporters of this variation.
C. Orientation of the Cua g-Tensor and Polarization of
the Optical Transitions. There is a considerable body of

Results from MCD-detected microwave resonance at Q-band
gave similar band shapes for Cim COX with optical detection
at 475, 520, and 800 nrhand for NOR V using detection at
475, 530, and 810 nf¥ consistent with each transition having

spectroscopic evidence obtained from oriented multilayers of cOmponents polarized orthogonal to one another and to the

bovine heart COX, originating from the work of Blasie and co-
worker$! who showed that highly oriented multilayers of COX

direction of theg, axis.
In summary, these results allow us to conclude that the

could be deposited on substrates such as silica or mica. Studieg-tensor componery;, lies approximately perpendicular to the

have been reported with linearly polarized li§htwith EPR
spectroscop$? with MCD spectroscopy® and with EXAFS®3

(59) Slutter, C. E.; Sanders, D.; Wittung, P.; MalmisttdB. G.; Aasa,
R.; Richards, J. H.; Gray, H. B.; Fee, J. Biochemistryl996 35, 3387—
3395.

(60) Farrar, J. A.; Lappalainen, P.; Saraste, M.; Thomson, A. J.
Unpublished data.

(61) Blasie, J. K.; Erecinska, M.; Samuels, S.; Leigh, JB®chim
Biophys Acta 1978 501, 33—52.

(62) George, G. N. Personal communication.

(63) George, G. N.; Cramer, S. P.; Frey, T. G.; Prince, RBiBchim
Biophys Acta 1993 1142 204-252.

plane of the CfS, rhomb and that all the optical transitions are
polarized in this plane, with bands being polarized either along
the Cu--Cu or S--S direction. lItis likely that the axes of both
theg-tensor and the optical polarization tensor are tilted relative
to the plane of the Gi$, rhomb, possibly by as much as10
20°, since they are not required by symmetry to be collinear
when the nitrogen ligands and thg-carbon atoms of

(64) Blackburn, N. J.; Barr, M. E.; Woodruff, W. H.; van der Oost, J.;
de Vries, SBiochemistryl994 33, 10401-10407.

(65) Bingham, S. J. Ph.D. Thesis, University of East Anglia, Norwich,
U.K., 1993.
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A. Coordinates used for Cua
Site

1
AN

s

s

B. Copper and Sulfur Based
Molecular Orbitals

(-
Cu/S anti- s o0
bonding -
orbitals
o _X& )
Cu non-
bonding 10 1o
orbitals -
'Y 8
1bgg 18y
Cu/S L. ®.
bonding 3. 4 X‘ o0
. e A
otbitals Yol [

1byg 1bs,

Figure 6. (A) IdealizedD2, Cua center showing the axis system used
for interpretation of the optical spectra. (B) Schematic representation
of the 14 coppetsulfur-based molecular orbitals required for assign-
ment of the optical data. The MOs are labeled according to their one-
electron orbital designation.

the thiolate ligands are taken into account. A more precise
determination will only come from carrying out polarized optical

and EPR spectroscopies on oriented single crystals af Cu
centers.

Theoretical Model

A. Choice of Orbitals. The EPR properties of GuFigure
2 and discussed at length elsewh&show unequivocally that
the electron spin is distributed equally over both halves of the
MV dimer from 2 K to atleast 100 K, suggesting that there is
an element of symmetry relating the two halves., @erefore
belongs to the “class IlI” MV dimers according to the clas-
sification of Robin and Da$? In this limiting case the SCF-
MO method is expected to provide a good description of the
electronic structure of MV dimef®. Properly constructed MOs
must be either symmetric or antisymmetric with respect to this
symmetry element. The X-ray structure of £umay be
considered to show a center of inversion if only the first

Farrar et al.

interpretation of data for the Gucenter, and all relevent MOs
have been designated according to the irreducible representations
of the Do, point group. The X-ray structure of Gt shows

that the histidine residues lie on a plane which is rotated by
15° relative to the CpS, plane. This reduces the symmetry
such that the highest possible point group would®g The
effect of this reduction in symmetry ©,, will be discussed in
relation to the interpretation of the Guspectroscopic data.

The highest filled orbitals of the free thiolate ligand are
formed from a doubly degenerate set of essentially sulfur
p-orbitals which are perpendicular to the-G bond directiorf/
while a C-S o-bonding orbital lies 34 eV to lower binding
energy. In an extensive series of studies, the bonding of these
orbitals to the cupric ion in blue proteins has been clarified by
Solomon and co-workefs®-73 As shown by the work of this
group, the doubly degenerate set splits into a pseudmd a
sr-orbital with respect to the coppesulfur bond direction. In
the optical spectrum of blue proteins, the transitions from the
pseudos- and ther-orbital to the SOMO are both observed in
the visible region, while the transition from the low lying
o-orbital is predicted to occur in the far UV regi8nA similar
situation exists for the Gucenter. As shown by the INDO/S
calculations, one of the lone pairs of each thiolate ligand is
rehybridized to an splike orbital which is directed along the
S—S direction, while the other remains as an almost pure
p-orbital. As in the case of type 1 centers, transitions from the
thiolateo-orbitals to the SOMO are expected to be too high in
energy to contribute to the absorption spectrum in the visible
region.

Model studies have shown that charge transfer (CT) transi-
tions from imidazoler-orbitals to the SOMO occur in the region
around 33 000 crri with extinction coefficients of usually500
M~1 cm™! in cupric complexe$? Thus, these transitions are
unlikely to be observed in the present case, since they will be
either outside the accessible spectral range or obscured by the
much more intense transitions within theJ/Spicore. This also
excludes the CaN o-bonding orbitals from consideration in
the interpretation of the Guabsorption spectrum. Initial
calculations were performed with imidazole instead of;Nbiit
this did not change any of the principal conclusions.

