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ABSTRACT: Proteolytic processing of the transmembrane domain of the amyloid precursor protein (APP)
is a key component of Alzheimer’s disease pathogenesis. Using C-terminally tagged APP derivatives, we
have identified by amino-terminal sequencing a novel cleavage site of APP, at Leu-49, distal to the
γ-secretase site. This was termedε-cleavage. Brefeldin A treatment and pulse-chase experiments indicate
that this cleavage occurs late in the secretory pathway. The level ofε-cleavage is decreased by expression
of presenilin-1 mutants known to impair Aâ formation, and it is sensitive to theγ-secretase inhibitors
MDL28170 and L-685,458. Remarkably, it shares similarities with site 3 cleavage of Notch-1: membrane
topology, cleavage before a valine, dependence on presenilins, and inhibition profile.

The proteolytic processing of the amyloid precursor protein
[APP1 (1)] is of central interest to Alzheimer’s disease
research. One of the resulting cleavage products, theâ-
amyloid fragment (Aâ), is deposited in the brain of affected
individuals as extracellular plaques and congophilic angio-
pathy. Two major Aâ species are found in these amyloid
deposits which differ by the length of their C-terminus,
comprising either 40 or 42/43 residues. The longer forms of
Aâ are more prone to aggregation and constitute the seeds
for senile plaque formation (2). The intriguing relationship
between Alzheimer’s disease and Aâ formation is cor-
roborated by the finding that Aâ formation is affected in
some familial forms of the disease caused by autosomal
dominant mutations in the gene for APP. These mutations
induce either an increased overall level of secretion of Aâ
or an increased level of secretion of the longer form Aâ42

relative to the shorter 40-amino acid peptide (reviewed in
ref 3). APP is a member of a gene family of homologous
integral membrane proteins (4-6) and undergoes extensive
post-translational modifications. After synthesis as a type 1
transmembrane protein, APP matures through the secretory
pathway and becomes N- and O-glycosylated, sulfated, and
phosphorylated. Additionally, it can be proteolytically proc-
essed by a set of proteases; in the major secretory pathway,
some of the APP molecules are cleaved byR-secretase within
the Aâ sequence, resulting in the release of the APP
ectodomain into the extracellular space (7). In the alternative,
amyloidogenic pathway, a fraction of the APP is processed
by â-secretase which leads to secretion of a slightly shorter
ectodomain and release, simultaneously, of the N-terminus
of the Aâ peptide (8-11). The membrane-bound proteolytic
fragments generated byR- andâ-secretases can be further
converted byγ-secretase cleavage within the transmembrane
domain to form Aâ (∼4 kDa) and p3 (a truncated form of
Aâ, ∼3 kDa), both of these peptides ending at either residue
40 or 42 of the Aâ sequence (reviewed in ref3). Addition-
ally, under apoptotic conditions, APP is proteolytically
converted within its cytosolic domain by caspases (12-15).

Mutations that are the causes of the majority of cases of
early onset FAD that occur before 60 years of age have been
identified in the genes encoding presenilin-1 (PS1) and
presenilin-2 (PS2) (16-18). These missense mutations were
also found to alter APP processing in a pathological manner
by increasing the relative concentration of Aâ ending at
residue 42, linking again amyloid formation to Alzheimer’s
disease (19-23). The mechanisms by which mutations in
the presenilin genes cause an increased level of formation
of Aâ42 have not been fully resolved yet. These may include
some indirect effects, such as activation of the corresponding
protease or alteration of vesicular trafficking and, thereby,
of APP intracellular transport, or more direct effects, such
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as hampering APP-PS interaction (24-27) or affecting PS
hypotheticalγ-secretase activity. Presenilins also interact with
another transmembrane protein, Notch-1 (28), which, like
APP, undergoes proteolytic cleavage within its trans-
membrane domain by aγ-secretase-like activity that is
dependent on PS1 expression (29, 30). The direct interactions
between PS and APP and between PS and Notch would be
consistent with PS either being cofactors forγ-secretase or
being themselvesγ-secretase activities (31).

Although the exact mechanism by which the C-terminus
of Aâ is released byγ-secretase is not fully understood, it
is commonly assumed that it involves a single endo-
proteolytic cleavage within the APP transmembrane to
produce either Aâ40 or Aâ42 (32). If this were the case,
theâ-secretase C-terminal fragment,âCTF, comprising the
last 99 residues of APP would be converted into Aâ, and a
fragment of residues 57-59 (here termedγCTF) that
includes part of the transmembrane domain and the entire
cytosolic domain (see Figure 1). Similarly, theR-cleaved
fragment (RCTF) would be converted into p3 and the same
γCTF. However,γCTF has never been clearly identified,
and there is no N-terminal sequence data available so far to
provide the unambiguous proof that Aâ is produced directly
from âCTF by a single endoproteolytic cleavage. Therefore,
one cannot exclude the possibility that an intermediate
cleavage occurring distal to theγ-cleavage site and followed
by γ-cleavage itself, or by multiple exoprotease cuts, may
contribute to the formation of Aâ40 and Aâ42 (33, 34). In an
attempt to clarify this question, we developed a method for
allowing detection of C-terminal fragments derived from APP
processing within its transmembrane domain by stabilizing
the APP cytosolic domain as a chimeric fusion protein. With

this method, we have isolated a new soluble APP C-terminal
fragment. N-terminal radiosequencing revealed this was
generated by proteolysis distal to theγ-cleavage site between
Leu-49 and Val-50 (numbered relative to the Aâ sequence)
and homologous to Notch site 3 cleavage. To follow the
nomenclature on APP cleavages that already includesR-,
â-, γ-, (reviewed in ref3) and δ-cleavage (35), this novel
cleavage site was termed theε-cleavage site. Further analysis
has revealed thatε-cleavage occurs late in the secretory
pathway and is sensitive toγ-secretase inhibitors. Like
γ-secretase and Notch site 3 cleavages, APPε-cleavage is
dependent on PS1 as demonstrated by experiments in the
presence of functionally inactive PS1 mutants.

