tional frequencies. The studies of Cooper et
al. have also shown that the leading many-
body dispersion and induction terms are not
expected to be large enough to resolve these
discrepancies. However, exchange repul-
sion between the two argon atoms results in
the generation of multipole moments,
which can in turn interact with the perma-
nent moments of the HCI constituent. This
particular three-body term is indeed large
enough to account for the observed devia-
tions from pairwise additivity. Future efforts
are likely to yield a precise description of
these exchange-induced multipole forces.

Concluding Remarks

The study of intermolecular forces has en-
tered a new era. It is now possible to place
nearly any conceivable functional group
into the gas phase with supersonic jet tech-
nology. Furthermore, with the develop-
ment of tunable FIR lasers, a general spec-
troscopic technique which probes the de-
grees of freedom that are most intimately
related to the intermolecular potential en-
ergy surface has become available.
Theoretically, it is now possible, in prin-
ciple, to directly invert high-resolution
cluster spectra, although for systems of low
symmetry the computational requirements
are prodigious. The development of im-
proved methods for eigenvalue generation
on complicated, multidimensional poten-
tial energy surfaces can therefore be expect-
ed to have an enormous impact on not only
intermolecular interactions but intramolec-
ular dynamics as well. Nevertheless, the
means to generate experimentally accurate,
fully anisotropic representations of intermo-
lecular forces, including the critical role of
nonpairwise contributions, are now clearly
at hand. The newly developed view of van
der Waals and hydrogen bond VRT dynam-
ics has revealed the delicate interplay be-
tween the attractive and repulsive terms in
intermolecular potentials. By elucidating the
true character of weak interactions, these
powerful tools will enable scientists to exam-
ine the molecular details of a multitude of
chemical and biological processes at unprec-
edented levels of accuracy and detail.
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Electronic Structure Contributions
to Function in Bioinorganic
| Chemistry

Edward I. Solomon* and Michael D. Lowery

Many metalloenzymes exhibit distinctive spectral features that are now becoming well
understood. These reflect active site electronic structures that can make significant con-
tributions to catalysis. Copper proteins provide well-characterized examples in which the
unusual electronic structures of their active sites contribute to rapid, long-range electron
transfer reactivity, oxygen binding and activation, and the multielectron reduction of di-

oxygen to water.

Many enzymes and proteins have metal
ions at their active sites that play key roles
in catalysis. Metal ions can mediate facile
electron transfer reactions and are capable
of binding and activating small molecules,
such as O, and N,. The active sites of many
metalloproteins exhibit distinctive spectral
features as compared with small molecule
inorganic complexes of the same metal ion.
These features are a result of the unusual
geometric and electronic structures that can
be imposed on a metal ion in a protein
environment. One of the major goals of
research in bioinorganic chemistry has been
to understand the origin of these spectral
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features and to use this information to
generate a working model of the geometric
structure of the active site in the absence of
x-ray crystallographic information.

In the last decade, the crystal structures
of many metalloproteins have become avail-
able at atomic resolutions. One notable
example is the recently reported structure of
the Fe-Mo cofactor of nitrogenase (1). Ac-
curate determination of the geometric struc-
ture is, of course, a critically important goal;
however, far from being the culmination of
research in the bioinorganic chemistry of a
class of metalloproteins, it is the starting
point for fundamental studies directed to-
ward understanding biological function at a
molecular level. The focus of our research
has been to combine the results of a variety
of spectroscopic methods with a quantum
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Fig. 1. Copper geometries. (A) The normal Cu
site of the tetragonal Cu(H,0)¢2* cation. The
equatorial ligands are designated O and the
axial O’ (the H atoms have been omitted for
clarity). The highest energy, half-occupied Cu
dz_ 2 orbital is superimposed on the molecular
frame. (B) The blue Cu site in poplar plastocy-
anin (77). (C) The coupled binuclear site in
oxygenated arthropod hemocyanin (12); de-
tails of the bound peroxide are based on the
structure of the p — m%m2 Cu complex pre-
pared by Kitajima et al. (15). The axial N'
atoms are above and below the Cu-O,-Cu
plane. (D) The trinuclear Cu cluster in the
multicopper oxidase, ascorbate oxidase (70).
The T1 Cu site (not pictured) is ~12.5 A from
the T3 Cu atoms, opposite the T2 center.

mechanical description of bonding and to
correlate this with a reasonably precise geo-
metric structure to obtain detailed insight
into the electronic structure of an active site
(2, 3). The distinctive spectral features as-
sociated with many classes of metalloprotein
active sites reflect electronic structures that
can make major contributions to the biolog-
ical reactivity of these sites.

