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1 The b-secretase BACE1 is one of the enzymes that contribute to the production of the Ab peptide,
in vitro and in vivo. JMV1195 was previously shown to inhibit BACE activity in vitro but was unable
to block cellular BACE activity. We have designed a new permeable inhibitor, JMV2764 that
corresponds to a derivative of JMV1195 to which a penetratin sequence had been added at its
N-terminus. We have assessed the ability of JMV2764 to affect BACE1 activity in vitro, and to modify
Ab production in various cell systems.

2 Endogenous b-secretase or BACE1 activities were monitored in vitro by means of two distinct
fluorimetric substrates in HEK293 extracts of cells expressing either wild-type bAPP, Swedish mutated
bAPP or SPA4CT constructs. Ab40 recovery was monitored by immunoprecipitation and Western
blot analysis.

3 JMV2764 and JMV1195 inhibited endogenous b-secretase activity of HEK293 cellular
homogenates with IC50s of 0.8 and 6.6mM, respectively. Interestingly, JMV2764 also inhibited b-
secretase activity after preincubation with intact cells while JMV1195 was inactive, indicating that
unlike JMV1195, JMV2764 could penetrate into the cells.

4 JMV2764 but not JMV1195 also prevented Ab production by HEK293 cells overexpressing wild-
type and Swedish-mutated bAPP. However, JMV2764 was unable to affect Ab production from cells
expressing SPA4CT, a bAPP-derived sequence that does not need b-secretase to produce Ab.
5 Altogether, we have designed a new cell-permeable BACE1 inhibitor that allows to envision to
prevent Ab production in vivo. Work is in progress to assess the potential of these compounds to
prevent Ab production in transgenic mice overproducing Ab.
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Introduction

Although the exact etiology of Alzheimer’s disease remains a

matter of discussion, several lines of both anatomical, genetic and

cell biology evidences have suggested that the Ab peptide that

accumulates as disease progresses plays a major role in

neurodegenerative process (Hardy & Higgins, 1992). Ab is one

of the proteolytic products of bAPP generated by subsequent

cleavages by b- and g-secretases (Checler, 1995). Therefore, the
simplest and most straightforward strategy aimed at slowing or

preventing Alzheimer’s disease would be to block these secretases.

At first sight, targeting the b-secretase appears more

innocuous than interfering with g-secretase pathway. First, a

rapidly growing set of data has indicated that affecting

expression or activity of various proteins of the presenilin-

dependent g-secretase complex leads to lethality, in embryos

(Shen et al., 1997; Wong et al., 1997; Qian et al., 1998) or

drastically alters various vital functions at the adulthood in

conditional knockout mice lacking presenilins (Beglopoulos

et al., 2004; Saura et al., 2004). By contrast, soon after the

identification of the b-secretase referred to as BACE1, memapsin
2, or ASP2 (Hussain et al., 1999; Sinha et al., 1999; Vassar et al.,

1999; Yan et al., 1999; Lin et al., 2000), it was shown that

abolition of b-secretase expression was, if not totally innocuous,
by far less drastic than altering g-secretase activity. Thus, mice in
which b-site APP cleaving enzyme (BACE) has been knocked

out are viable and fertile (Luo et al., 2001; Roberds et al., 2001).

Most important with respect to Alzheimer’s disease, BACE

depletion abolishes Ab production by mice engineered to

overproduce the peptide (Cai et al., 2001; Luo et al., 2001).

We have recently described JMV1195, one of a series of

peptidomimetic statine-derived compounds able to inhibit

BACE (Andrau et al., 2003). However, JMV1195 that appears

potent and rather selective in vitro was unable to inhibit

cellular b-secretase (Andrau et al., 2003). Here we report on a
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new inhibitor, JMV2764 that corresponds to an analog of

JMV1195 to which a penetratin sequence had been incorpo-

rated at the N-terminus. We show that JMV2764 inhibits

cellular BACE and prevents Ab production from several cell

systems expressing wild-type or Swedish-mutated bAPP,
indicating that the inhibitor penetrates into the cells and

reaches its cellular target.

Methods

Chemical reagents

Boc- and Fmoc-amino acids, HBTU and resins were pur-

chased from Senn Chemicals International (Gentilly, France)

or Advanced ChemTech (Louisville, U.S.A.). Reagents and

solvents for the solid-phase synthesis were obtained from

Acros (Noisy-le-Grand, France) or Sigma-Aldrich Fine

Chemicals (Saint Quentin Fallavier, France) and were used

without additional purification. All other chemicals were of

the purest grade available.

