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ABSTRACT: The high-sociological impact of neurodegenerative diseases (like
Alzheimer disease, Transmissible Spongiform Encephalopathies, Parkinson disease, etc.)
has renewed the interest of researchers in the study of misfolding processes and in
particular of the rôle played by metals in plaque formation as their unbalanced
concentration can be regarded as a possible concurrent cause of protein aggregation.
Metals are essential players in many of the fundamental activities of cells. Storing,
metabolism, and trafficking of metals through the cellular membrane and within the
cytoplasm are mediated by many proteins via well-tuned mechanisms because of the
toxicity of free ions. In this review article, we summarize the results of the most recent
experimental and numerical investigations aimed at understanding the possible rôle of
Cu in stabilizing the Prion protein structure and in the formation of protein polymers.
© 2009 Wiley Periodicals, Inc. Int J Quantum Chem 110: 656–680, 2010
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1. Introduction

T he term Prion, invented by Prusiner in 1982,
stands for “proteinaceous infectious pro-

tein.”[1–3] The Prion is a membrane protein an-

chored to the cell surface via a glicosyl-phosphati-
dyl inositol group. It exists in two alternative
conformers: the cellular native conformer, PrPC,
rich in �-helix (sometimes also called �-PrP), and
the pathogenic conformer, PrPSc (or scrapie PrP)
endowed with aberrant self-replicating properties,
with a comparatively higher �-sheet content (hence
sometimes also called �-PrP) [4].

The PrPSc conformer displays dramatically dif-
ferent biochemical properties with respect to ordi-
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nary PrPC, despite having the same chemical com-
position. Possibly because of its high �-sheet
content, PrPSc is, in fact, prone to form protease-
resistant amyloids that accumulate in several tis-
sues of the organism (mainly in brain, but also in
the lymphatic system).

Prion diseases are characterized by the over-sta-
bilization of the alternative conformers, PrPSc [5].
Accumulation of PrPSc appears to be strictly related
to the insurgence of fatal neurological diseases be-
longing to the class of Transmissible Spongiform
Encephalopaties (TSE’s), such as the Creutzfeldt–
Jakob disease in humans (in its various forms, spo-
radic, familial, iatrogenic, and variants), scrapie in
sheep (after which the pathological conformer is
named), Bovine Spongiform Encephalopathy in cat-
tle, etc. (see Ref. [3] for a review).

TSE’s in their many variants belong to a larger
family of neurodegenerative diseases, generically
called amyloidosis which are all caused by the tran-
sition of endogenous proteins (or peptides) from
the physiological globular configuration to a patho-
logical fibrillar state. Amyloidosis comprise a het-
erogeneous group of diseases (more than 20), char-
acterized by the extracellular deposition of fibrillar
proteic material [6] among which we find Alzhei-
mer and Parkinson diseases to mention two of the
most devastating pathologies affecting a large frac-
tion of the elder people in the world. Independently
of the nature of the amyloid protein by which they
are formed, fibrils have a common ultrastructure.
They grow, unbranched, to a variable length that
may reach several microns, with a diameter of 7–10
nm. They are organized in a characteristic helicoi-
dal �-structure and are able to bind to Congo Red
dye generating a typical birefringence, a phenome-
non which is commonly used as a test to detect their
presence.

Although the social impact of Alzheimer or
Parkinson disease is certainly not comparable
with that of TSE, we will limit ourselves in this
review to the study of the Prion protein because
the latter represents the prototype of a protein
capable of aberrant foldings with self-replicating
properties. For this reason, PrP has been, indeed,
the object of a large number of experimental and
theoretical investigations, which laid the ground
for the extension of ideas and methodologies first
developed there to the case of other, perhaps
more dramatically relevant, neurodegenerative
amyloid pathologies.

1.1. THE PRION PROTEIN

The Prion protein is made out of about 260
amino acidic residues, with this number slightly
varying from species to species. The C-terminal
domain of PrPC is structured and its structure has
been solved by both Nuclear Magnetic Resonance
(NMR) and X-ray diffraction techniques (see for
instance Ref. [7] and references therein). The N-
terminal region is instead unstructured and charac-
terized by a highly conserved domain made of a
variable number (from four to six depending on the
species) of the tandemly repeated sequence of the
eight amino acidic residues, PHGGGWGQ, termed
octarepeat in the following. The lack of structure of
the octarepeat region is attributed to the presence of
a rather large number of the very-flexible glycine
(Gly) residues. Even though the structural changes
leading to the conversion of PrPC into PrPSc occur at
the C-terminal domain, the N-terminal octarepeat
region seems to play a regulatory rôle in the overall
process [8–11].

Among the different biochemical functions ten-
tatively attributed to PrPC, copper ion (Cu2�) bind-
ing is, to date, the only one that has been correlated
with the physiological impairments linked to the
disease [12–15]. PrPOCu2� binding was first de-
scribed in the protocol tailored for PrPC purifica-
tion. The histidine (His) residues located within the
octarepeat region have been identified as metal li-
gands [16–20]. Studies with PrPC models in the
form of synthetic and recombinant peptides have
shown binding stoichiometries of up to one Cu2�

per octarepeat motive. Furthermore, positive coop-
erativity among cation sites is seen to occur when
the number of saturated binding sites is larger than
two [21–23]. In addition to the octarepeat region,
other Cu2� binding sites in the C-terminal globular
domain have been reported [24–26].

From all these results, it clearly emerges that the
key point that needs to be clarified is how the
interaction with Cu2� affects the biochemistry of
PrP.

Interestingly, recent experimental results (com-
ing from X-ray Absorption Spectroscopy—XAS [27]
and Electron Paramagnetic Resonance (EPR)[28]
data) have provided structural evidence that at
low-Cu occupancy, two or even more, His’s can be
coordinated to the metal. Any confirmation of this
finding is clearly of the utmost importance. In fact,
since each octarepeat contains only a single His
residue, a two-His coordination mode would mean
that Cu is able to bind two octarepeats belonging
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either to the same PrP molecule or to two distinct
molecules. This fact hints at a significant rôle of Cu
in at least the first steps of the protein aggregation
process. The subsequent steps of mesoscopic fibril
formation may on the contrary have a protective
effect against neurodegenerative processes [29–31]

An important physico-chemical parameter in
this context is the level of protonation vs. deproto-
nation state of amide ligands. Indeed, as illustrated
in the seminal paper of Ref. [32] in Cu-peptide
complexes, the metal can promote peptide hydro-
gen deprotonation, thus somehow mimicking a lo-
cal pH change. This is in agreement with the results
of [19] which show that, in the peculiar five-mem-
bered chelate ring structure which Cu takes when it
is coordinated to the HGGG peptide, the metal ion
is capable of replacing the amide proton of Gly at
neutral pH.

The occurrence of this deprotonation phenome-
non in at least one of the two Gly nitrogens in-
volved in Cu binding has been confirmed in recent
first principle simulations of the Car-Parrinello (CP)
type [33], giving evidence for the existence of a
thermally accessible mechanism for amide depro-
tonation at neutral pH. More generally in that work
the coordination geometry of Cu to the HGGG pep-
tide was studied in detail, finding results in nice
agreement with the experimental data of Ref. [19].
In particular it was found that Cu is bonded to the
amide nitrogen of the two adjacent deprotonated
Gly residues lying next to the His residue, and to
the nitrogen of the imidazole ring of the latter. In
addition, evidence was given that nitrogens from
deprotonated Gly’s are more strongly bonded than
the N�1 of the His imidazole ring. Although it was
observed that Cu2� stabilizes the formation of the
[Cu2�-HGGG]2 [33], the key question which one
still needs to answer in this context is whether a
second His can be bound to Cu and to what extent
this binding depends on the deprotonation state of
the amide nitrogens of the two adjacent Gly’s lying
next to the His residue.

To try to clarify these points, extensive CP Mo-
lecular Dynamics (CP-MD) simulations of solvated
Cu2�-HGGG complexes with the bonded Gly resi-
dues in various amide deprotonation states and in
interaction with a second His have been recently
carried out [34].

These numerical simulations have been comple-
mented by configuration stability analysis, where
selected snapshots of the simulated systems, taken
from the collected CP-MD trajectories and repre-
sentative of the different chemical complexes of

interest, have been subjected to geometrical optimi-
zation so as to compare the formation energies of
related dissociated subsystems. In this way, the
degree of stability of the various involved chemical
species could be determined.

The main result of this rather detailed analysis is
that the presence of a second His (viz. of a second
octarepeat) bound to Cu stabilizes the complex in-
dependently of the protonation state of the other
bonded Gly’s.

1.2. OUTLINE OF THE REVIEW

The content of this review is as follows. We start
in section 2 with a general introduction on the
experimental techniques, in particular XAS, that
have been employed to investigate the structure of
the metal binding site in metal-protein complexes,
and the parallel use of ab initio simulations aimed
at understanding the molecular basis for the atomic
geometrical arrangement of the metallic site. In sec-
tion 3, we describe in some detail the experimental
information that has been collected in the years
about the Cu coordination mode in CuOPrP com-
plexes. The ab initio simulations that have been
recently carried out on model systems of CuOPrP
are illustrated in section 4, where we also de-
scribe the nature of the configurational stability
studies that have been carried out on a number of
CuOPrP complexes and the interesting results
that have been obtained. Conclusions and an out-
look on future lines of investigations can be
found in section 5.

2. Experimental and Theoretical
Methods

Many experimental techniques have been used
with the purpose of characterizing the structure of
the metal binding site in amyloid complexes,
among which crystallography [19], EPR [28, 35, 36],
NMR [37–39], Circular Dichroism (CD)[35, 36, 39],
and XAS [27, 40–42] are the most prominent ones.

