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Abstract The ground and excited state properties of
copper proteins are studied and analyzed using hybrid
quantum mechanics/molecular mechanics technique. Wild-
type plastocyanin, characterized by an intense blue color,
and wild-type nitrosocyanin, a red protein, are considered.
These proteins differ from some ligands of the copper
containing chromophore; we also studied the effects of
selective mutations of one of the active site residue in
plastocyanin. It is shown that this mutation is able to
strongly modify the UV/VIS spectrum continuously mod-
ifying the absorption spectrum of the protein that from blue
becomes red. Electrostatic and polarization effects of the
macromolecular environment on the chromophore are
taken into account using original techniques. Principal
transitions are analyzed by mean of natural transition
orbitals.
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1 Introduction

Among the many metalloproteins, copper proteins occur
in a wide variety of biological systems, ranging from
bacteria to humans [1-3]. In particular, plastocyanins (see
Fig. 1) play a very important role as electron carriers
during the photosynthesis process in higher plants. They
contain a copper II ion and are reduced by cytochrome f
of photosystem II [1]. The reduced form in which the
extra electron is mainly located on the copper ion can
transfer an electron to photosystem I [4, 5]. This class of
plastocyanins can be found in many superior plants; the
difference between them comes from few structural
modifications from species to species. More important
mutations give rise to the class of azurine, found in bac-
teria. The latter proteins start to show a great interest as
antitumoral agents [6].

It is striking to notice how much the physicochemical
properties of these compounds differ from those of aqueous
copper complexes [7—12]. In particular, they exhibit an
anomalously high reduction potential and usually a very
intense absorption band in the visible range, which shifts
from a compound to another. The role of the protein
appears to be crucial in these changes, and it is twofold.
First, it constrains the geometry of the coordination
arrangement of the copper ion, and second, the various
residues entering this coordination sphere can induce
important changes in these physicochemical properties.
Indeed, several such plastocyanins differ from a parent one
by a mutation in the coordination arrangement. Finally,
artificial mutations can be imposed in order to tune some
property of interest [13], or in some cases, equilibrium
between green and blue form has been reported [14].

Many theoretical investigations on such systems have
been performed [15-25] in the past, and recently some
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Fig. 1 The structure of plastocyanin, active site in ball and stick
representation

mixed ab initio molecular dynamics and Car Parrinello
dynamical studies have been reported [22-25].

In a previous paper [26], we have shown that a mixed
quantum mechanics/molecular mechanics (QM/MM)
approach of the spinach plastocyanin is quite appropriate to
address the spectroscopic as well as the redox properties of
this molecule and to analyze the influence of the various
characteristics of the macromolecular surroundings on
these properties. In the present paper, we focus our atten-
tion on the influence of the changes of the copper II
fourfold coordination on the spectroscopic properties by
considering the mutations of the methionine residue by the
cysteine anion, cysteine, glutamate and homocysteine
anion. We also considered the case of nitrosocyanin
[27-30] (see Fig. 2), which is an example of a system in
which the copper ion is surrounded by five ligands. Indeed,

Fig. 2 The structure of nitrosocyanin, active site in ball and stick
representation. Note the water molecule coordinating to copper
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nitrosocyanin, the structure of which was resolved much
more recently [27, 28], has a still unclear biological role,
and contrary to plastocyanin, it exhibits an intense red
color. The two proteins can be clearly related, and both
show a quite rigid secondary structure, dominated by a
f-sheet motif, with the chromophore being placed in a
relative peripheral region. The active sites of both systems,
see Fig. 3, show quite important similarities between them;
in particular in both cases, two histidines are present as
ligands, as well as one cysteine anion. The most important
difference is the replacement of the relatively weak ligand
methionine by a glutamate anion capable of a much more
important interaction. As previously said, this reorganiza-
tion of the active site leaves a free position in the coordi-
nation sphere of the copper II ion that is usually filled with
a water molecule, therefore, leading to a pentacoordinate
structure. Copper II ion bears, in both cases, an unpaired
electron, mainly centered on metal but exhibiting quite an
important delocalization over the different ligands in par-
ticular with the cysteine residue, as confirmed for instance
by electron spin resonance (ESR) spectrum.

