
Novel proline endopeptidase inhibitors do not modify Ab40/42
formation and degradation by human cells expressing wild-type and
Swedish mutated b-amyloid precursor protein

1AgneÁ s Petit, 1HeÂ leÁ ne Barelli, 2Philippe Morain & *,1FreÂ deÂ ric Checler

1Institut de Pharmacologie MoleÂ culaire et Cellulaire, UPR411 du CNRS, 660 route des lucioles, Sophia Antipolis, 06560 Valbonne,
France and 2Institut de Recherche SERVIER, Courbevoie, France

1 Previous studies have suggested that proline endopeptidase (PE) could participate to the
catabolism of the b-amyloid peptide (Ab) or to the physiopathological maturation of the b-amyloid
protein precursor (bAPP). We have examined the putative ability of human puri®ed PE to catabolize
Ab40 and Ab42 and the possible contribution of this enzyme to the generation of Ab40 and Ab42 in
human HEK293 cells.

2 We show ®rst that puri®ed human PE does not degrade synthetic Ab40 and Ab42, in vitro.

3 We establish that HEK293 cell homogenates exhibit a Z-Gly-Pro-7AMC-cleaving enzyme, the
activity of which is inhibited by Z-Pro-Prolinal and S17092 and S19825, two novel PE inhibitors,
with a�nities similar to those displayed on the puri®ed human PE. These inhibitors also penetrate
cells and achieve a full inhibition of endogenous proline endopeptidase in human cells.

4 By means of selective antibodies directed towards the C-terminal of Ab40 and Ab42, we assessed
the e�ect of PE inhibitors on the recovery of both Ab species. This was examined in HEK293 cells
stably overexpressing the wild-type and the familial Alzheimer's disease-related Swedish mutated b-
APP. We establish that none of these inhibitors a�ected Ab40 or Ab42 production in these
transfected cells.

5 Overall, our study indicates that human PE does not degrade Ab40 and Ab42. Furthermore, PE
does not contribute to Ab40 and Ab42 formation in HEK293 cells. Therefore, PE does not appear
to contribute to the Ab-related aetiology of Alzheimer's disease.
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Introduction

The senile plaques spreading over the cortical areas of brains
a�ected by Alzheimer's disease are typical neuropathological
hallmarks of this neurodegenerative disease. The main proteic

component of this extracellular deposit is a 39 ± 42/43 amino-
acid-long peptide called amyloid b-peptide or Ab (for review
see Selkoe, 1989). This peptide derives from the proteolytic

maturation of a precursor, the b-amyloid precursor protein
(bAPP) by b- and g-secretases liberating the N- and C-terminus
of Ab, respectively (for review see Checler, 1995). The overload

of Ab can be envisioned as a cell disturbance of the balance
between its production and its catabolism/clearance. Familial
early-onset forms of Alzheimer's disease are due to mutations

borne by the bAPP itself and two related proteins called
presenilins 1 and 2 (for reviews see Van Broeckhoven, 1995;
Hutton & Hardy, 1997; Checler, 1999). All but one of these
mutations (Ancolio et al., 1999) trigger increased production

of total Ab, and more particularly of its 42-amino-acids long
aggregatable form, Ab42. There is, therefore, a great e�ort in
the scienti®c community to elucidate the nature of the

proteolytic activities responsible for Ab production or
degradation and the mechanisms by which these events are
a�ected in Alzheimer's disease.

Several studies have suggested that proline endopeptidase
could participate to the symptomatology and/or aetiology of
Alzheimer's disease. Thus, this enzyme could contribute to the

degradation of promnesic neuropeptides through its endo-
oligopeptidase activity (Checler, 1993). In relation with the
bAPP maturation, it was reported that proline endopeptidase

displayed g-secretase-like activity toward synthetic peptides
mimicking the sequence targeted by this enzyme (Ishiura et al.,
1990). Furthermore, proline endopeptidase inhibitors were

shown to abolish the formation of Ab in NG108-15 cells
(Shinoda et al., 1997). Proline endopeptidase inhibitors also
prevented the amyloid deposition in the brain of mouse with

accelerated senescence (Kato et al., 1997). Finally, it was
reported that anti-proline endopeptidase agents elicit an
antiamnesic e�ect in the rat in the scopolamine-induced
amnesia paradigm (Yoshimoto et al., 1987; De Nanteuil et

al., 1998).
We have recently reported on the design of S17092-1, a

highly potent, speci®c and bioavailable human PE inhibitor

(Barelli et al., 1999). Here we examine the putative e�ect of
S17092-1 and of another PE inhibitor, S19825 on the recovery
of Ab40 and Ab42 generated by human cells overexpressing

wild-type and familial Alzheimer disease (FAD)-linked
Swedish mutated bAPP. Furthermore, we examine the ability
of puri®ed human PE to hydrolyse synthetic Ab40 and Ab42.*Author for correspondence; E-mail: checler@ipmc.cnrs.fr
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Our study indicates that PE does not contribute to the
degradation of Ab40/42 and does not participate in their
formation in HEK293 cells.

