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Mutations in presenilin 1 and presenilin 2 (PS1 and PS2, respectively) genes cause the large majority of
familial forms of early-onset Alzheimer’s disease. The physical interaction between presenilins and
APP has been recently described using coimmunoprecipitation. With a similar technique, we
confirmed this interaction and have mapped the interaction domains on both PS2 and APP. Using
several carboxy-terminal truncated forms of PS2, we demonstrated that the hydrophilic amino
terminus of PS2 (residues 1 to 87, PS2NT) was sufficient for interaction with APP. Interestingly, only a
construct with a leader peptide for secretion (SecPS2NT) and not its cytosolic counterpart was shown
to interact with APP. For APP, we could demonstrate interaction of PS2 with the last 100 but not the last
45 amino acids of APP, including therefore the A b region. Accordingly, SecPS2NT is capable of binding
to A b-immunoreactive species in conditioned medium. In addition, a second region in the extracellular
domain of APP also interacted with PS2. Comparable results with PS1 indicate that the two presenilins
share similar determinants of binding to APP. Confirming these results, SecPS2NT is able to inhibit
PS1/APP interaction. Such a competition makes it unlikely that the PS/APP interaction results from

rticle ID nbdi.1998.0212, available online at http://www.idealibrary.com on
nonspecific aggregation of PS in transfected cells. The physical interaction of presenilins with a region
encompassing the A b sequence of APP could be causally related to the misprocessing of APP and the
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NTRODUCTION

The large majority of early-onset familial Alzhei-
er’s disease (AD)2 cases are linked to mutations on

he two homologous presenilin genes, PS1 and PS2
Levy-Lahad et al., 1995; Rogaev et al., 1995; Sherring-
on et al., 1995). Presenilins are transmembrane pro-

1To whom correspondence should be addressed at Rhône-Poulenc
orer, 13 Quai J. Guesde, 94400 Vitry, France. Fax: 33 1 55 71 36 53.
-mail: laurent.pradier@rp-rorer.fr.

2Abbreviations used: AD, Alzheimer’s disease; PS, presenilin;
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PP, amyloid precursor proteins; sAPP, secreted form of APP; ER,
ndoplasmic reticulum.

3L. Pradier, unpublished observation.
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eins with at least six transmembrane regions (Doan et
l., 1996; Lehmann et al., 1997; Li & Greenwald, 1996).
ll pathological mutations reported so far (over 40) are
issense mutations except for one leading to deletion

f one exon, which suggests a pathological gain of
unction (Hardy, 1997). However, the physiological
unction of PS is still largely uncharacterized. Both
resenilins are expressed ubiquitously. In the central
ervous system, presenilins are expressed essentially

n neurons, with a large distribution throughout the
rain (Elder et al., 1996, Kovacs et al., 1996; Moussaoui
t al., 1996). At the subcellular level, presenilins are

ocalized in the endoplasmic reticulum (Cook et al.,
996; Kovacs et al., 1996; Moussaoui et al., 1996), a
ellular compartment where a large fraction of APP is
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lso present. In vivo, the presenilin polypeptides are
rocessed into amino- and carboxy-terminal frag-
ents with no full-length PS detectable. This process-

ng can be saturated by overexpression of PS in
ransfected cells or in PS1-transgenic animals (Czech et
l., 1998; Thinakaran et al., 1996) although the physi-
logical function of this cleavage is still unknown.
It has been demonstrated that PS mutations modify
PP processing, leading to an increase in production
f the long form of the amyloid peptide, Ab1-42 (42
mino acids), compared to Ab1-40 (40 amino acids) in
arrier patients (Scheuner et al., 1996), in transfected
ells (Borchelt et al., 1996; Tomita et al., 1997; Xia et al.,
997a), and in transgenic mice (Borchelt et al., 1996;
itron et al., 1997; Duff et al., 1996). Therefore, muta-

ions of PS and APP result in the same phenotype
Hardy, 1997). The convergence of genetic evidence
nto Ab42 would strongly suggest that this form of Ab
lays a critical role in AD pathology. Cellular mecha-
isms leading to Ab42 production could therefore
epresent a key target for therapeutical intervention.
ecently, a physical interaction between APP and
resenilins (PS1 and PS2) was demonstrated by coim-
unoprecipitation (Weidemann et al., 1997; Xia et al.,

997b). Only the immature, N-glycosylated form of
PP interacts with presenilins, consistent with the

ocalization of both immature APP and presenilins in
he endoplasmic reticulum. Interestingly, it is also

ithin the endoplasmic reticulum that the production
f intracellular Ab42 has been shown to occur in
eurons (Cook et al., 1997; Hartmann et al., 1997). We
eport here on the characterization of APP/PS interac-
ion and the fine-mapping of the interacting domains
n PS2 and PS1 on the one hand and APP on the other.
n particular, a secreted form of the hydrophilic N-
erminus of PS2 (87 residues) is capable of binding to
PP and of preventing its interaction with PS1. Further-
ore, we present evidence that at least two domains of
PP interact with PS1 and PS2, one of them encompass-

ng the Ab sequence.