When discussing the spectral features of
metalloproteins, numerous types of spec-
troscopy, spanning many orders of magni-
tude in energy, can be considered. Transi-
tion-metal complexes usually have partially
filled d orbitals that often result in paramag-
netic ground states that can be studied with
electron paramagnetic resonance (EPR)
spectroscopy and magnetic susceptibility,
even when the metal ion is incorporated in
a large, diamagnetic protein environment.
Transition metal complexes also exhibit
low-energy ligand field transitions in which
electrons are excited between the partially
filled d orbitals. These transitions contrib-
ute to the visible absorption spectrum with
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moderate intensities (molar extinction co-
efficients, €, of 1 to 100 M~! cm™!) and are
responsible for the colors that are generally
associated with transition metal complexes.
However, at the dilute concentrations
available for protein solutions (millimolar
or less), most small molecule transition-
metal complexes appear to be at most
slightly colored. In contrast, many metallo-
proteins are intensely colored because of
absorption bands in the visible spectral
region with € > 1000 M~! cm™!. Familiar
examples are blue Cu and Fe-S proteins,
such as plastocyanin and ferrodoxin. The
absorption bands often correspond to li-
gand-to-metal charge transfer transitions in
which an electron is excited from the filled
orbitals of the ligand to the partially filled d
orbitals of the metal. The important point
is that the energies and intensities of such
transitions sensitively reflect ligand-metal
bonding (4). For many small molecule tran-
sition metal complexes, the charge transfer
transitions contribute to the ultraviolet
spectral region. However, for strongly col-
ored metalloproteins, intense charge trans-
fer transitions are at a much lower energy
and signal the presence of highly covalent
ligand-metal bonds, which strongly affect
the chemical properties of the metal ion. In
this article, we focus on Cu proteins with
spectra that are dominated by unique fea-
tures. The origins of these features are now
becoming well understood and provide sig-
nificant insight into the biological reactivity
of these active sites (2).

The Cu proteins are generally divided into
three classes on the basis of their spectral
features (5). Small molecule inorganic Cu(II)
complexes usually have tetragonal geometries
with four strongly coordinated equatorial li-
gands in the xy plane and weaker axial ligands
along the z axis (Fig. 1A). Antibonding
interactions with these ligands split the five d
orbitals such that the d:_. level has the
highest energy. Because Cu(Il) has nine d
electrons, the ground state has one unpaired
electron in the d 2_.; orbital (included in Fig.
1A). This ground state gives a characteristic
EPR spectrum (Fig. 2A, top) with g, > g, >
2.00 and a large parallel hyperfine splitting A,
> 140 G. The hyperfine splitting results from
the spin of the unpaired electron coupling to
the nuclear spin of the Cu. Differences in the
spectra define the three classes of Cu proteins,
which exhibit different reactivities.

1) The normal Cu proteins (such as
Cu,Zn superoxide dismutase, dopamine B
mono-oxygenase, and phenylalanine hy-
droxylase) exhibit EPR spectra similar to
the one in Fig. 2A, top, and absorption
spectra in the visible region (Fig. 2B, top)
that reveal weak ligand-field transitions
that are associated with the Cu center. The
electronic structure of normal Cu sites is
discussed in (4) and is not considered here.
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Fig. 2. Comparison of the electron paramagnet-
ic resonance (EPR) (left panel) and electronic
absorption spectra (right panels) of normal,
blue, and coupled binuclear Cu sites. (A) The
EPR spectra of Cu(H,0)¢2* (top), spinach plas-
tocyanin (center), and Limulus polyphemus oxy-
hemocyanin (bottom). (B) The corresponding
absorption spectra. Note the expanded molar
absorptivity scale for Cu(H,0)¢2* (x100) and
the reduced scale (x0.25) for the 350-nm band
in oxyhemocyanin.

2) The blue Cu proteins exhibit dra-
matically different spectral features com-
pared with normal Cu sites. The parallel
hyperfine splitting is greatly reduced (Fig.
2A, middle), and there is a strong absorp-
tion band (e ~ 4700 M~! cm™!) at ~600
nm (Fig. 2B, middle) that is responsible for
the intense blue color of these proteins.
The blue Cu proteins include the plastocy-
anins and azurins and function as electron
carriers in electron transport chains. In
contrast to normal Cu complexes, the blue
Cu proteins generally have high reduction
potentials and exhibit high rates of long-
range, outer-sphere electron transfer.

