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Abstract The experimentally determined electronic
structures of mononuclear blue Cu and binuclear Cuy
centers are summarized and their relation to intra-
and inter-protein electron transfer (ET) kinetics are
described. Specific contributions of the electronic
structures of these two broad classes of Cu ET pro-
teins to Hap, 4, and AE° are discussed. Also, the role
of the protein structure in determining key geometric
features which define the electronic structures of the
metal sites in these proteins is considered.
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Introduction

Rapidly transferring electrons within biological sys-
tems, while minimizing unwanted, potentially damag-
ing redox reactions, is an extremely important process
in living systems. The task of intra- and inter-protein
electron transfer (ET) is admirably performed by
copper-containing proteins, specifically the widely dis-
tributed mononuclear blue (type 1, T1) copper
(Fig. 1A) [1-6] and binuclear purple Cu, centers
(Fig. 1B) [7-9]. A high rate of directional ET is key to
the required specificity. The rate of biological ET is
dependent upon three terms described in the semi-
classical Marcus equation (Eq. 1) [10]: the donor-ac-
ceptor electronic coupling, H,p; the vibronic or
Franck-Condon reorganization energy associated with
redox, A; and the difference in reduction potentials
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between the electron acceptor and donor (i.e., the
driving force of the ET reaction), 4E°.

T 2
k = —(H €X
Y kT 1) eXP

Here kgT is the thermal energy. This equation dem-
onstrates that the ET rate will be enhanced by maxi-
mizing H,p while minimizing the sum AE°+/. In this
paper we evaluate the specific contribution to each of
these three terms from the experimentally defined
electronic structural properties of both mononuclear
(blue Cu) and binuclear (Cu,) ET sites. We further
use experimental results to consider how the protein
environment influences the geometrical and electronic
structures of these Cu centers and thus can affect the
ET function.

(AE° +7)°
47kgT

(1)

Mononuclear blue copper

Blue Cu proteins use the Cu(I/II) redox couple for
ET. However, the reduction potential for blue Cu
centers is higher (180-780 mV) than in an aqueous
environment (~150 mV) [5, 6]. The Cu site in such
classic blue Cu proteins as plastocyanin [11] (Fig. 1A)
and azurin [12, 13] exhibits an elongated approx-
imately Cj, trigonally distorted tetrahedral geometry
with a ligand set in which two histidine (His) N° atoms
with typical Cu-N bonds (~2.0 A) and a cysteine
(Cys) S with an unusually short Cu-S bond (~2.1 A)
form an approximately trigonal plane to which the Cu
atom is closest (Fig. 1A). A weak axial ligand com-
pletes the site; most often it is a methionine (Met) S?
exhibiting a long, ~2.8 A, Cu-S bond. A very long
~3 A Cu-O bond to a backbone amide carbonyl
oxygen, trans to the thioether, is sometimes discussed
for azurin; however, at this distance, little covalent
bonding interaction is present between the Cu and the
compact O 2p orbitals [14].
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Fig. 1A,B The structures of Cu ET proteins. A The monomeric
blue Cu center (pdb 1plc) [11]. B The binuclear Cu, site (pdb
locce) [86, 87]

H,y in blue copper

Perhaps the most striking features of oxidized blue Cu
proteins are an intense absorption band at ~600 nm
(¢=5000 cm™ M) and a small Cu A, value
(A, = 100x10* cm™) in the EPR spectrum [1-6, 15].
We have shown that these unique spectral features,
originally ascribed to either covalency [16] or 4p, mix-
ing [17-20], in fact reflect a highly covalent electronic
structure from the thiolate Sc,-Cu 7 bond which is
crucial to the center’s function [15]. A direct exper-
imental measure of the covalency of the blue Cu site
has been made with S K-edge X-ray absorption spec-
troscopy (XAS) [21]. Since the S character in the half-
occupied HOMO involves the S 3p orbitals and the
1s—3p transition is electric dipole allowed, the inten-
sity of the S XAS pre-edge feature (i.e., the S
1s>HOMO transition) in the S K-edge XAS spectrum
will be quantitatively related to the S covalency in the

redox-active  HOMO. Figure 2A compares the S
K-edge XAS absorption of plastocyanin with that of a
model complex (tet b) [22] with a normal Cu(II)-thio-
late bond. The results of this experiment (Fig. 2A)
demonstrate a highly covalent site in the blue Cu pro-
tein plastocyanin with ~38% S covalency [21]. Com-
plementary Cu L edge XAS experiments [23], which
quantitate the metal d character in the HOMO, reveal
a low (42%) Cu contribution relative to normal Cu
complexes, again demonstrating that the blue Cu
center is highly covalent. EPR experiments on plasto-
cyanin had revealed Cu dx?-y? character in the
HOMO that single crystal EPR measurements show to
be oriented approximately in the (Ny;)2Scys plane [ie.,
the electronic z axis is approximately along the long
thioether Sy,-Cu(II) bond] [24]. Therefore, the dx*—y?
orbital is oriented such that Sy, makes very little con-
tribution to the HOMO. Consequently, the high exper-
imental S covalency in plastocyanin derives from an
extremely covalent Cu-S¢, thiolate interaction [15].
The presence of the intense low-energy ~ 600 nm
absorption band gave additional insight into the elec-
tronic structure [5, 6, 15]. From a combination of low-
temperature absorption and magnetic circular dichro-

Fig. 2A,B H,g in blue
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ism (MCD) spectroscopies this band could be assigned
as the lowest energy Sy~ Cu dx?-y? charge trans-
fer (CT) transition, Whlle the higher energy Scy0—Cu
dx?>—y? has a very low absorption intensity. In typical
(tetragonal) Cu(II) centers the lowest energy n CT
band has little intensity and the higher energy ¢ CT
band is more intense. This n/oc CT spectral intensity
pattern reveals that in blue copper there is a large
overlap between the Sc, p m orbital [this orbital is
oriented perpendicular to the Cu-Sc,, bond, but in the
(NHis)2Scys plane] and the HOMO orbltal which gives
this CT transition considerable intensity, while the
lower intensity of the higher energy CT band involv-
ing the S¢y p pseudo-¢ orbital (roughly colinear with
the Cu- SCyq bond) indicates reduced orbital overlap
with the HOMO [15]. Thus, the Cu-Scy CT band
intensities quantitate the nature of the Cu-SCys bond-
ing interactions and hence the orientation of the
dx?—y? orbital in the (Ny;),Scys plane (Fig. 2B).

