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be toxic to the surrounding neuropil, preventing the for-
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A series of inhibitors of b-amyloid formation have
een developed based on the b-secretase cleavage site
VNL-DA) of the Swedish mutant Amyloid Precursor
rotein. A simple tripeptide aldehyde was found to be

he most potent (IC50 5 700 nM) in the series displaying
n inhibitory profile which is different from reported
nhibitors of b-amyloid formation. © 2000 Academic Press

Alzheimer’s Disease (AD) is a neurodegenerative dis-
ase that is characterized by amyloid plaques, extra-
ellular cerebrovascular deposits of insoluble aggre-
ates of beta amyloid peptide (Ab) in the brain [1]. The
isease leads to progressive dementia and neuronal
ell death, but its pathogenesis remains obscure. Ab
eptides ranging from 39 to 43 amino acids in length
re found in normal cells, the two major forms being
b1–40 and Ab1–42 found in the ratio of ;9:1, respec-

ively. In amyloid plaques the major form is Ab1–42

hich appears to seed precipitation of other Ab pep-
ides [2]. It is currently thought that Ab amyloid dep-
sition leads to, rather than results from, the complex
athology that characterizes AD [3].
Ab peptides are derived from proteolysis of larger in-

egral membrane-spanning proteins known as b-
myloid precursor proteins (APPs). APP is processed by
t least three as yet unidentified proteases termed the b,
and a secretases although a novel aspartic protease has

ecently been identified which displays characteristics
onsistent with b-secretase [4–7]. The a-secretase cleav-
ge site is near the middle of the Ab sequence and there-
ore gives rise to non-amyloidogenic APP fragments. The
nknown proteases responsible for cleaving APP at the
- and C-termini of Ab have been termed b- and
-secretases, respectively. There is experimental evi-
ence suggesting that b-secretase first cleaves the soluble
xtracellular domain of APP releasing a membrane-
ssociated 12 kDa C-terminal fragment, which is then
rocessed by g-secretase to release Ab1–42 [8]. Since this
eptide aggregates to insoluble amyloid deposits in the
rain parenchyma and vasculature which are thought to
133
ation of Ab by inhibiting b and/or g secretases may be
viable therapeutic strategy [9].
To date, only a few inhibitors of Ab formation

ave been reported, with potencies in the low mM
ange. Calpain inhibitors with aldehyde termini (e.g.,
DL28170 Cbz-Val-Phe-H[9], IC50 ; 200 mM; calpain

nhibitor 1 Ac-Leu-Leu-Nle-H, 50% inhibition at 50
M; calpeptin Cbz-Leu-Nle-H, 57% inhibition at 5 mM;
G132 Cbz-Leu-Leu-Leu-H, 55% inhibition at 5 mM)

re believed to inhibit proteolytic processing at the
-secretase site either directly or indirectly. Quantify-
ng the levels of Ab1–40 and Ab1–42 produced in HEK or
OS-1 cells in the presence of these inhibitors has
hown that while levels of Ab1–40 decreases, levels of
b1–42 either remain the same or increase. This obser-
ation has led to the proposal for existence of two
istinct g-secretases [10, 11], one responsible for Ab1–40

eneration and the other Ab1–42. Recent evidence how-
ver seems to cast some doubt on this hypothesis [12].

few patents also describe the synthesis and activity
f inhibitors of aspartyl proteases (e.g., Cathepsin D)
13] and calpain as weak (mM) inhibitors of Ab forma-
ion via blockade of g-secretase [14]. Only one report
as dealt with a substrate-based approach to the de-
ign of inhibitors of g-secretase (1–42) [15].
Compounds described that block Ab formation by

nhibiting processing at the b-secretase cleavage site
re even fewer in number and include the irreversible
erine protease inhibitor AEBSF (IC50 ; 1 mM), a
yrrolidine (IC50 ; 40 mM) and Cbz-Leu-Leu-Lene-H
IC50 5 800 nM) [16]. We now describe some substrate-
ased inhibitors of Ab formation which are designed
rom the b-secretase cleavage site (VNL-DA) of APP.

b-Secretase cleaves APP at the N-terminus of Ab by
ecognizing the region Val594 to Ala598 (VKM-DA) of
PP695 and it is highly sequence specific [17]. With

he exception of the Swedish mutation (VNL-DA)
hich increases (5- to 8-fold) Ab production, amino acid

ubstitutions of residues 594–598 dramatically reduce
evels of bA4 production. We therefore decided to use
he substrate sequence of the Swedish mutation, and
0006-291X/00 $35.00
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eplace the cleavable amide bond with various transi-
ion state isosteres that are effective in other inhibitors
f proteases. Aldehydes are effective electrophilic isos-
eres in inhibitors of serine and cysteine proteases,
itriles form a reversible complex with cysteine pro-
eases, hydroxamates inhibit metalloproteases, norsta-
ine and reduced amide isosteres in 6 and 8 have also
een used for aspartic protease inhibition, while a-keto
mides have been used extensively in inhibitors of
ysteine and serine proteases. These compounds were
ynthesized by standard procedures.