In particular, the availability of third generation
synchrotron radiation sources has greatly enlarged
the range of applications of XAS in the investigation
of structural properties of biological systems. Reli-
able data for a wide range of absorbing atoms, even
if often very diluted as it is typical in this field, are
now accessible. XAS can be, in fact, successfully
used to study the environment of metal ions com-
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plexed with proteins and peptides in physiological
conditions, owing to its chemical selectivity and
sensitivity to the local atomic neighborhood around
the absorber. An accurate analysis of the extended
X-ray Absorption Fine Structure (EXAFS) region of
the spectrum in terms of single plus multiple scat-
tering (MS) events allows a clear-cut identification
of the amino acid residues primarily bound to the
metal. A well-known example of application of this
technique is to metal-enzymes, where the metal
plays either the rôle of maintaining the protein
active conformation or of acting as a catalytic center
[42–45].

As for the theoretical interpretation of the
wealth of today available experimental data, rou-
tine techniques used to model atomic interactions
(like Monte Carlo and Molecular Dynamics (MD)
simulations on the one hand and Quantum
Chemistry (QC) and Density Functional Theory
(DFT) calculations on the other), though still lim-
ited by the insufficient accuracy of present com-
putational methods, are steadily increasing their
capability of investigating the supramolecular
level. Indeed, advances in algorithm develop-
ment, software implementation, and hardware
upgrading are rapidly improving the situation in
a very promising way.

As we already said, understanding the peculiar
electronic properties of metal complexes is a neces-
sary step to clarify the rôle played by metal ions in
biochemical reactions. This means that the elec-
tronic structure of the compound need to be de-
scribed at the quantum level, i.e., in the framework
of DFT and will require special techniques for ap-
plication to biomolecules. For instance, the use of
the standard plane-wave expansion for expressing
the electron density in quanto-mechanical calcula-
tions is often considered particularly well-suited for
dealing with delocalized systems like organo-me-
tallic molecules, especially when coupled with the
use of ultrasoft pseudo-potentials for the descrip-
tion of the electronic atom core [46]. The plane-
wave approach is to be preferred in this context
because it allows the use of a coarse grid for the
representation of the delocalized electron density
together with a finer grid for the localized electron
density around the atomic nuclei. In this way, the
number of necessary plane waves is drastically re-
duced and ab initio molecular dynamics simula-
tions, for instance, of the CP type become feasible
[47].

2.1. X-RAY ABSORPTION SPECTROSCOPY

From the experimental point of view, this review
will be focused on the XAS technique, as the latter
displays a number of very interesting features
when it is employed in investigating biological sys-
tems, and especially in the study of metal-proteins
[27, 42, 43, 44, 48]. Perhaps, the most important of
them is that XAS can be used for samples in any
state of aggregation. A further advantage with re-
spect to other spectroscopic techniques is that there
are no selection rules that would extinct the signal
in unlucky circumstances, with the result that a
XAS signal is always present. Finally, XAS is very
sensitive to the nature of the metal absorber. It
allows extracting structural information about the
absorber atomic environment through the study of
the oscillations of the absorption coefficient origi-
nating from the interference between the outgoing
electron wave, kicked-off from the metal, and the
back-scattered waves emerging from the atoms sur-
rounding the latter [49–52]. The interference spec-
trum contains detailed information about scatterer-
absorber relative positions, from which the
geometrical and structural arrangement of the
amino acids that are coordinated to the metal can be
inferred with fairly good accuracy. Data analysis
requires a rather sophisticated theory, though,
where single and multiple scattering contributions
[53, 54] must be taken into account.

2.1.1. Generalities

XAS uses Synchrotron Radiation as source of
photons. We recall that for any absorption process
the following very general law holds:

I�E� � I0�E�e���E�d, (1)

where E � h� is the energy of the incident photon,
I (E) is the intensity of the transmitted radiation, I0
(E) is the intensity of the incident radiation, � (E) is
the absorption coefficient characteristic of the sys-
tem in consideration, and d is the thickness of the
sample traversed by the photons.

The behavior of the absorption coefficient, � (E),
with the photon energy is monotonically decreas-
ing except where the photon energy corresponds to
the photo-ionization energy, E0, of an inner electron
of the absorbing atom. Around this energy, the
absorption coefficient rapidly increases and, if the
absorbing atom is isolated (for example when a
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monoatomic gas is considered), it starts to decrease
soon after the edge energy.

The photo-ionization energy of an inner electron
is usually referred to as the “edge energy” or sim-
ply the “edge.” The K-edge corresponds to the ion-
ization of one of the innermost electrons, whereas
the L-edges correspond to the ionization of the elec-
trons belonging to the next electronic shell, and so
on.

At a sufficiently high-atomic number, the edge
energies of the various atoms are well-separated, so
that the absorbing spectrum of a complex system
shows characteristic peaks. These peaks, which are
in correspondence with the edge energies of the
various atomic species, are well-distinguishable
from one another. Just to give an idea, the K-edges
of Fe, Cu, and Zn are located at 7112, 8979, and 9659
eV, respectively. This is the reason which makes
XAS such a highly selective technique and allows to
get detailed local structural information around a
selected atom.

In a multiatomic system, the value of the absorp-
tion coefficient does not decrease monotonically
after the edge, as it does for an isolated atom, but it
has an oscillating behavior. The physical explana-
tion for the oscillating behavior of � (E) has its roots
in the quantum interference phenomenon. To a
very-good approximation, the wave function of the
ionized electron (photo-electron in the following)
can be described as an outgoing spherical wave
centered on the absorber. The atoms surrounding it
act as diffusion centers (scatterers) for the imping-
ing wave. In turn, the back-scattered waves from
the atoms around the absorber interfere with the
outgoing spherical wave of the photo-electron. The
interference will result in a modulation of the wave
function of the photo-electron. As a result, the prob-
ability for the photon to be absorbed shows maxima
or minima, according to whether the outgoing and
scattered waves are in phase or out of phase, respec-
tively. Amplitudes and phases of undulations will
depend on the kind and relative position of ab-
sorber and scatterers or, in other words, on the
chemical and structural (three-dimensional) ar-
rangement of the absorber atomic environment.
This is the same as saying that the interference
signal contains information about the local geomet-
rical structure around the absorber.

2.1.2. The XAS Spectrum

The XAS spectrum is commonly separated into
two energy regions:

1. The XANES, X-ray Absorption Near Edge
Structure, region that starts few eV before the
edge energy, E0, and extends a few eV above
it;

2. The EXAFS region that follows the XANES
region and extends some few hundreds eV
above the edge.

The XANES region is dominated by MS pro-
cesses, where the photo-electron undergoes more
than one scattering event either with different scat-
terers or more than once with the same scatterer. In
principle, it contains many detailed information
about the local atomic structure around the ab-
sorber. Unfortunately, these potentialities could not
yet be fully exploited, because of the difficulty of
setting up a reliable theoretical analysis of this en-
ergy region. There is, in fact, quite a number of
reasons why it is problematic to describe this part
of the spectrum or extend to it the procedure used
in discussing the EXAFS region (see below). Among
them, we may mention the inadequacy of the muf-
fin-tin approximation [55] to the interatomic poten-
tial at-low photo-electron energies, the lack of a
satisfactory description of screening, and relaxation
processes following the sudden creation of a core
hole, the need of including electronic correlations
and, in particular, two-electron excitations, etc.

Because of the difficulties in modeling in an ad-
equate way these complicated processes, the anal-
ysis of XANES region has remained for a long time
at a semi-qualitative level. Only, very recently
methods have been proposed [56] capable of yield-
ing a semi-quantitative analysis of the region from
the edge up to about 200 eV above threshold, which
was used in a number of interesting situations [57].
Its wider application is still limited to cases, where
a quite precise idea about the geometrical arrange-
ment around the absorber is available.

The kinetic energy, Ek, of the photo-electron,
which is given by the obvious formula as follows:

Ek � h� � E0, (2)

is larger in the EXAFS region compared with the
values it takes in the XANES region. At higher-
electron energies, single scattering events are dom-
inant. However, MS contributions, that are richer in
structural information, are still present and must be
taken into account in analyzing experimental data
[51, 53, 58].
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Theoretical approaches [53, 59] giving a rigorous
quantum-mechanical description of the EXAFS sig-
nal, including both single and multiple scattering
terms, have been implemented in a number of
packages among which we may mention gnXAS
[60], FEFF [61], and Excurve [62, 63]. For a review
see Ref. [55].

The inclusion of MS terms in the analysis of XAS
data is especially important in investigating the
structure of the active site in a metal-protein.
Amino acidic residues are, in fact, almost com-
pletely made of “light” atoms (i.e., nitrogen, oxy-
gen, and carbon) and their contributions to the total
XAS signal are indistinguishable from one another,
if the analysis is performed in the single scattering
approximation. Including MS contributions re-
moves to a large extent this limitation. The magni-
tude of the contributions coming from the presence
of amino acids around the metal absorber, in fact,
turns out to depend not only on the kind and mean
distance of the atomic scatterers, but also on the
specific geometrical arrangement they take. A well-
known and biologically very important example of
this situation is represented by the case of histidine.
The presence of this residue bound to a metal can
be easily identified in a XAS spectrum because the
contribution it gives to the signal through MS
events is strongly enhanced owing to the positive
interference of amplitudes (focusing effect) result-
ing from the collinearity of the atoms belonging to
the His imidazole ring with the absorbing atom
[64]. A remarkable example of this situation is the
interplay between the structure of the active site in
a metal-protein and its functionality enlightened in
the work of Ref. [45].

