
Alzheimer’s disease (AD), a chronic neurodegenerative
disorder, is characterized neuropathologically by an
abundance of extracellular neuritic plaques (NPs) con-
taining large amounts of a predominantly fibrillar pep-
tide termed amyloid β (Aβ). The brains of victims of AD
also harbor excessive numbers of neurofibrillary tangles
(NFTs). NFTs are intraneuronal accumulations of paired
helical filaments composed primarily of hyperphospho-
rylated isoforms of the microtubule-associated protein
tau. In the United States, a definitive diagnosis of AD is
based, at autopsy, on histopathological evidence of high
numbers of both NPs and NFTs in individuals having a
previous clinical history of progressive dementia. Addi-
tional neuropathological changes typically accompany-
ing AD include congophilic angiopathy (Aβ fibrils with-
in the basement membrane of the cerebrovasculature)
and selective neuronal cell loss.

AD can be subdivided into early-onset AD (EOAD) and
late-onset AD (LOAD), depending on whether symp-
toms arise before or after the age of 60 years. EOAD is
inherited as an autosomal dominant disorder and can
arise from mutations in at least 3 different genes (see the
Perspective by Tanzi in the previous issue of the JCI). The
first EOAD mutation identified was a missense muta-
tion in the amyloid precursor protein (APP) gene, locat-
ed on chromosome 21 (1). Several other missense muta-
tions in APP have also been shown to segregate with
EOAD. The second gene implicated in EOAD, localizing
to chromosome 14, was designated presenilin 1 (PS1; ref.
2). Subsequently, a relatively large number of mutations
(>50) have been reported in PS1 in patients with EOAD
(3). Finally, EOAD-linked mutations have been found in
a few rather large AD kindreds in presenilin 2 (PS2),
which resides on chromosome 1 and exhibits extensive
sequence homology with PS1 (4).

APP proteolytic processing in vitro and in vivo. The first of
the many EOAD mutations (717 Val to Ile or “London”)
was identified in a region of APP directly adjacent to that
encoding the Aβ peptide (Figure 1). Because Aβ is known
to be generated through the proteolytic processing of
APP (5), the proximity of the mutations to the Aβ motif
suggested that these mutations influence proteolytic
processing in a manner that promotes amyloidogenesis
(6). Several studies have since revealed that missense
mutations near the Aβ domain can influence the rate
and amount of Aβ peptide production in vitro and in
vivo. The 670/671 (Lys-Met to Asn-Leu or “Swedish”)
double mutation, positioned directly adjacent to the

NH2-terminus of the Aβ domain within APP, enhances
the production of Aβ by approximately 6-fold (7). In
addition, missense mutations positioned near the
COOH-terminus of the Aβ motif (i.e., V717I or “Lon-
don” and V717F or “Indiana”) appear to cause an
increase in the amount of a longer Aβ peptide (Aβ42) rel-
ative to the amount of a shorter, but normally more
abundant, Aβ peptide (Aβ40). Interestingly, the longer
form, Aβ42, is more frequently found associated with
neuritic plaques (8) and is more fibrillogenic in vitro. Ele-
gant kinetic studies have suggested that Aβ42 may serve
as a “seed” in the nucleation-dependent polymerization
of ordered noncrystalline Aβ peptides (9).

More recently, mutations in PS1 and PS2 have been
found that appear to influence APP proteolytic process-
ing, causing an increase in the relative amounts of the
longer, more fibrillogenic Aβ42 (10). Increased levels of
Aβ42 appear to be a common biochemical feature of all of
the EOAD-segregating mutations. Aβ peptides (especial-
ly Aβ42) have been shown to be capable of inducing pro-
grammed cell death in cultured primary neurons (11),
possibly by invoking toxic levels of hydrogen peroxide to
accumulate in cells (12); generating reactive oxygen
species (13); stimulating nitric oxide production through
an NFκB-dependent mechanism (14); binding C1q and
activating the classical pathway of complement (15); and
accelerating the tissue plasminogen activator (TPA)-
mediated activation of plasminogen to plasmin (16), to
cite just a few mechanisms. From a pathophysiological
point of view, Aβ peptides, and especially Aβ42, appear to
play a very complex role in disease activity. The patho-
genetic findings, combined with a rather voluminous
body of literature, implicate Aβ peptides in some neuro-
toxic and/or pathophysiological process and strongly
suggest that therapeutic approaches aimed at modulat-
ing the proteolytic catabolism of APP or reducing Aβ42

