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Using a yeast two-hybrid method, we searched for amyloid
precursor protein (APP)-interacting molecules by screening
mouse and human brain libraries. In addition to known inter-
acting proteins containing a phosphotyrosine-interaction-
domain (PID)—Fe65, Fe65L, Fe65L2, X11, and mDab1, we
identified, as a novel APP-interacting molecule, a PID-
containing isoform of mouse JNK-interacting protein-1 (JIP-1b)
and its human homolog IB1, the established scaffold proteins
for JNK. The APP amino acids Tyr682, Asn684, and Tyr687 in the
G681YENPTY687 region were all essential for APP/JIP-1b inter-
action, but neither Tyr653 nor Thr668 was necessary. APP-
interacting ability was specific for this additional isoform con-
taining PID and was shared by both human and mouse
homologs. JIP-1b expressed by mammalian cells was effi-
ciently precipitated by the cytoplasmic domain of APP in the

extreme Gly681–Asn695 domain-dependent manner. Recipro-
cally, both full-length wild-type and familial Alzheimer’s disease
mutant APPs were precipitated by PID-containing JIP con-
structs. Antibodies raised against the N and C termini of JIP-1b
coprecipitated JIP-1b and wild-type or mutant APP in non-
neuronal and neuronal cells. Moreover, human JNK1�1 formed
a complex with APP in a JIP-1b-dependent manner. Confocal
microscopic examination demonstrated that APP and JIP-1b
share similar subcellular localization in transfected cells. These
data indicate that JIP-1b/IB1 scaffolds APP with JNK, providing
a novel insight into the role of the JNK scaffold protein as an
interface of APP with intracellular functional molecules.
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Alzheimer’s disease (AD) is the most prevalent neurodegenera-
tive disease pathologically characterized by senile plaques in the
brain. The major constituent of the plaques is A�, cleaved off
from the transmembrane precursor, termed amyloid precursor
protein (APP). Genetic studies of familial AD (FAD) (Hardy,
1992) demonstrated that structural alterations in APP cause AD,
based on the finding that certain FAD patients carry V642I/F/G
mutations or an NL mutation (K595N/M596L) in APP695, a 695
residue version (Kang et al., 1987). However, how these mutations
cause pathophysiology in AD and how wild-type APP (wt APP)
contributes to normal functions have been little understood. Yet
multiple studies (Qiu et al., 1995; Coulson et al., 1997; Gillian et
al., 1997; Perez et al., 1997) have shown that wt APP performs
physiological functions on the surface of neurons relevant to
neurite outgrowth, neuronal adhesion, and axonogenesis, aside
from its pathological role as an A� precursor. Rohn et al. (2000)
and Sudo et al. (2000) independently found that anti-APP anti-

body treatment causes death in neuronal cells. Consistently, con-
siderable amounts of APP are found on the surface of neurons
(Jung et al., 1996; Brouillet et al., 1999; Sudo et al., 2000).

Parallel to these studies on wt APP, FAD-associated V642
mutants of APP have been shown to induce neuronal apoptosis
(Wolozin et al., 1996; Yamatsuji et al., 1996a; Zhao et al., 1997;
Luo et al., 1999). Toxicity by FAD mutants of APP and presenilin
(PS)-2 is most likely a controllable process, mediated by pertussis
toxin (PTX)-sensitive G-proteins (PG) (Wolozin et al., 1996;
Yamatsuji et al., 1996a,b; Giambarella et al., 1997; Hashimoto et
al., 2000). Furthermore, V642I-specific toxicity does not occur
when APP lacks the His657–Lys676 region, termed Domain 20
(Yamatsuji et al., 1996a,b; Hashimoto et al., 2000). Okamoto et al.
(1995, 1996) showed in vitro that wt APP and V642I-APP exert
antibody-dependent and constitutive PG-activating functions, re-
spectively, both through Domain 20. Sudo et al. (2000) confirmed
that cell-surface wt APP triggers neuronal death antibody depen-
dently in a PTX-sensitive manner. These findings suggest that
APP, through PG, performs signaling functions mediated by
Domain 20.

On the other hand, the study of Murayama et al. (1996) sug-
gested that wt APP could also trigger PTX-resistant signaling
pathways. Consistently, Hashimoto et al. (2000) found that FAD-
associated NL mutant of APP not only exerted PTX-sensitive
toxicity through Domain 20 but also exerted PTX-resistant neu-
rotoxicity through the Met677–Asn695 region, termed Domain 19.
These findings suggest that APP has a PG-independent signaling
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function mediated by Domain 19. In accord with this idea, Lu et
al. (2000) found that the Ala665–Asn695 peptide, the C-terminal
fragment generated through APP cleavage by caspases, is cyto-
toxic. This study was thus conducted to investigate how the C
terminus of APP can contribute to the regulation of intracellular
signals. Here we report a novel function of APP to interact with
JIP-1b/IB1, which provides the scaffold with c-Jun N-terminal
kinase (JNK).

MATERIALS AND METHODS
Oligonucleotides. The nucleotide sequences of oligonucleotides used were
as follows: SM60, 5�-aattttacccatatgatgtgccagattatgcctctcccgaattcggatccc-
3�; SM61, 5�-tcgagggatccgaattcgggagaggcataatctggcacatcatatgggtaa-3�;
SM71, 5�-gatccgaattcgcggccgcgtcgactctagactcgagaagctt-3�; SM72, 5�-aat-
taagcttctcgagtctagagtcgacgcggccgcgaattcg-3�; SM74, 5�-ggccgaattccgcaa-
gaagaaaccctatgg-3�; SM78, 5�-agctccgccatgggatacccttatgatgtgccagattat-
gccggatccccggaattc-3�; SM79, 5�-ctaggaattccggggatccggcataatctggcacat-
cataagggtatcccatggcgg-3�; SM108, 5�-ggccgaattcaagatggatgcagagttcggac-
atgattcaggatttgaag-3�; SM109, 5�-ggccgaattcaagaagaaacagtacacatccatcc-
3�; SM110, 5�-ggccctcgagttagttctgcatttgctcaaagaacttg-3�; SM121, 5�-ggc-
cgaattcaggaagaggcagtacgg-3�; SM122, 5�-ggccctcgagttaaatctgcatctgctc-
cagg-3�; SM123, 5�-ggccctcgagtcagttctgctgcatcttggag-3�; SM124, 5�-gaatt-
caagaagaaacaggccacatccatccatcatg-3�; SM125, 5�-cgccgccgtggaaccagag-
gagc-3�; SM126, 5�-gatgcagcagaacggaggtgagaatccaacttac-3�; SM127, 5�-
gcagaacggatatgaggctccaacttacaagttc-3�; SM132, 5�-cggatatgagaatccaact-
gccaagttctttgagc-3�; SM138, 5�-ggccgaattcagcgactggattgaccag-3�; SM139,
5�-ggccctcgagctactccaagtagatatcttctg-3�; SM143, 5�-gcagcccttgccaaaaa-
cagctgtgtccttgagatcag-3�; SM241, 5�-gcctcgagtcaagcatccagacacttctggt-3�;
and SM242, 5�-gcggatccttcgctgtgcgctcc-3�.

