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�-Secretase is a multisubunit aspartyl protease complex that catalyzes intramembrane cleavage of �-amyloid precursor protein (APP), a
substrate key to Alzheimer’s disease pathogenesis, and of Notch, a substrate crucial for cell differentiation. How �-secretase recognizes
and selects substrates is currently barely understood. Recent data suggest that its subunit nicastrin serves as an initial substrate receptor,
which might subsequently forward substrates to the active site domain located in its catalytic subunit presenilin (PS), where an additional
substrate binding site has been proposed. We now used an active site domain swapping approach of PS1 with its most distant homolog,
spermatogenesis defective (SPE-4), to identify sequence determinants in this region. Strikingly, when the active site domain of PS1 was
exchanged with that of SPE-4, the chimeric protein, PS1/SPE-46/7 , supported APP but not Notch processing. In addition, PS1/SPE-46/7 was
strongly impaired in Caenorhabditis elegans Notch signaling in vivo. Mapping experiments identified a single amino acid at position x of
the GxGD motif, which contains one of the two active site aspartates, to be responsible for the observed defect in Notch processing and
signaling. Our data thus implicate a role of the GxGD motif in catalytic function and substrate identification of �-secretase.
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Introduction
Presenilin (PS1, PS2) is the catalytic subunit of �-secretase, an
aspartyl protease complex, which mediates the regulated in-
tramembrane cleavage of an increasing number of type I trans-
membrane proteins including the prototypic �-amyloid precur-
sor protein (APP) implicated in Alzheimer’s disease (AD) (De
Strooper, 2003; Haass, 2004; Steiner, 2004). �-Secretase cleavage
is typically preceded by ectodomain shedding of the substrate,
which removes the bulk of the extracellular domain. In the amy-
loidogenic pathway of APP, ectodomain cleavage by �-secretase
generates a membrane-retained C-terminal fragment (CTF). The
APP CTF is subsequently cleaved by �-secretase to release the
amyloid �-peptide (A�), which is deposited as senile plaques in
the brains of patients affected with AD, and the intracellular do-
main (ICD) of APP (AICD) from the membrane (Haass, 2004;
Steiner, 2004). �-Secretase-dependent liberation of ICDs has

been shown for many other substrates (Kopan and Ilagan, 2004)
including Notch-1, a major �-secretase substrate (De Strooper et
al., 1999). When released from the membrane, the Notch-1 ICD
(NICD) translocates to the nucleus where it functions as a key
transcriptional regulator required for cell differentiation during
development and in adulthood (Lai, 2004).

The two active site aspartates of �-secretase are located in
transmembrane domains (TMDs) 6 and 7 (Wolfe et al., 1999) of
the N-terminal fragment (NTF) and CTF of PS (Thinakaran et
al., 1996), which are likely derived by autoproteolysis (Wolfe et
al., 1999; Edbauer et al., 2003). PSs are founding members of
polytopic GxGD-type aspartyl proteases (Haass and Steiner,
2002) that include the type 4 prepilin peptidases (LaPointe and
Taylor, 2000), signal peptide peptidase (SPP) (Weihofen et al.,
2002), and its homologs (Krawitz et al., 2005). These protease
families are characterized by a highly conserved GxGD sequence
motif (Steiner et al., 2000), which includes the C-terminal active
site aspartate. Homology outside this signature sequence is
scarce, and the proteases carry out distinct biological functions
(Haass, 2004; Steiner, 2004). Together with the catalytic subunit
PS, three other integral membrane proteins, nicastrin (NCT),
anterior pharynx defective (APH-1), and presenilin enhancer
(PEN-2) have been identified, which are necessary and sufficient
for �-secretase complex formation and activity (Francis et al.,
2002; Edbauer et al., 2003; Kimberly et al., 2003; Takasugi et al.,
2003). In mammalian cells, PS1 and PS2 are the catalytic subunits
of distinct �-secretase complexes, which additionally differ in
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their APH-1 subunits, suggesting that �-secretase is a heteroge-
neous activity (Hebert et al., 2004; Shirotani et al., 2004).

Apart from the requirement for ectodomain shedding (Struhl
and Adachi, 2000), little information is available about substrate
selection by �-secretase. The C-terminal stubs that are left in the
membrane after ectodomain shedding need to be recognized
subsequently by �-secretase as substrate. NCT with its large
ectodomain is a candidate subunit of the �-secretase complex for
this initial substrate recognition, and indeed it has recently been
shown that it serves as a �-secretase substrate receptor (Shah et
al., 2005). In addition, previous work indicated that docking of
�-secretase substrates occurs at a site very close to but different
from the active site (Tian et al., 2002, 2003), and more recently it
was shown that such a docking site is located in PS (Kornilova et
al., 2005).

