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ABSTRACT Mutations within the Presenilin-2 (PS-2)
gene are associated with early onset familial Alzheimer’s
disease. The gene encodes a polytopic transmembrane protein
that undergoes endoproteolytic processing resulting in the
generation of N-terminal and C-terminal fragments (CTFs).
PS-2 is also cleaved by proteases of the caspase family during
apoptotic cell death. CTFs of PS-2 were shown to inhibit
apoptosis, suggesting an important role in the regulation of
programmed cell death. Recently, we found that the CTF of
PS-2 is phosphorylated in vivo. We mapped the in vivo phos-
phorylation sites of PS-2 to serine residues 327 and 330, which
are localized immediately adjacent to the cleavage sites of
caspases after aspartate residues 326 and 329. Phosphoryla-
tion of PS-2 inhibits its cleavage by caspase-3. This effect can
be mimicked by substitutions of serines 327 and 330 by
aspartate or glutamate. In addition, the uncleavable form of
PS-2 CTF was found to enhance its antiapoptotic properties,
leading to a slower progression of apoptosis. These results
demonstrate that PS-2 cleavage as well as its function in
apoptosis can be regulated by protein phosphorylation. Al-
terations in the phosphorylation of PS-2 may therefore pro-
mote the pathogenesis of AD by affecting the susceptibility of
neurons to apoptotic stimuli.

Alzheimer’s disease (AD) is defined by the invariable accu-
mulation of senile plaques and neuronal loss in certain areas
of the brain (1). Senile plaques are composed predominantly
of the amyloid B-peptide (AB), which is derived from the
B-amyloid precursor protein by proteolytic processing (2, 3).
Whereas most AB molecules terminate at amino acid 40
(Ap40), about 10% of the peptides are elongated by two
additional amino acids at their C termini (AB42). The elon-
gated form of AB aggregates much faster and induces neuronal
cell death (4, 5). Mutations within the two homologous
presenilin (PS) genes, PS-1 and PS-2, are a frequent cause of
early onset familial AD (6-8). The mutations increase the
production of AB42 (9-13), thus strongly supporting a central
role of AB42 for AD pathology. PS proteins are membrane
proteins with 6-8 transmembrane domains (14, 15), which are
endoproteolytically processed within the large cytoplasmic
loop (conventional proteolytic processing pathway) generating
~20-kDa C-terminal (CTF) and ~30-kDa N-terminal frag-
ments (13, 16—18). The resulting fragments are the predomi-
nant forms in vivo, whereas very little if any full-length protein
can be detected (13, 16—18). In addition, CTFs of PS-2, similar
to those derived from proteolytic processing of the full-length
protein, can also be generated in vivo by alternative transcrip-
tion (19) and alternative splicing (20, 21). Increasing evidence
suggests that the proteolytic fragments are biologically and
pathologically active (22-26).
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PS proteins are involved in apoptotic cell death (19, 27-29)
and are substrates of proteases of the caspase superfamily (19,
30-32). PS-2 is cleaved by caspases during apoptosis between
Asp-329 and Ser-330 and to a minor extent between Asp-326
and Ser-327 in vivo (Fig. 1a; refs. 19, 30, and 31). PS-1 is also
cleaved by a member of the caspase superfamily after Asp-345
(31, 32). Caspases appear to be important for the progression
of apoptotic cell death. These enzymes are activated by specific
proteolysis, which occurs either autocatalytically or by other
members of the caspase superfamily (33, 34). The activated
enzymes then cleave a number of proteins. Studies analyzing
the substrate specificity of caspases revealed that substrate
recognition depends on the primary amino acid sequence
N-terminal of the cleavage site as well as the critical aspartate
residue at Py (33-35).

In this study we mapped the in vivo phosphorylation sites of
the PS-2 CTF to serine residues that are located immediately
adjacent to the critical aspartate residues. Phosphorylation at
these sites inhibits the caspase mediated cleavage of PS-2 in
vitro and in vivo, demonstrating that caspase-mediated cleav-
age of PS-2 not only depends on its primary amino acid
sequence N-terminal of the critical aspartate but also depends
on its phosphorylation status. Furthermore, phosphorylation
of the PS-2 CTF appears to enhance its antiapoptotic prop-
erties in cell culture.