Plasmid construction. The sequences of all constructs were verified by
dideoxy-termination using ABI310 sequencer (PE Applied Biosystems,
Foster City, CA). PCR inserts were amplified by deep vent DNA poly-
merase (New England Biolabs, Beverly, MA) or KOD DNA polymerase
(Toyobo, Osaka, Japan). Mouse brain cDNA used for RT-PCR was
prepared from total RNA of ICR adult mouse, isolated using an RNeasy
kit (Qiagen GmbH, Hilden, Germany) and reverse transcribed using
Superscript II and an Oligo-dT primer (Life Technologies Oriental,
Tokyo, Japan). pEG202-NLS polylinker portion was exchanged with the
corresponding EcoRI–XbaI fragment of pEG202; then hemagglutinin
(HA) epitope, encoding YPYDVPDYA, was inserted between EcoRI
and XhoI using linkers SM60/SM61 (pEG202-NLS-HA). The coding
sequences of APP, APLP1, and APLP2 and their variants were PCR
amplified and cloned into pEG202 and pEG202-NLS-HA using EcoRI/
XhoI. APP fragments were amplified from mouse APP695 with the
following primers: APP649 –695, SM109/SM110; APP595–695, SM108/
SM110; and APP649 –680, SM109/SM123. The cytoplasmic domain of
APLP1 (APLP1607–653) was amplified with PCR from APLP1 plasmid
obtained in another two-hybrid screening using SM74. The cytoplasmic
domain of APLP2751 (APLP2705–751) was cloned by RT-PCR using
primers SM121/SM122. The point mutants of cytoplasmic domain frag-
ments of APP were constructed by PCR-directed mutagenesis of
APP649 –695 and APP649 –680 and cloned into pEG202 and pEG202-
NLS-HA using the following primers: Y653A, SM124; T668E, SM125;
Y682G, SM126; N684A, SM127; and Y687A, SM132, respectively.
Among the prey fusion plasmids used in the interaction mating,
JIP-1493– 660 was PCR constructed from JIP-1b493–707 using SM143.
JIP-1b557–707 was PCR constructed using primes SM138/SM139. Other
prey fusions were directly cloned in the screening. All prey fusions
were cloned into EcoRI/XhoI of pJG4 –5.

JIP-1b was cloned by RT-PCR and cloned into KpnI /XbaI of
pcDNA3.1-HisA (Invitrogen, Carlsbad, CA) (T7-JIP-1b). JIP-1 con-
structs were created using the prey fusion of JIP-1493–660 and T7-JIP-1b.
T7-JIP-1b1–272 was constructed by deleting XhoI fragment from T7-JIP-
1b. In constructing T7-JIP1271–660, T7-JIP-1b365–707, and T7-JIP-1365–660,
corresponding fragments were cloned into pcDNA3.1-HisC (Invitrogen).
pcDNA3 (Invitrogen) was modified using linkers SM78/SM79 and SM71/
SM72 to insert Kozak’s consensus sequence followed by HA epitope
MGYPYDVPDYAGSP. IB1360 –711 was cloned into the EcoRI/XhoI site
of this vector (HA-IB1360 –711). pGEX-2T (Amersham Pharmacia Bio-
tech, Uppsala, Sweden) polylinker was modified by the insertion of the
linker SM71/SM72, using BamHI/EcoRI (pGEX-2Tm). Glutathione
S-transferase (GST)-fusion proteins used for bacterial protein expression
were constructed by cloning the same PCR inserts used for yeast bait

vectors in EcoRI/XhoI of pGEX-2Tm. Full-length mouse wt APP and its
FAD mutants were cloned into pEF-BOS (Mizushima and Nagata,
1990).

Corresponding portions of IB1, JIP-1b, and JIP-1 were cloned into
pEBG (Sanchez et al., 1994), a mammalian expression vector of GST, in
constructing GST-IB1360 –711, GST-JIP-1b493–707, and GST-JIP-1b540 –707.
pEBG without insert was used as GST control. GST-JNK1�1 was con-
structed by cloning the BglII fragment of SRHis-JNK1�1 (Hirai et al.,
1996) into the BamHI site of pEBG.

Corresponding portions of JIP-1b, mDab1, and X11, obtained in the
two-hybrid screening, were cloned into pET28(a) (JIP-1b and mDab1) or
pET28(c) (X11) (Novagen, Madison, WI). The region containing two PIDs
of Fe65 was PCR amplified from a Fe65 clone obtained in the screening
using SM241/SM242 and cloned into pET28(a). These pET constructs were
used to produce His-tagged JIP-1b493–707, His-tagged mDab12–217, His-
tagged X1137–680, and His-tagged Fe65370–662, respectively.

Antibodies. Anti-T7 antibody (Novagen), anti-HA antibody (12CA5:
Roche Diagnostics, Basel, Switzerland), anti-APP antibody (22C11:
Roche Diagnostics), and anti-GST antibody (MAB2510: Upstate Bio-
technology, Lake Placid, NY) were used for immunoblotting. Rabbit
antisera were raised for CGGAASPPAASPFLGLHIASPPNFR corre-
sponding to residues 10–33 of JIP-1b (�JIPN) and RAFQQ-
FYKQFVEYTCPTEDIYLE corresponding to residues 685–707 of
JIP-1b (�JIPC).

Yeast two-hybrid method. A LexA yeast two-hybrid system was pur-
chased from OriGene Technologies (Rockville, MD). Yeast two-hybrid
screening was performed according to standard procedures (Ausubel et
al., 1999), using the yeast transformation method of Gietz and Schiestl
(1995). All bait constructs of APP and its mutants failed to activate
LEU2 or LacZ reporters. EGY48 (MAT�, trp1, his3, ura3, leu2::6 ops-
LEU2) was used for the screening with pEG202-NLS-HA-
APP595–695, and EGY188 (MAT�, trp1, his3, ura3, leu2::2 ops-LEU2) was
used for pEG202-NLS-HA-APP649 –695. pSH18–34 (Ausubel et al., 1999)
was used for the LacZ reporter. The positive control bait was pSH17–4
(GAL4 activation domain fused to LexA), and the negative control baits
were pRFHM1 (homeodomain of bicoid fused to LexA) and pEG202-
Max (Max fused to LexA), provided in the kit. The human adult AD
patient library was constructed using the method of Gubler and Hoffman
(1983), using cDNA obtained from a brain of a patient diagnosed as
having AD by necropsy, according to institutional guidelines. The mouse
adult brain library was purchased from Clontech (Palo Alto, CA). Yeast
strains were cultured on YPAD plates, or on minimal plates with these
combinations of the following conditions: containing glucose (SD plates),
or containing galactose and raffinose (Gal plates), or containing
5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside (X-gal), or lacking
the combinations of histidine (-his), uracil (-ura), tryptophan (-trp), or
leucine (-leu), as described in Ausubel et al. (1999). To extract yeast
proteins, cells with the same optical density were collected and sus-
pended with 2� sample buffer, frozen, and then boiled, according to the
protocol of Ausubel et al. (1999). Yeast interaction mating was per-
formed according to the methods of Finley and Brent (1994) and Meroni
et al. (1997). Briefly, the bait constructs were transformed into RFY206
(MATa, trp1�:: hisG, his3�200, ura3–52, leu2–3, l ys2�201) simulta-
neously with the LacZ reporter and grown as patches on SD-his-ura
plates. The various fragments of genes cloned into pJG4–5 prey vectors
were transformed into EGY48 and grown as lawns on SD-trp plates. The
mating was performed as follows. On the first day, the patches of
RFY206 bait transformants and the lawns of EGY48 prey transformants
were replica plated on the same YPAD plates. The next day, the mated
yeast on the YPAD plates was replica plated on SD-his-ura-trp-leu and
Gal-his-ura -trp-leu plates and incubated for an additional 48 hr to
monitor cell growth reflecting galactose-induced LEU2 reporter activity,
and on SD-his-ura-trp plates to select the mated yeast. On the third day,
the patches grown on the replica plated SD-his-ura-trp plates were again
replica plated on SD (X-gal)-his-ura-trp and Gal (X-gal)-his-ura-trp
plates and incubated an additional 24 hr to monitor galactose-induced
LacZ reporter activity.