2.2. AB INITIO SIMULATIONS

As a fundamental tool for the interpretation of
experimental results, in this review, we want to
show how ab initio simulations (in particular of the
CP type) can be profitably used to understand
structural data and discriminate among different
models thanks to the detailed atomic information
that numerical methods can provide.

CP-MD simulations have been largely and very
successfully used in many research areas ranging
from solid state physics to biological systems.
Among the numerous papers in these areas, see for
instance those quoted in Refs. [65, 66], respectively.
In applications to metal-protein complexes, CP-MD
was employed and validated in the detailed struc-
tural study of the Cu binding sites located in the

unstructured octarepeat region of the Prion protein
carried out in Refs. [33, 34, 67].

The use of quantum mechanical (QM) methods
(as opposed to purely classical MD approaches) for
computing the force field felt by atoms is manda-
tory in the study of metal-protein complexes for
two reasons. One is of a technical nature and has to
do with the presence of a metallic (doubly charged)
ion in the system, which makes much safer the use
of first principle simulations, for they embody
charge polarization and screening, rather than that
of classical MD which would require employing
one of the rather sophisticated, but still not fully
satisfactory, algorithmic tricks that have been de-
veloped to deal with the situation where the long
range Coulomb interactions are present [68]. The
second reason is more fundamental and it is related
to the fact that it is the main purpose of all struc-
tural studies to identify the nature of metal ligands.
This is of course something which is not known a
priori and should be the main outcome of the in-
vestigation rather than an input as would be the
case if one decides to employ classical atomic force
fields.

An obvious limitation to the use of quantum
mechanical numerical simulations is the foreseeable
very-short length of the CP-MD trajectories (few
picoseconds) for systems of the size one is inter-
ested in biology that can never be as extended as
one would like them to be. We certainly do not
intend to evaluate anything like ensemble averages
along such short trajectories. The interest of using
CP-MD simulations is rather that unstable config-
urations are easily spotted along the system time
history; even if the latter is rather short, as atoms
immediately tend to move away from their initial
positions if the system is not near to any stable or
long-living state.

An alternative possible way to cope, at least par-
tially, with the difficulties related to the conflict
between the need to deal with a realistically large
system and the consequent limitation concerning
the length of the simulated trajectory could be to
exploit the possibilities offered by the recently
developed mixed classical/quantum mechanical
methods, like QM/MM [69]. We should say that in
the present situation, these methods are quite well-
suited as it is immediately obvious which part of
the system should be treated quantum-mechani-
cally (the metal ion and the “nearest atoms” sur-
rounding it) and which other part can be treated
classically (the “rest” of the peptide and the sol-
vent).
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Apart from this possibility, there are good rea-
sons (supported by quite a long experience in the
field of CP-MD simulations) which make one to
believe that already a few picoseconds trajectory
can give useful information on structural problems
like those we are interested in this project (i.e.,
identification of primary metal ligands). The argu-
ment is based on the observation that CP-MD sim-
ulations can be thought as a way of successively
computing the electronic density while atoms move
gently around in a quantum mechanical potential
which is generated on the fly. From this perspec-
tive, CP-MD may be considered not so terribly dif-
ferent from genuine DFT or QC computations [70-
72], provided one can live with the two well-known
problems of the CP-MD method. Namely, the fact
that excited electronic states are essentially inacces-
sible (see however [73]) and that atoms will only be
able to explore a region of the phase space not too
distant from their initial configuration.

It is very important to stress that the application
of CP-MD methods to the study of metal-proteins is
not set back by any of these two limitations. In fact,
what one would like to identify and characterize
are the different coordination modes of Cu when
complexed with the various fragments of the Prion
protein considered in experiments. Indeed, the fo-
cus in this framework is in understanding what
could be the specific rôle of the metal just in the
very first steps of a possible aggregation process,
where equilibrium is not yet an issue. This more
modest approach is still of great relevance because
it looks that only the aggregates that are formed in
the very early stage of this biochemical pathway are
pathological. The subsequent steps of mesoscopic
fibril formation may on the contrary produce com-
pounds that have a protective effect against neuro-
degenerative processes [29, 30, 31]. In any case,
fibril formation is driven by an extremely compli-
cated dynamics, which at the moment is beyond
any possible quantum mechanical description.

As for the problems related to an insufficient
phase space exploration, they are in general of the
greatest importance in numerical simulations, but
in the case we are discussing in this review they are
well kept under control because the system config-
urations from which CP-MD simulations are
started from are taken either from experimental
structural data (XAS, NMR, EPR) or from longly
equilibrated classical trajectories. Furthermore, one
is in the rather favorable situation where the very
compact arrangement detected in experiments (see,
for instance, the crystallographic structure of PrP

around a coordinated Cu ion shown in Fig. 1), that
the peptide takes in the presence of the metal, sig-
nificantly reduces the magnitude of the actually
accessible phase space.

3. Experimental Structural Studies of
Cu–PrP Complexes

In this section, we will present and discuss a
selection of the many experimental results that
have been collected in the study of the Cu coordi-
nation mode in complexes with the Prion protein
and a summary of the phenomenological interpre-
tation of these data.

3.1. CU BINDING SITES

From the many experiments carried out in the
recent years, different models for the structure of
the Cu2� binding sites located along the PrP amino
acidic sequence have been proposed to date. In
particular, two kinds of models have been pro-
posed for the geometry of the Cu binding site in the
octarepeat region of PrP.

In one group of models, based on CD, EPR, and
NMR experiments, Cu2� has been proposed to be
coordinated to two His residues, thereby bringing
into close contact successive octarepeats [12, 21].

FIGURE 1. The crystallographic structure of the
HGGGW penta-peptide belonging to the octarepeat
region of the Prion protein [19]. Colors are as follows:
white is H, red is O, green is C, blue is N, and magenta
is Cu. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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These models were elaborated on the basis of re-
sults obtained in experiments with a substoichio-
metric complexation of Cu2� per octarepeat.

The models of the second group are based on the
crystallographic structure of Cu2� in complex with
the minimal HGGGW binding site [19] and have
been considered to be relevant for the fully satu-
rated �-PrP-(23–231) protein [19, 26, 37]. In these
fully saturated forms, Cu2� is penta-coordinated
with the nearly equatorial ligation to the �1 nitrogen
of the His, the deprotonated amide nitrogens of the
two sequential Gly residues, the amide carbonyl
oxygen of the second of these two Gly residues, and
the axial ligation of the oxygen of a water molecule
hydrogen bonded to the triptophane (Trp) indole
ring (Fig. 1).

As for the binding sites other than those involv-
ing the octarepeat region, XAS experiments on hu-
man PrP-(90–231) in complex with Cu2� have clar-
ified the geometry of the site involving the
sidechains of His96, Gln98, Met109, and His111 [24]. In
N-terminal domain truncated PrP forms [14, 24],
this site appears to be endowed with a particularly
high-affinity for Cu.

3.2. CU COOPERATIVITY

It has been argued in Ref. [18] that the Cu coor-
dination mode in the two regions of the Prion pro-
tein encompassing residues 57–91 (which contains
the four octarepeats) and residues 91–115 depends
on the number of bound Cu ions. This finding
seems to suggest a precise rôle for Cu2� in control-
ling in vivo PrP self-association and rises the ques-
tion of cooperativity in Cu2� binding.

Similarly titration experiments monitored by CD
and fluorescence spectroscopy have reported that
Cu2� binding to PrP shows positive cooperativity
with a Hill coefficient of � 3 [21–23]. A possible
interpretation of cooperativity of Cu2� binding is in
terms of a transition from an intramolecular inter-
repeat geometry to an intrarepeat structure. This

transition is quite significant as it involves the pas-
sage from a long range to a short range structure. It
appears to be not only a function of the Cu2� sat-
uration degree but also to depend on the number of
octarepeat copies. In fact, many studies [21–23]
have confirmed that cooperativity of Cu2� binding
shows up for PrP forms containing more than two
octarepeat copies. The XAS analysis [27] agrees
with this observation (see below), further suggest-
ing that the binding of copper by the His’s of two
successive octarepeats is disfavored, and that the
two stapling His’s should be at a minimum repeti-
tion distance of three octarepeats (at variance with
the models proposed in Refs. [12, 21]).

3.3. XAS EXPERIMENTS ON PRION PROTEIN

XAS has been extensively employed in the study
of the recombinant bovine PrP,1 folded into a PrPC-
like conformation (�BoPrP-(24–242)), in complex
with Cu2�. To better clarify the structure of the
binding site, besides �BoPrP, also Cu2� complexes
of synthetic peptides containing either one, two, or
four octarepeat copies have been subjected to XAS
measurements. The whole set of Cu2� complexes
that have been analyzed together with their amino
acidic composition are displayed in Table I. XAS
spectra at various Cu concentration levels have also
been taken.

A detailed analysis of all the collected EXAFS
data was performed in Ref. [27]. The study has
revealed the existence of two kinds of Cu binding
geometries differing in the number of coordinated
His imidazole rings. In one structural arrangement,
Cu is coordinated like in the crystallographic struc-
ture of the minimal site [19] (Fig. 1), with only one
single imidazole ring within the metal coordination
sphere (see panel A of Fig. 2). This geometry is
realized when Cu2� is in complex with synthetic

1Bovine PrP contains five octarepeats, or rather four identical
octarepeats plus a fifth slightly different one.

TABLE I ______________________________________________________________________________________________
Cu2�-complexes of BoPrP-(24–242) and its templates synthetic peptides subjected to XAS measurements.

