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Accumulation of amyloid-b (Ab) is widely accepted as the key instigator of Alzheimer’s disease (AD). The
proposed mechanism is that accumulation of Ab results in inflammatory responses, oxidative damages,
neurofibrillary tangles and, subsequently, neuronal/synaptic dysfunction and neuronal loss. Given the
critical role of Ab in the disease process, the proteases that produce this peptide are obvious targets.
The goal would be to develop drugs that can inhibit the activity of these targets. Protease inhibitors have
proved very effective for treating other disorders such as AIDS and hypertension. Mutations in APP (amy-
loid-b precursor protein), which flanks the Ab sequence, cause early-onset familial AD, and evidence has
pointed to the APP-to-Ab conversion as a possible therapeutic target. Therapies aimed at modifying Ab-
related processes aim higher up the cascade and are therefore more likely to be able to alter the progres-
sion of the disease. However, it is not yet fully known whether the increases in Ab levels are merely a
result of earlier events that were already causing the disease.

� 2010 Elsevier Inc. All rights reserved.
1. Alzheimer’s disease (AD)

Alzheimer’s disease (AD) is a progressive, irreversible neurode-
generative disease of the brain [1]. AD is the most common cause
of dementia in aging populations. It is characterized by a loss of
short-term memory and deterioration in behavior and intellectual
performance. In advanced stages of the disease, all memory and
mental function may be lost [2]. Almost 5 million individuals in
the United States currently have undergone these changes. The
U.S. Alzheimer’s Association estimates that by 2025, over 22 mil-
lion people worldwide will be afflicted [3]. The onset of AD is not
clear. It is difficult to distinguish clinically between mild, or early
AD, and normal aging. The disease is divided into two major clas-
ses, early and late onset, with 60 or 65 years of age generally as
the dividing point. Early-onset AD is rare and affects only 0.02%
of those aged 30–59. In its early stages, AD often goes unrecog-
nized or is misdiagnosed, because most of the early symptoms of
AD are similar to the consequences of aging. There is no single test
that accurately diagnoses AD. Hence, doctors use a variety of
assessments and laboratory measurements to make a diagnosis
(Table 1) [4,5]. A definitive diagnosis of Alzheimer’s disease is pos-
sible only by examining brain tissue after death. The two hallmark
pathological lesions of the disease are neuritic plaques and neuro-
fibrillary tangles in the cerebral cortex and limbic system [6,7].
ll rights reserved.
2. Ab plaque and PHF tau tangle

Amyloid is a protein that is normally found throughout the
body. b-Amyloid (Ab), a 37–43 amino acid amyloid, is derived from
stepwise proteolytic cleavage of the amyloid-b precursor protein
(APP), a large, type I membrane protein, by b-secretase (BACE)
and c-secretase [8]. Although Ab42 accounts for only about 10%
of total Ab secreted from cells (�90% is the 40 amino acid variant
Ab40), hydrophobic and highly insoluble Ab42 is the major compo-
nent of amyloid plaques. The progressive accumulation of the Ab42
peptide is a key feature of AD [9]. Amyloid plaque deposits are
found outside nerve cells (neurons).

Intracellular paired helical filaments (PHF) represent the second
of the two major AD hallmarks [10]. The PHF tangles are located in-
side neurons and their branching projections such as axons and
dendrites. Tangles are composed of microtubule-associated (tau)
proteins. Much of the tau protein in tangles presents as highly
insoluble filaments. Analysis of PHF tangles using antibodies spe-
cific for various phosphorylated tau proteins revealed that tau in
tangles is hyperphosphorylated by several kinases such as cyclin-
dependent kinase 5 (cdk5) [11].

Aggregates of Ab outside a neuron can initiate a cascade of
events that include the alteration of tau proteins inside the cell.
In particular, the Ab aggregates can ultimately change the cellular
activity of enzymes such as kinases [12,13]. The affected kinases
then add too many phosphates to tau, changing the proteins’
chemical properties and causing them to form insoluble filaments.
Mutations in the tau gene itself can also generate tau filaments and
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Table 1
Diagnosis of Alzheimer’s disease.

