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ABSTRACT The major constituent of senile plaques in
Alzheimer’s disease is a 42-aa peptide, referred to as b-amy-
loid (Ab). Ab is generated from a family of differentially
spliced, type-1 transmembrane domain (TM)-containing pro-
teins, called APP, by endoproteolytic processing. The major,
relatively ubiquitous pathway of APP metabolism in cell
culture involves cleavage by a-secretase, which cleaves within
the Ab sequence, thus precluding Ab formation and deposi-
tion. An alternate secretory pathway, enriched in neurons and
brain, leads to cleavage of APP at the N terminus of the Ab
peptide by b-secretase, thus generating a cell-associated b-C-
terminal fragment (b-CTF). A pathogenic mutation at codons
670y671 in APP (APP ‘‘Swedish’’) leads to enhanced cleavage
at the b-secretase scissile bond and increased Ab formation.
An inhibitor of vacuolar ATPases, bafilomycin, selectively
inhibits the action of b-secretase in cell culture, suggesting a
requirement for an acidic intracellular compartment for
effective b-secretase cleavage of APP. b-CTF is cleaved in the
TM domain by g-secretase(s), generating both Ab 1–40 (90%)
and Ab 1–42 (10%). Pathogenic mutations in APP at codon
717 (APP ‘‘London’’) lead to an increased proportion of Ab
1–42 being produced and secreted. Missense mutations in
PS-1, localized to chromosome 14, are pathogenic in the
majority of familial Alzheimer’s pedigrees. These mutations
also lead to increased production of Ab 1–42 over Ab 1–40.
Knockout of PS-1 in transgenic animals leads to significant
inhibition of production of both Ab 1–40 and Ab 1–42 in
primary cultures, indicating that PS-1 expression is impor-
tant for g-secretase cleavages. Peptide aldehyde inhibitors
that block Ab production by inhibiting g-secretase cleavage of
b-CTF have been discovered.

Ab Is Derived from APP. Alzheimer’s disease is a wide-
spread, neurodegenerative, dementia-inducing disorder of the
elderly that has been estimated to affect more than 4 million
people in the United States alone. The disease is characterized
by synaptic loss and neuronal death in the cerebral cortex and
the hippocampus, with the presence of extensive extracellular
amyloid plaques and intracellular neurofibrillary tangles (1).
The pathology of Alzheimer’s disease has been studied exten-
sively for the last 20 years, but it was not until about 15 years
ago that the first molecular handle in understanding this
complex degenerative disease was obtained, when the protein
sequence of the extracellular amyloid was determined (2). The
cloning of APP, achieved in 1987 (3), established that the
fibrillar, '40-aa-long amyloid peptide deposited as the major
constituent of both senile and cerebrovascular plaques is
derived from a type-1 TM protein. The parsimonious hypoth-
esis, immediately arising as a consequence of the schematic
shown in Fig. 1, was that two separate endoproteolytic events
released the smaller Ab peptide from its precursor.

APP was also found to be expressed in a variety of tissues as
a family of differentially spliced forms, the transcripts ranging

in predicted size from 695 to 770 aa. The two longer forms,
known as APP751 and APP770, contained a 56-aa domain
with homology to the Kunitz family of serine protease inhib-
itors (4). APP695, the splicing variant lacking the Kunitz
domain, was preferentially expressed in neuronal tissue, lead-
ing to the speculation that the production of Ab from APP
could be regulated by a protease that is inhibited by this
domain.

The demonstration that a secreted, soluble form of APP was
functionally identical to a previously isolated serine protease
inhibitor called protease nexin II (5), together with the finding
that the Kunitz domain showed restricted inhibitory activity
toward a number of serine proteases (6), strengthened the
hypothesis that the soluble ectodomain of APP functions as a
circulating protease inhibitor.

