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Oxidative stress and copper dyshomeostasis are well estab-
lished factors in the course of Alzheimer’s disease (AD). Indeed,
the pathological interaction of copper with the amyloid peptide
is able to induce reactive oxygen species (ROS) production
through a three-step cycle in which O2 is gradually reduced to
superoxide, oxygen peroxide and finally to highly neurotoxic
OH* radicals. The purpose of this study has been to investigate
at a computational level, by Density Functional Theory (DFT)
and molecular mechanics techniques, the final two steps of O2

reduction to OH� +OH radical i.e the superoxide and hydro-
peroxide reduction by ascorbate, on different Cu(II) ·Aβ coordi-
nation models. At variance with the first step of O2 reduction to
O2

*� characterized by high energy barrier, the successive O2
*�

and O2H
� reductions are low energy barriers processes and that

the OH* radical formation is further favored by the possibility of
Cu(II) ·Aβ to form the Asp1 amino terminal radical. We discuss
the results obtained from the perspective of the recent findings
in the Aβ redox chemistry in AD pathology.

Introduction

Alzheimer’s disease (AD) is the most common and prevalent
cause of dementia in the elderly.[1–3] The most recent report by
the GBD 2019 Dementia Forecasting collaborators[4] estimates
that the number of people with dementia worldwide in 2019
(57 million) would almost triple in 2050 (153 million).

The amyloid hypothesis has been the guide of scientific
research and the model for the pathogenesis of AD.[5–7] Aβ
peptides are released from neuronal transmembrane Amyloid
Precursor Protein (APP) by the sequential protease activity and
possess the ability aggregate into many different conformations
from soluble small Aβ oligomers to insoluble fibrils, which are
the primary component of the senile plaques actually observed
in AD patients. Among these, small oligomers rather than the
monomers or insoluble fibrils are considered neurotoxic[8,9]

inducing AD neuropathology. In the context of the amyloid
hypothesis the formation of tau-dependent neurofibrillary
tangles aggregation occurs downstream of Aβ aggregation.

More recently oxidative stress associated with transition
metal dyshomeostasis became a significant issue in under-
standing the pathogenesis of AD.[6–10] Oxidative stress is a

condition that arises when ROS production exceeds biochemical
means of scavenging these species, and is manifested, among
other ways, by protein oxidation[17–20] and lipid
peroxidation.[21,22,23] Transition metal mislocalization, accumula-
tion and dyshomeostasis can drive pathological changes in
brain and other tissues.

The scientific community involved in AD research agrees
that there is a clear link between oxidative stress and transition
metal dyshomeostasis.[13,16,24,25] When bound to Aβ peptide,
Cu(II)Aβ is redox active and keeps the propensity to produce
ROS in vitro although to a lesser extent compared to Cu(II) in
solution.[11,26] Here there is the link between copper dyshomeo-
stasis, oxidative stress and amyloid cascade hypothesis: Aβ
peptides possess the ability to bind Cu(II)[27,28] which are able to
promote and modulate Aβ aggregation[29] to Aβ oligomers of
which are considered the Optimal Generators[30] of reactive
oxygen species (ROS) and as upstream pathogenic drivers in
AD. Finally, these Cu(II)Aβ oligomers aggregate on a longer
time scale inducing copper recruitment in the amyloid plaque
in the millimolar range.[31–33]

Since the first clinical evidence of the copper dyshomeo-
stasis and oxidative stress in post-mortem AD brains
samples,[31,34–37] the continuous research of the redox chemistry
of copper and Aβ peptide allowed to delineate a further
hypothesis alongside with the “classic” amyloid cascade
hypothesis in the etiology of AD.

It is well-recognized that the Cu(II)-Aβ species is redox
active and is a potential direct source of ROS in the presence of
molecular oxygen and a reducing agent such ascorbate.[26,38] O2
reduction mechanism depicted in Figure 1 has been intensively
investigated since it is fundamental in the understanding of the
oxidative stress in AD.