To add a theoretical dimension to our experimental
picture of the electronic structure in the prototypical
plastocyanin blue Cu site, self-consistent field-Xa-scat-
tered wave (SCF-Xo-SW) calculations [25, 26] were
performed [27-29]. These calculations were adjusted
to experiment by varying the atomic sphere radii used
in the SW solutions such that the experimental EPR
g-values were reproduced [27, 28]. The resulting calcu-
lated wavefunction was found to reproduce key exper-
imentally derived properties of the blue Cu HOMO,
including the orientation, large S, covalency, small
Ny covalency [30], and dx*—y?> Cu character. Fur-
ther, these Xa-SW calculations from over a decade
ago [27] showed a Cu-S¢,s 7 anti-bonding interaction
in the HOMO (Fig. 2B), consistent with the intense,
low-energy CT transition observed in electronic
absorption spectroscopy. Recent calculations [31, 32]
using different computational methods also show this
interaction. We emphasize that while calculations can
provide complementary insight, the key features of
the blue Cu site, including high covalency, orientation
of the redox active orbital, and other factors (vide
infra), have been derived from experiment.

Blue Cu proteins such as plastocyanin, nitrite
reductase, ascorbate oxidase, etc. use two sites for ET
(Fig. 2B) [5, 6]. The remote site is ~13 A from the
blue Cu center and the most likely pathway to it
involves significantly more covalent bonds through the
protein than that to the adjacent site, which is only
~5 A from the Cu ion. The through-bond pathway to
the remote site goes through the Scy of the blue
copper site to an adjacent residue in the primar y
amino acid sequence which is at the remote ET site".
The Cys-Tyr ET pathway to the remote site in plasto-
cyanin contains 11 covalent bonds (in ascorbate oxi-

! Note that this is a hole superexchange pathway, as the high
covalency of the thiolate-Cu(II) bond creates partial hole char-
acter in the occupied valence orbital of the protein pathway to
the remote ET site

dase [33] and nitrite reductase [34] the analogous Cys-
His pathway to the type 3/type 2 cluster or the T2
copper, respectively, contains 9 covalent bonds). On
the other hand, the adjacent ET site involves one of
the Cu-ligated Ny, sidechains, which is on the surface
of the protein, and involves two covalent bonds. For
plastocyanin, the ET rates to both sites are found to
be similar despite the large difference in the lengths
of ET paths [35]. This is attributed to differences in
the degree of covalent coupling into the two pathways
which affects the electronic coupling, Hyz. The ET
rate to the distant site is facilitated by the large Cu-
Scys covalency, which greatly enhances H g along this
~8 A longer Scys pathway (Fig. 2B) [36]. Since Hag
affects the ET rate quadratically, the ~10-fold greater
covalency of Sy over Ny, (the covalency of each
Ny, is about 4%, from both ENDOR studies [30] and
calculations [27-32]) makes the ET rate equivalent to
a pathway with ~9 fewer covalent bonds (using a
decay factor of 0.6 per bond [37]). In multicopper pro-
teins (i.e., nitrite reductase and multicopper oxidases)
it seems clear that an electron enters the blue Cu site
through the His and leaves the blue site via a Cys-His
pathway to the enzymatlcally active type 2 or type
3/type 2 Cu cluster’. Thus, the experimentally deter-
mined anisotropic covalency of the redox active orbi-
tal in the blue Cu site is important to the intra- and
inter-protein long-range ET function through its effect
on H,p in Eq. 1 [36].

E° in blue copper

Experimentally evaluating the electronic structure
contribution to the ET rate involves studying the
reduced blue Cu site and therefore probing the d!°
configuration. This full d subshell makes it inaccessible
to the usual array of bioinorganic spectroscopic tech-
niques. To better define this site and its change upon
oxidation, we have used variable-energy photoelectron
spectroscopy (PES) for Cu(I) complexes where small-
molecule ligands relevant to blue copper are bound to
coordinatively unsaturated Cu(I) sites on oxide and
chloride single-crystal surfaces in ultra-high vacuum
[38-40]. Such model complexes, rather than proteins,
are studied since we want to understand normal lig-
and-metal bonding in relation to bonding in the
reduced blue Cu center [41]. These experiments, then,
define the geometric and electronic structure of an
unconstrained ligand-Cu(I) bond. Calculations, exper-
imentally calibrated with the PES data, generate an
electronic structure description of the reduced blue
copper site and permit evaluation of the change in
electronic structure upon oxidation [41].

2 In other mononuclear blue Cu proteins, such as azurin, the
degree to which the remote site participates in ET appears to be
uncertain
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Fig. 3 Effects of the protein on ligand donor interactions of the
blue copper active site. Arrows show decreased electron dona-
tion from Sy, (long thioether-Cu bond) and resulting increased
electron donation from Scy (short thiolate-Cu bond). Together
these minimize the tetragonal distortion (see Fig. 4)

This approach [41] has enabled us to determine
that the bonding in the reduced blue copper site is
dominated by ligand p donor interactions with the
unoccupied Cu(I) 4s and 4p levels. There is no
evidence for back-bonding. Additionally, the long
Smer-Cu(I) bond in the reduced blue Cu center does
not appear to be present in the unconstrained surface
complexes and does not derive from the electronic
structure of the reduced blue copper site [41]. This
elongated thioether bond reduces the donor inter-
action of this ligand with the reduced copper. This is
compensated for by the thiolate, leading to the short,
strong Scy-Cu(I) bond (Fig. 3) [15, 41]. The long
thioether Sy;.-Cu bond should reduce the donor inter-
action with the Cu(Il) more than Cu(I), destabilizing
the oxidized site more than the reduced site which
would contribute to the high reduction potential of
the blue copper center.