Secreted APP (sAPP) Production: a-Secretase. Transfec-
tion of the various forms of APP into mammalian cells showed
that newly synthesized APP, N-glycosylated in the endoplasmic
reticulum, matures in the secretory pathway by the addition of
O-glycosyl residues and tyrosine sulfation in the trans-Golgi
network (7); cellular turnover of full-length, membrane-
bound, mature APP is accompanied by the release in the
conditioned medium (CM) of the soluble ectodomain of the
protein and the appearance of a truncated cell-associated CTF
(8). The soluble sAPP is detected, not only in the CM of
transfected cells, but is also found in plasma and cerebrospinal
f luid, suggesting a conserved metabolic pathway. Direct se-
quencing of the CTF obtained from APP-transfected cells
showed that the endoproteolytic cleavage generating the sAPP
and the corresponding CTF occurs primarily by cleavage
between amino acids 16 and 17 of the Ab sequence (9), i.e.,
inside the Ab sequence. Analysis of the metabolism of various
site-specific mutants of APP led to the conclusion that the
cleavage site of this unidentified cellular enzyme, named
a-secretase, was relatively nonspecific, with distance from the
TM being a more important parameter than the actual identity
of amino acids at the cleavage site(s) (10). The ubiquity of this
pathway, which by definition could not produce Ab, led to the
proposition that the ‘‘normal’’ cellular metabolism of APP
precludes the formation of Ab. The corollary, that the pro-
duction of Ab is caused by abnormal or ‘‘aberrant’’ cleavages
in the FL-APP molecule, came to be accepted as well.

Further, it was recognized that a-secretase activity could be
stimulated in cells by using phorbol esters, leading to the
activation of protein kinase C (11). The demonstration that
muscarinic agents mimic this effect (12) indicated that stim-
ulated a-cleavage could be linked in neuronal cells to the
activity of cholinergic agents. This demonstration lent more
credence to the hypothesis that a-secretory processing of APP
is a ‘‘good’’ pathway that is diminished in brain with Alzhei-
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mer’s disease, perhaps as a consequence of loss of cholinergic
stimulation. The ‘‘uncleaved’’ APP could then be cleaved by
aberrant proteolytic events, perhaps mediated by lysosomal
enzymes, generating Ab.

sAPP Production: b-Secretase. The first piece of evidence
that Ab production may not be aberrant after all was provided
by the observation that both APP-transfected HEK293 cells
(13) as well as fetal neuronal cultures (14) constitutively
release Ab 1–40 into the culture medium, i.e., Ab generation
and extracellular release are by-products of normal cellular
metabolism of APP. This conclusion, dramatic at the time, has
since been confirmed by many investigators and has come to
be widely accepted.

Shortly thereafter, it was shown that a truncated form of
sAPP was released from HEK293 cells transfected with APP,
as well as from primary fetal human neuronal cultures (15).
Using a neoepitope-specific antibody, these investigators
showed that the truncated sAPP ended precisely at Met-596,
a marker of specific endoproteolytic cleavage immediately
N-terminal to the Ab sequence. This b-sAPP made up a much
larger proportion of total sAPP in the neuronal culture CM
than in the HEK293 cell CM, suggesting that this alternative
secretory cleavage, by the so-called b-secretase, was more
prominent in cells derived from the central nervous system.

The consequences of these two pivotal observations were
that it became possible to measure three key metabolites of
APP (a-sAPP, b-sAPP, and Ab) in a cellular context and
especially to look for both inhibitors and potential stimulators
of Ab release under defined conditions.

Stimulated Release of sAPP: Effect on Ab. Phorbol esters,
such as phorbol 12-myristate 13-acetate or phorbol dibutyrate,
have been used widely to stimulate sAPP release in a variety
of cellular systems. Early results suggested that stimulation of
sAPP release was accompanied, reciprocally, by a decrease in
Ab release (16). However, subsequent analysis in a neuroblas-
toma cell line in culture showed that stimulated release of
sAPP was not always accompanied by decreased Ab (17).
Although phorbol 12-myristate 13-acetate virtually universally
stimulates a-sAPP production, there is little, if any, effect on
b-sAPP levels, and the reduction of Ab is often only transient
(J. Knops and S.S., unpublished observations). No effect on
synthesis of APP was seen in these experiments. Thus, there is
not necessarily a mutually exclusive relationship between a-
and b-secretory cleavages, a conclusion that has become more
apparent as other pharmacological agents for affecting APP
metabolism have become available.

