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ABSTRACT: Amyloid β (Aβ) is a Cu-binding peptide that plays
a key role in the pathology of Alzheimer’s disease. A recent report
demonstrated that Aβ disrupts the Cu-dependent interaction
between cellular prion protein (PrPC) and N-methyl-D-aspartate
receptor (NMDAR), inducing overactivation of NMDAR and
neurotoxicity. In this context, it has been proposed that Aβ
competes for Cu with PrPC; however, there is no spectroscopic
evidence to support this hypothesis. Prion protein (PrP) can bind
up to six Cu(II) ions: from one to four at the octarepeat (OR)
region, producing low- and high-occupancy modes, and two at the
His96 and His111 sites. Additionally, PrPC is cleaved by α-
secretases at Lys110/His111, yielding a new Cu(II)-binding site at
the α-cleaved His111. In this study, the competition for Cu(II) between Aβ(1−16) and peptide models for each Cu-binding site of
PrP was evaluated using circular dichroism and electron paramagnetic resonance. Our results show that the impact of Aβ(1−16) on
Cu(II) coordination to PrP is highly site-specific: Aβ(1−16) cannot effectively compete with the low-occupancy mode at the OR
region, whereas it partially removes the metal ion from the high-occupancy modes and forms a ternary OR-Cu(II)-Aβ(1−16)
complex. In contrast, Aβ(1−16) removes all Cu(II) ions from the His96 and His111 sites without formation of ternary species.
Finally, at the α-cleaved His111 site, Aβ(1−16) yields at least two different ternary complexes depending on the ratio of PrP/
Cu(II)/Aβ. Altogether, our spectroscopic results indicate that only the low-occupancy mode at the OR region resists the effect of
Aβ, while Cu(II) coordination to the high-occupancy modes and all other tested sites of PrP is perturbed, by either removal of the
metal ion or formation of ternary complexes. These results provide important insights into the intricate effect of Aβ on Cu(II)
binding to PrP and the potential neurotoxic mechanisms through which Aβ might affect Cu-dependent functions of PrPC, such as
NMDAR modulation.

■ INTRODUCTION

Alzheimer’s disease (AD) is a chronic neurodegenerative
disorder that causes progressive cognitive decline.1 The World
Health Organization recognizes AD and other dementias as the
seventh cause of death worldwide in 2019.2 According to the
World AD report 2015, there are 46.8 million people living
with dementia, from which 60−70% of the cases correspond to
AD.3 Brain tissue from AD patients is characterized by
extracellular accumulation of fibrillar amyloid β (Aβ) peptide,
forming amyloid plaques.1 Aβ is a Cu(II)-binding peptide
produced by the sequential cleavage of the amyloid precursor
protein (APP) by β- and γ-secretases.4 Although Cu(II)
coordination to Aβ is well-known, its physiological and
pathological implications remain unclear.4 AD patients and
mice models show alterations in Cu homeostasis: this metal
ion is accumulated in amyloid plaques,5−8 decreased in
degenerated brain regions,9−11 and increased in serum.12,13

Thus, it has been proposed that amyloid aggregates form a sink
of Cu, contributing to the disruption of metal homeostasis and
promoting oxidative stress.14 Indeed, several in vitro studies
show that the Cu(II)-Aβ complex produces reactive oxygen

species, which might be involved in the oxidative damage
observed in AD patients.15 Hence, Cu removal from amyloid
plaques has been proposed as a therapeutic approach to treat
AD.14 However, molecules that target metal ions have shown
limited benefits for AD patients in clinical trials (phase II),16,17

suggesting that the role of Cu(II)-Aβ interaction is beyond Cu
accumulation in amyloid plaques and oxidative stress.18

Recently, another Cu-binding proteinthe cellular prion
protein (PrPC)was involved in a neurotoxic mechanism of
Aβ that induces neuronal hyperexcitability.19 PrPC is a
membrane-anchored protein, which is mainly expressed in
the central nervous system (CNS), particularly in the pre- and
postsynaptic compartments.20,21 PrPC has been associated with
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important cellular processes, such as memory and learning,
neuritogenesis, neurogenesis, metal-ion homeostasis, and cell
adhesion.21 Although the mechanisms by which PrPC is
implicated in memory and learning are not well understood, it
has been demonstrated that PrPC modulates the N-methyl-D-
aspartate receptor (NMDAR) in a Cu-dependent manner.19,22

NMDAR is a ligand-gated calcium channel, the activation of
which requires binding of Glu (the agonist) and Gly (the
coagonist).23 Ca entry through these receptors plays an
important role in synaptic changes that occur during memory
and learning acquisition;24 however, NMDAR overactivation
causes neurotoxicity,25 and it has been associated with the
neuronal hyperactivity observed in AD mice models and
patients.26,27 Indeed, memantine, an antagonist of NMDAR, is
one of the four drugs currently approved to treat AD.28 Two
neuromodulation mechanisms of NMDAR activity that are Cu-
and PrPC-dependent have been proposed: reaction between
nitric oxide (NO) and Cys residues at NMDAR and direct
binding of PrPC to NMDAR.19,22 Both mechanisms induce a
decrease in Ca currents through NMDAR and protect neurons
from hyperexcitability.19,22 Consistently, mice that are devoid
of PrPC or the Cu transporter ATP7A (copper-transporting P-
type ATPase) show an increased susceptibility to neuronal
damage by the overactivation of NMDAR.29,30 Interestingly,
Aβ and other Cu chelators promote cell death by disruption of
the interaction PrPC-NMDAR, suggesting that Aβ can compete
for Cu with PrPC.19

In the past decade, the coordination chemistry of Cu(II)
binding to prion protein (PrP) and Aβ has been deeply
characterized by several spectroscopic techniques.31−34 At
physiological pH, Aβ coordinates Cu(II) with high affinity (Kd

∼ 10 − 0.1 nM), displaying two coordination modes (Figure 1

b).31,35 On the other hand, PrP can bind up to six Cu ions with
different affinities (Kds from 10 nM to 12 μM):36,37 from one
to four Cu(II) ions bind His residues at the region called
octarepeat (OR),37 which is constituted of an octapeptide
(PHGGGWGQ) that is repeated four times, and two
additional Cu(II) ions bind at His96 and His111 in the
nonoctarepeat (non-OR) region (Figure 2a).34,38

