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Background: Presenilin TMD8 contains a conserved AXXXAXXXG motif, involved in transmembrane protein
interactions.
Results: Mutation of PS AXXXAXXXG motifs strongly impacts �-secretase activity.
Conclusion: The geometry and activity of �-secretase depend on the integrity of the conserved AXXXAXXXG motifs in TMD8.
Significance: The PS AXXXAXXXG motif is a key determinant for understanding the structure, assembly, and function of the
�-secretase complex.

Understanding the molecular mechanisms controlling the
physiological and pathological activity of �-secretase represents
a challenging task in Alzheimer disease research. The assembly
and proteolytic activity of this enzyme require the correct inter-
action of the 19 transmembrane domains (TMDs) present in its
four subunits, including presenilin (PS1 or PS2), the �-secretase
catalytic core. GXXXG and GXXXG-like motifs are critical for
TMDs interactions as well as for protein folding and assembly.
The GXXXG motifs on �-secretase subunits (e.g. APH-1) or on
�-secretase substrates (e.g. APP) are known to be involved in
�-secretase assembly and in A� peptide production, respec-
tively. We identified on PS1 and PS2 TMD8 two highly con-
served AXXXAXXXG motifs. The presence of a mutation caus-
ing an inherited form of Alzheimer disease (familial Alzheimer
disease) in the PS1 motif suggested their involvement in the
physiopathological configuration of the �-secretase complex. In
this study, we targeted the role of these motifs on TMD8 of PSs,
focusing on their role in PS assembly and catalytic activity. Each
motif was mutated, and the impact on complex assembly, activ-
ity, and substrate docking was monitored. Different amino acid
substitutions on the same motif resulted in opposite effects on
�-secretase activity, without affecting the assembly or signifi-
cantly impairing the maturation of the complex. Our data sug-
gest that AXXXAXXXG motifs in PS TMD8 are key determi-

nants for the conformation of the mature �-secretase complex,
participating in the switch between the physiological and path-
ological functional conformations of the �-secretase.

A�3 is produced by the sequential cleavage of the amyloid
precursor protein (APP) by �- and �-secretase. The amyloido-
genic C-terminal fragment generated by �-secretase (�-CTF or
C99) is processed by �-secretase at the �-site, leading to the
release of the APP intracellular domain (AICD) (1–3). The
remaining A� fragment is further trimmed by �-secretase until
the A� peptides of various lengths (A�38 to A�43) are released
(4 –7). The progressive accumulation and deposition of A�40
and A�42, the latter isoform being more aggregation-prone,
triggers a cascade of events central to AD (8, 9). This general
processing mechanism also applies to other �-secretase sub-
strates, such as Notch, where it leads to the release of the tran-
scriptionally active Notch intracellular domain (NICD) (10, 11).

�-Secretase is an aspartyl intramembrane cleaving protease
(12). Presenilins (PSs) form the catalytic core of �-secretase. In
mammals, there are two homologous presenilins (PS1 and PS2).
The assembly of the �-secretase complex requires the associa-
tion of either PS1 or PS2 with three other membrane proteins:
nicastrin (NCT), anterior pharynx defective 1 (APH-1a or
APH-1b), and presenilin enhancer 2 (PEN-2) (13, 14). Preseni-
lins have nine transmembrane domains (TMDs) (15), and the
two catalytic aspartic acid residues are located on its TMD6 and
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-7, both required for substrate hydrolysis. �-Secretase assembly
is accompanied by an activating step in which presenilin is
endoproteolysed and converted into a heterodimer formed by
its N- and C-terminal fragments (PS-NTF/PS-CTF) (16 –18). In
addition to this activating step, �-secretase complex has two
catalytic activities: (i) endoproteolytic, releasing intracellular
domains from type I integral membrane protein substrates, and
(ii) carboxypeptidase, trimming the remaining TM domains
from the substrate until the final product is released (19).

Interactions between the TMDs within presenilins and its
binding partners are essential for �-secretase assembly and
maturation as well as substrate docking and cleavage (14). The
majority of AD inherited cases linked to presenilin mutations
(185 for PS1 and 13 for PS2) are clustered in the PS1 (�62%)
and PS2 (�70%) TMDs. Sequence integrity of each TMD is
critical for its integration and folding in the membrane as well
as for the structure of the active site pocket (20, 21). Recently,
the moderate resolution structure of the �-secretase complex
has been determined by electron cryomicroscopy (22, 23). The
structure reveals a horseshoe-shaped complex of the TM heli-
ces and confirms the 1:1:1:1 stoichiometry of the four subunits
but is not at high enough resolution to make specific TM helix
assignments.

The current structural model and biochemical data on the
�-secretase complex provide a foundation for probing the
assembly and function of the TM helices within the complex.
Specific helix-helix interactions that guide membrane protein
folding and assembly are often mediated by the GXXXG motif.
Studies on the dimerizing TM domain of the glycophorin A
(GpA) showed that by creating a flat surface, or interface,
GXXXG motifs allow the close approach of the polar backbone
of opposing helices (24 –26). Stabilizing helix interactions take
the form of interhelical C�H hydrogen bonds mediated by the
glycines of the motif (27). Following the characterization of this
motif by many groups, it became clear that the motif extends to
residues with small/polar side chains in the GXXXG-like motif,
with the configuration of [small]XXX[small], where small resi-
dues, including alanine, serine, and threonine, are separated by
three amino acids (28 –32). Serine, alanine, and glycine have the
highest packing values in membrane proteins (28), and are the
most prevalent residues in tightly packed helix interfaces (29).
Additionally in a GXXXG-like motif, serines or threonines
mediate the formation of C–OH hydrogen bonds that
strengthen the packing properties of the motif (28, 31, 32). The
�-secretase complex provides a fascinating system in which to
understand how helix association influences enzyme activity,
assembly, and substrate interactions because both the helices of
the proteins in the complex and (often) the substrates contain
GXXXG or GXXXG-like motifs (33). APP harbors an extended
GXXXG interface (621GXXXGXXXGXXXG633, APP695 num-
bering) that controls APP homodimerization and is a major
determinant in the structural features of the JM/TM regions
playing a key role in amyloidogenic processing and A� release
(34 –37). GXXXG motifs have been described in APH-1 TMD4
(122GXXXGXXXGXXXG130). Their interactive properties were
found to be critical for the stability of the protein and for
�-secretase assembly, by controlling the interaction of APH-1
with other subunits (38 – 40).

The orientation of TM helices can be probed through the
occurrence of GXXXG and GXXXG-like motifs (41), which in
turn can provide insights into membrane protein structure and
assembly. By sequence analysis, we found several motifs
occurring in PS1 and PS2 compatible with the GXXXG-like
motif sequences. There are AXXXS (PS1) and SXXXA (PS1
and PS2) motifs in TMD2 and TMD5, respectively. TMD7
has two motifs (GXXXG and SXXXGXXXA), which lie on
each side of the catalytic Asp. Both of the motifs in TMD7
contain sites of FAD mutations, which might be expected
because TMD7 forms a portion of the catalytic core of the
presenilins, and a change in helix packing may modulate
enzyme activity. TMD8 and TMD9 are both unusual in hav-
ing two sequential motifs: AXXXAXXXG (PS1, 409AXXX-
AXXXG417; PS2, 390AXXXAXXXG408) in TMD8 and AXXX-
SXXXG (PS1, 434AXXXSXXXG442; PS2, 415AXXXSXXXG423)
in TMD9. In both sequences, the small residues are sepa-
rated by three other amino acids, in analogy with the inter-
active motif of the GpA, strongly supporting their involve-
ment in tight packing interactions.

