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We investigate, by means of density-functional theory, the
binding of dioxygen to Cu(l)-amyloid 3 (Aj), one of the first
steps in the oxidation of ascorbate by dioxygen. Cu, Aj,
ascorbate and dioxygen are all present in the synapse dur-
ing neurodegeneration, when the species above can trigger
an irreversible oxidative stress inducing the eventual death
of neurons. The binding of dioxygen to Cu(l) is possible and
the role in dioxygen activation of Cu ligands and of residues
in the first coordination sphere is described in atomic de-
tail. Dioxygen is activated when a micro-environment suit-
able for a square-planar Cu?* coordination is present and a
negatively charged group like Asp 1 carboxylate takes part
in the Cu coordination antito O,.

Introduction

During the on-set of Alzheimer’s disease copper ions, ascorbate,
dioxygen and pathologically accumulated amyloid § (AB) pep-
tides are all present in the synaptic region of neurons 2. Since
Cu complexes catalyze the formation of reactive oxygen species
(ROS) and Cu forms a stable complex with A, the anomalous
production of ROS by Cu-Af can trigger the neurodegeneration
towards an irreversible oxidative pathway. Particularly important
in this context is the amyloid polymorphism, that allows the for-
mation of oligomeric complexes3# with peculiar reactivity and
catalytic properties. For instance, in vitro studies of Cu-Af3 show
that AB monomers and fibrils are less efficient in producing hy-
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drogen peroxide than oligomers®. Also, AB oligomers are more
neurotoxic than monomers®7. Amyloid polymorphism can ex-
plain the difficulties in reproducing ROS activity of Cu-Af com-
plexes even in vitro8. The role of Cu-AB as catalyst in the ROS
production is, therefore, still elusive.

According to the initial proposal by A. Rauk and coworkers?,
we exploit the mechanism for the oxidation catalysis displayed in
Fig. 1. DH, is the reduced form of ascorbic acid and DH' is its
one-electron oxidized form (ascorbyl radical). Steps 1 and 3 are

pH+H'  DH,  DH DH, pH DH,

@ 3) (6)

CuAB Cu(IDAB Cu(MAP Cu@AB Cu(AP Cu(IDAP

W ) ™)

0; HO,

¢

OH +0OH

0,

dioxygen superoxide hydroperoxide hydroxyl

Fig. 1 Summary of proposed one-electron transfers involved in the
oxidation of ascorbate by dioxygen catalyzed by Cu complexes.

the one-electron transfer steps involving the reductant DH,. After
the initiation (step 1) involving the production of a small amount
of Cu', the activation of dioxygen to a Cu-bound superoxide (step
2) is proposed. Activation of dioxygen to superoxide may occur
because of the presence of suitable coordinations for Cu?* to AS,
in square-planar coordinations involving an end-on Cu-bound O,,
while steps 3-4 identify a globally down-hill proton-coupled elec-
tron transfer 10, The oxidation is then propagated by hydrogen
peroxide that is released by the complex (step 5). This latter can
eventually be splitted into hydroxyl radical by other Cut com-
plexes in the environment!! (steps 6-7).

There is a debate about the life-time of initially Cu-bound su-
peroxide and the accessibility to superoxide of other reactant
molecules in the synaptic region. This issue is important in or-
der to understand if superoxide scavenging reactions can hinder
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the ascorbate oxidative pathway, when the cells are not able to
take under control the produced hydrogen peroxide. The identi-
fication of superoxide as an intermediate has been always diffi-
cult also in vitro 12, Computational models are particularly useful
to elucidate mechanisms involving labile intermediates. On the
other hand, computational results strongly depend on the chosen
model: chemical groups in the second Cu-coordination sphere in-
fluence the reactivity of Cu; geometrical constraints acting on the
ligand proteins change the orientation of ligand atoms; the acces-
sibility to the water solvent modulates the possible replacement
of protein ligand atoms with water.

