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Amyloid precursor protein (APP) processing is of ma-
jor interest in Alzheimer’s disease research, since se-
quential cleavages by �- and �-secretase lead to the for-
mation of the 4-kDa amyloid A� protein peptide that
accumulates in Alzheimer’s disease brain. The process-
ing of APP involves proteolytic conversion by different
secretases leading to �-, �-, �-, �-, and �-cleavages. Since
modulation of these cleavages represents a rational
therapeutic approach to control amyloid formation, its
interference with the processing of the members of the
APP gene family is of considerable importance. By using
C-terminally tagged constructs of APLP-1 and APLP-2
and the untagged proteins, we have characterized their
proteolytic C-terminal fragments produced in stably
transfected SH-SY5Y cells. Pharmacological manipula-
tion with specific protease inhibitors revealed that both
homologues are processed by �- and �-secretase-like
cleavages, and that their intracellular domains can be
released by cleavage at �-sites. APLP-2 processing ap-
pears to be the most elaborate and to involve alternative
cleavage sites. We show that APLP-1 is the only member
of the APP gene family for which processing can be
influenced by N-glycosylation. Additionally, we were
able to detect p3-like fragments of APLP-1 and p3-like
and A�-like fragments of APLP-2 in the media of stably
transfected SH-SY5Y cells.

The amyloid precursor protein (APP)1 was first identified as
the precursor to Alzheimer’s A� amyloid peptides (1). APP is a

member of a multigene family comprising at least 16 ortho-
logues (2) that encode type I integral membrane proteins with
similar multidomain structures (reviewed in Ref. 2). There are
two mammalian APP homologues, the APP-like proteins,
termed APLP-1 (3, 4) and APLP-2 (5, 6), which share similar
domain structures with APP (reviewed in Ref. 2). Transgenic
mice with single knock-out of either the APP (7), APLP-1 (8), or
APLP-2 (9) gene show no severe phenotype, suggesting that the
mammalian APP gene family members have a redundant func-
tion. APLP-1(�/�)/APLP-2(�/�) and APP(�/�)/APLP-2 (�/�)
double knock-outs are lethal, but mice with APP(�/�)/APLP-
1(�/�) double knock-outs are viable (8), suggesting a physio-
logical key role for APLP-2 during embryonic development.

The proteolytic processing of APP is central to Alzheimer’s
disease pathogenesis as one of the cleavage products, the 4-kDa
A� fragment aggregates as amyloid deposits (10, 11). In the
amyloidogenic pathway, APP is processed consecutively by
�-secretase, which releases the A� N terminus, and by �-secre-
tase(s), which cleaves in the middle of the transmembrane
domain to produce A� peptides ending at either Val40 or Ala42.
The �-secretase BACE (�-site APP-cleaving enzyme) was iden-
tified by four independent groups (12–15) and shown to cleave
APP with the expected specificity, mainly at Met1/Asp1 and, to
a lesser extent, at Tyr10/Glu11 of the A� sequence (12). BACE
cleavage releases the large ectodomain of APP (sAPP�) and
creates a membrane-anchored C-terminal fragment (CTF) of 99
amino acids. Whereas in neuronal cells APP is mostly pro-
cessed by �-secretase, peripheral cells preferentially process
APP in a non-amyloidogenic pathway by an alternative prote-
ase designated as �-secretase which cleaves within the A�
domain, between Lys16 and Leu17, and therefore precludes
generation of the A� peptide (16, 17). �-Secretase candidates
include ADAM 10 (18), ADAM 17/TACE (19, 20), and MDC-9
(21), which all belong to the family of disintegrin and metallo-
proteases. �-Secretase cleavage releases the APP ectodomain
(sAPP�) and creates a membrane-retained C-terminal frag-
ment of 83 amino acids (C83). The latter may be further pro-
cessed by �-secretase(s), resulting in the secretion of a small
3-kDa fragment designated p3, ending either at position 40 or
42, like the A� peptides. An additional cleavage within the APP
ectodomain at position �12 (relative to A�), which was termed
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�-cleavage, has only been observed in hippocampal neurons so
far (22). Recently, we and others have identified a presenilin-
dependent cleavage at the C-terminal end of the APP trans-
membrane domain between Leu49 and Val50, which we termed
�-cleavage (23–26), that is homologous to the S3 cleavage of
Notch (27, 28). The exact mechanism of the two presenilin-de-
pendent �- and �-cleavages within the transmembrane domain
of APP remains unclear. Accumulating evidence suggests that
a high molecular weight complex comprising presenilin, nicas-
trin (29), APH-1 (30, 31), and PEN-2 (30, 32) is responsible for
�-secretase activity. The polytopic membrane proteins PS1 and
PS2 are thought to be the catalytic component of this cleavage
machinery (33–36), with two critical aspartates in transmem-
brane domains 6 and 7 representing the catalytic site. A subset
of type I membrane proteins that includes Notch, the ErbB4
tyrosine kinase receptor for neuregulins, E-cadherin, LRP,
CD44, Delta, Jagged, and Nectin-1-� (37) is also processed by a
presenilin-dependent, �-secretase-like activity. For Notch,
ErbB4, E-cadherin, CD44, Delta, Jagged (37), and LRP (38), it
has also been demonstrated that ectodomain cleavage by a
metalloprotease precedes transmembrane processing by
�-secretase-like activity. Notch S3 and APP �-cleavage liberate
the Notch intracellular domain and APP intracellular domain
(AICD), respectively, enabling their translocation to the nu-
cleus where they can activate transcription (39–42).

So far the processing of the APP-like proteins, APLP-1 and
APLP-2, remains poorly understood. Large secretory fragments
of APLP-1 (4) and APLP-2 (43) corresponding to the size of �-
and �-secretase-processed secretory fragments of APP have
been detected in the media of transfected cell lines. In addition,
the accumulation of an APLP-1 C-terminal fragment was ob-
served in PS-1(�/�) neurons (44). Presenilin-dependent proc-
essing of this fragment is consistent with our previous finding
that PS-2 interacts with immature APLP-1 (45). To elucidate
further the processing of APLP-1 and APLP-2, we developed a
method to detect C-terminal fragments derived from APP,
APLP-1, and APLP-2 cleavage within their transmembrane
domains by stabilizing the cytosolic domains as chimeric fusion
proteins with two z-domains of protein A fused in tandem (2z
tag). This method previously enabled us to detect the soluble
APP C-terminal fragment (�-CTF or AICD) generated by pro-
teolysis at the �-site, distal to the �-cleavage site (23). The
analysis of APLP-1 and APLP-2 C-terminal fragments with the
2z tag system revealed a high similarity between the process-
ing of APLPs and APP.

Here we show that pharmacological studies with different
inhibitors of �- and �-secretases suggest for APLP-2 the pro-
duction of several �- and �-like C-terminal fragments, indicat-
ing therefore that the processing of this homologue is the most
complex of all three APP gene family members. Furthermore,
we could detect small secreted fragments in the conditioned
media of APLP-2-transfected cell lines that very likely corre-
spond to A� and p3-like peptides. For APLP-1, we have iden-
tified cellular �- and �-like C-terminal fragments and secreted
p3-like fragments using SH-SY5Y cells stably overexpressing
APLP-1. In addition, we show that cleavage of APLP-1 can be
regulated by N-glycosylation, leading to formation of alterna-
tive p3-like fragments.

EXPERIMENTAL PROCEDURES

DNA Constructs—To generate the 2z-tagged APP derivatives,
2z-cDNA was amplified by PCR using pQE60–2z as template (23), a
sense primer encoding an XhoI restriction site, and a thrombin (LVPR
GS) cleavage (5�-CCCCTCGAGCTGGTTCCGCGTGGATCGAAAGAG-
GAGAAATTAACC-3�) and an antisense primer encoding a stop codon
and a ClaI restriction site. The resulting PCR fragment was subcloned
into pBluescript SK� (Stratagene) by using the XhoI and ClaI restric-
tion sites. Generation of APP695–2z has been described previously (23).

