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(Background: Amyloid-B oligomers trigger Alzheimer disease pathophysiology via the interaction of cellular prion protein

Results: PrP€ region 91-153 interacts preferentially with the activated conformation of mGIuR5.
Conclusion: Antibodies against PrP region 91-153 and agonist/antagonist-driven mGIuR5 conformations regulate the PrP<-

Significance: These findings have therapeutic implications for Alzheimer disease by identifying compounds that modulate the
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Soluble Amyloid-f oligomers (Af30) can trigger Alzheimer
disease (AD) pathophysiology by binding to cell surface cellular
prion protein (PrP€). PrP€ interacts physically with metabo-
tropic glutamate receptor 5 (mGluR5), and this interaction con-
trols the transmission of neurotoxic signals to intracellular sub-
strates. Because the interruption of the signal transduction from
PrP€ to mGIuR5 has therapeutic potential for AD, we developed
assays to explore the effect of endogenous ligands, agonists/an-
tagonists, and antibodies on the interaction between PrP€ and
mGIuR5 in cell lines and mouse brain. We show that the PrP€
segment of amino acids 91-153 mediates the interaction with
mGIluR5. Agonists of mGluR5 increase the mGluR5-PrP€ inter-
action, whereas mGluR5 antagonists suppress protein associa-
tion. Synthetic A o promotes the protein interaction in mouse
brain and transfected HEK-293 cell membrane preparations.
The interaction of PrP¢ and mGIuR5 is enhanced dramatically
in the brains of familial AD transgenic model mice. In brain
homogenates with Ao, the interaction of PrP¢ and mGluR5
is reversed by mGluR5-directed antagonists or antibodies
directed against the PrP® segment of amino acids 91-153. Silent
allosteric modulators of mGluR5 do not alter Glu or basal
mGluR5 activity, but they disrupt the ABo-induced interaction
of mGluR5 with PrP€. The assays described here have the poten-
tial to identify and develop new compounds that inhibit the
interaction of PrP¢ and mGluR5, which plays a pivotal role in
the pathogenesis of Alzheimer disease by transmitting the signal
from extracellular A fo into the cytosol.
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Soluble amyloid- oligomers (ABo)? are potent synaptotox-
ins and key mediators of Alzheimer disease (AD) pathophysi-
ology (1-7). There is a robust correlation between disease
severity and the concentration of prefibrillar, soluble ABo
(8—10). In contrast, the load of insoluble fibrillar amyloid
plaques correlates poorly with the degree of dementia (8, 9,
11-13). Recent progress in the field has improved our under-
standing of the mechanisms by which ABo interacts with syn-
apses and triggers synaptotoxicity. Cellular prion protein
(PrP<) has been identified as high-affinity cell surface receptor
for ABo (14), which has been confirmed both iz vivo and in vitro
(15-17). Numerous AD-related deficits are dependent on the
presence of PrP<, such as ABo-triggered synaptic dysfunction,
dendritic spine and synapse loss, serotonin axon degeneration,
epileptiform discharges, spatial learning and memory impair-
ment, and the reduced survival of APP/PS1 transgenic mice (1,
14, 18 -22). ABo-PrP¢ complexes are extractable from human
AD brains, and human AD brain-derived Ao inhibits synaptic
functionin a PrPC—dependent manner (15, 19, 23, 24). Further-
more, blockade of the interaction between ABo and PrP€,
which has been mapped to regions 23-27 and 95-110 in PrP<,
prevents ABo-induced inhibition of synaptic plasticity (14, 17).
However, the role of PrP€ as a mediator of ABo-induced toxic-
ity does not appear to apply to all Ao conformers and all assay
models. Both Kessels et al. (25) and Calella et al. (26) found
ABo-induced impairment of hippocampal LTP independent of
the presence of PrP< (25, 26). Moreover, another study verified
an ABo-dependent decline of long term memory consolidation
that was independent of PrP< (16). Variable outcomes in toxic-
ity assays are most likely due to distinct compositions of differ-
ent ABo preparations. Several different isoforms of Ao exist,

3 The abbreviations used are: Ao, Amyloid-3 oligomer(s); AD, Alzheimer dis-
ease; APP, amyloid precursor protein; DCB, 3,3-dichloro-benzaldazine;
DHPG, dihydroxyphenylglycine; LTD, long-term depression; LTP, long term
potentiation; MBCD, methyl-B-cyclodextrin; MTEP, 3-((2-methyl-4-thia-
zolyl) ethynyl)pyridine; PrPC, cellular prion protein.
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and certain forms have been demonstrated to trigger specific
AD-related toxic effects, some of which might be independent
of PrP€ (3, 27-29).

When ABo/PrP< complexes form, they trigger AD patho-
physiology by interacting with mGluR5 (30). Both PrP€ and
mGluR5 receptors are located in lipid raft-like domains, and
these are hypothesized to be the key location of ABo-triggered
induction of synaptotoxicity (31-34). Consistent with this find-
ing, Renner et al. (35) revealed a PrP¢- and mGluR5-dependent
binding of Ao to synapses using live single particle tracking of
labeled ABo in hippocampal neurons. They claim that ABo
cause synaptic dysfunction by triggering an abnormal cluster-
ing and overstabilization of mGluR5 receptors within the
plasma membrane (35). Moreover, mGIluR5 receptors are
implicated in excitotoxicity and in transducing signals from the
cell surface receptor PrP< into the cytosol (36, 37). Participation
of mGluR5 in AD-related synaptotoxicity is consistent with the
observation that ApPo-induced suppression of LTP and
enhancement of long term depression (LTD) can be imitated by
mGluR5 agonists and suppressed by mGluR5 antagonists (1,
38 —40). Furthermore, incubation of neurons with A Bo initiates
secondary messenger cascades that mimic the activation of
mGluR receptors (7). Therefore, it is not surprising that multi-
ple ABo-induced AD-related deficits are dependent on the
presence of both PrP“ and mGluR5. Some examples include
Apo-triggered reduction of LTP and enhancement of LTD,
activation of intracellular Fyn kinase, ABo-induced dendritic
spine loss, and spatial learning and memory deficits in APP/PS1
transgenic mice (19, 30, 41, 42).

Assuming that the physical interaction of PrP with mGIuR5
is essential for the transmission of A Bo-induced neurotoxic sig-
nals to intracellular substrates, targeting the PrP“-mGluR5
interaction has potential clinical implications for AD. The
development of therapeutic strategies would benefit from a
more precise knowledge about the interaction between PrP¢
and mGIuR5. The structures of both PrP< and mGluR5 have
been characterized (43—45), potentially facilitating the study of
their interaction and regulation by A o. In this study, we used a
library of PrP< deletion mutants as well as antibody mapping
experiments to identify the 91-153 region of PrP< as account-
ing for the interaction with mGIuR5. Moreover, we provide
evidence that the interaction of mGIluR5 with PrP€ can be
manipulated by agonist/antagonist-induced conformational
changes of mGIuR5 or antibody blockade of PrP<. Our findings
also reveal a significant enhanced interaction between PrP< and
mGluR5 in the brains of mice expressing familial AD trans-
genes. This stimulatory effect of the APP transgene is mimicked
by the artificial supply of ABo and inhibited by both mGIluR5-
directed antagonists and PrP-directed antibodies, which tar-
get the binding sites of ABo and mGIluR5 on PrP€.

EXPERIMENTAL PROCEDURES

AB42 Oligomer Preparation—AP42 oligomers were pre-
pared as described previously (14). All concentrations are given
in monomer equivalents, with 1 um of total AB42 peptide cor-
responding to ~10 nM oligomeric species (14). ABo was pre-
pared immediately before use in glutamate-free F12 medium to
avoid direct stimulation of glutamate receptors.
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Mouse Strains—All mouse strains have been described pre-
viously (18, 46, 47). Males and females were used in approxi-
mately equal numbers, and none were excluded.

Drugs and Antibodies—The following metabotropic glutamate
receptor-directed compounds were used: S-(4-fluoro-phenyl)-
{3-[3-(4-fluoro-phenyl)-[1,2,4]-oxadi-azol-5-yl]-piperidin-1-yl}-
methanone (Selleckchem), DCB (3,3’ -dichloro-benzaldazine,
Tocris Bioscience), dihydroxyphenylglycine (Tocris Biosci-
ence), 6-methoxy-N-(4-methoxyphenyl)-4-quinazolin-amine-
hydrochloride (Tocris Bioscience), 3-((2-methyl-4-thiazolyl)
ethynyl)pyridine (MTEP) hydrochloride (Tocris Bioscience),
6-methyl-2-(phenylazo)pyridin-3-ol (Tocris Bioscience), and
4-butoxy-N-(2,4-di-fluorophenyl)benzamide (Tocris Biosci-
ence). The following antibodies were used: 6D11 (mouse
monoclonal antibody, epitope between residues 97 and 100 of
PrP<, Covance/Signet) and M20 (affinity-purified goat poly-
clonal antibody raised against the C-terminal part of mouse
PrP<, Santa Cruz Biotechnology). The following antibodies
were used for antibody mapping experiments: 6D11 (Covance,
epitope between residues 97 and 100), 3F4 (Covance, epitope
between residues 108 and 111), Pri308 (Cayman Chemical,
epitope between residues 106 and 126), 6G3 (Santa Cruz Bio-
technology, epitope between residues 130 and 150), Bar 233
(Cayman Chemical, epitope between residues 141 and 151),
Bar221 (Cayman Chemical, epitope between residues 141 and
151), M20 (Santa Cruz Biotechnology, raised against the C-ter-
minal part of mouse PrP€), 11C6 (Cayman Chemical, epitope
between residues 142 and 160), and SAF70 (Cayman Chemical,
epitope between residues 156 and 162).