ATERIALS AND METHODS

xpression Constructs

Expression vectors for APP and SP-C100, which
onsists of the last 100 carboxy-terminal residues of
PP fused to APP signal peptide constructs, have been
reviously described (Dyrks et al., 1993). APP Myc-

4

100-Flag (MC100F) and APP Myc-C45-flag (MC45F,
he last 45 carboxy-terminal residues of APP) were
onstructed by PCR amplification with addition of a
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p
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yc epitope (MEQKLISEEDL) to the N-terminus and
Flag epitope (DYKDDDDK, IBI-Kodak) to the C-

erminus. MC100F and MC45F cDNAs were subcloned
nto pSV2 vector (Mercken et al., 1991). sAPPa and
APPb cDNAs were generated by insertion of a stop
odon at the a- and b-cleavage sites, respectively, of
PP by PCR and subcloned into the expression vector
cDNA3 (invitrogen) as well as all the following con-
tructs. PS1 and PS2 cDNAs were flanked by the 58 and
8 noncoding sequences of the Xenopus laevis b-globine
ene (Pradier et al., 1996). PS2 constructs with progres-
ive deletions of the carboxy-terminus were obtained
y restriction digestion using either the PstI site (nucle-
tide 679, PS2DC2 terminating after the fourth trans-
embrane domain at residue 228), the MscI site (nucle-

tide 590, PS2DC3 terminating after the third
ransmembrane domain at residue 198), or the NcoI site
nucleotide 504, PS2DC4 terminating after the second
ransmembrane domain at residue 168), taking as
osition 1 the starting codon (see Fig. 2). The PS2
ydrophilic N-terminus (amino acids 1 to 87) was
enerated by PCR amplification and subcloned in-
rame with an N-terminal Myc epitope (mycPS2NT) in
cDNA3 or in-frame with the Igk-chain leader se-
uence (SecPS2Nt) in pSecTagB vector (Invitrogen).
imilar to PS2, a PS1 carboxy-terminus truncated
onstruct was obtained by restriction digest at the
flMI site (nucleotide 636, PS1DC2 terminating after

he fourth transmembrane domain at residue 213). All
onstructs obtained by PCR were fully sequenced
sing fluorescent dideoxynucleotides (ABI Prism). The
uman neurokin1 receptor (NK1) expression vector
as been previously described (Pradier et al., 1995).

ell Expression and Immunoprecipitation

COS1 cells were transfected using lipofectamine
eagent (Gibco BRL) together with a synthetic peptide
KTPKKAKKPKTPKKAKKP) to enhance DNA com-
action. The ratio of DNA/peptide and of DNA/

ipofectamine was in both cases 1:8 (w/w). For cotrans-
ections, the total amount of DNA transfected was kept
onstant by the addition of the empty pcDNA3 vector.
ells were lysed 48 h after transfection in 10 mM Tris,
H 7.5, 1 mM EDTA, 1% Triton X-100, 1% NP-40 with
rotease inhibitors (Complete, Boehringer Mann-
eim). To solubilize membrane proteins, lysates were
onicated and stirred overnight at 4°C. After centrifu-
ation at 15,000g for 20 min at 4°C, supernatants were

Pradier et al.
ecovered as detergent-soluble fractions. For immuno-
recipitation, 5 µl of polyclonal antibodies directed to

he N-terminus of PS2, 95041 (Weidemann et al., 1997),
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r PS1, 1805 (Duff et al., 1996), or to a non-PS2 related
rotein, anti-a, were incubated overnight with 100 µg
f the detergent-soluble lysates in modified RIPA (150
M NaCl, 25 mM Tris, pH 7.4, 1% DOC, 1% NP-40,

.1% SDS). SDS–PAGE analysis was carried out on
u-PAGE gels (Novex). Ab immunoprecipitation from

onditioned medium was performed in a similar man-
er using a rabbit polyclonal Ab antibody (L6) raised
gainst Ab1-40 synthetic peptide (unpublished data).
or Western blots, primary antibodies to PS2 (95041),
PP holoprotein (22C11, Boehringer Mannheim), Ab
eptide (W0-2; Ida et al., 1996), or the carboxy-terminal
omain of APP (CT-43, Stephens & Austen, 1996) were
sed.

