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Intramembrane proteolysis by presenilin-dependent y-secretase produces the Notch intracellular cytoplas-
mic domain (NCID) and Alzheimer disease-associated amyloid-(3. Here, we show that upon Notch signaling the
intracellular domain of Notch-1 is cleaved into two distinct types of NICD species due to diversity in the site
of S3 cleavage. Consistent with the N-end rule, the S3-V cleavage produces stable NICD with Val at the N
terminus, whereas the S3-S/S3-L cleavage generates unstable NICD with Ser/Leu at the N terminus. Moreover,
intracellular Notch signal transmission with unstable NICDs is much weaker than that with stable NICD.
Importantly, the extent of endocytosis in target cells affects the relative production ratio of the two types of
NICD, which changes in parallel with Notch signaling. Surprisingly, substantial amounts of unstable NICD
species are generated from the Val—Gly and the Lys—Arg mutants, which have been reported to decrease S3
cleavage efficiency in cultured cells. Thus, we suggest that the existence of two distinct types of NICD points to
a novel aspect of the intracellular signaling and that changes in the precision of S3 cleavage play an important
role in the process of conversion from extracellular to intracellular Notch signaling.

Presenilin (PS)-dependent y-secretase (PS/y-secretase) me-
diates the degradation of transmembrane domains (TMs) in
many type 1 receptors, including Notch and B-amyloid protein
precursor (BAPP) (18, 52). Degradation of these receptors is
characterized by sequential endoproteolysis: following shed-
ding by cleavage in the extracellular juxtamembrane region,
the receptors undergo PS-dependent intramembrane proteol-
ysis, releasing amyloid-B (AB)-like peptides and intracellular
cytoplasmic domains (ICDs) (5, 14). At least in the cases of
BAPP, Notch, and CD44, cleavages of the C termini of AB-like
peptides and of the N termini of ICDs in the TM are distinct.
This process of cleavage at two sites is known as “dual cleav-
age” (33). The process of AR generation has been intensively
studied, and it is suggested that A is released by a series of
sequential cleavages followed by the ICD generation (25, 36,
53). An unusual characteristic of this intramembrane proteol-
ysis is that some of the cleavage sites can vary (42). The pre-
cision of cleavage can therefore be defined as the ratio of the
cleavage at each site. For example, PS-dependent cleavage of
BAPP at the vy site, which is associated with Alzheimer disease
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(AD), occurs mainly at residue 40 (y40), producing AB40, and
at residue 42 (y42), producing AB42. A small increase in the
proportion of y42 to vy40 cleavage is consistently observed in
many familial AD (FAD)-associated PS or BAPP mutants (42),
but it is unclear whether such changes in the precision of
PS-dependent intramembrane proteolysis have any biological
effects.

Notch signaling, which is essential for development, is a type
of local-cell signaling that participates in neurodegeneration
and tumorigenesis (1). The canonical Notch pathway is medi-
ated by the regulated intramembrane proteolysis pathway, in
which Notch receptors undergo ligand-dependent sequential
endoproteolysis via a series of enzymes, including PS/y-se-
cretase (8). The Notch-1 ICD (NICD), which is produced by
PS/y-secretase-mediated cleavage at site 3 (S3), translocates to
the nucleus and participates in transactivation of target genes
(40). Elimination of PS function results in the Notch pheno-
type, which includes disruption of segmentation during the
development of many kinds of animals, demonstrating the im-
portance of NICD generation (41).

The intensity of Notch signaling is crucial for cell fate deci-
sions. For example, Notch haplo-insufficiency causes the
“notched-wing” phenotype in Drosophila (9). Reduced Notch
activity favors the yd T-cell fate over the af T-cell fate,
whereas a constitutively activated form of Notch produces a
reciprocal phenotype (48). The endocytosis of Notch and its
ligands plays a key role in the regulation of the signaling
intensity (40), but the biochemical aspects regulating this pro-
cess have not been well studied. N-terminal amino acid se-
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quencing revealed that S3 in mouse Notch-1 lies between
Gly1743 and Vall744 (murine Notch-1 numbering) (39).
Whether the site of S3 cleavage can vary has not been exam-
ined previously.

In this study, we found that there is diversity in the site of S3
cleavage, resulting in the production of two types of NICD with
apparently distinct stability and ability to transmit Notch sig-
naling in cultured cells. Our results suggest that the precision
of PS/y-secretase-mediated cleavage is important for deter-
mining the intensity of Notch signaling.

MATERIALS AND METHODS

Antibodies. To generate affinity-purified polyclonal N-terminal capping anti-
bodies to NICD-S (anti-NT-S), rabbits were immunized with a synthetic peptide
(SRKRR) corresponding to the N terminus of NICD-S(+3). We also prepared
two kinds of affinity columns in which the N-terminal peptide of NICD-V
(VLLSRKRR) or NICD-S (SRKRR) was conjugated to Sepharose 4B (Amer-
sham). We isolated the fraction of the anti-NT-S antiserum that bound to the
NICD-S(+3) column but not the NICD-V column (32). Anti-NT-L antiserum
was raised against a synthetic peptide (LLSRKRR) corresponding to the N
terminus of NICD-L(+1) and then purified by affinity chromatography on
Sepharose 4B conjugated to the N-terminal peptide of NICD-L (LLSRKRR),
followed by a second step of affinity chromatography on Sepharose 4B conju-
gated to the NICD-S peptide (SRKRR). Other antibodies were purchased from
commercial sources as follows: anti-NT-V (V1744 antibody) from Cell Signaling;
antinicastrin and antibody mN1A against Notch-1 from Sigma-Aldrich; antibody
H114 against Jagged-1 and antitubulin from Santa Cruz Biotechnology; anti-
early endosome antigen 1 and anti-GM130 from BD Transduction Laboratories;
antibody 12CAS5 against the HA epitope from Roche Diagnostics, Inc.; antibody
9E10 against the myc epitope from Zymed; and anti-Na-K ATPase from Upstate
Biotechnology.