Cell Culture and Preparation of Cell Lysates—HEK-293T
cells were maintained in DMEM supplemented with 10% FCS,
1% L-glutamine (2 mM final concentration), 1% sodium pyru-
vate (1 mM final concentration) and 1% penicillin/streptomycin
(100 units/ml). Cells were transfected using Lipofectamine
2000 transfection reagent (Invitrogen). To prepare detergent-
solubilized cell lysates, cells were rinsed with ice-cold PBS and
solubilized in radioimmune precipitation assay (RIPA) buffer
containing 150 mM sodium chloride, 1.0% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% SDS, 50 mm Tris (pH 7.4), 1 mm
EDTA, complete protease inhibitor mixture (Roche), and
phosSTOP phosphatase inhibitor mixture (Roche). The insol-
uble fraction was removed by centrifugation at 20,000 X g, and
the supernatant was used for protein assays.

Cell Surface Biotinylation—Cells were rinsed three times in
ice-cold PBS to remove primary amine-containing culture
medium and incubated in PBS containing 2 mm EZ-Link NHS-
biotin (Thermo Scientific) for 30 min at 4 °C. Cells were rinsed
three times in quenching buffer (100 mm glycine in PBS) to
block any unreacted NHS-biotin. Proteins were extracted in
RIPA lysis buffer, separated by SDS-PAGE, and analyzed by
immunoblotting.

Preparation of RIPA Buffer-soluble Extracts from Brain
Tissue—Mouse forebrains were homogenized in three volumes
of ice-cold (w/v) 50 mm Tris-HCI, 150 mm NaCl (pH 7.4) (TBS),
complete protease inhibitor mixture (Roche), and phosSTOP
phosphatase inhibitor mixture (Roche) using a Teflon homog-
enizer. The homogenized brain extract was centrifuged at
100,000 X g for 20 min at 4 °C, and the pellet was resuspended
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in RIPA buffer. The resuspension was centrifuged at 100,000 X
g for 20 min. The supernatant was used for protein assays.

Crude Membrane Preparations—HEK-293 cells or mouse
forebrains were homogenized in homogenization buffer (10
mM Tris-HCI (pH 7.4), 1 mm EDTA, 200 mM sucrose, complete
protease inhibitor mixture (Roche), and phosSTOP phospha-
tase inhibitor mixture (Roche)), and insoluble material was
removed by centrifugation at 900 X g for 10 min at 4 °C. The
supernatant was centrifuged at 110,000 X g for 75 min at 4 °C,
and the membrane pellet was resuspended in solubilization
buffer (10 mm Tris-HCI (pH 7.4), 1 mm EDTA, complete pro-
tease inhibitor mixture (Roche), and phosphatase inhibitor
(Roche)) for 3 h to overnight at 4 °C. Proteins were extracted by
1.0% Nonidet P-40 for 1 h at 4 °C and used for protein assays.

Immunoprecipitation—One microgram of capture antibody
was incubated overnight at 4 °C with 1 mg of detergent-solubi-
lized lysate protein with continuous mixing. The antibodies
used were anti-Myc (Sigma-Aldrich, catalog no. C3956) for
anti-Myc immunoprecipitation and Saf32 (Cayman Chemical,
catalog no. 189720) for anti-PrP< immunoprecipitation in all
experiments except anti-PrP“ immunoprecipitation experi-
ments of PrP< deletion mutants, where a mixture of both Bar
233 (Cayman Chemical, catalog no. 10009036) and Saf32 (Cay-
man Chemical, catalog no. 189720) was used as capture anti-
bodies. PureProteome protein A/G mix magnetic beads (Milli-
pore, catalog no. LSKMAGAG10) or goat anti-rabbit IgG
magnetic beads (New England Biolabs, catalog no. S1432S)
were washed in wash buffer (PBS and 0.1% Tween 20 (pH 7.4)).
The preformed antibody-antigen complex was added to the
beads and incubated for 1 h (in the case of HEK-293 cell exper-
iments) or 3 h (in the case of mouse brain experiments) at 4 °C
with gentle rotation. For some experiments, antibodies were
covalently coupled to protein A/G mix magnetic beads. Here
beads were washed in wash buffer, incubated with double the
amount of appropriate antibody for 1 h at 4 °C, and washed
three times in wash buffer and once in cross-link buffer (20 mm
sodium phosphate and 0.15 M NaCl (pH 7.4)). Antibodies were
then immobilized on the beads by incubation with 2.5 mm Bis-
(sulfosuccinimidyl) suberate (BS3) cross-linker for 1 h at 4 °C.
The reaction was quenched by 17 mm Tris-HCI (pH 7.4) and
incubation for 1 h at 4 °C. Non-immobilized antibodies were
removed by one wash in 0.2 M glycine-HCl (pH 2.5), followed by
three washes in wash buffer. Beads were incubated with deter-
gent-solubilized lysate overnight at 4 °C with gentle rotation
and washed three times in wash buffer prior to elution of pro-
teins in SDS-PAGE sample loading buffer. The immunopre-
cipitated complexes were then resolved by SDS-PAGE and
immunoblotted.

Plate-based Binding Assay of PrP“-mGIluR5—White 384-well
MaxiSorp microplates (Nunc, catalog no. 460372) were coated
with 20 ul/well of 150 um purified recombinant PrP (amino
acids 23-230) overnight at 4 °C. Plates were washed and
blocked with 110 ul/well of protein-free PBS-T20 blocking
buffer (Pierce) for 3-5 h at room temperature. Immobilized
PrP¢ was exposed to detergent lysates of HEK-293 cells
expressing Myc-mGIuR (1% N-nonanoyl-N-methylglucamine
in PBS, complete protease inhibitor mixture (Roche), and phos-
phatase inhibitor (Roche)) in 3-fold serial dilutions and incu-
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bated overnight at 4 °C. Plates were washed and incubated with
20 wl/well of primary antibody solution (anti-Myc, 1:2000 dilu-
tion in PBS-T) for 2 h at room temperature. Plates were washed
and incubated with 20 ul/well of secondary antibody solution
(europium-conjugated, 1:8000 in dissociation-enhanced lan-
thanide fluorescent immunoassay (DELFIA) buffer) for 1-2 h at
room temperature. Plates were washed, 20 ul/well of DELFIA
enhancement solution was added, and imaging was performed
using the Victor 3V microplate reader (PerkinElmer Life
Sciences).

Immunoblots—Proteins were electrophoresed through pre-
cast 4-20% tris-glycine gels (Bio-Rad) and transferred to nitro-
cellulose membranes (Invitrogen) with an iBlot™ gel transfer
device (Invitrogen). Membranes were blocked (blocking
buffer for fluorescent Western blotting, Rockland, catalog no.
MB-070-010) for 1 h at room temperature and incubated over-
night in primary antibodies. The following antibodies were
used: 6D11 (Covance, catalog no. 39810-500; 1:1000), 6E10
(Millipore MAB 1560, 1:1000), anti-actin (Sigma-Aldrich, cat-
alogno. A2066, 1:10,000), anti-Myc (Sigma-Aldrich, catalog no.
C3956, 1:1000), anti-mGluR5 (Millipore, catalog no. AB5675,
1:500), Bar 233 (Cayman Chemical, catalog no. 10009036,
1:200), Saf32 (Cayman Chemical, catalog no. 189720, 1:200),
and IRDye Streptavidin 680 (Odyssey, 1:20,000). Secondary
antibodies were applied for 1 h at room temperature (Odyssey
donkey anti-mouse or donkey anti-rabbit IRDye 680 or 800),
and proteins were visualized with a Licor Odyssey infrared
imaging system. Quantification of band intensities was per-
formed within a linear range of exposure.

RESULTS

Mapping the mGluRS-interacting Region in PrP“—The
mGluR5 binding regions in PrP“ were mapped using PrP< dele-
tion mutants (Fig. 1) and antibody mapping experiments (Fig.
2). All PrP< deletion mutants expressed at similar levels in
HEK-293 cells (Fig. 1, A, bottom panel, and C, bottom panel).
Trafficking defects for the mutants were excluded by cell sur-
face biotinylation of living cells with the membrane-imperme-
able chemical EZ-Link NHS-Biotin. A comparable streptavidin
signal was observed in anti-PrP< immunoprecipitates of cells
expressing deletion mutants and the full-length version of PrP<
(Fig. 1A, top panel). This indicates that deletions do not prevent
PrP© mutants from reaching the plasma membrane, which is a
requirement to evaluate their interaction with mGIuR5. Then,
evaluation of the interaction between Myc-mGIuR5 and differ-
ent versions of PrP< was performed (Fig. 1C). We found that
deletions spanning residues 91-153 reduced the interaction of
PrP€ with mGIuR5. Most strikingly, we observed a reduction in
the amount of PrP“-d91-111 pulled down after Myc-mGIuR5
immunoprecipitation (Fig. 1D, 23 £ 11%, n = 4, blue bar) and
the complementary reduction of the Myc-mGIluR5 signal in
PrP¢-d91-111 immunoprecipitation (Fig. 1D, 16 = 8.6%, n = 4,
blue bar) compared with the full-length PrP€. Similarly, dele-
tion of the B-sheet-rich region in PrP< decreased the PrP€ sig-
nal in anti-Myc immunoprecipitates (Fig. 1D, 40 = 16%, n = 4,
red bar). Moreover, deletion of helix 1 in PrP€ showed a reduc-
tion in the Myc-mGluR5 signal in PrP© immunoprecipitation
(Fig. 1D, 40 = 9.5%, n = 4, yellow bar). These results indicate
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FIGURE 1. Myc-mGluR5 binds to residues 91-153 of PrPC. A, cell surfaces of HEK-293 cells transfected with plasmids directing the expression of either PrPC-FI
or each of the indicated PrP< deletion mutants were biotinylated. Detergent-solubilized lysates (input) were immunoblotted with anti-PrP<, and anti-PrP©
immunoprecipitates (/P) were immunoblotted with Streptavidin. B, schematic of the PrP® structure and deletion (d) locations (gray, residues 23-51; green,
octa-repeat (OR); blue, residues 91-111; red, B-sheet-rich region; yellow, helix 1 (H1); purple, helix 2 (H2); orange, helix 3 (H3). The ABo binding sites in PrP< are
highlighted in dark blue (residues 23-27 and 95-110), and the mGIuR5 binding sites are highlighted in dark red (residues 91-153). SP, signal peptide; GPI,
glycosylphosphatidylinositol. C, HEK-293 cells were transfected with either empty pcDNA3 vector or vector for Myc-mGIuR5 or PrP<-Fl (full-length) or cotrans-
fected for either Myc-mGIuR5 and PrP<-Fl or PrP< deletion mutants, as indicated. Detergent-solubilized lysates (Input), anti-Myc immunoprecipitates, and
anti-PrP< immunoprecipitates were immunoblotted with either anti-Myc or anti-PrP<, as indicated. D, the quantified PrP“ deletion mutant signal in anti-Myc
immunoprecipitates is normalized to the PrP<-Fl signal in anti-Myc immunoprecipitates. Data are mean * S.E. from four experiments. Coimmunoprecipitation
of Myc-mGIuR5 with PrPS-d91-111 and Myc-mGIuR5 with PrP-dBeta is reduced significantly. ¥, p = 0.0359; **, p < 0.0059; one-sample Student’s t test. £, the
quantified Myc signal in anti-PrP< deletion mutant immunoprecipitates is normalized to the Myc signal in anti-PrP-Fl immunoprecipitates. Data are mean =
S.E. from four experiments. Coimmunoprecipitation of Myc-mGIluR5 with PrP€-d91-111 (**, p = 0.0023 by one-sample t test) and coimmunoprecipitation of

