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Abstract
Soluble Aβ oligomers are widely recognized as the toxic forms responsible for triggeringAD, and Aβ receptors are hypothesized
to represent the first step in a neuronal cascade leading to dementia. Cellular prion protein (PrP) has been reported as a high-
affinity binder of Aβ oligomers. The interactions of PrP with both Aβ42 and the highly toxic N-truncated pyroglutamylated
species (AβpE3-42) are here investigated, at a molecular level, by means of ThT fluorescence, NMR and TEM.We demonstrate
that soluble PrP binds both Aβ42 and AβpE3-42, preferentially interacting with oligomeric species and delaying fibril formation.
Residue level analysis of Aβ42 oligomerization process reveals, for the first time, that PrP is able to differently interact with the
forming oligomers, depending on the aggregation state of the starting Aβ42 sample. A distinct behavior is observed for Aβ42 1-
30 region and C-terminal residues, suggesting that PrP protects Aβ42 N-tail from entangling on the mature NMR-invisible fibril,
consistent with the hypothesis that Aβ42 N-tail is the locus of interaction with PrP. PrP/AβpE3-42 interactions are here reported
for the first time. All interaction data are validated and complemented by cellular tests performed on Wt and PrP-silenced
neuronal cell lines, clearly showing PrP dependent Aβ oligomer cell internalization and toxicity. The ability of soluble PrP to
compete with membrane-anchored PrP for binding to Aβ oligomers bears relevance for studies of druggable pathways.
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Abbreviations
AD Alzheimer disease
PrP Cellular prion protein
HM High monomer content
LM Low monomer content
NMR Nuclear magnetic resonance

ThT Thioflavin
TEM Trasmission electron microscopy
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolimu bromide
DMSO Dimethyl sulfoxide

Introduction

Soluble Aβ oligomers are widely recognized as the principal
toxic forms of Aβ peptide, responsible for triggering AD patho-
physiology [1–3]. Aβ1-42 peptide (Aβ42) appears to be the
earliest form to accumulate in the brain and its free levels in
CSF drop long before clinical symptoms [4]. This initial species
can be modified over time into a complex array of truncated,
isomerized, and/or phosphorylated peptides. One important,
highly amyloidogenic and less-studied variant, is the N-
truncated pyroglutamate-modified AβpE3-42 peptide, which is
devoid of D1 and A2 and cyclized at E3 [5–7] Pyroglutamate-
modified variant (AβpE3-42) represents up to 45% of the total
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Aβ in senile plaques [8, 9]. Moreover, AβpE3-x peptides were
detected in the core of amyloid aggregates in vivo, leading to the
hypothesis that AβpE deposition plays a central role in initiating
the aggregation of full-length Aβ [5, 10].

Soluble Aβ oligomers are most potent in creating synaptic
dysfunction, and Aβ oligomers receptors are hypothesized to
be the first step in a neuronal cascade leading to pathology.
Indeed, a number of cell surface proteins have been reported
as Aβ binding proteins, and cellular prion protein (PrP) has
been described as a high-affinity binder of oligomeric Aβ,
participating in both physiological and pathological associated
events [11]. The vast majority of mature PrP molecules are
tethered to the outer leaflet of the plasma membrane through a
glycosyl-phosphatydil inositol anchor [12] and lack an intracel-
lular domain for transferring signals from the extracellular envi-
ronment to the intracellular milieu. Although the role of PrP in
AD has been highly debated [13, 14], it is now accepted that it
can form complexes with different coreceptor partners on the
plasma membrane in order to trigger signaling pathways in-
volved in neuronal differentiation [11], thus playing a critical
role in mediating the synaptic deficits induced by Aβ oligomers
[15]. The discovery of PrP as a cell surface receptor, selective for
Aβ oligomers, has attracted major interest in research focusing
on the identification of downstream effectors that mediate the
neuronal toxicity and synaptic dysfunction in AD [11, 16].
Specifically, PrP and metabotropic glutamate receptor 5
(mGluR5) may act as coreceptors for Aβ oligomers and have
been shown to modulate toxicity and neuronal death in
Alzheimer’s disease [17–19]. Experiments with neuronal cell
culture indicated that the soluble (i.e., glycophosphatidylinositol
anchor-free) prion protein and its N-terminal fragment have a
strong effect on the aggregation pathway of Aβ42, delaying its
assembly into amyloid fibrils [20–22].

In this context, the present paper aims at addressing the
characterization, at a molecular level, of PrP interactions with
Aβ oligomers, focusing on the effects of these interactions on
Aβ42 and AβpΕ3-42 peptides, still largely unexplored.
Furthermore, the neuronal response upon PrP/Aβ oligomers
complex formation has been investigated. A combined ap-
proach including biophysical methods (NMR, fluorescence,
TEM) and cellular validation assays, performed on neuronal
A1 cell lines, Wt and silenced for PrP, has been employed to
investigate the interactions of human prion protein with the
mentioned Aβ peptides and highlight the effects of PrP
downregulation.

Thioflavin T (ThT) fluorescence and NMR experiments,
employed to investigate the effect of PrP on Aβ aggregation,
provide complementary information. ThT increased emission
against time reflects amyloid formation [23], while the NMR
peak intensity decrease with time is a direct and sensitive
measure of the conversion of soluble monomeric species into
NMR-invisible assemblies [24]. NMR and ThT fluorescence
experiments indicated that PrP can bind both Aβ42 and

AβpE3-42 oligomers, delaying their conversion to fibrils.
The oligomerization process of 15N-Aβ42 samples, contain-
ing different amounts of monomeric species, was simulta-
neously monitored byNMR in the absence and in the presence
of soluble PrP, revealing that PrP exerts a different role de-
pending on the relative ratio of low and high molecular weight
species in the starting samples. Furthermore, this analysis re-
vealed, for the first time, that the 1-30 region of Aβ42 is the
locus of interaction with the prion protein.