ESULTS

haracterization of APP/PS2 Interaction
n Transfected Cells

As previously reported using the same polyclonal
ntiserum directed against amino acids 43–58 of PS2
Weidemann et al., 1997), APP can be readily identified
n PS2 immunoprecipitates of COS1 cells cotransfected

ith APP and PS2 (Fig. 1A, lanes 3 and 4). APP could
ot be detected in immunoprecipitates if a non-PS2-
elated serum was used (Fig. 1B, lanes 3 and 4) or the
reimmune serum was used (see Weidemann et al.,
997). As a further control, APP was not detected in

IG. 1. Characterization of APP/PS2 interaction. COS1 cells were
anels, lane 1 represents total protein lysate (five times less than for
ntibody 95041 and immunoblotted with the APP antibody, 22C11. A
PP and PS2 (lanes 3 and 4) but not with APP and PS1 (lane 5). Endo

apping APP/PS Binding Domains
f PS2 transfected cells. (B) Immunoprecipitation with a PS2 nonrelated seru
ransfected cells (lane 4). In immunoprecipitation of the same samples with
f APP (APPi) interacts with PS2 wild-type (lane 8) and PS2 mutant N141I (
mmunoprecipitates if APP was coexpressed with PS1
Fig. 1A, lane 5) or with another hydrophobic protein,
K1, a classical G-protein-coupled receptor (Fig. 2C,

ane 2). Expression of the NK1 receptor in this system
as been previously shown by us to reach 5 pmol/mg
embrane proteins in radioligand binding experi-
ents (Pradier et al., 1995), with a significant fraction

n the ER/Golgi apparatus compartment (Tarasova et
l., 1997) where presenilins are mainly localized. To-
ether, these data indicate that the APP/PS2 interac-
ion does not result from the nonspecific precipitation
f APP, trapped in hydrophobic presenilin protein
ggregates.
The fraction of APP coimmunoprecipitated with PS2

epresents only a small percentage of total APP levels
Fig. 1A; the total amount of proteins in lane 1
epresents one-fifth of proteins in the immunoprecipi-
ation for lane 3). In cells transfected with PS2 only, the
ndogenous APP751 isoform could be detected at very
ow levels in PS2 immunoprecipitates (Fig. 1A, lane 6),
ndicating that APP/PS2 interaction can take place at
ormal APP levels. However, higher APP expression
akes this interaction more readily detectable (see for

nstance Fig. 1B, lanes 6 and 7, in which interaction
ith endogenous APP cannot be detected).
Similar to other reports (Weidemann et al., 1997; Xia

t al., 1997b), only the low-molecular-weight form of
PP (immature N8-glycosylated form of the endoplas-
ic reticulum) was shown to coprecipitate with PS2

cted and lysed as described under Materials and Methods. In both
oprecipitates). (A) Lysates were immunoprecipitated with anti-PS2
be detected in PS2 immunoprecipitates from cells transfected with
s APP, APP751, can also be weakly detected in immunoprecipitates

45
transfe
immun
PP can
geneou
m (anti-a, lanes 2–4) does not reveal any APP signal in APP and PS2
anti-PS2 (lanes 5–9), only the low-molecular-weight immature form
lane 9).

Copyright r 1999 by Academic Press
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Fig. 1B, lane 8). No qualitative difference could be
bserved with PS2 wild-type and PS2 mutant N141I
Fig. 1B, lanes 8 and 9, and Weidemann et al., 1997).

apping the APP/PS2 Interaction Domain
n to the Amino-Terminus of PS2

To identify domains of PS2 interaction with APP, we
onstructed progressive deletions of the PS2 carboxy-
erminus after transmembrane domains IV, III, and II,
espectively (PS2DC2 to PS2DC4, Fig. 2A). These con-
tructs were transfected in COS1 cells. On SDS–PAGE,
hese truncated forms of PS2 migrated as monomers of
he expected molecular weight as well as dimers and
igh-molecular-weight aggregates as previously re-

IG. 2. APP interacts with the PS2 carboxy-terminal truncated form
s were two forms of the PS2 hydrophilic terminus (87 residues) as sc
orms and expression was analyzed by immunoblot with the PS2
ydrophobic region display mono- and multimers as well as high-m
ell lysates and Western blot analysis with APP antibody (W0-2
-terminus deletions. The expression levels of PS2 deleted forms are
f APP are coimmunoprecipitated.