Myc-mGluR5 with PrPS-dHelix1 is reduced significantly (**, p = 0.0081 by one-sample Student's t test).

that the region spanning residues 91-153 is involved in binding
Myc-mGluR5. The absence of a reduced coimmunoprecipita-
tion signal with the PrP< deletion mutants that lack elements
outside of region 91-153 imply that regions other than 91-153
are not essential for the interaction with mGIuR5.

To confirm these results, we took a different approach to
map the regions of PrP€ interacting with mGIuR5. Recombi-
nant full-length PrP< was used to coat MaxiSorp microplates,
which were then incubated with detergent-soluble membrane
fractions prepared from HEK-293 cells expressing Myc-mGIuR
(Fig. 2). A robust signal was detected with Myc-mGluR5 lysates
(Fig. 24, black dotted line). Even though Myc-mGIluR8 expres-
sion was higher than Myc-mGIuR5 expression (Fig. 2B), the
closely related protein Myc-mGIluR8 (Fig. 24, red dotted line)
and control cell lysates (Fig. 24, green dotted line) produced no
detectable signal in the plate-based binding assay of PrP“-
mGluR, demonstrating the specificity of this assay toward Myc-
mGluR5. Using this assay, we screened a panel of anti-prion
protein antibodies for their ability to disrupt the interaction
between Myc-mGluR5 with immobilized PrP€ (Fig. 2C). Anti-
bodies recognizing the 91-111 region of PrP“ (6D11, 3F4, and
Pri308) blocked the protein interaction in a dose-dependent
manner (Fig. 2D). In addition, antibodies recognizing the
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B-sheet-rich region and helix 1 of PrP< (BAR233, 6G3, and
BAR221) showed a similar interaction inhibition (Fig. 2E). In
contrast, control antibodies not recognizing PrP< (GAPDH)
and antibodies recognizing domains of PrP< outside of region
91-153 (SAF70, M20, 11C6, and others not shown) had no
effect on the interaction (Fig. 2F). These data are consistent
with deletion mapping results indicating that region 91-153 of
PrP“ mediates the interaction with mGIuR5.

Regulation of the PrP“-mGluRS Interaction—We analyzed
whether the interaction between PrP< and Myc-mGIuR5 can be
regulated by agonist/antagonist-driven conformational changes
of mGluR5 (Fig. 3). Our results indicate that negative allosteric
modulators weaken the interaction between PrP< and Myc-
mGluR5, and the strongest effect was seen with MTEP. This
drug reduces the coimmunoprecipitation of PrP with mGluR5
(Fig. 3C, 33 = 5.2%, n = 12) and the complementary coimmu-
noprecipitation (Fig. 3D, 46 * 6.9%, n = 10) compared with the
full interaction signal of untreated cells. We observed that this
MTEP-triggered negative regulation of the PrP“-mGluR5
coimmunoprecipitation is dose-dependent (Fig. 4). On the other
hand, agonists and positive allosteric modulators increased the
coimmunoprecipitation of PrP“ and Myc-mGluR5, and the
strongest effect was seen by treating cells and detergent solubilized
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FIGURE 2. Antibodies directed against region 91-153 of PrP€ block the Myc-mGluR5 binding to immobilized PrP€. A and D-F, relative binding of
detergent-solubilized Myc-mGluR to immobilized recombinant PrP<. A, immobilized PrP< strongly interacts with Myc-mGIuR5 lysates but not with Myc-
mGluR8 lysates or control lysates. B, Myc-mGluR lysates used in A were immunoblotted with anti-Myc. C, schematic of the PrP€ structure and antibody epitopes.
Antibodies used in mapping experiments are 6D11 (epitope, 97-100), 3F4 (epitope, 108-111), Pri308 (epitope, 106 -126), 6G3 (epitope, 130-150), Bar221 and
Bar 233 (Bar221/3; epitope, 141-151), Saf70 (epitope, 156-162), 11C6 (epitope, 142-160), and M20 (epitope, C-terminal residues) (73-75). SP, signal peptide;
OR, octa-repeat; GPI, glycosylphosphatidylinositol. D, antibodies recognizing region 91-111 of PrP€ (6D11, 3F4, and Pri308) disrupt the interaction between
Myc-mGluR5 and immobilized PrP¢ dose-dependently. £, antibodies directed against the B-sheet-rich region and helix 1 of PrP< (BAR233, 6G3, and BAR221)
blocked the Myc-mGluR5 binding to PrP< dose-dependently. F, no disruption of the Myc-mGIuR5 binding to immobilized PrP¢ was initiated by control
antibodies not recognizing PrP< (GAPDH) or antibodies recognizing exclusively domains other than region 91-153 of PrP€ (SAF61, M20, and 11C6).

lysates with the functional glutamate analog DHPG (Fig. 3, C
and D). In the presence of DHPG, the PrPC-mGluR5 interaction
increased (Fig. 3C, 260 = 24%, n = 11) when mGIuR5 was
immunoprecipitated, and, in the same fashion, complementary
coimmunoprecipitation was increased (Fig. 3D, 263 * 20%, n =
11) compared with the amount of coimmunoprecipitation in
untreated cells. DCB is a silent allosteric modulator of mGIuR5,
competing with MTEP but not inhibiting the receptor (48).
Application of DCB alone did not alter the interaction between
PrP€ and Myc-mGIuR5 (Fig. 3B). However, incubation of cells
with DCB 10 min prior to application of MTEP prevented the
blocking of the PrP“-Myc-mGluR5 interaction triggered by
MTEP (Fig. 3B, sixth lane). These results indicate that treat-
ment with DCB prevents the negative allosteric modulator
MTEP from inducing conformational changes that could alter
the interaction of PrP< and Myc-mGIuR5.

Confirmation of Drug Specificity with Chimeric mGluRs—To
further determine the drug specificity of alterations produced
on the coimmunoprecipitation of PrP< and Myc-mGIuR5,
driven by agonist/antagonist induced conformational altera-
tions of mGluR5, we investigated the effect of mGluR5-directed
endogenous ligand and agonists/antagonists on the interaction
between PrP“ and different Myc-mGIuR chimeras (Fig. 5). Asa
control, we cotransfected PrP¢ and Myc-mGIuR8. The coim-
munoprecipitation of these proteins was significantly lower
compared with the coimmunoprecipitation signal of Myc-
mGluR5 with PrP¢ (Fig. 5, C and D, red bars versus black bars,
p = 0.0006 and p = 0.0005 by one-sample Student’s ¢ test,
respectively). Moreover, both chimeric Myc-mGluR-N5/C8
and Myc-mGIluR-N8/C5 proteins coimmunoprecipitated less
effectively with PrP© compared with Myc-mGIuR5 (Fig. 5, C
and D, green and purple bars versus black bars). These chimeric
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proteins contain the extracellular domain of either Myc-
mGlIuR5 or Myc-mGluR8 and the transmembrane-spanning
domain of the other metabotropic receptor, respectively (Fig.
5B). As seen before, PrP© and Myc-mGluR5 coimmunoprecipi-
tated more effectively in the presence of glutamate and DHPG
but less effectively in the presence of MTEP (Fig. 5, E and F). In
contrast, MTEP did not show any effect on the coimmunopre-
cipitation of PrP< and Myc-mGluR-N5/C8 (Fig. 5, G and H).
Moreover, the PrP€-Myc-mGluR-N8/C5 coimmunoprecipita-
tion signal was not affected by DHPG (Fig. 5, /and /). Therefore,
the highly specific mGluR5-directed drugs MTEP and DHPG
failed to alter the interaction between PrP< and Myc-mGluR
when their implicated receptor binding element was missing. In
contrast, glutamate effects are observable across all classes of
mGluRs. These results provide further mechanistic support for
the specificity of the mGIluR5 conformational regulation of
PrP€ association.