Cellular experiments clearly show that PrP mediates Aβ
neurotoxic effect acting as a cell surface receptor that binds
Aβ oligomers and favors toxic oligomers internalization and
intracellular accumulation. Additional experiments show that
soluble PrP efficiently competes with membrane-anchored
PrP for interacting with Aβ oligomers.

Materials and Methods

Materials 15N-Aβ42 was purchased from rPeptide; unlabeled
Aβ42 and AβpE3-42 were purchased from Anaspec. The
analyzed samples were prepared employing recombinant
15N-Aβ42 peptides from the same batch. Unlabeled and 15N
labeled human PrP(90-231) were purchased by ASLA
Biotech. Human PrP (90-115) and PrP (116-142) were pur-
chased by DG Peptides (Hangzhou China). Thioflavin T was
purchased from Sigma-Aldrich.

The following antibodies have been employed: Anti PrP
3F4 (Signet Lab, London, UK); β-Actin Antibody #4967
(Cell Signaling); β-Amiloid (D3D2N) (Cell Signaling).
Secondary antibodies: Alexa Fluor 488-conjugated anti-
mouse secondary Ab (Molecular Probes, Invitrogen Corp.,
Carlsbad, CA, USA), for immunocytofluorescence, and
horseradish peroxidase-linked anti-mouse or anti-rabbit IgG
antiserum (GE Healthcare, Milano Italy) for Western blots.

Aβ Sample Preparation for Fluorescence Measurements
Lyophilized synthetic peptide was dissolved in DMSO to a
concentration of 220 μM. Aliquots of 75 μL were lyophilized
and stored at − 20 °C until used. For all experiments, stock
peptides were reconstituted as reported [25]. The concentra-
tion of the peptide in the stock solution was estimated by UV
using the molar extinction coefficient at 214 nm (ε214 =
1490 M−1 cm−1) [26].

The stock solution of each peptide was divided in two
aliquots. One was diluted to 8 μM in 30 mM phosphate buffer
at pH 7.2 to make the reference sample, the other was diluted
in 30 mM phosphate buffer at pH 7.2 containing the appropri-
ate amount of PrP.

Thioflavin T Fluorescence Spectroscopy Aβ peptides (8 μM)
were incubated at 25 °C in the presence/absence of PrP at
Aβ:PrP 1:1 ratio and analyzed in parallel. ThT fluorescence
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was followed over time during aggregation. For this purpose,
47.5 μL of each sample were mixed with 2.5 μL of a 400 μM
ThT solution in a 3 mm fluorescence cuvette. ThT fluores-
cence was measured at excitation and emission wavelengths
of 440 and 482 nm, respectively. ThT fluorescence data were
plotted as a function of time and fitted by a sigmoidal curve
described by the following equation [27]: y ¼ yi þ y f −yi

1þe t−t0ð Þkfib ,
where yi and yf are the initial and final ThT fluorescence,
respectively and kfib is the fibril growing rate, t is time, and
t0 is the time to 50% of maximal fluorescence. The lag time is
derived as t0–2/kfib.

Transmission Electron Microscopy (TEM) Aβ peptides (8 μM)
were separately co-incubated at 25 °C for 48 h in sterile
microtubes with PrP at Aβ:PrP 1:1 molar ratio. Five microli-
ters of each sample were adsorbed for 5 min onto carbon-
coated 300-mesh copper grids, in order to evaluate the mor-
phology and the sizes of the species in the different samples.
The aggregates species were negatively stained for 1 min with
5 μL of 1% uranyl acetate. All air-dried specimens were ex-
amined with a Zeiss LEO 900 electron microscope (Zeiss,
Stuttgart, Germany) operating at 80 kV. Images flattening
and analysis was performed by the ImageJ software.

NMR Sample Preparation The Aβ42 and AβpE3-42 peptides
were prepared in monomeric form as described [28, 29]. In
brief, peptides were dissolved in 1,1,1,3,3,3-hexafluor-2-
propanol (HFIP), vortexed for 1 min, and after evaporation
of HFIP, they were dissolved in DMSO. The peptides were
treated by a desalting column and eluted in a 30 mM phos-
phate buffer pH 7.2, 1 mM EDTA. The samples were kept on
ice until required, and the elapsed time before NMRmeasure-
ment was 30 min. This protocol was employed for all NMR
samples. Peptide concentration was verified byUV before and
after each NMR measurement, in order to check that no pre-
cipitation had occurred during the experiment.

NMR Experiments NMR experiments were performed at
25 °C. Aβ concentration varied from 3 to 20 μM (monomer
concentration) in a 30 mM phosphate buffer at pH 7.2 supple-
mented with 5% (v/v) D2O (> 99.96% Sigma-Aldrich). Aβ 20
μM samples were employed for the interaction experiments
with PrP. Spectra were acquired on a Bruker DMX operating
at 600 MHz and on a Bruker Avance II operating at 500 MHz.
1D NMR experiments were performed at different time points
of the kinetics measurements to check that no sample degra-
dation took place.

To detect the influence of PrP on Aβ aggregation kinetics,
each Aβ sample was split in two tubes, one was added with
PrP protein at 1:1 stoichiometric ratio (holo) and one was
added with buffer (apo) (to obtain the same concentration in
the two samples), and simultaneously observed on two NMR
spectrometers. All the experiments were performed

consistently permuting the samples and the spectrometers, in
order to have the apo or holo data acquired on both
spectrometers.