P1 BoPrP-(25–30,60–70) KKRPKPWGQPHGGGWGQ
P2 BoPrP-(25–30,60–78) KKRPKPWGQ(PHGGGWGQ)2
P3 BoPrP-(25–30,60–94) KKRPKPWGQ(PHGGGWGQ)4
P4 �BoPrP (24–242) BoPrP-(24–242)

The initial KKRPKPWGQ sequence in samples P1, P2, P3 has been added to increase peptide solubility.
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peptides containing up to two octarepeats (samples
P1 and P2 of Table I). The analysis suggests that we
are in the presence of a metal mediated intrarepeat
binding mode.

The EXAFS data analysis of Cu2� in complex
with both the full length �PrP and the four-octare-
peat peptide (samples P3 and P4 in Table I) indi-
cates that Cu, at variance with the previous situa-
tion, is now coordinated with two equatorial
nitrogen atoms from two His imidazole rings
(panel B of Fig. 2). Since in each octarepeat only a
single His residue is present, it is concluded that the
configuration with two bound His residues arises
as a result of an inter-repeat (possibly inter-molec-
ular) Cu-mediated binding interaction. It should be
observed here that in this structural situation, we
do not expect the two metal paired repeats to be
two consecutive octarepeats belonging to the same
peptide, because of steric effects (Fig. 3).

A further interesting point emerged in studying
the result of varying the Cu2� saturation when the
metal is complexed with the four-octarepeat pep-
tide P3. Indeed, when the Cu2�-to-octarepeat molar
ratio is increased from 0.5 to 0.8, the characteristic
features of the XAS spectrum related to the pres-
ence of His’s display a transition from the shape
typical of His multiplicity equal to two to that typ-
ical of multiplicity one, thus signaling an inter-
repeat to intrarepeat modification of the binding
geometry. In the cartoon shown in Figure 3, the
peptide aggregation mode as function of Cu con-
centration is depicted.

In conclusion, the existence of two types of Cu2�

sites in the octarepeat region of �PrP correlated
with Cu2� saturation level, revealed by XAS, can
explain both the participation of the protein in mo-

lecular homo- and hetero-assemblies through the
N-terminal domain and the basis for the cooperat-
ivity of the cation binding process.

4. Ab Initio Simulations

In this part of the review, we want to discuss
how ab initio simulations can be profitably used to
interpret experimental results and possibly discrim-
inate among different models owing to the detailed
atomic information that numerical methods can
provide.

In section 4.1, we summarize what has been done
within the DFT approach, whereas in the remaining
sections (from section 4.2 to 4.6) we present and
discuss the large body of results that have been
produced using ab initio simulations of the CP
type.

In this second part, after a short introductory
discussion on some important issues related to the
CP-MD simulation strategy and the code, we will

FIGURE 2. Cu coordination mode from EXAFS data
best fit. Panel (A) shows intrarepeat Cu geometry re-
sulting from a single imidazole ring binding. Panel (B)
shows inter-repeat Cu geometry resulting from a two
imidazole rings binding structure.

FIGURE 3. Peptide aggregation mode at varying Cu
concentration. Cu concentration decreases from top to
bottom. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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mainly concentrate on in this review (subsections
4.2.1 and 4.2.2), we will discuss two sets of interest-
ing CuOPrP complex simulations. The first set of
simulations was carried out in Ref. [33] with the
aim of confirming the claimed Cu binding site crys-
tallographic structure and studying the possibility
to form dimeric compounds at high-Cu concentra-
tion (subsections from 4.3.1 to 4.3.5). The main pur-
pose of the second, more recent, set of simulations
[34] was to extend the previous investigation to
low-Cu concentration with the purpose of studying
the ability of a single Cu ion to bind more than one
His (subsections from 4.4 to 4.5.1) and the influence
of pH on the stability of the resulting compound
(subsection 4.6).

4.1. OLDER NUMERICAL RESULTS

The coordination mode of the Cu2� ion sug-
gested by the existing experiments and shown in
Figure 1, in which the metal is bound to the protein
backbone, is somewhat unusual for a metal-protein,
though it has been identified in a number of Cu-
peptide complexes [32, 74]. In these complexes, the
Cu2� ion is seen to be directly bound at pH � 7 to
the peptide backbone through the deprotonated
amide nitrogens of two nearby Gly residues. This
finding is rather interesting as it means that a Cu
ion is able to replace one or two amide protons of
the backbone, possibly affecting conformational
transitions in proteins and other molecules in the
vicinity.

Despite the large amount of experimental evi-
dence for the CuON(Gly) bond stability, only a few
theoretical works have confirmed this observation
in a quantum mechanical framework. DFT calcula-
tions performed on several models of the Cu(H-
GGG) molecule measured an energy change of
roughly �100 kJ/mol upon Cu binding in the stable
square-planar (3N1O) coordination [75]. In this co-
ordination, the third nitrogen comes from the imi-
dazole ring of the His of the HGGG motif, whereas
O is the carbonyl oxygen of the second Gly. More-
over, in another DFT study [76], the energy of the
crystal coordination was found to be slightly higher
than that of the coordination, where the carbonyl
oxygen is replaced by a water molecule. Both DFT
calculations consistently confirmed that in the sin-
gly occupied site, the HGGG ligand is able to ac-
commodate the two CuON(Gly) stable bonds ob-
served in the crystal [19] and NMR [37] resolved
structures. The interplay between ligand flexibility
and Cu quantum mechanics makes the study of Cu

coordination to the PrP an ideal arena for CP-MD
simulations.

4.2. CAR-PARRINELLO AB INITIO
SIMULATIONS

We now discuss the general strategy underlying
the CP approach and give an account of the many
interesting results that have been recently obtained.
We also provide a brief description of the code with
the help of which all these results were obtained
and we will comment on the very important issue
of the CPU times necessary for numerical studies of
systems of biological interest of the kind we are
dealing with here.

4.2.1. The General Strategy for CP
Simulations

A key issue in CP-MD simulations is the struc-
ture of the atomic configuration, which should be
used to start the simulation. Given the effectively
rather short time duration of any CP trajectory, it is,
in fact, mandatory to start from a very accurately
equilibrated and thermalized configuration to
avoid biases and instabilities. To cope with this
problem, a rather elaborated two-step procedure
was devised [33].

First of all, the initial atomic configuration for the
successive CP-MD should be obtained at the end of
some very-long (few tens of ns) classical MD sim-
ulation. For this purpose, preliminary MD simula-
tions using any of the available MD codes (like
GROMACS [77], Amber [78], etc.) must be carried
out.

Secondly, according to well-tested experience,
one has to proceed to minimize stresses and strains
among atoms while electrons are pushed to vanish-
ing temperature. To this end, one has to perform
CP-MD simulations according to the general proto-
col, which consists in the four sequential steps
listed below:

1. Minimization of electronic energy with fixed
atomic positions.

2. Minimization of total energy as a function of
both atomic and electronic degrees of freedom
of the full system.

3. Two (or more, according to needs) short pre-
liminary sequential CP-MD simulations at in-
creasing atomic temperatures, using a Nosé-
Hoover thermostat [79] coupled to the atomic
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degrees of freedom, and kept at the desired
temperature.

4. The final CP-MD simulation of appropriate
length at an atomic temperature of 300 K,
using the same thermostat as in 3.

Thermalization in step 3 is necessary to slowly
attain room temperature, avoiding that tempera-
ture oscillations affect in an uncontrolled way the
approach of electrons to their ground state. The
velocity-Verlet algorithm [80], for integrating the
CP equations of motion, is most commonly used.

The key question at this point is how long the
simulated CP-MD trajectories can be. The answer
depends obviously on the size of the system (i.e.,
volume, number of atoms, Nat, and number of elec-
trons, Nel) and the CPU power of the available
machines. A careful analysis of the dynamics un-
derlying CP-MD [81, 82] reveals that an acceptable
time step turns out to be extremely small, of the
order of 0.10–0.15 fs. Detailed feasibility studies on
systems with large number of atoms (from 400 to
about 103) and electrons (from 103 to 2.5 � 103) have
been carried out on different machines (PC clusters
as well as large parallel platforms), using the two
CP available codes, namely Quantum ESPRESSO
(QE)[83] and CPMD [84]) in some of their various
versions. The result of this thorough investigation is
that on a large parallel machine on a 128 nodes
configuration and for the largest of the systems
tried one needs something like 250–300 h of CPU
time for a 1.2 ps trajectory. From this estimate, one
can infer that a full-fledged simulation following
the protocol illustrated above would require some-
thing like a factor of 10 more time per each simu-
lated system. The conclusion that emerges from this
analysis is that at the moment it is very hard to go
beyond O(10) ps for the kind of systems we are
discussing in this review. The situation is not as bad
as one might think, however, because, as we shall
see, even a few ps trajectory (if the initial configu-
ration has been carefully chosen) contains quite a
lot of useful dynamical information about the struc-
tural stability properties of the system.

4.2.2. The Quantum ESPRESSO Package for
CP-MD Simulations

A parallel version of the freely-available Quan-
tum-ESPRESSO package (opEn-Source Package for
Research in Electronic Structure, Simulation, and
Optimization [46, 83]) which incorporates Vander-

bilt ultrasoft pseudopotentials [85] and the PBE ex-
change-correlation functional [86] was used for
most of the simulations discussed in this review.
Electronic wave functions are expanded in plane
waves up to an energy cutoff 10 times smaller than
that used for the expansion of the augmented
charge density in the proximity of the atoms, as
required by the ultrasoft pseudopotential scheme.
The choice of ultrasoft pseudopotential is dictated
by the fact that otherwise the presence of light
atoms (like hydrogen, nitrogen, oxygen, and car-
bon) in biological systems would have required an
impossibly high-cutoff when standard norm con-
serving pseudopotentials are employed.