Methods

Synthesis of S17092-1 and S19825

The synthesis and structure of S17092-1, (2s,3aS,7aS)-1-

{[(R,R)-2-phenyl-cyclopropyl]carbonyl}-2((thiazolidin-1-oxyde-
3-yl)carbonyl)perhydroindole, has been previously reported
(compound 54 in Portevin et al., 1996). S19825 is the

sulphoxide derivative of S17092-1 (see formula in Figure 2).

Puri®cation of human proline endopeptidase and
¯uorimetric assay

The puri®cation of human cortex proline endopeptidase has
been previously reported (Barelli et al., 1999). PE was

¯uorimetrically assayed by means of N-benzyloxycarbonyl-
glycyl-prolyl-7-amino-4-methylcoumarin (Z-Gly-Pro-7AMC)
(0.2 mM), in the absence or in the presence of various

concentrations of S17092-1, S19825 or N-benzyloxycarbonyl-
prolyl-prolinal (Z-Pro-Prolinal) in a ®nal volume of 100 ml of
50 mM Tris-HCl bu�er, pH 7.5 containing 0.5 mM dithio-

threitol. The release of the 7AMC group was monitored with a
¯uorimeter setting of 380 and 460 nm as excitation and
emission wavelengths, respectively.

Degradation of angiotensin II by human proline
endopeptidase and HPLC analysis

Angiotensin II (2 nmol) was incubated for various times at
378C with human PE in a ®nal volume of 200 ml, in the absence
or presence of 1 mMZ-Pro-Prolinal. After acidi®cation, samples

are spun and supernatants areHPLC-analysed in the conditions
previously detailed (Ichai et al., 1994). Brie¯y, chromatogra-
phies were performed at room temperature, at a 1 ml min71

¯ow rate onto a reverse-phase column (RP18 Lichrosorb,
Merck, Darmstadt, Germany). Elutions were carried out by
means of a 42 min linear gradient between 90 : 10 (vol vol71) to
60 : 40 (vol vol71) of 0.1% tri¯uoroacetic acid, 0.05%

triethylamine/0.1% tri¯uoroacetic acid, 0.05% triethylamine
in acetonitrile. Absorbances were monitored at 230 nm.

Degradation of Ab40 and Ab42, in vitro

Synthetic Ab40 and Ab42 (5 mg) were incubated for various

times at 378C in the presence of human proline endopeptidase.
At the end of incubations, proteins were separated on a 16.5%
tris-tricine gel, Western blotted and revealed with WO2

antibody as detailed below.

E�ect of S17092-1 and S19825 on intracellular proline
endopeptidase activity

Mock-transfected HEK293 cells were treated for 5 h as above
in the absence or in the presence of inhibitors then cell

homogenates preparation (see below) and PE ¯uorimetric
assays were performed as described above.

Cell cultures and transfections

HEK293 cells were grown in 5% CO2 in HAMF12/Dulbecco's
modi®ed Eagle's medium (DMEM; vol vol71) supplemented

with 10% foetal calf serum containing penicillin
(100 units ml71), streptomycin (50 mg ml71) and geneticine
(1 mg ml71). Stable transfectants overexpressing the wild-type

and Swedish mutated bAPP751 were obtained with 3N-(N,N'-
dimethylaminoethane)-carbamoylcholesterol (DAC30) reagent
(Eurogentec) and 2 mg of pcDNA3 encoding the two cDNAs
and positive clones were identi®ed by means of a polyclonal

antibody (BR188) recognizing the C-terminal end of bAPP751

(Chevallier et al., 1997) or with W02.

Preparation of cell homogenates

Cells (35 mm wells) were rinsed with phosphate bu�er saline

(PBS), pH 7.4 containing (mM): NaCl, 140; Na2HPO4, 8.5;
KCl, 2.7; KH2PO4, 1.5, then scrapped and homogenized with a
syringe in 1 ml of 5 mM Tris-HCl, pH 7.5.