MATERIALS AND METHODS

Cell Culture, Transfection, and Generation of Stable Cell
Lines. HeLa cells and COS-7 cells were maintained in DMEM
containing Glutamax and 10% fetal calf serum (GIBCO).
Cells were transfected by using Dotap (Boehringer Mann-
heim) according to the supplier’s instructions. HeLa cells
stably expressing PS-2 cDNAs cloned in pcDNA3 vector
(Invitrogen) were selected and maintained in the above men-
tioned medium containing 400 pg/ml G418 (GIBCO).

Construction of PS-2 cDNAs and Fusion Proteins. Tagging
of the PS-2 cDNA with a sequence encoding the Flag epitope
at the C terminus and introduction of the respective point
mutations by oligonucleotide-directed mutagenesis was car-
ried out as described (36). The cDNAs encoding the respective
PS-2 CTFs were generated by PCR using the full length PS-2
cDNA as template. Mutations were confirmed by DNA se-
quencing. The sequences of oligonucleotides used for mu-
tagenesis in this study are available on request. All constructs
were cloned into the pcDNA3 vector (Invitrogen). Fusionpro-
teins of the respective PS-2 loop domains (amino acids 297-
356) and maltose binding protein (MBP) were generated as
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Fic. 1. The PS-2 CTF is phosphorylated on serine residues 327 and 330 in vivo. (a) Amino acid sequence 300-348 of the PS-2 hydrophilic loop

domain. The sites for conventional proteolytic processing (18) and the caspase-mediated cleavage (19, 30, 31) are indicated. Caspases cleave PS-2
predominantly between Asp-329 and Ser-330. A minor cleavage occurs between Asp-326 and Ser-327 (31). The in vivo phosphorylation sites
identified in this study are shown in bold. (b) COS-7 cells were transiently transfected with cDNA constructs encoding either the PS-2 CTFY, the
indicated Ser — Ala substitutions, or a deleted derivative (36). Cells were labeled in vivo with [3?Plorthophosphate, and phosphorylation was
analyzed by autoradiography after transfer of proteins to a poly(vinylidene difluoride) membrane. (c¢) Expression of the respective cDNA constructs
was monitored by immunoblotting with the monoclonal anti-Flag M2 antibody by using the same membrane as in b. Longer exposure times revealed
the presence of PS-2 CTF..sp (the lower molecular weight CTF generated by caspase-mediated cleavage; data not shown), similar to that observed

in Figs. 2 and 3.

described (36). The coding regions were amplified by PCR by
using the primers 5'-CCGAATTCGGGATGGTGTG-
GACG-3" and 5'-ACGCGTCGACCTCTTCTTCCAGCTC-
3’, and the resulting fragments were cloned into the EcoRI/
Sall restriction sites of pMAL-c2 (New England Biolabs).
Fusion proteins were expressed in Escherichia coli DH5« and
purified with amylose resin (New England Biolabs) according
to the supplier’s instruction.

In Vivo Phosphorylation and Immunoprecipitation. /n vivo
phosphorylation was carried out as described (36). Briefly,
cells transiently expressing PS-2 cDNA constructs were incu-
bated for 30 min in phosphate-free medium (GIBCO). The
media were aspirated and fresh medium was added, containing
13 MBg/ml [*?P]orthophosphate (Amersham), and cells were
incubated for 2 h at 37°C. The cells were washed twice with
ice-cold PBS and immediately lysed on ice with lysis buffer
containing 1% Nonidet P-40 for 10 min. Cell lysates were
centrifuged 10 min at 14,000 X g, and supernatants were
immunoprecipitated with the specific anti-PS-2 antibody 3711
(36) or with the monoclonal M2 anti-FLAG antibody (Kodak).
Immunoprecipitates were separated by using SDS/PAGE,
transferred to poly(vinylidene difluoride) membranes (Imo-
bilon, Millipore), and radiolabeled proteins were visualized by
using autoradiography.