6

orted for full-length PS2 (Fig. 2B). The aggregation
roperties of PS2 seem conserved even with a very

imited number of hydrophobic domains. In the deter-

t
l
t
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ent-soluble fraction, the truncated forms were present
t much higher levels than full-length PS2 (compare
anes 4–6 and lane 3, Fig. 2B), which is detectable at this
xposure time only in multimeric forms. However, the
S2 monomer is clearly detectable upon longer expo-
ure (data not shown). This apparent lower expression
s also due in part to a lower efficiency of detergent
xtraction of very hydrophobic full-length PS2 as
bserved in the analysis of the detergent-insoluble
raction (data not shown).

APP and the PS2 truncated forms were subsequently
oexpressed by transfection in COS1 cells. Immunopre-
ipitation of cell lysates with the PS2 antibody revealed
hat APP was interacting with all truncated forms of
S2 (Fig. 2C). Despite a much higher level of the PS2

l lysates. (A) Progressive PS2 C-terminal truncations were generated
zed. (B) COS1 cells were transfected with the different PS2 truncated
ody 95041. All C-terminal truncated forms of PS2 conserving an
r-weight aggregates on SDS–PAGE. (C) PS2 immunoprecipitation of
can be coimmunoprecipitated with all membrane-anchored PS2
igher than those of the full-length PS2 (see B) but comparable levels

Pradier et al.
s in cel
hemati

antib
olecula
runcated forms in the detergent-soluble fraction, simi-
ar amounts of APP appear to be coimmunprecipi-
ated, suggesting that the interaction with APP might
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e more efficient for the full-length PS2. Additional
egions on PS2 could therefore be involved in binding
but see Discussion). Alternatively, APP could be a
imiting factor under these conditions. To further
elineate the region of interaction on PS2, the hydro-
hilic N-terminus of PS2 (residues 1 to 87) was fused to
ither a myc epitope sequence for cytoplasmic localiza-
ion (mycPS2NT) or to the Igk-chain signal peptide for
argeting to the luminal compartment (SecPS2NT).
oth mycPS2NT and SecPS2NT proteins were detected

n cell lysates (Fig. 3A, bottom) without production of
he multimeric forms detected for the membrane-
nchored PS2 truncated forms. Only SecPS2NT was
etected in cell medium (Fig. 3B, lanes 3 and 4,
ottom). SecPS2NT migrated as a closely spaced triplet
and in SDS–PAGE, possibly reflecting posttransla-
ional modifications. The difference in molecular weight

ith mycPS2NT is most likely due to the extra myc
pitope. In cell lysates, APP could be coimmunoprecipi-
ated with the secreted form of PS2NT (Fig. 3A, lane 2,
op), demonstrating that the first 87 residues of PS2NT

ere sufficient for interaction with APP. However, no
nteraction of the cytoplasmic mycPS2NT with APP
ould be detected (Fig. 3A, lane 1, top), indicating that
he localization to the lumen of cellular organelles is

IG. 3. APP interacts with the secreted but not the cytosolic PS2N-te
ydrophilic PS2NT (residues 1–87) were generated without and with

ates of samples with the PS2 antibody and Western blots detected

apping APP/PS Binding Domains
nalysis of samples with PS2 antibody. (A) In cell lysates, only the form wit
s detected by coimmunoprecipitation (compare lanes 1 and 2). (B) In condi
anel). SecPS2NT again interacts with secreted APP (lane 3, top panel), whe
bligatory for interaction. In agreement with this
nding, the secreted form of APP could also be
etected in association with SecPS2NT in cell medium

Fig. 2B, lane 3); the APP/PS2NT interaction was
herefore strong enough to persist through the differ-
nt steps of the secretory pathway.

apping the Interacting Domain on APP

We used a similar approach with truncated forms of
PP to map the interaction domain with PS2. Two

orms of the 100 carboxy-terminal residues of APP
ith the APP signal peptide (SP-C100, initially named

PA4CT, see Dyrks et al. (1993)) and without the signal
eptide (MC100F) were used (Fig. 4, bottom right). The
ignal peptide of SP-C100 is cleaved off after transla-
ion and the resulting fragment (C100) resembles APP
leaved at the b-secretase site (Dyrks et al., 1993).
P-C100 and MC100F expression lead to Ab secretion
lthough more efficiently for SP-C100 (data not shown).
oth forms were shown to coimmunoprecipitate with
S2 in cell lysates (Fig. 4A, lanes 3 and 4). The higher
olecular weight of the MC100F peptide is due to the

resence of myc and flag epitopes at the N- and
-termini of C100, respectively. SP-C100 gave rise to

l construct in cell lysates and extracellular medium. Constructs of the
al peptide inducing secretion. Top panels represent immunoprecipi-
e APP W0-2 antibody. Bottom panels represent direct immunoblot