formation might provide fruitful clinical results.
Currently, there are several screening strategies directed

toward the discovery of molecules capable of modulating
one or more of the detrimental properties of Aβ peptides,
each with the ultimate goal of identifying compounds
capable of retarding the progression of AD. These strate-
gies include screens designed to identify antagonists of Aβ
neurotoxicity (17), inhibitors of the neuroglial-mediated
immunoinflammatory response to Aβ (18), molecules
capable of preventing Aβ fibrillogenesis (19), mAb’s that
can disaggregate Aβ fibrils (20), and compounds capable
of inhibiting Aβdeposition onto synthetic immobilized Aβ
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fibrils (21). The approach we describe in detail here is to
identify compounds able to reduce the cellular capacity for
synthesizing intact Aβ peptides by either direct or indirect
modulation of the amyloidogenic proteolysis of APP.

Cell-based drug screening strategies. Inhibition of Aβ pep-
tide formation through either β- or γ-secretase modulation
is an attractive therapeutic approach for the treatment for
AD. Although major efforts have been mounted in both
academic and industrial laboratories to unequivocally
identify the enzymes responsible for the proteolytic events
leading to Aβ formation, both remain unknown entities.
When a target proteinase enzyme is well characterized, the
task of designing and optimizing low–molecular-weight
inhibitors, while challenging, is reasonably straightfor-
ward. In contrast, when a target enzyme is either poorly
characterized, or in the case of either β- or γ-secretase, com-
pletely unknown, the rational design of inhibitors, which
relies on the knowledge of the enzyme class and the ability
to measure kinetic parameters, is not directly applicable.
Therefore, a major contemporary therapeutic challenge is
the design of compounds capable of inhibiting the prote-
olytic generation of Aβpeptides from the APP holoprotein.

Formation of Aβ from APP holoprotein is schemati-
cally depicted in Figure 1. Proteolytic processing of APP
mediated via α-secretase precludes Aβ formation and
leads to liberation of α-sAPP, a soluble NH2-terminal
ectodomain of APP that contains residues 1–15 of the Aβ
peptide, which are believed to possess neuroprotective
and/or neurotrophic properties. The secretion of α-sAPP
appears to be regulated through protein phosphoryla-

tion via protein kinase C (22). Alternatively, APP pro-
cessing through the β-, γ-secretase pathway (Figure 1)
leads initially to formation of potentially amyloidogenic
membrane-associated fragments and ultimately to the
formation of intact Aβ peptides. In vitro studies have
suggested that β-secretase activity initiates the amy-
loidogenic catabolism of APP, suggesting that selective
inhibitors of β-secretase could provide an attractive
means to limit the formation of Aβ in vivo. Conceivably,
modulators of β-secretase could then funnel more APP
holoprotein out of the amyloidogenic Aβ pathway and
into the α-secretase pathway, thus generating higher lev-
els of α-sAPP at the expense of Aβ peptides.

In our search for modulators of β-secretase, we set up a
battery of immunoassays in order to quantify all of the
major APP proteolytic products from the various cellular
processing pathways that might be expressed in cell cul-
ture systems. In particular, we developed sandwich ELISA
assays and/or immunoblot assays to measure total secret-
ed APPs or sAPPs (i.e., α-sAPP and β-sAPP), full-length
holo-APPs, intracellular COOH-terminal fragments
derived from either β-secretase cleavage or α-secretase
cleavage (termed iβ and iα, respectively), as well as the 2
major secreted Aβ peptides (Aβ40 and Aβ42). Using human
glioblastoma cells transfected with various constructs har-
boring either wild-type (APP695) or mutant APP695 cDNAs
(“Swedish”670,671 and/or “Indiana”717), we embarked on a
lead compound discovery program. Our goal was to iden-
tify compounds capable of modulating the ratio of spe-
cific APP proteolytic fragments in such a way that they

1330 The Journal of Clinical Investigation | November 1999 | Volume 104 | Number 10

Figure 1
Schematic representation of APP proteolytic processing and the pathways leading to neuritic plaque formation in Alzheimer’s disease.



reduced or eliminated production of Aβ peptides without
affecting the level of APP holoprotein.

