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A wide variety of spectroscopic methods are now available that provide complimentary insights into the electronic
structures of transition-metal complexes. Combined with calculations, these define key bonding interactions, enable
the evaluation of reaction coordinates, and determine the origins of unique spectroscopic features/electronic structures
that can activate metal centers for catalysis. This presentation will summarize the contributions of a range of
spectroscopic methods combined with calculations in elucidating the electronic structure of an active site using the
blue copper site as an example. The contribution of electronic structure to electron-transfer reactivity will be considered
in terms of anisotropic covalency, electron-transfer pathways, reorganization energy, and protein contributions to

the geometric and electronic structures of blue-copper-related active sites.

In bioinorganic chemistry, we focus on the small part of
the large metalloprotein molecule that includes the metal ion
and its local coordination environment (Figure!Ijhis is
the active site in catalysis and can be studied directly through
the application of a wide variety of spectroscopic and
magnetic methods.

Figure 2 summarizes many of the key methods of
physical-inorganic chemistry using the complete energy-
level diagram of square-planar Cu€l as a reference. The
applications of many of these methods were discussed in
detail in the symposium associated with this awareL!'
has nine valence d electrons resulting in one unpaired
electron in the @ 2 orbital in the ground state. This is
perturbed by application of an external magnetic field and
can be studied at low resolution by magnetic susceptibility
to obtain the oxidation and spin state of the metal ion and at
high resolution by magnetic Msbauer (for5Fe) and

electron paramagnetic resonance (EPR) based methods.

These define the nature of the half-occupied orbital (i,e.,2d
vs d?). The ground state can be studied at still higher
resolution by double resonance (i.e., electron nuclear double
resonance) and pulsed (i.e., electron snho envelope
modulation) EPR methods, which quantify the electron
delocalization onto the ligands.

The above methods involve measurements in the energy,

Figure 1.

Crystal structure of plastocyanin (PDB code 1PLC) and an

region of 104—10' cm™*. At higher photon energy (near-
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expanded view of the geometric and electronic structures of the active site.

IR—vis, 4000-25 000 cn?), one excites electrons from
filled d orbitals into the half-occupied d level. These-dd
transitions are sensitive to the ligand field at the metal center
and therefore provide a probe of the active-site geometric
and electronic structures. These are parity-forbidden and
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intense charge-transfer transitich§he high intensity of
these transitions further allows resonance enhancement of a
Raman spectrum, which provides a probe of both active-
site vibrations and the nature of the excited-state distortion.
To still higher energy, electrons are excited from core
levels. The most familiar of those methods is extended X-ray
absorption fine structure (EXAFS) in X-ray absorption
spectroscopy (XAS), where the metal 1s electrons are excited
into the continuum, scatter off adjacent atoms, and produce
constructive and destructive interference with the outgoing
electron wave, which gives geometric structural information
on the active site. However, in XAS, one also observes
transitions to bound states. For copper, the K edge is at
~8980 eV and the L edge is 930 eV, and for the chloride
ligands in this reference complex, the K edge is at 2820 eV.
It will be shown later in this presentation that spectra taken
. o ) at these edges provide a direct experimental probe of the
Edward I. Solomon grew up in North Miami Beach, FL, received mjxing and delocalization of the ground-state wave function
his Ph.D. from Princeton University (with D. S. MgCIure), .and was  gver the active site.
a postdoctoral fellow at the H. C. Orsted Institute (with C. J. The above spectroscopic methods experimentally measure
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then moved to Stanford University, where he is the Monroe E. important to correlate experiment with theory, and for
Spaght Professor of Humanities and Sciences. He is a member oftransition-metal complexes, these are divided into two classes

the National Academy of Sciences and the American Academy of of calculations. Ligand-field theory focuses on the ground
Arts and Sciences and a Fellow of the American Association for state and ligand-field excited states and describes their
the Advancement of Science. His awards include this American interaction with the coordination environméntigand-field
Chemical Society (ACS) award for Distinguished Service in the theory works very well as long as the metal site is not very
Advancement of Inorganic Chemistry, the ACS award in Inorganic  ¢qylent. When it is, one turns to molecular orbital theory,
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Seaborg Lecture at the University of CaliforriBerkeley and has s of critical importance to correlate modern DFT calculations
been an Invited Professor at a number of international universities. with experimenf. Then calculations supported by data can
His research is in the fields of physieahorganic, theoreticat be used to obtain further insight into electronic structure and
inorganic, and bioinorganic chemistry with emphasis on the jts contribution to reactivity.
app;:lc%tiotn Ofla Véidte \{ﬁriet}/ OI Sp.eCtrtOSC(t’piC anf(jtcomrt)ptationflll The goals of spectroscopy in bioinorganic chemistry are
methods to elucidate the electronic structures of transition-meta : : : : :
complexes and their contributions to physical properties and to determine active-site geometric and.electronlc structures
reactivity. Areas of present interest are structtftenction correla- and to develqp Strucwﬂmncuon correlations. SpeCtrOSCOpy
tions in mono- and binuclear non-heme iron enzymesai@ NO probes reaction mechanisms on a molecular level and defines
activation by mono-, bi-, tri-, and tetranuclear copper active sites, K€Yy contributions to catalysis. This often involves using rapid
and electronic structure contributions to electron transfer in copper, freeze quench methods to trap intermediates, which can then
iron—sulfur, and heme sites. be studied in detail using the above spectroscopic methods.
To achieve these goals, one often has to develop new
therefore weak in the absorption spectrum, but they can bespectroscopic methods (where existing probes are not avail-
intense in circular dichroism (CD) and magnetic CD (MCD) able or give ambiguous results) or to understand unique
spectroscopies based on the different selection rules associspectroscopic features (compared to small-molecule com-
ated with each of these methods (to be discussed in a lateplexes of the same metal ion). We have shown that these
section for low-temperature MCD). unique spectroscopic features (i.e., low-energy, intense
At still higher energy (UV-vis), electrons are excited from ~ absorption features and unusual ground-state spin Hamilto-
the filled ligand-centered orbitals to the half-occupied d nian parameters) reflect highly covalent active sites that can
orbital, producing ligand-to-metal charge-transfer transitions. activate the metal center for catalySis.
These involve a change in the electron density and therefore This presentation will illustrate many of the above concepts
can be intense in the absorption spectrum. They are alsousing the blue copper protein active site as an example.
polarized along the liganemetal bond involved, allowing
spectral assignment based on polarized single-crystal spec-(4) Neese, F.; Solomon, E.lnorg. Chem.1999 38, 1847-1865.
troscopy. Methods have also been developed [i.e., variable- ) g?'gl]_irénl?;oﬁjn'g.h?‘T,CSHe#. %‘ﬁty.ssiré%%kifi Sowelka, M. O Suter,
temperature, variable-field MCD and optically detected (6) Solomon, E. I.; Lowery, M. DSciencel993 1575.
magnetic resonance] to obtain polarized single-crystal-like (7) Ballhausen, C. Jntroduction to Ligand Field TheopMcGraw-Hill:

