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CHAPTER 4

Metals in Alzheimer’s Disease: A Combined Experimental and
Numerical Approach

Silvia Morante” and Giancarlo Rossi

Dipartimento di Fisica, Universita di Roma “Tor Vergata” and INFN, Sezione di
Roma “Tor Vergata”, Via della Ricerca Scientifica, 00133 Roma, Italy

Abstract: Alzheimer disease is a pathology causing severe problems with memory,
thinking and behavior. It accounts for the majority of dementia cases and is the sixth
leading cause of death in developed countries. Unfortunately a real cure is still missing
and the drug treatments today available can only reduce symptoms. It belongs to a large
class of diseases, called amyloidosis, in which endogenous proteins or peptides undergo
a misfolding process switching from the physiological soluble configuration to a
pathological fibrillar insoluble state. An important, but not yet fully elucidated, role
appears to be played in these processes by transition metals (mainly copper and zinc)
that have been observed to be present in fairly large amounts in patient's neurological
plaques. In this review we will show that the challenging problem of understanding the
physico-chemical basis of protein misfolding and aggregation can be successfully
investigated with a combination of modern spectroscopic techniques and advanced first
principle numerical simulations. In particular, it will be shown that different metals can
rival in peptide binding thus adding support to the hypothesis that metal dyshomeostasis
may be relevant in the Alzheimer disease development.

Keywords: Amyloidosis, AB-peptide, ab initio molecular dynamics, metal ions,
X-ray Absorption Spectroscopy.

1. INTRODUCTION

Although the discovery of the presence of iron-containing compounds in blood
can be traced back to the beginning of the 19™ century, it is not more than fifty
years that chemistry started a systematic study of réle of metals in biology, that
eventually led to the opening of a new branch of chemistry nowadays called
“bioinorganic chemistry”.
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The 1950' renaissance of transition metal coordination chemistry was due to both
the important new insights obtained from the application of ligand field theory [1]
on the basic reaction mechanisms involving metal complexes, and to the
increasing power of experimental and theoretical tools developed for the purpose
of studying structural and kinetic properties of these biological systems at the
molecular level.

Metals are electropositive elements characterized by ductility, malleability,
brightness, and high conductance of heat and electricity. They can replace the
hydrogen of an acid and form bases with hydroxyl radicals. Metals are not
selective in their interaction with other molecules helping in a variety of important
cellular events, such as chemical reaction catalysis, or electrons transport during
energy production. On the other side, however, metal high chemical reactivity can
easily become harmful, so sophisticated strategies for a careful tuning of their
concentration have been evolutionarily developed in living organisms.

1.1.Metals and brain

Even in the brain metals like copper (Cu), zinc (Zn) and iron (Fe) are normally
present at fairly high concentration and there are evidences that a breakdown in
metal trafficking regulation (dyshomeostasis) has a significant impact in the
development of age-related neurodegenerative diseases [2-4]. During
neurotransmission processes high concentrations of Zn (at the level of ~300 uM)
and Cu (at the level of ~30 uM) are normally released. Remarkably, release of Cu
and Zn has been considered as one of the cause of the precipitation process
(which starts in the synapse) leading to amyloid aggregation [5]. The
concentration level of these metals was found to be, in fact, especially high in
amyloid plaque deposits, reaching 0.4 mM in the case of Cu and 1 mM in the case
of Zn [6].

Besides copper and zinc, many other metals (like calcium, magnesium,
manganese, iron, cobalt, and molybdenum) are involved in the metabolism of the
Central Nervous System (CNS), as catalysts, second messengers, gene expression
regulators, efc., and thus play an essential role in the correct functioning of the
organ. Clearly metals must be supplied to the CNS in an optimally tuned way in
order to prevent aberrant behaviours. The transport across the Blood Brain Barrier
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(BBB) is the first step in the regulation of their level in the brain [7]. In this
context it is interesting to note that high aluminium (Al) content was found in
temporal cortex and hippocampus and that Al has been demonstrated to
significantly alter the BBB permeability [8-10] with the consequence of
accelerating amyloid aggregation [11]. Furthermore its in vitro co-incubation with
either Zn*" or Cu®" ions was shown to promote precipitation, though possibly not
amyloid fibrils formation [12].

In a recent structural study of metal binding to Prion Protein (PrP) [13], the
misfolding and aggregation of which is the hallmark of Prion diseases, the
existence of a possibly general mechanism for a Cu vs. Zn peptide binding
competition has been demonstrated. This finding may be taken as an indirect
confirmation of a (more general) correlation among failure of metal homeostasis,
protein misfolding, and neurodegenerative disease development [14].

1.2. Amyloidosis and Neurodegenerative Diseases

The term amyloidosis indicates a family of pathologies caused by the transition of
endogenous proteins and peptides from the physiological globular configuration
to a (misfolded) harmful fibrillar state. It describes a heterogeneous group of
diseases (more than 20) characterized by the extracellular deposition of fibrillar
proteic material [15]. Regardless of the nature of the amyloid protein by which
they are formed, fibrils have a common ultra-structure. They grow, unbranched, to
a variable length that may reach several microns, with a diameter of 7-10
nanometers (1 nm =10 meters). They are organized in a characteristic helicoidal
B-structure and are able to bind to Congo Red and Thyoflavin dyes that are
commonly used to detect their presence.

In many, if not in all, of the so-called neurodegenerative disorders, the
phenomenon of abnormal protein aggregation is present. Among the many
disorders with this aetiology in the present work we will focus our attention on the
Alzheimer disease (AD). Our aim is to review some of the most recent structural
studies on B-amyloid peptides (AB-peptides), whose aggregation is the hallmark
of the AD development. The importance of any progress in understanding the
biochemical basis of this devastating disease affecting an increasingly large
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portion of the aged population [16], can hardly be underestimated, given the
enormous medical and economical impact that AD has in the society.

1.2.1. AB-Peptides and Alzheimer's Disease

The typical AD amyloid plaques are formed by aggregates of AB-peptides. These
are fragments that originate from the proteolytic cleavage of a membrane protein
called Amyloid Precursor Protein (APP). They have a variable length between 39-
43 residues owing to the heterogeneity of the cleavage position, localized at the
C-terminus. The physiological role of cellular APP is still unknown.

The formation of AD plaques is a complex process: the proteolytic cleavage,
performed by - and y-secretases, generates an intracellular pool of AB-peptides
that may diffuse in the extracellular space. Soluble AP} fragments assemble into
small nascent B-amyloid fibrils with neurotoxic effects. AP fibrils deposit in
cerebral tissues, forming highly ordered structures that constitute the nuclei of the
typical plaques associated to the disease. At the basis of fibril formation there is a
conformational change of the peptide that leads to the creation of an extended [3-
sheet like structure, capable of aggregating other peptides to form long
antiparallel B-sheets with intra-molecular binding.

As we said, it has been observed that plaques contain large amounts of transition
metals like Cu?, Fe™ and Zn™ (the latter being the most abundant). Their réle is
not yet fully understood but it has been conjectured to be crucial in the
development of the AD pathology. The interest of elucidating the role of metals
strongly increased after noticing that Cu™ and Zn™ chelators can be used to
solubilize AP aggregates [17]. It is clear enough that the nature of the metal
binding process can have significant consequences on the protein
folding/unfolding and aggregation processes.

1.3. Content and Outline of the Review

The purpose of this review work is twofold. On the one hand we wish to present a
fairly complete account of the important results that X-ray Absorption
Spectroscopy (XAS) has provided in the years on the atomic structure of the metal
binding site in AP-peptides metal complexes. On the other we want to discuss
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how theoretical considerations, based on “first principle” simulations of realistic
atomic models of these systems, can be of help in interpreting experimental data,
thus leading to important insights into the physico-chemical properties of the
metal-protein interaction.

The outline of the review is as follows. We start in sect. 2 with a general
introduction on the XAS technique, that has been largely employed to investigate
the geometry of the metal binding site in metal-protein complexes, and on the
parallel complementary use of ab initio simulations developed to determine the
detailed atomic structural arrangement characterizing not only the metallic site but
also the peptide at large. In sect. 3 we describe in some detail the structural
information that have been collected in the years, both through XAS (sect. 3.1)
and through ab initio simulations (sect. 3.2), about the structure of the binding site
of Cu and Zn, when these metals are in complex with AB-peptides. Conclusions
and an outlook of future lines of investigations can be found in sect. 4. Few useful
formulae are collected in two Appendices. The list of the abbreviations used in
this review is given at the end of the main text.

