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Abstract A model of the three-coordinated T1 Cu site from
Trametes versicolor was considered to evaluate the effect on
redox potential of geometrical distortions in the copper
coordination sphere. Systematic modifications of geometrical
parameters (distances and angles) of the coordination sphere
of the T1 Cu site were carried out within a density functional
theory (DFT) framework, to evaluate their effects on electron
affinity directly related to redox potential. The most promising
result in terms of redox potential increment was distortion of
the dihedral angle Cpenyithiolae=S—Cu—Nima (w), which can
be rationalized as a decrease in the overlap of imidazole
orbitals in the redox-active molecular orbital (3-LUMO). This
overlap is minimized when w achieves the value of 10°,
therefore, this conformation might have the highest redox
potential. From the molecular orbital viewpoint, a parallelism
was found between the effect caused by the presence of a
fourth ligand and the distorted three-coordination, which
could be extrapolated to spectroscopic properties. It was also
found that solvation effects on the redox potentials during
geometrical distortions produce a very similar tendency,
independently of the polarity of the solvent.
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Introduction

Laccases are enzymes belonging to a family known as
multicopper oxidases containing four copper atoms classified
in three different types (T1, T2, and T3), according to their
spectroscopic properties in oxidized state [Cu (II)] [1].

These enzymes have an enormous biotechnological
potential in environmental remediation since they are able to
catalytically oxidize several harmful substrates such as phenols
and aromatic amines. The accepted mechanism involves a first
stage where Cu (II) in the T1 Cu site is reduced to Cu (I), and
this active site is then re-oxidized with the concomitant
reduction of O, to H,O [2]. Nowadays, there is a growing
interest in understanding the complex mechanisms involved
in the activity of laccases and, at the same time, there is a
constant search for new varieties of laccases with higher
stability and higher redox potential to cover a wider spectrum
of substrates [3].

The T1 Cu, responsible for the blue color of these enzymes
when oxidized [4], has been studied extensively, and is a
recurrent motif found in proteins involved in redox processes.
This copper atom is surrounded by two histidine (His)
and one cysteine (Cys) residues, all of which are conserved
in all T1 Cu sites. A fourth residue can be methionine
(Met), glutamine (Gln), leucine (Leu), isoleucine (Ile) or
phenylalanine (Phe), depending on the protein.

In most proteins, the T1 Cu site is directly responsible
for the redox potential, which is modulated by five factors:
(1) the number of copper coordinated residues [lower
coordination numbers of Cu (II) destabilized this state,
resulting in higher redox potentials], (2) distortions in the
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copper coordination sphere, (3) hydrophobicity around the
copper atom, (4) electrostatic effects due to the charges of
the protein, and (5) hydrogen bonds toward the sulfur atom
of the coordinated cysteine [5]. Among these factors, our
main interest lies in getting a deeper insight into the
consequences of different distortions on the redox potential.

Most proteins containing the T1 Cu site have four
residues coordinated to the copper atom. The effect of
modifications in the bond distance of the fourth residue on
their low/medium redox potentials has been studied widely
[6]. A debate about the consequences of these structural
distortions and their origins [7-9] was started in the 1990s,
and some authors considered them as crucial to redox
potential tuning. When the distance of the Cu-fourth
residue (Met or Gln) is elongated, an increment in redox
potential is observed [4]. It has been hypothesized, and
theoretically supported [10—12], that the three remaining
residues in T1 Cu remain almost unchanged.

On the other hand, it was observed that laccases where
methionine was substituted by hydrophobic residues such as
Phe or Leu, which are unable to act as fourth ligands, exhibit
the highest redox potentials (regulation due to the decrease in
coordination number) [3]. Thus, the combination of a low
coordination number and further distortions on the three-
coordinated TI1-Cu sites presents itself as an attractive
strategy to raise redox potentials.

