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Abstract: Oxidative stress and metal dyshomeostasis are considered crucial factors in the pathogene-
sis of Alzheimer’s disease (AD). Indeed, transition metal ions such as Cu(II) can generate reactive
oxygen species (ROS) via O2 Fenton-like reduction, catalyzed by Cu(II) coordinated to the amyloid-
beta (Aβ) peptide. Despite intensive efforts, the mechanisms of ROS-induced molecular damage
remain poorly understood. In the present paper, we investigate, on the basis of Density Functional
Theory (DFT) computations, a possible mechanism of the OH radical propagation toward membrane
phospholipid polar head and fatty acid chains starting from the end-product of the OH radical
generation by Cu(II)-Aβ. Using phosphatidylcholine as a model of a single unit inside a membrane,
we evaluated the thermochemistry of the OH propagation with the oxidation of a C-H bond and the
formation of the radical moiety. The DFT results show that Cu(II)-Aβ-OH can oxidize only sn-2 C-H
bonds of the polar head and can easily oxidize the C-H bond adjacent to the carbon–carbon double
bond in a mono or bis unsaturated fatty acid chain. These results are discussed on the basis of the
recent literature on in vitro Aβmetal-catalyzed oxidation and on the possible implications in the AD
oxidative stress mechanism.

Keywords: copper amyloid peptide; Alzheimer’s disease; oxidative stress; CuAβ hypothesis;
phospholipid membrane; Density Functional Theory; molecular modeling

1. Introduction

Alzheimer’s disease (AD) is the most common form of dementia that contributes
to 60–70% of cases of dementia in the elderly. Among the numerous data reported in
the annual 2022 Alzheimer’s disease facts and figures [1] drafted by the U.S. non-profit
Alzheimer’s Association, there is one that is particularly striking: it is estimated that there
are 6.5 million Americans living with AD, which could grow up to 13.8 million in 2060;
this is equivalent to the population of the U.S. state of Pennsylvania (Census.gov). This
compelling data highlight the need for a therapeutic approach to AD since one is sadly
still lacking.

AD is a multifactorial disorder characterized by several features such as deposits of
senile plaques, hyperphosphorylated tau protein, and extensive synaptic/neuronal loss.
Since its publication in 1992, the amyloid cascade hypothesis [2] became dominant in
the description of AD pathogenesis and has driven drug development. It postulates that
amyloid-beta (Aβ) peptide, a 39–42-residue peptide that comes from the amyloidogenic
proteolytic cleavage of the neuronal APP membrane protein, and triggers neuron impair-
ment and death in a variety of forms. Over the years, intense research activity has proposed
several therapeutic strategies whose clinical trials have not been successful, as in the case
of one of the anti-beta amyloid monoclonal antibodies recently tested [3]. These facts
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have further highlighted the need to broaden the perspective of the amyloid hypothesis
alone [4–7].

It is well established that, within the multifactorial nature of AD, one of the major
histopathological hallmarks is the presence of amyloid senile plaques, which are large ex-
tracellular aggregates of the Aβ. Prompted by the stabilization of a misfolded hairpin form
of Aβ [8], small Aβ oligomers [9–11] are formed, which subsequently further aggregate to
fibrils and finally plaques.

There are two important pieces of experimental evidence in defining what has been
recently named the CuAD hypothesis [12], i.e., alterations in copper homeostasis [13–20]
and the oxidative stress observed in post-mortem AD brain tissue [21,22]. In particular,
copper ions could induce oxidative stress, giving rise to lively research work that goes from
mechanistic studies [23–26] to the design of pharmacological strategies [15–17,27].