Secretion and detection of Ab40 and Ab42

Secretion media were treated sequentially overnight with a 200

folddilutionofFCA3542thenwiththesamedilutionofFCA3340
as described (Ancolio et al., 1999). Proteins were immunopreci-
pitated in the presence of protein A-Sepharose then precipitates

were submitted to 16.5%Tris-tricine gels andWestern blotted as
below.Cell lysateswereanalysedfortheirbAPPcontentbymeans
ofWO2 as described (Ancolio et al., 1999).

Sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS±PAGE), tris-tricine gels and
Western blot analyses

Dried samples and standards were resuspended in 30 ml of
50 mM Tris, pH 6.8 containing 2% sodium dodecyl sulphate

(SDS), 10% glycerol and 5% b-mercaptoethanol (Laemmli
bu�er). Samples were then heated for 5 min at 958C,
electrophoresed for 45 min (at 48C) at 100 V then proteins were

blotted onto nitrocellulose sheets (Hybond-C super,Amersham,
Orsay, France) that were heated for 5 min in boiling phosphate
bu�er saline (PBS), pH 7.5.Membraneswere then incubated for

1 h in PBS-0.05% Tween containing 5% skim milk, then
exposed overnight to the WO2 monoclonal antibodies in PBS-
0.05% Tween containing 1% skim milk. Nitrocellulose sheets
were rinsed in PBS (365 min) and immunological complexes

were revealed as previously described (Ancolio et al., 1999).

Antibodies and materials

FCA3340 and FCA3542 were previously described and are
fully selective of the C-terminus of Ab40 and Ab42,
respectively (Barelli et al., 1997). WO2 recognizes the N-
terminal region of Ab and labels full-length bAPP (Ida et al.,
1996). Synthetic Ab40 and Ab42 were from Bachem (Voisins-

le-Bretonneux, France). Angiotensin II was from Neosystem
(Strasbourg, France). Z-Gly-Pro-7AMC was from Cambridge
Research Biochemicals (Cleveland, UK). Penicillin, strepto-
mycin, dithiothreitol were from Sigma (Saint Quentin

Fallavier, France). Protein-A sepharose was from Zymed
(Montrouge, France). Geneticin and HAMF12/DMEM were
from Gibco life technologies (Cergy Pontoise, France). Foetal

calf serum was from Dutscher (Issy-les-Moulineaux, France).

Results

We have examined the susceptibility of synthetic Ab40 and
Ab42 to proteolysis by human proline endopeptidase (PE). We
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previously reported on the partial puri®cation of PE from
whole human brain hemisphere (Barelli et al., 1999). The
partially puri®ed enzyme hydrolyses Z-Gly-Pro-7AMC and is

inhibited by Z-Pro-prolinal with an apparent a�nity (4.5 nM,
Table 1) that fully matches the Ki value previously reported
(Wilk & Orlowski, 1983). Puri®ed human PE also cleaves
angiotensin II in a time-dependent- (Figure 1c ± e) and Z-Pro-

Prolinal-sensitive (Figure 1f) manner. It should be noted that
methionine-enkephaline fully resisted degradation by PE (not
shown), indicating that the pooled puri®ed proteins were free

from contaminating amino and carboxy-exopeptidases. Alto-
gether, our partially puri®ed PE displays the expected
properties of the enzyme. Figure 1 shows that Ab40 (Figure

1a) and Ab42 (Figure 1b) fully resist degradation by human
PE, even after long time incubations.

Two novel inhibitors of PE (S17092-1 and S19825) have

been designed, the structures of which are shown in Figure 2.
These two agents inhibit puri®ed human PE in a dose-
dependent manner (Figure 3a,b) with Ki in the nanomolar
range (1.5 to 3.3 nM). S17092 and S19825 also block the Z-

Gly-Pro-7AMC-hydrolyzing activity detectable in the human
HEK293 cell line (Figure 3a,b) with similar IC50 a�nities
(Table 1).

