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ABSTRACT Genetic analyses in Caenorhabditis elegans
demonstrate that sel-12 and hop-1, homologues of the Alzhei-
mer’s disease-associated presenilin genes, modify signaling
through LIN-12 and GLP-1, homologues of the Notch cell
surface receptor. To gain insight into the biochemical basis of
this genetic interaction, we tested the possibility that prese-
nilin-1 (PS1) physically associates with the Notch1 receptor in
mammalian cells. Notchl and PS1 coimmunoprecipitated
from transiently transfected human embryonic kidney 293 cell
lysates in a detergent-sensitive manner, consistent with a
noncovalent physical association between the two proteins.
The interaction predominantly occurred early in the secretory
pathway prior to Notch cleavage in the Golgi, because PS1
immunoprecipitation preferentially recovered the full-length
Notchl precursor. When PS1 was immunoprecipitated from
293 cells that had been metabolically labeled with [3>S]me-
thionine and [33S]cysteine, Notchl was the primary protein
detected in PS1 immunoprecipitates, suggesting that this
interaction is specific. Furthermore, endogenous Notch and
presenilin coimmunoprecipitated from cultured Drosophila
cells, indicating that physical interaction can occur at phys-
iological expression levels. These results suggest that the
genetic relationship between presenilins and the Notch sig-
naling pathway derives from a direct physical association
between these proteins in the secretory pathway.

The most common known cause of autosomal dominantly
inherited early onset Alzheimer’s disease (AD) is mutation in
the presenilin genes (collectively PS) (reviewed in refs. 1 and
2). The PS genes encode widely expressed integral membrane
proteins localized primarily in the endoplasmic reticulum (ER)
and Golgi (3-5). Mutations in presenilin-1 (PS1) and its
homologue presenilin-2 (PS2) are scattered throughout the
coding region, and most lead to single amino acid substitutions
in the encoded protein (1, 2). PS mutations result in elevated
levels of AB42, a highly amyloidogenic subspecies of A that
is the primary protein deposited in senile plaques, a hallmark
of AD pathology (1, 2, 6, 7). Ap42 is generated most likely in
the ER (8) from the B-amyloid precursor protein (APP) by two
unidentified enzymatic activities, 3-secretase, which cleaves in
the extracellular domain, and y-secretase, which cleaves within
the transmembrane domain (1, 2). In contrast to cells express-
ing PS1 mutations, neurons lacking PS1 produce less AR
because of decreased cleavage of APP at the y-secretase site,
indicating that PS1 functions either directly or indirectly in
APP processing, and that PS1 mutations do not result in a loss
of function (9). Because a biochemical activity for PS1 has not
been identified, it is not known how this regulation of APP
cleavage occurs. However, coimmunoprecipitation experi-
ments suggest that PS1 and APP physically interact early in the
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secretory pathway, making it possible that PS1 regulates APP
processing directly (10).

In addition to the role of PS1 in APP processing, genetic
evidence indicates that the PS function in the Notch pathway.
A screen for suppressors/enhancers of lin-12 (a nematode
homologue of Notch) hypermorphic mutations in Caenorhab-
ditis elegans led to the identification of sel-12, a PS homologue
(11). sel-12 mutants are rescued by human PS1, demonstrating
their functional homology (12, 13). When a second PS homo-
logue, hop-1, was disrupted by antisense RNA in a sel-12
mutant background, a severe developmental phenotype re-
sulted which resembles the phenotype caused by mutations in
both lin-12 and glp-1, a lin-12 homologue (also known as the
LAG phenotype for lin-12 and glp-1) (14). Mice lacking PS1
die shortly after birth and exhibit developmental abnormali-
ties, including skeletal defects and impaired neurogenesis (15,
16). Furthermore, Notch1 and DIl1, a mammalian homologue
of the Notch ligand delta, were expressed at lower than normal
levels in the presomitic mesoderm of these animals (15). Both
Notchl expression levels and the developmental defects were
rescued by wild-type PS1 and by PS1 containing the E246A
AD-linked mutation (17, 18). This result suggests that the
AD-causing mutations do not result in a complete loss of PS1
function.