3) The coupled binuclear Cu proteins,
which include the hemocyanins and tyrosi-
nases, reversibly bind O, and, in the case of
tyrosinase, activate it for hydroxylation of
phenolic substrates. The oxygenated (oxy)
form of the coupled binuclear Cu site in
hemocyanin involves peroxide bound to
two Cu(Il) atoms. The absence of an EPR
signal (Fig. 2A, bottom) results from the
strong antiferromagnetic coupling (spin
pairing) between the electrons on each Cu,
which is due to the presence of a bridging
ligand (6). The oxy intermediate of tyrosi-
nase (oxytyrosinase) can be stabilized and
has the same spectral features as oxyhemo-
cyanin, which indicates that the active sites
are similar (7, 8). The absorption spectrum
of the oxy sites of these proteins has two



bands, one at ~600 nm (¢ ~ 1000 M~!
cm™!) and a second, intense band at ~350
nm (¢ ~ 20,000 M~! ecm™!) (Fig. 2B,
bottom).

The multicopper oxidases, which in-
clude laccase, ceruloplasmin, and ascorbate
oxidase, couple four one-electron oxida-
tions of substrate to the four-electron reduc-
tion of O, to H,O. They contain a combi-
nation of all three classes of Cu centers.
The simplest multicopper oxidase, laccase,
has one center of each class for a total of
four Cu ions. For the multicopper oxidases,
it is useful to refer to the blue Cu as a type
1 (T1), the normal Cu as a type 2 (T2), and
the coupled binuclear Cu as a type 3 (T3)
center (2, 5). However, the T2 and T3 Cu
centers are fundamentally different from
those in the single center enzymes in that
they form a trinuclear Cu cluster site (9,
10) that functions as a unit in the multi-
electron reduction of O, to H,0.

High-resolution x-ray crystal structures
are now available for the blue Cu sites in
several proteins (11) (Fig. 1B), the coupled
binuclear Cu site in oxyhemocyanin from
Limulus polyphemus (12) (Fig. 1C), and the
trinuclear Cu cluster site in ascorbate oxi-
dase (10) (Fig. 1D). As first predicted by
spectroscopy (13), the geometry of the blue
Cu site is very different from that of normal
Cu centers in that it is a distorted tetrahe-
dron with a short cysteine (Cys) thiolate
S—Cu bond of 2.13 A. The remaining three
ligands are two imidizole N atoms from
histidine (His) residues and a thioether S
from methionine (Met) with a very long
Cu-S, ., bond length of 2.90 A.

The oxyhemocyanin (and oxytyrosi-
nase) site (Fig. 1C) consists of two tetrag-
onal Cu(II) atoms, each coordinated by two
strong equatorial and one weaker axial N,
ligand. Spectral studies require that perox-
ide bridge the two Cu centers (14), and Cu
model studies by Kitajima et al. (15) first
defined the presence of a side-on (w-n%:m?)
peroxide bridging mode in transition metal
chemistry. This peroxide bridging mode has
recently been determined to be present at
the oxyhemocyanin site with the peroxide
occupying two equatorial positions on each
Cu (12) (Fig. 1C). .

Low-temperature magnetic circular di-
chroism (LT-MCD) studies on laccase first
defined the presence of a trinuclear (T2 and
T3) Cu-cluster site in biology (9), which
has recently been confirmed by x-ray dif-
fraction studies of ascorbate oxidase (10)
(Fig. 1D). The two T3 Cu atoms each have
three His ligands and are bridged by a
hydroxide group. In the crystal structure,
these Cu atoms are thought to be tetrahe-
dral. The T2 Cu is described as a three-
coordinate center with two His ligands and
a hydroxide that is bound opposite to the
triangular cluster. All Cu-Cu distances are
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Fig. 3. The x-ray absorp- A
tion spectroscopy for the
blue Cu protein plastocya-
nin. (A) Single crystal, po-
larized Cu K-edge spectra
of plastocyanin with the
x-ray beam polarized par-
allel to the molecular xy

1 L

axes (——) or to the z axis
(along the thioether S—Cu
bond) (---) (22). (B) The

8977 8979 8981

923 926 929 932 2468 2469 2470 2471
Energy (eV)

Cu L-edge spectra for the blue Cu protein, plastocyanin (——), and N-methylphenethylammonium
tetrachlorocuprate (cupric chloride) (----), a normal Cu complex (23). (C) S K-edge spectra for
plastocyanin (——) and tet b, {[rac-5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazocyclotetradecane]
Cu(ll) o-mercaptobenzoate hydrate} (----), a Cu thiolate model complex (27).

less than 4.0 A. Ligand field spectral data
indicate that the two T3 Cu atoms are not
equivalent and that all three of the Cu
atoms in the cluster are better described as
having tetragonal geometries (16).

