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Abstract: Using a combination of electronic spectroscopies, electronic structural descriptions have been
developed for a series of binuclear £type centers irBacillus subtilisCcO and engineered into the blue
copper proteing®seudomonas aeruginosaurin andThiobacillusversutusamicyanin. Parallel descriptions

are developed for two structurally characterized mixed-valence (MV) and homovalent (11,11) synthetic copper
thiolate dimers. Assignment of the excited-state spectral features allows the electronic structurgsuod Cu

the MV model to be understood and compared in relation to their copper coordination environments. These

electronic structural descriptions are supported by

SGFSXV MO calculations, which are used to test

systematically the effects of major structural perturbations linking the MV model geometry to that ofitCu

is determined that both GtCu compression and removal of the axial ligands are critical determinants of the
orbital ground state in these dimers. The weakened axial interactionsinfgear to parallel the mechanism

for protein control of electron transfer (ET) function observed in blue copper centers. The major geometric
and electronic features of Guincluding metat-ligand covalency, redox potentials, reorganization energies,
valence delocalization, and the weakened axial bonding interactions, are discussed in relation to its ET function,
and specific potential ET pathways are identified and compared.

Introduction

Cytochromec oxidase (€O) is the terminal aerobic respira-
tion enzyme, coupling the catalytic four-electron reduction O
— 2H,0 to transmembrane proton pumping and long-range
electron transfer (ET}2 The catalytic active site is a heme
Cu pair, while a second heme and an additional copper site,
Cua, serve as ET intermediaries between cytochrorard the
catalytic active site. Nitrous oxide reductase@WR) is the ter-
minal denitrification enzyme, reducing,® to N, + H»O, and
is also coupled to long-range ET. Early spectroscopic and

Copper thiolate centers are ubiquitous in biological ET. The
vast majority of the known CuS(Cys) active sites are members
of the mononuclear blue-copper family, characterized by their
low-energy S(Cys)— Cu charge-transfer (CT) transitions.
Although early spectroscopic studies implicated—<3{Cys)
bonding in the Cy site, its EPR and MCD spectroscopies
indicated that Cp is not a blue copper centér? The recent
confirmation that the Cu site is binuclear, containing an
extremely short CtCu separation$2.44 A)12-16 has imparted

(7) Vangard, T. InCopper ProteinsSwartz, H. M., Bolton, J. R., Borg,

biochemical comparisons recognized the presence of a Cu ETp. c., Eds.; Wiley & Sons: New York, 1972; pp 43247.

site in NbOR that is very similar to the Gusite in GcO3~® and,
in particular, that both involve highly covalent €%(Cys)
bonding interaction$: 1!

T Stanford University.

* University of lllinois.

§ University of Minnesota.

U Technical University Delft.

I'Leiden University.

(1) Babcock, G. T.; Wiksthm, M. Nature 1992 356, 301—-307.

(2) Chan, S. I.; Li, P. MBiochemistry199Q 29, 1-12.

(3) Kroneck, P. M. H.; Antholine, W. E.; Riester, J.; Zumft, W.IEEBS
Lett. 1988 242 70-74.

(4) Scott, R. A.; Zumft, W. G.; Coyle, C. L.; Dooley, D. NProc. Natl.
Acad. Sci. U.S.A1989 86, 4082-4086.

(5) Antholine, W. E.; Kastrau, D. H. W.; Steffens, G. C. M.; Buse, G.;
Zumft, W. G.; Kroneck, P. M. HEur. J. Biocheml992 209, 875-881.

(6) Zumft, W. G.; Dreusch, A.; Loechelt, S.; Cuypers, H.; Friedrich, B.;
Schneider, BEur. J. Biochem1992 208 31—-40.

S0002-7863(97)03161-2 CCC: $15.00

(8) Peisach, J.; Blumberg, W. Rrch. Biochim. Biophys1974 165,
691-708.

(9) Greenwood, C.; Hill, B. C.; Barber, D.; Eglinton, D. G.; Thomson,
A. J. Biochem. J1983 215, 303—-316.

(10) Hoffman, B. M.; Roberts, J. E.; Swanson, M.; Speck, S. H.;
Margoliash, EProc. Natl. Acad. Sci. U.S.A98Q 77, 1452-1456.

(11) Stevens, T. H.; Martin, C. T.; Wang, H.; Brudvig, G. W.; Scholes,
C. P.; Chan, S. 1J. Biol. Chem1982 257, 12106-12113.

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

(13) Blackburn, N. J.; de Vries, S.; Barr, M. E.; Houser, R. P.; Tolman,
W. B.; Sanders, D.; Fee, J. A. Am. Chem. S0d.997 119 6135-6143.

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

(15) Tsukihara, T.; Aoyama, H.; Yamashita, E.; Tomizaki, T.; Yamagu-
chi, H.; Shinzawa-Itoh, K.; Nakashima, R.; Yaono, R.; Yoshikawa, S.
Sciencel996 272, 1136-1144.

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

© 1998 American Chemical Society

Published on Web 05/15/1998



Spectroscopy of Mixed-Valence £Type Centers
Chart 1

Mixed-Valence (MV)
Model

B

Homovalent (11,11)
Model

C

significant momentum toward understanding its unique spec-
troscopic characteristics.

Previous studies of the Glcenters in €O and NOR have
described the geometric properties of this site. Through a
combination of EXAFS?213 X-ray crystallography*-1¢ Ra-
man}’ and biochemical studié$;?2the C site is now known
to be comprised of two Cu ions bridged by two S(Cys) atoms
with two N(His) ligands, as illustrated in Chart 1A;16 EPR
studies indicate a high degree of similarity between the two Cu
ions, implicating a pseudo-inversion center in the dimer.
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density on the two different N(His) ligands, yielding a total of
~4% N(His) character in the HOM&. Paramagnetic NMR
studies support this notion of inequivalent His ligands tOC
Cua.2%30 ENDOR studies on BDR Cu, suggest~4% N(His)
character on at least one N(H#&).Quantitative simulation of
the NbOR Cuy, EPR spectra has led to a description of the half-
occupied HOMO orbital as a highly covalent MO having4%
total electron density shared between the Cu ions a6€0%
total electron density on the two S(Cys) ligarfdsS K-edge
X-ray absorption experiments on £ from Bacillus subtilis
CcO, which measure this covalency directly, indicatet28%
total S character in the half-occupied HOM®.In a Dy,
approximation of the Cusite (i.e., NCuSSCuN), azhdimer
orbital, proposed to be the HOMO, was calculated by UHF
INDO/S to be 36% Cu and 56% S in characterOn the basis

of these calculations, B,, MO diagram was proposed which,
in particular, provided an explanation for the characteristic twin
S—Cu CT features observed in absorption and MCD spectra at
~20 000 cnt1.3234 Similar CNDO calculations predict a low-
symmetry HOMO ¢42% Cu,~42% S), described as alternat-
ing o* and 7* Cu—S bonding interactions through the four-
membered Ci8; ring 33

Resonance Raman spectra show enhancement of a large number A major advance in the study of Gdype centers has been

of core vibrational modé$2324and indicate that the effective
site symmetry of the chromophore is no higher t@anDetailed
analysis of the vibrational data suggests that the-R(His)
bonds are both removed40° from the Cu-Cu axisl? while
in the crystallographic results, shown in Chart 1A, these angles
are~10—20°. X-ray crystallographic studies place the axial
ligands (one methionine sulfur, S(Met), and one amide oxygen
of the glutamate, O(Glu)) between2.2 and 3.0 A from the
Cu ions!*~16 while there is no evidence for their presence in
the EXAFS datd3

The Cuw electronic structure has been studied using comple-
mentary theoretical and experimental approadh&’s?+36 EN-
DOR studies of €O Cus1011.2528 show ~3% and~1% spin
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allowed by the isolation and expression of soluble domain
CcO fragments fronB. subtilis®® Paracoccus denitrifican®
Thermus thermophiloi® and the Cy-containing NORV
mutant fromPseudomonas stutzéfi These systems permit the
study of Cu in the absence of the other transition-metal centers
found in the holoprotein. A great deal of insight into the
geometric and electronic structural properties of thg @wtif

has also been gained from the construction of model systems.
A particularly valuable dithiolate-bridged mixed-valence syn-
thetic dimer (MV, Chart 1B) that closely reproduces the
coordination environment, oxidation state, and valence delo-
calization of the Cp site has been crystallographically char-
acterized? As with Cu,, the observation of a seven-line
hyperfine splitting pattern in the EPR spectrum of this model
indicates a highly delocalized HOMO wavefunction. Absorp-
tion intensity at~20 000 cnt?l, which is so dominant in Gu
spectra, has diminished by a factor of 4, however, suggesting
significant differences in electronic structure. A2ype centers
engineered into proteins containing cupredoxin-like folds also
provide a series of perturbed £sites for systematic study.
Two constructs have been engineered into blue copper proteins
(azurirf® and amicyaniff), and these reproduce the wild-type

(32) Neese, F.; Zumft, W. G.; Antholine, W. E.; Kroneck, P. M. H.
Am. Chem. Socd996 118 8692-8699.
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Cua structural and/or spectroscopic features well. A third, 2400 grooves/mm holographic gratings, equipped with a Princeton
engineered into the vacant quinol oxidase cupredoxin-like fold Instruments back-illuminated CCD detector. Scattering resolution was

(referred to as PCyoA¥*6 shows significantly perturbed

~2 cmt at all excitation energies. Anaerobic powdered and solution

spectral features that have been interpreted as resulting fromSamples were spun in sealed quartz capillary or EPR tubes cooled to

partial valence localization due to a strong axial interaction
between the O(Glu) and one copper (8D(Glu) ~ 2.28 A)34

In this study, excited-state spectroscopic techniques are use
to compare the bonding characteristics of the-Bipe centers
from B. subtilisCcO, azurin, and amicyanin to those of the MV
model and a homovalent (I1,1l) analogtigChart 1C). The
major focus of this study is the comparison of the electronic
structure descriptions of these systems in light of the structural
perturbations that relate the £and MV model structures, in
particular the weakened axial interactions and-Cu compres-
sion. Particular attention is given to understanding the origin
of the large differences we find in the HOMO character between
these two systems. The deeper understanding afd@ading

gained from this comparison is then applied toward understand-

ing its contributions to ET function.

Experimental Section

Sample Preparation. Samples of the wild-type Gucenter from
B. subtilisCcO,® the engineered Gutype constructs engineered into
Pseudomonas aeruginosaurirf® and Thiobacillus versutusamicya-
nin,* and the synthetic mixed-valence (f{te°€u),] )*2 and homova-
lent ([(L'P22erEu),]2M)*” models were prepared as described previously.
Electronic Absorption and MCD Spectroscopies. Low-temper-

ature absorption data were collected on a Cary-17 spectrophotometer
using a Janis Research Super Vari-Temp cryogenic dewar mounted in
the optical path. MCD measurements were performed on Jasco J500

(UVNis/NIR, S1 and S20 PMT detection) and J200 (NIR, InSb
detection) CD spectropolarimeters with sample compartments modified
to accommodate Oxford Instruments SM4-6T and -7T cryogenic
superconducting magneto-optical dewars. Samples-bfmM B.
subtilis, azurin, and amicyanin Gecontaining protein fragments were
diluted with glycerolds (~50% v:v) and injected into sample cells
comprised of two quartz disks separated by a Viton O-ring spacer.
Similarly, frozen solution (glass) samples of the synthetic dimers were
prepared by dissolving the samples anaerobically in rigorously deoxy-
genated solvent mixtures of either 8:1 MeOH/EtOH or 1:1 propionitrile/
butyronitrile, injecting these solutions into Viton O-ring cells, and
rapidly freezing the samples. Solid samples (mulls) for absorption and
MCD consisted of suspensions of powdered sample in poly(dimeth-
ylsiloxane) or Fluorolube mulling agent held between quartz disks.
MCD samples were checked for depolarization effects prior to each
experiment by monitoring the CD signal of a nickel)¢tartrate solution

placed before and after the sample compartment. All samples used

for collection of the data presented displayed negligible5%)
depolarization effects at liquid helium temperatures. The M&D

~120 K using a nitrogen gas flow system. Profile intensities of Raman
scattering peaks were determined relative to the 230 ére peak in

(grotein samples, the 983.6-ciscattering peak of ¥SQ, in solid

amples, and the-450-cnt? solvent peak in MeOH solution.

