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Amyloid-B (AB) peptide is central to the development of brain pathology in Alzheimer disease (AD)
patients. Association with receptors for advanced glycation end-products (RAGE) enables the transport
of AB peptide from circulating blood to human brain, and also causes the activation of the NF-xB signaling
pathway. Here we show that two B-strands of RAGE participate in the interaction with AB peptide. Serial

Keywords: deletion analysis of the RAGE V domain indicates that the third and eighth B-strands are required for

/‘:AGE interaction with Ap peptide. Site-directed mutagenesis of amino acids located in the third and eighth
p S B-strands abolish the interaction of RAGE with Ap peptide. Wild-type RAGE activates the NF-kB signaling

Alzheimer’s disease . . . S o

p-Strand pathway in response to AB peptide treatment, while a RAGE mutant defective in A binding does not. Fur-

thermore, use of peptide for the third B-strand or a RAGE monoclonal antibody that targets the RAGE-AB
interaction interface inhibited transport of the Ap peptide across the blood brain barrier in a mice model.
These results provide information crucial to the development of RAGE-derived therapeutic reagents for

Alzheimer disease.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Amyloid-B (Ap) peptide is central to the development of brain
pathology in Alzheimer disease (AD) patients [1,2]. AB is produced
by cleavage of APP by B- and y-secretase in the plasma membrane
of neuronal cells and deposited outside of neuronal cells to form
pathogenic plaques. Alternatively, Ap is transported in and out of
the human brain by receptors for advanced glycation end-products
(RAGE) and LRP, respectively [3,4]. RAGE-mediated transport of cir-
culating AB across the blood brain barrier (BBB) is an important
factor in the pathogenesis of cerebrovascular B-amyloidosis [3,5].

RAGE is a member of the immunoglobulin super family with an
extracellular domain that consists of a variable region as well as
two constant regions which resemble immunoglobulin [6]. RAGE
was believed to be a pattern recognition receptor, because there
is no common structure between RAGE ligands [7]. NMR studies
of the RAGE motif involved in interaction with S100B, a RAGE li-
gand, indicate that multiple amino acids covering the surface of

* Corresponding authors. Fax: +82 31 290 7015 (C.Y. Choi).
E-mail addresses: yhkim@medifron.com (Y.H. Kim), choicy@skku.ac.kr (C.Y.
Choi).
! These authors contributed equally to this work.

0006-291X/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bbrc.2013.08.047

the RAGE V domain are determinant for association with S100B
[8]. X-ray crystallography of the RAGE extracellular ectodomain
indicated that the RAGE V domain is composed of eight p-strands
and one short o-helical structure [9]. In addition, hydrophobic
patches are located mainly at the back sheet of the B-strands.
Moreover, a positively charged surface was uncovered at the front
sheet of the p-strands [8]. S100B conformation changes upon Ca%*-
binding and hydrophobic patches are exposed following conforma-
tional change [8]. The exposed hydrophobic patch of the S100B di-
mer associates with hydrophobic patches of RAGE for interaction
[8]. On the other hand, AGE appears to recognize the positively
charged surface of RAGE which is organized by basic amino acids
of the front sheet of the B-strands [10,11].