There is a large body of evidence that copper binds Aβ peptide [13,14,25–28] and that
Cu(II)-Aβ species are redox-active [29]. In vitro and in the presence of molecular oxygen
and a reducing agent such as ascorbate, Cu(II)-Aβ can be a direct source of reactive oxygen
species (ROS) [30,31]. The mechanism is a three-step Fenton-like process in which the
redox cycling of Cu(II)-Aβ/Cu(I)-Aβ in aerobic conditions results in the production of
superoxide [32], hydrogen peroxide [33], and the highly reactive hydroxyl radical [34].
These ROS can further propagate toward the biological substrates, inducing oxidative
stress through lipid peroxidation, nucleic acid [35], and protein oxidation [36] in the AD
brain [37–39]. The in silico modeling approach has given an important contribution in
revealing the active molecular mechanisms that drive AD [11,40,41], particularly including
those related to Cu/Aβ interactions.

The complete mechanism of ROS production was also investigated in our laboratory
using quantum chemistry and molecular modeling tools, since most of the species involved
are transiently populated and thus difficult to detect at a spectroscopical level. Following the
approach of Giacovazzi et al. [42], we investigated, at the Density Functional Theory [43–45]
level (DFT), the mechanism of O2 reduction assisted by the Cu(II)-Aβ(1-2) model system in
the presence of ascorbate as a reducing agent.

The scheme of this mechanism is depicted in Figure 1. Briefly, the first step of this
process (Figure 1, green) is also the rate-determining one: Cu(II)-Aβ undergoes reduction
to Cu(I) by one equivalent of ascorbate and successively binds one O2 molecule, which
is the slow endergonic step (free energy barrier around 24.8 kcal/mol [44]). At this point,
superoxide is formed and can eventually leave the Cu(II) coordination sphere (Figure 1,
blue). The two next steps (Figure 1, yellow) are both exergonic, with the formation of
the hydroperoxide HO2

− and the hydroxyl anion plus a hydroxyl radical. In this Cu(II)-
Aβ-OH form (vide infra), the OH radical is coordinated to copper and can propagate,
inducing oxidative stress at the cellular level. We estimated a standard reduction potential
of the couple Cu(II)-Aβ-OH/Cu(II)-Aβ-OH− of 1.4 V, which results in roughly 1.3 V less
oxidating than free solvated OH radical (OH/OH− 2.73 V) [45].

At this point, a question arises spontaneously: is this Cu(II)-Aβ-OH form able to
induce oxidative stress by propagating the OH radical toward phospholipid membranes?
The purpose of this paper is to attempt to answer this question through DFT calculation
by using the same approach recently adopted to investigate amino acid oxidation [46]. In
the following, starting from the Cu(II)-Aβ-OH form [45], we investigate its binding and
the OH propagation toward a phosphatidylcholine single molecule, focusing on either the
propagation toward the dipolar head group or the aliphatic chain of selected fatty acids.
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Figure 1. (a) Structure of the pH 7.4 Component 1 (Cp1) Cu(II)-Aβ(1-2) investigated in Refs. [43–45]. 
In the Aβ primary structures, the metal binding region is evidenced (in red), with the three His 
residues that are involved in the Cu(II) binding. (b) Scheme of the three-step Fenton-like O2 
reduction mechanism by ascorbate (AscOH−) assisted by Cu(II)-Aβ. 

2. Results 
2.1. The Electronic Structure of Cu(II)-Aβ-OH 

The molecular shape and the electronic structure of the Cu(II)-Aβ-OH investigated 
in Ref. [45] are peculiar. The Cu(II) coordination includes, in addition to the Asp1 side 
chain and the amino terminal, two OH ligands; formally, one is a radical and the other is 
an OH- anion (Figure 2). In the five-coordinated form, the apical ligand can be an 
imidazole ring of histidine residues. The electronic structure can be described as follows. 
The electron vacancy that defines the nature of the OH radical is delocalized over the two 
oxygen atoms that belong to the OH groups and on the amino terminal with the formation 
of an amino radical species (see Figure 2A). In addition, the Cu(II) d9 couples with the 
unpaired electron on the three centers, which results in a global Cu(II)-Aβ-OH singlet 
ground state (Figure 2B) according to DFT Natural Bond Orbitals (NBO) atomic and spin 
populations. This result implies that roughly one-third of the 1e vacancy is delocalized on 
each of the three ligands. This fact is nicely put in evidence by the frontier MOs reported 
in Figure 2C, which are those that mix, in a bonding way, the Cu(II) d orbitals with p 
orbitals on oxygen and nitrogen atoms. For these reasons, the oxidizing power of this 
species is less than free-solvated OH by 1.3 V [45].  