EXPERIMENTAL PROCEDURES

DNA Constructs.For generating the 2z-tagged APP
derivatives, 2z cDNA was amplified by PCR using pQE60-
2z as a template (a kind gift from D. Go¨rlich, Heidelberg,
Germany), a sense primer encoding aXhoI restriction site
and a thrombin (LVPRVGS) cleavage site (5′-CCCCT-
CGAGCTGGTTCCGCGTGGATCGAAAGAGGAGAAA-
TTAACC-3′), and an antisense primer encoding a stop codon
and aClaI restriction site. The resulting PCR fragment was
subcloned into pBluescript SK+ (Stratagene) by using the
XhoI and ClaI restriction sites. SPA4CT encoding cDNA
was amplified by PCR with an antisense primer encoding a
SalI site (5′-GGCTGAGTCGACGTTCTGCATCTGCT-
CAAAG-3′) and subcloned into pBluescript SK+. TheSalI
site was ligated with theXhoI site of the 2z subclone,
resulting in SPA4CT-2z. An internalEcoRI site within the
open reading frame of SPA4CT-2z was used to create full-

FIGURE 1: Comparison of APP and mNotch-1 cleavage sites within their transmembrane domain. (A) Schematic representation of APP and
its transmembrane domain. The large extracellular domain of APP is followed by the Aâ sequence (black bar), the transmembrane domain
(TM), and the cytoplasmic domain (CT). TheR-, â-, γ-, andε-cleavage sites are indicated. The predicted transmembrane domain (TM) of
APP is underlined. SP, signal peptide. (B) Transmembrane domain of mNotch-1. Like APP, Notch resembles a type I integral membrane
protein. Proteolytic processing of Notch includes constitutive cleavage at site 1 and site 2 close to the transmembrane domain. After ligand
binding, Notch becomes further processed by cleavage at site 3, before V1744 at the cytosolic site of its transmembrane domain (underlined).
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length APP-2z encoding 833 amino acids. For expression
of γCTF-2z, a methionine start codon was engineered at
position V41. For construction ofεCTF-2z, the internally
encoded M51 was preceded by a consensus sequence for the
initiation of translation (CCACC), and aKpnI cloning site.
Both cDNAs were cloned into pBluescript SK+ and used
for in vitro translation experiments.γCTF-2z was addition-
ally cloned into pCEP4. SPA4CT-2z derivatives carrying the
mutations within the transmembrane domain (T43P, V50K,
V50L, and L49P) were produced by PCR using SPA4CT-
2z as a template. After sequencing of the coding regions that
were amplified by PCR had been carried out, all APP-derived
constructs were cloned into the eukaryotic expression vector
pCEP4 (Invitrogen). Cloning of wt-PS1 cDNA has been
described previously (36, 37). Mutants PS1-D253A and PS1-
D253A/D381A were created by PCR-based mutagenesis.
After sequencing had been carried out, wild-type and mutant
PS1 cDNAs were cloned into pcDNA3.1-neo (Invitrogen).
Preparation of rabbit polyclonal anti-APP antiserum has been
described previously (7).

Immunoblotting and Radiosequencing.Lysis of cells and
immunoprecipitation of APP were performed as described
previously (7). 2z-tagged proteins were immunoprecipitated
using human IgG immobilized to Sepharose (Amersham).
For thrombin cleavage, Sepharose beads were incubated in
10 mM Tris-HCl (pH 7.5) with 0.1 unit of thrombin for 1.5
h at 37 °C. Membrane fractionation was performed by
hypotonic swelling of the cells in 10 mM Tris-HCl (pH 7.5),
1 mM EDTA, and 1 mM EGTA for 15 min on ice, followed
by repeated passage through a 27 gauge needle. Centrifuga-
tion for 5 min at 1200 rpm yielded a postnuclear supernatant
which was centrifuged for 30 min at 100000g. The pellet,
containing a crude membrane fraction and mitochondria, and
the supernatant, containing cytosolic proteins, were analyzed
separately.

For the analysis of CTFs, samples were denatured in
sample buffer in the absence of reducing agents and
electrophoresed either on 15% Tris-Glycine gels or on 10-
16.5% Tris-Tricine gels. After Western blotting, samples
were immunodetected by incubation with nonspecific rabbit
antiserum as the primary antibody followed by anti-rabbit
serum coupled to horseradish peroxidase and ECL develop-
ment. For radiosequencing of metabolically labeled proteins,
APP CTFs were immunoprecipitated, electrophoresed, and
transferred to polypropylene membranes. After autoradiog-
raphy, individual strips corresponding to the visualized bands
were excised and subjected to automated Edman degradation
(Applied Biosystems). Fractions were collected at each cycle,
and the radioactivity was quantified by scintillation counting.