Deciphering how AB interacts with RAGE and characterizing the
motif(s) involved in the interaction can provide insight into under-
standing the role of RAGE in Ap transport and AB-mediated induc-
tion of the inflammatory response through RAGE. We identified the
RAGE domain responsible for interaction with Ap. Serial deletion
and point mutation analysis of RAGE indicated that two B-strands
of RAGE participate in the interaction with AB. These results pro-
vide information crucial to the understanding of AB-RAGE interac-
tion and the development of therapeutic small molecules for the
treatment of AD.
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Fig. 1. AB(1-42) interacts with the V domain of RAGE. (A) AB(1-42) peptide was incubated with immobilized full-length, V domain, or C1 domain of sRAGE, followed by
incubation with HRP-conjugated anti-Ap antibody. RAGE-AB binding was quantitated by measuring OD4s0. Data were analyzed by ANOVA with Tukey-multiple comparisons
tests (***p < 0.001). (B) Ribbon representation of crystal structure of human RAGE V domain (PDB ID: 3CJJ; ref [9]) generated by PyMOL. The B-strands are numbered 1 through
8, beginning at the N-terminus of the RAGE V domain. Note that there is one o-helix (1) between 6 and B7. Amino acid residues from 38 to 52 are colored in cyan, which are
deleted in the M2 deletion mutant. (C) Multiple sequence alignment of the RAGE V domain from human (Homo sapiens), rat (Rattus norvegicus), mouse (Mus musculus), dog
(Canis lupus familiaris), pig (Sus scrofa) and cow (Bos Taurus). The conserved residues are colored with a black background. The start and end point of each B-strand are
indicated by an arrow on top of the aligned amino acid sequences. Residues located on the positively charged surface and hydrophobic patches are denoted as open or closed
circles above the sequences, respectively. Mutated residues are indicated by red inverse triangles. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

2. Materials and methods
2.1. Plasmid construction

The pET-sRAGE plasmid encoding human sRAGE between an N-
terminal His-Tag and C-terminal Avi-Tag containing a biotinylation
motif was described previously [12]. The Myc-RAGE expression
plasmid was constructed by insertion of PCR-amplified DNA frag-
ments into the EcoR1 and Xba1 sites of pCS3MT. Other sSRAGE dele-
tion mutants (M1-M5 and D1-D3) and point mutants of sRAGE
were inserted into the Xhol and EcoRI sites of pCS3MT. Point mu-
tants (W51P, V115P, and WPVP double mutant) were generated
using the Muta-Direct™ Site-Directed Mutagenesis Kit (iNtRON,
#15071). Mutations were verified by DNA sequencing. The expres-
sion plasmid encoding the GST-Ap fusion protein was constructed
by insertion of four copies of the DNA fragment encoding AB(1-42)
into the BamHI and Sall sites of pGEX-4T-2.

2.2. Luciferase assay

Mouse hippocampal neuronal cell line HT22 cells were grown in
Dulbecco’s modified Eagle’s medium, supplemented with 10% fetal
bovine serum. For luciferase reporter assays, HT22 cells seeded
into 6-well plates were transfected with the RAGE expression plas-
mid (1 pg), and the NF-xB-Luc reporter plasmid (1 pg), where the
luciferase gene is under the control of NF-xB binding sites. The

total amount of transfected plasmid was adjusted using empty
vectors. Thirty-six hours after transfection, cells were seeded again
onto 96-well plates and treated with Ap peptides for 18 h. Lucifer-
ase activity was measured using the Luciferase Reporter Assay Sys-
tem (Promega) and a Genios luminometer (TECAN, Austria).
Transfection efficiency was normalized against B-galactosidase
expression. Each experiment was repeated at least three times.

2.3. GST pull-down assay

The GST-ApB fusion proteins were expressed in Escherichia coli
BL21 (DE3) cells, and purified with glutathione-Sepharose beads.
Various Myc-RAGE deletion mutants were synthesized by using a
TNT coupled in vitro transcription-translation system (Promega,
# 14600). Synthesized proteins were incubated with GST-AB at
RT for 30 min in GST binding buffer (20 mM Tris-HCIl, pH 7.5,
100 mM Nacl, 1.5 mM MgCl, 0.05% NP-40) and washed three times
with phosphate buffered saline containing 0.5% Triton X-100, fol-
lowed by immunoblotting with anti-Myc antibody. For peptide
inhibition, equal amounts (3 ng) of B3 (RLEWKL) or B8 (ETKS-
NYRVRV) peptide were included in the reaction.

