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The intramembrane aspartyl protease �-secretase plays a fundamental role in several signaling pathways
involved in cellular differentiation and has been linked with a variety of human diseases, including Alzheimer’s
disease. Here, we describe a transgenic Drosophila model for in vivo-reconstituted �-secretase, based on
expression of epitope-tagged versions of the four core �-secretase components, Presenilin, Nicastrin, Aph-1,
and Pen-2. In agreement with previous cell culture and yeast studies, coexpression of these four components
promotes the efficient assembly of mature, proteolytically active �-secretase. We demonstrate that in vivo-
reconstituted �-secretase has biochemical properties and a subcellular distribution resembling those of
endogenous �-secretase. However, analysis of the cleavage of alternative substrates in transgenic-fly assays
revealed unexpected functional differences in the activity of reconstituted �-secretase toward different sub-
strates, including markedly reduced cleavage of some APP family members compared to cleavage of the Notch
receptor. These findings indicate that in vivo under physiological conditions, additional factors differentially
modulate the activity of �-secretase toward its substrates. Thus, our approach for the first time demonstrates
the overall functionality of reconstituted �-secretase in a multicellular organism and the requirement for
substrate-specific factors for efficient in vivo cleavage of certain substrates.

The Presenilin (PS) protein family was first identified on the
basis of dominant familial mutations inducing early-onset Alz-
heimer’s disease (26, 31, 37). An important pathological fea-
ture of Alzheimer’s disease is the formation of plaques caused
by the deposition of amyloid peptides derived from the pro-
teolytic cleavage of the amyloid precursor protein (APP). The
pathogenic A� peptide is produced by the sequential cleavage
of APP through �- and �-secretases (42). The first cleavage by
�-secretase occurs at an extracellular site near the transmem-
brane region of APP, leading to secretion of the extracellular
domain (ECD). The remaining C-terminal fragment (CTF)
serves as a substrate for �-secretase, which mediates proteol-
ysis inside the membrane region, releasing the APP intracel-
lular domain (AICD) and the A� peptide.

Soon after the identification of PS, its involvement in
�-secretase activity was revealed, and subsequently, a �-secre-
tase core complex was identified consisting of four proteins:
PS, Nicastrin (Nct), anterior pharynx defective 1 (Aph-1) and
PS enhancer 2 (Pen-2) (39). Strikingly, the �-secretase complex
responsible for cleaving APP comprises the same core compo-
nents that are necessary for the cleavage of other transmem-
brane proteins, including Notch (21). Notch is the receptor in
an evolutionarily conserved signaling pathway that plays a fun-
damental role in cellular differentiation and has been linked to
a variety of diseases, including cancer (3, 17). Following ligand

binding, the Notch receptor is cleaved at an extracellular site
near its transmembrane domain, rendering the remaining CTF
a substrate for the PS complex. Ultimately, the cleavage by the
�-secretase complex results in the release of the Notch intra-
cellular domain (NICD), which engages in transcriptional reg-
ulation. This coordinated proteolysis of APP and Notch, as
well as many other related type I integral membrane protein
substrates, has been termed regulated intramembrane prote-
olysis (RIP) (4).

PS contains two aspartate residues that are essential for the
catalytic activity of the complex and that are thought to form
the active center of the protease (46). Nct, Aph-1, and Pen-2
contribute to the maturation and stabilization of the complex
(24). Furthermore, evidence has been obtained for a function
of Nct in substrate recognition (36), a view challenged by a
recent study suggesting that Nct is instead needed only for
maturation of the complex (7). Cell-based and cell-free assays
have shown that only the coordinated overexpression of all
four proteins leads to an increase in �-secretase activity, argu-
ing that they form the minimal active complex and that the
assembly and maturation of the complex are highly regulated
(39). In Drosophila, there is only one homolog of PS and
Aph-1, whereas two homologs of each exist in mammalian cells
(PS1/PS2 and Aph-1a/Aph-1b). Based on the fact that alter-
native aph-1a splice forms can be detected, it has been sug-
gested, and subsequently demonstrated, that at least six dis-
tinct �-secretase complexes exist in mammalian cells (38) that
contribute to distinct �-secretase activities (35). However, to
date, the precise compositions and architectures of these com-
plexes are not known, and depending on the experimental
conditions used, complexes with a molecular mass of 250, 500,
or �2,000 kDa have been isolated in vitro. Recently, it was
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shown that a complex containing only one of each component
displays in vitro activity, but it is unknown whether this activity
is found in vivo as well (33). Furthermore, recently published
interactome analyses of �-secretase suggest that it interacts
with a variety of other proteins, which could be important for
maturation, localization, and/or enzymatic activity (43, 44).
Taken together, these findings illustrate a potential limitation
with the analysis of purified �-secretase complexes, namely,
that their observed in vitro minimal activities might not fully
reflect their full range of activities and cleavage efficiencies in
vivo.

In one of the earliest models addressing PS activity and
specificity, it was suggested that substrate recognition by the
�-secretase complex depends only on the size of the ECD and
is sequence independent (40). To address this phenomenon in
more detail, we developed a reporter system in Drosophila
which monitors the cleavage of transmembrane proteins in vivo
during Drosophila development, and we showed that PS-medi-
ated cleavage of APP is regulated in a cell-type-specific man-
ner, independent of the size of the ECD (27). In the meantime,
several studies have confirmed the existence of complex regu-
latory mechanisms that influence the cleavage efficiencies of
different substrate CTFs (8, 9, 18).