c¢DNA constructs. The cDNA encoding the mouse Notch-1 variant NEXT was
previously described (33). NEXTAC was generated by PCR-based mutagenesis
using the QuikChange-II kit (Stratagene) with NEXT cDNA as a template. The
mutant versions of NEXT and NEXTAC were generated using the same kit. To
generate expression constructs for polypeptides NICD-V, NICD-L (+1), and
NICD-S (+3), cDNAs encoding Val, Leu(+1), and Ser(+3) as the N termini
were subcloned into the pASK-IBA6 vector (IBA). HES-1-luc (a kind gift from
Alain Israel) (16) and pGa981-6 (a kind gift from Georg W. Bornkamm) (21)
were used as described. For more sensitive detection of HES-1 promoter trans-
activation, we newly generated a hairy and enhancer of split-Y (HES-Y) construct
containing four sequential RBP-Jk binding sites in the HES-1 promoter region.

Cell culture. We generated HEK293 cells expressing PS1 R278I (a kind gift
from M. Nishimura) (27) or PS1 G384A (a kind gift from H. Steiner) (44).
HEK?293 cells expressing either wild-type (wt) or mutants of PS1 were previously
described (31). These cells were transfected with wt, mutant NEXT, or mutant
NEXTAC. HeLa cells expressing Dyn-1 K44A (a kind gift from S. Schmid) were
used as described and stably transfected with NEXT or NEXTAC. CHO(r) cells
(a gift from S. Shirahata) (29) were stably transfected with mouse Notch-1 or
Jagged-1.

Cell-free Notch-1 cleavage assay. To obtain crude membrane fractions
(CMFs), cells were homogenized in buffer (0.25 M sucrose and 10 mM HEPES,
pH 7.4) containing a protease inhibitor cocktail (Roche), followed by centrifu-
gation at 1,000 X g for 5 min. The postnuclear supernatant was further centri-
fuged at 100,000 X g for 30 min, and the resulting pellet was collected. This CMF
was resuspended in 150 mM sodium citrate buffer (pH 6.4) containing a 4X
concentration of protease inhibitor cocktail (Sigma-Aldrich) and 5 mM 1,10-
phenanthroline (Sigma-Aldrich), incubated for 20 min at 37°C, and then centri-
fuged at 100,000 X g for 30 min (11).

Pulse-chase experiments. Pulse-chase experiments were performed as described
previously (11, 30, 31, 33, 34).

Immunoprecipitation/ MALDI-TOF MS. Immunoprecipitation and matrix-as-
sisted laser desorption ionization—time-of-flight mass spectrometry (MALDI-
TOF MS) analysis was carried out as described previously (11, 31, 33). The
heights of the MS peaks and molecular weights were calibrated using angiotensin
and bovine insulin B-chain as standards (Sigma-Aldrich).

Immunoprecipitation-immunoblotting and immunoprecipitation-autoradiog-
raphy. Metabolically labeled or unlabeled lysates were lysed in radioimmuno-
precipitation assay buffer (1% Triton X-100, 0.5% sodium deoxycholate, and
0.1% sodium dodecyl sulfate [SDS]) containing a protease inhibitor mix (Sigma-
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Aldrich). The cell lysates were centrifuged at 10,000 X g for 15 min, and the
supernatant fractions were immunoprecipitated as indicated. Following 8% Tris-
glycine (Tefco) or 10 to 20% Tris-Tricine (Invitrogen) SDS-polyacrylamide gel
electrophoresis (SDS-PAGE), the gels were either transferred to a polyvinyl-
idene difluoride membrane and probed with the indicated antibodies or dried
and analyzed by autoradiography. To quantitatively measure the levels of NICD
species in cultured cells, several doses of each NICD polypeptide were separated
together with samples by SDS-PAGE and analyzed by immunoblotting with the
corresponding N-terminal capping antibody. The chemiluminescence intensities
were measured using an LAS3000 scanner, followed by analysis with Multi
Gauge Ver3.0 software (Fuji Film). Biotinylated transferrin was semiquantita-
tively measured by chemiluminescence using the scanner, followed by analysis
with the software.

Cell-cell association assay. For the detection of de novo NICD species,
CHO(r) cells stably expressing Notch-1 were grown to confluence in 150-mm
dishes (2 X 107 cells per dish) in triplicate. Next, 3 X 107 CHO(r) cells stably
expressing Jagged-1 were spread over the Notch-1-expressing cells. After 8 h of
coculture, the cells were collected. For the reporter assay, the procedure was the
same, although it was carried out in a 12-well plate and the number of cells was
reduced accordingly.

cDNA transfection and reporter assay. To examine the intensity of Notch
signaling, we used a dual luciferase reporter assay system (Promega) as described
by the manufacturer (31). Briefly, cells expressing Notch-1 or its derivatives in a
12-well plate were transiently transfected with 125 ng of HES-Y or pGa981-6 and
1.25 ng of the control Renilla luciferase reporter plasmid pRL-TK. The reporter
assay was performed on the next day. Dyn-1 K44A expression was induced with
various concentrations of tetracycline 24 h prior to transfection with HES-Y.
Cell-cell association was performed 24 h after transfection with HES-Y.

Preparation of nuclear extract from mouse tissues. A nuclear complex co-IP
kit (Active Motif) was used to obtain nuclear extracts from C57BL/6 (Japan
SLC) mouse tissues. Homogenized adult mouse brain or fetal mouse tissues
without internal organs (embryonic day 12) were treated according to the man-
ufacturer’s instructions. Subsequently, the nuclear extracts were diluted using the
immunoprecipitation buffer included in the kit, precleared three times with
protein G- or protein A-Sepharose, and immunoprecipitated according to the
manufacturer’s instructions.