ot _ iti New York, 1962.
data from a frozen soIqhoﬁ?The charge t(ansfer transitions (8) Kohn, W.: Sham, L. JPhys. Re. 1965 140, A1133.
are key to understanding the nature of ligamdetal bonds (9) Szilagyi, R. K.; Metz, M.; Solomon, E. 0. Phys. Chen2002 106,

because high covalency is associated with low-energy, 2994,
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Figure 2. Complete molecular orbital energy-level diagram of [Ci€] (left) and an overview of different spectroscopic and theoretical methods to probe
the ground and excited states (right).
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Figure 3. Ground-state spectral featuresf, [CuCly]?~: [(A) top and (B) left] O, ligand field giving a d 2Ey ground state; [(A) bottom and (B) right]
tetragonal JahnTeller distortion producing a2 ground state; (C) molecular orbital description of the“@" ground state oD, CuCL?~; (D) EPR
spectroscopy of tetragonal Cgomplexes (top) without and (bottom) with hyperfine coupling to the copper nudeast).

However, because this presentation will focus on the origin complexes is a tetragonal elongation alarand contraction
of unique spectroscopic features, it is important to first in the equatorial plane leading to the square-planar €uCl
consider the “normal” spectroscopy of cupric complexes limiting structure (Figure 3A). A key feature of ligand-field
using square-planar Cult as a referenc¥. theory is that the splitting of the d orbitals is very dependent
Normal Copper ComplexesWhen a cupric ion is placed  on the ligand environment around the metal center and is
in an octahedral ligand field, the five d orbitals splitinig t  different for square planar relative to octahedral coordination.
and g sets, separated in energy by the historical parameterthe d orbital splitting appropriate fd., CuCl?~ is given
of ligand-field theory 1@q (D relating to the ligand  in Figure 3B, with the highest-energy half-occupied d orbital
electrostatic chargg distribution _aqdihc_a radial mtegre_ll OVer  phaing -, because its lobes point directly at the ligands
the electron coordinates). Placing nine electrons into these,nq thys it has the largest repulsive or antibonding interaction
ligand-field split orbitals gives one hole in thg et and iy the ligand field. These, however, are not pure d orbitals
thus a;Fg gro“‘?dhi;‘?‘tﬁ' Tg!s IS qrblta]!lyhdege?eralte anﬁ tﬂus but are involved in bonding/antibonding interactions with
szgl?:satheetgeZer?eracey grn dllsct)c\/)vrgr(')s,ntr?eter?errng(;%?:heé \c,:vorlrfplex the ligands that are given by molecular orbital theory. The
The generally observed Jahifeller distortion for cupric ‘most _accurate DFT calculated/experimentally supportgd
description of the ground state of square-planar cupric

(10) Solomon, E. I. IComments on Inorganic Chemistigutin, N., Ed.; Chloride is given in Figure 3C; it_has 61% CJ@‘QZ character,
Gordon and Breach: New York, 1984; Vol. Ill, p 225. with the rest of the wave function equivalently delocalized
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Figure 4. Excited-state spectral features @f, [CuCls)?~: (A) ligand-field and ligand-to-metal charge-transfer transitions (arrow width gives intensity);
(B) ligand-field (red) and charge-transfer (blue) transition®gf CuCL?; (C) three valence 3p orbitals on chloride split dueste bonding to copper. The
charge-transfer intensity is given by overlap of the donor and acceptor orbitals.

over the four chloride ligands (as required by group theory),
which are involved ino-antibonding interactions with the
copper.

sets upon binding to copper (Figure 4A blue)r @t deeper
energy because it is-bonding to the metal (i.e., oriented
along the ligang-metal bond) and thespset (in and out of

The ground state o4, CuClL? thus has one unpaired plane, perpendicular to the ligandhetal bond) at lower
electron in this ¢_2-derived molecular orbital and is studied energy. The intensities of these transitions are proportional
by EPR spectroscopy. It exhibits a spectrum vgtt» g > to the overlap of the donor and acceptor orbitals involved in
2.0023, which from ligand-field theory is characteristic of a the charge-transfer process. From Figure 4C, excitation from
de-y2 ground state. It should be noted that the spectrum po will produce an intense charge-transfer transition (due to
shown at the top of Figure 3D would be that of a frozen its ¢ overlap with gz_2) while charge transfer from the
solution with all orientations of the copper site. This spectrum chloride pr will be weak because the intensity is only derived

is plotted as the first derivative, which is measured to increasefrom configuration interaction (i.e., mixing with intense

sensitivity, leading to a peak aj and a more intense
derivative-shaped feature@t. This is a theoretical spectrum
because copper has a nucleus spifl ef 3/,, which will
couple to the electron spin to produce a hyperfine splitting
into 21 + 1 =4 lines. The hyperfine splitting in thg region,

Ay, is large,~|164 x 10~ cm? for D4, CuCl?~, while Ag

is much smaller and not resolvable in theregion.