Figure 1. (a) Structure of the pH 7.4 Component 1 (Cp1) Cu(II)-Aβ(1-2) investigated in Refs. [43–45].
In the Aβ primary structures, the metal binding region is evidenced (in red), with the three His
residues that are involved in the Cu(II) binding. (b) Scheme of the three-step Fenton-like O2 reduction
mechanism by ascorbate (AscOH−) assisted by Cu(II)-Aβ.

2. Results
2.1. The Electronic Structure of Cu(II)-Aβ-OH

The molecular shape and the electronic structure of the Cu(II)-Aβ-OH investigated in
Ref. [45] are peculiar. The Cu(II) coordination includes, in addition to the Asp1 side chain
and the amino terminal, two OH ligands; formally, one is a radical and the other is an OH-
anion (Figure 2). In the five-coordinated form, the apical ligand can be an imidazole ring
of histidine residues. The electronic structure can be described as follows. The electron
vacancy that defines the nature of the OH radical is delocalized over the two oxygen atoms
that belong to the OH groups and on the amino terminal with the formation of an amino
radical species (see Figure 2A). In addition, the Cu(II) d9 couples with the unpaired electron
on the three centers, which results in a global Cu(II)-Aβ-OH singlet ground state (Figure 2B)
according to DFT Natural Bond Orbitals (NBO) atomic and spin populations. This result
implies that roughly one-third of the 1e vacancy is delocalized on each of the three ligands.
This fact is nicely put in evidence by the frontier MOs reported in Figure 2C, which are those
that mix, in a bonding way, the Cu(II) d orbitals with p orbitals on oxygen and nitrogen
atoms. For these reasons, the oxidizing power of this species is less than free-solvated OH
by 1.3 V [45].
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Figure 2. (A) Structure of the Cu(II) coordination in Cu(II)-Aβ-OH, evidencing that the negative 
charge (in blue) and the electron vacancy (in red) can be delocalized on three centers; (B) scheme of 
S = 0 Cu(II)-Aβ-OH electronic structure ground state; (C) frontier MOs (cutoff 0.05 a.u.) that describe 
the delocalization as described in (A) and (B). 

To further investigate the structure of the Cu(II)-Aβ-OH species, we carried out a 
DFT conformational sampling on the Cu(II)-Aβ(1-7)(OH)2− (Figure 3), where as many as 
three charged residues are found. Moreover, these computations will allow us to compute 
the binding energy between Cu(II)-Aβ-OH and phosphatidylcholine moiety. The details 
of this conformational search are reported in the Supplementary Materials. 

 
Figure 3. Left: Cu(II)-Aβ(1-7)(OH)2− model in which charged residues are evidenced. Right: Most 
stable 4-coordinated and 5-coordinated forms identified upon DFT speciation. The energy difference 
is computed (in kcal/mol) with respect to the 4-coordinated form which is also the most stable of all 
those identified. The dotted lines evidence the H-bonding network. 

According to this DFT speciation study, (a) the lowest energy form has the two OH 
groups in the cis position with respect to Cu(II); (b) the lowest energy form is four-
coordinated; (c) the most stable five-coordinated form is 6.1 kcal/mol higher in energy 
with the His6 imidazole ring that occupies the Cu(II) apical position. It is interesting that 
most of the low-energy forms are characterized by Arg5/Glu3 or Arg5/Asp7 salt bridges.  

2.2. Cu(II)-Aβ-OH Propagation Mechanism 
In this paper, we investigated the radical propagation of Cu(II)-Aβ-OH toward the 

C-H bonds that belong to methyl and methylene groups of phospholipid polar head and 
fatty acid chains. In general, this is a spin-forbidden hydrogen abstraction process, as 
sketched in Figure 4. 

