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Background: The cellular prion protein (PrPC) could be a toxicity-transducing receptor for amyloid-� (A�) oligomers.
Results: N1, a naturally occurring fragment of PrPC, binds A� oligomers, inhibits their polymerization into fibrils, and sup-
presses their neurotoxic effects in vitro and in vivo.
Conclusion: N1 binds tightly to A� oligomers and blocks their neurotoxicity.
Significance: Administration of exogenous N1 or related peptides may represent an effective therapy for Alzheimer disease.

A hallmark of Alzheimer disease (AD) is the accumulation of
the amyloid-� (A�) peptide in the brain. Considerable evidence
suggests that soluble A� oligomers are responsible for the syn-
aptic dysfunction and cognitive deficit observed in AD. How-
ever, the mechanism by which these oligomers exert their neu-
rotoxic effect remains unknown. Recently, it was reported that
A� oligomers bind to the cellular prion protein with high affin-
ity. Here, we show thatN1, themain physiological cleavage frag-
ment of the cellular prion protein, is necessary and sufficient for
binding early oligomeric intermediates during A� polymeriza-
tion into amyloid fibrils. The ability of N1 to bind A� oligomers
is influenced by positively charged residues in two sites (posi-
tions 23–31 and 95–105) and is dependent on the length of the
sequence between them. Importantly, we also show that N1
strongly suppresses A� oligomer toxicity in cultured murine
hippocampal neurons, in aCaenorhabditis elegans-based assay,
and in vivo in a mouse model of A�-induced memory dysfunc-
tion. These data suggest that N1, or small peptides derived from
it, could be potent inhibitors of A� oligomer toxicity and repre-
sent an entirely new class of therapeutic agents for AD.

Alzheimer disease (AD)3 currently afflicts 35million individ-
uals worldwide, and this number is expected to increase dra-

matically in the coming decades as the population ages (1). If
effective therapies are not developed, the disease will continue
to have a devastating medical and economic impact on society.
AD is associated with progressive accumulation in the brain of
the amyloid-� (A�) peptide, a proteolytic fragment of the amy-
loid precursor protein (2). Strong experimental evidence sup-
ports the notion that the disease process starts with the binding
of soluble oligomeric assemblies of A� to proteins or lipids on
the surface of nerve cells. These interactions are thought to be
responsible for the synaptic dysfunction underlying the cogni-
tive decline in AD (3). So far, the identity of the molecules to
which oligomers bind, as well as the nature of the downstream
neurotoxic pathways, has remained largely enigmatic.
Recently, the cellular prion protein (PrPC) was identified as a

high affinity receptor for A� oligomers (4–6). Several reports
also suggest that PrPC couldmediate the synaptotoxic effects of
A� oligomers (7–13), although this evidence is still controver-
sial (6, 14–16). The two putative binding sites for A� oligomers
identified in PrPC (residues 23–31 and 95–105) are both
encompassedwithin the flexibleN-terminal tail of themolecule
(residues 23–111) (4, 5). This region is proteolytically released
as part of the normal cellular processing of PrPC to produce a
soluble fragment called N1 (17–19). Interestingly, an artificial
secreted form of PrPC was previously reported to suppress cog-
nitive impairment in a mouse model of AD (14). These obser-
vations suggest that, even if PrPC is not a mediator of A� neu-
rotoxicity, soluble forms of PrP such as the N1 fragment could
sequester oligomers in the extracellular space and block their
synaptotoxic effects (20).
Here, we extend the characterization of the PrP-A� interac-

tion and show that the N1 fragment is necessary and sufficient
to bind A� oligomers and to inhibit formation of A� fibrils in
polymerization assays. Moreover, we show that N1 potently
blocks the toxic effects of A� oligomers in neuronal cultures, as
well as in two different animal models. Our data support the
notions that small peptides derived from N1 could serve as
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novel therapeutic agents forADand that enhancing production
of the naturally occurring N1 fragment might constitute a
mechanistic strategy for treating AD.

EXPERIMENTAL PROCEDURES

Recombinant Proteins—Murine PrP cDNA was amplified by
PCR with a 5�-His6 tag and tobacco etch virus cleavage
sequence (MRGSHHHHHHGENLYFQG) and with a 3�-Myc
tag and stop codon (EQKLISEEDL). The PCR product was
cloned into the pET101 vector (Invitrogen). Constructs were
generated for murine PrP23–230, N1 (residues 23–111), and C1
(residues 112–230). Proteins were expressed in BL21 Star cells
(Invitrogen). PrP23–230 and C1 were recovered from inclusion
bodies and purified as described previously (21). Proper folding
was confirmedby circular dichroism.N1 remained soluble after
expression in bacteria and was purified in the absence of dena-
turing agents.
Preparation of A� Oligomers—A�1–42 peptide was synthe-

sized and purified by Dr. James I. Elliott (Keck Biotechnology
Resource Laboratory, Yale University, New Haven, CT). The
peptide was dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol
(Sigma), dried, reconstituted in anhydrous dimethyl sulfoxide
to a concentration of 100mM, and then diluted in F-12medium
(Invitrogen) to a final concentration of 100 �M. After a 16-h
incubation at 22 °C, each preparation was centrifuged at
14,200 � g for 15 min, and the supernatant was used for
experiments.
Size ExclusionChromatography—Aliquots (0.5ml) of 100�M