In Vitro Cleavage by Caspases. PS-2 CTFs, immunoprecipi-
tated from cell lysates, or 1 ug of the respective fusionprotein
PS-21 00p-MBP were incubated for 4 h at 37°C in 25 ul of
caspase assay buffer (20 mM Hepes/100 mM sodium chlo-
ride/10 mM DTT/10 mM magnesium chloride/1 mM EDTA/
0.1% CHAPS/10% sucrose, pH 7.2) in the presence or absence
of 20 ng of recombinant active caspase-3 (PharMingen).
Reactions were terminated by the addition of SDS-containing
electrophoresis sample buffer.

Induction of Apoptosis and Analysis of PS-2, poly(ADP-
ribose) polymerase (PARP), and Caspase-3. Apoptosis in
HeLa cells was induced by treatment with staurosporine (STS)
alone or in combination with okadoic acid (OA) as indicated.
For analysis of caspase-mediated cleavage of PS-2, the pro-
tease inhibitor N-acetyl-leucinyl-leucinyl-norleucinal (LLnL)
(50 uM) was added to the incubation media to protect the
cleavage products from degradation (26). After various time
periods, cells were lysed in sample buffer and subjected to
SDS/PAGE. The PS-2 CTF and PARP were detected by
immunoblotting using the monclonal M2 anti-Flag (Kodak) or
a polyclonal anti-PARP antibody (Boehringer Mannheim).
The pl1 subunit of caspase-3 was detected by the polyclonal
anti-CPP32 antibody p11 (Santa Cruz Biotechnology). Specif-
ically bound antibodies were detected by using the enhanced
chemiluminescence technique. For quantitation of PARP
cleavage, Western blots were incubated with a !*I-labeled
secondary anti-rabbit antibody (Amersham Pharmacia) and
analyzed by using PhosphorImaging (Molecular Dynamics).

Measurement of DNA Fragmentation. Quantitation of apo-
ptotic cells was carried out with in situ detection of nuclear
DNA fragmentation by using the TnT FragEL kit (Calbio-
chem). Apoptotic cells vs. nonapoptotic cells were counted in
randomly selected fields by using a light microscope. Five to six
fields (containing 35-120 cells) of the respective cell lines were
analyzed in each experiment.

RESULTS

Recently, we demonstrated that the CTF of PS-2 is phosphor-
ylated in vivo in the region between amino acids 327 and 335
in the large hydrophilic loop (ref. 36; see also Fig. 1a). This
domain contains three potential phosphoryl acceptor sites. To
identify the phosphorylation sites, we mutagenized serine to
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alanine at positions 327, 330, and 335 within recombinant
cDNA constructs corresponding to the authentic PS-2 CTF.
Expression of these constructs results in the generation of PS-2
CTFs similar to those produced in vivo by proteolytic process-
ing, alternative splicing, and alternative transcription (13,
18-21). In vivo phosphorylation was analyzed in COS-7 cells
that were transfected with the respective PS-2 cDNAs by
labeling with [3?P]orthophosphate. Cell lines such as COS,
HeLa, and kidney 293 are frequently used to analyze proteo-
lytic processing of presenilins and B-amyloid precursor pro-
tein. Results derived from biochemical experiments in such
transfected cell lines were completely confirmed in neuronal
cell lines as well as brain tissue (9-18, 22, 25, 30). The PS-2
CTF*! (wild type) and the PS-2 CTFS333A are phosphorylated
to similar extents (Fig. 10). In contrast, phosphorylation of
PS-2 CTFS327A was reduced and that of CTFS339A was almost
completely suppressed (Fig. 10). As reported previously (36),
the deletion mutant PS-2 CTFA3?7-3% completely abolished
phosphorylation. Immunoblot analysis revealed that the con-
structs used were expressed at similar levels (Fig. 1c¢). Very
similar data were obtained in experiments analyzing the
phosphorylation of the respective PS-2 CTF derived from
proteolytic processing of full length PS-2 (data not shown).
These results indicate that serine residues 327 and 330 are in
vivo phosphorylation sites of the PS-2 CTF. Both serine
residues, Ser-327 and Ser-330, are located immediately adja-
cent to the essential Asp-326 and Asp-329, which are required
for caspase recognition (Fig. 1a; refs. 30 and 31).