To generate APLP-1-2z, the human APLP-1 cDNA cloned in pBlue-
script SK� (4) was amplified by PCR with a T7 universal primer and an
antisense primer that encoded a SalI restriction site just after the
APLP-1 coding region (for the following 2z tag ligation). The corre-
sponding 640-bp PCR product was digested with BamHI (coding region)
and SalI (3�-end). The original cDNA (APLP-1 in pBluescript) was
digested KpnI/BamHI and ligated with the PCR product in pBluescript
SK� (KpnI/SalI). The sequence of the 640-bp product was verified by
sequencing. After digestion with KpnI/SalI, the full-length APLP-1
cDNA encoding the additional SalI-site at the 3�-end was ligated with
the 2z-cDNA (XhoI/ClaI) into pBluescript SK�, digested with KpnI/
ClaI. Subcloning of the APLP-1-2z construct in the expression vector
pCEP4 cleaved with KpnI/NheI was performed by using the KpnI/XbaI
sites.

To generate the APLP-2-763-2z construct, the human APLP-2-763
cDNA cloned in pBluescript SK� was amplified by PCR with T3 reverse
primer and a 3�-antisense primer encoding a SalI restriction site (for
the following 2z tag ligation). The PCR product was digested with AatII
(in the coding region) and SalI (3�-coding region). The original APLP-
2-763 pBluescript SK� clone was digested with BamHI/AatII, and both
fragments were cloned into pBluescript SK� (cleaved with BamHI/
SalI). The XbaI/SalI fragment encoding the full-length cDNA was
cloned together with 2z-cDNA (XhoI/SalI cleaved) into pCEP4 (NheI/
BamHI cleaved).

APLP-1 Deletion Mutants—The human APLP-1 cDNA in pBluescript
SK� (4) was amplified by PCR using the following primer, APLP-1-2z
sense primer (encoding a KpnI restriction site): D568-APLP-1-2z, 5�-G-
GGGGTACCCACCATGGATGAGCTGGCACCAGCTGGG-3�; R579-AP-
LP-1-2z, 5�-GGGGGTACCCACCATGCGTGAGGCTGTATCGGCGTCT-
G-3�; M588-APLP-1-2z, 5�-GGGGGTACCCACCATGGGAGCGGGCGG-
AGGCTCCCTC-3�; M600-APLP-1-2z, 5�-GGGGGTACCCACCATGCT-
GCTCCTGCGCAGGAAGAAG-3�; and 3�-CGGACCTCCTTGCTGGGC-
AGCTGGGG-5� for the antisense primer (encoding a SalI restriction
site). The resulting PCR fragments were subcloned in pBluescript SK�,
by using the KpnI and SalI restriction sites. The SalI site of the APLP-1
deletion constructs was ligated with the XhoI site of the 2z-DNA in
pBluescript (XhoI/ClaI) and cloned into KpnI/ClaI-cleaved pBluescript
SK�.

The human APLP-2 cDNA in pBluescript SK� was amplified by PCR
using the following primer, APLP-2 deletion mutants, APLP-2 sense
primer (encoding a KpnI restriction site): M664-APLP-2-2z, 5�-CCCG-
GTACCACCATGATTTTCAATGCCGAGAGAG-3�; S691-APLP-2-2z, 5�-
CCCGGTACCACCATGAGTAGCAGTGCTCTCATTGG-3�; M715-APL-
P-2-2z, 5�-CCCGGTACCACCATGCTGAGGAAGAGGCAGTATGG-3�;
and 3�-GGACCTCGTCTACGTCTAAACAGCTGGGG-5� for the anti-
sense primer (encoding a SalI restriction site). The resulting PCR
fragments were subcloned into pBluescript SK�, using the KpnI and
SalI restriction sites. The SalI site of the APLP-2 deletion constructs
was ligated with the XhoI site of the 2z-DNA in pBluescript (XhoI/ClaI)
and cloned in the vector pBluescript SK� KpnI/ClaI.

The template APLP-2-2z in pCEP4 was amplified by PCR using the
following primer: R678-APLP-2-2z, 5�-CCCGGTACCACCATGCGG-
GAATCCGTGGGCCCAC-3�(encoding a KpnI restriction site); anti-
sense primer, 3�-CCCTCCTAGGTCTAGAACTTAGCTACCG-5�. The re-
sulting PCR fragments were subcloned in pBluescript SK�, by using
the KpnI and SalI restriction sites. The SalI site of the APLP-2 deletion
constructs was ligated with the XhoI site of the 2z-DNA in pBluescript
(XhoI/ClaI) and cloned into the vector pBluescript SK�KpnI/ClaI.

Mutant N551Q APLP-1 was generated by site-directed mutagenesis
of the human APLP-1 cDNA in pBluescript SK� and subcloned into the
vector pCEP4. Mutant R567E APLP-1 c-Myc was generated by site-
directed mutagenesis of the human APLP-1 cDNA with an C-terminal
Myc tag in pBluescript SK� and subcloned into the vector pCEP4.

Antibodies—The human APLP-1-specific antiserum 150 was raised
in rabbits using a synthetic peptide corresponding to residues 553–592
of human APLP-1 (46). The human APLP-2-specific antiserum 158 was
raised in rabbits using the synthetic peptide sequence 672–696 of
APLP-2-763, coupled to keyhole limpet hemocyanin. The APLP-1-spe-
cific antiserum 57 was raised in rabbits using keyhole limpet hemocy-
anin conjugates of two peptides, corresponding to human APLP-1 res-
idues 642–650 and residues 604–614 with an additional N-terminal
cysteine. An antibody recognizing the APLP-2 C terminus was pur-
chased from Calbiochem (residues 752–763). The polyclonal antibody
CT13 against the APP C terminus was raised against a synthetic
peptide comprising the C-terminal 13 residues of A4CT (Eurogenetech,
Brussels, Belgium) (47). The human APLP-1-specific antiserum 42464
was raised in rabbits using a synthetic peptide raised to the ectodomain
of APLP-1 (residues 499–557) (4).
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Cell Culture, Transfection, and Inhibitor Treatment—Human SH-
SY5Y cells were cultivated and transfected with LipofectAMINE Plus
(Invitrogen). For inhibitor experiments cells were treated for 7 h with
Me2SO or Me2SO solutions of the following compounds: L-685,458,
batimastat (provided by Merck, Sharp & Dohne), TAPI-2 (Peptides
International), MDL28170/calpain inhibitor III (benzyloxycarbonyl-
Val-Phe-CHO, carbobenzoxy-valinyl-phenylalanyl, Calbiochem),
�-secretase inhibitor IX (DAPT) (Calbiochem), MG132 (benzyloxycar-
bonyl-LLL-CHO, carbobenzoxy-L-leucyl-L-leucyl-L-leucinal, Calbio-
chem), ALLN (calpain inhibitor I, N-acetyl-leucyl-leucyl-norleucinal-
CHO, Calbiochem), lactacystin (Calbiochem). Cells were pretreated for
1 h with tunicamycin (Sigma) or phorbol 12-myristate 13-acetate (PMA)
(Calbiochem) and chased for 4 h. Control cells were treated with
Me2SO.

Immunoblotting—Lysis of cells and immunoprecipitation of APP,
APLP-1, and APLP-2 was performed as described previously (48). 2z-
tagged proteins were immunoprecipitated using human IgG immobi-
lized to Sepharose (Amersham Biosciences). For the analysis of the
2z-tagged CTFs, samples were denatured in sample buffer in the ab-
sence of reducing agents and electrophoresed on 15% Tris/glycine gels.
To investigate the full-length 2z-tagged proteins, samples were dena-
tured in sample buffer with �-mercaptoethanol and separated on 8%
Tris/glycine gels. After Western blotting, samples were incubated with
a nonspecific rabbit antiserum as the primary antibody followed by
anti-rabbit serum coupled to horseradish peroxidase and ECL
detection.