47
rmina
a sign

with th

h signal peptide and not its cytosolic counterpart interacts with APP
tioned medium, SecPS2NT is indeed secreted (lanes 3 and 4, bottom
reas mycPS2NT does not (lane 2).
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wo additional peptides at 16 and 35 kDa when
etected with the W02 antibody which recognizes
esidues 1–10 of the Ab peptide (Fig. 4A, lane 3) but
ot with the APP carboxy-terminal CT43 antibody
Fig. 4B, lane 4). All three peptides derived from
P-C100 were shown to interact with PS2. In contrast,
he cytoplasmic domains of APP (last 45 carboxy-
erminal residues, MC45F) could not be immunopre-
ipitated with PS2 (Fig. 4B, lane 5). This was not due to
he sensitivity of the detection with the CT43 antibody
ince C100 was readily detectable in PS2 immunopre-
ipitates (Fig. 4B, lane 4). The controls with PS1 and
K-1, two other multitransmembrane domain pro-

eins, showed the specificity of this interaction (Fig. 4B,

IG. 4. PS2 interacts with the last 100 but not the last 45 C-terminal
S2 antibody (top panels) and Western blots detected with the APP

ysates with the same APP antibodies was also performed (bottom pa
C45) carboxy-terminal fragments of APP and of the W02 and CT43
SP-C100) and without signal peptide (MC100F with a myc and fla
mmunoprecipitation with the PS2 antibody. C100 is not detected in
xpressed at similar levels (bottom panel). (B) C100 interacts with P
nd flag epitopes, lane 5) although both are expressed at comparable

8

anes 2 and 3). We consider it unlikely that the
dditional myc and flag epitopes on the APP cytoplas-
ic domain (MC45F) could hinder the interaction with

c
d
c
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S2 since the same epitopes on the 100 carboxy-
erminal residues of APP (MC100F) did not prevent
oimmunoprecipitation with PS2 (see above). These
esults show that PS2 interacts with the last 100 but not
he last 45 C-terminal residues of APP, a region
ncluding the amyloid peptide Ab sequence.

To combine the results on mapping the interaction
ites on APP and PS2, we next demonstrated that APP
100 could be immunoprecipitated with the secreted

orm of the PS2 N-terminus, residues 1–87, in cell
ysates (Fig. 5A, lane 1). This confirmed that these two
imited segments of APP and PS2 were sufficient for
nteraction. The SP-C100 form of APP has been previ-
usly shown to generate high levels of Ab peptide in

s of APP. Transfected cell lysates were immunoprecipitated with the
dies W0-2 (A) or CT43 (B). Direct Western blot analysis of the same
he bottom right panel indicates the location of the 100 (C100) and 45
es. (A) In cell lysates, carboxy-terminal APP C100 fragments with
pes) interact equally well with PS2 (lanes 3 and 4) as detected by
oprecipitates if it is coexpressed with NK1 or PS1 although C100 is

e 4) but not with the cytoplasmic domain of APP (MC45F with myc
(bottom panel).

Pradier et al.
residue
antibo
nels). T

epitop
g epito
ell medium (Dyrks et al., 1993). In conditioned me-
ium of cells expressing SP-C100 and SecPS2NT, Ab
an be detected in PS2 immunoprecipitates (Fig. 5B,
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ane 1), indicating a direct interaction between Ab and
S2NT. This interaction cannot be detected if SecPS2NT
r SP-C100 is expressed individually (Fig. 5B, lanes 2
nd 3). As controls, levels of SecPS2NT protein (Fig. 5B,
anes 4 and 5) or of total secreted Ab (Fig. 5B, lanes 7
nd 9) were not modified in double transfections.
dditionally, a second Ab-immunoreactive band at

pproximately 42 kDa is also detected in PS2 immuno-
recipitates of cotransfected cells (Fig. 5B, lane 1). This
2-kDa species could also be identified using a second
b antibody (4G8) directed against a different epitope
n Ab (data not shown). By immunoprecipitation of
onditioned medium with a third antibody against Ab
polyclonal L6), the SP-C100-related 42-kDa species
ould also be detected and its presence is dramatically
ncreased upon coexpression with SecPS2NT (Fig. 5B,
anes 7 and 9). The exact identity of the 42-kDa species
emains to be determined but it contains part of the Ab

IG. 5. SecPS2NT interacts with APP C100 in lysates and with Ab

S2 antibody and Western blots detected with several antibodies as
ith SecPS2NT (lane 1) and full-length PS2 (lane 2) in cell lysates. (B
S2 immunoprecipitates (lane 1). In addition, a 42-kDa band immu
tripped and revealed with PS2 antibody, indicating similar levels o
evels of Ab in conditioned medium were also analyzed by immuno

0-2 (lanes 7 to 9). Ab levels were similar in single and double t
ramatically increased upon coexpression with SecPS2NT.

apping APP/PS Binding Domains
equence (as exemplified with three different antibod-
es) and could represent either an APP C100 multimer
r a SDS-stable protein complex.