Cell Culture.For selection of stable cell lines, cells were
transfected with the corresponding plasmid by CaPO4 co-
precipitation following with selection in medium containing
400µg/mL hygromycin. Cells were treated with the follow-
ing compounds: 10µg/mL Brefeldin A (Biomol), 100µM
MDL28170, and L-685,458 as indicated [provided by Merck
Sharp & Dohme (38, 39)].

RESULTS

Since the C-terminal product ofγ-secretase cleavage has
never been characterized, we reasoned that this rather small
protein fragment of 57-59 residues might be difficult to

detect because of a rapid cellular turnover. To increase its
stability, a tag encoding two z-domains cloned in tandem
was fused to the APP C-terminus. The z-domain corresponds
to the region of protein A that mediates binding to immuno-
globulins (∼about 70 residues); thus, the presence of this
tag allowed the direct precipitation of APP and its C-terminal
fragments with immunoglobulin-coated Sepharose. A throm-
bin cleavage site was engineered between the APP coding
region and the 2z tag to allow removal of the tag.

Expression of APP695-2z was analyzed in stably trans-
fected, human neuroblastoma SH-SY5Y cells after metabolic
labeling with [35S]methionine and immunoprecipitation with
IgG-Sepharose. For comparison, SH-SY5Y cells expressing
wild-type APP695 were also analyzed by immunoprecipi-
tation with anti-APP polyclonal antiserum. Full-length
APP695 was detected in cell lysates as a doublet of∼100-
105 kDa that corresponds to immature, N-glycosylated
species (Figure 2A, lane 1). Additional signals of 115-125
kDa were observed that represent post-translationally modi-
fied APP derived by successive transport of APP through
the Golgi apparatus where it undergoes O-glycosylation,
sulfation, and phosphorylation (7). The chimeric APP695-
2z migrated as two bands with apparent molecular masses
of 120 and 140 kDa corresponding to the immature and
mature forms, respectively (Figure 2A, lane 2). These
molecular masses are consistent with the addition of two
z-tags (14 kDa) to APP. The 140 kDa band, corresponding
to mature APP-2z, appears to be relatively more intense than
the 115-125 kDa signal observed for full-length wild-type
APP. The reason may be that the bands are more condensed
due to the lower resolution of the higher-molecular mass
proteins, and/or because the presence of the tags confers
greater stability to mature APP. The observed signals were
absent from nontransfected cells (Figure 2A, lane 3). To
check that the intracellular transport of APP695-2z was not
affected by the 2z tag, the proteolytic conversion of
membrane-bound APP byR-secretase was analyzed by
immunoprecipitation of soluble APP695 from the cell-
conditioned medium. The relative amount of secreted versus
intracellular APP695 species was very similar for both
APP695 and APP695-2z cell lines, indicating that proteolytic
processing byR-secretase was not altered by the 2z tag (lanes
4 and 5). Immunoprecipitation of Aâ and p3 from SH-SY5Y-
conditioned medium using antibodies that recognize either
the Aâ N-terminal region [W02, Figure 2B, lanes 1-3 (39)]
or the Aâ and p3 C-terminus produced byγ-secretase
conversion at position 40 [G2-10, Figure 2B, lanes 4-6
(40)] showed similar results for both cell lines. These results
demonstrate that APP processing by bothâ- andγ-secretases
was not hampered by the C-terminal fusion. To investigate
the carboxy-terminal processing of APP by secretases,
cellular immunoprecipitates were analyzed on high-percent-
age acrylamide gels (Figure 2C). In cell lysates derived from
APP695-2z-transfected SH-SY5Y and COS7 cells, two major
bands of∼27 and∼23 kDa were detected (Figure 2C, lanes
1 and 4). As deduced from their relative molecular mass,
those fragments could represent the carboxy-terminal frag-
ments derived from cleavages byR- and γ-secretases,
respectively. In the neuronal SH-SY5Y cells (Figure 2C, lane
1), two prominent additional bands were detected, which
reflect proteolytic processing of APP byâ-secretase. The
upper band has the expected size forâCTF (lane 1) as
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compared with SPA4CT-2z-expressing cells (lane 3). The
lower band was labeledâ′CTF as this is likely to represent
the alternativeâ-secretase product that leads to the formation
of p3.5 (Figure 2B, lanes 4 and 5). The 23 kDa band was
also produced in cells expressing SPA4CT-2z (Figure 2C,
lane 3), a construct that mimics the APPâ-secretase
C-terminal product,âCTF.

To determine the membrane association of the APP CTFs,
membrane-bound and soluble proteins were separated by
ultracentrifugation of the cell lysates. The 27 kDa CTF was
identified in the 100000g pellet, suggesting it is a membrane-
associated protein (Figure 2D, lane 2), whereas the 23 kDa
fragment was predominantly found in the soluble fraction
(100000g supernatant), as expected for a product released
in the cytosol (Figure 2D, lane 1).