Going up in energy (near-Hvis), electrons are excited
from filled d orbitals into the half-occupied,dy level,
leading to the ligand-field transitions. As indicated in Figure
4A red, these are parity-forbidden (i.e., Lapdr@d hence

charge-transfer transitions of the same symméirihus,
for normal ligand-metal bonding, a lobe of thead? orbital
is oriented along the liganeinetal bond and there is
overlap. This results in a low-energy, weakand high-
energy, intenses charge-transfer pattern, which is also
experimentally observed (Figure 4B blue) and is character-
istic of a normal ligane-metal bond.

Electron-Transfer (ET) Sites in Bioinorganic Chemis-
try. Figure 5 summarizes most of the key metal centers
involved in biological ET'? For copper, these are the blue
copper site, the focus of this presentation, and the mixed-

weak in the absorption spectrum in the low-energy region valent binuclear Cucenter. For Cp, the coppers are bridged

(~16 000 cn1t; € ~ 40 Mt cm™%; Figure 4B red). At higher
energy (Figure 4A blue), electrons from filled ligand-based
molecular orbitals are excited into the half-occupigd

orbital, leading to the ligand-to-metal charge-transfer transi-

by thiolates and there is also a weak direct-@u bond,
which maintains electron delocalization even in the low-
symmetry protein environmefit. For iron, the ET sites
include the 1, 2, 3, and 4 irersulfur centers, which have

tions. From Figure 4B blue, these are intense transitions athigh-spin tetrahedral metal sites, and the cytochromes, which

higher energy (25 00840 000 cm'%; € ~ 2000-5000 M?
cm™) relative to the ligand-field transitions. They provide
detailed insight into the nature of the liganchetal bonds.
Chloride has three valence 3p orbitals, which split into two

(11) Desjardins, S. R.; Penfield, K. W.; Cohen, S. L.; Musselman, R. L.;
Solomon, E. I.J. Am. Chem. S0d.983 105, 4590.

(12) Holm, R. H.; Kennepohl, P.; Solomon, E.Chem. Re. 1996 96,
2239.

Inorganic Chemistry, Vol. 45, No. 20, 2006 8015



Solomon

Figure 5. ET sites in bioinorganic chemistry.

Figure 6. (A) X-ray structure of the blue copper site in poplar plastocyaifB) Absorption spectrum of plastocyanin (leftscale) and “normal'Dn
[CuCly]?~ (right € scale). (C) X-band EPR spectrum of plastocyanin (top) Bad[CuCl]?~ (bottom).

have low-spin six-coordinate heme sites. In all cases for Unique Spectroscopic Features of Oxidized Blue Cop-
efficient ET, there is minimal change in geometry with redox per Sites.This overview starts in 1978 when Hans Freeman
(i.e., a low reorganizational energyin Marcus theordf) determined the crystal structure of the first blue copper site,
and efficient electronic coupling through the protein [i.e., a that of plastocyanin, which couples photosystem | with
large Hpa matrix element for coupling the donor (D) and photosystem Il through ET.The geometric structure of the
acceptor (A)]. Here we focus on the blue-copper-related sites,copper site was distorted tetrahedral, not the tetragonal
their unique spectroscopic features and how these reflect astructure normally observed for cupric complexes (Figure
novel electronic structure that results in a lévand a large 6A), which raised the issue of the role of protein in
Hpa, and the role of the protein in determining the geometric determining the geometric structure of this active site. There
and electronic structures of blue-copper-related 3ftes. were also two chemically interesting ligands: a short thiolate
sulfur of Cys with a Cu-S bond length o~2.1 A and a

(13) 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, (15) Solomon, E. |.; Szilagyi, R. K.; George, S. D.; BasumallickChem.

E. . J. Am. Chem. S0d.998 120, 5246. Rev. 2004 104, 419.
(14) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265— (16) Colman, P. M.; Freeman, H. C.; Guss, J. M.; Murata, M.; Norris, V.
322. A.; Ramshaw, J. A. M.; Venkatappa, M. Rature 1978 272 319.
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Figure 7. Single-crystal EPR of poplar plastocyanin; orientation of tkeydorbital. (A) Unit cell and molecular orientation of poplar plastocyanin with
respect to the applied magnetic fielilis the angle between the magnetic field)) (and the crystallographic axis @ = 0; H andc are collinear). (B) EPR
spectra (left) and simulations (right) for the crystal orientations shown. (C) Orientation df ttieection and the @-,» orbital superimposed on the blue
copper site.

long thioether S-Cu bond of Met at a distance 2.9 A proximately along the long Met-SCu bond. A series of ex-
from the copper. The coordination environment was com- perimental single-crystal rotations were performed, and the
pleted by two fairly normal His NCu bonds at-2.05 A. data were simulated with four molecules in the unit cell. This
Associated with this unusual geometry and ligation are gave the specific orientation gf shown in Figure 7C, which
the unique spectroscopic features of the blue copper site. Inis tilted just 5 off the long thioether SCu bond. This defines
contrast to the weak ¢ d transitions of normal tetragonal the electroni@ axis and puts the.. orbital (perpendicular
Cu' complexes withe ~ 40 M1 cm™t at ~16 000 cn?, to z) within 15° of the plane defined by the three strong lig-
the blue copper site has an intense absorption band at 16 00@nds: the Cys S and two His N ligands. From this point in the
cmt (~600 nm) withe ~ 5000 M~ cm™* (Figure 6B). In presentation, the ground state will be pictured in iyiplane.