Proceeding from the geometric struc-
tures of these Cu protein active sites, one
can correlate spectral data with bonding
calculations to develop a detailed descrip-
tion of the electronic structure of these
active sites. As summarized below, the dis-
tinctive spectral features associated with
each of these sites are now understood and
reflect electronic structures that make crit-
ical contributions to the biological reactiv-
ity of the compounds. For the blue Cu site,
the small hyperfine splitting and intense
low-energy absorption band both result
from a highly covalent Cu-S, bond that
activates this residue for directional, effi-
cient, long-range electron transfer. For oxy-
hemocyanin and oxytyrosinase, the spectral
features reflect an unusual electronic struc-
ture for the side-on bridged peroxide that
leads to an extremely stable peroxide-Cu
bond for reversible O, binding in hemocy-
anin and a greatly weakened O-O bond
that activates it for cleavage at the peroxide
level in the mono-oxygenase chemistry of
tyrosinase. For the trinuclear Cu cluster
site, new spectral data demonstrate that it
has a fundamentally different interaction
with O, relative to hemocyanin and tyrosi-
nase (17), which generates a peroxide in-
termediate (18) that has a different geomet-
ric and electronic structure from the side-on
bridged structure. This difference directly
correlates with differences in biological
function; O, binding and activation for
hemocyanin and tyrosinase versus irrevers-
ible reduction of O, to H,O at the trinu-
clear Cu cluster site in the multicopper
oxidases.

Blue Copper Sites:
Electron Transfer

The blue Cu site has an EPR spectrum with
g > g, > 2.00 (Fig. 2A), which means
that the ground state involves a half-occu-
pied Cud,z2_ orbital. This orbital takes up
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and transfers an electron in the biological
reactivity of this active site. Single crystal
EPR studies on plastocyanin have deter-
mined that the g direction is almost parallel
to the Cu-S,,, bond (Fig. 1B) (19), which
defines the z axis of the site and places the
d,2_,» orbital perpendicular to this direc-
tion, within 15° of the plane defined by the
two Ny, and S ligands.

It had generaily been thought that the
small hyperfine splitting in the EPR spec-
trum of the blue Cu site (Fig. 2A) originat-
ed from Cu 4p, mixing into this d._.
orbital (20) (an electron in a p, orbital has
a hyperfine interaction with the nucleus of
the Cu atom that is opposite that of an
electron in a d,z_,» orbital). This was tested
experimentally with polarized single-crystal
x-ray absorption spectroscopy at the Cu
K-edge (21). The x-ray absorption peak at
8979 eV (Fig. 3A) corresponds to the Cu s
= V1 — a?Cud;:_,2 + aCu 4p transition.
As only the 1s — 4p component is electric-
dipole allowed, the intensity at 8979 eV
probes the nature of Cu 4p mixing. Polar-
ized x-ray absorption spectra were taken
with the electric vector of light either
parallel to the molecular z or to the xy axes
(22). From the data shown in Fig. 3A, the
8979-eV peak is xy polarized, which implies
that all Cu 4p mixing involves the 4p, ,
orbitals and 4p, mixing is not the mecha-
nism that reduces hyperfine coupling in the
blue Cu sites. This result allowed us to focus
on the alternative mechanism for the re-
duction of the hyperfine interaction, which
is a highly covalent active site. The idea is
that delocalization of the unpaired electron
onto the ligands reduces its coupling to the
nuclear spin of the Cu.

We experimentally probed the extent of
covalency in the blue Cu site through Cu
L-edge absorption studies (23). The blue
Cu site exhibits an absorption peak at 930
eV (Fig. 3B) that corresponds to an elec-
tric-dipole-allowed Cu 2p — Cu 3d._,
transition. Its intensity quantitates the
amount of Cu 3d character in the ground-
state wave function. Its intensity is 0.61
times that of the 2p — 3d,2_,» transition in
tetragonal cupric chloride, which is well
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defined to have 61% Cu d character in its
ground-state wave function. Thus, the blue
Cu site is very covalent with only ~38%
Cu d,2_2 character in the half-occupied
molecular orbital.

Self-consistent-field Xa scattered-wave
(SCF-Xa-SW) bonding calculations first in-
dicated that this site is strongly delocalized
onto the S, ligand (24, 25) (see below).
This result was experimentally confirmed
through S K-edge x-ray absorption spectral
studies (21). The blue Cu site exhibits an
intense band at 2469 eV (Fig. 3C), which
corresponds to the S Is = V1 — B2 Cu
3d2_,2 — BSc,3p transition. The 1s orbital
is localized on the S atom, so the intensity
of the 2469-eV band reflects the amount of
S 3p character in the half-occupied orbital.
The intensity of this peak in plastocyanin is
2.55 times that of a well-defined Cu thio-
late model complex, tet b (26) (Fig. 3C),
which has ~15% S covalent character.
Thus, the blue Cu site has ~38% Sg,
character in the highest energy half-occu-
pied molecular orbital.