In presence of a reducing agent such as Ascorbate
(AscOH� )[41] that is abundant in brain, O2 is gradually reduced to
hydroxyl anion and hydroxyl radical conveying the ascorbate
electrons through Cu(II) ·Aβ/Cu(I) ·Aβ cycling.
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The process starts with the 3N2O Cu(II) ·Aβ component I
coordination which is predominant at physiological pH and
involves Asp1 N-terminal amine and carboxylate side chain, the
Asp1� Ala2 carbonyl group and two imidazole rings from from
His6 and His13/His14.[42–46] Upon population of an higher energy
3 N1O intermediate coordination, the reduction Cu(II) ·Aβ to
Cu(I) ·Aβ by AscOH� [39,47] occurs with the formation of a three-
coordinated Cu(I) ·Aβ species[48,49] which can bind O2. This latter
step is considered the rate-determining step of the whole
process and Cu(I) ·Aβ ·O2 is reduced to Cu(I) ·Aβ ·O2

*� as
experimentally shown by Reybier et al.[50] and confirmed by this
lab using quantum chemistry techniques.[40]

O2
*� !H2O2 and H2O2!OH

*

+OH� steps are similar: the
adduct Cu(II) ·Aβ · substrate binds AscOH� , reducing the sub-
strate and releasing AscO*� radical. According to recent
experimental and computational[26,40] investigations, the redox
competent coordination for ROS generation involves three
ligands from the Aβ peptide, i.e at least one His side chain plus
Asp1 N-terminal and/or carboxylate and/or a second His side
chain. During ROS generation this coordination is populated
allowing substrate and AscOH� binding to the metal center.

Despite the enormous efforts made by the scientific
community to investigate transition metal dyshomeostasis and
oxidative stress in AD, studies conducted to date did not prove
a clear beneficial effect of antioxidant treatment in AD
patients.[51–53] In this context it is clear that further efforts to
investigate these mechanisms at molecular level are welcome
to developing new therapeutic strategies. Moreover it is taking
shape the idea that copper bound Aβ to could either be a
sensor for various imaging in AD diagnosis[54–56] or a pharmaco-
logical target for a chetaling or redox therapeutic strategy in
AD.[55,57,58]

The experimental characterization of the different chemical
species involved in ROS production is difficult since their
transient nature, but computational approaches can overcome
these difficulties.[59,60,61] In this paper we focus on the second
and third steps of ROS generation in which O2

*� is reduced to

H2O2, and finally to OH*

+OH� applying Density Functional
Theory (DFT) approach starting from the redox competent
coordinations of the Cu(II) ·Aβ superoxide adduct[40] and consid-
ering the explicit presence of ascorbate as reductant.[62,63]

Computational Details
The DFT computations were performed using the pure GGA
BP86[64,65] DFT functional and RI technique[66] as implemented in
TURBOMOLE.[67] Basis sets of triple-ζ plus polarization split valence
quality[68] were adopted for all atoms. Solvent effect is accounted
for by using the COSMO (Conductor-like Screening Model)
approach.[69] Water solvation has been considered by setting the
dielectric constant equal to 80. This computational setting provides
ground state geometry parameters in good agreement with
experimental X-ray values.[49,70] Charge distribution was evaluated
using Natural bond orbital analysis (NBO). Ground state geometry
optimizations were carried out with convergence criteria fixed to
10� 6 hartree for the energy and 0.001 hartreebohr� 1 for the
gradient norm vector. In the framework of the single-determinant
DFT approach, the antiferromagnetic coupling of the Fe atoms in
the C-cluster has been treated within the spin-unrestricted broken-
symmetry formalism (BS).[71] In Table S1a in SI are reported the <
S2> obtained for the main coordinations investigated in this paper.
The effects of ZPE, thermal and entropic contributions on the
purely electronic total energy values to compute free energies have
been investigated by means of evaluation of the approximated
roto-translational partition function of each molecular species, at
T=298 K and P=1 bar using FREEH script.

Results

Superoxide reduction

The process of H2O2 production from O2
� assisted by Cu(II) ·Aβ

in presence of ascorbate as an electron source can be described
as in Scheme 1.