Recently, the effect of the mutation of the methionine
ligand on the absorption spectrum of the blue-copper pro-
teins has been underlined and proved experimentally [13],
as well as the artificial mutation of the active site loop
sequence of plastocyanin with the nitrosocyanin one giving
rise to a red-copper protein [31].

In the present article, the absorption properties of the
two native proteins, as well as the ESR and circular
dichroism (CD) parameters, will be analyzed, at density
functional theory (DFT) and time-dependent DFT (TD-
DFT) level. The use of hybrid QM/MM approach will
allow us to take into account the role of the macromolec-
ular environment [32-37]. The evolution of the spectro-
scopic parameters with mutations will be also considered.
The use of natural transition orbitals (NTOs) [26, 38]
techniques will allow us to perform a systematic analysis of
the nature and electronic properties of the excited states,

Fig. 3 The optimized active site of plastocyanin (leff) and nitroso-
cyanin (right) in stick representation. The distances between the metal
ion and the ligands are reported
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allowing a systematic comparison of the different spec-
troscopic properties.

The present article is organized as follows: in Sect. 2,
we present the computational strategy and details used in
the present work, Results are analyzed and discussed in
Sect. 3, and finally conclusion is drawn in Sect. 4.

2 Computational details and strategy

In order to correctly treat the macromolecular environment,
we have partitioned our system in two regions: the active
site treated at QM level and the outer region treated at MM
level. Hybrid QM/MM computations have been performed
using a local modified version of Gaussian 09 code [39], in
which the local self-consistent field technique (LSCF)
[40, 41] has been implemented. The coupling with MM has
been performed by a local modified version of the Tinker
code [42].

2.1 Computational strategy

Native proteins structures have been retrieved from the
Protein Data Bank (PDB), blue-copper spinach plasto-
cyanin is identified by the PDB code as 1AG6 (crys-
tallographic resolution of 1.70 A), while red-copper
nitrosocyanin derived from the nitrifying bacterium Nitr-
osomonas Europea has the code 1ICO (resolution of
1.65 10\). Nitrosocyanin crystallizes as a tetramer and, in
order to simplify the computational problem, only one
monomer of the protein has been considered. Mutated
proteins have been constructed starting from the native
plastocyanin by substitution of the Met91 residue, with
cysteine, deprotonated cysteine, glutamate and the non-
proteinogenic homocysteine aminoacid. The MM part of
the system has been modeled by using CHARMM [43]
force field parameters, as previously done for the study of
plastocyanin. The QM/MM frontier has been located on the
C,—Cp bond of each of the four aminoacids directly inter-
acting with the copper atom: His3, His86, Cys83, Met91
for plastocyanin and Glu60, Cys95, His98, His103 for
nitrosocyanin.

The QM part was therefore composed of the copper II
ion and of the lateral chains of the four aminoacids for
plastocyanin. In the case of nitrosocyanin, an extra water
molecule has been added to fill the vacancy in the coor-
dination sphere. The effects of the MM point charges on
the QM wavefunction have been directly taken into
account by means of the so called electrostatic embedding,
that is, by their inclusion into the QM Fock operator [40,
41].

In all the cases, the QM active site has been optimized,
also allowing the geometry relaxation of the neighboring

MM aminoacids. During the geometry optimization, a
LANL2DZ [42-46] basis including pseudopotential for
copper has been used together with B3LYP [47, 48]
hybrid exchange and correlation functional. The frontier
bonds have been treated by means of strictly localized
bonding orbitals (SLBO) [40, 41] placing a doubly
occupied local orbital, obtained from a model system
(ethane), on each frontier bond. Subsequently, the LSCF
technique [40, 41] was used to optimize the wavefunction
under the constrain due to the SLBO, following a strategy
that already proved efficiently in the calculations of bio-
logical systems.