Electronic Structure Calculations. The 1982 QCPE package for
self-consistent field-¥-scattered wave (SCFexSW) calculation®?
was implemented on IBM 3BT-RS/6000 computers. The atomic
exchange parameters, were determined by the method of Schwé#tz.
Inter- and outer-sphere values were the valence-electron-weighted
average of the atomia. values. The atomic sphere radii used here
were those previously calibrated to reproduce the experimgntdlies
of plastocyanirt® Cu, 2.95 b; S(thiolate), 2.50 b; C, 1.80 b; N, 1.90 b;
H, 1.17 b (1 bohr (b} 0.529 A). In all calculations, N(His or amine)
ligands were approximated by NHS(Cys or thiolate) ligands were
approximated by SCH, and the Cu-Cu direction defines thg-axis.
When included in the calculations, methionine was approximated by
dimethyl thioether (HCSCH;) usirg a S sphere radius of 2.30 b, and
the backbone amide oxygen of glutamate was approximated by
formaldehyde (HCO), with an O sphere radius of 1.37 kdsan C radius
of 1.60 b. For charged complexes, a Watson sphere was included whose
radius was equal to the outer sphere and whose charge was opposite to
that of the complex. Complete coordinates and parameters used for
all calculations discussed in the text are included in the Supporting
Information. Calculations were considered to be converged when the
change in potential between subsequent iterations fell belewl0*
Ry, typically in 400-500 iterations.

An idealized model for the Guactive site was constructed using
Cu—Cu, Cu=S, and Cu-N radial distances obtained from EXAFS
experiment®13and the orientations of N(His) and?Cys) relative to

the CuS; core approximated from those observed in X-ray crystal-
lographic studie$**® To increase computational throughpGt,sym-
metry was imposed. The SGHprotons approximately occupy the
positions expected for the tw&methylene protons and“Gn the Cu,
crystal structures. No axial ligands were included in this model. Lifting
the Ci symmetry constraint, calculations were also performed using
the C, crystallographic coordinates of @urom beef heart €O
deposited in the Protein Data B&AR! (10CC), both with (Ce-S(Met)

= 2.48 A; Cu-O(Glu) = 2.19 A) and without axial ligands. To
calculate the electronic structures of the MV and Il,Il models, the
crystallographic coordinates for the Cu, N, and S atoms in these
complexes were used. The MV model is rigorou€lysymmetrics?
while the II,Il model hasC, symmetry.

Results

Cua-Type Centers. (A) Electronic Absorption, MCD, and
CD Spectroscopies. Figure 1 shows the low-temperature

values reported were obtained by scaling the low-temperature absorptionabsorption, MCD, and room-temperature CD spectra of the wild-
and MCD intensities measured on the same sample to the sample’stype B. subtilis engineered azurin, and engineered amicyanin

room-temperature absorptie(max) value.
Vibrational and Resonance Raman Spectroscopy.Resonance

Cus centers between 4000 and 32 000 ém The 5 K
absorption spectra of all three centers are dominated by three

Raman spectra were obtained using continuous wave (CW) excitationintense features at13 400 cnv! (band 3),~19 000 (band 6),

from Kr* (Coherent I190K) and Ar (Coherent 118UV and CR18) ion
laser sources. Incident power in the range~&—25 mW was used

and ~21 000 cm?! (band 7), with several additional weaker

in a~135 backscattering arrangement. Scattering was measured Using  (48) (a) Cook, M.; Case, D. AQCPE 1991, 23 465. (b) Schwartz, K.

a SPEX model 1877 CP triple monochromator with 1200, 1800, and

(43) Hay, M.; Richards, J.; Lu, YProc Natl. Acad. Sci. U.S.A996
93, 461-464.

(44) Dennison, C.; Vijgenboom, E.; de Vries, S.; van der Oost, J.; Canters,
G. W. FEBS Lett.1995 365 92—94.

(45) van der Oost, J.; Lappalainen, P.; Musacchio, A.; Warne, A.;
Lemieux, L.; Rumbley, J.; Gennis, J. B.; Aasa, R.; Pascher, T.; Malmstro
B. G.; Saraste, MEMBO J.1992 11, 3209.

(46) Wilmanns, M.; Lappalainen, P.; Kelly, M.; Sauer-Eriksson, E.;
Saraste, MProc. Natl. Acad. Sci. U.S.A995 92, 11955-11959.

(47) Houser, R. P.; Halfen, J. A;; Young, V. G., Jr.; Blackburn, N. J,;
Tolman, W. B.J. Am. Chem. Sod.995 117, 10745-10746.

Phys. Re. B 1972 5, 2466-2468.

(49) Gewirth, A. A.; Solomon, E. U. Am. Chem. S04988 110, 3811~
3819.

(50) Abola, E. E.; Bernstein, F. C.; Bryant, S. H.; Koetzle, T. F.; Weng,
J. InCrystallographic Databasesinformation Content, Software Systems,
Scientific ApplicationsAllen, F. H., Bergerhoff, G., Sievers, R., Eds.; Data
Commission of the International Union of Crystallography: Bonn, 1987;
pp 107132.

(51) Bernstein, F. C.; Koetzle, T. F.; Williams, G. J. B.; E. F. Meyer, J,;
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MV structures were used.
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Figure 1. Low-temperature absorption (solid), MCD (sofidcircle), 32000 28000 24000 20000 16000 12000 8000 4000
and room-temperature CD (dashed) spectra of (A) wild-typg f@am Energy (cm'!)

B. subtilis (B) azurin Cy construct, and (C) amicyanin @onstruct. ) o ) )
Figure 2. ~120 K resonance Raman excitation profiles of,Gites:

features also observable both to lower and higher energies. In(®) Wild-type fromB. subtilis (b) azurin construct, and (c) amicyanin
this range, the MCD and CD spectra reveal at least 10 transitionsconStrUCt'
that are numbered in Figure 1 and parametrized in Table S1absorption and MCD features (bandsg) are observed between
(Supporting Information). The similarities between the spectra 4000 and 20 000 cmt and summarized in Table S2 (Supporting
in Figure 1 confirm that the engineered azurin and amicyanin Information). These features all occt#1400 cnt? higher in
Cua-type centers are excellent reproductions of the wild-type energy in frozen solution than in the solid state, indicative of a
Cua, in contrast with the previously reported purple Cy#A,  slight geometric change upon solvation. The near-IR regions
therefore allowing differences to be treated as perturbations overof both samples are dominated by an intense absorption feature
a series of nearly identical structures. (band 1) associated with an intense negative MCD feature.
(B) Resonance Raman SpectroscopyResonance Raman (i) Resonance Raman SpectroscopyFigure 4 (inset) shows
vibrational spectra obtained for the three Gzenters studied  the resonance Raman vibrational spectrum of the MV model
were identical to those previously reported for these sites (datacomplex obtained with excitation at 647 nm. Similar spectra
not shown?® These spectra are all dominated by340-cnt? are obtained using other excitation wavelengths. A series of
peak {4), with additional peaks at+260 (z) and~270 cnt? vibrations is observed betweerl30 and 400 cmt, the most
(v3) and a low-frequency peak at130 cnt?! (v1). Resonance intense of which occurs at302 cnt. Figure 4 shows the in-
Raman excitation profiles for these Luenters are presented tensity of the 302-cm'! peak as a function of excitation wave-
in Figure 2 for the~340- and~130-cnT? scattering intensities.  length and reveals sizable resonance Raman intensity enhance-
The ~260-cnm! peak remains approximately twice as intense ment with excitation energies greater thar20 000 cnt?,
as that at~270 cn1! at every excitation energy, and only their coinciding with absorption from bands 6 and 7, and relatively
averaged profile intensities are shown in Figure 2 for clarity. little resonance enhancement at energies bel@® 000 cnr?
For each Cp center, the excitation profiles of the260-,~270-, (bands 2-5). Unfortunately, the enhancement behavior result-
and ~340-cnt?! vibrations all behave similarly and roughly ing from excitation into band 1 was experimentally inaccessible.
follow the absorption spectrum, while the excitation profile of (B) Homovalent (ll,11) Model. Figure 5 presents the low-
the ~130-cnm! mode differs radically, having its most intense temperature solid-state absorption (Figure 5a) and MCD (Figure
enhancement under band 3 (Figure 2). 5b) spectra of the Il,1l model. The spectral features observed
Models. (A) Mixed-Valence Model. (i) Absorption and in this complex are similar to those observed for the MV model
MCD Spectroscopy. Figure 3 presents the low-temperature (also shown, on the same scale), with the dramatic exception
absorption and MCD spectra of the MV model both in the solid of the intense near-IR feature (band 1). VTVH MCD intensity
state (Figure 3a) and in a frozen solution (Figure 3b). Five measurements on this sample revealSas 1 ground stat&®
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Figure 3. Low-temperature absorption and MCD spectra of the mixed-
valence (MV) model: (a) solid mull and (b) frozen solution.
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Figure 4. ~120 K solid-state resonance Raman excitation profile of
the ~302-cnm! vibration of the mixed-valence (MV) dimer in both
solid state @) and MeOH solution ¢). Inset: ~120 K solid-state
Raman vibrational spectrum using 647-nm excitation.

Analysis: Cux(SR), Molecular Orbital Diagram. As a
starting point for this study, a qualitative MO splitting diagram
may be constructed by taking symmetric and antisymmetric
combinations of the orbitals resulting from a hypothetical
monomeric structural fragment NCu(SR).e., SALC MOs).
The left and right sides of Figure 6 show the d orbital splitting
pattern associated withG, ML 3 fragment with a basal (unique)
angle of~100°.5* Combination of these monomeric orbitals
forms the dimer MOs shown in the center of Figure 6. As
indicated by this figure, the in-plane (% plane)xy and
x2—y? orbitals of the monomeric subunits lie highest in energy
due to their strong pseudoantibonding interactions with the
in-plane ligand orbitals. These two sets of orbitals are also split
most upon dimer formation, which reorients the bridging,gXp
orbitals and introduces the possibility of direct-©0u bonding
interactions. In the current study, the relative energies of the

(53) Gamelin, D. R.; Randall, D. W.; Hay, M. T.; Houser, R. P.; Mulder,
T. C.; Canters, G. W.; de Vries, S.; Tolman, W. B.; Lu, Y.; Solomon, E. I.,
unpublished results.

(54) Albright, T. A.; Burdett, J. K.; Whangbo, M.-HDrbital Interactions
in Chemistry Wiley & Sons: New York, 1985.
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Figure 5. Comparison of the low-temperature solid-state absorption
(a) and MCD (b) spectra of the mixed-valence (MV) and homovalent
(I,1) model dimers.

S, é Sy,

Figure 6. Molecular orbital diagram illustrating the coupling of two
Cz CuS fragments (S Cu—S ~ 100°) to form a CuS; dimer. In the
mixed-valence Cu dimers, all MOs are doubly occupied, except for
the highest energy orbital shown, which contains only one electron.