Many factors contribute to the high reduction
potential of the blue Cu centers, including the protein
environment (local dielectric, H-bonding, and carbonyl
and water dipoles, etc.), ligation, and change in
geometry with redox state ([42] and refs. therein; see
also, for instance [43, 44]°). This can be seen in the
potentials of fungal laccases, where the oxidized blue
copper sites are all spectroscopically equivalent, yet
their potentials span a range of ~300 mV [52]. To
experimentally evaluate the influence of the axial
position on the reduction potential, a single mutation
at this position minimizes these environmental factors
and the results are summarized in Table 1. For wild-
type Polyporus pinsitus fungal laccase, the T1 axial lig-
anding position (the Met in plastocyanin) is occupied
in the primary amino acid sequence by Phe, which
does not ligate to the Cu [52, 53]. The reduction
potential of this blue Cu center is 780 mV. Substitu-
tion of this Phe using site-directed mutagenesis with
coordinating Met lowers the reduction potential by
~100 mV [54]. Similar experiments in the blue Cu
protein azurin show that substitution of the axial Met

3 Also, JBIC (1997) vol 2, no 1 has a commentary section ded-
icated to different factors influencing reduction potentials
[45-51]
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Table 1 Dependence of E° on the axial ligand in Blue Cu

mutant proteins

Blue Cu Protein Axial Ligand Ref
Phe/Leu Met Gln

Fungal Laccase +770 +680 - [52-54]

Azurin +412 +310 +285 [55-57]

Cuc. Stellacyanin - +420  +260 [58]

ligand in the wild-type protein with bulky, non-ligating
residues such as Leu, Ile, or Val raises the potential
by ~100 mV [55]*. Further, in the Az series, substitu-
tion of the Met with a stronger ligand lowers the
potential by an amount which depends upon the
nature of the axial ligand [S5-57]°. Wild-type stella-
cyanin has a stronger axial Gln ligand occupying the
position typically occupied by Met and a low potential
of 260 mV (cucumber stellacyanin) [58]. Replacement
of this Gln with a weaker Met ligand raises the poten-
tial by 160 mV [58]. The related phytocyanin mavicya-
nin exhibits similar a change in E° [59]. Further, for
the perturbed blue Cu center (vide infra) in Rhodo-
bacter sphaeroides nitrite reductase, mutating the axial
Met to non-ligating Thr increases the reduction poten-
tial from 250 mV to 350 mV [60]. Thus, multiple
experimental results in both a fixed protein environ-
ment and wild-type proteins (fungal laccase—
plastocyanin — stellacyanin) reveal that as the strength
of the axial ligand increases the potential decreases.
This trend was also qualitatively observed in the
results of Xo-SW calculations [41], which, however,
significantly overestimate the magnitude of this effect
relative to experiment. The high reduction potential of
the blue copper center affects the ET rate by provid-
ing the thermodynamic driving force for rapid ET
with its physiological partners.

A in blue copper

For ET carriers relying on the Cu(I)/Cu(II) redox cou-
ple, such as blue Cu centers, minimizing the reorgani-
zation energy, 4 in Eq. 1, is extremely important, since
in the absence of a constraining ligand environment,
significant geometrical changes (i.e., from tetrahedral
to tetragonal) often accompany oxidation in Cu model

* The changes in the reduction potential with respect to wild-

type protein are: Met— Leu, +102 mV, Pseudomonas aeruginosa
Az [55]; Met—1le, +138 mV P.a.Az [55]; Met—Val, +135 mV
P.a.Az [55]

5> The changes in the reduction potential with respect to wild-
type protein are: Met—His, =75 mV, Alcaligenes denitrificans
Az [56], 0 mV P.a.Az [55]; Met—Gln, -25 mV A.d.Az [57];
Met—End (axial H,0), -105 mV P.a.Az [55]. The P.a.Az
M121H mutant reduction potential may be influenced by the pH
of the measurement. For the A.d. Az M121Q mutant, the geome-
try changes upon reduction to a more typical Cu(I) bonding
motif [57]. The observed decrease in potential relative to wild-
type is likely buffered by this geometry change
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Fig. 4A-D Depiction of how the ligand field of a classic blue
copper center minimizes 4. Energy level diagrams show that ide-
alized A T, (see footnote 8) and B Cj, (following introduction
of long Cu-Sy;, bond) are both subject to Jahn-Teller (JT) dis-
tortions upon oxidation, while the C C; structure resulting from
the associated contraction of the Cu-Scy, bond is not. The LT-
MCD spectrum [28, 29] of plastocyanin (D) experimentally
measures the d orbital splitting (see footnote 7) and demonstrates
that the dx?-y> and dxy orbitals are split by over 10,000 cm™,
eliminating the JT distorting forces of the oxidized site

systems [61, 62]. These large structural changes associ-
ated with redox state are due to a Jahn-Teller (JT)
distorting force present in typical oxidized Cu (d%)
centers, leading to a tetragonal (i.e., square planar)
geometry. This JT force is associated with partially
unoccupied valence d orbital degeneracy.

From the above studies the change in electronic
structure of the blue Cu center on oxidation involves
the hole produced in the dx*>—y? orbital which is anti-
bonding to the Cys thiolate and to the two His ligands
(Fig. 2B). This change in electronic structure allows
an estimate [41] of the new forces present upon oxida-
tion which would distort the structure®. In oxidized
blue Cu centers the JT force has been substantially
diminished by the site’s unique ligand geometry and
its influence on the d-manifold orbital energy split-
tings, which can be experimentally measured with low-
temperature MCD in the near-IR spectral region [15]’.

6 These were determined [41] by evaluating the electon-nuclear
linear coupling terms of the oxidized site in the reduced geometry
along the normal modes of the blue Cu site. The forces obtained
are consistent with the limited geometric structural changes which
are observed from crystallography [11, 63] upon oxidation: con-
traction of the thiolate S¢y-Cu and two Ny;-Cu bonds. No bend-
ing force was observed, consistent with the lack of significant
angle changes of the blue Cu center upon oxidation. Therefore,
there is no JT distorting force on the oxidized site

7 It is important to note that MCD C-term intensity is deter-
mined by spin-orbit coupling. Therefore, d—d transitions, which
are localized on the Cu center that has a large spin-orbit cou-
pling constant (830 cm™), have very high intensity in the low-
temperature MCD spectra. Alternatively, CT transitions involve
the blue Cu ligands, where the highest spin-orbit coupling con-
stant is that of sulfur (382 cm™), and their intensity is lower in
the low-temperature MCD spectra [28]