A final key feature of the ground-state
wave function came from the detailed as-
signment of the characteristic optical ab-
sorption spectrum of the blue Cu site (Fig.
2B, middle), which was obtained from a
combination of polarized single crystal ab-
sorption and LT-MCD spectroscopies (25).
The intense absorption band at 600 nm
corresponds to the Som — Cu da_
charge transfer transition, and the S0 —
Cu d,:_z charge transfer transition is a
weak band to higher energy. Normally, o
charge transfer transitions are intense, and
7 charge transfer is weak. Because the
intensity of a charge transfer reflects the
overlap of the donor and acceptor orbitals
involved in the transition, the d .__: orbital
must be rotated in the xy plane such that its
lobes are bisected by the Cu—SCys bond,
rather than lying along the bond, as in
normal Cu complexes.

The above experimental description of
the ground state of the blue Cu site is in
excellent agreement with the results of
SCF-Xa-SW calculations (24, 25). We su-
perimposed the ground-state wave function
onto the Cu site in plastocyanin (27) (Fig.
4). This ground state involves a d._.
orbital that is in the plane defined by the
two Ny, and S, ligands and has its lobes
bisected by the éu—SCys bond. This orbital
is highly covalent, and the delocalization is
strongly anisotropic, involving the pw or-
bital of the thiolate S. As shown in Fig. 4
(inset), the blue Cu site in plastocyanin is
buried in the protein (11). There are two
surface patches that are believed to be
involved in electron transfer.

The adjacent patch is ~6.5 A from the
Cu, through the His®? ligand, and the
remote patch is ~12.5 A from the Cu but is
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Fig. 4. Proposed electron transfer
pathway in plastocyanin. The inset
shows a Ca plot with the side
groups of the Cu-coordinating li-
gands His®?, His®”, Cys®, and
Met®2, as well as the remote path
Tyr83 (11, 48). The remote electron
transfer pathway (Cu-Cys84-Tyr83)
is shown in a view down the Cu—
Smet PONd (the Met group has been

His 87

removed for clarity). The wave
function obtained from the self-
consistent-field Xa scattered wave
(SCF-Xa-SW) calculations has
been superimposed onto the crys-
tallographic coordinates to show
the highly covalent Cu-S¢, ¢ bond
(27). Wave function contour levels
are displayed at +0.32, +0.16,
+0.08, £0.04, £0.02, and +0.01
(e/bohr3)12,

connected through a protein pathway that
involves the Cys3* ligand, which is cova-
lently linked to tyrosine (Tyr) 83 (28). A
similar 12.5 A pathway (with His replacing
Tyr) is present in the blue copper—contain-
ing enzymes ascorbate oxidase (10) and
nitrite reductase (29). On the basis of
distance considerations alone, the adjacent
patch is expected to be orders of magnitude
more efficient at electron transfer (30);
however, both surface patches have compa-
rable electron transfer rates (28). Impor-
tantly, the ground-state wave function,
shown in Fig. 4, is extremely well suited for
rapid, long-range electron transfer to the
remote patch. The electron transfer matrix
element, which describes the electronic
contribution to the electron transfer rate, is
proportional to the square of the ligand
character in the ground-state wave function
(30). The high anisotropic covalency of the
wave function thus strongly activates the
Cys ligand for electron transfer to the re-
mote patch. The existence of a low-energy,
intense Si,,m — Cu d,2_z charge transfer
absorption band thus reflects the presence
of an efficient hole superexchange mecha-
nism for rapid, directional, long-range elec-
tron transfer in the blue Cu proteins.

Coupled Binuclear Copper Sites:
0, Binding and Activation

The side-on bridging structure of the per-
oxide that is bound to the binuclear cupric
site in oxyhemocyanin (and oxytyrosinase)
(Fig. 1C) is quite unusual and results in an
electronic structure (31) that is different
than that of the generally occurring end-on
bridging structure (32). The electronic
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structures for both geometries (Fig. 5) are
reflected in the energy splitting of the high-
est occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital
(LUMO) (that is, the symmetric and anti-
symmetric combinations of the d ._.: orbit-
als on each Cu) that is caused by l;onding
interactions with the peroxide. For the
end-on geometry, the dominant interaction
involves the highest energy occupied
antibonding orbital (m* ) on the peroxide,
which is stabilized by a o bonding interac-
tion with both Cu atoms that raises the
energy of the LUMO. This results in the
donation of electron density from this per-
oxide *  orbital onto the Cu atoms.