While evaluating a collection of commercially available
protease inhibitors, we identified N-acetyl-L-leucine-L-
leucine-L-norleucine aldehyde, calpain inhibitor I, as a
reasonably effective modulator of APP amyloidogenic
metabolism. Formation of Aβ40 was significantly inhib-
ited (IC50 = 15 µM), yet there was no observed effect on
the levels of the APP holoprotein. These findings strong-
ly suggested that calpain inhibitor I might attenuate the
catabolism of APP, rather than exert generalized effects
on the levels of protein expression. Interestingly, the
structurally related compound N-acetyl-L-leucine-L-
leucine-methionine aldehyde, calpain inhibitor II, was
ineffective as an inhibitor of Aβ40 formation. Thus, ini-
tial results suggested that inhibitors of the calpain
inhibitor I class might constitute interesting lead com-
pounds, and a structure-activity relationship (SAR)
study was undertaken involving synthesis of di- and tri-
peptidyl aldehyde analogs having different amino acid
side chains and distinct terminal functional groups.

The activity of calpain inhibitor I was dramatically
improved during the course of the SAR study eventually
affording a novel compound, SIB-1281, as the most active
molecule in a series of structurally related peptidyl alde-
hydes. SIB-1281 is a tripeptidyl aldehyde containing a car-
boxylbenzyl capping group at the NH2-terminus and a 2-
methylpropene–containing unnatural amino acid side
chain at P1. SIB-1281 exhibited the profile expected for a
β-secretase inhibitor in the cell-based in vitro assays,
decreasing both Aβ40 and Aβ42 (IC50 = 800 nM) and con-
comitantly potentiating production of α-sAPP (EC50 =
650 nM). In addition, SIB-1281 had no effect on steady-
state levels of APP holoprotein. Another analog from this
series, SIB-1948, which retains the 2-methylpropene–con-
taining unnatural amino acid side chain residue in P1, but
substitutes a phenylalanine in P2, has nearly identical
inhibitory properties to those of SIB-1281.

The inhibitory effects of SIB-1281 on cellular produc-
tion of different Aβ peptides were further evaluated
using immunoprecipitation combined with matrix-
assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass. This approach enables a compre-
hensive analysis of all Aβ peptide variants and is the only
type of mass spectrometry capable of identifying pep-
tides or proteins. Human glioblastoma cells stably
expressing an APP cDNA construct containing both the
“Swedish” double mutation and the “Indiana” mutation
were treated with either SIB-1281 or SIB-1405. Treat-
ment of these cells with SIB-1281 (10 µM) for 16 hours
resulted in greater than 95% inhibition of Aβ production
(Figure 2), including the Aβ peptide variants Aβ37, Aβ38,
Aβ40, and Aβ42. In addition, SIB-1281 elicited a substan-
tial increase in α-sAPP secretion (∼ 10-fold).

Unlike SIB-1281, SIB-1405, a structurally related dipep-
tidyl aldehyde, inhibited formation of Aβ (IC50 = 3 µM) but
did not potentiate α-sAPP secretion. Like the previous
analogs in this series, SIB-1405 contains the 2-methyl-
propene unnatural amino acid side chain at P1; however, the
NH2-terminus is capped with a 2-(S)-2-benzyoxy-4-
methylpentanoate. More surprising, according to the
MALDI-TOF mass spectrometry, treatment with SIB-1405

(10 µM) inhibited all detectable Aβ variants but not Aβ42.
These data suggest that Aβ40 and Aβ42 may be processed by
different γ-secretase activities, one of which is inhibitable by
the dipeptidyl-aldehyde SIB-1405 and the tri-peptidyl alde-
hyde SIB-1281, and the other, by only SIB-1281 (Figure 2).