the ground-state EPR spectrum (Figure 6C), the hyperfine  The second feature of the ground state to be considered is
coupling @) of the electron spin to the nuclear spin on the e origin of the smally, value of the blue copper site. From
copper is reduced by more than a factor of 2 for blue copper gjgyre "8, there are three contributions to the hyperfine
relative to normal copper complexes. We now consider the ¢opling of the unpaired electron to the nuclear spin of the
origin of these unique spectroscopic features. These reflectcopper. The Fermi contact term involves interaction with the
a novel ground-state wave function that is extremely impor- gjaciron spin density at the nucleus. Because an unpaired
tant to understand because it is the redox-active molecularggctron in the d 2 orbital has no probability at the nucleus
orbital (RAMO) that plays the key role in biological function, s results from spin polarization of core s electrons, mostly
long-range rapid ET to a specific position in the protein.  5¢ gch that the andg electrons have different probabilities
Nature of the Ground-State Wave Function. From at the nucleus, producing a net large negative contribution
Figure 6C, the blue copper site hgs> gn > 2.0023 and the hyperfine coupling. The spin dipolar term is classical
therefore a d-,2 ground state. The first goal of Spectroscopy - anq involves the dipolar coupling of the electron spin position
was to determine the orientation of this orbital in the distorted averaged over the,d,z orbital with the nuclear spin on the
tetrahedral ligand field of the blue copper site (Figure 6A). cqnher, This is also large and negative. The orbital dipolar
This was accomplished through single-crystal EPR Spec- (o has an origin similar to that of thevalues deviating
troscopy:” Plastocyanin crystallizes in an orthorhombic space from 2 0023, which will be considered later, and can be
group with four molecules in the unit _ceII. Their active sites .o |culated from the experimengalues. For square-planar
are shown'on an expan_ded_scale in Figure 7A. Here, the.EPRCuChz—, these three terms are of similar large magnitude
data are given for the field in thec plane and the crystalis 5y the orbital dipolar term is of positive sign, leading to
rotated around tha axis. From Figure 7B left, g Spectrum — yhe et |arge magnitude of th, value observed experi-
(with the fourA‘ hyp_erflne lines) is opserveq with the field mentally. For blue copperA, is greatly decreased in
?I?ng thec axis, wr#lehagg spectLum Ish obtained when the  \4gnitude, and the initial explanation for this focused on
ield is rOt?tedl 900 ht ec _aX'S'J #Sf they, c_iwec‘uow_s aP- the spin dipolar term and the distorted tetrahedral geometry
proximately along the axis, which from Figure 7A s ap- ot the plue copper site. It was thought that the distorted
(17) Penfield, K. W.: Gay, R. R.; Himmelwright, R. S.. Eickman, N. C.. tetrahedral structure would allow the Cu,4bital to mix
Norris, V. A.; Freeman, H. C.; Solomon, EJLAm. Chem. Soeos1,  With the Cu gy orbital. An electron averaged over the p
103 4382. orbital would have the opposite sign for its spin dipolar
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A = Ay (Fermi contact) + Ag (Spin dipolar) + A, (Orbital dipolar)

A”(CuCl42') =-123x 10" -155x10* +114x10* cm!
=-164 x 10 cm’!

Initial Model

A(Blue Cu) =-63 x 10 cm!
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Figure 8. Geometric distortion model for smaM; values. Cu 4pmixes with the g¢—2 orbital in Dog symmetry.
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Figure 9. Cu K-edge XAS: (A) energy-level diagram giving Cu 1s to RAMO transition; (B) orientation-averaged XAS speBya[6uCly]2~ and the
blue copper site in poplar plastocyanin; (C) polarized single-crystal XAS spefdrahe poplar plastocyanin.

interaction, and if there were 12% CuApixing, this would In Figure 9C, the dashed spectrifmeflects the edge taken
reduce theA, value to that of the blue copper site. with the E vector of light oriented along the axis, which
Thus, one had to experimentally determine the Cu 4p was determined from the single-crystal EPR data presented
mixing into the gz_y orbital. This was accomplished by earlier. This is the orientation where the intensity associated
going up 10 orders of magnitude in photon energy (from with 4p, mixing would be observed, and there is none. The
the 10-*-cm™* region of hyperfine coupling) to-9000 eV,  solid XAS spectrum is for light polarized in they plane.
the Cu K edge in XAS8 From Figure 9A, at 8979 eV there  All of the preedge intensity is present in this polarization,
is a transition from the Cu 1s orbital to the half-occupied indicating that the @2 orbital mixes with the Cu 4p
RAMO. Because s— d is electric-dipole-forbidden, the orbital. This would have the same sign for the spin dipolar
dominant intensity in this preedge transition would derive term and could not decrease the hyperfine coupling.
from any Cu 4p mixing due to the distorted tetrahedral The above XAS experiment at the Cu K edge eliminated
environment because-s p is electric-dipole-allowed. From  the generally accepted explanation for the smgifalue of
Figure 9B, square-planar Cu€i has very little intensity in blue copper. We thus focused on the alternative possible
the preedge (arrow at 8979 eV) consistent with its center of explanation for the small hyperfine coupling, a highly
inversion; hence, d/p mixing is forbidden. In going to covalent site. Covalency delocalizes the electron spin off the
plastocyanin, the intensity of the 8979-eV transition in- copper center and would reduce its hyperfine coupling with
creases, reflecting 4p mixing into thezdz orbital in the the nuclear spin on the copper. Hence, we turned to molecular
distorted tetrahedral environment of blue copper. The nature orbital theory and a quantitative consideration of the EPR
of this mixing could be determined from polarized edge data. values of the blue copper site.

(18) Shadle, S. E.; Penner-Hahn, J. E.; Schugar, H.; Hedman, B.; Hodgson,(19) Scott, R. A.; Hahn, J. E.; Doniach, S.; Freeman, H. C.; Hodgson, K.
K. O.; Solomon, E. I.J. Am. Chem. S0d.993 115, 767. 0. J. Am. Chem. S0d.982 104 5364.

8018 Inorganic Chemistry, Vol. 45, No. 20, 2006



Spectroscopic Methods in Bioinorganic Chemistry

angular momentum and thus the calculaje@lues. We then
turned to molecular orbital theory, and in the early days of
DFT (i.e., early 1980s), this was the SC&-$W (self-
consistent-field &-scattered wave) approaghA calculation
performed with the standard methodology at the time (i.e.,
the Norman radii colunt®) did reduce the calculatagivalues
relative to those calculated by ligand-field theory. However,
compared to experiment (first column), these were too close
to 2.0023, indicating that the standard SGESW calcula-

tion was giving too covalent a description of the ground state.
The last step was to adjust the parameters of the calculation
(the scattered wave radii) until the calculation reproduced
the experimentad) values and thus gave an experimentally
adjusted description of the ground state of the blue copper
site?° This is shown at the bottom of Figure 10 in thg
plane defined by Cu, Cys S, and two His N. This site is
highly covalent with 42% Cu ,d.y2 character, and the
covalency is highly anisotropic, with delocalization domi-
nantly into the pr orbital of the Cys S.