Purification of polypeptides. NICD-V, NICD-L(+1), and NICD-S(+3)
polypeptides fused with strept-tag-II followed by an N-terminal factor Xa cleav-
age site were obtained by transforming Escherichia coli (BL21) with pASK-IBA6
(IBA) encoding each polypeptide. Briefly, after the expression was induced, the
cells were collected by centrifugation at 4,500 X g for 12 min, resuspended in
ice-cold TSE buffer (10 mM Tris-HCI [pH 7.4], 20% sucrose, and 2.5 mM
Na-EDTA), and then incubated on ice for 10 min. The cells were again collected
by centrifugation, resuspended in ice-cold water, incubated for 10 min, briefly
sonicated, and sedimented by centrifugation at 14,000 X g for 15 min (osmotic
shock fractionation). The supernatant was passed through a Strep-Tactin Sepha-
rose column (IBA). Bound polypeptides were eluted with phosphate-buffered
saline containing 2.5 mM desthiobiotin. Eluted polypeptides were treated with
factor Xa (Sigma-Aldrich), and the solution was passed through the column
again to remove uncleaved polypeptide (34). The purity of the polypeptides was
confirmed by 6% Tris-glycine SDS-PAGE, followed by staining with Coomassie
brilliant blue.

Loading of polypeptides. The polypeptides obtained as described above were
loaded into cells using Chariot protein transfection reagent (Active Motif) ac-
cording to the manufacturer’s instructions. Briefly, cells were grown and trans-
fected with reporter genes in a 12-well plate. The cells were then loaded with 5
pg of each polypeptide or bovine serum albumin (BSA) along with 0.5 pg of
B-galactosidase, using 15 .l of Chariot reagent per well. Finally, the cells were
stained for B-galactosidase or used for the reporter assay.

In vitro degradation assay. NICD polypeptides (0.2 pg) were mixed with 60 pul
of fresh rabbit reticulocyte lysate (Promega) and incubated at 37°C. Clasto-
lactacystin (10 pM), MG262 (100 nM), and 4-hydroxy-5-iodo-3-nitrophenyl-
acetyl-Leu-Leu-leucinal-vinyl sulfone (NLVS) (10 uM) were added to inhibit
the action of the proteasome.

Transferrin uptake assay. To estimate the rate of endocytosis, the levels of
internalized and surface-bound biotinylated-transferrin were measured as de-
scribed previously (11).

Subcellular fractionation. Linear gradients of 2.5% to 25% iodixanol (Opti-
prep; Axis-Shield) were prepared, and fractionation was performed as previously
described (11).

Statistical analysis. Experiments were performed at least three times unless
otherwise indicated. Representative results are shown for cell-free immunopre-
cipitation/MALDI-TOF MS, immunoblotting, immunoprecipitation-autoradiog-
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FIG. 1. MALDI-TOF MS analysis of NICD(AC) produced by the cell-free Notch-1 cleavage assay. (A) Schematic representation of sequential
endoproteolysis of Notch-1. S2 to S4 and the gray area represent the proteolytic sites and the putative TM, respectively. (B) Schematic
representation of the NEXTAC construct used in the cell-free Notch-1 cleavage assay. Colored inverted triangles show the S3 and S4 proteolytic
sites. SS, signal sequence. (C) MS spectrum of de novo NICD(AC) generated in the cell-free assay. CMF was derived from K293 cells stably
expressing NEXTAC. The molecular mass of each species is indicated. To inhibit degradation by proteases other than aspartyl proteases, BSA and
a mixture of metallo-, serine, and cysteine protease inhibitors were added to the cell-free assay buffer. Colored inverted triangles indicate the

NICD(AC) species produced by cleavage at the sites shown in panel B.

raphy, and immunocytochemistry. The statistical significance of differences was
determined by Student’s ¢ test.

RESULTS

A cell-free Notch-1 cleavage assay indicates diversity in the
site of S3 cleavage. The cleavage of the Notch-1 TM occurs at
least at two sites, one at S3, which determines the N terminus
of intracellularly liberated NICD (39), and the other at S4,
which determines the C terminus of extracellularly secreted
NB (Fig. 1A) (31, 33). We first examined the diversity of the S3
cleavage site. We constructed NEXTAC, a mouse Notch-1
derivative that lacks the majority of its extracellular and intra-
cellular domains (Fig. 1B), and we established a cell-free
Notch-1 cleavage assay using the CMF from cells stably
expressing this construct (11). The de novo-generated
NICD(AC) was immunoprecipitated with anti-myc antibodies
and then analyzed by MALDI-TOF MS (Fig. 1C). Strikingly,
proteolysis at S3 did not occur at a unique site but rather
occurred at multiple sites, as indicated by the presence of
multiple sizes of NICD(AC) (see Table S1 in the supplemental

material). Specifically, proteolysis at S3 occurred at the follow-
ing sites: S3-L(+1), between Vall744 and Leul745; S3-L(+2),
between Leul745 and Leul746; S3-S(+3), between Leul746
and Ser1747; and the previously reported S3-V, between
Gly1743 and Vall744 (39) (Fig. 1B; see Fig. S1A in the sup-
plemental material). Unexpectedly, the highest peak was for
NICD-S(+3)(AC) rather than NICD-V(AC) (Fig. 1C), sug-
gesting that S3-S(+3) is the major site of S3 cleavage under
these assay conditions. Addition of the PS/y-secretase inhibi-
tors eliminated the cleavage at both S3-V and S3-S(+3) (see
Fig. S1B in the supplemental material). Moreover, we did not
observe generation of these shorter NICD(AC) species from
the longer NICD(AC) (see Fig. S1C in the supplemental ma-
terial). Therefore, the results are consistent with the possibility
that all the fragments are produced by PS-dependent S3 cleav-
age in the Notch-1 TM.