Like APP, Notch is a large, single transmembrane cell
surface protein that undergoes proteolytic processing within
the secretory pathway. Notch has thus far been best described
in terms of its role as a receptor that mediates several cell fate
decisions during development (19-22). In vertebrate cells,
Notch is synthesized as a large precursor, but is cleaved in the
Golgi lumen by furin (23) to generate two fragments that
remain associated and form the functional receptor (24, 25).
Notch is activated by binding a member of the delta/serrate/
lag-1 (DSL) family of cell-surface proteins (19-22). Following
activation, Notch is cleaved within the transmembrane domain
by an unidentified protease, releasing the Notch intracellular
domain (NICD) from the membrane (26-28). The NICD then
translocates to the nucleus where it can modulate gene ex-
pression via association with CSL [CBF-1, Su(H), Lag-1]
proteins, and thereby affect cell fate choice (26-28).

PSs could modulate any of the above steps in the Notch
signaling pathway. Genetic data from C. elegans indicates that
sel-12 mutations act within the cell expressing LIN-12 (20).
Furthermore, sel-12 mutations do not modify the phenotype
observed when the LIN-12 intracellular domain is expressed
alone, suggesting that SEL-12 acts before or concurrent with
ligand-activated cleavage (29). Combined, these results suggest
a role for PSs in the biosynthesis, trafficking, and/or proteol-
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ysis of Notch. We now report that PSs form a complex with the
Notch receptor in mammalian and Drosophila cells, and thus
are likely to mediate Notch signaling via a direct interaction
with the receptor in the secretory pathway.

MATERIALS AND METHODS

Cell Culture and Transient Transfection. Human embry-
onic kidney 293 cells (American Type Culture Collection) were
grown in 10% fetal bovine serum in DMEM (GIBCO) plus
penicillin/streptomycin. For transfection, cells were seeded at
2 X 10° cells/35-mm dish, grown for 24 h, then transiently
transfected with 5 g of plasmid DNA as described (26). Total
plasmid concentration was held constant by the addition of
pGreenLantern (GIBCO). Lysates were prepared 16-18 h
posttransfection. Cultures of Drosophila clone 8 cells (30) and
S2 cells stably transfected with an inducible Notch cDNA (31)
were provided by Ross Cagan and used directly.

Plasmids. All cDNAs were cloned into pcDNA3 (Invitro-
gen), except FLN6mt and HA-AE, which were cloned into
pCS2+ and have been described (32). All PS1 constructs are
human sequence -VRSQ (33). APP is the human 695 splice
form (John Hardy). IkBa and expresses full-length mouse
protein (Alain Israel).

Antibodies. The following antibodies were used. In several
cases the name of the antibody was replaced with an abbre-
viation for clarity. The abbreviation used in this manuscript is
given, followed by the name of the antibody if applicable, and
a reference or commercial source. PS1: a-PSlcrr (PS1 loop,
ref. 34), a-PSlNTF (Ab14, ref. 5), Ol-PSlCTFlgg (199A, ref. 5),
mAb NT-1 (Paul Matthews). Drosophila PS affinity-purified
polyclonal antiserum was Drosophila PS—C-terminal fragment
(DPS-CTF) (raised against residues 360-378). PS-2: a-PS2,
raised against the loop region (34). Myc epitope: a-myc [9E10
hybridoma supernatant or ascites fluid (Sigma)]. HA epitope:
monoclonal a-HA (Babco, Richmond, CA). Notchl C-
terminal: mN1A (Laurie Milner), Drosophila Notch: Notch
intracellular domain (31). APP: a-APP (6E10, Senetek, St.
Louis). IkBa [a-IkBa, Alain Israel (35)]. All antibodies were
diluted 1:100 for immunoprecipitation and 1:1000 for immu-
noblot, except 9E10 (1:5), mN1A (neat), NT1 (5 ug IgG/ml),
DPS-CTF (1:400), and Notch intracellular domain (1:500).