A� oligomers were injected into a Superdex 75 10/300 column
(GE Healthcare) and eluted with PBS at a flow rate of 0.7
ml/min using an ÄKTA FPLC system. The peptide elution pro-
file was monitored at 220 nm.
Immunoprecipitation Assay—The PrP-A� binding assay was

performed as described previously (22). A� oligomers and
recombinant PrP molecules were incubated in binding buffer
(50 mM Tris (pH 7.5), 200 mMNaCl, and 0.1% Nonidet P-40) at
4 °C for 4 h. Anti-Myc antibody 4A6 was cross-linked onto
Dynabeads containing anti-mouse IgG (Invitrogen), and the
beads were then incubated with each sample at 4 °C for 2 h.
Beads were washed twice with binding buffer and resuspended
in loading buffer for Western blot analysis.
Surface Plasmon Resonance—Binding studies were per-

formed using the ProteOnXPR36 protein interaction array sys-
tem (Bio-Rad) as described previously (6). Using PBS with
0.05% Tween and 1 mM EDTA as running buffer, equimolar
amounts of PrPwere captured on the surface of a ProteOnGLC
sensor chip with anti-Myc antibody 4A6. Monomeric, oligo-
meric, or fibrillar A�1–42 preparations were then injected over
the sensor chip. Nonspecific binding and buffer interactions
were subtracted from each sensorgram, and the resulting
curves were fitted using a Langmuir interaction model (Pro-
teOn analysis software) to obtain binding constants.
Thioflavin T Assay—Various concentrations of recombinant

N1 and monomeric A�1–42 were incubated in 10 �M thioflavin
T (ThT) in 50 mM phosphate buffer (pH 7.2) at 37 °C for 16 h
with shaking. Fluorescence was measured in a BioTek Synergy
H1MF plate reader every 10 min (excitation at 440 nm and
emission at 490 nm).

N1 Peptides—N1 peptides carrying a C-terminal Myc tag
were synthesized by American Peptide Co. (Sunnyvale, CA).
Sequences are as follows: P1, KKRPK PGGWH NQWNK
PSKPK TNLKH VEQKL ISEEDL; P2, KKRPK PGGWN
TGGSRYPGHNQWNKP SKPKTNLKHVEQKLI SEEDL; P3,
KKRPK PGGWN TGGSR YPGQG SPGGN RYPHN QWNKP
SKPKT NLKHV EQKLI SEEDL; P4, KKRPK PGGWE QKLIS
EEDL; and P5, HNQWN KPSKP KTNLK HVEQK LISEE DL.
Peptide purity was �90% as assessed by HPLC and mass spec-
trometry (data not shown).
Primary Hippocampal Culture and Analysis of Synaptic

Proteins—Primary neuronal cultures were derived from the
hippocampuses of 2-day-old postnatal mice and cultured as
described previously (6). Briefly, neurons were plated on
35-mmdishes (600,000 cells/dish) precoatedwith 25 g/ml poly-
D-lysine (Sigma P6407) in B27/Neurobasal-A medium supple-
mentedwith 0.5mMglutamine, 100 units/ml penicillin, and 100
�g/ml streptomycin (all from Invitrogen). Experiments were
performed 12 days after plating.
Neurons were exposed for 3 h to A� oligomers (1 �M) that

had been preincubated for 1 h at 4 °C with N1 (1 �M) or with
vehicle. Subcellular fractionation was performed as reported
previously withminormodifications (23). Briefly, neuronswere
homogenized using a Potter-Elvehjem homogenizer in 0.32 M

ice-cold sucrose buffer (pH 7.4) containing 1 mMHEPES, 1 mM

MgCl2, 1 mM EDTA, 1 mM NaHCO3, and 0.1 mM PMSF in the
presence of protease (Complete, Roche Applied Science) and
phosphatase (Sigma) inhibitor mixtures. Samples were centri-
fuged at 3000 � g for 15 min to obtain a crude membrane
fraction. The pellet was resuspended in buffer containing 75
mM KCl and 0.5% Triton X-100 and centrifuged at 100,000 � g
for 1 h. The final pellet, referred to as the Triton-insoluble frac-
tion, was rehomogenized in 20 mM HEPES supplemented with
protease and phosphatase inhibitors and then stored at �80 °C
or directly used in further experiments. The protein concentra-
tion in each sample was quantified using the Bradford assay
(Bio-Rad), and Triton-insoluble fraction-extracted proteins (5
�g) were then analyzed by Western blotting (23). The primary
antibodies used were anti-GluN2A and anti-GluN2B (both
1:2000; Invitrogen), anti-GluA1 and anti-GluA2 (both 1:1000;
Millipore), anti-PSD95 (postsynaptic density protein 95;
1:2000; Cayman Chemical), and anti-tubulin (1:5000; Santa
Cruz Biotechnology). Western blots were quantified by densi-
tometry using Quantity One software (Bio-Rad). All experi-
ments were repeated on six independent culture preparations
(n � 6).
Caenorhabditis elegans Assay—N2 worms were obtained