2. EXPERIMENTAL AND THEORETICAL METHODS

Many experimental techniques have been employed during the last decade in an
effort to try to characterize the structure of the metal binding site in proteins,
among which FElectron Paramagnetic Resonance (EPR) [18], Nuclear Magnetic
Resonance (NMR) [19, 20], Circular Dichroism (CD) [18, 20], and XAS [21, 22]
are the most prominent ones.

In particular, the availability of a new generation of synchrotron radiation sources
has greatly enlarged the range of applications of XAS in the investigation of
structural properties of biological systems. Reliable data for a wide range of
absorbing atoms, even if very diluted (as it is frequently the case in biological
samples), are now accessible. Indeed, XAS can be successfully used to study the
environment of metal ions complexed with proteins and peptides in their
physiological environment, owing to its chemical selectivity and sensitivity to the
local atomic environment around the absorber. An accurate analysis of the
extended X-ray absorption fine structure (EXAFS) region of the spectrum in
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terms of single plus multiple scattering (MS) events allows a clear-cut
identification of the amino acid (a.a.) residues primarily bound to the metal. A
well-known example of application of this technique is to metal-enzymes, where
the metal either acts as a catalytic center or plays a structural role in maintaining
the protein active conformation [23-27].

As for the theoretical interpretation of the large body of available experimental
data, routine techniques used to model atomic interactions (like Monte Carlo and
Molecular Dynamics simulations, Quantum chemistry calculations), though yet
limited by the insufficient accuracy of present computational methods, are
increasing their capability of investigating the supra-molecular level. Indeed,
advances in algorithm development, software implementation and computer
hardware are rapidly improving the situation in a promising way.

Understanding the peculiar electronic properties of metal complexes is a
necessary step to clarify the role played by metal ions in biochemical reactions.
This means that the electronic structure of the compound need to be described at
the quantum level, i.e. in the framework of the density functional theory (DFT)
[28-30] with the special adaptations necessary to cope with applications to bio-
molecules. In particular, when dealing with delocalized systems like organo-
metallic molecules ab initio molecular dynamics simulations of the Car-Parrinello
(CP) type [31, 32] are especially well suited.

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 systems, and especially in the study of
metal-proteins [27, 33-37]. Perhaps the most important of them is that XAS can
be used for samples in any state of aggregation. A further advantage with respect
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 non-vanishing. 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
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originating from the interference between the outgoing electron wave, kicked-off
from the metal, and the back-scattered waves emerging from the surrounding
atoms (see Appendix A). This interference spectrum contains detailed information
about scatterer-absorber relative positions, from which the geometrical and
structural arrangement of the a.a.'s that are coordinated to the metal can be
inferred with fairly good accuracy. Data analysis requires a rather sophisticated
theory, where single and multiple scattering contributions [38, 39] have to be
taken into account. For a pictorial description of the behaviour of the electron
wave function and the corresponding measured XAS signal see Fig. 1 in [40] in
the case of an isolated atomic absorber (left panel), and in the case of an absorber
surrounded by other atoms acting as scattering centers (right panel).

2.1.1. Generalities

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

I(E)=1I,e """, @

where E = hv is the energy of the incident photon, /(F) is the intensity of the
transmitted radiation, /; is the intensity of the incident radiation, u(E) is the
absorption coefficient characteristic of the system in consideration andd is the
thickness of the sample traversed by the photons (see Appendix A for other
definitions and more details).

The behaviour of the absorption coefficient, u(F), with the photon energy is
monotonically decreasing except where the photon energy corresponds to the
photo-ionization energy, £, 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 mono-atomic gas is considered), it starts
decreasing soon after the edge energy (see the left panel of Fig. 1 in [40]).

The ionization energy of an inner electron is usually referred to as the “edge
energy”’, or simply the “edge”. The K -edge corresponds to the ionization of one
of the innermost electrons, while the L -edges correspond to the ionization of the
electrons belonging to the next shell, and so on.
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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 and well separated peaks. 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
that makes XAS such a highly selective technique and allows getting detailed
local structural information around a selected atomic absorber.

In a multi-atomic system the value of the absorption coefficient does not decrease
monotonically after the edge, as it does for an isolated atom, but it has an
oscillating behaviour. As we recalled above (see right panel of Fig. 1 in [40]), the
physical explanation for the oscillating behaviour of x(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 impinging wave. In turn the back-
scattered waves from the atoms around the absorber interfere with the outgoing
spherical wave of the photo-electron, giving rise to the interference phenomenon
observed at the absorber location, where the photo-electron wave function is
mostly concentrated. The interference will result in a modulation of the modulus
square of the total amplitude of the wave function of the photo-electron. As a
result the probability of the photon to be absorbed shows maxima or minima,
according to whether the outgoing and scattered waves are in phase or out of
phase. Amplitudes and phases of undulations depend on the kind and relative
position of absorber and scatterers or, in other words, on the chemical and
structural (three-dimensional) arrangement of the absorber atomic environment.
This is the same as saying that the interference signal contains information about
the local geometrical structure around the absorber.

2.1.2. Analyzing the XAS Spectrum
The XAS spectrum is commonly separated into two energy regions
1. XANES (X-ray Absorption Near Edge Structure) region starting a few

eV before the edge energy, E,, and extending some few tenths of eV
above it;
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2. EXAFS (Extended X-ray Absorption Fine Structure) region following
the XANES region and extending some few hundreds eV above the
edge.

3. The XANES region is dominated by a variety of very complicated low
energy transfer events. Although this part of the spectrum in principle
contains many detailed information about the local atomic structure
around the absorber, its theoretical analysis is still at a semi-
qualitative level [see, however, the works of refs. [38, 41-44] and
limited to cases where quite a precise knowledge about the
geometrical arrangement around the absorber is available [45-47].

4. The kinetic energy, E = hv—E,, of the photo-electron in the EXAFS
region is definitely larger than in the XANES region. At these
comparably higher energies, single scattering events are dominant,
although MS contributions, that are richer in structural information,
are still present and must be taken into account for an accurate
analysis of experimental data.

Theoretical approaches [38, 48] giving a rigorous quantum mechanical
description of the EXAFS signal, including both single and multiple scattering
terms, have been implemented in a number of packages among which we may
mention gnXAS [49], FEFF [50] and EXCURYV [51, 52] (for a comprehensive
review see ref. [53]).

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 completely made of “light” atoms (i.e. nitrogen,
oxygen 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 removes to a large extent this limitation. The
magnitude of the contributions coming from the presence of a.a.'s around the
metal absorber, in fact, turns out to depend not only on the kind and mean
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distance of the atomic scatterers, but also on the specific geometrical arrangement
of the a.a. lateral chain. A well-known and biologically very important example of
this situation is represented by the case of the Histidine (His). The presence of this
residue bound to a metal can be fairly well identified in a XAS spectrum because
the contribution it gives rise to the signal through MS events is strongly enhanced,
owing to the positive interference of amplitudes (focusing effect) resulting from
the quasi-collinearity of the atoms belonging to the His imidazole ring with the
absorbing atom' [54].

2.2. Ab initio Simulations

A rigorous and reliable understanding of spectroscopic data can only come from a
Quantum Mechanical (QM) approach. In this respect ab initio simulations - in
particular of the CP type - can be used to extract structural information and
discriminate among different models thanks to the detailed atomic knowledge that
numerical methods can provide. In this review we will briefly outline the
theoretical foundations of such ab initio methods (see also Appendix B) and
discuss some applications to the case of AB-peptide in interaction with metals.

2.2.1. Generalities

The program of ab initio simulations is conceptually rather simple but
epistemologically very ambitious. In a nutshell it consists in the idea of deriving
and studying the physico-chemical (or more modestly the structural) properties of
a system starting solely from the knowledge of the fundamental interactions
among its elementary constituents (atoms). The beauty and the strength of this
approach is that in principle there will be no free parameters to play with, as
everything will be finally expressed in terms of fundamental physical constants.
The price to pay is the enormously large number of degrees of freedom that
should be taken into account in the simulation to get a realistic description of the
system, especially if, as it is the case of interest here, one is dealing with
biological systems. The necessarily limited computer resources available at any
time puts severe bounds to the size (hence to the nature) of the systems that can be
attacked and studied in this way. Despite these undeniable difficulties, the recent

' A remarkable example of this situation is represented by the interplay between the structure of the active site in a metal-
protein and its functionality as discussed, for instance, in ref. [27].
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enormous advances in computer design and algorithm development have made
this kind of first principle approach a really viable and useful computational tool
[55].