Based on these studies, we reasoned that, after initial substrate
recognition by NCT, the active site domain of PS in TMDs 6 and
7 might directly contribute to subsequent substrate docking and
probably a final substrate selection before cleavage by �-secretase.
We thus sought to identify sequence requirements in TMDs 6
and 7 of PS potentially involved in this process. We now have
mapped a single amino acid in TMD7 at position x of the GxGD
active site motif that influences APP/Notch substrate selectivity
of �-secretase. These data implicate a role of the PS active site
domain in �-secretase substrate selectivity and support the con-
cept of a substrate-docking site close to the active site of
�-secretase in PS.

Materials and Methods
Antibodies. The monoclonal antibody against the N terminus of PS1
(PS1N) has been described (Capell et al., 1997), and the polyclonal anti-
body against the C terminus of NCT (N1660) was obtained from Sigma
(St. Louis, MO). Polyclonal antibody 3552 was raised to A�1– 40 and
monoclonal antibody 6E10 against A�1–17 was obtained from Signet
Laboratories (Dedham, MA). Monoclonal antibodies against FLAG and
myc tags were from Sigma (anti-FLAG, M2) and Santa Cruz Biotechnol-
ogy (Santa Cruz, CA) (anti-myc, 9E10). Cleaved Notch-1 (V1744) anti-
body against NICD was obtained from Cell Signaling Technology (Bev-
erly, MA).

cDNA constructs. PS1 wild-type (wt) and mutant cDNAs were gener-
ated by PCR using appropriate primers and subcloned into the expres-
sion vector pcDNA4/HisC (Invitrogen, San Diego, CA). The suppressor/
enhancer of lin-12 (sel-12) cDNA (GenBank accession number
AF171064) was amplified by PCR from a Caenorhabditis elegans mixed-
stage cDNA library and subcloned as a SmaI/NotI fragment under the
control of a 2.8 kb sel-12 promoter fragment starting at the translational
start ATG of sel-12 to generate pBY895 (Wittenburg et al., 2000). PCR-
amplified cDNAs encoding homolog of presenilin (HOP-1) (amplified
from the C. elegans mixed-stage cDNA library), spermatogenesis defec-
tive (SPE-4), and PS1 were subcloned into pBY895 as SmaI/NotI frag-
ments replacing the sel-12 cDNA, thus placing them under the control of
the sel-12 promoter. cDNAs encoding H6X-tagged wt PS1, PS1 L383F,
and PS1/SPE-4 chimera were placed under control of the sel-12 promoter
by subcloning them into pBY2019 as NcoI/XhoI fragments. All constructs
were confirmed by sequencing.

Cell culture, cell lines, and cDNA transfections. Mouse embryonic fibro-
blast (MEF) cells derived from PS1/2 �/� mice (Herreman et al., 1999)
were cultured as described previously (Steiner et al., 2002) and tran-
siently transfected with the indicated cDNA constructs using Lipo-
fectamine 2000 (Invitrogen) according to the instructions of the
manufacturer.

Protein analysis. PS and derivatives and NCT were analyzed by immu-
noblotting of cell lysates with PS1N or N1660 antibody, respectively.
Processing of myc-tagged Swedish mutant APP (Wang et al., 2004) and
myc-tagged F-NEXT (Okochi et al., 2002) was analyzed by immunoblot-
ting of cell lysates with antibody 9E10. Where indicated, NICD was ad-

ditionally analyzed by immunoblotting of cell lysates with Cleaved
Notch-1 (V1744) antibody. To analyze secreted A� and F-N�, the me-
dium was replaced 24 h after transfection with fresh medium and condi-
tioned for 16 h. A� was analyzed from conditioned medium by com-
bined immunoprecipitation/immunoblotting with antibodies 3552/
6E10 and F-N� by combined immunoprecipitation with anti-FLAG M2-
agarose (Sigma) and immunoblotting with antibody M2.

Immunofluorescense microscopy. Immunofluorescense was performed
as described (Wacker et al., 1997). Anti-myc antibody 9E10 was used as
primary antibody and Alexa 488-labeled secondary antibody (Invitro-
gen, Leiden, The Netherlands) was used for detection. Fixed cells were
analyzed on an Axioskop2 microscope (Zeiss, Oberkochen, Germany)
equipped with a 63�/1.25 objective and standard FITC and TRITC (tet-
ramethylrhodamine isothiocyanate) fluorescence filter sets using an
Axiocam HRm camera and AxioVision software. Images were assembled
and processed using Adobe Photoshop.