Particularly, Cu(II) coordination at the OR region is highly
dependent on the ratio of Cu(II)/PrP. When the concen-

tration of Cu(II) is low (1:4 Cu/protein ratio), one Cu(II) is
bound with high affinity (Kd ∼ 10 nM) using three or four His
residues; this coordination mode is named component 3 or the
low-occupancy mode (Figure 2b).37,39 At a high concentration
of Cu(II), each His residue can coordinate one Cu(II) ion with
low affinity (Kd ∼ 7 to 12 μM), leading to coordination modes
known as components 1 and 2 or high-occupancy modes
(Figure 2c).37,39

At the non-OR region, Cu(II) is bound with a binding
affinity (Kd ∼ 40−70 nM) that falls between of the low- and
high-occupancy modes of the OR region.40 The chemical
environments around the Cu(II) ions bound at His96 and
His111 are almost identical; in both cases, the Cu(II)-PrP
complexes display two coordination modes: 3N1O and 4N
modes (Figure 2d).41,42 Interestingly, PrPC is cleaved in the
vicinity of the His111 site by ADAM8.43−45 A high amount of
α-cleaved PrPC products have been detected in human brain,
reaching up to 45% of the total PrPC.44 α-Cleavage of PrPC

occurs at Lys110/His111, yielding two fragments: N1 (Lys23−
Lys110) that is released to the extracellular space and
C1(His111−Ser230) that remains attached to the cellular
membrane with a free NH2 group at the N-terminal (Figure
3a).46 N1 conserves intact the Cu(II)-binding sites at its OR
region and His96, while C1 preserves His111 but lacks the
residues that would provide the amide groups that participate
in Cu(II) coordination to the full-length PrP.47 Recently, the
Cu(II) binding to a peptide that models the α-cleaved His111
site was studied by circular dichroism (CD), electron
paramagnetic resonance (EPR), and NMR, revealing the
formation of two different coordination modes that depend on
the relative concentrations of Cu(II) and PrP.47 Mode I is
formed at low Cu(II) equiv (from 0.2 to 0.5), while mode II is
observed from 0.6 to 1.0 equiv.47 Interestingly, the formation
of Cu(II)/peptide complexes in a ratio of 1:2 has been
proposed for modes I and II (Figure 3b,c).47 Unfortunately,
there is no information about the Cu(II) binding affinity at the
α-cleaved His111 site of PrP.
In order to dissect the effect of Aβ on the dynamic and

complex Cu(II) coordination to PrP, we evaluated the
competition for Cu(II) between Aβ(1−16) and peptide
models for each metal-binding site at the OR and non-OR
regions, as well as the α-cleaved His111 site, using EPR and
CD.

■ RESULTS

Low-Occupancy, but Not the High-Occupancy, Mode
at the OR Region Resists the Impact of Aβ(1−16). The
low-occupancy mode or component 3 (Figure 2b) was
prepared using a Cu(II)/PrP(60−91) ratio of 0.25:1.0 at pH
7.5, yielding a CD spectrum with no apparent signals (olive-
green spectrum, Figure 4a), and an EPR spectrum with a set of
signals with g|| = 2.260 and A|| = 190 × 10−4 cm−1 (olive-green
spectrum, Figure 4b), consistent with previous reports.37

Component 3 was titrated by Aβ(1−16) in order to evaluate
the changes in Cu(II) coordination. Upon the addition of 2.0
equiv of Aβ(1−16), the EPR spectrum preserves the signals of
component 3, including the characteristic N superhyperfine
splitting at the perpendicular region (red spectrum, inset in
Figure 4b). However, an EPR signal with g|| = 2.240 and A|| =
157 × 10−4 cm−1 is also present (red spectrum, Figure 4b and
Table 1) and corresponds to a small amount of Cu(II) bound
to Aβ(1−16). This is consistent with the presence of a weak-
intensity CD signal at 31400 cm−1 (red spectrum, Figure 4a),

Figure 1. Cu(II) coordination to the Aβ peptide: (a) schematic
representation of Aβ, showing the anchoring residues for Cu(II) at its
N-terminal; (b) Cu(II) coordination modes proposed for modes I
and II.31

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.1c00846
Inorg. Chem. XXXX, XXX, XXX−XXX

B



associated with the deprotonated amide N− to Cu(II) ligand-
to-metal charge-transfer (LMCT) band observed in the
Cu(II)-Aβ(1−16) complex.48 To estimate the contribution
of Cu(II)-Aβ(1−16) species, the spectra of component 3 and
Cu(II)-Aβ(1−16) were added at different ratios, obtaining the
best fit with 30% of Cu(II)-Aβ(1−16) and 70% of component
3 (dashed black lines, Figure 4). Thus, these results show that
Aβ(1−16) cannot effectively take out Cu(II) from component
3, even when the concentration of Aβ(1−16) is 2-fold higher

than that of PrP(60−91). Although the dissociation constants

reported for Aβ(1−16) (KdCuAβ ∼ 10 − 0.1 nM)35 and

component 3 (KdCuC3 ∼ 10 nM)37 suggest that Aβ(1−16) has

an equal or a higher affinity for Cu(II) than component 3, the

formation constant of component 3 seems to be higher than

that of the Cu-Aβ(1−16) complex; therefore, component 3 is

the dominant species even at an excess of Aβ(1−16) under our

experimental conditions.

Figure 2. Cu(II) coordination to PrP: (a) schematic representation of PrPC, showing the anchoring sites for Cu(II) at its N-terminal; (b−d)
Cu(II)-coordination modes proposed for each metal-binding site at PrP.
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The high-occupancy modes or components 1 and 2 (Figure
2c) were prepared using a Cu(II)/PrP(60−91) ratio of 2:1 at
pH 7.5, displaying a CD spectrum with a high-intensity LMCT
band at 29380 cm−1, a positive d−d band at 17330 cm−1, and a
negative one at 14500 cm−1 (dark-green line, Figure 5a), which
are characteristic signals of component 1.49 Although
component 2 is formed under these conditions, a previous
report demonstrated that it is not CD-active.37 The EPR
spectrum shows two sets of signals: one with g|| = 2.246 and A||