Indeed, taking inspiration from the general ideas and concepts of Statistical
Mechanics, many powerful techniques ranging from deterministic Molecular
Dynamics (MD) simulations to stochastic Monte Carlo (MC) and Hybrid MC
methods have been set up and numerically implemented [56]. The success of this
computational strategy is so big that today one can hope to push simulations into
the realm of some of the most difficult, still open biophysical problems, like
immunological recognition, drug design or protein folding.

A crucial issue in this field is to decide whether one can deal with classical
Newtonian Mechanics and potential theory or whether instead a QM approach is
necessary. The nature of the problem one wants to tackle dictates the answer to
this question. Simple considerations show that, given the values of pressure and
temperature which are of interest in biology, it is perfectly well appropriate to
treat atoms as classical particles, provided the potential in which they move is
computed at the QM level, i.e. by solving the Schrodinger equation for the
(outermost) electrons of the atoms which make up the system under study.

The CP method [31] couples in a very elegant and computationally efficient way
the classical equations that describe the motion of the atoms of the system to the
Schrodinger equation for the associated electrons, with the electrons in turn
determining the force field experienced by atoms. In other words, the atoms move
classically in the QM potential self-consistently generated by the electrons (see
Appendix B). MD simulations of this kind are inherently based on the adiabatic
decoupling between atomic and electronic degrees of freedom (i.e. on the so-
called Born-Oppenheimer approximation). This separation is justified by the
observation that the characteristic frequencies of the atomic motion are much
smaller (by a factor ~ 10°) than the typical electronic frequencies.

2.2.2. Car-Parrinello Molecular Dynamics

Car-Parrinello molecular dynamics (CP-MD) simulations for complex systems
have been largely and very successfully used in many research areas ranging from
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solid-state physics to biological systems. Among the numerous papers in these
areas see, for instance, those quoted in refs. [57] and [58], respectively. In
applications to the study of metal-protein complexes CP-MD was employed and
validated in a detailed structural investigation of the Cu binding sites located in
the unfolded PrP octarepeat region [59, 60].

The use of QM methods (as opposed to purely classical MD approaches) for
computing the force field felt by atoms is dramatically needed 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 (doubly charged) metal 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 developed to deal with the situation where the long range Coulomb interactions
are present [61]. The second reason is more fundamental and it is related to the fact
that it is the main purpose of all structural studies to identify the nature of metal
ligands. This is of course something that is not known a priori and should be the
main outcome of the investigation 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 QM numerical simulations is the foreseeable
very short length of the CP-MD trajectories (few picoseconds - 1 ps =102 secs)
for systems of the size one is interested in in biology, that certainly can never be
as extended as one would like it to be. A possible way to cope, at least partially,
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 Quantum
Mechanics/Molecular Mechanics (QM/MM) [62].

In any case there are good reasons (supported by quite a long experience in the field
of CP-MD simulations) that make one to believe that already a few ps trajectory can
give useful information on structural problems like those we are interested in this
review (i.e. identification of primary metal ligands). The argument is based on the
observation that CP-MD simulations can be thought of as a way of successively
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computing the electronic density while atoms move around. From this perspective
CP-MD may be considered not so terribly different from genuine DFT or quantum
chemistry computations [28-30], provided one could live with the two well-known
problems of the CP-MD method. Namely, the fact that excited electronic states are
essentially inaccessible and that atoms will only be able to explore a region of the
phase space not too distant from their initial configuration.

It is interesting to note 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 wants to
identify and compare are the coordination modes of different ions (mostly copper
and zinc) when complexed with various kinds of amyloid peptides. Indeed, we are
only concerned here in understanding what could be the specific role of metals just
in the very first steps of a possible aggregation process, where statistical equilibrium
is not yet an issue. This more modest approach is still of great relevance because it
looks that only the compounds that are formed in the very early stage of the
aggregation process are pathological. The subsequent steps of mesoscopic fibril
formation may on the contrary have a protective effect against neurodegenerative
processes [63-65]. In any case fibril formation is driven by an extremely complicated
dynamics that at the moment is beyond any possible atomistic description.

A parallel version of the freely-available Quantum-ESPRESSO package (opEn-
Source Package for Research in Electronic Structure, Simulation, and
Optimization [32, 66]) was used for most of the ab initio CP-MD simulations
discussed in this review.

To minimize finite volume effects periodic boundary conditions are routinely
imposed to the system. The simulated peptide is inserted in a super-cell (filled
with water molecules at 1 gr/em’ density) with sufficiently large linear
dimensions to ensure replicas to have negligible spurious self-interactions. For
neutral systems a separation of 4.5-5 A is considered to be sufficient. For charged
systems a separation of at least 8 A is required.

CP-MD calculations are often performed ignoring the electron spin degree of
freedom, i.e. in the so-called spin-restricted conditions. This approximation is
adequate for the kind of systems we are interested in here.
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Before moving to the presentation of the results that have been obtained, it is
convenient to provide a few more general information about the CP-MD
simulation strategy.

A key issue in CP-MD is the structure of the atomic configuration that is 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. Usually good initial
configurations are those coming from crystallographic or NMR data. If no such
structural data are available, one must very carefully prepare the system performing
preliminary adequately long (of the order of a few nanoseconds (1 ns = 10” secs))
classical MD simulations. For this purpose any of the currently available MD codes
(like GROMACS [67], Amber [68], efc.) can be equally well employed.

At this point the CP-MD procedure can be started. According to a well-
established experience, which was thoroughly tested in the works of refs. [59, 60],
one has to begin by minimizing again stresses and strains among atoms while
electrons are pushed to vanishing “temperature”. In summary the CP-MD
simulations must be carried out according to the general protocol outlined 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 system.

3. A few short preliminary sequential CP-MD simulations at increasing
(say, in step of 50 K or 100K) atomic temperatures up to 300 K, using
a Nosé-Hoover thermostat [69] coupled to the atomic degrees of
freedom, and kept at the desired temperature.

4. Final CP-MD simulations of appropriate length at an atomic
temperature of 300 K with the use of the same thermostat as in 3.

Thermalization in step 3. is necessary to slowly attain room temperature, thus
avoiding that temperature oscillations affect in an uncontrolled way the approach
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of electrons to their ground state. The velocity Verlet algorithm [70] 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, N4, and number of electrons, Ne¢) and the CPU power of the available
machines. A careful analysis of the dynamics underlying CP-MD [71, 72] reveals
that an acceptable time step for the atomic dynamics and the iterative solution of
Kohn and Sham (KS) [29] equations for the electrons (see Appendix B) turns out to
be extremely small, namely of the order of 0.10-0.15 femptoseconds (1 fs = 107"
secs). Thus one immediately comes to the conclusion that, at the moment, it is very
hard to get trajectories longer than ~ 10 ps for the kind of systems we are discussing
in this review, where a few 10” atoms and up to 10° electrons are involved.

3. AB-Peptides

In this section we present and discuss the results of the extensive study” carried
out on a set of selected fragments of the AB-peptide complexed with either Cu**
or Zn** [74].

3.1. XAS Experiments

The particular fragments that have been considered in [74] are listed in Table 1.
They have been selected for a number of different reasons. ABi.i¢ is the minimal
fragment which contains the three His's (Hisg, His;; and His;4) that have been
identified as metal ligands [18, 20], while AP;7.40 is the complementary sequence
where none of these His's is present. In the AB;,s fragment a long hydrophobic
region, believed to be relevant in the aggregation processes, is also contained.
Finally the APs.; fragment was measured with the main purpose of trying to
answer the question on whether or not the N-terminal region of the AB-peptide in
involved in the metal binding process.

Besides confirming the general results of [22] concerning the existence of
important structural differences between Cu>" and Zn?* coordination modes, XAS

2 All the XAS data presented in this section have been collected at the D2 bending magnet beam line of the EMBL
Outstation Hamburg at DESY [73]. The X-ray spectra of the samples were recorded in fluorescence mode.
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experiments have been able to elucidate the special role played by the N-terminal
region in binding the metal. In particular, it was found that only two His residues
remain coordinated to Cu®" when the first four a.a. residues are cut out (as is the
case in the Cu-APs.p3 sample). The natural explanation for this peculiar feature is
that, among the three His residues (Hisg, His;; and His;4) generally relevant in
metal coordination, it is His¢ that is no more available for Cu binding, because
binding with the latter is now hindered by the proximity of the dissociated N-
terminus.