Transgenic lines of C. elegans and rescue assays. To determine whether
the PS constructs are able to rescue the egg-laying defect of sel-12 mutant
hermaphrodites, all constructs were injected into sel-12(ar171) mutant
hermaphrodites together with the coinjection marker pBY1153
(sel-12::gfp) at a concentration of 20 ng/�l, each. The egg-laying behavior
of the transgenic animals was scored at 20°C as described previously
(Steiner et al., 1999).

Results
A PS1-based active site domain chimera supports
APP processing
To identify sequence determinants in TMDs 6 and 7 of PS poten-
tially involved in substrate docking and/or selection, we sought to
compare the active site domain of PS1 on �-secretase activity with
that of a distant PS by swapping TMDs 6 and 7. BLAST (basic
local alignment search tool) searches identified the C. elegans
sperm protein SPE-4 (L’Hernault and Arduengo, 1992) as the
most distant PS homolog with a low amino acid identity of 23%
to PS1. Sequence comparison of PS1 with SPE-4 including the
functional C. elegans PS orthologs SEL-12 and HOP-1 (Levitan
and Greenwald, 1995; Westlund et al., 1999) revealed conserva-
tion of key functional residues and sequence blocks, like the crit-
ical aspartates in TMDs 6 and 7 including the GxGD active site
motif and the C-terminal PALP motif (Fig. 1A). The latter motif
is required for SPE-4 function (Arduengo et al., 1998) and also for
PS activity in humans and Drosophila (Tomita et al., 2001; Taka-
sugi et al., 2002; Kaether et al., 2004; Wang et al., 2004) indicating
that SPE-4 functionally belongs to the PS family. Compared with
PS1, SPE-4 contains a very short N terminus, a much larger cy-
toplasmic loop between TMDs 6 and 7, and a shorter C terminus
(Fig. 1A). We then asked whether �-secretase is functional with
the related but not identical active site domain of SPE-4 and
constructed the N-terminally hexahistidine-Xpress (H6X)-
tagged chimeric protein PS1/SPE-46/7. In this construct, the pu-
tative TMDs 6 and 7 of PS1 are replaced with those of SPE-4 (Fig.
1B). In addition, we generated the PS1/SPE-46/7 D394A mutant
in which the active site aspartate of TMD7 was changed to ala-
nine. Constructs encoding H6X-tagged wt PS1 or inactive PS1
D385A were used as controls. We sought to assess the biological
activity of these constructs in a PS-free background to avoid po-
tential interference of endogenous wt PS in �-secretase activity.
We therefore transiently cotransfected MEF cells derived from
mice deficient for PS1 and PS2 (PS�/�) (Herreman et al., 1999)
with the above constructs and a construct encoding APPsw-
6myc, a Swedish mutant of APP C-terminally tagged with six myc
epitopes (Wang et al., 2004). As shown in Figure 2A, all four PS
variants were robustly expressed. PS1/SPE-46/7 was efficiently en-
doproteolysed similar to wt PS1 (Fig. 2A). In contrast, PS1/SPE-
46/7 D394A, like PS1 D385A, failed to undergo endoproteolysis,
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indicating a functional conservation of the putative SPE-4 active
site domain (Fig. 2A). Both wt PS1 and PS1/SPE-46/7 underwent
�-secretase complex formation, as evident from their capability
to undergo PS endoproteolysis, which occurs as final step in
�-secretase complex assembly (Kim et al., 2003; Takasugi et al.,
2003). �-Secretase complex formation was further supported by
the restoration of NCT maturation (Fig. 2B), which is deficient in
the absence of PS (Edbauer et al., 2002; Leem et al., 2002) and
which occurs subsequently to PS endoproteolysis (Kim et al.,
2003; Kimberly et al., 2003). In agreement with previous results
(Nyabi et al., 2003), the recovery of NCT maturation also sug-
gested �-secretase complex formation (Fig. 2B) of PS1 D385A
and PS1/SPE-46/7 D394A, although they were not endoproteol-
ysed. We next investigated whether PS1/SPE-46/7 supports
�-secretase activity in APP processing using APPsw-6myc as sub-
strate (Fig. 2C,D). Consistent with the absence of �-secretase
activity in PS�/� cells (Herreman et al., 2000; Zhang et al., 2000),
APP C-terminal fragments accumulated and both AICD and A�
failed to be generated (Fig. 2C,D). As expected, the defect in
�-secretase activity was rescued by the coexpression of wt PS1 but
not by proteolytically inactive PS1 D385A. PS1/SPE-46/7, in con-

trast to PS1/SPE-46/7 D394A, was capable
to process APPsw-6myc as judged from
the robust reduction of APP CTF accumu-
lation and the substantial generation of
AICD and A� (Fig. 2C,D). These data
show that �-secretase can be functional
with a homologous but distant GxGD-
type active site domain derived from
SPE-4 and that this particular active site
domain is capable of APP processing.