To address the question of the activity of the core PS com-
plex and the contribution of substrate-specific factors, we re-
constituted the Drosophila PS complex in vivo by simultaneous
overexpression of tagged versions of the four core components
with the GAL4/upstream activation sequence (UAS) system
(15) and analyzed its ability to cleave alternative model sub-
strates, including ones based on Notch and different APP/
APLP family members. In contrast to mammalian �-secretase,
Drosophila �-secretase is homogenous in composition due to
the fact that single-copy genes encode each of its four core
subunits. Our Drosophila-based approach thus permits the
analysis of substrate-specific cleavage efficiencies without the
additional complication of multiple potential �-secretase com-
plexes having distinct enzymatic properties. We found that in
vivo-reconstituted Drosophila �-secretase displayed biochemi-
cal and cell biological features similar to those of endogenous
�-secretase but exhibited substrate-specific effects with respect
to its proteolytic activities toward Notch and APP/APLP pro-
teins. These findings have potential implications for under-
standing the diverse functions of �-secretase involving different
cleaved substrates in different tissues, as well as the develop-
ment of pharmacological inhibitors that could potentially tar-
get specific substrates.

MATERIALS AND METHODS

Drosophila transgene construction and creation of transgenic fly lines. Unless
otherwise stated, standard Drosophila genetic and molecular biology techniques
were used. Substrates for the fluorescent RIP-detecting in vivo reporter system
were cloned by recombination and analyzed using Leica SP5 or SP2 confocal
systems as described previously (27). Transgenic fly lines for �-secretase-R (see
below) were established according to standard procedures by subcloning epitope-
tagged �-secretase component cDNA inserts (described in reference 23) into the
Drosophila transformation vector pUAST for UAS/GAL4 expression to create
UAS-Psn-loopmyc, UAS-Psn-Nmyc, UAS-Nct-2myc, UAS-Aph1-V5, and UAS-
Pen2-2flag flies or into the pPEPC vector (34) for direct transcriptional fusion to
the endogenous PS promoter to create PEPC-Psn-loopmyc and PEPC-Psn-Nmyc
flies (Table 1). Several individual lines were tested for each construct.

Biochemical analyses. For protein immunoblots from fly heads, flies were
frozen in liquid nitrogen and heads were separated from thoraxes by vigorous
shaking and knocking the tubes onto a hard surface. The fly heads were collected
and directly transferred into 3 �l 2� SDS sample buffer (containing 3.5 M urea)
per fly head. After the addition of 3 �l Benzonase (Merck or Roche) per 10 fly
heads, the tissue was homogenized in 1.5-ml reaction tubes using a micropestle
(Eppendorf), incubated at 37°C for 15 min, and centrifuged at 16,000 � g for 10
min, and up to 30 �l was loaded onto NuPAGE Novex Bis-Tris Mini Gels
(Invitrogen). After PAGE, the proteins were transferred onto Hybond mem-
branes (Amersham) by tank blotting in 25 mM Tris, 192 mM glycine, 20%
methanol at 200 mA for 2.5 h at 4°C. The membranes were washed with phos-
phate-buffered saline (PBS) plus 0.05% Tween 20 (PBST), blocked with PBST
plus 5% milk powder (PBST-MP) (Applichem), and incubated with the respec-
tive antibodies in PBST-MP overnight at 4°C. The membranes were then washed
with PBST, incubated with secondary antibodies (ECL Western Blotting Detec-
tion System; Amersham) in PBST-MP for 2 h at room temperature (RT), and
washed with PBST. Bound antibodies were detected with the ECL Western
Blotting Detection System (Amersham), and signals were visualized with hyper-
film (Amersham). Alternatively, bound antibodies were visualized with Super-
Signal West Femto (Thermo). Published protocols for mammalian �-secretase
were applied to fly head homogenates: coimmunoprecipitation (co-IP) and tan-
dem affinity (19), size exclusion chromatography (22), continuous density gradi-
ent centrifugation (49) (glycerol was replaced by sucrose), and blue native (BN)-
PAGE (33). The isolation of subcellular compartments utilized a protocol
established for mammalian cells (2). The sucrose step gradients were assembled
by successively layering differently concentrated sucrose solutions (in HEPES-
EDTA [5 mM HEPES, pH 7.0, 1 mM EDTA]) on top of each other in 14- by
89-mm tubes at 4°C. The following standardized protocol was utilized to perform
the actual experiments: �0.2 g of fly heads was incubated with 2 ml buffer HO
(5 mM HEPES, pH 7.0, 250 mM sucrose, 1 mM EDTA, 1� Roche Complete-
EDTA-Free) per 0.1 g heads on ice for 5 min in a Wheaton homogenizer and
then homogenized on ice (10 times with a loose pestle/2 times with a tight pestle).
The homogenate was transferred into 15-ml Falcon tubes and centrifuged 3 times
for 10 min each time at 500 � g, and 1 to 1.3 ml of the postnuclear supernatant
was layered on top of the prepared sucrose gradients. The gradients were cen-
trifuged at 274,000 � g (40,000 rpm; TH-641 rotor [Thermo]) for 2 h at 4°C, and
500-�l fractions were collected from the bottom. The distribution of cellular
compartments was determined based on the distribution profiles of different
marker proteins: Rab5, Rab7, Rab11, LAMP1, KDEL-receptor, GM130, ��-
COP, and Calnexin. Except for the anti-��-COP antibody, all antibodies are
published or commercially available material. The anti-��-COP antibody was
raised in rabbits using a ��-COP–glutathione S-transferase (GST) fusion protein

TABLE 1. Functional verification of the epitope-tagged �-secretase components PS, Nct, and Aph-1 used for transgenic expression studiesa

Transgene Epitope
tag Expression method Mutant allele

tested
Degree of

rescue

Psn-loopmyc Myc presenilin promoter fusion psnB3 Complete
Psn-Nmyc Myc presenilin promoter fusion psnB3 Complete
Nct-2myc Myc daughterless-GAL4::UAS nctJ1 Complete

hsp70-GAL4::UAS nctJ1 Partial
Aph1-V5 V5 tubulin-GAL4::UAS aph1D35 Complete

armadillo-GAL4::UAS aph1D35 Partial

a The mutant alleles used are lethal amorphs having no detectible genetic activity, with lethality occurring at stage P4(i) during the initial larval-pupal transition.
Complete rescue is defined as the production of viable, morphologically normal adults; partial rescue is defined as survival beyond stage P4(i) with morphogical evidence
of further pupal development, but lethal prior to the adult stage.