Bafilomycin and b-sAPP Inhibition. A double mutation of
codons 670y671 of APP, replacing the Lys–Met sequence with
Asn–Leu (18) and segregating with very early-onset Alzhei-
mer’s disease with classic pathologic hallmarks, was described
in 1992. Transfection of HEK293 cells with cDNA constructs
coding for the mutated protein led to a 6-fold increase in
extracellularly released Ab (19) compared with wild-type (Wt)
APP. Concurrent analysis of the sAPP species released showed
that there was also a substantial increase in the b-sAPP being
released from such cells. The so-called Swedish mutation in

APP thus seems to exert its pathogenic effect via an increased
production of Ab, mediated by increased b-secretase cleavage
in the mutated protein. This observation provided, not only a
mechanistic explanation for a pathogenic mutation, but also a
cellular system, relevant to the underlying disease model, in
which to study pharmacological agents that can selectively
inhibit the formation of Ab.

A specific and potent inhibitor of vacuolar ATPases, bafilo-
mycin, was shown to inhibit b-sAPP selectively, but not
a-sAPP, both from HEK293 cells transfected with APP Swed-
ish mutants and from fetal neuronal cultures (20). This effect
was ascribed to the known pharmacological activity of bafilo-
mycin, treatment with which leads to the elevation of intrave-
sicular pH in a variety of acidic organelles, including, but not
restricted to, endosomes and lysosomes (21). The concordance
of the data obtained from studies with both the mutant
APP-transfected cells and fetal neuronal cultures metabolizing
endogenous Wt APP showed (i) that selective inhibition of
b-secretase cleavage results in inhibition of Ab release and (ii)
that a-sAPP release is not affected under these conditions.
Further, these data provided indirect but convincing evidence
that acidic intracellular conditions are most conducive to
efficient b-secretase processing of APP.

Like APP, a number of other membrane-bound proteins are
‘‘shed’’ from the cell surface, often in response to stimulation
by phorbol esters (22). A pathologically important protein in
this regard is pro-tumor necrosis factor-a (proTNF-a), which
undergoes cell-surface proteolysis by an ‘‘a-secretase-like’’
enzyme to release circulating TNF. The purification and
identification of the TNF-a-converting enzyme (TACE) as a
membrane-bound metalloprotease (23) led to speculation that,
like TACE, APP a-secretase is also a member of the adama-
lysin protease family. Cells deficient in TACE do not show any
defect in constitutive a-cleavage of APP (24); however, no
stimulated release of sAPP is evident on treatment with
phorbol esters, suggesting that TACE plays a key role in
regulated, but not constitutive, a-cleavage of APP. Metal-
loprotease inhibitors directed toward such proteases inhibit
a-sAPP release from Chinese hamster ovary (CHO) cells in a
dose-dependent manner (25), but such treatments have no
significant effect on either b-sAPP or Ab (E. Goldbach, S.
Suomensaari, J. Knops, and S.S., unpublished observations).

The results of the phorbol ester, bafilomycin, and metal-
loprotease inhibitor studies strongly suggest that a simple
reciprocal relationship does not exist between a- and b-cleav-
age or between sAPP production and Ab release. It seems
most likely that a-secretase and b-secretase are cellularly
segregated, mechanistically distinct enzymes, and it is the
direct action of the latter that correlates most with Ab release.

Pathogenic Mutations in APP. Three separate missense
mutations in APP, occurring at codon 717 (London muta-
tions), also cause early-onset Alzheimer’s (26) but do so by a
mechanism very different from that of the Swedish mutation.

After b-secretase cleavage, the C terminus of the b-peptide
has to be generated by a further proteolytic event, which takes
place in the TM domain of APP. In keeping with the imagi-
native and sequential nomenclature for the enzymes postu-
lated to be involved in cellular APP proteolysis and Ab
generation, the enzyme cleaving in the TM domain to generate
the C terminus of the Ab peptide has been named g-secretase.