Once the system has been optimized, excited states
have been obtained at TD-DFT [38, 49] level in order to
model absorption and circular dichroism spectra. In this
case, we still used B3LYP exchange functional but the
basis set was changed to a 6-314+G(d,p) set [50-52] in
order to take into account the effect of diffuse functions.
For these calculations, the frontier was treated using
link-atoms (LA) technique [40, 41], that is, capping the
dangling bond with an hydrogen atom, since the use of
diffuse functions could produce unphysical transition on
the frontier atoms when using SLBO techniques. Notice
that when computing the UV/VIS spectra with the
LANL2DZ basis, LA or SLBO techniques give abso-
lutely superimposable results. CD spectra intensities
[53, 54] have been obtained computing the rotatory
strength by means of the “velocity” algorithm; the
“length” formalism although showing a similar behavior
gave the wrong sign for some of the less intense transi-
tions. Finally, note that in order to match experimental
results, vertical transitions have been convoluted with
Gaussian functions of fixed half-length width of 0.2 eV.
As previously reported [26] we underline that, although
dealing with charge transfer transitions, in isolated
model systems similar to our active site, the use of long
range corrected functional gives practically indistin-
guishable spectra. To be assured of such an occurrence,
we also performed more tests computing the absorption
spectrum of the isolated plastocyanin active site (at the
QM/MM B3LYP optimized geometry) using three more
functionals: CAM-B3LYP [55], wB97XD [56], PBEO
[57]. The difference on the excitation energies of the
most intense transitions with respect to the B3LYP
results does not exceed 0.02 eV. This is probably due to
the dimension of the active site and strongly justifies our
choice to perform all the subsequent computations with
B3LYP functional, only.

The ESR parameters, mainly the g-factors and the iso-
tropic hyperfine A values, have also been obtained using
the 6-314-G(d,p) basis set; rough g-factors tensor has been
diagonalized in order to better compare the experimental
data.
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2.2 Electrostatic polarization of the MM part

When dealing with the modification induced on the UV/
VIS spectra of a chromophore embedded in a macromo-
lecular environment, one has to take into account three
main effects: the geometric deformation induced by the
rather rigid environment, the electrostatic effect modeled
by the polarization of the wavefunction induced by the MM
point charges, and finally the electronic polarization of the
environment due to the modification of the electronic
density of the environment to adapt itself to the new
excited state electronic density.

The electrostatic effects can be easily taken into account
by using electrostatic embedding in the QM/MM calcula-
tions. Conversely, the influence of the fixed charges on
classical atoms can be easily evidenced by setting them to
zero and performing another QM computation on the pre-
viously optimized fixed geometry. The electronic response
of the surroundings (ERS) [26, 31-34] technique allows us
to simulate the role of electronic polarization, that is, the
modifications of the electronic distribution of the classical
subsystem treated at MM level under the influence of the
density modification in the QM part. Indeed, if within the
framework of the Franck—Condon principle, the electronic
transitions are vertical and do not involve any nuclear
position rearrangement, the electronic cloud of the envi-
ronment can, however, instantaneously adapt itself to the
new electronic distribution of the chromophore. Since the
electrons of the MM part are not treated explicitly, dif-
ferent possibilities exist to take this phenomenon into
account. One solution consists in using polarizable force
fields. Although rigorous, and able to take into account all
the anisotropies of the environment, this choice suffers the
drawback of a consequently augmented computational
cost. Moreover, the use of polarizable force fields is
nowadays not a standard task and can be quite problematic.
In the framework of ERS technique, we model the elec-
tronic response of the environment by means of a polar-
izable continuum medium characterized by a dielectric
constant extrapolated at infinite frequency. Technically, the
chromophore is placed in a site cavity created in the con-
tinuum and the MM points charges of the protein do not
interact with the continuum. ERS technique already proved
its efficiency in modeling the important effects of elec-
tronic polarizability on the position and intensities of
electronic transitions, at a very moderate additional com-
putational cost [26, 31-34].

