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Introduction
â-Secretase (BACE) is a proteolytic enzyme involved

in the processing of an integral membrane protein
known as amyloid precursor protein, or APP. The
proteolysis of APP by BACE, followed by subsequent
C-terminal cleavage(s) by γ-secretase, results in the
formation of the amyloid â (Aâ) peptide. Aâ is a
neurotoxic and highly aggregatory peptide segment of
APP that is the principal component of the neuritic
plaque found in the brains of Alzheimer’s disease (AD)
patients. The amyloid hypothesis holds that the neu-
ronal dysfunction and clinical manifestation of AD are
a consequence of the long-term deposition and ac-
cumulation of 40-42 amino acid long Aâ peptides and
that this process leads to the onset and progression of
AD. Because of the apparent causal relationship be-
tween Aâ and AD, the so-called “secretases” that
produce Aâ have been targeted for development of
inhibitors that might serve as therapeutic agents for
treatment of this dreaded and ever more prevalent
disease. Herein will be discussed our current under-
standing of BACE, its role in the formation of neuritic
plaques, and the known inhibitors of the enzyme.

Background
Following the discovery in the mid-1980s that Aâ is

a principal component of the neuritic plaque of AD
brain,1 an intense search was launched to identify the
enzymes responsible for liberating this 40-42 residue
segment of APP. With no knowledge of their likely

identity, these enzymes were called â- and γ-secretases,
in reference to their sites of cleavage at the N- and
C-terminal sites, respectively, in the Aâ region of APP.
Finally, in 1999, several independent laboratories pub-
lished evidence demonstrating that â-secretase is a new
member of the pepsin family of aspartyl proteinases.2-4

The identification of â-secretase as BACE was carried
out by the congruence of several independent ap-
proaches. The enzyme activity was purified from human
brain tissue,4 using a combination of a specific biochemi-
cal assay and a statine-based inhibitor derived from a
short peptide substrate of the enzyme. N-terminal
amino acid sequence of the purified enzyme was used
to clone and express the enzyme and to verify that it
functioned as a â-secretase in cells. In another ap-
proach,3 database mining was utilized to identify po-
tentially novel aspartic proteases from organisms such
as C. elegans, and this information was then used to
search human EST databases for novel aspartic pro-
tease sequences. BACE was cloned from the hits ob-
tained and shown to behave as an authentic â-secretase
by transfection and antisense experiments in cell cul-
ture. Unambiguous proof that the enzyme identified by
the three separate groups was indeed â-secretase came
about with the generation of BACE knockout (BACE
-/-) animals. BACE -/- animals were shown to be
devoid of the ability to generate Aâ, whether from
endogenous APP5 or when crossed to transgenic mice
expressing FAD mutant APP.8 Remarkably, the BACE
-/- animals were found to be normal in all measures
looked at, undistinguished from the BACE +/+ animals
except for their inability to generate Aâ.

Like its substrate APP, BACE is a type I transmem-
brane protein, the first example of a human member of
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the pepsin family of aspartic proteases that exists as
an integral membrane protein.6 The catalysis-competent
protease domain is entirely on the N-terminal side of
the predicted transmembrane region, suggesting that
the enzyme-substrate interaction takes place inside the
lumen of the trans Golgi network6 and in early endo-
somes, intracellular compartments to which the enzyme
has been localized.9 Like other aspartic proteases, the
enzyme is made as a preproenzyme, and its intracellular
maturation occurs by a sequential excision of the signal
peptide, followed by the removal of a 23 aa “pro”-peptide
sequence in a mechanism common to many other
aspartyl proteases.7 The latter occurs in the Golgi and
is carried out by the activity of furin or other related
proprotein processing enzymes.10 â-Secretase has been
referred to by a number of designations in the literature,
but the term BACE (â-site APP cleaving enzyme) has
become most widely adopted.2 With the discovery of
BACE, another human homologue with a transmem-
brane segment was identified, and this has now come
to be called BACE2.11 However, it is not clear that APP
is a physiological substrate of this enzyme, and the lack
of any detectable Aâ in BACE -/- animals suggests
that BACE2 does not contribute to the generation of Aâ.

The assertion that BACE is, in fact, the long-sought
â-secretase involved in APP processing has considerable
experimental support. BACE is highly expressed in the
brain, but its message is also found in other tissues,2
thus explaining the fact that many cell types can process
APP to Aâ. Antisense oligonucleotides that block ex-
pression of BACE greatly diminish production of Aâ,
and conversely, overexpression of BACE in a number
of cell lines leads to enhanced Aâ production.3 BACE
-/- mice show no adverse phenotype but have no
detectable levels of Aâ.8 This demonstrates not only that

BACE is the true â-site APP processing enzyme but that
its absence does not pose serious consequences for the
animal, which suggests that targeting BACE for inhibi-
tion in AD therapy may be chronically tolerable in
humans.