Bacterial protein production and purification. GST fusion proteins were
expressed using BL21-Gold (Stratagene, La Jolla, CA) and purified with
glutathione Sepharose 4B (Amersham Pharmacia Biotech), according to
the manufacturer’s protocol. The purified proteins were dialyzed three
times against 100 vol of buffer A (20 mM Tris/HCl, pH 8.0, 1 mM DTT,
1 mM EDTA), and frozen at �80°C until use. His-tagged proteins were
expressed using BL21(DE3) (Novagen) and purified with Chelating
Sepharose Fast Flow (Amersham Pharmacia Biotech) loaded with
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NiSO4, according to the manufacturer’s protocol. The purified proteins
were dialyzed against buffer A and frozen until use, as above.

Transfection and cell l ysate. COS7 cells (1 � 10 6) were seeded in 10 cm
dishes the day before the transfection in high-glucose DMEM supple-
mented with 10% fetal bovine serum (FBS), 100 U/ml of penicillin, and
100 �g/ml of streptomycin sulfate. The cells were transfected with 6 �g
of DNA using DEAE-dextran. NT2 cells (Stratagene), human neuronal
precursor cells, were seeded at 1 � 10 6 in 10 cm dishes the day before the
transfection in 50% DMEM, 50% Ham’s F-12 supplemented with 10%
FBS, 100 U/ml of penicillin, 100 �g/ml of streptomycin, and 2 mM

L-glutamine. They were then transfected with 12 �g of DNA using
LipofectAMINE (Life Technologies Oriental).

Forty-eight hours after the initiation of transfection, the cells were
washed once with PBS, lysed for 30 min at 4°C in buffer B [20 mM

HEPES/NaOH, pH 7.4, 1 mM DTT, 1 mM EDTA, 150 mM NaCl, 0.5%
(w/v) Triton X-100], supplemented with 10% (v/v) glycerol, 1 mM phe-
nylmethylsulfonylfluoride, 10 �g/ml of aprotinin, and 10 �g/ml of leu-
peptin with occasional gentle shaking. The lysed cells were collected and
centrifuged at 20000 � g for 15 min, and cleared lysates were used for
further analysis.

Bacterial GST pull-down. In pull-down experiments using His-tagged
proteins, 6 �g of GST-fusion protein was incubated with 20 �l of
glutathione beads in a total volume of 0.5 ml of buffer A for 1 hr at 4°C
and washed once with buffer C [20 mM Tris/HCl, pH 7.4, 1 mM DTT, 1
mM EDTA, 150 mM NaCl, 0.1% (w/v) Triton X-100]. His-tagged pro-
teins of various concentrations were adjusted to 150 mM NaCl and 0.1%
Triton X-100, mixed with beads immobilizing GST-fusion protein for 2
hr at 4°C with rotation, and washed three times with buffer C. The
washed beads were mixed with 90 �l of 1� sampling buffer, boiled, and
subjected to immunoblotting and Coomassie brilliant blue (CBB) stain-
ing. In the pull-down experiments using COS cell lysate, 30 �g of GST
fusion proteins were immobilized on 30 �l of glutathione beads as above,
and washed once with buffer B. Lysates (0.5 mg protein) were incubated
with the beads immobilizing GST-fusion protein for 2 hr at 4°C with
rotation, and washed three times with buffer B. The washed beads were
mixed with 90 �l of 1� sample buffer, boiled, and subjected to further
analysis as above.

Immunoprecipitation. Cell lysates (0.5 mg protein) were incubated with
�JIPN or �JIPC or corresponding preimmune sera for 1 hr at 4°C, and
mixed with 10 �l of Protein G-Sepharose 4 Fast Flow (Amersham
Pharmacia Biotech) for an additional 1 hr with rotation at 4°C. Immu-
nocomplexes were washed three times with buffer B, boiled in 1� sample
buffer, and subjected to immunoblotting.

Immunoblotting. Protein samples were submitted to SDS-PAGE, trans-
ferred to nitrocellulose membranes (BA85; Schleicher & Schuell, Dassel,
Germany) using a semidry system, and blocked overnight with TBS (50
mM Tris/HCl, pH 7.5, 200 mM NaCl) plus 5% skim milk. The mem-
branes were incubated 1 hr at room temperature with the primary
antibodies or antisera diluted in the same buffer, and then washed five
times with TBS containing 0.05% Tween 20. The secondary antibodies,
horseradish peroxidase-conjugated anti-rabbit goat polyclonal antibody
(Bio-Rad, Hercules, CA) and horseradish peroxidase-conjugated anti-
mouse rabbit polyclonal antibody (Bio-Rad), were diluted in TBS con-
taining 5% skim milk. After washing, the membranes were visualized
using an ECL kit (Amersham Pharmacia Biotech) and developed using
x-ray films (Fujifilm, Tokyo, Japan).

Cell staining. COS cells (3 � 10 5) were seeded in 60 mm dishes on the
previous day and transfected with 2 �g of plasmids using Lipo-
fectAMINE (Life Technologies Oriental), and reseeded on coverslips
the next day. Forty-eight hours after the initiation of the transfection,
cells were fixed with 0.1 M phosphate buffer, pH 7.4, containing 4%
paraformaldehyde for 20 min at room temperature. After extensive
washing with PBS, the fixed cells were incubated with �JIPN, �JIPC,
preimmune sera, anti-APP antibody (22C11), or mouse IgG (Cortex
Biochem, San Leandro, CA) in PBS containing 3% BSA and 0.1% Triton
X-100 overnight at 4°C, and visualized by goat fluorescein isothiocyanate
(FITC)-conjugated anti-rabbit IgG or horse Texas Red-conjugated anti-
mouse IgG (Vector Laboratories, Burlingame, CA) in PBS containing
3% BSA. DNA was stained by incubating coverslips in PBS contain-
ing 0.2 �M 2�-[4-ethoxyphenyl]-5-[4-methyl-1-piperazinyl]-2,5�-bi-1H-
benzimidazole (Hoechst 33342; Sigma-Aldrich Japan, Tokyo, Japan),
and washed five times with PBS. Coverslips were mounted to slides with
Vectashield (Vector Laboratories). Digital images were taken with an
LSM310 laser scanning microscope (Carl Zeiss, Jena, Germany).

RESULTS

Screening of molecules interactive with cytoplasmic
domains of APP
Twenty million transformants of an adult mouse brain library
were screened with the transmembrane plus cytoplasmic domain
APP595–695 and the cytoplasmic domain APP649–695 (Fig. 1A).
All retransformation-positive clones carried a PID (Kavanaugh
and Williams, 1994; Bork and Margolis, 1995; Kavanaugh et al.,
1995) that was implicated in the binding to the NPXY motif. In
addition to known APP-binding proteins—such as Fe65 (Fiore et
al., 1995), Fe65L (Guenette et al., 1996), Fe65L2 (Duilio et al.,
1998), X11 (Borg et al., 1996), and mDab1 (Trommsdorff et al.,
1998)—a novel APP-interacting protein was found to be JIP-1b
(Whitmarsh et al., 1998; Kim et al., 1999), a PID-containing form
of JIP-1 (Dickens et al., 1997).