Figure 10. Quantitative analysis af values for plastocyanin (top). Contour Modern DFT. The ground-state description in Figure 10
of plastocyanin ground-state wave function (RAMO) calculated by SCF- was developed in 1985. The DFT methodology has advanced
Xo-SW adjusted to spectroscopic data (bottom). greatly since that time, allowing total energy calculations,

From Figure 10 top, the blue copper site in plastocyanin geom(;:tery optimizations, and evqluaﬂo_n of rea_cthn coordi-
hasg, > g5 > 2.0023, indicating an unpaired electron in a nates?® AII'm(')dern DFT calculations give qualitatively the.
de 2 orbital. However, if this limiting description were ~S&me description of the ground state of the blue copper site,
appropriate, there would only be spin angular momentum @ highly covalent site with the covalency delocalized into
and theg values would be 2.0023 and isotropic. Ligand- the pr orbital of the thiolate sulfur (Figure 11 left):2>2¢
field theory allows for spir-orbit coupling of the ground ~ However, standard modern DFT calculations, in fact, give
state with ligand-field excited states. This mixes orbital Sites that are overly covalent relative to experiment with
angular momentum into the ground state and leadg to ~30% Cu and~60% Cys S character (experimental values
values that deviate from 2.0023. From the third column in are given in green in the table in Figure 11 with 41% Cu d
the table at the top of Figure 10, a complete ligand-field and 38% S p character). BP86 is a pure functional, while
calculation of the blue copper sites givgs> g > 2.0023, the B3LYP calculation is a hybrid with-20% Hartree-
consistent with a,@-2 ground state; however, the calculated Fock exchange mixing. For a small cluster model of the blue
g values deviate too much from 2.0023 relative to experiment copper site with 33 atoms, our approach has been to adjust
(first column in the table). This indicated that there was too the calculations to better correlate with experiment by
much orbital angular momentum in the ligand-field calcula- increasing the HartregFock mixing in the hybrid, which
tion. This treats the d orbitals as localized on the copper decreases the covalency, as does decredsimum the copper
while delocalization onto the ligands reduces the orbital (as in the ADF packagéy'®26

Figure 11. Blue copper ground-state wave function by modern DFT. Experimental results from Figures 12 and 13 in the green row. White rows give the
results for a 33-atom active-site model. Yellow rows correlate more (217 atoms) and all (QM/MM) of the protein.
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Figure 12. Cu L-edge XAS as a probe of the ligand-to-metal covalency.
(A) XAS Cu Lz-edge spectra foDs [CuCls)2~ and plastocyanin. Values
listed are the amounts of Cu 3d character in the RAMO. (B) Energy-level
diagram depicting the Cu 2p to RAMO transition.

Alternatively, with increased computer power, it is now
possible to include a large portion of the protein in the
quantum mechanics (QM) calculations (Figure 11 left) or
the entire protein using QM/MM methods (yellow rows in

Solomon

Figure 13. S K-edge XAS as a probe of ligand-to-metal covalency. (A)
Orientation-averaged XAS S K-edge spectra tieirb [a model complex
with a normal Cti—S(thiolate) bond] and plastocyania? is the amount

of S p character in the RAMO. (B) Energy-level diagram depicting the S
1s to RAMO transition.

not as covalent as that in a B3lyp calculation of the copper

the table in Figure 11). These can give very good agreementsite in the white rows of the table in Figure 11.

with experiment because there are two contributions of the

protein that reduce the covalency of the thiota@u bond?”
The first is the hydrogen-bond interaction of the thiolate with
a nearby amide, which we have studied in detail for the-ron
sulfur proteing® There is also a contribution from the protein
dipoles to the decreased covalency of the thiet&a bond.

New Spectroscopic Methodsln this presentation, we

The covalency of the thiolate-8Cu bond can be quantified
by S K-edge spectroscopyWe have been developing ligand
K-edge spectroscopy as a direct probe of covel#mcause
this probes all half-occupied and unoccupied valence orbitals
and does not require the site to be EPR-active. From Figure
13B, at 2470 eV an electron is excited from the filled S 1s
core orbital into the RAMO. Because the 1s orbital is

focus on spectroscopic methods that experimentally quantify jocalized on the sulfur and-s p is electric-dipole-allowed,
the ground state of blue copper: the amount of metal d the S K-edge intensity quantifies the amount of S 3p

character, th S p character, and theinteraction of the g2
orbital with the thiolate in Figures 10 and 11.

character in the RAMO. From Figure 13A, the blue copper
site in plastocyanin has much higher S K-edge intensity and

The amount of Cu d character in the ground state was is therefore more coval€fitthan tet b, a model compléx
determined by Cu L-edge spectroscépiFrom Figure 12B, with a fairly normal Cu-S bond (Cu-S bond length of 2.36
at 930 eV one excites electrons from the filled Cu 2p core A) having 15% S character in its ground state. From the
orbital into the half-occupied RAMO. Because 2p is localized intensity ratio in Figure 13A, the ground state of the blue
on the copper center and—p d is electric-dipole-allowed,  copper site has 38% Cys S 3p character.
the intensity of this L-edge transition quantifies the amount  The final feature of the ground-state wave function of the
of Cu de-y2 character in the ground state. From Figure 12A, blue copper center is its orientation in thg plane. This
the blue Cu L-edge is less intense than that of square-planarderived from low-temperature MCD spectroscopy and relates
CuCl?", indicating that the blue copper site has less metal to the assignment of the unique absorption feature of the
d character and is thus more covalent. From studies of squareblue copper sité2 From Figure 14Ai and ii, upon going to
planar CuCF~ using many spectroscopic and computational low temperature and combining absorption/CD and MCD,
methods, we know that it has 61% Cu character in its ground with each method governed by a different selection rule, there

state®® The intensity in Figure 12A then quantifies the blue
copper site as having 41%gdy character, very covalent but

(20) Penfield, K. W.; Gewirth, A. A.; Solomon, E. J. Am. Chem. Soc.
1985 107, 4519.