Thus, the minimal model required for the interpretation of
the optical properties of Guconsists of the set of 10 copper
d-orbitals and four in-plane thiolate orbitals. Fragment orbitals
of the same symmetry species can combine which each other
to form MOs. The quantitative composition of the MOs cannot
be inferred from group theory, but requires a careful analysis
of experimental data coupled with theoretical calculations. As
has been pointed out elsewh®&& and will be emphasized
below, the degree of mixing between copper and sulfur fragment
orbitals is almost complete, whereas the nitrogen donor orbitals

(67) Guckert, J. A.; Lowery, M. D.; Solomon, E.J. Am Chem Soc
1995 117, 28172844,

(68) Solomon, E. |.; Penfield, K. W.; Wilcox, D. Btruct Bonding1983
53, 1-57.

(69) Solomon, E. I.; Baldwin, M. J.; Lowery, M. OChem Rev. 1992

coordination sphere is considered. The coordinate system giver®2 521—542.

in Figure 6 is used throughout. The idealized \Ceenter
presented in Figure 6A belongs to the point gr@p. When

(70) Solomon, E. I.; Lowery, M. DSciencel993 259 1575-1581.
(71) Solomon, E. |.; Lowery, M. D. IfThe Chemistry of Copper and
Zinc Triads Welch, A. J., Chapman, S. K., Eds.; The Royal Society of

the protein surroundings are taken into account, the symmetry Chemistry: Cambridge, England, 1993; pp-128.

of the Cwy center is undoubtly lower than this. However, the
electronic structure apparently has a high effective symmetry.
Therefore theD,, group has been used throughout for the

(66) Salahub, D. R.; Zerner, M. C. Tfhe Challenge of d and f Electrons:
Theory and ComputationSalahub, D. R., Zerner, M. C., Eds.; ACS
Symposium Series 394; American Chemical Society: Washington, DC,
1989; pp +16.

(72) Solomon, E. I.; Hemming, B. L.; Root, D. E. IBioinorganic
Chemistry of CopperKarlin, K. D., Tyeklar, Z., Eds.; Chapman & Hall:
New York, 1992; pp 3-20.

(73) Solomon, E. I.; Gewirth, A. A.; Cohen, S. L. ldnderstanding
Molecular Properties Avery, J., Dahl, J. P., Hansen, A. E., Eds.; D.
Reidel: Dordrecht, The Netherlands, 1987; pp-B38.

(74) Schugar, H. J. I€opper Coordination Chemistry: Biochemical and
Inorganic Perspecties Karlin, K. D., Zubieta, J., Eds.; Adenine Press:
New York, 1982; pp 4374.
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Table 3. Calculated Spin and Charge Distribution in the Various Excited States gf Cu

band symmetry one-electron excitation Jecu pcu Js 0s On oN

GS By - 0.118 0.181 -0.209 0.279 —0.148 0.018
1 Bau 2bp, — Shay 0.158 0.221 —0.225 0.264 —0.165 0.001
2 Ag 33— 3bs, 0.092 0.157 —-0.190 0.296 -0.160 0.006
3 Bug 2byg— 3bay 0.125 0.189 —0.213 0.274 —0.164 0.002
4 Bauy 2bz, — 3bgy 0.384 0.446 —-0.471 0.018 —-0.139 0.027
5 Ay 1a,— 3bgy 0.473 0.498 —0.489 0.001 —0.166 0.000
6 Bzg 1byg— 3hsy 0.370 0.432 —0.433 0.057 —0.165 0.001
7 Bsg 1bzg— 3bsy 0.389 0.451 —0.460 0.030 —0.162 0.004
8 By 1by,— 3hbgy 0.308 0.371 —0.383 0.106 —0.165 0.001
9 Big 1byg— 3bsy 0.350 0.414 —0.415 0.071 —0.165 0.001
10 Ay la,— 3bsy 0.389 0.451 —0.484 0.006 —0.128 0.037
11 Bsy 1hbs, — 3bsy 0.297 0.360 —-0.384 0.104 —0.158 0.008
12 Ay 28, — 3bay 0.306 0.373 —0.390 0.094 —0.153 0.014
13 Bou 1y, — 3hbyy 0.295 0.364 —-0.372 0.110 —0.165 0.001

aAll values for partial chargesgf) and spin populationspk) refer to a population analysis in the zero-differential overlap basis and were
obtained from the ROHF-INDO/S-CIS wave function.

make only small contributions (Table 3). As shown by the still a good choice of point group for analysis of the spectra
INDO/S calculations, the MOs can be conveniently subdivided since any point group which formally allows a transition to be

into three groups: a group of four orbitals which are antibonding simultaneously electric dipole and magnetic dipole allowed also
with respect to copper and sulfur, a group of four orbitals which lacks a center of inversion and would thus result in all the

are bonding with respect to copper and sulfur, and a group of transitions being present in both the CD and MCD spectra, a
six nonbonding orbitals which are essentially metal in character. situation which clearly does not exist in the experimental data
(See Figure 6B.) As we show in the following paragraphs, this of Figures 3-5.