A schematic representation of the Aâ region of APP
showing the amino acid sequence of Aâ and the major
sites of processing by the R-, â-, and γ-secretases is
presented in Figure 1. BACE cleaves on the lumenal or
extracellular side of APP at the Met-V-Asp bond in the
so-called â-site, located 28 residues upstream of the
membrane-spanning region of APP. An arrow between
Tyr and Glu in Figure 1 indicates a secondary site of
BACE cleavage (â′-site). Processing by R-secretase 12 at
the Lys-V-Leu bond gives rise to fragments that are
nonamyloidogenic, so this activity is beneficial from the
standpoint of the â-amyloid hypothesis in AD. Efforts
to enhance R-secretase activity represent another ap-
proach for diminishing levels of Aâ and plaque forma-
tion.13 In this regard, BACE inhibition may result in
shunting of APP into the R-secretase pathway, indirectly
resulting in amplification of this pathway (Figure 1).
The third important secretase in APP processing is
γ-secretase, a hetero-oligomeric enzyme complex con-
taining presenilin that carries out its proteolytic func-
tion within the membrane (Figure 1).14a Processing by
γ-secretase at positions 40 and 42 gives rise to the major
Aâ40 and Aâ42 species observed in plaque, cerebrospinal
fluid, and plasma. Whereas BACE thus far appears to
have a single substrate, APP, γ-secretase is responsible
for processing a variety of transmembrane proteins,
including Notch.14 This broader specificity raises an
issue of whether γ-secretase inhibitors of APP cleavage
might have safety liabilities because of their impact on
the processing of other proteins required for normal

Figure 1. Schematic overview of APP processing by the R-, â-, and γ-secretases. The top panel shows the amino acid sequence
of APP upstream of the transmembrane segment (underlined, bold) and encompassing the sequences of Aâ1-40 and Aâ1-42 (D1-V40

and D1- A42, respectively). The â-secretase cleaves at D1 and Y10. The R-secretase cleaves at Lys16, and the γ-secretase cleaves at
Val40 and/or Ala42. Below the sequence is a representation of APP emphasizing its membrane localization and the residue numbers
of interest in â- and γ-secretase processing. Panel A represents the nonamyloidogenic R-secretase pathway in which sAPPR and
C83 are generated. Subsequent hydrolysis by the γ-secretase produces a p3 peptide that does not form amyloid deposits. Panel
B represents the amyloidogenic pathway in which cleavage of APP by the â-secretase to liberate sAPPâ and C99 is followed by
γ-secretase processing to release â-amyloid peptides (Aâ1-40 and Aâ1-42) found in plaque deposits.
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function. Since γ-secretase processing cannot take place
without prior cleavage by BACE, a BACE inhibitor
prevents γ-secretase cleavages in APP without blocking
its action on other important transmembrane proteins.
Accordingly, BACE might be considered the primary
target for lowering Aâ.

BACE 3-D Structure
Great strides in the development of BACE inhibitors

have become possible because of the availability of
three-dimensional structural information on the BACE
target. The X-ray crystal structure of BACE complexed
with an inhibitor is represented schematically in Figure
2.15 Homology with the pepsin-like aspartyl proteases
is reflected in the similar folding pattern of BACE, with
extensive â-sheet organization, and the proximal loca-
tion of the two aspartyl residues that comprise the
catalytic apparatus for peptide bond cleavage. However,
the C-terminal lobe of the molecule is larger than is
customarily seen in the aspartyl proteases and contains
extra elements of structure with an as yet unexplained
impact on function. In fact, before the crystal structure
was solved, it was thought that this larger C-terminal
region might terminate with a spacer to distance the
catalytic unit from the membrane and to provide mobil-
ity. This does not appear to be the case. As denoted by
the arrow in Figure 2, there is a critical disulfide bridge
linking the C-terminal region just upstream of the
transmembrane segment to the body of the molecule.
Therefore, the globular BACE molecule is proximal to
the membrane surface and is not attached via a mobile
stalk that would permit much motion. This steric

localization would be expected to limit the repertoire of
protein substrates that are accessible to BACE because
it resides in the Golgi network. Crystal structures of
BACE/inhibitor complexes have revealed much about
the nature of protein-ligand interactions, and informa-
tion regarding the nature of binding sites obtained by
this approach has been of critical importance in the
design and development of inhibitors that will be
effective drugs in the treatment of AD.