Conformational Regulation of mGIuRS Requires a Membrane
Environment—To determine whether the modulation of PrP“-
mGIluR5 complex strength by mGluR5 conformational changes
(agonist/antagonist binding) is dependent on the stability of the
plasma membrane, we analyzed how this modulation is affected
by the administration of agonist/antagonist to different cellular
and subcellular fractions (Fig. 6). PrP< and Myc-mGIuR5 coim-
munoprecipitate less effectively when MTEP is applied con-
stantly at all steps of the immunoprecipitation process, first to
the intact cells and later to the detergent solubilized lysates.
Similarly, DHPG is more effective when the drugis applied at all
steps of the immunoprecipitation process (cells and detergent-
solubilized lysates) (Fig. 6A). This effect is even stronger when
membrane preparations of untreated cells expressing PrP and
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FIGURE 3. Agonist/antagonist-driven conformational states of mGIuR5 regulate the interaction of HEK-293 cell-expressed PrP< and Myc-mGIuR5. A,
HEK-293 cells were transfected with either empty pcDNA3 vector or vector for PrP< or Myc-mGIuR5 or cotransfected for PrP< and Myc-mGIuR5. Cells were
incubated for 10 min at 37 °C with 2.5 um indicated drug. Detergent-solubilized lysates (Input) were immunoblotted with either anti-Myc or anti-PrP< as
indicated. Anti-Myc immunoprecipitates (/P) and anti-PrP immunoprecipitates were supplied with 2.5 um indicated drug and immunoblotted with either
anti-Myc or anti-PrP<. VU-0357121, 4-butoxy-N-(2,4-difluorophenyl)benzamide; SIB-1757, 6-methyl-2-(phenylazo)pyridin-3-ol; ADX-47273, S-(4-fluoro-phenyl)-
{3-[3-(4-fluoro-phenyl)-[1,2,4]-oxadi-azol-5-yl]-piperidin-1-yl}-methanone; LY-456236, 6-methoxy-N-(4-methoxyphenyl)-4-quinazolinamine hydrochloride. B,
cells were incubated for 10 min at 37 °C with indicated drug concentrations. One culture was preincubated for 10 min with 25 wm DCB prior to incubation for
10 min at 37 °C with 2.5 um MTEP. Detergent-solubilized lysates were immunoblotted with either anti-Myc or anti-PrP< as indicated. Anti-Myc immunopre-
cipitates and anti-PrP© immunoprecipitates were supplied with the indicated drug concentrations and immunoblotted with either anti-Myc or anti-PrP¢ as
indicated. C and D, positive allosteric modulators and agonists are shown in green, silent allosteric modulators are shown in yellow, and negative allosteric
modulators are shown in red. ns, not significant. C, quantification of the PrP¢ signal in anti-Myc immunoprecipitates is normalized to the signal of untreated
samples. Data are mean = S.E. from four experiments, apart from DHPG, DCB and MTEP application from 11, 6 and 12 independent experiments, respectively.
Coimmunoprecipitation of PrP< with Myc-mGIuR5 is enhanced significantly by DHPG (***, p = 0.00049 by Wilcoxon signed-rank test) and reduced
significantly by MTEP (***, p = 0.00024 by Wilcoxon signed-rank test). On the contrary, LY-456236, a selective mGIuR1 receptor antagonist, did not
significantly alter the PrP€ signal in anti-Myc immunoprecipitates. D, quantification of the Myc signal in anti-PrP< immunoprecipitates after treatment
is normalized to the signal of untreated samples. Data are mean * S.E. from four experiments, apart from DHPG and MTEP application from 11
independent experiments. Coimmunoprecipitation of Myc-mGIuR5 with PrP< is enhanced significantly by DHPG (***, p = 0.00098 by Wilcoxon signed-
rank test) and reduced significantly by MTEP (***, p = 0.00049 by Wilcoxon signed-rank test). In contrast, LY-456236 did not significantly change the Myc
signal in anti-PrP¢ immunoprecipitates.

Myc-mGluR5 are subsequently incubated with MTEP and mGIluR5 interaction is less effective when cells or detergent-

DHPG (Fig. 6B). Membrane fractions were prepared in the
absence of SDS, which confirms that the coimmunoprecipita-
tion of PrP< with Myc-mGIuR5 does not occur in aggregated
protein complexes and is not dependent on non-native protein
interactions induced by SDS. Moreover, the regulation of this
protein-protein interaction by mGluR5-directed drugs is
still observable in the absence of denaturing detergent. How-
ever, compound-induced modulation of the PrP“-Myc-
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solubilized lysates alone are incubated with MTEP or DHPG
(Fig. 6, Cand D), with the lowest modulation seen in Myc-mGIuR5
coimmunoprecipitation with PrP€ after treatment of detergent-
solubilized lysates only (Fig. 6D). These results indicate that ago-
nist/antagonist-induced modulations of the PrP“-Myc-mGluR5
interaction are strong only when mGIuR5 receptors are treated in
their native membrane-embedded conformation and drugs are
present throughout coimmunoprecipitation.
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and anti-PrP¢ immunoprecipitates were supplied with the indicated MTEP concentration and immunoblotted with either anti-Myc or anti-PrP“ as indicated. B,
quantification of the PrP signal in anti-Myc immunoprecipitates after treatment is normalized to the signal of untreated samples. Data are mean * S.E. from
four experiments, apart from 2.5 um MTEP application from 11 independent experiments. **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; one-sample Student’s
ttest. C, quantification of the Myc signal in anti-PrP¢ immunoprecipitates after treatment is normalized to the signal of untreated samples. Data are mean *+ S.E.
from four experiments, apart from 2.5 um MTEP application from 10 experiments. Coimmunoprecipitation of Myc-mGIuR5 with PrP€ is reduced significantly by

MTEP. ¥, p < 0.05; **, p < 0.01; ****, p < 0.0001; one-sample Student’s t test).

Conformational Regulation of Endogenous Brain PrP°-
mGIluRS Interaction—We further investigated whether or not
agonist/antagonist-driven conformational states of mGluR5
are also able to regulate the brain PrP“-mGIuR5 interaction
(Fig. 7). We first determined that coimmunoprecipitation of
brain PrP< with mGIuR5 requires both proteins and is absent in
either single Grm5 '~ or Prnp /" knockout mouse brain.
Treatment of detergent-solubilized membrane fractions of WT
brain, cleared by 100,000 X g centrifugation after the extraction
of membrane proteins by Nonidet P-40, showed no agonist/
antagonist-dependent regulation of the mGIuR5 signal in anti-
PrPS immunoprecipitates even though coimmunoprecipita-
tion is strong (Fig. 7A). However, the mGIuR5 signal in anti-
PrP© immunoprecipitates was altered significantly when
membrane fractions of WT brains were treated with mGIuR5
agonists/antagonists followed by the extraction of proteins with
Nonidet P-40 and removal of large particulate material at
20,000 X g (Fig. 7B). As seen in HEK membranes, MTEP-in-
duced changes in mGluR5 conformation trigger a less effective
mGIuR5-PrP€ interaction (Fig. 7C, red bar), whereas DHPG-
induced changes in the mGIuR5 conformation cause mGIuR5
to coimmunoprecipitate more efficiently with PrP< (Fig. 7C,
green bar). This effect is seen in the absence of SDS, which
further verifies that a modulatory interaction between brain
PrP¢ and mGIuR5 is not dependent on non-native protein
interactions. However, even after drug treatment of membrane
fractions, if smaller proteolipid complexes are removed by
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100,000 X g ultracentrifugation in the presence of Nonidet
P-40, then ligand regulation of the protein-protein association
is lost. These experiments demonstrate that drug-induced con-
formational changes of mGIuR5 can regulate the brain PrP“-
mGluR5 complex interaction in a certain array of proteins and
membrane environment.

Conformational Regulation of mGIuRS5 by Endogenous
Ligands—The immunoprecipitation assays described here can
also be used to examine the effects of the endogenous ligands of
PrP“ and mGIuR5, ABo, and glutamate, respectively, on the
coimmunoprecipitation of PrP“ and mGIuR5 interaction
between them (Fig. 8). Both glutamate and ABo enhance the
coimmunoprecipitation of PrP in Myc immunoprecipitates in
a similar manner as the mGluR5-directed agonist DHPG (Fig.
8B; gray bar, 278 * 28%, n = 7; blue bar, 214 = 34%, n = 8; green
bar, 260 = 24%, n = 11). Similar effects were seen in the com-
plementary PrP© immunoprecipitation (Fig. 8C; gray bar,
242 * 27%, n = 7; blue bar, 218 = 31%, n = 8; green bar, 263 =
20%, n = 11). However, preincubation of cells with DHPG prior
to ABo did not further increase the coimmunoprecipitation
signal of PrP< and Myc-mGIuR5 (Fig. 8, B and C, yellow bars),
indicating occlusive action of the glutamate analog DHPG and
the endogenous ligand ABo. The coimmunoprecipitation of
PrP€ with Myc-mGIluR5 in cells preincubated with MTEP prior
to ABo was not different to the coimmunoprecipitation of these
proteins in untreated cells (Fig. 8, B and C, orange bars versus
black bars). Therefore, ABo lose their ability to promote the
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FIGURE 5. Agonist/antagonist-driven conformational states of mGIuR5 regulate the interaction of PrP€ with Myc-mGIuR5 but not PrP€ with Myc-
mGIuR8 and only partially of PrP< with chimeric Myc-mGIuR proteins. A, schematics showing the design of Myc-tagged mGluR mutants and location of
ligand binding. B, HEK-293 cells were cotransfected with vectors for PrP< and different Myc-tagged mGluRs as indicated. Cells were incubated for 10 min at
37 °C with 100 um glutamate or 2.5 um indicated drug, and detergent-solubilized lysates (Input) were immunoblotted with either anti-Myc or anti-PrP¢ as
indicated. Anti-Myc immunoprecipitates (/P) and anti-PrP¢ immunoprecipitates were incubated with 100 um glutamate or 2.5 um indicated drug and immu-
noblotted with either anti-Myc or anti-PrP< as indicated. C, quantification of the PrP€ signal in anti-Myc immunoprecipitates is normalized to the PrP€ signal in
anti-Myc-mGIuR5 immunoprecipitates. Data are mean = S.E. from four experiments. The PrP¢ signal in anti-Myc-mGIuR8 immunoprecipitates (***, p = 0.0006
by one-sample Student’s t test) and in Myc-mGIuR-N5/C8 immunoprecipitates (*, p = 0.0329 by one-sample Student’s t test) is reduced significantly. D,
quantification of the Myc signal in anti-PrP< immunoprecipitates is normalized to the Myc-mGIuR5 signal in anti-PrP< immunoprecipitates. Data are mean =+
S.E. from four experiments. The interaction of Myc-mGIuR8 and PrP€ is reduced significantly (***, p = 0.0005 by one-sample Student's t test). £, G, and /,
quantification of the PrP® signal in anti-Myc immunoprecipitates is normalized to the signal of untreated samples. Data are mean =+ S.E. from two to ten
experiments. ns, not significant. F, H, and J, quantification of the Myc signal in anti-PrP© immunoprecipitates is normalized to the signal of untreated samples.
E, coimmunoprecipitation of PrP© with Myc-mGIuR5 is enhanced significantly by glutamate (¥, p = 0.0313 by Wilcoxon signed-rank test) and DHPG (**, p =
0.0020 by Wilcoxon signed-rank test) and reduced significantly by MTEP (**, p = 0.0020 by Wilcoxon signed-rank test). F, coimmunoprecipitation of Myc-mGIuR5 with
PrP© is enhanced significantly by glutamate (*, p = 0.0313 by Wilcoxon signed-rank test) and DHPG (**, p = 0.0020 by Wilcoxon signed-rank test) and reduced
significantly by MTEP (**, p = 0.0020 by Wilcoxon signed-rank test). G, coimmunoprecipitation of PrP< with Myc-mGIuR-N5/C8 is not altered significantly by confor-
mational mGIUR changes because of low sample size (n = 2). However, a trend is clearly observable. H, coimmunoprecipitation of Myc-mGIuR-N5/C8 with PrP< is
enhanced significantly by glutamate (¥, p = 0.0332 by one-sample Student's t test) and DHPG (¥, p = 0.0492 by one-sample Student's t test) but not altered by MTEP.
I, coimmunoprecipitation of PrP< with Myc-mGIuR-N8/C5 is reduced significantly by MTEP (*, p = 0.0498 by one-sample Student's t test). J, coimmunoprecipitation of
Myc-mGluR-N8/C5 with PrP€ is enhanced significantly by glutamate (¥, p = 0.0421 by one-sample Student’s  test).