Identification of the APPε-CleaVage Site.Radiosequenc-
ing of the [35S]methionine-labeled 27 kDa band (data not
shown) confirmed its identity as theR-secretase-derived

fragment and showed the presence of a minor cleavage
product starting at residue G25 which most likely corresponds
to the faint 26 kDa signal observed in lane 1 of Figure 2C.
The 23 kDa fragment was expected to result fromγ-secretase
cleavage, and sequencing was anticipated to yield radioactive
peaks at cycle 11 (cleavage after V40) and/or at cycle 9
(cleavage after A42). Unexpectedly, a single peak was
observed at cycle 2, whenever the fragment was derived from
COS7 or from SH-SY5Y cells, thereby identifying its
N-terminus as V50 (Figure 3A; indicated in Figure 1A).
Indeed, the methionine residues in the C-terminal region of
APP are located at positions 631 (Aâ position 35), 647 (Aâ
position 51), 677, and 693. If the radioactive methionine that
was detected was residue 631, a second peak should be
observed at cycle 17, and if it was M677, a second peak would
appear at cycle 18. As no other peak of radioactivity was
observed within 25 Edman degradation cycles, the radio-
active peak detected at cycle 2 was attributed to M647

FIGURE 2: Expression of APP695 as a 2z-tagged chimeric protein and identification of C-terminal fragments. (A) Detection of cellular and
secretory APP695 and APP695-2z in SH-SY5Y cells. Cellular (lanes 1-3) and secretory APP (lanes 4-6) was analyzed from stably
transfected SH-SY5Y cells expressing either APP695 (lanes 1 and 4) or APP695-2z (lanes 2 and 5) or empty vector (lanes 3 and 6). Cells
were labeled for 6 h with [35S]methionine followed by immunoprecipitation with anti-APP polyclonal rabbit serum and protein A-Sepharose.
(B) Formation of Aâ and p3 is similar for SH-SY5Y cells expressing APP695 or APP695-2z. For detection of Aâ and p3, the conditioned
media of [35S]methionine-labeled cells were immunoprecipitated either with the monoclonal antibody W02, directed against the N-terminal
part of Aâ (lanes 1-3), or with G2-10, recognizing Aâ and p3 fragments that end with V40 (lanes 4-6). (C) Analysis of APP C-terminal
fragments. C-terminal fragments were analyzed from SH-SY5Y cell lysates (lanes 1-3) and COS7 cells (lanes 4 and 5) stably overexpressing
APP695-2z (lanes 1 and 4) or SPA4CT-2z (lane 3) or from control cells (lanes 2 and 5). In APP695-2z-expressing cells (lanes 1 and 4),
two major bands are detected at 27 and 23 kDa, representingR- andεCTF, respectively. In SH-SY5Y cells (lane 1), two additional bands
are detected, the upper one with the expected size forâCTF and the same electrophoretic mobility as theâCTF reference expressed in
SPA4CT-2z-transfected cells (lane 3). Cell lysates were subjected to immunoprecipitation with IgG-Sepharose, followed by immunoblotting
with nonspecific rabbit antiserum and ECL. (D) Detection ofεCTF as a soluble peptide. Soluble (lane 1) and membrane-associated proteins
(lane 2) from APP695-2z-expressing COS7 cells were separated by ultracentrifugation followed by immunoblotting with nonspecific rabbit
antiserum and ECL.
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(Aâ residue M51). Thus, the 23 kDa band did not represent
the C-terminal fragment expected to be generated by
γ-secretase but a fragment resulting from cleavage at a new
site, between Leu49 and Val50, that we termed the “ε-cleavage
site”.

To prove further that the radioactive methionine detected
at cycle 2 had been correctly assigned to M51, the electro-
phoretic mobility of cellular APP CTFs was compared to
that of two standard constructs. In the first construct, a
methionine start codon was introduced at position V41

(γCTF-2z), and in the second, the internally encoded M51

was used for initiation of translation (εCTF-2z). Both proteins
were translated in vitro using rabbit reticulocyte lysates.
γCTF-2z was also stably expressed in SH-SY5Y cells and
compared with the CTFs derived from APP695-2z immuno-
precipitates. Initially, no difference was detected in the
apparent molecular masses ofγCTF-2z andεCTF-2z, both
fragments migrating with the same electrophoretic mobility
at 23 kDa (data not shown). However, when the 2z tag was
removed by digestion with thrombin prior to gel electro-
phoresis, much smaller peptides were obtained that could
be separated on Tris-Tricine gels according to their relative
molecular masses. The new fragment derived from the SH-
SY5Y cells expressing APP695-2z (Figure 3B, lane 1)

migrated with the same mobility as theεCTF standard
(Figure 3B, lane 3), whereasγCTF migrated more slowly
(Figure 3B, lane 4). No band was detected in APP695-2z
immunoprecipitates that migrated with the apparent molec-
ular mass expected forγCTF, confirming the data from the
radiosequencing experiments where no radioactivity was
detectable at either cycle 9 or 11 (Figure 3A).

The topology of the APPε-cleavage resembles that
reported for mNotch-1 transmembrane cleavage (41); both
cleavage sites are located close to the predicted membrane
boundary (Figure 1A,B) ,whereas the position of the APP
γ-cleavage site suggests proteolysis in the middle of the
transmembrane domain (32). Additionally,ε-cleavage occurs
before a valine residue as observed for mNotch-1 (41). To
compareε-cleavage with APPγ-cleavage and with Notch
cleavage, several additional experiments were carried out,
as outlined below.