3166 STEMPFLE ET AL. MOL. CELL. BIOL.



(G. Merdes, unpublished data). The distribution of these marker proteins was
used to refine the original gradient into a gradient that consisted of 10 steps with
different sucrose concentrations, which gave better resolution of endosomal
compartments (see Fig. 2).

Antibody production. Selection of immunogenic peptides and immunization of
rabbits to generate antibodies for Drosophila Aph-1, Pen-2, and Nct was done by
Peptide Specialty Laboratories GmbH, Heidelberg, Germany. The following
peptides were used: Pen-2, MDISKAPNPRKLELC/CAFHKPPFSEQSQIKR/C
TNRTAWGATADYMSFIIPLGSA; Aph-1, RSTEQGLHAVAEDTRVTDNK
HC/MSGPGTMGLKGGTEC/AFDTNNYIHC/CAGGTSRSFRKFITCQ; Nct,
RTNQMKQFSHELNC/LERLNNYAKSPRYGFC/ARPTNKYYHSIYDDAD
NVC/CSRSEVLFEDLPASNAALFG.

The anti-PS-loop and anti-PS-NTF antibodies were raised in rabbits using a
PS-loop- and a PS-NTF-GST fusion protein.

RESULTS AND DISCUSSION

In vivo reconstitution of Drosophila �-secretase. Previous
studies demonstrated that expression of the four Drosophila
�-secretase components, PS, Nct, Aph-1, and Pen-2, in Drosophila
S2 is sufficient for efficient assembly of mature, functional �-secre-
tase (23, 41). To investigate the activities of reconstituted �-secre-
tase in vivo, we expressed these four components in transgenic
flies using the binary GAL4/UAS expression system (see Ma-
terials and Methods). In Drosophila, the well-established
GAL4/UAS system allows the expression of transgenes in pre-
cise spatiotemporal patterns during development and in the
adult fly (15). This method not only facilitates studying the
function and subcellular localization of a gene product in a
cell-type-specific manner, but also can be used for the isolation
and characterization of protein complexes (30). Therefore, we
generated UAS-transgenic constructs for PS, Nct, Aph-1, and
Pen-2 fused to different epitope tags. To verify that each cDNA
used for these constructs was functional and that insertion of
epitope tags did not compromise the activity of the encoded
proteins, we tested the ability of each transgene to rescue the
lethal phenotype of the respective Drosophila mutants. Using
GAL4 driver lines to drive the UAS transgenes in widespread
or ubiquitous expression patterns or the endogenous fly PS
gene promoter to express the Myc-tagged PS constructs, we
found that transgenically expressed PS, Nct, and Aph-1 are
each capable of fully rescuing the lethality and associated mu-
tant phenotypes of the corresponding Drosophila loss-of-func-
tion genetic mutants (Table 1). For the Pen-2-expressing trans-
gene, we were unable to test for functional genetic rescue due
to the lack of available mutations in the endogenous Drosoph-
ila pen-2 gene.

Having established that the transgenically expressed, tagged
�-secretase components possessed in vivo activity, we tested for
�-secretase reconstitution and subcomplex formation by ex-
pressing different transgene combinations in the Drosophila
eye. This tissue is especially suitable for the characterization of
membrane proteins due to its high membrane content and
suitability for biochemical studies (16, 20, 29). Furthermore,
the Drosophila eye is a well-established system to model neu-
rodegenerative diseases, including Alzheimer’s disease (28),
and requires Notch signaling and, thus, �-secretase activity for
its development (5). Fly stocks were created in which different
combinations of UAS-PS (with a Myc tag), UAS-Nct (with a
Myc tag), UAS-Aph-1 (with a V5 tag), and UAS-Pen-2 (with a
FLAG tag) were expressed under the control of the widely
used eye-specific GMR-GAL4 driver line. Unless otherwise

indicated, these UAS/GAL4 transgene combinations were
used for all the studies described below.

Fly heads of the different genotypes were isolated and sub-
jected to SDS-PAGE and protein immunoblot analysis. As
displayed and quantified in Fig. 1A and B, expression of cer-
tain combinations of transgenes led to the formation of sub-
complexes, as reflected by specific changes in protein stability;
for instance, Aph-1 increased the stability of coexpressed full-
length PS or coexpressed Nct. Simultaneous expression of all
three proteins (PS, Nct, and Aph-1) resulted in a further in-
crease in stability (Fig. 1A). In contrast, Pen-2 became detect-
able only upon coexpression with PS. The expression of all four
components resulted in a massive increase in the amount, and
thus stability, of Pen-2, and high-level activity of the complex
became apparent through the striking enrichment of N- and
C-terminal PS fragments (PS-CTF and PS-NTF), generated
through endoproteolysis, and a concomitant decrease in levels
of the full-length protein (Fig. 1A).

Molecular characteristics of in vivo-reconstituted �-secre-
tase. To verify the presence of a reconstituted �-secretase
complex (termed �-secretase-R) in these fly head homoge-
nates, we performed IPs and tandem-affinity purification with
antibodies recognizing the Myc tag, FLAG tag, or Aph-1 (Fig.
1C to E). Both strategies resulted in the reproducible co-IP of
other complex partners, indicating that a fully assembled and
potentially functional �-secretase-R was present.