It has been shown that most of the Ab released from both
cell lines derived from tissues other than those from the central
nervous system and from neuronal cells terminates at residue
40. However, a small proportion (5–10%) extends to residue 42
(27). It has been postulated that the major pathologic culprit
in Alzheimer’s disease is this subpopulation of Ab, because this
longer, more aggregation-prone species deposits preferentially
in both sporadic and familial Alzheimer’s disease brains.
Careful measurement of the Ab released from cells transfected
with the various London mutations revealed that although

FIG. 1. Ab is generated from precursor protein, APP. N, N
terminus; C, C terminus.

11050 Colloquium Paper: Sinha and Lieberburg Proc. Natl. Acad. Sci. USA 96 (1999)



total Ab released was unaffected, the proportion of Ab 1–42
increased by 50–90%, i.e., from about 10% of the total to about
20% (28). The London mutations thus shift the balance of
g-secretase cleavage slightly toward the 42 over the 40 cleavage
site, which is sufficient, apparently, to cause disease. These
observations have led to the proposition that there are at least
two separate g-secretases for the Ab40 and Ab42 sites. In the
absence of definitive information, this subject lies at the heart
of a current debate.

Both the London and the Swedish mutations have been used
to develop transgenic models of the pathology seen in Alz-
heimer’s disease. The so-called PDGF promoter APP mouse
was developed with the Val717Phe mutation (29). As the
animals age, Ab 1–42 deposits preferentially in the hippocam-
pus and the cortex, mirroring the pattern seen in Alzheimer’s
disease. Like Alzheimer’s disease, no senile plaques are seen
in the cerebellum, in spite of expression of the transgene in this
region. In addition to plaques, one may observe neuritic
dystrophy, microglial activation, and astrocytic activation (30),
following closely on the heels of the amyloid deposition. The
major hallmarks of the disease are thus preserved in these
models, which will be invaluable in evaluating the efficacy of
compounds targeting the production or aggregation of the Ab
peptide.

Presenilins and Alzheimer’s Disease. APP mutations, as
illuminating as they have been in both the causative role of Ab
in Alzheimer’s disease and in underscoring the importance of
both b- and g-secretase-mediated cleavages for Ab generation
and release, are relatively rare and confined to only a few
familial pedigrees. A much larger number of familial Alzhei-
mer’s disease pedigrees cluster to chromosome 14, and the
product of this gene, S182, was revealed to be a multiple-
membrane-spanning protein (31) imaginatively called prese-
nilin-1. At least 37 separate missense mutations have been
documented in this protein. A related gene, STML2, on
chromosome 1, the protein product of which is called prese-
nilin-2 (32), has also been shown to have missense mutations
that cause Alzheimer’s disease, and two of these mutations
have been documented thus far. The pathology seen in the
brains of the pedigrees examined invariably show dramatic
deposition of amyloid, virtually all of which are in the 1–42
form (33). Disease caused by the PS-1 mutations is aggressive,
early-onset, and fully penetrant.

Cotransfection of presenilin mutants along with APP re-
vealed the same phenomenon seen with the London muta-
tions, i.e., the presenilin mutants invariably increase the pro-
portion of x–42 forms between 50–100% over that seen with
Wt presenilins (34). No significant effects on sAPP release or
on the levels of total Ab released are seen in these experi-
ments. Cotransfection of APP carrying one of the London
mutations along with a mutant PS-1 leads to an additive effect
on the increased Ab40y42 ratio.

Thus, the majority of familial Alzheimer’s mutants cluster
to a gene, the protein product of which somehow modulates
the g-secretase cleavage with the same consequences resulting
from London mutations. The homology of the PS-1 to sel-12,
a Caenorhabditis elegans gene that facilitates signaling by
Notch (35), has led to speculation about cellular mechanisms
that might underlie the increased g-secretase cleavage at
residue 42.