APP ε-CleaVage Occurs Late in the Secretory Pathway.
Pulse-chase experiments were performed to further char-
acterize the formation and turnover ofεCTF. SH-SY5Y cells
stably transfected with APP695-2z were pulse labeled for
10 min in the presence of [35S]methionine, and chased for
various periods of time (Figure 4A,B). Full-length APP695-
2z was already detected at the 0 min chase, whereasRCTF

FIGURE 3: Identification of the APPε-cleavage site. (A) Radiosequencing of the 23 kDa band derived from SH-SY5Y and COS7 cells. A
single radioactive peak was observed in the second Edman degradation cycle of the 23 kDa product. No signals were detected in cycles 9
and 11, which would be expected for proteolytic fragments derived byγ-secretase cleavage releasing Aâ40 and Aâ42, respectively. SH-
SY5Y and COS7 cells stably expressing APP695-2z were metabolically labeled with [35S]methionine, followed by immunoprecipitation
with IgG-Sepharose. Bound immunocomplexes were separated by PAGE and blotted on PVDF membranes. After autoradiography, the 23
kDa band was excised and subjected to Edman degradation. The fractions of each cycle were collected, and the amount of radioactivity was
determined by scintillation counting. (B) Separation ofεCTF andγCTF by SDS-PAGE.εCTF derived from SH-SY5Y cells expressing
APP695-2z (lane 1) displays the same mobility on gels as in vitro-translatedεCTF (lane 3) but not the same asγCTF (lane 4; the additional
εCTF band in this lane is derived by alternative initiation of translation at the internal M51 codon). For further identification of the cellular
fragment asεCTF, two mutants were constructed in which either a methionine start codon was introduced at position V41 (γCTF-2z) or the
internally encoded M51 was used for initiation of translation (εCTF-2z). Both proteins were translated in vitro using rabbit reticulocyte
lysates in the presence of [35S]methionine (IVT, lanes 3 and 4). In parallel, cellular fragments were immunopurified from [35S]methionine-
labeled APP695-2z-expressing SH-SY5Y cells. Bound complexes were digested with thrombin to release the 2z tag (upper bands), resulting
in γCTF andεCTF (lower bands) followed by separation on Tris-Tricine gels.

Cleavage of the APP Transmembrane Domain Biochemistry, Vol. 41, No. 8, 20022829



appeared only after 15 min to reach maximal concentrations
after 30-60 min of chasing. This result is in agreement with
previous reports demonstrating that APP conversion by
R-secretase takes place late in the secretory pathway, within
the TGN, secretory vesicles, and at the plasma membrane
(42, 43). εCTF also appeared after 15 min, and reached a
maximal concentration after 120-240 min of chasing,
suggesting it is produced in the same compartments of the
secretory pathway as isRCTF, but that it accumulates over
a much longer period of time and may thus constitute a
cleavage product ofRCTF. By treating APP695-2z COS7
cells with Brefeldin A, we confirmed thatε-cleavage occurs
late in the secretory pathway, after APP moves through the
Golgi. Brefeldin A causes the formation of an ER-Golgi
continuum and blocks protein transport to the TGN (44) and
thereby inhibits the conversion of APP byR-secretase in the
consecutive compartments of the secretory pathway. Like
R-secretase conversion,ε-cleavage was inhibited in the
presence of Brefeldin A (Figure 4C, lane 1), substantiating
the suggestion that APPε-cleavage occurs at the earliest in
the TGN.

Protease Inhibitor Profile of APPε-CleaVage.To further
characterize the proteases involved inε-cleavage, we em-
ployed inhibitors reported to inhibitγ-secretase and Notch
processing, including MDL28170 which represents a broad
spectrum calpain inhibitor (33, 44-46) and the potent “γ-
secretase inhibitor” L-685,458 (38, 39). Because MDL28170
is cytotoxic upon prolonged treatment, cells were labeled
for short periods of time (6 h) in the presence of [35S]-
methionine plus 100µM MDL28170 (Figure 5A, lane 4) or
solvent only (DMSO, lane 3). MDL28170 caused accumula-
tion of bothRCTF andâCTF as reported by others (33, 45-
47) and commonly interpreted as inhibition ofγ-secretase
activity. Remarkably, the extent of formation ofεCTF was
concomitantly decreased. When more specificγ-secretase

inhibitors such as the aspartyl protease inhibitor L-685,458
were employed, the concentration ofRCTF and âCTFs
increased in a dose-dependent manner (Figure 5B) and
paralleled the level of inhibition of Aâ release (Figure 5B,
bottom panel), confirming previous reports (45, 46). Con-
comitantly, the formation ofεCTF was inhibited, indicating
that this specific inhibitor abolishes both Aâ formation and
ε-cleavage of APP and suggesting these two events are
linked.