Diversity in the site of S3 cleavage in living cells. To identify
the N terminus of NICD molecules in vivo, we prepared two
N-terminal capping antibodies, anti-NT-V (anti-V1744) and
anti-NT-S (32), and corresponding recombinant NICD species
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FIG. 2. Characterization of capping antibodies to the N terminus of NICD and detection of distinct NICD species in cultured cells. (A) Spec-
ificities of the anti-NT-V and the anti-NT-S antibodies. Immunoblotting with antibody mN1A confirmed that equal amounts of the polypeptides
were loaded in each lane (upper panel). (B) Affinities of the anti-NT-V and anti-NT-S antibodies. The indicated amounts of NICD-V or
NICD-S(+3) were separated by SDS-PAGE and analyzed by immunoblotting with the anti-NT-V or anti-NT-S antibody, respectively. The graph
shows the chemiluminescence intensity versus the concentration of NICD-V (squares) or NICD-S(+3) (circles). Each antibody detected the
respective polypeptide in a dose-dependent manner. (C) Schematic representation of Notch-1 and NEXT constructs. The C-terminal portion of
the NEXT construct is replaced by mycg, while full-length Notch-1 has no modification. Note that the molecular mass of NICD generated from
NEXT-myc, is ~70 kDa, while that of NICD generated from unmodified Notch-1 is ~110 kDa. (D) Generation of NICD-V and NICD-S(+3) in
cultured cells. Proteasome inhibitors lactacystin (10 uM), MG262 (100 nM), and NLVS (10 M) were added to the medium 12 h prior to cell

collection.

with distinct N termini (Fig. 2A; see Fig. S2A in the supple-
mental material). We found that (i) the anti-NT-V antibody
specifically recognizes recombinant NICD-V but not NICD-
S(+3) (34) (Fig. 2A, middle panel; see Fig. S2B in the supple-
mental material), whereas the anti-NT-S antibody has the op-
posite specificity (Fig. 2A; lower panel, see also Fig. S2B in the
supplemental material), and (ii) these antibodies can be used
to determine the relative amounts of NICD-V and NICD-
S(+3) generated, that is, the extents of S3-V and S3-S(+3)
cleavage, respectively (Fig. 2B).

Using these capping antibodies, we examined the diversity in
the site of S3 cleavage in living cells. The Notch extracellular
truncation (NEXT) (Fig. 2C), which lacks the majority of the
extracellular domain of Notch-1, undergoes constitutive li-
gand-independent intramembrane proteolysis by PS/y-secret-
ase (24). We prepared cells stably expressing NEXT and wt or
a dominant-negative form of PS1 (PS1 D385N) (51). A 30-min
pulse with [**S]methionine followed by a 2-h chase revealed

production of an ~70-kDa NICD band that completely disap-
peared upon elimination of PS/y-secretase function (Fig. 2D,
upper panel). Because degradation of NICD is mediated by
the ubiquitin-proteasome pathway (8, 40, 41), we added a
potent proteasome inhibitor mixture consisting of lactacystin,
MG262, and NLVS (Fig. 2D, middle and lower panels). The
resulting cell lysates were immunoprecipitated with antibody
mNI1A, separated by SDS-PAGE, and analyzed by immuno-
blotting with anti-NT-V or anti-NT-S. The anti-NT-V and anti-
NT-S antibodies specifically detected the PS-dependent pro-
duction of NICD-V and NICD-S(+3), respectively (Fig. 2D,
middle and lower panels; see Fig. S2C in the supplemental
material). We also confirmed that both NICD-V and NICD-
S(+3) are produced in cells in the absence of the proteasome
inhibitor mixture (see Fig. S2D in the supplemental material).

S3 cleavage during Notch signaling produces distinct mo-
lecular species of NICD. Because ligand-induced degradation
of Notch receptors is initiated at the plasma membrane (PM),
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FIG. 3. Detection of different NICD species during Notch signaling. (A) Schematic representation of Notch signaling. (B) Notch signaling in
cell culture. CHO(r) cells stably expressing Jagged-1 or Notch-1 were used. Expression of Notch-1 (top panel) and Jagged-1 (middle panel) was
determined by a 1-h pulse experiment, followed by immunoprecipitation using antibodies mN1A and H114, respectively. The precipitated proteins
were analyzed by SDS-PAGE, followed by autoradiography. A 1-h pulse/2-h chase experiment detected an ~110-kDa NICD band only when the
cells were cocultured (bottom panel). (C) Notch signaling was measured using a dual luciferase assay. The relative luciferase activity of
Jagged-expressing cells was defined as 1.0. Values represent means * standard deviations (n = 3). (D) In the presence of the proteasome
inhibitors, both NICD-V (upper panel) and NICD-S(+3) (lower panel) were detected during Notch signaling. The bands were detected as
described for Fig. 2D. (E) Relative levels of NICD-S(+3) and NICD-V generated during Notch signaling. The relative levels were calculated based

on the standard curve shown in Fig. 2B.

intramembrane proteolysis of Notch-1 is thought to occur at
restricted subcellular locations, such as the PM and endocy-
tosed vesicles (13, 17, 20) (Fig. 3A). We prepared cells stably
expressing either Jagged-1 (a Notch ligand) or full-length
Notch-1 and then cocultured them. We determined the extent
of Notch signaling using a luciferase reporter assay in cells
expressing a newly improved construct, HES-Y (see Materials
and Methods for details). Pulse-chase experiments revealed
that upon coculture, sequential endoproteolysis of Notch-1
occurs, producing the NICD band (Fig. 3B, bottom panel).
Moreover, when the cells were cocultured, we observed con-
comitant activation of the HES-1 promoter (Fig. 3C). The
results therefore demonstrate Notch-1 signaling in cell culture.
Using this assay system, we investigated whether NICD-S(+3)
and NICD-V are indeed generated during Notch signaling.
Strikingly, upon coculture, both NICD-V and NICD-S(+3)
were detected (Fig. 3D, upper and lower panels). The inten-
sities of the bands indicated that 1.5-fold more NICD-S(+3)
than NICD-V was produced (Fig. 3E). Therefore, the results

indicated that there are multiple forms of NICD produced
during Notch signaling.