Metabolic Labeling and Immunoprecipitation—Stably transfected
SH-SY5Y cells cultivated in 6-cm dishes were incubated for 7 h with 200
�Ci of [35S]methionine/dish (Amersham Biosciences) in 1.5 ml of min-
imum essential medium lacking methionine (Sigma), and 5% dialyzed
fetal calf serum (Sigma). The conditioned media were harvested, cen-
trifuged at 4 °C at 10,000 � g for 10 min to remove cellular debris,
subsequently transferred to new microcentrifuge tubes, and finally
subjected to immunoprecipitation for 3 h at room temperature. The cells
were washed with phosphate-buffered saline, harvested, and lysed in
ice-cold lysis buffer (50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 1% Nonidet
P-40 (Sigma), 5 mM EDTA, 1% Triton X-100), supplemented with pro-
tease inhibitors (CompleteTM protease inhibitor mixture, Roche Applied
Science). The 10,000 � g supernatants were diluted 1:5 in buffer A (10
mM Tris/HCl, pH 7.5, 150 mM NaCl, 0.2% Nonidet P-40, 2 mM EDTA,
supplemented with 0.05% SDS) and subjected to immunoprecipitation
for 3 h at room temperature.

The Sepharose beads were washed three times with buffer A, twice
with buffer B (10 mM Tris/HCl, pH 7.5, 500 mM NaCl, 0,2% Nonidet
P-40, 2 mM EDTA), once with buffer A� (10 mM Tris/HCl, pH 7.5, 150 mM

NaCl, 0,2% Nonidet P-40, 2 mM EDTA, supplemented with 0,2% SDS),
and once with buffer C (10 mM Tris/HCl, pH 7.5). The beads were
resuspended in 40 �l 2� Laemmli SDS sample buffer plus �-mercap-
toethanol and heated at 95 °C for 5 min. For analysis of the 2z-tagged
CTFs, samples were denatured in sample buffer without �-mercapto-
ethanol and electrophoresed on 15% Tris/glycine gels. For analysis of
the 2z-tagged full-length protein, samples were denatured in sample
buffer with �-mercaptoethanol and electrophoresed on 8% Tris/glycine
gels. To investigate the APLP-1 wt CTFs and the small secreted pep-
tides, samples were denatured in sample buffer with �-mercaptoetha-
nol and electrophoresed on 16.5% Tris/Tricine gels. The full-length
protein was analyzed on 8% Tris/glycine gels.

RESULTS

Detection of the C-terminal Fragments of APP695, APLP-1,
and APLP-2-763—The investigation of the C-terminal proteo-
lytic fragments of APLP-1 and APLP-2 was performed in anal-
ogy to our previous study on APP processing (23), for which the
APP cytosolic domain was stabilized as a chimeric fusion pro-
tein with a 2z tag. This tag corresponds to a tandem repeat of
the z-domain of protein A that binds to the heavy chain of
immunoglobulins. We have shown that the 2z tag does not alter
the proteolytic processing of APP but stabilizes its C-terminal
fragments and enhances their detection (23). This method has
enabled the detection of a novel �-cleavage site of APP at the
C-terminal end of the transmembrane domain, between Leu49

and Val50 (23). Thus, the 2z tag was fused to the C termini of
APLP-1 and APLP-2-763, and these constructs, which we
termed APLP-1-2z and APLP-2-2z, respectively, were overex-
pressed in SH-SY5Y cells. Cell lysates from SH-SY5Y cells,

stably transfected with either APP-2z, APLP-1-2z, or APLP-2-
2z, were incubated with IgG-coupled Sepharose to precipitate
2z-encoding full-length proteins and C-terminal fragments
(Fig. 1). Cells transfected with an empty vector were used as a
control. Classification of the C-terminal fragments of APLP-
1-2z and APLP-2-2z in Fig. 1 is based on pharmacological
studies, and the size of these fragments is compared with
deletion mutants as shown below. For APP-2z cells, two major
fragments of 27 and 23 kDa were immunoprecipitated (Fig. 1A,
lane 1) that represent the C-terminal cleavage products derived
from APP processing at �- and �-sites, respectively, as deter-
mined previously by N-terminal sequence analysis (23). The
two upper bands at 29 and 28 kDa correspond to C-terminal
fragments derived from �-secretase processing at Asp1 and at
Gln11, respectively (23). The intermediate 26-kDa band repre-
sents the product of an alternative �-secretase cleavage at
position Gly25, as determined by N-terminal sequencing (23).
For APP-2z (Fig. 1B, lane 1) the full-length protein was de-
tected with two bands with an apparent molecular mass of 120
and 140 kDa that correspond to the immature, N-glycosylated
form and the mature N- and O-glycosylated form, respectively
(23, 48). For APLP-1-2z (Fig. 1B, lane 2), the full-length protein
was detected as four bands. The three lower bands at about
90–97 kDa correspond to the immature, only N-glycosylated
forms, whereas the upper band at about 110 kDa corresponds
to the fully mature N- and O-glycosylated APLP-1 (4). The
corresponding APLP-1 C-terminal fragments were detected as
two doublets of 28 (�-like CTF) and 23 kDa (�-like CTF) and a
minor signal (��-like CTF) at 27 kDa (Fig. 1A, lane 3). APLP-2
seemed to undergo a more complex processing than the other
members of the APP gene family, as a subset of C-terminal
fragments was detected in the range of 23–38 kDa (Fig. 1A,

FIG. 1. Detection of C-terminal fragments of APP695, APLP-1,
and APLP-2-763. A, lysates of SH-SY5Y cells stably overexpressing
APP695–2z (lane 1), APLP-1-2z (lane 3), APLP-2-2z (lane 5) or empty
vector (lanes 2, 4, and 6) were analyzed on 15% Tris/glycine gels. FL,
full length. B, lysates of SH-SY5Y cells stably overexpressing
APP695–2z (lane 1), APLP-1-2z (lane 2), APLP-2-2z (lane 3), or empty
vector (lane 4) were analyzed on 8% Tris/glycine gels. Cell lysates were
subjected to immunoprecipitation with IgG-Sepharose, followed by im-
munoblotting with nonspecific rabbit antiserum and ECL detection.
N,N-glycosylated immature form of the full-length protein; N,O, N- and
O-glycosylated mature form of the full-length protein.
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lane 5). The major fragments were grouped into three clusters
of bands that we labeled �-like CTF, ��-like CTF, and �-like
CTF. For APLP-2-2z, the full-length protein was detected as
two bands with an apparent molecular mass of 135 and 150
kDa that correspond to the immature, N-glycosylated form and
the mature N- and O-glycosylated form, respectively (Fig. 1B,
lane 3) (49).