Western Blots and Immunoprecipitations. For Western blot
analyses, cells were lysed in 200 ul of SDS lysis buffer [2%
SDS/62.5 mM Tris, pH 6.8/10% glycerol/1% 2-mercaptoetha-
nol/1x complete protease inhibitors (CPI; Boehringer Mann-
heim)] and passed through a 20-gauge needle. For coimmu-
noprecipitation, cells were lysed in 500 ul coimmunoprecipi-
tation lysis buffer [1% Nonidet P-40/0.5% Triton X-100/50
mM Tris, pH 7.6/500 mM NaCl/2 mM EDTA/1X CPI],
resulting in a final protein concentration of ~0.4 mg/ml.
Lysates were cleared overnight at 4°C with 20 ul protein
A-agarose beads (Repligen), incubated at 4°C with antibody
for 1 h, recovered with 40 ul protein A beads, then washed
twice each with wash A (coimmunoprecipitation lysis buffer
minus Nonidet P-40 and Triton X-100), and wash B (wash A
with 150 mM NaCl). Proteins were eluted into SDS buffer at
55°C (for PS1 immunoblots) or 100°C (all other immunoblots),
resolved by SDS/PAGE, transferred to nitrocellulose (Amer-
sham), immunoblotted, and visualized by enhanced chemilu-
minescence (Amersham). Stringent 7yc immunoprecipitations
were performed in 1% SDS as described (26). For stringent
APP and PS1 immunoprecipitation, cells were lysed in 1 ml of
immunoprecipitation lysis buffer (1% Triton X-100/0.5%
SDS/0.25% deoxycholate/0.25% BSA/1 mM PMSF in PBS)
then immunoprecipitated as above.

Metabolic labeling. Cells were washed into DMEM minus
methionine and cysteine, incubated for 30 min at 37°C, then
given [¥S]methionine and [3S]cysteine (Easy Tag Express;
NEN) to 0.2 mCi/ml (1 Ci = 37 GBq) for 4.5 h. Fetal bovine
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serum was added to 10% for an additional 60 min, then cells
were washed with PBS before lysis.

RESULTS

Expression in 293 Cells. Based on the observations that PSs
act upstream of Notch activation in C. elegans (11, 29) and that
PS1 coimmunoprecipitates with APP (10), we hypothesized
that PS1 modifies Notch signaling by directly binding the Notch
receptor. To test this hypothesis, coimmunoprecipitation ex-
periments were performed by using human embryonic kidney
293 cells. Because 293 cells express very low levels of endog-
enous Notchl (see Fig. 6), cultures were transiently transfected
with FLN6mt, which encodes amino acids 1-2192 of mouse
Notchl followed by a hexameric myc epitope tag. Cells trans-
fected with FLN6mt express the ~300-kDa Notch1 precursor
(FL-N, full-length Notch) as well as the 100-kDa C-terminal
fragment (transmembrane-intracellular domain of Notch,
TMIC-N) (Fig. 1). The N-terminal extracellular fragment of
Notch was not detected because it is not epitope tagged. Also
present were a series of bands between FL-N and TMIC-N.
These species result artifactually from boiling Notchl protein
in SDS lysis buffer and are not products of cellular metabolism
(compare Fig. 1, lane 1 to Fig. 3, lane 1). In contrast to the low
levels of Notchl expression, 293 cells endogenously express
moderate levels of both PS1 and PS2 (4, 34). As reported
elsewhere, endogenous PS1 in 293 cells exists predominantly
as endoproteolytic cleavage fragments with little or no full-
length PS1 (FL-PS1) detected (4, 5). Consistent with other
reports, transfection with PS1 ¢cDNA led to an increase in
levels of FL-PS1 with no apparent increase in levels of the
cleavage products (4, 5). Thus, in PS1-transfected cells, the
only species that is overexpressed is FL-PS1.

Notchl Coimmunoprecipitates with PS1. 293 cells trans-
fected with FLN6mt were lysed in coimmunoprecipitation lysis
buffer containing 1% Nonidet-P40 and 0.5% Triton X-100 and
preabsorbed with protein A-agarose beads to clear proteins
that bind nonspecifically. Endogenous (Fig. 14, lane 3) or
overexpressed (Fig. 14, lane 4) PS1 was then immunoprecipi-
tated with a-PSlcrr, which recognizes the C-terminal frag-
ment (CTF-PS1). When the PS1 immunoprecipitates were
analyzed by Western blot with anti-myc, the 300-kDa Notchl
precursor was readily detectable, as were the SDS-dependent
artifactual bands from 120 to 300 kDa. Approximately 10-20%
of cellular Notch precursor was recovered by PS1 antibodies.
Trace amounts of the 100-kDa TMIC-N cleavage fragment
were also recovered.