To minimize finite volume effects, periodic
boundary conditions are imposed to the system.
This choice has the extra bonus that the resulting
geometry is well-suited for plane wave expansion.
The molecule is inserted in a box (filled with water
molecules at 1 g/cm3 density) with sufficiently
large linear dimensions to ensure a separation be-
tween nearest replicas of the system so as to have
negligible spurious self-interactions. For neutral
systems, a separation of 4–5 Å is considered to be
sufficient. For charged systems, a separation of 7–8
Å is required.

CP-MD calculations are often performed ignor-
ing the spin degree of freedom of the electrons, i.e.,
in the so-called spin-restricted conditions. This ap-
proximation is adequate for the kind of systems we
are interested in here. In Ref. [33], the realm of
applicability of this simplified computational ap-
proach in this field was studied with the conclusion
that the effect of the spin polarization is negligible
and can become relevant only when two or more
metal ions are simultaneously present.

4.3. Cu BINDING MODE IN THE PRP
OCTAREPEAT REGION

In the next few subsections (from section 4.3.2 to
4.3.5), we describe the numerical evidence that has
been collected in ab initio simulations confirming
the peculiar nature of the Cu binding mode in the
PrP octarepeat region. Then starting from section
4.4, we present a summary of the latest studies on
the ability of Cu to bind two His at the time to-
gether with the results of a detailed analysis of the
stability of this configuration with the deprotona-
tion state of the bound Gly’s.

The starting point of all these investigations was
the crystallographic results of Ref. [19] in which
evidence was given that only the HGGGW portion
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of the octarepeat is directly involved in the Cu
coordination in the N-terminal region. Similar con-
clusions have emerged from the works of Refs. [35,
37].

4.3.1. The Minimal Cu Binding Motif

To check the validity of the Cu coordination
mode suggested by crystallography and unambig-
uously identify the amino acids directly bound to
the metal, a number of model systems have been set
up and studied with the help of ab initio simula-
tions [33, 67]. The systems that have been simulated
are listed in Table II. A minus sign on a glycine
residue means that the backbone nitrogen of the
corresponding amino acidic residue was deproto-
nated, while with (wat) the presence of an axially
bonded water molecule in the starting configura-
tion is indicated. To avoid any artificially high-
reactivity of the terminal regions and mimic the
presence of the rest of the peptide that was cut out,
N- and C-terminus have been neutralized in the
standard way, i.e., by adding CH3OCO and
CH3ONH groups, respectively.

As we said, the initial configuration for the CP
simulations of the S1, S3, and S4 model systems was
the crystallographic structure of Ref. [19], whereas
the CP dynamics of S2, S5, and S6 model systems
was started from configurations taken from ran-
dom-walk (RW) generated tetra-octarepeat struc-
tures (see ref [87, 88]. for details of the RW method).
To analyze possible biases induced by the choice of
the initial configuration, the CP dynamics of system
S3 was also started from a RW configuration (see
section 4.3.3 and Fig. 4).

We now briefly outline the kind of structural
information that have been extracted from the sim-
ulations of the various systems listed in Table II.

4.3.2. Cu2�(HG�G�GW)(wat) With and
Without Solvent

The simulation of the system Cu2�(HG�G�GW)
(wat) without (S1) and with (S2) solvent was performed
to test the stability of the crystallographic structure
in which a water molecule is kept within the Cu
coordination sphere by a Trp residue. Actually,
there are indications that this geometrical structure,
with the Trp indole ring lying parallel to the Cu
binding plane, could be a spurious configuration

TABLE II ______________________________________
The set of simulated Cu-PrP complexes.

System Nat Nel

S1 Cu2�(HG1
�G2

�G3W)(wat) 265 741
S2 Cu2�(HG1

�G2
�G3W)(wat) � 64 H2O 467 1353

S3 Cu2�(HG1
�G2

�G3) 49 157
S4 Cu2�(HG1G2G3) � 41 H2O 172 485
S5 [Cu2�(HG1

�G2
�G3)]2 98 314

S6 [(HG1
�G2

�G3)]2 96 296

Next to each system the number of atoms, Nat, and active
electrons, Nel, are reported

FIGURE 4. Time evolution at 300 K of distances be-
tween Cu and ligand atoms. The two reported trajecto-
ries started from the X-ray structure (solid line) and
from one of the structures obtained through RW gener-
ation (dotted line). Distances CuON�(His) (A),
CuON(G1

�) (B), CuON(G2
�) (C), and CuOO(G2

�) (D) are
shown.
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related to the crystallization procedure [89, 90]. This
conclusion is supported by the CP-MD simulations
carried out in Ref. [33] on the S1 system, where the
Trp “gate” is seen to open up letting the axial water
to fly away. To verify whether this water molecule
could possibly be replaced by an other water from
the solvent, the simulation was repeated for a
longer time at a temperature of 300 K and in the
presence of 64 water molecules mimicking the sol-
vent (S2). The g(r) radial distribution of the distance
between Cu and water oxygens shows that none of
the 64 molecules replaces the water that had left the
Cu coordination sphere (Fig. 5).

The conclusion of these two first sets of simula-
tions is that the presence of a water molecule within
the Cu coordination sphere and, consequently, of a
nearby Trp indole group is a spurious feature of
crystallization. Thus, all the successive simulations
have been performed on the reduced tetra-peptide
HGGG.

4.3.3. Cu2�(HG�G�G)

It is important to test the dependence of CP-MD
results on the initial atomic arrangement, by com-
paring trajectories generated starting from different
initial structures. For this purpose, a detailed com-
parison was made between two CP-MD simula-
tions of the S3 system in vacuum, where one was
started from the crystallographic structure and the
second from a configuration chosen among the sev-

eral ones generated according to the protocol de-
scribed in Refs. [87, 88]. The behavior with time of
the CuON�(His), CuON(G1

�), CuON(G2
�), and

CuOO(G2
�) distances, which was continuously

monitored along the two CP trajectories, is dis-
played in Figure 4.

Reassuringly, we see that the whole time history
of all the monitored distances is well-independent
of the initial configuration. We also observe that
Cu-ligand distances are rather stable with, how-
ever, the oscillations of the distances from Cu of the
two Gly nitrogens faster and of smaller amplitude
than that of the His nitrogen. This is an indication
that the Cu binding to the Gly nitrogens is stronger
than the one to the nitrogen of the His imidazole
ring. The visibly wider and slower oscillation of the
carboxyl oxygen-Cu distance confirmed the already
known relative weakness of this bond.

4.3.4. Cu2�(HGGG) � 41 H2O

The Cu2�(HGGG) system with protonated back-
bone nitrogens and in the presence of 41 explicit
water molecules (S4) was studied, to test the hy-
pothesis that the interaction with copper induces
the exchange of Gly nitrogen protons with the sur-
rounding water molecules (Fig. 6). By monitoring
the distance of the hydrogen from the G2 nitrogen,
the exchange was seen to happen after about 0.9 ps

FIGURE 6. A Cu ion bonded to the HGGG tetra-pep-
tide, solvated in explicit water. Colors are as follows,
green is Cu, red is oxygen, blue is nitrogen, light blue is
carbon, and white is hydrogen. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

FIGURE 5. Radial distribution function, g (r), of the
distance, r, between Cu and water oxygens in the sol-
vated S2 system.
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of CP dynamics at 50 K. One finds that hydrogen
enters the coordination sphere of a water molecule
leaving the coordination sphere of the G2 nitrogen
(Fig. 6).

4.3.5. Dimeric System

Perhaps, the most interesting results that have
been obtained in these studies concern the dynam-
ics of the [Cu2� (HG�G�G)]2 system (which for
simplicity was studied in vacuum). In fact, the
available simulations show that, on the time scale of
few ps, formation of a dimer is possible at Cu full
occupancy concentration (one ion per HGGG pep-
tide). Indeed, exchange of ligands between the two
Cu ions (already visible after 0.86 ps at T � 300 K,
see Fig. 8) is responsible for keeping the two tetra-
peptides close to each other. Such a dynamical na-
ture of the copper coordination is in agreement
with what was observed in the simulations of the
copper binding site in the His rich PrP region car-
ried out in Ref. [91]. In the absence of Cu, instead,
long-range electrostatic and dispersive interactions
are unable to keep the two HGGG peptides close
together, which then, within the same simulation
time, separate out from one another. Also in the
case of the dimer, a preference for an amidic nitro-
gen binding is visible, while the bond with the
imidazole ring of the His is easily broken. These
features can be read off from the time behavior of
the distances of the various coordinated atoms from

the two copper ions (data not shown). A problem
with these CP-MD simulations is the rather small
CuOCu average distance (from 2.1 to 3 Å) which is
observed. Although in spin unrestricted simula-
tions this distance becomes slightly larger (2.4 to 3.4
Å), it still remains pretty much smaller than what is
experimentally observed (from 4.4 to 6.4 Å, see
[28]). We can summarize the results of the many
simulations described above as follows:

▪ The square planar (3N1O) coordination is
maintained while the axial water flies away.

▪ The CuON(G�) bond is stronger than the
CuON’5f(His) bond.

▪ The CuOO(G2
� ) bond is rather weak.

▪ Evidence of N(G2) deprotonation was seen.
▪ Monomers can be held together in a dimeric

structure by the presence of copper.

In conclusion, despite the limitations due to the
very-short time duration of the collected CP-MD
trajectory, a quite consistent picture emerges from
these investigations. They give support to the idea
that Cu2�-mediated interactions can induce N-ter-
minal tail conformational transitions, which appear
to be relevant both for the functionality of the Prion
protein as well as for its propensity to expose hy-

FIGURE 8. Sketch of the structure of the
[Cu2�(HG�G�G)]2 system obtained in the spin-re-
stricted simulation after 0.86 ps at T � 300 K. For clar-
ity the two monomers have been differently colored.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

FIGURE 7. Time evolution of H(G2)ON(G2) (solid line)
and H(G2)OO(wat) distances (dotted line) in the simula-
tion of the Cu(HGGG) system at T � 50 K in water sol-
vent. The y-axis on the right is in units of the total en-
ergy (dashed line) of the system.
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drophobic patches and consequently affect inter-
molecular interactions.