TMD8 is a highly conserved hydrophobic (PS1/PS2 90.5%
identity) 20-amino acid TMD (42, 43). This domain is involved
in the formation and stability of the complex (44, 45) and in the
membrane integration of TMD7 into the membrane bilayer by
“forced transmembrane orientation” (43). In PS1, both motifs
include two critical amino acids: Gly-417, having a pivotal role
in �-secretase activity (46), and Ala-409, whose substitution
with Thr (PS1 A409T) is described as a FAD mutation (47). The
alanine to threonine substitution has the potential to
strengthen helix interactions through interhelical hydrogen
bonding that is permitted by close helix packing (28, 32).

On the basis of the helix interactions observed in other mem-
brane proteins containing GXXXG and GXXXG-like motifs,
one would anticipate that conserved AXXXAXXXG motifs in
TMD8 play a role in �-secretase function. Specifically, the
expectation is that glycine or alanine to leucine mutations
would disrupt the helix packing interactions, whereas the
A409T mutation would strengthen helix interactions. Muta-
tions of AXXXAXXXG interactive motifs on helices that are not
part of the catalytic active site might be expected to impair
enzyme activity as a result of disrupting helix-helix association
or assembly of the complex. To test this proposal, we specifi-
cally mutated the motif on PS1 and PS2 and studied the effects
on complex assembly and activity with respect to amyloido-
genic processing and liberation of the APP and Notch intracel-
lular domains. These studies form the foundation for determin-
ing the role of the AXXXAXXXG motifs on the other TM
helices of the presenilins and understanding the interplay
between helix interactions, enzyme activity, and mechanism(s)
underlying the FAD mutations.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—All culture media and reagents,
Nu-Page� Novex� 4 –12% BisTris, and NativePAGETM

Novex� 4 –16% BisTris gels were from Life Technologies. Ana-
lytical grade solvents and salts were purchased from Sigma-
Aldrich. Transfection reagents Trans-IT2020 and Trans-IT293
were from Mirus Bio Corp. (Madison, WI). CHAPS was
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obtained from Merck. N-[N-(3,5-difluorophenacetyl)-L-ala-
nyl]-S-phenylglycine t-butyl ester (DAPT) was from Calbi-
ochem. Protease inhibitor mixture was purchased from Roche
Applied Science. Reagents for the luciferase assay (Dual-Glo
Luciferase Assay kit) were purchased from Promega (Madison,
WI). Nitrocellulose and PVDF membranes were obtained from
GE Healthcare and EMD Millipore (Billerica, MA), respec-
tively. ECL reagents were obtained from Perkin Elmer Life Sci-
ences. The following antibodies were used: Mab1563 anti-hu-
man PS1-NTF (EMD Millipore); PA1-758 anti NCT (Affinity
BioReagents, Neshanic Station, NJ); anti-APP C-ter (generous
gift of N. Sergeant, INSERM U422, Lille, France); PA1–2010
anti-APH-1 (Thermo Scientific); and D39D1 anti-PS1-CTF,
D30G3 anti-PS2-CTF, D2G6 anti-PEN-2, anti-Myc, and
anti-HA tags (Cell Signaling, Danvers, MA). Secondary anti-
bodies were obtained from Amersham Biosciences. The
applied dilutions for each antibody were according to the man-
ufacturer’s instructions.

Cells Lines and Cell Culture—Chinese hamster ovary (CHO)
cell lines were grown in Ham’s F-12 medium. Mouse embryonic
fibroblast (MEF) wild type (MEF�/�) and knock-out cell lines
for both PS1 and PS2 (MEFPSdKO) as well as MEFPSdKO res-
cued with PS1/PS2 wild type or mutant forms (MEFPSdKOr)
were cultured in DMEM/F-12. Human embryonic kidney
(HEK293T and HEK293) cell lines were grown in DMEM high
glucose medium. All media were supplemented with 10% fetal
bovine serum (FBS) (Thermo Scientific) and penicillin-strepto-
mycin solution (10 units, 10 �g). Puromycin (2.5 �g/ml) was
used for MEFdKOr.

Plasmids and Site-directed Mutagenesis—Original plasmids
expressing human PS1 were described previously (48). The
coding sequence of human PS2 was amplified by RT-PCR and
cloned in the same backbone. QuikChange site-specific
mutagenesis (Stratagene, La Jolla, CA) was applied on PS1 and
PS2 plasmids as described previously (49). APH-1, PEN-2,
and NCT cDNAs were retro-transcribed from HEK293 cells
and amplified by PCR using specific primers. PCR products
were cloned into pCDNA-3.1 V5 vector (Invitrogen). All con-
structs were confirmed by full sequencing (Macrogen Inc.
Europe, Amsterdam, Netherlands). For reporter gene analysis,
the following plasmids have been used: Hairy/Enhancer of
Split1 (HES1) luciferase reporter gene (pHes1(2.5k)-luc) (50),
Renilla luciferase vector (pRL-TK, Promega, Madison, WI),
pCS2 Notch1 �EMV-6MT (Notch�E) (51) (plasmid 41737,
Addgene, Cambridge, MA), APP695Gal4 (pMst-APPGal4),
Gal4RE-luc (pG5E1B-luc), and Fe65 (pCMV5-Fe65) (52, 53).

Western Blotting—Total cell lysates were prepared in lysis
buffer (125 mM Tris, pH 6.8, 2% SDS, 10% glycerol). Proteins
were separated using Nu-Page� Novex� 4 –12% gradient gels
and transferred on a nitrocellulose or PVDF membrane,
blocked with nonfat dry milk (Merck) (5% in PBS, 0.01% Tween
20), and incubated overnight at 4 °C with the primary antibod-
ies. Membranes were then washed and incubated with second-
ary antibodies coupled to horseradish peroxidase prior to ECL
detection. Quantification of band signal was performed using
the Quantity One� software coupled to the Gel Doc 2000 device
(Bio-Rad).

Cell Transfection—Cells were transfected 24 h after seeding
using Trans-IT2020 for CHO and MEF cells and Trans-IT293
for HEK293T cells, according to the manufacturer’s instruc-
tions. Cell lysates and culture media were harvested for analysis
48 h after transfection.

Electrochemiluminescence Immunoassay (ECLIA)—A�40
and A�42 peptides were quantified in the cell medium (34) by
the A� multiplex ECLIA (Meso Scale Discovery, Gaithersburg,
MD). One day after plating (MEFs) or transfection (CHO cells),
cells were conditioned in serum-free medium for 16 or 8 h,
respectively. Cell medium was then collected, and A� was
quantified according to the manufacturer’s instructions. Two
A� multiplex assays, 4G8 and 6E10, have been used to measure
rodent and human A�, respectively (54).

Co-immunoprecipitation—Co-immunoprecipitation was
carried out based on Shiraishi et al. (44) and Xia et al. (55). 48 h
after transfection, CHO cells were washed with cold PBS and
homogenized in lysis buffer A (50 mM Tris, pH 7.6, 150 mM

NaCl, 2 mM EDTA, 1% CHAPS, and protease inhibitor mix-
ture). Cell debris was discarded by low speed centrifugation
(800 � g for 10 min) at 4 °C. 100 �g of solubilized membranes
were precleared with 20% Protein G-Sepharose (Amersham
Biosciences) for 3 h at 4 °C. Cleared lysates were then incubated
overnight at 4 °C under gentle rocking with anti-human PS1
antibody (Mab1563) in the presence of fresh 20% Protein
G-Sepharose. The day after, beads were washed once with
buffer B (50 mM Tris, pH 7.6, 500 mM NaCl, and protease inhib-
itor mixture), twice with buffer A (50 mM Tris, pH 7.6, 150 mM

NaCl, 2 mM EDTA, protease inhibitor mixture), and once with
50 mM Tris-HCl, pH 7.6. Proteins were finally detached using
NuPAGE� LDS sample buffer (Invitrogen) supplemented with
50 �M DTT and analyzed by Western blotting.

