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The amyloid precursor protein (APP) must fulfill important
roles based on its sequence conservation from fly to
human. Although multiple functions for APP have been
proposed, the best-known role for this protein is as the
precursor of Ab peptide, a neurotoxic 39–43-amino acid
peptide crucial to the pathogenesis of Alzheimer’s dis-
ease. To investigate additional roles for APP with an eye
toward understanding the molecular basis of the pleio-
tropic effects ascribed to APP, we isolated proteins that
interacted with the plasma membrane isoform of APP.
We employed a membrane-impermeable crosslinker to
immobilize proteins binding to transmembrane APP in
human embryonic kidney (HEK)293 cells expressing
APP751 (HEK275) or rat embryonic day 18 primary neu-
rons infected with a virus expressing APP. Notch2 was
identified as a potential APP binding partner based on
mass spectrometry analysis of APP complexes immuno-
purified from neurons. To confirm the interaction between
Notch2 and APP, we carried out immunoprecipitation
studies in HEK275 cells transiently expressing full-length
Notch2 using Notch2 antibodies. The results indicated
that APP and Notch2 interact in mammalian cells, and
confirmed our initial findings. Interestingly, Notch1 also
coimmunoprecipitated with APP, suggesting that APP
and Notch family members may engage in intermolecular
cross talk to modulate cell function. Finally, cotransfec-
tion of APP/CFP and Notch2/YFP into COS cells revealed
that these two proteins colocalize on the plasma mem-
brane. Intracellularly, however, although some APP and
Notch molecules colocalize, others reside in distinct
locations. The discovery of proteins that interact with
APP may aid in the identification of new functions for
APP. VVC 2005 Wiley-Liss, Inc.
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Amyloid precursor protein (APP) is a transmembrane
glycoprotein that is the precursor of the amyloid b peptide
(Ab), a cytotoxic 39–43-amino acid peptide that plays an
important role in the pathogenesis of Alzheimer’s disease
(AD; Selkoe and Kopan, 2003). A plethora of functions have

been attributed to APP including cell adhesion, cell growth
and survival, neuroprotection (Mucke et al., 1995; Masliah
et al., 1997), synaptotrophism (Mucke et al., 1994), axonal
transport (Koo et al., 1990; Kamal et al., 2000), apoptosis
(Rohn et al., 2000; Chen et al., 2003), protease inhibition
(Van Nostrand et al., 1990), and involvement in transcrip-
tion (Kimberly et al., 2001; Cao and Sudhof, 2004). Some
of these functions occur as a result of the interaction of APP
with extracellular proteins such as the heparan sulfate pro-
teoglycans; others represent the interaction of APP with
intracellular proteins such as Fe65, X11, and kinesin
(reviewed in De Strooper and Annaert, 2000).

The Notch signaling pathway, which is highly con-
served across species, regulates cell fate during both inver-
tebrate and vertebrate development and adulthood
(reviewed in Gaiano and Fishell, 2002; Selkoe and Kopan,
2003; Weinmaster and Kintner, 2003). The Notch recep-
tor acts as a membrane-bound transcription factor that is
released to the nucleus by a two-step cleavage mechanism
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called regulated intramembrane proteolysis (RIP). The
first cleavage is carried out by a metalloproteinase from the
ADAM (a disintegrin and metalloproteinase) family,
whereas the second cleavage is generated by presenilin, an
aspartic protease that is a member of the g-secretase com-
plex (Selkoe and Kopan, 2003). These two cleavages
result in the release of the Notch intracellular domain
(NICD; Schroeter et al., 1998). APP is proteolytically
processed analogously to the Notch receptors by a- and
g-secretases, releasing an APP intracellular domain
(AICD) that participates in transcription (Kimberly et al.,
2001). Several ligands, termed the DSL ligands (Delta and
Serrate/Jagged in Drosophila and vertebrates, and Lag-2 in
Caenorhabditis elegans), are known to activate Notch recep-
tors (Notch 1–4). Intracellularly, Notch proteins interact
with CBF1/suppressor of hairless/Lag-1 (CSL) DNA-
binding proteins (CBF1/RBPjk in vertebrates and Lag-1
in C. elegans; reviewed in Selkoe and Kopan, 2003). In
contrast, except for one recent report (Ho and Sudhof,
2004), ligands for the extracellular portion of APP that
affect its proteolytic processing and signaling have
remained elusive. The only reported APP candidate ligand
to date is F-spondin, a secreted signaling molecule impli-
cated in neuronal development and repair (Ho and Sud-
hof, 2004). Evidence that APP can dimerize (Scheuer-
mann et al., 2001) further supports the idea that APP is a
ligand-activated receptor.

We initiated a search for molecules that bind to
plasma membrane APP by employing a membrane-
impermeable crosslinker to immobilize proteins binding
to APP. We report here for the first time the identifica-
tion of Notch2 as an APP binding partner and provide
evidence that Notch2 and its close homolog, Notch1,
can be immunoprecipitated with APP. When coex-
pressed in human embryonic kidney (HEK)293 cells sta-
bly expressing APP751, one of the three major APP iso-
forms, Notch1, Notch2, and several membrane-tethered
deletion constructs of Notch1 form a >250-kDa SDS-
insoluble high molecular weight complex with APP.
NICD, which is not membrane-tethered, does not form
a similar complex with APP. Cotransfection of APP/
cyan fluorescent protein (CFP) and Notch2/yellow fluo-
rescent protein (YFP) into COS cells reveals that
although APP and Notch molecules segregate in distinct
compartments, making the likelihood for competition
for a or g-secretase cleavage low, other APP and Notch
molecules seem to colocalize and thus could compete
for a or g cleavage. This finding provides an explanation
for the recently reported, apparently contradictory obser-
vations that the processing of Notch and APP by g-sec-
retase occurs in distinct locations (Tarassishin et al.,
2004), and that APP and Notch compete for g-secretase
cleavage (Berezovska et al., 2001). Our data also suggest
that APP could potentially interact with a membrane-
associated Notch1 or 2 both in cis in the same cell and
in trans between two separate cells. The physiologic con-
sequence of the APP–Notch2 and APP–Notch1 interac-
tions may have important implications in the brain from
early development to AD.