set of 14 orbitals represents the minimum model which is

necessary for a detailed interpretation of the spectroscopicAssignment of Experimental Spectra

findings. While one would intuitively expect the nonbonding A typical way to assign the optical spectra of transition metal
orbitals to lie between the antibonding and the bonding set, the complexes is to divide them into a CT and-adiregion. Even

analysis indicates that exceptions to this expectation are possibley,ithout the high degree of covalency shown to be present in
B. Choice of Ground State. In the MV state [NiisCu(Seys)2- the Cw center, in a dimer containing a center of inversion, it
CuNyig] *, the total electron spin i¥>, and all orbitals except  might be expected that there will be 10 orbitals formed from
for the highest one are doubly occupied. The choice of ground the d-sets of the two metal ions. Five of these symmetry orbitals
state is ambiguous, and boths3tand 2b, in Figure 6 are il have even and five odd symmetry. This means that in the
plausible choices for the SOMO. Consistent with the arguments apsence of strong mixing between metal and ligand or metal
in refs 20 and 55, th&3, state was chosen as the ground state, g/p functions, there are Laporte-allowestdtransitions which
and we will show later that this choice is consistent with the ¢gn gain considerable intensity. For nonbridged MV copper
magneto-optical data. The calculated absorbance and MCDdjimers, this behavior is exemplified by the cryptate complékes.
spectra show similar qualitative features for both ground states.|n such a case it becomes difficult to use intensity arguments
However, the experimental data are easier to reconcile for agjone to assign specific transitions asaior CT. Before
“Bau ground state than for 2B, ground state. discussing the detailed spectroscopic assignments, it is interest-
C. Group Theoretical Analysis of Electric and Magnetic ing to compare the ground state charge distribution with the
Dipole Transitions. UnderD, symmetry there is a theoretical  electron and spin distributions in the various excited states. From
maximum of 10 transitions from the 13 doubly occupied MOs the data in Table 3 it can be seen that very little charge
in Figure 6 into the 3k SOMO, six of which would be electric  rearrangement occurs during optical excitation. It is clear that
dipole allowed, and hence MCD active, and four of which would  the term “charge transfer transition” is inappropriate to describe
be magnetic dipole allowed. Transitions from the SOMO to the nature of optical excitations in the gwenter. The
unoccupied orbitals or even from doubly occupied to unoccupied calculated charge for the two excited states which make up the
orbitals are not expected to be important since the reducgd Cu “purple band” B4 and?Aq (vide infra), is in fact more positive
site is colorless. Indeed, configurations of this type are found for the copper ions than for the ground st&Bg,, which means
at much higher energies in our INDO/S calculations. There is that the transitions are, if anything, metal-to-ligand CT rather
no degenerate transition which would be intrinsically allowed than ligand-to-metal CT. However, the amount of charge
in two directions. Intense MCD C-terms can only arise if a transfer is too small to justify either of these terms.
transition is allowed in two perpendicular directions. Conse-  Resonance Raman (RR) data for severah-Gontaining
quently the strong MCD C-term intensity observed experimen- proteins show that there is strong enhancement of theCu
tally must be allowed by out-of-state spiorbit coupling vibrational modes within the Guchromophore band&.”’
between states of suitable symmetry in close energetic proximity. Excitation profile data on the soluble guomain fromB.
These states are expected to be formed from strongly mixedsubtilishas shown that there is enhancement of coppalfur
copper and sulfur orbitals, in order for the spiorbit coupling vibrations throughout the optical spectrum from approximately
to be effective. Equally, in order to observe intense CD bands, - - — - .
the transitions need to be simultaneously electric dipole and Neggz]’F‘(’];\.r;rjarrr,]o.ln.qgh’MAc.K\'en%rg\; oo 1 a1 aaaarvey: - 93
magnetic dipole allowed, a situation which would only exist in (76) Andrew, C. R.; Han, J.; de Vries, S.; van der Oost, J.; Averill, B.
much lower symmetry point groups. However, it is frequently i\(.);SIE)%ehr, T. M.; Sanders-Loehr, J. Am Chem Soc 1994 116, 10805~
the C.ase.that _magn(_atlc dipole transmo_ns which g'?lln W.eak (77)'Andrew, C. R.; Lappalainen, P.; Saraste, M.; Hay, M. T.; Lu, Y.;
electric dipole intensity by some borrowing mechanism give pennison, C.; Canters, G. W.; Fee, J. A.; Slutter, C. E.; Nakamura, N.;
rise to strong CD bands. Therefore it can be arguedDhais Sanders-Loehr, J. Am Chem Soc 1995 117, 10759-10760.
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A. B. C. dipole allowed, one magnetic dipole allowed, and one forbidden
30000 transitions. These may also be expected to be intense transitions
since they are polarized in the plane of the&uhomb. These
criteria are met by bands 9 and 10, which are assigned to the
oppositely polarized electric dipole allowed transitions,gtb
3bzy and 1g — 3bz,. The INDO/S calculations would put the
y-polarized 1by — 3hbsy transition at higher energy than the
x-polarized 1§ — 3b, transition, Figure 7A. However,
reference to the oriented membrane data from COX shows that
the negative band in the MCD spectrum at approximately 21 000
cm~! must be polarized along the metahetal bond, or along
thex-axis, Figure 6. This puts the experimentally observed 1la
— 3hg, transition, Figure 7C, at higher energy in contrast to
1(no) the calculated order. The magnetic dipole allowed transition
- 1b,,— 3bs, has been calculated to lie at slightly higher energy,
Figure 7. Energy level scheme showing calculated ordering of the and thus band 13 is assigned to this transition. The fourth
states underDz, symmetry and experimentally determined band angition from this subset of orbitals, slb—~ 3bsy, is formally
Eosmons for the Cu center in Pdll. (A) Energy levels as calculated forbidden undeD,, symmetry. It is of interest to note that of
y the _INDO/S-CIS method. (B) Calculated_ energy levels after the_ the two electric dinole all dt it 9 and 10 v band
reordering of states suggested by the experimental data. (C) Experi- e _0,e ectric dipo e.a Qwe ransmtions, "?m » only gn
mentally assigned energy levels for the Ceenter in Pdil. The 9 €xhibits any magnetic dipole character. This may be ascribed
symmetry label on each state is that of the singly occupied orbital in t0 the fact that this transition, which is polarized along theSS
the relevant excited state. axis, may acquire some magnetic dipole character along the