Lentiviral Constructions and MEF Rescued Cell Lines—PS1
and PS2 mutants generated in plasmid vectors (see above) were
subcloned in the pLenti CMV/TO Puro lentiviral vector (56)
(plasmid 17482, Addgene). Lentiviruses were produced in
HEK293T cells (49, 57) and used to infect MEFPSdKO cells.
Selection started 72 h after infection by adding 5 �g/ml puro-
mycin (Sigma-Aldrich). Recombinant cell lines were further
subcultivated in culture medium containing 2.5 �g/ml puro-
mycin, and the PS expression profile was monitored by West-
ern blotting (see above).

In Vitro �-Secretase Activity Assay—A cell-free in vitro
�-secretase activity assay was applied for measuring the activity
of �-secretase with a fluoroprobe mimicking the APP �-cleav-
age site (54, 58), performed as previously described (54). All of
the steps were carried out at 4 °C unless otherwise specified.
Cells were seeded in 60-cm2 dishes, washed in cold PBS, and
harvested 1 day after. Cell lysis was performed in buffer A (5 mM

Tris-HCl, pH 7.4, 5 mM EDTA, 5 mM EGTA, protease inhibitor
mixture), cell debris was discarded by centrifugation (800 � g
for 10 min), and remaining supernatants were further centri-
fuged (2,500 � g for 1 h). Membrane pellets were resuspended
in buffer B (50 mM Tris-HCl, pH 6.8, 2 mM EDTA, 150 mM KCl,
protease inhibitor mixture), and membrane proteins were
diluted to 1 �g/�l using the reaction buffer C (50 mM Tris-HCl,
pH 6.8, 2 mM EDTA, 150 mM KCl, 0.25% CHAPS, protease
inhibitor mixture) and solubilized for 1 h by gentle rotation.
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Samples containing 30 �g of solubilized membrane proteins
and 6 �M APP-mimicking fluoroprobe (Nma-GGVVIATVK-
(Dnp)RRR-NH2; Merck) were incubated in 100 �l (of buffer B)
overnight at 37 °C. Fluorescent signal (excitation/emission,
335/440 nm) was measured on a Victor X3 Multilabel Plate
Reader (PerkinElmer Life Sciences).

AICD Monitoring in Cell-free Assays—A cell-free assay to
monitor AICD production has been applied as described previ-
ously (54). All steps were performed at 4 °C unless otherwise
specified. Confluent cells were washed with PBS and harvested
with MOPS buffer (1 mM MOPS, 1 mM KCl, pH 7.0). After
incubation for 10 min on ice, membranes were homogenized,
and cell debris were discarded by centrifugation (1,000 � g for
15 min). The remaining supernatants were further centrifuged
(16,000 � g for 40 min), and the membranes in the pellet were
solubilized in a 150 mM sodium citrate, pH 6.4, buffer. After 2 h
of incubation at 37 °C, membranes were put on ice and soni-
cated in Laemmli buffer for Western blotting analysis.

Dual-Luciferase Reporter Gene Assay—NICD and AICD
release were measured by reporter gene assays as described
previously (52, 59). For NICD production, MEFs were trans-
fected 24 h after seeding with the HES1 luciferase reporter gene,
Renilla luciferase vector, and Notch�E or with the correspond-
ing empty (mock) vector (54). Transfected cells were collected
and analyzed by Western blotting, to monitor Notch�E expres-
sion and processing; NICD release was measured by a luciferase
assay (see below). For AICD release, MEFs were transfected
with APP695Gal4, Fe65, Gal4RE-luc, and Renilla luciferase
vectors (52, 53). Luciferase activity was measured 48 h after
transfection by the Dual-Glo� luciferase assay (Promega, Mad-
ison, WI) on a Sirius luminometer (Berthold). Luciferase activ-
ity corrected for transfection efficiencies was calculated as the
firefly/Renilla luciferase ratio (59).

Blue Native PAGE—Cells were harvested on ice 24 h after
seeding. Treatment with �-secretase inhibitors (1 �M DAPT or
L-685,458) was applied for 16 h. Cells were briefly centrifuged
at 4 °C. The cell pellet was homogenized on ice using Native
Sample Buffer 4� (Invitrogen) supplemented with 1% n-dode-
cyl �-D-maltoside (Sigma-Aldrich) and the protease inhibitor
mixture. Samples were then centrifuged (100,000 � g) for 1 h at
4 °C. 20 �g of solubilized membrane proteins were separated in
native PAGE 4 –16% gel, transferred onto PVDF membranes,
and incubated with primary and secondary antibodies followed
by ECL detection.

Statistical Analysis—Statistical analyses were performed
using GraphPad Prism (GraphPad Software, San Diego, CA)
and post hoc tests as indicated.

RESULTS

Disruption of PS1 AXXXAXXXG Motif Impairs Presenilin
Maturation and APP Cleavage—Amino acid sequence analysis
of �-secretase subunits revealed the presence of AXXXAXXXG
in both PS1 and PS2 TMD8 (PS1, 409AXXXAXXXG417; PS2,
390AXXXAXXXG408) (Fig. 1A). By a site-directed mutagenesis
approach, we substituted the small residues of the motif, Ala
and/or Gly, by Leu, as done previously for APP GXXXG motifs
(34). The mutants were designated PS1-AA (A409L/A413L),
PS1-AG (A413L/G417L), PS2-AA (A390L/A394L), and

PS2-AG (A394L/G398L) (Fig. 1A). Additional mutants were
generated: the PS1-AT (PS1 A409T), a FAD mutant (47), the
corresponding engineered PS2-AT (PS2 A390T), and the inac-
tive PS1-DA (PS1 D385A) and PS2-DA (PS2 D366A), where
one catalytic Asp was substituted by Ala (16, 60, 61). Consider-
ing that PS1-dependent �-secretase is known as the major
�-secretase complex responsible for A� production (62), we
first analyzed the effects of those mutations on PS1 in CHO
cells, a widely used cellular model for studying APP processing
and �-secretase activity (34, 60, 63).

Full-length PS1 was identified in all overexpressing cells by
Western blotting with a specific anti-hPS1-NTF antibody
(Mab1563) (Fig. 1B). However, the PS1-NTF, produced upon
PS1 endoproteolysis, was detected only for PS1-WT and PS1-
AT. The absence of the endoproteolytic fragment in PS1-AA-,
PS1-AG-, and PS1-DA-expressing cells indicated that the
AXXXAXXXG motif is required for PS1 maturation.

Because PS1-AA, PS1-AG, and PS1-DA showed similar
profiles, we decided to further analyze the role of the PS1
AXXXAXXXG motif in APP processing. With this aim, we used
CHO cells co-transfected with the PS1 mutants and an HA-
tagged APP �-CTF (C99HA) and quantified the A� peptides
produced and the intracellular accumulation of both APP-
CTFs (C99HA and C83HA) (Fig. 1, C and D). A� quantification
was performed by ECLIA using a specific antibody recognizing
human A� (6E10) (54). Compared with PS1-WT, the levels of
A�40 and A�42 released from PS1-AA, PS1-AG, and PS1-DA
were reduced (Fig. 1D). However, in PS1-AT-expressing cells,
A�40 and A�42 production was significantly increased, indi-
cating that the FAD mutation on the same structural motif had
opposite effects. Intracellular accumulation of APP-CTFs
(C99HA and C83HA) is related to �-secretase activity in the
cell. Indeed, an increase in the C83HA/C99HA ratio can be
considered as an accurate indicator of �-secretase activity
impairment in C99-expressing CHO cells (34, 54). C83HA/
C99HA was increased for PS1-AA, PS1-AG, and PS1-DA,
whereas it was decreased for PS1-AT (Fig. 1C). These results
were in line with the A� peptide quantification. Interestingly, a
trend in increased A�42/A�40 ratio was observed for PS1-AT
mutant, a known feature of FAD PS mutants (Fig. 1E). Reduced
A� peptide production can result from decreased �-secretase
activity, impaired association (or docking) of the substrate with
the complex. The PS1 AXXXAXXXG motif could indeed medi-
ate the interaction with the three in-register GXXXG motifs in
APP, already known to be critical for A� production (34 –37),
thus explaining the results on APP processing. Alternatively,
the PS motif might be involved in inducing a certain geometry
of the complex via tight TMD packing that does not contribute
to the overall substrate association. Our co-immunoprecipita-
tion (co-IP) data revealed that the C99HA/PS1 interaction was
not altered by mutation of the PS1 AXXXAXXXG motif (Fig. 2,
A and B). No co-IP was observed in the absence of the anti-PS1
IP antibody (Mab1563), indicating that co-IP experiments were
not biased by the sticky nature of �-secretase substrates. This
observation is also consistent with our results showing that
mutation of the APP GXXXG motifs did not modify the APP/
PS1 interaction (data not shown) (see Ref. 34).
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Together, these results support the role of the PS
AXXXAXXXG motif in PS1 maturation and formation of an
active �-secretase complex. This led us to further analyze the
involvement of the PS AXXXAXXXG motif in the assembly of
the �-secretase complex.