Specificity of the Interaction. The presence of Notchl in PS1
immunoprecipitates suggests that it is physically associated
with PS1. Several lines of evidence support this conclusion.
First, three antibodies raised against distinct regions of PS1
and one antiserum to PS2 all coimmunoprecipitated Notchl,
whereas immunoprecipitation with an irrelevant antiserum
(a-HA) or with normal rabbit serum failed to immunopre-
cipitate Notchl (Fig. 14). To confirm that Notch and PS1
interact within the cells before lysis and not during the
coimmunoprecipitation procedure, epitope-tagged Notch and
PS1 were mixed and coimmunoprecipitated. Cells expressing
full-length Notch with a C-terminal HA epitope were lysed and
mixed with a separate culture of cells expressing PS1 with a
C-terminal myc epitope. The lysates were mixed overnight, and
then PS1 was recovered by myc immunoprecipitation by using
the same conditions as in Fig. 14. Immunoblot with anti-HA
for Notch showed that Notch did not coimmunoprecipitate
with PS1 when lysates were mixed (Fig. 1B). When both
proteins were expressed in the same cell, Notch was abundantly
recovered. Thus post-lysis interactions between PS1 and Notch
did not account for the coimmunoprecipitation results.

Second, because the myc epitope tag is derived from a
leucine zipper protein, and the CDC/ankyrin region of Notch
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Fic. 1. (A4) Notchl is coimmunoprecipitated with PS1. 293 cells
were transiently transfected with (+) or without (—) FLN6mt and PS1
as indicated. Cells were lysed in SDS buffer and analyzed directly
(crude lysate), or in coimmunoprecipitation (IP) lysis buffer and
immunoprecipitated with the indicated antibody or with normal rabbit
serum. Precipitated proteins were resolved by SDS/PAGE and im-
munoblotted with a-myc, which detects the myc epitope tag at the C
terminus of FLN6mt. Crude lysates equal 20% of the protein used in
coimmunoprecipitations. Bands migrating at ~64 kDa (lane 1) and
~95 kDa (lanes 7 and 8) below TMIC-N are apparently degradation
products that occur postlysis in some experiments and not specific
products of cellular metabolism. Migration of molecular weight mark-
ers (in kDa) is shown on right. (B) Notch and PS1 do not associate
postlysis. HEK 293 cells were transfected with FL-N with an HA
epitope tag at the C terminus and full-length human PS bearing a
C-terminal myc epitope as indicated (+ or —). In lane 1, cells were
lysed in SDS and analyzed directly. In lane 2, cultures, one expressing
Notch-HA (A) and one expressing PS1-myc (B), were mixed imme-
diately following lysis with coimmunoprecipitation lysis buffer and
incubated overnight. Lysates were immunoprecipitated with anti-myc
as under coimmunoprecipitation conditions. Lane 3 is the positive
control in which both proteins were coexpressed in the same culture
before lysis. Immunoblot was with polyclonal anti-HA; migration of
molecular weight markers (in kDa) is shown on the left.

codes for a protein—protein interaction domain (36), we con-
trolled for the possibility that these domains nonspecifically
interact with PS1. Neither SC35, which like FLN6mt bears a
myc epitope tag, nor IkBa, which contains CDC/ankyrin
repeats homologous to those in Notch (36), were coimmuno-
precipitated with PS1 from doubly transfected cells (Fig. 2).

Third, we tested for an interaction between PS1 and APP,
a cell surface protein that is also trafficked through the
secretory pathway where PS1 is localized. An APP-PSI1 inter-
action has been reported by using a similar procedure (10).
However, this association appears to involve a very small
percentage of cellular APP, because relatively large numbers
of stably transfected cells were required to detect the inter-
action. By using immunoprecipitation conditions that readily
detect the PS1-Notchl association, no interaction with APP
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Fic. 2. Specificity of the coimmunoprecipitation assay. 293 cells
were transfected with plasmids encoding PS1 plus (4) SC35 bearing
a myc epitope tag, (B) IkBa, or (C) APP. Cells were lysed in SDS
buffer and analyzed directly (crude lysate), or in coimmunoprecipi-
tation lysis buffer and immunoprecipitated with the indicated anti-
body. Precipitating proteins were immunoblotted with a-myc (4 and
D), a-IkBa (B), or a-APP (C). (D) A brief exposure of Notchl
coimmunoprecipitated with endogenous PS1 is given for comparison.
In all samples, crude lysate equals 20% of the total protein assayed by
immunoprecipitation.

was detected (Fig. 2). Together, these data indicate that PS1
is not interacting promiscuously with other overexpressed
proteins, including one with the myc epitope tag (SC35), one
which shares a protein binding motif with Notch (IkBa), and
one that interacts with PS1 at quantitatively low levels (APP).