1 76 - y-axis due to the twist of the twe-CH,—S~ bonds about this
25000 cnt! downward?® indeed there may also be enhance- axis; see Figure 1B.

ment in electronic transitions above 25 000 ¢épbut the RR
data do not extend to higher energies. This requires that, at
the very least, the bands numbered13 in the experimental

25000 -

20000 -

15000

10000

Transition Energy (cm ™)

5000
I

B

2u

C. Transitions from the Copper Nonbonding Orbitals.
Of the maximum number of six transitions from the nonbonding

spectra of Pdll Cy be assigned to transitions from the 13 Cu/ orbitals, two are formally forbidden, two are magnetic dipole

S-based MOs below the SOMO. shown in Figures 6b and 7. to &°wed, and two are electric dipole allowed. Bands 5 and 8,
the 3b, SOMO ' g ' 7~ observed with opposite signs in the CD spectrum, have very
u .

A. Transitions from the Cu/S Antibonding Orbitals. The Itlct)tlt?];ngens(;tg_ tlg|theo?a\;-vé?jsﬁqe;t:]uer?cagq glr: ;mﬁre;%“ter:ﬁg!?gﬁg
lowest energy transitions would be expected to occur within ppositely polarizeéd, magnetic dip W It

the Cu/S antibonding set of orbitals. Of these three transitions, 16\5 _13%' ?ndt %é}“f_»sm% F|zgu:;e 7.d E;y cor}traft the Klljlhfn
two will be electric dipole allowed and the third will be magnetic anisotropy factors for bands <, 5, and = are far too smal for

dipole allowed. One parameter of paramount importance for tgelseltrtz?\nsmons to '?teh n:atlgnet:c ?'.potlf alllowid; Szet Tab.lf L
the EPR and MCD properties of gus the amount of angular alculations suggest that the electric dipole allowed transition

momentum in the ground state, which is induced by sjoirbit 28 — 3bay ”0_”_‘ the nonbonding set oceurs at hlghe_r energy
coupling to electronically excited states. The most important than the transitions frpm thg Cu/S bonding orbitals, Flgur(_a A
factor which controls the amount of angular momentum in the Thus, this transition is asglgned to band 1.2' observe_d in the
z-direction is the separation between fiBe, ground state and MCD spectrum of I_Ddll. This leaves _ban_d 6 inthe expe_rlmental
the first excited state?B,.2° In the present study we have spect_rgm to be assigned to thg electric dipole allozvpdlan;ed
adjusted this separation to give a reasonable fit to the groundransition 1bg = 3bsu. According to our INDO/S calculations,
stateg-values. From simple consideratiéhan optimum value ~ Pand 6 would be interpreted as a composite band made up of
of ~3500 cnt! is obtained. This energy is too low for the 1€ 1Rg — 3bs and the formally forbidden 1§ — 3bs,
transition to be observed experimentally by the instrumentation transition. There are two mechanisms which could introduce
available to us. However, this allows the two lowest energy ©lectric dipole intensity in the latter transition. First, #iig
observed transitions, labeled 2 and 3, to be assigned to the@Nd?Bsg states are of suitable symmetry to be mixed by spin
oppositely polarized electric dipole allowed, the 3a3bs, and orbit _coupllng, and second, the c_alculatlon mpll_cates that the
the 2h,— 3h, transitions, respectively. These transitions have drop in symmetryDz, — Cj) results in a strong mixing between
acquired some magnetic dipole character and hence are alsdh€’Bigand?Bsgstates. Thus, the 1p— 3bsy transition would
observed in the CD spectra, Figures 3C and 4C. The exactPorrow intensity from two allowed transitions.

assignment is based on two pieces of information. Firstly, in ~ These assignments are summarized in Table 4. All the
experiments on oriented membranes, only one of the three majorexpected transitions within the Cu/S manifold are accounted
bands present in the MCD spectrum, that at 460 nm, decreasedor. Figure 7 compares the calculated transition energies, Figure
in relative intensity, suggesting that it is the only transition 7A, with those determined experimentally, Figure 7C, and
polarized along the CuCu (X) axis. This implies that band 3 explicitly shows the fitting of the calculated transition ener-
is polarized along the SS (y) axis. Secondly, the calculated gies required to match the experimental data, Figure 7B. Fig-
relative intensities predict the Zp— 3bs, transition to be much ure 8 shows the simulated absorbance and MCD spectra,
more intense than the @a 3b, transition. Hence, band 2 is  obtained using the energy level ordering shown in Figure 7B.

assigned to 3a— 3b,, and band 3 is assigned to:gb~> 3bs,, It is seen that there is good correspondence between the

Figure 7C. This is the reverse of the order suggested by thespectra calculated by the INDO/S method and the experimental