PS1/SPE-46/7 does not process Notch
We next investigated the capability of PS1/
SPE-46/7 to process Notch, a major physi-
ological substrate of �-secretase. We tran-
siently cotransfected the PS�/� MEF cells
with the above-described wt PS1, PS1
D385A, and PS1/SPE-46/7 constructs and a
cDNA construct encoding the Notch-1-
based �-secretase substrate F-NEXT
(Okochi et al., 2002). F-NEXT is a deriva-
tive of Notch�E lacking the bulk of the
ectodomain and carrying a FLAG-epitope
tag at the N- and six myc-epitope tags at
the C terminus (Okochi et al., 2002).
Strikingly, processing of F-NEXT was
strongly impaired in cells expressing PS1/
SPE-46/7. Compared with wt PS1-
expressing cells, F-NEXT accumulated
similarly as observed in PS1 D385A-
expressing cells, whereas NICD genera-
tion was strongly reduced (Fig. 3B). Like-
wise, the generation of F-N�, the secreted
peptide of Notch analogous to A� (Oko-
chi et al., 2002), was strongly impaired
(Fig. 3C). To further corroborate these
findings, immunocytochemical analysis of
PS�/� MEF cells transfected with F-NEXT
alone or cotransfected with the PS con-
structs above was performed (Fig. 3D).
When PS�/� MEF cells were transfected
with F-NEXT, a strong Notch staining at

the plasma membrane was observed, which is consistent with an
accumulation of unprocessed F-NEXT (Fig. 3B) because of the
�-secretase deficiency of these cells. Cotransfection of F-NEXT
with wt PS1 restored �-secretase activity, resulting in Notch pro-
cessing as evident from the nuclear Notch staining because of the
recovery of NICD formation. In contrast, cotransfection of
F-NEXT with proteolytically inactive PS1 D385A did not restore
�-secretase activity as suggested from the strong plasma mem-
brane staining of Notch. Similarly, PS�/� MEF cells transiently
cotransfected with PS1/SPE-46/7 and F-NEXT revealed Notch
staining at the plasma membrane. Consistent with the residual
minor NICD formation (Fig. 3B), occasionally some cells showed
weak nuclear staining (data not shown). These data suggest that
the SPE-4-derived active site of PS1/SPE-46/7, which is able to
process APP, is severely reduced in processing Notch as substrate.

PS1/SPE-46/7 is deficient in Notch signaling
The above results prompted us to also analyze Notch signaling in
an in vivo setting. PS1/SPE-46/7 was therefore next tested for its
activity to rescue the Notch signaling deficiency caused by loss of
function mutations in sel-12 (Levitan and Greenwald, 1995).

Figure 1. Sequence comparison of PS1 with its C. elegans homologs and schematic representation of the PS1/SPE-46/7 chimera.
A, Sequence alignment of PS1 with SEL-12, HOP-1, and SPE-4 identifies the GxGD active site motif and the PALP motif as the most
conserved regions between PS1 and SPE-4. The sequence alignment was generated with T-Coffee and processed with BOXSHADE.
Identical amino acids residues are displayed on black or red (identical in all PSs) background and similar ones on gray background.
Putative TMDs 6 and 7 comprising the active site domain are underlined. Asterisks indicate the active site aspartate residues. B,
Schematic representation of PS1, SPE-4, and PS1/SPE-46/7. The primary sequences representing the putative TMDs 6 and 7 of PS1,
SPE-4, and the PS1/SPE-46/7 hybrid are highlighted in blue (PS1 sequences) or yellow (SPE-4 sequences). The active site aspartate
residues are displayed in red. PS is depicted according to the recent nine TMD model (Henricson et al., 2005; Laudon et al., 2005; Oh
and Turner, 2005).
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These mutations cause an egg-laying defect (Egl) that can be
rescued by SEL-12, HOP-1, PS1, and PS2 (Levitan et al., 1996;
Baumeister et al., 1997; Li and Greenwald, 1997; Steiner et al.,
1999). In contrast to wt PS1, PS1/SPE-46/7 was not able to rescue
the Egl defect of the sel-12(ar171) mutant hermaphrodites (Table
1), suggesting that PS1/SPE-46/7 unlike PS1 does not support
Notch signaling, consistent with the above results. We also inves-
tigated whether SPE-4 itself might be able to replace SEL-12 func-
tion. Because spe-4 expression is normally restricted to the sper-
matheca (L’Hernault and Arduengo, 1992; Arduengo et al.,
1998), we expressed the spe-4 gene under the control of the sel-12
promoter in sel-12(ar171) mutant hermaphrodites and scored
the Egl defect in the transgenic animals. Surprisingly, SPE-4, un-
like PS1, SEL-12, and HOP-1, was not able to rescue the sel-12 Egl
defect when expressed under the sel-12 promoter (Table 1). sel-12
mutant hermaphrodites carrying a sel-12::spe-4 extrachromo-
somal array never laid any eggs like the sel-12 mutants alone
(Table 1) demonstrating that SPE-4 is unexpectedly unable to
replace SEL-12 function.