Delineating the Cleavage Sites of APLP-1 and APLP-2—To
narrow the cleavage sites of the C-terminal fragments derived
from full-length APLP-1 and full-length APLP-2, we generated
a series of deletion mutants of the APP-like proteins starting
N-terminal to the transmembrane region and extending within
the transmembrane domain to cover the sites, where cleavages
by �-, �-, and �-secretases are expected to occur. All deletion
mutants were C-terminally fused to the 2z tag, as shown in the
schematic representation (Figs. 2A and 3A). These deletion
constructs were translated in vitro in the presence of [35S]me-
thionine and immunoprecipitated with IgG-coupled Sepharose.
These samples were compared with C-terminal fragments im-
munoprecipitated from SH-SY5Y cells stably transfected with
full-length APLP-1-2z or full-length APLP-2-2z. The deletion
mutants D568-APLP-1-2z and R579-APLP-1-2z start N-termi-
nal to the transmembrane domain of APLP-1, in the region
where �-secretase cleavages are expected to occur (Fig. 2A) (16,
50). Comparison of the deletion mutant D568-APLP-1-2z with
the cellular APLP-1-2z CTFs (Fig. 2B, lanes 1 and 5) indicated
that the �28-kDa APLP-1-2z CTFs resulted from cleavage
around amino acid 568, about 12 residues N-terminal to the
transmembrane domain, which were therefore designated as
�-like CTFs. Fragments with a similar size as the deletion
mutant R579-APLP-1-2z were also observed and termed ��-like
CTFs (by analogy to �� cleavage of APP before Gly25) (23). The
deletion mutant M600-APLP-1-2z starts at the C-terminal end

of the transmembrane domain of APLP-1, at a position analo-
gous to the �-cleavage site of APP (23, 24, 25, 26). The APLP-
1-2z 23-kDa CTF had a similar apparent molecular weight as
the in vitro translated M600-APLP-1-2z (Fig. 2B, compare
lanes 1 and 2) and was thus named �-like-CTF. We could not
detect any C-terminal fragment with migration similar to the
mutant Met588 that could represent a �-like CTF of APLP-1-2z
(Fig. 2B, lanes 1 and 3). Taken together these data indicate
that APLP-1-2z is processed at cleavage sites analogous to the
�- and �-cleavage sites of APP.

A similar approach was used to delineate the cleavage sites
of APLP-2 (Fig. 3). The deletion mutant M664-APLP-2-2z
starts N-terminal to the transmembrane domain of APLP-2 in
the region where �-secretase processing is expected to occur
(Fig. 3A). Comparison of this deletion mutant (Fig. 3B, lane 5)
with the APLP-2-2z CTFs (Fig. 3B, lane 1) shows that the
minor fragments of 29 kDa could correspond to cleavage
around amino acid 664 (labeled as �-like CTF). A subset of
fragments with a molecular mass higher than 30 kDa (Fig. 3A,
lane 1) would represent products of cleavage upstream from the
�-secretase site, possibly homologous to the �-cleavage site
described for APP. The deletion mutant R678-APLP-2-2z,
which begins near the expected �-cleavage site (Fig. 3A), mi-
grated with a similar electrophoretic mobility as fragments of
�27 kDa produced from APLP-2-2z full-length protein (Fig. 3B,
compare lanes 1 and 4); thus these were labeled �-like CTFs.
The APLP-2-2z mutant that starts near the expected ��-secre-
tase cleavage site (Fig. 3A) migrated similarly to minor APLP-
2-2z fragments of �25 kDa (Fig. 3B, lane 3), suggesting that
APLP-2 also undergoes cleavage at the ��-site. The deletion
mutant M715-APLP-2-2z resembles a putative fragment of
APLP-2 that would be produced by cleavage at the end of the
transmembrane domain, at the �-site (Fig. 3A). This migrated

FIG. 2. Delineating the cleavage sites of APLP-1. A, comparison of the amino acid sequences of APP695 and APLP-1 of the juxtamembrane
region. The sequence of APP695 shows the identified cleavage sites. Cleavage at position 25 of the A� sequence has been described (23). The
cleavage between Leu49 and Val50 was denoted as �-cleavage (23). For the sequence of APLP-1-2z the starting amino acids of the deletion mutants
generated and fused to a C-terminal 2z tag (result, B) are indicated. The mutations at N-glycosylation site Asn551 (N551Q) and at the hypothesized
�-secretase cleavage sites (R567E) that have been analyzed in Fig. 7 are also indicated. The region highlighted corresponds to the predicted
transmembrane domains of APP (47) and APLP-1 (4). B, SH-SY5Y cells stably expressing APLP-1-2z (B, lane 1) were metabolically labeled for 4 h
with [35S]methionine followed by immunoprecipitation with IgG-Sepharose. The deletion mutants of APLP-1-2z (starting amino acids in A) were
translated in vitro using rabbit reticulocyte lysates in the presence of [35S]methionine and immunoprecipitated with IgG-Sepharose. (B, lanes 2–5)
The C-terminal fragments were separated on a 15% Tris/glycine gel and visualized by autoradiography.
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similarly to the 23-kDa APLP-2-2z CTFs, confirming that these
fragments correspond to �-like CTF products. Taken together,
these data indicate that APLP-2-2z is processed at sites homol-
ogous to the �- and �-sites and perhaps also the �- and �-sites
of APP. C-terminal fragments of APLP-2 derived from �-cleav-
age in the middle of the transmembrane domain (�-CTFs) were
not expected to be observed since homologous fragments have
not been detected with either APP-2z or APLP-1-2z.

The Proteolytic Processing of APP-2z, APLP-1-2z, and APLP-
2-2z Is Inhibited by the Same �- and �-Secretase Inhibitors—To
characterize further the proteases involved in the proteolytic
processing of APLP-1 and APLP-2, we used specific inhibitors
that have been shown before to inhibit effectively the process-
ing of APP by �- and �-secretases, as well as several protea-
some inhibitors. For inhibition of �-secretase activity, we used
the aspartyl protease inhibitor L-685,458 (35, 51), which causes
an accumulation of �- and �-CTF of APP with concomitant
reduction in both A� and �-CTF (23, 25). The broad spectrum
calpain inhibitor MDL28170 was tested as it is known to cause
an accumulation of both �-CTF and �-CTF of APP and a con-
comitant decrease of APP �-CTF (23, 24). Furthermore, when
used at low concentration, this inhibitor can increase A�42

production but has little effect on A�40 production (53, 54). For
inhibiting �-secretase, we employed the metalloprotease inhib-
itors, batimastat (55) and TAPI-2 (56–58). We also tested the
effect of three different proteasome inhibitors as follows: the
tripeptide aldehyde MG132 that has been reported to inhibit
�-secretase activity (28) and is also known to inhibit calpain in
vitro (59); the calpain inhibitor I (or ALLN) that is also known
to inhibit the proteasome significantly (60); and lactacystin
that is a highly selective proteasome inhibitor and has no effect
on aspartyl and cysteine proteases, including cathepsin D and
calpain (61–63).

SH-SY5Y cells stably overexpressing APP-2z, APLP-1-2z,
APLP-2-2z, and control cells were metabolically labeled for 7 h
with [35S]methionine in the presence of inhibitors followed by
immunoprecipitation of the cell lysates with IgG-Sepharose.
Treatment with the highly specific �-secretase inhibitor
L-685,458 caused an accumulation of �- and �-CTFs of APP
with a concomitant decrease of the �-CTF (Fig. 4A, lanes 3 and
4), as described before (23). Similarly, this inhibitor caused an
accumulation of the �- and ��-like CTFs of APLP-1-2z (Fig. 4B,
lanes 3 and 4) and of the �- and ��-CTFs of APLP-2-2z (Fig. 4C,
lanes 3 and 4), suggesting that all these fragments are con-
verted by �-secretase. The formation of �-like products was
abolished by L-685,458 treatment, confirming that they were
indeed produced by the �-secretase complex. As described be-
fore for APP, MDL28170 caused an accumulation of �- and
�-CTFs (Fig. 4A, lane 5). Similarly, the cellular concentration
of �-like CTFs of APLP-1-2z and APLP-2-2z (Fig. 4, B and C,
lane 5) was increased in the presence of this �-secretase inhib-
itor. Concomitantly, the formation of APP695–2z �-CTF (23),
�-like-CTF of APLP-1, and �-like CTF of APLP-2-2z was re-
duced (Fig. 4, A–C, lane 5). The �-secretase inhibitors batimas-
tat and TAPI-2 inhibited the formation APP-2z �-CTF and the
generation of the �-like CTFs of APLP-1-2z and APLP-2-2z
(Fig. 4, A–C, lanes 6 and 7), suggesting that these fragments
were produced by an �-secretase activity. The presence of the
proteasome inhibitors MG132 and lactacystin caused a strong
accumulation of APP �-CTF and of the �-like CTFs of APLP-1
and APLP-2 (Fig. 4, A–C, lanes 8 and 10), indicating that these
fragments undergo cellular degradation by the proteasome.
MG132 had little effect on the levels of APP �- and �-CTFs or
on the �-like fragments of APLP-1 and APLP-2 (Fig. 4, A–C,
lane 8), but lactacystin treatment slightly decreased the forma-
tion of these fragments, possibly due to the regulation of the