The situation with Zn-A} complexes is somewhat different. It is, in fact, observed
that cutting out the first four a.a. residues of the peptide does not modify the
number of coordinated His's, as was the case of Cu complexes. The spectrum in
the EXAFS region remains unaltered and XAS results are in all cases compatible
with four coordinated His's, indicating that each metal ion is shared by two AB-
peptides. The absence of the first four a.a. residues only affects the local geometry
around the Zn absorber, as it is demonstrated by the, instead, markedly different
structure of the XANES region of the spectrum of the Zn-As.,; sample with
respect to that of all the others.

Table 1: The amino acidic sequence of the five AB oligopeptides under consideration.

Oligopeptide a.a. Sequence

ABii6 H;N"-DAEFRHDSGYEVHHQK-COO

APig H;N*-DAEFRHDSGYEVHHQKLVFFAEDVGSNK-COO

ABsas H;N"-RHDSGYEVHHQKLVFFAED-COOH;N"

ABi7.40 H;N"-LVFFAEDVGSNKGAIIGLMVGGVV-COO

ABiao H;N*-DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV-COO

3.1.1. Data Analysis

As we mentioned at the beginning of sect. 2.1.2, XAS spectra are normally
analyzed by separating out the XANES region of the spectrum, from the EXAFS
region that extends from about a few tens of eV's beyond the edge onward. In fact,
the difficulty of getting a reliable theoretical description of the very complicated
electronic processes affecting the low-energy part of the spectrum makes its
quantitative interpretation very problematic [38, 41-44]. At the same time,
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however, the structure of this small slice of the spectrum is very sensitive to the
electronic structure of the absorber and the symmetry of the local environment
around it, and can yield valuable information on similarities and differences when
relative local geometries of structurally similar samples are compared [33]. At
variance with this situation, valuable quantitative structural information can be
more easily extracted from the EXAFS region, even starting with limited a priori
knowledge on the atomic structural environment around the absorbing metal. For
these reasons in this review we will limit the discussion to the EXAFS region of
the measured spectra.

From a general comparison of the EXAFS portions of the spectra of the 10
samples (i.e. five AP fragments complexed with either Cu or Zn) that have been
subjected to XAS measurements reported in ref. [74], an interesting pattern of
strong similarities and differences emerge that are summarized below where the
equality sign means identity (within errors) of spectral features (see Figs. (2) and
(3) in [40]).

e (Dis-)similarities among EXAFS spectra of Cu complexes
Cu-APi-16 = Cu-APi28 = Cu-APia0 # Cu-APsas = Cu-AP17.40

e (Dis-)similarities among EXAFS spectra of Zn complexes
Zn-AP1.16 = Zn-APi12s = Zn-AB 40 = Zn-ABs.23 # Zn-AP17.40

On the basis of the previous comparison, discussion and fitting of the data have
been limited to the following samples

1. Cu-APBi.i as a prototype of Cu-ABi.i6, Cu-APios and Cu-AP;.4
samples.

2. Cu-APsy;, as its EXAFS spectrum is different from that of Cu
samples above.

3. Zn-APi.6, as a prototype of Zn-APi.16, Zn-AB;_23, Zn-AP;.49 and Zn-
APs.3 samples.



Metals in Alzheimer’s Disease A Combined Experimental Advances in Alzheimer’s Research, Vol. 2 117

No fitting of the Cu-ABi7.40 and Zn-AB,7.40 data was carried out because the
EXAFS spectra of these samples are identical to those of Cu and Zn in their
respective buffers (CuSO4 and ZnCl,). This spectral equality is simply interpreted
as a signal of the fact that the AB;7.40 fragments are not able to bind the metal’.

3.1.2. EXAFS Results

EXAFS data have been analyzed and fitted employing the EXCURV9S8 package
[52]. The procedure implemented in the code is essentially fully automated except
for the crucial question of how to choose the initial configuration that should be
used to start the fitting algorithm. Concerning this point, as recommended in the
literature [19, 20, 22, 75, 76], the strategy that was followed in ref. [74] was to try
out various initial geometrical models, differing in the number of His's involved in
the metal coordination, with structures taken among the many collected in the
Metalloprotein Database and Browser (MDB) [77].

Best fit parameters are listed in Table 2* Tt should be remarked that the distance, r,
reported there, refers to the position of either the coordinated atom or the “leading”
atom of the corresponding a.a. residue. By “leading” atom of His (or Tyrosin, Tyr)
we mean the N-imidazole (or the O-hydroxyl) atom through which the residue is
bound to the absorber. It is important to note here that, even if in general it is not
possible to distinguish among light scatterers (like N, O and C) only on the basis of
their individual contribution to the EXAFS signal, when acting as leading atoms,
they can be generally identified in a unambiguous way because they are tightly
anchored to a large and well ordered bunch of other atoms.

Oxygen atoms, that are simply indicated by O in Table 2, belong to a water
molecule or to a.a.'s other than His or Tyr. As for the quality of the fits, we see
that in all cases experimental data are rather well reproduced with values of the 7,
N and opy parameters that are fairly accurate and physically very reasonable. This
consistency pattern is confirmed by the nice correspondence between the location
and the height of the peaks of the FT of experimental and theoretical signals.

31t should be remarked that the harmless o- and y-secretases cleavage of APP precisely cuts out the first 16 a.a.’s of Ap-
peptide.

* Experimental and theoretical spectra are shown in Figs. (4), (5) and (6) of Ref. [40].There the left panel of show the fitted
(black line) and experimental (grey line) spectrum of the Cu-AP;.15, Cu-APs.3, and Zn-AP;_j¢ samples. The modulus of the
Fourier Transform (FT) of both the experimental and theoretical spectrum is reported in the right panel.
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Table 2: Best fit parameters characterizing the atomic arrangement around the absorber in the Cu-
ABi16, Cu-APsy; and Zn-Ay_j¢ samples. First and second columns show type and number, N, of
coordinated chemical groups (atom or residue). Third and fourth column show distance, », from
the absorber of the coordinated atom or the leading atom of the coordinated residue and
corresponding value of Debye-Waller (DW) factors, o”. Errors are only statistical. In the last row
we report for each sample the Fermi energy shift, AEr, and the fit quality factor, R.

Coord. Residue/Atom | N ‘ reArd ‘ o’ + Ac’ A’
Cu-AB1.i6
His 3 1.95+0.01 0.002 +£0.001
Tyr 1 2.06+£0.01 0.002 £ 0.001
O 1 1.95+0.01 0.002 £ 0.001
AEr=-10.2+£0.7 eV R=28%
Cu-ABs.a;
His 2 1.99 £ 0.01 0.003 £0.001
Tyr 1 1.99 +0.01 0.003 = 0.001
N (terminus) 1 1.99 + 0.01 0.003 £0.001
(@) 1 2.27+0.01 0.003 £0.001
AEr=-13.8+04 ¢V R=40%
Zn-AByi6
His 2 1.96 £ 0.01 0.003 £0.001
His 2 2.00+0.01 0.003 £0.001
O 1 2.00 +0.01 0.003 £0.001
AEr=-6.5+02¢eV R=23%

Cu complexes - The best fit for the Cu-AP;.;¢ sample corresponds to a site
configuration in which three His's and one Tyr are included in the Cu coordination
sphere, plus an oxygen possibly belonging to a water molecule or to an a.a. other
than His or Tyr. This structure is the one already proposed in [22] for the Cu-Af;.49
peptide. However, it should be pointed out that in the case of the Cu-Ap;.;s complex
the model, in which the Tyr oxygen is replaced by the nitrogen of the N-terminus,
gives rise to a fit only marginally worse than the one whose structural parameters are
reported in Table 2. Consequently one cannot completely rule out the possibility of a
Cu coordination with the N-terminal nitrogen replacing the Tyr residue.

The situation one encounters here is an important example of a case where ab
initio simulations can be of help in answering the question whether it is the Tyr
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oxygen or the N-terminal nitrogen which is coordinated to Cu. We will take back
this point in sect. 3.2.