APPε-CleaVage Is Dependent on Presenilin-1.It has been
shown that the conversion of APP C-terminal fragments and
the release of Aâ peptide depend on the expression of
functional presenilins. To test whetherε-cleavage might also
depend on presenilins, we coexpressed APP-2z with either
wild-type PS1 or PS1 dominant negative mutants. Indeed, it
has been shown that mutating PS1 aspartates 257 and 385
(residues 253 and 381 in our PS1 construct) to alanine results
in the accumulation of uncleaved PS1 and disablesγ-secre-
tase (31). By comparison with cells that overexpress wild-
type PS1 (Figure 6A, lane 2), expression of the dominant
negative mutants PS1-D253A/D381A and PS1-D253A (lanes
3 and 4, respectively) resulted in an accumulation ofRCTF,
similar to that reported previously (31). Concurrently, the
level of formation of theε-cleaved fragment was decreased,
suggesting thatε-cleavage is dependent on the expression
of functional PS1.

Analysis of APPε-CleaVage Site Mutants.Because the
ε-cleavage site of APP shares similarities with cleavage site
3 of Notch-1, including membrane topology and cleavage
before a valine, we tested whether mutations at the cleavage
site would abolish proteolytic conversion as reported for
Notch-1 processing. Indeed, single-point mutations of mNotch
V1744 to K or L have been reported to inhibit the proteolytic
conversion and release of the cytosolic fragment NICD (41).
Analysis of SPA4CT-2z mutants (V50K and V50L) revealed

FIGURE 4: ε-Cleavage occurs late in the secretory pathway. (A) Pulse-chase analysis ofR- andε-cleavage. At early chase times of 0 and
15 min, only minor amounts of CTFs are visible, whereas after 30 and 60 min of chasing,R-, â-, andεCTF-2z are detected, as expected
for a conversion taking place late in the secretory pathway. SH-SY5Y cells expressing APP695-2z were pulse labeled for 10 min with
[35S]methionine followed by chase times as indicated in methionine-enriched media. 2z-encoding proteins were immunoprecipitated with
IgG-Sepharose followed by PAGE and phosphorimaging. (B) Densitometric quantitation and graphic representation of the results of the
pulse-chase experiment depicted in panel A: ([) full-length APP, (9) RCTF, and (2) εCTF. Note that for graphical representation, the
values forRCTF andεCTF are depicted after multiplication by a factor of 5. (C) Inhibition of R- andε-cleavage by Brefeldin A. To block
protein transport to the TGN, COS7 cells expressing APP695-2z were labeled with [35S]methionine either in the presence of 10µg/mL
Brefeldin A (lane 1) or in its absence (lane 2) for 3 h followed by immunoprecipitation with IgG-Sepharose and PAGE.
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that neither of these mutations affectedε-cleavage (Figure
7, lanes 2 and 3). Among a series of mutants that we created,
two displayed significant alteration of APP transmembrane
cleavage. Replacement of threonine 43 or leucine 49 with
proline resulted in a decreased level of formation ofε-CTF
(Figure 7, lanes 1 and 4). These mutations also caused a
high-level reduction of secretory Aâ (data not shown) as
reported previously for the T43P mutant (32). Because
introducing a proline residue within a transmembrane domain
would likely perturb the predictedR-helical structure, these
mutations may either directly inhibit cleavage, interfere with
the binding of cleavage-associated proteins such as nicastrin,
or even alter membrane insertion and cellular trafficking of
these constructs.

DISCUSSION

The proteases involved in the generation of the Aâ amyloid
peptide are potential targets for the development of a therapy
for Alzheimer’s disease. However, the unusual mechanism,
by which one or severalγ-secretases cleave APP within its
predicted transmembrane domain, is poorly understood. It
is commonly assumed thatR- andâ-cleaved APP fragments
are converted by a singleγ-secretase cleavage within the
transmembrane domain, at either position 40 or 42. To our
knowledge, the C-terminal fragment that would result from
γ-secretase cleavage and encompass the C-terminal part of
the transmembrane domain (starting at residue 41 or 43

relative to the Aâ sequence) and the entire cytoplasmic
domain of APP has never been identified. Two recent studies
report formation of aγCTF in cell free systems using
γ-secretase-enriched preparations (48, 49). The described
fragments have the correct electrophoretic mobility to
representγCTF, but no N-terminal sequence data are
provided that would confirm their identity. Other studies have
proposed that proteolysis of the APP carboxy terminus might
be initiated by cytosolic proteases at the very end of the
transmembrane domain to release the hydrophobic domain
from the membrane and allow subsequent cleavage by more
conventional endo- or exoproteases (50). To further char-
acterize the conversion of APP within its transmembrane
domain, we have expressed APP as a C-terminal fusion
protein with a 2z tag to improve the stability ofγCTF. We
proved that this tag did not interfere withR- andâ-secretase
cleavages or with Aâ and p3 production (Figure 2). Expres-
sion of this chimeric protein allowed detection of a C-
terminal fragment produced by endoproteolysis of the APP
transmembrane domain. As expected for a cleavage product
that lacks a functional transmembrane domain, this was
detected as a soluble intracellular species (Figure 2D).
N-terminal sequencing of the fragment produced by both SH-
SY5Y and COS7 cells revealed a novel cleavage site between
L49 and V50, close to the C-terminal end of the APP
transmembrane domain (Figure 3A). To distinguish this novel
cleavage site from theγ-secretase site, it was termed the