S
A
o

dditional Interaction Sites on APP

We had demonstrated the interaction of SecPS2NT
ith APP C100. However, our initial results also

ndicated that SecPS2NT bound to secreted APP (sAPP)
n cell medium, a form of APP for the most part
rocessed at the a-cleavage site and containing only

he first 15 residues of APP C100 and Ab peptide.
herefore, additional domains on sAPP could be in-
olved in PS2 binding. To test this hypothesis, two
runcated forms of APP terminating at the endogenous
- and a-cleavage sites of APP, respectively, were
onstructed to generate sAPPb and sAPPa.

These proteins were expressed and detected with
2C11, an antibody recognizing the common N-
erminal region of APP. In coexpression studies, both
APPa and sAPPb could be coimmunoprecipitated
ith full-length PS2 (Fig. 6, lanes 3 and 4) and with

edium. Transfected cell lysates were immunoprecipitated with the
ed. (A) The APP C100 domain can be immunoprecipitated together
ditioned medium, the Ab 4-kDa band can be detected with W0-2 in

tive for W0-2 can also be detected. As a control, the same blot was
noprecipitated PS2NT in double transfectants (lanes 4 and 5). Total
tation with L6, a polyclonal Ab antibody, and immunoblotting with
tants (lanes 7 and 9) but the SP-C100-related 42-kDa species was

49
in cell m
describ
) In con
noreac
f immu
ecPS2NT (Fig. 6, lanes 5 and 6). Therefore, apart from
b and the transmembrane domain of APP, at least
ne other domain within the extracellular region of
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PP is also involved in the interaction with the
-terminus of PS2 and further experiments will be

equired to map this second site.

PP/PS1 Interaction

PS1 and PS2 present an extensive homology and
ecently, PS1 was also shown to coimmunoprecipitate
ith APP in transfected cells (Xia et al., 1997b). It is

ikely that PS1 and PS2 would share similar determi-
ants of binding to APP. Mapping of the APP/PS1

nteracting domains was therefore performed accord-
ng to our previous results with PS2. Indeed, the APP
100 fragment can be selectively coimmunoprecipi-

ated with PS1 (Fig. 7A, lane 4). By analogy to PS2, we
onstructed a truncated version of PS1 extending to the
ourth transmembrane domain, residue 213, PS1DC2
see Fig. 2A). Again, full-length APP was shown to
nteract with PS1DC2 (Fig. 7B, lane 4) by coimmunopre-
ipitation. These two results combined suggest that
S1 could interact with APP through essentially the
ame binding region as PS2.

nhibition of APP/PS1 Interaction by SecPS2NT

The similarity of PS1 and PS2 binding domains to

IG. 6. A second region on secreted APP (sAPP) also interacts w
onstructed by insertion of a stop codon at the respective a- and b-c
he PS2 antibody and the Western blot detected with the APP N-term
nd interact with PS2 and SecPS2NT in cell lysates (lanes 3 and 4 and
ith PS2 and SecPS2NT apart from the Ab segment.

0

PP raised the possibility that the two presenilins
ould compete for interaction with APP. SP-C100 was
xpressed with PS1 wt or with mutant PS1-M146L.
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100 interacts with both wt and mutant forms of PS1
Fig. 8A, lanes 1 and 2). If SecPS2NT, the shortest PS2
equence that interacts with APP, is cotransfected with
P-C100 and PS1, C100 is no longer detectable in the
S1 immunoprecipitates (Fig. 8A, lanes 3 and 4) but
ecomes apparent in the subsequent PS2 immunopre-
ipitation (Fig. 8B, lanes 3 and 4). Therefore, SecPS2NT
s capable of preventing the interaction of PS1 with
100 by binding itself to C100. Similar competition

esults have been obtained using full-length APP
nstead of C100 (data not shown). These data further
onfirm the similarity in the binding determinants of
S1 and PS2 to APP and the possibility of a heterolo-
ous competition between the two presenilins. Addi-
ionally, the displacement by the hydrophilic SecPS2NT
onfirms that the interaction of APP and PS is not due
o a nonspecific aggregation of the multitransmem-
rane PS proteins trapping APP.