from theCaenorhabditisGenetic Center (University ofMinne-
sota) and propagated on solid nematode growth medium
seeded with Escherichia coli (strain OP50, Caenorhabditis
Genetic Center). Nematodes (L3-L4 larval stage)were collected
by washing plates with M9 buffer, transferred to tubes, centri-
fuged, and washed twice with 5 mM PBS (pH 7.4) to eliminate
bacteria. Synthetic A�1–42 oligomers (0.1 �M) were incubated
with 0.3 �MN1 in 5 mM PBS (pH 7.4) or with anti-A� antibody
4G8 (1:500 (v/v); Covance) in 5mM PBS (pH 7.4) at 25 °C for 30
min and administered to C. elegans (100 worms/100 �l) (24,
25). After 2 h of orbital shaking, worms were transferred onto
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new nematode growth medium plates seeded with E. coli. The
pharyngeal pumping rate was scored after 2 h of recovery by
counting the number of times the terminal bulb of the pharynx
contracted over a 1-min interval.
Mouse Studies—C57BL/6 mice were obtained from Charles

River Laboratories (Calco, Italy). All procedures involving ani-
mals and their care were conducted according to European
Union and Italian laws and policies and in accordance with the
United States Department of Agriculture Animal Welfare Act
and the National Institutes of Health Policy on Humane Care
and Use of Laboratory Animals. Intracerebroventricular can-
nulation was performed as described previously (6). Briefly,
mice were anesthetized with Forane (Abbott Laboratories) and
mounted on a stereotaxic apparatus (model 900, David Kopf
Instruments, Tujunga, CA). A 7-mm-long guide cannula was
implanted into the cerebral lateral ventricle (Latera �1.0 and
Dorsal-Ventral�3.0 from the durawith an incisor bar at 0°) and
secured to the skull with two stainless steel screws and dental
cement.Micewere allowed 10–15 days to recover from surgery
before each experiment. For treatments, A� oligomers (1 �M),
prepared as described previously (6), and N1 (1 and 5 �M) were
co-incubated on ice for 15 min before intracerebroventricular
microinfusion. The novel object recognition test was then per-
formed following a previously published protocol (6). Memory
was expressed as a discrimination index (i.e. (seconds on novel
object � seconds on familiar object)/(total seconds on both
objects)). Animals with no memory impairment a spent longer
time investigating the novel object, giving a higher discrimina-
tion index.

RESULTS

Characterization of A� Oligomers—To study the interaction
of PrPmolecules andA� oligomers in vitro, we used a synthetic
A�1–42 peptide that was denatured and oligomerized following
a standard protocol to generate A�-derived diffusible ligands,
hereafter referred to as A� oligomers. These preparations were
first characterized by size exclusion chromatography (Fig. 1A).

Monomeric A� (blue line) migrated as a single peak, whereas
A� oligomers (red line) eluted earlier, near the column void
volume, with a second peak corresponding to the remaining
monomers. These data are similar to results shown in previous
studies (11, 25). To extend the characterization of A� oligo-
mers, we also tested their reactivity with an oligomer-specific
antibody (A11) by a nondenaturing slot blot assay (Fig. 1B). In
this experiment, A� monomers, oligomers, and fibrils were
immobilized on a nitrocellulose membrane and probed with
different antibodies. As expected, we found that an oligomer-
specific antibody (A11) recognized A� oligomers, but not
monomers or fibrils. In contrast, an anti-A� antibody (6E10)
recognized all three samples.
N1Binds to Synthetic A�Oligomers with Nanomolar Affinity—

To test whether PrPC or the N1 fragment interacts with A�
oligomers, we incubated full-length recombinant PrPC (resi-
dues 23–230; hereafter referred to as PrP23–230) and N1 (resi-
dues 23–111), both tagged with a Myc epitope at the C termi-
nus, with synthetic A� oligomers, prepared and characterized
following previously defined conditions (4, 6). As a negative
control, we used another Myc-tagged PrP fragment (residues
112–230; called C1), which is equivalent to the C-terminal half
of PrPC that remains attached to the cell membrane after cleav-
age of the N1 fragment (17–19). An anti-Myc antibody (4A6)
was used to immunoprecipitate the different PrP molecules.
The presence of A� in each immunoprecipitation reaction was
then tested by Western blotting. We found that A� oligomers
coprecipitated with both PrP23–230 and N1, but not with C1
(Fig. 2). These results indicate that PrP23–230 and N1, but not
C1, are able to bind A� oligomers.
To further validate these results, we employed surface plas-

mon resonance (SPR), a technique that allows estimation of
kinetic and binding constants for protein-protein interactions
(5, 6). Myc-tagged PrP23–230, N1, or C1 was captured on the
surface of SPR chips that were previously coated with anti-Myc
antibody 4A6. Different concentrations of synthetic A� oligo-