2.3 Natural transition orbitals
One of the most useful features of excited state computa-

tion rests in the possibility of making an accurate analysis
of the excited states in terms of electron density
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rearrangement with respect to the ground state. Indeed, in
linear response TD-DFT formalism, one can express
excited states as a linear combination of single-electron
excitation from occupied to virtual Kohn—Sham orbitals. If
in some cases, such an analysis is straightforward, since the
excited state is dominated by only one excitation, there are
cases in which many couples of orbitals are participating to
the expansion with a similar weight, therefore making the
analysis quite cumbersome. To overcome such a problem,
one can use the so called NTOs [26, 38, 58], based on a unitary
transformation of the 1-electron transition density matrix
T. Indeed, NTOs are obtained by a singular value decompo-
sition of the T matrix, leading to two matrices U and V storing
occupied and virtual NTOs, respectively. The singular values
A represent the weight of the transition from an occupied to
the corresponding virtual orbital. In contrast with the molec-
ular orbitals representation, only one, or in the worst cases
two, transitions dominate the expansion and the description of
the excited states, making the analysis much simpler. Speak-
ing in more physically terms, one can think of the dominant
occupied NTOs as of the orbital from which the electron is
taken away upon the excitation, that is, representing a sort of
hole density, while the virtual one represents the orbital that
describes the electron rearrangement in the excited states.
NTOs have been obtained by a postprocessing of gaussian 09
transition densities using a code specifically designed and
produced in our laboratory. The code, licensed under gnu
public license, is free and can be downloaded from
http://nancyex.sourceforge.net [26].

3 Results and discussion

In this Section, we will analyze and compare the results
obtained for plastocyanin and nitrosocyanin, in terms of
chromophore structure, UV/VIS and circular dicroism
spectrum and ESR parameter.

3.1 Structural parameters

The QM/MM optimized active site for plastocyanin and
nitrosocyanin is represented in Fig. 3 (left and right panel,
respectively); more structural parameters are reported in
Supplementary Materials. One can immediately see that in
the case of Copper II plastocyanin, the active site assumes
a distorted tetrahedral arrangement with three ligands much
more strongly bonded than methionine. Indeed, as already
underlined computationally [22-26] and experimentally
[1-6], the Cu—Met distance is quite large and close to
3.50 A; conversely, the Cu—Cys bond length is quite
shorter going to 2.20 A. The angles comprising methionine
also appears noticeably distorted with the Met—Cu—His
angle being close to 90°.
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The structure of nitrosocyanin appears quite different,
and the geometry, when we include the water molecule,
appears much closer to a trigonal bipyramid. Indeed, the
two histidines act like the apical ligands, the angle between
the two nitrogen atoms and copper ion being close to 180°,
on the other hand, the anionic glutamate and cysteine,
together with water, can be considered as the three equa-
torial ligands, roughly lying on the same plane. As the
distances are concerned, we can see that the Cys—Cu bond
length is only slightly perturbed but is lengthened to the
value of 2.37 A. On the contrary, the carboxylic group of
the glutamate ion is much closer to the metal, the closest
oxygen atom being at a distance of 2.06 A only from
copper. This aspect reveals a totally different role played
by such a residue compared to methionine in plastocyanine.
On the other hand, the distances between the histidine
nitrogen atom and the copper ion are still close to 2.00 A
and not too much changed compared to the case of blue
plastocyanin. Finally, as the water molecule is concerned,
the distance between oxygen and copper is quite a common
one of 2.18 A. If we consider the angles between ligands,
as already stated, the two histidines forming the apical
ligands the N—Cu—N angle has a value of about 170°, the
angles between the equatorial ligands are indeed much
more distorted and vary from about 89° (water—Cu—Glu) to
160° (water—Cu—Cys). This deviation can also be ascribed
to the possibility for the water molecule to come closer to
the second oxygen of glutamate to be stabilized by a
hydrogen bond. Indeed, the distance between the hydrogen
of water and glutamate oxygen is of 1.62 A.