Figure 1. The OH* radical production process catalyzed by Cu(II) ·Aβ in presence of ascorbate as a one-electron reductant agent. The redox Fenton-like cycling
of Cu(II) ·Aβ/Cu(I) ·Aβ in aerobic conditions results in the production of O2

*� , H2O2 and the hydroxyl radical plus OH
� .The process starts with the population of

the so-called “in-between-state” Cu(II) ·Aβ species, characterized by a lower copper coordination number[39] that can bind ascorbate and undergoes reduction.
Cu(I) ·Aβ can bind and reduce molecular oxygen to superoxide. This latter is considered the slow step of the process.[40] The same cycling can reduce
superoxide to hydrogen peroxide and finally to OH* radical plus OH� .
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The Cu(II) ·Aβ ·O2
*� system is the product of the previous 3O2

reduction, as described in ref.[40] and has a four- or five-
coordinated metal center. The next step is the binding of the
AscOH� ascorbate ion with the formation of the five coordi-
nated Cu(II) ·Aβ ·O2

*� ·AscOH� , which successively undergoes
hydrogen atom abstraction resulting in the reduction of the
superoxide to hydroperoxide ion[72,73,74] and in the formation of
the AscO*� ascorbyl radical. After the dissociation of the AscO*� ,
the four coordinated Cu(II) ·Aβ ·O2H

� will be in equilibrium.

In the following sections we analyze each step of this
process considering the possible Cu(II) ·Aβ ·O2

*� redox compe-
tent coordinations proposed on the basis of previous
experiments[26] and computations.[40] Table S1 in SI report the
shape and the main geometry parameters for the various forms
investigated in this investigation.

Stability of the Cu(II) ·Aβ ·O2
� coordination modes

In this section we describe Cu(II) ·Aβ ·O2
*� structures with a

coordination number CN�5 that comes from the O2 reduction
step as sketched in Scheme 2.

We consider a) three four-coordinated models (the mono-
histidine form 1 and the two bis-histidine model 2 and 3,
Scheme 2A); b) four and pentacoordinated bis-histidine forms
(mono-histidine form 1a derived from 1 in which one extra
imidazole ring form an hydrogen bond interaction with the
amino terminal; pentacoordinated 2a form in which both Asp1
amino terminal and carboxylate side chain are coordinated to
Cu(II), Scheme 2B).

Introducing 1a and 2a models, mono-histidine and bis-
histidine models are structural isomers and their energies can
be compared.

Cu(II) ·Aβ ·O2
*� structures have an end-on Cu(II)-superoxide

motif with a triplet ground state, while singlet solution results
higher in energy and broken symmetry (BS) singlet solution

collapses on this latter. The models in Scheme 2 are all very
close in energy, being the pentacoordinated 2a the most
stable, although 1a and 3 are only 1.8 and 2.3 kcal/mol higher
in energy.

The metal ions are reduced on average by 0.3 e so that the
actual oxidation state of Cu is 1.6. Compared to free O2

*� , the
O� O distance in Cu(II) ·Aβ ·O2

*� is on average 0.082 Å shorter
with a larger spin population on average by 0.4 e, indicating
the partial charge transfer from to O2

� to Cu. This result
indicates that Cu is partially reduced by O2

� , in line with the
negative reduction potential of the O2/O2

� couple of � 0.18 V
(See SI Figure S1 and S2 and ref [40] for details)

We evaluate the propensity of 1 Cu(II) ·Aβ ·O2
*� model to

release O2
*� in solution as suggested by the Rabyer et at.[50]

computing the energy difference of the following process,
equation (1):

CuðIIÞ � Ab � O2
. � þ R � H2OÐ

CuðIIÞ � Ab � H2Oþ R � O2
. � (1)

where i) Cu(II) ·Aβ ·H2O is the component1 coordination[42,43]

(see SI Figure 2B) with one His side chain and one apical water
molecule; ii) R ·H2O and R ·O2

*� are the water and superoxide
adducts with positively charged Arginine side chain, respec-
tively.

The choice of the Arg side chain has been made to stabilize
as much as possible the free O2

*� ion in solution. We also recall
that Arg5 is actually a residue that is in principle close to the
Cu(II) coordination sphere. The energy difference according to
equation (1) is 5.3 kcal/mol, suggesting that O2

*� ion can leave
the Cu(II) coordination sphere when its negative charge is
sufficiently stabilized.