Laboratory tests
Urine tests Measuring the level of neural thread protein (NTP) or isoprostane in urine (e.g. Nymox’s AlzheimAlert)
Blood tests Examine the blood count, thyroid and live function, and levels of glucose and other blood-based indicators of illness
CSF markers Detection of total-tau, phospho-tau, Ab42 in CSF
Genotyping Single nucleotide polymorphisms (SNPs) of AD-related genes (e.g. ApoE E4 allele, cholesterol-related genes)

Brain-imaging scan
PET scans Use chemical markers (FDDNP, Pittsburgh compound B) which bind to plaques or large amount of amyloid deposits
MRI scans Useful for identifying AD after or before clinical symptoms appear
CT scans Produce two-dimensional brain images to rule out brain tumors or blood clots in the brain as the reason for symptoms
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cause other types of neurodegenerative diseases besides AD
[14,15]. Thus, the formation of tau filaments is apparently a more
general event leading to neuronal death, whereas amyloid plaques
are the specific initiator in AD.

3. Amyloid cascade hypothesis

The two key features of Alzheimer’s disease, amyloid plaques
and PHF tau tangles, were first discovered by the German neurol-
ogist Alois Alzheimer 100 years ago. The observation of these
anomalies begin the modern era of research on neurodegenerative
disease. Are the plaques and tangles responsible for the degenera-
tion of neurons, or are they merely markers of where neuronal
death has already occured? Over the past 30 years, genetic and
molecular biological studies have provided accumulating evidence
supporting the hypothesis that the production of Ab peptides and
the formation of cortical amyloid plaques cause the onset and pro-
gression of AD. Researchers discovered connections between AD
and the genes that regulate the production of Ab [16]. The evidence
came from studies of families at especially high risk of getting AD.
Members of these families carry rare genetic mutations that
predestine them for the disease at a relatively young age [17].
The first genetic mutations causing AD were discovered in the
APP gene [18,19]. Most of the mutations cluster at or very near
the sites within APP that are normally cleaved by protease
called a-, b-, and c-secretases. Mutations in two related genes
dubbed presenilin 1 and 2 also cause very early and aggressive
forms of Alzheimer’s disease [20]. These mutations increase the
formation of either Ab in general or a particular type of Ab that
Fig. 1. Amyloid hypothesis: a hypothetical sequence of the pathogenetic steps for familia
1–40 ratio. Ab oligomers induce inflammatory responses, oxidative damage, neurofibrill
is highly prone to forming deposits by favoring proteolytic process-
ing of APP by b- or c-secretase [21,22]. Aggregates of Ab outside a
neuron can initiate a cascade of events that include alteration of
tau proteins inside the cell (Fig. 1). Overproduction of Ab leads to
neuronal and synaptic loss and, hence, cognitive decline. Although
scientists still do not understand exactly how the soluble assem-
blies and insoluble filaments of Ab disrupt and kill neurons, the
amyloid hypothesis has become the focus of much AD research
[23]. These findings have led to the development of a large variety
of different pharmacological and immunological approaches aimed
at lowering brain levels of Ab [24,25].

4. Ab production: APP processing

Ab is a short peptide and a normal product of APP metabolism.
APP is a single transmembrane protein that is cotranslationally
translocated into the endoplasmic reticulum and then posttransla-
tionally modified by glycosylation through secretory pathways
[25]. Both during and after trafficking, it generates several small
peptides by a variety of proteolytic cleavages. The first occurs 12
amino acids N-terminal to the transmembrane domain by a-secre-
tase. This processing releases the large soluble ectodomain frag-
ment (a-APPs) into the lumen and/or extracellular space and
leaves an 83-residue C-terminal fragment (CTF; C83) in the mem-
brane. Alternatively, some APP proteins can be cleaved at 16-resi-
dues N-terminal to the b-cleavage site, generating a slightly
smaller ectodomain derivative (b-APPs) and retaining a 99-residue
CTF (C99) in the membrane [26]. Subsequently, C83 and C99 are
processed by c-secretase activity, producing P3 and amyloid-b,
l forms of Alzheimer’s disease. Mutations of APP or presenilins elevate the Ab1–42/
ary tangles and subsequently, synaptic and neuritic injury and neuronal loss.
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respectively. The sites of cleavage of the C83 and C99 fragments by
c-secretase are located in the middle of the transmembrane do-
main [27].