Finally, we tested the possibility that PS1 interacts specifi-
cally with a large number of cellular proteins in addition to
Notchl. To estimate the number of proteins in 293 cells that
coimmunoprecipitate with PS1, cells were transiently trans-
fected as indicated in Fig. 3 and metabolically labeled with
[**S]methionine and [*S]cysteine for 5.5 h, followed by im-
munoprecipitation with a-PSlcrr, «-PS2, or normal rabbit
serum. Precipitates were split into two samples, one for
fluorography and one for immunoblot. For comparison,
Notchl, PS1, and APP were immunoprecipitated in high SDS
concentrations expected to disrupt most protein—protein in-
teractions. Because PS1 forms insoluble aggregates at 100°C,
samples were heated to 50°C before electrophoresis. Under
these conditions the Notchl cleavage products were not sep-
arated and migrated at the size of FL-N, consistent with the
finding that they remain tightly associated after cleavage (24,
25). FL-PS1 migrated at 50 kDa [Fig. 3, lane 2; PS1 cleavage
products were not sufficiently labeled for detection as ob-
served in other cell lines (37)]. Also present in the high SDS
PS1 immunoprecipitation were bands migrating at ~150 kDa
and ~200 kDa, which are likely to be high molecular weight
PS1 aggregates often detected following SDS/PAGE (5, 37,
38), or may be other proteins that strongly associate with PS1.
In the absence of FL-N, several bands were immunoprecipi-
tated by a-PSlcrr (Fig. 3, lane 4). However, most of these
bands comigrate with FL-PS1 or PS1 aggregates (Fig. 3, lane
2) or were also precipitated nonspecifically by normal rabbit
serum (Fig. 3, lane 8). When FLN6mt was overexpressed, a
~300-kDa species abundantly coimmunoprecipitated with
PS1. Lower amounts of this band were also coimmunoprecipi-
tated with PS2. Immunoblotting with a-myc verified that these
bands contained Notchl1 (Fig. 3, Lower). Thus, Notch1 was the
primary protein coimmunoprecipitated with PS1 in our assay.
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F1G.3. Cellular proteins which coimmunoprecipitate with PS1. 293
cells were transfected with (+) or without (—) APP, FLN6mt, or PS1
as indicated. Cells were metabolically labeled for 5.5 h with [3°S]me-
thionine and [¥S]cysteine and either lysed in SDS buffer and analyzed
directly (crude lysate) or lysed in stringent immunoprecipitation
buffers (stringent IP, lanes 1-3, see Materials and Methods), or
coimmunoprecipitation lysis buffer (coimmunoprecipitation, lanes
4-9) and immunoprecipitated with the indicated antibodies or normal
rabbit serum. The precipitating proteins were split into two samples,
resolved by SDS/PAGE, and either used to establish a fluorograph
(Upper) or immunoblotted with a-myc (Lower). The immunoprecipi-
tations were exposed 10-fold longer than the crude lysate. Each lane
represents an equal amount of lysate. Sizes of molecular weight
markers in kDa are given on the right.

Consistent with the previous experiment (Fig. 2), when cells
were transfected with both APP and PS1, no band comigrating
with APP was coimmunoprecipitated with PS1. These results
support the conclusion that PS1 is interacting robustly and
specifically with Notch1 and that the PS1-Notch1 interaction
is more vigorous than the PS1-APP interaction.

Notchl Binding to PS1 I's Detergent Sensitive. To determine
whether PS1 and Notch coimmunoprecipitate because of
noncovalent interactions, the above coimmunoprecipitation
procedure was repeated in the presence of SDS, a strongly
denaturing ionic detergent that disrupts most noncovalent
protein interactions. As shown in Fig. 4, the PS1-Notchl
interaction was partially resistant to 1% SDS. Increasing
detergent concentration diminished the recovery of Notchl,
but not PS1. In addition, heating the lysate in 1% SDS before
immunoprecipitation completely prevented the recovery of
Notchl but not PS1. Thus, the PS1-Notchl association is
mediated by noncovalent interactions that are partially resis-
tant to SDS.