Notch processing depends on the amino acid at position x of
the GxGD active site motif
We next sought to define the molecular basis for the apparent
substrate preference of PS1/SPE-46/7 for APP versus Notch. We
first addressed the question which of the two SPE-4 TMDs was
responsible for the deficiency in Notch processing and thus gen-
erated the PS1/SPE-46 and PS1/SPE-47 hybrid active site con-
structs in which only one TMD of PS1 is exchanged with the
corresponding TMD of SPE-4. We then transiently cotransfected
PS�/� MEF cells with cDNA constructs encoding the PS1/SPE-46

and PS1/SPE-47 and the APPsw-6myc or F-NEXT constructs.

The PS1/SPE-46/7 construct was used for comparison in these
settings. In addition, in these and the subsequent experiments, wt
PS1 and PS1 D385A constructs were again included as positive
and negative controls, respectively. Both PS1/SPE-46 and PS1/
SPE-47 underwent �-secretase complex formation as judged
from their capability to undergo PS endoproteolysis (Fig. 4A,B)
and from the NCT maturation (data not shown). Like PS1/SPE-
46/7, both PS1/SPE-46 and PS1/SPE-47 were capable to process
APPsw-6myc as judged from the robust reduction of APP CTF
accumulation and the substantial generation of AICD and A�

Figure 2. PS1/SPE-46/7 supports APP processing. A, Cell lysates of PS �/� MEF transiently
cotransfected with the APPsw-6myc and the indicated H6X-tagged PS1 constructs were ana-
lyzed for PS1 expression and endoproteolysis by immunoblotting with antibody PS1N. Note
that, for unknown reasons, both PS1/SPE-46/7 holoprotein and its NTF migrated slightly slower
in SDS-PAGE. B, Maturation of NCT was analyzed by immunoblotting with antibody N1660. C,
Full-length APP, APP CTFs, and AICD were analyzed by immunoblotting with anti-myc antibody
9E10. D, Secreted A� was analyzed from conditioned media by combined immunoprecipita-
tion/immunoblotting with antibodies 3552/6E10, respectively. In A–D, molecular mass mark-
ers are shown on the left in kilodaltons. The asterisk indicates a nonspecific band.

Figure 3. PS1/SPE-46/7 is defective in Notch processing. A, Cell lysates of PS �/� MEF tran-
siently cotransfected with F-NEXT and the indicated H6X-tagged PS1 constructs were analyzed
for PS expression and endoproteolysis as in Figure 2 B. B, Expression and processing of F-NEXT
was analyzed by immunoblotting with antibody 9E10 (top panel). NICD was additionally ana-
lyzed by immunoblotting with Cleaved Notch-1 antibody (bottom panel). C, F-N� levels were
analyzed from conditioned media by combined immunoprecipitation/immunoblotting with
anti-FLAG-M2 antibody. D, PS �/� MEF were transiently transfected with F-NEXT and the
indicated H6X-tagged PS1 constructs. Forty-eight hours after transfection, cells were fixed and
analyzed for Notch processing by immunofluorescence microcopy with anti-myc antibody 9E10.
Expression of wt PS1, but not of PS1/SPE-46/7 or PS1 D385A, restores �-secretase activity as
indicated by nuclear Notch staining (arrowheads). Similarly as the proteolytically inactive PS1
D385A mutant, PS1/SPE-46/7 causes reduced nuclear Notch staining (arrowheads) and in-
creased cell surface staining (arrows). In A–C, molecular mass markers are shown on the left in
kilodaltons.