2.4. Protein expression and purification

The pET-sRAGE and pBirA plasmids were introduced into Ori-
gami (DE3). The transformed cells were grown in LB broth, and
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Fig. 2. Analysis of RAGE domains involved in interaction with AB. (A) Schematics of the RAGE deletion mutants utilized in the GST pull-down assay are shown. (B and C)
Various Myc-RAGE deletion mutants were translated in vitro and subjected to GST pull-down analysis using GST-AB42. Bound proteins were eluted and resolved by 10% SDS-
PAGE, and detected by immunoblotting using anti-Myc antibody. Input denotes 5% of proteins used in the analysis.

expression and biotinylation of the target protein was induced by
adding 1 mM IPTG and 50 mM d-biotin for 18 h at 25 °C. The
biotinylated His-RAGE was purified by chromatography using
nickel-nitrilotriacetic acid (Ni-NTA) resin (HiTrap™ Chelating
HP, #71-7005-00 AX).

2.5. Immunoprecipitation

Full-length Myc-hsRAGE and deletion mutants (VC1, V or C1 do-
main of RAGE) were synthesized by using a TNT coupled in vitro
transcription-translation system (Promega, # L4600). Myc-hsRAGE
was incubated overnight with anti-RAGE antibody and protein A/
G-Sepharose beads at 4 °C on a rotating wheel. Immunoprecipi-
tates were analyzed by immunoblotting using anti-Myc antibody.
Mouse monoclonal anti-RAGE antibody targeting the peptide se-
quence (PWDSVARVLP) was generated by Abmart (http://
www.ab-mart.com/).

2.6. ELISA

One microgram of purified biotinylated-human RAGE and 1 pL
of 10 uM ApB solution in 100 pL of TBS-T with 2.5% BSA were incu-
bated on a streptavidin-coated plate for 60 min. After washing the
plate with TBS-T, horseradish-peroxidase conjugated 4G8 antibody
was added into each well to detect the bound AB. The plate was
incubated for 60 min at ambient temperature. After washing with
TBS-T, the plate was developed with TMB substrate, the reaction

was stopped with sulfuric acid. Absorbance was read on a Sunrise
plate reader (TECHAN) at 450 nm.

2.7. Acute model study in wild-type mice

ICR mice were obtained from SAMTACO (Korea). The test IgG (1
and 10 mg protein/200 pl PBS) or B3 peptide (N-RLEWKL-C) was
injected into the tail vein of 3 month-old ICR mice (25g, n=4,
male) and allowed to circulate for 10 min. 200 pL of 25 pM human
AB(1-42) in PBS was injected into the tail vein and allowed to cir-
culate for 30 min. Postmortem mice brains were removed immedi-
ately after sacrifice. Brain samples were homogenized in RIPA
buffer (100 mM Tris, pH 8.0, 150 mM NacCl, 0.5% DOC, 1% NP-40,
0.2% SDS and proteinase inhibitor cocktail) and sonicated for 20 s
on ice. The Ap levels were analyzed using ELISA kits (Cat# 27711,
IBL). All procedures for animal tests were approved by the Commit-
tee on the Ethics of Animal Experiments of Medifron Co. Ltd. in
South Korea (Permit Number: AEC-20080509-0001 permitted by
Korea FDA). All surgical procedures were performed with care to
minimize pain and discomfort.

3. Results
3.1. Analysis of the RAGE domain involved in interaction with Ap
The receptor for advanced glycation end-products (RAGE) is the