A variety of molecular techniques have been used to char-
acterize �-secretase, including size exclusion chromatography
and density gradient centrifugation. To gain further insight
into the characteristics of our reconstituted complex, we ap-
plied these techniques to extracts prepared from wild-type flies
expressing endogenous �-secretase (termed �-secretase-E), as
well as the transgenically reconstituted �-secretase-R flies. Size
exclusion chromatography revealed a size for human �-secre-
tase of �500 kDa, with a large proportion of the �-secretase
complexes having a size of �670 kDa (47). Under comparable
experimental conditions, the elution profiles for Drosophila
�-secretase-E and -R were almost identical (Fig. 1F). Similarly,
density gradient centrifugation indicated a size of approxi-
mately 800 to 900 kDa for �-secretase-R (Fig. 1G). In com-
parison, a theoretical monomeric �-secretase complex in Dro-
sophila would be expected to have a molecular mass of 175
kDa. Pretreatment of the complex with Triton X-100 resulted
in partial disassembly of this complex and especially promoted
the dissociation of Pen-2 (Fig. 1H). Density gradient centrifu-
gation in the presence of the detergent CHAPSO resulted in a
distribution profile that indicated a �-secretase complex of
approximately 280 kDa (Fig. 1I), in line with results for human
�-secretase (49). Thus, using different techniques, we showed
that the size of the recombinant complex corresponded to
published values.

To assess the similarities and differences in the subcellular
distributions of �-secretase-E and -R, we performed immuno-
histochemical analyses at different time points in the develop-
ment of the Drosophila eye. However, the small size of the
visualized cells and the inability of the anti-Pen-2 antibodies to
specifically recognize the protein in this assay led to inconclu-
sive results (data not shown). Previously, sucrose density gra-
dient centrifugation procedures have been applied, not only to
vertebrate cells and tissues, but also to Drosophila cells and fly
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head homogenates to isolate and separate different cellular
compartments (1, 2, 6, 25). We therefore applied these exper-
imental procedures (2) to fly head homogenates containing
�-secretase-E and -R and obtained almost identical subcellular
distribution profiles for both (Fig. 2B). However, detailed ana-
lyses of the distributions of marker proteins for the different
endosomal compartments revealed very limited resolution of
these intracellular structures under the standard gradient con-
ditions (Fig. 2A). Accordingly, we adjusted the protocol and
developed a sucrose density gradient procedure that resulted

in an optimized distribution and separation of the endoplasmic
reticulum (ER), Golgi apparatus, and endosomal membranes
(Fig. 2C). Within these gradients, the distribution profiles for
the components of �-secretase-E and -R were almost identical,
albeit the detection of endogenous Pen-2 was at the sensi-
tivity limit (Fig. 2D). Both types of �-secretase displayed a
predominant localization to fractions positive for the late
endosomal marker Rab7 and the recycling endosomal
marker Rab11 (Fig. 2D).

In summary, the applied experimental procedures and tech-

FIG. 1. Molecular characteristics of in vivo-reconstituted �-secretase. If not otherwise indicated, homogenates from adult fly heads expressing
GAL4 under the control of GMR were used in this and all following figures. (A) Protein immunoblot analyses of fly heads expressing the indicated
�-secretase components. For PS-NTF, two different exposure times are shown, with the longer exposure beneath the shorter exposure. Tubulin
(Tub) served as the loading control for these samples. (B) Histogram showing the quantification (plus standard deviations [SD]) of the normalized
amounts of the different �-secretase-R components detected in panel A. PS-CTF was present in all genotypes, as the antibody used recognized
endogenous, as well as transgenically expressed, PS-CTF. (C) Co-IP of �-secretase-R (�-sec-R) components with protein A-Sepharose (Prot-A)
and anti-Myc antibodies, which recognize the Myc epitope tags on transgenically expressed PS and Nct. wt, wild type. (D) Co-IP of �-secretase-R
components with an antibody raised against a peptide epitope of Aph-1. I, input; C, control (nonfunctional anti-Aph-1 antibody). (E) Co-IP and
tandem purification of �-secretase-R components. In the first step, the complex was enriched using anti-FLAG antibodies that recognize
transgenically expressed Pen-2 and eluted with FLAG-peptide (E1 and E2). The eluted complex was then further purified with anti-Myc antibodies
that recognize transgenically expressed PS and Nct and eluted using Myc peptide (E1.1). I1 and E1, input and eluate from detergent-extracted total
fly heads; I2 and E2, input and eluate from detergent-extracted membrane preparations. (F) Protein immunoblot analyses of fractions from size
exclusion chromatography. On top, the elution profile for �-secretase-E is shown (PS-CTF). Below is the profile for �-secretase-R, probed with
antibodies to the three individual components shown on the left. (G and H) Diagrams of the distribution profiles of �-secretase-R in continuous
sucrose gradients with or without Triton X-100 (TX-100). The molecular masses of marker proteins are displayed in kDa. The distribution profile
of each component is color coded to match the corresponding component shown at the bottom. (I) Diagram of the distribution profile of
�-secretase-R in a continuous sucrose gradient containing the detergent CHAPSO, with unit scales and color coding as in panel F. Antibodies used:
anti-Myc recognizing transgenic Nct and PS-NTF, anti-V5 recognizing transgenic Aph-1, anti-FLAG recognizing transgenic Pen-2, and anti-PS-
loop recognizing endogenous and transgenic PS and PS-CTF.
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niques showed that the endogenous and the reconstituted Dro-
sophila �-secretases are almost indistinguishable and revealed
that Drosophila �-secretase exhibits a subcellular distribution
similar to that of its human counterpart.