First step: ascorbate binding

Because the highest Cu(II) coordination number is 5, we
conclude that in Cu(II) ·Aβ ·O2

*� · AscOH� at least one ligand
must be dissociated to accommodate the ascorbate (see

Scheme 1. Superoxide reduction pathway catalyzed by Cu(II) ·Aβ with Ascorbate as a reductant species. In (a) the pathway from the Cu(II) ·Aβ ·O2
*� to

Cu(II) ·Aβ ·O2H
� systems is described. In (b) the latter is involved in the protonation of the O2H

� hydroperoxide ligand until the H2O2 release.
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Scheme 1a). The four Cu(II) ·Aβ ·O2
*� structures are in an energy

range of 3.2 kcal/mol and therefore in principle all can equally
contribute to this reactivity.

In the search of the Cu(II) ·Aβ ·O2
*� · AscOH� minimum form

we select the structures in which the free hydroxyl group that
belong enediol group of the ascorbate form an H-bonding
interaction with the superoxide

which will be the starting point for the e� /H+ transfer during
the redox process.

The Asc(OH)� adducts have a triplet ground state with
trigonal-bipyramidal geometry. The spin population is almost
completely localized on Cu(II) and the superoxide, with an
oxidation state of Cu equal to 1.7.

The AscOH� affinity is low due to the partial reduction of
the metal center. We evaluate the AscOH� binding energy
according to the equilibrium 2a and 2b

CuðIIÞ � Ab � O2
. � þ AscOH� Ð

CuðIIÞ � Ab � O2
. � � AscOH�

(2a)

CuðIIÞ � Ab � O2
. � � ðH2OÞ þ AscOH

� Ð

CuðIIÞ � Ab � O2
. � � AscOH� þ H2O

(2b)

where in 2b ascorbate binding is described as the replacement
of a water molecule by AscOH� . According to equation (2a) and
equation (2b), AscOH� binding free energy is on average only
� 1.5 kcal/mol and � 1.2 kcal/mol, respectively. We compare this
latter value with the ascorbate binding to Cu(II) ·Aβ model
coordination, equal to � 10.2 kcal/mol.[40] The decreasing of the
ascorbate affinity going from Cu(II) ·Aβ to Cu(II) ·Aβ ·O2

*� can be
attributed to the partial Cu(II) reduction in the superoxide
moieties, as clearly evidenced by the higher copper spin
population in Cu(II) ·Aβ (0.21 e on average).

Scheme 2. Mono- and bis-histidine Cu(II) ·Aβ ·O2
*� models considered in this paper. Model 1a has one imidazole ring that forms an hydrogen bond interaction

with the amino terminal thus allowing the evaluation of its stability with respect to those of models 2, 3 and bis-histidine model 2a.
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Second step: Hydrogen abstraction from AscOH� and O2
�

reduction

We investigated the substrate reduction to hydroperoxide ion
by AscOH� by exploring the reaction coordinate of hydrogen
abstraction from the ascorbate hydroxyl group to the outer
oxygen atom of the O2

*� . The process is resumed on top of
Figure 2. We consider as a starting point the Cu-
(II) ·Aβ ·O2

*� ·AscOH� isomer in which the hydrogen atom of the
OH group on the ascorbate forms an H-bonding interaction
with the outer oxygen atom of the O2

*� . During this process a
concerted e� /H+ transfer occurs from the O� H bonding MO of
the AscOH� to the O2

*� with a concomitant formation of a new
O� H bonding MO localized on the hydroperoxide.

The reaction free energy of this process is computed using
the following equation:

CuðIIÞ � Ab � O2
. � � AscOH� þ H2OÐ

CuðIIÞ � Ab � O2H
� � H2Oþ AscO

. � (3)

where the geometry and the electronic structure of the
Cu(II) ·Aβ ·O2H

� ·H2O product will be discussed in the next
paragraph.

In Figure 2 the scans along the H abstraction coordinated
for the three ascorbate adducts of models 1–3 are reported.
The computed free energy barriers are low and equal to
2.7 kcal/mol on average, with a transition state structure slightly
closer to the initial reactant with the O� H bond of the hydroxyl
group of AscOH� stretched at 1.2 Å.

At the end of this pathway, we observe the formation of the
Cu(II) ·Aβ ·O2H

� · AscO*� coordination. According to spin charges,
the unpaired electrons are localized on Cu(II) (0.56 e on average
that correspond to an Cu 1.7 state), and on the ascorbyl radical
(on average 0.98 e), while on the hydroperoxide the initial spin
charge of 1.41 is decreased to 0.33 e.