PS1 Is Coimmunoprecipitated with Notchl. If Notchl and
PS1 form a complex, then PS1 should be recovered during
Notchl immunoprecipitation. To test this, 293 cells were
transfected with a Notch1 construct encoding a small portion
of the ectodomain, the transmembrane domain, and most of
the cytoplasmic domain (Fig. 5). This construct, HA-AEN
(26), was chosen because it has an HA epitope tag at the N
terminus and a myc epitope tag at the C terminus, allowing for
immunoprecipitation to be performed independently with two
antibodies. Lysates were immunoprecipitated with a-HA or
a-myc, and the immunoprecipitates assayed for the presence of
PS1 by immunoblot with both a-PS1ntr and a-PS1crr simul-
taneously. When HA-AEN and PS1 were cotransfected, FL-
PS1 and NTF-PS1 were recovered with HA-AEN by both
antibodies (Fig. 5). Thus PS1 was coimmunoprecipitated with
Notchl in doubly transfected cells, confirming that the two
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FiG. 4. Sensitivity of the PS1-Notchl interaction to SDS. 293 cells
were transiently transfected with both FLN6mt and PS1 and either
lysed in SDS buffer and analyzed directly (crude lysate) or lysed in
coimmunoprecipitation (IP) lysis buffer with the indicated concen-
tration of SDS. The far right sample was also heated for 5 min at 65°C
before immunoprecipitation. All samples were then immunoprecipi-
tated with a-PSlcrr and either boiled (Upper) or heated to 50°C
(Lower) before immunoblot. (Upper) The sample was blotted with
a-myc. (Lower) The sample was blotted with the anti-PS1 antibody
NT1. Sizes of molecular weight markers in kDa are given on the right.

proteins physically interact. However, coimmunoprecipitation
of Notchl protein with PS1 antibodies (Fig. 14) is apparently
more efficient than the reverse experiment (Fig. 5), because
endogenous PS1 was not recovered when HA-AEN was trans-
fected alone. Similar results were observed with full-length
Notchl (data not shown), indicating that the absence of the
ectodomain of Notchl in this construct does not account for
this result. This difference in efficiency could be caused by
selective recovery of the population of Notchl that is not
bound to PS1 in transfected cells, where the abundance of
overexpressed Notchl is much greater than that of endogenous
PS1.

Interaction Between Notchl and PS1 at Endogenous Ex-
pression Levels. As shown in Fig. 1, physiological levels of PS1
are sufficient to abundantly coimmunoprecipitate overex-
pressed Notchl. However when PS1 was immunoprecipitated
from untransfected 293 cells, endogenous Notchl was not
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PS1: + - - + - - o+

HA-AEN: - - 4 + = 4+ 4
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Fi6. 5. PS1 is coimmunoprecipitated with Notchl. (Upper) Dia-
gram of the Notchl construct HA-AEN. The N terminus (N), C
terminus (C), TM domain, and the positions of the HA and myc
epitopes are shown. The location of the CDC/ankyrin repeats is
shaded. 293 cells were transfected with (+) or without (—) HA-AEN
and PS1 as indicated. Cells were lysed in SDS buffer (crude lysate) or
were lysed in coimmunoprecipitation (IP) lysis buffer and immuno-
precipitated with a-HA or a-myc. Precipitating proteins were resolved
by SDS/PAGE and immunoblotted with both «-PSlcrr and
a-PSIntr. Crude lysates equal 10% of the protein used in the
coimmunoprecipitations. FL-PS1, NTF-PS1, and CTF-PS1 are indi-
cated. Sizes of molecular weight markers in kDa are given on the right.
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FiG. 6. Interaction between PS1 and Notch at endogenous expres-
sion levels. (4) 293 cells were transfected with completely full-length,
wild-type mouse Notchl bearing no epitope tag (+) or were untrans-
fected (—) and either lysed in SDS lysis buffer and analyzed directly
(crude lysate) or immunoprecipitated with a-PS1crr. Following SDS/
PAGE, Notchl was detected with antibody mN1A. Crude lysates
represent 20% of the protein analyzed in the immunoprecipitations
(IP). (B) Drosophila clone 8 cells were lysed in coimmunoprecipitation
lysis buffer and immunoprecipitated with the indicated antibody or
with preimmune serum. Precipitating proteins were resolved by SDS/
PAGE followed by Notch intracellular domain immunoblot. Each lane
represents an equal amount of lysate. (C) A Drosophila S2 cells stable
cell line expressing a metal-inducible promoter driving expression of
Notch were either untreated (—) or induced with 700 uM copper
sulfate overnight (+). Cells were then lysed in coimmunoprecipitation
lysis buffer and immunoprecipitated with Notch or DPS-CTF as
indicated. Precipitating proteins were analyzed by SDS/PAGE fol-
lowed by Notch immunoblot. In this experiment, IgG heavy plus light
chain was detected and is indicated. Sizes of molecular weight markers
is given on the right.