Functional properties of reconstituted �-secretase. Differ-
ent assays have been described in the literature to test for
�-secretase activity, and in many cases, in vitro assays have been
used that rely on the cleavage of bacterially expressed substrates.
Several previous analyses of reconstituted �-secretase have been
performed in vitro using mammalian, Drosophila, and yeast cell-
based assays (12). Our creation of transgenic animals expressing
all four �-secretase core components needed for enzymatic activ-
ity allowed us to investigate the physiological properties of the
reconstituted complex in vivo with respect to the cleavage of

endogenous �-secretase substrates and the signaling pathways
whose outputs depend on �-secretase activity. To this end, we
visualized the cleavage of the Drosophila APP homolog APPL
by protein immunoblot analyses of head extracts from wild-
type flies and flies expressing �-secretase-R. As depicted in Fig.
3, expression of �-secretase-R consistently resulted in in-
creased APPL-ICD production. However, the amount of ICD
was very small due to rapid degradation, and thus, the strong
reduction in the amounts of APPL-CTFs through the activity
of �-secretase-R served as a more reliable indicator for en-
hanced �-secretase activity (Fig. 3A and B), analogous to the
reduction in human APP C99 fragment levels caused by
�-secretase (48).

As previously mentioned, PS activity is a classical feature of

FIG. 2. Subcellular localization of Drosophila �-secretase-R in the adult eye. (A) Representative examples of protein immunoblots of
postnuclear adult head extracts from control flies fractionated on a sucrose step gradient, revealing the distribution of intracellular compartment
marker proteins KDEL-R, ��-COP, and Rab11. The respective fraction numbers and the corresponding sucrose concentrations (Conc.) are given
at the top and bottom. The distribution profile for Rab11 overlaps with a previously published distribution profile and fits the known associations
of Rab11 with synaptic vesicles, recycling endosomes, and the ER. (B) Protein immunoblots of postnuclear adult head extracts from control
(�-secretase-E-expressing) and �-secretase-R-expressing flies fractionated on sucrose step gradient I. On top, the localizations of different
intracellular compartments, characterized by the presence of certain marker proteins and enzymes within the fraction(s), are indicated. At the
bottom, the respective fraction numbers and the corresponding sucrose concentrations are given. The individual �-secretase components being
monitored in each immunoblot are given on the left. (C) The distribution of intracellular compartment marker proteins was used to refine the
sucrose gradient to achieve a better resolution of the endosomal compartments. (D) Protein immunoblots of postnuclear adult head extracts from
control (�-secretase-E-expressing) and �-secretase-R-expressing flies fractionated on the refined sucrose step gradient, showing the distribution of
each �-secretase component indicated on the left. The corresponding fraction numbers (bottom) and intracellular compartment markers (top) are
denoted. The antibodies used were the same as for Fig. 1. rER, rough endoplasmic reticulum; ER, smooth endoplasmic reticulum; RE, recycling
endosomes; LE, late endosomes; EE, early endosomes; Golgi, Golgi apparatus; Cyt, cytosol.
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the canonical Notch signaling pathway, essential for Notch
receptor cleavage and signal transduction across the animal
kingdom. In the developing Drosophila wing, Notch activation
leads to the localized Suppressor of Hairless [Su(H)]-depen-
dent expression of target genes, such as cut and Enhancer of
Split [E(spl)] (10). This observation has been used to generate
a reporter for Notch activity based on the Notch response
element (NRE)-driven expression of CD2 (11). We cloned the
NRE from the aforementioned Notch reporter, inserted it up-
stream of EGFP, and generated transgenic fly lines bearing this
NRE-EGFP fluorescent reporter (32a). In these flies, en-
hanced green fluorescent protein (EGFP) expression marked
the cells with active Su(H)-dependent Notch signaling along
the dorsal-ventral boundary during wing development in vivo
(Fig. 3C and D). We then combined this transgene with
patched-GAL4 (ptc-GAL4) and UAS-red fluorescent protein
(RFP). Crossing the resulting line into the �-secretase-R trans-
genic background restricted �-secretase-R expression to the
RFP-marked stripe of patched-expressing cells along the ante-

rior-posterior compartment of the wing disc (Fig. 3C). Com-
parison of control wing discs to wing discs expressing �-secre-
tase-R revealed a substantial increase in Notch reporter
expression in the patched expression domain in 15% of the flies
(Fig. 3E) and a weak increase in an additional 30% (n � 30)
(Fig. 3D). Such changes were never observed in control discs
(n � 40) (Fig. 3C). Accordingly, we conclude that our �-secre-
tase-R is active in vivo and that increases in the amount of
�-secretase result in enhanced APPL cleavage and elevated
Notch signaling.

To address whether overexpression of �-secretase results in
observable morphological phenotypes, we selected a variety of
GAL4 lines and used them to express �-secretase-R in differ-
ent tissues during Drosophila development. Table 2 gives an
overview of the targeted tissues and the phenotypic conse-
quences. Taken together, even high-level overexpression of
�-secretase in tissues such as the eye and the wing did not
induce any obvious phenotypic consequences. In contrast, the
global overexpression of �-secretase-R during embryogenesis,