Synthesis of the chimerical inhibitor penetratin-ahx-
JMV1195 (JMV2764)

The chimerical inhibitor JMV2764 (Ac-RQIKIWFQNRR-

Nle-KWKK-ahx-EVN-AHPPA-AEF-NH2) is composed,

from the N-terminus to the C-terminus, of a blocking acetyl

group, the penetratin sequence (in which the Met residue has

been replaced by Nle), a 6-aminohexanoyl residue spacer and

the JMV inhibitor sequence containing AHPPA, a phenylala-

nine-derived statine residue. AHPPA was synthesized as its

Boc-protected derivative following a published procedure

(Jouin & Castro, 1987). JMV1195 was manually assembled

stepwise on an MBHA resin using Boc chemistry. Couplings

starting from JMV1195 resin were performed in DMF using

HBTU in the presence of diisopropylethylamine on a Pioneer

PerSeptive Biosystems automatic synthesizer, then the synth-

esis was continued using Fmoc chemistry. The peptide was

blocked at its N-terminus by an acetyl group using acetic

anhydride in dichloromethane. Deprotection and cleavage

from the resin were carried out by treatment with HF/anisole

(9/1). The crude peptide was purified by reverse-phase HPLC

on a C18 column (Deltapack Waters 40� 100mm) by means

of a linear gradient of 22–45% acetonitrile in 0.1% aqueous

trifluoroacetic acid over 25min (flow rate 28mlmin�1). Its

purity and identity were assessed by reverse-phase HPLC

and electrospray mass spectrometry (experimental mass,

3263.470.2; calculated mass, 3263.6).

HEK293 cell culture, transfections and Western blot
analyses

HEK293 cells were stably transfected with DAC30 (Euro-

gentec) containing 2 mg of pcDNA3 vector encoding SPA4CT

(Dyrks et al., 1993). Positive clones were identified by Western

blot by means of BR188 polyclonal antibody that recognizes

the C-terminus of bAPP. Cells overexpressing wild-type bAPP,
Swedish-mutated bAPP and BACE1 have been previously

described (Chevallier et al., 1997; Andrau et al., 2003). Western

blot analyses were carried out as previously detailed (Andrau

et al., 2003).

Fluorimetric assays

Hydrolyses of JMV2236 or a BACE commercial substrate (Mca-

SEVNLDAEFRK(Dnp)RRNH2, R&D System, Oxon, U.K.)

were monitored in cell extracts as previously detailed, in absence

or in the presence of JMV1195, JMV2764 or a commercial

inhibitor (KTEEISEVN-(statine) VAEF-OH, Enzyme System

Product, Aurora, U.S.A.). At the end of incubation, fluorescence

was recorded at 320 and 420nm as excitation and emission

wavelengths, respectively. When inhibitors were examined on

plated cells, cells were preincubated for 1h at 371C then lysed

and assayed as above, in the absence or in the presence of

various concentrations of JMV1195. BACE activity was

considered as the JMV1195-sensitive hydrolysing activity.

Cells treatment with inhibitors and detection of Ab

Stably transfected wild-type bAPP, Swedish-mutated bAPP or

SPA4CT-expressing HEK293 cells were allowed to secrete Ab
for 6 h in the absence or in the presence of JMV1195 or

JMV2764 and with phosphoramidon in order to prevent

degradation of secreted Ab. Media were collected, diluted in

1/10th RIPA 10� buffer and incubated overnight with a

200-fold dilution of FCA3340 (Barelli et al., 1997). Ab was

immunoprecipitated, monitored by Tris/tricine gels, Western

blotted and revealed with WO2 (The Genetics Company,

Schlieren, Switzerland) as primary monoclonal antibody as

described previously (Ancolio et al., 1999).

Results

Effect of JMV2764 on endogenous b-secretase
and overexpressed BACE1 activities

We previously reported on a series of new statine-derived

sequences that dose-dependently inhibit BACE1 in stably

transfected HEK293 cell extracts (Andrau et al., 2003).