The most telling data have emerged from an attempt to
create PS-1 2y2 animals. The homozygous animals die in
utero with severe developmental abnormalities reminiscent of
Notch 2y2 animals. However, the introduction, via viral
vectors, of Wt and mutant APPs into cortical cultures pro-
duced from these embryos (36) showed that, although normal
APP maturation and sAPP release were unaffected, the cells
were deficient in g-secretase cleavage of the a- and b-CTFs
generated by the action of a- and b-secretases; both Ab and p3
(the a-CTF-derived g-secretase cleavage product) ending at

residue 40 or 42 decreased by 80%, with a corresponding
increase in the ambient levels of the corresponding CTFs.
These results strongly suggest that the expression of PS-1 is
needed for the majority of functional g-secretase activity in
vivo. Perhaps the residual production of Ab and p3 is mediated
by PS-2.

Peptide Aldehyde Inhibitors of Ab Release. It has been
known for some time that, in cell lines derived from peripheral
tissues, such as HEK293, much of the full-length mature APP
is degraded via a lysosomal pathway. The application of
lysosomotropic agents, such as chloroquine and NH4Cl, or
cysteine protease inhibitors, such as E-64 and leupeptin, led to
enhanced recovery of full-length membrane-bound APP and
the visualization of degradation intermediates (37). However,
neither E-64 nor leupeptin have any effect on the release of Ab
under such conditions, indicating that the so-called ‘‘endoso-
mal–lysosomal’’ degradation pathway was probably not in-
volved in the generation of Ab. However, Z-Val-Phe-CHO, a
dipeptide aldehyde originally identified as a potent inhibitor of
a number of intracellular cysteine proteases, such as cathepsin
B, cathepsin L, and calpain (38), was shown to inhibit Ab
release at low micromolar levels in a dose-dependent manner
(39). A number of other dipeptide aldehydes, with ED50 values
varying between 1 and 25 mM, were also shown to be active as
inhibitors of cellular Ab release in HEK293 cells transfected
with either Wt or Swedish APP.

Analysis of the cellular pattern of metabolites indicated that
the release of both p3 and Ab was being inhibited by such
compounds, with concomitant increases in the levels of the
corresponding CTFs. The mechanism of the action of such
compounds is therefore via inhibition of g-secretase cleavage,
either as direct inhibitors of the enzyme or through indirect
effects on events critical to g-secretase cleavage. As shown in
Table 1, some closely related compounds in this series have
differential effects on their relative potency toward Ab x-40 vs.
Ab x-42 inhibition in HEK293 cells stably transfected with the
APP Swedish mutants. These effects have led some investiga-
tors to propose that different g-secretases are involved in the
two cleavages.

However, it has been suggested that Ab 1–40 is produced at
greater proximity to the cell surface than is Ab 1–42 (40); if
this suggestion is accurate, variations in intracellular com-
pound levels in different intracellular compartments may
explain the differential inhibitory susceptibilities with some of
these compounds.

Although the peptide aldehydes seem to point to the role of
an intracellular cysteine or serine protease as pivotal to
g-secretase processing of CTFs, direct evidence for such an
enzyme target for these compounds is still lacking. In this
regard, a recent publication (41) has put forward a quite
remarkable proposition as to the possible nature of g-secre-
tase. In this report, the mutation of either of two separate TM
aspartic acid residues in PS-1, Asp-257 in TM6 and Asp-385 in
TM7, leads to a lowering of Ab and increases the amounts of
the a- and b-CTFs, as seen in the PS-1 2y2 mice-derived
neuronal cultures. The authors suggest that PS-1 may be
g-secretase, with the two aspartic acid residues forming a
catalytic system analogous to that conserved in the aspartic
proteinase family. It should be noted that no discernible amino
acid sequence homology exists between PS-1 and any aspartic

Table 1. Effect of dipeptide aldehydes on cellular Ab release

Compound

ED50, mM

Ab x–40 Ab x–42

Z-Val-Phe-CHO 15.5 67.4
2-Napthyl-Val-Phe-CHO 2.6 2.7
Z-Phe-Val-CHO Not inhibitory
Z-Leu-Phe-CHO 5.0 —
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proteinase, even around the putative ‘‘active-site’’ Asp-257 and
Asp-385 residues, and more direct evidence is needed in
support of this concept.