The free energy differences computed according to equa-
tion (3) are slightly negative going from � 2.4 to � 6.6 kcal/mol
and on average � 5.0�2.3 kcal/mol. Considering this latter
average value, the corresponding cell potential

E�cell ¼ E�ðCuðIIÞ � Ab � O2
. � =CuðIIÞ � Ab � O2H

� Þ

þE�ðAscOH� =AscO. � Þ
(4)

is equal to E°cell=ΔG/F=0.22 V which must be compared with
the value of 1.22 V obtained from the standard reduction
potential of O2

� (0.94 V) and AscO*� (0.28 V). This difference of
1 V is mainly due to the decrease of the oxidative power of the
superoxide when coordinated to Cu(II), as also observed in the
case of the OH* radical coordinated to Cu(II) compared to the
free solvated OH* radical. To give a more quantitative estimate
of this, we evaluate the decreasing of the O2

� radical standard
reduction potential in Cu(II) ·Aβ ·O2

� model coordinations
compared to solvated O2

� (see SI Figure S2 for details). We
compute the relative reduction potential ΔE° =E°(2)-E°(1) for
the following half reactions:

CuðIIÞ � Ab � O2
. � þ eþ 2Hþ Ð

CuðIIÞ � Ab � O2H2 E
�ð1Þ

(1)

O2
. � þ e� þ 2Hþ Ð H2O2 E�ð2Þ (5)

where ΔE° does not depend on the potential value of the
reference electrode. Recalling that E° of the O2

*� /H2O2 half-
reaction is 0.940 V vs SHE, the E° value for Cu(II) ·Aβ ·O2

*� /
Cu(II) ·Aβ ·O2H2 obtained as

E� ¼ 0:940-DE� (6)

is � 0.06 V, � 0.19 V and � 0.11 V for 1–3, respectively.

Stability of the Cu(II) ·Aβ ·O2H
� and Cu(II) ·Aβ ·H2O2

coordination modes

Upon e� /H+ transfer we observe the formation of the Cu-
(II) ·Aβ ·O2H

� · AscO*� species which eventually undergoes
AscO*� detachment with the formation of the Cu(II) ·Aβ ·O2H

�

Figure 2. Potential energy surface scans along the hydrogen atom abstrac-
tion coordinate of O2

*� reduction to O2H
� by ascorbate, bound to Cu(II) ·Aβ

as sketched on top for models 1–3. In the plot are reported the computed
energy differences (in kcal/mol) along the pathway described by the O� H
internuclear distance (in Å) between the hydrogen that belongs to the
ascorbate hydroxyl group and the outer oxygen atom that belongs to O2

*� .
On average the computed free energy barrier is 2.7 kcal/mol.
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species. We describe this latter process according to the
following equation:

CuðIIÞ � Ab � O2H� � AscO
. � þ H2OÐ

CuðIIÞ � Ab � O2H
� � H2Oþ AscO

. � (7)

The ligand exchange between the AscO*� radical and the
water ligand is energetically favored with a free energy differ-
ence equal to � 3.5 kcal/mol on average.

Cu(II) ·Aβ ·O2H
� has a doublet ground state with an average

spin charge on copper equal to 0.56 e that corresponds to a Cu
1.7 redox state, while on the hydroperoxide is 0.29 e. The
copper coordination is close to planarity with an O� O bond
distance in the hydroperoxide equal to 1.462 Å on average. This
analysis is also valid for Cu(II) ·Aβ ·H2O2, with the difference that
on average the spin population on H2O2 is only 0.1 e.

Protonation state of the peroxide product: O2H
� or H2O2?

H2O2 is a weak acid with pKa=11.7 and O2H
� can be considered

a medium/strong base but, when coordinated to Cu(II), O2H
�

basicity is drastically reduced due to its stabilization as a ligand
of Cu(II). However, it is important to investigate the stability of
the O2H

� vs H2O2 in order to figure out which are the conditions
that eventually favor the H2O2 release from the metal center,
since H2O2 is also a neurotoxic reactive oxygen species.