Interestingly, the profile exhibited by SIB-1405 is simi-
lar to that proposed for other “γ-secretase inhibitors” and
is consistent with the biochemical expectations of γ-sec-
retase inhibition. Because the γ-secretase cleavage appears
not to be rate determining, inhibition of this event
should inhibit Aβ formation without a dramatic effect on
the levels of α-sAPP. Such γ-secretase modulators should
also prevent the membrane-associated COOH-terminal
fragments (the initial products of α- and β-secretase
cleavages, iα and iβ, respectively) from being processed by
γ-secretase. As a result, inhibitors of γ-secretase should
transiently increase the concentration of iα and iβ intra-
cellularly. The precise molecular targets of SIB-1281 and
SIB-1405 are presently unknown, but both appear to
exert effects on a proteolytic event within this amyloido-
genic pathway. This conclusion is based both on their
enzyme inhibitory profiles and their specific inhibitory
effects on only certain APP proteolytic fragments.

While it is unlikely these peptidyl-aldehydes will ever
become therapeutic candidates for AD, due in part to
their poor pharmacokinetic properties, they provide
excellent tools with which to profile other putative β-sec-
retase or γ-secretase modulators in cell-based assay sys-
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Figure 2
MALDI-TOF mass spectrometry of Aβ peptide variants in conditioned
medium of human glioblastoma cells stably transfected with an APP
cDNA harboring a triplet of FAD-linked missense mutations
(“Swedish”670/671 plus “Indiana”717). In the top panel, the cells were treat-
ed with the dimethyl sulfoxide (0.1% vol/vol) vehicle alone. The medium
was harvested, immune precipitated with the mAb 4G8, and subjected
to MALDI-TOF analysis. In the middle panel, the cells were treated with
10 µM SIB-1405 in 0.1% DMSO for 16 hours. The medium was analyzed
as described in the text. In the bottom panel, the cells were treated with
10 µM SIB-1281 in 0.1% DMSO for 16 hours, and medium was prepared
as described in the text. The 12–28 Aβ peptide standard serves as a pos-
itive control that is added to medium before the immune precipitation
step in order to assess quantitative recovery of peptides.



tems. In addition, this series of compounds clearly
demonstrates the value of cell-based immunochemical
assay methods for identifying lead compounds suitable
for SAR, preclinical development, and eventual advance-
ment to the status of investigational new drugs for delay-
ing the progression for AD.

In vivo proof of principle. Several excellent transgenic
mouse models exist today that permit studies of human
APP proteolysis, Aβ deposition, or neuritic plaque forma-
tion. To date, several groups have applied cDNA-based
overexpression of mutant APPs and have successfully gen-
erated AD-type abnormalities in mouse brain (3). Anoth-
er elegant and perhaps more genetically accurate
approach has been to introduce entire genomic copies of
either wild-type or mutant human APPs, as well as mutant
human PS1 using yeast artificial chromosomes (YACs; ref.
23). The genomic APP-YAC constructs contain the tran-
scriptional regulatory elements enabling correct temporal
and spatial central nervous system expression and allow
the entire spectrum of alternatively spliced transcripts
and/or isoforms.

Regardless of whether a brain-selective cDNA-based
overexpression system is used or entire genomic se-
quences are introduced with YACs, coexpression of
mutant APP with mutant PS1 in transgenic mice leads to
elevated levels of Aβ42 and accelerated neuritic plaque for-
mation. In our experience, the extent of amyloid deposi-
tion and the rate at which amyloid deposits and/or neu-
ritic plaques develop in such transgenic models appears
to rely primarily on levels of Aβ42 expression. Indeed,
when introduced into human APP-expressing transgenic
mouse lines, human PS cDNAs encoding FAD-linked
mutations are capable of increasing the level of Aβ42 pro-
duction, as well as accelerating the rate of amyloid depo-
sition (23). These findings, which have been replicated by
numerous laboratories around the world, strongly sup-
port the dependence of amyloid deposition and/or neu-
ritic plaque formation on Aβ42 production.

These transgenic models could serve as extremely use-
ful reagents for assessing the in vivo efficacy of com-
pounds, such as those described previously, that are
capable of eliminating, or at least diminishing, Aβ levels
in cultured cell systems. In fact, compounds that have
been shown to reduce Aβ peptide levels in transgenic
mice are expected to reach the clinic soon. These animal
models can also be used to analyze the effects of phar-
macologically reducing cerebral and/or vascular Aβ pep-
tide pools on the overall pathological phenotype.
Although none of the currently available models reca-
pitulate the entire scope of behavioral and pathological
features of AD, they do provide excellent tools for exam-

ining not only potential drugs, but also genetic and envi-
ronmental modifiers of this dreaded disease.
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