MATERIALS AND METHODS

Plasmid Construction

Human cDNAs for full-length Notch2 (FLN2) and for
the C-terminal fragment of Notch2 (CN2) have been described
previously (Blaumueller et al., 1997) and were kind gifts from
S. Artavanis-Tsakonas (Massachusetts General Hospital, Bos-
ton, MA). To construct the FLN2/CFP and FLN2/YFP plas-
mids, a SalI site was introduced into the FLN2-pcDNA1 plas-
mid using QuickChange site-directed mutagenesis kit (Strata-
gene, La Jolla, CA) with sense and antisense primers 50-TCA-
TCATTCTGTTTAGAATTCTGCTGGGGGTA-30 and 50-
TACCCCCAGCAGAATTCTAAACAGAATGATGA-30, res-
pectively. The mutated FLN2-pcDNA1 plasmid with a SalI
site at the end of FLN2 cDNA sequence was digested with
SalI and NotI, and ligated to a SalI-NotI fragment containing
either CFP or YFP cDNA from pECFP-N1 or pEYFP-N1
(Clontech, Mountain View, CA). The resulting FLN2/CFP
and FLN2/YFP plasmids were confirmed by DNA sequencing.

To construct the APP/CFP and APP/YFP plasmids, a
SalI site was introduced into the APP751-pcDNA3 plasmid
using QuickChange site-directed mutagenesis kit (Stratagene)
with the sense and antisense primers 50-GAGCAGATGCAG-
AACCAGTCGACCCCCGCCACAGC-30 and 50-GCTGTG-
GCGGGGGTCGACTGGTTCTGCATCTGCTC-30, respec-
tively. The HindIII-SalI fragment, which contains the full-length
APP751 cDNA, was ligated into a pcDNA1 plasmid contain-
ing either CFP or YFP cDNA. The resulting APP/CFP- or
APP/YFP-pcDNA1 plasmids were confirmed by DNA sequenc-
ing. Full-length Notch1 and the Notch1 deletion mutant con-
structs were prepared as described elsewhere (Shawber et al.,
1996).

Cells Overexpressing APP751

HEK293 cells stably overexpressing APP751 (HEK275)
were a gift from D.J. Selkoe (Brigham and Women’s Hospital,
Boston, MA). HEK275 cells were cultured in Dulbecco’s
modified Eagle medium (DMEM; Gibco, Carlsbad, CA) with
10% fetal bovine serum and 1% (vol/vol) penicillin/strepto-
mycin at 378C with 5% CO2.

Replication-defective herpes simplex virus (HSV) vec-
tors expressing the APP751 cDNA (HSV/APP751) and Es-
cherichia coli b-galactosidase (HSV/Lac; negative control) were
prepared as described previously (Carlezon et al., 1997)
and used to infect rat embryonic day (E)18 primary cortical
neurons.

Transfections

HEK275 cells (2 3 106 cells) were plated on 100-mm
plates 1 day before transfection. Transient transfection was car-
ried out using Lipofectamine and Plus reagents (Invitrogen,
Carlsbad, CA) in serum-free medium. Aliquots (3–4 lg) of
each cDNA was mixed with 750 lL of serum-free medium
and 10 lL of Plus reagent, and the mixture was incubated for
20 min at room temperature. At the same time, 20 lL of Lip-
ofectamine reagent was dissolved in 750 lL of serum-free
medium, and the mixture was incubated for 20 min at room
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temperature. The two mixtures containing cDNAs and Lipo-
fectamine reagent were combined and incubated for additional
20 min at room temperature. The combined mixture was
diluted in a total volume of 5 mL of serum-free medium and
added to each plate. The plates were incubated at 378C for
24–48 hr before lysis.

Infections

Primary rat neuronal cultures were plated on poly-D-
lysine–coated 100-mm dishes at a density of 1.3 3 107 cells
per dish. At 3 days post-plating, neurons were infected with
the appropriate viruses at a multiplicity of infection (moi) of
1, as described previously (McPhie et al., 1997). After 16 hr,
the cells were crosslinked and harvested.

Chemical Crosslinking

Cells were washed in Hank’s balanced salt solution
(HBSS) containing calcium and magnesium. Dithiobis(sulfo-
succinimidylpropionate) (DTSSP), a membrane impermeable,
bifunctional, and reducible crosslinker (Pierce, Rockford, IL)
was dissolved in HBSS and used as recommended by the
manufacturer. All crosslinking steps were carried out at room
temperature. One to two days before crosslinking, HEK275
cells were grown to 60–80% confluence in 100-mm plates.
Cells were washed three times with 10 mL of HBSS, and
5 mL of 5 mM DTSSP solution in HBSS was added to each
plate. The cells were incubated with the crosslinker for 5, 30,
or 60 min at room temperature. The ideal incubation time
was determined to be 30 min, and this was used in all subse-
quent experiments. After incubation with the crosslinker, cells
from each 100-mm plate were lysed in 0.5 mL STEN lysis
buffer (50 mM Tris, pH 7.6, 150 mM NaCl, 2 mM phenyl-
methylsulfonylfluoride [PMSF], and 13 protease inhibitor
cocktail containing 0.05 mg/mL antipain, 0.005 mg/mL leupep-
tin, 0.0007 mg/mL pepstatin, 0.002 mg/mL aprotinin, 1 mg/mL
Pefabloc, 0.5 mg/mL EDTA, 1 mM EGTA, and 1% NP-40).
Cell lysates were incubated on ice for 60 min and vortexed
every 15 min. Membrane debris was centrifuged at 20,800 3 g
and 48C for 5 min. The supernatant was removed and hence-
forth is referred to as cell lysate.