MOs in a symmetric and antisymmetric pair depend largely upon
the Cu-S—Cu angle, since the thiolate carbons are approxi-
mately perpendicular to the € plane. At Cu-S—Cu angles
smaller than~90°, as observed for both Guand the MV model
(Chart 1), more Cu'S orbital overlap occurs in the antisym-
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metric Ungerad¢ combinations oky andx2—y? orbitals than of an S = 1 ground state in this dimer, indicate that the
in their respective symmetric counterparts, splitting the former spectroscopy of this system may be analyzed in terms of
to higher energy relative to the lattér.Placing the 19 d orbital monomeric MO diagramsg,e., the dimer splittings shown in
electrons present in a €& — Cul5" dimer into the MO the center of Figure 6 are small. On the basis of their pseudo-
diagram in Figure 6 would result in a half-occupigt{fHOMO) square-pyramidal ligand field, the hypothetical monomeric
that originates from the antisymmetric combination of thg d halves of this II,Il model are expected to havg Highest in
orbitals from each copper. Thig*(HOMO) is of the appropri- energy, followed by d, and then ¢, d, and ¢, The
ate symmetry for a-type Cu-Cu interaction and is, therefore, monomeric ligand-field geometry in this dimer further exhibits
referred to as ther, orbital, regardless of the magnitude (or a pseudddyq distortion, with the N¢—Cu—Neq plane rotated
even absence) of actual ECu direct overlap. From the MO  asymmetrically~13° relative to that of the SCu—S plane.
diagram in Figure 6, it is seen that a series of five parity-allowed Using Doy selection rules, the MCD signs of the ligand-field
(g— u) d-orbital-based electronic transitions are anticipated in transitions to a g HOMO can be determined from group theory
the mixed-valence Cu dimers, each promoting an electron fromto be 22 (+), x2—y2 (), and xzyz (£,¥).*° These allow
a doubly occupied orbital to the half-occupied HOMO. Four assignment of bands-5 in the II,Il model: band 272 band
additional parity-forbiddenu(— u) transitions may also occur 3, x2—y% bands 4 and 5xzyz On the basis of the nearly
with limited intensities. As shall be seen in the following superimposable II,Il and MV model MCD spectra shown in
section, the nature of thg*(HOMO) is dependent upon (a)  Figure 5, bands-25 in the MV model are assigned analogously,
the specific ligand-field characteristics of the monomeric Cu implicating a dy-basedy*(HOMO) for the MV model as well.
subunits comprising the dimer, (b) the €8 dimer bonding Figure 6 shows that a G8 rhomb with Cu+-S—Cu angles of
interactions, and (c) direct CtCu bonding interactions. 80° (S—Cu—S = 100°) as observed in the MV model is
Intermediate in energy in Figure 6 are the out-of-plahe expected to have the, MO split higher in energy than the* 4
xz, andyz Cu d orbitals. While the? orbital may have some MO (vide suprg, and the MV model is, therefore, concluded
limited in-plane Cu-S bonding interaction, thez, yz pair has to have an, orbital ground state.
none. Thez® orbital, therefore, occurs higher in energy than  The two intense absorption features at energies above 22 000
the xz yz pair. All three out-of-plane orbitals have dimer c¢m-1in the MV model (bands 6 and 7, Figure 3), which are
splittings that are small relative to those of the two in-plane associated with the resonance Raman intensity enhancement
orbitals, dy and de-2, as shown in Figure 6. shown in Figure 4, are assigned as,§fp—~ Cu y*(HOMO)
Deeper in energy are the sulfur-based SALC MOs, two arising CT transitions. As shown in Figure 6, thg(HOMO) in aDz,
from each of the three S(p) orbitals, giving three parity-allowed dimer has contributions from Sfpbut not S(g), while in the
electronic transitions (S> Cu CT). One S(p) orbital from each  real C; geometry of the MV model this distinction is relaxed
sulfur is involved in bonding with the thiolate carbon and is, somewhat. On the basis of ligantigand overlap magnitudes,
therefore, expected to be significantly deeper in energy, suchthe more intense, higher energy CT absorption feature (band
that transitions from these two S(p) orbitals will not be observed 7) is assigned as the Sjp— Cu(z,) CT transition, while the
in the spectral region investigated. In both Cand the MV weaker absorption shoulder at lower energy (band 6) is assigned
model, the thiolate carbons are approximately perpendicular toas the S(gq — Cu(r,) CT transition, which is parity allowed
the plane of the Ci$, core (Chart 1), and the two S(p) orbitals  but has significantly less liganedigand overlap contribution
available for bonding with the coppers are, therefore, ap- to its absorption intensity.

proximately in thexy plane. Thus, two parity-allowed and two  additional weak features are observed between bands 5 and
parity-forbidden S(,) — Cu y*(HOMO) CT transitions are g in the solid-state absorption and MCD spectra of both dimers
anticipated. These four in-plane S(p) SALC MOs are depicted (Figures 3a and 5). In the MV model, these features appear to
in Figure 6, bottom. diminish in intensity or disappear upon solvation of the sample
Model Complexes. (A) Excited-State Band Assignments.  (Figure 3b) relative to bands-I7 and are possibly attributable
Direct comparison of the low-temperature absorption and MCD to parity-forbidden transitions of this species.
spectra for the MV and II,Il models (Figure 5) reveals that four () xq-SW Molecular Orbital Calculations. Quantitative
of the first five transitions (bands-25) are conserved between  gescriptions of the electronic wavefunctions and orbital splitting
the two complexes, whereas the intense low-energy featurepaiterns are obtained fromaXSW MO calculations. Table 1
(band 1) is present only in the MV model. This unambiguously symmarizes the calculated MO energies and wavefunction
identifies band 1 as the class Il mixed-valenge— y~ descriptions for the MV model and compares these to the
transition associated with valence delocalization in this dif¥&r. experimentally derived band assignments and energies. Figure
The relatively small resonance_Raman intensity enhancement7 shows contours of selected MOs. This MO splitting pattern
between 12 000 and 22 000 chin the MV model (Figure 4) g gimilar to that calculated for the I1,1l model (not shown), with

allows assignment of bands-3 as the remaining four parity- e important exception that the two pairs of dimer orbitals
allowed d-based electronic transitions. For specific orbital yerived from thexy and x2—y2 parent orbitals are now split
assignments of these transitions in the MV model, its spectral gjgnificantly by increased dimer interactions resulting from the

similgrity to thg 1L model is relied upon. The II,I.I mode.I planarity of the CuS, core and compression of the €6—Cu
consists of two five-coordinate pseudo-square-pyramidal Cu I0NS 3ngle from 91.5to 8C°P. The calculatedy*(HOMO) for the

separated by 3.34 A that are tilted with respect to one ano_ther,vIV model has Ct-Cu 77, symmetry and involves significant
by ~34° (Chart 1C). These factors, along with the observation in-plane sulfur character oriented along theis (S(g)) (Figure
7A), consistent with that determined experimentally. The X

(55) Hay, P. J.; Thibeault, J. C.; Hoffmann, R.Am. Chem. Sod975

97, 4884-4899. SW-calculated total S covalency in thg(HOMO) of the MV
(56) Gamelin, D. R.; Bominaar, E. L.; Mathdné C.; Kirk, M. L; model is 23%, which is in reasonable agreement with the
X‘é‘gghafdt' K., Girerd, J.-J.; Solomon, E.horg. Chem1996 35, 4323~ experimental value of 2& 3% determined by S K-edge XAS.

(57) Gamelin, D. R.; Bominaar, E. L.; Kirk, M. L.; Wieghardt, k.; ~ 1he deeper, doubly occupiegh orbital has CuCu 7%
Solomon, E. 1.J. Am. Chem. S0d.996 118 8085-8097. symmetry and significant Sgp character (Figure 7B). The
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Table 1. SCF-Xo-SW Description of the Mixed-Valence (MV) Model

Cu (%)

energy transition energy | breakdow# d m breakdow#f S (%) N, Nox

orbital label  (eV) calcd® exptt Cu s p d gy Oy d2 dy, dy S CH# (%) (%)
Tty —1.180 69 O 7 60 1.6 3.4 3.4 0.5 512 23 1 2 4
g —1.642 4870 5600 75 1 7 65 21 156 195 3.8 235 9 0 3 12
a* —1.185 5210 77 1 4 70 56.2 0.0 111 2.3 0.2 16 1 2 3
(d2) —-2.321 9660 87 0 6 81 04 103 27.7 04 419 4 1 2 5
(da)q —2.326 9730 10000 83 O 8 74 16.8 73 377 3.0 9.0 12 1 0 3
(dxd)g —2.680 13090 15000 91 1 0 90 143 5.7 22 653 2.0 5 2 1 0
(dy2)g —2.762 13640 17000 96 2 0 93 56 621 229 1.9 0.6 3 0 0 0
(dypu —2.858 14 500 97 O 0 97 1.6 15.9 14 775 0.4 1 0 0 0
(dyu —2.895 14620 94 1 0 92 25 56.8 208 103 21 3 2 0 1
0Og —3.032 15800 12800 96 O 0 95 67.4 0.0 75 180 2.3 3 1 0 0
S(P)u —4.541 28700 40 0 5 32 0.0 2.9 0.4 0.0 289 56 3 1 0
S(pYg —4.624 29600 26200 39 O 11 27 1.7 0.5 3.9 29 181 54 5 0 2
S(p)g —4872 31450 28700 38 O 13 24 2.3 0.9 8.7 0.0 122 49 3 1 8
S(PJu —4.968 31770 47 2 6 36 151 1.0 171 2.3 09 34 2 1 16

aTransition energy from transition-state calculatibCalculated and experimental transition energies in‘cfiTotal charge on Cu ion$.l
quantum breakdown for C§.d orbital composition of the Cu d charactéT.otal charge on the S or N atoms; no charge is localized on the ammine
protons.? Total charge in the Cklgroup.

model (not shown), consistent with the experimental band
assignments for this dimé&¢f. The next parity-allowed electronic
transition is calculated to derive from th# orbitals and is
predicted to occur at9730 cnT?, similar to the~10 000 cnt?
experimental value. Deeper in energy are gz pair, with
transitions predicted to occur atLl3 090 and 13 640 cnt and
observed at-15 000 and~17 000 cnT?. The transition arising
from the symmetrio®—y? combination orbital§g) is predicted

to occur at 15 800 crit and to be the highest energy Cu-based
transition in this dimer. Experimentally, this transition is
observed at 12 800 crh (band 3), at lower energy than those
originating from thexz,yzpair. The calculatecy and x2—y?
dimer splittings &*y—my and og—o*,, respectively) are sub-
stantially larger than those of the out-of-plare yz, and 22
orbitals, as anticipated from Figure 6. This is due to the
significantly stronger bonding of the bridging sulfur ligands with
these in-plane d orbitals than with the out-of-plane orbitats. X
SW predicts ther* g—a splitting to be 4870 cmt and theog—

o*, splitting to be 10 600 cmt. While the calculated™ g—,
splitting is confirmed by experiment (487%& 5560 cnTl), no
experimental estimate of the;—o*, splitting magnitude is
available, except to note that the experimental band assignments
indicate that thexz, yz pair is deeper than they orbital, and
theo—o™* splitting is, therefore, likely smaller than the calculated
value. The calculaterz, yz, andz? splittings in the MV model
are each less than1500 cntl.

Deeper in energy, the two Sf{gy — Cu 7, (HOMO) CT
transitions are predicted to occur at 29 600 (Rfmnd 31 400
cm (S(p)g), compared with the experimental values of 26 200
and 28 700 cmt, respectively. In contrast with the S-based
orbitals shown in Figure 6, however, the>SW contours for
these two S-based MOs (Figure 7E,F) show the effect of
Figure 7. Xa-SW wave function amplitude contour plots of the half- Symmetry reduction and are no longer pure,5(r S(g) in
occupied HOMO f) of the mixed-valence (MV) model, its doubly  character. This may account for the3:1 absorption intensity
occupied counterpartzfy), the two doubly occupied MOsz*, and ratio of bands 7:6:(de infra).

og, and the two S(®)g orbitals. All plots represent contour slices in a Cux Sites. (A) Excited-State Band AssignmentsAs can
plane containing the two Cu atoms as well as the two S atoms, with be seen in Figure 1, absorption, MCD, and CD spectroscopies
contour values oft+0.64, £0.32, £0.16, +0.08, +-0.04, +0.02, and . : ; ! ! . o
£0.01 (e/B)*2 identify a series of 10 electronic transitions of theaGite in

the range from 4000 to 32 000 cim Bands 6 and 7 are
calculated energy of the transition between these two orbitals assigned as S{g) — Cu(HOMO) CT transitions on the basis
is 4870 cn1l, in agreement with the experimental assignment of their absorption intensities and resonance Raman excitation
of a low-energyr*; — m, transition at 5560 cmt (band 1) in profiles (Figure 2), which show strong enhancement of-Su
the solid-state geometry. These two orbitals are analogous tostretching vibrations. The five electronic transitions (bands

the two orbitals calculated to be highest in energy in the II,Il 1-5) observed to lower energy of these CT transitions are

Mixed Valence (MV) Model
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w

associated with the five parity-allowed d-orbital-based transitions
expected on the basis of the MO model shown in Figure 6, and
we address their specific assignments first.