In the side-on bridging structure, the
peroxide 7* _ orbital again acts as a o donor
to the Cu atoms. The bonding-antibonding
interaction in this geometry, however, is
much larger than in the end-on structure.
The origin of this increased o donor bond-
ing of the peroxide can be seen in the
contour diagrams for both LUMO:s (Fig. 5).
The peroxide w*_ orbital has two o bond-
ing interactions with each Cu in the side-
on structure, as opposed to one ¢ interac-
tion per Cu in the end-on geometry. The
side-on bridging structure has an additional
bonding interaction that had not been pre-
viously observed for peroxide. As can be
seen in the energy level diagram (Fig. 5),
the HOMO is stabilized by a bonding inter-
action with the high-energy unoccupied o
antibonding orbital on the peroxide. The
HOMO contour shows that this bonding
interaction shifts some electron density
from the Cu atoms onto the peroxide.
Thus, in the side-on bridging structure,
peroxide also functions as a T acceptor
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Fig. 5. Electronic structures of end-on (cis-p-1,2) and side-on (n-n2:m?3) peroxide bridged binuclear
cupric model complexes. The HOMO and LUMO wave function contours are obtained from
broken-symmetry SCF-Xa-SW calculations (37). The labels Cu, and Cug refer to the two Cu atoms
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ligand using its o* orbital, which is strongly
antibonding with respect to the O—O bond.

The spectral features of the oxyhemocy-
anin and oxytyrosinase active sites directly
reflect this unusual electronic structure for
the side-on bridging peroxide (Fig. 5).
First, the lack of an EPR signal (Fig. 2A,
bottom) results from strong antiferromag-
netic coupling between the two Cu atoms.
This coupling is proportional to the
HOMO-LUMO splitting that is caused by
bonding interactions with the bridging li-
gand (33). For the side-on bridging struc-
ture, this splitting is extremely large be-
cause of the combination of the very strong
o donor bonding (which raises the energy
of the LUMO) and m acceptor bonding
(which lowers the energy of the HOMO)
with the peroxide.

Second, the 350-nm absorption band
(Fig. 2B, bottom) corresponds to the tran-
sition of an electron from the w*_ orbital
on the peroxide to the half-occupied d,._,.
orbitals on the two Cu atoms (14). This
transition is far more intense and at much
higher energy than peroxide w*, — Cu
charge transfer transitions (34) in end-on
bound peroxide Cu complexes (35). Both
the high energy of this band and its strong
intensity (which is proportional to the
square of orbital overlap) are a result of the
very strong o donor interaction of the
peroxide with the binuclear cupric site,
which is caused by the two bonding inter-
actions with each Cu in the side-on struc-
ture.

The third spectral feature, which is in
the resonance Raman spectrum is a very

low energy O-O stretching vibration at 750
cm™! (36). Complexes of Cu and end-on
bound peroxide, prepared by Karlin et al.
(35), exhibit v___ stretching frequencies in
the range of 800 to 850 cm™! (34). The
very strong o donor interaction of the
side-on structure should increase the O-O
bond strength, and hence increase v__, as
this removes electron density from the
antibonding orbital on the peroxide. In
fact, the reduced energy of the O-O vibra-
tion in oxyhemocyanin and oxytyrosinase
reflects an extremely weak O-O bond in
the side-on structure. This results from the
presence of the m acceptor interaction,
which shifts electron density into the high-
ly antibonding peroxide o* orbital.

The unusual electronic structure of the
side-on bridging geometric structure would
appear to make significant contributions to
biological function. The combination of
strong ¢ donor and 7 acceptor bonding
leads to a very stable peroxide-Cu bond in
oxyhemocyanin and is particularly impor-
tant with respect to limiting the loss of
peroxide from the oxy site, which would
result in a binuclear cupric site which would
be inactive in reversible O, binding. The
electronic structure (Fig. 5) should also
produce a highly activated peroxide mole-
cule in oxytyrosinase. The strong o donor
interaction results in a less negative perox-
ide, whereas the m acceptor interaction
into the peroxide o* orbital greatly weak-
ens the O-O bond, activating it for cleav-
age. As illustrated in Fig. 6, tyrosinase has
a highly accessible active site (8) (relative
to hemocyanin) where the phenolic sub-
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Fig. 6. Proposed mechanism for oxytyrosinase
applied to the side-on bridged peroxide struc-
ture. The axial N, ligands on each Cu have
been removed for clarity.

strate coordinates directly to the Cu (37).
This would lead to donation of electron
density from the substrate into the LUMO,
which is antibonding with respect to both
the O-O and Cu-O bonds and should
initiate oxygen transfer to the ortho position
on the phenyl ring. The resultant coordi-
nated catecholate will transfer two elec-
trons to the binuclear cupric site, leading to
the dissociative elimination of the o-qui-
none product and the formation of the
deoxy site for further turnover.