SDS-PAGE and Western Blots

Protein concentrations were measured using the
MicroBCA protein assay reagent kit (Pierce) according to
manufacturer’s directions. For SDS-PAGE, the reducing agent
used for the crosslinked samples was Tris (2-carboxyethyl)
phosphine hydrochloride (TCEP; Pierce) and for all other
samples it was b-mercaptoethanol. Cell lysates containing 20 lg
of total protein were boiled for 5 min and loaded on 5%,
7.5%, 10%, or 4–20% precast Tris-HCl gels (Bio-Rad, Her-
cules, CA) or 4–12% NuPAGE gels (Invitrogen). Proteins
were transferred to Immobilon-P polyvinylidene fluoride (PVDF)
transfer membranes (Millipore, Denvers, MA). All antibodies
were diluted, and membrane washes were done in TBST
(50 mM Tris, 150 mM NaCl, and 0.1% [vol/vol] Tween 20).
Western blot blocking solutions and secondary antibody buf-
fers contained 5% (wt/vol) nonfat dry milk (Carnation, Rut-
land, VT) in TBST. Secondary antibodies included horserad-

ish peroxidase-conjugated goat anti-mouse and anti-rabbit
antibodies (Kirkegaard and Perry Laboratories, Gaithersburg,
MD). Enhanced chemiluminescence (ECL) was detected using
SuperSignal West Pico Chemiluminescent Substrate (Pierce).

Antibodies

The following primary antibodies were used: anti-native
APP N-terminus monoclonal antibodies P2-1 (epitopes
include His108 and Pro109 of APP; Van Nostrand et al.,
1992; a gift from W.E. Van Nostrand, SUNY at Stony
Brook, NY) and 22C11 (epitope: amino acids 66–81 of APP;
Chemicon International, Temecula, CA; Hilbich et al., 1993),
anti-APP (last 20 amino acids of APP) polyclonal antibody C8
(Selkoe et al., 1988; D.J. Selkoe, Brigham and Women’s Hos-
pital, Boston, MA), and anti-Ab monoclonal antibody 6E10
(immunogen: amino acids 1–17 of Ab; Senetek, Napa, CA).
Polyclonal antibodies against the cytoplasmic (C) and extracel-
lular (N) domains of Notch1 have been described elsewhere
(Shawber et al., 1996; Nofziger et al., 1999). Rabbit polyclo-
nal anti-Notch2 was from Abcam (Cambridge, MA; immuno-
gen: amino acids 2,396–2,409 of Notch2). Autoradiography
was done using Kodak Scientific Imaging Film X-OMAT AR
(Eastman Kodak, New Haven, CT).

Immunopurification

APP antibodies P2-1 and 6E10 were covalently conju-
gated to agarose beads using AminoLink Immobilization Kit
(Pierce) following the manufacturer’s protocol. Cell lysates
from the crosslinking experiments were precleared using anti-
mouse IgG. Precleared lysates were incubated with the anti-
body-agarose beads overnight at 48C. The protein-bound
antibody-agarose pellets were washed once for 20 min at 48C
on a tube rocker in three consecutive STEN immunoprecipi-
tation buffers to promote the dissociation of nonspecific bind-
ing: (1) STEN (0.2% SDS), (2) STEN (0.5 M NaCl), and (3)
STEN. The purified protein complexes were eluted from the
antibody-agarose beads by boiling for 5 min in 23 Laemmli
sample buffer. The eluted protein samples were loaded onto
4–20% Tris-HCl gels and analyzed by Western blot.

Mass Spectrometry

Sample preparation. Visualized silver stained bands
from SDS-PAGE experiments were diced and washed exten-
sively with 100 mM ammonium bicarbonate in 50% aceto-
nitrile (ACN; Gharahdaghi et al., 1999). Proteins in the gel
pieces were then reduced with 30 mM dithiothreitol, alky-
lated with iodoacetamide, and digested in-gel (Shevchenko
et al., 1996) with mass spectrometry (MS)-grade trypsin
(Sigma, St. Louis, MO), using approximately a 1:50 enzyme-
to-substrate ratio after extensive washing. Peptides were eluted
with 20 mM ammonium bicarbonate, pH 8, and then with
50% ACN/1% TFA, and finally with 100% ACN. Eluates
were dried down and resuspended in 0.1% TFA. Peptides
were desalted using C18 ZipTips and eluted with 50% ACN/
0.1% TFA.

Matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry. Proteolyzed, desalted samples
were analyzed using a Bruker Reflex IV (Bruker-Daltonics,
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Billerica, MA) matrix-assisted laser desorption/ionization
(MALDI) time-of-flight (TOF) MS in positive ion, reflectron
mode, with irradiation from a nitrogen laser (337 nm; Ratts
et al., 2003). Peptides were spotted onto an Anchor Chip
(Bruker-Daltonics) MALDI target using the dried droplet
technique using 2,5-dihydroxybenzoic acid (DHB) matrix.
Spectra were acquired using 31–40% laser power summing
50–200 laser shots. Both external (Bruker-Daltonics) and
internal (enzyme autolysis) standards were used for spectrum
calibration. Acquired MS data was analyzed using XTOF
(Bruker-Daltonics) and experimental mass values were com-
pared to theoretical values generated by the sequence analysis
software, GPMAW (Lighthouse, Odense, Denmark).