Table 1. Activity of different PSs to rescue the sel-12 Egl defect

Strain Transgenea Genotype

Egg-laying behaviorb

��� �� � �

N2 Wild type 50 0 0 0
BR1129 sel-12(ar171) 0 0 0 50
BR1964 PS1 sel-12(ar171) 45 3 1 0
BR3536 PS1/SPE-46/7 sel-12(ar171) 0 0 1 49
BR3210 PS1/SPE-46/7 sel-12(ar171) 0 0 2 48
BR2364 sel-12 sel-12(ar171) 48 2 0 0
BR2993 hop-1 sel-12(ar171) 50 0 0 1
c spe-4 sel-12(ar171) 0 0 0 34
c spe-4 sel-12(ar171) 0 0 0 27
c spe-4 sel-12(ar171) 0 0 0 16
aAll constructs used were untagged.
bFor each transgenic animal, the number of eggs laid were counted and were grouped into the following categories:
���, �50 eggs of progeny laid by an individual animal; ��, 15–50 eggs laid; �, 5–15 eggs laid; �, 0 –5
eggs laid.
cStable lines could not be maintained because of the sterility of spe-4 transgenic animals. Instead, F1 progeny from
three independent transformation experiments was scored.
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(Fig. 4A). However, in contrast to PS1/SPE-46, expression of PS1/
SPE-47 strongly impaired the generation of NICD and F-N� from
F-NEXT (Fig. 4B). Together, these results suggest that TMD7 of
PS1/SPE-46/7 is responsible for the observed defect in Notch
processing.

To further map the responsible sequence within the TMD7 of
PS1/SPE-46/7, we made advantage of our above finding that PS1,
SEL-12, and HOP-1, but not PS1/SPE-46/7 and SPE-4 was able to
rescue the Notch signaling-deficient phenotype of the sel-12(ar171)
mutant worms (Table 1). We reasoned that there may be differ-
ences in the conservation of crucial amino acids, which may under-
lie the observed rescuing activity of PS1, SEL-12, HOP-1 compared
with the nonrescuing activity of PS1/SPE-46/7 and SPE-4. We thus
compared the sequences of TMD7 of PS1, SEL-12, HOP-1, and
SPE-4. Interestingly, we found the only potentially significant dif-
ference within their GxGD active site motifs. Although the residue
x position of PS1 (L383) is rather conserved in SEL-12 (L362) and
HOP-1 (M276), it is more drastically changed to a phenylalanine
residue (F392) in SPE-4 (Fig. 1A,B). To address the functional
significance of this amino acid change, we mutated F392 of the
GFGD motif in PS1/SPE-47 to L to restore the PS1 or SEL-12 GLGD
motif or to M to restore the GMGD motif of HOP-1. We then
analyzed the PS1/SPE-47 F392L and PS1/SPE-47 F392M mutants
using the same experimental paradigms as above. As shown in Fig-
ure 5A, when assayed in the PS�/� background, the PS1/SPE-47

F392L and PS1/SPE-47 F392M mutants underwent endoproteolysis
and allowed NCT maturation (data not shown) consistent with
�-secretase complex formation. They also allowed a robust reduc-
tion of APP CTF accumulation concomitant with a notable gener-
ation of AICD and A�. Strikingly, both mutants allowed also the
generation of substantial levels of NICD and F-N�, suggesting that
the presence of leucine or methionine at position x within the
GxGD motif is indeed crucial for the capability of PS1/SPE-47 to
process Notch (Fig. 5B).

The above data suggested that the presence or absence of a phe-
nylalanine at position x of the GxGD motif determines whether
Notch can be efficiently processed or not. To obtain additional
evidence for the functional importance of this residue within the
GxGD motif, we next mutated L383 to F directly in PS1. We then

analyzed the influence of the L383F mutation in PS1 on the pro-
cessing of APP and Notch as above. The PS1 L383F mutant was
endoproteolytically processed and allowed maturation of NCT
(data not shown), suggesting �-secretase complex formation.
PS1 L383F also allowed robust rescue of APP CTF accumulation
concomitant with a notable generation of AICD and A� (Fig.
6A). In sharp contrast, the PS1 L383F mutant was defective in the
processing of Notch as judged from the strong reduction in
NICD and F-N� formation (Fig. 6B). Thus, the L383 residue
within the GxGD motif is also required in PS1 itself for efficient
processing of Notch.

PS1 L383F is deficient in Notch signaling
To further substantiate the above findings, we examined the
above constructs for their activity to rescue the sel-12 mutant

Figure 4. Mapping of the TMD in PS1/SPE-46/7 required for Notch processing. A, PS �/� MEF
were transiently cotransfected with APPsw-6myc and the indicated H6X-tagged PS1 constructs.
Cell lysates were analyzed for PS expression and processing as in Figure 2 A and for full-length APP,
APP CTFs, and AICD as in Figure 2C. Secreted A� levels were analyzed from the conditioned media
as in Figure 2 D. B, PS �/� MEF were transiently cotransfected with F-NEXT and the indicated
H6X-tagged PS1 constructs. Cell lysates were analyzed for PS expression and processing as in Figure
2 A and for processing of F-NEXT by immunoblotting with 9E10 as in Figure 3B. F-N� levels were
analyzed from the conditioned media as in Figure 3C.