Two minima, very close in energy, were found from
density functional theory (DFT) calculations on simplified
models of the fourth-coordinated T1 Cu site when the
potential energy surface was analyzed [11], and were
correlated with an amyacin mutant [10] where two different
colorations can be observed; the color changes from blue to
green when the protein is cooled below 200 K. Equilibrium
between the two minima, assisted by small distortions of
the protein, has been suggested and, depending on the
enzyme, one or another state is favored. This phenomenon
was rationalized in terms of the differences in the orbital
interaction of the Cu—Scys bond [4]. When the interaction is
dominated by a m-overlap, the protein color is blue,
whereas the color turns to green when the pseudo-o overlap
controls the interaction. This classification of interactions
has been described previously [13]. Most of the proteins
exhibit both types of interactions, to some extent, depend-
ing on the orientation of the dxz,y2 copper orbital with
regard to the residues of the first coordination sphere.
Particularly, in the case of Mycelioptora thermophila
laccase, the rotation of the orbital dxz,yz, when some
mutations are made, promotes a change in color of the
active site from blue to green, presumably due to an
increase of the pseudo-o interaction, with a concomitant
decrease in the 7t-overlap in the Cu—S bond [14].

Taking into account a model of a three-coordinated T1
Cu site (corresponding to laccases with the highest redox
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potentials), and using the DFT framework, systematic
modifications of geometrical parameters (distances and
angles) on the coordination sphere of the active site were
carried out in the present study, in order to simulate
possible distortions that might result in higher redox
potentials. The effect of these geometrical distortions on
the electron affinity (directly related to redox potentials)
was evaluated, with special emphasis on two minima
characterized from the potential energy surface, linkable
to an equilibrium between two states of three-coordinated
copper sites.

Methods
Validation

In order to start with a good quality description of the T1 Cu
site embedded in laccases, a prior validation of the theoretical
methods was made on three different copper models with
structural similarities to T1 Cu (see Geometric validation in
the supporting information). The crystallographic structures
of the chosen models available in the literature [15—17] were
taken as a reference for geometrical comparisons. Among the
functionals M05, BP86, B3LYP, and PBEO, available in the
DFT framework of the Jaguar 7.0 program [18], the hybrid
functional PBEO [19, 20] produced the best results and
was selected for further calculations (maximum deviation
of 0.09 A in the copperligand distances compared to
crystallographic distances).

The basis set, LACVP** [21, 22] with polarized
functions on all atoms was used. This is a 6-31G basis set
that takes into account effective core potentials (ECPs)
generated to replace the innermost core electrons for third-
row (K—Cu), incorporating in this way the relativistic
effects of heavy atoms.

Since the property under study is the redox potential,
the chosen functional (PBEO) was evaluated on three
copper complexes, mimics of the T1 Cu site (see Redox
validation in the supporting information), whose redox
potentials were reported in the literature [23, 24]. The
PBEO functional gives redox potential values with an
average deviation of 150 mV (3.5 kcal) from experimental
data. These values are within the range of the DFT redox
calculation error [25].

T1 Cu model under study and methodology

One of the laccases with higher redox potentials is that
from Trametes versicolor [3, 26]; the crystal structure of
T versicolor laccase deposited in the Protein Data Bank
(PDB ID: 1GYC). The T1 Cu of T. versicolor laccase is
surrounded by two histidine and one cysteine residues. In
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order to systematically explore the effect of geometrical
distortions (in distances and angles) on the electron
affinity of the T1 Cu site, a reduced model of 7. versicolor
laccase was chosen, including two methylimidazole groups
and one methylthiolate, all directly coordinated to Cu (II)
(Fig. 1).

Full geometry optimization of the T1 Cu model (Cu (II),
multiplicity 2) was carried out at PBEO/LACVP** level
(within unrestricted formalism), and the structural deviation of
the active site with regard to the complete crystallographic
structure was evaluated (see Results and discussion). The full
optimized T1 Cu model was used as reference for further
calculations.

From the fully optimized structures of T1 Cu (Cu (II),
multiplicity 2), distances A, B, and C, angles «, §, and
dihedrals 0 and w were systematically modified, fixing
each one in turn and optimizing the rest of the molecule,
obtaining total energies for each specific modification. To
calculate the electron affinities, total energies of Cu (I)
counterparts were obtained by single point calculations of
each structure with the corresponding modification.