FIGURE 1. Biochemical characterization of A� preparations. A, size exclusion chromatography of A� preparations eluted in PBS. In contrast to monomeric
A�, which produced a single peak (blue line), oligomeric preparations produced two peaks (red line), one that corresponds to the residual monomer and a
second, higher molecular size peak eluting near the void volume that corresponds to oligomers. An elution trace with buffer (black line) is shown for
comparison. B, slot blot analysis of A� monomers, oligomers, and fibrils. Oligomer-directed antibody A11 recognizes A� oligomers, but not monomers or fibrils.
In contrast, anti-A� antibody 6E10 recognizes all three species.
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mers (Fig. 3) ormonomers or fibrils (data not shown) were then
assayed for binding. We detected dose-dependent binding of A�
oligomers, but not monomers or fibrils, to PrP23–230 and N1.
These twoPrPmolecules showedalmost identical affinities forA�
oligomers: 30.08 � 10�9 M for PrP23–230 and 17.34 � 10�9 M for
N1. In contrast, no bindingwas observedwhenC1 (Fig. 3) or anti-
Myc antibody alone (data not shown)was immobilized. The bind-
ing constants (kon, koff, andKD) for the interaction of PrP23–230 or
N1withA�oligomerswerecomparable to thevalueswedescribed
in a previous report for brain-derived PrPC (6).
Of note, the concentration of A� oligomers in this assay is

based on the concentration ofmonomers used as startingmate-
rial. However, because eachA� oligomer particle containsmul-
tiple subunits, the actual concentration of oligomers is lower
than estimated. Therefore, the affinity of PrPC or N1 for A�
oligomers, as calculated by SPR, is likely to be in the subnano-
molar range (e.g. if each oligomeric particle includes 50 A�
monomers, the affinity calculated by SPR is 50 times higher).
Collectively, these results demonstrate that the N-terminal

region of PrPC, corresponding to the N1 fragment, is necessary
and sufficient for binding to syntheticA� oligomers. Therefore,
all subsequent experiments were conducted with N1.
N1 Binds to a Transient Population of A� Oligomers and

Inhibits the Formation of Amyloid Fibrils—To characterize fur-
ther the PrP-A� interaction, we tested binding of N1 (Fig. 4A)
or C1 (data not shown) to different A� assemblies formed dur-
ing polymerization into amyloid fibrils. Freshly redissolved syn-
thetic A� peptide was incubated in polymerization buffer at
37 °C for 8 h. Aliquots of the polymerization reaction were col-
lected every 2 h and immediately flowed over SPR sensor chips
onwhichMyc-tagged PrPmolecules had already been captured
with an anti-Myc antibody. These analyses revealed that N1,
but not C1, bound to a population of A� assemblies that first
appeared after 2 h of incubation, with the highest levels of bind-
ing detected at 4 h (Fig. 4A). These results are consistent with
the kinetics of formation of A� oligomers reported previously
(25). No binding was detected at 8 h or at later time points (data

not shown). These results indicate that the A� species recog-
nized by N1 are generated transiently, early during the poly-
merization reaction.
On the basis of this evidence, we predicted that N1 could act

as a soluble inhibitor of A� polymerization, blocking the for-
mation of amyloid fibrils. To test this hypothesis, we utilized a
ThT-based assay. ThT fluorescence shifts to red when the dye
binds to �-sheet-rich protein assemblies (26). This effect is
stronger for mature amyloid fibrils than for oligomeric assem-
blies of A� (27). Therefore, the formation of A� fibrils can
conveniently be followed in real time by detecting ThT fluo-
rescence. We incubated freshly redissolved A� in buffer con-
taining 10 �M ThT in the presence of different concentrations
of N1 or C1 and then monitored the fluorescence of ThT for
16 h at 37 °C. In absence of N1, A� polymerization proceeded
with a lag phase (0–2 h) followed by rapid growth (2–6 h),
reaching a plateau after 6–8 h. In presence of N1, but not C1,
A� polymerization was delayed in a dose-dependent manner,
with a significantly extended lag phase (6–16 h) (Fig. 4B). At the
highest dose of N1 tested (2.5 �M, corresponding to a 1:8 molar
ratio of N1 to A�), polymerization was almost completely
inhibited. These data demonstrate that N1 binds to and stabi-
lizes an intermediate A� form that appears along the polymer-
ization pathway, blocking further maturation into amyloid
fibrils.
Positively Charged Residues in Two N-terminal Regions of