Figure 4 correlates the changes in the d-level splitting
patterns with geometric distortions of the oxidized
blue copper center from the idealized tetrahedral lim-
it. The tetrahedral starting point (Fig. 4A, one hole in
the three-fold degenerate dxy, dxz, dyz set®) would
be subject to a large JT distortion. The C;, distorted
(elongated trigonal) structure (Fig. 4B, one hole in the
two-fold degenerate dx’—y”> dxy set), which results
from lengthening the axial thioether ligand, would be
subject to a similar distortion. Shortening the thiolate
bond to charge-compensate for the weakened axial
thioether ligand results in C; geometry for the blue Cu
site, which finally eliminates all the JT orbital degen-
eracy in the oxidized site (Fig. 4C); this degeneracy
could have resulted in a non-zero JT force in the tet-
rahedral and C;, intermediate structures (Fig. 4A, B).
The experimental d—d transitions observed in the
MCD spectrum of plastocyanin (see footnote 7)
(Fig. 4D) demonstrate that the shortened thiolate
bond splits the dx*—y*> and dxy orbital energies by
~10,000 cm™!. Thus, the elongated C;,— C, distorted
tetrahedral geometry of the reduced blue Cu center
generates a ligand field that removes the JT orbital
degeneracy that typically determines the geometry of
normal oxidized Cu centers. The reduced blue Cu pro-
tein environment, therefore, minimizes the inner-
sphere reorganization energy (Aje) upon oxidation
and the ET rate is enhanced relative to normal copper
complexes.

Protein structure influences in blue copper

From early studies on the unique spectral features of
blue copper centers it has been thought that the pro-
tein plays a role in the geometry of the site that
affects its reactivity (4 and E°). This situation has
been termed the entatic [61] or rack-induced [65]
state. It has been generally thought that the reduced

8 In the tetrahedral limit (Fig. 4A) the orbital labels use the
improper four-fold axis as z. Upon trigonal elongation
(Fig. 4B,C) the orbitals are labeled with the three-fold axis as z
(see [64])
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Fig. SA-E Experimental evidence for an increasing tetragonal
distortion in a series of blue copper proteins with the same lig-
and set. A Low-temperature absorption spectra [29, 67] show
increasing intensity in the ~450 nm (Cys pseudo-¢ CT) band at
the expense of the ~600 nm (Cys = CT) band. B Half-occupied
HOMOs perpendicular to the Sye-Cu-Scs plane for plastocya-
nin, cucumber basic protein, and A.c.NiR calculated with
Xoa-SW [27-29, 67]. C The MCD spectra [29, 67] show an
increase in d—d energy, consistent with a tetragonal (towards
D,;,) distortion. The crystal structures [11, 34, 73] along with the
data show that contraction of the S;,-Cu bond (D) is associated
with elongation of the S, -Cu bond and a tetragonal distortion
(E) in the ¢(u) JT mode

structure was imposed on the oxidized site by the pro-
tein, which would raise its potential and lower the
geometry change associated with redox state. In this
model the protein would restrict the JT distortion of
the oxidized site, which normally results in a tetrag-
onal geometry for Cu(II) complexes. However, our
studies have shown that there is no JT distorting force
for the oxidized blue Cu site [15, 41]. Our studies
have alternatively indicated that the 2.8 A thioether
Smer-Cu(I) bond of the reduced site is longer than
would be expected for a normal bond of this type’,

A search of the CCDB for Cu(I)-SC, thioether bond distances
(61 structures with R <10%) gives an average distance of
2.32 A with a standard deviation of 0.066 A. These were mostly
four-coordinate complexes with N,S, or S, ligand sets. The long-
est bond (2.6 A) involves a bridging thioether between two
approximately trigonal Cu(I) atoms [66]

and as indicated above, the presence of this long bond
is coupled to the formation of a short thiolate Scy,-
Cu(I) bond length which together eliminate the JT tet-
ragonal distortion [41]. Thus, the Cu(Il) site is not
“energized” in the usual entatic sense of countering
the JT distorting force. In our view, this coupled dis-
tortion (long thioether, short thiolate, and no tetrag-
onal distortion) is imposed by the protein environment
on the blue copper site of plastocyanin and azurin.
The long thioether Sy;-Cu bond has reduced donor
interactions with both the oxidized and reduced sites.
This destabilizes the oxidized site more than the
reduced site and results in an increase in the reduction
potential.

This model for the protein’s effect on the blue Cu
site geometric and electronic structure can be eval-
uated in a series of blue Cu proteins which all have
the same ligand set [29, 67] but yet exhibit perturbed
spectral features relative to those of blue Cu centers
like plastocyanin. By perturbed we mean that in the
absorption spectra the intensity of the ~450 nm band
increases with respect to that of the ~600 nm band,
which can be expressed quantitatively as R, =¢4s50/egq9
[68], and the EPR spectra of perturbed blue Cu
centers are more rhombic than plastocyanin. The
series of proteins plastocyanin, cucumber basic protein
(CBP, also called plantacyanin), and Achromobacter
cycloclastes nitrite reductase (A.c.NiR) exhibit increas-
ing R, values (see arrows in Fig. SA) and rhombic
EPR spectra [69, 70], yet they all have the same Sy,
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Smets 2N ligand set. In CBP and A.c.NiR the ~450 nm
band corresponds to an S p pseudo-c >HOMO CT
absorption [29, 68, 71], while in all three the ~600 nm
band corresponds to a S p 1= HOMO CT absorption
(vide supra) [27, 28]. Since absorption intensity is pro-
portional to orbital overlap, the increasing R, values
across the series experimentally demonstrate the rota-
tion of the HOMO from a pure n-type Cu-Scy, inter-
action in plastocyanin to an S 7/S pseudo-o mixture
with increasing amounts of S p pseudo-o character
along the series [67]. Even in the perturbed center in
A.c.NiR, which is, at present, the limiting case of a
perturbed blue Cu site, the substantial intensity of the
~600 nm absorption (¢=~2000 M~ cm™!) demonstrates
that its HOMO still has some 7 character [29]. The
shift to higher energy of the experimental d—d ener-
gies measured by MCD (Fig. 5C) (see footnote 7)
over this series shows that a tetragonal (not tetrahe-
dral [72]) distortion occurs in these perturbed sites
[29]'°, which can be observed from crystallography
(Fig. 5D, E) [11, 34, 73].