In order to examine the putative contribution of proline
endopeptidase to the formation/clearance of endogenous Ab40
and Ab42, we ®rst assessed the bioavailability of these

inhibitors and their penetrance rate in HEK293 cells. Figure
3 indicates that both S17092 and S19825 inhibit the
intracellular endogenous Z-Pro-Prolinal-sensitive Z-Gly-Pro-

7AMC cleaving activity, although the apparent a�nities were
signi®cantly lower than those exhibited on HEK293 cell

homogenates (Table 1). This indicates that the inhibitors
poorly penetrate in cells. However, the full inhibition observed
with inhibitors enabled us to examine the contribution of

endogenous human PE activity.
We took advantage of the design of our antibodies able to

discriminate between the various Ab species (Barelli et al.,
1997) to assess the in¯uence of S17092-1 on the Ab40 and

Ab42 production by HEK293 cells overexpressing the wild-
type (wt)-bAPP or the FAD-linked bAPP bearing the Swedish
mutation. As reported previously (Citron et al., 1992; Cai et

al., 1993; Felsenstein et al., 1994), the Swedish mutation
triggers an increased recovery of secreted Ab40 and Ab42
when compared to wt-bAPP-expressing cells (Figure 4).

Clearly, S17092 does not a�ect bAPP expression and does not
modify the secretion of both Ab species, whatever the
transfectants examined (Figure 4), even at a 10 mM concentra-

tion that fully blocks the PE activity in HEK293 cells (Figure
3). Figure 5 indicates that S19825 was also ine�ective on Ab40
and Ab42 recovery in both cell types.

Table 1 IC50 values of Z-Pro-prolinal, S17092-1 and
S19825 on PE from various sources

Enzyme source S17092-1
(M)

S19825
(M)

Z-Pro-
prolinal (M)

Human puri®ed PE
HEK293 cells homogenate
Plated HEK293 cells

1.5610-9

3.1610-9

3.5610-7

3.3610-9

3.0610-9

1.3610-7

4.5610-9

1.0610-9

1.3610-9

IC50 values derived from complete dose-response curves of
the indicated inhibitors carried out on various sources of PE
prepared as described in the Methods.

Figure 1 Synthetic Ab40 and Ab42 are not degraded by human
proline endopeptidase. Synthetic Ab40 (a) or Ab42 (b) were
incubated for the indicated times with puri®ed human proline
endopeptidase then Ab-related immunoreactivities were analysed
after 16.5% Tris-tricine electrophoresis and Western blots as detailed
in the Methods. In parallel experiments, angiotensin II was incubated
with human proline endopeptidase for 0 (c), 15 min (d) or 60 min
(e,f) in absence (c ± e) or in the presence (f) of Z-Pro-Prolinal, then
incubation were HPLC-analysed as described in the Methods.

Figure 2 Chemical structures of S17092-1 and S19825.

Figure 3 Inhibition curves of S17092-1 and S19825 on proline
endopeptidase from various sources. Puri®ed proline endopeptidase,
or the Z-Gly-Pro-7AMC-hydrolyzing activities present in HEK293
cells or membrane homogenates were incubated as described in the
Methods in the absence (control) or presence of the indicated
concentrations of S17092-1 (a) or S19825 (b). Points correspond to
the means+s.e.mean of 4 ± 5 independent determinations.
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Discussion

The mechanisms by which Ab40 and Ab42 are generated are
likely key events contributing to the neuropathology of
Alzheimer's disease. Thus, one of the histopathological

hallmarks of both sporadic and genetic forms of the disease
is the senile plaque, an extracellular proteinaceous deposit
mainly composed of these Ab species (Selkoe, 1989). A clue
of the central role of Ab came from the observation that

familial cases of Alzheimer's disease were due to mutations
located on distinct proteins, namely bAPP and presenilins
(for reviews see Van Broeckhoven, 1995; Hutton & Hardy,

1997; Checler, 1999). The common phenotypic alteration
triggered by these mutations is an exacerbated production of
Ab and particularly its 42-amino-acid-long more aggrega-

table species (Burdick et al., 1992). The overproduction of
Ab could be due to upregulated concentrations of generating
activities, to a misrouting of bAPP to cell compartments
permissive for deleterious proteolytic activities, or alterna-

tively could derive from a decrease of Ab clearance (Checler,
1995).

Several reports suggested that PE could contribute to the

physiopathological maturation of bAPP. Thus, PE displays g-

secretase-like activity on synthetic peptides (Ishiura et al.,
1990). Furthermore, a PE inhibitor, JTP-4819, (S)-2-[[(S)-2-
(hydroxyacetyl)-1-pyrrolidinyl]carbonyl]-N-(phenylmethyl)-1-

pyrrolidine-carbox-amide, was reported to prevent the Ab40
increased production observed in response to serum depriva-
tion of NG108-15 neuroblastoma cells (Shinoda et al., 1997).
We have characterized two novel agents, S17092-1 and S19825

that unambiguously display the typical pharmacological
inhibitory pro®le towards human PE. These agents were
unable to a�ect the recovery of Ab40 and Ab42 in HEK293

cells overexpressing wild-type bAPP.
Several lines of evidence indicate that the Familial

Alzheimer Disease (FAD)-related Swedish mutated bAPP is

processed in cell compartments distinct from those involved in
wt-bAPP maturation, suggesting that secretases involved in the
generation of Ab could be distinct (Haass et al., 1995).