formation of the complex when mGluRS5 is in an inhibited con- ABo-dependent Regulation of the PrP -mGIuRS Interaction
formation. Taken together, our results indicate that the endog-  Requires Intact Lipid Rafts—APo effects are proposed to occur
enous ligands glutamate and ABo enhance the interaction inlipid raft-like domains to which PrP< and mGIuR5 are known
between PrP“ and Myc-mGIluR5 and that this increased inter-  to localize (31-33). We show that disruption of lipid rafts by
action can be reversed by MTEP-induced conformational pretreatment of PrP¢ and Myc-mGIuR5 coexpressing
changes of Myc-mGluR5. HEK293 cells with methyl-B-cyclodextrin (MBCD) pre-
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FIGURE 6. The modulatory effect of agonist/antagonist-driven changes on the interaction of PrP with Myc-mGluRS5 is strongest after treatment of
HEK-293 cell membrane preparations. HEK-293 cells were cotransfected with vectors for PrP< and Myc-mGIuR5. A, cells were incubated for 10 min at 37 °C
with 2.5 um indicated drug, and detergent-solubilized lysates (Input) were immunoblotted with either anti-Myc or anti-PrP< as indicated. Anti-Myc immuno-
precipitates (IP) and anti-PrP< immunoprecipitates were supplied with 2.5 umindicated drug and immunoblotted with either anti-Myc or anti-PrP< as indicated.
B, membrane fractions were prepared in the absence of SDS, incubated for 3 h at 4 °C with 2.5 um indicated drug, and then membrane proteins were extracted
by Nonidet P-40. Membrane extractions (Input), anti-Myc immunoprecipitates, and anti-PrP immunoprecipitates of membrane extractions were immuno-
blotted with either anti-Myc or anti-PrP€ as indicated. C, cells were incubated for 10 min at 37 °C with 2.5 um indicated drug, and detergent-solubilized lysates
(Input), anti-Myc immunoprecipitates, and anti-PrP< immunoprecipitates were immunoblotted with either anti-Myc or anti-PrP¢ as indicated. D, detergent-
solubilized cell lysates were supplied with 2.5 um indicated compound, and detergent solubilized lysates (Input), anti-Myc immunoprecipitates, and anti-PrP®

immunoprecipitates were immunoblotted with either anti-Myc or anti-PrP< as indicated.

vented ABo-induced alterations of the PrP“-Myc-mGIuR5
interaction (Fig. 9).

Reversal of the APo-triggered Augmented PrP“-mGIluRS
Interaction—Because the ApPo-triggered augmented PrP¢-
mGluR5 interaction is a potential step in the process of neuro-
degeneration, blocking this event might have therapeutic
significance. To test whether PrPC-directed antibodies or
mGluR5-directed drugs other than MTEP could prevent the
Apo-triggered augmentation of the PrP“-Myc-mGIuR5 inter-
action, we analyzed their effect prior to Ao administration on
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the coimmunoprecipitation of PrP< with Myc-mGIuR5 in the
absence of SDS (Fig. 10). ABo increase the PrP“ coimmunopre-
cipitation with Myc-mGIluR5 in HEK-293 cells (Fig. 10B, 214 =
34%, n = 8, black bar). We analyzed a series of known thera-
peutic molecules to evaluate their effect on the pathological
increased interaction between PrP< and Myc-GluR5 promoted
by ABo. First we show that, in the absence of ABo, only the
application of MTEP significantly reduced the normal interac-
tion between PrP< and Myc-mGluR5 (Fig. 10B, 33 £ 5.2%, n =
12, red bar). Also, the sole application of DCB, 6D11, and
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FIGURE 7. Agonist/antagonist-driven conformational states of mGIuR5 regulate the interaction of PrP€ with mGIuR5 in brain-derived membrane
fractions. Each immunoprecipitation was performed from one Grm5~/~, Prnp~/~, or WT mouse brain hemisphere. For each experiment, 1.5 WT brain
hemispheres were combined, and three membrane pellets were prepared to ensure an equal amount of protein in each membrane aliquot. Membrane
fractions were prepared in the absence of SDS and incubated overnight at 4 °Cwith 2.5 umindicated drug. Membrane proteins were extracted by Nonidet P-40,
and membrane extractions (Input) and anti-PrP< immunoprecipitates of membrane extractions were immunoblotted with either anti-mGIuR5 or anti-PrP< as
indicated. A, membrane extractions cleared by high-speed ultracentrifugation spin did not show an agonist/antagonist-dependent regulation of the mGIuR5
signalin anti-PrP“ immunoprecipitates (/P). Co-IP, coimmunoprecipitation. B, membrane extractions cleared by low-speed microcentrifugation spin showed an
agonist/antagonist-dependent regulation of the mGIuR5 signal in anti-PrP< immunoprecipitates. C, the quantified mGluR5 dimer and monomer signal in
anti-PrP immunoprecipitates from membrane extractions cleared by low-speed microcentrifugation spin were combined because the ratio between the
dimer and the monomer was not changed by treatment. The signal in anti-PrP¢ immunoprecipitates after treatment is normalized to the signal of untreated
samples. Data are mean = S.E. from four individual experiments, i.e. from six WT brains total, with one immunoprecipitation being performed from one
hemisphere each. Coimmunoprecipitation of mGIuR5 with PrP< is reduced significantly by MTEP (**, p = 0.0014 by one-sample Student’s t test) and enhanced
significantly by DHPG (**, p = 0.0087 by one-sample Student's t test).

Bar221 triggered a slight but not significant decline of the
steady-state interaction between PrP“ and Myc-mGluR5 (Fig.
10B; yellow, purple, and blue bars, respectively). Note that 6D11
and Bar221 reduced association in the plate-based format (Fig.
2, D and E), suggesting that association may be more resistant to
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regulation when formed in the cell membrane. We then tested
whether PrP€-directed antibodies or mGluR5-directed drugs
reverse the ABo-induced increase on the coimmunoprecipita-
tion of PrP with Myc-mGIuR5. Our findings revealed that not
only the mGluR5-directed antagonist MTEP but also the silent
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FIGURE 8. The endogenous ligands glutamate and Ao enhance the interaction of PrP< with Myc-mGluR5 in a similar manner as the agonist DHPG. 4,
HEK-293 cells were cotransfected for PrP< and Myc-mGIuR5 and incubated for 10 min at 37 °C with 100 um glutamate, 1 um ABo, or 2.5 um drug as indicated.
Some cultures were preincubated for 10 min with 2.5 um indicated drug prior to incubation for 10 min at 37 °C with 1 um ABo or 100 um glutamate.
Detergent-solubilized lysates (Input) were immunoblotted with either anti-Myc or anti-PrP< as indicated. Anti-Myc immunoprecipitates (/P) and anti-PrP<
immunoprecipitates were treated with 100 um glutamate, 1T um ABo, 2.5 uMm drug, or a combination of ligand and drug, as indicated, and immunoblotted with
either anti-Myc or anti-PrP© as indicated. B, quantification of the PrP< signal in anti-Myc immunoprecipitates after treatment is normalized to the signal of
untreated samples. Data are mean * S.E.from 4-12 experiments. Coimmunoprecipitation of PrP< with Myc-mGIuRS5 is enhanced significantly by glutamate (*,
p = 0.0156 by Wilcoxon signed-rank test), ABo (¥, p = 0.0119 by Wilcoxon signed-rank test), and DHPG (***, p = 0.00049 by Wilcoxon signed-rank test) and
reduced significantly by MTEP (***, p = 0.00024 by Wilcoxon signed-rank test). Coimmunoprecipitation of PrP< with Myc-mGIuR5 in cells preincubated with
MTEP prior to ABo is not significantly different to the coimmunoprecipitation of PrP< with Myc-mGIuRS5 in untreated cells. ns, not significant. C, quantification
of the Myc signal in anti-PrP¢ immunoprecipitates after treatment is normalized to the signal of untreated samples. Data are mean =+ S.E. from 4-11 experi-
ments. Coimmunoprecipitation of Myc-mGIuR5 with PrP€ is enhanced significantly by glutamate (*, p = 0.0156 by Wilcoxon signed-rank test), ABo (*, p =
0.0312 by Wilcoxon signed-rank test), and DHPG (***, p = 0.00098 by Wilcoxon signed-rank test) and reduced significantly by MTEP (***, p = 0.00049 by
Wilcoxon signed-rank test). Coimmunoprecipitation of Myc-mGIuR5 with PrP€ in cells preincubated with MTEP prior to ABo is not significantly different to the

coimmunoprecipitation of these proteins in untreated cells.