These electronic structural effects are linked to
geometric perturbations relative to plastocyanin in this
series of “blue” Cu proteins (A.c.NiR is actually
green) [29]. X-ray crystallography [11, 34, 73] shows
the axial Sy, interaction increases in strength in this
series (the Cu-Sy, distance decreases), while the
strength of the Cu-S¢,, bond decreases, as evidenced
by crystallography [11, 34, 73] and the decrease in
Raman stretching frequency ([74] and refs. therein).
In the absence of other changes, the stronger axial lig-
and would generate a hypothetical more tetrahedrally
distorted intermediate site (i.e., dx>—y?> and dxy
closer in energy as in Fig. 4). This would increase the
magnitude of the JT distorting force along an &(u)
mode, which is in fact observed experimentally
(Fig. 5SE) [29, 67]. This distortion is characterized by a
rotation of the dihedral angle between the Nyy-Cu-
Npis and  Sey-Cu-Syy planes towards a tetragonal
geometry (Fig. 5E) [29].

Thus, a coupled distortion is present in the site
structures in Fig. 5 where the Sy.-Cu bond length
decreases, the thiolate Sc-Cu bond length increases,
and the site becomes more tetragonal. Since the ligand
set is the same in all these sites, these differences
must be imposed by the protein. The spectra and
structures in Fig. 5 reflect a continuum of active site
geometries and electronic structures [67], which reflect
an entatic or rack-induced state for blue copper. By
this we mean that the protein influences the active
site geometric and electronic structure in a way that
can affect reactivity. This differs from the proposal of
Ryde et al. [75] who have argued, based on total
energy density functional theory (DFT) calculations of
the blue copper ligand set in vacuum, that the protein

10 A tetrahedral distortion would decrease the energy of the
d—d bands in the MCD spectrum

plays a minimal role in active site structure. Their
later calculations [76] revise the proposal to deal with
the spectral continuum [67]. They find two minima
[76, 77] and suggest that the experimentally observed
spectral changes arise from either an equilibrium mix-
ture of trigonal and tetragonal limiting structures or a
real geometric continuum, though no intermediate
structures are found in their calculations. However,
the presence of a single set of d—d bands in the ~5 K
spectra across the series [67] makes it clear that this is
a continuum of geometries along the coupled distor-
tion coordinate, rather than an equilibrium mixture of
two limiting extremes [76]. Further, the strength of
the axial ligand must play a role in determining the
blue copper structure [15, 29, 41, 67] because, for
example, elimination of the shorter thioether bond in
nitrite reductase changes the site from a tetragonally
perturbed green to a blue copper center with spectral
features similar to plastocyanin [60].

In summary, the long thioether Sy, -Cu bond is
coupled to the short thiolate S -Cu bond, which
together eliminate the tetragonal JT distortion of the
oxidized blue Cu. The protein determines the position
of the blue Cu ligand set along this coupled distortion
coordinate. A key component of this coordinate is the
donor strength of the axial ligand, which can be modu-
lated by a change in bond length or the nature of the
axial ligand. A separate question is that of quantita-
tion: how strongly are the redox properties of the site
affected by the geometric and electronic structural
changes in Fig. 5?7 The present data are limited here
and are complicated by the fact that the different pro-
tein environments will change the dielectric at the site
and other factors which will also significantly contrib-
ute to E° and kgp. Our research now focuses on eval-
uating the geometric and electronic structures of tet-
ragonally perturbed (i.e., strong axial) and classic (i.e.,
weak axial) blue copper centers in the same protein
environment and how these correlate to ET proper-
ties. In passing, we note that experimental evidence
suggests that the situation is modified in stellacyanin
[67]. From significant decreases in the MCD-observed
ligand field transition energies (rather than the calcu-
lated increases in d—d transition energies [78]), stella-
cyanin appears to represent a separate class of per-
turbed blue copper centers. The axial Sy ligand is
replaced with an Og,, a stronger axial ligand that
shifts the Cu out of the S¢(Ny;), plane, to provide a
more tetrahedral site [67].

Binuclear Cu,

The valence delocalized, binuclear [79, 80] Cu, center
uses the Cu(1.5,1.5)/Cu(L,I) couple for inter- and intra-
protein ET in nitrous oxide reductase and cytochrome
oxidase. In cytochrome c¢ oxidase (CcO), electrons
enter the Cu, center from cytochrome c. From Cuy
they are passed to the heme a center and subsequently



to the heme a;/Cug center where oxygen is reduced to
water [81, 82]. This produces a transmembrane proton
gradient used to generate ATP [7, 8, 83]. Crystal struc-
tures of subunit II, whose only metal center is Cu,,
from three organisms [84-88], a loop-directed mutant
in Az [89], and EXAFS data [90, 91] indicate that the
Cuy center contains a planar Cuy(Scys), core (using S7
of Cys-196-11 and Cys-200-1I'") with a ~2.44 A Cu-Cu
distance in the oxidized form and a 2.52 A distance in
the reduced form (for Thermus thermophilus; distances
similar for other Cuy, centers) [90] (Fig. 1B). The Cu
atoms are also ligated with short Cu-Ny;, bonds
(~1.9 A, from N° of His-161-II and His-204-II) which
are roughly (but not exactly) parallel to the Cu-Cu
axis and slightly removed from the plane [93]. The
axial liganding position is occupied by an Sy, (from
Met-207-11) on one Cu and a backbone peptide oxygen
(from Glu-198-1I) on the second. Like the Cys side-
chains, the axial ligands occur on opposite sides of the
Cuy(S¢ys), plane. Our studies on Cuy [94] have focused
on understanding its electronic structure and the con-
tribution to reactivity, the interactions between the
coppers leading to electron delocalization, and the
contribution of the ligand field to this delocalization.
A key component of these studies has been a correla-
tion to the electronic structure of the mixed valence
[MV, Cu(1.5,1.5)] model compound prepared by Tol-
man and co-workers [95] which also has a Cu,(SR),
core, but with a 2.9 A Cu-Cu distance'>.