PrPCDictate the Amount or Size of A�Oligomers Captured, but
Not the Affinity of Binding—Recent reports have identified two
major A�-binding sites in theN-terminal half of PrPC (residues
23–31 and 95–105) (4, 5). Both of these regions contain multi-
ple basic residues, a feature that may directly determine their
ability to interact with A� oligomers. To test the role of these
positively charged residues in the PrP-A� interaction, we engi-
neered N1molecules carrying multiple substitutions that abol-
ished the positive charges in the two A�-binding regions. Res-
idues 23–27 (KKRPK) were mutated to GAAPA, and residues
95–110 (HNQWNKPSKPKTNMKH) were mutated to
HNQWNAPSAPATNMAH (Fig. 5A). The interaction of this
mutant form of N1 (referred to as “neutral” N1 (nN1)) with A�
oligomers was then tested by SPR. Similar amounts of N1 and
nN1 were captured on the surface of the SPR chip, as demon-
strated by binding of an anti-PrP antibody (SAF32) to the chip
surface (Fig. 4B). We observed significantly reduced binding of
A� oligomers to nN1 compared with the wild-type N1 control
(Fig. 5B). Surprisingly, however, N1 and nN1 showed similar
dissociation constants and on/off rates for binding to A� olig-
omers (KD � 19.06 � 10�9 M for N1 and 20.75 � 10�9 M for
nN1) (see Fig. 5B legend). These results suggest that the posi-
tively charged residues in the two A�-binding sites do not dic-
tate the kinetics of association betweenN1 andA� oligomers or
the stability of the complex, although they influence the capac-
ity of the molecule to capture the oligomers or the size of the
oligomers captured.
The Ability of N1 to Bind A� Oligomers Is Influenced by Res-

idues 32–94—To further characterize the interaction of N1
with A� oligomers, we synthesized a series of N1-derived pep-
tides carrying different deletions between the two predicted
binding sites (residues 23–31 and 95–105), referred to as P1

FIGURE 2. N1 binds to synthetic A� oligomers. Myc-tagged recombinant
PrP23–230, N1, and C1 were incubated with A� oligomers and immunoprecipi-
tated (IP) using blank beads (lanes 1, 3, and 5) or beads coated with anti-Myc
antibody 4A6 (lanes 2, 4, and 6). Samples were analyzed by Western blotting
(WB) using anti-Myc antibody 4A6 (upper panel) or anti-A� antibody 6E10
(lower panel).
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(�51–94), P2 (�41–94), and P3 (�32–94). Two additional pep-
tides corresponding to the individual binding sites, called P4
and P5 (residues 23–31 and 95–111, respectively), were used as
controls (Fig. 6A).
To analyze the relative ability of the different N1 peptides to

bindA� oligomers, we immunocapturedMyc-tagged recombi-
nant N1 and synthetic peptides in parallel lanes of a SPR chip.
A� oligomers were then flowed across the different lanes, and
the interactions were measured simultaneously (Fig. 6B). We
found that deleting the octarepeat region (P1, �51–94)
decreased binding to A� oligomers by �39%. Binding was fur-

ther diminished by deleting 10 additional residues (P2,�41–94;
72% reduction) and almost completely abolished by extending
the deletion to residue 32 (P3, �32–94, 92% decrease). Simi-
larly, binding was barely detectable for peptides corresponding
to each individual binding site (P4 and P5, 96 and 99%, respec-
tively). These data demonstrate that binding of N1 to A� olig-
omers depends critically on residues between the two binding
sites (residues 23–31 and 95–105).
N1 Blocks A� Oligomer-mediated Loss of Postsynaptic Mark-

ers in Hippocampal Neurons—To test the relevance of the
N1-A� interaction at a biological level, we sought to determine

FIGURE 3. PrP23–230 and N1 interact with A� oligomers with similar binding constants. Different concentrations of synthetic A� oligomers were injected
for 3 min over sensor surfaces on which 1200 resonance units (RU) of PrP23–230, N1, or C1 had been previously captured by anti-Myc antibody 4A6, followed by
a wash with buffer alone. Sensorgrams show A� binding in RU. A� oligomers bound to PrPC or N1 in a dose-dependent manner, but did not bind to C1. The data
were fitted using the Langmuir equation, modeling a simple bimolecular interaction. Black lines indicate kon � 1.69 � 103

M
�1 s�1, koff � 5.21 � 10�5 s�1, and

KD � 30.08 � 10�9
M for PrP23–230 and kon � 4.29 � 103

M
�1 s�1, koff � 7.44 � 10�5 s�1, and KD � 17.34 � 10�9

M for N1.