Although these inhibitors appeared relatively potent (IC50 in

the micromolar range) and specific, they were unable to affect

intracellular b-secretase activity, indicating that they were likely
poorly permeable and therefore, unable to reach their intra-

cellular target. We therefore designed a novel inhibitor, namely

JMV2764 corresponding to the JMV1195 sequence to which a

penetratin sequence had been incorporated at the N-terminus

(Figure 1). Total endogenous b-secretase-like activity present in
HEK293 cells was measured by following the hydrolysis of a

previously characterized quenched fluorimetric substrate

JMV2236 (Andrau et al., 2003). Figure 2a shows that

JMV2764 time-dependently blocked endogenous b-secretase
activity. JMV2764 appeared as potent as a commercial inhibitor

(CI) and slightly more potent than JMV1195 (Figure 2a, b).

We previously established HEK293 overexpressing BACE1

(Figure 2c, inset). Figure 2c shows that JMV2764, JMV1195

and CI are equipotent in blocking BACE1 activity. The

remaining JMV2236-hydrolysing activity could likely be

accounted for nonspecific cleavage triggered by peptidases/

proteases unrelated to b-secretase.
We have used a commercial substrate of b-secretase to

further confirm the inhibitory potency of JMV2764 on

endogenous b-secretase and BACE1 activities in HEK293 cell

extracts. JMV2764 was clearly more potent on endogenous
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b-secretase-like activity (Figure 3a) than CI and JMV1195.

The relatively low inhibitory potency of CI confirmed our

previous study showing that the commercial substrate of b-
secretase was less specific than JMV2236 (Andrau et al., 2003).

When the commercial substrate was used with homogenates of

cells overexpressing BACE1 (Figure 3b), the extent of

inhibition triggered by all inhibitors was more important,

although JMV2764 remained the more potent. Full dose–

response curves (Figure 3c) indicate that JMV2764 inhibits

BACE1 with an IC50 of about 0.8 mM while JMV1195 displays

an IC50 value of about 6mM, in agreement with our previous

study (Andrau et al., 2003; 3 mM).

JMV2764 but not JMV1195 inhibits BACE1 activity
in intact cells

We have examined whether JMV2764 could inhibit intracel-

lular b-secretase activity after preincubation with intact

HEK293 cells overexpressing BACE1. JMV2764 fully

(Figure 4a) and dose-dependently (Figure 4b) inhibited

BACE1-hydrolysing activity of the commercial substrate while

JMV1195 was totally inactive. These data show that the

penetratin peptide of JMV2764 has likely enhanced the ability

of JMV1195 to enter cells and to reach its intracellular target.

However, the IC50 observed was about 30 times lower than the

one exhibited on cell extracts, indicating that JMV2764

permeability could not be complete or that JMV2764 could

not be fully catabolically stable in HEK293 cells.

JMV2764 but not JMV1195 inhibits Ab production
by wild-type- and Swedish-mutated bAPP-expressing
HEK293 cells

JMV2764-elicited inhibition of Ab production was dose-

dependent (Figure 5), with a half-maximal effect elicited

between 10 and 50mM of JMV2764, in agreement with the IC50

Figure 1 Structure of JMV2764. AHPPA, phenylalanine-derived statine residue; Ahx, 6-aminohexanoyl; Nle, norleucine.

Figure 2 Effect of JMV1195 and JMV2764 on JMV2236-hydrolyzing activity by endogenous b-secretase or BACE1. Kinetics of
b-secretase activities were measured with 10 mM of JMV2236 in the absence (control) or in the presence of 10 mM of JMV1195,
JMV2764 or a commercial inhibitor (CI) with protein homogenates from HEK293 cells harbouring endogenous b-secretase (a) or
overexpressed BACE1 (c). In panel c (inset) BACE1-like immunoreactivity in the indicated cell line was detected by means of anti-
1D4 antibodies. In panels b and d, histograms compare the extent of inhibition of JMV2236-hydrolyzing activities triggered by
10 mM of indicated inhibitor after 30min incubation with Mock- (b) or BACE1 (d)-transfected HEK293 cell extracts. Bars are the
means7s.e.m. of four independent experiments.
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of 30mM measured with the b-secretase commercial fluori-

metric substrate (see Figure 4). Figure 6a and b show that a

100 mM concentration of JMV2764 fully prevents Ab produc-

tion by wild-type bAPP-expressing HEK293 cells while

JMV1195 remained inactive at this concentration. Interest-

ingly, JMV2764 appeared more potent on Ab production by

Swedish-mutated bAPP than on Ab generated by the wild-type
bAPP-expressing cells (Figure 6c, d). Thus, more than 50% of

inhibition was achieved at a 10mM concentration of JMV2764

(Figure 6d).