Moving now to the Cu-APs.o3 sample, one realizes that a satisfactory fit cannot be
obtained if the coordinated residues are the same as for Cu-Af;.;¢ and only their
geometrical parameters are left free to move. A good fit is instead found starting
from a configuration, inspired by the work of ref. [78], in which Hiss is replaced
by the N-terminal amino group. In this model Cu®" is coordinated to two His's,
one Tyr, the nitrogen belonging to the N-terminal amino group, and one oxygen.
The fact that, by cutting out the first four a.a.'s, the number of coordinated His's is
reduced from three to two, is a strong indication that Hise is the third residue
normally bound to the metal. The loss of the Hise-metal bond is to be ascribed to
the strains induced by steric hindrance effects when a.a.'s from 1 to 4 are missing.

Zn complexes - Just like in the case of Cu complexes, the Zn-AB7.49 spectrum is
almost identical to that of Zn in buffer. This identity confirms that the absence of
the first 16 a.a.''s prevents metal binding. However, at variance with Cu
complexes, here it turns out that also the EXAFS spectrum of Zn-Afs.3 is very
similar to the spectrum of the three other Zn-samples (i.e. Zn-AB;.16, Zn-AB1.28
and Zn-APi.40) comprising the first four a.a.'s of the AB-peptide sequence. Then,
as a prototype of the above four (almost) identical Zn complex spectra, only Zn-
ABi.16 EXAFS data were considered and subjected to a quantitative analysis. The
best fit to the data is obtained by including in the Zn coordination sphere four
His's and one oxygen. This structure is of particular relevance and it is perhaps
one of the most interesting results obtained in these experiments. Recalling, in
fact, that each AB-peptide at most contains three His's, this finding means that in
order for the metal to be coordinated to four His's, at least two different peptides
must be involved in the Zn binding mode.

This conclusion should be considered an extremely important result which points
in the direction of a propensity of Zn (at variance with Cu) to form a sort of a
network of AB-peptides with the metal stabilizing the whole structure by binding
His's belonging to adjacent peptides (see also [79]). In the next section we will see
that these conclusions are nicely confirmed by ab initio simulation results.
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3.2. CP-MD

In this part of the review we want to discuss how ab initio simulations (in
particular CP-MD simulations) can be used to interpret experimental results and
possibly discriminate among different models owing to the detailed atomic
information that numerical methods can provide’.

In the following sections we want to show how to set up an effective strategy to
investigate, in the important instance of AB-peptides, the role played by metallic
ions (specifically Cu and Zn) in giving the protein its functionality or, on the
contrary, in transforming it into a pathogenic conformer. For this study the
knowledge of the structure of the metal-A binding site is a key prerequisite.

3.2.1. Cu-ApB-Peptides

We start to discuss the case of Cu. The experimental situation is not completely
satisfactory here as there are in the literature somewhat conflicting results about
the Cu coordination mode in AB-peptides. On the one hand, in fact, NMR data on
Cu complexed with AB;,s [18] and AB;.49 [76] peptides suggest that three His's
(Hisg, His;3 and His;4) are coordinated to the metal with the fourth ligand being a
nitrogen from the N-terminus. On the other, XAS experiments on various portions
of the ABi40 peptide [22, 74] and NMR/EPR experiments on the AP;.,s peptide
[82], as well as NMR data on the AB;.j6 [20] fragment, all point to the conclusion
that, besides the above three His's, the fourth Cu ligand is the Tyr;o oxygen.

In these circumstances a natural application of the CP-MD theoretical approach is
thus to compare the two structural situations where, besides Hisg, His;3 and His)4,
either the N-terminus or the Tyrjo oxygen is coordinated to Cu, with the aim of
determining which one of the two atomic arrangements is the physically realized
one. This is done by studying the stability properties of the two configurations
along the simulated CP-MD trajectories.

We stress that clarifying this point is not without interest, as it is expected that the
more or less open structure of the peptide can strongly influence its aggregation

’Although a QM approach is the method of choice for this kind of problems, we wish to mention that there have been
interesting classical MD simulations of stacks of B-amyloid peptides (in the absence of metals) confirming experimental
indications [80] about the peculiar way in which in their early stage of aggregation peptides may be packed and structured
[81].
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propensity. One may suspect that a coordination mode where the N-terminus is
not bound to Cu will typically give rise to a more open geometry, which would
probably be more prone to aggregation.

3.2.1.1. Models Construction

In order to tackle the structural problem described above three specific Cu-Af
complex model systems (denoted by S;-Cu, S,-Cu and S;-Cu in the following and
described below) have been set up for CP-MD simulations [83]. For reasons we have
already explained, their detailed atomic structure is constrained by a compromise
between the need of having a sufficiently realistic description of the actual physical
system and the impossibility of dealing with too many atoms and electrons.
According to this criterion the simulated model systems have been built up as
follows. First of all, attention was limited to the AB;.;4 segment (see Table 1) where
the Cu binding site is known to be located. Secondly, since the Hiss, His;; and Hisj4
residues have been positively identified as Cu ligands, they are all explicitly included
with the full atomic structure of their lateral chains. As for the other a.a.’s, somewhat
different choices for the Si-Cu, S,-Cu and S;-Cu systems (see below) are considered.
In all cases the C-terminus is capped in the usual way (i.e. by an NHCHj3 group),
while the N-terminus of the fragment is left open (with an ending NH, group) to
allow for possible Cu binding accompanied by the loss of the amine hydrogen.
Periodic boundary conditions are used and the size of the box was chosen in such a
way that the distance between any atom and its nearest image is at least 5 A. The
whole system is neutral as the double positive charge of Cu™ is balanced by the sum
of the negative charges of Asp, and Glus. The detailed structures of the three model
systems are described here below and sketched in Fig. 1.

82

Figure 1: The atomic structure of the S;-Cu, S,-Cu and S;-Cu model systems (denoted Sy, S, and S; in
the figure). Colors are as follows: gray is H, red is O, green is C, blue is N, and magenta is Cu.
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* S;-Cu System

Of the first six a.a.’s (from 1 to 6), besides the backbone, only the lateral chains of
Aspi, Glus, and Hise are retained. Among the remaining a.a.’s (from 7 to 14) only
His;s and His;4 with their lateral chains are explicitly included. The His;3-Hisj4
dipeptide is capped with a CH3CO group at its N-terminus and by an NHCH;
group at its C-terminus. The system, solvated with 125 water molecules, is
contained in a box of volume V=14x19x19 A’ In this way density is equal to
1 g/cms. All in all, the system (including Cu and water molecules) is made by 494
atoms. The number of KS (see Appendix B) electrons (i.e. the electrons that are
considered relevant in determining the inter-atomic potential) is 1369. The initial
peptide configuration for the CP-MD simulations was taken from the PBD file of
[75] with Cu replacing Zn.

* S;-Cu System

The backbone of the whole 1-14 peptide is retained together with the full lateral
chains of Asp;, Hisg, Tyrjo, Glu;;, His;s, and His;4. The system, solvated with 225
water molecules, is contained in a box of volume V=22x23x20 A’. In this way
density is equal to 1 g/cm’. All in all, the total number of atoms of the system
(including Cu and water molecules) is 838 and the number of KS electrons is
2311. The initial configuration for the CP-MD simulations has been taken from a
8 ns long classical MD simulation of the whole Cu-AB;.;¢ peptide in water with
Hise, His;s, Hisj4 and Tyrjo bound to Cu. For this step the GROMACS package
[67] was used.

* S;3-Cu System

The backbone of the whole 1-14 peptide is retained together with the lateral
chains of Asp;, Hisg, Tyrjo, Glu;;, His;s, and His;4. The system, solvated with 223
water molecules, is contained in a box of volume V=20x24x20 A’. In this way
density is equal to 1 g/cm’. All in all, the total number of atoms of the system
(including Cu and water molecules) is 832, and the number of KS electrons is
2295. The initial configuration for the CP-MD simulations has been taken from a
6 ns long classical MD simulation of the whole Cu-AP;.i¢ peptide in water with
Hise, His;s, Hisjs and the N-terminus bound to Cu. For this step the GROMACS
package [67] was used.
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Comparing the various model systems, we observe that the S;-Cu model is a
rather crude approximation of the Cu-Af;.14 peptide. The S,-Cu and S;-Cu models
are more realistic and differ only for the fact that besides Hisg, His;3, His4, in the
case of S,-Cu the fourth Cu ligand is Tyr;o, while in the case of S;-Cu the fourth
ligand is the N-terminus. In all cases a water molecule is present in the Cu
coordination sphere as a fifth ligand.