FIG. 3. Delineating the cleavage sites of APLP-2. A, comparison of the amino acid sequences of APP695 and APLP-2 of the juxtamembrane
region. As for Fig. 2, the sequence of APP695 is shown with the identified cleavage sites and aligned with the sequence of APLP-2-2z and those
of the generated deletion mutants. The region highlighted corresponds to the predicted transmembrane domain of APP (47) and APLP-2 (6). B,
SH-SY5Y cells stably expressing APLP-2-2z (B, lane 1) were metabolically labeled for 4 h with [35S]methionine followed by immunoprecipitation
with IgG-Sepharose. The deletion mutants of APLP-2-2z (start amino acids in A) were translated in vitro using rabbit reticulocyte lysates in the
presence of [35S]methionine and immunoprecipitated with IgG-Sepharose. B, lanes 2–5, the C-terminal fragments were separated on a 15%
Tris/glycine gel and visualized by autoradiography.
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levels of �- and �-like CTFs (Fig. 4, A–C, lane 10). In contrast,
the broad spectrum inhibitor ALLN caused an accumulation of
APP �- and �-CTFs and �-like CTFs of APLP-1 and APLP-2.
Little change was observed in the amounts of �-CTF of APP and
of the �-like CTFs of APLP-1 and APLP-2 (Fig. 4, A–C, lane 9).
ALLN also decreased the level of an uncharacterized C-termi-
nal fragment of APLP-2 (marked by an *) with a similar effect
to the other calpain inhibitor MDL28170, suggesting that this
fragment may be produced by a calpain-like activity.

Processing of Untagged Wild-type APLP-1 and APLP-2—To
further characterize the processing of APLP-1 and APLP-2, we
produced antibodies directed to the C-terminal and A�-like
regions of the APP homologues. These antibodies were used for
immunoprecipitation of CTFs from lysates of metabolically la-
beled SH-SY5Y cells stably transfected with APLP-1 wt or
APLP-2 wt. These antibodies did not cross-react with the other
APP gene family members (data not shown). Antibody 57,
directed against the C terminus of APLP-1, immunoprecipi-
tated �-like and ��-like CTFs of 8–10 kDa which were resolved
as two doublets (Fig. 5A, lane 1). This is in agreement with the
previously observed pattern for the tagged constructs (Figs. 2

and 4B). Additionally, fragments with a size of 16 kDa were
detected, analogous to the fragments of about 38 kDa of APLP-
1-2z (Figs. 5, A and D, and 4B). Precipitation with pre-immune
serum or precipitation of cell lysates of mock-transfected cells
with antibody 57 failed to detect these proteins, indicating that
they were specific (Fig. 5A, lane 2 and 3). Antibody 150, di-
rected against the A�-like region of APLP-1, precipitated the
same C-terminal fragments but with a lower affinity (Fig. 5A,
lane 4).

Anti-APLP-2 C-terminal antibody (APLP-2 CTF) immuno-
precipitated the C-terminal fragments of 10–12 and 15–16 kDa
that would correspond to �-like, �-like CTFs, respectively (Fig.
5B, lane 2), analogous to the C-terminal fragments detected
with the 2z construct (Fig. 4C). These fragments were not
detected in mock-transfected SH-SY5Y cells (Fig. 5B, lane 1).
Antibody 158, which is directed against the A�-like region of

FIG. 4. The proteolytic processing of APP-2z, APLP-1-2z, and
APLP-2-2z is inhibited by the same �- and �-secretase inhibitors.
SH-SY5Y cells stably overexpressing APP695–2z (A), APLP-1-2z (B),
and APLP-2-763-2z (C) were metabolically labeled for 6 h with [35S]me-
thionine in the presence of the �-secretase inhibitor L-685,458 (1 �M)
(lane 3), L-685,458 (7 �M) (lane 4), the calpain inhibitor MDL28170 (100
�M) (lane 5), the metalloprotease inhibitors batimastat (20 �M) (lane 6),
and TAPI-2 (40 �M) (lane 7), the proteasome inhibitors MG132 (20 �M)
(lane 8), ALLN (2 �M) (lane 9), and lactacystin (5 �M) (lane 10). Un-
treated cells and cells incubated with Me2SO (DMSO) served as a
control (lanes 1 and 2). The cell lysates were immunoprecipitated with
IgG-Sepharose, and the APP and APLP fragments were separated on a
15% Tris/glycine gel and visualized by autoradiography. (The asterisk
indicates the APLP-2 C-terminal fragment that is reduced in the pres-
ence of a calpain-inhibitor.)

FIG. 5. Processing of untagged APLP-1 and APLP-2. A, SH-
SY5Y cells stably transfected with APLP-1 or with empty vector were
metabolically labeled for 4 h with [35S]methionine. Cell lysates of
APLP-1-transfected cells were immunoprecipitated with antibody 57
(anti-APLP-1 CTF) (lane 1), pre-immune (p.i.) serum 57 (lane 2), or
antibody (ab) 150 (anti-APLP-1 A�-like region) (lane 4). Cell lysates of
mock-transfected SH-SY5Y cells were immunoprecipitated with anti-
body 57 (lane 3) and antibody 150 (lane 5). B, SH-SY5Y cells stably
transfected with APLP-2 or with empty vector were metabolically la-
beled for 4 h with [35S]methionine. Cell lysates of APLP-2-transfected
cells were immunoprecipitated with antibody APLP-2 CTF (lane 2),
antibody 158 (anti-APLP-2 A�-like region) (lane 5), and pre-immune
serum 158 (lane 4). Cell lysates of mock-transfected cells were immu-
noprecipitated with antibody APLP-2 CTF (lane 1) and antibody 158
(lane 3). C, APP695 stably transfected SH-SY5Y cells were metaboli-
cally labeled for 6 h with [35S]methionine in the presence of 4 �M

L-685,458 (lane 3), 6 �M DAPT (lane 4), and 100 �M MDL28170 (lane 5),
Me2SO (DMSO, lane 2) and compared with untreated cells (lane 1). Cell
lysates were immunoprecipitated with antibody CT13. D, APLP-1-
transfected SH-SY5Y cells were metabolically labeled for 6 h with
[35S]methionine in the presence of 4 �M L-685,458 (lane 3), 6 �M DAPT
(lane 4), and 100 �M MDL28170 (lane 5), Me2SO (DMSO, lane 2) and
compared with untreated cells (lane 1). Cell lysates were immunopre-
cipitated with antibody 57. E, APLP-2 stably transfected SH-SY5Y cells
were metabolically labeled for 6 h with [35S]methionine in the presence
of 4 �M L-685,458 (lane 3), 6 �M DAPT (lane 4), and 100 �M MDL28170
(lane 5), Me2SO (DMSO, lane 2) and compared with untreated cells
(lane 1). Cell lysates were immunoprecipitated with antibody anti-
APLP-2 CTF. (The asterisk indicates the APLP-2 C-terminal fragment
that is reduced in the presence of a calpain inhibitor.)
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APLP-2, immunoprecipitated the same fragments (Fig. 5B,
lane 5) but with a weaker affinity. These fragments were not
detected with the corresponding pre-immune serum (Fig. 5B,
lane 4). The weak signals of fragments precipitated with anti-
body 158 in mock-transfected cells represent endogenous
APLP-2 (Fig. 5B, lane 3). Treatment of the APP695 wt, APLP-1
wt, or APLP-2 wt transfected SH-SY5Y cells with three differ-
ent �-secretase inhibitors (L-685,458, DAPT, and MDL28170)
caused the expected accumulation of APP CTFs (Fig. 5C, lanes
3–5) and of the APLP-1 (Fig. 5D, lanes 3–5) and APLP-2 CTFs
(Fig. 5E, lanes 3–5), indicating that all these C-terminal frag-
ments are further converted by �-secretase. No C-terminal
fragment of APLP-1 with a size corresponding to a �-like CTF
was detectable, even in the presence of �-secretase inhibitors
(Fig. 5D, lanes 1–5). Again, APLP-2 showed the most complex
processing, as found before with the 2z-tagged constructs
(Fig. 4C).