Figure 2. (A) Structure of the Cu(II) coordination in Cu(II)-Aβ-OH, evidencing that the negative
charge (in blue) and the electron vacancy (in red) can be delocalized on three centers; (B) scheme of
S = 0 Cu(II)-Aβ-OH electronic structure ground state; (C) frontier MOs (cutoff 0.05 a.u.) that describe
the delocalization as described in (A,B).

To further investigate the structure of the Cu(II)-Aβ-OH species, we carried out a DFT
conformational sampling on the Cu(II)-Aβ(1-7)(OH)2

− (Figure 3), where as many as three
charged residues are found. Moreover, these computations will allow us to compute the
binding energy between Cu(II)-Aβ-OH and phosphatidylcholine moiety. The details of this
conformational search are reported in the Supplementary Materials.
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Figure 3. Left: Cu(II)-Aβ(1-7)(OH)2
− model in which charged residues are evidenced. Right: Most

stable 4-coordinated and 5-coordinated forms identified upon DFT speciation. The energy difference
is computed (in kcal/mol) with respect to the 4-coordinated form which is also the most stable of all
those identified. The dotted lines evidence the H-bonding network.

According to this DFT speciation study, (a) the lowest energy form has the two
OH groups in the cis position with respect to Cu(II); (b) the lowest energy form is four-
coordinated; (c) the most stable five-coordinated form is 6.1 kcal/mol higher in energy with
the His6 imidazole ring that occupies the Cu(II) apical position. It is interesting that most
of the low-energy forms are characterized by Arg5/Glu3 or Arg5/Asp7 salt bridges.

2.2. Cu(II)-Aβ-OH Propagation Mechanism

In this paper, we investigated the radical propagation of Cu(II)-Aβ-OH toward the
C-H bonds that belong to methyl and methylene groups of phospholipid polar head and
fatty acid chains. In general, this is a spin-forbidden hydrogen abstraction process, as
sketched in Figure 4.

Starting from Cu(II)-Aβ-OH/substrate adduct, the S = 0 singlet potential energy
surface (PES) along the C–H bond elongation coordinate, which describes the radical
propagation, crosses the S = 1 triplet PES. The molecular structure at this S = 0/S = 1
crossing point can be considered the transition state of the process. By continuing to
lengthen the C–H distance, the energy of the system decreases, reaching the S = 1 final
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product in which one unpaired electron is localized at the aliphatic carbon atom under OH
attack and one is at the Cu(II) center.
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Figure 4. General trend of the singlet- and triplet-state PESs along the O–H reaction coordinate that
describes the hydrogen abstraction from a methylene group (that belongs to the polar head or to
the aliphatic chain) to the OH of Cu(II)-Aβ-OH coordination. Starting from S = 0 state, upon OH
propagation, the electron vacancy is shifted on the carbon radical, resulting in a final product with
triplet ground state. The structure at the crossing between S = 0 and S = 1 PES represents the transition
state of the process.

2.3. Phosphatidylcholine Moiety, Structure, and Reactivity toward Cu(II)-Aβ-OH

In this section, we explore the reactivity of Cu(II)-Aβ-OH toward a phosphatidylcholine
(PC) model (see Figure 5) with two acetyl groups instead of the fatty acid aliphatic chains.
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Figure 5. Left: Four- and five-coordinated Cu(II)·Aβ·(OH)2
•− models considered in this paper.