INDO/S method, Figure 7A. spectra. Especially, the MCD spectrum is well accounted for
B. Transitions from the Cu/S Bonding Orbitals. The in terms of the intense C-terms displayed by the major

lowest lying orbitals and hence highest energy transitions may transitions. However, two important reversals of states have
be expected to be from the Cu/S bonding orbitals to thg 3b occurred in the calculations, and they have been artificially
SOMO. From these four orbitals there will be two electric corrected in the simulation in Figure 8. As shown in the
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Table 4. Details of the Calculated Absorption and MCD Spectra, Presented in Figure 8, for a MadeSymmetry by the ROHF-INDO/
S-CIS Method

band  excited state symmetry  one-electron excitation % purity P pol fosc(calc)  fosc(0bs)  Co/Do(calc)  Cyo/Do (obs)

1 By 21y, — 3bs, 97 m.d.

2 Aq 3a3,— 3by, 88 X 0.008 00031  —0.308 -0.183

3 Bug 2byg— 3hs, 97 Y 0.105 00224  —0.180 ~0.334

4 Bau 2b3,— 3bs, 97 F

5 B 1by, — 3bs, 100 m.d.

6 Bag 1z — 3ba, 62 z 0.006 00124  —0.063 0.0330

7 Bag 1bsg— 3bs, 95 F(XY)  0.018 n.c. 0.006 n.o.

8 Ay 1a,— 3hy, 79 m.d.

9 Big 1byg— 3bs, 60 Y 0.134 0.0159 0.598 1.1774
10 Ag 1a,— 3h, 92 X 0.078 00427  —0.473 -0.383
11 Bau 1bsy — 3bs, 95 F
12 Ag 23, — 3y, 83 X 0.005 0.0084  —0.100 0.0003
13 Bau 1y, — 3bs, 77 m.d.

a Prior to the inclusion of spirorbit coupling and calculation of UV and MCD intensities, the following changes were made: (a) states 2 and
3 (Bygand A;) were swapped, and (b) states 9 and 194Ad By were swapped and were set from 17 300 and 20 95 ¢o21 000 and 19 000
cm, respectively (see Figure 7). The calculated intensities are from a calculation includingodgincoupling. ® m.d. = magnetic dipole
allowed; F= forbidden. ¢ n.o.= not observed.

Wavelength (nm) and band 7 in the MCD spectrum is assigned as the electric
40 % 800 10001200 dipole allowed 1p — 5h, transition. The magnetic dipole
20k A 2b,, allowed 3k — 5, transition remains unobserved in the
5 101g experimental CD spectrum of purple CyoA, possibly due to low
Fa intensity.
§ 101
2 . .
2 st Discussion
< L

This work has given a detailed description of the excited states
] of Cua, a MV thiolate-bridged dinuclear copper center. Two
4 200 forms of the chromophore have been studied. One form, Cu
1100 is found in the enzyme nitrous oxide reductase lacking its
0 catalytic center, and in the soluble domain of subunit |Pof
\I/ I Za denitrificans COX, and exists in a MV [Cu(l),Cu(Il)] ground
state in which the unpaired electron density is equally shared
N Ly H00 by the two copper ions, as shown by the copper hyperfine
25000 20000 15000 10000 parameters of the EPR spectra. The optical absorption, MCD,
Wavenumber (om ') and CD spectra attest to a very close structural similarity
Figure 8. Absorbanc_e an_d MCD sp_ectra calculated b_y the INDO/S- petween the Cui centers in these two enzymes in spite of
CIS method as described in subsection D of the Experimental Methods ., \qiqeraple sequence differences in the protein environment
section. Two state reversals as indicated in Figure 7B were made toOf the second coordination sphere. In the second formCu

match the experimental data, and the first excifed state was adjusted h . h b lihtly i ivalent. evident f
to 3750 cnt in order to fit the experimentaj-values. The symmetry € copper ions have become slightly inequivaient, evident irom

label on each transition in the absorbance spectrum indicates theth€ copper hyperfine coupling constants in the EPR spectrum
symmetry of the singly occupied orbital in the relevant excited state. at X-band. This partial trapping of the valences causes changes
in state energies and results in substantial redistribution of
Appendix, this reversal is not necessary to arrive at the correctintensity within the optical spectra.
description of the MCD spectrum, but is required to fit the By combining the results from absorption spectroscopy, CD
polarization information provided by the experimental data on spectroscopy, and low-temperature MCD spectroscopy of
oriented membranes. isotropic and partially oriented samples together with theoretical
D. Assignment of the Ci* Spectra. The optical spectra  simulations of the spectra, an assignment has been proposed.
of the Cwy* center are remarkably different from those ofCu ~ The analysis of the MCD spectrum of the £ahromophore
Although the symmetry of the structure, excluding consideration has relied in part on the use of a theoretical simulation based
of M218 and E209, approximates @y, the partial localization ~ on the INDO/S method, developed by Zerner and co-work-
of the copper valencies demonstrated by the EPR spectrumers?*5*8which has been extended for the calculation of MCD
implies that the center of inversion is absent. The loss of the C-term intensities and signs. The method has been tested against
center of inversion lowers the true symmetry at leagtoand the absorbance and MCD spectra of well-characterized cupric
the parity restrictions on the selection rules will be relaxed to complexes, including [CuGJ?~, with satisfactory results.
some further degree. However, taking the highest possible Previously, assignments of optical spectra using this method
symmetry of the Cs5, entity, Cop, allows assignment of the  have given encouraging results in a variety of transition metal
optical spectra. As the symmetry drops fr@g, to Can, three systems, including thioether complex&s8! hexaquo com-
formally forbidden transitions und@-y,, from the Cu/S bonding . .
orbitals, 15, ~ 3bu, and from the Cu nonbonding orbials, (72) o A4 Zemer, M Cheer Chim Aceasra S 2ues
Lhzg — 3bzy and 2k, — 3bsy, become allowed. Undé, these J.J. Am Chem Soc 1987, 109, 7025-7031.
would be 2jg — 5b,, 1by — 5h,, and 3k — 5b,, respectively. (80) Krogh-Jespersen, K.; Zhang, X. E.; Westbrook, J. D.; Fikar, R.;