PS1 AXXXAXXXG Motif Is Not Involved in the Assembly
with the APH-1/NCT Heterodimer—To verify the role of the
PS1 motif in mediating the interaction with other components
of the complex, we reconstituted an exogenous (human)
�-secretase complex suitable for co-IP studies in CHO cells.

Vectors expressing tagged (V5) NCT, APH-1, and PEN-2 were
built and co-transfected with the different PS1 constructs. The
PS1 expression and maturation profile was not influenced by
the exogenous co-expression of the other �-secretase cofactors
(Fig. 2C). All of the exogenous subunits, including mature and
immature NCT, APH-1, and PEN-2, were expressed and
detected by an anti-V5 antibody at the expected sizes (Fig. 2C).
The specificity of the V5 signal was confirmed by antibodies
directed against NCT, APH-1, or PEN-2 (not shown). Co-IP
experiments performed using the anti-hPS1-NTF (Mab1563)

FIGURE 1. Mutations in PS1 AXXXAXXXG motif influence APP metabolism in CHO cells. A, schematic representation of PS topology. The endoproteolytic
site in the cytoplasmic loop (scissors), the catalytic aspartates in TMD6 and TMD7 (red dots), and the TMD8 AXXXAXXXG motifs (blue dot) are indicated. Amino
acid sequence alignments of TMD7 and TMD8 are shown for PS1/PS2-WT and mutant isoforms. Catalytic Asp in TMD7 (PS1 Asp-385 and PS2 Asp-366) and the
corresponding DA inactive mutant (red) are underlined. In TMD8, Gly or Ala residues from the AXXXAXXXG interface and corresponding mutants (blue) are
underlined. B, CHO cells were transiently transfected with human PS1 isoforms (WT, AA, AG, AT, and DA). Expression and maturation of the exogenous PS was
revealed by an anti-hPS1-NTF antibody. Full-length PS1 (PS1-FL) and the N-terminal fragment produced upon endoproteolysis (PS1-NTF) are indicated by
arrows. C, Western blot of cell lysate from CHO cells transiently co-transfected with human PS1 isoforms (WT, AA, AG, AT, and DA) and HA-tagged APP �-CTF
(C99HA). C99HA as well as the APP �-CTF (C83HA), produced from C99HA �-cleavage, were detected by using an anti-HA antibody and are indicated by arrows.
The C83HA/C99HA ratio was calculated as an indicator of C99HA processing by �-secretase. Results (means � S.E. (error bars)) are represented as a percentage
of the C83HA/C99HA ratio measured in PS1-WT-expressing cells (n � 5). D, results (means � S.E.) from quantification of A�40 and A�42 in C are given as a
percentage of PS1-WT (n � 3). E, quantification (means � S.E.) of the A�42/A�40 ratio in PS1-WT and PS1-AT cells in C is expressed as a percentage of PS1-WT
(n � 3). The statistical analyses in C and D were performed by one-way ANOVA followed by Dunnett’s post hoc test. *, p � 0.05; **, p � 0.001; ***, p � 0.0001
in E by Mann-Whitney test.
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antibody showed that all PS1 forms, including the PS1-AA and
PS1-AG mutants, co-immunoprecipitated with all of the other
human �-secretase subunits (Fig. 2D). No co-IP was observed in
the absence of the anti-hPS1-NTF IP antibody, confirming the

reliability of these results. These results suggested that the PS1
AXXXAXXXG motif was not involved in the packing of the
complex, namely in the interaction of PS with the APH-1/NCT
heterodimer (14) or with PEN-2.

FIGURE 2. Mutations of PS AXXXAXXXG motif do not impair the interaction of PS with APP substrate and the other �-secretase subunits. Association of
PSs with APP substrate and subunits was analyzed by co-IP. PS isoforms (WT, AA, AG, AT, and DA) were transiently co-transfected in CHO cells with C99HA (A)
or V5-tagged human �-secretase subunits (NCT, PEN-2, and APH-1) (C). A, Western blots of cell extracts (inputs) were revealed by an anti-hPS1-NTF or anti-HA
antibody. PS1 (PS1-FL and PS1-NTF) and C99HA and the derived C83HA were detected at the expected molecular size and indicated by arrows. B, the control
co-IP was performed in PS1-WT- and C99HA-co-expressing cells, in the absence of the immunoprecipitating antibody (anti-hPS1-NTF). The PS1-WT and C99HA
in the input and in the control co-IP were detected by an anti-hPS1-NTF or anti-HA antibody, respectively. Equal amounts of protein from A were subjected to
co-IP using the anti-hPS1-NTF antibody and revealed by Western blotting. The presence of PS1 (PS1-FL and PS1-CTF) was detected by the anti-PS1-CTF
antibody, and the co-immunoprecipitated C99HA and C83HA were detected by the anti-HA antibody and indicated by the arrows. C, Western blots of cell
extracts (inputs) revealed by an anti-hPS1-NTF or anti-V5 antibody. PS1 (PS1-FL and PS1-NTF) and �-secretase subunits were detected by the anti-hPS1-NTF or
anti-V5 tag antibody. PS1 (PS1-FL and PS1-NTF), mature and immature NCT (mNCT and imNCT), APH-1, and PEN-2 were detected at the expected molecular size
and are indicated by arrows. D, the control co-IP was performed in PS1-WT- and V5-tagged substrate-co-expressing cells, in the absence of the immunopre-
cipitating antibody (anti-hPS1-NTF). The PS1-WT and the V5-tagged subunit in the input and in the control co-IP were detected by an anti-hPS1-NTF or anti-V5
antibody, respectively. Equal amounts of protein from C were subjected to co-immunoprecipitation using an anti-hPS1-NTF antibody and revealed by Western
blotting. The presence of PS1 (PS1-FL and PS1-CTF) was detected by an anti-PS1-CTF antibody, and the co-immunoprecipitated �-secretase subunits were
detected by an anti-V5 tag antibody. Bands corresponding to mature (mNCT) and immature (imNCT) nicastrin, APH-1, and PEN-2 are indicated by arrows.
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Expression of PS1 or PS2 in MEFPSdKO Cell Lines Yields Sim-
ilar Results—One limitation of the transient co-expression
experiments in CHO cells comes from the competition of
endogenous PS1 and PS2 with the exogenous human preseni-
lins. We decided to further analyze PS1 and PS2 mutants in the
MEF PS1 and PS2 null backgrounds, known as the MEFPSdKO
cell line (50, 64). A big asset here is that these cell lines allow
rebuilding of different �-secretase complexes, depending
exclusively on the PS forms re-expressed (PS rescued). All of the
PS forms (PS1 and PS2) were stably expressed by lentiviral
infection in rescued MEFPSdKO cell lines, referred to hereafter
as MEFPSdKOr (Fig. 3). PS expression and endoproteolysis
were monitored by Western blotting (Fig. 3, A and B). The N-
and C-terminal fragments of PS1-WT and PS2-WT were
detected, but both PS1-DA and PS2-DA failed to undergo
endoproteolysis, as reported previously (18, 65, 66), causing the