= 169 × 10−4 cm−1 and another one with g|| = 2.279 and A|| =
170 × 10−4 cm−1 (dark-green spectrum, Figure 5b and Table
1), corresponding to components 1 and 2, respectively.37 Also,
the signals previously assigned to the Cu−Cu dipolar coupling
between the component 1 centers are observed at g|| = 2.18 and
1.94 (green asterisks, Figure 5b).37 After the addition of 0.4
equiv of Aβ(1−16), the CD spectrum changes drastically
(light-green line, Figure 5a) and the bands associated with
component 1 decrease significantly, while two new signals
become evident: a negative d−d band at 20270 cm−1 and a
positive LMCT band at 31870 cm−1. Consistently, in the
parallel region of the EPR spectrum, the signals of component
1 decrease (light-green spectrum, Figure 5b); however, a set of

signals with a g|| value similar to that of component 3 appears
(Figure S1b), and the N superhyperfine splitting becomes
more evident (light-green line, inset in Figures 5b and S1b). It
is important to note that the new CD signals are similar to
those previously reported for a ternary OR1-Cu(II)-Aβ(1−16)
complex, where a single octapeptide (OR1) that can only form
component 1 yields stoichiometric formation of the ternary
species.50 Hence, a ternary OR4-Cu(II)-Aβ(1−16) complex is
formed under our conditions at the expense of component 1.
However, in this study, the use of a peptide with four repeats of
the octapeptide (OR4) allows the formation of components 1−
3, and thus only a small amount of the ternary OR4-Cu(II)-
Aβ(1−16) complex is formed at the expense of component 1,
whereas the formation of component 3 is favored (light-green
line, Figure S1b). Although this ternary complex is part of a
mixture that includes components 1, 2 and 3, the latter two are
not CD-active; thus, the CD spectrum of the ternary OR4-
Cu(II)-Aβ(1−16) species was obtained by the subtraction of
reminiscent component 1 (Figure S2), yielding all of the
characteristic signals of the previously reported OR1-Cu(II)-Aβ
complex: two d−d bands, a positive one at 15528 cm−1 and a
negative one at 20149 cm−1, as well as two LMCT bands at

Figure 3. Cu(II) binding to the C1 fragment of the α-cleaved PrP: (a) schematic representation of PrPC showing its α-cleavage site; (b and c)
Cu(II)-coordination modes proposed for the α-cleaved His111 site of PrP.
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27863 and 32303 cm−1.50 Moreover, the intensities of these
CD signals are consistent with the formation of ∼0.4 equiv of
the ternary complex (Figure S2). These spectroscopic data
indicate that component 1 forms a ternary OR4-Cu(II)-Aβ

complex, and it might favor the population of component 3,
even when the ratio of Cu(II)/OR is not significantly
perturbed, suggesting that Aβ(1−16) has a significant impact
on the equilibria between components 1−3.

Figure 4. Titration of the low-occupancy mode of PrP or component 3 with Aβ(1−16), followed by CD (a) and EPR (b). Spectra of component 3
and Cu(II) bound to Aβ(1−16) are shown as olive-green and continuous black lines, respectively. The red spectra correspond to the titration of
component 3 by 2.0 equiv of Aβ(1−16). Dashed black lines result from the addition of 30% of the Cu(II)-Aβ(1−16) spectra and 70% of the
component 3 spectra. In the EPR spectra (b), the A|| values are given in 1 × 10−4 cm−1 and the inset shows the second derivative of the
perpendicular region.

Table 1. EPR Parameters of Cu(II) Species Formed during Titrations of the Cu(II)-PrP Complexes by Aβ(1−16)a

sample coordination mode g|| A||(1 × 10−4 cm−1) f factor (gz/Az)

Cu(II)-Aβ(1−16) mode I 2.272 179 127

mode II 2.237 157 142

Cu(II)-PrP(60−91)_low-occupancy mode component 3 2.260 190 119

Cu(II)-PrP(60−91)_low-occupancy mode + 2.0 equiv of Aβ(1-16) component 3 2.260 190 119

Cu(II)-Aβ(1−16)_mode II 2.240 157 143

Cu(II)-PrP(60−91)_high-occupancy modes component 2 2.279 170 134

component 1 2.246 169 133

Cu(II)-PrP(60−91)_high-occupancy modes + 0.4 equiv of Aβ(1−16) component 3 2.256 192 118

component 1 2.236 167 134

Cu(II)-PrP(60−91)_high-occupancy modes + 1.0 equiv of Aβ(1−16) mode I 2.265 183 124

mode II 2.243 155 145

Cu(II)-PrP(60−91)_high-occupancy modes + 2.0 equiv of Aβ(1−16) mode I 2.269 180 126

mode II 2.238 156 143

Cu(II)-PrP(92−99) 3N1O/4N 2.228 184 121

Cu(II)-PrP(92−99) + 2.0 equiv of Aβ(1−16) mode I 2.272 178 128

mode II 2.243 157 143

Cu(II)-PrP(106−115) 3N1O/4N 2.226 178 125

Cu(II)-PrP(106−115)+ 2.0 equiv of Aβ(1−16) mode I 2.274 173 131

mode II 2.238 156 143

Cu(II)-PrP(111−116) mode I 2.242 184 122

Cu(II)-PrP(111−116) + 2.0 equiv of Aβ(1−16) ternary mode I-like complex 2.248 185 122

Cu(II)-PrP(111−116) mode II 2.261 181 125

Cu(II)-PrP(111−116) + 2.0 equiv of Aβ(1−16) ternary mode I-like complex 2.254 186 121

Cu(II)-Aβ(1−16)

Cu(II)-PrP(111−115)_mode I
aThe parameters associated with mode I and a mode I-like complex were obtained from the EPR simulations shown in Figure S10.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.1c00846
Inorg. Chem. XXXX, XXX, XXX−XXX

E



Further additions of Aβ(1−16) to reach 1.0 equiv yield an

EPR spectrum where modes I and II of the Cu(II)-Aβ(1−16)

complex are clearly present (orange line, Figure 5b), while the

intensity of the characteristic N superhyperfine splitting of

component 3 increases (orange line, inset in Figure 5b).