Secretion of p3-Like Fragments from APLP-1 Transfected
SH-SY5Y Cells—Since we showed processing of APLP-1 by �-
and �-secretase, we proposed to investigate if this cleavage will
result in the secretion of p3-like fragments. The conditioned
media of SH-SY5Y cells stably transfected with APLP-1 wt
were subjected to immunoprecipitation with antibody 150 (di-
rected to the A�-like region of APLP-1). The corresponding
pre-immune serum and antibody 42464 (recognizing the
ectodomain of APLP-1) served as controls. Antibody 150 immu-
noprecipitated small peptides of about 3.4 kDa from the condi-
tioned media of stably APLP-1 transfected SH-SY5Y cells (Fig.
6A, lanes 1 and 2). Neither sAPLP-1 nor the 3.4-kDa fragments
could be immunoprecipitated with the corresponding pre-im-
mune serum (Fig. 6A, lane 4). Antibody 42464 immunoprecipi-
tated the secreted ectodomain, sAPLP-1, but not the 3.4-kDa
fragments (Fig. 6A, lane 5). The secretion of the small peptides
was also reduced by treatment with the hydroxamate-based
inhibitor batimastat (55) (Fig. 6A, lane 3), suggesting that they
are produced by an �-secretase activity and are homologous to
the p3 peptides of APP.

To characterize the proteases involved in the production of
these p3-like fragments in more detail, APLP-1-transfected
SH-SY5Y cells were incubated with either L-685,458, batimas-
tat, TAPI-2, or the phorbol ester PMA, which activates protein
kinase C and promotes �-secretion (18, 64, 65). The production
of p3-like fragments was strongly reduced by both batimastat
(Fig. 6C, lane 10) and TAPI-2 (Fig. 6C, lane 11) and was
increased by treatment of cells with 1 �M PMA (Fig. 6C, lane
13). These results demonstrate that APLP-1 p3-like fragments
are produced by �-secretase. To demonstrate that the genera-
tion of the p3-like fragments also depends on �-secretase, we
incubated stably APLP-1-transfected SH-SY5Y cells with dif-
ferent concentrations of L-685,458. The �-secretase inhibitor
abolished the production of p3-like fragments of APLP-1 in a
dose-dependent manner, with complete inhibition being ob-
served at 3–7 �M inhibitor concentrations (Fig. 6C, lanes 7–9).
The same results were obtained with stably APLP-1-2z-trans-
fected SH-SY5Y cells (data not shown).

Secretion of 4.5–5-kDa Fragments from APLP-1 Is Dependent
on N-Glycosylation and Is Due to the Sequential Action of �-
and �-Secretase Activities—In the experiments shown before,
only �-, �-CTFs, and p3-like fragments were detected for APLP-
1-transfected cells, suggesting that APLP-1 is not converted by
�-secretase. Examination of the APLP-1 sequence revealed
three potential N-glycosylation sites at positions 331, 446, and
551 (4), the latest being positioned precisely at the site homol-
ogous to the �-secretase cleavage site of APP (Fig. 2A and Fig.
6A). Thus, we proposed that �-secretase cleavage of APLP-1
might be impeded by glycosylation of Asn551. To test this hy-

pothesis, we used tunicamycin (4, 48, 66) to block N-glycosyla-
tion of APLP-1. The conditioned media from APLP-1-trans-
fected SH-SY5Y cells treated with tunicamycin were
immunoprecipitated with antibody 150 (directed against the
A�-like region), and three additional fragments with a size of
about 4.5–5 kDa were observed (Fig. 7A, lane 4). We also
analyzed the cell lysates of stably APP-2z, APLP-1-2z, or
APLP-2-2z transfected SH-SY5Y cells after treatment with
tunicamycin, thereby confirming that additionally C-terminal
fragments of APLP-1 can be detected, whereas there was no
difference for the production of the C-terminal fragments of
APP and APLP-2 (Supplemental Material, Fig. 1). To confirm
this result for APLP-1, we transfected SH-SY5Y cells with the
mutant APLP-1 N551Q that bears a point mutation abolishing
N-glycosylation at this site. Immunoprecipitation of condi-
tioned media of APLP-1 N551Q with antibody 150 resulted in
the detection of the same 4.5–5-kDa fragments (Fig. 7A, lane 5)
as shown before for the tunicamycin-treated cells. We also
analyzed the mutant APLP-1 R567E C-Myc that carries a point
mutation at the hypothetical �-secretase cleavage site. This
mutation resulted in the loss of the upper band of the p3-like

FIG. 6. Secretion of p3-like fragments from APLP-1-trans-
fected SH-SY5Y cells. A, schematic representation of APLP-1 showing
the epitopes of antibody (ab) 150 (A�-like region of APLP-1) and anti-
body 42464 (ectodomain of APLP-1). The three potential N-glycosyla-
tion sites of APLP-1 are indicated. B, SH-SY5Y cells stably expressing
APLP-1 and control cells were metabolically labeled for 7 h with
[35S]methionine in the presence (lane 3) or absence (lanes 1, 2, 4, and 5)
of the zinc-metalloprotease inhibitor batimastat. The cell lysates and
conditioned media were subjected to immunoprecipitation with anti-
body 150 (lanes 1–3). The corresponding pre-immune (p.i.) serum (lane
4) or antibody 42464 (lane 5) served as controls. C, SH-SY5Y cells stably
transfected with APLP-1 wt were metabolically labeled with [35S]me-
thionine for 7 h in the presence of the following inhibitors: �-secretase
inhibitor L-685,458 at the following concentrations: 40 nM (lane 3), 200
nM (lane 4), 500 nM (lane 5), 1 �M (lane 6), 3 �M (lane 7), 5 �M (lane 8),
and 7 �M (lane 9), and the metalloprotease inhibitors batimastat 40 �M

(lane 10), and TAPI-2 20 �M (lane 11). SH-SY5Y wt cells were used as
a control. SH-SY5Y cells stably transfected with APLP-1 wt were pre-
treated for 1 h with 1 �M PMA (lane 13) or Me2SO (DMSO) as a control
(lane 12) and metabolically labeled for 4 h with [35S]methionine. Cell
lysates and the conditioned media were immunoprecipitated with an-
tibody 150 and separated on 8% Tris/glycine gels and 16.5% Tris/Tricine
gels, respectively. FL, full length.

Proteolytic Processing of APLP-1 and APLP-218152



doublet, suggesting that part of APLP-1 becomes converted by
�-secretase at position 567.

Further analysis of the corresponding cell lysates showed
that total inhibition of N-glycosylation of APLP-1 led to a
decrease in the size of full-length APLP-1 by about 10 kDa,
consistent with inhibition of glycosylation at all three N-glyco-
sylation sites (Fig. 7A, lane 4). The apparent molecular weight
of mutant N551Q full-length protein was only slightly lower
than that of APLP-1 wt since only one N-glycosylation site was
affected (Fig. 7A, lane 5). Mutant R567E displayed a slightly
lower electrophoretic mobility than APLP-1 wt due to the C-
terminal Myc tag (Fig. 7A, lane 6).