Because the recovered plasmids from the two different series of
screening were almost identical, and APP649–695 showed stronger
interaction with PID-containing clones than APP595–695 in a
two-hybrid assay (data not shown), the human adult brain library
of an AD patient was screened only with APP649–695. After
screening 14 million transformants, we found three interacting
molecules: Fe65, X11L (Tomita et al., 1999), and IB1 (Bonny et
al., 1998). X11L is the homolog of mouse X11 (Tomita et al.,
1999), and IB1 is the human homolog of mouse JIP-1b (Bonny et
al., 1998). Because JIP-1b and IB1 were novel APP-interacting
proteins, and cloned from both the adult mouse brain library and
the human patient brain library, we further analyzed JIP-1b/IB1
in this study. The regions encoded by the recovered JIP-1b/IB1
plasmids are indicated in Figure 1B.

Figure 1. The bait used and clones recovered in the two-hybrid screen-
ing. A, An illustration of the regions of mouse APP695 used as bait.
APP595–695 starts from the two amino acids Lys 595–Met 596, mutated
to Asn–Leu in the Swedish type of FAD. APP649–695 encodes the entire
cytoplasmic domain of APP, the amino acid sequence of which is con-
served between human and mouse APP. The �-, �-, and �-secretase
cleavage sites are also indicated. B, The clones recovered from the
screening and the domain organization of mouse JIP-1b and its human
homolog IB1. The portions coded by the recovered plasmids are indicated
as lines with their amino acid positions in parentheses. The boxes indicate
JNK binding domain (JBD), src-homology region 3 (SH3), and PID, with
their amino acid positions in numbers.
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Requirement of PID in JIP-1b/IB1 and Y682, N684, and
Y687 in G681YENPTY687 of APP
To determine the critical amino acids necessary for interaction of
JIP-1b/IB1 with the APP cytoplasmic domain, various APP mu-
tants (Fig. 2A) were constructed in both pEG202 and pEG202-
NLS-HA bait vectors and transformed into RFY206 with LacZ
reporter pSH18–34. When the transformants of pEG202-NLS-HA
fusions were submitted to immunoblot analysis using anti-HA
antibody, a single immunoreactive band corresponding to the ex-
pected size of the bait fusions was detected in each lane of trans-
formants (Fig. 2B). Various JIP-1b/IB1 fusions in the prey vector
pJG4–5 (Fig. 2D) were transformed into an EGY48 yeast strain.
The array of two patches of each RFY206 bait transformant
harboring the bait constructs (Fig. 2C) was mated with the lawns of
EGY48 prey transformants, and the mated cells were grown on
minimal medium containing glucose or galactose and lacking his-
tidine, uracil, tryptophan, and leucine, to assay galactose-induced
LEU2 reporter activity, as shown in Figure 2D.

The fusions of IB1360–711, JIP-1b493–707, JIP-1b540–707, and
JIP-1b557–707, all of which contain intact PID, interacted with
APP649–695 (cyt) and its Y653A and T668E mutants [cyt
(Y653A), cyt (T668E)]. In contrast, no interaction was observed
with the other mutants of APP649–695 [cyt (Y682G), cyt (N684A),
and cyt (Y687A)] or APP649–680 (�NPTY), nor with any of its
mutants [�NPTY (Y653A), �NPTY(T668E)] (Fig. 2D). This
indicates that (1) the extreme C-terminal 15 amino acids of APP
harboring G681YENPTY 687 are necessary for the interaction of
JIP-1b/IB1 with APP; (2) Tyr682, Asn684, and Tyr687, contained
in this region, are all critical for this interaction; and (3) the 151
amino acid PID region contained in the shortest construct, JIP-
1b557–707, is sufficient for the interaction with APP. In further
support of this observation, the fusion of JIP-1493–660, which is
equivalent to the JIP-1b493–707 lacking 47 amino acids in the PID
region, exhibited no interaction with the cytoplasmic domain of
wt APP or APP mutants (Fig. 2D). This observation suggests that
the PID region was sufficient and necessary for the interaction of
JIP-1b with APP.

Other PID-containing fusions obtained in the same screening
were also examined for their ability to interact with cytoplasmic
domain mutants of APP, as shown in Figure 2D. Fe65254–708,
X1137–680, and mDab12–217 all displayed G681YENPTY 687-
dependent interaction with the cytoplasmic domain of APP, as
evidenced by their positive interaction with cyt, cyt (Y653A), and
cyt (T668E), and their negative interaction with �NPTY,
�NPTY (Y653A), and �NPTY (T668E) (Fig. 2D). However, the
critical APP residues necessary for the interactions were different
in the three constructs. Fe65254–708 required Tyr682, but not
Asn684 or Tyr687; X1137–680 required Tyr682 and Asn684, but not
Tyr687; mDab12–217 required Tyr682 and Asn684, as well as
Tyr687, the same residues necessary for JIP-1b/IB1 constructs
containing PID (Fig. 2D). Therefore, in this experiment, the
mode of APP interaction with JIP-1b/IB1 was distinct from that
with Fe65 and X11, but indistinguishable from that with mDab1.

These observed interactions were confirmed by replica-plating
the mated yeast cells to minimal plates, containing X-gal, and
containing glucose or galactose, and lacking histidine, uracil, and
tryptophan. The LacZ reporter activity visualized by the blue
color development displayed the same patterns as in Figure 2D
(data not shown). The same set of cytoplasmic domain mutants of
APP fused to pEG202 bait vector displayed the same results as
those of pEG202-NLS-HA fusion constructs (data not shown).

These data indicate that JIP-1b/IB1 interacts with APP in
a manner distinct from already known interactions of Fe65 or
X11 with APP, and both PI D of JI P-1b/ I B1 and the
G 681YENPTY 687 region of APP, especially Tyr682, Asn684, and
Tyr687, are essential for the interaction.

Purified JIP-1b protein binds to the cytoplasmic
domain of APP with affinity comparable to that of
mDab1, X11, and Fe65
To compare the binding affinity of JIP-1b PID with that of other
PID-containing proteins, His-tagged JIP-1b493–707, which con-
tains a part of SH3 domain and the entire PID (the same region
illustrated in Fig. 2D), was expressed in bacteria, purified, and
subjected to pull-down experiments using bacterially produced
recombinant APP cytoplasmic domain fused to GST (GST-cyt).
His-tagged JIP-1b at various concentrations was mixed with
glutathione beads immobilizing an equivalent amount of GST-
cyt, and each precipitant (ppt) was probed for GST-cyt by CBB
staining (Fig. 3A, top panel), and for the bound His-tagged
protein by immunoblotting using anti-T7 antibody (Fig. 3A, bot-
tom panel). A similar amount of GST-cyt was detected in all
precipitants (Fig. 3A). When the bound His-tagged JIP-1b was
plotted against the concentration used for the binding experi-
ment, the bound protein showed saturable binding to GST-cyt
with half-maximal binding at �0.4 �M (Fig. 3A). His-tagged
JIP-1b did not bind to GST at all concentrations tested, indicating
that the binding of His-tagged JIP-1b to GST-cyt is specific (data
not shown).

Similar experiments were performed using His-tagged mDab2–217

(the same region illustrated in Fig. 2D), His-tagged X1137–680 (the
same region illustrated in Fig. 2D), and His-tagged Fe65370–662

(the region containing its two PIDs). Again, a similar amount of
GST-cyt was detected in all precipitants (Fig. 3B–D, top panels).
When the bound PID-containing proteins were plotted against
their concentration used for the binding, the binding curves
showed saturable binding with the concentration of mDab1, X11,
and Fe65 required for their half-maximal binding at �0.5, 0.5,
and 0.15 �M, respectively (Fig. 3B–D). None of these His-tagged
proteins bound to GST at any of the concentrations tested, which
confirmed the specificity of their binding (data not shown). The
purity of the recombinant proteins used for these binding exper-
iments as revealed by SDS-PAGE and CBB staining is shown in
Figure 3E.