Hpg in Cuy

S K-edge XAS experiments (Fig. 6A) indicate that the
Cu, site is very covalent'® and that the covalency is
very similar to that of the MV model complex ([99],
S. DeBeer, D. W. Randall, Y. Lu, W. B. Tolman, B.
Hedman, K. O. Hodgson, E. I. Solomon, unpublished
results). As in the blue Cu center [36], the high S cov-
alency in the HOMO biases ET pathways both to and
from Cuy that involve Sc,, ligands [94, 99]. The S cov-
alency of the Cuy site makes a Cys-196-11 based path-
way from Cu, to heme a (Fig. 6B) [94, 99] approx-
imately competitive with the more direct His-204-11
pathway (Fig. 6B) [8], though the importance of this
pathway still needs to be experimentally quantitated.
While the specifics of ET from Cu, to heme a have
received much attention [8, 82, 94, 99], the intermolec-
ular ET process between cytochrome ¢ and Cu, is

1 Beef heart numbering; -II designates that the residue is in
subunit II. See [7] and [92] for a useful table relating residue
numbers in cyt ¢ oxidase from common sources

12 Other valence delocalized Cu dimers without bridging thio-
lates have been reported [96-98]

13 The preliminary estimate of the covalency (26% total S char-
acter) [99] is in fact an underestimate (S. DeBeer, D. W. Ran-
dall, Y. Lu, W. B. Tolman, B. Hedman, K. O. Hodgson, E. L.
Solomon, unpublished results) and the quantitization is consis-
tent with the higher covalency from EPR studies [100, 101]
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Fig. 6A,B H,p in Cu,. A S K-edge XAS experiments show that
Cuy, has a similar covalency to that of the MV model. B Possi-
ble ET pathways into and out of the Cuy, center

also important to consider, because unlike the blue Cu
centers the Cuy, center in CcO does not have a sur-
face-accessible ligating residue. Thus, protein-based
ET pathways into Cu, are functionally relevant.
Recent mutagenesis experiments suggest that Trp-
104-1I is a key residue in the ET pathway from the
cytochrome ¢ docking site to Cu, [102]. The indole
ring of this Trp is on the cytosol-exposed surface. A
reasonable electron input pathway to Cu, proceeds
through this residue, across an H-bond, and then
through a Cuy,-ligating Cys (Cys-200-II) to the Cup
core (Fig. 6B), for which the high S covalency (i.e.,
H,p) of the Cu, site can significantly enhance the
Cu, input ET rate.

AE° in Cuy

In Cu,, the strong covalent thiolate donor interactions
are expected to stabilize oxidized Cu(II) while the
long axial donor ligand would tend to destabilize the
oxidized more than the reduced site [94]. In blue Cu
these effects, combined with the protein environment,
place the reduction potential in the physiologically
necessary range. In Cuy,, however, the two covalent
Scys ligands would significantly stabilize an oxidized
Cu center such that it might be anticipated to have a
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low reduction potential, below the observed value
of +250 mV (vs. NHE) [103-106]. However, relative
to a mononuclear Cu ion, the presence of a second
copper ion and a strong interaction between the
copper ions would tend to increase the effective
nuclear charge (Z.g) felt by the redox active electron
(e.g., [Cu(SR),]° vs. [Cuy(SR),]*). An increase in Z;
would increase the reduction potential of the Cuy
center. Thus, one of the major functional roles of the
large metal-metal interaction in oxidized Cu, (vide
infra) may be to shift the reduction potential of a Cu
center containing two thiolates into a range to react
with its redox partners and minimize AE°.

A1in Cuy

The valence delocalized, binuclear structure of Cuy
reduces its reorganization energy relative to blue Cu
centers. An excited-state distortion analysis of the res-
onance Raman enhancement profile for Cu, gives a
value of ~2000 cm™ for its inner-sphere reorganiza-
tion energy for ET [94] compared to ~3900 cm™!
(using a similar analysis) for blue Cu [107]. Equation 2
provides an estimate [31, 108, 109] of the contribution
to the inner-sphere reorganization energy from distor-
tions associated with redox:

/linner ~ %kdisn(Ar)2 (2)
Here kg, is the distortion force constant, n is the
number of distorting metal-ligand bonds, and A4r is the
magnitude of the change in the bond length with
change in redox state. In evaluating the contribution
of Ar to A, we first compare a trapped valence or
mononuclear center (case 1) to a valence delocalized
Cu(1.5, 1.5) center (case 2). The latter has twice as
many bonds changing (i.e., ny/n; =2), though the mag-
nitude of their change will be approximately half as
large (i.e., 4r,/Ar;=1/2). From Eq. 2 the inner-sphere
reorganization energy contribution due to bond length
distortions for the valence delocalized Cu, center is
reduced by a factor of ~one-half relative to either a
mononuclear or trapped valence binuclear center [94,
110, 111]. The larger value of v(Cu-S) for blue Cu
complexes (~400 cm™) [72] relative to Cup
(~270 cm™) [93, 112] reflects a lower value of kg, in
the latter, which further decreases the reorganization
energy of Cu, relative to the mononuclear Cu-thiolate
center for metal-ligand bond length changes. There is,
however, an additional distortion also possible in a
dimer such as Cu, that can make a contribution to
Ainners this involves an in-plane bending distortion (46)
of the Cu,S, core (i.e., elongation along the Cu-Cu
vector). Excited-state distortion [94] and EXAFS [90]
measurements reveal that the distortion in this mode
is significant (the change in the Cu-Cu distance is
=0.1 A [90]) and would therefore make an additional
contribution to the inner-sphere reorganization ener-

gy. However, only a small amount of reorganization
energy [E,=(4%2)v=750 cm™', where the dimension-
less parameter A is proportional to the displacement
in the mode, i.e., 4=+/k/v (40)] is associated with the
binuclear core distorting mode, as this involves bends
and a weak Cu-Cu stretch which has a low frequency
(v=130 cm™" [93, 112]) [94]. Finally, the outer-sphere
reorganization energy is also reduced by a valence
delocalized binuclear center: studies [113] show an
increase in ET rate with increasing electron donor
charge radius (due to decreased solvent reorganiza-
tion), such as found in the covalent, valence delocal-
ized Cuy, core.