We therefore investigated whether phosphorylation of the
PS-2 CTF at these sites could affect its cleavage by caspases.
PS-2 CTFs were immunoprecipitated from HeLa cells labeled
with [3?PJorthophosphate in vivo and then incubated in the
presence or absence of purified active caspase-3, which was
shown previously to cleave PS-2 in vitro (19). Treatment with
caspase-3 resulted in decreased amounts of PS-2 CTF and in
the generation of a smaller cleavage product (PS-2 CTFup;
Fig. 2a). In contrast, the phosphorylated form of PS-2 CTF did
not decrease on treatment with caspase-3. Furthermore, PS-2
CTF.sp is not phosphorylated. These data indicate that
caspase-3 cleaves selectively unphosphorylated forms of PS-2
CTF, whereas phosphorylated forms of PS-2 CTF are pro-
tected against caspase-mediated cleavage. To determine
whether this effect of phosphorylation could be mimicked by
substitution of the in vivo phosphorylation sites with a charged
amino acid, we mutagenized serines 327 and 330 to aspartates.
Fusion proteins of PS-2;,,, and MBP (PS-2-MBP) were
incubated in the presence or absence of caspase-3. As shown
in Fig. 2b, fusion proteins carrying the PS-2 wt sequence or
serine-to-alanine substitutions (S327/330A) are readily cleaved
by caspase-3. In contrast, a fusion protein carrying the corre-
sponding serine-to-aspartate substitutions (S327/330D) was
not cleaved by caspase-3 in vitro. Therefore, the introduction
of aspartate residues can be used to mimic phosphorylated
serine residues as it has been shown for the functional analysis
of other phosphoproteins (37, 38).

We next investigated whether mimicking phosphorylation by
the introduction of negatively charged amino acids also pro-
tects PS-2 CTF from caspase-mediated cleavage in vivo. Serine
residues 327 and 330 were substituted either by alanine
residues to generate unphosphorylatable forms or by aspartate
or glutamate residues. Transient overexpression of the PS-2
CTF"'resulted in the generation of the smaller CTF (CTFp),
indicating proteolytic processing by caspases (Fig. 3a, Upper).
This is consistent with previous results demonstrating the
induction of apoptosis upon transient overexpression of PS-2
(28, 31). Substitution of Ser-327 or Ser-330 to alanine residues
had no influence on this cleavage (Fig. 3a, Upper). In contrast,
substitution of Ser-330 by aspartate (CTFS3%P) efficiently
inhibited the generation of CTF..s,, whereas substitution of
Ser-327 (CTF33?7P) reduced caspase-mediated cleavage to
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FiG. 2. Phosphorylation of PS-2 inhibits its cleavage by caspase-3.
(a) HeLa cells stably expressing PS-2 CTF"' were labeled with
[**P]orthophosphate, and the PS-2 CTFs were immunoprecipitated
with the anti-Flag antibody. The immunoprecipitate was divided into
two aliquots and incubated in the presence or absence of purified
caspase-3. Proteins were separated by SDS/PAGE and transferred to
a poly(vinylidene difluoride) membrane. Radiolabeled proteins were
visualized by PhosphorImaging (Left). Subsequently, the same mem-
brane was probed with the anti-Flag antibody (Right). Note that
caspase-3 cleaves selectively the unphosphorylated form of PS-2 CTF.
(b) Mimicking phosphorylation by substitution of serines 327 and 330
by aspartate residues also inhibits cleavage by caspase-3. Fusion
proteins of MBP with the respective PS-2p oop domain (wt, S327/330A,
or $327/330D) were incubated in the presence or absence of caspase-3.
Full-length fusion proteins (PS-2-MBP) and cleavage products (PS-
2-MBPc,sp) were detected by immunoblotting with antibody 3711.
Fusion protein carrying the PS-2p,0p, Wt or the serine-to-alanine
mutations were cleaved by caspase-3. In contrast, the introduction of
negatively charged aspartate residues, which mimic phosphorylated
serines, inhibits caspase-mediated cleavage. MBP itself was not
cleaved by caspase-3 (data not shown). Similar results were obtained
with purified active caspase-7 (although caspase-7 cleaves PS-2 with
less efficiency than caspase-3; data not shown).