Trinuclear Copper-Cluster Sites:
O, Reduction to H,0

Spectroscopic studies on a multicopper ox-
idase, laccase (which contains one T1 cen-
ter and one each of T2 and T3 centers that
form a trinuclear Cu cluster, as pictured for
ascorbate oxidase in Fig. 1D), demonstrate
that the trinuclear Cu cluster site exists (9)
and has a fundamentally different geometric
and electronic structure relative to the cou-
pled binuclear Cu site in hemocyanin and
tyrosinase (17, 38). The difference is caused
by the strong influence of the T2 Cu on the
T3 center and directly correlates with the
difference in biological function: laccase
catalyzes the four-electron reduction of O,
to H,O. Originally, the T3 site was thought
to be similar to the coupled binuclear Cu
site in hemocyanin (and tyrosinase) with a
similar O, reactivity (39). As seen from the
structures (Fig. 1C and T3 in Fig. 1D),
both sites have three His residues on each
Cu atom. In addition, the displacement of
peroxide from oxyhemocyanin results in a
binuclear cupric site that is strongly anti-
ferromagnetically coupled (40), indicating
that a hydroxide bridge (41) has replaced
the peroxide in Fig. 1C, which results in a
structure similar to that of the T3 center in
Fig. 1D. However, there is a striking differ-
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ence in the O, reactivity of deoxyhemocy-
anin and deoxytyrosinase relative to that of
the reduced T3 site in laccase.

Deoxyhemocyanin contains a binuclear
cuprous site that reversibly binds O,, pro-
ducing the oxy site in Fig. 1C. The x-ray
absorption spectrum of deoxyhemocyanin
exhibits a peak at 8984 eV, which is char-
acteristic of reduced Cu, that is eliminated
upon O, binding, indicating that the site is
oxidized to the binuclear cupric level in
oxyhemocyanin (42) (Fig. 7A).

A derivative of laccase can be prepared
(43) in which the T2 Cu is reversibly
removed (the type 2 depleted, or T2D,
derivative), which leaves an isolated T3
center [it should be noted from the crystal
structure of ascorbate oxidase (10) that the
T1 Cu is at a distance of ~12.5 A from the
T3 center]. As shown in Fig. 7B, reaction
of a fully reduced T3 center with O, pro-
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duces no change in the 8984-eV peak,
indicating that the T3 site remains reduced.
Thus, in strong contrast to hemocyanin and
tyrosinase, the reduced T3 site in laccase
does not react with O, in the absence of the
T2 Cu (17).

A second derivative of laccase was stud-
ied (I7) in which the T1 center was re-
placed by a spectroscopic and redox-inno-
cent Hg ion [the T1Hg derivative (44)],
which leaves only the T2-T3 trinuclear Cu
cluster. Reduction of the T1Hg derivative
again leads to a large Cu(I) peak at 8984 eV
(Fig. 7C); however, reaction of the fully
reduced trinuclear Cu cluster site with O,
rapidly eliminates this peak, which means
that the Cu atoms have been oxidized.
Thus, the trinuclear Cu cluster site is the
minimum structural unit required for O,
reduction.

The presence of the Hg?* ion in the T1
center results in one less electron that is
available for reduction of O,, enabling us to
stabilize an oxygen intermediate of T1Hg
laccase (18). Studies of x-ray absorption
and MCD spectra of this intermediate have
shown that the two T3 Cu atoms are
oxidized and the T2 center is reduced.
Thus, two electrons have been transferred
to O,, which results in a peroxide level
intermediate at the trinuclear Cu cluster
site. This intermediate is produced at a rate
that is consistent with the reduction of O,
by native laccase.

The charge transfer absorption spectrum
of this peroxy intermediate of laccase was
compared to the peroxide-to-Cu(Il) charge
transfer spectrum of oxyhemocyanin and
oxytyrosinase (Fig. 8A). These spectra
clearly show major differences that indicate
a significant change in the geometric and
electronic structure for the peroxide-Cu
bond in laccase relative to that of oxyhemo-
cyanin and oxytyrosinase (Fig. 1C). Al-
though detailed spectral studies on this
intermediate are still needed (45), prelimi-
nary structural insight is available from the
charge transfer data. The charge transfer
intensity of the peroxy intermediate is less
than one-quarter as strong as that of oxy-
hemocyanin and oxytyrosinase, which indi-
cates that the peroxide is likely bound to
only one Cu(Il) of the oxidized T3 site.
Thus, in contrast to oxyhemocyanin and
oxytyrosinase, peroxide does not bridge the
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two Cu atoms of the T3 center, providing
an explanation for the lack of O, reactivity
of reduced T2D laccase as described above.
The high energy of the charge transfer
band, however, indicates the presence of an
additional strong o donor interaction for
the peroxide that is consistent with proton-
ation of the peroxide.