Near-IR resonance Raman measurements show a dramatically
different intensity distribution from that obtained with excitation
into bands 6 and ¥ Specifically, Figure 2 shows that excitation
into bands 6 and 7 leads to strong resonance enhancement of

the CyS, core breathing mode at340 cnt! (v4), a mixed oo p

Cu—S/Cu—N stretching mode at+260 cnt? (v,), and an out- = 7

of-phase “twisting” Cu-S stretching mode at270 cnt? (v3), *é 0 S ’ .
described previousl and illustrated in Chart 2. Excitation 3 N
into band 3 also strongly enhancesaGiibrations, but Figure v 1

2 shows that this enhancement involves a decrease of;the 4001 ]

andv;z intensities and a significant increase in th&30-cnT?!

intensity @), relative to t_he intensity ofs. This ~130-cr_w1 0050 SA0 0000~ 16000 26008007000

vibration has been assigned as the,&ucore “accordion” wavenumber

bending mode (Chart 2);8involving motion of the two copper  Figure 8. Comparison of low-temperature absorption (a) and MCD

nuclei, and its strong resonance enhancement with excitation(b) spectra of the mixed-valence model (frozen solution) and wild-

into band 3 indicates that the ggite undergoes a significant  type Cuw from B. subtilis

change in CuCu separation in this excited state. This

observation is the basis for assignment of band 3 as the mixed-splitting, whereas direct CuCu bonding should decrease the

valence ¢y — y* transition associated with Guvalence m*g—m, pair splitting. Recalling the increase i — y*

delocalizatior?>58 Comparison of these data to those of another transition energy in Curelative to the MV model, this analysis

delocalized class Ill dimer, [REOH)s(tmtacn}]?*, shows that leads to the conclusion that thg*(HOMO) of Cua has

both the significant absorption intensity and specific resonance significanto*, character, in contrast to the MV model with a

Raman behavior of band 3 in guare consistent with those m, HOMO. This analysis also indicates that valence delocal-

anticipated for they — y* transition of this site?8:57 ization in Cy involves substantial direct GtCu o-bonding
Figure 8 compares the low-temperature absorption and MCD between the -2 orbitals of the two Cu ions. Note that the

spectra of thé. subtilisCu, site with those of the MV model  reduction in symmetry from that in Figure B4,) to that in the

in frozen solution. One of the salient differences between the Cuy protein environment~+C;) relaxes the rigorous/z MO

MV model and Cy spectra shown in Figure 8a is the dramatic descriptions shown in Figure 6, allowing some mixing of orbitals

increase in they — y* transition energy from~5560 cntt in having the same parityide infra).
the MV model (solid state, or 6760 crhin solution as shown We now address the remaining four d-based transitions of
in Figure 8) to~13 400 cnTlin Cua. Since the~2.92-A Cu- Cua. Of the two transitions observed lower in energy than band

Cu separation in the MV model is too large for significant direct 3 in Figure 1, band 1 is more intense and is, therefore, associated

s-type Cu-Cu overlap to occur, theg — y* splitting observed with the in-planer*y MO, which would involve more S¢g)

in this dimer must result from CuS interactions only. Sulfur ~ mixing: band 1 is assigned as th&; — o* (HOMO) transition.

K-edge X-ray absorption experiments 8n subtilis Cuy and Band 2, which is observed in all three Caites studied here

the MV model show that the %S covalencies in {figHOMO) and has not been previously reported, is then assigned as the

orbitals of the MV model (in the solid state) aml subtilis (2 + 2%)g — 0* (HOMO) transition. Bands 4 and 5, higher in

Cu, are the same (26: 3% in Cu, vs 28 + 3% in the MV energy than band 3, are assigned as transitions fromzjyz

model)35 ruling out the possibility that the large difference in  pair SALC MOs on the basis of their deeper energy, their similar

1 — y* energies is due to a large change in-€icontributions bandshapes, and their opposite signs in the MCD and CD

between these structures. The differenceyin> y* splitting spectroscopies. Band 5 has more absorption intensity than Band

energies is, therefore, attributed to the presence of direet Cu 4 and is, therefore, assigned as the -t y2y — o* ,(HOMO)

Cu overlap in Cw, made possible by the short2.44-A Cu- transition, since Dz, symmetry only the Yz + y2q SALC

Cu separation. Using the 5560-chsplitting observed inthe ~ MO is of appropriate symmetry to mix with any S(p) orbitals

MV model (solid state) as an estimate of the-€Sicontribution (S(p)), and in lower symmetry this mixing still dominates due

to they — y* splitting in Cua, this direct Cu-Cu bonding to the ~116° S—Cu—S angle, which places the S ligands

interaction is estimated to contribute approximately 7800'%cm  significantly closer to the axis than to the axis.

or ~59%, to the total splitting energy. Inspection of the two A second striking difference is observed in Figure 8 between

in-plane dimer SALC orbitals in Figure 6 shows that introduc- the spectra of the MV model and those of thexGite, namely

tion of a direct Cu-Cu bonding interaction destabilizes b, the reduction in energy fron¥28 000 to~20 000 cn1! of the

MO and stabilizes theq MO, thus increasing the;—o*, pair intense S(py) — Cu CT absorption features. This shift parallels
(58) Wallace-Williams, S. E.; James, C. A,; de Vries, S.; Saraste, M,; that observed in blue qopper proteins relative to monOthiOIa.te

Lappalainen, P.; van der Oost, J.; Fabian, M.; Palmer, G.; Woodruff, w. model complexes and is directly related to the weakened axial

H. J. Am. Chem. Sod.996 118 3986-3987. bonding interaction in Gy the loss of a donor ligand stabilizes
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Table 2. Comparison of Correlated Physical Properties for site and is, therefore, assigned as a H¥6Cu CT transitiorf*
Plastocyanin, Cy and Their Models Band 9 is weaker in absorption and is assigned as the H204
SK-edge  reduction Cu CT transitiorf* Since H204 is proximal to hema, its
coordination CT energy preedge potential smaller covalency has significant implications in relation to the
number (cm™)  energy (eV) (mV vs NHE) Cua — hemea ET pathway, which has been proposet&5to
Pct ~3 (+1weak) ~1750G¢  2469.0 +37C¢° proceed via this histidine (see Discussion). TheseHi€u
Cu(teb)*t 5 ~28000  2470.0 na CT transitions are reduced in energy relative to those found in
Cua* ~3 (+1 weak) ~20 000 2469.8 +240

synthetic Cu-His-type model complefésor the same reason
as are the S— Cu CT bands, namely due to the reduced
aReference 4% Reference 60° Reference 619 Reference 59. coordination number of the Cu ions in the Csite. Band 8 is
°Reference 35.References 2, 39, 62, and 6&Reference 42. difficult to assign as it has little absorption, MCD, or CD
. . . . intensity, but it may be a parity-forbidden CT transition or a
the Cu d orbitals relative to the S(p) orbitals, thereby reducing \yeak CT transition originating from the axial methionine.

the S(p) ~ Cu d CT energies. Table 2 summarizes the gy y 4_gy Molecular Orbital Calculations. The results
correlation between coordination number, CT energies, and otherg. )"y o s\ MO calculations on &-idealized Cy structure

physical properties for oxidized plastocyanin, mixed-valence 5 o symmarized in Table 3, which also includes a comparison

Cuy, and their models. For both the monomeric_ and d‘m‘?‘F‘C between calculated and experimental transition energies. These
systems, Table 2 demonstrates that removal of a ligand Stab'l'zescalculations predict a*(HOMO) for Cua having significant
the Cu d orbitals, which in turn shifts the CT transitions down o*, character, in agreement with experiment, ang a- o* -

in energy, assegbser\{ed in both U\//vis absorp‘“ﬁ and S . (HOMO) transition-state energy of 17 060 chnlarger than,
K-edge XAS*experiments, and drives the reduction potential p,+* 4ijl"in reasonable agreement with, the value obtained
more positive?396563 Thus, the distinctive purple color of the experimentally of~13 400 cnt. The contours for these two
Cua site has the same fundamental origin as the blue color of \;~< are shown in Figure 9A D along with the contours for
blue copper centers, namely highly covalent<3{Cys) bond- the 7, andar* 4 orbitals (Figure 9B,C) and the two Sy MOs

ing interactions that lead to intense CT transitions, and reduction (Figure 9E,F). The calculation predicts 25% total S character
in energy of these CT transitions relative to model complexes 4,4 494 total N character in the HOMO, in excellent agreement
due to a diminished Cu coordination number o4 in both with the values of 26+ 3% <5 and ~4% N8 determined

systems. .. N experimentally. The calculation predicts that — 0%y
_Three transitions (bands—80 in Figure 1) are observed traﬂsition (ba);ld 3) should be tEe highest etr?g}gy d-based
higher in energy than the domln_ant cT transitions (bands 6 a_nd electronic transition, in contrast with the experimental observa-
7). Bands 8 and 10 have previously been assigned as parityjon of two d-based transitions at higher energy (bands 4 and
forbidden S— Cu CT transitions, while band*9 has been g congistent with the behavior anticipated from the MO
aSS|g_n_ed as the parity-allowed” (+ 2_2)9 — y*(HOMO) diagram in Figure 6, the dimer splittings of the in-plane orbitals
transition Resonance Raman experiments showva@n- (=« (17 100 cm?) andx* g, (6400 cnTY) are calculated
hancement with excitation into band 10.Preliminary reso- — y5'he greater than those of the out-of-plane combination orbitals,

nance Raman data do, however, show intensity in a histidine : L N

. P ’ 7 although thexz pair splitting (~6160 cnt?) is also large. The
P~ - 3 A .

ring mode at~1410 cn* with 28 000-cm* excitation:* but large calculated splitting of thez pair, as well as the large,—

all three Cy §iti§ stud_iedfhere are too susfﬁeptib_'fhg’lﬂ‘gmde' o* splitting, likely reflects a small overestimation of direct-€u
COTPOS'UOH In this region for excitation profiling. ) : Cu bonding interactions in this calculation. The small splitting
cm™* Raman intensity is believed to be associated with the Cu 50 ated for thez2 pair (~900 cnt?) is inconsistent with
since its intensity d|m|n|_shes with bleachln_g of the sample’s revious INDO/S calculation¥,which suggest that the splitting
purple color. On the basis of these observations, the as&gnmenEetween the symmetric and antisymmete® combination

of bands 9 and 10 as N(Hisy Cu CT transitions is preferred. a1 is>10 000 cmt and lead to assignment of band 8 as
Trk]]eslztwo transitions flr om the two mgquwalent hlst|d|r(1je Ilgar?ds the parity-allowed transition from this pair. The observation
should occur at similar energies but are expected t0 have y fq low-energy transitions yields a ligand-field molecular
different absorption intensities due to their differing covalencies o pjia| giagram that is consistent with that anticipated for the
(observed by ENDOR). CNDO calculations on the bovine ¢ taii0graphic coordination geometnjide infra) and avoids

heart @O Cua structure including the full histidine rings suggest 4,4 necessity to assign band 8 as a d-based transition
that the histidine bound to the same Cu as the axial methionine, To explore the effects of lifting the artificieC; symme.try
1

H 64; . e e g
i.e, H161%is the.more covalept of the two Fermlnal histidirfés, imposed on the Gu center, %-SW calculations were also
and paramagnetic NMR studies of the amicyanin Construct performed using the bovine hearc@ Cu, crystallographic
also show approximately 2 times the electron density on the coordinates without axial ligand&1¢ A table (S3) containing

histidine cis to the methionine as on thats to the glutamate the results of this calculation and select orbital contours are

30 o o e S
?emligﬁ deﬁ\l/rg;efrtgri rk?:é?j”i}(l) (()lf:itther:tl)S(')I'g)t?lgnslln)tetﬁslti/r;%::m(S)n included in the Supporting Information. The calculated HOMO
9 9 ’ ’ is similar to that shown in Figure 9A and is predominate/ d

is associated with the more covalent N(His) ligand of the Cu (>85% of the Cu d character), givinged .-like ground state,
(59) Hughey, J. L. I.; Fawcett, T. G.; Rudich, S. M.; Lalancette, R. A.; as was the case for the idealized structure discussed above. An