Coimmunoprecipitation

The coimmunoprecipitation protocol was modified
slightly from the method described in Haass et al. (1991). At
24–48 hr after transfection, cells were lysed in STEN lysis
buffer (0.2 % NP-40) and Dounce-homogenized on ice. Cell
lysates were then precleared using Protein A-agarose beads
(Pierce) for 2 hr at 48C and immunoprecipitated overnight
using Notch2 or Notch1 antibodies. The antibody-bound
complexes were isolated by incubation with Protein A-agarose
beads for 2 hr and washed thoroughly using the three STEN
wash buffers as mentioned above. The protein complexes
were eluted in 53 Laemmli sample buffer and analyzed by
SDS-PAGE followed by Western blot.

Imaging of Fluorescence in Living Cells and
Indirect Immunofluorescence

COS-7 (ATCC, Manassas, VA) cells were maintained in
DMEM supplemented with 10% fetal bovine serum and anti-
biotics at 378C and 5% CO2. Cells grown on a Lab-Tek II
chambered coverglass (Nalge Nunc International, Rochester,
NY) were cotransfected with the expression vectors indicated
in each experiment using Lipofectamine Plus (Invitrogen). At
48 hr after transfection, cells were washed twice with phos-
phate-buffered saline (PBS) and the fluorescence was observed
in living cells in PBS using a Zeiss Axiovert 200M microscope
with the appropriate filters.

For immunofluorescence, COS-7 cells were plated on
10-mm coverslips in 35-mm dishes 24 hr before transfection.
At 48 hr post-transfection, cells were washed with PBS and
fixed in 4% paraformaldehyde. After fixation, cells were either
permeabilized with 0.1% Triton X-100 in PBS for staining of
intracellular proteins or not pretreated with 0.1% Triton X-
100 for staining of surface proteins, and then washed with
PBS containing 0.1% gelatin. Cells were stained using the fol-
lowing antibodies as indicated in each experiment: anti-APP
monoclonal (mAb) P2-1 (1:200), anti-APP mAb 6E10
(1:200), polyclonal anti-N1 N-terminus antibody (1:200), and
polyclonal anti-green fluorescent protein (GFP) antibody
(1:200; Molecular Probes, Carlsbad, CA). After rinsing the
cells with PBS/gelatin, bound antibodies were detected with
Alexa Fluor 594-conjugated and/or Alexa Fluor 488-conju-
gated secondary antibodies (1:500; Molecular Probes). Images
were obtained using a Zeiss Axiovert 200M inverted micro-
scope with FITC, TRITC, cyan GFP, and yellow GFP filters.

RESULTS

Crosslinking of APP in HEK293 Cells and
Rat Primary Neurons

To identify protein ligands that bind to APP at the
plasma membrane, we developed a cell culture crosslink-
ing procedure. HEK293 cells stably overexpressing
APP751 (HEK275) were treated with the chemical
crosslinker DTSSP and proteins binding to APP were
identified. Because DTSSP is a membrane-impermeable
crosslinker, molecules identified by this technique should
interact with the extracellular portion of plasma mem-
brane APP. The most prominent APP-containing cross-
linked complexes were formed when HEK275 cells
were grown to 65–85 % confluency and incubated with
DTSSP for 30 min at room temperature (Fig. 1A).

Four different APP antibodies, directed against var-
ious domains of APP, were used to identify the domains
of APP present in the immunoprecipitated complexes
(Fig. 1B). These include: C8, a rabbit polyclonal anti-
body against C-terminus; 6E10, a mouse monoclonal
against Ab peptide 1–17; and 22C11 and P2-1, both
monoclonal antibodies against the N-terminus of APP.
All antibodies recognized one or more high molecular
weight complexes; however, a single >250-kDa com-
plex was detected by all four antibodies (Fig. 1B, see
arrows). These results confirmed that at least one of the
crosslinked complexes contained full-length APP.

A proteomics approach using mass spectrometric anal-
ysis was undertaken to identify molecules, in addition to
APP, that were present in the complexes. Before mass spec-
trometric analysis, APP-bound complexes were immuno-
purified by antibody-agarose precipitation. The APP anti-
bodies 6E10 and P2-1, covalently attached to agarose beads,
precipitated APP-containing complexes that were detected
by Western blot with APP C-terminus antibody C8
(Fig. 1C). To analyze APP binding partners in a system
more relevant to the brain, APP crosslinking was carried out
in E18 rat neurons engineered to overexpress APP751 by
viral infection. The same crosslinking conditions were
employed as for HEK275 cells. Two APP-containing com-
plexes were detected in neuronal lysates with monoclonal
antibodies 6E10 and P2-1. These seemed identical to those
seen in HEK275 cells and included the >250-kDa band
(compare Fig. 1B and 1D).