3.2.1.2. Results
* S;-Cu System

Starting from the atomic configuration suggested by the NMR experiments of ref.
[75], a thermalization step consisting of two simulations of 0.6 ps at 100 and 200
K was first carried out. After that, a CP-MD trajectory of 1.4 ps at room
temperature (300 K) was generated. The main outcome of the simulation is that,
starting from a configuration where, besides the imidazole rings of Hise, His;3 and
His,4, the nitrogen of the N-terminus was lying inside the Cu coordination sphere,
the system ended up in a state where only the three His’s remained coordinated to
Cu, while the N-terminal nitrogen had moved far out from it®.

* S;-Cu and S;3-Cu Systems

The S;-Cu simulations indicate that the tentative conclusion drawn from the NMR
measurements of refs. [18] and [76] according to which the N-terminal nitrogen is
one of the Cu ligand, is not tenable. In order to try to reliably identify the structure
of the Cu site, simulations of the more realistic systems S,-Cu and S;-Cu were
carried out with the purpose of comparing the two situations where the oxygen of
Tyrio (S2-Cu) or the N-terminus (S3;-Cu) is coordinated to Cu at the initial step of
their respective CP-MD trajectory. The possibility that the Tyr;o oxygen is a Cu
ligand was suggested in [20] and confirmed in [22, 74], but criticized in [84, 85].

To prepare the systems for the successive ab initio calculations, the S,-Cu and Ss-
Cu systems have been first submitted to classical MD simulations in order to
obtain well-equilibrated atomic configurations. From these configurations the

® This feature is clearly visible when comparing Figs. (10) and (11) in [40], where as functions of time (for completeness
also the history of the initial thermalization steps is reported) the distances from Cu of the nitrogen atoms of the N-terminus
and of Ny(Hiss), N (His;3) and Ng(His,4) are displayed. From the same figures it is clear that the N-terminal nitrogen moves
quickly away from Cu reaching a distance of about 7 A at the end of the simulation.
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long procedure for CP-MD simulations described at the beginning of this Section
is started. Already at the end of the two minimization steps (steps 1 and 2 above)
some interesting differences between the two systems are visible. Namely, in spite
of the fact that at the beginning of the classical MD step the Ns(Hiss), Ng(His;3),
and Nj(His;4) atoms were located at the same positions around Cu in the two
systems, at the end of classical MD and after the atomic energy minimization step,
quite different geometrical arrangements are reached. In fact, the system S;-Cu
ends up with a characteristic planar geometry around Cu, similar to the one we
saw in the case of the S;-Cu system. This is not so in the case of the S,-Cu
system, where the dihedral angle Ns(Hisg)-Cu-Ng(His;s)-Ns(Hisys) is always
pretty far from 180",

It is interesting to note that in ref. [86] the structure of the Cu’-imidazole
complex in water was studied by a combined theoretical analysis of EXAFS and
XANES data, coming to the conclusion that a square-pyramidal geometry around
Cu is preferred (over the planar or octahedral one) and persists through other Cu
complexes like [Cu*'(H,0)s] and [Cu2+(NH3)4(HzO)] (see refs. [87] and [88]).
Remarkably, the ab initio simulations of the S;-Cu model system, besides
confirming this conclusion, are able to give us the extra information that the Cu
ligands in the Cu-AP,.14 complex are the Hise, Hiss, Hisj4 and Tyro residues,
through the Ns, Ng, N and O atoms, respectively.

3.2.2. Zn-Af-Peptides

The importance of studying Zn-Ap complexes stems from the observation that Zn
is seen to induce AP aggregation more effectively than Cu [89, 90]. From a
structural point of view, while to date most of the experimental results [19, 91]
and numerical simulations [92, 93] converge to the conclusion of a stable intra-
molecular Cu coordination, the situation appears to be much more complicated for
Zn*"-Ap-peptide complexes where several Zn>" coordination modes have been
proposed [74, 76, 79, 94].

Thus it appears to be of the utmost importance to understand and clarify whether
and how Cu®" and Zn®" differ in their way of interacting with amyloidogenic
peptides in general, and AP-peptides in particular. For Zn, NMR investigations



Metals in Alzheimer’s Disease A Combined Experimental Advances in Alzheimer’s Research, Vol. 2 125

have suggested a variety of inter- and intra-molecular [19, 75, 76] metal binding
modes involving, besides other ligands, different numbers of His's. The existence
of a variety of inter-molecular binding modes was put in evidence by XAS studies
[21, 22, 74], among which a rather peculiar and somewhat unusual four-His Zn
binding mode. It should be stressed, in fact, that over 5854 PDB entries
containing at least one Zn only one case is found [95] where Zn is coordinated to
four His side-chains belonging to the same protein monomer (PDB code 1PB026).
In a second case the four His side-chains coordinated to Zn belong to different
monomers (PDB codes IHWT and 1QP927).

There is another worth mentioning feature of Zn binding to AB-peptides that
should be stressed. Experimental data suggest that the four involved His's are
made by the two pairs of consecutive, His;; and His;4, residues coming from two
adjacent AB-peptides. This structure gives rise to a very special arrangement, as
structural databases report one single instance where a metal (actually Cu) is
bound to two His's that are one next to the other along the protein sequence [96].
There are instead many cases where Cu is coordinated to four His's side-chains
belonging to the same monomer, but all of them concern proteins belonging to the
wide class of Cu,Zn-superoxide dismutase (Cu,Zn-SOD) proteins. Actually a fully
Zn-substituted SOD enzyme (encoded by the human SOD1 gene) has been shown
to be at least as stable as the wild-type heterodinuclear protein [97].

The coordination of Zn by four neutral imidazolyl groups is infrequent even
within non-protein coordination complexes. A search for this coordination in the
Cambridge structural data- base (CSD) [98] yields, with the exception of
tetraimidazole Zn®" perchlorate, only structures in which the imidazolyl group is
either deprotonated (imidazolate) or N-methyl protected.

One might be tempted to conclude that the peculiar Zn binding mode found in
recent experimental data is a hallmark of peptide aggregation. Although XAS data
certainly give a significant indication in this direction, their consideration alone is
not enough to reach such a conclusion. In fact, it is certainly true that the strength
of XAS resides in its sensitivity to short-range order as it allows us to reliably
identify at atomic resolution the average structure around the metal absorber for
systems in any state of aggregation. But this same feature seems to result in a
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significant limitation in this case, where in order to fully understand the
complicated peptide aggregation mechanism assisted by metals, one must be able
to reconstruct the structure of the system at distances larger than 6 A from the
absorber. It appears, in fact, that in vivo rather large oligomeric or polymeric
structures get formed.

3.2.2.1. Models Construction

For the purpose of investigating fibril aggregation, it is not enough to “simply”
reproduce the Zn-K-edge XAS spectra (for which, as we just said, the knowledge
of the atomic geometry in a small sphere of radius, say, 5-6 A is enough). Rather
it is necessary to be able to identify what are the stable Zn-AB-peptide organized
structures (for which the knowledge of the geometry of the sample at large is
required). For this reason one is led to the use a combined two-step strategy (XAS
data fitting plus ab initio simulations) to pass from local structural geometry to
large scale modeling [99].

In order to build a model of the Zn-AB-peptide complex compatible with the
experimental XAS data, a number of systems were constructed and submitted to
simulations. In particular, based on general structural information and more or
less sophisticated numerical methods (ranging from empirical modeling of single
and multiple peptide compounds to small truncated first principle simulations -
the latter being dealt with at the level of the density functional theory), four
models (S;-Zn, i=1,2,3,4) are constructed and then optimized (i.e. fitted) against
the available XAS data. The four models are assembled by putting together two
identical ABi.1¢ chains (A ¢ B in the following), with the two nitrogen atoms,
Ns(Hiss) and Ny(His;s®), bound to a single Zn. After a first energy
minimization, this initial configuration is further relaxed by a Monte Carlo
random walk [100] (MCRW) method. The method consists in randomly changing
all the dihedral angles of the two peptide chains, with the exception of those
belonging to the two Hisy4 side chains that were held fixed to keep the
Ns(His14)-Zn-Ns(Hiss®) motif blocked in space. Among the many
configurations produced in this way a few of them are retained, those that appear
to fulfill the required geometrical and structural constraints. The virtue of the
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random walk sampling method is that no configurations of the Zn-bridging dimer
with “‘bad’’ contacts between pairs of atoms are ever accepted.