Kinetics studies were performed on Aβ42 samples by ac-
quiring 15N-HSQC spectra over time to monitor the loss of
NMR signal due to aggregation. Gradient-tailored excitation
was employed for water suppression to reduce signal losses
for exchangeable protons [30, 31].

The decays of NMR peak intensities with time are inverted
sigmoidal plots, which can be fitted with an empirical sigmoi-
dal function [24, 27] as follows:

y ¼ aþ knucl*tð Þ= 1þ e −kgrowth t−t0ð Þð Þ� �
; ð1Þ

where y is the normalized NMR cross-peak intensity, a is the
initial intensity, knucl is the nucleation rate accounting for peak
intensity slow decrease, visible in the first part of the transi-
tion, kgrowth describes the maximal rate of self-assembly to
NMR-invisible oligomeric species, and t0 is the midpoint of
the sigmoidal transition.

15N-HSQC-based experiments for measuring 15N trans-
verse relaxation were acquired on Aβ42 samples with low
monomer content (vide infra), at two relaxation delays of 16
and 400 ms, with a recycling delay set to 3 s.

The kinetics of AβpE3-42 truncated peptide alone and in
presence of the 15N-PrP at 1:1 stoichiometric ratio was follow-
ed as well, through the acquisition of 1D 1H NMR experiments
to follow AβpE3-42 alone and 1D 1H-15N filtered experiments
[32] to monitor the aggregation of the unlabeled peptide in the
presence of 15N-labeled prion protein. All data were processed
using NMRPipe [33] and analyzed with the NMRView soft-
ware [34]. Each cross-peak volume was normalized with re-
spect to the average cross-peak volume, measured in the rela-
tive spectrum, to properly compare different NMR data sets.
The relative monomer concentration of different samples was
estimated from the total intensity of methyl resonances in 1D
1H spectra with respect to EDTA reference signal.

Cell Cultures Neuronal Mes-c-myc A1 (hereafter A1) cell line
was generated frommouse embryonic mesencephalic primary
culture. Phenotypical characterization and the demonstration
that A1 cells, upon differentiation, retain neuronal features
was described elsewhere [35]. A1 cells were cultured in
MEM/F12 (Gibco-BRL, Milan, Italy) supplemented with
10% FBS (Invitrogen, USA).

Stable Silencing of PrP Expression in A1 Cell Cultures (A1-PrP-
KO Cells) A1 cells were transfected with PrP shRNA Plasmid
(h) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), a pool
of three target-specific lentiviral vector plasmids each
encoding 19–25 nt (plus hairpin) shRNAs, designed to
knock-down gene expression, as reported [36]. PrP silencing
was evaluated by both RT-PCR and Western blot.
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qRT-PCR. Total RNA was extracted using the High Pure
RNA Isolation Kit (Roche) and reverse transcribed into cDNA
using the iScript cDNA Synthesis Kit (Bio-Rad). Single-
stranded cDNA products were analyzed by real-time PCR
using the SsoFastTM EvaGreen mix (Bio-Rad) on a CFX96
Touch real-time PCR (Bio-Rad). Cycling conditions were set
at 94 °C for 30 s, 60 °C for 30 s, and 72 °C for 30 s, for
37 cycles. Levels of target gene mRNA in each sample were
normalized on the basis of GAPDH and 28S amplification and
reported as relative values.

Western Blot Cells were lysed in a buffer containing 20 mM
Tris-HCl pH 7.4, 140 mMNaCl, 2 mM EDTA, 2 mM EGTA,
10% glycerol, 1% NP-40, 1 mM dithiothreitol, 1 mM sodium
orthovanadate, 1 mM phenylmethylsulphonyl fluoride, and
the Bcomplete^ protease inhibitor cocktail (Roche, Monza,
Italy), as reported [37]. Twenty-five micrograms of proteins
from each sample were probed with the primary antibodies
followed by secondary antibody (horseradish peroxidase-
linked anti-mouse IgG antiserum, GE Healthcare, Milano,
Italy). Antibody-reactive bands have been detected by ECL
(GE Healthcare) using ChemiDoc™ MP Systems (Bio-Rad,
Segrate, Italy).

Cell Viability Determination of A1 Neuron Cultures
Mitochondrial activity, as index of cell viability, was evaluated
by measuring the reduction of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich).
After treatments, cells were incubated with MTT (0.25 mg/
mL) for 1 h, formazan crystals dissolved in DMSO and absor-
bance measured at 570 nm [38].

Cell Counting Cells were harvested by trypsin-EDTA and the
cell suspension diluted 1:10 in sterile PBS and mixed with
equal volume of 0.4% Trypan Blue solution to evaluate cell
viability. The ratio of live/dead cells was evaluated using an
automated cell counter (TC20, Bio-Rad Laboratories, Inc.,
Hercules, CA), as reported [25]. Data were obtained by three
independent experiments performed in quadruplicate.
Statistical analysis was performed by means of one-way
ANOVA using the BNewman-Keuls multiple comparison
post-hoc test.^

Immunocytofluorescence Detection of Aβ Internalization A1
Wt and A1-PrP-KO cells, grown on glass coverslips, were
treated with Aβ42 (1 μM) or AβpE3-42 (1 μM) for 24 h
and fixed with 4% paraformaldehyde, washed in PBS
(pH 7.4), and treated with 0.1 M glycine and Triton X-100
(0.1% in PBS). After incubation with β-amyloid (D3D2N)
primary antibody (Cell Signaling) for 1 h at r.t., secondary
Alexa Fluor 488 anti-mouse antisera (1:200; Molecular
Probes, Invitrogen, Milano, Italy) were added for 1 h at r.t.
Nuclei were counterstained with DAPI (blue) and cell

morphology evidenced by staining with Dil, a lipophilic red-
fluorescent dye that binds to cell membranes [39]. Aβ inter-
nalization was quantified using the ImageJ software (https://
imagej.nih.gov/ij).