accumulation of full-length PS in the cell. Similar to previous
results in CHO cells, in PS-AA and PS-AG mutants, no endo-
proteolytic products were detected despite corresponding full-
length PS accumulated in the cells, confirming the role of the
AXXXAXXXG motif in PS1 endoproteolysis and extending this
observation to PS2. This strongly supported the conserved role
of the motifs in PSs. In contrast, the endoproteolysis of PS1-AT
and PS2-AT was preserved, as shown by the generation of the
corresponding PS-NTF and -CTF (Fig. 3, A and B). As for the
PS1-WT form, all of the pool of PS1-AT was converted by
endoproteolysis in the rescued model (full-length protein was
barely detectable), whereas the full-length PS2-WT and
PS2-AT were still detectable.

Profile of the �-Secretase Complex in MEFPSdKOr—NCT
maturation occurs as a final step in �-secretase assembly (50,
67– 69) and results from extensive glycosylation of its ectodo-

FIGURE 3. Characterization of MEFs rescue cell lines stably expressing PS mutants. PS1 and PS2 KO mouse embryonic fibroblasts (MEFPSdKO) stably
re-expressing the different PS1 and PS2 isoforms were generated. PS expression and maturation profile and maturation of the �-secretase complex indicated
by maturation of NCT were studied by Western blotting. Western blots of cell lysates (MEFPSdKO (dKO), MEF�/� (�/�), and MEFPSdKO stably rescued with the
indicated PS1 or PS2 isoforms) were revealed with anti-PS1-CTF or anti-hPS1-NTF antibody (A), anti-PS2-CTF antibody (B), and anti-NCT antibody (A and B).
Bands corresponding to full-length PS (PS-FL), endoproteolytic fragments (NTF or CTF), and mature and immature NCT (mNCT and imNCT) are indicated by
arrows. C, the native conformation of �-secretase was studied in MEFs in non-denaturating conditions (blue native PAGE) and compared with the native
conformation of human �-secretase isolated from HEK293 cells. The presence of PS1 (above) and PS2 (below) in the native �-secretase complex was revealed
in MEFPSdKO (dKO), MEF�/� (�/�), and HEK293 by using specific anti-PS1-CTF or anti-PS2-CTF antibodies. D, the same experiments were carried out on
MEF�/� (�/�) and MEFPSdKO (dKO) cell lines to confirm the presence of the other �-secretase subunits in the high molecular weight complexes by using
anti-NCT, anti-APH-1, and anti-PEN-2 antibodies. Black arrows, bands corresponding to a high molecular weight �-secretase complex recognized by anti-PS,
anti-NCT, anti-APH-1, and anti-PEN-2 antibodies. E, blue native PAGE performed on MEFPSdKO cells stably expressing PS1 (left) and PS2 (right) isoforms
revealed by anti-PS1-CTF or anti-PS2-CTF antibodies. Black arrows, bands corresponding to the expected molecular size of a full �-secretase complex. F, the
same experiments were carried out on MEF�/� (�/�) in the absence or presence of DAPT or L-685,458 (L685). The arrows indicate bands corresponding to
�-secretase complex.
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main. This process does not occur in the absence of PSs (50,
67– 69). Restoration of PS expression in MEFPSdKOr cell
lines (Fig. 3, A and B), rescued NCT maturation, albeit to a lesser
extent when compared with MEF�/�, with quantitative differ-
ences observed between the rescued cell lines, particularly for PS2-
AG. These results showed that exogenous PS forms in MEFdKOr
cells could be integrated into a mature �-secretase complex, but
only PS-WT and PS1-AT appeared to form fully mature complex.
This observation strongly supports the requirement of the struc-
tural properties of the PS AXXXAXXXG motif for PS endoprote-
olysis but not for PS integration into a mature �-secretase complex
and led us to further analyze �-secretase activity in these cell lines.

The fact that different amino acid substitutions on the same
structural determinant result in opposite effects on PS activity
while generally preserving the maturation of the complex sug-
gests that the PS AXXXAXXXG motif could be important for
the conformation of the mature �-secretase complex (70). Non-
denaturating electrophoresis analyses were carried out (blue
native PAGE), with HEK293 taken as a reference for the forma-
tion of the native �-secretase complex (70). MEF�/� and
HEK293 cells, but not MEFPSdKO, showed two high molecular
mass bands, between 242 and 480 kDa, both positive for PS1
and PS2, compatible with the previously described high molec-
ular mass band (�400 kDa) observed for fully assembled
�-secretase (45, 70) (Fig. 3C). These two bands were detected in
MEF�/� with antibodies against NCT, PEN-2, and APH-1 (Fig.
3D). In MEFPSdKO rescued cells expressing the active PS
forms (WT and AT), the doublet observed in MEF�/� and
HEK293 cells was restored. In contrast, only the upper �480
kDa band was detected in the non-active PS mutants (DA, AA,
and AG) (Fig. 3E). A similar profile correlation was observed
when MEF�/� cells were treated with two specific �-secretase
inhibitors: DAPT and L-685,458. The treatment with both
inhibitors caused a reduction of the lower band (above 242
kDa), all of the signal shifting to the higher apparent molecular
mass complex (above 242 kDa) (Fig. 3F). These inhibitors are
either allosteric inhibitor (DAPT) or transition state analog
(L-685,458), known to bind active �-secretase and thereby
probably changing its spatial conformation (71, 72). In addition,
this clearly suggested a correlation between the native profile
and the activity state of the complex. By controlling the native
conformation of the complex, PS AXXXAXXXG motifs might
control its activity.

Influence of PS AXXXAXXXG Motifs on Substrate Processing
by �-Secretase—Processing of endogenous APP was studied in
the MEF cell lines. APP-CTFs were monitored by Western blot-
ting, and A� peptides were quantified by ECLIA (54) using a
specific anti-mouse A� antibody (4G8). Endogenous AICD
production is very difficult to detect and was therefore moni-
tored in a cell-free assay on isolated cell membranes (54).
Endogenous APP expression was comparable in all tested cell
lines. In MEFPSdKO cells, APP CTFs accumulated in the cells
(Fig. 4A), and the release of A� peptides as well as of AICD was
completely abolished (Figs. 4, B and C), as reported previously
(64). By rescuing with wild-type PS1 and PS2, CTF and A�
production was restored to levels comparable with those
observed in MEF�/� cells. In PS-AA, PS-AG, and PS-DA cells,
intracellular levels of APP-CTFs were similar to those observed

in the MEFPSdKO cell line, and A� peptides and AICD were
undetectable or at very low levels (Fig. 4, B and C). In PS1 and
PS2-AT cells, no APP-CTFs accumulated. In PS1-AT, both
A�40 and A�42 production was significantly increased when
compared with PS1-WT-expressing cells, whereas in PS2-AT,
A� levels were comparable with those observed in PS2-WT
(Fig. 4B). It is important to note here that in both PS1-AT and
PS2-AT mutants, the A�42/A�40 ratio was increased when
compared with the corresponding PS-WT forms (Fig. 4B). The
cell-free assay revealed that AICD production was restored in
PS1-WT- and PS2-WT-expressing cells, whereas no AICD was
detected in the AA and AG mutants. Strikingly in PS1AT,
which showed and increased A�, no AICD fragment was
detected after incubation. On the contrary, under the same
conditions, AICD was detected in PS2AT-expressing cells.
These results support the previous observations in CHO cells,
indicating that PS-WT and PS-AT contribute to the formation
of an active �-secretase complex, whereas PS-AA and PS-AG
were part of an inactive �-secretase complex similar to the
PS-DA mutants. Here again, the effects of mutations of PS
AXXXAXXXG motifs appeared dual, depending on the nature
of the mutations introduced. Increased A� production in
PS1-AT can result from increased efficiency of �-secretase to
process APP at its �-site (7).