Presence of a Cu-Cu bond and its contribution to kgt

Maintaining a valence delocalized Cu,S, center, which
enhances ET activity (vide supra), in the asymmetric
Cu, protein environment requires a strong Cu-Cu
bonding interaction in the oxidized site (vide infra).
The short Cu-Cu distance, in fact, allows for the possi-
bility of a direct metal-metal bond in oxidized Cuy
[91]. The presence of a Cu-Cu bond in the oxidized
electronic structure is experimentally verified through
the increase in the energy of the dimer y —* transi-
tion'* (=2Hcy.cy» the electronic coupling between the
Cu atoms [114, 115]) from ~5600 cm™' in the MV
model compound, where the 2.9 A Cu-Cu distance
precludes direct Cu-Cu bonding, to ~13,400 cm™ in
Cuy, (Fig. 7A) [94, 99]. The value of 2H,. ¢, is deter-
mined by contributions from metal-metal (direct
exchange) and metal-ligand-metal (superexchange)
interactions. The similar S covalencies for the MV
model and Cu, (Fig. 6A) indicate comparable thiolate
S superexchange contributions to electronic coupling
between the Cu atoms in both Cu,S, centers. There-
fore, the additional splitting of ~7800 cm™ in Cu, rel-
ative to the MV model reflects a direct Cu-Cu bond-
ing interaction in oxidized Cu, [99]'>'°. Further,
Cu-Cu bonding also affects the energies of the the met-

4 For Cu,, we use the y—y* label to denote the transition

from the fully occupied Cu-Cu bonding MO to the half-occupied
Cu-Cu antibonding MO, i.e., c—>¢*. For the MV model, the
Y —* transition is from the fully occupied 7n* MO to the half-
occupied 1 MO

15 When compared to the literature on first-row transition metal
dimers that have no ligand superexchange contributions to the
o-c* splittings [116], the analogous bond in Cu, (E,_«=7800
cm!) is not as strong. Further, a metal-metal bound would only
be present in the oxidized site, since both the y and y* orbitals
are fully occupied in reduced Cuy

6 Our assignment of the 13,400 cm! transition to ¢ — ¢*, which
is based on the combination of absorption, CD, MCD, and res-
onance Raman enhancement data over a series of Cu, centers
[94, 112], is different from that of Thomson and co-workers
[117] who assign the 9000 cm™' band as ¢—¢*. This alternative
band assignment of ¢— ¢* would still involve a 3400 cm™! metal-
metal contribution to 2Hc, ¢, indicating that direct Cu-Cu
bonding still contributes considerably (40%) to the total value
of 2H Cu-Cu
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al-centered dimer orbitals such that different half-occu-
pied redox active HOMOs are found for Cu, and the
MV model. The Cu-Cu bond in Cu, raises the energy
of the o*, MO (Fig. 8, right) sufficiently that it
becomes the HOMO (Fig. 9, right). Since the ~2.9 A
Cu-Cu distance in the MV model is too long for signifi-
cant direct bonding to occur between coppers, the
o* /o, splitting is due to thiolate superexchange that is
only moderate in magnitude and results in a 7, HOMO
in the MV model (Fig. 8 left, Fig. 9 left, vide infra).
The potential energy surfaces for a mixed valence
copper dimer depend upon two factors: the electronic
coupling between Cu ions (Hc,.c,), Which favors
valence delocalization as described above (solid lines in
Fig. 7B), and vibronic trapping which stabilizes valence
localization (by 1/4 A%k_ in the x_ coordinate'’)

7 The (<) subscripts in Eq. 3 refer to the symmetry breaking
nuclear coordinate comprised of the antisymmetric combination
of monomeric (A,B) breathing motions, referred to as the Q_ in
the PKS model [117], i.e., Q_=2""2(Q,—Op), k_ is the force con-
stant in this mode, k_=n’c?u_v? where v_ and p_ are the
frequency and modal mass of the Q_ vibrational mode, respec-
tively. A is the vibronic coupling parameter, where A%k_=k_
['2 A7 eq0x]? in which n is the number of metal-ligand bond
length changes and A r. 4. is the difference in metal-ligand
bond lengths between the oxidized and reduced structures. The
quantity x_ is a dimensionless coordinate along the antisymmet-
ric breathing mode, x_=Q_/[A/k_]. Finally, Hg, ¢, is the elec-
tronic coupling matrix element regulating electron transfer
between Cu ions in the dimer. See also [114, 115, 118-120]
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[118-120]. Vibronic trapping is associated with con-
traction of the ligand-metal bonds for Cu(Il) relative
to Cu(l). Equation 3 quantitatively describes this situ-

ation [118-120]:
1/2
1 /A2 1 /A2’

Ei = E (k_>x2— + E <k_> xz— +Héu—Cu

In the absence of significant electronic coupling, a
double-minima potential energy surface results
(Fig. 7B, dotted) and gives a valence trapped dimer.
When electronic coupling is significant relative to
vibronic trapping, the result is a symmetric single-
minimum potential associated with valence delocal-

ization. Figure 7B compares the relative potential
energy surfaces for Cu, and the MV model (solid

(3)

MV Model

Cup
n-type HOMO  g*-type HOMO

Fig. 8 The HOMOs of the MV model (leff) and Cuy (right)
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Fig. 9A-F Ligand field effects A
in Cu,. Experimental correla- '
tion diagram relating the d
orbital splitting patterns of

B C D E F
MV model  Cu,
MV MCD MV model monomer monomer Cu, Cu, MCD
fragment fragment

Cu, and the MV model. Col-
umns A, F show MCD spectra OF-----------
of the metal-centered transi-
tions of the MV model and
Cuy, from which energies of
gerade levels in the dimer
energy level diagram (columns
B, E) are obtained. Columns
C and D show the experimen-
tally derived d-manifold
energy pattern for a hypotheti-
cal monomer with the ligand
field environment of the MV
model and Cuy,. Note that the
experimental energies were
determined by a combination
of absorption, CD, and MCD
data. The n,/o* splitting in
the figure is from quantitative
EPR analysis [100] and the
dz? band at ~12,000 cm™ is
clear in the CD [94]. See foot-
note 18 for further discussion
of u/g splitting values
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lines, using experiment-based estimates for the terms
in Eq. 3) relative to the trapped valence alternatives
(dotted lines) [94]. The Cu-Cu bond in oxidized Cup
significantly increases the magnitude of Hc,, and
consequently stabilizes the Cu, core substantially
more than the minimum required for valence delocal-
ization. This extra stabilization enables the site to
remain valence delocalized even in the asymmetric
protein environment (with the different axial ligands
in Fig. 1B). As described above, the fact that Cuy,
remains valence delocalized reduces A and likely
places E° in a physiologically useful range, which both
tend to maximize kgr.