Since the geometrical restrictions proposed here do not
allow a complete relaxation of the structures, the electron
affinities are vertical ones. Taking into account the
thermodynamic cycle of Fig. 2 [27] and the equations
shown below, the redox potentials were estimated from
vertical calculations of electron affinities. The reduction
properties of the Cu (II) open-shell system under the
unrestricted formalism are related to an unoccupied
molecular orbital (labeled as 3-LUMO) that was used for
a qualitative description of orbitals rearrangement.

Fig. 1 T1 Cu model. Labels correspond to distances 4, B, and C;
angles a and ¢, and dihedral angles w and 6

B6°0a(l)
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Fig. 2 Thermodynamic cycle

The global AG in solution (AGeqson (IV)) can be
expressed as follows:

AG

red—solv

(IV)=AG%,(I) + AG?

red solv

() — AGY (1) (1)

solv
Once the free energy change in solution is defined, the
absolute redox potential E° can be determined as:

E’ = —AGY,(I)/nF — AG?

solv

(I) /nF + AGY, (1) /nF  (2)

Where 7 is the number of transferred electrons and F is the
Faraday constant.

The redox potential might be defined through the
electron affinity in gas phase by separation of terms,
[AG,.s’(D)] and the difference in solvation energies of the
involved species [AGqon (IN-A G0, (IIN)]; thus, from the
thermodynamic cycle, the electron affinity of T1 Cu (I)(g)"
is calculated as the energy of T1 Cu (Il),)" minus the
energy of T1 Cu (I)), both in gas phase. The AG,"(D)
value is estimated as the energy difference between T1 Cu
() and T1 Cu (1), ; therefore the electron affinity of T1
Cu (II)(g)+ is equal to ~AG,o"(D). In this way, it is possible
to establish a tendency in redox potentials through electron
affinity only.

In the particular case of multicopper oxidases, there is a
very small geometric reorganization of the T1 Cu site upon
reduction to Cu (I) [28], according to crystallographic studies.
Thus, strictly speaking, in the environment of the protein the
use of AE values in the thermodynamic cycle would be valid
(since almost no entropic contributions by reorganization are
involved). Even though this approximation holds in the
context of the protein and not in the small model of T1 Cu
site, it can still be applied if it is considered that the
geometrical distortions tested in the small model to enhance
the redox potential are meant to be projected into the protein
context. This approximation allows vertical electron affinities
to be related to redox potentials. Therefore, AG values were
replaced by AE values in the thermodynamic cycle.

Even though the most significant solvation energy is that
of protein solvation (which is considered as constant), it is
usually considered that the T1 Cu site is embedded in an
environment with a certain dielectric constant of about
8 [29] (mostly hydrophobic); therefore, calculations in
cyclohexane, tetrahydrofuran, and water were carried out
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for distorted structures of the Cu (I)/Cu (II) model under the
Poisson-Boltzmann solvation scheme [30, 31] and their
redox potential was calculated with the aim of evaluating
the possible effect of solvation on redox potential.

It has been pointed out that the solvation effects out of
the coordination sphere of active sites play an important
role in redox potential calculations. For most small
complexes in solution, a reliable description can be
obtained by means of solvation energy calculations using
a continuum model that leaves aside parameters such as
explicit charges, dipole moments and hydrogen bonds [32].
Some other approximations that include such parameters
are: (1) QM/MM (quantum mechanics/ molecular mechan-
ics) calculations, which explicitly take into account charges
and hydrogen bonds from the protein at lower level of

Fig. 3 Systematic modification a

of distances 4 (da), B (dp), and

C (d¢). dapc corresponds to the

synchronized modification of

these three distances. The zero

value in the x-axis corresponds A

to the distances of the fully '\I
optimized structure. a Relative \
energies versus distorted \
distances. b Vertical electron kcal/mol \
affinities versus distorted Relative
distances

theory [33]; and (2) PDLD (protein dipoles langevin
dipoles), considering dipole moments and charges [34].
Beyond the method chosen, the important issue is to be
aware of the limitations of every model and the conclusions
that can be drawn.