Therefore, bacterially expressed and purified JIP-1b bound to
the cytoplasmic domain of APP in a specific and saturable man-
ner, and it showed half-maximal binding at a submicromolar
concentration, which is comparable with the half-maximal bind-
ing concentrations of other PID proteins—mDab1, X11, and
Fe65. In addition, the data that purified recombinant JIP-1b
bound to purified GST-cyt suggest that JIP-1b directly binds to
the cytoplasmic domain of APP, as mDab1, X11, and Fe65. As
assessed by the common T7-antigenicity, the maximal binding of
JIP-1b to the cytoplasmic domain of APP was relatively lower
than that of the other PID proteins, suggesting that the APP/
JIP-1b complex might be a minority among all APP/PID-protein
complexes under the conditions in which other PID proteins are
also present. However, considering its comparably high affinity to
those of other PID proteins, this feature of APP/JIP-1b inter-
action could be useful for signal transduction of high time
resolution.
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C terminus of APP precipitates JIP-1b/IB1 in a
G681YENPTY687-dependent manner
To confirm the protein interaction of JIP-1b/IB1 with APP, the
lysate of COS cells transfected with HA-IB1360–711 were mixed
with various GST fusion proteins immobilized on glutathione
beads, and the lysate and precipitants were analyzed by immuno-
blotting using anti-HA antibody (Fig. 4B). HA-IB1360–711 was
detected in the precipitant of GST fused with the cytoplasmic
domain of APP (GST-cyt), but not in those of GST alone, GST
fused with the cytoplasmic domain of APP lacking C-terminal 15

Figure 2. Requirement of both PID of JIP-1b/IB1 and
G 681YENPTY 687 of APP for JIP-1b/IB1 interaction with APP. A, The
indicated amino acid residues were changed by site-directed mutagenesis.
APP649–695 and APP649–680 are designated as cyt and �NPTY, respec-
tively. The G 681YENPTY 687 region is boxed. B, Proteins of RFY206
yeast cells transformed with fusions of various mutants of the APP
cytoplasmic domain were probed with anti-HA antibody. The bait fusions
used are identified under each lane. Their designations are as described in
A. The numbers on the lef t are the relative molecular weights of the size
markers in kilodaltons. C, Two patches of each bait fusion transformant
of the RFY206 strain were arranged as indicated. The names of APP bait
variants are described in A. Two negative controls ( pRFHM1 and
pEG202-Max) and a positive control ( pSH17–4 ) are also included. D,
Interaction-mating of APP variants and JIP-1b/IB1 or other prey fusions.
The lef t column of pictures shows the growth of mated yeast cells on
glucose plates (Glucose), and the right column shows the growth of mated
yeast cells on galactose and raffinose (Galactose) plates, as described in
Materials and Methods. Galactose-dependent LEU2 activity was dis-
played by the difference in the growth of the mated cells between that in
the glucose plates, which suppress the expression of the prey fusions, and
that in the galactose plates, which induce it. The two negative controls
(pRFHM1, pEG202-Max) showed no growth in any combination. The
prey fusions are indicated at the right of the columns. The illustration of the
fusions indicates the regions coded by the cDNA and the constructs as thin
and thick lines, respectively. The first and last amino acids of cDNA and
regions encoded by the constructs are indicated, except for mDab12–217,
which starts at the second codon. PID regions were indicated as black

Figure 3. Purified JIP-1b binds to the cytoplasmic domain of APP with
affinity comparable to those of other PID-containing proteins. A, His-
tagged JIP-1b493–707, at the concentrations indicated under each lane, was
precipitated with glutathione beads immobilizing the APP cytoplasmic
domain fused to GST (GST-cyt). Precipitated GST-cyt was visualized with
CBB staining (top panel ), and bound His-tagged JIP-1b493–707 in the pre-
cipitants was detected with anti-T7 antibody (bottom panel ). The numbers
on the lef t are the relative molecular weights of the size markers in
kilodaltons. The bound JIP-1b, calculated from the pixels of scanned image
and a standard curve, was plotted against the concentration of JIP-1b used
for the binding. B, Similar experiments were performed using His-tagged
mDab12–217. The bands corresponding to mDab1 are faintly visible in CBB
staining (top panel ). C, Similar experiments were performed using His-
tagged X1137–680. D, Similar experiments were performed using His-tagged
Fe65370–662. The bands corresponding to Fe65 are visible in CBB staining
(top panel ). E, CBB staining of the purified His-tagged proteins used.

4

boxes, except for JIP-1493–660, which has incomplete PID. APP residues
critical for the interaction are noted at the right side, except for JIP-1493–660,
which displayed no interaction with any APP variants. The GenBank
accession numbers and amino acids corresponding to the PIDs were IB1,
NM005456, 557–711; JIP-1b, AF054611, 557–707; JIP-1, AF003115, no
PID; Fe65, AF206270, 364–505 and 535–660; X11, L34676, 297–460;
mDab1, Y08381, 37–175. L34676 is a partial clone that lacks N-terminal 69
amino acids in its human or rat counterpart.
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amino acids (GST-�NPTY), or GST fused with the cytoplasmic
domain of APLP1 (GST-APLP1cyt). Minor immunoreactive
bands of lower relative molecular weights were attributed to
partial degradation of the expressed protein. A faint band was
detected occasionally in the precipitant of GST fused with the
cytoplasmic domain of APLP2 (GST-APLP2cyt) (Fig. 4B). It is
thus highly likely that IB1360–711 binds to the cytoplasmic domain
of APP, which contains G681YENPTY 687 shown to be necessary
by the interaction-mating experiment (Fig. 2D). It was also noted
that IB1360–711 more preferentially bound to the cytoplasmic
domain of APP than the cytoplasmic domains of APLP1 and
APLP2, under the conditions that were used.

This IB1-APP interaction was reproduced by using its mouse
counterpart, T7-JIP-1b365–707, the homologous region encoded by
HA-IB1360–711. When the lysate of COS cells transfected with
T7-JIP-1b365–707 was again precipitated with GST-fused proteins
immobilized on glutathione beads, a weak but significant band
corresponding to JIP-1b365–707 was detected in the GST-cyt pre-
cipitant, but not in any of the other precipitants (Fig. 4B). The
weakness of the JIP-1b immunoreactivity in the GST-cyt pre-
cipitant was attributed to proportionally weak expression of
T7-JIP-1b365–707. Therefore, JIP-1b bound to the cytoplasmic
domain of APP in a manner similar to that observed for its
human homolog IB1.

When T7-JIP-1365–660, equivalent to JIP-1b365–707 lacking 47
amino acids in the PID region, was examined by the same GST-
cyt pull-down experiment, no anti-T7-immunoreactive band was
observed in the precipitants, although the construct was expressed
sufficiently in the lysate (Fig. 4B). These results indicate that the
PID region is essential for the JIP interaction with APP, the same
observation obtained by the interaction-mating experiment
shown in Figure 2D. The amounts of GST-fusion proteins con-
tained in the precipitants were similar in all experiments above.
The typical CBB staining is shown (Fig. 4B, CBB).