iti ; i Nayak, K.; Kwik, W. L.; Potenza, J. A.; Schugar, HJJAm Chem Soc
Two of these transitions are observed in the optical spectra of 1089 111 40824001,

purple CyoA. Band 11 i.n the CD spectrum of purple QYOA is (81) Krogh-Jespersen, K.; Zhang, X.; Ding, Y.; Westbrook, J. D.;
assigned to the magnetic dipole allowed, 2b 5h, transition, Potenza, J. A.; Schugar, H. J.Am Chem Soc 1992 114, 4345-4353,

3V
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plexes’2 metalated planar macrocycl&s88 carbonyl com-
plexes?®%and amine complexéd:92 Although the method has
not previously been applied either to highly covalent MV
transition metal dimers or to the calculation of MCD spectra, a
MO model is expected to lead to a more reliable interpretation
than previous ligand field treatments which ignore covalency
and model CT transitions as pure metat-dp transition$’3:94

The results obtained in this study for the rather complex structure
of the Cw, center show that, when used in conjunction with
experimental data, a suitably parameterized model is of con-
siderable help in the assignment of experimental spectra.

The interpretation of the electronic spectra has been made in
terms of a covalent, planar core, [{£8R)]", with Cu—-S
distances of~2.2 A, a Cu-Cu distance of 2.5 A, and a Gu
S—Cu angle of 70. The 14 energy levels which arise from
five 3d-orbitals on each copper ion and two lone pair thiolate
orbitals on each cysteine ligand divide into three sets, four at
lowest energy which are bonding with respect to the-Su
interaction, and four at highest energy which are antibonding
with respect to the CuS interaction. These two sets of four
orbitals hold the key to the assignment. The third group of
orbitals are essentially copper 3d-orbitals and are nonbonding
with respect to copper and sulfur.

The apparently rather simple absorption spectrum of Su
dominated by a pair of intense transitions, bands 9 and 10, at
525 and 475 nm and a broader less intense transition, band 3
at 830 nm. All three transitions are polarized approximately
in the plane of the G185, rhomb, those at 525 and 830 nm being
polarized parallel to the-SS axis and the band at 475 nm being
polarized along the CuCu axis. Since the equivalence of the

valencies imposes a spectroscopic center of inversion on the

CwS, rhomb, all states are classified as either even (g) or odd
(u) with respect to the center, and transitions are either electric
dipole or magnetic dipole allowed. The major spectral features
may be understood by reference to Figure 9, which shows two
sets of four orbitals, bonding and antibonding with respect to
the Cu-S interactions. There are two pairs of perpendicularly
polarized electric dipole transitions, 9, 10 and 2, 3. The two
highest energy transitions, 9 and 10, are separated by only 180
cmt and give rise, via spinorbit mixing, to a pair of oppositely
signed MCD C-terms, Table 4. Coppssulfur covalence

ensures that the orbitals have a high copper character and hence

substantial spirrorbit coupling. These interactions sustain
orbital angular momentum in this pair of states and hence lead
to the characteristic MCD shape. A second pair of transitions
2 and 3, are expected within the antibonding set of orbitals

(82) Anderson, W. P.; Edwards, W. D.; Zerner, M.I@rg. Chem 1986
25, 2728-2732.

(83) Edwards, W. D.; Weiner, B.; Zerner, M. @.Phys Chem 1988
92, 6188-6197.

(84) Edwards, W. D.; Weiner, B.; Zerner, M. € Am Chem Soc 1986
108 2196-2204.

(85) Edwards, W. D.; Zerner, M. GCan J. Chem 1985 63, 1763~
1772.

(86) Loew, G. H.; Herman, Z. S.; Zerner, M. @t. J. Quantum Chem
1980 18, 481.

(87) Edwards, W. D.; Zerner, M. Gnt. J. Quantum Chem1983 23,
1407-1432.

(88) Cory, M. G.; Hirose, H.; Zerner, M. Anorg. Chem 1995 34,
2969-2979.

(89) Kotzian, M.; Rosch, N.; Schroder, H.; Zerner, M.XXAm Chem
Soc 1989 111, 7687-7696.

(90) Merz, K. M.; Hoffmann, RInorg. Chem 1988 27, 2120-2127.

(91) Shin, Y. K.; Brunschwig, B. S.; Creutz, C.; Newton, M. D.; Sutin,
N. J. Phys Chem 1996 100 1104-1110.

(92) Stavrev, K. K.; Zerner, M. Cl. Am Chem Soc 1995 117, 8684—
8685.

(93) Gerstman, B. S.; Brill, A. S1. Chem Phys 1985 82, 1212-1230.

(94) Landrum, G. A.; Ekberg, C. A.; Whittaker, J. \Biophys J. 1995
69, 674-689.
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Figure 9. Schematic to show the assignment of the four major bands
in the optical spectra of Gu

Again, because of the high covalence, these transitions have
considerable intensity and are expected to give rise to oppositely
signed C-terms. However, both carry the same sign C-term.
The influence of a significant orbital moment in the ground state
due to SOC between the ground state &Rgl, excited state,
predicted to lie at 3500 cm, gives rise to C-terms of the same
sign within these two transitiorssee Appendix for a detailed
description.