JMV2764 does not inhibit Ab production
by SPA4CT-expressing HEK293 cells

SPA4CT construction is particularly convenient to study the

specificity of JMV2764 on b-secretase-associated Ab produc-

tion. Thus, unlike for bAPP, SPA4CT generates Ab after the

unique action of g-secretase (Figure 7a, b). After the action

of a signal peptidase, Ab harboring a N-terminal extension of

two amino acids is released via the constitutive secretory

pathway as is genuine Ab produced from bAPP (Dyrks et al.,

1993). We have established HEK293 cells overexpressing

SPA4CT (Figure 7c). As expected, SPA4CT-expressing cells

produce both Ab-like species ending at 40th and, to a lesser

extent at 42nd amino-acid residue (Figure 7d). However, these

Ab-related species were not labelled by FCA18, a polyclonal

antibody with restricted specificity for the free Asp1 residue of

Abs (Barelli et al., 1997). This indicates that the Ab40/42
peptides released by SPA4CT-expressing cells were likely

bearing the Leu-Glu (LE) extension precluding FCA18

recognition. Interestingly, JMV2764 was unable to prevent

Ab production by SPA4CT-HEK293 cells, Figure 7e demon-

strating that, indeed, the inhibitor targeted b-secretase but did
not interfere with g-secretase pathway.

Discussion

As far as the amyloidogenic cascade hypothesis of Alzheimer’s

disease is concerned (Hardy & Higgins, 1992), secretases, the

enzymes that act on bAPP to release Ab peptides, appear as

key contributors of AD aetiology (Suh & Checler, 2002).

Several lines of evidence suggest BACE1 as the primary target

for anti-Alzheimer therapeutic strategies. First, BACE1

activity increases with aging (Fukumoto et al., 2004) and in

Alzheimer’s disease (Fukumoto et al., 2002; Holsinger et al.,

Figure 3 Effect of JMV1195 and JMV2764 on the b-secretase
hydrolysis of a commercial substrate. Histograms compare the
extent of inhibition elicited by 10 mM of indicated inhibitor on the
hydrolysis of a commercial b-secretase substrate (CS) by Mock- (a)
or BACE1 (b)-transfected HEK293 cell extracts. Bars are the
means7s.e.m. of four independent experiments. (c) Full dose–
response curve inhibition by JMV1195 and JMV2764 of CS
hydrolysis by mock-transfected cell extracts.

Figure 4 Effect of JMV1195 and JMV2764 on intracellular
b-secretase activity. BACE1-expressing cells were incubated for 1 h
at 371C with 100 mM (a) or various concentrations (b) of JMV1195
or JMV2764. Then cells were harvested, lysed and activity was
measured with the b-secretase commercial substrate as described in
Methods. Bars are the means7s.e.m. of four experiments.
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2002; Yang et al., 2003; Li et al., 2004). Furthermore,

downregulation of BACE1 activity by an antisense approach

leads to drastic reduction of Ab production in primary cortical
neurons (Kao et al., 2004). This observation perfectly agrees

with previous studies showing that mice devoid of BACE1 do

not produce Ab (Cai et al., 2001; Luo et al., 2001; Roberds

et al., 2001). More importantly, BACE deficiency allows to

rescue memory deficits and cholinergic dysfunction in an

‘Alzheimerized’ mice overexpressing bAPP (Ohno et al., 2004).

Of most importance was the observation that mice

invalidated for their endogenous BACE1 content were healthy

and fertile, even at the adulthood (Roberds et al., 2001; Luo

et al., 2003). This apparently normal phenotype indicates that

either BACE is specific for bAPP and does not target other

proteins bearing vital functions or that other proteases

substitute for BACE1 function unrelated to Ab production.

Thus, recent studies showed that BACE1 hydrolyses P-selectin

glycoprotein ligand-1 (Lichtenthaler et al., 2003) and that

a2,6-sialyltransferase is a substrate of BACE1 both in vitro

(Kitazume et al., 2001; 2003) and in vivo (Kitazume et al.,

2004). Furthermore, deep investigations of neurotransmission

in mice devoid of or overexpressing BACE1 indicate that the

enzyme could participate in serotoninergic neurotransmission

but this phenotype was not accompanied by altered fertility

or increased morbidity (Harrison et al., 2003). Altogether, it

appears that inhibiting BACE1 dramatically reduces Ab load

without any serious side effects. As a corollary, the design of

highly specific, potent and bioavailable BACE1 inhibitors is

likely the most promising track for fighting Alzheimer’s

disease.