We next tried to detect the NICD-V and NICD-S(+3) in fetal
(embryonic day 12, whole embryo without internal organs) and
adult (brain) mouse tissues (Fig. 4). Nuclear extracts from these
tissues were immunoprecipitated with mN1A, which specifically
recognizes intracellular domain of Notch-1 but not Notch-2, -3, or
-4. The precipitated proteins were then analyzed by SDS-PAGE,
followed by immunoblotting with anti-NT-V or anti-NT-S anti-
bodies. As shown in Fig. 4A, we clearly found both NICD-V
(upper panel) and NICD-S(+3) species (lower panel) in the fetal
mouse tissues, but these species were barely detectable in adult
brains. This is consistent with the finding of a high level of Notch
signaling in fetal mouse tissue (22). Moreover, we successfully
detected the same NICD-V and NICD-S bands in the mouse
embryo even when the combination of antibodies used for immu-
noprecipitation and immunoblotting was swapped (Fig. 4B).
Therefore, the results indicated that multiple forms of NICD are
produced in vivo.
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FIG. 4. Detection of NICD-V and NICD-S(+3) in vivo. The indi-
cated amounts of nuclear extracts were loaded for immunoprecipita-
tion. IgG and NRI, isotype-matched immunoglobulin and normal rab-
bit immunoglobulin, respectively.

Transactivation of the HES-1 promoter by NICD-S(+3) is
much weaker than transactivation by NICD-V in living cells.
The stability of polypeptides degraded by the ubiquitin-protea-
some pathway depends on the N-end rule, where an N-termi-
nal valine is a stabilizing residue and an N-terminal serine is
destabilizing (2, 12). Therefore, we examined whether the in-
tensity of Notch signaling differs for NICD-V and NICD-
S(+3) in living cells. We loaded HES-Y-transfected cells with
equal amounts of purified NICD-V or NICD-S(+3) (see Fig.
S3 in the supplemental material). After a 1-h loading period,
the cells contained similar levels of each NICD species (Fig.
5A). Induction of Notch signaling by chasing the loaded cells
for 4 h (signaling period) resulted in much less luciferase
activity in the NICD-S-loaded cells than in NICD-V-loaded
cells, demonstrating that NICD-S(+3) is much weaker than
NICD-V at activating the promoter in living cells (Fig. 5B, left
panel).

We next investigated whether the rates of degradation by the
proteasome pathway differ for the various species of NICD in
an in vitro assay. We incubated recombinant NICD-V or
NICD-S(+3) (34) with rabbit reticulocyte lysate (Promega)
(12) and examined the levels of the two types of NICD by
immunoblotting (Fig. 5C). Our results indicated that NICD-
S(+3) is much less stable than NICD-V (Fig. 5D). Moreover,
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following the proteasome inhibitor treatment, the relative lu-
ciferase activities in NICD-S- and NICD-V-loaded cells turned
out to be almost the same (Fig. SE). Collectively the results
suggest that unstable NICD-S(+3) may have a much weaker
ability than stable NICD-V to mediate intracellular signaling.

The precision of S3 cleavage is distinct in the subcellular
locations where it occurs. A previous study showed that the
precision of € cleavage of BAPP, which topologically corre-
sponds to S3 cleavage of Notch-1, differs before and after
endocytosis (11). To determine whether S3 cleavage precision
differs on PM and endosomes, we performed the cell-free assay
using organelles separated by iodixanol gradient fractionation
from NEXTAC-expressing HeLa cells (11). Fractions from a
2.5% to 25% linear iodixanol gradient were examined by im-
munoblotting with antibodies to early endosome antigen 1
(endosome marker), Na-K ATPase (PM marker), GM130
(Golgi marker), or nicastrin (a component of the PS complex)
(Fig. 6A). NICD(AC) was generated in the cell-free assay using
membranes collected by centrifugation from the endosome-
rich (fraction 3) and the PM-rich (fraction 7) fractions and
analyzed by immunoprecipitation/MALDI-TOF MS. Remark-
ably, the relative ratio of NICD-V(AC) to NICD-S(+3)(AC)
was much higher in the PM-rich fraction than in the endo-
some-rich fraction (Fig. 6B). This indicates that cleavage at
S$3-V, which generates the longer NICD-V(AC), and at S3-
S(+3), which generates the shorter NICD-S(+3)(AC), occurs
predominantly on the PM and endosomes, respectively. This is
very similar to the case of € cleavage of BAPP (11). Subse-
quently, we investigated the effect of endocytosis on the pre-
cision of S3 cleavage. To down-regulate endocytosis, we used
cells that express a dominant-negative mutant of dynamin-1
(Dyn-1 K44A) upon tetracycline withdrawal (Fig. 6C) or treat-
ment with bafilomycin Al (11) (see Fig. S4 in the supplemental
material). When endocytosis was strongly inhibited, the preci-
sion of S3 cleavage changed drastically, so that the S3-V site
instead of the S3-S(+3) site became the major site of cleavage
in the cell-free assay (Fig. 6C; see Fig. S4A in the supplemental
material). These results from the cell-free assay suggest that
generation of stable NICD-V and unstable NICD-S occur pre-
dominantly on the PM and endosomes, respectively.

The precision of S3 cleavage changes in parallel with the
rate of endocytosis in target cells. Next, we investigated
whether these phenomena also occur in living cells. We exam-
ined the influence of the rate of endocytosis of NEXT by
altering the expression of Dyn-1 K44A in living cells (Fig. 7A).
Measurement of biotinylated transferrin uptake revealed var-
ious rates of endocytosis in Dyn-1 K44A-expressing cells (Fig.
7B). Strikingly, we found that the ratio of S3-V to S3-S(+3) is
low in cells with a high rate of endocytosis and, conversely, that
the ratio is high in cells with a low rate of endocytosis (Fig. 7C),
which is consistent with the result from the cell-free assay (Fig.
6C). We observed a similar change in the S3 cleavage when
endocytosis was blocked with bafilomycin Al (see Fig. S4B in
the supplemental material). Therefore, it appears that the pre-
cision of S3 cleavage changes in parallel with the rate of en-
docytosis, and relative generation of stable NICD-V increases
as the rate of endocytosis decreases.