As negative controls, the lysate of mock-transfected cells was
precipitated with immobilized GST-cyt, and their lysates and the
ppts were subjected to immunoblotting using anti-HA and
anti-T7 antibodies. Anti-HA antibody detected faint bands in the
lysate, which are different in size from those found in the lysate of
cells transfected with HA-IB1360–711, but none in the precipitant.
No immunoreactive bands were detected in either lysate or the
precipitant with anti-T7 antibody (Fig. 4C). This confirms that the
bands detected in the lysates or precipitants in Figure 4B were
derived from the transfected plasmids.

We were unable to perform interaction-mating assays using the
bait fusions of the cytoplasmic domain of APLP1 and APLP2
because of their autoactivation of the LEU2 reporter gene (data
not shown).

GST-fused JIP-1b/IB1 can precipitate full-length APP
with or without FAD mutations
To further confirm the interaction of JIP-1b/IB1 with APP,
reciprocal pull-down experiments were performed using GST-
fused JIP-1b/IB1 constructs and full-length wt APP. When the
lysates of COS cells transfected with wt APP and GST, GST-
IB1360–711, GST-JIP-1b493–707, or GST-JIP-1b540–707, APP im-
munoreactivity was found in the glutathione-bead precipitants
from lysates transfected with any GST-JIP-1b/IB1 construct but
not in the precipitant from the lysate transfected with GST alone
(Fig. 5A). Similar amounts of APP were detected in lysates of
these transfected cells (Fig. 5A). Thus, GST-fused JIP-1b/IB1
constructs interacted with full-length wt APP.

We next examined whether this interaction was affected by
FAD mutations in APP. For this purpose, COS cells were trans-
fected with GST-IB1360–711 and pEF-BOS, wt APP, or four FAD
mutants of APP695 [K595N/M596L-APP (NL-APP), V642G-
APP, V642F-APP, and V642I-APP] (Fig. 5B). The levels of
expression of APP constructs were similar among wt APP and
mutant APPs (Fig. 5B). When these lysates were precipitated with
glutathione beads, APP immunoreactivity was detected in the
precipitants from lysates transfected with either APP construct.
This finding indicates that GST-IB1360–711 can interact, to similar
degrees, with full-length APP with or without FAD-associated
mutations. Similar results were obtained by a pull-down experi-

Figure 4. JIP-1b/IB1, not JIP-1, is precipitated by the cytoplasmic
domain of APP, but little by those of APLP1 and APLP2. A, An
illustration of the JIP/IB1 constructs used in the bacterial GST-fused
protein pull-down experiments. HA and T7 tags are boxed. Other desig-
nations are the same as the illustration of the fusions in Figure 2 D. B, The
lysates prepared from the COS cells transfected with HA-IB1360–711,
T7-JIP-1b365–707, and T7-JIP-1365–660 were precipitated with glutathione
beads immobilizing GST, GST-APP649–695 (GST-cyt), GST-APP649–680
(GST-�NPTY ), GST-APLP1607–653 (GST-APLP1cyt), and GST-
APLP2705–751 (GST-APLP2cyt), and the lysate and the precipitants were
visualized with anti-HA and anti-T7 antibodies as indicated. The precip-
itants were also stained with CBB, which shows the presence of a similar
amount of GST-fusion protein. The numbers on the lef t are the relative
molecular weights of the size markers in kilodaltons. Each datum pre-
sented in Figure 4 is the representative of three independent experiments.
C, The lysates prepared from mock-transfected COS cells were precipi-
tated using GST-cyt. The lysates (l ysate) and precipitants ( ppt) were
visualized with anti-HA and anti-T7 antibody, indicating the absence of
nonspecific bands in GST-cyt precipitants.
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ment using GST-JIP-1b540–707 instead of GST-IB1360–711 (Fig.
5C). JIP-1b/IB1 thus interacted similarly with wt APP and four
FAD mutants (NL and V642I/F/G).

Anti-JIP-1b antisera precipitate full-length wt APP and
APP mutants with JIP-1b expressed in COS cells and
neuronal NT2 cells
When lysates of COS cells transfected with T7-JIP-1b1–272 or
T7-JIP-1b1–707 were probed with rabbit antiserum raised against
the N-terminal residues 10–33 of JIP-1b (�JIPN), the major
immunoreactive bands at �40 and �120 kDa were those corre-
sponding to the bands detected with anti-T7 antibody. In contrast,

preimmune serum from the same rabbit failed to detect them
(data not shown). Likewise, when lysates of cells transfected with
T7-JIP-1271–660 or T7-JIP-1b1–707 were probed with rabbit anti-
serum raised against the C-terminal residues 685–707 of JIP-1b
(�JIPC), the major immunoreactive bands at �70 and �120 kDa
were those corresponding to the bands detected with anti-T7
antibody, but its preimmune serum could not detect them (data
not shown). This indicates that both �JIPN and �JIPC antisera
can specifically recognize transfected JIP-1b or its variants.

To further confirm the interaction of full-length JIP-1b with
full-length APP, various combinations of plasmids were trans-
fected into COS cells (Fig. 6A). When the lysates of transfected
cells were analyzed by immunoblotting with anti-APP antibody,
significant and similar amounts of wt APP and NL-APP were
detected in the lysates of cells transfected with cognate constructs
of APP, but little immunoreactivity of APP was detected in those
transfected with the empty vector alone. Anti-T7 immunoreactiv-
ity of JIP-1b was detected in the lysates transfected with T7-
JIP-1b cDNA, but little immunoreactivity was detected in those
transfected with an empty vector control (Fig. 6A). These lysates
were immunoprecipitated with the antisera, as indicated in Figure
6B, using �JIPN or its preimmune serum. The precipitants were
subjected to immunoblot analysis using anti-APP and anti-T7
antibodies to detect wt APP or NL-APP and T7-JIP-1b, respec-
tively. Significant immunoreactivity of JIP-1b was detected in the
�JIPN precipitants from all of the T7-JIP-1b-transfected lysates,
but no immunoreactivity was detected in those from the empty
vector-transfected cells, nor was it detected in the precipitants by
preimmune serum (Fig. 6B). This indicates that �JIPN antiserum
precipitated JIP-1b in the presence or absence of exogenous APP
expression. When the precipitants were probed using anti-APP
antibody, APP immunoreactivity was detected in the �JIPN
precipitants of cells transfected with both T7-JIP-1b and either wt
APP or NL-APP, but not in the precipitant by preimmune serum.
No APP immunoreactivity was detected when empty vector con-
trols were used in place of either JIP-1b or APP (Fig. 6B). This
indicates that the immunoprecipitation of JIP-1b was specific and
that exogenous JIP-1b expression was required for APP to be
precipitated by �JIPN antiserum.

Essentially the same immunoprecipitation experiments were
performed using �JIPC, yielding results similar to those obtained
in the �JIPN experiments (Fig. 6C). Furthermore, similar results
were obtained when similar immunoprecipitation was performed
using V642I-APP instead of NL-APP (data not shown). Full-
length JIP-1b thus interacted with full-length APP with or with-
out FAD mutations.