Results

PrP Interferes with Fibril Growth Kinetics of Aβ42 and AβpE3-
42 The effect of prion protein on Aβ fibrillation process was
followed by fluorescence using ThT, a probe that gives strong
fluorescence upon binding to β-sheet containing amyloid fi-
brils [23]. The 90-231 region of PrP (hereafter simply referred
to as PrP), including the 95-111 region, reported as the major
epitope for Aβ oligomers binding [15, 40–42], was chosen as
a model to investigate in vitro and in cell interactions with Aβ
oligomers. The results of the ThT assays, simultaneously run
for Aβ peptides with and without PrP, obtained in solution
conditions different from those previously reported in the lit-
erature [43–46], are shown in Fig. 1. ThT kinetics recorded for
PrP alone indicates that no contribution to ThT fluorescence
comes from PrP (Fig. S1).

The presence of prion protein lengthens the lag phase of
both Aβ42 and AβpE3-42 peptides, leaving the fibril growth
rate substantially unaffected (Fig. 1c, d). The final quantity of
β-sheet structure, as deduced from the measured emission
(plateau of the curve), is lower in the presence of prion protein.

Morphological Studies on Aβ42 and AβpE3-42 without and
with Prion Protein The morphological analysis of Aβ peptides
alone or in the presence of PrP is reported in Fig. 2. Panel a
shows long curvilinear entangled fibrils typical of Aβ42 sam-
ples. The amount of fibrils observed for Aβ42 alone (panel a)
significantly decreases in the presence of PrP (panel b). Panel
d shows AβpE3-42 morphology, characterized by few
protofibrils and many amorphous aggregates.

In line with the behavior observed for Aβ42, the presence
of PrP causes an important decrease of AβpE3-42 amorphous
aggregates sizes and a disappearance of protofibrils (panel e).
It is important to note that PrP alone does not form fibers, as
shown in panel c. Only little amorphous aggregates are pres-
ent, indicating that, in our conditions, PrP is stable and does
not aggregate in beta-sheet conformation, typical of fibrils.

Residue Level Analysis of Aβ42 Oligomerization Kinetics by
NMR: the Role of PrP The NMR resolving power was
exploited to probe the molecular details of the oligomerization
process, on a per-residue basis, following the behavior of sin-
gle 15N-Aβ42 residues, by recording a series of 15N-HSQC
spectra over time, in the presence and absence of unlabeled
PrP. A Aβ42:PrP stoichiometric ratio of 1:1 was employed to
compare the binding information obtained with our PrP con-
struct with data reported in the literature for other constructs
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Fig. 1 ThT fluorescence in the presence of Aβ peptides, without and with
PrP. Data obtained for 8 μM Aβ42 without (black) and with PrP at
Aβ42:PrP 1:1 (red) ratio in a 30mM phosphate buffer, 25 °C are reported
in panel (a). Data obtained for AβpE3-42 in the same experimental con-
ditions are reported in panel (b) with the same color code. Error bars refer
to standard deviation on measurements done in triplicate on three

different freshly prepared samples. Histograms summarize the results of
the fitting to a sigmoidal curve (seeMaterials andMethods). Fibril growth
rate (kfib) and lag time (tlag) obtained from Aβ42 and AβpE3-42 data
fitting are reported in panels (c) and (d), respectively. The same color
code of panels (a) and (b) is used

Fig. 2 TEM micrographs of Aβ
after 48 h of aggregation at 25 °C,
in 30 mM phosphate buffer
pH 7.2, in presence or in absence
of PrP. (a)Aβ42; (b) Aβ42:PrP
1:1; (c) PrP; (d) AβpE3-42;
(e) AβpE3-42:PrP 1:1
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[15, 20, 21, 47, 48]. It should be noted that we recorded data in
the presence of a large excess of PrP in order to ensure com-
plete Aβ oligomer saturation, on the basis of PrP/Aβ affinity
data [47].

The kinetics of the conversion of monomers to high mo-
lecular oligomeric species can be followed monitoring the
disappearance of peptide resonances, due to the increased mo-
lecular weight of the formed oligomers. Indeed, NMR reso-
nances disappear as a consequence of the formation of hetero-
geneous high molecular weight aggregates, also referred to as
BNMR-invisible species,^which tumble slowly in solution on
the NMR time-scale and give rise to signals that are too broad
to be directly observed by conventional liquid state NMR
experiments.

The comparison of the aggregation kinetics in the presence
and in the absence of prion protein should however take in
consideration the Aβ samples variability, which strongly af-
fects the process of fibril formation. Such variability was re-
ported to be strongly dependent upon the specific conditions
(ionic conditions, pH, temperature, vortexing time), the
manufacturing route (synthetic or recombinant), and the
methods of synthesis, purification, and storage [49]. In our
hands, sample variability was still observed, despite using
the same recombinant peptide batch, treated with the same
protocol, as exemplified in Fig. S2, reporting selected exam-
ples of Aβ42 decaying kinetic curves. As some of the contro-
versy in the literature data on the interaction between PrP and
Aβ peptides may derive from this sample variability [50],
each Aβ sample was split in two (with and without PrP) and
simultaneously observed on two NMR spectrometers. This
spectrometer-time consuming approach ensures the reliability
of the data, since the kinetics of each Aβ-PrP complex can be
compared to the kinetics of the corresponding apo Aβ sample.