(21) Slater, J. C.; Johnson, K. IRhys. Re. B 1972 5, 844.

(22) Norman, J. G., JMol. Phys.1976 31, 1191.

(23) Davidson, E. RChem. Re. 200Q 100 (thematic issue).

(24) Ziegler, T.; Autschbach, £hem. Re. 2005 105 2695.

(25) Pierloot, K.; Dekerpel, J. O. A.; Ryde, U.; Olsson, M. H. M.; Roos,
B. O.J. Am. Chem. S0d.998 120, 13156.

(26) Szilagyi, R. K.; Solomon, E. Curr. Opin. Chem. Biol2002 6, 250.

(27) Gorelsky, S. I.; Solomon, E. I., to be published.

(28) Solomon, E. I.; Hedman, B.; Hodgson, K. O.; Dey, A.; Szilagyi, R.
K. Coord. Chem. Re2005 249, 97.

(29) George, S. J.; Lowery, M. D.; Solomon, E. I.; Cramer, SJ.PAm.
Chem. Soc1993 115 2968.
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Chem. Soc1988 110, 250.
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are eight transitions required to fit the electronic spectrum
of blue copper in the near-HRUV —vis region. Band 4 in
Figure 14Aii is the characteristic intense, low-energy absorp-
tion feature of blue copper at16 000 cm?, and there is an
additional weak, lower-energy feature in the low-temperature
absorption spectrum, band 6. Polarized single-crystal absorp-
tion data in Figure 14Aiii showed that both bands have the
same polarization ratio and from correlation to the crystal-
lography are associated with the CysGu bond!’ At this
point, one might assign the spectrum in parallel to normal
copper in Figure 4, a low-energy, weakand a higher-
energy, intenses charge-transfer transition (Figure 14C

(31) Hughley, J. L.; Fawcett, T. G.; Rudich, S. M.; Lalancette, R. A,;
Potenza, J. A.; Schugar, H. 3. Am. Chem. S0d.979 101, 2617.
(32) Gewirth, A. A.; Solomon, E. IJ. Am. Chem. Sod.988 110, 3811.
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Figure 14. Blue copper excited-state spectral features: (Ai) room-temperature absorption, (Aii) low-temperature absorption, (Aiii) single-cryséal polar
absorption, and (Aiv) low-temperature MCD spectrum of plastocyanin. (B) C-term mechanism of low-temperature MCD intensity. (C) Charge-transfer
pattern of normal copper (lobe of theede orbital along the -Cu bond) and blue copper (lobes bisected by the€c8 bond).

black). However, this is, in fact, not the case, as revealed by bond rather than be oriented along the bond as in normal
low-temperature MCD spectroscopy. Figure 14Aiv shows copper complexe®. This occurs because of the strong
that bands 58, which are weak in absorption, are the most xz-antibonding interaction of Cys S with the metal d orbital
intense features in the low-temperature MCD spectrum.  due to its short 2.1-A bond length.

Low-temperature MCD intensity involves@term mech- Electronic Structure Contributions to ET. Having
anism? which, as shown in Figure 14B, requires two developed a detailed description of the electronic structure
perpendicular transition momentsi;, i = j). In a low- of blue copper, we can now correlate this with its efficiency

symmetry protein site, all states are nondegenerate and alin biological ET. As discussed above, two factors are
electronic transitions will thus be unidirectional. Therefore, required: a largeédpa and a smalli.

to get the MCD intensity, one has to spiarbit couple two Hpa: Superexchange Pathwaysin Figure 15A, the
excited states with transition moments in different directions. RAMO developed above has been superimposed over a
Because the spirorbit coupling parameter of the metal portion of the structure of the blue copper site in the
center is much larger than those of the ligands, the MCD multicopper oxidases. These enzymes are particularly inter-
intensity will reflect metal character in the excited states. esting in that the ET pathway is reasonably well defined.
Therefore, ligand-field transitions will be weak in absorption The electron enters at the blue copper site. Its thiolate ligand
but intense in MC32 Bands 5-8 in Figure 14A can then s flanked on either side in the sequence by His’s, which are
be assigned as ligand-field transitions, with the specific ligands to a trinuclear copper cluster siteElectrons are
assignments based on MCD signs given at the top of Figuretransferred from the blue copper to the trinuclear copper
14Aii. Importantly, band 4, which is the most intense feature cluster, where dioxygen is reduced to weteFrom Figure

in the absorption spectrum, is very weak in MCD and must 15A, the high anisotropic covalency of the €8 thiolate
thus be assigned as a low-energy Cyscharge-transfer — bond clearly activates the Cyslis pathway for rapid
transition, while a higher-energy, weak band is the @ys directional ET® to the trinuclear copper site.

charge transfer. Therefore, the blue copper site has an We have recently focused on determining the superex-
inverted charge-transfer pattern (Figure 14C): low-energy, change pathways through the protein for this EFigure
intensen/high-energy, weak. Because the charge-transfer 15B gives a description of the molecular orbital delocalized
intensity reflects orbital overlap, this requires that tke

orbital be rotated such that its lobes bisect the-SuCys (34 fé'gg%ozrfé'g'ég'l? Spira, D. J.; Solomon, E. froc. Natl. Acad. Sci.

(35) Solomon, E. I.; Sundaram, U. M.; Machonkin, T.Ghem. Re. 1996

(33) Piepho, S. B.; Schatz, P. Kroup Theory in Spectroscopy with 96, 2563.
Applications to Magnetic Circular DichroismJohn Wiley & Sons: (36) Lowery, M. D.; Guckert, J. A.; Gebhard, M. S.; Solomon, EJ.I.
New York, 1983. Am. Chem. Socd993 115 3012.
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between the CuS sz bond on blue copper and theCu o
interaction on the acceptor copper. From the contour in
Figure 15C, there are two contributions to this superexchange
pathway. The thiolater bond is oriented such that it
delocalizes into the protein backbone, which is thédsonded

to the His ligand at the remote copper. There is algeta-o
H-bond overlap, which is small but the pathway is shorter.
These contributions tbélpa can be comparable (depending
on the H-bond distance) and constructive in that they both
increase the highest occupied molecular orbital/lowest unoc-
cupied molecular orbital splitting and therefdtiga.