main receptor for transporting amyloid-beta peptide (AB) across
the blood-brain barrier (BBB) from blood to brain. To further
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Fig. 3. Analysis of RAGE mutants for interaction with AB and activation of the NF-kB pathway. (A) RAGE point mutants were translated in vitro and subjected to GST pull-
down analysis using GST-AB42. Bound proteins were eluted and resolved by 10% SDS-PAGE, and detected by immunoblotting using anti-Myc antibody. Input denotes 5% of
proteins used in the analysis. The blot stained with Coomassie Brilliant Blue shows GST-Ap proteins used in the pull-down assay. (B) HT22 cells were transfected with a NF-xB
reporter plasmid and wild-type or point mutated (W51P, V115P, or WPVP) RAGE expression plasmids 36 h prior to AB(1-42) treatment. Eighteen hours after Ap treatment,
luciferase activity was measured. Transfection efficiency was normalized against p-galactosidase expression. Experiments were repeated at least three times. Error bars
indicate the standard error of the means of three independent experiments. Data were analyzed by ANOVA with Dunnett’s multiple comparisons tests (*p < 0.05). (C) Myc-
RAGE V domain was translated in vitro and subjected to GST pull-down analysis using GST-AB42 in the absence or presence of 33 or B8 peptide. Bound proteins were eluted
and resolved by 10% SDS-PAGE, and detected by immunoblotting using anti-Myc antibody. Input denotes 5% of proteins used in the analysis. The blot stained with Coomassie
Brilliant Blue shows GST and GST-AB proteins used in the pull-down assay. (D) AB(1-42) peptide was incubated with immobilized full-length sRAGE, in the absence or
presence of B3 or B8 peptide, followed by incubation with HRP-conjugated anti-Ap antibody. RAGE-Ap binding was quantitated by measuring OD4so. Experiments were
repeated at least three times. Error bars indicate the standard error of the means of three independent experiments. Data were analyzed by ANOVA with Dunnett’s multiple

comparisons tests (***p < 0.001; *0.001 < p < 0.01).

understand RAGE-mediated A transport at the molecular level, we
analyzed RAGE domains for interaction with AP. Expression
plasmids for human sRAGE and its deletion mutants (V, C1, and
C2 domain of RAGE) were constructed in which a poly-histidine
tag is located at the N-terminal of RAGE and a biotinylation motif
fused in frame to the C-terminus of RAGE. The binding of RAGE to
Ap was analyzed with an enzyme-linked immunosorbent assay
(ELISA) using anti-AB antibody. Colorimetric observance was de-
tected only when both AB and sRAGE were present in the reaction,
but not AB or RAGE alone, indicating that Ap specifically binds to
SRAGE. In addition, the RAGE V domain, but not the C1 domain,
bound to AB, consistent with a previous report [13,14], indicating
that AB binds to the V domain of RAGE (Fig. 1A). Analysis of the
crystal structure of RAGE indicated that the V domain of RAGE con-
sists of eight B-strands and one a-helical structure intervening be-
tween the sixth and seventh B-strand [8,9] (Fig. 1B). In addition,
amino acids throughout the entire RAGE V domain determine sur-
face properties such as hydrophobic or positively charged patches
(Fig. 1C), which are important for interactions with S100B and ad-
vanced glycation end-products (AGE) [8,11]. We hypothesized that
AB recognizes a specific motif rather than surface electrostatics,
since Ap was reported to recognize two B-strands of a1-antichy-
motrypsin [15]. To determine whether AB requires a specific
B-strand or electrostatic surface, a series of deletion mutants were
constructed and utilized in a GST pull-down assay using GST-AB
(Fig. 2A). Pull-down analysis indicated that N-terminal deletion
to amino acid 53 decreased interaction of RAGE with AB. In addi-
tion, further deletion to amino acid 124 completely abrogated

RAGE-AB interaction (Fig. 2B). These results indicated that both
the third and eighth p-strands of RAGE participate in the interac-
tion of RAGE with AB. To verify this result, deletion mutants of
the V domain were generated. Consistent with the above results,
removal of five C-terminal amino acids (C-terminal deletion from
amino acid 114 to 118) reduced RAGE-AB interaction (Fig. 2C, lane
4). Further deletion of the RAGE N-terminal to amino acid 52 com-
pletely abrogated the interaction between RAGE and A Fig. 2C,
lane 6). These results clearly demonstrate that both the third and
eighth B-strands of RAGE participate in the recognition of AB.