Of course when mutations are introduced in the plasto-
cyanin active site, structural deformations appear to be less
important in magnitude than for the nitrosocyanin case.
The distorted tetrahedral site is preserved, the most affec-
ted parameter being the distance between the mutated
residue and the copper ion. In the case of protonated and
deprotonated cysteine, the Cu-S distance for the mutated
residue remains quite large and greater than 4.50 A. This
peculiarity can be explained also by the fact that cysteine
has a lateral chain shorter than methionine. Therefore, the
protein backbone geometric constrain keeps the cysteine
residue quite far from the copper ion, even when depro-
tonation occurs. This is confirmed when one looks at the
homocysteine case. This aminoacid has a lateral chain con-
stituted by two CH, groups bonded to a SH function, its length
is therefore comparable to that of methionine, but the presence
of the anion centered on the S atom should lead to a much
stronger interaction. Indeed, the Cu—S distance is reduced to
2.40 A and becomes equivalent to the Cu—S distance of the
native cysteine, leading to a much more symmetric arrange-
ment. Finally, in the case of glutamate, the C-O distance is
much shorter and goes down to 2.00 A, indicating a much
stronger interaction with the metal ion.

3.2 Ground state electronic structure
and ESR parameters

Both plastocyanin and nitrosocyanin proteins host a copper
Il ion; therefore, they both are in a doublet spin state,
bearing an unpaired electron formally attributed to the
d® metal electronic configuration. However, the electron
experiences quite an important delocalization over the
ligands in both structures, even if the metallic character of
the unpaired electron is much more pronounced in the case
of nitrosocyanin, as confirmed by population analysis. This
indicates that in the case of nitrosocyanin, one faces a less
important, or less efficient, overlap between ligands and
metal d orbitals. The computed ESR g-factors and hyper-
fine parameters reported in Table 1, which compare very
well with experimental parameters [3, 29], show one
dominant component of the diagonalized g-factor tensor
and two smaller ones, similar between them, and greater
than the free electron g-factor. This occurrence indicates a
partial d,»_» nature of the free electron in the ground state,
coherent with DFT calculations that place such an orbital
as the singly occupied molecular orbital. We can also
notice that the value of the g-factor should be directly
proportional to the amount of the d-character and inversely
proportional to the ligand field energy difference between
d>_y» and d,, orbitals [29]. Since the value of the computed
g-factors are almost equal for both proteins, while the
ligand field separation should be much higher, as confirmed
spectroscopically by Basumalick et al. [29], we have
another confirmation of the more pronounced metallic
character of the ground state in nitrosocyanin.

3.3 Native protein UV/VIS and CD spectra

In Figs. 4 and 5, we report the TD-DFT computed spectra
of wild-type plastocyanin and nitrosocyanin, respectively.
One can immediately see that the UV/VIS spectrum of
plastocyanin is dominated by the intense absorption at
about 600 nm, responsible for the blue color of the protein;
some weaker structures appear at shorter and longer

Table 1 Computed ESR g-factors and hyperfine A constants

Plastocyanin Nitrosocyanin
xx 2.059 (2.047) 2.037 (2.036)
Syy 2.094 (2.059) 2.099 (2.059)
2. 2.185 (2.226) 2.225 (2.245)
Ay 30.3 G (1251 G) 51.5 G (16l G)
A, —112.0 G (11771 G) —138.7 G (11401 G)

Experimental results in parenthesis taken from [29]. Note that
experimental techniques were not able to retrieve the sign of hyper-
fine A constant. Therefore, only the absolute value is given
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Fig. 4 The TD-DFT computed UV/VIS (left) and circular dichroism
(right) spectra of plastocyanin. CD spectra are computed taking into
account ERS polarization. Wavelengths in nm, intensities in arbitrary
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including polarization of the protein; “QM/MM” for the computation
limited to electrostatic classical-quantum interactions and “geomet-
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units. “QM/MM+ERS” stands for the QM/MM computation (the classical charges are switched off)
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wavelengths. As already stated on a previous paper [26],
the UV/VIS spectrum matches well the experimental value
[7] characterized by an absorption maximum at 598 nm. It
also appears that the ERS effects, contrary to the electro-
static ones, do not have a very large magnitude although
they enhance the intensity and modify the shape of the low-
energy part of the spectrum. If one considers the CD
spectrum, one can see that the presence of transitions in the
region close to 550 nm is evidenced by a peak showing
quite an important negative rotatory strength, and at the
same time, the large band at 600 nm gives a very intense
positive rotatory strength band. Notice also that now the
region close to 450 nm is much better resolved than in the
case of the UV/VIS spectrum. All these results are quite in
agreement with the experimental ones (see for instance the
works of Solomon [2]) reproducing all the main features of
the CD spectrum, even if the intensities are in this case
much more sensitive and, therefore, more difficult to
reproduce at the same level of precision than for the UV/
VIS spectra.