some extent (Fig. 3a, Upper). The substantially weaker effect
of the S327D mutation is consistent with previous studies
demonstrating that caspase-mediated cleavage occurs pre-
dominantly after Asp-329 (see Fig. la; refs. 30 and 31).
The corresponding double mutations CTFS327/330D and
CTFS327330E almost completely inhibited caspase-mediated
cleavage (Fig. 3a, Upper). Very similar data were obtained on
transient overexpression of full-length PS-2"' or the corre-
sponding serine mutations (Fig. 3a, Lower).

These results indicate that phosphorylation of the PS-2 CTF
at serine residues 327 and 330, which are located immediately
adjacent to the caspase recognition sites, inhibits caspase-
mediated cleavage of PS-2.

To prove this phenomenon under defined apoptotic stimuli,
HelLa cells stably expressing the PS-2 CTF¥! were incubated in
the presence or absence of STS and OA, two inducers of
apoptosis (30-32, 39). In untreated cell cultures, no caspase-
mediated cleavage of PS-2 CTF"! was observed (Fig. 3b). This
is consistent with previous results (40, 41) demonstrating that
stable expression of PS-2 does not induce apoptosis (in con-
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FiG. 3. Phosphorylation of PS-2 CTF inhibits caspase-mediated cleavage during apoptosis. (@) cDNA constructs encoding either the wt or the
indicated phosphorylation site mutations of the PS-2 CTF (Upper) or the PS-2 full-length protein (Lower) were transiently transfected into COS-7
cells. PS-2 CTFs were immunoprecipitated with antibody 3711 and detected on immunoblots with the anti-Flag M2 antibody. (b) HeLa cells stably
expressing the PS-2 CTF¥twere incubated for 6 h either in the presence or absence of 1 uM STS/1 uM OA * Z-VAD-fmk (50 uM). The combination
of STS and OA induced apoptosis more potently than either drug alone (data not shown). As a control, cells were incubated with the carrier alone.
PARP and the PS-2 CTF were detected by immunoblotting by using anti-PARP and anti-Flag antibodies, respectively. Note that on stable expression
of PS derivatives, apoptosis is not induced, which is consistent with previous results (40, 41). (¢) HeLa cells stably expressing PS-2 CTF¥, CTFS330D,
or CTFS327330D were incubated in the absence or presence of 1 uM STS/1 uM OA for 6 h. Analysis of PARP and PS-2 CTF was carried out as
described in b. The p11 subunit of caspase-3, which is generated during its proteolytic activation (33, 35), is detected by immunoblotting using
antibody anti-CPP32p11 (Santa Cruz Biotechnology). Note that capase-3 was activated in all three cell lines treated with STS/OA.