detected in the precipitate (Fig. 64). This result could stem
from the very low levels of FL-N present in 293 cells, or might
indicate that Notch1 containing the complete C terminus and
no epitope tag does not interact with PS1. To address this issue,
we first determined whether Notch1 containing all amino acids
and no epitope tag also interacts with PS1 in transfected cells.
As shown in Fig. 6, untagged, full-length Notchl coimmuno-
precipitated with PS1 in transfected 293 cells.

To determine whether Notch and PS1 interact at physio-
logical expression levels, we assayed Drosophila clone 8§ cells
(30), which were derived from the imaginal disk and endog-
enously express readily detectable levels of Notch (Fig. 6) as
well as DPS (P.N. and A.G., unpublished data). As in trans-
fected mammalian cells, Notch was immunoprecipitated with
antiserum to DPS. However, the relative abundance of
TMIC-N recovered with DPS differed significantly from that
recovered with PS1 in 293 cells: DPS immunoprecipitation
preferentially recovered TMIC-N. The difference in the PS—
Notch interaction between Drosophila cells and mammalian
293 cells cannot simply be explained by overexpression, be-
cause a similar preference for TMIC-N was observed in
Drosophila S2 cells stably overexpressing Notch (Fig. 6).
Because Notch processing in Drosophila cells has not been
characterized to the same extent as mammalian cells (23, 25),
it is not possible to deduce the site of subcellular interaction
between Drosophila Notch and PS from this result. Nonethe-
less, these experiments demonstrate that Notch can interact
with PS at physiological expression levels, and that the Notch-
binding activity of PSs is conserved in Drosophila.

DISCUSSION

Genetic analyses in C. elegans and mice have implicated the
PSs in Notch signaling (11-14, 29). This functional interaction
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probably occurs upstream of signal transduction by the NICD,
because sel-12 mutations act within the cell expressing LIN-12
(11), and sel-12 mutants do not suppress the activity of LIN-12
mutants in which the extracellular and transmembrane do-
mains have been deleted (29). Potential sites of regulation
upstream of NICD release include biosynthesis, receptor mat-
uration, trafficking, ligand binding, and ligand-activated cleav-
age within the transmembrane domain. To address the mo-
lecular basis of this genetic interaction, we tested whether PS1
physically interacts with the Notch receptor. The data pre-
sented here demonstrate that PS1 and the Notchl precursor
protein noncovalently interact in transfected mammalian cells.
The presence of a PS1-Notchl complex in the early secretory
pathway supports the conclusions derived from the genetic
analyses, namely that PS1 participates in the Notch signaling
pathway by regulating some aspect of receptor maturation
and/or processing before signal transduction (29).

Evidence for a PS1-Notchl Complex. The recovery of
Notchl when PS1 was immunoprecipitated from the lysates of
transfected 293 cells suggests that a physical association be-
tween these two proteins occurs (Fig. 1). The specificity and
robustness of this interaction is demonstrated by a number of
control experiments. First, to ensure that Notchl is recovered
because of its interaction with PS1 and not because of cross-
immunoreactivity in any particular antibody preparation, mul-
tiple antibodies to PS1 were tested. All antibodies tested [three
antibodies to distinct regions of PS1, one to PS2 (Fig. 14), and
one to Drosophila PS (Fig. 6)] coimmunoprecipitated Notch.
Control experiments indicate that the interaction occurs within
the cell before lysis (Fig. 1B). Furthermore, PS1 was recovered
by two antibodies to Notchl, confirming the coimmunopre-
cipitation result (Fig. 5). Finally, to confirm this result by using
an independent method, the Notch1 intracellular domain and
the PS1 N-terminal hydrophilic domain interacted in a yeast
two-hybrid assay (data not shown).