FIGURE 4. N1 binds selectively to A� species generated early during the polymerization process. A, solutions containing different concentrations of
freshly redissolved A� peptide were incubated at 37 °C, and every 2 h during the polymerization process, samples were collected and injected for 3 min over
sensor surfaces on which Myc-tagged recombinant N1 had previously been captured by antibody 4A6. Chips were then washed with buffer alone. Maximum
amounts of PrP-binding A� species were present after 4 h of polymerization. B, a 20 �M aliquot of freshly redissolved A� peptide was incubated with 10 �M ThT
at 37 °C for 20 h in presence or absence of N1 or C1. Polymerization was monitored by detecting ThT fluorescence (excitation at 440 nm and emission at 490
nm). N1 inhibited A� polymerization in a dose-dependent fashion, whereas C1 had no effect. RFU, relative fluorescence units.
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whether N1 could rescue the toxic effects of A� oligomers in
primary neuronal cultures, as measured by detecting the levels
of five postsynaptic marker proteins. Postnatal mouse hip-
pocampal neurons were kept in culture for 12 days and then
incubated for 3 h with A� oligomers. The amounts of several
glutamate receptor subunits and other postsynaptic markers
were analyzed byWestern blotting of the Triton-insoluble frac-
tions. A representative Western blot is shown in Fig. 7A. A 3-h
treatment with A� oligomers (1 �M) induced an �60% loss of
GluN2A and GluN2B, two subunits of the NMDA receptor
(Fig. 7B, panels i and ii). We also observed a 73% reduction of
GluA1 and a 70% reduction of GluA2, subunits of the AMPA
receptor (Fig. 7B, panels iii and iv), as well as a 70% reduction of
PSD95 (panel v). The levels of these proteins were not signifi-
cantly affected by treatment with 1 �M N1 alone. However,
preincubation ofA� oligomerswithN1 (in a 1:1molar ratio) for
1 h significantly rescued the levels of all of these synaptic mark-
ers: GluN2A and GluN2B levels were restored by 65 and 73%,
respectively; GluA1 and GluA2 by 66 and 104%, respectively;
and PSD95 by 55%. The level of a control protein (tubulin) was
not affected by either A� oligomers or N1 (Fig. 7B, panel vi).
These results indicate that the interaction with N1 antagonizes
the A� oligomer-mediated loss of synaptic markers.
N1 Blocks the Disruptive Effects of A� Oligomers in Animal

Models—To validate these results in vivo, we turned to two
different animal models of A� toxicity. The first utilizes the
nematode C. elegans. The pharyngeal pumping rate of
C. elegans can be rapidly reduced by sublethal doses of chemical
stressors. A previous report showed that both rhythmic con-
traction and relaxation of the pharyngeal muscle in C. elegans
are significantly impaired (�50%) by feeding the nematodes
with synthetic A� oligomers (25). Although it remains uncer-
tain whether the biochemical mechanisms underlying A� tox-
icity in worms and humans are identical, this model has been
previously utilized as a surrogate assay for A� toxicity. Here, we

employed this assay to test the anti-A� effect of N1. Consistent
with previous observations, the pumping rate of the wormswas
significantly impaired when they were fed 0.1 �MA� oligomers
(Fig. 8A). N1 alone at �0.5 �M showed a slight but significant
inhibitory effect on the pumping rate (5 and 10% inhibition at
0.5 and 1 �M, respectively) (data not shown), whereas no effect
was observedwhenN1was administered at	0.5�M.However,
preincubation of A� oligomers with 0.3 �M N1 robustly antag-
onized the oligomer-dependent effect on the pumping rate (Fig.
8A). The inhibitory effect of N1 was comparable to that of
anti-A� antibody 4G8 (25) (data not shown). These results
demonstrate that N1 counteracts the toxic effects of A� oligo-
mers in vivo using C. elegans as a model system.
To further substantiate these observations, we evaluated the

protective effect of N1 on the memory dysfunction caused by
intracerebroventricular injection of synthetic A� oligomers in
mice using a novel object recognition task. This assay was
recently applied to demonstrate that synthetic A� oligomers
induce memory impairment in mice in a PrPC-independent
fashion (6). Here, we hypothesized that, regardless of whether
PrPC mediates the neurotoxicity of A� oligomers, the N1 frag-
ment could sequester oligomers in the extracellular space and
prevent their toxic effects. To test this hypothesis, synthetic A�
oligomers (1 �M) were incubated with various amounts of N1
(0, 1, or 5 �M) for 15 min before microinfusion into the lateral
ventricles of C57BL/6mice. Animals were initially trained in an
arena containing two objects that they could explore freely
(familiarization phase) and, 24 h later, were exposed to one
familiar and one new object (test phase). As expected, mice
treated with A� oligomers were unable to distinguish the new
object (e.g. no significant difference in the percentage of time
spent investigating new and old objects) (Fig. 8B) compared
with vehicle-injected controls. However, preincubation of A�
oligomers with N1 rescued the behavioral impairment in a
dose-dependent fashion (Fig. 8B). These results demonstrate

FIGURE 5. Neutralization of charged residues in N1 reduces binding to A� oligomers without affecting binding constants. A, each of the four positively
charged amino acids (indicated in red) in the two A�-binding regions were mutated to glycine or alanine, and the corresponding recombinant N1 mutant
molecule (nN1) was expressed and purified. B, A� oligomers or anti-PrP antibody SAF32 was injected for 3 min over sensor surfaces on which 800 RU) of
Myc-tagged recombinant N1 or nN1 had been previously captured by antibody 4A6, followed by buffer wash. The data were fitted using the Langmuir
equation. Mutations in nN1 reduced the interaction with A� oligomers (calculated as maximum observed binding) by 56.9%. However, similar kinetic constants
were measured for N1 and nN1. For N1, kon � 4.03 � 103

M
�1 s�1, koff � 7.68 � 10�5 s�1, KD � 19.06 � 10�9

M, and Rmax � 490.26 RU; and for nN1, kon � 2.52 �
103

M
�1 s�1, koff � 5.23 � 10�5 s�1, KD � 20.75 � 10�9

M, and Rmax � 210.92 RU.
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that N1 blocks the A� oligomer-induced memory impairment
in vivo.