Model 5C has one imidazole ring bound to Cu(II) in the apical position which is derived from
one of the histidine residues of Aβ peptide (very likely His6). Right: The phosphatidylcholine
(PC) model used to explore the Cu(II)·Aβ·(OH)2

•− propagation toward the polar head of mem-
branes. In the PC structure, the possible C-H bonds oxidized by OH radical are evidenced in blue
(“sn” = stereospecifically numbered): the methyl group of the quaternary ammonium of the choline
portion, and the CH2 and CH in the sn-2 and sn-3 positions of the glycerol portion.
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We evaluate the binding between PC and Cu(II)-Aβ-OH (Figure 6A) starting from
the Cu(II)-Aβ(1-7)(OH)2

− model coordination already presented above according to the
following equation:

Cu(II)·Aβ(1-7)·(OH)2
− + PC � Cu(II)·Aβ(1-7)·(OH)2

−·PC

and considering the total binding energy for 63 different structures (Figure 6B, see
Supplementary Materials for details on the conformational search approach).
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Figure 6. (A) Model adopted for the Cu(II)-Aβ(1-7)(OH)2
− PC interaction; (B) total binding energy

(in kcal/mol) of the Cu(II)·Aβ(1-7)·(OH)2
−·PC adducts; (C) recurring molecular motifs in the adducts;

(D–F) lowest energy, 4-coordinated, 5-coordinated (apical PO4), and 5-coordinated (apical His6),
respectively, along with their adduct binding energy.

The most stable form is four-coordinated (Figure 6D), as in free Cu(II)-Aβ(1-7)(OH)2
–.

The phosphate group in this structure forms two H-bond interactions (see Supplementary
Materials, Table S2) with one OH of the Cu(II) coordination and one with the Arg5 side
chain. The most stable five-coordinated form (+1.4 kcal/mol) has a phosphate group bound
to Cu(II) in the apical position (Figure 6C, Cu-OP distance equal to 2.516 Å). Finally, the
most stable five-coordinate form with apical His residue is 5.3 kcal/mol higher in energy
(Figure 6F).

To investigate the thermochemistry of the OH propagation process, we considered
three smaller Cu(II)·Aβ(1-2)·(OH)2

•−·PC model adducts. The most stable adduct is the one
in which the quaternary ammonium portion forms three hydrogen bonds with Cu(II)·Aβ
(one with an OH ligand, one with Asp1 amino terminal, and one with the Asp1-Ala2
amide bond). The free binding energy is −2.9 kcal/mol. The structure with phosphate
coordinated to Cu(II) in the apical position is 3.4 kcal/mol higher in energy.

The phosphocholine polar head group can be the target of OH radical propaga-
tion [47,48]. In the case of the PC moiety, three sites for OH attack via hydrogen abstraction
reaction can be identified, namely the methyl groups at the quaternary ammonium and
the sn-3 CH2 and sn-2 CH glycerol backbone positions (Figure 5). In all possible scenarios,
OH radical propagates with the formation of alkyl radicals, which are reactive species
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susceptible to further radical propagation. According to Ref. [48], one possibility is that a
second reduction equivalent reduces the radical carbon with the detachment of a portion
of the phosphocholine. This latter step would result in the general destabilization of the
phosphocholine unit, increasing the plasticity of the membrane and inducing damage
(Figure 7).
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Figure 7. OH propagation reaction mechanisms toward the phosphocholine (PC) head group at
the methyl of the quaternary ammonium portion or at the sn-3 CH2/sn-2 CH group of the glycerol
portion (according to Ref. [48]). In all three cases, the first step is the H atom abstraction with the
propagation of radical vacancy on the PC unit and the formation of a water molecule. In the case
of attack at the quaternary ammonium, a second OH radical induces the detachment of NC3H8

+

dimethylaminomethylene iminium cation and the formation of a hydroxyl group. In the case of
attack at the glycerol unit, the formation of a C=C double bond induces the detachment of a CO2

molecule; finally, the attack of a second OH brings to the formation of an alcohol.
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Binding, activation, and reaction free energies for each adduct are reported in Table 1,
while the scans of singlet and triplet PESs along the radical propagation coordinate are
reported in Figure 8.

Table 1. Molecular interaction and radical propagation for the Cu(II)·Aβ·(OH)2•−·PC models and
fatty acid chains for 4C and 5C. Binding, activation, and reaction free energy differences (∆Gb, ∆G‡,
and ∆Gr, respectively) are in kcal/mol.