The main NMR observable species in the 15N-HSQC spec-
trum of 15N-Aβ42 samples is the monomer in consideration of
the concentration (~ 20 μM) of the starting Aβ42 sample [51,
52] and of the reported literature data on the transient nature of
oligomeric species [53, 54]. Addition of PrP to 15N-Aβ42, at
equimolar ratio, does not induce any Aβ42 chemical shift and
linewidth variation. Minor peak intensity changes are ob-
served, whereas no new resonance appears in the spectra
(Fig. S3). The complementary experiments, recorded on
15N-PrP:Aβ42 1:1 sample, evidenced significant intensity
variation for several PrP amide resonances upon Aβ42 addi-
tion (Fig. S4), supporting the direct interaction of PrP with
Aβ42 peptide. The ability of PrP to interact also with
AβpE3-42 peptide is demonstrated by the peak intensity
changes observed in HSQC spectra recorded for the 15N-
PrP:AβpE3-42 1:1 sample (Fig. S4). Altogether, the NMR
data suggest that PrP preferentially interacts with the hetero-
geneous mixture of unstable oligomers of varying sizes and
conformational states [55], rather than with the monomer, in
agreement with literature data [20, 47].

The aggregation kinetics of apo Aβ42 can be analyzed at a
per-residue level, measuring the decrease of NMR cross-peak
intensity of each resonance in the 15N-HSQC spectra, as a
function of time. The analysis of Aβ42 aggregation kinetics
in the presence of PrP revealed the presence of two different
scenarios, depending on the oligomerization state of the
starting apo Aβ42 sample. When PrP is added to an Aβ42
sample with Bhigh monomer content^ (HM), selected resi-
dues, located at the 1-30 region, remain visible and retain their
NMR signal intensity (Fig. 3a), even when the resonances of
the C-terminal tail disappear, following the expected sigmoi-
dal curve due to aggregation into NMR-invisible species
(Fig. 3b). The observed local differential behavior is clearly
evinced from the comparison of resonance intensities at the
beginning and at the end of the kinetic curve (Fig. 3c) and is
summarized on the monomer structural model [56] (Fig. 3d).
This NMR observation is consistent with PrP interaction with
Aβ42 growing oligomers, specifically involving Aβ42 N-tail
residues. This region is thus protected from further oligomer-
ization, which is known to be driven by Aβ42 C-terminal tail
[7, 57, 58].

When PrP is added to a Blow monomer content^ (LM)
Aβ42 sample, a concerted resonance intensity decrease is ob-
served for all the residues (Fig. 3e, f). We reasoned that in the
LM sample, highly mobile residues, belonging to 1-30 region,
are no more available for a specific interaction with prion
protein, and higher molecular weight preformed oligomeric
species interact with prion protein.

The analysis of the aggregation curves of single Aβ42
residues indicated that no significant fluctuation was
found on the kinetic parameters (nucleation rate, lag dura-
tion, growth rate) along the amino acid sequence. The sum
of all NMR intensities of 15N-HSQC resonances was
therefore used to probe the peptide aggregation kinetics.
PrP addition to both HM and LM Aβ42 samples, signifi-
cantly affected the nucleation rate (Fig. 4b, e), while minor
effects were instead observed for the growth rate (Fig. 4c,
f). Major effects on the lag phase lengthening were ob-
served for the LM sample (Fig. 4d), whose resonance in-
tensities were completely lost after 20 h in the absence of
PrP, and remained observable for up to 100 h after PrP
addition.

In order to further investigate the interaction of PrP with
Aβ42 oligomers, the changes in 15N transverse relaxation of a
LM Aβ42 sample, upon PrP addition, were estimated by re-
cording 15N-HSQC-based experiments at two relaxation de-
lays (16 and 400 ms). It should be noted that a complete T2
experiment could not be run, as the signal of the apo LM
sample is rapidly decaying. In this kind of experiments, the
volume of the NMR cross peak is related to the size of the
observed species, with larger species decaying faster. Figure 5
reports the cross-peak volume ratios (Vol400ms/Vol16ms) as a
function of the residue number. The average volume
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decreases from 0.36 for the apo peptide to 0.29 for Aβ42 in
the presence of PrP.

The observed decrease in the mean value of the volume
ratio reflects the presence of exchange between the NMR
observable monomeric species and an oligomeric form whose
size is increased by the interaction with the PrP (Fig. 5).

Residues R5, K16, F20, E11, G25, G29, G33, and G38
relax very quickly in Aβ42 samples, possibly as a result
of exchange contribution. Indeed, in the spectra recorded
with the longer delay (400 ms), their peak disappear,
causing the volume ratio to become zero. Upon PrP addi-
tion, the relaxation rates of R5, K16, and F20 decrease