Results and discussion

After full optimization of the T1 Cu model chosen in the
present study, distances Cu—S, Cu—Npisama), and Cu—Npisamp)
(Fig. 1) are generally longer than crystallographic ones, but
differing only by 0.011, 0.032, and 0.012 A, respectively.
According to these results, the protein environment apparently
does not exert a significant strain on the T1 Cu site.
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Systematic tension in bond distances

Distances A, B, and C (Fig. 3) were individually modified
(shortened and increased ) from —0.2 to 0.4 A in increments
of 0.1 A. Optimization of the structures with the
corresponding fixed distance were carried out and the
relative energies of the complexes, as well as their vertical
electron affinities (values in mV and referenced to NHE),
were computed. Another series in which distances A, B,
and C were synchronically modified was also generated,
computing both relative energies and vertical electron
affinities.

It can be seen from Fig. 3 that any tension resulting in a
contraction of the distances would imply destabilization in
the energy of the complex and a decrease of electron
affinities.

When distances A and B (involving imidazole rings) are
increased, the electron affinities also increase progressively
and, even though the complex loses stability, it does so to a
moderate extent. Modification of the Cu-S distance (C)
resulted in a marginal increment of electron affinity, and the

3400 1
a -*-d, Vertical —dy B-LUMO
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1000 /‘
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Relative distance (A)

synchronized movement of distances (dapc) produced the
highest destabilization of the complex. However, separation
of the ligands from copper, which emulates the scenario
where a decrease of coordination number might occur,
produces an important increment of the electron affinity.
Thus, considering both effects, those tensions that increase
the Cu-ligand distances might produce only a modest
increment of redox potentials.

The energy of the redox active molecular orbital, labeled as
[3-LUMO, follows the same tendency as the vertical affinities
(as shown in Fig. 4), since both parameters are related
directly to the redox potentials of the T1 Cu site model;
therefore, changes on this molecular orbital can be used to
describe redox potential variations. This pattern was also
observed in all the geometrical distortions discussed here.

Systematic distortions in angles

Next, the angles o« (N—Cu—N) and & (N-Cu-S) were
independently modified from 90 to 180°, in increments of 10°
and the structures were optimized with the corresponding fixed
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Fig. 4 Vertical electron affinities and 3-LUMO energies during systematic modification of distances. a 4, da; b B, dg; ¢ C, dc; and d the
synchronized distances 4, B, and C. The zero value in the x-axis corresponds to the distances of the fully optimized structure
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Fig. 5 Systematic modification a
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angle. The angles «=104° and 5=126° match with the

crystallographic structure and were also considered (see Fig. 5).

As observed, the modification of angles gives rise to a
very different energy pattern since additional effects, such
as electronic repulsion and steric hindrance, are now
involved. From the modification of angle 9, the minimum
energy of the complex in the curve corresponds to the
crystallographic structure. Throughout the modifications,
only a small increment in the vertical electron affinity (less
than 40 mV) is observed, whereas the modification of angle
« produces an increment of around 120 mV, with similar
complex destabilization. An increase in the angle « from
140° to 180° prevents the 7t interaction between copper and
sulfur by steric hindrance. This effect acts in favor of the
anti-bonding 3-LUMO stabilization at angles of 140° and
150°, where the participation of only one of the imidazole
rings via the nitrogen, and the thiolate group via a pseudo-o
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overlap is observed. This effect changes from 160° to 180°
where the above scenario remains but, in addition, the
overlap of the second imidazole increases, destabilizing the
3-LUMO (Fig. 6).

So far a single modification of the Cu—N distance
provides the best compromise between destabilization of
the complex and the increment of the vertical electron
affinity.