MV model 4 ~28 000 2470.9 —280

Potenza, J. A.; Schugar, H. L Am. Chem. 504979 101, 2617-2623. interesting aspect of thi€; calculation relates to the slight
(60) Shadle, S. E.; Penner-Hahn, J. E.; Schugar, H. J.; Hedman, B.; . T o . o
Hodgson, K. O.; Solomon, E. 0. Am. Chem. Sod.993 115, 767-776. asymmetric charge distribution within the LCaore: 32% of
(61) Solomon, E. I.; Baldwin, M. J.; Lowery, M. B©Chem. Re. 1992 the total HOMO spin density is on the Cu adjacent to H161,
92, 521-542.
(62) Reister, J.; Kroneck, P. M. H.; Zumft, W. Gur. J. Biochem1989 (65) Ramirez, B. E.; Malmstro, B. G.; Winkler, J. R.; Gray, H. BProc.
178 751-762. Natl. Acad. Sci. U.S.AL995 92, 11949-11951.
(63) Morgan, J. E.; Wilksthm, M. Biochemistry1991, 30, 948-958. (66) Schugar, H. J. IlCopper Coordination Chemistry: Biochemical

(64) Sequence numbering scheme from bovine hee@ @efs 15 and and Inorganic Perspectes Karlin, K. D., Zubieta, J., Eds.; Adenine
16, PDB 10CC). Press: New York, 1982; pp 434.
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Table 3. SCF-Xo-SW Description ofCi-ldealized Cy

Cu (%)
energy transition energy | breakdowA d m breakdowA S (%)
orbital label  (eV) calc@® exptP Cr s p d gy Oy dz2 dy, dy S Cy¥ N (%)
o* —1.751 70 O 1 67 57.3 4.4 0.5 0.2 41 25 2 4
Ty —2.148 3230 {3500} 72 1 11 59 54 0.1 0.1 0.1 534 25 2 1
(dx9)g —2.788 8 850 16 000 94 0 6 87 5.0 68.1 2.2 0.0 121 2 0 3
7Tg* —2.925 9630 9500 84 0 6 78 0.4 13.3 0.1 76 56.7 13 1 1
(d2)y —3.195 12450 98 3 0 94 3.8 0.1 899 0.2 0.0 1 0 1
(dy)g —3.256 12420 17 000 87 3 0 84 3.2 1.6 108 60.2 86 10 3 0
(dA)g —3.325 13360 12 000 97 6 1 90 2.2 53 718 103 0.6 1 1 0
(dyu —3.354 13820 98 O 0 98 0.9 3.2 04 935 0.1 1 0 0
(dypu —3.541 15010 94 O 1 91 5.2 78.9 0.3 4.6 2.2 3 2 1
Oy —3.797 17 060 13400 94 0 2 91 77.3 4.1 0.6 7.6 1.6 4 0 1
S(p)y —4.371 23540 21 060 39 0 12 25 0.0 0.0 0.0 59 19.0 58 2 0
S(p)u —5.101 28730 41 3 3 33 5.9 51 1.8 0.0 20.0 52 6 0
S(B)g —5.365 31730 18 800 3 7 11 16 3.2 0.6 7.1 54 0.1 55 8 1
S(Pdu -5430 31100 49 8 2 38 232 00 48 00 97 47 4 0

aTransition energy from transition-state calculatibCalculated and experimental transition energies irm'ciTotal charge on Cu ion$.l
quantum breakdown for C8.d orbital composition of the Cu d charactéT.otal charge on the S or N atoms; no charge is localized on the ammine
protons. 9 Total charge in the Cigroup." Estimated from quantitative EPR simulaticiis.

- - ammines in the calculation, which abbreviate H161 and H204
C; idealized Cua ligands in the Cy site, also show asymmetric spin density, with
~1.1% of the total HOMO spin density on N(H161) ard.9%
on N(H204). From this low-symmetry calculation, it can be
seen that the valence delocalization imposed by3tsymmetry
of the above calculation is also predicted by-$W when not
required by the artificial symmetry. Adding the axial ligands
at the crystallographic distances (€8(Met) ~ 2.5 A; Cu—
O(Glu) =~ 2.2 A) does not qualitatively alter the HOMO
description.

(C) Cua Ground State and Its Effect on Spectroscopic
Features. The Xo-SW contour of the Cuo* (HOMO) (Figure
9A) shows a key perturbation relative to the analogotis
orbital of the MV model (Figure 7c), namely the partial rotation
of the x2—y? orbital lobes away from th& andy axes. This
effect is attributed to mixing between tl, and, orbitals,
allowed in C; symmetry since they both have the same
(ungeradg¢ symmetry. The magnitude of such mixing is
inversely related to the magnitude of energetic separation
between these two orbitals. From Table 3-%W calculations
predict theo* (HOMO) in Cu to be separated by only 3230
cm~1 from the next deeper (doubly occupied) orbital, in good
agreement with experimental estimatésConcomitant with this
is the equal magnitude rotation of thg orbitals, as seen in
Figure 9B. The absence of significant rotation in the S-based
orbitals, as well as in they and 7*4 orbitals, excludes the
possibility?3 that this rotation arises from the specific orientation
of the cysteine carbon atom but, instead, supports the assertion
that it results from orbital mixing due to the energetic proximity
of theo*, andsm, orbitals. Since this rotation alters the character
of the redox-active orbital in Gy we are interested in further
characterizing it experimentally by evaluating its effects on the
Figure 9. Xo-SW wave function amplitude contour plots for a spectroscopic pr_operties of this site, in particular the-u
Ci-idealized Cu geometry based on EXAFS and X-ray crystallographic CT features of Figure 1.

structural parameters. Included are contours of the half-occupied HOMO ~ The presence of this mixed ground state is manifested
(0*y), its doubly occupied counterpartyf, two additional doubly experimentally by the observation of two intense S(CysEu

occupied MOs,t, and 7*4, and the two S(g)y orbitals. All plots CT transitions in the Cyabsorption spectrum. The absorption
represent contour slices in a plane containing the two Cu atoms andintensity of a ligand-to-metal CT transition is related to the
two S atoms, with contour values &f0.64,+0.32, +:0.16, +£0.08, magnitude of ionic DA~ (as opposed to neutral DA) character
+0.04,40.02, and+0.01 (e/B)*2 present in thep*(HOMO) wavefunction®” The magnitude of

ligand character in the HOMO serves as a measure of this ionic

while 39% is on the Cu adjacent to H20%.In contrast, the . . .
CT character, and an increase in ground-state covalency is

covalency of the sulfurs is more similar, with12% on one
and~13% on the other, again in excellent agreement with the ™ (g7) mulliken, R. S.; Person, W. BMolecular ComplexesWiley-
experimental value of 2& 3% total S characte®. The ligating Interscience: New York, 1969.
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generally assumed to lead to greater CT intensities. Of the four x-polarized S(p)y — 7, CT absorption character in band 7.
in-plane S(py)-based donor orbital combinations shown in Similarly, upon HOMO mixing, band 6 gains intenggolarized
Figure 6, only the twagyeradecombinations will lead to parity- S(p)g — mu CT absorption character at the expense of weak
allowed electronic transitions to thengerades* , HOMO, but x-polarized S(pg — o*, CT character, and the absorption
only one of these, S{h has any ligangligand overlap with intensity increases as the mixing increases. This analysis would,
the pureo*, orbital of Figure 6. Introduction of mixing between therefore, predict that the majority of the absorption intensity
the o*, andmy, MOs results in a HOMO that now has nonzero observed in both of the intense S(Cys)Cu y*(HOMO) CT
ligand—ligand overlap with both Sgpand S(p), such that both transitions (bands 6 and 7) is polarized along theSSy) axis.
parity-allowed S— Cu CT transitions exhibit significant MCD C-term intensity, however, requires the presence of two
absorption intensity associated with ligadiyand overlaf® perpendicular nonzero components of the electric dipole transi-
Resonance Raman experiments provide an independent experition moment ;) that are additionally both perpendicular to
mental indication that this mixing occurs in the LCuite: the Zeeman directidh (i.e, Ae O gMMy + oMM, +
enhancement by both bands 6 and 7 of theSguwisting oyMxM_). Since all electronic states are nondegenerate in low-
vibration (3, Chart 2), which is totally symmetric i€; (and, symmetry protein sites such as thexCeenters studied here,
therefore, Raman-allowed) but not Dy, indicates a bonding  for any given Cu electronic transition, at most oni;
scheme in which the two CtS bonds of each thiolate are component may be nonzero. The observatio@-¢érm MCD
distinct but related to those of the other thiolate through intensity, therefore, implicates out-of-state spin-orbit coupling
inversion symmetry, as occurs upon mixing betweendhg (SOC); such coupling allows addition&ll; components to
ands, orbitals in the HOMO. The stronger absorption intensity become nonzero through mixing of the nondegenerate States.
of band 7 over band 6 in all Gusites studied (Figure 1, Table MCD C-term intensity dominated by out-of-state SOC between
S1) is the primary basis for assignment of band 7 as thgS(p two excited states manifests itself as a pseAderm MCD
— Cu y*(HOMO) CT transition, since the projection of Sfp feature, in which the MCD bands associated with the two
onto theo* -like HOMO will be larger than that of Sgh Band interacting excited states have equal magnitudes but opposite
6 is then assigned as the J¢p— Cuy*(HOMO) CT transition. signs’273 This is clearly the case for bands 6 and 7 ofaCu
Thus, the relative S~ Cu CT absorption intensities of Gu (Figure 1). As discussed above, the majority of the absorption
probe the relative magnitudes of, andzy, MO character in intensity in both bands ig-polarized, and SOC between this
the Cy, y*(HOMO).®° character in the two excited states will not generate the MCD
This analysis is also consistent with the observation of C-term intensity since they are collinear rather than perpen-
significantly more CD intensity in band 6 than in band 7. CD dicular. Thus, the larg€-term MCD intensities of bands 6
intensity requires simultaneously allowed electric and magnetic and 7 in Cy must derive from efficient out-of-state SOC of a

dipole transition moments. The magnetic dipole transition
moments transform with the rotational operators R, and
R, and the S(Cys)> Cu CT CD intensity is, therefore, expected

to be greater for the weaker absorption feature, since this

involves more S(p — S(p,) character (related byRthan the
stronger absorption feature, which involves more)5(p S(p.)
character. Note that the CD intensity of band 7 is greatest in
the amicyanin Cn fragment, where the relative CT absorption
intensities are closest{L.5:1). This correlation presumably
occurs because bands 6 and 7 now both involve significagt S(p
— S(p) or S(B) — S(pJ) character®

Finally, it is apparent from the comparison of this series of
Cu, sites that the CT absorption and MCD intensities behave
differently. Although the relative integrated band 7:band 6
absorption intensities across this series span a rang® &1
in azurin Cuy to ~1.5:1 in amicyanin Cu, the relative integrated
MCD intensities of these two transitions remain fairly constant
at~—0.8:+1. This behavior can be rationalized by recognizing
that the electronic properties of the C#HOMO contribute
differently to the intensities of the CT bands in the absorption
and MCD spectra due to the different selection rules for the
two techniques. Specifically, since liganltigand overlap
contributes most to the absorption intensity, mixing the,
HOMO with the m, MO results in a decrease of intense
y-polarized S(Ry — o*y CT character and a gain of weak

(68) Meta-metal overlap is not considered to contribute the majority
of intensity to these bands. The metatetal contribution to the CT intensity
is estimated to be less than half of the intensity of band 3 in Figure 1.

(69) The increased band 7:6 absorption ratio of azurip Cu2.9:1)
suggests that thig*(HOMO) is more purelyo*, than those of the wild-
type or amicyanin Cu sites (bands 7:6¢ 1.5-1.7:1). This must result
from an increase in the energetic separation betweeat*thand.z, orbitals
and could have its origin in the reported contraction of the-Cu separation
by ~0.05 A relative to theB. subtilis Cua,’* although other structural
changes may also contribute (vide infra).