Contrarily to plastocyanin, nitrosocyanin exhibits a very
strong absorption band centered at 380 nm, that compares

@ Springer
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very well with the experimental one centred at 390 nm
[29], and which is responsible for the red color. We can
also notice a very weak band at 500 nm, comparable to the
experimental one centred at 491 nm, and two very large
and weak bands, one around 570 nm (experimentally
568 nm) and a second one around 670 nm (experimental
666 nm). Again, the inclusion of ERS effect does not
change too much the 390-nm band, even if the pure elec-
trostatic treatment gives a peak red-shifted for about
20 nm, but the weak bands appear much more affected
from the inclusion of polarization, in particular in the low-
energy part of the spectrum. Finally, it must be emphasized
that a treatment limited to the geometric deformation only
is absolutely insufficient to quantitatively recover the
spectrum features, the most intense band appearing, in this
case, at 425 nm. As far as the CD spectrum is concerned,
one can see an even more complicated structure when
compared with the plastocyanin one. The 380-nm band
gives rise to an intense CD band showing a negative
rotatory strength. This compares well with experiment (see
for instance Basumaick et al. [29]) although the calculated
intensity for this band appears underestimated. Two bands
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with positive rotatory strength at 490 and 550 nm are again
identified in agreement with the experiment, as well as with
some of the low intensity features already evidenced for the
UV/VIS spectrum. Finally, one can identify the band at
600 nm, which shows a very intense negative rotatory
strength; the latter can be directly compared with the band
responsible of the blue color in the case of plastocyanin.

The different behavior of the two proteins can easily be
rationalized by considering the NTOs (Fig. 6) for the most
intense transition occurring at 600 and 390 nm for plasto-
cyanin and nitrosocyanin, respectively. In both cases, the
transition can be characterized as mainly a ligand (cyto-
sine) to metal charge transfer, with a non-negligible par-
ticipation of the other ligands. In the case of plastocyanin,
however, the occupied NTO has a very strong © character
while the main feature of nitrosocyanin appears as a ¢
antibonding interaction. It looks obvious that the change
from one color to the other one takes place by enhancing
the 7 or the ¢ metal to ligand charge transfer, respectively,
while the less active transition undergoes a quenching of its
intensity.

3.4 Plastocyanin mutations

Following the experimental works recently published on
azurine by Clark et al. [13], we decided to selectively
mutate the Met91 residue in spinach plastocyanin to assess
for the different spectroscopic properties. The results for
some of the most important bands are reported in Table 2.
All the spectra reported there have been computed at the
QM/MM level taking into account the ERS technique to
model the response of the macromolecular environment.
The data fit very well experimental results reported by
Clark et al. [13], even if care should be taken since in that
work azurine protein was used instead, our results being

Occupied

Virtual

Plastocyanin

Nitrosocyanin

Fig. 6 NTOs for the most intense spectral band of plastocyanin
(600 nm) and nitrosocyanin (390 nm)

able to correctly reproduce the variation of the absorption
spectrum.

Notice the important effect due to the protonated or
deprotonated state of the mutated cysteine, see also Fig. 7,
and hence the strong dependence of the spectrum on the pH
of the solution, a result again observed in the experimental
study of mutated azurine [13].

It is also worth mentioning that in the case of glutamate
mutation TD-DFT calculated spectrum presents also a
second quite intense band at about 500 nm, as well as the
band listed in Table 2. Note also that glutamate could show
the same dependence with pH already evidenced for the
cytosine mutant. Unfortunately, experimental data reported
from Clark et al. [13] are not totally sufficient to entirely
clarify this feature, as well as to clarify the pH dependence
of the UV/VIS spectrum of such mutant.