The binding of Cu in reduced (Cu(I)) and oxidized (Cu(Il))
forms to Af has been extensively investigated with in vitro stud-
ies®13, Most of these data have been interpreted with structural
models based on electronic structure calculations 1416, also with
the aim of estimating the reorganization of the peptide ligand
with the change of oxidation state 11:17,

On the basis of this knowledge about Cu-Af interactions, this
work extends the range of hypothetical AB—Cu—O, coordina-
tions proposed by A. Rauk and coworkers®10, and shows that the
stability and nature of the ternary complex depend on the way
Cu is bound to AB. The structural disorder (polymorphism) of
the AB peptide together with its affinity for Cu in both oxidation
forms, suggests a peculiar role of the Af ligand in the local (in
situ) activation of dioxygen, once triplet dioxygen reach the Cu(I)
coordination site. This latter is the relevant initial oxidation state
of Cu in dioxygen activation, while the extent of final Cu oxida-
tion depends on the chance for an efficient electron transfer to
the bound dioxygen.

Methods

We performed electronic structure calculations, within standard
density-functional theory (DFT) approximations, for several pos-
sible AB-Cu-O, configurations obtained by different approaches.
We used the hybrid M06-2X exchange functional 18 because re-
sults obtained with a range of different functionals and per-
turbation methods indicate that M06-2X provides a reasonably
good description of both the second ionization energy (IE) of
Cu and the electron affinity (EA) of dioxygen (ESI, Table S1),
which is essential for a proper description of the charge transfer
Cu(I)---O, '~ species.

Our converged DFT set-up includes a localized basis-set of type
6-31+G(d) for N, O, C and H atoms, and LANL2DZ for Cu, the
atomic core of this latter described with a pseudo-potential. This
basis-set has been shown to be a cost effective basis, structural
parameters being only slightly modyfied when further enlarging
the basis-set (ESI', Table S2). We modelled solvent effects with
an implicit polarizable continuum model (SMD) 1? in all geometry
optimizations, performed with the Gaussian09 code?? (see ESI'
for details).

The model construction was performed via two different ap-
proaches. In one approach (models Ia, IIa and IIc) the com-
plex was built by adding dioxygen to truncated models of the
Cu()-AB(1-16) structures previously obtained in Ref. 17 after
reduction of monomeric Cu(II)-Af(1-16) (see ESIT for details).
These models enclose the experimentally proposed coordination
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spheres, on the basis of electron paramagnetic resonance (EPR)
spectroscopic measurements.
ing homology modelling and quantum chemical calculations, and
represent, respectively, the so-called component I (Ia) at lower
pH21L:22 and component II (IIa!3 and IIc23) at higher pH. In a
second approach (models 1-15) the initial structures were built
following the identification of Cu-bound states for hydroperox-
ide in Cu(I)-AB(1-16) complexes!!. In the latter case, we con-
verted hydroperoxide into dioxygen, keeping the bath of 311 wa-
ter molecules. This combination of approaches allows the ex-
ploitation of 14 AB—Cu(I)—0O, relaxed configurations. The initial
configurations used in the second approach included information
concerning Af dimers. In fact, the AB peptide was represented
by the two peptides DGGGGHD-NHCH, and CH;CO-HH-NHCH,,
representing, respectively, sequence DAEFRHD in Af(1-7) and
sequence HH in A (13-14). In some of these configurations (9-
15) the second peptide (AB(13-14)) was extracted from a second
AB(1-16) peptide, thus allowing the representation of dimeric
AB(1-16)-Cu-AB(1-16) in terms of AB(1-7)-Cu-AB(13-14) sim-
plified models.

The models were built combin-

To compute energies and to characterize the models, these lat-
ter were simplified to the first Cu-coordination sphere, includ-
ing, in 11 cases, water molecules in the Cu-second coordination
sphere selected from the thermal bath when within 2 A from
the added dioxygen molecule. Geometry optimizations were per-
formed for these simplified models (see ESI' for details).