End-on bound hydroperoxide-Cu(II)
complexes (46) exhibit charge transfer
spectra similar to that of the peroxy inter-

- mediate in laccase. Thus, this intermediate

likely involves an end-on bound hydroper-
oxide coordinated to a single Cu(II) of the
T3 center (Fig. 8B). An additional strong
interaction with the reduced T2 center is
indicated by the fact that this Cu is required
for O, reduction (see above) (47).

The significant charge transfer spectral
differences shown in Fig. 8A reflect key
geometric and electronic structural differ-
ences for peroxide binding to the trinuclear
Cu cluster site in laccase as compared with
hemocyanin and tyrosinase (Fig. 8B),
which should relate to their differences in
biological function. The side-on bridging of
oxyhemocyanin and oxytyrosinase should
stabilize the bound peroxide and activate its
O-O bond cleavage for hydroxylation,
whereas the end-on binding of hydroperox-
ide appears to promote its irreversible fur-
ther reduction to H,O at the trinuclear Cu
cluster site. Further research is needed to
define key electronic structural differences
associated with this geometric difference
and to evaluate their contribution to the
oxidase reactivity of the trinuclear Cu clus-
ter site.

Concluding Comments

It should be clear from the above discussion
that the distinctive spectral features associ-
ated with many classes of metalloprotein
active sites in bioinorganic chemistry indi-
cate the presence of unusual electronic
structures. These certainly reflect geometric
structure; however, importantly, the elec-
tronic structures can make significant con-
tributions to the reactivity of active sites in
catalysis. This is an exciting frontier in the
field of bioinorganic chemistry and is rele-
vant to many other fields of chemistry,
including surface science and heteroge-
neous catalysis.
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Coherent Control of Quantum
Dynamics: The Dream Is Alive

Warren S. Warren, Herschel Rabitz, Mohammed Dahleh

Current experimental and theoretical progress toward the goal of controlling quantum
dynamics is summarized. Two key developments have now revitalized the field. First,
appropriate ultrafast laser pulse shaping capabilities have only recently become practical.
Second, the introduction of engineering control concepts has put the required theoretical
framework on a rigorous foundation. Extrapolations to determine what is realistically

possible are presented.

Since the early days of quantum mechan-
ics, an implicit dream has been the desire to
manipulate and control quantum-mechani-
cal phenomena. This dream crystallized
into an active pursuit with the development
of the first high-power pulsed lasers in the
1960s. The objectives were focused toward
manipulating events at the molecular scale.
Special emphasis was given to the goal of
selectively breaking bonds in polyatomic
molecules, as this capability could, in prin-
ciple, significantly improve chemists’ ability
to build and otherwise alter complex molec-
ular frameworks with high specificity. With
this objective in mind, a flurry of activity
ensued, extending over some 30 years, by
chemists and physicists attempting especially
to selectively break one bond versus another
in polyatomic molecules, using a variety of
laser sources (1). The basic approach seemed
simple: identify the local mode frequency
associated with the targeted bond, then
pump intensely with a laser tuned to that
frequency until the bond breaks.

Many years of work and variations on
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this theme were attempted, with essential-
ly no substantial success. The crux of the
problem eventually became clear: in all but
the smallest molecules, locally deposited
energy very rapidly redistributes through-
out the molecule, destroying the selectiv-
ity. As a result, while these studies re-
vealed a great deal about intramolecular
energy redistribution, they made the dream
lose much of its allure.

In fact, this early paradigm effectively
ignored a key aspect of quantum phenome-
na—quantum dynamical processes are wave
phenomena, subject to constructive and
destructive interferences. In the past few
years, a resurgence of activity has occurred
in this field as researchers have finally rec-
ognized that actively manipulating these
constructive and destructive interferences is
the essential step. This recognition has
both theoretical and experimental compo-
nents. On the theoretical side, the active
manipulation of quantum dynamics phe-
nomena is now realized to be a problem of
control theory or optimal design analogous
to efforts carried out in the traditional
macroworld engineering disciplines, where
the control of airplanes or mechanical and
electrical devices is commonplace. The in-
troduction of control theory concepts has
finally put the subject of active manipula-
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