Because Notch signaling is associated with endocytosis of
Notch receptors and/or Notch ligands during development (3,
28, 35, 40, 43), we next examined the effect of the change in S3
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FIG. 5. Characterization of the NICD species. (A) Loading of cells
with NICD. HeLa cells (2.5 X 10°) were loaded with 5 wg of purified
NICD-V, NICD-S(+3), or BSA (control). The cells were collected 1 h
after the addition of the Chariot macromolecule complex (defined as
the loading period). (B) Assay of Notch downstream signaling induced
by the NICD species. The NICD-loaded cells from panel A were
chased for 4 h and collected, and Notch downstream signaling was
assayed. The values were corrected for background luciferase activity
(0.5 pg of B-galactosidase-loaded cells), and the luciferase activity in
the NICD-V-loaded cells was defined as 100%. Values represent
means * standard deviations (n = 3). The asterisk indicates that the
relative luciferase activity in NICD-V-loaded cells is statistically dif-
ferent than that in NICD-S(+3)-loaded cells (P < 0.001). Similar
results were obtained using cells expressing pGa981-6 (data not
shown). (C) Stability of recombinant NICD species in rabbit reticulo-
cyte lysate. Note that the degradation of NICD-S(+3) was inhibited in
the presence of proteasome inhibitors. (D) Levels of intact NICDs in
the lysates during in vitro degradation. The amount of intact polypep-
tide was determined using a standard curve of the chemiluminescence
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precision on the intensity of Notch signaling. Surprisingly, we
observed a higher intensity of Notch signaling in cells in which
the rate of endocytosis of NEXT was lower (Fig. 7D; see Fig.
S4C in the supplemental material). These results suggest that
the rate of endocytosis in target cells could affect the intensity
of intracellular Notch signaling by changing the precision of S3
cleavage and thus its stability.

Mutations around S3 can induce changes in the precision of
the cleavage. S3 mutations, such as the Val—Gly mutation
(V1744G mutant) and the Lys—Arg mutation (K1749R mu-
tant), cause a decrease in the NICD level (13, 15). To date, this
reduction has been considered to be due to decreased NICD
generation. However, since we revealed that multiple NICD
species with different stabilities are generated, we investigated
whether these mutants also change the S3 cleavage precision,
which would accelerate degradation of NICD. First, we deter-
mined the precision of the S3 cleavage of the Val—>Gly mutant
version of NEXTAC in the cell-free assay (Fig. 1C). Strikingly,
this mutant was degraded mainly into NICD-L(+1)(AC),
which has Leul745 (murine Notch-1 numbering) at its N ter-
minus (Fig. 8A). Therefore, it appears that the Val—Gly mu-
tation causes not only a complete loss of stable NICD-V, but
also a dramatic shift in the major product from NICD-S(+3) to
NICD-L(+1). We next examined whether NICD-L(+1) be-
haved like NICD-S(+3) in cellular signal transduction. Like
NICD-S(+3), NICD-L(+1) was much weaker than NICD-V at
inducing promoter activation in living cells (Fig. 8B). More-
over, our in vitro degradation assay revealed that NICD-L(+1)
was much less stable than NICD-V (Fig. 8C). Thus, our in vitro
experiments suggested that NICD-L(+1) and NICD-S(+3)
are both unstable and have similar effects on Notch signaling
but that their effects are distinct from those of NICD-V. We
further investigated whether the precision change in the mu-
tant is also observed in living cells. To specifically detect
NICD-L(+1), we generated anti-NT-L, an N-terminal capping
antibody (see Fig. S5 in the supplemental material). As is
clearly shown in Fig. 8D, although almost no NICD-V was
detected, a substantial amount of NICD-L(+1) was detected in
the Val—Gly version of NEXT-expressing cells. These results
indicate that the relative production of unstable NICDs with
respect to stable NICD increases in the mutant NEXT cells
due to change of the S3 cleavage precision.

The Lys—Arg mutant NEXT (the K1749R mutant) is nei-
ther monoubiquitinated nor endocytosed (13). This mutant,
like the Val—Gly mutant, causes decreased NICD levels in cell
culture (13). Analysis to determine the precision of the S3
cleavage of the Lys—Arg mutant version of NEXTAC was
performed in the cell-free assay. Surprisingly, the Lys—Arg

intensities of the bands versus their concentrations (data not shown).
Squares and triangles indicate the means for NICD-V and NICD-S(+3),
respectively. Values represent means =+ standard deviations (n = 3). (E)
Assay of Notch downstream signaling induced by the NICD species in the
presence of the proteasome inhibitor mixture. Experiments were per-
formed as described for panel B in the presence of the proteasome
inhibitor mixture. The values were corrected for background luciferase
activity (0.5 pg of B-galactosidase-loaded cells), and the luciferase activity
in the NICD-V-loaded cells was defined as 100%. Values represent
means * standard deviations (n = 3).
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FIG. 6. Subcellular locations where S3-V and S3-S(+3) cleavages
occur. (A) Fractions from a 2.5% to 25% linear iodixanol gradient
examined by immunoblotting with the indicated antibodies. (B) MS
spectra of NICD(AC) generated in the cell-free assay using mem-
branes collected by centrifugation from the endosome-rich (fraction 3)
and the PM-rich (fraction 7) fractions. Asterisks indicate nonspecific
peaks. (C) MS spectra of NICD(AC) generated in the cell-free assay.
CMFs from HelLa cells stably expressing NEXT(AC) and conditionally
expressing Dyn-1 K44A were used. The precision of PS-dependent
cleavage at the TM-cytoplasmic border in HeLa (left panel) and K293
(Fig. 1C) cells was different, in agreement with a previous report (11).