3.2. Mutational analysis of RAGE for interaction with AB

To further determine the structural requirements of RAGE in AB
binding, site-directed mutagenesis was performed. To disrupt the
structure of the B-strands, Trp51 in the third B-strand and/or
Val115 in the eighth B-strand were substituted to prolines. GST
pull-down analysis using these RAGE point mutants indicated that
single substitutions (W51P or V115P) reduced binding of RAGE to
GST-AB. Moreover, double substitution (WPVP; W51P and V115P)
abrogated the interaction between RAGE and GST-Ap (Fig. 3A).
These results demonstrated that two B-strands of RAGE contribute
to the recognition of AB. Activation of the NF-kB signaling pathway
is a cellular response to the association of A with RAGE. To deter-
mine whether the NF-kB signaling pathway is affected by RAGE
mutants, wild-type or point mutants of full-length RAGE were
transiently transfected into HT22 cells together with an NF-kB re-
porter plasmid, and the cells were exposed to Ap for 18 h. Forced
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immobilized full-length, V domain, or C1 domain of sRAGE in the absence or presence of anti-RAGE monoclonal antibody, followed by incubation with HRP-conjugated anti-
Ap antibody. RAGE-AB binding was quantitated by measuring ODg4so. ***P < 0.001 by ANOVA with Tukey-multiple comparisons tests. (E) HT22 cells were transfected with a
NF-kB reporter plasmid and wild-type RAGE expression plasmids 36 h prior to AB(1-42) treatment. The transfected cells were treated with increasing amounts of anti-RAGE
antibodies 30 min prior to AB(1-42) treatment. Eighteen hours after Ap treatment, luciferase activity was measured using the Luciferase assay system (Promega). Transfection
efficiency was normalized against p-galactosidase expression. Experiments were repeated at least three times. Error bars indicate the standard error of the means of three
independent experiments. **P < 0.01 by ANOVA with Tukey-multiple comparisons tests. (F and G) Human Ap(1-42) peptide was injected into the mouse tail vein and
transport of plasma AB(1-42) to brain was measured by quantitation of human AB(1-42) in sacrificed mouse brain extracts (n = 4). The anti-RAGE monoclonal antibody or g3

peptide was injected 30 min prior to injection of Ap(1-42) peptide. *P < 0.05 by ANOVA with Tukey-multiple comparisons tests (F) and paired Student’s t test (G).

expression of RAGE promoted activation of NF-xB signaling
pathway in response to administration of AB (Fig. 3B). However,
expression of RAGE single mutants reduced activation of the NF-xB
pathway and the RAGE double mutant further decreased activation
of the NF-xB target reporter in response to Ap (Fig. 3B). These
results indicate that two B-strands of RAGE are involved in
RAGE-mediated signaling cascade for NF-xB activation. To verify
that the two B-strands of RAGE are involved in interaction with
AB, peptides corresponding to the third and eighth B-strands were
used to compete with AB recognition of RAGE. As shown in Fig. 3C,
the interaction of RAGE with GST-AB was inhibited efficiently by
the B3 and B8 peptides. Consistently, the binding of Ap to full-
length sRAGE was blocked by the B3 and B8 peptides in ELISA
(Fig. 3D). These results indicate that the third and eighth B-strands
of RAGE are the motifs for interaction with Ap.

3.3. Inhibition of AB transport and NF-kB activation via a monoclonal
antibody against RAGE

In order to validate the RAGE domains for Af interaction in an ani-
mal model and to develop a potential inhibitor which disrupts RAGE-
AB interaction, anti-RAGE monoclonal antibodies were generated
and one was selected for further study. The RAGE V domain was rec-
ognized in immunoblotting (Fig. 4A) and was specifically immuno-
precipitated with the anti-RAGE antibody (Fig. 4B), verifying that