Figure 5. Identification of phenylalanine at position x in the GxGD motif of PS1/SPE-46/7 as
a critical determinant for Notch processing. A, PS �/� MEF were transiently transfected with
APPsw-6myc and the indicated H6X-tagged PS1 constructs. Cell lysates were analyzed for PS
expression and processing as in Figure 4 A. APP processing was analyzed from cell lysates and
conditioned media as in Figure 4 A. B, PS �/� MEF were transiently transfected with F-NEXT
and the indicated H6X-tagged PS1 constructs. Cell lysates were analyzed for PS expression and
endoproteolysis and for processing of F-NEXT as in Figure 4 B.

Figure 6. Leucine 383 of PS1 is critical for Notch processing. A, PS �/� MEFs were transiently
transfected with APPsw-6myc and the H6X-tagged wt PS1, PS1 D385A, or PS1 L383F constructs.
Cell lysates were analyzed for PS expression and processing as in Figure 4 A. APP processing was
analyzed from cell lysates and conditioned media as in Figure 4 A. B, PS �/� MEF were tran-
siently transfected with F-NEXT and the H6X-tagged wt PS1, PS1 D385A, or PS1 L383F con-
structs. Cell lysates were analyzed for PS expression and endoproteolysis and for F-NEXT pro-
cessing as in Figure 4 B.
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deficiency in Notch signaling in vivo. The PS1/SPE-46, PS1/SPE-
47, PS1/SPE-47 F392L, and PS1/SPE-47 F392M mutants and PS1
L383F were expressed under the control of the sel-12 promoter in
sel-12(ar171) mutant hermaphrodites and the Egl defect in the
transgenic animals was scored (Table 2). As expected from the
above results, PS1/SPE-46 rescued the Egl phenotype, whereas,
consistent with its defect in Notch processing, PS1/SPE-47 did
not. The PS1/SPE-47 F392L and PS1/SPE-47 F392M mutants,
which comprise the GLGD motif of PS1 or SEL-12 or the GMGD
motif of HOP-1, respectively, showed lesser but still considerable
rescuing activity. PS1 L383F, restoring the GFGD motif of SPE-4,
was not able to rescue the sel-12 mutant phenotype. Thus, these
data confirm in vivo that the presence of a phenylalanine residue
at position x of the GxGD motif strongly impairs Notch signaling.

Discussion
In this study, using an active site domain swapping approach of
PS1 with its most distant homolog SPE-4, we obtained evidence
that the PS active site domain is implicated in APP/Notch sub-
strate selectivity of �-secretase. The active site chimera PS1/SPE-
46/7 that we generated was active in �-secretase complex forma-
tion, underwent endoproteolysis, and displayed robust
�-secretase activity in APP processing. Both endoproteolysis and
�-secretase activity were dependent on an active site aspartate.
This is the first demonstration that �-secretase can function with
a related but not identical active site domain in its catalytic sub-
unit PS. Interestingly, despite its �-secretase activity in APP pro-
cessing, PS1/SPE-46/7 was deficient in processing of Notch. In
agreement with this finding, we found that, in contrast to wt PS1,
PS1/SPE-46/7 failed to rescue the Notch signaling-deficient C.
elegans sel-12(ar171) mutant. These data indicated that the active
site domain of SPE-4 in TMDs 6 and 7 could discriminate sub-
strates such that processing of one substrate (APP) remains pos-
sible, whereas that of another substrate (Notch) is greatly im-
paired. Mapping of the molecular basis for the underlying
substrate discrimination between APP and Notch revealed a sin-
gle amino acid difference in TMD7 as responsible site. This dif-
ference was identified as a phenylalanine at position x of the
conserved GxGD motif. In the PS family of proteases, x is typi-
cally the aliphatic amino acid leucine, with the exceptions of the
C. elegans homologs HOP-1 and SPE-4. Whereas a methionine is

found instead of leucine in HOP-1, a rather strong amino acid
exchange is present in SPE-4 with the aromatic phenylalanine.
The phenylalanine is conserved in the SPE-4 homologs of the
related nematodes Caenorhabditis remanei (data not shown) and
Caenorhabditis briggsae, suggesting that it is an essential residue of
the GxGD motif of SPE-4. We found that changing the phenylala-
nine to leucine or methionine to restore the GLGD or GMGD active
site motifs of PS1, PS2, and SEL-12 or HOP-1, respectively, allowed
recovery of Notch processing and significant activity in Notch sig-
naling in vivo. The significance of the amino acid change could be
further corroborated when we mutated the corresponding leucine in
PS1 to phenylalanine. The PS1 L383F mutant allowed substantial
APP processing but was strongly impaired in Notch processing and
Notch signaling in vivo. This observation suggests that the residue at
position x of the GxGD motif is not only of critical relevance for
Notch processing in the PS1/SPE-46/7 hybrid but of general impor-
tance for Notch processing in all PSs.