Interestingly, only small changes are observed in the CD

spectrum in the ligand-field region, where the negative band

associated with the ternary OR4-Cu(II)-Aβ(1−16) species

remains at 20149 cm−1 and the contribution of the negative d−

d band of Cu(II)-Aβ(1−16) becomes evident (orange line,

Figure 5. Titration of the high-occupancy modes Cu(II)-PrP(60−91) with Aβ(1−16) followed by CD (a) and EPR (b). The spectra of the high-
occupancy modes and Cu(II) bound to Aβ(1−16) are shown as dark-green and continuous black lines, respectively. Light-green, orange, and red
spectra correspond to titration of the high-occupancy modes by 0.4, 1.0, and 2.0 equiv of Aβ(1−16), respectively. In the EPR spectra (b), the A||

values are expressed in 1 × 10−4 cm−1 and inset shows the second derivative of the perpendicular region. Green asterisks point to the signals
associated with the Cu−Cu dipolar coupling between the component 1 centers.

Figure 6. Titration of the Cu(II)-PrP(92−99) complex with Aβ(1−16) followed by CD (a) and EPR (b). The spectra of the Cu(II)-PrP(92−99)
complex are shown as pink lines, dashed pink lines correspond to titration by Aβ(1−16) in aliquots of 0.2 equiv up to 1.0 equiv, and the red spectra
result from the addition of 2.0 equiv of Aβ(1−16). The spectra of Cu(II) bound to Aβ(1−16) are included for comparison (continuous black
lines). In the EPR spectra (b), the A|| values are expressed in 1 × 10−4 cm−1, and the inset shows the second derivative of the perpendicular region.
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Figure 5a). After the addition of the second equiv of Aβ(1−
16), the EPR and CD spectra are practically identical with
those of the Cu(II)-Aβ(1−16) complex; however, the
perpendicular region of the EPR spectrum still shows a N
superhyperfine pattern reminiscent of component 3 (red
spectra, inset in Figure 5b). To estimate the contribution of
component 3 at the end point of the titration, the CD and EPR
spectra of Cu(II)-Aβ(1−16) were added at different ratios,
obtaining the best fit with 40% of component 3 and 60% of
Cu(II)-Aβ(1−16), as shown in Figure S3.
Altogether, these results indicate that the effect of Aβ(1−16)

on Cu(II) coordination at the OR region is highly
pleomorphic: at a low Cu(II)/PrP ratio that favors component
3, Aβ(1−16) cannot effectively compete for Cu(II), while at a
higher Cu(II)/PrP ratio, Aβ(1−16) partially competes for
Cu(II) with the high-occupancy modes, forms a ternary
complex at the expense of component 1, and perturbs the
equilibria between the different Cu(II)-PrP species.
Aβ(1−16) Takes Cu(II) Away from the His96 and

His111 Sites at the Non-OR Region. To study how Aβ(1−
16) impacts Cu(II) coordination at the non-OR region, the
His96 and His111 sites were modeled by the PrP(92−99) and
PrP(106−115) fragments, respectively. The Cu(II)-PrP(92−
99) complex at pH 7.5 displays a negative d−d band at 16718
cm−1 and a positive one at 19871 cm−1, as well as a positive
LMCT band at 28624 cm−1 and a negative one at 32388 cm−1

in the CD spectrum (pink spectrum, Figure 6a), while only a
set of signals with g|| = 2.228 and A|| = 184 × 10−4 cm−1 was
observed by EPR (pink lines, Figure 6b and Table 1). These
signals correspond to a mixture of the 3N1O and 4N modes
(Figure 2c), as previously reported.41 Upon titration by Aβ(1−
16), all CD signals associated with the Cu(II)-PrP(92−99)
complex gradually decrease (dashed-pink lines, Figure 6a),
whereas the CD signals of Cu(II) bound to Aβ(1−16) become

evident with 1.0 and 2.0 equiv (red spectrum, Figure 6a).
Consistently, the EPR spectrum of the end point of the
titration is identical with that of the Cu(II)-Aβ(1−16)
complex (red spectrum, Figure 6b). According to these results,
Aβ(1−16) can effectively compete for Cu(II) with His96.
For the case of His111, Cu(II) bound to PrP(106−115) at

pH 7.5 yields a CD spectrum with a positive d−d band at
15676 cm−1 and a negative one at 20277 cm−1, as well as a
negative LMCT band at 28305 cm−1 and a positive one at
32061 cm−1, while a set of signals with g|| = 2.226 and A|| = 178
× 10−4 cm−1 is observed by EPR (pink lines, Figure 7 and
Table 1). These signals are characteristic of a mixture of the
3N1O and 4N modes, as previously reported.42 After the
addition of increasing amounts of Aβ(1−16), all CD signals of
the Cu(II)-PrP(106−115) complex decrease (dashed purple
lines, Figure 7a), whereas a negative d−d band at 17320 cm−1

and a positive signal at 31450 cm−1 are clearly observed with
1.0 and 2.0 equiv (red spectrum, Figure 7a), both
corresponding to the Cu(II)-Aβ(1−16) complex. Consistently,
the EPR spectrum of the end point of the titration shows the
characteristic signals of Cu(II) bound to Aβ(1−16) (red
spectrum, Figure 7b), indicating that Aβ(1−16) can also take
away Cu(II) from the His111 site.
Overall, these results show that the two non-OR binding

sites lose Cu(II) in the presence of Aβ(1−16), which is
consistent with the dissociation constants reported for His96
and His111 (Kd ∼ 40−70 nM)40 and Aβ(1−16) (Kd ∼ 10 −
0.1 nM).35

Aβ(1−16) Forms Ternary Complexes at the α-Cleaved
His111 Site. The peptide PrP(111−116) was used as a model
of the α-cleaved His111 site. Mode I (Figure 3b) was prepared
by adding 0.2 equiv of Cu(II) to PrP(111−116), displaying a
CD spectrum with a negative LMCT band at 30606 cm−1 and
a positive d−d transition at 14596 cm−1 (light-blue line, Figure