FIGURE 5: Protease inhibitor profile of APPε-cleavage. Effect of MDL28170 (A) and L-685,458 (B) onε-cleavage. As compared with
controls (lanes 2 and 3), incubation of cells with the calpain inhibitor MDL28170 (lane 4) increases the cellular concentration ofâ-, â′-,
andRCTF, whereas the extent of formation ofεCTF is reduced. Similarly, incubation of cells with the more specificγ-secretase inhibitor
L-685,458 (B) also caused an accumulation of CTFs concurrent with a decrease in the concentration ofεCTF and in the formation of
secretory Aâ (B, bottom panel). SH-SY5Y cells were labeled for 6 h with [35S]methionine in the presence of 100µM MDL28170 in 0.5%
DMSO (lane 4), left untreated (lane 2), or incubated in the presence of 0.5% DMSO alone (lane 3). SH-SY5Y cells transfected with the
empty vector were used as a control (lane 1). The experiment depicted in B was performed by incubating cells expressing APP695-2z in
the presence of L-685,458 and [35S]methionine for 10 h, followed by immunoprecipitation with IgG-Sepharose (top panel) or with monoclonal
anti-Aâ antibody W02 (bottom panel).
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ε-cleavage site. Our result is consistent with a very recent
report (51) that has characterized, in purified rat brain
membrane preparations, APP fragments starting at valine 50,
suggesting that native APP is also processed at theε-cleavage
site. In addition, during the preparation of this paper, two
other groups published reports that corroborate our results
(52, 53).

We have characterizedε-cleavage by showing that it takes
place late in the secretory pathway or in the endocytic and/
or recycling pathway, it is dependent on active presenilins
and can be blocked by inhibitors of Aâ secretion. All these
characteristics are shared withγ-secretase activity as deduced
from studies of Aâ production. Neither in the radiosequenc-
ing experiments nor in the analysis of CTFs by SDS-PAGE
were we able to detect a radioactive peak or fragment
corresponding toγCTF (Figure 3A,B), although APP-2z was
converted byγ-secretase(s) as evidenced by the formation
of Aâ and p3 (Figure 2B). In principle,εCTF could be
derived fromγCTF by the rapid action of a second protease,
i.e., in the cell cytosol, and this would explain the difficulty
in detecting γCTF and the unexpected finding of an
ε-cleavage product. This would also be consistent with the
finding that inhibitors of Aâ secretion inhibit the formation
of εCTF (Figure 5A,B), as these would act upstream of
ε-cleavage. In the same manner, presenilin dominant negative
mutants would affectε-cleavage by interfering with the
precedingγ-secretase cleavage (Figure 6A). However, cell
transfection with a construct resembling the hypothetical
γCTF-2z cleavage product did not reveal production ofεCTF
(data not shown), arguing against the conversion ofγCTF
to εCTF.

Alternatively, ε-cleavage may represent an intermediate
step in Aâ formation that would precedeγ-cleavage, at
position 40 or 42. The results of the pulse-chase experiments
indicate thatεCTF is produced late in the secretory pathway
(Figure 4), a finding consistent with the major site of
intracellular Aâ production. They also show thatRCTF is
rapidly turned over whileεCTF accumulates, and this is
consistent with a precursor-product relationship between
RCTF andεCTF. The results of the inhibition studies would
also support the idea thatε-cleavage is an intermediate step
in Aâ formation. MDL28170, an inhibitor of cysteine
proteases and of calpains, was previously reported to block
Aâ secretion and to cause accumulation of CTF products of
R- andâ-secretases (33, 45-47), a result confirmed in our
study. We found that this compound also inhibits the
formation ofεCTF, suggesting Aâ andεCTF may represent
the products of similar proteolytic activities (Figure 5A).
Furthermore, we found that the most potent and specific
inhibitor of γ-secretase reported so far, L-685,458 (38, 39),
also inhibitsεCTF formation (Figure 5B) with concomitant
accumulation ofR- andâCTF. The effect of L-685,458 on
ε-cleavage was observed with inhibitor concentrations as low
as 40 nM and paralleled its effect on Aâ secretion, suggesting
that both events are directly linked. The dependence of
ε-cleavage on active presenilins (Figure 6), demonstrated by
using dominant negative mutants, could also be explained
if ε-cleavage represented an intermediate step in theγ-secre-
tase pathway. Such PS1 dominant negative mutants have
been shown to affect Aâ production and Notch cleavage in
a manner similar to PS1 gene knockout (28, 31, 54, 55).
We may also propose thatε-cleavage likely precedes
γ-cleavage on the basis of previous studies. Phenylalanine
scanning of the APP transmembrane domain has identified
position 50 as being critical for Aâ formation (32). Further-
more, mass spectrometry analysis of Aâ species from skeletal
muscles has characterized Aâ peptides extended at their
C-terminus, up to residue 46 (56), suggesting that a first
cleavage(s) at a site distal to theγ-secretase site may precede

FIGURE 6: ε-Cleavage is dependent on functional PS1. (A)
Expression of PS1 D/A mutants increases the cellular concentration
of RCTF with a concurrent decrease in the level ofεCTF formation.
COS7 cells were transiently transfected with two plasmids, one
encoding APP695-2z (lanes 1-4) and the second encoding either
a nonrelated control plasmid (lane 1), wild-type PS1 (PS1WT; lane
2), PS1-D253A/D381A (PS1DM; lane 3), or PS1-D253A (lane 4).
The cells were harvested 24 h after transfection, and the 2z-encoding
proteins were immunoprecipitated, followed by SDS-PAGE
analysis, immunoblotting, and ECL detection. (B) Comparative
quantitative analysis of theεCTF signal in cells transfected with
PS1WT and mutants. The ECL films were scanned and the band
densities quantitated using NIH Image 1.60 software. The graph
represents the average of data obtained from two independent
experiments. The expression of PS1 mutants D253A/D381A and
D253A caused a reduction of 71 and 29% of the magnitude of the
ε-CTF signal, respectively, as compared to PS1WT.