The >250-kDa APP complex was immunopurified
from the neuronal lysates using P2-1–conjugated agarose
beads and was visualized by nonreducing SDS-PAGE
followed by Western blot (Fig. 1E, arrow). The >250-
kDa band was also visualized by silver staining on a
duplicate lane from the same gel (data not shown). The
band from the silver-stained gel was digested in-gel with
trypsin and the eluted mixture of tryptic peptides was
analyzed by MALDI-TOF MS. The MALDI-TOF mass
spectrometric analysis identified several proteins in the
APP complex. These included a new APP-binding can-
didate protein, neurologic locus Notch2 protein, indi-
cated by the database search (http://us.expasy.org), when
a mass assignment accuracy tolerance of <0.2 Da was
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Fig. 1. Detection and purification of amyloid precursor protein
(APP) containing complexes by crosslinking of APP in human
embryonic kidney (HEK)293 cells and rat primary neurons.
A: HEK275 cells were grown to 60–80% confluency and crosslinked
with DTSSP for 5 (lanes 1,2), 30 (lanes 3,4), or 60 (lanes 5,6) min.
Cells were harvested in a lysis buffer containing 1% NP-40 and ana-
lyzed by SDS-PAGE (under nonreducing conditions) followed by
Western blot using APP C-terminal antibody, C8. Upper panel rep-
resents short exposure and the lower panel represents long exposure
of the same Western blot. Control (B) and crosslinked (XL; C) sam-
ples were immunolabeled with four APP antibodies, P2-1, 22C11,
6E10, and C8. Samples were separated under reducing (R) and non-
reducing (NR) conditions. C: HEK275 cells grown to 60–80% con-
fluency were crosslinked with DTSSP for 30 min and harvested in
lysis buffer (1% NP-40); �90% total protein in cell lysate (�4 mg)
was denatured in 2% SDS and resuspended in STEN buffer to a final
concentration of 0.2% SDS. Precleared cell lysates were incubated
with P2-1–conjugated agarose or 6E10-conjugated agarose to pull
down APP-containing complexes. Antibody-agarose bound proteins
were eluted in 23 Laemmli sample buffer without b-mercaptoetha-
nol and analyzed by SDS-PAGE followed by Western blot. Upper
panel represents data obtained from pull-down experiments with
monoclonal antibody P2-1 and the lower panel with monoclonal

antibody 6E10. The left panels are low exposures and the right panels
are long exposures of the Western blots. Lanes 1 and 6 are control
cell lysates; lanes 2 and 7 are crosslinked cell lysates; lanes 2 and 7 are
pull-downs of control samples; lanes 4 and 9 are pull-downs of cross-
linked samples. Lanes 5 and 10 represent the IgG used for pull-down.
D: Embryonic day (E)18 rat primary neurons were infected with
replication-defective herpes simplex virus (HSV) vectors expressing
APP751 and crosslinked with DTSSP for 30 min. Crosslinked APP-
containing complexes were identified by Western blot with P2-1 (left
panel) or 6E10 (right panel). Results from two separate experiments
are shown. Lanes 1, 2, 5, and 6 represent results from one experi-
ment and lanes 3, 4, 7, and 8 represent results from a second inde-
pendent experiment. E: APP-containing complexes were pulled
down with P2-1–conjugated agarose and identified by Western blot
with 6E10 antibody. A parallel lane from the same gel was silver
stained, the >250-kDa band corresponding to the immunolabeled
band (arrow) was dissected, in-gel digested, and submitted to mass
spectrometric analysis. On a 4–20% acrylamide gel, the resolution of
high molecular weight proteins is not accurate so the apparent
molecular weight of the complex could be higher than 250 kDa. C,
control; XL, crosslinked; WB, Western blot; NR, nonreduced; R,
reduced; CL, cell lysate; PD, pull-down).



employed (Table I). Peptides from additional proteins
were found but with an accuracy tolerance that was
higher than 0.5 Da. They included: Chain1: Comple-
ment 3; Chain1: Low density lipoprotein receptor-
related (LRP, a protein that has been shown to bind
APP, and therefore a good positive control for our
results; Kounnas et al., 1995); Agrin; Tyrosine protein
kinase receptor EHK-3; and Chain1: Ephrin type A
receptor 7. The potentially exciting interactions of APP
with all these proteins await confirmation. The results

from the mass spectrometric analysis thus identified
Notch2 as a novel APP-binding protein and confirmed
previous findings that LRP binds to APP.

Coimmunoprecipitation of Notch2 With
APP in HEK275 Cells

To confirm interaction of APP with Notch2 under
physiologic conditions, coimmunoprecipitation was car-
ried out in the absence of crosslinker. Preliminary
experiments indicated that endogenous Notch2 expres-

Fig. 2. Notch2 is coimmunoprecipitated with full-length amyloid
precursor protein (APP)751 in human embryonic kidney (HEK)275
cells. A: HEK275 cells were transiently transfected to express full-
length Notch2 (FLN2) or cytosolic Notch2 (CN2). At 48 hr after
transfection, cells were harvested in a lysis buffer containing 0.2%
NP-40. Cell lysates containing �10 lg of total protein were analyzed
by SDS-PAGE and Western blot using Notch2 C-terminus polyclo-
nal antibody (N2 C-term; Abcam) to confirm expression of each

Notch2 protein (FLN2 and CN2). B: Approximately 90% protein in
cell lysate (�2 mg) was immunoprecipitated with Notch2 C-termi-
nus (N2 C-term; Abcam) or nonimmune rabbit serum as a control,
and the antibody-bound proteins were isolated using Protein A-agar-
ose. The isolated proteins were eluted with Laemmli sample buffer
and analyzed by SDS-PAGE followed by Western blot with APP
antibody 6E10. IP, immunoprecipitation; N2C, N2 C-terminus pol-
yclonal antibody; NRS, normal rabbit serum; WB, Western blot.