Protein structure influences in Cuy

To understand the influence of the protein structure
on the electronic structure of Cuyg, it is instructive to
experimentally correlate its electronic structure to that
of the MV model. In addition to Cu-Cu bonding
effects (vide supra), the ligand field environments of
Cu, and the MV model also contribute to the respec-
tive electronic structures and thus the redox-active
orbitals (i.e., HOMOs) [94]. As with the blue Cu
centers, the ligand fields of Cu, and the MV model
are reflected in the experimental d—d transition ener-
gies which were determined by absorption, CD, and
MCD spectroscopy (Fig. 9, columns A and F) [94,
117]. For these dimeric Cu,(SR), systems, the situ-
ation is complicated by the splitting of monomeric Cu
d orbitals (Fig. 9, columns C and D) into gerade and

ungerade dimer combinations due to metal-metal
bonding and thiolate superexchange (Fig. 9, columns
B and E). However, the experimental transition ener-
gies (from absorption, CD, and MCD spectra [94])
can be used'® to extract the energies of the metal-
based orbitals in hypothetical monomeric fragments,
to estimate the ligand field environments of the Cu
ions in Cu, and the MV model, and to evaluate fac-
tors in the protein structure that may influence the
electronic structure of oxidized Cu,, including the for-
mation of the Cu-Cu bond (Fig. 9).

The raised energy of the monomeric dx?>—y? orbital
concomitant with the lowered energy of the mono-
meric dxy orbital (Fig. 9, columns C and D) indicate
that, relative to the MV model, the Cu ions in the
Cu,S, core of Cu, are more trigonal [94]. In Cu,, the
d z2> monomeric fragment orbital decreases in energy
corresponding to a weakened axial interaction. The
out-of-plane dxz and dyz orbital energies remain rel-
atively constant between Cu, and the MV model. The
ligand field imposed by the protein, along with the
increased dimer splitting of the o* /o, pair in Cuy, rel-
ative to the MV model (due to Cu-Cu bonding, vide
supra), is responsible for the HOMO conversion from
7, in the MV model to ¢*, in Cu, (Figs. 8 and 9) [94].

18 To construct Fig. 9 columns B and D, the following has been

used. For Cu,, quantitative EPR simulations [100] give the
o* /m, splitting as ~3500 cm™!. For the MV model, the o* /o,
splitting is set to 8000 cm~!. For both Cu, and the MV model,
the energy splittings are of the out-of-plane ungerade orbital
combinations (i.e., (d z2),, (dxz),, and (d yz),) are set to 1000 cm™!



Fig. 10 Effects of the ligand field on the Cu, center relative to
the MV model. A weakened axial interaction on the Cu, center
is compensated by increased charge donation from equatorial
Ny;s. These distortions rotate the HOMO from =, to ¢*, and
introduce significant Cu-Cu bonding

This spectroscopically derived description of the lig-
and field is consistent with the crystallographically
observed differences between Cu, and the MV model:
(1) a decrease of the Cu-Cu distance, where the Z(S-
Cu-S) increases from ~100° in the MV model [95] to
~116° in Cu, [84-87]; and (2) a weakening of the
axial ligand-Cu interaction. The weakened axial-Cu
interaction is compensated by increases in charge
donation from the in-plane Ny, ligands, and thereby
their influence on the electronic structure.

The protein environment of the Cu, site could
influence this ligand field in an analogous manner to
that described above for the classic blue Cu centers. A
weakened axial interaction [94] could be coupled to
equatorial changes and the formation of a Cu-Cu
bond. As depicted in Fig. 10, the Cu-Ny;, bonds likely
contract to charge compensate for weakened axial lig-
ands. Since the Np;; atoms lie approximately on the
Cu-Cu axis, the metal orbital lobes in the HOMO
rotate to become more dx”>—y*like and are positioned
favorably for ¢ overlap and Cu-Cu bonding which
would then contract this bond. Thus, through weak
axial and stronger equatorial interactions and the asso-
ciated ligand field changes, the protein would provide
an environment that is conducive to Cu-Cu bonding in
the oxidized Cu, center. This key feature can enhance
the reactivity of the Cu, center by allowing the
valence to remain delocalized even in its asymmetric
protein environment which benefits ET, as discussed
above [94].

Summary

Several features of the electronic and geometric struc-
tures of these two classes of Cu ET proteins enhance
their function in inter- and intra-protein ET. In blue
Cu centers, experiments show the highly covalent
nature of the Cu-S¢y bond which enhances donor-ac-
ceptor electronic coupling, H,p, for long-range ET
[15, 36]. The ligand field of these sites, characterized
by the long thioether and short thiolate interactions,
decreases the reorganization energy, 4, by removing
the possibility of a JT-induced distortion in the oxi-
dized site [15, 41]. A decrease in the strength of the
axial donor ligand interaction correlates with an
increase in redox potential. As revealed by the series
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of perturbed spectra for blue Cu proteins with the
same ligand set, the protein environment clearly plays
a role in defining the geometric and electronic struc-
ture of the active site [67]. Also, a number of exper-
imental results, including the existence of a
green—blue point mutant involving the axial ligand
[60], demonstrates that this ligand does indeed play a
significant role in tuning the electronic structure. In
the Cuy, center, the covalency of the thiolates could
substantially enhance H,g for ET from cytochrome ¢
into the Cu, center and contribute to ET to heme A
[94]. The reorganization energy is minimized through
the low frequency of the core bending mode of the
binuclear center and the valence delocalized nature of
the Cuy(Scys), core [94]. Finally, by weakened axial
interactions and associated equatorial ligand changes,
the protein environment of the Cu, center can pro-
vide a ligand field that is conducive to the formation
of a Cu-Cu bond in the oxidized site. This is key to
electronic delocalization in the low-symmetry protein
environment which reduces A and can adjust the
potential such that AE°+21 is small [94].
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