Cu(II)
Coordination Attack Site ∆Gb ∆G‡ ∆Gr

4C N-CH3 −2.9 26.9 22.8
CH2 6.8 23.6 5.3
CH 3.7 15.1 6.9

5C CH 0 15.9 −1.2
4C 16:0 8.5 16.6 16.2

18:1 6.3 11.7 −1.4
18:2 4.5 2.7 −15.4

5C 16:0 11.4 10.6 11.1
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corresponding free energies (binding, barrier, and reaction) are reported in Table 1.

Upon hydrogen abstraction, the final product is the Cu(II)·Aβ·(H2O)(OH)−·PC•

adduct in which the OH radical is reduced to a water molecule, leaving a radical car-
bon on the oxidized PC. The Cu atomic charges are slightly reduced upon H abstraction
(on average, 1.20 e) with two unpaired electrons localized on the radical carbon atom and
on the metal ion (see Figure S5 in Supplementary Materials). The S = 0 broken-symmetry
and S = 1 solutions are very close in energy. The propagation toward CH sn-2 implies
an activation free energy barrier of 15.1 kcal/mol, which makes this process chemically
feasible. Oxidation of CH2 sn-3 and quaternary ammonium groups are much less favorable,
with activation barriers of 23.6 and 26.9 kcal/mol, respectively.

In the case of the propagation toward the CH sn-2 group, we investigated the reac-
tivity of the 5C coordination (see Figure S7 in Supplementary Materials) with the aim of
elucidating the influence of the fifth His ligand on the reaction free energy, according to the
following mechanism:
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the formation of a four-coordinated form. Here, the activation barrier does not change
significantly (+0.8 kcal/mol), but the ∆Gr value decreases by 8.1 kcal/mol.

2.4. Fatty Acid Aliphatic Chains, Structure, and Reactivity toward Cu(II)-Aβ-OH

In this section, we report the results of the reactivity of the Cu(II)·Aβ·(OH)2
•− models

toward the saturated and polyunsaturated fatty acid chains considering the first step of
lipid peroxidation [49], an oxidative chain reaction responsible for membrane damage
induced by oxidative stress. The first step of this process is the hydrogen abstraction
from a methylene C-H bond adjacent to the carbon–carbon double bond (monoallylic or
bis-allylic position), especially in polyunsaturated fatty acids. Upon hydrogen abstraction
by OH, a secondary CH• radical is formed, which then further propagates in the presence
of an oxygen molecule, yielding various products, including highly reactive electrophilic
aldehydes (such as malondialdehyde and 4-hydroxynonenal) [50,51].

We considered the methyl ester of three fatty acids, reported in Figure 9, chosen on
the basis of the lipid raft composition (in mole %) of the human frontal brain cortex in AD
patients [52] (16:0 is present at 23.6%, 18:1 (ω-9) at 15.2% and 18:1 (ω-6) at 0.8%).
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Figure 9. The structure of the three-fatty-acid methyl ester considered in this paper to model the
initial step of the lipid peroxidation process in the presence of Cu(II)·Aβ·(OH)2

•−. The 16:0 chain
is not the target of the lipid peroxidation but it allows a direct comparison of the oxidation power
of OH coordinated to Cu(II) vs. free OH species; in 18:1 and 18:2, the attacks to the allylic and
bis-allylic CH2 positions are considered, respectively, with the formation of an allyl and a pentadienyl
radical species.

The Cu(II)·Aβ·(OH)2
•− fatty acid adducts (see Figure S4 in Supplementary Materials)

have been generated by searching the minimum energy structure in which the OH ligand
on Cu(II) approached the hydrogen atom of the C-H under attack. All the structures



Inorganics 2023, 11, 227 10 of 15

considered are characterized by a hydrogen bond between the ligand coordinated to Cu(II)
and the carbonyl of the ester group, but the binding is not favored by 7.6 kcal/mol on
average. The singlet and triplet PES scans along the OH propagation coordinates are
reported in Figure 10.
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Figure 10. S = 0 and S = 1 PES scanning along the approaching coordinate between the oxygen
atom of the OH, coordinated to Cu(II), and the H atom that belong to a CH2 group of the fatty acid
methyl ester aliphatic chain (see Figure 9). 4C refers to the 4-coordinated Cu(II)·Aβ·(OH)2

•− portion.
Distances in Å, total energy differences in kcal/mol. For each scan, the corresponding binding barrier
and reaction free energies are reported in Table 1.