Figure 7. Titration of Cu(II)-PrP(106−115) complex with Aβ(1−16) followed by CD (a) and EPR (b). The spectra of Cu(II)-PrP(106−115)
complex are showed in purple lines, dashed-purple lines corresponds to the addition of Aβ(1−16) in aliquots of 0.2 equiv up to 1.0 equiv, and the
red spectrum results from the addition of 2.0 equiv of Aβ(1−16). The spectra of Cu(II)-Aβ(1−16) are included for comparison (continuous black
line). In the EPR spectra (b), A|| values are expressed in 1 × 10−4 cm−1, and inset shows the second derivative of the perpendicular region.
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8a), as well as EPR signals with g|| = 2.242 and A|| = 184 × 10−4

cm−1 (light-blue spectrum, Figure 8b and Table 1), consistent
with the previous report.46 Upon titration by Aβ(1−16), the
signal associated with the LCMT imidazole π1 to Cu(II) at
30606 cm−1 disappears, while the d−d band decreases in
intensity and shifts to 14925 cm−1 (red line, Figure 8a).
Consistently, at the end point of the titration, the g|| value of
the EPR signals shifts from 2.242 to 2.248 and the intensity of
the N hyperfine splitting becomes more evident (red spectra,

Figure 8b). No signals associated with the Cu(II)-Aβ(1−16)
complex were detected. These results indicate that the
chemical environment around Cu(II) changes upon the
addition of Aβ(1−16), but it is different from the Cu(II)-
Aβ(1−16) complex, suggesting the formation of a ternary α-
His111-Cu(II)-Aβ species. Interestingly, this species shares
some spectroscopic characteristics with mode I: a positive
band around 14000−15000 cm−1 that indicates a low splitting
of the d−d orbitals and an evident N superhyperfine pattern

Figure 8. Titration of the complex Cu(II)-PrP(111−116) mode I with Aβ(1−16) followed by CD (a) and EPR (b). The spectra of mode I and
Cu(II)-Aβ(1−16) are shown as continuous light-blue and black lines, respectively. Dashed light-blue spectra correspond to the addition of Aβ(1−
16) in aliquots of 0.2 equiv up to 1.0 equiv, and the red spectra result by the addition of 2.0 equiv of Aβ(1−16). In the EPR spectra (b), the A||

values are expressed in 1 × 10−4 cm−1, and the inset shows the second derivative of the perpendicular region.

Figure 9. Titration of the complex Cu(II)-PrP(111−116) mode II with Aβ(1−16) followed by CD (a) and EPR (b). The spectra of the mode II
and Cu(II)-Aβ(1−16) are shown as dark-blue and black lines. Light-blue, orange, and red spectra correspond to the titration of mode II by 0. 2,
1.0, and 2.0 equiv of Aβ(1−16), respectively. In the EPR spectra (b), the A|| values are expressed in 1 × 10−4 cm−1, and the inset shows the second
derivative of the perpendicular region.
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that suggests N-rich equatorial coordination. Hence, a new
ternary mode I-like complex is formed.
Mode II (Figure 3c) was prepared using a Cu(II)/PrP(111−

116) ratio of 0.8:1.0, yielding a CD spectrum with a negative
LMCT band at 35061 cm−1, a negative d−d transition at
19600 cm−1, and a positive one at 16485 cm−1 (dark-blue line,
Figure 9a), as well as a set of EPR signals with g|| = 2.261 and
A|| = 181 × 10−4 cm−1 (dark-blue spectrum, Figure 9b and
Table 1), consistent with the previous report.46 Upon the
addition of the first 0.2 equiv of Aβ(1−16), the CD spectrum
changes drastically, the band at 35061 cm−1 disappears, and
new signals are observed: a positive d−d band at 14555 cm−1

and a negative one at 20000 cm−1, as well as three LMCT
bands at 28277, 32072, and 38542 cm−1, appear (light-blue
line, Figure 9a). The resulting CD and EPR spectra do not
seem to have a contribution from the Cu(II)-Aβ(1−16)
complex. Although the EPR spectrum is dominated by mode II
signals, small intensity changes are observed in the N
superhyperfine region (light-blue line, inset in Figure 9b).
These results indicate that a small amount of Aβ(1−16)
significantly perturbs the nature of the Cu(II)-PrP(111−116)
complex, possibly forming a ternary α-His111-Cu(II)-Aβ
species, named the transient ternary complex. The CD
spectrum of this ternary species was obtained by subtraction
of reminiscent mode II from the light-blue spectrum (Figure
S4).
Surprisingly, upon the addition of 0.6 equiv of Aβ(1−16),

three of the signals associated with the transient ternary α-
His111-Cu(II)-Aβ species almost disappear (the d−d band at
20000 cm−1 and the LMCT bands at 28277 and 38542 cm−1,
most notably that at 38542 cm−1), while the d−d band at
14555 cm−1 remains present (orange spectrum, Figure 9a).
Interestingly, the latter CD signal is reminiscent of the ternary
mode I-like species described earlier. The EPR spectrum shows
at least two sets of signals in the parallel region that are similar
to mode II and the Cu(II)-Aβ(1−16) complex (orange
spectrum, Figure 9b). This is consistent with the CD signal
at 32072 cm−1 that corresponds to the Cu(II)-Aβ(1−16)

complex (orange spectrum, Figure 9a); however, the CD and
EPR spectra cannot be fitted by adding mode II and Cu(II)-
Aβ(1−16) (Figure S5). At this point of the titration, there is a
complex mixture that might include transient ternary α-
His111-Cu(II)-Aβ species, ternary mode I-like species, mode I,
and the Cu(II)-Aβ(1−16) complex (Figure S5).
Upon the addition of 2.0 equiv of Aβ(1−16), the

characteristic CD signals of the transient ternary species
disappear, while the signals associated with Cu(II) bound to
Aβ(1−16) are clearly detected, and the positive d−d band at
14550 cm−1 that might correspond to mode I and the mode I-
like complex is still observed (red spectrum, Figure 9a).
Consistently, the EPR spectrum can be fitted as a mixture of
Cu(II)-Aβ(1−16), mode I, and mode I-like species (Figure
S6).
Overall, these results indicate that the effect of Aβ(1−16) on

Cu(II) binding to the α-cleaved His111 site is highly
dependent on the starting coordination mode: Aβ(1−16)
addition to mode I quantitatively yields a ternary mode I-like
species, which is also observed upon the titration of mode II by
Aβ(1−16). However, in the latter, the formation of a transient
ternary species is also observed. The formation of a ternary α-
His111-Cu(II)-Aβ species suggests that Cu binding to the α-
cleaved His111 site yields complexes that are more stable,
compared to the uncleaved His111 site.