A: Change in Geometric and Electronic Structures with
Oxidation. To understand the change in the geometric
structure with oxidation of the blue copper site, we need to
consider its change in electronic structure. Therefore, atten-
tion is now focused on the reduced blue copper site. This
has a & configuration and cannot be studied by the above
open-shell spectroscopic methods. Thus, variable-energy
photoelectron spectroscopy was utilized to probe its elec-
tronic structure and how this changes with ionizafion.
Because in this method electrons are detected with escape
depths on the order of 10 A, these studies needed to be
performed on model complexes. Further, because an impor-
tant issue in blue copper has been the role of the protein in
determining the geometric structure, these studies focused
on unconstrained models. Our strategy was thus to chemisorb
the blue-copper-relevant imidazole, dimethyl sulfide, and
methylthiol ligands to coordinatively unsaturated' Gites
Figure 15. Superexchange pathway of the blue copper site: (A) RAMO on oxide a_nd chloride single-crystal _surfaces 'n_U|trah|gh'
superimposed on part of the crystal structure of a multicoppper oxidase; vacuum. Figure 16A shows methylthiolate chemisorbed on
(B) 7-to-o hole delocalization between blue copper and a remote copper Clp,O(111) as an example, where the oxide was used to drive

Cet’)‘_tef (C)r-to-o superexchange pathways through a-€#iés molecular  the deprotonation reaction. The dashed spectrum is for clean
orbital.

Figure 16. Cu—SCH; bonding: (A) valence-band spectrum of 0f111) (dotted line), Cx0(111) exposed to methanthiol (solid line), and their
difference spectrum (bottom) with Gaussian/Lorentzian resolution of the low-energy region; (B) RAMO giving changes in the electronic sthlaotire of
copper upon oxidation; (C) average structural changes upon oxidation of a blue copper site (amino acid numbering from plastocyanin). Bone lengths ar
based on EXAFS results. Angular changes are based on crystallographic results.
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Figure 17. Protein constraint: reduced blue copper site. (A) Effects of
the protein on the ligand donor interactions in blue copper sites. Arrows
show decreased electron donation from the axial S(Met), which results in
increased electron donation from the S(Cys). (B) Schematic of the blue
copper ligand-field effect on the oxidized site. The Jafieller distorting
force is eliminated, which minimizes the reorganization energy of the site.
(Bi) Energy-level diagram of an idealizel structure that is subject to a
Jahn-Teller distortion upon oxidation, while the (BifJs structure of the
blue copper site is not. (Biii) MCD spectrum of plastocyanin, showing that
the de—y2 and dy orbitals are split by over 10 000 cr eliminating the
Jahn-Teller distorting force of the oxidized site.

Cw0. The solid spectrum is for methylthiolate chemisorbed
to CuO, and the difference at the bottom reflects the valence
orbitals of thiolate split in energy due to bonding to' Cthese
were studied as a function of photon energy using synchro-
tron radiation. The intensity changes allowed the assignment
of specific peaks and a quantiation of the wave functions LIS 18, SO o o0 e cdsoson o e
from which the electrons are |on|zé%j.The data on th? spggtralpintensity from Cr;sz-to-a chargg-transfer bagnds. Redox-active
surface complexes were used to calibrate DFT calculations, gritals calculated with SCF-SW showing rotation from ar-type
and calculations supported by the data were used to construcinteraction in plastocyanin (left top) toca(-+) mixture in nitrite reductase
the electronic structure description of the reduced blue copper(left bottom). MCD spectra showing a shift of the ligand-field transitions
site and to determine how this changes upon oxidafion. to higher energy for nitrite reductase relative to plastocyanin, indicating a
From Figure 16B, the dominant change upon oxidation is ‘€"agena! distortion.
simply the hole produced in the RAMO. This eliminates
antibonding interactions of the copper with the thiolate S
and two His N ligands. Thus, upon oxidation there are distort-
ing forces to contract these bonds. From crystallogréjfy
combined with EXAF$#1on going from the reduced (solid
atoms in Figure 16C) to the oxidized site (open atoms), the
Cys S-Cu and His N-Cu bonds contract. Importantly, there
is no distorting force along a bending mode and few angular
changes are observed in the crystal structures.
If the protein were, in fact, opposing a Jahneller
tetragonal distortion of the oxidized site, there would be a
distorting force along a bending mode. The protein constraint
that appears to be present at the blue copper site is the lon igure 19. Continuum of coupled tetragonal distortions in a series of

; ; . erturbed blue copper proteins. Crystal struc¥&s**show contraction
thioether .S_CU bond in the reduced Strucwr@g'%ﬂ'&’ a.n of the Cu-S(Met) bond associated with elongation of the-€3(Cys) bond
unconstrained CuS Met bond would be~2.4 A)°" This and tetragonat,-like mode JahrTeller distortion.

long bond reduces the donor interaction of the thioether with

the copper, which is compensated for by the thiolate, leading splitting in the oxidized state (Figure 17 Bii). In particular
to the short 2.1-A CuS Cys bond (Figure 17A). This long  from Figure 17Biii, the @2 splitting is~10 000 cn* from
thioether/short thiolate combined distortion has an important MCD (Figure 14Aii). Electron-nuclear coupling between
effect on the oxidized blue copper site. Starting from the these levels, when close to degenerate, would lead to a
tetrahedral limit (Figure 17 Bi), there would be one hole in tetragonal JahnTeller distorting force. Thus, this is not
the & set of d orbitals, which is degenerate and unstable to present; there is a fairly limited geometry change and small
a Jahna-Teller tetragonal distortion. However, the long reorganization energy upon oxidation. Clearly, this active
thioether/short thiolate ligand field leads to a large d orbital site is well-tuned for rapid outer-sphere ET, and we now
consider the role of the protein in determining the geometric
(37) Guckert, J. A.; Lowery, M. D.; Solomon, E. J. Am. Chem. Soc.  and electronic structures of the blue copper site.