By increasing the unsaturation number, we observed that the transition state structure
becomes closer to the initial reactant (increasing the O···H distance), and consequently, the
free energy barrier decreases. For 16:0, we compute a free energy barrier of 16.6 kcal/mol,
suggesting that the attack toward a saturated fatty acid chain is still chemically feasible
although slow, while for 18:1 and 18:2, the barriers are lower (11.7 and 2.7 kcal/mol,
respectively), so these processes are much faster. The case of 18:1 is peculiar. Along the
coordinates, we found a second local minimum higher in energy compared to the first one
by 5.5 kcal/mol. The final product is the Cu(II)·Aβ·(H2O)(OH)−·(-C•H-) adduct in which
the OH radical is reduced to a water molecule, leaving a secondary carbon radical on the
aliphatic chain.

In the case of 18:1 and 18:2, we observe the formation of allylic and bis-allylic radicals,
respectively, which stabilize the final product by resonance. S = 1 and broken symmetry
S = 0 states are very close in energy. The copper ion is still in a Cu(II) redox state, with one
unpaired electron localized on the radical carbon atom and the other on the copper ion (see
Figure S6 in Supplementary Materials).

We finally considered the comparison between 4C and 5C coordination in the case
of the 16:0 moiety (see Figure S8 in Supplementary Materials), as in the case of the PC
oxidation pathways reported above. Starting from 5C coordination, the H abstraction
process is thermodynamically and kinetically more favored (∆G‡ and ∆Gr decrease by
6.0 and 5.1 kcal/mol, respectively).

3. Discussion and Conclusions

The DFT modeling proposed led to a picture of the OH reactivity toward phospholipid
oxidation that reveals new and interesting aspects.

The approach of PC moiety to Cu(II)-Aβ-OH coordination has been investigated
using the Cu(II)·Aβ(1-7)·(OH)2

•− model, observing that the phosphate group is very
likely to form an ion–ion interaction with the positively charged side chain of Arg5 or
a Cu-OPO3 bond. These interactions stabilize the adducts between PC and copper OH
amyloid coordination, and the Cu-OPO3 one could contribute to the broadening of the 31P
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NMR spectra observed by Gehman et al. [53] in model membranes associated with copper
Aβ complexes.

We investigated the OH propagation toward three possible sites of a phosphatidyl-
choline model (Figure 5) and toward the aliphatic chain of three fatty acids with increasing
unsaturation (Figures 7 and 9). Once Cu(II)·Aβ·(OH)2

•− has reached the PC, only the
hydrogen abstraction at sn-2 CH is viable (∆G‡ = 15.9 kcal/mol) due to the formation of
a more stable tertiary radical—CH2-C•-CH2-, and when 5C coordination is involved, the
process is also slightly exergonic.

Next, we considered the hydrogen atom abstraction from one saturated and two
unsaturated fatty acid aliphatic chains (Figure 9). We observed that the ∆G‡ decreases
almost linearly with the increase in unsaturation, due to the higher stability of the allyl
and then pentadienyl radicals. Remarkably, saturated fatty acid chains are not the target
of lipid peroxidation, but the computation of ∆G‡ for 16:0 is a precise estimation of the
Cu(II)·Aβ·(OH)2

•− less oxidizing power (see Figure S9 in Supplementary Materials), a fact
that also implies that Cu(II)-Aβ-OH propagation processes are slower than those induced
by solvated OH.