To characterize further the fragments detected in the pres-
ence of tunicamycin and with the N551Q mutant from APLP-1,
we treated the cells with �- and �-secretase inhibitors. TAPI-2
clearly caused a decrease in the production of these 4.5–5-kDa
fragments (Fig. 7B, lane 6), indicating they are produced by an
�-secretase activity. This was further supported by showing
that production of these fragments was increased after incuba-
tion of the cells with PMA, the activator of protein kinase C
that enhances �-secretion (Fig. 7B, lane 8). The �-secretase
inhibitors L-685,458 (51) and DAPT (67) (Fig. 7B, lanes 4 and
5, respectively) also prevented formation of these fragments,
confirming that they are produced by �-secretase complex.
Thus, our data indicate that although 4.5–5-kDa peptides can
be produced from APLP-1, these are due to sequential action of
�- and �-secretase activities and do not involve �-secretase.

Secretion of A�-like Fragments from APLP-2-transfected SH-
SY5Y Cells—Multiple APLP-2 fragments corresponding to
�-like and �-like CTFs were detected, which are further pro-
cessed by �-secretase (Figs. 4C and 5E). To detect p3- and
possibly A�-like fragments, conditioned media of APLP-2 sta-
bly transfected SH-SY5Y cells were subjected to immunopre-
cipitation with antibody 158 that was directed against the
A�-like region of APLP-2. Secretory peptides with a size of
4.5–8 kDa were detected that may represent products from �-
and �-cleavage, further processed by �-secretase (Fig. 8, lane 3).
The pre-immune serum failed to detect these fragments (Fig. 8,
lane 2) that were also absent from antibody 158 immunopre-
cipitates from media of mock-transfected cells (Fig. 8, lane 1).
Since the only methionine present in the A� region of APLP-2
is near the predicted �-secretase site (residue 664; Fig. 3A),
only fragments resulting from cleavage upstream from Met664

are detectable in the immunoprecipitates by autoradiography.
Thus, our results suggest that APLP-2 can generate A�-like
products. Whether these are due to the action of an �-secretase
or a �-secretase activity remains to be clarified.

DISCUSSION

The proteolytic processing of the mammalian APP gene fam-
ily members APLP-1 and APLP-2 has been poorly investigated
so far, although further characterization of the metabolism of
the APP-related proteins is of interest for evaluating therapeu-
tic strategies that target APP processing. The use of C-termi-
nally 2z-tagged APLP-1 and APLP-2 chimeric constructs en-
abled us to detect several C-terminal fragments with a size
expected for products from cleavages N-terminal to the trans-
membrane domain and within the transmembrane domain, as
expected for a conversion by �-, �-, and �-secretases (Fig. 1).
Studies with various cell lines have demonstrated that the
principal cleavage of APP occurs after Lys16 within the A�
domain and is due to �-secretase activity (16, 17), but multiple
minor cleavages around this site have also been reported (22,
23, 68). It has been shown previously (50, 68–71) that various
point mutations near the �-cleavage site of APP, at Lys16 or at
the adjacent amino acids, or deletions in this region have little
or no effect on the secretion of the APP ectodomain. So the
principal determinants of APP cleavage by �-secretase appear
to be the distance of the hydrolyzed bond from the membrane
(12 or 13 residues) and a helical conformation (50). Pharmaco-
logical studies have shown that �-secretase is a zinc-dependent
metalloprotease, and that its activity can be blocked by peptide
hydroxamates (72).

FIG. 7. Secretion of 4.5–5-kDa fragments from APLP-1 is de-
pendent on N-glycosylation and is due to the sequential action
of �- and �-secretase activities. A, SH-SY5Y cells were stably trans-
fected with APLP-1 wt (lanes 2–4), APLP-1 N551Q (lane 5), and APLP-1
R567E c-Myc (lane 6), metabolically labeled with [35S]methionine, and
compared with SH-SY5Y wt cells (lane 1). APLP-1 wt cells were pre-
incubated for 1 h with tunicamycin (10 �g/ml) (lane 4), Me2SO (DMSO,
lane 3) or without inhibitor (lane 2). Conditioned media and cell lysates
were immunoprecipitated with antibody 150. FL, full length. B, APLP-1
N551Q stably transfected SH-SY5Y cells were metabolically labeled
with [35S]methionine in the presence of the following inhibitors: 4 �M

L-685,458 (lane 4), 4 �M DAPT (lane 5), 20 �M TAPI-2 (lane 6), Me2SO
(DMSO, lane 7), 1 �M PMA (lane 8). No treatment (lane 2) or Me2SO
(lane 3) were used as controls. Conditioned media and cell lysates were
immunoprecipitated with antibody 150 and compared with SH-SY5Y
wt cells (lane 1).

FIG. 8. Secretion of A�-like fragments from APLP-2-trans-
fected SH-SY5Y cells. Mock-transfected SH-SY5Y cells and cells sta-
bly transfected with APLP-2 were metabolically labeled with [35S]me-
thionine. FL, full length. The conditioned media and cell lysates were
immunoprecipitated with antibody 158 (lanes 1 and 3) or pre-immune
serum 158 (lane 2).
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We were able to show that APLP-1 and APLP-2 are pro-
cessed by an �-secretase activity similarly to APP. For both
homologues, we detected several C-terminal fragments with a
size similar to �-CTF of APP (Figs. 1 and 5). Moreover, com-
parison with in vitro translated deletion mutants starting N-
terminal to their transmembrane domains revealed that the
main cleavages occurred at about 12 amino acids N-terminal to
the transmembrane domains (Figs. 3 and 4) at sites homolo-
gous to the APP �-cleavage site. Like for APP, these �-secretase
products were the predominant C-terminal fragments pro-
duced during normal cellular metabolism. The heterogeneity of
these fragments may be due to the fact that �-secretase activity
is exerted by several proteases (TACE/ADAM 17, ADAM 10,
and MDC9), which are able to cleave APP and might also
process APLP-1 and APLP-2. That the metalloprotease inhib-
itors batimastat and TAPI-2 also reduced the levels of APLP-1
and APLP-2 �-like C-terminal fragments in a similar manner
as for APP confirms that these fragments are generated by an
�-secretase activity. In contrast to APLP-2, we found no evi-
dence for �-secretase cleavage of APLP-1. This was deduced
from the size of the C-terminal fragments detected (Figs. 2 and
3). Even in the presence of �-secretase inhibitors that lead to an
accumulation of �- and �-C-terminal fragments of APP, no
accumulation of an APLP-1 fragment with a size expected for a
�-secretase cleavage product was observed. In contrast, several
fragments of APLP-2 were observed that have a size similar to
the deletion mutant M664-APLP-2-2z, which mimics �-cleaved
APLP-2. It is known that BACE can cleave a sequence between
X/Y with X � Phe, Tyr, Met, or Leu and Y � Met, Ala, Ser, Gln,
Glu, or Asp (73). The sequence of APLP-2 in the region of
Met664 shows a leucine and an aspartate at positions 659 and
660, respectively, that could be potential BACE-cleavage sites.
Unlike �- and �-secretase, the aspartyl protease BACE that
generates the N terminus of A� shows a higher substrate
specificity (73, 74). So far the only reported BACE substrates
besides APP are the �2,6-sialyltransferase and the cell adhe-
sion protein P-selectin glycoprotein ligand-1 (75–77). BACE
cleaves APP at two sites, mainly before Asp1 and to a lesser
extent before Glu11 of A�. Additionally, minor forms of A�

peptides starting at Val3 and Ile6 have been identified (78) that
may result from cleavages by alternative proteases (12). Fur-
thermore, additional cleavage sites were also detected in cer-
tain systems that appear to be cell-specific, e.g. �-cleavage of
APP695 at position �12 (A� numbering) in hippocampal neu-
rons (22). The enzymatic activity that carries out �-cleavage
remains to be characterized. C-terminal fragments of APLP-1
and APLP-2 with a molecular weight higher than the �-like
fragments (30 and 38 kDa) were observed that might be gen-
erated by a similar enzyme activity.