■ DISCUSSION

PrPC is a Cu(II)-binding protein that is highly abundant in the
CNS, particularly at the synaptic cleft,20 where Cu is released
in an activity-dependent manner51 and reaches concentrations
up to 100 mM.52 Both PrPC and Cu are involved in cellular
processes that are key for the development and function of the
CNS, such as modulation of Glu receptors,19,22,53 neurito-
genesis,54 and memory and learning.55−58 On the other hand,
Aβ is a Cu(II)-binding peptide produced during normal
neuronal activity,59 which is found at low concentrations in the
brains of cognitively normal individuals, but it is accumulated
in AD.60 The functional and pathological implications of the

Figure 10. Effect of Aβ on Cu(II) coordination to metal-binding sites at full-length PrP (a−c) and α-cleaved PrP (d and e).
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Cu binding to PrPC and Aβ remain unclear.4,54 Previously, it
was demonstrated that PrPC modulates NMDAR in a Cu-
dependent manner by direct binding to NMDAR, while Aβ
and other Cu chelators disrupt this neuromodulator mecha-
nism.19 In the present study, the effect of Aβ(1−16) on Cu(II)
coordination to the OR and non-OR sites was evaluated, as a
first step to understanding how Aβ can impact the neuro-
modulation of NMDAR and other Cu-dependent roles of
PrPC.
Impact of Aβ on Cu-Binding Sites at the OR Region.

The effect of Aβ(1−16) at the OR region depends on the
relative concentrations of Cu(II) and PrP (Figure 10a,b). At
low Cu(II) concentrations, Aβ(1−16) cannot remove more
than 30% of Cu(II) from component 3, with this species being
the only coordination mode that resists the effect of Aβ(1−
16). Apparently, the multi-His macrochelate (component 3) is
difficult to perturb, even when Aβ(1−16) provides good
Cu(II)-anchoring sites (free NH2 and His residues) that can
yield to the formation of stable five-membered chelate rings
(Figure 1b). Recently, it has been demonstrated that a
coordination mode that is spectroscopically identical with
component 3 is formed by three His residues from the OR
region at the N-terminal and one His from the C-terminal in
the full-length PrP.61 This cis-interdomain interaction induced
by Cu stabilizes a physiological conformation of PrPC.61 Our
spectroscopic results suggest that Aβ would not disrupt the cis-
interdomain contacts, leaving intact this physiologically
protective interaction. However, it is important to note that
the model used in this study does not include the C-terminal
domain of PrP; thus, further spectroscopic and functional
studies using the full-length PrP are required to evaluate the
impact of Aβ on the cis-interdomain interaction.
At high Cu(II) concentrations, Aβ(1−16) has a pleomor-

phic impact on Cu(II) binding to PrP: it removes ∼60% of
Cu(II) ions from the OR sites, forms a ternary OR4-Cu(II)-
Aβ(1−16) species with component 1, and induces the
formation of component 3, even when this species is not
favored by the Cu(II)/PrP ratio. These spectroscopic results
suggest that Aβ can promote functions associated with low-
occupancy modes at high Cu concentrations, while it could
interfere with the functions associated with high-occupancy
modes by removal of the metal ion and the formation of
ternary species. Interestingly, the cellular localization of PrPC is
controlled by a mechanism that depends on Cu and OR
sites.62 PrPC is found inside membrane microdomains, named
lipid rafts, which have an important role in cellular signaling.
The lateral movement of PrPC out of lipid rafts is induced by a
mechanism that requires high Cu concentrations and the OR
region,62 suggesting that the formation of high-occupancy
modes (components 1 and 2) works as a switch that promotes
dissociation of PrPC from lipid rafts.63 According to our
spectroscopic results, Aβ(1−16) could prevent the movement
of PrPC out of lipid rafts by the removal of Cu from
component 2 and the formation of ternary species with
component 1. Moreover, dissociation of PrPC from lipid rafts
triggers PrPC endocytosis,62 which is necessary to activate
important signaling pathways involved in learning and memory
and neuritogenesis.64,65 Thus, the impact of Aβ on the cellular
localization of PrPC could affect PrPC endocytosis and its
related functions.
Beyond the disruption of PrPC functions associated with

high-occupancy modes, the effect of Aβ on Cu(II)
coordination to the OR region could have further impacts

associated with the formation of ternary OR4-Cu(II)-Aβ
species. Therefore, understanding how Cu(II) induces the
interaction between Aβ and PrPC is crucial to dissecting the
intricate relationship between these two Cu(II)-binding
proteins. Further analysis of the spectroscopic features of the
ternary OR4-Cu(II)-Aβ(1−16) complex helps to identify the
plausible ligands involved. The CD spectrum of this ternary
species displays imidazole π1 to Cu(II) and deprotonated
amide to Cu(II) LMCT bands at 27863 and 32666 cm−1

(Figure 5a), revealing the presence of His residues and
deprotonated amides in the coordination sphere. Moreover,
the d−d transition at 20149 cm−1 suggests a large ligand-field
splitting (Figure 5a), as expected when deprotonated amides
are involved in Cu(II) coordination. Consistently, the d−d
bands (20149 and 15528 cm−1) with opposite signs resemble
those observed in peptides that coordinate Cu(II) using His
residues and deprotonated amides.66,67 Interestingly, the CD
spectrum of the ternary OR4Cu(II)-Aβ(1−16) complex shares
some characteristics with mode II of Cu(II) bound to Aβ(1−
16), including the types of LMCT bands, energy, signs, and
relative intensities of the two observed d−d transitions (Figure
S7). In particular, the Cotton effect of the d−d bands has been
empirically associated with a steric hindrance between the side
chains of the residues that provide the deprotonated amides:
bulky residues yield an intense negative d−d band at high
energy and a positive one at low energy, as observed in the
mode II of Cu(II) bound to Aβ(1−16), while Gly residues
yield the inverse Cotton effect, as observed for component 1.66

Thus, the similarity in the d−d bands of the ternary OR4-
Cu(II)-Aβ(1−16) complex and those of the Cu(II)-Aβ(1−16)
complex suggests that the deprotonated amide is provided by
Aβ(1−16), forming a stable five-membered chelate ring with
the free NH2, while PrP(60−91) could provide the His ligand.
A proposal of the coordination mode of the ternary OR4-
Cu(II)-Aβ(1−16) complex is shown in Figure S8. Although
further spectroscopic studies are required to identify
unequivocally the ligands involved in this ternary species,
this analysis provides important information to understand the
kinds of interactions behind the formation of a ternary PrP-
Cu(II)-Aβ complex. Even though PrPC binds at least 45
different proteins,68 the role of Cu in these interactions has
barely been explored. According to our spectroscopic results,
Aβ could interact with PrPC in a Cu-dependent manner by the
formation of a ternary PrP-Cu(II)-Aβ species at the OR region.
Interestingly, the propensity of PrPC to bind other molecules
has been associated with its ability to activate signaling
pathways.68 Thus, functional studies are necessary to explore
whether this ternary PrP-Cu(II)-Aβ species could have a role
in signal transduction.