trast to the high level expression on transient transfection; see
also Fig. 3a). As a control, we analyzed caspase-mediated
cleavage of PARP, a marker of apoptosis (30). No cleavage of
PARP was observed in these cells, also demonstrating that
apoptosis was not induced by stable overexpression of the PS-2
CTF"! under control conditions. On treatment with STS/OA
for 6 h, the PS-2 CTF"! was cleaved to yield the smaller CTFasp
(Fig. 3b). Under these conditions, PARP was also cleaved,
demonstrating that the cells underwent apoptosis. Cleavage of
both PS-2 CTF*' and PARP was blocked by addition of the
specific caspase inhibitor Z-VAD-fmk (Fig. 3b), indicating that
PS-2 CTF"! is specifically cleaved by caspase activity during
apoptosis. We then investigated the effect of substitutions that
mimic phosphorylation on caspase-mediated cleavage of the
PS-2 CTF in HeLa cells. Again, PS-2 CTF*twas readily cleaved
on induction of apoptosis (Fig. 3c). In contrast, PS-2 CTF
mutants mimicking either the single phosphorylated form
(CTFS330D) or the double phosphorylated form (CTFS327/330D)
were completely protected against caspase-mediated cleavage
(Fig. 3c). PARP has been cleaved in each of these cell lines,
demonstrating that the cells underwent apoptosis (Fig. 3c).
Moreover, caspase-3, which has been demonstrated to cleave
PS-2 in vitro (Fig. 2; ref. 19) also was activated under these
conditions (as determined by the detection of the p11 cleavage
product; Fig. 3c). These results therefore demonstrate that
apoptotic cleavage of the PS-2 CTF is specifically inhibited
during apoptosis by mimicking phosphorylation at its caspase
recognition site.

Because CTFs of PS-2 were shown to inhibit apoptosis (19,
27), we investigated the effect of phosphorylation of the PS-2
CTF on its apoptotic properties. Apoptosis was induced in
HeLa cell lines stably expressing the PS-2 CTF" or muta-
tions mimicking phosphorylated PS-2 CTF (CTFS3% or
CTF3327330D) and was monitored either by analyzing the
cleavage of PARP or the fragmentation of nuclear DNA.
Quantitation of PARP cleavage 4 h after induction of
apoptosis with STS revealed that ~80% of cellular PARP
was cleaved in cells stably transfected with PS-2 CTF"! (Fig.
4a). In contrast, in cells transfected with PS-2 CTFS33% or
with CTFS327330D <40% of cellular PARP was cleaved (Fig.
4a). Quantitating apoptotic cell death by labeling nuclear
DNA fragments in situ also demonstrated that expression of
PS-2 CTFS330D or PS-2 CTFS3273330D jnhibits apoptosis (Fig.
4b), whereas expression of the unphosphorylatable PS-2
CTFS39A had no significant effect (data not shown). As
observed on prolonged treatment with STS, PARP also is
cleaved in cells expressing PS-2 CTFs, which mimic phos-
phorylated molecules (see Fig. 3c). Therefore, to determine
whether phosphorylation of the PS-2 CTF does not entirely
block STS-induced apoptosis, but rather retards its progres-
sion, PARP cleavage was analyzed at various time points after
induction of apoptosis. Cleavage of PARP occurred after
about 2 h in HeLa cells expressing the PS-2 CTF"'. After 3 h,
~50% of cellular PARP was cleaved, and after 4 h PARP was
almost completely proteolyzed (Fig. 4c). In contrast, cells
stably expressing PS-2 CTFS330D or CTFS327330D | revealed a
significant retardation of PARP cleavage (Fig. 4c).
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F1G.4. The phosphorylation site mutants inhibit the progression of
apoptosis. (a) Four hours after induction of apoptosis, HeLa cells
stably expressing PS-2 CTF*!, CTFS330D  or CTFS327/330D were lysed
and cleavage of cellular PARP was analyzed by immunoblotting by
using a !?]-labeled secondary antibody and quantitated by using
Phosphorlmaging. (b) Nuclear DNA fragmentation was analyzed 4 h
after induction of apoptosis. Values represent means = SD of triplicate
experiments. The CTF"! itself showed a trend to inhibited apoptosis
as compared with untransfected HeLa cells (data not shown), which
is consistent with previous results (19, 27). (c) Cells were lysed after
induction of apoptosis at the time points indicated. Cellular PARP was
analyzed by immunoblotting. Note that caspase mediated cleavage of
PARP is significantly delayed in cells expressing the PS-2 CTFS330D or
CTFS327330D a5 compared with cells expressing the CTFYt.

DISCUSSION

In this study, we demonstrate that phosphorylation of the PS-2
CTF on serine residues at the caspase recognition sites not only
blocks its cleavage by caspases but also alters its functional
properties during apoptosis.