[17] By
reasoning on the Cu(II) ·Aβ ·O2H

� systems, we identify two
possible sources of protons, i.e a protonated histidine side chain
and protonated Asp or Glu side chain. The possible mechanism
for H2O2 release could be the following

CuðIIÞ � Ab � O2H
� þ ResHþ Ð

CuðIIÞ � Ab � O2H2 � ResÐ

CuðIIÞ � Ab � Resþ H2O2

(8)

Upon O2H
� protonation by the protonated residue side

chains (ResH+), the resulting labile ligand H2O2 is substituted
with the de-protonated side chain. Compatible with the
possible pH fluctuation on the neuron extracellular environ-
ment only histidine (side chain pKa equal to 6.0) could have its
protonated state populated in a non-negligible way.

For this reason, we consider the process as described in
Figure 3:
* the adduct of the Cu(II) ·Aβ ·O2H

� species with a protonated
histidine side chain as starting point;

* the transition state of the concerted pathway in which the
proton transfer from the protonated imidazole ring in trans-
ferred to O2H

� with the concomitant formation of a new
Cu(II)-imidazole bonding interaction;

* the five coordinated Cu(II) ·Aβ · Im ·H2O2 adduct in which the
deprotonated imidazole ring is bound to Cu(II);

* the dissociation of H2O2 form obtaining a four-coordinated
Cu(II) ·Aβ model.
On average, Cu(II) ·Aβ · ImH+ ·O2H

� and Cu(II) ·Aβ · Im ·H2O2
species are isoenergetic and the process is characterized by a

moderate free energy barrier of 14.9 kcal/mol. Clearly once
Cu(II) ·Aβ ·H2O2 is formed, H2O2 can be easily released (see SI,
Figure S2d). These results suggest that H2O2 can be moderately
released by Cu(II) ·Aβ in presence of O2 and ascorbate, in line
with the experimental findings.[75]

H2O2 reduction revisited

In a previous investigation on the H2O2 reduction that we
carried out in our laboratory,[49] we evaluated the barrier for OH*

generation adopting Cu(I) ·Aβ ·H2O2 as model coordinations.
However, in the computations presented here we explicitly
consider the presence of the AscOH� reductant and, more
importantly, the results for the superoxide reduction step
clearly suggest that the final product is the hydroperoxide ion
instead of H2O2. In this section we revisited the OH

* generation
by Cu(II) ·Aβ in light of these findings by considering the
reduction of O2H

� of the Cu(II) ·Aβ ·O2H
� ·AscOH� adducts.

The Cu(II) ·Aβ ·O2H
� ·AscOH� adduct has a doublet ground

state with spin population localized on the Cu(II), while the
corresponding S=3/2 state is almost 60 kcal/mol higher in
energy. Its optimized geometry is similar to that of the
corresponding O2

*� adduct, with the hydrogen atom of the OH�

group of the ascorbate that forms an H-bonding interaction
with the inner oxygen atom of the O2H

� . Here the coordination
type 3 (with the bound Asp1 amino terminal) is more stable
than type 2 (with the bound Asp1 carboxylate side chain) by
9.5 kcal/mol. We describe the hydroperoxide reduction using
the following equation:

CuðIIÞ � Ab � O2H
� � AscOH� Ð

CuðIIÞ � Ab � ðO2H2Þ
� � AscO. � (9)

in which the reduction coordinate is the approaching of the
hydrogen atom that belongs to the OH group of AscOH� with
the oxygen atom of the O2H

� bound to copper.
For the three coordinations considered an average free

energy barrier of 2.3 kcal/mol is found at the crossing between
the S=1/2 and S=3/2 PES. The S=1/2 broken-symmetry PES
solution is very close in energy to S=3/2 one. The common
mechanism observed is reported in Scheme 3A.

At the end of the reaction coordinate, the S=3/2 structure
is characterized by
1. a considerable elongation of the O� O bond (2.268 Å on
average);

2. one spin localized on the partially detached AscO*� radical
and one on the Cu(II);

3. the two OH ligands sharing one unpaired spin.
These results are in favor of a Cu(II) ·Aβ · (OH)2

*� · AscO*�

electronic structure. Successively the detach of the ascorbyl
radical is largely favored on average by 23.8 kcal/mol with
respect to the Cu(II) ·Aβ ·O2H

� · AscOH form. Surprisingly, in this
last step we observe that OH ligands are able to deprotonate
NH2 amino terminal of Asp1 with the formation of a water
molecule that leaves the metal coordination sphere. The
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resulting structure is a singlet 5- or 4- coordinated Cu(II) form
with one bound OH group.