TABLE I. Assignments of Observed Tryptic Peptides to Predicted Sequences in Chain 1:

Neurogenic Locus Notch Homolog Protein 2. Rattus Norvegicus (Rat) PI: 4.99, MW: 262731.28

Obs. mass Calc. mass

Dmass

(Dalton) Position Peptide

1777.949 1777.803 þ0.146 1059–1073 NCQTLVNLCSPSPCK

2401.101 2401.091 þ0.010 1623–1641 VFLEIDNRQCVDSDQCFK

2466.9531 2466.927 þ0.026 409–432 GADCTEDVDECAMANSNPCEHAGK

2467.075 �0.122 1351–1372 CRRGEQCVHTASGPHCFCPNHK

2467.095 �0.142 66–87 DPCEKNRCQNGGTCVTQAMLGK

2718.069 2718.138 �0.069 488–512 GVHCELEVNECQSNPCVNNGQCVDK

2872.499 2872.328 þ0.171 1049–1075 CTCPLGYTGKNCQTLVNLCSPSPCKNK

3166.427 3166.290 þ0.137 666–692 YSCVCSPGFTGQRCNIDIDECASNPCR

3751.066 3750.902 þ0.164 2348–2382 LPSVAFPPTMMPQQEGQVAQTIVPTYHPFPASVK

The peptides observed by MALDI-TOF MS and assigned with a tolerance less than 0.2 Da are listed.
1Any one, two or all of the peptides having the calculated mass 2467 may be present.
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sion in HEK275 cells is relatively low, so the cells were
transiently transfected with plasmids carrying Notch2
constructs (Fig. 2A). Two human Notch2 cDNAs were
used for transient expression: FLN2 (FLN2) and the
cytosolic fragment of Notch2 (CN2) corresponding to
the sequence downstream of the S3 cleavage site and
representative of the NICD. The CN2 was employed as
a control for the coimmunoprecipitation due to its
known localization in the cytosol and nucleus rather

than on the plasma membrane. Transient transfection of
HEK275 cells with plasmid encoding FLN2 resulted in
the expression of FLN2 and, in addition, a C-terminal
fragment. Approximately 50% of FLN2 was processed to
give rise to the C-terminus fragment of Notch2, as seen
in Figure 2A. This fragment is the S1 or furin cleavage
fragment of Notch2 and indicates that normal proteo-
lytic processing into heterodimeric Notch2 was con-
served in HEK275 cells.

Fig. 3. Full-length Notch1, N-terminal truncated
Notch1 (DEDN1), and other Notch1 variants with
the intact extracellular domain are coimmunopreci-
pitated with amyloid precursor protein (APP) in
human embryonic kidney (HEK)275 cells. A: Dia-
gram of the Notch1 cDNAs used for the transient
expression in HEK275 cells. B, C: HEK275 cells
were transiently transfected with full-length Notch1
(FLN1) or DEDN1. At 48 hr post transfection, cells
were harvested in lysis buffer (0.2% NP-40) and the
lysates were tested for Notch1 expression with a
polyclonal antibody to the C-terminus of Notch1
(N1C; B) or immunoprecipitated with N1C. Immu-
noprecipitated proteins were analyzed by SDS-
PAGE and Western blot using APP antibody 6E10
(C). D: Whole-cell lysates were analyzed by West-
ern blot after separation on 5% acrylamide SDS-
PAGE with Notch1 N-terminus antibodies (lanes 1–
4) or Notch1 C-terminus antibodies (lane 5) to
ensure the expression of each of the Notch1 con-
structs. E: HEK275 cells were transiently transfected
with FCDN1, 0CDN1, or DCDN1. Cell lysates
were immunoprecipitated with polyclonal rabbit
Notch1 N-terminus antibody and Western blotted
with APP antibody 6E10. Expression of each
Notch1 construct was confirmed by Western blot
analysis using Notch1 N-terminus antibody. IP,
immunoprecipitation; N1C, N1 C-terminus poly-
clonal antibodies; N1N, N1 N-terminus polyclonal
antibodies; NRS, normal rabbit serum; asterisk
denotes APP complex in lysate. When APP and
DCDN1 are cotransfected, the APP complex is so
prominent that it can be seen in the lysate (3E, lane
10, asterisk).
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Lysates from HEK275 cells transiently transfected
with empty vector pCDNA1, FLN2, or CN2 were
immunoprecipitated with a Notch2 C-terminus antibody.
Nonimmune rabbit serum served as a control. The immu-
noprecipitates were analyzed by Western blot with the
APP antibody, 6E10. As shown in Figure 2B, APP was
coimmunoprecipitated with Notch2 only when the FLN2
was expressed, and expression of the cytosolic fragment of
Notch2 failed to precipitate APP. Interestingly, FLN2 was
associated not only with APP but also with an APP-con-
taining high molecular weight complex of >250 kDa. A
small amount of APP was also coimmunoprecipitated with
Notch2 from cells transfected with empty vector (Fig. 2B,
lane 2); this is due likely to the low endogenous Notch2
levels in HEK275 cells. The coimmunoprecipitation ex-
periments provide clear evidence of the strong, SDS-
insoluble interaction between APP and Notch2 and con-
firm the results achieved by mass spectrometric analysis of
proteins crosslinked with APP.

Coimmunoprecipitation of Notch1 With
APP in HEK275 Cells

Because Notch2 shares substantial primary sequence
and structural homology with Notch1, the interaction of
Notch1 and APP was also investigated using a number
of Notch1 constructs (Fig. 3A). First, FLN1 encoding
full-length Notch1 protein and N-terminal truncated
Notch1 (DEDN1), encoding S2-cleaved membrane-
tethered Notch1 that serves a direct substrate for the g-
secretase complex at the cell membrane, were transiently
expressed in HEK275 cells. A polyclonal Notch1 C-ter-
minus antibody was used to analyze the level of transient
expression of both Notch1 constructs by Western blot
(Fig. 3B). Similar to their low endogenous Notch2 level
(Fig. 2A), HEK275 cells did not show detectable endog-
enous expression of Notch1 (Fig. 3B). This result was
consistent with coimmunoprecipitation by the polyclonal
Notch1 C-terminus antibody from cells transfected with
the empty vector (pBos), in which no APP band was
precipitated (Fig. 3C, lanes 2 and 3).