Relaxation of the selection rules is observed in the*Cu
center in which the valencies become partially trapped. Lacking
a strict center of inversion, intensity is spread throughout many
more transitions. As a result, the spectrum of€appears at
first sight to be more complex with an overall lower intensity.
However, we have demonstrated a one-to-one correspondence
between the transitions in the spectra ofaGund Cy*. The
guestion arises as to the source of the partial valence trapping
in the case of Cat. The structure of this center shows the
carbonyl oxygen atom of E209 to be within a bonding distance
of one copper ion, whereas in the case of thg €uucture in
COX, this atom is at a longer distance. Therefore it is natural
to propose that the approach of the E209 carbonyl oxygen is
responsible for the partial valence localization. The Center
can also be switched to a fully trapped state by making the
coordination site of one copper ion very different from that of

Yhe other. This has been achieved foraGo Pdll either by

removal of one of the terminal histidine residues through the
mutation H224N or by loss of H224 which occurs at high4sH.

For the delocalized Gucenter, an interesting comparison with
the theories of “resonance delocalization” or “double exchange”
mechanisms can be made now that a complete assignment of
the optical spectrum has been achieved. In phenomenological
theories of valence delocalization, two localized states combine
to form delocalized states by means of double exchange
interaction?>-100 At the point of avoided crossing of the
potential energy surfaces, the states are delocalized and the
energy separation of these two states is given by the quantity
2|B|, whereB is a measure of the delocalization energy. The
connection to a many electron model as presented here can be
made by comparing this energy to the one-electron excitation
from the symmetric to the antisymmetric orbital combination,
which in the present case is theg3a 3bg, transition occurring
at~9000 cnt’. Thus, we arrive at an estimate of 4500 ¢dm

(95) Piepho, S. B.; Krausz, E. R.; Schatz, PJNAm Chem Soc 1978
100, 2996-3005.

(96) Schatz, P. N. IMixed Valence CompoundBrown, R. D., Ed.; D.
Reidel: Dordrecht, The Netherlands, 1980; pp 4150.

(97) Wong, K. Y.; Schatz, P. N.; Piepho, S. BAm Chem Soc 1979
101, 2793-2803.

(98) Anderson, P. W.; Hasegawa, Phys Rev. 1955 100, 675-681.

(99) Zhang, L. T.; Ko, J.; Ondrechen, M. J. Am Chem Soc 1987,
109 1666-1671.

(100) For a review, see: Blondin, G.; Giererd, JGhem Rev. 199Q
90, 1359-1376.
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for the absolute value @&. This is at least 1 order of magnitude
larger than the energy of the vibrations of the.§icore (shown

The plane of the rhomb sits almost vertically above hemes
and az in COX in the membrane. The electron donor,
to be of the order of 400 cnt by RR spectroscog$), which cytochrome, is thought to dock with subunit 11 at sites adjacent
would favor localization by means of vibronic coupliffy.  to the copper centéP® The [CubS;] rhomb hence provides an
Hence, the strong intersite interaction due to the dithiolate effective pathway for an electron across subunit Il toward hemes
bridges must be responsible for the valence delocalization ina and az. At present the evidence points to Cwas a

Cua. ltis of interest to compare the Guhiolate-bridged MV
dimer with the iron-sulfur clusters in which a delocalized Fe-
(INFe(lll) pair of maximal spin exists. A minimum value for

one-electron storage reagent in COX. However, bacterial
quinone oxidases have remarkable sequence and hence structural
homology with COX. The quinol can donate two electrons via

B of 1200 cnt! has been suggested for electron delocalization a semiguinone form which is unstable with respect to its
to occur, and theoretical calculation gives values of between oxidized and reduced states. There is a formal similarity

2000 and 4500 cmi for the delocalization energy?!

between the three oxidation states ofaC[Cu(l)/Cu(l)], [Cu-

Copper ions coordinated by a set of thiolate ligands, as for (I)/Cu(Il)], and [Cu(ll)/Cu(Il)], and the three oxidation states

example in the case of copper metallothionein in which the

of quinol, QH,, semiquinone, SQ, and quinone, Q. It remains

copper is coordinated by up to three bridged and terminal to be shown under circumstances of turnover how many

thiolate groups, are held in thel oxidation state. No reversible
oxidation of Cu(l) in metallothionein has been reported.
Mononuclear copper(ll) thiolate and bisthiolate coordination is

electrons Cn can donate to the cytochromes of COX.
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site103.104 Copper-copper distances varying between 2.613 and

3.019 A were reported, depending on the 2,9-substituents.

However, this complex exists in the [Cu(l),Cu(l)] form and can
only be irreversibly oxidized. The strong field ligand coordina-
tion may account for this. A more recent report is of a dinuclear
copper complex with a pair of thiolate bridges and terminal
coordination by diazoalkyl bridges, with a €Cu distance of
2.93 A. This complex generates two voltametric waves%00
and-+350 mV in methanol, although the reduction is irreversible
and the oxidation is reversible only at high scan rafes.