In order to measure directly �-secretase activity, we used an
in vitro �-secretase assay as described previously (54, 58). In this
assay, solubilized membranes were incubated with a fluoro-
probe mimicking the APP �-cleavage sites (Fig. 5A). When
MEFPSdKO and MEF�/� cells were tested in the absence or
presence of DAPT, �-secretase activity was reduced by �40%
compared with the corresponding non-treated MEF�/� (Fig.
5B). The remaining background signal was in accordance with
previous results (54, 58). The same assay was applied to solubi-
lized membranes from MEFPSdKOr cells. When PS-AA and
PS-AG mutants were compared with the corresponding PS
wild type forms (PS1-WT or PS2-WT) (Fig. 5B), they showed an
average reduction in �-secretase activity of �58 and �49%,
respectively, similar to the corresponding catalytically inactive
forms (PS1-DA and PS2-DA). PS1-AT, however, showed a 2.5-
fold increased activity compared with PS1-WT, whereas
PS2-AT showed a similar activity compared with PS2-WT.
These results indicate first that the AXXXAXXXG motif in PS
can control �-secretase activity in opposite ways; leucine sub-
stitutions abolished in vitro �-secretase activity, whereas an
FAD-causing mutation (PS1-AT) was associated with an
increase in in vitro �-secretase activity. Results obtained in the
in vitro �-secretase activity assay were in agreement with those
obtained on A� production (Fig. 4B) but showed some differ-
ences from the measurements on AICD release (Fig. 4C). It is
important to note here that the fluoroprobe used harbors the
APP �-sites but the �-site.

To further investigate the effect of PS AXXXAXXXG motifs on
substrate cleavage at �-site, we carried out a transactivation assay
as described previously (52, 73). Contrary to cell-free assays, this
assay monitors the release of functional AICD by its ability to acti-
vate transcription of a reporter gene (Fig. 6A). The signal measured
in MEFPSdKO cells was identical in the presence or absence of
Fe65, confirming that luciferase activity depends only on AICD
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FIGURE 4. Effects of PS AXXXAXXXG motifs mutations on endogenous APP processing A� production and AICD release. A, Western blot of cell lysates
from MEFPSdKO PS1 (left) and PS2 (right) rescued cells revealed with an anti-APP C-ter antibody, compared with MEF�/� (�/�) and MEFPSdKO (dKO). Bands
corresponding to APP and APP �- or �-C-terminal fragments (APP-CTFs) are indicated by arrows. B, quantification of A�40 and A�42 concentrations in the
extracellular media and the corresponding A�42/A�40 reported in PS-WT and PS-AT constructs. Results (means � S.E. (error bars)) are given as a percentage
of A� or A�42/A�40 measured in PS-WT cell medium (n � 3). nd, non-detectable; ***, p � 0.0001 as compared with �/�; ###, p � 0.0001 as compared with
PS-WT. Statistical analyses on A� quantification were performed by one-way ANOVA followed by Dunnett’s post hoc test, whereas analyses of A�42/A�40 ratio
were performed by the Mann-Whitney test. C, AICD production measured by cell-free assays on solubilized membranes from MEFPSdKO (dKO), MEF�/� (�/�),
and MEFPSdKO stably rescued with the indicated PS1 or PS2 isoforms. AICD release was monitored before (0 h) and after 2 h of incubation by Western blotting
using an anti-APP C-ter antibody. Lower (low exp.) and higher (high exp.) exposures of the same blots are shown.

FIGURE 5. In vitro �-secretase assays. A, schematic representation of the fluoroprobe used to assay in vitro �-secretase activity. NMA and DNP, the fluorescent
and the quenching group, respectively. The amino acids corresponding to positions 40 – 42 of the APP �-cleavage site are underlined. Membranes from MEFs
were isolated and incubated for 16 h with the fluoroprobe. B, the �-secretase assay was performed on membranes of MEF�/� (�/�) cells, MEFPSdKO (dKO)
cells, and MEF�/� cells treated with 10 �M DAPT (�/� DAPT), a reference �-secretase inhibitor. Results (means � S.E. (error bars)) are given as a percentage of
�-secretase activity measured in MEF�/� cells (n � 8). C, �-secretase activity was measured on MEFPSdKO rescued by PS1 (left) and PS2 (right) isoforms. Results
(means � S.E.) are given as a percentage of �-secretase activity measured in PS-WT-expressing cells (n � 6). All statistical analyses were performed by one-way
ANOVA followed by Dunnett’s post test. *, p � 0.05; **, p � 0.001; ***, p � 0.0001.
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release (Fig. 6B). In MEFPSdKOr cells, PS1- and PS2-WT AICD-
dependent transcriptional activity was increased when compared
with MEFPSdKO (Fig. 6C), with PS2-WT higher than PS1-WT.
The luciferase signal from PS-AA, PS-AG, and PS-DA was �50%
of the activity measured in PS-WT forms, in line with the AICD
profile previously obtained in the cell-free assay (Fig. 4C). Interest-
ingly, the luciferase signal from PS1-AT was also roughly 50% of
the PS1-WT signal despite much higher levels of A� production,
suggesting that the �-cleavage activity was much lower than the
subsequent cleavage efficiency or activity to produce the A� pep-
tides. Surprisingly, for the PS2-AT mutant, the transactivation
assay indicated a lower AICD release when compared to PS2-WT,
whereas comparable amounts of AICD bands were detected in
cell-free assays (Fig. 4C).

Another key �-secretase substrate is the Notch receptor. Notch
is cleaved at the S3 site within its TM domain by �-secretase to
release the transcriptionally active NICD (65). The S3 site corre-
sponds to the APP �-site, and NICD production is critical in devel-
opmental cell signaling (1, 62). The functional effects of the PS
AXXXAXXXG motifs in Notch processing were addressed in a
transactivation assay (54, 59) (Fig. 7A), in which the cleavage of a
truncated Notch construct (Notch�E) (51) by �-secretase and

subsequent NICD release transactivates a HES1 luciferase
reporter gene (74). Expression of Notch�E in this model is neces-
sary because in its absence, transcriptional activity of the HES1
luciferase reporter gene was low, and only a slight decrease was
measured in MEFPSdKO cells (Fig. 7B). NICD (measured by
Western blotting or transactivation assays) is not produced from
Notch�E in MEFPSdKO as expected (Fig. 7B). In MEFPSdKOr
cell lines, both PS1 and PS2 restored NICD production, as shown
by transactivation assays and Western blotting. PS1-WT rescue
was more efficient than PS2-WT (Fig. 7C). The PS-AA and -AG
mutants did not generate the NICD fragment and showed a signif-
icantly reduced signal in transactivation assays when compared
with the relative PS-WT forms (PS1-WT or PS2-WT) (Fig. 7D).
The results were similar to those observed for PS-DA mutants.
Interestingly, PS1-AT mutants were associated with higher NICD
production when compared with PS1-WT, contrary to the results
obtained with AICD release (Fig. 7D), suggesting that, in these
rescued cells, there is specificity for substrate processing of the
PS1-dependent �-secretase at the �-site (for APP) or S3 site (for
Notch). In the PS2-AT mutant, the NICD production was only
very slightly and non-significantly increased when compared with
PS2-WT.