Impact of Aβ on the Cu Binding at the Non-OR
Region. Aβ(1−16) completely removes Cu(II) ions from the
His96 and His111 sites without the formation of ternary
species (Figure 10c). In contrast to component 1 at the OR
region, the anchoring His residue at the non-OR sites is
followed by at least one bulky side chain, which possibly
prevents the formation of ternary species by steric hindrance.
Hence, Aβ can only affect PrPC functions that require Cu(II)
bound to the His96 and His111 sites by removal of the metal
ion but not by the formation of ternary species. Interestingly,
Aβ disturbs the Cu-dependent interaction of PrPC with
NMDAR in a manner identical with that of Cu chelating
agents, and this effect is reversible,19 suggesting that Aβ alters
the PrPC

−NMDAR binding by removal of the metal ion.
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According to our spectroscopic results, the His96 and His111
sites are the only sites that can lose Cu(II) to Aβ without the
formation of ternary species, pointing to the non-OR sites as
the plausible metal-binding region involved in the interaction
between PrPC and NMDAR. This is consistent with the metal-
binding affinity of the His96 and His111 sites (Kd ∼ 40−70
nM)40 and the Cu concentrations (100 nM) used in the study
that characterized the PrPC-NMDAR interaction.19 Therefore,
Aβ accumulation can contribute to the aberrant activation of
NMDAR by the removal of Cu(II) from the non-OR sites and
disruption of the PrPC

−NMDAR binding. Interestingly, Aβ
oligomers (Aβo) bind this same region of PrPC, forming a
protein complex that includes another Glu receptor (mGluR5,
metabotropic glutamate receptor 5) that triggers the Fyn
signaling pathway.69 Aβ can also impact the other neuro-
modulator mechanism of NMDAR that depends on Cu and
PrPC, and it involves S-nitrosylation of Cys residues at the
receptor.22 However, the redox activity of Cu-PrP complexes is
highly dependent on the coordination mode.70 Thus, further
spectroscopic and reactivity studies are necessary to identify
the Cu-binding site(s) of PrP that can activate NO for S-
nitrosylation of NMDAR and may be impacted by Aβ.
Overall, it is important to note that complex cellular

processes, such as neuritogenesis and memory and learning,
might involve more than one Cu- and PrP-dependent
mechanism that could be affected by Aβ through removal of
the metal ion and/or the formation of ternary species.
However, with Aβ being another Cu-binding peptide evolu-
tionary conserved and necessary for normal neuronal activity,59

its plausible role as a modulator of mechanisms that depend on
Cu and PrPC cannot be ruled out.
Aβ Forms Ternary Complexes at the α-Cleaved PrP

His111 Site. Beyond the dynamic Cu(II) coordination to
PrPC at the OR and non-OR regions that display several
coordination modes with different metal-binding affinities,
Cu(II) coordination to PrPC can also be modulated by
proteolytic processing.47 PrPC undergoes proteolytic cleavage
by α-secretases at Lys110/His111, yielding a new Cu(II)-
binding site at the C1 fragment that remains attached to the
cellular membrane (Figure 3a).47 Here, the effect of Aβ(1−16)
on Cu(II) coordination to the α-cleaved His111 site was
evaluated as a first step to understanding how Aβ can impact
cellular functions that depend on Cu binding to the C1
fragment.
Similar to the OR region, the effect of Aβ(1−16) on the α-

cleaved His111 site depends on the relative concentration of
Cu(II) and PrP (Figure 10d,e). At low Cu concentrations that
favor mode I, the addition of Aβ(1−16) yields a ternary α-
His111-Cu(II)-Aβ(1−16) complex, termed the mode I-like
complex. This species shares some spectroscopic features with
mode I, suggesting that it binds Cu(II) using a ligand set with
similar chemical nature. Mode I has been proposed as a
complex formed by two molecules of PrP(111−115) per
Cu(II) ion, involving two histidine residues and two NH2

groups (Figure 3b), that resemble a histamine-like coordina-
tion mode. Like mode I, the CD spectrum of a ternary mode I-
like complex displays an intense negative LMCT band around
40000 cm−1, indicative of NH2 group coordination (Figure
8a). Both PrP(111−116) and Aβ(1−16) could provide the
NH2 groups. The negative CD signal associated with LMCT
from imidazole π1 to Cu(II) in mode I is not present in the
ternary mode I-like species (Figure 8a); however, the d−d
bands of these complexes suggest a similar ligand-field splitting.

The absence of imidazole π1-to-Cu(II) LMCT in the ternary
mode I-like complex could be due to the participation of His
residues from Aβ(1−16) and PrP(111−116), yielding CD
signals with opposite Cotton effects, as occurs in the individual
Cu(II)-Aβ(1−16) and PrP(111−116) complexes. A proposal
of the coordination mode of the ternary mode I-like complex is
shown in Figure S9. Consistently, EPR simulations reveal
rhombic environments for both mode I and ternary mode I-
like species (Figure S10), which is in agreement with a
coordination mode that involves two trans NH2 groups and
two trans His residues (Figure S9). The rhombicity of the Cu
site arises from having an approximate D2h symmetry that
allows for dz2 mixing into the dx2−y2 ground state; from the gx
and gy values for mode I and the ternary mode I-like complex,
≈2% of dz2 mixing can be estimated, with minimal tetrahedral
distortion according to the f factor (Table 1).71 In both cases, a
superhyperfine pattern is evident in the second derivative of
the EPR spectrum that can be simulated by considering the
coupling of four N nuclei (Figure S10 and Table S4).
However, EPR simulations reveal that the slight differences in
the N superhyperfine patterns of the two complexes are due to
having different N superhyperfine coupling values: while mode
I can be simulated with two sets of two magnetically equivalent
N atoms with NAiso = 45 and 28 MHz, the ternary mode I-like
species requires different couplings for each N (Table S4). The
two N atoms with higher coupling values can be assigned to
two His ligands, having NAiso values in the 40−43 MHz range,
while the other two N-based ligands correspond to two NH2