Fig. 3 Residue level analysis of Aβ42 kinetics in the absence and
presence of PrP. The kinetic curve of the apo samples are reported as
black diamonds and the intensity decay refers to the normalized sum of
all peak intensities. The behavior of residues belonging to selected Aβ42
residues (indicated in the panel) belonging to 1-30 (a) and C-terminal
regions (b), in presence of prion protein, as observed for a starting apo
sample with Bhigh monomer content^ (HM). Comparison of resonance
intensity at the beginning (light gray bars) and at the end (black bars) of
the kinetic curve is plotted as a function of residue number (c). Residues

displaying delayed intensity decays in the presence of PrP, as deduced
from NMR data, are highlighted as red spheres on the structure obtained
by Tomaselli et al. [56] (d) The behavior of selected Aβ42 residues
(indicated in the panel) belonging to 1-30 and C-terminal regions in the
presence of prion protein, as observed for a starting sample with Blow
monomer content^ (LM), is reported in panels (e) and (f), respectively.
The monomer concentration in the LM starting sample was scaled with
respect to the HM sample, on the basis of the comparison of the total
intensity of methyl resonances in 1D 1H spectra
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leading to a value, for the volume ratio, close to the av-
erage, indicating that they relax as the whole peptide. We
expect that when Aβ oligomer is engaged with PrP, these
residues experience a different environment, which reduce
their conformational exchange. Local stabilizing effects

induced by oligomer interaction with PrP are mirrored
and measured by NMR on visible monomeric Aβ42,
which is exchanging with an oligomer perturbed by PrP
presence. These data further support a direct interaction
with PrP.

Fig. 4 Oligomerization kinetics of Aβ42 as followed by NMR in the
absence and presence of PrP. The sum of cross-peak normalized intensi-
ties is reported as a function of time for the HM (a) or LM (d) starting
samples. Black kinetics curves refer to Aβ42 alone, while red curves are
obtained in the presence of equimolar amounts of PrP. In panel (a), red
curve summarizes the behavior of C-terminal residues. Dashed lines rep-
resent data fitting to equation y = (a + knucl*t)/(1 + exp (− kgrowth(t−t0))).

The black curve in panel (d) could not be fitted with a sigmoidal curve.
Fitting values obtained for the nucleation and growth rates deduced from
curves reported in (a) are summarized in panels (b, c). In (e, f) panels, red
bars refer to values obtained from fitting of holo data reported in panel (d)
(red curve), while black bars are the same of panels (b, c). The color code
is the same as in panels (a, b)

Fig. 5 Transverse relaxation HSQC-based experiments obtained with
two different delays (16 and 400 ms) performed on a LM Aβ42 sample
upon addition of PrP. The cross-peaks volume ratios (Vol400ms/Vol16ms)
obtained for apo (black dots) and holo (red triangles) samples is reported
as a function of residue number. The black dashed line at 0.36 represents

the average cross-peak volume obtained for apo Aβ42 LM sample, while
the red dashed line at 0.29 represents the average cross-peak volume
obtained for the holo sample. Gray arrows pinpoint the residues
exhibiting marked local changes
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Effect of PrP on AβpE3-42 Oligomerization Kinetics
by NMR

The kinetics of AβpE3-42 peptide alone and in presence of
the 15N-PrP was followed as well, through the acquisition of
1D 1H NMR experiments, to follow apo AβpE3-42, and 1D
1H-15N filtered experiments, to monitor the aggregation of the
unlabeled AβpE3-42 in the presence of 15N-PrP (Fig. S5). At
variance with apo Aβ42, kinetics data on apo AβpE3-42 in-
dicate that the signal intensity is not completely lost after 80 h,
suggesting the presence of different equilibria between mono-
meric AβpE3-42 and oligomeric states/NMR-invisible states,
in agreement with ThT results and reported morphological
data [59]. PrP was able to bind and slow down AβpE3-42
oligomerization kinetics, as deduced from the NMR observed
intensities, which remained substantially unchanged up to
80 h. Longer kinetics could not be observed due to peptide
degradation.

Evaluation of Cellular Response to Aβ Oligomers: Role
of PrP

To investigate the cellular response to addition of Aβ42 and
AβpE3-42 oligomers, experiments were performed using A1
neuronal cell line, which combines indefinite in vitro prolifer-
ation with the retaining of a neuronal phenotype. In fact, most
of the reported studies on Aβ oligomers-PrP have been con-
ducted on neurons, and it was reported that Aβ oligomers-PrP
binding on neuronal surface is much higher than on glial sur-
face [15]. Aβ42 and AβpE3-42 showed a statistically signif-
icant toxic effects in A1 Wt neurons, after only 24 h of treat-
ment, causing a viability reduction of 45 and 50%, respective-
ly, as compared to vehicle-treated controls. This effect was
more pronounced after 48 h of treatment (80 and 88% reduc-
tion of cell viability for Aβ42 and AβpE3-42, respectively)
(Fig. 6). To test the role of PrP in the Aβ toxicity, A1 neuronal
cells were silenced for PrP expression (A1-PrP-KO), by PrP

shRNA transfecting (Fig. S6). PrP downregulation completely
abolished Aβ42 and AβpE3-42-induced toxicity following
the same treatment used in A1 Wt (Fig. 6).

These data support the hypothesis that the expression of
PrP is required for Aβ42-induced neurotoxicity [15] and
show, for the first time, that the same mechanism is shared
also by AβpE3-42. On the ground of this evidence, we inves-
tigated the mechanism by which PrP can mediate Aβ
neurotoxicity.

In particular, considering the ability of PrP to bind Aβ
oligomers, as evidenced by NMR data, we tested whether this
interaction would lead to Aβ oligomers internalization, in
order to confirm the role of the intracellular accumulation as
the toxicity determinant.

A1 neurons (Wt and PrP-KO) were treated with Aβ42 or
AβpE3-42 peptide, and their internalization was tested by
immunocytofluorescence. After treatment, A1 Wt cells dis-
play the presence of a significant load of intraneuronal
Aβ42 accumulation (Fig. 7a left panel) in about 78% of the
cells (Fig. 7c).