Results

In the computational experiments reported in Refs. 11 and 17,
we showed that the ability to oxidize Cu(I) in Af strongly de-
pends on the availability of ligands that stabilize a suitable en-
vironment for Cu(Il), i.e. where valence 4-5 is accessible to Cu.
When the Cu(I)-Af configuration does not allow the income of
4-5 ligands (including water or reactant peroxide molecules), the
reduction potential is high and Cu(II) behaves as an oxidant. This
occurs because the reduced form of Cu-Af does not change sig-
nificantly its energy by changing the number of ligands in the
first Cu-coordination sphere, while the oxidized form has a high
energy when the number of ligands is smaller than 3.

The formation energy of each Cu—AB—O, ternary complex
(Ey) is defined as the energy difference for the sequential addition
of ligands to a seed Cu(I) —Im aquo complex, i.e. the reaction:

(metlmé/g)Cu(I)-(HzO)3 +L+0, — (metlmﬁ/g)LCu(I)-O2 +3H,0
€3]
where L indicate all the ligands additional to the 4-methyl-
imidazole (protonated in position No or Ne, metlmg or metIme,
respectively) in each of the Cu-Af truncated models analysed (see
ESI"). In order to measure the energy change in step 2 of Fig. 1
(E3), in each of the 14 minimal energy configurations that have
been modelled as product, the following procedure is performed.
First, the geometry of the complex is optimized with O, at bind-
ing distance from Cu. Then the dioxygen molecule is manually
moved apart from Cu and the close-by energy minimum is then
computed by optimizing the geometry of the Cu-unbound dioxy-
gen complex. This manipulation allows an estimate of the energy
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cost for superoxide formation in the O, Cu-bound state (prod-
uct in step 2) with respect to the O, unbound state (reactant in
step 2). The comparison among the energy differences E, for
the 14 configurations and the characterization of the electronic
structure of the two states, allow the identification of the interac-
tions favouring or disfavouring the Cu-bound activated superox-
ide form of the ternary complex. The results are summarized in
Table 1 and some representative structures are displayed in Fig. 2.

Table 1 Formation energy of each model (E, Eq. 1), energy difference
between Cu-bound and unbound states (E, i.e. energy difference in
step 2 of Fig. 1) and the list of Cu ligands complementing O, binding. Im
is the imidazole group of the His sidechain. For configuration 11 the
bound state is not an energy minimum. Energies are in kcal/mol.

model group Ey E, Cu coordination
Models derived from A monomers

Ia C -16.3 0.4 2Im+N/O(Asp 1)

ITa A -19.7 -1.4 3Im

IIc - -15.2 -3.6 Im+N(Asp 1)+N(Ala™ 2)

1 A -28.5 4.5 3Im

2 B -29.6 1.7 2Im+H,0

5 B -33.1 7.3 2Im+H,0

7 B -33.1 13.8 2Im+H,0

8 C -25.3 1.0 2Im+N(Asp 1)

Models derived from A dimers

9 C -37.4 2.3 2Im+N(Asp 1)

10 D -35.5 5.1 Im+N(Asp 1)

11 B -36.0 - 2Im

13 A -24.1 3.0 3Im

14 D -33.3 -0.7 Im+N/Od(Asp 1)

15 A -25.4 -0.6 3Im

The reasons of the differences in binding energy and, therefore,
in the spin configuration for the Cu-bound state can be under-
stood if the 14 models are divided in four groups, according to
the respective coordination topology and ranked in order of the
decreasing number of His sidechains binding Cu, i.e. in order of
decreasing His crowding.