The design of b-secretase inhibitors has been rather difficult

but has been facilitated by the recent determination of the

X-ray crystal structure of BACE complexed with an inhibitor

(Hong et al., 2000). Thus, the tri-dimensional structure of

BACE has allowed delineating the nature of the binding

domains underlying BACE interaction with its ligands.

Described inhibitors could be gathered into two main families

(for reviews see Roggo, 2002; Vassar, 2002; John et al., 2003).

First, substrate-based inhibitors designed as peptidomimetic

BACE inhibitors and second, nonpeptidomimetic inhibitors,

the discovery of which usually necessitates tedious random

wide screening of numerous compounds. Peptidomimetic BACE

inhibitors are more rationally designed. However, in vivo, their

structural nature usually implies at least two main drawbacks:

Figure 5 Effect of JMV2764 on Ab production by wild-type bAPP
expressing cells. Wild-type bAPP-expressing HEK293 cells were
incubated for 6 h at 371C with various concentrations of JMV2764.
Then Ab40 was immunoprecipitated with FCA3340 and detected by
Western blot with WO2 as described in Methods (a). Cells were
extracted and assayed for bAPP-like immunoreactivity with 10D5
as described in Methods. Bars in panel b represent the densitometric
analysis of Ab40 immunoreactivity expressed as the control
production obtained in absence of inhibitor and are the mean-
s7s.e.m. of five experiments.

Figure 6 Comparison of JMV2764 and JMV1195 on Ab production by wild-type and Swedish-mutated bAPP-expressing cells.
Wild-type (a,b) and Swedish-mutated (c,d) bAPP-expressing HEK293 cells were incubated for 6 h at 371C with 10 or 100 mM of
JMV1195 or JMV2764. Then Ab40 was immunoprecipitated with FCA3340 and detected by Western blot with WO2 as described in
Methods (a,c). Cells were extracted and assayed for bAPP-like immunoreactivity with 10D5 as described in Methods. Bars in panels
b and d represent the densitometric analysis of Ab40 immunoreactivity expressed as the control Ab production obtained in absence
of inhibitor and are the means7s.e.m. of four experiments.
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their relatively poor catabolic stability and their low bioavail-

ability after systemic administration due to weak blood–brain

barrier permeability.

Although several potent BACE1 inhibitors have been

described, it should be noted that their potency to inhibit Ab
production in cell systems has not been often reported. Thus,

several studies have reported on the in vitro inhibitory potency

of compounds on purified recombinant BACE (Hu et al.,

2003) or soluble truncated form of BACE (Brady et al., 2004).

Other studies used a fusion protein containing maltose binding

protein in-frame with the 125 C-terminal residues of bAPP as

BACE substrate (Hom et al., 2003; 2004). In these assays, the

rather high affinity/potency reported for BACE should be

considered cautiously and likely does not reflect the in vivo

genuine efficiency. This is supported by an interesting study

showing that a series of pentapeptide mimetics inhibits BACE

in vitro with affinities in the nanomolar range while the same

compounds prevent Ab production by Swedish-mutated

bAPP-expressing HEK293 cells with IC50s ranging between 1

and 50mM (Lamar et al., 2004). JMV2764 inhibits Ab
production by cells expressing Swedish-mutated bAPP with

an IC50 below 10mM and therefore compares favorably with

other compounds assayed in the same cell system.

It should be noted that JMV2764 is more potent on Ab
production in cells expressing Swedish-mutated bAPP than

wild-type bAPP (IC50o10 versus 30 mM, respectively). Previous
data have indicated that Ab production from wild-type and

Swedish-mutated bAPP occurs in distinct cell compartments

(Checler, 1995). It is therefore conceivable that JMV2764, that

is not fully permeable, could reach distinct cell compartments

with variable efficiency.

Compound JMV2764 illustrates the possibility of designing

BACE inhibitors able to penetrate cells and reach its

intracellular target. Whether JMV2764 could alter in vivo Ab
production in animals overproducing Ab is currently under

study in our laboratory.

S.L.J. is supported by Aventis Pharma. This work was supported by
the French Ministère de le Recherche, the Centre National de la
Recherche Scientifique and by an EU contract LSHM-CT-2003-
503330 (APOPIS).

References

ANCOLIO, K., DUMANCHIN, C., BARELLI, H., WARTER, J.M.,
BRICE, A., CAMPION, D., FRÉBOURG, T. & CHECLER, F.
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