Similar results were observed for AβpE3-42 (Fig. 7b, left
panel) that accumulates in about 82% of the cells. Conversely,
A1-PrP-KO cells exhibit very low internalization of both Aβ
peptides (Fig. 7a, b right panels), being detected as intracellu-
lar aggregates in about 12 and 14% of the cells treated with
Aβ42 and AβpE3-42, respectively (Fig. 7c, d). It is worth
noting that Aβ internalization nicely correlates with the cyto-
toxic activity of the peptides, indicating that their neurotoxic-
ity is dependent on a PrP-mediated intraneuronal
accumulation.

To further support the suggestion that Aβ-PrP binding is
the pivotal event causing neuronal death, we verified whether
the saturation of the molecular sites responsible for Aβ-PrP
binding could at least reduce Aβ neurotoxicity. To this aim,
we tested the effect of the preincubation (5 h) of Aβ42 or
AβpE3-42 with soluble recombinant PrP, which should allow
the interaction between the two molecules, and verified

Fig. 6 Viable A1 Wt (white bars) and A1-PrP-KO (gray bars) neurons
were evaluated by automated live cell detection (Trypan blue exclusion
test) after 24 and 48 h of treatment with both Aβ42 (left panel) and
AβpE3-42 (right panel) peptides (1 μM). A1 Wt were plated in a 24-
multiwell culture plates at the concentration of 2.5 × 104/well. Data are

expressed as percentage of vehicle-treated samples (representing 100%);
each point represents the average of three experiments performed in qua-
druplicate. **p < 0.001 vs. 24 h A1Wt cells; OO < 0.001 vs. 24 h A1 PrP-
KO cells; ++p < 0.001 vs. 48 h A1 PrP-KO cells
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whether the peptides were still able to affect A1 neuron via-
bility. The recombinant PrP protein we used is not toxic for
neurons in its solubleα-helix rich conformation, as previously
shown by some of us [60, 61]. Neuronal viability was tested
by MTT reduction assay and by Trypan blue exclusion assay
after 24 and 48 h of treatment with Aβ and PrP peptides alone
or after preincubation.

After co-incubation with recombinant PrP, which per se did
not affect neuronal viability (Fig. 8a, c), both Aβ42 and
AβpE3-42 toxicity was partially reduced in A1 Wt neurons
reaching a statistically significant effect (Fig. 8a, c).
Conversely, toxic effects of Aβ peptides were not detected
in A1-PrP-KO neurons, independently from the co-
incubation with PrP (Fig. 8b, d). Thus, soluble PrP seques-
ters Aβ oligomers decreasing the binding to PrP on neuro-
nal membrane and the subsequent internalization and tox-
icity. In our experimental model, the observed recovery is
only partial due to the likely incomplete binding of Aβ
oligomers to soluble PrP, leaving a still significant amount
of free oligomers able to be internalized and to induce cell
death.

PrP residues involved in Aβ binding and mostly responsi-
ble for the reduction of Aβ neurotoxic are located in the 90-
115 region, as deduced from additional experiments in which
two shorter PrP constructs, namely PrP (90-115) and PrP
(116-142), were compared (Fig. S7). These results are consis-
tent with previously reported data [15, 62].

Discussion

In the present study, the interactions between Aβ42 and
AβpE3-42 peptides and PrP were investigated employing
both biophysical (ThT fluorescence, NMR, and TEM) and
cellular approaches.

The reported NMR data suggest, in line with previous
work [20, 47], a preferential interaction of PrP with Aβ
oligomers, rather than monomers. Indeed, Nieznansky et
al. [20] clearly showed that the soluble prion protein and
its N-terminal fragment have a strong effect on the aggre-
gation pathway of Aβ42, inhibiting its assembly into am-
yloid fibrils, while Younan et al. [47] identified a specific
recognition site on PrP, notably residues 95-113, which
binds to Aβ oligomers. The novelty of the NMR data here
reported lays in the differential behavior observed for
Aβ42 samples, with high and low monomer contents, in
their interactions with PrP and the consequent identifica-
tion of the Aβ42 region involved in the interaction.
Discussed data also clarify the evidences in favor of the
interaction of PrP essentially with oligomeric Aβ species.
However, we cannot rule out the presence of a very weak
interaction of PrP with monomeric species, as discussed in
the literature [48].

NMR and ThT data indicated that, for both peptides, PrP
competed with nucleation and elongation processes, delaying
further growth of the NMR-invisible Aβ species and/or fibril.

Fig. 7 Aβ42 and AβpE3-42 internalization into A1 Wt or A1-PrP-KO
cells. Representative images of Aβ42 (a) or AβpE3-42 (b) (1 μM) inter-
nalization into A1Wt (green fluorescence in left panels) and A1-PrP-KO
(right panels) after 24 h of treatment evidenced as green staining. Nuclei
were counterstained with DAPI (blue) and cells morphology was
evidenced by staining with the red-fluorescent dye Dil. Data

quantification, obtained using the ImageJ software, reports the cells that
unambiguously showed intracellular positive clusters of Aβ42 (c) and
AβpE3-42 (d) and are expressed as percentage of total number of cells
in three independent microscopic fields ± SEM from three independent
experiment. **p < 0.01 vs. A1 Wt Aβ42 treated cells; ++p < 0.01 vs. A1
Wt AβpE3-42-treated cells
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The nucleation phase of Aβ42, as deduced from NMR kinetic
analysis, was significantly lengthened in the presence of prion

protein, with higher effects for starting samples containing
pre-aggregated species. Interestingly, prion protein was also