The c-secretase generates a number of isoforms of 39–43 amino
acid residues in length. Ab40 is the most abundant form of Ab syn-
thesized (80–90%). Although Ab42 represents only about 10% of se-
creted Ab, this longer and more hydrophobic variant is abundantly
present in the amyloid plaques observed post mortem in AD pa-
tients [28]. An understanding of the production of Ab42 in partic-
ular is essential for elucidating the molecular mechanism of AD
pathogenesis and may also lead to the development of new chemo-
therapeutic agents in AD.

5. c-Secretase complex in AD

c-Secretase is an unusual protease that apparently cleaves
within the transmembrane helix of numerous type I glycoproteins
including APP and Notch. Despite several pieces of evidence indi-
cating that membrane-anchored proteases known as secretases
or sheddases are involved in APP metabolism and Notch signaling,
the identity of c-secretase was not clear for many years. Unlike
other secretases such as a-secretase and b-secretase, c-secretase
have peculiar intramembrane proteolysis activity—they can
achieve the unusual feat of using water to cut the protein inside
the water-hating (hydrophobic) environment of the cellular mem-
brane [29]. Over the last several years, molecular identification of
the c-secretase complex has shown that four different members
are essential for this enzymatic activity: presenilin 1 (PS1) [30],
anterior pharynx-defective (APH-1) [31], presenilin enhancer 2
(PEN-2) [31] and nicastrin (NCT) [32]. Assembly of the four compo-
nents of c-secretase leads to PS autoproteolysis into two fragments
that contribute an aspartate to the active site. Much evidence sug-
gests that PS or c-secretase is also involved in the regulation of cel-
lular Ca2+ homeostasis and Ca2+-mediated cell death [33,34].

NCT undergoes complex N-glycosylation during its maturation
within the ER and Golgi compartments [35]. The extracellular
DAP domain of NCT is essential for substrate recognition and pro-
cessing [36]. NCT is also specifically required for transport of the c-
secretase complex to the cell surface [37]. APH-1 and PEN-2 act as
cofactors in the active c-secretase complex [31]. APH-1 has scaf-
folding roles in the initial assembly of c-secretase and in the enzy-
matic function of the final complex [38]. PEN-2 is incorporated at
the final step of c-secretase complex assembly and may assist in
the endoproteolysis of PS [39]. Six variants of c-secretase exist
based upon different combinations of the two PS proteins and
the three different Aph-1 proteins [40].

c-Secretase is essential for the proteolysis of many molecules
besides APP. For example, it has important roles in normal cellular
physiology and pathophysiology (Table 2) [41]. After cleavage by
Table 2
c-Secretase substrates.

Protein Product Potential function of cleavage product

APP AICD Transcriptional activity
Notch NICD Transcriptional activity
APLP1/2 ALID Transcriptional activity
ErbB4 B4ICD, E4ICD, 4ICD Transcriptional activity
CD44 CD44ICD Transcriptional regulation
DCC DCCICD Transcriptional activity
c-Protocadherin c-ICD or Pcdhg-CTF2 Transcriptional activity
LRP1 LRP1ICD Transcriptional regulation
Jagged JICD Transcriptional activity
SCNB2 b2-ICD Regulation of cell adhesion
Syndecan 3 SICD Control of localization of associated prote

Abbreviations: ICD, intracellular domain; ND, not detected.
c-secretase, the active cytoplasmic domains of some substrates
translocate to the nucleus where they serve to regulate gene
expression [42]. Because of the role of c-secretase in Ab formation,
c-secretase has emerged as a promising molecular target for the
treatment of AD. In recent years, c-secretase inhibitors have been
designed and synthesized by several groups. However, most of
these inhibitors are not specific for c-secretase cleavage of APP,
and equally inhibit the processing of other c-secretase substrates.
Not surprisingly, then, inhibition of c-secretase activity has been
associated with serious adverse effects in animal models. There-
fore, modulation of APP processing without interfering with other
signaling is an important therapeutic goal in the development
of c-secretase regulators [43]. In this context, it is important to
understand c-secretase-mediated proteolysis in order to clarify
this enzyme’s role as a therapeutic target in AD (and possibly in
other diseases in which c-secretase is involved) [44].