1995 117, 2817. . I :
(38) Solomon, E. I.; Basumallick, L.; Chen, P.; KennepohlCBord. Chem. Role of the Protein in Active-Site Geometric and

Rev. 2005 249, 229. Electronic Structures. Figure 17 leads to a coupled distor-
(39) Guss, J. M.; Bartunik, H. D.; Freeman, H.A&ta Crystallogr., Sect. tion model where the long thioethe€u bond results in a

B 1992 48, 790. i i
(40) Guss, J. M.; Harrowell, P. R.; Murata, M.; Norris, V. A.; Freeman, short thiolate-Cu bond, .and .toqether the_sg e“ml.nate the

H. C.J. Mol. Biol. 1986 192 361. Jahn-Teller tetragonal distortion of the oxidized site. This
(41) Elliis, P. J., University of Sydney, Sydney, Australia, 1995. coupled distortion model explains the spectral features of a
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Figure 20. Comparison of the spectral features of Met182Thr mutant and wild-type nitrite reductase: (A) low-temperature absorption spectra; (B) geometry-
optimized DFT with (green) and without (blue) the Met ligand.

series of blue-copper-related proteins that all have the same
Cys, two His, and Met ligand set but vary from blue in
plastocyanin to green in some nitrite reducte8eSrom
Figure 18 left, it can be seen that over this seriesitbbarge
transfer goes down in intensity and thecharge transfer
(hencep overlap with the copper) becomes dominant in the
green site. The MCD data for the ligand-field transitions in
Figure 18 right show that, over this series, the-dl transi-
tions shift up in energy, indicating a tetragonal distortion of
the copper site. From superposition of the crystal structures
of plastocyanir?? cucumber basic blu#,and nitrite reduc-
tasé* in Figure 19, it is observed that, in going from the
blue to the green copper, the MetSu bond length decreas-
es, the Cu-S Cys bond length increases, and there is a
tetragonal rotation of the-SCu—S plane into the NCu—N
plane, indicating a JahtiTeller distortion in the green site.
The fact that these proteins all have the same ligand set
yet exhibit a large change in geometric and electronic struc-
tures clearly demonstrates that the protein can tune the struc-
ture of the metalloprotein active site. The role of the Met
ligand in this coupled distortion coordinate has been evalu-
ated by mutating off the relatively strong Met ligand in the
gree|_’1 site in nitrite reduc_:taééAs shown in F,lgure ZQA’ Figure 21. Absorption spectrum of red copper (bottom) compared to that
the site goes from having itscharge transfer being dominant  of the biue copper site (top).
in the green site to the charge transfer being the dominant
feature of the resultant blue site. This behavior was repro-
duced in DFT calculations. From Figure 20B, geometry
optimization of the blue copper ligand set with no constraint
leads to a fairly short thioether-8Cu bond and a green site
with the thiolate having @ bond to the copper. If Met is
removed and the site is reoptimized, the d orbital rotates
and the thiolate nowr interacts with the copper, correlating _ _
with the intenser-charge-transfer transition of the blue site. Figure 22. Contour plots for ground-state wave functions of (A) five-

coordinate red copper and (B) four-coordinate (water ligand eliminated)

Fma”y' these studies have recently been extended to thered copper optimized with the-€5—Cu plane oriented in the molecular

red copper S'ite in nitroso_cyanin and rglated proteins (Figure plane and (C) with the €S—Cu plane rotated normal to the equatorial
21)4 For this class of sites, the relatively weak Met axial plane and reoptimized. The axial ligands are not shown to visualize the

ligand is replaced by a strong His ligand and the strong His ponding differences in the red and blue copper sites.

(42) LaCroix, L. B.; Randall, D. W.; Nersissian, A. M.; Hoitink, C. W.  equatorial ligand is replaced with a weak Glu carboxylate

G.; Canters, G. W.; Valentine, J. S.; Solomon, EJ.IAm. Chem.  |igand#” This effectively rotates the equatorial plane of the
Soc.199§ 120, 9621.

(43) Guss, J. M.; Merritt, E. A.; Phizackerley, R. P.; Freeman, HJ.C.

Mol. Biol. 1996 262, 686. (46) Basumallick, L.; Sarangi, R.; George, S. D.; Elmore, B.; Hooper, A.
(44) Adman, E. T.; Godden, J. W.; Turley, &.Biol. Chem.1995 270, B.; Hedman, B.; Hodgson, K. O.; Solomon, EJI.Am. Chem. Soc.
27458. 2005 127, 3531.
(45) Basumallick, L.; Szilagyi, R. K.; Zhao, Y.; Shaphigh, J. P.; Sholes, (47) Lieberman, R. L.; Arciero, D. M.; Hooper, A. B.; Rosenzweig, A. C.
L. P.; Solomon, E. 1J. Am. Chem. So2003 125 14784. Biochemistry2001, 40, 5674.
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copper into the CtS—C plane, and the copper binds an Summary. This presentation has emphasized the fact that
additional equatorial water ligand. For the red copper site different spectroscopic methods provide complimentary
(Figure 22 left), the thiolate is now-bonding to the copper insight into an active site, and the appropriate combination
(thus, theo-charge-transfer transition is dominant in Figure of methods will provide detailed experimental insight into
21 bottom) and the additional water donor ligand raises the the electronic structure. It is of critical importance to correlate
energy of the d manifold, which shifts tleecharge transfer  spectroscopy with the results of electronic structure calcula-
up in energy relative to this transition in the green copper site. tions, and together these give maximum insight into reactiv-
Calculations supported by the data were further used toity. Finally, the unique spectroscopic features exhibited by
obtain insight into the issue of why only this class of blue- many classes of active sites in bioinorganic chemistry (i.e.,
copper-related sites is able to bind an exogenous water ligandintense absorption bands, unusual ground-state parameters,
From Figure 22 center, removal of the water ligand and etc.) reflect novel geometric and electronic structures that
reoptimization leads to a site that still has the thiotateond can make major contributions to function.
to the copper and the open equatorial coordination position
for exogenous ligand bonding. However, rotation of the  Acknowledgment. For this general presentation, | want
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