terminal groups, with NAiso values ranging between the 34 and
37 MHz range (Table S4), consistent with the previously
reported values.72 The less symmetric N coupling interactions
observed in the ternary mode I-like complex reflect that these
ligands are provided by two different peptides. Taken together,
these results support the notion of a ternary α-His111-Cu(II)-
Aβ(1−16) species with a histamine-like coordination, where a
His residue and a free NH2 are provided by Aβ(1−16) and a
second set is provided by PrP(111−116). Aβ(1−16) may
stabilize this ternary species by the negative charge from Asp-1
or by the plausible participation of Asp-1 as an axial ligand
(Figure S9). Hence, Aβ can disrupt cellular processes that
require Cu-induced interaction between two C1 fragments by
formation of the ternary mode I-like species. Moreover, the
Cu(II)-induced binding of Aβ with the membrane-bound C1
fragment could activate a signaling pathway, as was observed
with the binding of Aβ oligomers to full-length PrPC.69 Even
though there are no identified functions that depend on mode
I formation, it could be involved in cell adhesion and cell
signaling.46,73−75 PrPC homophilic interactions are involved in
cell adhesion between neurons at the synapse73 and between
endothelial cells at the blood−brain barrier,74 while dimeriza-
tion of C1 fragments at the same cellular membrane could
activate a signaling pathway, as observed with other membrane
proteins.76

At high Cu concentrations that favor mode II, the addition
of 0.2 equiv of Aβ(1−16) yields a ternary species, named the
transient ternary α-His111-Cu(II)-Aβ(1−16) complex. Inter-
estingly, this species displays a CD spectrum similar to those
observed in the ternary OR4-Cu(II)-Aβ(1−16) complex,
suggesting a similar Cu(II) coordination (Figure S11) that
involves deprotonated amides, His residues, and free NH2

groups. Both PrP(111−116) or Aβ(1−16) could provide
deprotonated amides and free NH2 groups to the coordination
sphere of the transient ternary α-His111-Cu(II)-Aβ(1−16)
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complex, yielding the proposed Cu(II) coordination mode
shown in Figure S12. It is important to note that the transient
α-His111-Cu(II)-Aβ(1−16) ternary complex is most abundant
at 0.2 equiv of Aβ(1−16). At higher Aβ concentrations, ∼40%
of Cu(II) is bound to Aβ(1−16), favoring mode I and thus
formation of the ternary mode I-like complex. Hence,
formation of the transient ternary α-His111-Cu(II)-Aβ(1−
16) complex is favored under conditions with low amounts of
Aβ, and it could perturb functions that depend on mode II.
The propensity of the α-cleaved His111 site to form ternary

species is not observed in the His111 site of full-length PrP,
suggesting that the presence of a free NH2 group and a His
residue in the first position provides a less sterically hindered
environment that favors the formation of ternary species with
Aβ. Moreover, the orientations of the NH2 group and His
residues (trans NH2 and trans His) reduce the steric
hindrance, which may be caused by the bulky side chains at
the N-terminal of Aβ(1−16). These particular Cu(II)-binding
properties of the α-cleaved His111 site could promote the
formation of ternary species with other proteins or peptides
with a free NH2 group and good anchoring residues at the N-
terminal, as demonstrated here for the case of Aβ. The Cu(II)-
coordination properties of α-cleaved PrPC open a myriad of
potential roles of Cu in cell signaling and cell adhesion that
could be perturbed by Aβ.

■ CONCLUDING REMARKS

Overall, our spectroscopic study demonstrates that the effect of
Aβ on Cu(II) coordination to PrP is site-specific. At the OR
region, the low-occupancy mode resists the effect of Aβ,
indicating that any functional mechanism associated with this
coordination mode would be resistant to Aβ. In contrast, the
effect of Aβ on the high-occupancy modes is pleomorphic: It
partially removes the metal ion, forms ternary OR4-Cu(II)-Aβ
species, and perturbs the equilibria between components 1−3.
Thus, Aβ could alter cellular mechanisms that depend on
components 1 and 2, such as the dissociation of PrPC from
lipid rafts and its functional implications. Moreover, the Cu-
induced interaction between PrP and Aβ by the formation of
ternary OR4-Cu(II)-Aβ species could activate a signaling
pathway, as observed with the binding of Aβ oligomers to full-
length PrPC.69 On the other hand, Aβ completely removes
Cu(II) from His96 and His111 without the formation of
ternary species, pointing to the non-OR sites as the plausible
metal-binding region involved in the Cu-dependent binding of
PrPC to NMDAR.
For the α-cleaved His111 site, our spectroscopic results

show that it has a particular propensity to form ternary α-
His111-Cu(II)-Aβ complexes that are not observed at the
noncleaved protein. Formation of these ternary species with
the membrane-attached C1 fragment of PrPC could disrupt its
potential role in cell adhesion or modulate signaling pathways,
such as mitogen-activated protein kinase signaling.75 More-
over, the spectroscopic features of ternary α-His111-Cu(II)-Aβ
complexes suggest that the α-cleaved His111 site could form
ternary species with other proteins that provide a free NH2

group and good anchoring residues at the N-terminal. These
results provide valuable insights into the identification of new
molecules that could activate Cu-dependent signaling pathways
through the α-cleaved PrPC.
The multiple functional roles of Cu(II) coordination to PrPC

indicate that disruption of Aβ homeostasis can trigger several
neurotoxic mechanisms associated with perturbed Cu(II)-PrPC

interactions. However, the coexistence of Aβ and PrPC at the
synaptic clefts under physiological conditions and the evolu-
tionary selection of these two Cu(II)-binding proteins point to
the role of Aβ in the modulation of PrPC functions. Here, we
have provided new insights into the complexity of the
bioinorganic chemistry of Cu involved in AD, which is
important not only to understanding the pathological role of
Aβ but also to the redesign of therapeutical strategies that
target metal ions to combat AD. Moreover, the differential
effect of Aβ revealed in this study can be useful to distinguish
the functional role of each Cu-coordination mode of PrPC in
cellular models.
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