To further confirm the interaction of JIP-1b and APP in
neuronal cells, wt APP and T7-JIP-1b or their corresponding
empty vectors were transfected to NT2 cells, human neuronal
precursor cells (Pleasure and Lee, 1993), as indicated in Figure
6D. When the lysates were subjected to immunoblotting and
probed for the presence of APP and JIP-1b using anti-APP and
T7-antibodies, respectively, APP and JIP-1b were detected in the
lysates of cells transfected with their cognate plasmids. Significant
amounts of APP of higher molecular weights were also detected
in all lysates, including that of empty vector-transfected NT2
cells. These lysates were immunoprecipitated using �JIPC and its
preimmune serum, and the precipitants were again probed for the
presence of APP and JIP-1b. As in the experiments using COS
cells, both JIP-1b and APP could be detected in the precipitant

Figure 5. The C terminus of JIP-1b/IB1 precipitates wild-type and FAD
mutant APPs. A, COS cells were cotransfected with wt APP with GST,
GST-IB1360–711, GST-JIP-1b493–707, or GST-JIP-1b540–707 (lanes 1–4, re-
spectively) and precipitated with glutathione beads. The presence of APP
and GST-fused proteins were probed with anti-APP antibody and anti-
GST antibody, respectively. The numbers on the lef t are the relative
molecular weights of the size markers in kilodaltons. Each datum pre-
sented in Figure 5 is the representative of three independent experiments.
B, COS cells were cotransfected with GST-IB1360–711 with pEF-BOS
(vec), wt APP (wt), NL-APP (NL), V642G-APP (Gly), V642F-APP
(Phe), or V642I-APP (Ile) as indicated and precipitated with glutathione
beads. Immunoreactivities of APP and GST-IB1360–711 contained in the
lysates (l ysate) or precipitants ( ppt) were detected by anti-APP antibody
and anti-GST antibody, respectively. C, Similar experiments were per-
formed with COS cells transfected with GST-JIP-1b540–707 instead of
GST-IB1360–711. Other conditions and designations are the same as in B.
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from the lysate of NT2 cells transfected with both plasmids and
precipitated with �JIPC, but not in the other combinations tested
(Fig. 6D). The expression of JIP-1b in untransfected NT2 cells
could not be detected using �JIPN or �JIPC (data not shown).

GST-fused JNK1�1 precipitates wild-type and FAD
mutant APP in the presence of exogenously expressed
JIP-1b
To investigate whether JIP-1b can scaffold JNK and APP, various
combinations of plasmids were transfected to COS cells, and their
lysates were probed with anti-APP, anti-T7, or anti-GST antibody
to detect wt APP-, T7-JIP-1b-, and GST-fused proteins, respec-
tively (Fig. 7, l ysate). The protein expression of wt APP and
JIP-1b was confirmed in the lysates of cells transfected with
corresponding plasmids, but not in empty vector controls. Like-
wise, GST and GST-JNK1�1 were detected in cells transfected
with the encoding plasmids, as the bands of the corresponding
sizes of their expressed proteins (Fig. 7, l ysate).

These lysates were precipitated with glutathione beads and
subjected to immunoblot analyses (Fig. 7, ppt). GST or GST-
JNK1�1 was detected in all precipitants from lysates transfected
with the corresponding GST constructs. JIP-1b was detected in
the precipitant from the lysate of cells transfected with both
JIP-1b and GST-JNK1�1, but not in that from the lysate of cells
transfected with GST alone nor the empty vector control of
JIP-1b. This suggests that JIP-1b was specifically precipitated by
JNK1b1. When the same precipitants were probed with anti-APP
antibody, APP immunoreactivity was detected only when wt
APP, JIP-1�, and GST-JNK1�1 were cotransfected. In contrast,
no APP immunoreactivity was detected in either precipitant from

Figure 6. JIP-1b precipitates wild-type and FAD mutant APP in COS
and NT2 cells. A, COS cells were transfected with the various combina-
tions of wt APP, NL-APP, or their empty vector (wt, NL, or � in APP,
respectively), and T7-JIP-1b or its empty vector (� or � in JIP-1b). The
presence of APP and JIP-1b in the lysates was detected with anti-APP
and anti-T7 antibody, respectively. The numbers on the lef t are the relative
molecular weights of the size markers in kilodaltons. Each datum pre-
sented in Figure 6 is the representative of three independent experiments.
B, The same lysates prepared from the transfectants of indicated plasmids
were immunoprecipitated with the antisera �JIPN ( N) or its preimmune
serum (P). APP and JIP-1b were detected as in A. Other designations are
the same as in A. C, Similar experiments were performed with �JIPC (C)
or its preimmune serum (P). Other conditions and designations are the
same as in B. D, Similar experiments were performed using neuronal NT2
cells transfected with the indicated combinations of wt APP and T7-
JIP-1b and �JIPC (C) or its preimmune serum (P). Their lysates (l ysate)
and precipitants ( ppt) were probed for the presence of APP and JIP-1b.
Other conditions and designations are the same as in C.

Figure 7. GST-fused JNK1�1 can precipitate APPs in a JIP-1b-
dependent manner. COS cells were transfected with the indicated com-
binations of wt APP or its empty vector (� or � in wt APP), T7-JIP-1b
or its empty vector (� or � in JIP-1b), and GST or GST-JNK1�1, as
indicated with � under each lane, and their lysates were precipitated with
glutathione beads. The presence of APP, JIP-1b, and GST-fused proteins
in lysate (l ysate) and precipitants ( ppt) was detected with anti-APP,
anti-T7, and anti-GST antibodies, respectively. Other designations are the
same as in Figure 6. The data in this figure are representative of three
independent experiments.
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lysates transfected in the other combinations. This provides evi-
dence that wt APP forms a complex with JNK1�1 through the
scaffolding by JIP-1b.

JIP-1b and APP share similar subcellular localization
To further confirm the interaction of JIP-1b with APP in vivo,
subcellular localization of JIP-1b and APP was examined by
immunocytochemical analysis using confocal microscopy. When
COS cells transfected with wt APP cDNA were stained with
anti-APP antibody and visualized with Texas Red-conjugated
secondary antibody, cells showed cytoplasmic staining but not
nuclear staining (Fig. 8). No staining was observed when the same
transfected cells were stained with control mouse IgG or when
untransfected cells were stained with anti-APP antibody (data not
shown).

When T7-JIP-1b-transfected cells were stained with �JIPN
antiserum and visualized with FITC-conjugated secondary anti-
body, JIP-1b staining was observed in the cytoplasm and absent
in the nucleus. Staining using �JIPC yielded similar results (data
not shown). No staining was observed when untransfected cells
were stained with �JIPN or �JIPC or when corresponding pre-
immune sera were used to stain T7-JIP-1b-transfected cells (data
not shown).

To investigate whether JIP-1b and APP share subcellular lo-
calization, cells were cotransfected with T7-JIP-1b and APP and
doubly stained by �JIPN and anti-APP antibody (Fig. 8). The
immunostaining of JIP-1b (stained green) and that of APP
(stained red) significantly overlapped in the shared subcellular
localization, as revealed by the yellow area in the merged picture.
These observations are consistent with the notion that a certain
fraction of JIP-1b interacts with APP in vivo.