4.4. BINDING A SECOND
HISTIDINE—GENERALITIES

As shown in section 3.3 (Fig. 3), however, exper-
imental results clearly indicated that the relative
concentration of Cu2� and octarepeat (viz. the ratio
[Cu2�]:[octarepeat]) is an important parameter in
determining the Cu binding geometry and eventu-
ally the metal rôle in the aggregation process.

In this second half of section 4, we describe the
detailed analysis that was recently carried out to try
to answer the question whether a second His can be
stably bound to copper. Macroscopically, this cor-
responds to a situation where the [Cu]:[octarepeat]
ratio is 1:2, at variance with the case analyzed in the
previous section where this ratio was taken to
be 1:1.

To have the simulated system of reasonable size,
the second His was modeled as an isolated imida-
zole ring (Im), with a deprotonated N� pointing
toward Cu and a CH3 group attached to the C�

atom. As we mentioned above, it is of special inter-
est in this situation to study the dependence of the
strength of this bond on the protonation state of
nearby Gly nitrogen atoms. For this purpose, a
stability study of the Cu-HisGGG-Im complex2

with the first two Gly’s in various protonation
states was performed [34]. This analysis was done
by comparing the results of systematic CP-MD sim-
ulations and geometric DFT optimization on the
four systems of Table III.

As before with the symbol G�, we mean that the
hydrogen of the corresponding amide nitrogen has
been removed. Thus, in SY1, both Cu-bound Gly’s

are deprotonated, whereas in SY4, they are fully
protonated. In the case of SY2 and SY3, only one of
the two Gly’s involved in Cu-binding is deproto-
nated. The imidazole ring, introduced to mimic the
presence of a second (possibly bound) His, is indi-
cated by the symbol “Im.” In the following, for
short the Cu nearest-neighboring atoms are labeled
according to the abbreviated notation introduced in
Table IV.

We note that the SY2, SY3, and SY4 systems are
(positively) charged, whereas SY1 is neutral, be-
cause the doubly charged Cu ion is neutralized by
the negative charges of the two deprotonated Gly’s.
This makes an important difference from the tech-
nical point of view, especially when periodic
boundary conditions are used, as it is most usually
the case in numerical simulations. First of all, in
fact, as already mentioned in section 4.2.2, it is
necessary to have a larger separation between ad-
jacent replicas when dealing with charged systems
compared with the situation one encounters in the
neutral case. Secondly, if energies of differently
charged systems need to be compared, the Makov-
Payne [92] correction has to be evaluated and taken
into account.3

The minimal distance between nearest-neighbor
replicas fixes the dimensions of the box surround-
ing the Cu complexes. The number of water mole-
cules reported in Table III corresponds to the stan-
dard density of 1 g/cm3.

4.4.1. Starting CP-MD Simulations

As we already stressed, given the foreseeable
very short duration of CP-MD simulations (not

2From now on, we employ the three-letter code for the his-
tidine residue, instead of the one-letter symbol (as we keep
doing for short for Glycine) to avoid confusion with the symbol
which is being used for hydrogen.

3Actually, the Makov-Payne correction applies also to sys-
tems with nonvanishing dipole moment, irrespective of their
charge. For the systems of interest, here this bit of the correction
is, however, very small.

TABLE III _____________________________________
The four model systems subjected to CP
simulations.

System 1, SY1 Cu2�(His G1
�G2

�G3) � Im � 83 (H2O)
System 2, SY2 Cu2�(His G1G2

�G3) � Im � 105 (H2O)
System 3, SY3 Cu2�(His G1

�G2G3) � Im � 105 (H2O)
System 4, SY4 Cu2�(His G1G2G3) � Im � 105 (H2O)

TABLE IV _____________________________________
Atomic abbreviations.

Atom Abbreviation

N� of the isolated imidazole ring N(Im)
N� of the His N(His)
N of the first Gly N(G1)
N of the second Gly N(G2)
Carbonyl O of the second Gly O(G2)
O from a water molecule O(wat)
O from the N-terminal cap O(Nterm)
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more than a few ps at this moment), it is of the
utmost importance to control the possible biases
which are introduced as follows:

1. By the choice of the atomic configuration from
which the CP dynamics is started.

2. By the procedure through which the system is
brought at room temperature.

As for the first point, a good choice is to begin
from either NMR or crystallographic PDB data, if
available, or, lacking any such information, from
some accurately equilibrated configuration so as to
avoid as much as possible atomic stresses and in-
stabilities. Consistently, with these general consid-
erations, simulations were started from longly re-
laxed structures selected among the set of
configurations generated according to the RW
method described in Ref. [87] (and successfully em-
ployed in Ref. [33]).

According to the protocol outlined in section
4.2.1, it is useful to distinguish three main Phases in
the simulation strategy that was followed.

Phase (0): preparation of the “initial” configura-
tion; Phase (1): equilibration and thermalization
steps; and Phase (2): CP-MD simulations at room
temperature (300 K).

The “initial” configuration in Phase (0) used as
input for the successive steps is the result of an atomic
steepest-descent minimization carried out starting

from the atomic coordinates of the selected RW con-
figuration. The distances (in Å) of the Cu nearest-
neighbor atoms, characterizing the “initial” geometry
of the metal environment for the four systems SY1,
SY2, SY3, and SY4 are given in Table V. The relevant
atoms are labeled as indicated in Table IV.

In Table VI, we summarize the information char-
acterizing some key aspects of Phase (1) and Phase
(2). We report for each system, in the second col-
umn what are the intermediate CP-MD simulation
steps that have been followed to bring the system to
room temperature (giving time durations and tem-
peratures of preparatory simulations) and in the
last column the duration of the final CP-MD trajec-
tory at T � 300 K. Times are in picoseconds and
simulation atomic temperatures are indicated in
parenthesis.

4.4.2. Structural Optimization

To investigate the stability of a second His binding
as function of the Gly’s protonation state, the binding
energy associated to the various Cu ligands must be
computed. This is done by studying the energetics of
the associated dissociation reactions. To make more
transparent the set of virtual chemical reactions, we
will be considering in the following, we introduce a
synthetic nomenclature for the Gly protonation state
in the peptide, as indicated in Table VII.

With the symbols introduced above, P indicates
the doubly deprotonated Cu-peptide complex and
H the nitrogen proton. With obvious notations, H
on the left (on the right) of P represents the nitrogen

TABLE V ______________________________________
Distances (in Å) of Cu from its nearest-neighbor
atoms at the end of Phase (0) for the four systems
of Table III.

SY1 SY2 SY3 SY4

d[Cu-N(Im)] 2.16 2.22 2.13 2.05
d[Cu-N(His)] 2.25 2.22 2.14 2.17
d[Cu-N(G1)] 2.51 2.66 2.54 2.79
d[Cu-N(G2)] 1.96 1.82 1.99 2.00
d[Cu-O(G2)] 3.25 3.22 3.40 3.29

TABLE VI _____________________________________
Summary of simulation history parameters.

Phase (1) Phase (2)

SY1 1.20 (100) � 0.60 (200) 1.50 (300)
SY2 0.60 (100) � 1.20 (200) 1.30 (300)
SY3 0.70 (100) � 0.70 (200) 1.45 (300)
SY4 0.70 (100) � 0.70 (200) 3.40 (300)

TABLE VII ____________________________________________________________________________________________
Nomenclature of Gly protonation states.

P � Cu2�(His G1
�G2

�G3) Both Gly’s, G1 and G2, are deprotonated
HP � Cu2�(His G1G2

�G3) The second Gly, G2, is deprotonated
PH � Cu2�(His G1

�G2G3) The first Gly, G1, is deprotonated
HPH � Cu2�(His G1G2G3) None of the Gly’s are deprotonated
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proton of the first Gly, G1 (second Gly, G2). Using
this nomenclature, the dissociation reactions we
want to study are summarized in Table VIII

4.5. BINDING A SECOND
HISTIDINE—RESULTS

In presenting the conclusions of the extensive
numerical investigation carried out in Ref. 34, it is
convenient to separately discuss the structural re-
sults coming from the CP-MD simulations of the
four systems SY1, SY2, SY3, and SY4 (section 4.5.1)
and the analysis of the energetics of the dissociation
reactions of Table VIII (section 4.6).

4.5.1. CP-MD Results

Let us start by discussing the results of the room
temperature CP-MD simulations of the four Cu-
complexes of Table III. The main objective of this
analysis is the identification of the Cu ligands, i.e.,
the atoms that stably remain within the metal co-
ordination sphere along the trajectory. Convention-
ally, the Cu coordination region has been taken as a
sphere of radius 2.5 Å centered at the metal posi-
tion.

The CP-MD time history of the distances from
Cu of the atoms that among those listed in Table IV
lay nearer to the metal are displayed in Figure 9 for
the four SY1, SY2, SY3, and SY4 systems.