6. b-Secretase (BACE-1) in AD

b-Secretase is a novel membrane-bound protein with homology
to the pepsin family of aspartyl proteases (BACE-1: b-site APP
cleaving enzyme 1) [45–47]. BACE-1 fulfills most of the require-
ments expected for a candidate b-secretase. It is highly expressed
in brain and is colocalized with CTFs and Ab. Oxidative stress-in-
duced BACE-1 expression is regulated by c-secretase activity, pro-
viding evidence of a feed-forward pathogenic mechanism of AD in
which oxidative stress increases Ab production, which, in turn, en-
hances oxidative stress [48,49]. Genetic studies suggest that block-
ing b-secretase’s activity eliminates Ab formation in brain without
any apparent negative consequences [50,51]. b-Secretase inhibi-
tors were designed primarily to prevent the formation of Ab
primarily and deposition of amyloid fibrils in the brain. The
three-dimensional structure of b-secretase has been reported
[23]. This provides useful information for computer-based drug de-
sign of potential inhibitors. Compound screening and medicinal
chemistry are being pursued vigorously to identify potent small-
molecule inhibitors that can fit the large active site of b-secretase
and still penetrate the blood brain barrier (BBB). Two transition-
state analog inhibitors modeled on the b-secretase cleavage site
of the Swedish mutation have been reported to have relatively
low IC50 concentrations: P10–P4 ‘StatVal’, IC50 � 30 nM; OM99-2,
IC50 � 1.6 nM [47,52].

7. a-Secretase in AD

In non-amyloidogenic pathways, a-secretase cleaves the amy-
loid precursor protein (APP) within the sequence of Ab peptides.
a-Secretase cleavage precludes b-secretase and c-secretase cleav-
age, and releases an N-terminal extracellular domain known as
Protein Product Potential function of cleavage product

ApoER2 ND Regulation of signaling
Delta DIICD Regulation of cell proliferation
E-cadherin Ecad/CTF2 Regulation of cell adhesion
Ephrin-B1 ND Regulation of actin polymerization
Ephrin-B2 Ephrin-B2/CTF2 Phosphorylation of Src
GluR3 ND Modulation of receptor activity
HLA-A2 HLA-A2ICD Degradation of HLA-A2
N-cadherin Ncad/CTF2 Regulation of cell adhesion
Nectin 1a NEICD Regulation of cell adhesion
TYRP1/TYRP2 ND Pigment regulation

ins p75NTR P75ICD Activation of Rho
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a-APPs with neurotrophic and neuroprotective properties. a-Sec-
retases are members of the ADAM (a disintegrin and metallopro-
tease domain) family, which are expressed on the surface of cells
and anchored in the cell membrane [53,54]. ADAM10 has been
identified as possessing a-secretase activity. Shunting APP towards
the a-secretase pathway lowers Ab levels in the brain. An increase
in a-secretase activity is an attractive strategy for the treatment of
AD and may be achieved by selectively modulating key signaling
pathways.

8. Screening strategies for secretase inhibitors

Why are there no effective drugs for AD? The reason is that the
underlying etiology of AD is not understood at the level which is
required for drug discovery. During the past decade, several ad-
vances have been achieved for treatment of AD (Table 3). Several
candidate therapies are undergoing clinical trials and have yielded
some promising preliminary results. Inhibition of the production of
insoluble Ab is a widely pursed strategy for the treatment of AD.
Several simple assays have developed and appied in highthrough-
put screening of candidate b- and c-secretase inhibitors for pre-
venting Ab production.

8.1. FRET

Fluorescence resonance energy transfer (FRET) occurs between
two fluorophores if they are within close proximity (�10 nm) of
each other. During fluorescence emission, some of the donor’s exci-
tation energy is non-radiatively transferred to the acceptor fluoro-
phore, which leads to a characteristic shortening in the donor
fluorophore lifetime. After labeling the two epitopes of interest
with donor and acceptor fluorophores, the presence of a second
lifetime indicates that a proportion of the donor-labeled epitopes
is in close proximity to the acceptor-labeled epitopes. Biochemical
assays for BACE-1 inhibitor screening have been reported in the
fluorescence resonance energy transfer (FRET) format [55]. How-
ever, the reported and commercial BACE-1 FRET substrates suffer
from relatively poor solubility, due in part to the hydrophobicity
of their fluorophores.