(70) An empirical correlation between EPR hyperfine structure and
relative absorption intensities of bands 6 and 7 has been previously“ioted.

dominanty-polarized component with a smalbepolarized {.e.,
Cu—Cu) component, with such efficiency due to their energetic
proximity .34

Out-of-state SOC of an excited state with the ground state
may also give rise to large MCZ-term intensities, but, in
contrast with intensity derived exclusively from SOC between
excited states, this intensity no longer obeys the sunv#(ilbis
provides an explanation for a third major difference between
the Cwy and MV model spectra shown in Figure 8, namely the
large MCDC-term intensities in Cyrelative to those observed
in the MV model: after accounting for the equal and opposite
pseudoA-term intensities of bands 6 and 7, the remaining-Cu
integrated MCD intensity in Figure 8 is predominantly negative,
with a ratio of—2.0:1.0, whereas in the MV model the ratio of
integrated MCD intensities i50.8:1.0. Previous studies have
shown that the excited state lying3500 cnt! above the
HOMO in Cuy may mixvia SOC with the HOMCG* while the
lowest-energy electronic excited state of appropriate parity for
spin—orbit coupling with the ground state in the MV model is
theo*, state, calculated to occu5200 cnT! above the ground
state (Table 1). Thus, the closer energetic proximity of the first
excited state in Gurelative to the MV model imparts the former
with more efficient SOC mixing with the ground state and leads
to the larger MCDC-term intensities observed in gu

In summary, the observation of two intense=SCu CT
transitions is one of the principal properties that has long
distinguished Cu spectroscopy from the spectroscopy of classic
blue copper proteins such as plastocyanin, where ong)Stp
Cu(HOMO) CT transition is dominant and the second is very
weak due to vastly differing degrees of ligartyand overlap?®
In the purple Cy sites, the total S> Cu CT integrated intensity

(71) Piepho, S. B.; Schatz, P. Broup Theory in Spectroscopyiley-
Interscience: New York, 1983.

(72) Rivoal, J. C.; Briat, BMol. Phys.1974 27, 1081-1108.

(73) Gerstman, B. S.; Brill, A. S1. Chem. Phys1985 82, 1212-1230.



Spectroscopy of Mixed-Valence £Type Centers J. Am. Chem. Soc., Vol. 120, No. 21, 18287

Table 4. Summary of the Cuoyg — o*, Excited-State Distortion Analysis

ground-state vibrational excited-state internal
normal coordinates coordinate distortionsAri(A))
ground-state V1, Vi, V1, Va4, 0y — 0*, excited-state

int coord geometry 125cmt 340 cnrt 125 cmt 340 cnt?t equilibrium geometry
Cu--Cu 2.43A 0.1347 0.1155 0.349 0.099 2.88 A
Cu-S 2.29A —0.0309 0.1110 —0.080 0.095 2.31A
Cu—S—Cu 69 77
S—Cu-S 110 103

remains comparable to those of blue copper prot&ibsit the vibrational relaxation energies of 1550, 450, 210, and 126G:cm

rotated nature of the GUHOMO leads to more similar  for these four distortionsv{—v,), which are respectively 45,
absorption intensities in the two allowed-SCu CT transitions. 13, 6, and 36% of the total 3470-cfexcited-state vibrational
This rotated HOMO arises from mixing of the , (bsy) and, relaxation energy. From this comparison, it is clear that the
(b2y) D2n MOs, allowed when the Gusymmetry is reduced to  excited-state vibrational relaxation energy is dominated by the
Ci (where ¢*, and m, have a, symmetry), and this mixing accordion ¢1) and breathingiy) coordinates in Chart 2, as these
increases as the energy gap between these two orbitals decreaseaye similar in magnitude and together account$&0% of the

(D) Cua y—y* Excited-State Distortion Analysis. The total excited-state vibrational relaxation energy.
energy of band 3 measured spectroscopically (Figure 1) provides The geometric nature of the excited-state distortion may be
the magnitude of the electronic coupling matrix element determined by relation of the excited-state displacement pa-
responsible for the observed ground-state valence delocalizatiorrameters,A, along each normal coordinate to the geometric
in Cua (2Hap &~ 13 400 cn71).35 In addition to the magnitude  descriptions for these coordinates obtained from a vibrational
of Hag, information pertaining to the geometry dependence of normal coordinate analys$€:82 Specifically, the internal
Has may also be obtained from analysis of tlye — y* coordinate displacementar; (A), are determined from the
absorption bandshape and resonance Raman enhancememirmal coordinate displacements using eq 4, wherés the
profiles that may then be used to evaluate the nuclear reorga-ith element of the mass-weighted eigenvectgr,for the nth
nization energy associated with reduction of this %ite. normal mode.

The resonance-enhanced Raman intensity of a vibrational
peak at energy, (cm™1) is directly related to the magnitude of _
the excited-state nuclear displacement alongithevibrational Ari A) = 5'80652 l”"(A“/ﬂ) )
normal coordinate. The relative intensities of two modues, "
andn, in a preresonanée’’ or short time scalé’® Raman
spectrum are related to the relative dimensionless coordinate
displacementsy, using eq 1, and absolute scalings are estimated
from the low-temperature absorption bandwidth using eq 2.

Approximating the excited-state distortion in Cto have
contributions only from the two dominant distortiong, and
14, the resulting excited-state internal coordinate distortidms,
for the four-atom core are presented in Table 4. The absolute
phases of these two excited-state distortions are not determined
directly from experiment. In this analysis, we note that the-Cu
Cu oy — o* nature of this electronic transition will cause a
greater Cu-Cu separation in the*, excited state than in the
fwhm~ [4 In Z(Z Akzvkz)]”z ) og ground sta.téfi and the phases leading to contracti_on_ of the

Cu—Cu core in theo*, excited state are, therefore, eliminated

from consideration. The resulting excited-state equilibrium

Laser excitation into band 3 leads to a Raman vibrational 989metry is summarized in Table 4 and in Chart 3.
spectrum containing intensity primarily in four vibrational peaks ~ From Chart 3 and Table 4, it is seen that, in itfg excited
(Figure 2), associated with the four normal coordinates depicted State, the Ct+Cu separation increases, while there is very little
in Chart 2. The relative integrated intensities of these Raman change in CuS separation Ari(Cu—S) ~ 0.02 A). This
peaks using excitation into band 3 of the wild-typeaCgite results in displacement of the two Cu atoms away from the
from B. subtilisare 1.0 (125 cmt, v,):0.6 (258 cnT?, 1,):0.3 center of the core by-0.22 A each and displacement of the S
(272 cn1?, v3):2.2 (340 cm?, v,). From eq 1, this gives relative atomstoward the center of the core by0.14 A each. Thus,

n n n
_mNszz @)

dimensionless displacement parametég®!, of 1.0:0.4:0.3:  the net distortion of the G&, core uponog — o™, excitation
0.5. US'“Q eq2anda Iow'—temperatu're fwhm value.ejﬁﬂoo (74) Hay, M. T.; Ang, M. C.; Gamelin, D. R.; Solomon, E. I.; Antholine,
cm~1 obtained from Gaussian resolution of tBesubtilisCux W. T.; Blackburn, N. J.; Massey, P. D.; Kwon, A. H.; Lu, Morg. Chem.

absorption spectrum, these dimensionless displacement param1998 37, 191-198.

: . - - (75) Warshel, AAnnu. Re. Biophys. Bioengl977, 6, 273-300.
eters yield scaled absolute value dimensionless displacement (76) Warshel, A.: Dauber, B Chem. Physi977, 66, 5477-5488.

parameters|A|, of 5.0:1.9:1.3:2.7. To estimate the relative (77) Blazej, D. C.; Peticolas, W. [Proc. Natl. Acad. Sci. U.S.A977
importance of each of these displacements in the total nuclear74, 2639-2643.

relaxation energetics, the excited-state vibrational relaxation 18572@13%9“ E.J.; Sundberg, R. L.; Tannor, D Phys. Cherml982 86,
energies,Eg, of each are compared. ThEg values are (79) Heller, E. JAcc. Chem. Re<.981, 14, 368-375.

determined from eq 3, whe#®?/2 is identical to the Huang (80) Schachtschneider, J. H. Technical Report Nos—2&#4 and 57

Rhys harmonic displacement factd®, This analysis gives 65 Shell Development Co.. Emeryville, CA, 1962965.
(81) Wilson, E. B., Jr.; Decius, J. C.; Cross, PMhlecular Vibrations

Dover Publications: New York, 1980.

A2 (82) A simplified normal coordinate analy&$* was performed on a
Erm = L Py 3) Cu:S; rhomb. The modal descriptions obtained for the accordion and
(") 2/" breathing modes (Table 4) are very similar to those previously publighed.
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Chart 3
s 0.14A s
- / / \ 5
& Cu\ Cu 0.22A Cu Cu [
s S
o S
ground-state o—0* excited-state ~ 0—0* excited-state
geometry distortion geometry

is a core bending motion that displaces the positions of all four
atoms through changes in angles but does not involve significant
changes in CaS bond lengths.

Discussion

In this section, we use the experimental band assignments
and Xo-SW MO calculations to evaluate how differences in
the ligand environments of Guand the MV model may lead
to their different electronic structures (Figures 7 and 9).

Particular emphasis is placed on understanding the observed

HOMO conversion fromr, in the MV structure to mostly*,

in Cua. The electronic structure, valence delocalization, and
redox properties of Guare then evaluated in relation to its
biological ET function.

Ligand-Field Control of Metal —Metal Bonding in the MV
Model and Cua. Assignment of the Calelectronic transitions
provides an understanding of specific aspects of its electronic
structure and ligand coordination environment. Substantially
more is learned by systematically comparing these properties
with the analogous properties of the MV model. The structures
of these two sites are similar in their three-coordinate pseudo-
planar SN ligation around each Cu ion (Chart 1A,B). The
major geometric perturbations of the MV model structure that
would lead it to resemble the Gustructure are (a) core
compression along the GCu axis (from 2.92 to~2.44 A)
and the concomitant -SCu—S angle increase (from 100 to
116°), (b) weakening of the axial interactions (from 2.13 to
>~2.7 A), and (c) compression of the Etleq bond length
(from 2.15t0 1.95 A). As described above, these two structures
have significantly different HOMO character: £has ao*-
type HOMO involving significant direct CdCu interaction
(Figure 9A), while the MV model has atype HOMO and no
significant direct Cu-Cu interaction (Figure 7A). As is shown
in the following section, the systematic correlation of the
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Figure 10. Experimental correlation diagram relating the molecular

orbital splitting patterns of the mixed-valence (MV) model anchCu
(Far left) Experimental band assignments for the MV model. (Left
center) Monomeric ligand-field splitting diagram extracted from
experimental MV dimer splitting pattern. (Far right) Experimental band
assignments for Gu (Right center) Monomeric ligand-field splitting
diagram for Cy extracted from experimental dimer splitting pattern.
The exact magnitude of thg—o*,, splitting assumed for the MV model
(Far left) alters the specific position of thé—y? parent orbital but
does not affect the general trend of convergidgy? and xy parent
orbital energies in Gu

The monomeric splitting pattern of the MV model (Figure
10, left center) shows thry orbital isolated at high energy,
followed by thex?>—y? andZ? orbitals, and then deepest in energy
are thexzyz orbitals. This pattern is characteristic ofGy,
ML ; fragment when the unique angle is less than°120he
presence of a CtNgx bond in the MV model selectively raises
the energy of the? orbital to an energy comparable to that of
the in-planex2—y? orbital (Figure 10, left center). Gushows
a different monomeric splitting pattern (Figure 10, right center),
in which thex?—y? orbital has moved up in energy, while the
xy orbital has moved down in energy (relative to #&yz pair),

geometric and electronic structural differences between theseas anticipated for its more trigonal-planar monomeric unit. In

two systems leads to an understanding of how the Cu ligand
field may control the nature and magnitude of direct=Cu
bonding in such dimers.