¢ S;-Zn Model

This model corresponds to one particular configuration of MCRW trajectory in
which Zn is closer than 3 A from Ng(His,3) in both monomers. The reason for this
choice is that, among the other possible four-fold metal coordinations, the
configuration in which Zn is coordinated to Ng(Hislg(A)), Ns(Hisis™Y), N¢(His; ;)
and Nj(His;s®) is, according to NMR data [75] and Car-Parrinello (CP-MD)
simulations, [94] the most stable one.

¢ S>-7Zn Model

Along the MCRW trajectory a configuration is selected where Zn is coordinated
to three His imidazole rings in a 3N10 configuration (with the oxygen coming
from the main chain of one of the bound His's). This model was built with the
purpose of testing whether a three-imidazole Zn geometry can be compatible with
the XAS results of ref. [74]. The reason for binding the oxygen of His;4 is that the
resulting geometry mimics a sort of “half-His” structure, in the sense that from the
XAS point of view only half of the pathways available to the photo-electron,
compared to the situation in which the metal is bound to an imidazole ring, are
now allowed.

The Zn-bridged APi.16 dimers of S;-Zn and S,-Zn models were truncated down to
systems affordable by semi-empirical and first principle methods. In particular the
segments 1-10 of both peptide chains were removed and the Glu;; N-terminal was
capped with the usual acetyl group. Since, as also suggested by the analysis of
XAS data, Zn is preferably penta-coordinated, the oxygen of a water molecule is
brought at a binding distance from the metal as a fifth Zn ligand. Each truncated
dimer was merged into an orthorhombic cell whose dimensions were determined
in order for the periodic replicas to be separated by 0.5 nm. The cell is filled with
376 TIP3P [101] water molecules.

In order to check for the stability of the Zn coordination, the resulting
configurations of the S;-Zn and S,-Zn models were finally subjected to a full
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quantum-mechanical step using CP-MD [31]. It is a well recognized fact that
classically unnoticed instabilities are easily amplified to a visible magnitude by
even very short (of the order of a few picoseconds) quantum-mechanical
simulations of the CP-MD type [102].

¢ S;-Zn Model

A third model was designed, slightly modifying the S;-Zn model, by substituting
the Hg atom of His ) with a second Zn ion. In the following we will refer to the
two Zn atoms as Zn, and Zny. The extra Zny, coordinated to one nitrogen from the
His bridging the two Zn ions and two oxygens from the Glu;; side-chain, is added
to check whether its presence is able to stabilize the four-His coordination of Zn,.

¢ S4-Zn Model

A final model, intended to represent a hypothetic, perhaps more realistic situation, is
obtained by adding a third peptide fragment (chain C, truncated down to a 11-16
fragment, as it was done for chains A and B), with Ng(Hislg(C)) and Ns(HiSm(C)) in the
same positions as the two water molecules that were bound to the second Zn site
(Zny site) in model S3-Zn at the end of the CP-MD simulation (see Table 3 below).
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. His 5 — His;; _ PeptC
@ | \Ept | \
His;— Zn,— His;, — Zn,— His,,

Pept B\ His,s

Figure 2: Schematic view of the Zn site in the four models we have constructed. His's connected
by blue bands belong to the same peptide. The staple comprising His;4 and Zn in the S,-Zn model
(in the figure the four S;-Zn models (i=1,2,3,4) are simply denoted S;) is there to recall that,
besides three imidazoles, the oxygen of the His;, main chain is also bound to the metal.
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In Fig. 2 for the reader’s convenience we sketch the structure of the metal binding
site in the four different models we have described. In particular we show which
of the the His's are bound to which Zn ion.

3.2.2.2. Results

The relevant features of the evolution of the configurations of the S;-Zn, i=1,2,3,4
models during the thermalization process are summarized in Table 3. In the
second column of Table 3 (starting configuration) the Zn coordination modes of
the four systems before CP-MD (for models Si-Zn, S;-Zn and S;-Zn) or Born-
Oppenheimer molecular dynamics (for model S4-Zn) simulations are listed.
Heating the systems from 0 to 250 K (third column), one notices that in both the
Si-Zn and S,-Zn models Zn loses one ligand and ends up in a tetrahedral 3N10
coordination. For what concerns model S;-Zn, it is very remarkable that the
unlikely initial three-fold coordination of the extra Zn, readily becomes a more
realistic tetra-coordination owing to the oxygen of a water molecule that is
attracted within its coordination shell (2.5 A). Interestingly enough the Zn
coordination of both metal sites in model S4-Zn remains stable along the whole
simulation. In the last column, we report the final modifications (when they
occur) that take place when the systems are brought to room temperature. We see
that the only thing that happens is that in model S;-Zn one of the two Zny-
coordinated O(Glu,;) atoms is replaced by the oxygen of a second water molecule
attracted within the coordination shell.

Table 3: For each system in the first column, we report in the second column the atoms that lie
within 2.5 A from Zn (i.e. inside the Zn-coordination shell) before the CP-MD or BO-MD
simulations. The subscripts (His, Glu, W) denote the residue/molecule to which the atom belongs
(W stands for water). In S3-Zn and S, -Zn models the two Zn atoms are denoted Zn, and Zn,. In
the third and fourth columns the structural variations observed at the end of the simulations at
temperatures up to 250 K and at 300 K, respectively, are reported. A‘‘minus’’ indicates that a
ligand leaves the Zn coordination sphere, while “‘plus’’ that it enters it.

Zn-binding modification

Name Starting configuration 0-250 K 300 K

S1 Zn: 4Ny;s + 10w — I Nhis None

S2 Zn: 3Ny;s + 10y + 10w — 1046 None

S3 Zn,: 4Ny + 10w Zn,: + 10w Zny: —10gG, + 10w
Zny: INgis + 2061,

S4 Zn,: 4Nyis + 10w None None

Znyp: 3Npis + 1061
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The detailed analysis of the four S;-Zn models carried out in [99] shows that the
S4-Zn model is not only able to nicely fit the experimental findings of ref. [74],
but it remains with the Zn ions in a stable coordination mode all along the
numerical simulation steps. The stable geometry of the model is displayed in Fig.
3. We see that AB-peptides are pairwise cross-linked by Zn ions, with one Zn
bonded by two pairs of adjacent His's (His;3 and His;4) from two peptides, and a
second Zn, replacing the proton in the NH group of one of the involved
imidazolyl side-chains, necessary to stabilize the whole system. This pattern can
possibly repeat itself thus including a large number of monomers. Indeed, the
extensive first principle (CP-MD) and semi-empirical (tight-binding methods and
Born-Oppenheimer molecular dynamics) combined simulations that have been
performed support the picture of a Zn-assisted deprotonation of (at least) one of
the His side-chains of the peptide leading to the formation of aggregated
complexes.

Figure 3: Final MD (t = 500 ps, T = 300 K) configuration of the S;-Cu model (in which the full
A6 peptide is shown). Zn atoms are displayed in orange, atoms are displayed with sticks,
hydrogen atoms are not shown. Chain A is in red, B is in gray and C is in blue. Bonds in the 11-16
residue regions are thicker than those in the 1-10 regions.
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4. CONCLUSIONS AND OUTLOOK

Although we are still far from a clear understanding of the role of metals in
protein misfolding and/or aggregation, experimental and theoretical studies have
enormously increased our knowledge in this exploding research area.

In the case of AB-peptides experimental information [22, 74] point to a markedly
different behaviour depending on whether Cu or Zn is involved in the game.
While Cu is bound to AB-peptides in rather packed and stable configurations, Zn
binding is more flexible and seems to be able to give rise to networks of cross-
linked peptides [19].

Detailed ab initio studies of the mechanical stability of different models of Zn-AB-
peptide complexes have been carried out that have led to the identification of a very
peculiar arrangement of Zn ions and AB-peptides whose stability largely depends on
the formation of a Zn-His-Zn bridge assisted by an unusual deprotonated imidazole
ring (imidazolate). This sort of imidazolate configuration is very similar to the one it
is found in Cu,Zn-SOD (see Fig. 4) even at mild acidic conditions.