ISCUSSION

Pathological mutations on either APP or presenilins
ead to a similar phenotype, an increase in Ab42
roduction. The recently demonstrated physical inter-
ction between these proteins in transfected cells

and SecPS2NT. Artificial soluble sAPPa and sAPPb cDNAs were
e sites (left). Transfected cell lysates were immunoprecipitated with
tibody (22C11) recognizing all forms. Both constructs are expressed
and 6, respectively). Therefore, another domain of sAPP can interact

Pradier et al.
ith PS2
leavag
ould, therefore, represent a key step in the formation
f the amyloid peptide, especially the Ab42 form. In
he present report, we have analyzed the different
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rotein domains involved in the APP/PS2 interaction
nd extended these data to PS1. Using truncated forms
f PS2, the N-terminal part of the protein was shown to
e sufficient for interaction with APP. The hydrophilic
-terminal domain of PS2 (residues 1–87) was suffi-

ient for binding to APP when targeted to the lumen of
he endoplasmic reticulum by addition of a signal
eptide but not when expressed in the cytosol. On
PP, two extracytosolic (i.e., transmembrane or lumi-
al) domains were shown to interact with full-length
S2 and the secreted form of PS2NT. First, the region
ncompassing Ab and the transmembrane region of
PP (last 100 but not 45 C-terminal residues) inter-

cted with PS2 and SecPS2NT. Moreover, Ab itself
ould be coimmunoprecipitated with SecPS2NT from
onditioned medium. Second, two APP constructs
epresenting physiologically secreted forms of APP
sAPPa and sAPPb), devoid of cytoplasmic or trans-

embrane regions, were shown to interact with PS2 in
ell lysates and with SecPS2NT in cell lysates and
onditioned medium. This strongly suggests that the

IG. 7. Domains involved in APP/PS1 interaction are similar to A
ntibody 1805 and subsequent analysis with the Ab antibody W
mmunoprecipitates (lane 4). (B) Furthermore, a C-terminal truncate
hese data suggest that the interactions between APP/PS1 and APP/

apping APP/PS Binding Domains
nteraction with APP takes place in the luminal com-
artment of the cell even for full-length PS2. These
apping data could be partially extended to PS1. Most

t
d
M

mportantly, the secreted but not the cytoplasmic form
f PS2NT was shown to displace the interaction be-
ween APP and full-length PS1 efficiently. Overall, our
ata indicate that in the APP/PS2 (or PS1) complex,

he PS2 N-terminus is localized, like Ab and secreted
PP, to the luminal side of the ER membrane. This is
efinitely at odds with several studies of the topology
f the highly related PS1 protein (De Strooper et al.,
997; Doan et al., 1996; Lehmann et al., 1997; Li &
reenwald, 1996). By antibody labeling under differen-

ial permeabilization conditions and chimeric construc-
ions with a reporter protein, the N-terminus of PS1
nd of its Caenorhabditis elegans homologue Sel12 was
ocalized to the cytoplasm although a different team
avored an extracellular localization of the PS1 and PS2
-terminus (Dewji & Singer, 1996, 1997a, 1997b). How-

ver, the present results on PS2 N-terminus localiza-
ion apply only to the small fraction of PS2 molecules
nteracting with APP and not necessarily to the native
S conformation. In such APP/PS2 complexes, PS2
ould potentially display an altered topology with a

S2. Transfected cell lysates were immunoprecipitated with the PS1
A) Similar to PS2, the APP C100 fragment is detectable in PS1
of PS1 (PS1DC2, see Fig. 1A) also binds to APP (lane 4). Altogether,
olve similar protein domains.
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PP/P
ranslocation of the N-terminus to the lumen. It is well
ocumented that a multitransmembrane protein like
DR can exist in at least two alternative topologies,
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ncluding a change in the orientation of the C-
erminus. It has been proposed that the different
opologies might subserve different functions (Zhang
t al., 1993; reviewed in Levy, 1996). APP/presenilin
nteraction takes place in the endoplasmic reticulum

here nascent proteins are inserted in the membrane
Hegde & Lingappa, 1997). Binding of the N-terminus
f PS2 to nascent APP during its transfer through the
ranslocon could potentially lead to translocation of
his domain of PS2 with APP. Alternatively, APP
egradation in the ER has been proposed to contribute

o Ab production (Zhong et al., 1994) and APP/PS
nteraction could participate in this process (Weide-

ann et al., 1997). ER degradation of misfolded lumi-
al and transmembrane proteins is mediated by a
etrograde export to the cytoplasm by the translocon
Kopito, 1997; Plemper et al., 1997) for targeting to the
roteasome. Retrograde transport would necessarily

nvolve major alterations in protein topology/struc-
ure, allowing the interaction between luminal epi-