Systematic distortions in dihedral angles

The two planes involved in the dihedral angle S—Cu—Ny,2—
Cima (0) were defined by Nyj,a—Np,p—S—Cu atoms (first
plane) and the atoms of imidazole A (second plane); see
Fig. 1. Once the planes were defined, the dihedral 6 was
modified from 0 to 350° in increments of 10°. In this case,
as imidazole A was rotating, imidazole B compensated for
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Fig. 6 Graphical representation
of 3-LUMO. Left Angle o=
140° right angle o=180°

this rotation (see Fig. 7). Hence, this rotation causes a
cancellation of any possible electronic rearrangement.

When the relative energies and vertical electron affinities
are plotted, one can see small changes in both destabilization
energy and vertical electron affinity, with a periodic behavior
of both graphs (Fig. 8).

The leading role of the Cu—S interaction in the modulation
of the T1 Cu redox potential has been recognized to be as a
major contributor to the stabilization of the oxidized site of
blue proteins [35]. To evaluate the effect of modification of
the dihedral angle involving this interaction, the Cpeihyithiolate—
S—Cu—Nj,a dihedral angle (w in Fig. 1) was rotated from 0°
to 270° in increments of 10°, around the plane formed by the
Nima—Nmmp—S—Cu atoms. The relative energy of the complex
and the vertical electron affinity patterns are shown in Fig. 9.
It can be seen from the graph that the best trade-off between
the increment of vertical electron affinity and complex
destabilization is achieved with this distortion.

There is a minimum in the energy of the complex at 0° (or
180°) that is related to a change in the imidazole ring
conformations. A small increment from 0° to 10° in w

Fig. 7 Superposition of structures generated by rotation of the
dihedral angle 0

produces a change of more than 40° in the angle Nj,a»—Cu—
Nipp. This result is rationalized below in terms of molecular
orbitals.

The most significant increment in the vertical electron
affinity is observed in conformations with w=10°
and —10°, which would correspond to a theoretical
increment in redox potential of 390 mV. It is important to
mention that other kinds of modification, like the presence
or absence of a fourth ligand, would modify the redox
potential only by 80—-120 mV [4].

To explain the singular pattern of the vertical electron
affinity as the dihedral angle w is modified, the changes in
the 3-LUMO were represented by three key conformations
selected from Fig. 9: w=0°, 20°, and 90° (Fig. 10).

Starting with the structure where w=90°, it is observed
that the dxz,y2 orbital of copper, one p orbital of sulfur, and
two o-lobes from the imidazole rings contribute to
3-LUMO. When the dihedral w is modified, the p orbital
of sulfur is rotated around the Cu-S axis (see Fig. 10,
lateral view, 20° configuration). The copper dxz,y2 orbital
follows the movement of the p orbital of sulfur to maximize
the overlap between them, sacrificing the interaction
between copper and the imidazole rings. The smaller
overlap results in greater stability of 3-LUMO and, as the
dihedral w is rotated, the 3-LUMO is stabilized due to a
smaller interaction with orbitals from the imidazole rings.

For w=20°, the dxz,y2 orbital from copper is out of
plane by 30°, diminishing all o interactions (Fig. 10). When
the rotation is 0°, there is a notable change in the orbital
disposition; the orbital d,(z_y2 does not contribute to
-LUMO and instead the dy, orbital of copper does; this
result can be interpreted also as a 45° rotation of the dxz_y2
orbital around the z axis. This conformation allows the
imidazole rings to interact with distal lobes of the d orbital
of copper. Finally, the original p orbital of sulfur remains
perpendicular to the plane of ligands due to the change in
orientation, leaving the other p orbital of sulfur to interact
by a single lobe with copper. This conformational change
with its concomitant electronic rearrangement explains the
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Fig. 8 Systematic modification a
of dihedral angle 8 (S—Cu— 2,00
Nima—Cima)- a Relative energies
versus distorted dihedral angle,
b vertical electron affinities 1,501
versus distorted dihedral angle
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abrupt change in energy of both the complex and the
3-LUMO.