Briefly, 1 was synthesized from Boc-Leu-OMe, depro-
ected with TFA and sequentially coupled to BocAsn-

Structure–Activity Data

Note. The inhibitor data are the average of three independent expe
5 % inhibition at 50 mM.
134
Trt)-OH then Cbz-Val-OH with BOP/DIPEA in DMF.
he resulting tripeptide, Cbz-Val-Asn-Leu-OMe, was re-
uced to the alcohol 2 with LiBH4 followed by oxidation
ith the Dess-Martin reagent to give 1. The nitrile 3 was

ynthesized from Boc-Leu-NH2 which was dehydrated
ith POCl3 and the resultant nitrile intermediate cou-
led to BocAsn(Trt)-OH followed by Cbz-Val-OH to give
. The reaction of basic hydroxylamine solution with Cbz-
al-Asn-Leu-OMe gave the desired hydroxamic acid 4

18]. The aldehyde 8 was made by a similar procedure as
escribed for 1. Compounds 5, 6, and 7 were synthesized
n solution by a stepwise assembly starting from
-Asp(Obzl)-Ala-NtBu and sequentially coupling to the
eptide chain, the a-hydroxy acid 9 with BOP reagent or
he aldehyde 10 by reductive amination with NaCNBH3

see scheme). Both intermediates were further elaborated
y coupling Boc-Asn-OH and Cbz-Val-OH and a final
eprotection with LiOH to give compounds 6 and 8.
xidation of the secondary alcohol of 6 with Dess-Martin

eagent gave the a keto amide 7.

r Designed Compounds

ents where a 5 % inhibition at 25 mM, b 5 % inhibition at 100 mM,
fo

rim



Compounds were assayed using CHO cells, stably
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ransfected with wild-type APP751 [19], grown to con-
uence in 6-well plates, and treated with inhibitors in
.5 mL complete media for 24 h (Table 1).
The medium was collected, centrifuged to remove

uspended cells, and secreted APP cleavage products in
he conditioned media were immunoprecipitated with
pecific antibodies. The immunoprecipitates were ana-
yzed by SDS–PAGE and fluorography via a previously
ublished method [20]. The inhibitor data are the av-
rage of three independent experiments.
The aldehyde 1 showed inhibition of Ab formation at

ow mM concentrations. The alcohol precursor 2, nitrile 3
r hydroxamic acid 4 were not active when incubated
ith CHO cells at a concentration of 100 mM. As nitrile 3

s expected to be specific for cysteine proteases over
erine, this result suggests that the aldehyde 1 might be
nhibiting a serine protease. Of the longer peptides 5–7,
nly the compound incorporating the reduced amide isos-
ere (7) was active, albeit weakly. As all these inhibitors
eed to cross cell membranes for enzyme inhibition, the
sparagine residue of 1 was substituted for the more
ydrophobic isosteric replacement leucine to give com-
ound 8 (logP 5 3.9). This simple tripeptide aldehyde
as the most active compound of the series (IC50 5 700
M for inhibition of total Ab and IC50 5 2.5 mM for
b1–42). The most active compounds above (1, 7, and 8) all

nhibited the formation of both total Ab and Ab1–42 in a
ose-dependent manner. They thus display a different
nhibitory profile compared to the structurally similar
eptide aldehydes MDL28170 Cbz-Val-Phe-H, Calpain
nhibitor 1 Ac-Leu-Leu-Nle-H, calpeptin Cbz-Leu-Nle-H,
nd MG132 Cbz-Leu-Leu-Leu-H. This observation is con-
istent with either preferential inhibition of b-secretase
r inhibition of a discrete g-secretase which processes
PP at the sites which lead to Ab1–40 and Ab1–42 formation

espectively.
Although 8 (z-Val-Leu-Leu-H, IC50 5 700 nM) is seven-

old more potent than the peptide aldehyde inhibitor,
-Leu-Leu-Leu-H (MG 132, IC50 ; 5 mM), the two com-
ounds are structurally similar and thus potentially
ould target the same secretase. Were this true, the
reater potency of 8 could be explained by greater cell
ermeability (CLog P 5 3.4 vs 3.9), the former being 5
imes less hydrophobic. However if compound 8 does in-
ibit g-secretase rather than b-secretase, as for MG 132,

t should block formation of Ab1–40 preferentially over
b1–42. Instead we find that 8 inhibits secretion of both
b1–42 and total Ab in a dose-dependent manner. Since
oth tripeptide 1 and pentapeptide 7 contain residues
hat span the b-secretase cleavage site, they are also
xpected to be specific inhibitors of b-secretase or an
pstream event leading to inhibition of b-secretase activ-

ty. Indeed they inhibit formation of total Ab and Ab1–42,
ust like 8, and this is consistent with the conclusion that
hey inhibit the action of b- rather than g-secretase. As
ompound 7 contains the reduced amide isostere it would
135
ould be acting on the b-secretase enzyme that has been
ecently reported.

In conclusion we have described a series of inhibitors of
b formation designed from the b-secretase cleavage site
f APP. The most potent were the tripeptide aldehydes 1
nd 8 which bear a striking similarity to previously de-
cribed g-secretase inhibitors but display a different in-
ibitory profile. We have inferred that 1 and 8 inhibit
-secretase, but the possibility remains that they also act
n the g-secretase cleavage sites of APP. Compound 8 is
ne of the most potent inhibitors of Ab formation re-
orted thus far, and we are attempting to design more
otent analogues as well as determine of the specific site
f action of these compounds using antibodies specific to
PPsb, P3 and APPsa in a cell-based assay.
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