IG. 8. SecPS2NT can displace PS1/APP C100 interaction. COS1 ce
ithout or with SecPS2NT. (A) PS1wt and PS1M146L mutant interac

an be detected in PS1 immunoprecipitates (lanes 3 and 4). (B) The su
ith the PS2 antibody. Clearly, C100 interacts with SecPS2NT (lanes

y binding to APP. This strongly suggests that the APP binding sites

2

opes of APP and the PS2 N-terminus. Further studies
ill be required to elucidate this issue.
We have demonstrated that the N-terminus of PS2 is
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ufficient for APP binding. Other PS2 domains could
otentially participate in the interaction but are likely

o have a much weaker contribution since SecPS2NT
an displace the interaction between full-length PS1
nd APP. The mapping of the interaction to a short
ydrophilic sequence on PS2 (87 residues) as well as

he competition experiments demonstrates that this
nteraction is not an artifact of the well-known aggrega-
ion properties of the hydrophobic presenilins, which

as our initial concern. The key role of the first 87
esidues of PS2 might also explain why wild-type PS2
nd mutant (N141I) PS2 interact equally well with APP
lthough subtle quantitative differences would not be
etectable in our assay. Our results on PS1 suggest that

he determinants of binding to APP are very similar to
S2, which is further confirmed by the displacement of
PP/PS1 interaction by SecPS2NT.
At least two domains of APP interact with the
-terminus of PS2. The Ab sequence and the adjoining

ransmembrane domain of APP can interact with PS2

cotransfected with SP-C100 and PS1wt or PS1M146L mutant (PS1*)
C100 (lanes 1 and 2), whereas in the presence of SecPS2NT, no C100
ants of the previous precipitations were further immunoprecipitated
). Therefore, SecPS2NT can displace the interaction of PS1 and APP
ilar for PS1 and PS2.

Pradier et al.
lls were
t with
ut with no involvement of the APP cytoplasmic
xtremity. The lack of requirement for an APP cytoplas-
ic domain in the interaction had also been previously
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eported (Xia et al., 1997b). It is interesting to note that
he Ab sequence within the APP holoprotein has been
hown to be critical for proper intracellular routing of
PP both in epithelial cells (De Strooper et al., 1995)

nd in neurons infected with a recombinant Semliki
orest virus (Tienari et al., 1996). The Ab sequence
ould therefore serve as a binding epitope for several
roteins involved in the correct sorting of the holopro-

ein. A second domain on the secreted APP, N-terminal
rom the Ab sequence, also interacts with PS2, which is
onsistent with the finding that the APP-related pro-
ein APLP2 (which does not contain an Ab-like se-
uence) interacts with PS2 (Weidemann et al., 1997).
e are currently mapping this second domain on APP.
Several lines of evidence point toward a critical role

f APP/PS interaction in the production of Ab42, the
ommonly presented culprit in AD. The pathological
utations on APP and on the two presenilins lead to a

ommon phenotype: increased production of Ab42.
he physical interaction between the two proteins

wild type or mutants) in the endoplasmic reticulum is
he most straightforward substrate for this identical
henotype. Indeed, in neurons, Ab42 appears to be
pecifically produced in the endoplasmic reticulum,
he subcellular site of interaction of APP and PS (Cook
t al., 1997; Hartmann et al., 1997). Additionally, in
eurons of PS1-KO mice, production of Ab is drasti-
ally reduced (De Strooper et al., 1998). Finally, coexpres-
ion of PS2 and APP leads to a marked decrease in
ellular APP levels (not in synthesis rates), suggesting
hat APP could be subject to a PS2-dependent degrada-
ion in transfected cells.3 Our present results demon-
trating a direct interaction of PS2 with a short domain
f APP encompassing the Ab sequence would further
uggest a role for presenilins in the production of the
myloid peptide.
The mapping of the domains of interaction between
PP and PS has been conducted in the artificial context
f overexpressing cells. Such an approach has allowed
s to identify a dominant SecPS2NT construct which
an effectively compete with the APP/presenilin inter-
ction. It represents a key tool to further test the
unctional relevance of this interaction in terms of Ab
roduction in transfected cells and in more physiologi-
al settings such as neurons with endogenous levels of
PP and presenilins.
The present fine-mapping of the interaction do-
ains between presenilins and APP should allow the

evelopment of molecules disrupting this interaction

apping APP/PS Binding Domains
nd potentially blocking the production of Ab42, a key
tep toward the treatment of AD. As this interaction is
lso detectable with wild-type APP and presenilins
resent in the large majority of AD cases, this new
herapeutical approach should be, in principle, appli-
able to AD patients in general and not just familial
ases.
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