allosteric modulator DCB reversed the ABo-triggered increase
of the coimmunoprecipitation of PrP< and Myc-mGluR5 (Fig.
10C, red and yellow bars, respectively). Moreover, two antibod-
ies binding within the 91-153 region of PrP<, 6D11 and Bar221,
reversed the increase in the PrP“-mGIuR5 interaction triggered
by ABo (Fig. 10C, purple and blue bars, respectively). In con-
trast, the antibody M20 binding outside of the 91-153 region of
PrP€ did not reverse the enhanced coimmunoprecipitation sig-
nal of PrP“ and mGIluR5 triggered by ABo (Fig. 10C, green bar).
These experiments demonstrate that mGluR5-directed drugs
and PrPC-directed antibodies targeting the ABo- and/or
mGluR5-binding site on PrP<, but not antibodies targeting
regions outside of this binding site, can reverse the ABo-in-
duced stimulation of the PrP“-mGIuR5 interaction.

mGluRS Conformational Regulation in an Alzheimer Model
Mouse Brain—We further analyzed whether an increase of the
coimmunoprecipitation signal of PrP< with mGIuR5 is caused
exclusively by an acute synthetic ABo administration or
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whether this effect can also be observed in a transgenic AD
mouse model brain because of endogenous ABo in vivo (Fig.
11). We observed that the mGIluR5 coimmunoprecipitation
with PrP“ was increased 2.5-fold in APP/PS1™ transgenic brain
compared with WT brain (Fig. 11C, red bar; Fig. 10D, 309 =
76%, gray bar; n = 9). This is similar to treatment of WT brain-
derived membrane fractions with exogenous ABo. Here ABo
enhanced the mGIuR5 signal in PrP© immunoprecipitates 1.9-
fold compared with untreated membrane fractions (Fig. 11D,
189 = 27%, green bar). To further elucidate whether or not a
drug- or antibody-induced modulatory effect can reverse this
ABo-induced increase in the PrP¢-mGluR5 interaction, we
prepared brain membrane fractions of WT and APP/PS1*
transgenic animals in the absence of SDS and incubated these
with either ABo, mGluR5-directed compounds, the PrP€-di-
rected antibody 6D11, or a combination of ABo and therapeutic
molecules. We observed that the ABo-dependent increase in
the coimmunoprecipitation signal was reduced significantly by
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FIGURE 9. ABo-induced enhancement of the coimmunoprecipitation of
PrP€ with mGIuR5 requires intact lipid rafts. A, HEK-293 cells were cotrans-
fected with PrP< and Myc-mGIuR5 and incubated for 1 hat 37 °C with 5 mg/ml
MPBCD prior to 1 um ABo exposure for 10 min at 37 °C. Detergent-solubilized
lysates (Input) were immunoblotted with either anti—Mgc or anti-PrP€ as indi-
cated. Anti-Myc immunoprecipitates (/P) and anti-PrP~ immunoprecipitates
were treated with 1 um ABo and immunoblotted with either anti-Myc or anti-
PrP< as indicated. B, quantification of the PrP< signal in anti-Myc immunopre-
cipitates after ABo exposure is normalized to the signal of vehicle-treated
samples. Data are mean = S.E. from three experiments. Coimmunoprecipita-
tion of PrP© with Myc-mGIuR5 is enhanced significantly by ABo (¥, p = 0.0234
by Wilcoxon signed-rank test). Coimmunoprecipitation of PrP¢ with Myc-
mGIuR5 in cells preincubated with MBCD prior to ABo is not significantly
different to the coimmunoprecipitation of PrP< with Myc-mGIuR5 in vehicle-
treated cells. ns, not significant; Veh, vehicle. C, quantification of the Myc sig-
nal in anti-PrP< immunoprecipitates after treatment is normalized to the sig-
nal of vehicle-treated samples. Data are mean = S.E. from three experiments.
Coimmunoprecipitation of Myc-mGIuR5 with PrP© is enhanced significantly
by ABo (¥, p = 0.0313 by Wilcoxon signed-rank test). Coimmunoprecipitation
of Myc-mGIuR5 with PrP<in cells preincubated with MBCD prior to Ao is not
significantly different to the coimmunoprecipitation of these proteins in
untreated cells.

MTEP (Fig. 11D, red bar). A trend for the reversal of the ABo-
triggered increase of PrP“-mGIluR5 coimmunoprecipitation in
WT brain membrane fractions by 6D11 was also observable
(Fig. 11D, purple bar). Moreover, we found that incubation of
APP/PS1* transgenic brain-derived membrane fractions with
either the mGluR5-directed antagonist MTEP or the PrP“-di-
rected antibody 6D11 fully reversed the enhanced PrP“-
mGIluR5 coimmunoprecipitation triggered by the presence of
the APP/PS1" transgenic background (Fig. 11D, blue and
orange bars, respectively). Application of the silent allosteric
modulator DCB produced a trend to recover the increased
interaction of PrP“ and mGIuR5 in brain-derived membrane
fractions of APP/PS1* transgenic animals (Fig. 11D, yellow
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bar). These results imply a mechanism by which the APP/PS1™"
background in AD transgenic mice or acute Afo administra-
tion enhance the interaction between brain PrP< and mGIuR5,
which can be reversed by mGluR5-directed drugs or PrP¢-di-
rected antibodies targeting the binding site of mGIluR5 and A So
on PrP<,

DISCUSSION

This study provides important insights into the interaction
between PrP< and mGluR5, which has therapeutic significance
for the treatment of AD. We determined the site of interaction
between mGIuR5 and PrP< to be exclusively dependent on
region 91-153 of PrP. Our report further demonstrates that
pharmacological manipulation of the interaction between PrP<
and mGluR5 rescues ABo-triggered AD-related phenotypes.
These findings provide further evidence to support the role of
both PrP< and mGluR5 in ABo-induced pathophysiology.

Significance of PrP< and mGIuRS in AD-related Phenotypes—
PrP€ is a high-affinity cell surface receptor for ABo and is
involved in a number of AD-related phenotypes (14, 15,
18-23). Despite the consistent finding of Ao binding to PrP€,
some conflicting reports exist concerning the role of PrP< in
ABo-induced synaptotoxicity and memory consolidation (16,
25, 26). Kessels et al. (25) found an A Bo-induced impairment of
hippocampal LTP independent of the genetic Prnp back-
ground. Also, Calella et al. (26) observed an APo-triggered
decrease of synaptic plasticity unaffected by ablation or overex-
pression of PrP. Moreover, Balducci et al. (16) found ABo-de-
pendent reduced consolidation of long term recognition mem-
ory independent of PrP“. These studies challenged the role of
PrP€ as a mediator of ABo-induced toxicity. However, the com-
position of ABo preparations between different studies varies
greatly and is likely to account for inconsistent outcomes of
functional ABo-dependent experiments (24). This stresses the
need for a thorough characterization of Ao preparations prior
to functional studies to prevent ABo-induced nonspecific tox-
icity that is independent of cell surface receptors like PrP<.

Less is known about the events downstream of the ABo-PrP€
complex, with a crucial element being the transmission from
ABo-PrP€ complexes onto intracellular targets. Electrophysi-
ological studies regarding the synaptotoxic effects of ABo pro-
vided the first strong evidence for a critical role of mGIuR5
receptors in APo-triggered AD-related phenotypes. Several
studies have demonstrated the recovery of ABo-induced inhi-
bition of LTP by mGluR5-directed antagonists (1, 38 —40). Fur-
ther support comes from a comparison of mGIluR5 glutamate-
and ApBo-triggered intracellular signaling. Glutamate binding
to the extracellular region of mGluRs induces conformational
changes, which triggers G-protein activation and intracellular
responses (49, 50). Activation of group I mGluRs, comprising
mGluR1 and mGIuR5, activates phospholipase CB1 (PLCS1)
via Gey, proteins (51). This triggers hydrolysis of phosphati-
dylinositol-4,5-bisphosphate membrane phospholipids to ino-
sitol-1,4,5-trisphosphate and diacylglycerol, which causes the
release of intracellular Ca** and activation of PKC (52, 53).
Interestingly, incubation of mature neurons with Ao mimics
the decline of the phosphatidylinositol-4,5-bisphosphate level
and the increase of intracellular Ca®>" seen by activation of
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FIGURE 10. ABo-induced enhancement of the coimmunoprecipitation of PrP¢ with mGIuR5 in membrane fractions can be reversed by mGIluR5-
directed antagonists and antibodies directed against region 91-153 of PrP. A, HEK-293 cells were cotransfected for PrP< and Myc-mGIuR5. Membrane
fractions were prepared in the absence of SDS and incubated for 3 h at 4 °C with either 2.5 um MTEP, 25 um DCB, 0.1 um antibody, 1 um ABo, or a combination
of ABo and therapeutic molecule, as indicated. Membrane proteins were extracted by Nonidet P-40, and membrane extractions (/nput) and anti-Myc immu-
noprecipitates (IP, using goat anti-rabbit IgG magnetic beads) of membrane extractions were immunoblotted with either anti-Myc or anti-PrP<. B,C: Quanti-
fication of the PrP¢ signal in anti-Myc immunoprecipitates after treatment is normalized to the signal of untreated samples. B, data are mean * S.E. from 5-12
experiments. Coimmunoprecipitation of PrP< with Myc-mGIuRS5 is reduced significantly by MTEP (***, p = 0.00098 by Wilcoxon signed-rank test) and enhanced
significantly by ABo (¥, p = 0.0234 by Wilcoxon signed-rank test). C, data are mean = S.E. from three to eight experiments. Coimmunoprecipitation of
Myc-mGluR5 with PrP< is enhanced significantly by ABo (¥, p = 0.0234 by Wilcoxon signed-rank test). This augmentation can be reversed by simultaneous

incubation with MTEP, DCB, 6D 11, and Bar 221 to a level that is not significantly different to untreated samples. ns, not significant.

mGIuR5 (7, 19, 30). Further evidence for these indications has
been provided by identification of mGIuR5 as a coreceptor for
ApBo bound to PrP€ (54).