Figure 4: Comparison between S4 truncated energy-minimized model with the structure of
reduced bovine SOD enzyme (PDB 1SXA) in green.
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Extensive XAS studies have also been carried out on various portions of the PrP
tetra-octarepeat peptide in complexes with Cu®" ions, both in the presence and in
the absence of Zn>". A careful analysis of these data shows that Zn acts by directly
interacting with the peptide, in this way competing with Cu for binding with His.
This finding suggests that metal binding competition can be important in the more
general context of metal homeostasis.

Naturally the ultimate goal of the kind of complementary experimental and
theoretical investigations we have illustrated in this review is to provide an
understanding of the fundamental 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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AD Alzheimer's disease

Al = Aluminium
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a.a = Amino acid

APP = Amyloid Precursor Protein

BBB = Blood Brain Barrier

CD = Circular Dichroism

CNS = Central Nervous System

CP = Car-Parrinello

CP-MD = Car-Parrinello Molecular Dynamics
Cu = Copper

DFT = Density Functional Theory

EPR = Electron Paramagnetic Resonance
EXAFS = Extended X-ray Absorption Fine Structure
Fe = Iron

fs = Femptosecond

FT = Fourier Transform

Gly = Glycine

His = Histidine

KS = Kohn and Sham

MC = Monte Carlo

MCRW = Monte Carlo Random Walk

MD = Molecular Dynamics
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Appendix A

In this Appendix we recollect a few standard XAS formulae useful to recall the
meaning of the physical quantities and symbols used in the text.

1) The so-called EXAFS signal, y(k), is defined through the measured total
absorption coefficient, (E), and the absorption coefficient of the isolated
absorber, wy(E), via the relation

by = 40E)— 1 (E) .
Py == M

hk = 2m(E-E,), Q@)

where m is the electron mass, % the (reduced) Planck constant and & the wave
vector of the extracted electron. The wave vector is related to the incident photon
energy, E, and the ionization energy, E, as shown in eq. (2).

2) For completeness and to fix the notation we recall how the parameters
introduced in Table 2 enter the theoretical formula representing the EXAFS
signal. For simplicity we report equations valid in the single scattering
approximation. In this case the theoretical EXAFS signal has the rather simple
expression

N, . —o2k2 —2r
20 = 53 3 5 |1, G )| sin(h, + (e 7 e ©)
‘ ‘

where the sum over / runs over the different coordination shells around the
absorber. N, is the number of scatterers in the /-th shell, located at a distance 7,
from the absorber and o is the associated Debye-Waller factor. | f,(k,7)| is the
modulus of the back-scattering amplitude and ¢,(k) the total scattering phase.
Finally S; is an empirical (positive) quantity that accounts for all the many-body
losses in photo-absorption processes and A(k) is the photo-electron mean free
path. For MS processes a formally similar expression can be derived, in which 7,
represents the length of the full MS path. Modulus and phase functions have now
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more complicated expressions that depend on all the scattering events occurring
along the MS path [38, 41-44].

3) The quality factor of a fit, R, is computed according to the formula

X0k = 2" (k)| “

where y“*(k,) and y"(k,) are the experimental and theoretical data points,
respectively, and the sum is over the number, P, of the k-values at which data
were collected. The “weighting” parameter w, is given by

1 P
W= 2k

i J=l

2 (k) )

where the integer n is selected in such a way that the amplitude of the EXAFS
oscillations in the combination k" ‘ Ve (k)‘ does not die away at large values of .
In the analysis presented in this work the rather standard value n = 3 was taken.
As for the size of R, it is a consolidated experience that for complex biological
molecules a fit can be considered adequately good when R takes a value that it
isn’t larger than 20% + 40% [52].

Appendix B

In this Appendix we want to give the fundamental formulae that underlay CP-MD
simulations. The CP-MD method [31, 71, 72] is based on the DFT theory the
foundations of which have been laid out in the seminal papers of refs. [28, 29]
(see ref. [30] for recent reviews and applications to quantum chemistry).

The N, atoms of the system, identified by the Cartesian coordinates
{ﬁ} ={§1,I =1...,N A}, move (in the standard Born-Oppenheimer
approximation) according to the classical equations of motion

d’R, =—6VT(_{E}), I=1,...,N,, (6)

M
o OR

1
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where M, is the mass of the / -th atom and V; ({ﬁ}) is the total atomic potential
energy

()3 2 2 e (R): o

The first term of eq. (7) is the Coulomb potential between pairs of atoms endowed
with electric charge Z,e and Z,e. The second term, E,, ({ﬁ}) , 1s the piece of
the atomic potential energy generated by the electrons according to the general
principles of Quantum Mechanics. For simplicity we will assume here that the
system is electrically neutral. This means that the total number of electrons, N,
participating in the dynamics and generating the potential £, ({E}) is

N=>2Z, ®)

The most difficult part of the method is the determination of E,, ({R}) . In
principle this can be done by first solving the Kohn and Sham (KS) [29] equations

Hy (F)=¢y,(¥), i=L...,N,, &)
__h_2_'2 2 —! I’l(l") §Evr [I’l]
= 2mV Z‘r— ‘ J.d ‘r —r‘ sn(#) (10)

where V? =0?/ox* +0*/6y* + 8 /62" is the three-dimensional Laplace differential
operator, E,[n] is the exchange and correlation functional and n(7) is the
electronic density which in turn can be expressed in terms of the KS wave-
functions through the formula

n(F) = Z_;|Wi(7)|2. (11)

The KS equations have a precise physical meaning. They represent, in fact, the
minimization condition for the following functional of the electronic density
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E(n;{R})=- Zjdrw, (FWVy,(F) - Idrn(r)Z‘F R\
(12)

T jd*jd” n(r)n(7) +E,[n]

=

Once the N, orthonormal KS wave-functions, y,, and eigenvalues, ¢, have been
determined by solving eq. (9), they can be substituted back in eq. (12) leading to
the formula

Eyy (R = 3 g——_[d*jd”% E,[n]- jdjE—([)] n(F) . (13)

Eq. (13) yields the desired expression of the QM atomic potential generated by
the electrons appearing in eq. (7).

There are two problems with the approach we have described. The first is of a
conceptual nature and has to do with the lack of a precise knowledge of the
E [n] functional, which is only approximate. The second is more practical and
has to do with the observation that in the way things are formulated one would
have to solve the KS equations every time the atomic coordinates change as a
consequence of the time evolution (6). This makes the whole procedure of

simulating the dynamics of the system impossibly long and slow.

The first problem has been pragmatically solved in the literature where many,
more or less sophisticated, examples of exchange and correlations functionals
have been constructed in correspondence with the various specific problems that
have been considered (some instances are recalled in refs. [71, 72]). The common
starting point for all these formulae is the one derived from the local density
approximation (LDA) equation

E"™[n] = —% [ari3zn ()] n(F) (14)

xc
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that is valid in the regime of slowly varying electron density [28, 29, 94]. It may
be useful to recall that the kinetic energy of a gas of free electrons is given by the
following functional of the electron density

T"*[n] :%Idf[3ﬁ2n(7)]2/3n(F) . (15)

The second problem has been brilliantly solved by Car and Parrinello in their
seminal '85 paper [31]. The idea is to adiabatically move the atoms in the force
field generated by the current value of the functional (12), while the latter is
minimized. The minimization procedure is carried out by letting the wave
functions, y,, to depend on a fictitious time, ¢, and solving for the electrons the
Newton-like equations of motion

Sy, (Fu1) _

i atZ HV/I(FJ[)_Ezwz(F’t)a i=19""Ne 9 (16)

while at the same time the “electron kinetic energy”, 2E,, Z w\dy, /dtl is

slowly driven to zero. In eq. (14) g is a parameter with the dimensions of a mass

that is tuned so as to make the typical frequencies associated with the fictitious
motion of the electrons of the same order of magnitude as the typical frequencies
associated with the classical motion of the atoms described by eq. (6). In this way
both equations can be solved employing the same time step, which for the systems
of interest here turns out to be rather small, viz. of the order of 0.1 fs.

We conclude by observing that the set of atomic and electronic equations (egs. (6)
and (16)) can be elegantly derived from the effective Lagrangian

N,

L{w}.{Rp= ;M( J;z dy,|

& Z,Z,€

2,#1\1% R\

a7
—Elns{RY1+ Y 4, ([ iy om0 - 5,

j=1

where the last term is necessary to ensure the orthonormality of the KS wave-
functions (with the & in eq. (14) the eigenvalues of the symmetric matrix A;;) and
the functional E[n;{ﬁ}] is defined in eq. (12).
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