The C-terminal fragments of APP, generated by �- and
�-secretase activities, are subsequently cleaved within the
transmembrane domain by �-secretase, resulting in the release
of small peptides termed p3 and A�, respectively, and of the
APP intracellular domain, AICD. �-Secretase appears to be a
multiprotein complex comprising the proteins APH-1, nicas-
trin, PEN-2, and presenilin (30). �-Secretase cleaves APP with
a loose sequence specificity in the middle of the transmem-
brane region (47, 79–83), as well as near the membrane/cytosol
interface (23–26). The exact mechanism of �-secretase cleavage
is still unclear, although a recent study shows that a signal
peptide peptidase with a membrane topology and consensus
motifs homologous to presenilin (84) is also capable to process
signal peptides at alternative membrane sites. A novel concept
is emerging that suggests that transmembrane domains can be
processed within a hydrophobic phospholipid environment and
several other classes of polytopic membrane proteases have

now been identified that include the putative metalloprotease
S2P that effects site 2 cleavage of the sterol-regulatory element
binding protein (85) and the rhomboid family of serine
proteases (86, 87).

A whole collection of �-secretase substrates has now been
found that includes Notch, the ErbB4 tyrosine kinase receptor
for neuregulins, E-cadherin, LRP, CD44, Delta, Jagged, and
Nectin-1-� (37). For all these proteins, it has also been demon-
strated that ectodomain cleavage by a metalloprotease pre-
cedes transmembrane processing by a �-secretase-like activity.
A dual �-secretase cleavage has so far been demonstrated only
for APP, Notch, and CD44 and in this report for APLP-1 and
APLP-2. The exact relationship between these two cleavages
has not been fully elucidated yet, although it has been reported
recently (88) that increased production of �42-CTF of APP by
mutant presenilins or mutant APP also increases the produc-
tion of a CTF starting at position 49, near the �-cleavage site
(position 50). We were able to detect �-like C-terminal frag-
ments of APLP-1 and APLP-2 that are generated by �-secretase
activity using 2z-tagged constructs. Comparison of cellular
fragments with in vitro translated standards indicates that
these correspond to cleavages at sites homologous to �-cleavage
of APP and S3 cleavage of Notch. Furthermore, the �-secretase
inhibitors L-685,458 and MDL28170 decreased the production
of these fragments significantly with a concomitant accumula-
tion of �-like C-terminal fragments of APLP-1 and �-, �-, and
�-like C-terminal fragments of APLP-2 (Fig. 4). This result was
confirmed by showing that three different �-secretase inhibi-
tors caused a significant accumulation of �-like C-terminal
fragments of untagged APLP-1 and �-, �-, and �-like fragments
of untagged APLP-2 (Fig. 5). Fragments resulting from �-like
cleavages at the C-terminal end of the transmembrane domain
of APLP-1 and APLP-2 have been identified by Gu et al. (24) in
rodent brain with matrix-assisted laser desorption ionization/
time of flight analysis, starting at position 716 of rat APLP-2
and at positions 605, 604, and 602 of mouse APLP-1. Therefore,
APLP-1 and APLP-2 represent two further substrates of
�-secretase. As for APP, substrate activation requires cleav-
ages by metalloproteases that result in shedding of the large
ectodomain, enabling cleavage by �-secretase within the trans-
membrane domain and release of the intracellular domain. The
finding that APP homologues can be processed to release in-
tracellular domains is consistent with a signaling function sim-
ilar to that of APP. There is a high degree of conservation
within the cytosolic domains of the APP gene family members,
and Scheinfeld et al. (89) and Walsh et al. (46) reported that all
three proteins can be stabilized by Fe65 and translocate to the
nucleus. These two groups also described the existence of C-
terminal fragments of APLP-1 and APLP-2 that can be modu-
lated by �-secretase inhibitors (46, 89).

The finding of �- and �-C-terminal fragments of APLP-1
prompted us to investigate the possible production of p3-like
fragments. We were able to detect a secreted p3-like fragment
of APLP-1 generated during normal cellular metabolism (Fig.
6). The �-secretase inhibitor L-685,458 as well as the metallo-
protease inhibitors TAPI-2 and batimastat decreased the pro-
duction of this fragment significantly, whereas the phorbol
ester PMA increased its detection, strongly suggesting that it
was generated by �- and �-secretase activities (Fig. 6). The
finding that R567E APLP-1 C-Myc, a mutant that carries a
point mutation at the potential �-secretase cleavage site, does
not produce the upper band of the secreted p3-like doublet,
further supports that some processing of APLP-1 occurs at
position 567, as shown by delineating the cleavage sites that
produce the �-like C-terminal fragments (Figs. 2 and 7).

APLP-1 is a highly glycosylated protein with three potential
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N-glycosylation sites at positions Asn336, Asn461, and Asn551.
N-Glycosylation site Asn551 is positioned exactly at the site
homologous to the APP �-secretase cleavage site. We were able
to show that inhibition of N-glycosylation by introducing a
point mutation at site 551 resulted in the generation of alter-
native secreted fragments of 4.5–5 kDa. Treatment of cells with
the N-glycosylation inhibitor tunicamycin caused a similar ef-
fect. The metalloprotease inhibitors batimastat and TAPI-2
and the �-secretase inhibitors L-685,458 and DAPT also de-
creased the production of the alternative p4.5–5 fragments,
although these were increased in the presence of PMA (Fig. 7).
This suggests that these fragments are also generated by an �-
and �-secretase activity and not by BACE (Fig. 7). Our data
indicate that the processing of APLP-1 can be influenced via
N-glycosylation, thereby regulating metalloprotease cleavages
that seem to be dependent on a certain helical conformation
N-terminal to the transmembrane domain of APLP-1. Simi-
larly, it has been reported recently that O-glycosylation can
modulate proteolytic processing of the low density lipoprotein
receptor-related protein 1 (LRP1) and the apolipoprotein E
(apoE) receptor-2 (apoER2) (90). Since APLP-1 cleavage is also
modulated by glycosylation, this result offers the intriguing
possibility that glycosylation might represent a general mech-
anism of regulation of proteolysis. Whether O-glycosylation of
the APP gene family members influences their proteolytic con-
version remains to be clarified.

We have also been able to detect small, secreted fragments of
APLP-2 in stably transfected SH-SY5Y cells. Their size corre-
sponds to that of an A�-like fragment, but the enzyme activities
that are responsible for their generation will have to be inves-
tigated in more detail.

Taken together, our results indicate that APLP-1 and
APLP-2 are processed by �-, �-, and �-cleavages in a similar
manner as APP. APLP-2 undergoes a processing more exten-
sive and more similar to that of APP, also including �-like
cleavages. This might be expected, since APP and APLP-2 are
evolutionarily more closely related to each other than to
APLP-1, which represents the ancestral form of the APP gene
family members (2). Our findings suggest that despite some
differences in the processing of the members of the APP gene
family, future treatment of patients with Alzheimer’s disease
by modulation of APP processing should take into consider-
ation the effect on APLP-1 and APLP-2 processing. Whereas all
three proteins are �-secretase substrates and show their proc-
essing to be influenced by �-secretase inhibitors, we have no
evidence so far that APLP-1 is a substrate of BACE. However,
since the ubiquitously expressed APLP-2 might be cleaved by
BACE, future work will reveal the impact of BACE inhibition
on neuronal survival and plasticity and on therapeutic ap-
proaches directed against APP processing that might interfere
with APLP2 processing as well.
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