DISCUSSION

Despite uncertainty regarding the role of cell-surface PrPC in
mediating the toxic effects of A� oligomers, the ability of these
two molecules to interact with high affinity is widely agreed
upon (28). In this study, we have presented a detailed charac-
terization of the binding interaction betweenA� oligomers and
the major, soluble, physiologically generated, N-terminal frag-
ment of PrPC (N1). We showed that N1 fully retains the ability
to bind A� oligomers, whereas the entire C-terminal half of
PrPC is dispensable.N1 binds selectively to transientA� species
forming during the polymerization of this peptide into amyloid
fibrils, and it thereby inhibits the polymerization process. We
have also reported that the binding capacity, but not the affin-
ity, of N1 for A� oligomers is influenced by positively charged
residues in the two A�-binding sites (residues 23–31 and
95–105) and the distance between the two sites. Finally, we
demonstrated that N1 is a potent inhibitor of A� toxicity based
on its ability to prevent the detrimental effects of A� oligomers

in cultured hippocampal neurons,C. elegans, andmice. Collec-
tively, these data argue that, whether or not the neurotoxicity of
A� oligomers is elicited in a PrPC-dependent fashion,N1-based
compoundsmay represent novel tools for preventing their neu-
rotoxic effects.
HowDoes PrP Interact withA�Oligomers?—Previous studies

have identified two distinct regions in PrPC involved in the
binding of A� oligomers. The first site (residues 95–105) was
mapped by employing a combination of deletion mutants and
antibody treatments (4), whereas the second (residues 23–27)
was identified using SPR and EPR spectroscopy (5). Synthetic
peptides corresponding to each individual binding site failed to
inhibit aggregation A� oligomers (20). Our SPR data confirm
that peptides containing the two individual binding sites alone
or combined do not interact withA� oligomers, suggesting that
additional regions in the N terminus of PrPC may contribute to
the binding. Furthermore, our data suggest that efficient bind-
ing requires separation of the two sites by additional amino
acids. Future studies will address whether this phenomenon
depends only on the distance separating the two sites, whether
there is a sequence-specific contribution of particular residues
in the linker region, or both.
Our SPR data show, surprisingly, that basic residues within

the two A�-binding sites do not influence the affinity of the
interaction between N1 and A� oligomers. However, in
absence of the positively charged residues, a lower mass of A�
oligomers interacts with N1. This effect could be explained if
smaller A� oligomers were captured by the neutralized PrP
sites. Therefore, the presence of positively charged residues in
the two A�-binding sites could determine the size of the oligo-
mers that interact with PrPC.Our data also suggest that binding
between N1 and A� oligomers does not depend on a simple
electrostatic interaction between negatively charged residues
on A� and positively charged residues on PrPC. Rather, a con-
formational rearrangement of the flexible N-terminal domain
of PrPC could govern the interaction with A� oligomers. This
observation is further supported by our observation that the
binding ability of the N terminus is influenced by the length
of the region separating the two binding regions. Further
studies will clearly be needed to elucidate this hypothesized
mechanism.
Our observation that N1 binds to A� species generated early

during the polymerization process is consistent with evidence
that neither monomeric nor fibrillar forms of A� have signifi-
cant affinity for PrPC and that binding is specific for oligomers.
Importantly, N1 is capable of markedly suppressing the A�
polymerization process itself, as measured by ThT binding,
suggesting that interaction with N1 blocks or slows further
growth of oligomers into longer fibrils. Similar effects on A�
polymerization have also been reported recently by Nieznanski
et al. (20) using longer portions of the PrP molecule.
N1 Neutralizes Toxic Assemblies of A�—Previous studies

reported that N1 exerts a neuroprotective effect in neuronal
cells by reducing p53-mediated cell death (29). Recently, N1
was shown to protect also against the cytotoxic effects of A�
monomers and oligomers (30). This effect was possibly
explained by the ability of N1 to activate intracellular cell sur-
vival mechanisms involving the Akt/p53 pathway. Another

FIGURE 6. Binding of N1 to A� oligomers is strongly influenced by resi-
dues 32–94. A, schematic of N1 peptides. Peptides were synthesized with a
series of deletions between the two predicted binding sites (residues 23–31
and 95–105): P1 (�51–94), P2 (�41–94), and P3 (�32–94). Two additional pep-
tides corresponding to each individual binding site, called P4 and P5 (residues
23–31 and 95–111, respectively), were used as controls. B, A� oligomers were
injected for 4 min over sensor surfaces on which 320 RU of Myc-tagged N1,
150 RU of P1, 115 RU of P2, 85 RU of P3, 30 RU of P4, and 60 RU of P5 had been
previously captured by anti-Myc antibody 4A6, followed by buffer wash.
Deletions between the two binding sties (residues 23–31 and 95–105) pro-
gressively reduced binding to A� oligomers: 39% for P1, 72% for P2, and for
92% for P3. P4 and P5 did not bind a significant amount of A� oligomers.
Curves for binding to N1, P1, and P2 were fitted using the Langmuir equation,
modeling a simple bimolecular interaction. White lines indicate kon � 1.60 �
103

M
�1 s�1, koff � 6.54 � 10�5 s�1, and KD � 40.9 � 10�9

M for N1; kon �
8.71 � 103

M
�1 s�1, koff � 1.11 � 10�4 s�1, and KD � 12.8 � 10�9

M for P1; and
kon � 5.21 � 103

M
�1 s�1, koff � 1.37 � 10�4 s�1, and KD � 26.3 � 10�9

M for
P2. Signals for P3, P4, and P5 were too low to be fit.