Fig. 8 Aβ42 and AβpE3-42 (1μM) alone or pre-incubated (5 h at 37 °C)
with PrP (1 μM) were added to A1Wt (a, c) and A1-PrP-KO (b, d) cells.
Viable cell number was assessed by MTT reduction assay (a, b) and by
automated live cell detection (c, d) after 24 and (black bars) and 48 (gray
bars) hours of treatment. Data are expressed as percentage of vehicle-

treated samples (control) and represent the average of three experiments
in quadruplicate. **p < 0.001 vs. respective controls; OOp < 0.05 vs.
respective Aβ42-treated cells; ++p < 0.001 vs. respective AβpE3-42-
treated cells

Fig. 9 Proposed model of the role of interaction between Aβ oligomers
and PrP in the induction of Aβ-mediated neurotoxicity. (a) The binding
of the oligomers is required for their internalization causing intracellular
accumulation and disruption of protein clearing mechanisms. The

prevention of PrP/Aβ oligomer interaction either by PrP silencing (b)
or saturating possible interacting domains in the presence of PrP-
derived peptides (c) inhibit Aβ intracellular accumulation impairing its
neurotoxicity
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effective in interacting with N-truncated AβpE3-42 oligo-
mers, stabilizing for a long time an NMR visible species and
reducing the total amount of fibrils, as deduced from ThT
fluorescence data. The morphological analysis confirmed that
PrP induces a profound change in the structure of both Aβ
peptides, decreasing the amount and the interconnections of
the fibers.

Cellular tests, performed onA1Wt andA1-PrP-KOneuronal
cell lines, clearly indicated that PrPmediates Aβ42 andAβpE3-
42 toxicity through the binding of the peptides and their inter-
nalization during the rapid recycle of PrP from the membrane to
the cytosol. Indeed, downregulation of PrP prevents Aβ toxicity
by hampering the accumulation of toxic concentrations of am-
yloid peptides within neurons. A relevant outcome of this study
is the observed effect on the highly toxic N-terminal
pyroglutamate peptide, which has recently gained attention for
its exceptionally high amyloidogeneity and neurotoxicity [5],
ascribed to its resistance to enzymatic degradation [63]. To the
best of our knowledge, the interaction of N-truncated formswith
prion protein has never been addressed before.

One of the most important results, derived from the NMR
investigation, is that PrP is able to differently interact with the
forming oligomers, depending on the aggregation state of the
starting sample. When PrP was added to Aβ42 samples at the
beginning of the nucleation period, an oligomeric species, char-
acterized by elevated flexibility in the 1-30 region, was stabi-
lized. This result leads us to propose that Aβ42 1-30 region is
the locus of interaction with the prion protein. On the contrary,
the C-terminal region has a pivotal role in regulating peptide
oligomerization. The role of the C-terminus as the initiator core
of the aggregation process has its ground in cryo-EM [57] and
MAS NMR [58] structural data. Along the same line, our solu-
tion NMR data on the interactions between Aβ42 and its N-
truncated alloforms also highlighted the C-terminal region of
Aβ42 as the locus of initial co-oligomerization [7].

To the best of our knowledge, this is the first report on a per-
residue analysis of Aβ42 peptide oligomerization behavior in
the presence of PrP. It is thus possible to speculate that either
PrP captures and stabilizes a short-lived oligomeric species, or
it prevents the 1-30Aβ tail from entangling on themature fibril.

Altogether, the data support the hypothesis that cellular
prion protein provides high-affinity binding sites for Aβ42
and AβpE3-42 oligomers, inducing changes in the structural
and morphological properties of aggregated species.

The comparison of A1 Wt and A1-PrP-KO cellular re-
sponse to Aβ oligomers addition clearly highlighted the role
of membrane-anchored PrP in mediating Aβ cell internaliza-
tion and toxicity. Thus, we can speculate that, following PrP
binding, Aβ oligomers are internalized within neurons where
they form insoluble aggregates which, in turn, cause a dys-
function of the lysosome/autophagic response leading to neu-
ronal death (Fig. 9a). This mechanism was already reported
for other amyloidogenic peptides [64] and, in particular, for

neurotoxic truncated PrP molecules [65, 66]. In this context,
the lack of PrP-mediated internalization (using A1-PrP-KO
neurons, Fig. 9b) or the inhibition of the binding of Aβ olig-
omers to PrP, as a result of the saturation of the interacting
moiety with synthetic PrP-derived peptides (Fig. 9c), prevent
or reduce the neuronal death.

Alternatively, it has been reported that Aβ oligomers
bound to lipid-anchored PrP, activate intracellular Fyn kinase
to disrupt synapses [67]. The interaction between Aβ
oligomers-PrP complex and Fyn cannot be direct, since PrP
is anchored via glycolipid to the plasma membrane while Fyn
is cytoplasmic. Indeed, it was reported that only co-expression
of the glutamate receptor, mGluR5, allowed PrP bound to Aβ
oligomers to activate Fyn [68]. Thus, it is possible that Aβ
oligomers-PrP complexes at the neuronal surface might acti-
vate mGluR5 to disrupt neuronal function. The observed par-
tial recovery of neuronal survival after Aβ oligomers
preincubation with soluble PrP could support the requirement
of Aβ-PrP interaction at neuronal membrane level.

The elucidation of the molecular interactions of Aβ oligo-
mers with membrane-anchored PrP and soluble PrP sheds
light on the recognition and toxicity pathways of the different
Aβ peptides, opening the way to the identification of inhibi-
tors directed towards a specific PrP region.

In light of the pivotal role of the Aβ oligomeric state in AD
pathophysiology, further work is current in progress, follow-
ing different approaches [69–72], aimed at the identification
of the structural features of the complex formed between early
forming Aβ oligomers and PrP.
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