b-Secretase: Rate-Limiting Enzyme for Ab Production. The
London mutations in APP and the missense mutations in PS-1
that lead to Alzheimer’s disease have in common their alter-
ation of the relative cleavage at the 240 and 242 sites in the
TM domain of APP. The specificity of these g-secretase
cleavages were analyzed further by sequentially replacing
amino acids 35–48 in the TM domain with Phe (42), akin to the
‘‘Ala scan’’ used for other scanning mutagenesis approaches.
The production of Ab and the relative ratios of x-40 vs. x-42
forms were then analyzed in the CM of cells transfected with
these mutant forms. Although position 45 was identified as
being critical for 242 cleavage, there was little specificity at the
g-cleavage sites; although there were alterations in the relative
ratios, total Ab formation was relatively unaffected by the
scanning mutagenesis, suggesting that the precise identity of
the amino acid residues at or near the g-cleavage sites was not
critical to total cleavage.

In sharp contrast, site-directed mutagenesis at the Met–Asp
cleavage site on the b-end leads to dramatic effects on Ab
production (43). Although the substitution of Leu for Met at
the P1 position (akin to the Swedish mutation) leads to
enhancement of Ab formation, substitution at this site by most
other amino acids leads to a suppression of Ab release in the
extracellular medium, presumably by inhibition of b-secretase
cleavage. Effective b-secretase cleavage is thus a prerequisite
for formation and secretion of Ab. In the case of some of the
mutants, the fact that shorter Ab peptides are secreted at a
lower rate may represent the effect of an alternate cleavage site
exposed as a result of conformational change in the mutated
protein.

In conjunction with the results obtained with bafilomycin, it
seems that b-secretase cleavage is a rate-limiting event for the
formation of the ‘‘substrate’’ for g-secretase. The latter enzy-
matic process is quite capable of turning over even the 5- to
6-fold excess b-CTFs generated in APP Swedish-transfected
HEK293 cells, over that produced with Wt alone. Further, the
Swedish mutation, unfortunately for the pedigree, causes
disease by presenting a preferred b-cleavage site to the cellular
enzyme.

b-Secretase: Isolation and Characterization. The search for
enzymes that specifically cleave at the b-cleavage site in APP
was initiated long before there was any cellular evidence for
the presence of such a metabolic pathway. Although enzymes
such as the metalloendopeptidase (EC 3.4.24.15) and cathep-
sin D were proposed to be candidate b-secretases, primarily as
a result of cleavage specificity shown by using short peptide
substrates (44), neither enzyme has passed the tests of being
able to cleave full-length APP specifically, generating both the
N- and C-terminal fragments. Cotransfection of these enzymes
along with APP into cells such as HEK293 did not lead to the
overproduction of either Ab or b-sAPP (45).

The existence of the b-secretase pathway of APP cleavage,
enriched in neuronal cells, leads to specific cleavage of APP at
the N terminus of the Ab peptide sequence. This cleavage
leads to the formation of the soluble b-sAPP, as well as the
membrane-associated b-CTF, the immediate precursor to Ab.
The compilation of the cellular results obtained by studying
APP processing thus suggests that a true candidate b-secretase
should have, at a minimum, the following characteristics. (i) It
should specifically cleave APP at the Met–Asp site to generate
the corresponding b-sAPP and b-CTF fragments. (ii) A true
candidate b-secretase should show preferential cleavage to-
ward Swedish over Wt sequence at the cleavage site. (iii) A true
candidate b-secretase should function optimally at an acidic
pH. (iv) A true candidate b-secretase also would be enriched
in brain and neuronal tissue but present in cell lines such as
HEK293 as well. The isolation and enzymatic characterization

of a membrane-bound protease from human brain that meets
these criteria (46) has been made possible by using APP-based
fusion proteins incorporating both Wt and Swedish sequences,
as well as the development of very specific ELISA-based
quantitative assays for measuring cleavage at the b-cleavage
site(s) in these fusion proteins. Although the identity of this
enzymatic activity is not yet published, recombinant expression
and cotransfection with APP would establish whether such an
enzyme fulfills the additional cellular criteria of showing
enhanced, specific cleavage in APP proteins at the b-cleavage
sites.
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