mutant was found to be degraded mainly into NICD-
L(+2)(AC), NICD-S(+3)(AC), and NICD-R(+5)(AC) spe-
cies, which have unstable Leul746, Ser1747, and the mutated
Argl749 at the N terminus, respectively (Fig. 8E). These re-
sults suggest that due to a dramatic change in the S3 cleavage
precision, the Lys—Arg mutation causes not only a decrease of
NICD-V but also an increase of extra unstable NICD species
besides NICD-S(+3). This finding is reminiscent of the S3
cleavage for the Val—Gly mutant NEXT. Moreover, we stud-
ied whether NICDs in living cells expressing the Lys—Arg
mutant are composed mainly of unstable NICD species. Strik-
ingly, in the cells stably expressing the mutant NEXT, the
stable NICD-V was barely detectable (13), while substantial
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FIG. 7. Parallel change in the rate of endocytosis and the precision
of S3 cleavage. (A) Expression of Dyn-1 K44A at various concentra-
tions of tetracycline. Dyn-1 K44A/NEXT-coexpressing HeLa cells
were cultured in medium with the indicated concentrations of tetra-
cycline, and cell lysates were examined by immunoblotting with anti-
body 12CAS (upper panel) or antitubulin (lower panel). The levels of
Dyn-1 K44A increase as the concentration of tetracycline is decreased.
(B) Various rates of endocytosis in Dyn-1 K44A expressing cells.
Transferrin (Tfn) uptake assays were performed to measure the rate of
endocytosis. The ratio of internalized Tfn (37°C; lower panel) to sur-
face-bound Tfn (4°C; upper panel) in cells cultured in medium con-
taining 1 pg/ml of tetracycline was defined as 100%. The rate of
endocytosis decreased to ~15% when tetracycline was completely
withdrawn. (C) Effect of the rate of endocytosis on the NICD species.
The calculated rates of endocytosis were 100%, 41%, 37%, 21%, and
15% in lanes 1 to 5, respectively. (D) A plot of the relative Notch
downstream luciferase activity versus the rate of endocytosis at various
tetracycline concentrations.

amounts of NICDs were generated in the presence of the
proteasome inhibitor mixture (Fig. 8F, top and middle panels).
Since almost no NICD is observed in the mutant cells without
the inhibitor mixture, it is indicated that NICDs in the
Lys—Arg mutant-expressing cells are composed of unstable
species (Fig. 8F, bottom panel). Therefore, the changes in the
S3 cleavage precision induced by these S3 mutations are at
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least partially responsible for the observed decrease in NICD only v but also € cleavages of BAPP and, therefore, generally
level/Notch signaling in cultured cells. increase the relative AICDeg48/AICDe49 ratio as well as the

Unlike several FAD-associated PS1 mutations, modifiers of ~ AB42/AB40 ratio (38, 42). In addition, compounds that modify
PS/vy-secretase do not induce changes in the precision of S3 the activity of PS/y-secretase, including a subset of nonsteroi-
cleavage. Many FAD PS mutations affect the precision of not dal anti-inflammatory drugs, cause reciprocal changes in rela-
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FIG. 9. Changes in the precision of S3 cleavage induced by FAD
mutations in PS1. (A) Effect of several FAD PS1 mutations on the
precision of S3 cleavage. K293 cells expressing the indicated PS mutant
were transiently transfected with NEXT and analyzed as for Fig. 2D.
The production of total NICD (first panel), NICD-V (second panel),
and NICD-S(+3) (third panel) was assessed. Note that amount of total
NICD was greatly reduced in PS1 R278I- and Aexon 9-expressing cells.
The ratio of NICD-V to NICD-S(+3) in cells expressing wt PS1 or
FAD mutants is shown in the bottom panel. Values represent means *+
standard deviations (n = 3). The asterisk indicates that the ratio of
NICD-V to NICD-S(+3) in cells expressing PS1 FAD mutants is
significantly different from that in wt PS1-expressing cells (P < 0.002).
(B) Effect of PS/y-secretase modifiers on the precision of S3 cleavage.
K293 cells stably expressing NEXT were treated with several PS/y-
secretase modifiers at the indicated concentration for 24 h and
analyzed as described for the first three panels in panel A. DMSO,
dimethyl sulfoxide; CW, compound W (31); SS, sulindac sulfide
(49). The ratio of NICD-V to NICD-S(+3) in the control and
treated cells is shown in the bottom panel. Values represent means
+ standard deviations (n = 3).

tive production of AB42 and AB38 (19, 31, 49). Therefore, we
investigated whether FAD PS mutations or PS/y-secretase
modifiers affect the precision of S3 cleavage. To evaluate the
precision change, we used the relative NICD-V/NICD-S ratio,
mimicking the relative AB42/AB40 ratio in the case of -y cleav-
age. Immunoblotting using anti-NT-V or anti-NT-S revealed
that cells coexpressing PS1 mutants and NEXT produce both
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of the NICD species (Fig. 9A, top three panels). We found that
the relative ratio of S3-V to S3-S(+3) cleavage was signifi-
cantly reduced in some mutants (Fig. 9A, bottom panel). Sub-
sequently, we examined the effects of PS/y-secretase modifiers
and naproxen (Fig. 9B). Because the effective doses of the
compounds for y and S3 cleavage may differ, we performed
dose-response experiments to select the highest working con-
centrations (data not shown). After confirming that the level of
ApB42 in the medium was altered following a 24-h incubation
with each compound (data not shown), we analyzed the cell
lysates for the presence of NICD-V and NICD-S(+3) (Fig.
9B). In contrast to the case for the FAD mutants, the relative
ratio of S3-V to S3-S(+3) cleavage was unchanged by the
modifiers. These results suggest that y-secretase modifiers do
not affect the precision of intramembrane proteolysis by PS/y-
secretase.