To further investigate this point, we explored the possible
Cu(II) coordination according to Scheme 3B. Beside the Cu-
(II) ·Aβ · (OH)2

*� form in which one spin is delocalized on two OH
ligands (or, alternatively, on a H2O2

� moiety η2-coordinated to
copper) one can have i) the Cu(II) ·Aβ · (O*� )(H2O) oxyl coordina-
tion and ii) the amino deprotonated form. Surprisingly, the
most stable η2-coordinated and NH� forms sketched below

are almost isoenergetic, while the most stable oxyl form is
almost 20 kcal/mol higher in energy. As one could expect from
simple electrostatic considerations, we observe in the O2H

�

reduction coordinate PES scan that NH� forms are stabilized
when the amino terminal is coordinated to Cu(II) form. By
inspecting the their atomic populations (see Figure S4A and B,
SI) we observe that half radical character is localized on NH�

thus suggesting that the following process

CuðIIÞ � ðNH2Þ � Ab � ðOHÞ2
. � Ð

CuðIIÞ � ½ðNHÞðOHÞ�. � � Ab � ðH2OÞ
(10)

in which the OH radical partially propagates toward terminal
NH2 forming a NH

� * radical[76] as sketched below

Figure 3. Energy scans (in kcal/mol) along the coordinate describing O2H
� protonation by protonated His side chain in Cu(II) ·Aβ ·O2H

� coordination models 1–
3 and H2O2 release. The energies are reported as a function of the Cu-NHis distances (in Å) with the nitrogen atom of the incoming protonated His side chain.
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recalling that OH radical is a stronger oxidant than NH2
radical.[77] We further considered the same models in which 10
explicit water molecules that solvate the OH and NH2, NH
groups are added. At this level the NH form is the most stable
while Cu(II) ·Aβ · (OH)2

*� form results 5 kcal/mol higher in energy
(see Figure S4C, SI).

To establish with more certainty the relative stability of the
two coordinations we investigate the NH forms starting from
the Cu(II)(OH)2

*� · Aβ(1-6) DFT conformational space exploration
(Aβ(1-6) is DAEFRH C-terminus capped peptide; see SI for
details) previously carried out in our laboratory.[20]

We observe that lower energy forms are mostly four-
coordinated and that the most stable Cu(II)Aβ(1-6)(OH)2

*�

coordination is 6.1 kcal/mol higher in energy compared to the
corresponding most stable NH form (Figure 4). In the latter, the
His6 side chain replaces the leaving water molecules from the
Cu(II) coordination sphere, suggesting that the formation of the
deprotonated form is favored either by entropic or enthalpic
effects.

Scheme 3. (A) Hydrogen abstraction reaction of Cu(II) ·Aβ ·O2H
� ·AcsOH; (B) the three possible Cu(II) coordinations in Cu(II) ·Aβ · (OH)2

*� ; (C) Cu(II)(OH)2
� /

Cu ·Aβ · (H2O)(OH)
� Reduction half-reactions in which both Cu(II) ·Aβ · (OH)2

� isomers are reduced to the same Cu ·Aβ · (H2O)(OH)
� form.
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Gathering all the evidence regarding this point we suggest
that the formation of the NH form is an OH propagation
intramolecular step and we estimated that its standard reduc-
tion potential is less oxidant by 0.13 V compared to the
corresponding Cu(II) ·Aβ · (OH)2

*� . Moreover, in the oxidative
damage of Aβ induced by Cu(II) ·Aβ ·OH N-terminus is a
privileged[78] site and therefore this NH radical form could be
involved in this process.

Discussion and conclusion

From the data proposed above and summarized in Figure 5 for
the three Cu(II) ·Aβ ·O2

*� (1–3) coordinations, the picture
emerged from DFT computations is that the O2

*� !O2H
� and

O2H
� !(OH)2

*� reductions catalyzed by Cu(II) ·Aβ with ascorbate
as reducing agents are thermodynamically and kinetically
favorable.