The relative orbital energies proposed here and else##tére
show that the odd electron of the MV form of £is in an
orbital which is strongly antibonding with respect to the copper
thiolate interaction. Hence, this implies that the orbitals shown
in Figure 6B are not primarily responsible for the stability of

the complex, and in the fully reduced form, they are even less

so. Hence, low-lying thiolate 3d-orbitals and empty copper 4s-
and 4p-orbitals must play a role in stabilf1% The near
planarity of the CuS,N2 unit may be an important requirement
for the reversibility of the [Cu(l),Cu()]J/[Cu(ll),Cu(l)] couple.
The [Cw(SR)] unit is appropriate to serve as an electron
transfer center in biology. The [G&)] rhomb is highly

covalent. An electron added to the unit is delocalized over at

least four atoms so the reorganization energy will be 18wv.
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oriented membranes of COX prior to publication.

Appendix

A striking feature of the assignment developed in the present
paper is the fact that there are two pairs of transitions with
symmetries By — B3, and Ay — Bay and polarized along the
x- andy-axes, respectively. However, one pair (bands 9 and
10) is associated with oppositely signed MCD C-terms, while
the second pair (bands 2 and 3) shows negative MCD C-terms
for both transitions. In this Appendix a simple mathematical
treatment is developed to account for the observed behavior.

We consider four states of symmetries,, B, Ag, and By
These states are coupled by theomponent of the spinorbit
coupling (SOC) operator

B, +Hgg "By, + = —il)
BA g+ Hsol Byt 0= —il

Since SOC only connects states of like parity, eack 4
matrix reduces to 2x 2 matrices which are readily solved.
Within each pair of states the Hamiltonian has the appearance

e

iL'
wherelL is the effective spir-orbit coupling andA is the state
separation in the zero-SOC limit. We can redefih¢o be in

units of A and write
(0 —iL
H= (iL 1 )

whereL = L'/A. The eigenstates are

(108) Lappalainen, P.; Watmough, N. J.; Greenwood, C.; Saraste, M.
Biochemistryl995 34, 5824-5830.



11514 J. Am. Chem. Soc., Vol. 118, No. 46, 1996
|0'C= ia|OH b|10
|1'C= ic|0H d|10

where

V2 (1)

T2
\/ 14+4L2 + v/ 14412

b=+2 L
\/ 1+4L2 + v/ 14412
V2 (1-V1+4
2

Vit+a? - Viral?

d=+2 L
Vi++42 — V1+a2

Thus, the spirorbit-corrected ground state is written as
1By, +' 0= i) *By,+H 1By, 0

1°By,—' = —ia|*By,—[H BI°By,— 0

Farrar et al.

BByt IM°By g+ = g (ay'my + B6'm)) +
ie(—ad'm, + fy'm)
The transition moments for the spin-down transitions are the

complex conjugate of this. Inserting into the general equation
for Co, €q 1, we find

éO(B3u_>Ag) = 1/3922{ Va[azrnxn’k/ - ﬂznﬁm}] +
aplo’mm, — y’mum]}

Co(Bg =By = gl 304 7'5'[(12”&'"@ - ﬂzm;n’(/] +
ap[o*mm, — y“mm}

Each of the C-terms have four contributions: (a)
YsgyooPmum,—for appreciable excited state spiorbit cou-
pling, this is expected to be the leading term and is the only
nonzero term in the absence of SOC with the ground state. The
latter is very limited given the orbital component of the
experimental g-values, |L;] ~ 0.2. This termmust give
oppositely signed C-terms for the two transitions because
= —y'0'. (b) Ysgyof?mam,—this term should always be
much smaller than the first term sine@> 2. It may therefore
be neglected in the discussion. In the limit of very effective
excited state spinorbit coupling (es-SOC), the transitions are
expected to have larg8y/Dy values which approacty2. (c)
Y908y’ mm, and (d) “/;goB6°mm—ground state SOC is
required in order fon5 to be nonzero. The relative magnitude

and the components of the two spin-orbit-corrected excited statesy¢ ihe terms depends on the details of the es-SOC. When es-

are
2 ] s o2 2
|"Agt' U= iy |"AgLH 01"B g0
PAg—'O= —iy|*A—H 0/°By,—0
2 Y "2
I'Bigt = iy ["AgHO' "B g+ 0
?Byg—' 0= —iy’Ay—0H 0'°By— 0
Defining
[B3u+|m|Ag+D= em,
[B,,tmB,;+L=em,
B, +IMA,+L= em,
(B, +ImByg+L= em,
the transition dipole matrix elements become:

BB+ IMPA+ O= g (aym, + Bom)) +
ie,(—adm, + Sym()

SOC is zerol(; — 0), y2— 1 andd'2— 1. The relative C-term
signs then depend on the relative signs of the transition moment
productsmm andmm. Forequalsigns ofmm the C-terms

are opposite, and farnequalsigns the C-terms are equal and
may both be negative or positive. Furthermore, in this limit of
zero es-SOC, these terms are expected to be dominant and to
govern the overall signs of the C-terms. In this limit the
transitions are expected to hav@/Dy values which are
significantly smaller than 1.

We conclude that the origin of the oppositely signed C-terms
in the purple band (bands 9 and 10) is excited state near
degeneracy leading to a very effective excited state-spihit
coupling (Lz| > 0.25). On the other hand the two equally
signed C-terms in bands 2 and 3 are due to reduction in excited
state SOC caused by an energy state separation which is
significantly larger than the effective SOC constant. The latter
may also be reduced from the free ion value by extensive
covalence. Thus, an excited state splitting of 3000 twr
more is apparently sufficient to reduce the es-SOC sufficiently
to bring the pair of transitions into the regime where the ground
state spir-orbit coupling determines the C-term behavior. In
order to have the two transitions with equal sign of C-term, it
is required that the signs of the transition moment products are

unequal fnm{/mm, < 0).
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