DISCUSSION

The current studies suggest a novel mode by which the
intensity of Notch signaling is regulated. We found that intra-
cellular Notch signaling molecules (NICDs) in target cells can
be divided into a stable one that transmits a substantial signal
and unstable ones that transmit a much weaker signal, depend-
ing on the specific site of S3 cleavage. Therefore, Notch sig-
naling intensity transmitted by conversion of extracellular
signaling into intracellular signaling could depend on the
characteristics of the target cell. For example, although S3
cleavage occurs, cells might not receive a substantial Notch
signal when predominantly unstable NICDs are generated.
On the basis of our results, we propose that the precision of
S3 cleavage by PS/y-secretase in the target cell is an impor-
tant factor in determining the signaling intensity.

PS-dependent proteolysis on the TM of Notch-1 and BAPP
consists of dual cleavage at the S4/S3 and /e sites, respectively
(14, 31, 33). The finding of diversity in the site of S3 cleavage
means that cleavage at all four sites in the TM of Notch-1 and
BAPP can vary. Thus, we suggest that the existence of variabil-
ity in both the site and precision of cleavage may be a common
feature of PS-dependent intramembrane proteolysis. Further-
more, we found that the precision of cleavage at S3 changes
according to the subcellular location. On the PM, cleavage is
more likely at S3-V, whereas on endosomes, cleavage is more
likely at S3-S(+3), which is more C terminal. Interestingly, we
have obtained very similar results regarding the cleavage of
BAPP at the € site (11). The precision of cleavage at the € site
changes depending on the subcellular location (11). The €49
cleavage, which topologically corresponds to S3-V, occurs
mainly on the PM, whereas the more C-terminal €51 cleavage,
which topologically corresponds to S3-S, occurs mainly on en-
dosomes. Therefore, we have demonstrated that such subcel-
lular location-dependent changes in the precision of the cleav-
age by PS/y-secretase are common to the substrates. These
findings suggest that such changes reflect a functional alter-
ation of PS/y-secretase in each subcellular location.

S2 cleavage upon ligand binding should occur on the PM of
the target cells, but whether the subsequent S3 cleavage occurs
on the PM or after endocytosis remains controversial (13, 17,
20, 46). The results of the current study suggest that (i) S3
cleavage occurs in both subcellular fractions in cell culture and
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(ii) S3-V cleavage, which generates stable NICD-V, occurs
predominantly on the PM, whereas S3-S(+3) cleavage, which
generates unstable NICD-S(+3), occurs predominantly on en-
dosomes. We also found that the intensity of Notch signaling
changes along with the extent of endocytosis, perhaps due to a
change in the precision of S3 cleavage. Therefore, our results
suggest that NICD generation on the PM and endosomes
increases and decreases the intensity of Notch signaling, re-
spectively. Reports that Sanpodo positively regulates Notch
signaling on the PM and that Numb, a negative regulator,
promotes endocytosis of Notch receptors and/or Sanpodo are
consistent with our findings (3, 28). A previous study showed
that Drosophila with a mutation in shibire, which encodes a
homolog of dynamin, has a phenotype indicating a loss of
Notch function (43). Further study to solve the contradiction is
necessary.

Elimination of either Notch or PS function causes a strong
Notch loss-of-function phenotype in vivo (23, 41). Knock-in
mice with the S3 (Val—Gly) mutant of Notch-1 display a
hypomorphic Notch phenotype, possibly due to reduced Notch
signaling caused by a decrease in the intracellular NICD level
(6, 15, 39). This reduction in the level of NICD polypeptides
could be due to decreased generation and/or increased degra-
dation (4, 6). Previously, NICD was considered to be a single
polypeptide mediating a single type of signaling, implying that
the lower level of NICD is due to a decrease in its generation;
however, we found that the N termini of NICDs may play
critical roles in their stabilities and thus signaling intensities.

Among S3 mutants of Notch-1, the Lys—Arg mutant NEXT
is neither monoubiquitinated at Argl749 nor endocytosed
(13). Concurrently, the NICD-V level in the cells expressing
this mutant is low (13). In this paper, we demonstrated that the
Lys—Arg mutation also causes a drastic change in the preci-
sion of the S3 cleavage, which results in a drastic decrease of
NICD-V generation on the PM. This explanation, if valid,
resolves the discrepancy between the two studies.

Both stabilizing (Val, Met, or Gly) and destabilizing amino
acid residues seem to be conserved in Notch orthologs of
various organisms (see Table S2 in the supplemental material).
This suggests that both stable and unstable intracellular Notch
signaling exists in many species. Previous studies have indi-
cated that differences in the intensity, duration, and timing of
Notch signaling in target cells affect cell fate decisions (7, 26).
Furthermore, the signaling by a molecule is dependent on its
lifetime in the cell, and the lifetime should be short enough for
the target cell to be able to rapidly change the extent of sig-
naling (22). Therefore, target cells in different contexts may
convert extracellular signals to various relative amounts of
short- and long-term Notch signals.

FAD PS mutations generally increase the generation of
AB42 (42). This pathological gain of function of PS is due to a
change in the precision of vy cleavage, resulting in an increase
in cleavage at y42 (42). PS/y-secretase modifiers can up- or
down-regulate the cleavage at y42 (19, 31, 49). In both cases,
the modifiers have reciprocal effects on the production of
AB42 and ABR38 (31, 49). In this study, we found that several
FAD PS1 mutants change the precision of S3 cleavage but that
the PS/y-secretase modifiers do not. These findings are con-
sistent with previous studies showing that the precision of €
cleavage in BAPP is altered by certain FAD PS mutations (38)
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and that Notch processing is unaffected by nonsteroidal anti-
inflammatory drugs that can reduce AB42 generation (45, 49).
PS/y-secretase modifiers could thus affect the precision of the
intramembrane proteolysis differently from PS FAD muta-
tions.

Because up-regulation in Notch signaling is involved in a
subset of malignancies (10, 37, 47, 50), y-secretase inhibitors
have been considered for the treatment of cancer; however,
inhibitors would cause the accumulation of substrates (i.e.,
NEXT), inevitably producing a “rebound effect,” where the
concentration of NICD would increase. Therefore, compounds
that alter the precision of S3 cleavage and specifically inhibit
the generation of stable NICD-V may be more effective ther-
apeutic agents.
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