N-terminal PrP Fragment Binds to A� and Inhibits Toxicity

MARCH 15, 2013 • VOLUME 288 • NUMBER 11 JOURNAL OF BIOLOGICAL CHEMISTRY 7863



recent study provided direct experimental support for the
notion that N1 interacts directly with A� oligomers, blocking
their neurotoxicity in transformed cell lines (based on cell via-
bility assays) (20). Here, we have shown for the first time that
N1 counteracts A� effects in primary neurons and suppresses
A� toxicity in two different animal models (C. elegans and
mice). These effects were seen when N1 was mixed with pre-
formed A� oligomers, even at low stoichiometric ratios, sug-
gesting that N1 blocks the interaction of a specific oligo-
meric form of A� with cellular receptors responsible for
toxicity. Whether such receptors include PrPC itself remains
to be determined.
In principle, attempts to develop A�-directed agents would

be facilitated by knowing the structure of the toxicA� species at
high resolution. Unfortunately, research has been hampered by
the fact that A� assemblies are often structurally heterogene-
ous andmetastable. In this study,we observed thatN1 stabilizes
a particular subset of A� assemblies and inhibits the neurotoxic
effects of A� preparations in vitro and in vivo. Such a rescue

effect provides evidence that A� species recognized by N1 are
neurotoxic. Therefore, as also suggested by a recent study (8),
N1-based compounds may allow the isolation of toxic A� spe-
cies from biological samples (e.g. cerebrospinal fluid) or quan-
titation of the amount of toxic species in clinical samples.
Moreover, the biophysical characterization of the complex
formed by synthetic A� oligomers and N1 could provide
important insights regarding the oligomerization pathway and
the structure of toxic A� oligomers, laying the groundwork for
the rational design of anti-AD therapeutics.
N1-based Therapies for Treatment of Neurodegenerative

Diseases—Soluble A� oligomers represent a primary pharma-
cological target for reducing synaptic dysfunction and cognitive
decline in AD (31). For example, anti-A� antibodies have been
extensively tested in animal models and human patients, and
although they have not proven effective in clinical trials, this
may be because they have not been administered early enough
in the disease process (32). Our data indicate that N1 interacts
with A� oligomers with an affinity comparable to anti-A� anti-

FIGURE 7. N1 antagonizes the loss of postsynaptic makers of A� oligomers in cultured neurons. Cultures of hippocampal neurons were treated for 3 h
with vehicle (control (CTR)), N1 alone (1 �M), A� oligomers alone (1 �M), or A� oligomers preincubated with N1. Postsynaptic marker proteins were then
measured by Western blotting. A, representative Western blots. B, quantification of several independent experiments. A� oligomers induced a loss of post-
synaptic markers, which was significantly attenuated by preincubation with N1. **, p 	 0.01 for control versus A� oligomers (two-way analysis of variance and
Bonferroni post hoc test); ##, p 	 0.01 for A� oligomers versus A� oligomers 
 N1; $, p 	 0.05 for N1 versus A� oligomers 
 N1. Values are means � S.E. (n �
6). Tubulin levels were not affected by A� oligomer treatment (p � 0.05 (two-way analysis of variance); n � 6).
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bodies and blocks their toxicity in a variety of experimental
settings, including cells, worms, and mice. Therefore, develop-
ment of N1-based compounds (e.g. short N1-derived peptides)
may represent a novel pharmacological approach for treatment
of AD.
N1 is a naturally occurring soluble fragment that is generated

by endogenous proteolytic processing of membrane-bound
PrPC at the �-site (residues 111 and 112) (18). Up to 50% of the
PrPC in cells and brain is cleaved at this site. There is uncer-
tainty about the identity and cellular location of the relevant
proteases, although cell-surface ADAM proteases represent
one set of candidates (17). Importantly, �-cleavage of PrPC can
be stimulated pharmacologically, e.g. by activators of protein
kinase C (33). It is possible that such agents could have thera-
peutic effects in AD by increasing production of the neuropro-
tective N1 fragment.
A recent study provided evidence that PrPC could bind not

only A� oligomers but also other �-sheet-rich protein assem-
blies (34). This unexpected property of PrPC seems to rely on

the same N-terminal domains that are involved in binding to
A� oligomers (residues 23–31 and 95–105). Therefore, it is
possible that N1-derived compounds will possess the ability to
block the neurotoxic effects of several other aggregated pro-
teins linked to different neurodegenerative diseases.
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