Also noteworthy is that if on the one hand, Cu(II)·Aβ is a protective agent against
radical species, on the other hand, it is also paradoxically able to increase the lifetime
of the OH radicals and thus increase the risk of oxidative damage at the cellular level.
Indeed, Cu(II)·Aβ has a sort of redox neuroprotective system since it is less efficient in OH
production than the free Cu(II) in solution. At the same time, Cu(II)·Aβ·(OH)2

•− is less
oxidant than free OH but it is still a sufficiently strong oxidant to induce oxidative stress.
In particular, it has a much longer lifetime, allowing it to diffuse into the cell membrane
lipid bilayer, where it starts lipid peroxidation. These results can also be seen in the context
of the mechanism of Aβ neurotoxicity. It has recently been proposed that the Aβ small
oligomers may penetrate [54] and aggregate within the membrane, forming unregulated
and heterogeneous ion channels [55–57] which would allow ion dyshomeostasis [58],
leading to cellular degeneration. In this context, it is useful to remind the reader that
numerous studies [59–61] underline the important role of neuronal Ca2+ dyshomeostasis in
AD. A recent investigation [62] showed that oxidized membranes are prone to form native
and oxidized domains which can induce a poration process [63]. In the hypothesis of an
active role of Cu-Aβ-OH in the oxidation of the neuronal membrane, as suggested by our
simulations, this would favor the poration and therefore the dyshomeostasis of calcium.

In conclusion, the understanding of the molecular mechanism of Cu-Aβ ROS produc-
tion and propagation is crucial in the perspective of a better comprehension of AD etiology
and hopefully for a therapeutic strategy.

It is well established that Cu(II)-Aβ is redox-active and catalyzes the formation of
OH coordinated to the metal ion. OH radicals produced by Cu(II)-Aβ are added to those
normally produced at the cellular level [64] but most likely in the extracellular area. Since
OH radicals coordinated to Cu(II)-Aβ have an attenuated redox potential, one may wonder
if they can attack cell membranes by radical propagation. DFT investigation of such
reactivity suggests that Cu(II)-Aβ-OH can attack the sn-2 CH of the phosphocholine polar
head and the mono- and bis-unsaturated fatty acid chains on a slower time scale compared
to the free solvated OH radical. We can then infer that the Cu(II)-Aβ-OH structure described
in this paper could be one of the copper Aβ species responsible for oxidative stress in AD.

4. Computational Details

The DFT computations were performed using the pure GGA BP86 [65,66] DFT func-
tional and RI technique [67], as implemented in TURBOMOLE [68]. Basis sets of triple-ζ
plus polarization split valence quality [69] (def2-TZVP) were adopted for all atoms. The
solvent effect was accounted for by using the COSMO (Conductor-like Screening Model)
approach [70]. Water solvation was considered by setting the dielectric constant equal
to 80 in the investigation of the PC reactivity. In the case of fatty acids, we considered a
dielectric constant value of 4, thus mimicking the interior of a membrane. More in general,
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this computational setting provides ground-state geometry parameters in good agreement
with experimental X-ray values [71]. 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 hartree bohr for the
gradient norm vector. For investigation of the fatty acid chain oxidation, D3 Grimme
empirical dispersion correction [72] was adopted. The effects of ZPE, thermal, and entropic
contributions on the purely electronic total energy values to compute free energies were in-
vestigated by means of evaluation of the approximated roto-translational partition function
of each molecular species, at T = 298 K and P = 1 bar.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/inorganics11060227/s1, Table S1: DFT speciation of
Cu(II)(OH)2

−·Aβ(1-7); Table S2–Figure S3: Cu(II)(OH)2
−·Aβ(1-7)·PC; Figure S4: Structures of the

Cu(II)(OH)2
−·Aβ(1-2) fatty acid chain adducts; Figures S5 and S6: NBO spin population of the final

products; Cu(II)(OH)2
−·Aβ(1-2)·PC PES scans for 4C and 5C coordination; Figures S7–S9: Reactivity

of free OH radical with 16:0 palmitic acid.
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