FIG. 3. Enhanced proteolysis of APPL and stimulated Notch signaling by �-secretase-R. (A) Protein immunoblots of supernatants obtained
from fly heads of the indicated genotype following hypotonic lysis and SDS-PAGE. Transgenic expression of human BACE results in an
APPL-CTF (�; arrow at left), which is shorter than the CTF generated by endogenous �-secretase activity (�; arrow at left). Nevertheless, both
CTFs are recognized as substrates by �-secretase-R, which cleaves them into a smaller ICD fragment (�; arrow at left). Tub, tubulin loading
control. (B) Protein immunoblots of extracts obtained from fly heads of the indicated genotypes using different detergents, as indicated at the top.
Only in the presence of CHAPSO was a clear increase in the amount of ICD observed, whereas the amount of CTF was similarly decreased by
�-secretase-R with either detergent. No effect was observed on the amount of full-length APPL (data not shown). (C to E) Maximum projections
of confocal sections (z stacks) of wing imaginal discs from wild-type control animals (C) or transgenic animals expressing �-secretase-R (D and
E) examined for Notch pathway activity. EGFP expression (green) reflects the output of the Notch signaling pathway along the dorsal-ventral
boundary, visualized using the Notch reporter NRE-EGFP. RFP expression (red) indicates the expression domain of ptc-GAL4 and thus monitors
the coexpressed �-secretase-R. Images are shown as pairs with the overlay in color and the EGFP channel separately in black and white. The arrows
mark areas with enhanced Notch signaling output, although slight changes (as in the middle row) are more apparent with in vivo imaging, which
avoids the photobleaching caused by confocal scan recording. Autofluorescent tracheae are indicated (Tc).

3170 STEMPFLE ET AL. MOL. CELL. BIOL.



for instance, with tubulin-GAL4, resulted in lethality, suggest-
ing interference with key developmental processes that are
very sensitive to the amount of �-secretase.

Substrate specificity of reconstituted �-secretase. Studying
the functionality of �-secretase-R in vivo using endogenous
substrates is hampered by the fact that RIP is a tightly regu-
lated process heavily depending on the activities of other pro-
teases that first cleave and remove the extracellular domains of
potential substrates. We therefore developed a reporter system
to detect RIP directly with engineered �-secretase substrates
that lack their normal inhibitory extracellular domains. This
reporter system (27) takes advantage of the inability of a tran-
scription factor to enter the nucleus if it is fused to the intra-
cellular domain (ICD) of a transmembrane protein (Fig. 4A
and B). For �-secretase substrates, it is the cleavage by this
enzyme that liberates the ICD, resulting in the translocation of
the chosen transcription factor to the nucleus and expression
of target genes. In our case, we used a synthetic transcription
factor consisting of the LexA DNA binding domain and the
VP16 transcriptional activation domain (LexA-VP16) and a
LexA-Operator sequence governing the expression of GFP as
a reporter. To monitor �-secretase activity independently of
any proceeding extracellular proteolytic events, we generated
flies transgenic for a potential direct �-secretase substrate
termed �Notch (�N) (Fig. 4B), which corresponds to the
Notch transmembrane domain lacking the large Notch extra-
cellular and intracellular domains. As shown in Fig. 4D and E,
the expression of �-secretase-R resulted in a striking elevation
in reporter activity with this substrate. This enhanced activity
persisted into adulthood and could be visualized by protein
immunoblot analysis, as well (Fig. 4F). Furthermore, we es-
tablished the specificity of the reporter system with respect to
�-secretase activity by culturing eye discs in vitro in the presence
or absence of the �-secretase-specific inhibitor N-[N-(3,5-diflu-
orophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT)
or compound E (Fig. 4G and data not shown). To confirm that
the observed enhanced �-secretase activity did indeed depend
on the full �-secretase-R, we assessed the activities of the
single components, as well as different combinations, using the
reporter system. Interestingly, overexpression of PS alone re-
sulted in visibly enhanced �-secretase activity, which neverthe-
less was considerably lower than the activity obtained with the

reconstituted complex (Fig. 4H). Expression of Nct and Aph-1
alone or in combination had almost no effect. These results
suggest that the amount of PS is rate limiting for the activity of
endogenous Drosophila �-secretase in the eye imaginal disc
and that reconstituted �-secretase-R is fully functional.

To extend these findings to other substrates, we monitored
the effect of �-secretase-R on human APP and APLP2 with the
reporter system in vivo (Fig. 5). APLP2 is a human APP para-
log that also undergoes RIP (14). Surprisingly, APP cleavage
was consistently downregulated in �-secretase-R flies (Fig. 5).
However, as we used full-length proteins, no judgment can be
made about the effect being direct (involving substrates not
recognized by �-secretase-R) or indirect (involving interfer-
ence with the preceding extracellular cleavage[s]). We ad-
dressed this point by devising two additional � constructs,
termed �APP and �APLP2 (Fig. 5), which are membrane-
anchored ICD variants lacking the extracellular domains, anal-
ogous to �N described above. Expression of �APP in the ab-
sence or presence of reconstituted �-secretase resulted in the
same activity pattern obtained with the full-length protein,
namely, a strong decrease in �APP cleavage in the presence of
�-secretase-R, whereas we observed a slight increase in
�APLP2 cleavage (Fig. 5). We find it physiologically unlikely
that APP-ICD acts as a transcriptional activator when released
by �-secretase-E yet as a repressor when released by �-secre-
tase-R, and we effectively ruled this possibility out by generat-
ing and testing �APP-APLP2 chimeric proteins (Fig. 5). Nei-
ther the replacement of the APP-ICD with the APLP2-ICD
nor the replacement of the transmembrane or extracellular
domain changed the outcome of the experiment. Thus, two
conclusions can be drawn: first, APLP2 can be cleaved by
�-secretase-R; however, as we did not observe an increase in
reporter expression, as in the case of �N, cleavage by �-secre-
tase is unlikely to be the rate-limiting step for downstream
transcriptional events. Second, APP is evidently not an optimal
in vivo physiological substrate for �-secretase-R. Given the
high overexpression of �-secretase-R in our assays, one can
assume that endogenous complexes are fully replaced by re-
constituted complexes, and thus effective cleavage of APP is
disabled.