FIGURE 7: Proteolytic processing of SPA4CT derivatives encoding
mutations within the predicted transmembrane domain. Mutant
SPA4CT-2z derivatives carrying single-point mutations homologous
to those that inhibit Notch-1 site 3 cleavage do undergo processing
at theε-site (V50K, lane 2; V50L, lane 3). Introduction of a proline
residue at either position 43 (T43P, lane 1) or position 49 (L49P,
lane 4) significantly reduced the extent ofε-cleavage. Cells
expressingγCTF (lane 5) or wild-type SPA4CT-2z (lane 6) were
included for a comparison.

2832 Biochemistry, Vol. 41, No. 8, 2002 Weidemann et al.



theγ-cut. Another interpretation of our results would be that
γ- andε-cleavages constitute separate proteolytic events oc-
curring in parallel. Because both cleavages require presenilins
and both are sensitive to the same class of inhibitors, these
would likely be carried out by similar proteases or by the
same proteolytic complex.

ε-Cleavage is the fifth proteolytic cleavage reported so
far to require presenilins, after APPγ-secretase, Notch site-
3, IRE1 processing, and cleavage of the ErbB-4 receptor
tyrosine kinase (57) [although the effect on IRE1 is
controversial (58)]. This would suggest that the same PS1-
associated proteolytic activity or proteolytic complex effects
these cleavages. Recent data indicate that PS1 is associated
in a multimeric high-molecular mass complex containing
γ-secretase activity (59). This complex may include the PS1
binding partnersâ-catenin (60) and nicastrin (61) as well as
yet undefined proteins and proteases, and it would constitute
a multicatalytic activity resembling the proteasome and
termed the “secretasome” (61).

APP ε-cleavage shares important similarities with the
cleavage of Notch within its transmembrane domain, at site
3 (62): dependence on active presenilins, inhibition profile,
and membrane topology of the cleavage site. Both APP
ε-cleavage and Notch site 3 cleavage occur close to the
cytoplasmic face, whereas the APPγ-cleavage site is located
in the middle of the transmembrane domain.ε-Cleavage is
also reminiscent of the cleavage of another transmembrane
protein, the sterol-binding regulatory element protein (SREBP)
that is processed by a novel type of membrane metallo-
protease that cleaves three residues from the predicted
membrane boundary (reviewed in ref62). In each of these
cases, the APPε-site, the Notch site-3, and SREBP,
proteolysis of the transmembrane domain does not take place
in the depths of the hydrophobic membrane environment but
at a homologous site close to the membrane-cytoplasm
interface. For both APPε-cleavage and Notch site 3 cleavage,
proteolysis occurs before a valine residue (Figure 1),
supporting further the idea that the same protease activity is
involved in both cleavages. However, site-directed mutagen-
esis of theε-cleavage site did not indicate sequence specific-
ity, except when valine 49 was substituted with theR-helix
breaker proline (Figure 7). In contrast, Notch cleavage is
altered by substituting the cleavage site valine 1744 with
Leu or Lys (41). This difference may be attributed to
interactions with different binding or presenting partners
rather than enzyme cleavage specificity. To support the
suggestion that Notch site 3 cleavage is due to the same
protease as that cleaving APP at theε-site, we have shown
thatε-cleavage is blocked by the aspartyl protease inhibitor
L-685,458, a potent, specific inhibitor of Aâ formation and
of Notch signaling (63) (Figure 5B). Whether L-685,458
inhibits bothγ- and ε-cuts or if it exerts its effect on Aâ
production by blocking cleavage at theε-site rather than at
the γ-site will need to be clarified. If it does interfere with
cleavage at theγ-site, one may question whether Notch
transmembrane processing also involves an intermediate
cleavage step, in the middle of the transmembrane domain
and homologous to theγ-secretase cleavage of APP.

Notch site 3 cleavage serves to release the soluble cytosolic
fragment NICD that acts as a transcription factor. Recent
studies have shown that the cytosolic domain of APP
regulates diffusion of the protein adapter Fe65 to the nucleus

(64, 65) and may be part of a signaling system.ε-Cleavage
that results in release of the cytosolic domain of APP would
thus play an important role in this mechanism. Our prelimi-
nary data indicate thatεCTF is present in cellular nuclear
fractions. Further studies will be required to clarify the
function of this cleavage.

In conclusion, our finding of a novel cleavage within the
transmembrane domain of APP opens new questions con-
cerning the proteolytic mechanisms that produce Aâ and
those that process the Notch transmembrane domain. A
recent study demonstrates it is possible to inhibit Aâ
production without affecting Notch cleavage (66). If Notch
site 3 protease andε-secretase happen to be the same protease
but distinct from γ-secretase, it might be possible to
manipulate pharmacologically Aâ production withγ-secre-
tase inhibitors without interfering with Notch signaling.
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