Mapping the mGluRS-interacting Regions in PrP“—ABo-
PrP€ binding to mGIuR5 triggers some aspects of AD patho-
physiology. Pharmacological strategies targeting the PrP“-
mGluR5 interaction would largely benefit from a better
understanding of the interaction between PrP< and mGIuR5.
Human PrP€ is a 209-residue glycoprotein anchored into the
membrane of lipid rafts by a glycosylphosphatidylinositol
anchor (32, 55). It contains two potential glycosylation sites at
residues Asn-181 and Asn-197, respectively. Region 23—111 of
PrP€ is intrinsically unstructured, preceded by a 22-residue
long signal peptide. The intrinsically unstructured part of
PrP€is subdivided into the so-called octa-repeat region (res-
idues 60-91), a charged cluster (residues 91-111), and a
hydrophobic, B-sheet containing region (residues 112—134).
The C-terminal domain of PrP€ is mainly a-helical, harbor-
ing three individual a-helices. Helix 2 and helix 3 are con-
nected by a disulfide bond between residues Cys-179 and
Cys-214, respectively (43).

Here we demonstrate that amino acids 91-153 of PrP“ medi-
ate mGluR5 binding. Our findings are on the basis of coimmu-
noprecipitation experiments of PrP“ deletion mutants and
mGluR5. These experiments revealed that PrP“ region 91-111
is necessary for mGluR5 binding. Our results further implicate
that the adjacent structural elements, the B-sheet rich region
and helix 1, are also involved in mGluR5-binding. We hypoth-
esize that the entire region 91-153 mediates the binding to
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mGluR5 or that deletion of the B-sheet rich region/helix 1 trig-
gers conformational changes in region 91-111 that inhibit the
interaction of PrP“-dBeta or PrP“-dHelix-1 with mGIuR5.
These results were further verified in an anti-prion protein
antibody screen. Antibodies directed against region 91-111,
B-sheet rich region, or helix 1 of PrP€ largely reduced Myc-
mGIuR5 binding to immobilized PrP<. In contrast, deletion of
structural elements outside of region 91-153 or antibodies rec-
ognizing domains of PrP< other than region 91-153 had no
effect on PrP“-mGIluR5 interaction.

Mapping the PrP-interacting Regions in mGIluR5—The
mGluR structure is composed of an extracellular region, a seven
transmembrane-spanning region, and a cytoplasmic region (44,
45, 56). To determine the region in mGIuR5 accounting for
interaction with PrP<, we used chimeric proteins composed of
the extracellular region of either Myc-mGluR5 or Myc-
mGluR8 and the transmembrane spanning region of the other
receptor in coimmunoprecipitation experiments with PrP<. As
a control, we cotransfected the closely related Myc-mGIluR8
receptor and PrP€. The coimmunoprecipitation of these
proteins was reduced significantly compared with the coim-
munoprecipitation signal of Myc-mGIuR5 with PrP€. Both
chimeric Myc-mGIuR-N5/C8 and Myc-mGluR-N8/C5 pro-
teins revealed intermediate levels of binding to PrP. We
observed a similar trend before (30), which indicates that the
PrP“-interacting regions are spread throughout the protein
rather than localized in either the extracellular or the trans-
membrane-spanning mGluR region alone.

SASBMB

VOLUME 289-NUMBER 41+-OCTOBER 10, 2014



Therapeutic Modulation of the PrP*-mGluR5 Interaction

A B wWT APP/PS1*
+ ABo
o _ o _
WT APP/PS1* UEJ 5 § UEJ 3
o ©
+ + + + +
« MGIUR5 dimer [kDa] H 'n- H . . ﬂ
— - -
250 - » a-mGIuR5
R «mGIuURS monomer 150 =l L L b e e
o
S
s . 37 —
: - e
C
FP"P ‘ o ,.aﬂ- T a-PrP¢
25 — . . . serl
4 mGIuR5 dimer
250 — a-mGIuR5
H H 4 mGIuR5 monomer 150 —
= | 100 — W e |4 APP 100 — - L
Q
c
J—--ﬁ--—-—-—| a-Actin
37 =
37 -
ARnRn. |- bbb | LIRS
25— . - - A— i 25 — e g— — —— —
c . b 2
C
c @ c3
8 - c s =
£ % £s o
T 5 T s =
g5, S 5 400 T
28 2 £ 300
Lo 2 @ 2 200
53 22
9 E 1 QE 100
3 EE 9
0O [ONe] N N
29 ¢ 29 PRI REX
2R « 5 L &L Y
sa ¢ & Sa TP OES
o Q\ o -
?‘3 +ABo
WT APP/PS1*

FIGURE 11. The coimmunoprecipitation of PrP< with mGIuR5 is enhanced dramatically in APP/PS1* mouse brain or WT brain incubated with Ao,
which can be reversed by mGluR5-directed antagonists and PrP<-directed antibodies. A, brain lysates from WT and APP/PS1™ mice were immunoblotted
with either anti-mGIuR5, anti-PrP<, or anti-APP, as indicated. Actin is the loading control. IP, immunoprecipitation. B, two WT brain homogenizations and two
APP/PS1* brain homogenizations were combined, and four membrane fractions were prepared in the absence of SDS for each genotype to ensure an equal
amount of protein in either WT or APP/PS1* brain membrane aliquots. Membrane fractions were treated overnight at 4 °C with either 1 um ABo, 2.5 um MTEP,
25 um DCB, 0.1 um antibody, or a combination of ABo and therapeutic molecule, as indicated. Membrane proteins were extracted by Nonidet P-40. Membrane
extractions (Input) and anti-PrP immunoprecipitates (using Saf32-cross-linked protein A/G-coupled beads) of membrane extractions were immunoblotted
with either anti-mGIuR5, anti-PrP<, or anti-APP, as indicated. Actin is the loading control. C, quantification of the combined mGIuR5 dimer and monomer signal
in anti-PrP< immunoprecipitates is normalized to actin. Data are mean = S.E.from nine individual 4- to 13-month-old animals per genotype. The mGIuRS5 signal
in anti-PrP immunoprecipitates is increased significantly in APP/PS1™ brain (***, p = 0.0005 by Mann-Whitney test). D, the combined mGIuR5 dimer and
monomer signal in anti-PrP< immunoprecipitates after treatment is normalized to the signal of untreated samples. Data are mean = S.E. from three individual
experiments, one experiment performed from two WT and two APP/PS1™ brains each, as described above. The mGIuR5 signal in anti-PrP“ immunoprecipitates
of ApBo-treated brain-derived membrane extractions is increased compared with untreated membrane extractions. This enhanced mGIuR5-PrP< coimmuno-
precipitation signal is reduced significantly by MTEP (**, p = 0.0073 by one-sample Student’s t test). The mGIuR5 signal in anti-PrP¢ immunoprecipitates is
increased significantly in APP/PS1™ brain-derived membrane extractions compared with to WT brain-derived membrane extractions (**, p = 0.0039 by
Wilcoxon signed-rank test). The mGIuR5 signal in anti-PrP< immunoprecipitates derived from MTEP-treated APP/PS1* membrane preparations is reduced
significantly compared with untreated APP/PS1* membrane preparations (**, p = 0.0024 by one-sample Student’s t test). The coimmunoprecipitation of
mGluR5 with PrP“ is reduced significantly in 6D11-treated APP/PS1* membrane preparations compared with untreated APP/PST" membrane preparations
(**, p = 0.0053 by one-sample Student's t test).

Pharmacological Manipulation of the PrP“-mGIuRS Inter-
action—mGluR5 is implicated in a number of neurological dis-
eases, including fragile X syndrome, amyotrophic lateral scle-
rosis, multiple sclerosis, AD, Parkinson disease, Huntington
disease, epilepsy, schizophrenia, and drug addiction, and its
pharmacological tangibility has been studied extensively (51,
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57-62). Moreover, anti-prion protein therapeutics have been
developed as putative treatments for prion disease (reviewed in
Ref. 63) and are available for screening their efficiency in regu-
lating the PrP“-mGIluR5 interaction. Because the PrP“-
mGluR5 interaction is implicated in AD pathogenesis, we
decided to develop assays to study the modulatory effect of thera-
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peutic molecules on the interaction between mGIuR5 and PrP<.
Our results demonstrated that agonist/antagonist-induced con-
formational changes of mGIuR5 and PrP“-directed antibodies
alter the interaction between PrP< and mGIuR5 in a dose-depen-
dent manner both in HEK-293 cells and mouse brains.

Alternatives to Negative Allosteric Modulators—Our findings
demonstrate a strong inhibitory effect of negative allosteric
modulators, such as MTEP, on PrP¢-mGIuR5 interaction.
However, mGIuR5 function is important for healthy brain
aging, and intervention should, therefore, be aimed at regulat-
ing the PrP“-mGIuR5 interaction without modifying its physi-
ological function in a negative way (53, 64). mGluR5-directed
antagonists inhibit glutamate signaling, thereby negatively
affecting normal cell signaling. A better pharmacological strat-
egy for disease intervention is the use of so-called silent allo-
steric modulators. These do not affect glutamate signaling and,
therefore, reduce possible side effects. However, they alter the
conformation of metabotropic glutamate receptors and pre-
vent the action of other allosteric modulators (48), for example.
Our results show that application of the silent allosteric modu-
lator DCB did not alter the PrP“-mGIluR5 interaction in the
absence of ABo. However, preincubation of cells with DCB
prior to application of the negative allosteric modulator MTEP
blocks an inhibitory effect of MTEP on PrP“-Myc-mGluR5
interaction. Our findings are consistent with DCB occupancy
preventing MTEP from binding to mGIuR5 (48), which
explains the lack of effect on the coimmunoprecipitation signal
of PrP“ with Myc-mGluR5 in untreated cells compared with
DCB and MTEP double-treated cells.