Full-length Notch1 and DEDN1 were able to
coprecipitate APP (Fig. 3C, lanes 5 and 8, arrows).
Although both FLN1 and DEDN1 coprecipitated APP,
precipitation of a >250-kDa APP-containing complex
similar to the complex formed with Notch2 (Fig. 2B,
lane 8 and Fig. 3C, lane 8, arrows) required FLN1 with
the intact extracellular domain of Notch1. It thus
became important to determine which domains of Notch
participate in binding to APP and are necessary for the
formation of the APP-containing >250-kDa complex.

Three additional Notch1 constructs were employed
to answer this question. As shown in Figure 3A, both
0CDN1 and DCDN1 encode C-terminally truncated
forms of Notch1 protein, whereas FCDN1 lacks the
entire extracellular and transmembrane domains. A
Western blot of transfected HEK275 cells with the three
additional Notch1 constructs is shown in Figure 3D, and
demonstrates the size variation of the Notch1 deletion

mutants compared to full-length Notch1. A concomitant
variation in size was also noted with the high molecular
weight APP–Notch1 complexes (see Fig. 3E, lanes 8
and 11, arrows). Notably, a C-terminally truncated form
of Notch1, DCDN1, forms the strongest high molecular
weight complex with APP (Fig. 3E, lane 11).

When lysates of cells overexpressing both 0CDN1
and DCDN1 were immunoprecipitated with Notch1 N-
term antibody, both APP and the APP complex were
coprecipitated (Fig. 3E, lanes 8 and 11, respectively,
arrows). FCDN1 alone, however, failed to bring down
APP or the APP complex (Fig. 3E, lane 5; the faint
APP band in lane 5 is equivalent in intensity to that in
the control cell lysates seen in lane 2 and is due likely to
the presence of low levels of endogenous Notch1).
These results indicate that the extracellular and the trans-
membrane domains of Notch1 alone are sufficient and
necessary to coprecipitate APP and the APP complex,
and that the transmembrane domain of Notch1 alone
can coprecipitate APP, but not the APP complex.

The finding that DEDN1 coimmunoprecipitates
with APP whereas FCDN1, which lacks the transmem-
brane domain, does not suggests that Notch must be
a transmembrane protein to bind APP. The Notch1 co-
immunoprecipitation results are consistent with those of
Notch2 in that the presence of both the extracellular
and transmembrane domains of Notch2 is necessary for
its binding to APP (Fig. 2B).

Subcellular Localization of APP and
Notch Proteins

APP and Notch1 and 2 are both transmembrane
proteins that travel through the endoplasmic reticulum
(ER) and the Golgi apparatus to the cell surface. We
have provided biochemical evidence that APP interacts
with both Notch1 and Notch2. To visualize the local-
ization of APP and Notch2 in living cells, we cotrans-
fected COS-7 cells with APP/CFP and Notch2/YFP. In
the transfected cells, APP/CFP and Notch2/YFP both
display the typical subcellular distribution of cell surface
proteins, localizing to the ER, Golgi, intracellular vesicles,
and the cell surface (Fig. 4). There was little overlap,
however, in the intracellular vesicles and subcellular com-
partments in which APP/CFP and Notch2/YFP resided
(Fig. 4).

Similar results were obtained using indirect immu-
nofluorescence on cells cotransfected with APP and
Notch1, or with APP and Notch2/YFP (Fig. 4). Using
antibodies against the extracellular domain of APP and
Notch1, we were able to detect both APP and Notch1
on the cell surface (Fig. 4D,F) in cells not permeabi-
lized with 0.1% Triton X-100. Although in permeabi-
lized cells cotransfected with APP and Notch2/YFP we
observed overlap of these two proteins in what seems
to be the ER and Golgi apparatus, some of the APP
and Notch molecules were distributed primarily in sep-
arate intracellular compartments, possibly in lysosomes/
endosomes (Fig. 4G–I). These results suggest that APP
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and Notch proteins most likely interact in the ER and
Golgi and on the plasma membrane, but that they may
be segregated for degradation into separate compart-
ments.

DISCUSSION

The mechanisms by which APP exerts its physio-
logic roles in development and adulthood have not been
characterized completely. The identification of Notch2
as a potential ligand for APP suggests one such mecha-
nism.

Notch proteins have been shown to induce pro-
teolysis and nuclear localization of their ligands, Delta, in
Drosophila S2 cells (Bland et al., 2003). It therefore
would be of interest to determine whether APP is able
to induce proteolysis, nuclear localization, and transcrip-
tional activation of Notch genes such as those from the
HES (enhancer of split) family. It would be equally
interesting to determine whether Notch proteins are
capable of inducing APP proteolysis leading to the for-
mation of AICD. AICD has been shown to bind to
Fe65 and thereby modulate transcription, although it
remains controversial whether AICD itself migrates into
the nucleus or if it only chaperones Fe65 to the nucleus
(Cao and Sudhof, 2001, 2004; Gao and Pimplikar, 2001;
Kimberly et al., 2001). Although it has been reported
recently that in cells in which the intracellular trafficking
has been manipulated, proteolytic processing of APP by

secretases does not require cell-surface transport, it is not
clear whether this is true in vivo. Khvotchev and Sudhof
(2004) suggest that in contrast to Notch, cleavage of
APP is independent of cell-surface regulation by extrac-
ellular ligands, but may be controlled by intracellular sig-
naling. These results are corroborated by Tarassishin
et al. (2004), who used g-secretase inhibitors to show
that Notch is cleaved on the plasma membrane whereas
APP is processed intracellularly. It has also been re-
ported, however, that in cells in which receptor-medi-
ated endocytosis has been inhibited, Ab nevertheless
could be generated at the cell surface (Chyung and Sel-
koe, 2003).