the monoclonal antibody recognizes the RAGE V domain. To deter-
mine whether this anti-RAGE antibody targeting the RAGE V domain
inhibits RAGE-AR interaction, a GST pull-down assay and ELISA were
carried out in the presence of anti-RAGE antibody. As shown previ-
ously, in vitro translated Myc-RAGE bound well to GST-A, but the
interaction was inhibited by addition of anti-RAGE antibody
(Fig. 4C, lane 4). This result was confirmed in ELISA using full-length
SRAGE and AB(1-42) peptide. Incubation of AB(1-42) peptide with
immobilized sRAGE resulted in RAGE-AR interaction, and this inter-
action was inhibited by addition of anti-RAGE antibody (Fig. 4D).
These results indicated that the RAGE-AP interaction can be blocked
by an anti-RAGE antibody targeting the RAGE V domain. To examine
the functional relevance of the RAGE-AB interaction through the V
domain, we determined whether RAGE-mediated NF-kB activation
and AP transport across the brain BBB are affected by the anti-RAGE
monoclonal antibody targeting the RAGE V domain. Administration
of HT22 cells with AB peptide activated transcription from a NF-kB
reporter plasmid, but the activation was gradually inhibited in the
presence of the anti-RAGE antibody in a dose-dependent manner
(Fig. 4E). To examine the effects of anti-RAGE antibody on Ap trans-
port across the BBB, AB(1-42) peptide was injected into the mouse tail
vein and transport of plasma AB(1-42) to brain was measured by
quantitation of AB(1-42) from sacrificed mouse brain extracts. As
shown in Fig. 4F, transport of the Ap(1-42) peptide across the BBB
was inhibited by injection of the anti-RAGE monoclonal antibody tar-
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geting the RAGE V domain in a dose-dependent manner. Moreover,
AB transport across the BBB was also inhibited by injection of the
B3 peptide of RAGE V domain (Fig. 4G). These results demonstrated
that blocking the RAGE-AB interaction with a V domain-specific
anti-RAGE antibody and B3 peptide of RAGE V domain impairs
RAGE-mediated NF-xB activation and AP transport from plasma to
brain.

4. Discussion

In this study, we found that two B-strands of RAGE, and not sur-
face properties, participate in the recognition of AB. The surface
properties of RAGE are determined by the composition of amino
acids in the entire V domain, not by specific motifs. Hydrophobic
patches are mainly located at the back sheet of the B2, B5 and B6
strands (closed circles in Fig. 1C), and the positively charged sur-
faces are organized by loops of the front sheet of B-strands (open
circles in Fig. 1C). Therefore, RAGE-Ap interaction appears to be
mediated by specific bipartite B-strands rather than by hydropho-
bic patches or positively charged surfaces. In support of this idea,
each RAGE point mutant defective in A interaction was generated
by substitution of the Trp51 or Val115 residue, which are not asso-
ciated with hydrophobic patches or positively charged surfaces.
Notably, both peptides for the third and eighth p-strands markedly
inhibited interaction between RAGE and ApB (Fig. 3). Taken to-
gether, it is more likely that AB recognizes bipartite B-strands of
RAGE rather than patterns of the surface of RAGE such as positively
charged or hydrophobic patches. AB interaction with o1-antichy-
motrypsin (ACT) shows a similar mode of bimodal binding [15],
providing further support for our conclusions regarding AB—-RAGE
interaction. The serpin ACT is a major component of brain amyloid
plaques in Alzheimer’s disease. AR was shown to bind to ACT
through insertion of amino- and carboxyl-terminal Ap segments
into the sA and sC B-strands of ACT, respectively. The bimodal
binding of AB to ACT results in reciprocal conformational changes.
AB binding leads to loss of ACT inhibitor activity [15], and ACT can
either stimulate formation of the fibrillar form of Ap peptide
[16,17] or destabilize preformed AP fibrils [18,19], depending on
the stoichiometry of ACT to A. Similarly, interaction of RAGE with
AB also inhibits polymerization of Ap even after prolonged periods
of incubation [20]. AB is composed of B-sheets and RAGE binds B-
sheet fibrillar material regardless of the composition of the sub-
units, such as amyloid A and amylin [21]. Further studies would
provide insight into common structural motifs in RAGE ligands.
Finding common structural motifs such as specific pB-strands of
RAGE which are functionally associated with human disease would
be beneficial in the development of therapeutic strategies for the
treatment of Alzheimer’s disease.
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