Resuming for the reaction steps leading to the final
Cu(II) ·Aβ ·O2H

� reduction we observe that
1. Ascorbate affinity to Cu(II) ·Aβ ·O2

*� or Cu(II) ·Aβ ·O2H
� is low

with a positive binding free energy on average of 2.7 and
5.3 kcal/mol, respectively;

2. the hydrogen atom abstraction from ascorbate (see equa-
tion 3 and equation 9 above) in Cu(II) ·Aβ ·O2

*� ·AscOH� and
Cu(II) ·Aβ ·O2H

� ·AscOH� have free energy barriers of 2.0 and
2.3 kcal/mol, respectively;

3. the reaction free energy of the Cu(II) ·Aβ ·O2
*� reduction is

on average � 0.3 kcal/mol, while Cu(II) ·Aβ ·O2H
� reduction is

highly exergonic on average by � 21.5 kcal/mol;

4. the most stable final product Cu(II) ·Aβ · (OH)2
*� has a N-

amino terminal Asp1 radical.
Since these results have been obtained using the same level

of theory and the same approach adopted in our previous
investigation on O2 activation and reduction, we can discuss the
free energy difference values computed for the whole process
of OH radical formation. Along the OH* production catalyzed by
Cu(II) ·Aβ, these investigations highlights that:
1. the rate determining step of the OH production is the O2
binding to Cu(I);

2. the product of O2
*� reduction is Cu(II) coordinated O2H

�

hydroperoxide anion and not H2O2;
3. O2

*� can dissociate from Cu(II) ·Aβ first coordination as well
as H2O2, although with a lesser extent;

4. the three intermediates of OH* production (O2
*� , O2H

� and
OH* radical coordinated to Cu(II) ·Aβ) are less redox active
compared to the corresponding form in solution, according
to the estimated reduction potentials due to the Cu(II)
binding.
The emerging evidence here is that once monomeric or

small oligomers soluble Aβ peptide systems bind Cu(II), the
high physiological concentration of molecular oxygen and
ascorbate in the brain can favor OH production, whose only
relevant activation barrier is that of oxygen binding to reduced
Cu(I) ·Aβ. Once Cu(I) ·Aβ ·O2 is formed, the production of OH
radical thought Fenton-like mechanism in presence of ascor-
bate is characterized by low free energy barriers and therefore
is almost inevitable and the final Cu(II) ·Aβ ·OH* ROS we
identified can induce oxidative stress. In view of the antioxidant
therapy, this final species could be the pharmacological target.

Figure 4. Sketches of the Cu(II) ·Aβ(1-6) · (NH2)(OH)2
*� form and the NH� terminal Cu(II) ·Aβ(1-6) · [(NH)(OH)]� *(H2O) lowest energy structure (Aβ(1-6) DAEFRH C-

terminus capped peptide). Dotted lines underline Hydrogen bond interactions and salt-bridge interactions that involve Arg5 side chain. The computed total
energy difference is in kcal/mol.
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We observe that Cu(II) ·Aβ is a O2
*� producer and that O2

*�

can leave the Cu(II) coordinations sphere if it is stabilized by
non-bonding interactions, in line with the finding of Reybier
et al.[50] confirming the possibility that superoxide also can
contribute to oxidative stress in AD. The same holds true for
H2O2 but with a much lesser extent due to the 14.9 kcal/mol
free energy barrier for H2O2 dissociation.

The fact that Cu(II)[(NH)(OH)]* · Aβ(1-6) is more stable (on
average by 5.8 kcal/mol see SI) than Cu(II) · (OH)2

*� Aβ(1-6) form
could have a role in mechanism of OH* propagation that
induces oxidative stress in AD. When OH* radical propagates,
the final product is always Cu(II) · (NH2)(H2O)(OH)

� (see Sche-
me 3C); since NH radical form is more stable, this implies that
this form is also less oxidizing (roughly 0.13 V) and therefore
the OH* will have an even longer lifetime to diffuse into the cell
membrane lipid bilayer, starting lipid peroxidation.

In conclusion, this detailed study completes the DFT picture
of the Fenton-like O2 reduction catalyzed by Aβ peptide in
presence of ascorbate and suggest the structure of the the
most likely Cu(II) ·Aβ ·OH* coordinations responsible for OH*

production, and thus oxidative stress in AD. Finally, our results
clearly demonstrate, once again, the relevance of ab initio DFT
modelling from basic \research to the development of
therapeutic strategies in AD.
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