8.2. C99–GVP

c-Secretase reporter assays using the APP C99–GVP constructs
have been reported [56]. The GVP construct consists of the Gal 4
DNA-binding/VP16 transactivation (GVP) domain fused to the
C99 region of APP, which serves as a substrate for c-secretase
in vivo. After transmembrane processing of C99, the AICD fragment
containing a GVP moiety is translocated into the nucleus via
nuclear localization signals in the GVP moiety. In the nucleus,
GVP specifically binds to and transactivates the UAS promoter of
the luciferase reporter gene [57]. Also, the C99–GVP construct
harbors the native APP cytoplasmic tail, ensuring correct intracel-
lular targeting by the sorting signals contained within the tail.
Table 3
Therapeutic strategies for Alzheimer’s disease.

� Inhibit b-, c-secretase to prevent production of amyloidogenic Ab
� Targeting Ab oligomers to prevent the oligomerization of Ab or enhance its clearan

– Immunotherapy: active or passive Ab immunization
– Selective dagradation of Ab oligomers: IDE, plasmin, cathepsin B, neprilysin
– Destabilization of Ab oligomers: Alzhemed
� Anti-inflammatory strategy
� Modulating cholesterol homeostasis; cholesterol-lowering drugs
� Chelate metal ions Cu2+ amd Zn2+ which support Ab aggregation
� Broad amyloid-based strategy; prevent synaptotoxic and neurodegenerative effects
Specificity and sensitivity were confirmed by the addition of selec-
tive c-secretase inhibitors. This assay offers several advantages for
detection of AICD which can be quantified because the presence of
the GVP domain reduces cytosolic degradation of the AICD frag-
ment. This assay has the possibility of being useful in highthrough-
put screening of candidate c-secretase inhibitors for APP.

8.3. C99–Tet on (C99–rtTA)

To detect c-secretase activity in living cells, researchers devel-
oped a C99–rtTA chimeric assay system by incorporating the cDNA
encoding the C99 domain of APP into an rtTA (reverse tetracycline-
controlled transactivator) [58]. rtTA protein has a TRE (tetracy-
cline-responsive element) binding region and a VP16 activation
domain. Cleavage of the chimeric protein C99–rtTA liberates the
C-terminal region, including the rtTA, which is translocated to
the nucleus and, in the presence of doxycycline, activates the
expression of GFP from pTRE-GFP. Using this modified assay sys-
tem, it is possible to monitor c-secretase activity in living cells in
real time, and signal monitoring is simple under a fluorescence
microscope or in a plate spectrofluorometer.

8.4. AP–APP for BACE (SEAP–APP)

Chimeric constructs that possess alkaline phosphatase (AP)
fused to APP are widely used for studying APP processing and BACE
activity [59]. SEAP–APP is a very sensitive indicator of BACE cleav-
age. After co-transfection of the SEAP–APP construct with a ß-gal
reporter construct and target, SEAP activity was measured in the
medium and normalized to ß-gal activity. Because wild-type APP
is a rather poor substrate for BACE-1, substrates were developed
based on the sequence of the Swedish mutant of APP, an FAD
mutation that enhances Ab production. It enabled development
of a sensitive biochemical assay in which the BACE-1 concentration
can be as low as 100 pM. Moreover, this assay and substrate are
applicable for counterscreening BACE-2 and cathepsin D.

9. Perspectives

During the past decade, researchers have made tremendous
progress toward understanding the molecular events of AD that
trigger the illness, and they are now exploring a variety of strate-
gies for slowing or halting these destructive processes.

Inhibition of Ab production could be therapeutic in the early
clinical phases of AD, particularly in patients with minimal
cognitive impairment. Several small-molecule inhibitors for b- or
c-secretase that can cross the blood–brain barrier have been
discovered. In the case of c-secretase inhibitors, these could be
designed to decrease Ab production by some 30–40% or so, hope-
fully without interfering in a quantitatively meaningful way with
Notch processing. An alternative and attractive approach would
be to use small molecules to bind Ab monomers and
prevent their assembly into cytotoxic oligomers. For example, an
ce from the cerebral cortex:
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anti-aggregation compound blocked amyloid fibril formation. An
advantage of the anti-oligomerization strategy is that one would
be targeting a purely pathological event in the disease, rather than
interfering with normal metabolic reactions such as those of b- and
c-secretases. Because the success of any one of these strategies
cannot be predicted, two or more approaches might ultimately
be combined for greater success.
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