The figures clearly show (see also Table IX) that
systems SY1 and SY2 remain tetra-coordinated (with
N(Im), N(His), N(G1), N(G2) and N(Im), N(His),
N(G2), O(G2), respectively) during the whole simula-
tion (including thermalization steps, i.e., from Phase
(0) to Phase (1)). For what concerns systems SY3 and
SY4, we notice that, despite the fact that both of them
start from a very similar “almost” fourfold Cu coor-
dination (the CuON(G1) bond is only slightly
“larger” than the radius of the metal coordination
sphere for the latter, see Table V), the final geometries
of the two systems are significantly different. The

system SY3 ends up in a distorted tetrahedral config-
uration similar to that of the SY2 system. It should be
noticed, however, that the CuOO(Nterm) distance
oscillates with lower-frequency and larger amplitude
than the other Cu-ligand distances, thus suggesting a
looser bonding for O(Nterm) (Fig. 9). On the contrary,
in the system SY4, as the CP-MD simulation proceeds,
two out of the four initial ligands are definitely lost,
with in particular the CuON(G1) distance completely
out of scale in the bottom-left panel. The reason for
this markedly different behavior is that the fully pro-
tonated SY4 system is less stable than the singly dep-
rotonated SY3 one.

We interpret the similar dynamical behaviors
exhibited by systems SY1 and SY2 as a strong indi-
cation for a fourfold coordination mode of Cu to the
HGGG binding site, which can be either (4N) or
(3N1O), according to Gly’s protonation state. This
conclusion follows looking at the time evolution of
the distances of the Cu bonded atoms displayed in
the first two panels of Figure 9, where it is clearly
visible that the metal likes to live in a tetra-coordi-
nated structure in both cases.4 This result will re-
ceive further support from the structural stability
study, we will present in section 4.6.

A synthetic and useful way to represent the situa-
tion, one finds for the four systems of Table III is to
give mean values (�d	 ) and standard deviation (	d) of

4The main structural difference between SY1 and SY2 is that
in the SY2 system O(G2) replaces the N(G1) atom of system SY1
(recall that it is G1 that is protonated in SY2) as a fourth ligand.
One can understand the occurrence of this modified coordina-
tion mode and the dynamics of N(G1) as the combined result of
hindrance effects and the fact that, being deprotonated, G2 is
available for Cu binding. In fact, although the steric constraints
coming from the binding of the nearby located N(His) and N(G2)
atoms tend to keep N(G1) in the vicinity of Cu, the latter nitrogen
is not able to stably enter the Cu coordination sphere. When this
happens (like at t 
 0.4, 0.85, and 1.15 ps, see second panel of Fig.
9), either N(Im) or O(G2), or both, are pushed out toward the
boundary of the Cu coordination sphere.

TABLE VIII ____________________________________________________________________________________________
Dissociation reactions.

1. HPH(Im) 3 HPH � Im 3 H � PH � Im 3 H � P � H � Im
2. 3 HP � H � Im 3 H � P � H � Im
3. PH(Im) 3 PH � Im 3 P � H � Im
4. HP(Im) 3 HP � Im 3 H � P � Im
5. P(Im) 3 P � Im

The symbols P, HP, PH, and HPH are defined in Table VII.

MINICOZZI AND MORANTE

672 INTERNATIONAL JOURNAL OF QUANTUM CHEMISTRY DOI 10.1002/qua VOL. 110, NO. 3



the distances from Cu of the selected atoms of Table
IV averaged along their room temperature CP-MD
trajectories. The symbol “–” has been inserted in the

entries corresponding to atoms that during the
CP-MD do not stably live in the Cu coordination
sphere. These data are summarized in Table IX.

FIGURE 9. Time evolution of the distances from Cu of the selected atoms of Table V for the SY1, SY2, SY3, and
SY4 systems along their respective room temperature CP-MD trajectories. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

TABLE IX _____________________________________________________________________________________________
Mean values and standard deviation of the distances (in Å) from Cu of the selected atoms of Table VII
averaged along the room temperature CP-MD trajectory for the SY1, SY2, SY3, and SY4 systems.

SY1 SY2 SY3 SY4

�d	 	d �d	 	d �d	 	d �d	 	d

d[Cu-N(Im)] 2.07 0.08 2.20 0.20 2.00 0.10 1.91 0.05
d[Cu-N(His)] 2.10 0.10 2.00 0.10 2.00 0.10 1.91 0.05
d[Cu-N(G1)] 2.01 0.08 3.00 0.40 1.99 0.09 — —
d[Cu-N(G2)] 2.01 0.08 1.96 0.07 — — — —
d[Cu-O(G2)] 3.80 0.30 2.20 0.10 — — — —
d[Cu-O(Nterm)] — — — — 2.20 0.20 — —
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4.6. BINDING A SECOND
HISTIDINE—STRUCTURAL OPTIMIZATION
AND STABILITY

By geometry optimization of representative con-
figurations of the collected room temperature
CP-MD trajectories, the contributions due to differ-
ent ligands to the energy of the chemical species
listed in Table VII, and hence the level of stability of
the various Cu coordination modes encountered
above can be investigated.

The configurational optimization is carried out in
the standard way by minimizing the atomic DFT
potential energy. The steepest-descent algorithm pro-
vided by the QE code was used for this purpose. At
each atomic step, the electronic potential is recom-
puted using also here the steepest descent algorithm
to solve the Kohn–Sham equations.

All the results can be summarized in two panels. In
Figure 10, names, symbols, and energies of the opti-
mized configurations are reported, whereas in Figure
11, the resulting Cu coordination modes and the dis-
tances between Cu and its ligands are given.

The flow-chart of Figure 10 displays the network of
dissociation reactions whose energetics one needs to
study. Boxes are labeled with the names of the various
chemical species, according to the notation introduced in
Table VII. Pairs of boxes connected by arrows represent
dissociation reactions, with the successively dissociated
products (i.e., the imidazole ring representing the sec-
ond His and the protons of G1 and G2, indicated by Im
and H, respectively) written next to the arrow.

Paths which can be followed from top to bottom
along solid-line arrows are in a one-to-one correspon-
dence with the five reactions of Table VIII. Boxes
connected by broken-line arrows correspond to pos-

sible dissociation reactions in which, however, the
energy of species in the lower box was not directly
computed starting from the species in the upper box,
but taken from already available CP-MD optimized
configurations.

The numbers (expressed in Rydberg5) written
inside each box represent the difference between
the (optimized) energy of the HPH(Im) species (in
the following, {1} for short) at the top of the tree and
the sum of the energy of the species in the box plus
the energy of each of the extracted ligands along the
branch. It should be noted that for each extracted H
(we recall that by H here we mean a proton), we
add the corresponding solvation energy because we
are imagining that, as in real life, the proton is lost
not in the vacuum, but in water.6

51 Ry � 0.5 Hartree 3 1312.73 kJ/mol.
6Solvation effects are neglected in energy calculations, even

though the structures subjected to geometry optimization were
taken from room temperature CP-MD simulations carried out in
the presence of explicit solvent molecules. However, the solva-
tion energy of H must be included, to account for the formation
of the chemical bond between H and water. This bond has a
dynamical nature and, therefore, the corresponding energy must
be calculated consistently with the rest of the computation, i.e.,
by means of an appropriate CP-MD simulation. For this pur-
pose, a system of 25 water molecules in a cubic box and at the
density of 1 g/cm3 was simulated for 2 ps at 300 K after an initial
slow thermalization, as done in the SY1-SY4 simulations. The
average total energy of the box, �U�wat)	, was computed. A
proton was added to the initial system of 25 water molecules, the
simulation was repeated and the total energy, �U(H � wat)	,
computed. The difference Us � �U�H � wat)	 � �U�wat)	 is the
energy contribution to the solvation free energy at 300 K for H.
From the above procedure one gets Us � �1494 kJ/mol.

FIGURE 10. The flow-chart displaying the energetics
of the network of dissociation reactions in study.

FIGURE 11. Cu coordination modes and Cu-ligand
distances at the end of the optimization step.
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The relative stability of species from top to bot-
tom can be easily established by computing the
difference � � Ebottom � Etop, between the numbers
appearing in the corresponding arrow-related
boxes. If � is negative, the lower-level product is
more stable than the higher-level reagent and vice
versa.

4.6.1. The Geometry of Optimized Structures

In this section, we want to analyze and compare
geometries and relative stability of the optimized
structures of the Cu complexes appearing in the
dissociation reactions of Table VIII from the ener-
getic point of view. We will see that the conclusions
one gets from this analysis are well in agreement
with the results about the Cu coordination mode
one extracts from the CP-MD room temperature
simulations described in the previous sections.

For the reader’s convenience, we summarize
here below the key simulation results. The main
conclusion of the whole CP dynamical study is that,
if possible, Cu likes to be tetra-coordinated. Indeed,

1. we have seen that in the doubly deprotonated
SY1 system the second imidazole displaces
the loosely bound carbonyl oxygen turning
the initial (3N1O) coordination into a (4N)
tetra-coordination.

2. When G1 is protonated, as it is the case for the
system SY2, N(G1) gets replaced by O(G2) as a
Cu ligand, leading to a (3N1O) coordination.

3. The situation appears to be different and more
complicated in the case of the SY3 system,
where only G1, is deprotonated. The reason,
however, is that, when the second glycine, G2,
is protonated, the ensuing breaking of the
CuON(G2) bond induces also the breaking of
the Cu-carbonyl oxygen bond originally
present in the (3N1O) coordination.

4. When both G1 and G2 are protonated, a bico-
ordinated Cu binding site is visible because
only N(His) and N(Im) are able to stably re-
main within the metal coordination sphere.