These findings raise the question of whether �APP is not a
substrate for �-secretase-R due to impairment of substrate

TABLE 2. Phenotypes induced by �-secretase-R overexpression during Drosophila development

GAL4 driver GAL4 expression pattern Phenotype

tubulin High expression in all cells, starting from early embryogenesis Larval lethality
rhomboid Expression in mesectoderm during embryogenesis, in the central nervous system (CNS),

and in the photoreceptor cells
Lethal

armadillo Moderate expression in all cells, starting from early embryogenesis Partial lethality (reduced
hatching rate)

179y Expression in a segmentally repeated pattern of stripes during late embryogenesis and
in the larva in the CNS and the lamina anlagen (near the central brain boundary)

Partial lethality (reduced
hatching rate)

vestigal Expression along the dorsal-ventral boundary of the wing disc None
distalless Expression in distal portions of leg and antenna discs and along the dorsal-ventral

boundary of the wing disc
None

nanos Maternally deposited in the embryo None
scabrous Expression in sensory organ precursors None
GMR Very high expression anterior to the morphogenetic furrow in all cells of the developing

and adult eye
None

apterous Expression in the dorsal compartment of the wing disc and in the nervous system Curved wing, vein defects
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localization, impaired substrate recognition and/or docking to
the complex, or impaired substrate cleavage. Using the afore-
mentioned techniques of size exclusion chromatography and
sucrose density centrifugation, we did not observe any differ-
ences in the distribution profiles of �APP in the presence or
absence of �-secretase-R (Fig. 6A and B). Therefore, we per-
formed co-IPs from fly head homogenates expressing �APP
and �-secretase-R, as well as extracts from flies expressing
LexA-VP16 and �APLP2 that served as controls (Fig. 6C).
Pulldown of �-secretase-R with anti-FLAG resulted in the
copurification of �APP. In comparison, no LexA-VP16 and
only minor amounts of �APLP2 were copurified. Furthermore,
for �APLP2, two protein bands could be detected, suggesting
cleavage and concomitant release of this substrate during
the procedure. In the reverse experiment, the IP of �APP
using an anti-VP16 antibody resulted in the copurification of
Nct and PS-NTF in larger amounts (Fig. 6D). Previously, it

has been reported that co-IP of APP CTFs with human
�-secretase occurs only when the enzyme is inactivated (48),
which, together with our results, implies that �-secretase-R
recognizes �APP as a substrate but is unable to catalyze its
proteolysis.

To gain further insight into the molecular characteristics of
the �-secretase-R complex(es) that binds to �APP, we per-
formed BN-PAGE, following a previously published protocol
(33). Fly head homogenates of various genotypes were sub-
jected to BN-PAGE, and the distributions of �APP and
�-secretase-E and -R were visualized by using the respective
antibodies in protein immunoblot analyses (Fig. 6E). Interest-
ingly, whereas for �-secretase-E we detected only one complex
with an approximate size of 190 kDa, two complexes were
detected for �-secretase-R, with approximate sizes of 190 and
117 kDa, with the larger complex predominating. Further-
more, if one compares the ratios in the distributions of the

FIG. 4. Visualization of enhanced �-secretase activity in vivo. (A) Assembled confocal image of a Drosophila eye-antenna imaginal disc isolated
from a late-third-instar larva. The disc was labeled with an antibody against the neuronal marker Elav, mainly localizing to the nucleus of
photoreceptor neurons (PR) within the developing retina. In this larval stage, a morphogenetic furrow (MF) moves from posterior to anterior
within the presumptive eye epithelium. Behind this furrow, and thus in reciprocal direction to the movement of the MF, the differentiation of
photoreceptor clusters occurs, resulting in columns containing progressively more mature groups of differentiating cells. The GMR enhancer drives
expression of GAL4 in all cells posterior to the morphogenetic furrow. (B) Schematic representation of the reporter system that permits the in
vivo detection of intramembrane proteolysis at the cellular level. Expression of an engineered optimal Notch-based �-secretase substrate (�N) is
induced with GMR-GAL4. This type I transmembrane protein contains a truncated extracellular domain and is fused at its intracellular C terminus
to the synthetic transcription factor LexA-VP16 (LV). Thus, cleavage by the signal peptide peptidase (SPP) mimics extracellular shedding and
induces the concomitant release of a membrane-anchored CTF. This CTF is recognized by �-secretase as a substrate, which results in its
intramembrane proteolysis and the release of the intracellular fragment ICD. The synthetic transcription factor LV domain fused to the ICD then
translocates to the nucleus, resulting in its binding to the LexA-Operator sequence present in the transgenic reporter construct. As a consequence,
GFP expression is induced specifically in only those cells with recent and/or ongoing �-secretase activity. (C) Maximum projections of confocal
sections of eye imaginal discs expressing �-secretase-R together with the reporter system to detect the activity of soluble LV. Depicted is the output
of the reporter system (GFP fluorescence) in the absence (top) and presence (bottom) of �-secretase-R, and no effect of �-secretase-R on LV
activity could be observed. The images were recorded simultaneously under identical conditions. (D) Maximum projections of confocal sections
of eye imaginal discs expressing �-secretase-R together with the reporter system to detect the intramembrane cleavage of �N. Depicted is the
output of this cleavage-dependent reporter system (GFP fluorescence) in the absence (top) and presence (bottom) of �-secretase-R. The images
were recorded simultaneously under identical conditions. (E) Experiment similar to that in panel D, but the imaging conditions were adjusted to
allow enhanced visualization of the signal generated by �-secretase-E. (F) �N reporter larvae possessing �-secretase-E but lacking �-secretase-R
(	) and �N reporter larvae expressing �-secretase-R (
) were allowed to develop to adults, and their adult heads were subjected to protein
immunoblot analyses to visualize changes in GFP expression (hrGFP) indicative of overall �-secretase proteolytic activity. Tub, tubulin loading
control. (G) Protein immunoblots from eye imaginal discs expressing the �N reporter system alone, which were cultured in vitro in the absence
or presence of the �-secretase inhibitor compound E (Comp E). Inhibition of �-secretase-E resulted in an increase in the amount of uncleaved
substrate and a concomitant decrease in GFP expression. (H) Maximum projections of confocal sections of eye imaginal discs from transgenic
larvae in which different combinations of individual �-secretase-R components were coexpressed in conjunction with the �N cleavage reporter
system, as indicated at the bottom left of each image. Depicted is the output of the reporter system (GFP fluorescence) in each genotype. The
images were recorded under identical conditions.
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different components in each complex, an underrepresentation
of PS-NTF and Pen-2 in the smaller complex becomes evident,
suggesting that this complex mainly contains Nct, PS-CTF, and
Aph-1. It is intriguing, however, that �APP seems to be en-
riched in this smaller, 117-kDa complex whereas in the control
sample we observed �APP enrichment in the larger, 190-kDa
complex (Fig. 6E). Hence, it is tempting to speculate that
�APP associates predominantly with an inactive form of
�-secretase, which would explain why its cleavage is impaired
in our transgenic-fly reporter assays. However, the co-IP ex-
periments clearly revealed that �APP also associated with the
fully assembled �-secretase-R without being cleaved. This find-
ing raises the possibility that the smaller complex represents an
immature form of the �-secretase and that premature recruit-
ment of �APP during complex assembly results in cleavage
inhibition even if the complex is fully assembled eventually or
that the smaller complex is a nonfunctional degradation prod-
uct of �-secretase. The latter possibility would indicate that
expression of the �-secretase core components is sufficient to
assemble a functional enzyme but that the efficient cleavage of
some substrates depends on additional factors, which are not
expressed at adequate levels in our transgenic animals. We