Confirmation of Drug Specificity with Chimeric mGluRs—To
provide further mechanistic support for the specificity of the
assays we developed, we tested the effect of mGluR5-directed
compounds on the interaction of PrP¢ with either Myc-
mGluR5, Myc-mGluR-N5/C8, Myc-mGluR-N8/C5, or Myc-
mGluR8 as negative control. The coimmunoprecipitation sig-
nal of PrP< with Myc-mGIluR5 was regulated by glutamate,
DHPG, and MTEP, as seen before. However, MTEP did not
regulate the coimmunoprecipitation of PrP< with Myc-
mGIluR-N5/C8. Also, DHPG failed to modulate the coimmuno-
precipitation of PrP< and Myc-mGIuR-N8/C5. These findings
provide evidence for the drug specificity in the assays we devel-
oped because the Myc-mGIuR-N5/C8 mutant protein does not
contain the transmembrane-spanning part of mGIuR5 that is
targeted by MTEP (61). DHPG, on the other hand, is highly
specific for the extracellular binding pocket of metabotropic
group 1 receptors, which includes mGluR5 but not mGIluR8
(61, 65).

Conformational Regulation of mGIluRS5 Requires a Membrane
Environment—We found that a modulatory effect on the inter-
action between PrP“ and mGIuR5 is only observable when
mGluR5 receptors are manipulated in their membrane-embed-
ded conformation. Extraction of receptors from the lipid
bilayer hinders agonist/antagonist-triggered conformational
changes of mGluR5, which prevents an alteration of its interac-
tion with PrP€. However, our findings also show a less efficient
modulation of the mGIuR5-PrP€ interaction after agonist/an-
tagonist treatment of cells only compared with the treatment of
membrane preparations or both cells and detergent-solubilized
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lysates. This effect is most likely due to a washout of com-
pounds during the harvesting and lysis of cells as well as during
the time-consuming immunoprecipitation.

Moreover, we failed to modulate the PrP¢-mGIluR5 interac-
tion in brain-derived membrane fractions cleared by 100,000 X
g centrifugation after the extraction of membrane proteins. In
contrast, conformational regulation of the mGIluR5-PrP€ coim-
munoprecipitation was observable when extracted proteins
were cleared by 20,000 X g centrifugation removal. These
findings suggest that small proteolipid complexes contain
PrP¢ and mGIuR5 in a pharmacologically vulnerable confor-
mation. 100,000 X g centrifugation removes complexes needed
to observe a compound-induced modulatory effect on PrP<-
mGIuR5 interaction. Taken together, a conformational change
can only occur when mGluR5 is in its native lipid-associated
conformation and environment. A conformational change can
only trigger a modulation of the coimmunoprecipitation signal of
Myc-mGluR5 and PrP€ if the same compound concentration is
supplied throughout all steps of coimmunoprecipitation to pre-
vent a washout of compounds and if complexes are not removed
by 100,000 X g centrifugation after detergent addition.

Similarities between mGIuRS Agonist-induced Conforma-
tional Changes and the Effect of ABo—W.e further report that
soluble ABo consistently induced an enhancement of PrP®-
mGlIuR5 coimmunoprecipitation both in HEK-293 cells and
mouse brain. Preincubation of HEK-293 cells with the
mGluR5-directed agonist DHPG prior to ABo application did
not further stimulate the PrP“-mGIuR5 signal. This indicates
an occlusive action of DHPG and Afo. One possible explana-
tion is an overlapping binding site of ABo-PrP“ complexes and
DHPG on mGluR5, the latter being located in the extracellular
binding pocket (61, 65). The effect could also be explained by
DHPG-triggered conformational changes of mGIluR5, which
prevent ABo-PrP“ complexes from binding and inducing fur-
ther conformational alterations. Our previous results showed
that exclusive application of ABo or DHPG trigger eEF2 phos-
phorylation in neurons (30). Application of both ABo and
DHPG did not further increase eEF2 phosphorylation, which is
in accordance with the findings of HEK-293 cell experiments
highlighted here. We further demonstrated that the ABo-de-
pendent enhancement of the PrP“-mGIuR5 interaction is
dependent on the existence of lipid raft-like domains. Pretreat-
ment of PrP<- and Myc-mGluR5-expressing cell cultures with
MPBCD destroyed lipid rafts and prevented an ABo-dependent
modulation of the PrP<-Myc-mGIuR5 interaction. This is in
accordance with the fact that ABo effects are proposed to occur
in lipid raft-like domains, where PrP“ and mGIuR5 receptors
are located (31-34).

mGIuRS Conformational Regulation in an Alzheimer Model
Mouse Brain—Furthermore, we provide evidence for a strongly
enhanced mGIuR5 signal in anti-PrP© immunoprecipitates of
APP/PS1* transgenic mouse brain. These findings strongly
support the potential value of therapeutically targeting the
PrP“-mGluR5 interaction in AD pathogenesis. The effect of the
APP/PS1" transgene or artificial supply of ABo was rescued by
the mGluR5-directed antagonist MTEP. MTEP induces a
strong conformational change of mGIuR5, which reverses the
ApBo-induced enhanced interaction of PrP“ with mGluR5. This
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is of high biological relevance because of findings of previous
studies that demonstrated the reversal of ABo-induced effects
in cell-based toxicity assays by the mGluR5-specific antagonist
MTEP (19, 30). Moreover, MTEP treatment rescues AD-re-
lated learning and memory deficits in APP/PS1" transgenic
mice, which is in accordance with the MTEP-induced reversal
of AD-related molecular phenotypes (30) described here. How-
ever, more feasible therapeutic agents for AD are silent allo-
steric modulators that do not affect endogenous glutamate sig-
naling. In our experiments, the silent allosteric modulator DCB
fully rescued ApPo-induced association in transfected cell
lysates and partially rescued the APP/PS1™ transgenic-depen-
dent enhancement of the PrP“-mGIluR5 interaction. Moreover,
application of antibodies directed against the putative PrP<-
mGIluR5 binding site (6D11 and Bar233) or the A Bo-PrP€ bind-
ing site (6D11) prohibited the acute ABo-induced or APP/PS1™
transgene-dependent augmentation of PrP“-mGIuR5 coim-
munoprecipitation. In contrast, M20, a polyclonal antibody tar-
geting the C-terminal region of PrP<, did not significantly alter
Apo-triggered changes in PrP“-mGIluR5 coimmunoprecipita-
tion. These findings are in line with the mapping of mGIluR5-
interacting regions in PrP€ to residues 91-153. Notably, the
exclusive application of 6D11 and Bar 221 did not reveal a
strong effect on the coimmunoprecipitation of PrP“ and Myc-
mGluR5. In contrast, 6D11 and Bar 221 showed a robust block-
ade of the Myc-mGluR5 binding to immobilized recombinant
PrP€ in antibody mapping experiments of the binding site of
Myc-mGluR5 on PrP€. This indicates that the PrP<-directed
antibodies 6D11 and Bar 221 cannot easily access PrP< inter-
acting with mGIuR5. In contrast, 6D11 and Bar 221 antibody
binding to immobilized recombinant PrP< blocks further bind-
ing of Myc-mGluR5. Interestingly, coincubation of membrane
fractions of PrP“- and Myc-mGluR5-expressing HEK-293 cells
with the ABo- and PrP€-directed antibodies 6D11 and Bar 221
altered the PrP“-mGIluR5 interaction to a larger extent than the
exclusive application of PrP<-directed antibodies. These find-
ings indicate that ABo trigger a conformational change of the
PrP“-Myc-mGluR5 complex that renders PrP< more vulnera-
ble to antibody treatment by enabling the binding of anti-prion
protein antibodies.

The Putative Role of mGIluRS in AD—We hypothesize that
mGluR5 plays a crucial role in Alzheimer disease pathogenesis
by transmitting neurotoxic signals from extracellular Apo-
PrP< complexes into the cytosol. Beraldo et al. (36) report that
binding of laminin to PrP< alters neuronal plasticity and mem-
ory by mGluR1/5-mediated transmission of signals into the
cytosol. Similar events are likely to occur after binding of ABo
to PrP<, such as mGluR5-mediated transmission of signals onto
intracellular substrates. Different substrates are feasible, one of
which is Fyn kinase, whose activation provides a link to the
NR2B subunit phosphorylation and redistribution of NMDA
receptors observed after acute ABo treatment (19, 30, 42).
NMDA receptors are involved in LTP, and their significance for
AD is stressed by the symptomatic benefits of pharmacological
NMDA receptor antagonists like memantine (66, 67). One pos-
sibility to explain the ABo-PrP“-induced signal transmission
mediated by mGIluRb5 is the redistribution and overstabilization
of mGIuR5 receptors after ABo-PrP“ binding, as seen by
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Renner et al. (35). mGIuR5 receptors are normally laterally
mobile within the membrane (68). It is feasible that ABo-PrP¢
complexes act like an extracellular scaffold stabilizing mGIuR5,
thereby preventing their lateral diffusion. A reduced diffusion
efficiency of mGluR5 causes disruptive Ca®" signaling, which
alters NMDA receptor activity (69). Preventing ABo-PrP“
complexes from binding to mGIuR5 could ameliorate these
putative neurotoxic events.

Future Directions—The assays described here can be used to
identify therapeutic molecules that inhibit the interaction
between PrP“ and mGluR5, whose signaling is implicated in
AD pathogenesis. Whether prohibiting the binding of PrP< to
mGluR5 will eventually reduce neuronal loss and memory def-
icits in AD still needs to be determined. Moreover, activation of
mGIuR5 receptors is known to stimulate several signaling path-
ways, some of which are involved in cell survival and prolifera-
tion, such as the ERK and AKT pathways (70, 71). Future
research is necessary to determine the role of ABo-PrP<-
mGIluR5 complexes in these pathways. mGluR5 receptors are
also known to be part of large multimolecular complexes (72).
Further studies could determine additional modulators of the
ABo-PrPC-mGIuR5 interaction, and such factors could poten-
tially have tangibility for AD therapeutic research. Despite
extensive research in the field, a preventive or disease-modify-
ing treatment for AD is still not available, generating one of the
biggest threats to public health of this century. This stresses the
need to find and characterize novel pharmacological targets for
AD therapeutic intervention.
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