FIGURE 6. Effects of PS AXXXAXXXG motifs on AICD release. A, schematic representation of the transactivation assay used to monitor AICD release. Cells were
co-transfected with APPGal4, Fe65, Gal4RE-luc reporter gene, and pRL-TK Renilla vector. When APPGal4 is cleaved by �-secretase at the �-site, AICDGal4 is
released and translocates (with Fe65) into the nucleus, where the AICDGal4-Fe65-Tip60 complex transactivates the Gal4RE reporter gene. Luciferase activity
was calculated as the firefly luciferase/Renilla luciferase ratio. B, transactivation assays were carried out on MEF�/� (�/�) and MEFPSdKO (dKO) cells in the
presence or absence of Fe65. Results (means � S.E. (error bars)) were normalized and shown as percentage of luciferase activity measured in �/� cells (n � 6).
ns, non-significant; ***, p � 0.0001 as compared with �/�; ###, p � 0.0001 as compared with Fe65-expressing �/� cells. C, the same assay was performed in
�/�, dKO, and MEFPSdKO rescued with PS1-WT or PS2-WT cells in the presence of Fe65. Results (means � S.E.) are normalized and given as percentage
luciferase activity measured in �/� (n � 6). ns, non-significant; **, p � 0.01; ***, p � 0.0001 as compared with �/�; ###, p � 0.0001 as compared with PS1-WT.
D, transactivation assay in MEFPSdKO rescued with PS1 (left) or PS2 (right) isoforms. Results (means � S.E.) are normalized and shown as a percentage of
corresponding WT controls (PS1-WT or PS2-WT); ***, p � 0.0001 as compared with respective WT control. n � 7 for PS1 and n � 8 for PS2. All statistical analyses
were performed by one-way ANOVA, followed by Dunnett’s post hoc test.
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DISCUSSION

In this study, we targeted the role of the AXXXAXXXG motif
that we identified in TMD8 of PS, focusing in particular on its
involvement in �-secretase proteolytic properties and assem-
bly. Using site-specific mutagenesis, we generated different PS
mutants: the PS-AA and PS-AG, where the leucine mutations
(LXXXL) are expected to disrupt close helix packing (34); the
FAD mutant PS1-AT and the corresponding PS2-AT, where
the first alanine of the motif is substituted by a threonine

(PS1A409T and PS2A390T); and PS-DA, serving as a catalyti-
cally inactive form of PS (12). Our major finding is that the
activity of the �-secretase complex depends on the integrity of
the AXXXAXXXG motif in TMD8 of PS1 and PS2. LXXXL
mutations results in loss of �-secretase activity, despite unal-
tered association with the other proteins of the complex. Thus,
small residues, which probably promote close helix packing of
TMD8 along the motif, are required for normal function of the
�-secretase complex.

FIGURE 7. Effects of PS AXXXAXXXG motifs in Notch �-cleavage and NICD release. A, schematic representation of gene transactivation assay used to
monitor NICD production. LP, Notch leader peptide. Other transcriptional co-activators associated with NICD (e.g. CSL and MAML1) are represented by a dotted
circle. Cells were co-transfected with a HES1 luciferase reporter gene, with pRL-TK Renilla plasmid, and, where specified, with a Myc-tagged �E-Notch construct
(Notch�E). When overexpressed, Notch�E is cleaved by �-secretase at the S3 site, and the Myc-tagged NICD released translocates into the nucleus, where it
transactivates the HES1 reporter gene. B, MEF�/� (�/�) and MEFPSdKO (dKO) were co-transfected in the presence or absence of Notch�E as specified. Western
blots (top) of cell extracts were revealed with anti-Myc antibody. The bands corresponding to Notch�E and its derived NICD are indicated by arrows. Luciferase
activity (bottom) was measured in the same cell extracts. Results (means � S.E.) are given as percentage of luciferase activity measured in �/� cells. ns, non
significant; ***, p � 0.0001, as compared with �/�; ###, p � 0.0001 as compared with Notch�E-expressing �/� cells (n � 4). C, the same assay was performed
on �/�, dKO, and PS1-WT and PS2-WT cells. Results (means � S.E. (error bars)) are given as a percentage of luciferase activity measured in �/� cells. **, p �
0.01; ***, p � 0.0001, as compared with �/�; ###, p � 0.0001 as compared with PS1-WT (n � 4). D, analysis of NICD production and release of MEFPSdKO
rescued for PS1 (left) and PS2 isoforms (right). Western blots of cell extracts revealed by anti-Myc antibody. The bands corresponding to Notch�E and its derived
NICD are indicated by arrows. Luciferase activity (bottom) was measured in the same cell extracts. Results (means � S.E.) are given as a percentage of activity
measured in the WT controls (PS1-WT or PS2-WT); *, p � 0.05; **, p � 0.01; ***, p � 0.0001 (PS1, n � 3; PS2, n � 5). All statistical analyses were performed by
one-way ANOVA followed by Dunnett’s post hoc test.
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In contrast, mutation of the first alanine residue of the first
GXXXG-like sequence to threonine had an enhancing although
contrasting effect on �-secretase activity, suggesting that this
substitution strengthens the association of TMD8 within the
complex, impacting catalytic properties that can be discrimi-
nated between PS1 and PS2.

We can make a distinction here between mature and func-
tional (or active) �-secretase complexes (14, 19, 75). Maturation
is related to NCT glycosylation. Our results confirmed pervious
work showing that NCT glycosylation does not occur in the
absence of PSs (69, 76). In other terms, and although the step-
wise process of �-secretase assembly is not fully understood,
NCT is extensively glycosylated once the four core subunits
(PS, APH-1, PEN-2, and NCT) are assembled (14). �-Secretase
activation occurs when PS undergoes endoproteolysis, leading
to the release from the active site of the inhibitory cytosolic
loop, thereby activating the enzyme (66, 77). When expressed
with the other �-secretase components, all PS forms, including
the PS-AA and PS-AG mutants, were able to generate a fully
assembled �-secretase. In particular, the interaction of APH-1,
which contains three sequential GXXXG motifs in TMD4
(122GXXXGXXXGXXXG130) and is expected to interact with
the C terminus of PS (38 – 40, 78), was not affected. Therefore,
close helix association of the PS AXXXAXXXG motifs in TMD8
was not required for assembly of the complex. Some mutants, in
particular PS2-AG, reduced the level of NCT glycosylation,
indicating a possible alteration of �-secretase maturation that
might be related to an altered trafficking of the complex for
these mutants. Biotinylation assays (not shown) revealed that
the pool of PS reaching the cell surface was not modified, sug-
gesting that trafficking impairment by the mutations (if any)
might only be very subtle and with a low impact on complex
assembly and maturation.

�-Secretase cleaves its substrates by different cleaving events (3,
7, 11). An initial hypothesis is that AXXXAXXXG motifs are
involved in docking of substrates to the �-secretase, a critical step
in their cleavage. Indeed, several, but not all (e.g. Notch recep-
tor), �-secretase substrates contain GXXXG or GXXXG-like
motifs (33), suggesting a key role of these motifs in geometry,
substrate specificity, and processing. In the case of APP, sev-
eral studies have clearly demonstrated the involvement of
GXXXG motifs (621GXXXGXXXGXXXG633, APP695 num-
bering) in A� production (34 –37). Because APP was able to
generate stable interactions with all PS forms, including
PS-AA and PS-AG, it is clear that the PS AXXXAXXXG
motifs are not required for APP docking, suggesting that
these motifs are not involved in substrate recruitment.
Although the interaction with the substrate was preserved,
the disruption of the AXXXAXXXG by leucine substitutions
abolished �-secretase activity in terms of A� peptide pro-
duction as well as AICD and NICD release (51–54, 73). This
result supports the fundamental role of these motifs in
TMD8 in the overall activity of the complex.