The activity of PS1/SPE-46/7 in PS endoproteolysis and
�-secretase activity on APP processing also implies that SPE-4
itself has a proteolytic function. Because SPE-4 cannot function-
ally replace SEL-12, one may speculate that SPE-4 is a more spe-
cialized C. elegans PS protease, which may not be able to use the C.
elegans Notch receptors as substrates because of the presence of
the phenylalanine at position x in the GxGD motif. However, at
present, we cannot exclude the possibility that the failure of
SPE-4 to substitute for SEL-12 function may be attributable to a
potential incapability of SPE-4 to undergo �-secretase complex
formation (as observed in mammalian cells) (data not shown).
Interestingly, leucine/isoleucine–phenylalanine variations at po-
sition x in the GxGD motif are also found in and/or between the
SPP/SPPL (SPP-like protease) protease families (Weihofen et al.,
2002). As in PSs, these differences may have an impact on sub-
strate selectivity. Future studies will be needed to answer these
questions.

Mechanistically, the presence of a phenylalanine at position x
in the GxGD motif may cause subtle differences in the conforma-
tion of TMDs 6 and 7. Although such a conformational alteration
has apparently little influence on APP processing, it may affect
sufficient Notch binding. Alternatively, the bulky phenylalanine
may interfere with the transfer of the Notch substrate from the
docking site (Esler et al., 2002), a substrate-binding site outside
the active site, to the active site. The existence of a substrate
binding site different from the active site had been suggested
previously (Annaert et al., 2001), and strong evidence for such an
exosite in �-secretase was obtained by coisolation of APP CTFs
with �-secretase using immobilized active site-directed inhibitors
(Esler et al., 2002; Beher et al., 2003). The concept of a docking
site has been further supported by the noncompetitive inhibition
of �-secretase by transition-state analog inhibitors (Tian et al.,
2002, 2003). The docking site was recently shown to be located in
PS in very close proximity to the active site (Kornilova et al.,
2005). Interestingly, the distance between the two sites has been
estimated to be less than three amino acid residues in length
(Kornilova et al., 2005). Our identification of a critical amino acid
involved in APP/Notch substrate selection just two residues away
of an active site aspartate may thus indicate that residues of the
GxGD motif, in particular L383, preceding the active site aspar-
tate in TMD7 of PS contribute to the substrate docking site of
�-secretase.

Precisely how �-secretase recognizes and selects substrates fol-
lowing the obligatory step of ectodomain shedding and recogni-
tion by NCT (Shah et al., 2005) are intriguing and challenging
questions. Additional studies on these questions will not only be

Table 2. Activity of the different PS1/SPE-4 hybrid proteins to rescue the sel-12
Egl defect

Strain Transgenea Genotype

Egg-laying behaviorb

��� �� � �

N2 Wild type 50 0 0 0
BR1129 sel-12(ar171) 0 0 0 50
BR3537 PS1 sel-12(ar171) 48 1 1 0
BR3538 PS1/SPE-46 sel-12(ar171) 46 2 2 0
BR3539 PS1/SPE-46 sel-12(ar171) 48 0 2 0
BR3540 PS1/SPE-47 sel-12(ar171) 0 0 3 47
BR3541 PS1/SPE-47 sel-12(ar171) 0 1 1 48
BR3552 PS1/SPE-47 F392L sel-12(ar171) 10 10 19 11
BR3544 PS1/SPE-47 F392L sel-12(ar171) 11 19 15 5
BR3546 PS1/SPE-47 F392M sel-12(ar171) 10 8 25 7
BR3547 PS1/SPE-47 F392M sel-12(ar171) 17 14 10 9
BR3549 PS1 L383F sel-12(ar171) 0 1 4 45
BR3550 PS1 L383F sel-12(ar171) 0 0 2 48
aAll constructs used were H6X-tagged at their N termini. For all constructs, at least three independent lines were
tested; only two representative lines are shown.
bFor each transgenic animal, the number of eggs laid were counted and were grouped into the following categories:
���, �50 eggs of progeny laid by an individual animal; ��, 15–50 eggs laid; �, 5–15 eggs laid; �, 0 –5
eggs laid.
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of particular interest for targeting PS as the catalytic subunit of
�-secretase for AD treatment but should also further our under-
standing of intramembrane proteolysis in general.
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