Models 1, 13, 15 and IIa belong to the group of configura-
tions where Cu is bound to 3 imidazole rings of three different
His sidechains (group A, hereafter). The fourth Cu valence is
filled by O, in the end-on coordination. Only in model 13 the
carbonyl oxygen of Asp 1 is at 2.3 A from Cu anti to 0,, thus
forming an asymmetric 5-coordinating Cu complex. In models
1 and 13 the Cu-bound state is at a slightly higher energy com-
pared to the unbound Cu(l) state, because of the Cu-coordination
distortions that prevent the formation of a stable square-planar
coordination for Cu®* (ESI', Figs. S2-S3). Model 15 shows that
a stable square-planar coordination for Cu can be easily achieved
if one of the three His sidechains belongs to a different peptide
(ESIT, Fig. S3 and Fig. 2). In this form, the spin density on Cu
is 0.73 electrons, i.e. larger than 0.66 that is achieved for the
model IlIc with lowest E, and where larger spin delocalization is
observed. The low stability of Cu(I) surrounded by more than
2 His sidechains in a pseudo square-planar Cu coordination has
been already reported !4 and explained with the large chance to
adapt the coordination to the stable digonal His-Cu(I)-His coor-
dination.

Models 2, 5 and 7 display two imidazole rings of His and one
water molecule bound to Cu (group B, hereafter), with O, at-
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tempting to fill the fourth Cu valence. Model 11 lacks also of
the third ligand, the water molecule, thus forming a digonal con-
figuration. These four configurations resemble, in terms of the
non-0, ligands, those observed for the monomeric Cu(I)-Af com-
plex!#. In all cases the O, Cu-unbound state is more stable than
the Cu-bound state and the N-Cu-N angle, that in some cases is
smaller than 180° (2 and 7), can be easily relaxed to 180° via a
His sidechain rearrangement. This event is displayed by model
11, where a large structural distortion upon the O, unbinding
(ESIT, Fig. S3) produces a stable Im-Cu(I)-Im digonal coordina-
tion. This latter model prevents the binding of O, to Cu, con-
sistently with the measured sluggish reactivity of Cu(I)-Af when
this latter forms a stable digonal Cu(I) coordination 14,

Models Ia, 8 and 9 display two imidazole rings of His bound to
Cu together with N(Asp 1) and O, (group C, hereafter). Again,
in all of these cases the release of dioxygen is exothermic.

Models 10 and 14 display one single imidazole ring bound to
Cu, together with N(Asp 1) and O(Asp 1) or O5(Asp 1), respec-
tively, complementing the binding to O, (group D, hereafter).
The O, is anti to the carboxylate group only in model 14 and
the spin density on Cu is 0.70. E; for 14 indicates that super-
oxide formation is exothermic, with a value lower than the ideal
case of Ila belonging to group A.

According to E, values, the larger exothermicity is observed
for IIc, due to the fact that Cu®* is stabilized by the presence
of a negatively charged ligand in the coordination sphere with a
square-planar geometry. It must be noticed that the high stability
of Cu?*-AB at high pH (model Ilc) is responsible of the low re-
duction potential of Cu-AB at high pH!7-24. Therefore, for model
IIc step 1 is hindered and the whole mechanism is not active. In
this configuration the spin density on Cu in the O,-bound state is
0.66.

The favourable energy change of O, binding in the superoxide
form displayed by model 14 is caused by two effects due to the
anti coordination of the carboxylate with respect to the end-on
0, ligand. One is the stability of the Cu?* square-planar complex
in the product (see structure of model 14 in ESIT, Fig. S3); the
second effect is the instability of the perturbed digonal Cu* con-
figuration that is formed upon O, release. The latter perturbation
is due to the repulsion for hard ligands approaching Cu* from a
direction that is orthogonal to the axis formed by two other soft
ligands (N imidazole or amino atoms) binding Cu. This latter re-
pulsion has been reported in many investigations of the Cu(I)-Af
complex 1417,

In all the 1-15 models, one or two water molecules inter-
act with the Cu-bound O, molecule via hydrogen-bonds. We
remind that the initial structures for these 11 models were se-
lected as those with Cu accessible to water among the 16 Cu-
AB(1-16) models simulated via first-principle molecular dynam-
ics at the temperature of 300 K and in the presence of 311 water
molecules mimicking the thermal bath!!. The energy contribu-
tion of O,---H,O interactions is, however, rather constant among
the investigated models, while the contribution of the Asp 1 car-
boxylate is more sporadic.