To control against that possibility that PS1 binds nonspe-
cifically with transfected proteins, three different proteins
were overexpressed in 293 cells and assayed for coimmuno-
precipitation with PS1. Two of the three proteins were chosen
for their potential to interact nonspecifically: SC35, which
bears a myc epitope tag, and IkBa, which shares the ankyrin
repeat structural motif with Notch which mediates protein—
protein interactions (36). The third, APP, interacts with PS1 at
quantitatively low levels when overexpressed (10). None of
these overexpressed proteins coimmunoprecipitated with PS1,
demonstrating the stringency of the coimmunoprecipitation
procedure (Fig. 2). By using sensitivity to SDS and heat as a
rough measure of interaction strength, the PS1-Notchl com-
plex appears relatively stable as it is partially resistant to 1%
SDS, 1% Nonidet-P-40, and 0.5% Triton X-100 (Fig. 3). Thus,
Notchl and PS1 appear to specifically and strongly interact via
noncovalent bonds.

It is possible that PS1 binds many proteins as part of its
normal function, which if true would suggest a general role for
PS1 in protein maturation. To estimate the number of proteins
that interact with PS1, 293 cellular proteins were metabolically
labeled before PS1 immunoprecipitation. Only a few species
were distinctly present in the PS1 immunoprecipitated mate-
rial, and when Notch1 was overexpressed, it was the dominant
protein recovered (Fig. 3). Thus, PS1 does not appear to
interact strongly with a large number of proteins under these
conditions. As we did not detect the interaction between PS1
and APP, which apparently involves a small percentage of
cellular APP at any one time, it remains possible that PS1
interacts specifically with other proteins at similarly low levels.

Interaction at Physiological Expression Levels. In HEK 293
cells, endogenous PS1 was expressed at sufficient levels that
Notchl could be abundantly coimmunoprecipitated when it
was overexpressed (Figs. 14 and 64). However, when both
proteins were present at physiological expression levels in 293
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cells, Notchl protein was not present in the PS1 immunopre-
cipitate (Fig. 64). These cells express very low levels of Notchl
precursor, making it difficult to assay for the PS1-Notchl
interaction. The experiment with Drosophila cells demon-
strates that the two proteins can interact at physiological
expression levels (Fig. 6). Detection here is facilitated by
substantially higher levels of Notch expression.

Subcellular Site of Interaction. In 293 cells, PS1 preferen-
tially associates with the Notchl precursor (Figs. 1 and 3).
Notch is proteolytically processed in the medial Golgi, and very
little Notch precursor reaches the plasma membrane (15, 16,
38). Thus, PS1 most likely interacts with Notch before or
concurrent with transit through the medial Golgi. The most
likely subcellular site of interaction is the ER, where PS1 is
predominantly localized (3-5). Because small amounts of the
C-terminal fragment of Notchl were recovered (Fig. 1), it is
possible that either a subset of Notch remains complexed with
PS1 after furin cleavage or PSI1 interacts with the mature
protein following reinternalization from the cell surface. In
Drosophila cells, where Notch processing has not been exten-
sively characterized, cleaved Notch was preferentially recov-
ered (Fig. 6). This difference could be because of cell type- or
species-specific differences in Notch processing or PS1 local-
ization.

Functional Significance of the Interaction. The purpose of
the PS1-Notchl physical interaction is not known, but this
complex is likely to be the site at which PS1 regulates Notch
signaling. Interestingly, both the Notchl precursor and the
immature form of APP (which has not been O-glycosylated in
the Golgi) bind PS1 in the secretory pathway (10), and both
proteins share the rare characteristic of being cleaved within
the transmembrane domain (1, 2, 26, 27). Identifying the role
of PSs in Notch signaling may provide clues as to how PSs
regulate the cleavage of APP, and how that regulation is
altered in PS-linked FAD.
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