Caspase recognition was previously shown to depend on the
primary amino acid sequence preceding the essential aspartate
residue (33-35). However, our findings indicate that phos-
phorylation of PS-2 on serine residues 327 and 330 can regulate
apoptotic cleavage. Phosphorylation of the PS-2 loop domain
clearly inhibits caspase-mediated cleavage in vitro and in vivo.
Substitution of the in vivo phosphorylation sites of PS-2 by
unphosphorylatable alanine residues did not inhibit its
caspase-mediated cleavage. In contrast, mimicking phosphor-
ylated residues by aspartate or glutamate substitutions inhibits
cleavage of PS-2 by caspases during apoptosis. It is important
to note that a number of other caspase substrates, such as
retinoblastoma protein, fodrin, and focal adhesion kinase (33,
34), contain potential phosphorylation sites within their
caspase-recognition motif. As demonstrated previously, the
PS-1 CTF is also phosphorylated in vivo (42, 43). Interestingly,
serine residue 346 adjacent to aspartate 345, which is required
for caspase recognition of PS-1, is located within a consensus
sequence for protein kinases (PK) A and C. Because the PS-1
CTF is known to be phosphorylated by PKA and PKC (42, 43),
it is tempting to speculate that phosphorylation of PS-1 also
regulates its cleavage by caspases. Phosphorylation of caspase
substrates may therefore represent a novel in vivo regulatory
mechanism to protect these proteins from proteolytic degra-
dation. This conclusion is supported by a recent in vitro study,
demonstrating the inhibition of caspase-mediated cleavage of
IkBa by phosphorylation (44). Although the functional role of
caspase cleavage during apoptosis remains to be clarified in

Proc. Natl. Acad. Sci. USA 96 (1999) 1395

detail, it is believed that it either activates proapoptotic or
inactivates antiapoptotic proteins (33, 34). Antiapoptotic ef-
fects of the PS-2 CTF have been described previously (19, 27,
28). Because phosphorylation of the PS-2 CTF was found to
protect against caspase-mediated cleavage, this will result in
stabilization of the antiapoptotic protein. Indeed, we could
demonstrate that cellular expression of PS-2 CTF mutant
proteins, which mimic constitutively phosphorylated forms,
results in a marked inhibition of apoptosis.

Increasing evidence suggests that protein phosphorylation/
dephosphorylation plays a role in the regulation of apoptosis.
Agents affecting the activities of protein kinases (e.g., STS) or
phosphatases (e.g., OA), can modulate apoptotic cell death
(45, 46). In addition, PKC8 (47), MEKK-1 (48), focal adhesion
kinase (49), and PKC-related kinase-2 (50) are cleaved by
caspases during apoptosis. Recently, it was found that protein
phosphatase 2A is also activated by caspase-mediated cleavage
during apoptosis (51), suggesting that changes in the phos-
phorylation status of certain proteins modulate the progres-
sion of apoptosis. Indeed, PS-2 could be such a candidate,
because we demonstrated that its antiapoptotic properties
depend on its phosphorylation status. To our knowledge this
is the first example demonstrating that phosphorylation of a
“death substrate” at the caspase recognition site modulates its
(anti)apoptotic properties.

AD is characterized by massive neuronal cell loss in suscep-
tible regions of the brain (52), and increasing evidence suggests
that this neuronal loss may be initiated by apoptosis (53).
Furthermore, it was shown that the Volga German mutation
(N141I) of PS-2 enhances the proapoptotic activity of PS-2
(27). In addition, an increased level of the PS-2 caspase
fragment was found in brain of a familial AD patient carrying
the same mutation (30). Both results suggest that caspase-
mediated cleavage of PS-2 plays an important role in AD. As
found in this study, phosphorylation regulates the cleavage of
PS-2 during apoptosis and enhances its antiapoptotic proper-
ties. Alterations in the phosphorylation of PS-2 could there-
fore influence the pathogenesis of AD by affecting the sus-
ceptibility of neurons for apoptotic stimuli. Thus, PS-2 may
play a role not only in early-onset familial AD but in the
development of sporadic AD as well.
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