Figure 10 quantitatively correlates the ligand-field MO
splitting patterns of the MV model and @u Aside from the
experimentally measurea g—m, splitting (band 1), the exact
magnitudes of the dimer splittings in the MV model (Figure
10, far left) are uncertain, since only transitions from gleeade
doubly occupied orbitals to theingerade sz, HOMO are
observed. The energy splittings of the pairs of out-of-plane MV
model orbitals are arbitrarily plotted as 1000 Tmwhile the
ag—0o*, splitting is depicted as 8000 crh The situation is
similar for Cu, (Figure 10, far right): The energies of the five
gerade orbitals relative to the HOMO are known from the
spectral assignments, but additionally the energy ofitharbital
is known from quantitative EPR simulatiof%.Thus, both the
og—0o*y and sm*y—m, dimer splittings in Cy are known
experimentally. Averaging the dimer splittings for each orbital
pair gives the MO diagrams for the hypothetical monomeric
fragments associated with the MV model (Figure 10, left center)
or Cua (Figure 10, right center).

the limit of a trigonal field, thex’—y? and xy monomeric d
orbitals are degenerate, and, therefore, widening th€ &S
angle in Cy (S—Cu—S =~ 116€) relative to that in the MV
model (S-Cu—S~ 100°) is expected to bring these two parent
orbitals closer in energy. The decreased energy aftbebital
in Cu, is consistent with the weakened axial interaction observed
in X-ray crystallographic studié$® and implied by EXAFS
resultst?13

Dimer splittings most affect the two in-plane orbital pairs,
og—0o*, andm,—a* g (Figure 10). The isolated nature of thge
parent orbital in the monomeric fragment of the MV complex
results in an isolated,-type HOMO, with the lowest energy
electronic transition being from its*4 counterpart;.e., the
mixed-valencey — * transition. For Cy, however, the
similar energies of thety and x2>—y? parent orbitals allow the
o*, orbital, which splits more than ther, orbital due to
additional Cu-Cu o-bonding interactions, to become the highest
energy MO despite starting at slightly lower energy in the
hypothetical monomeric fragment (Figure 10, right). The
general trends are reproduced by-8$W calculations «(ide
suprg, which in particular predict the convergence of siey?
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Scheme 1

CuyS; Core
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O
Y, = 85% My + 3% 0%, Yo, = 66% 7, + 23% o%,

(C+)

Yo, = 88% T, + 5% G%,

Lengthen Axial Remove Axial

andxy parent orbital energies in Guelative to the MV model
and also reproduce the stabilization Bf observed in Cp
relative to the model.

In summary, comparison of the experimental orbital splitting
patterns between the MV model and L(Figure 10, center)

Yoy = 43% Ty + 51% o,

Y, ~ 87% My + 10% 6%,

J. Am. Chem. Soc., Vol. 120, No. 21, 18259

Negq close to
Cu—Cu Axis

Remove Axial

Y, ~ 34% T, + 63% G¥, Yoy~ 6% T, + 86% O,

Cu-— X Distance (A)

Cu Neg Ny PP
292 2.0 213 223
244 210 213 223
244 196 250 223
244 196 ——1223
244 196 ——11.7
(B*) 2.92 210 250 223
(C*) 292 210 ——1223

CuyS, Core
Compression

of the Nyq ligand relative to the CuCu axis f) also affects

the electronic structure substantially (Scheme®E)Vithin the
group of Cw sites studied to date, small changes in the angular
positions of the N, ligands and the strengths of the axial
interactions are, therefore, expected to fine-tune the degree of

shows a series of orbital energy changes that are related directlyr, and o*, mixing, giving rise to the varied spectral features
to the structural changes between the sites and, in particular,observed in Figure %

reveal that the change in orbital ground state fremin the
model geometry tw*, in the Ciy geometry is due to well-
defined changes in the ligand-field environment (widelCs—S
angles and shorter CtCu separation in Gi), which result in
convergence of they andx2—y? parent orbitals and an increase
in dimer splittings.

Xa-SW Virtual Mutagenesis: Engineering a Hypothetical
Cup Site. The MO analysis presented above (Tables 1 and 3,

The protein environment can implement at least one of the
critical perturbations in the Gusite, namely the weak axial
interactions, by restricting the ability of the Glu and Met axial
residues to approach the Cu ions. The ligand-field environment
imposed on the CGusite by the protein would, therefore, be
akin to the rack/entatic state discussed in reference to blue
copper proteins, where a weak axial interaction is considered
to be imposed by the protein matfX. The contraction of the

Figures 7, 9, and 10) suggests that one of the defining differencesc;u_,\]eq bonds observed in Gis probably a consequence of

between the electronic structures offCand the MV model is
the amount of CaCu o*, character in the HOMO: in the
MV model, the Cu d character of the HOMO is dominantly
7y (85% my and 3%a0*, in the Xa-SW calculations, Figure
7A), while in Cuy, the Cu character of the HOMO is mostly
o*, (86%0*, and 6%, in the C; Xo-SW calculations, Figure
9A). In an effort to evaluate the relative contributions of the
structural perturbations listed above to generation of thg Cu
o0*, HOMO, Xa-SW calculations were performed on a series
of hypothetical dimer structures which systematically transform
the MV model structure into a Gucenter (Scheme 1, Table
S4). Correlating the geometric perturbations with changes in

the electronic structure allows the effect of each to be evaluated

independently.

From these calculations, we learn that the most important

structural perturbation in the hypothetical transformation of the
MV model into a Cy, center is the decreased €Gu distance.

This key perturbation alone does not complete the electronic
structure transformation, however, and substantially weakened

Cu—axial ligand interactions also play a critical role in the
generation of thes*(HOMO) observed in the Ca center.
Compressing the CuCu distance imparts significans™®
character (23%) to the HOMO (Scheme 1B), while weakening,
and even removing, the axial ligand interaction without shorten-
ing the Cu-Cu separation leads to a limiting,:.o* ratio of
87%:10% (Scheme 1B*,C*). Continuing the geometrical
transformation by combining these perturbations effects the
conversion to a dominantly* HOMO (Scheme 1C,D).
Therefore, both perturbations must occur in order to achieve
the o* HOMO observed in Cy. Finally, the angular position

charge compensation resulting from the reduced donor strength
of the axial ligands, and it is likely that the contraction of the
Cu—Cu separation also occurs in reaction to the removal of
the axial ligands and the orbital change this allows.,(the

45° rotation fromay to o*y, Scheme 2§68

Scheme 2

. .n\\\\\\

2
E

X

?—»x !

Wi

(83) Although some distribution in GUCu—S bond lengths is suggested
in the EXAFS and crystal structures, introduction of a rhombic distortion
in the C; calculations via a 0.05-A difference in adjacent-€hi distances
showed only minimal electronic structural effects (not shown). We also
note that, between the limits explored in these calculations {296 A),
the strength of the CtNgq interaction seems to have significantly less
influence on the electronic structure than the-@u compression and

weakened axial interaction. This suggests that the shottNgg distance

observed in Cp is the result of charge compensation for the weakened
axial interaction.
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Figure 11. Q- ground-state potential energy surfaces calculated far(@uand the mixed-valence model (b) using eq 5. The specific parameters
used are (a) 2k = 13 400 cm?, A2/k- = 2450 cn1? (from v— = 250 cnT?, u— = 44 g/mol (from average of 2% imidazole (67 g))h = 3, and
Ar = 0.1 A), and (b) Blas = 5560 cnrl, A2k- = 2190 cni! (from v— = 280 cmi?, u— = 23 (from average of 23 2N), n = 4, andAr =

0.1 A).

Delocalization and Cu—Cu Bonding. In this section, we
evaluate the properties of ¢@nd the MV model that relate to
their valence delocalization. Electron delocalization in mixed-

from they — y* transition energie®¥:5657and A%/2k_ values
estimated from vibrational energies and literature values for
redox-induced bond length changes (Figure 11). These surfaces

valence dimers occurs when electronic coupling between theillustrate that the delocalized ground state ofxQHigure 11a,

two ions overcomes vibronic trapping. The influence of each
is generally described by eq®588

LA e (YA
_Z(k)x‘ ilz(k

where the vibronic trapping termjqk-) a2 k_(nY2Ar eqo)?, K-
= m2c2u_v_2, andHag is the electronic coupling matrix element
regulating inter-ion electron transfer. The)(subscripts on

E* ’

112
x 2+ HABZ] 5)

solid) is extremely stabilized beyond what is necessary to
overcome its inherent vibronic trapping energies (Figure 11a,
dashed). The surfaces calculated for the MV model also show
a delocalized ground state (Figure 11b, solid), but this delocal-
ization is not as stabilized relative to its inherent trapping
energies (Figure 11b, dashed) as that in,Glue predominantly

to the smaller BPlag. The significantly enhanced electronic
coupling in Cy can be directly associated with the direct-Cu

Cu og—0*, contribution of~7800 cnT! that is absent in the

these terms refer to the symmetry-breaking nuclear coordinateMV model. When compared to literature—o* transition

comprised of the antisymmetric combination of monomeric (A,
B) breathing motions, referred to &- in the PKS modeft?
i.e, Q- = 27Y4Qa — Qg), k- is the nuclear force constant
associated with distortion alor@- (in cmY/A?), u_ is theQ-
modal mass (in g/mol), ane is the Q- vibrational frequency
(in cm™). The experimentally determinedigs (=E,—,~, See
refs 35, 56, and 57) values are 5560¢nn the MV model
and~13 400 cnTt in Cus. Whereas the MV model and the

energies observed in first-row transition-metal dimers having
unsupported metalmetal bonds E,—~ > ~24 000 cnTt),%0

this interaction in Cu is seen to be relatively weak, corre-
sponding to a bond order of only%/,—1/,. The maximum bond
order attainable in a one-hole system such as thid/.is
Nevertheless, the large contribution to valence delocalization
from this direct Cu-Cu bonding does play a significant and
perhaps critical role in the electronic structure of the, Gite

Cua sites are both valence delocalized, they have different by allowing Cu to remain delocalized despite its low-symmetry

HOMGOs, and, consequently, their pathways for delocalization
are different. Because of the large €Qu separation, delo-
calization in the MV model must occuria the two bridging
thiolates in a superexchange-type pathway (Figure 7A). Iy Cu

protein environmerit#91

In summary, the CtCu o*, ground state of Cuand therw,
ground state of the MV model are interconvertibla a well-
defined set of ligand-field perturbations at the copper ions. These

however, the delocalization pathway has a superexchange-typdigand-field perturbations are responsible for the presence of a

contribution comparable to that in the MV model, but it
additionally has a sizable direct ECu og—o*, contribution
(Figure 9A).

The specific ground- and excited-state potential surfaces

Cu—Cu o-bonding interaction in Gy which is, in turn,
responsible for the extreme stabilization of the delocalized
ground state in Gy (Figure 11).

(90) Abrahamson, H. B.; Frazier, C. C.; Ginley, D. S.; Gray, H. B.;

relevant to valence delocalization in these two dimers may be Lilienthal, J.; Tyler, D. R.; Wrighton, M. Sinorg. Chem1977, 16, 1554~

calculated from eq 5 using experiment&l 4 values obtained

(84) The absorption, MCD, and EPR spectra of the MV model bear many
striking similarities to those of the Gttype site in PCyoA’ (see Figure 3
and Supporting Information). This strongly suggests that PCyoA has a
HOMO rather than the predominantly, HOMOs typical of wild-type
Cua sites, and that this HOMO is fully delocalized in PCyoA as in the MV
model.

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

(86) The possibility that the CuCu separation decreases as a result of
a protein-forced SS elongation is considered less likely since the sharp
angles of the cysteine carbons out of the;&plane should allow some
flexibility in the positions of the S(Cys) atoms.

(87) Blondin, G.; Girerd, J.-Chem. Re. 199Q 90, 1359-1376.

(88) Girerd, J.-JJ. Chem. Phys1983 79, 1766-1775.

(89) Piepho, S. B.; Krausz, E. R.; Schatz, PJNAm. Chem. Sod978§

100, 2996-3005.

1556.