Along the modification of the dihedral angle w, two
minima are generated, one in w=90° (minimum 1) and the
other in w=0° (minimum 2). These conformations were
fully optimized, and frequency calculations were carried out
to verify the order of each saddle point. After optimization,
the dihedral w remains almost the same (95.3° and 0°,
respectively). An energy difference of 1.7 kcal mol ™’
between them was found, being more stable the
minimum 1. The minimum 1 conformation virtually
coincides with many of the crystallographic structures of
high potential laccases with three-coordinated T1 Cu sites.
The transition state between these minima was calculated as
an energy barrier of 4.6 kcal. According to a Boltzmann
distribution calculation, 6% of the T1 Cu site exists in state
2 at room temperature; however, the protein seems to

@ Springer
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Dihedral Angle

60 90 120

restrict the T1 Cu site to constantly adopt the conformation
of minimum 1 over minimum 2. This is supported by the
fact that no significant pseudo-o interaction has been
identified spectroscopically in high redox potential laccases
[4], suggesting that the proteins might exert restrictions
over the T1 Cu site, and that these restrictions coincide with
the minimum 1.

It is important to establish that the (3-LUMO in
minimum 1 possesses a 7i-character in the Cu—S interaction,
whereas in minimum 2 a pseudo-o character prevails.

These interactions define the spectroscopic properties of
the complexes. Earlier experimental studies attributed the
T1 Cu site color change to an adjustment in the Cu—S
interaction through the presence of a fourth ligand.
According to the results obtained in the present study, the
same color change can occur in the absence of a fourth
ligand (see Supporting information).
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Fig. 9 Systematic modification a 7,00 1
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Solvation effects during systematic distortions

To evaluate the solvation effect on the redox potential of the
T1 Cu site during systematic distortions, the modification of
the dihedral angle w (from 0° to 90°) was considered in three
different solvents (cyclohexane, tetrahydrofuran, and water),
following the thermodynamic cycle from Fig. 2. Redox
potential values were estimated and are shown in Fig. 11.

It can be seen from Fig. 11 that, even though the net
values of redox potential change depend on the dielectric
constant of each solvent, the tendency remains almost the
same. The dielectric constant inside the protein is about
8 [28], which is closer to the dielectric constant of
cyclohexane (7.6). Thus, according to these results, it can
be concluded that the solvation energy has little influence

-120  -100 80 60 40 -20 0 20 40 60 80

Dihedral angle

on any of the tendencies observed when geometric

distortions are made.

Conclusions

A model of three-coordinated T1 Cu site from 7. versicolor
was used to carry out geometric distortions in a systematic
fashion to evaluate their effect on redox potential modula-
tion. Distortions in the Cu-N distance produced only a
modest tuning of redox potential.

The best approach to increase redox potential was by
distortion of the dihedral angle w, rationalized as a
decrease in the overlap of imidazole orbitals in the redox-

active molecular orbital (3-LUMO).
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Fig. 10 B-LUMO representation in conformation with w=0°, 20°, and 90°. Top Lateral view, bottom upper view

Another important result was the characterization of two
minima, and the transition state between them for the first
coordination sphere of T1 Cu site. According to the energy
barrier between these two structures, they might be in
equilibrium at room temperature in the absence of external
restrictions (protein tensions). Hence, it is proposed that the
laccase of T. versicolor restricts the T1 Cu site to adopt just
the minimum 1 state.

Fig. 11 Redox potential values 1400
of the T1 Cu model during the
dihedral angle (w) distortion Fmr——ad
in three different solvents 1200 /
(water, tetrahydrofuran and 7/
cyclohexane) 74
1000 /
A
800
>
£
600
400 (r
."‘/
/
})‘
200 ;3-"
0¥
0 10 20
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The two minima described above can be distinguished
clearly in terms of molecular orbitals. For minimum 1, the
Cu-S interaction can be described as predominantly 7t in
nature, whereas the minimum 2 is better described as a
pseudo-o interaction.

It was shown that the T1 Cu site redox potential during
distortions follows the same pattern either in vacuum or in
solution.
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