DISCUSSION
We have herein identified JIP-1b/IB1 as a novel APP-interacting
molecule that indicated an affinity for the cytoplasmic domain of
APP comparable to those of other known PID-containing APP-
interacting proteins. JIP-1 was initially characterized as a cyto-
plasmic inhibitor of JNK family kinases (Dickens et al., 1997) and
subsequently found to interact with MKK7, MLK, DLK, and
HPK-1 in addition to JNK (Whitmarsh et al., 1998). Coexpres-
sion of JIP-1 and JNK with MKK7 or MLK3 increased JNK
activation (Whitmarsh et al., 1998). These findings have estab-

lished that JIP-1 scaffolds the kinase components of the JNK
signaling pathway (Davis, 2000). An additional isoform of JIP-1
has been reported in mouse (JIP-1b) (Whitmarsh et al., 1998;
Kim et al., 1999), rat [islet-brain-1 (IB1)] (Bonny et al., 1998),
and human (IB1) (Mooser et al., 1999). This isoform contains a
47-residue insertion that completes the PID region at the C
terminus, which was originally identified in Shc interaction with
NPXY in the cytoplasmic domain of the epidermal growth factor
receptor (Kavanaugh and Williams, 1994; Kavanaugh et al.,
1995). Neither the physiological nor the pathological role of the
JIP-1 proteins has become totally clear, whereas expression of
JIP-1 has been reported to transcriptionally activate the GLUT2
promoter (Bonny et al., 1998) and is implicated in the pathogen-
esis of a form of type 2 familial diabetes mellitus (Waeber et al.,
2000) and in the cytoprotection of insulin-secreting cells (Bonny
et al., 2000). The present study thus provides the first line of
evidence that the JNK scaffold protein, abundant in the brain and
in islet �-cells, could be relevant to Alzheimer’s disease. Inter-
estingly, it has been reported that in vivo, neurotoxicity by hip-
pocampal administration of Ab1–42 occurs only in diabetic rats
(Smyth et al., 1994).

Analysis of subcellular localization using transfected cells in-
dicates that JIP-1b and APP colocalized in the cytoplasm but
both were not detected in the nuclei. Similar cytoplasmic local-
ization of JIP-1b was reported by Dickens et al. (1997) and
Whitmarsh et al. (1998), although Bonny et al. (1998) reported
that IB1 is a nuclear protein. Coffey et al. (2000) showed nuclear
localization of JIP-1 proteins in cerebellar granule cells, and
Meyer et al. (1999) showed that JIP-1 proteins localize in the
cytoplasm in unpolarized NIE115 and PC12 cells but are con-
centrated at neurites when the cells are polarized. These differ-
ences in JIP-1 localization thus may reflect different functions of
JIP-1 proteins assigned in different cell environments. Although
the present study provides evidence that JIP-1b interacts with
APP inside the transfected cells, it would be necessary to inves-
tigate whether endogenous APP and JIP-1b interact in nontrans-
fected cells. Yet the notion that JIP-1b/IB1 colocalizes with APP
is consistent with earlier studies (Becker et al., 1999; Kim et al.,
1999; Yasuda et al., 1999; Marcinkiewicz and Seidah, 2000; Pellet
et al., 2000) indicating that the subcellular and brain regional
localizations of JIP proteins considerably overlap with those of

Figure 8. APP and JIP-1b share similar subcellular local-
ization. COS cells were transfected with APP, JIP-1b, or
both. JIP-1b expression was detected with �JIPN and vi-
sualized with FITC-conjugated secondary antibody (green).
APP expression was detected with 22C11 (anti-APP anti-
body) and visualized with Texas Red-conjugated secondary
antibody (red). DNA was visualized with Hoechst 33342
(blue), as described in Materials and Methods. The yellow
area in the merged section shows where JIP-1b and APP
share similar subcellular localization. Scale bars, 10 �m.
The same set of experiments was repeated at least three
times and yielded similar results.
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APP. Because the putative �-secretase ADAM10 and the puta-
tive �-secretase BACE are expressed in the same neurons that
express APP in the mouse brain (Marcinkiewicz and Seidah,
2000), APP cleavage by these putative secretases would lose the
interaction of APP with JIP-1b/IB1, causing, in turn, a loss in the
ability of JIP-1b/IB1 to specifically colocalize signaling molecules
with APP. Although so far we have been unable to coimmuno-
precipitate APP with IB1 from rat brain homogenates (data not
shown), it remains unclear whether this failure is caused by
inappropriate experimental conditions for specific immunopre-
cipitation of the APP/IB1 complex from solubilized brain homog-
enates or whether it implies that, with the APP/IB1 complex
being a minor fraction, the majority of APP and IB1 in the brain
does not complex with each other or form complexes with differ-
ent partners. The latter notion is consistent, at least in part, with
the observed relatively lower maximal binding of JIP-1b to the
cytoplasmic domain of APP, as compared with those of the other
PID-containing proteins tested.

By constructing deletion and point mutants, we have shown
that the domains necessary for the APP/JIP-1b interaction are
the cytoplasmic G681YENPTY 687 region in APP and the PID
region in JIP-1b, completed by the insertion specific for this
isoform. This accounts for the PID-nonbearing isoform JIP-1 not
interacting with APP. As noted above, X11, Fe65, Fe65L, and
mDab1 have been shown to interact with the C terminus of APP.
The present study indicates that the APP/JIP-1b interaction
requires Tyr682, Asn 684, and Tyr687 contained in the
G681YENPTY 687 region. This is different from the mode of APP
interaction with Fe65 and X11 and similar to that with mDab1.
The observed amino acids required for the interaction of Fe65 or
X11 concur with a previous report (Borg et al., 1996). Interest-
ingly, the JIP-1b isoform, which is interactive with APP, is the
major transcript in the brain, and the noninteractive JIP-1 tran-
script is hardly detected (Coffey et al., 2000; Pellet et al., 2000),
pointing to certain specific roles of the JIP-1b isoform in neuro-
nal functions.

The mechanism underlying the observed JIP-1b/IB1 interac-
tion with APP is thus consistent with the established NPXY
motif interaction of PID in Shc (Kavanaugh and Williams, 1994;
Kavanaugh et al., 1995; Songyang et al., 1995) and IRS-1(Pawson
and Scott, 1997). Yet in the present GST pull-down experiments,
the cytoplasmic domains of APP, APLP1, and APLP2, all of
which contain the same NPXY structure GYENPTY, showed
largely different binding intensities for JIP-1b/IB1, with APP
being the strongest among them. These different binding charac-
teristics might reflect the difference in the primary to ternary
structures surrounding the NPXY motif, suggesting the presence
of an additional structural requirement allowing NPXY to inter-
act efficiently with PID. In support of this idea, the most recent
literature, in which PID of JIP-1b is shown to interact with p190
rhoGEF (Meyer et al., 1999), indicates that the binding region of
p190 does not contain the classical NPXY motif.

Because JIP-1b showed binding similar to full-length APP
regardless of the presence of four different FAD mutations,
JIP-1b is most likely involved in the basic function of APP.
Although the binding of Fe65 or X11 to APP has been shown to
affect A� secretion from APP (Borg et al., 1998; Sastre et al.,
1998; Sabo et al., 1999; Tomita et al., 1999), so far we have not
observed remarkable changes in A�42 secretion from NL-APP
by cotransfection with JIP-1b (Z. Shao, S. Matsuda, and I. Nishi-
moto, unpublished observation). The JIP-1 proteins have been
shown to serve as scaffold proteins for the organization of active

JNK signaling complexes (Whitmarsh et al., 1998). In fact, we
have shown in this study that APP associates with JNK via
JIP-1b. It has also been established that APP interacts with the
GTP-binding protein Go through the middle portion in the APP
cytoplasmic domain adjacent to the NPXY-containing C termi-
nus (Nishimoto et al., 1993; Okamoto et al., 1995; Brouillet et al.,
1999). It is likely, therefore, that APP may serve as a membrane-
anchoring protein that further scaffolds the JIP-scaffolding com-
plex with other signaling molecules. Taking into account the
recently cloned members of the JIP family, JIP2 and JIP3 (Ya-
suda et al., 1999; Kelker et al., 2000)—PID is contained in JIP2
but not in JIP3—it would deserve investigation whether APP
might regulate the JNK signaling pathway through the binding of
these various JIP proteins to the cytoplasmic domain of APP.
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