However, PE inhibitors did not modify the Ab40 and Ab42
production of Swedish bAPP-expressing cells. Altogether, our
data indicate that PE does not contribute to the generation of
Ab40 or Ab42 by wild-type or Swedish mutated bAPP in

HEK293 cells and therefore does not display b- or g-secretase
like activity. This agrees well with a very recent study showing
that Fmoc-Ala-Pro-CN, (1-(N-(9-¯uorenyl-methoxycarbonyl)-

alanyl)-2-cyanopyrrolidine), a potent PE inhibitor, does not
a�ect the g-secretase cleavage of a N-terminally truncated APP
fragment corresponding to the last 99 amino-acids of the bAPP

C-terminus in SH-SY5Y cells (Johnston et al., 1999).
The fact that PE does not cleave bAPP is not unexpected

when considering that this activity belongs to the oligopepti-

dase family. These enzymes display strong requirements of
substrate length and do not cleave peptides longer than 12 ± 15
amino-acids (Checler, 1993). This likely explains why puri®ed
PE was unable to cleave synthetic Ab40 and Ab42 (our study).

This agrees well with the observation that PE inhibitors do not
a�ect Ab recovery. Any involvement of the enzyme in the
clearance of Ab would have led to an increased recovery of

Ab40 or Ab42 in HEK293 cells.
It remains possible to envision PE as a contributor of

the Alzheimer's disease symptomatology through the

degradation of mnemocognitive neuropeptides. Thus, it
has been shown that PE inhibitors could display
antiamnesic properties in a scopolamine-induced amnesia
model in the rat (Yoshimoto et al., 1987). Somatostatin-

like immunoreactivity is decreased in Alzheimer's disease-
a�ected brains (Schettini et al., 1988; Bissette & Myers,
1992). Furthermore, drastic memory impairement can be

triggered by experimental lowering of endogenous
somatostatin content in the rat (Vecsei et al., 1984).
Therefore, somatostatin is a likely neuropeptide candidate

participating to Alzheimer's symptomatology and there-
fore, could be envisioned as a possible target of PE.
However, it should be noted that somatostatin is only

slightly, if at all, susceptible to catabolism by PE
(Checler, 1993), ruling out the possible contribution of
PE, at least in somatostatin catabolism.

It remains possible to envisage PE contributing to the

inactivation of other promnesic neuropeptides. However, our
previous study indicated that PE activity was not a�ected in
the frontal cortex and cerebellum, post mortem in Alzheimer's

disease-a�ected brains, and statistically even signi®cantly
decreased in the parietal cortex (Ichai et al., 1994). Therefore,
such a region-speci®c decreased activity would have led to an

increase in the concentration of any peptide substrate of PE
and thereby, to a potentiation of its putative promnesic e�ect,
a feature totally opposed to the cognitive alterations observed
in Alzheimer's disease.

Figure 4 E�ect of S17092-1 on the recovery of Ab40/42 produced
by wild-type and Swedish mutated-bAPP-expressing cells. HEK293
cells expressing wild-type (a) or Swedish mutated (b) bAPP were
treated for 7 h without (Ct) or with the indicated concentrations of
S17092-1. Secretion media were then analysed for their Ab40 or
Ab42 contents by sequential immunoprecipitation with FCA3542 and
FCA3340, respectively, then immunological complexes were revealed
as detailed in the Methods.

Figure 5 E�ect of S19825 on the recovery of Ab40/42 produced by
wild-type and Swedish mutated-bAPP-expressing cells. HEK293 cells
expressing wild-type (a) or Swedish mutated (b) bAPP were treated
for 7 h without (Ct) or with the indicated concentrations of S19825.
Secretion media were then analysed for their Ab40 or Ab42 contents
by sequential immunoprecipitation with FCA3542 and FCA3340,
respectively then immunological complexes were revealed as detailed
in the Methods.
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Altogether, our study makes any contribution of PE in both
symptomatology and etiology of Alzheimer's disease neuro-
pathology unlikely.
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