In contrast to the LXXXL mutants, AT mutation in both
PS1 (A409T) and PS2 (A390T) differentially affected
�-secretase activity. We suggest that these catalytic effects
result from the strengthening of the association of TMD8
within the complex, due to Ala to Thr substitution. PS1 FAD

mutation (A409T) leads to a complex modification of amy-
loidogenic processing via mechanisms that are still largely
unknown but consistent with their impact on AD onset. PS1
AD mutants are generally associated with an increase in the
A�42/A�40 ratio, often due to reduced A�40 production,
increased A�42 release, or an overall increased production
of both amyloid peptides (21, 68, 79). Interestingly, for the
PS1-AT mutant, the production of both A� peptides (A�40
and A�42) was restored, with a slight but significant increase
in A�42/A�40 ratio. Both A� quantification and in vitro
�-secretase assays showed that PS1-AT processes APP
�-sites more efficiently than the non-mutated PS1. Much
less is known about the role of PS2-dependent �-secretase
complexes in AD. Our engineered PS2-AT mutation, corre-
sponding to the PS1 FAD mutant, restored A� production to
a lesser extent than the PS1-AT mutant, consistent with the
results obtained in in vitro �-secretase assays. However, the
PS2 AT mutant, like PS1 AT, increased the A�42/A�40
ratio. This is in line with the idea that PS2 is a minor con-
tributor in A� production when compared with PS1 (62) but
indicates that AT mutations in PS1 and PS2 result in confor-
mational changes shifting �-secretase toward pathological
APP processing.

To better understand the influence of the AT mutation on
processing, we analyzed the production of the AICD from APP
in PS-WT and PS-AT mutants. The initial cleavage of APP by
�-secretase occurs at the �-site, releasing AICD, and the
remaining membrane fragment is C-terminally trimmed to the
�-site to generate A� (80). We applied specific assays to evalu-
ate the impact of the mutation on AICD production: an in
vitro cell-free assay monitoring the release of the APP C-ter-
minal fragment (1, 54, 81) and a functional assay measuring
AICD-dependent gene transactivation (52, 73). In PS1-AT,
we measured opposite effects on A� production (increase)
and AICD release (decrease), both in cell-free and transacti-
vation assays. One possible explanation for the lower than
expected production of AICD in the PS1-AT mutant is that
the mutation shifts the first cleavage site for APP, possibly
starting upstream to the �-site. If this were the case, the
residual C-terminal fragment would retain several hydro-
phobic residues and would not detach from the membrane;
hence, an inhibition of AICD-induced transcription would
occur. Further mass spectrometry studies will be required to
identify the precise position where the AT-mutated PS1 ini-
tiates trimming of the �-CTF. Contrary to PS1-AT, the
PS2-AT produced AICD in cell-free assays but surprisingly
showed lower transactivation properties than non-mutated
PS2. This observation could suggest that PS mutation may
impact not only the AICD production per se but also the
transcriptional property of this intracellular fragment of
APP. Testing this hypothesis is far beyond the scope of the
present work; it requires further studies to confirm that
AICDs produced from PS1- and PS2-dependent �-secretases
display different transcriptional properties and that muta-
tion of PS1 or PS2 could affect by itself AICD-dependent
transcription.

To further decipher the influence of PS mutation on �-secre-
tase properties and intracellular domain function, we com-
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pared the production of the AICD with that of the NICD from
Notch receptor proteolysis. All of the mutations abolishing
�-secretase activity (AA, AG, and DA) blocked AICD/NICD
release and AICD/NICD-dependent transcription. Interest-
ingly, the PS1-AT mutation induces opposite effects on APP
and Notch processing. The increase in NICD production in the
AT mutant compared with the wild-type PS is in agreement
with the overall increase in catalytic activity. The PS2-AT the
mutation did not affect Notch processing when compared with
the corresponding PS2-WT form. We should first keep in mind
here that Notch processing is mainly operated by PS1-depen-
dent �-secretase because PS1 KO is lethal at the embryonic
stage and displays a Notch-deficient phenotype (62). The
mechanisms underlying selectivity of PS1- and PS2-dependent
�-secretases toward their substrates are very poorly under-
stood. It appears also from our study that similar mutations of
PS1 and PS2 can have different effects on the processing of a
given substrate.

We next investigated the role of the PS AXXXAXXXG
sequence as a structural determinant in adoption by �-secretase
of a native conformational state using native gels. The profile of
the PS-AA and PS-AG mutants was comparable with that of
PS-DA, exhibiting one conformational state, which correlated
with decreased or abolished activity. Importantly, the confor-
mational state adopted by these mutants was identical to the
one observed after treatment by �-secretase inhibitors. These
inhibitors bind to the active �-secretase, and our results indi-
cated that they can shift �-secretase to an inactive or blocked
conformation similar to that adopted by inactive mutants. In
contrast, PS-AT and PS-WT exhibited two conformational
states. These data indicate that the PS AXXXAXXXG motif rep-
resents a structural determinant for the final native (active)
conformation of the �-secretase complex. Taken together, the
data suggest a strong correlation between the integrity of the PS
AXXXAXXXG motif and adoption of the native (active) confor-
mation of the complex. It is worth noting that this motif was
required in PS1 for association with �-secretase subunits that
contain GXXXG motifs themselves, namely APH-1, suggesting
either that GXXXG motifs regulate geometry of the complex
postassociation or that they fulfill their role by forming interac-
tions with other similar motifs in other PS TMDs. The con-
served role of the PS motif of TMD8 in the native conformation
of the complex is underlined by the identical conformational
effects of LXXXL and AT mutants in both PS1 and PS2. Con-
sidering the intimate relation between TMD7 and TMD8 dur-
ing PS integration into the membrane and the results presented
here, it is tempting to speculate that the AXXXAXXXG
sequence in TMD8 creates a network of interactions with
TMD7, which contains two similar motifs. This interaction
could ensure the correct integration and orientation of the cat-
alytic Asp residue on TMD7, thereby influencing the catalytic
activity of the complex. Further studies will be required to
explore this hypothesis.

Finally, in this study, we have initiated a new approach for
understanding the structure, assembly, and function of the
�-secretase complex, namely targeting a structural determi-
nant belonging to the GXXXG-like motifs that have generally
been found to mediate helix interactions in membrane pro-

teins. The recent EM structure of the complex reveals a horse-
shoe-shaped geometry and confirms the 1:1:1:1 stoichiometry
of the PS, NCT, APH-1, and PEN-2 subunits (82). The most
intensively studied region of PS is the C-terminal four helices
(TMD6 –TMD9). The hydrophilic catalytic core is composed
of TMD6 and -7, containing the catalytic Asp residues, along
with TMD1 and -9. TMD9 forms part of the substrate-binding
site. TMD8, the target of the current study, must pack on one or
more of these helices due to the relatively short extramembra-
neous loops that connect TMD8 with TMD7 and TMD9. The
current model of the complex indicates that helices 6 –9 line an
interior cavity that is capped by NCT. TMD6 and TMD9 are
modeled to be at the front of the cavity, and TMD7 and TMD8
are modeled at the rear of the cavity (22, 23). One possible
assignment of the TM helices allows PEN-2 to pack against
TMD7 and TMD8, suggesting that TMD8 is in a central posi-
tion within the complex rather than on the periphery. The
influence of the AXXXAXXXG motifs on �-secretase activity is
consistent with this location. However, the ability of the com-
plex to assemble in the presence of the PS-AA and PS-AG
mutations suggests that the AXXXAXXXG motifs are probably
oriented toward TMD7 or TMD9 rather than PEN-2. Addi-
tional mutational studies on TMD8 and other TM helices of the
complex may allow discrimination of different possible
arrangements of the TM helices consistent with the EM
structure.
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