Notice anyway that, as expected from the analysis of the
structural parameters, the simple mutation of methionine

Table 2 Computed TD-DFT principal UV/VIS absorption transitions
for the mutated Plastocyanin

First Second Intensity

band (nm) band (nm) ratio
Cys 589 452 (451) 2.00
Cys~ 526 447 (441) 0.44
Glu™ 550 440 (450) 0.66
Hey™ 452 403 (410) 0.84

The aminoacid used to substitute the Meth91 residue is indicated a
“~” indicates an anionic form. The values have been computed at
QM/MM level including electronic response of the environment. In
parenthesis experimental value for azurine taken from [13]

0.12

Cys
Cys-

0.1}
0.08

f o0.06
0.04

0.02

450 500 550 600
A (nm)
Fig. 7 The TDDFT spectrum of the mutated plastocyanin bearing a

cysteine residue, in protonated and deprotonated state. Wavelengths
in nm, intensities in arbitrary units
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by a much stronger ligand like anionic cysteine is not
sufficient to induce the change from a blue to a red protein,
even if the spectrum is significantly altered and generally
shifted to the short wavelengths. Indeed, the long distance
between copper and the terminal sulfur atom imposed by
the protein geometric constrain strongly limits the inter-
action strength. More flexible and extended ligands, such
as glutamate and anionic homocysteine, on the other hand,
produce a much more important shift. In particular with the
mutation by the Hcy residue, this effect is so pronounced to
be able to produce a red-copper protein.

4 Conclusions

We performed a systematic study of the structural and
spectroscopic properties of two wild-type copper proteins:
plastocyanin and nitrosocyanin and of mutated form of the
first one.

In particular, optimized geometries, ESR parameters,
UV/VIS, and CD spectra have been obtained, at QM/MM
level, using DFT and TD-DFT techniques.

The different nature of the active site has been eluci-
dated, as well as its influence on the spectroscopic prop-
erties, correctly reproducing experimental results, for the
blue plastocyanin as well as for the red nitrosocyanin.

The UV/VIS spectra have also been analyzed to take
into account the different effects produced by geometric
deformation, electrostatic interactions, and polarization of
the macromolecular moiety.

The nature of the excited states has been analyzed in
terms of NTO showing how the main transition in the two
proteins have a very different nature, one being based on a
7 interaction and the other on a ¢ one.

The effect of the mutation of the weak methionine
ligand on the tetrahedral active site of plastocyanin has
been studied, evidencing how the UV/VIS spectrum can be
altered significantly by this mutation.

Again in coherence with experimental results on a
similar azurine protein, we have shown how the mutation
of only one ligand is able to induce the change from a blue
to a red protein. The role of pH and of the protonation or
deprotonation of the ligands has also been considered, as
well as the influence of the lateral chain length of the
mutated aminoacid. Indeed, because of the constrains by
the protein backbone, when lateral chains are too short,
they keep the electron donor atom too far away from the
metal cation to produce a sufficiently strong interaction.
The capability of reproducing such important and complex
spectroscopic changes determined by a relative minor
mutation can be considered as a significant proof of the
robustness of our QM/MM methodology and strategy in the
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determination of excited state properties of biological
molecules.

In the future, we plan to extend the present work in two
directions: influence of solvation by a combined molecular
dynamics (MD) and QM/MM study of the solvated pro-
teins, and change in the properties of plastocyanin when all
the amino acids of the active site are replaced by those of
nitrosocyanin.

The first aspect is based on the run of a significantly long
MD trajectory that will give access to the possible con-
figuration assumed by the macromolecule and by its active
site, and subsequently on the extraction of snapshots from
the trajectory to compute the spectrum at the TD-DFT
level. Even if the backbone of both copper proteins appears
to be quite rigid, such a treatment will allow us to take into
account many more effects, and in particular the role of
local geometric modifications and the possible influence of
the solvent.

The mutation of the whole active site aminoacid
sequence will allow us to compare our findings with some
very recent experimental data and to get even more insight
on the role played by the macromolecular structure in
finely tuning the rather particular and fascinating spectro-
scopic properties of these classes of proteins.
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