We now examine and comment the numbers
collected in Figure 10. The main observation one
can make is that in all cases the first step of the
chain of reactions considered there, i.e., the disso-
ciation of Im, leads to a product, which is less-stable
than the initial reactant. In fact, the energy differ-
ences

�En � E�P� � E�P(Im)) � 0.052 Ry (3)

�En � E�HP� � E�HP(Im)) � 0.084 Ry (4)

�En � E�PH� � E�PH(Im)) � 0.114 Ry (5)

�En � E�HPH� � E�HPH(Im)) � 0.214 Ry (6)

are all positive as it can be seen from the data of
Figure 10. Even if the imidazole binding energies
are quite small, there is a clear indication that a
second imidazole has the general tendency of sta-
bilizing the CuOPrP complex. It should also be
noticed that the level of stabilization systematically
increases going from the doubly deprotonated sys-
tem (SY1) to the fully protonated one (SY4). In view
of the CP-MD simulation results summarized
above in this section, this is not an unexpected
behavior. It simply means that the stabilization ef-
fect of the second imidazole is more effective when
Cu finds himself in an “uneasy” coordination
mode.

A number of further useful information fully
consistent with the points 1 to 4 above can be drawn
from the data collected in the panels of Figs. 10 and
11.

First of all, we notice that the dissociation of Im
from the complex {13} (the structure of this com-
pound is sketched in Fig. 12) along path 5, produc-
ing species {14}, significantly increases the energy of
the system because the CuOO(G2) bond cannot be
formed anymore.

Secondly, although the energy stabilization of
the Cu[HisGGG] complex by the Im addition
amounts to only 68 kJ/mol when Im binds to P {14}
(and 150 kJ/mol when it binds to PH {8}), the
magnitude of the energy of the product {13} (i.e., of
a complex involving two His sidechains around a
single Cu2� ion with four N ligand atoms in a (4N)
coordination mode) is low-enough to justify its for-
mation as an alternative to the (3N1O) coordination
mode of Cu in NMR experiments and crystallogra-
phy [19, 37] in situations, where only one His
sidechain is available for binding.

Finally, the other interesting piece of information
that can be extracted from the numbers in the flow-
chart of Figure 10 is that the putatively identical sys-
tems at the end of the five reaction pathways of Table
VIII have energies that systematically decrease from
left to right (notice, however, the ordering of the re-
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action pathways). Consistently, the Cu coordination
number increases as indicated in Fig. 11).7

We wish to conclude this section with a general
comment on the potentiality of the mixed approach
pursued in Ref. [34] and illustrated in this review
where ab initio calculations and DFT geometry op-
timizations are used in combination. The aim of this
strategy is to overcome the major drawbacks of the
two methods we are using, which are respectively
the brevity of the CP-MD trajectory and the depen-
dence of the DFT optimization step on the starting
atomic configuration.8

The complementary use of ab initio calculations
and DFT optimizations of structures selected ac-

cording to a study of CP-MD trajectories, offers
several advantages over the usual optimization
procedure of manually built models. It should be
noticed, in fact, that it is only through the dynam-
ical history that one can follow along the CP-MD
evolution, that the system configuration one wants
to optimize can be appropriately chosen. An exam-
ple in the analysis presented above is enough to
make the point very clear. Let us consider the
CP-MD history of the Cu ligands of system SY2
(Cu2� (His G1G2

�G3)�Im). Looking at the top-right
panel of Figure 9, one can notice that the protonated
G1 nitrogen, N(G1), only enters from time to time
the Cu coordination sphere, but it never becomes a
stable ligand. It is then clear that the correct choice
whereupon to start the optimization procedure is a
configuration, where N(G1) is outside the coordina-
tion sphere. To validate the correctness of this
choice in this peculiar case, we also tried an opti-
mization step starting from the geometrical config-
uration reached by the SY2 system around 0.85 ps,
that is where N(G1) is instead inside the Cu coor-
dination sphere (namely at a distance of about 2.3 Å
from Cu). At the end of the optimization, N(G1) is
still within the Cu coordination sphere and Cu
looks then penta-coordinated. The energy of this
configuration is equal to that of the tetra-coordi-
nated system {10}. So without the knowledge com-
ing from CP-MD simulations, there would be no
way to decide on the Cu coordination mode. This is
a warning for a blind use of DFT optimization only.
Further information about the dynamics of the sys-
tem, if available, can be very useful.

4.6.2. The Bias-Induced by the Choice of the
“Initial” Configuration

In this concluding section, we want to briefly
address the problem of the possible bias induced by
the choice of the “initial” configuration in ab initio
simulations. As we have repeatedly said, given the
very short length of any quantum-mechanical sim-
ulation, it is extremely important to check the sta-
bility of the results one gets upon changing the
initial atomic configuration from which simulations
are started. To investigate this issue, we have re-
peated the simulation of the system where G1 is
deprotonated (SY3) and that of the fully protonated
system (SY4) starting from atomic steepest-descent
relaxed configurations taken from the crystallo-
graphic structure of Ref. [19]. The coordinates of the
atoms listed in Table IV at the end of Phases (0),
slightly adjusted to accommodate the extra imida-

7The general question concerning the dependence of simula-
tion/optimization results from the details of the initial system
configuration and the ordering by which different numerical
steps are successively carried out might be asked at this point.
This important issue will be discussed in section 4.6.2.

8This last point is well-illustrated by the results summarized
in Fig. 11. In fact, the compounds in the last row are all chemi-
cally identical (namely we are dealing with a fully deprotonated
peptide with the second imidazole removed) but the final Cu
coordination mode is different depending on the structure from
which the optimization step was started.

FIGURE 12. Optimized structure of compound P(Im)
{13} displaying a distorted tetrahedral Cu2� coordina-
tion. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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zole ring present in the game, are reported in Table
X. In the following for brevity, we will refer to these
new model systems as SY3� and SY4�.

The CP-MD time evolution at T � 300 K of the
atomic distances listed in the first column of Table
X is shown in Figure 13 for the system SY3� (left
panel) and SY4� (right panel). We notice that, de-
spite the fact that both systems start from a very
similar “almost” fourfold Cu coordination (Table
X), the final geometries of the two systems are
significantly different. The SY3� system ends up in
a trigonal Cu coordination mode, whereas in the
final configuration of the SY4� system Cu is only
doubly coordinated.

The reason for the difference between the history
of systems SY3� and SY4� is, just like in the case of
the SY3 and SY4 systems, that the fully protonated
SY4� system is definitely less stable than the corre-
sponding singly deprotonated one.

If we now turn to a study of the energetics of
the SY3� and SY4� systems as we did in the pre-
vious section for the SY3 and SY4 systems, one
comes to the following conclusions (data not re-
ported):

1. The coordination of the optimized SY3� and
SY4� configurations is (2N) and (1N), respec-
tively.

2. Consistently, the energy of the optimized con-
figuration of the SY4� system (�0.515 Ry) is
slightly higher than that of the SY3� system
(�0.671 Ry).

3. The optimization step can hardly modify the
metal coordination mode of the system.

The conclusion one can draw from the analysis
presented in this section is that, although only en-
ergetic considerations are not enough to decide on
the most stable geometry of the metal coordination
mode, even not terribly long CP-MD trajectories
can give reliable structural information, as they are
rather stable against small modifications of the ini-
tial configurations if the latter are taken from ex-
perimentally known structures or longly thermal-
ized classical MD simulations.

TABLE X ______________________________________
Distances (in Å) from Cu of selected atoms for the
system SY3� and SY4� at the end of Phases (0).

SY3� SY4�

Phase (0) �d	 	d Phase (0) �d	 	d

d[Cu-N(Im)] 2.01 2.01 0.07 2.01 1.95 0.08
d[Cu-N(His)] 2.07 1.99 0.07 2.07 1.95 0.08
d[Cu-N(G1)] 2.08 2.00 0.10 2.12 — —
d[Cu-N(G2)] 3.01 — — 3.01 — —
d[Cu-O(G2)] 2.87 — — 2.86 — —

In the two successive columns for each system we give (for
the atoms that do not end up outside the Cu coordination
sphere) the mean value and the standard deviation of Cu-
ligands distances averaged along the room temperature
CP-MD trajectory.

FIGURE 13. Time evolution of the distances from Cu of selected atoms for the SY3� and SY4� systems along their
respective room temperature CP-MD trajectories. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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5. Conclusions and Outlook

Although we are still far from a clear under-
standing of the rôle of metals in protein misfolding
and/or aggregation, the synergy between experi-
mental and theoretical studies has reached a point
where there seems to be hope that one can pinpoint
the rather complicated structural scenario one en-
counters in the study of amyloid complexes. In
particular, in the case of the Prion peptide com-
bined experimental studies [27] and ab initio sim-
ulations [33, 34, 67] have convincingly proved that
copper binding to the octarepeat region favors ag-
gregation, possibly owing to an intermediate dimer
formation mechanism [33], with the opposite being
true when Cu binding occurs in the PrP core region
[93].9

From a purely theoretical point of view, numer-
ical simulations of CuOPrP complexes have gone a
long way, but it is still premature to try to draw any
definite conclusion from the scanty set of available
simulation data. Obviously, much longer and more
accurate numerical investigations are necessary be-
fore one can have a satisfactory interpretation of the
existing experimental information. However, we
are at the moment in the very lucky situation in
which, thanks to the spectacular development in
computer design and the ongoing continuous
progresses in the implementation of innovative al-
gorithmic softwares, reliable ab initio studies of
structural properties of macromolecules are really
within our reach in a few years from now.

With a foreseeable forthcoming scaling up of the
available CPU times by some 103 factor, one can
hope to be soon able to simulate systems of biolog-
ical interest of realistic size and for physical times of
the order of the nanosecond.

The ultimate goal of the kind of complementary
(experimental and theoretical) investigations, we
have described in this review, is to go in the direc-
tion of providing new understanding on the funda-
mental biochemical processes which are at the basis
of metal metabolism with the hope of finding new
treatments for the devastating neurodegenerative
diseases associated to protein aggregation and fibril
formation.
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