favor this model, not only because the expression of the com-
ponents in different double and triple combinations did not
affect �APP cleavage in the same manner as simultaneous
expression of all four components (data not shown), but also
because there is no obvious reason why �N and �APLP2
should not assemble with immature forms of �-secretase as
well. Furthermore, this interpretation is consistent with the
fact that immature forms of the complex, including those we
observed, contain Nct, which has been proposed to play a key
role in substrate recruitment/docking.

Currently, the requirement for substrate-specific factors
for the cleavage of proteins by �-secretase is an intriguing
topic in the field of Alzheimer’s disease-related research.
Due to the contributions of PS to Notch and other physio-
logically important signaling pathways, global inhibition of
�-secretase is considered unfavorable as a therapy, as it
would cause unacceptable side effects (45). In contrast, sub-
strate-specific factors would be ideal targets for therapeutic
intervention. One prominent substrate-specific factor iden-
tified previously is TMP21, a member of the p24 protein
family involved in vesicle transport. TMP21 was identified as
a �-secretase component and was demonstrated to inhibit
cleavage of APP at the � site (8).

Further studies will be required to identify the factor(s) that
must be coexpressed with �-secretase to ensure efficient cleav-
age of APP by the core complex in Drosophila. These factors
might include proteins, as well as lipids or other molecules,
generated or modified by the fly genome. To isolate such
factors, forward genetic approaches, as well as biochemical
approaches, can be employed. For example, comparing the
spectrum of proteins copurifying with active �-secretase-E to
those associating with �-secretase-R could lead to the identi-
fication of key cofactors. Subsequently, these proteins could be
overexpressed with �-secretase-R and their effects on cleavage
efficiency could be monitored with the in vivo reporter system.
The reporter system could also be used to perform a compre-
hensive genetic screen to identify second-site mutations that
influence �-secretase-R cleavage efficiency in Drosophila. In
this approach, flies expressing �-secretase-R, the reporter sys-
tem, and �APP as a substrate would be crossed to a collection
of fly lines carrying random transposon insertions, termed EP
elements. EP elements contain upstream activation sequences,
as well as a core promoter capable of driving GAL4-dependent
transcription of genomic DNA sequences adjacent to the site
of insertion (32). Consequently, randomly targeted genes can
be overexpressed, enabling new genes and gene functions to be
identified based on their overexpression phenotypes, a strategy
that has been successfully exploited to dissect developmental
processes and signaling pathways (13). In the envisioned ge-
netic screen, an increase in �APP cleavage-dependent GFP
expression would serve as a sensitive readout for novel genes
that influence �-secretase activity. Factors identified by these
methods could subsequently be studied in more detail in Dro-
sophila and in mammalian model systems.

In summary, our approach for the first time demonstrates
the overall functionality of reconstituted �-secretase in a mul-
ticellular organism and the requirement for substrate-specific
factors for efficient in vivo cleavage of certain substrates. Our
findings can now serve as a starting point to apply the powerful

FIG. 5. Substrate specificity of �-secretase-R. (A) Schematic rep-
resentation of the �-secretase substrates APP, �APP, and �APLP2
and of the various chimeras generated by domain swapping between
�APP and �APLP2. Important protein domains are highlighted. (B
and C) Maximum projections of confocal sections of eye imaginal discs
of larvae with cleavage reporters based on engineered APP and
APLP2 �-secretase-optimized substrates. Depicted is the output of the
reporter system (GFP fluorescence) in the absence (B) and presence
(C) of �-secretase-R and with full-length APP, �APP, or �APLP2 as a
substrate. The images were recorded simultaneously under identical
conditions.
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forward genetics and molecular tools of Drosophila to gain
further insights into �-secretase function and regulation.
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