(91) The inequivalent axial ligation of the two coppers inaGaquires
consideration of the effect of asymmetry on the potential surfaces shown
in Figure 1la. Inequivalent potentials of the two coppers are introduced
into eq 5 by substitution ofA&/k_)x- — (A3k-)x- + W, where AE =
V2W is the potential difference between the two halves of the dimer.
(Wong, K. Y.; Schatz, P. NProg. Inorg. Chem1981, 28, 369-449.) The
asymmetric ground-state surface that results fidE 0 affects localization
by skewing the potential surface (even a single-minimum surface) such
that more electron density is located on one side than the other. Including
this substitution in eq 5 and using the parameters of Figure 1la reveals
that a potential difference of 150 mV between the two Cu ions iR Cu
results in only~10% charge localization toward one copper, while the same
potential inequivalence results #28% localization in the MV model. The
minor effect of AE in Cuj is due to the very large value éfag. Thus, to
observe significant valence trapping in S either the potential difference
between the two coppers must be very largéd (> ~150 mV) or the
electronic coupling pathway must be disrupted &h@ diminished.
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Functional Relevance of Cy Dimeric Structure, Cu—Cu
Bonding, and Valence Delocalization.Weak axial interactions
imposed by the protein and the compression of theSgaore
along the Cu-Cu axis impart the Cacenter with an unusual
valence-delocalized electronic structure, which will affect the
biological ET function of the site. The rate of ET is dependent
upon three basic factors, as described by g%

ker = VAT WP AKT(Hp,)? expl—(AG°+1)%/4AKT]  (6)

the donor-acceptor electronic couplingdta), the vibronic or
Franck-Condon reorganization energy associated with the ET
redox chemistryA), and the difference in redox potentials, or
driving force, between the donor and acceptor sites involved in
each ET stepAG°®).

Here we evaluate the properties of {tontributing to each
of these three terms and relate them to the analogous properties
of blue copper centers in an attempt to assess the role of the
Cua dimeric structure, CtCu bonding, and valence delocal-
ization in promoting efficient ET.

(A) Hpa. We have previously reportétthat the large Cu

@ cu
O s

S(Cys) covalency of the Gusite (~13% per S(Cys)) biases ® 0
the ET process toward a pathwaja the cysteine residues ® N
relative to the histidine residues, for which the covalent O C
interaction with the Cu ion is only-1—3% per N(His). This wene H Bond

anisotropic covalency leads to a weighting factordfo—169

in the relative rate&e1(S(Cys))ker(N(His)). Inspection of the
newly available protein crystallographic coordinates for bovine
heart @QO!165051 reveals that this anisotropic covalency,
therefore, introduces a second ET pathway (pathway 2, proceed-
ing via C196) that is competitive with that previously consid-
ered® (pathway 1, proceedinga H204). These two pathways Figure 12. Proposed ET pathways in bovine heartGCbased on
are shown in Figure 12. Pathway 1 involves 12 covalent and comparative rate calculations. The twoCtt hemea pathways shown
two hydrogen-bonding interactions, excluding the two metal  are predicted to be competitive in rate, while the cytochromeCua
ligand bonds. Pathway 2 involves 22 covalent and two (via W104) pathway shown is expected to domirféte.
hydrogen-bonding interactions, excluding the two meliglhnd

bonds. Since the acceptor site in each case is the same, thi0 dock in an acidic patch of the membrane surfa@eA from
Fe—N Cova|ency does not affect the Comparison of these the Cw, sitel* This distance is SUbStanUa”y greater than the

pathways. Using standard pathway estinf&tesd eq 6, the
predicted raticker(path 2)ker(path 1)~ 1.02-0.11. A larger
ratio would result if the 0.6-A shorter first hydrogen-bonding
interaction in pathway 2 (60 ~ 2.76 A) compared to that in
pathway 1 (O-N = 3.36 A) were taken into accouff. Finally,
this ratio is also sensitive to the specific number used for the
N(His) covalency. ENDOR and paramagnetic NMRstudies
demonstrate two inequivalent N(His) covalencies in the Cu
HOMO. The paramagnetic NMR resifiteand CNDO calcula-
tions including the full histidine ring8 suggest that the N(His)
involved in ET pathway 1 (H204) is the less covalent N(His),
which would suggest that the upper limit for the ratice(
ker(path 2)ker(path 1)~ 1.02) would be expected. In summary,
the rate constants for these two Lt hemea ET pathways
can be comparable despitel0 additional covalent bonds in
pathway 2 due to the high covalency of the-€% bonding
interaction in Cu.

While much attention has been given to the specifics of ET
between Cu and hemes, the ET process between cytochrome
c and Cy remains poorly defined. Cytochroneds believed

(92) Beratan, J. N.; Betts, J. N.; Onuchic, JS¢iencel 991, 252, 1285~
1288.

(93) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265—
322.

(94) Newton, M. D.Chem. Re. 1991, 91, 767—792.

(95) Dennison, C.; Berg, A.; de Vries, S.; Canters, G. MZBS Lett.
1996 394, 340-344.

analogous docking site distance in plastocyanid.6 A), and
inspection of the bovine heartcO structuré®>%shows that the
proximal histidine ligand of Cy (H161) is shielded from the
surface, precluding direct overlap with the cytochrome. These
observations suggest that cytochrome> Cus ET follows a
protein-based pathway, and it has been propYstidht the
nearby tryptophan residue (W104) might be involved, as this
protrudes from the protein surface in the vicinity of the proposed
cytochrome docking site. The bovine heacCstructure shows

a hydrogen-bonding interaction between N(W104) and the
carbonyl oxygen of C200 (NO ~ 3.15 A, Figure 12). This
oxygen is only four covalent bond lengths removed from the
S(C196) in the Cn site and would, therefore, provide an
efficient ET pathway between these two sitesThe observation
that one S(Cys) (C200) is linked favorably for cytochrome
— Cun ET while the other (C196) is competitive with H204
for Cuy — hemea ET suggests that a possible function of the
dithiolate portion of the Ca structure is to provide pathways
for both interprotein ET into Gy and intraprotein ET out of
Cua. This difference between Guand blue copper could arise
from the fact that the Gusite in GO is buried deeper in the
protein matrix than are blue sites, which are generally located
at the surface.

(96) The~6-fold greater covalency of S(Cys) relative to N(His) gives
the W104/C200 path &13-fold overall advantage over a D158/H161 path,
assuming equal ET rates from cytochromt D158 or W104.
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(B) Franck—Condon Barrier to ET. The vibronic, or sites show an exponential increasén with increasing charge

Franck-Condon, barrier for protein ET reactionsif eq 6) is radius® Thus, any local solvent reorganization in the immedi-
typically in the range from-5000 to 10 000 cmt. This barrier ate vicinity of Cw, will be diminished relative to a monomer
has been determined experimentally foraCtt hemea ET to by charge delocalization over the dimer.

be extremely small2400 cn11).8597 The specific properties In summary, both the inner- and outer-sphere reorganization
of Cua nuclear reorganization during ET may be estimated using energies associated with ET redox chemistry may be reduced
the vibronic properties of the CtCu y — y* electronic in Cua relative to blue copper centers due to electronic
transition by recognizing that the orbital description of the delocalization in the mixed-valence oxidized state of Cut

— y* electronic transition, gg)?(0* u)* — (0g)*(0* )?, is related is generally agreed, however, that the Fran€london barrier

to that of the Cy biological redox cycling, dg)?(0* u)* <> (0g)* to ET in blue copper systems is already extremely small in the

(0*w)?, where the difference is formally one electron in the context of the entire ET process, and this factor is, therefore,
MO. If the stabilization energy gained from one electron in probably not the dominant functional role of valence delocal-
the oy MO is approximately equal to the destabilization energy ization in Cu.

contributed by one electron in the, MO, then they — y* (C) Redox Potential. Reduction potentials of oxidized Gu
excited-state reorganization energy is approximately twice that sites are~-+250 mV2:39.62.63yithin the range observed in blue
of the nuclear reorganization energy associated with one-electroncopper proteins but well above that of the MV modeH280
reduction of the site. This approximation neglects the net mV vsNHE, irreversible)? It is well known from blue copper
change in charge of the site, which would add an additional and model studies that highly covalent copper thiolate bonding

energy associated with the expansion of all melighnd bonds. stabilizes the oxidized Cti oxidation state. In blue copper,

Using this approximation, the nuclear reorganization energy this effect is counterbalanced by the removal of the axial donor
upon reduction of the mixed-valend& subtilis Cu, site is ligand, which has the effect of driving the reduction potential
estimated to be-1750 cnt?, associated largely with a Gt«Cu more positive (Table 2). A similar scenario may be described

elongation of~0.22 A (Chart 3). Recent EXAFS studies on for Cua, where covalent copper thiolate bonding lowers the
B. subtilisand T. thermophilusCu, sited® show similar core reduction potential, while the removal of the axial ligands raises
bending distortionsArcy—cu(av) ~ 0.08 A) upon reduction. The it back into a range suitable for ET function (Table 2). The
low energy associated with this € core bending distortion  presence of not one but two cysteine ligands, however, suggests
thus provides a small FraneiCondon barrier to ET. that the value oft-250 mV is higher than would be anticipated
Blue copper ET sites have very small nuclear reorganization and that charge delocalization may also contribute significantly
energies associated with redox chan@agpically in the range to tuning this potential: delocalization between the two copper
of ~3200 cntl. The smaller reorganization energy of only ions is expected to raise the reduction potential relative to a
~2000 cntlin Cu, is attributable to its dimeric structure, both  dithiolate-bound C# monomer or trapped mixed-valence dimer
in the geometric sense and in the electronic sense the by inclusion of an additional positively charged ion in the
delocalized, mixed-valence oxidation state); distribution of HOMO wavefunction€.g, [Cu(SR}]° vs [Cux(SR)] "), thereby
nuclear reorganization over a dimer reduces both the inner- anddissipating the negative donor character of the bridging thiolates.
outer-sphere nuclear reorganization energies. An estimate ofThus, a major role of valence delocalization in mixed-valence
the inner-sphere reorganization energy is provided by eq 7, Cuxn may, in fact, be its relation to redox tuning of the site for
effective ET while still allowing for the presence of two €u

Eriy ~ kdisn(Ar)2 @) cysteine ET pathways, one into and the other out of thg Cu
center.

where kgis is the force constant of the effective distortion
coordinate, n is the number of distorting methgand bonds, ~ Summary
and Arredox is the magnitude of metaligand bond distortion Consideration of the three factors influencing ET rates in
upon redox change. biological systems suggests that there is a functional advantage

In the general case, a monomeric Cu(ll) ion (or a valence to having two highly covalent coppecysteine bonds, namely
trapped Cu(l)Cu(ll) dimer) will have half as many metéigand to enhance ET into and out of the buried &ite. The presence

bonds distorting upon reduction as a Cu(1.5)Cu(1.5) delocalizedof two coordinated anionic cysteine thiolates in a monomeric
mixed-valence dimeri.e., Nmo/Ngim = 0.5. Alternatively, the Cu complex, however, would severely impair the ET process
magnitude of the bond length change in the monomeric site by stabilizing the oxidized Cu state and driving the reduction
will be approximately twice as large as in the Cu(1.5)Cu(1.5) potential too negative. In Guthis is averted by weakened axial
dimer: i.e., Armof/Argm ~ 2. Using eq 7 with these values bonding interactions, as in blue copper systems, and by charge
and assuming approximately equivalent internuclear force delocalization over two Cu ions. Charge delocalization in Cu
constantskgis, indicates that the ratio of monomer to delocalized is greatly facilitated by the very short, 2.44-A €Qu separa-
dimer inner-sphere reorganization energies should be on thetion, since the direct C4Cu o—o* bonding interaction at this
order of ErmonyEr(im) ~ 2.36% In addition to thisa priori distance contributes at least as much to thes @uer-ion
factor of 2 arising from two-center delocalization in Qu electronic coupling matrix elementsg, as does the superex-
however, the sizable reduction in Cwibrational energies  change pathway through the thiolate bridges. This short Cu
(~100-350 cnT?) relative to those in blue copper systems Cu separation and—o* bonding interaction in Cy may be
(~250-500 cnT1)23 suggests a corresponding decreaskin regulated by the protein through elongation of the Cu axial bonds
in eq 7, associated with the reduced force constants of bridgingand the accompanying orbital rotation.

vs terminal ligation. Finally, there is evidence to suggest that
charge delocalization in Gumay also reduce the local outer-
sphere reorganization energetics associated with ET, althoug T —
the macroscopic electrostatic reorganization associated with 238 ngrﬁizr:r;;j’; T?CA:hTrﬁtg%;gggrgﬁhﬁ%_l AS.;Bcls?r'er 4. 3. 3nde
long-range ET will not be altered: recent studies of solvational g norg. chem.1997 36, 3689-3701.

barriers to ET in systems involving charge-delocalized acceptor  (99) Hupp, J. T.; Zhang, X. LJ. Phys. Cheml1995 99, 853-855.
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