The formation energy of the different configuration changes
more because of mechanical distortions of ligands than because of
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the change in the type of coordination. For instance model 8 has a
larger formation energy than 9 because of the constraints induced
by the monomeric peptide in the former compared to the latter
that is obtained by a dimer. On average, the monomeric forms
(excluding IIc) have a formation energy of -27+6 kcal/mol, com-
pared to -32+5 of dimeric forms. The larger formation energy
of monomers compared to dimers is due to the ligand distortions
required to wrap regions 1-7 and 13-14 of the same AS(1-16)
peptide around the same Cu ion in monomeric forms.

A direct interaction between Cu and Asp 1 carboxylate has
been detected in a few experiments concerning Cu-Af 226, The
conditions for this direct interactions are likely not well repro-
ducible, because the statistical weight of such interaction depends
on many factors. Here we remark that model 14 was built starting
with a Cu ion interacting with two A (1-16) peptides, conversely
to models 1-8, built on the basis of monomers. The Asp 1 residue
in model 14 and the His 6 residue in model 15 belong to one
monomer, while the partner His sidechains (one in 14, two in 15)
belong to the other monomer in the initial model (Fig. 2). This
condition mimics the transient interaction between an A} peptide
weakly bound to Cu via one or two His sidechains and a second
AP segment offering the N-terminus to this partially formed bind-
ing site. Previous models of a hypothetical quaternary complex
between AB—Cu—0, and a deprotonated ascorbyl radical?” also
displayed an efficient O, activation to superoxide due to the neg-
atively charged ascorbyl ligand anti to Cu—0O, binding.

Interestingly, the models that display the larger propensity for
O, activation here addressed are different from those activating
hydroperoxide in step 7 of Fig. 1. According to previous cal-
culations'! HO,~ activation occurs in configurations similar to
groups B and C here described. This observation suggests a signif-
icant reorganization of Cu coordination sphere in steps 3-5 and an
alternative release of H,0O, once this reorganization be hindered
by the peptide mechanics.

Conclusion

Dioxygen activation to superoxide by Cu-Af complexes is a cru-
cial step in the the generation of ROS species, triggering initial
molecular events, hallmark of Alzheimer’s disease, to an irre-
versible oxidative stress. The present study reports computational
models of the O, binding to Cu-Ap for a range of hypothethical
configurations, defined on the basis of experimental data. In all
cases, spin density values for the bound AB-Cu-O, complexes in-
dicate a significant Cu?>" character and, consequently, a strong
charge transfer to superoxide. Results also show that superoxide
formation is more favourable in His rich distorted Cu coordina-
tions or when there is a negatively charged ligand such as Asp 1
carboxylate anti to O,. Overall, the environments displayed by
models ITa, 14 and 15 appear to be accessible transient states
connecting the structures revealed by experiments.

The reported calculations do not provide information about
eventual superoxide dismutase (SOD) activity of the Cu-Afl com-
plex, because the approach of O, ~ to Cu(II)-Af has not been in-
vestigated. Nevertheless, the Cu-Af species here addressed may
compete with other oligomeric species that can be good catalysts
for superoxide dismutation. Indeed, structures that are good can-
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Fig. 2 Structures of models IIa, IIc, 14 and 15 (from top to bottom) with
the reconstructed 1-16 segments displayed as tubes interpolating the
backbone atoms. C is yellow (grey in the right panels), N is blue, O is
red, Cu is orange. Atomic and bond radii are arbitrary. Only atoms
belonging to Cu-binding sidechains are displayed. The Chimera?8
program is used for molecular drawings.

didates for these latter species have been observed for Zn-Af(1-
16) oligomers2°.
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