Although we provide evidence that Notch2 and
Notch1 can coprecipitate both APP and an APP-con-
taining >250-kDa complex, we cannot completely
exclude the possibility that Notch antibodies precipitate
a complex that includes APP, Notch, and one or more
adaptor proteins, i.e., APP may not bind directly to
Notch. For example, alcadeins/calsyntenins, which are
also substrates for g-secretase, associate with APP in the
brain by binding via their cytoplasmic domains to X11L.
This tripartite complex inhibits the cleavage of APP
(Araki et al., 2004). Furthermore, membrane-tethered
APP binds to the cytosolic Notch inhibitors Numb and
Numb-like and represses Notch activity when these
inhibitors are released by APP (Roncarati et al., 2002).
g-Secretase thus may have opposing effects on Notch
signaling: positive effects by cleaving Notch and generat-

Fig. 4. Subcellular localization of amy-
loid precursor protein (APP) and Notch
proteins. COS-7 cells cotransfected with
APP/cyan fluorescent protein (CFP) and
N2/yellow fluorescent protein (YFP)
were visualized live 48 hr after transfec-
tion with a CFP filter (A) and a YFP
filter (B). The merged image is shown
in C. D–I: Indirect immunofluores-
cence images of COS-7 cells coexpress-
ing APP and Notch1 (D–F) or APP
and Notch2/YFP (G–I). Cells were
fixed 48 after transfection and immuno-
fluorescence was carried out using anti-
APP monoclonal antibody P2-1 (D, G),
anti-Notch1 extracellular domain poly-
clonal antibody (E), and anti-green flu-
orescent protein (GFP) polyclonal anti-
body (H). Cells were either unpermea-
bilized (D–F) or permeabilized (G–I)
with 0.1% Triton X-100. The expres-
sion levels of APP and Notch proteins
were not equal in many cells; the images
shown were selected images where both
APP and Notch proteins were well ex-
pressed in the same cell. Arrows indi-
cate areas where APP and Notch pro-
teins clearly do not colocalize. Scale
bars ¼ 20 lm.
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ing NICD and negative effects by processing APP and
generating AICD, which inhibits the function of NICD.

A recent report supports our findings of interac-
tions between APP and Notch in an in vivo model.
Merdes and colleagues used transgenic Drosophila as a
model to investigate the potential cellular functions of
the human APP-family in vivo (Loewer et al., 2004).
Overexpression of APP family members during the
development of the peripheral nervous system (PNS)
resulted in transformations of cell fates. Genetic analysis
showed that APP, APLP1, and APLP2 induced Notch
gain-of-function phenotypes, identified Numb as a
potential target, and provided evidence for an involve-
ment of at least two other proteins in the induction of
the phenotypes. The results also indicate that the extrac-
ellular domain of APP plays an important and critical
role for phenotype induction. Loss- and gain-of-function
studies with Drosophila APPL confirm the results
obtained with the human proteins and support further
an involvement of APP family members in PNS devel-
opment and cross talk between the APP family and
Notch (Loewer et al., 2004).

Many questions remain after this first description of
an APP–Notch interaction that will be the focus of
future studies. One question is whether the interaction
of Notch2 with APP occurs in cis or trans. Cell-to-cell
communication between these two proteins would be
the result of a trans interaction, similar to that occurring
between Notch and its receptors, Delta and Jagged, or
to the bidirectional signaling involving ephrin and the
receptor tyrosine kinase family (Palmer and Klein, 2003).
Binding of APP to Notch may induce signal transduc-
tion pathways in which APP and Notch function as both
receptors and ligands. g-Secretase is involved in signaling
of Notch and Delta, and here we show an interaction
between APP and Notch2 that could lead to bi- or uni-
directional signaling.

If the interaction of APP and Notch is in cis, the
two transmembrane proteins would likely compete for
the pool of g-secretase available if they reside in the
same cellular compartment. Such a competition has been
already shown to exist between Notch and APP (Bere-
zovska et al., 2001; Lleo et al., 2003) and between
Notch and Delta (LaVoie and Selkoe, 2003). If the
interaction is in trans, however, there is no competition
for the release of the intracellular domain, although the
binding of APP to Notch may interfere with the binding
of Notch to other extracellular ligands or intracellular
adaptors such as Delta or Numb, respectively. Competi-
tion for g-secretase cleavage, or perhaps simply interfer-
ence with cleavage as a result of steric hindrance if APP
interacts with Notch in the cytosolic domain, would
result in less Ab, AICD, and NICD formation and thus
less signaling by both APP and Notch.

Another unanswered question pertains to the
molecular weight of the immunoprecipitated APP com-
plex, which migrates slightly above 250 kDa in our
SDS-PAGE system. This is in contrast to the approxi-
mate 400 kDa predicted mass of a complex between

APP and Notch. The 4–20% SDS-PAGE used in these
experiments is not accurate for such high molecular
weight protein complexes.

Imaging of APP/CFP and Notch2/YFP in living
cells and APP and Notch by indirect immunofluores-
cence revealed that a fraction of both APP and Notch2
resides in the ER and Golgi and on the plasma mem-
brane, but that within the cell there are also pools of
APP and Notch that tend to segregate into distinct sub-
cellular compartments. The pools of APP and Notch2
that we coimmunoprecipitated must then be those local-
ized on the plasma membrane or in the ER. Recent
findings suggest that Notch processing occurs at the
plasma membrane, whereas APP processing happens
within intracellular compartments (Tarassishin et al.,
2004). The colocalization of APP and Notch2 in a
minority of intracellular compartments suggest that they
may compete for g-secretase processing (Berezovska
et al., 2001). Taken together, these data suggest that
APP and Notch interact in the ER and/or at the plasma
membrane and then segregate to their distinct destina-
tions for further processing.

Deciphering the implications of the interaction
between APP and Notch may lead to the understanding
of the mechanisms by which APP functions in develop-
ment and disease.
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