BACE Inhibitors

Peptidomimetic BACE Inhibitors. Substrate-
based inhibitors of BACE were designed using the
knowledge of the specificity and kinetics of BACE. Tang
and co-workers at the University of Oklahoma have
reported on the development of peptidic hydroxyethyl-
ene-based BACE inhibitor OM99-2, which has a BACE
IC50 of 0.002 µM.16 They have further reported on using
X-ray structure-based modification of the lead 1 that
led to the discovery of a series of potent and considerably
low molecular weight peptidomimetic BACE inhibitors
such as 2 (Figure 3).

The Elan/Pharmacia team has reported on the devel-
opment of cell-permeable BACE inhibitors that demon-
strate dose-dependent and mechanism-specific reduction
of Aâ in human embroyonic kidney (HEK) cells. The
evolution of the Elan BACE inhibitors began with the
definition of the P1 and P1′ in a BACE substrate
spanning P16-P5′. Replacement of the P1 residue with
a noncleavable statine (sta) residue and replacement of
the P1′ Asp with the valine residue resulted in analogue
3 (IC50 ) 0.03 µM; Figure 4). The Elan team further
used 3 in the affinity purification of the crude human
brain preparation to yield purified â-secretase that was
subsequently sequenced and cloned.4 Further truncation
of the N-terminus and C-terminus resulted in the iden-
tification of the smaller peptidic inhibitor 4 (IC50 )
0.3 µM; Figure 4).17 The conversion of the peptide
inhibitor 4 into a cell-permeable peptidomimetic BACE
inhibitor was done by conceptually subdividing the
peptide into three regions: an N-terminal portion, a
central statine-containing core, and a C-terminus. These
sections were individually targeted for modification to

Figure 2. Schematic representation of the three-dimensional
structure of the BACE (â-secretase) catalytic unit complexed
with the inhibitor OM-99-1 (red), as determined by X-ray
crystallography.15 Arrows and ribbons designate â-strands and
R-helices, respectively. The inhibitor is shown bound in the
cleft defined by the amino (cyan) and carboxyl (gold) terminal
halves of the molecule. The C-terminus of the catalytic unit
(green) is marked “C” to indicate the amino acid residue
immediately preceding the transmembrane and cytoplasmic
domains of BACE. The arrow marks a disulfide bridge that
maintains the C-terminus in close structural association with
the body of the catalytic unit. The catalytic entity as depicted
sits directly on the membrane surface, thereby restricting its
motion relative to protein substrates. (Figure kindly provided
by Dr. Lin Hong, Oklahoma Medical Research Foundation,
Oklahoma City, OK).

Figure 3. Hydroxyethylene-based inhibitors reported by the
Oklahoma group.
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replace the amino acid residues with functionalities
exhibiting less peptidic character, with retention of
BACE enzyme activity. Inhibition of the enzyme was
determined using the MBP-C125 (maltose-binding pro-
tein C-125) substrate assay as previously described.4,18

Using a resin-based strategy and coupling of com-
mercially available carboxylic acids to NH2[sta]VAEF-
resin-bound peptide followed by standard peptide work-
up quickly led to replacement of the an N-terminal Ac-
VM moiety.18 A variety of substituted phenylacetyl
analogues were investigated. The most potent N-termi-
nal replacements were R-hydroxyarylacetic acids. Con-
currently the transformation of the C-terminal “AEF”
region into a mimetic was pursued, resulting in the
identification of a cyclohexyl dicarboxylate held in a
geometrically constrained format as an effective sur-
rogate. Further modification of the central core region
and combination of the optimal N- and C-terminal
mimetics resulted in a potent but cell-permeable BACE
inhibitor 5 (IC50 ) 0.12 µM; EC50 ) 4 µM; Figure 4).18

The corresponding diacid 6 was a potent inhibitor of the
enzyme (IC50 ) 0.02 µM) but had no inhibition of Aâ in
HEK cells presumably because of poor cellular perme-
ability.

It is notable that the sizes of the modified inhibitors
from the Oklahoma and the Elan groups, such as 2 and
5 (molecular weight of ∼723), are comparable to a
number of approved peptidomimetic HIV protease in-
hibitor drugs. Recently several peptidomimetic patent
publications from Elan/Pharmacia19 and the Oklahama
group20 have appeared.

Nonpeptidomimetic BACE Inhibitors. The iden-
tification of nonpeptidomimetic BACE inhibitors has
proven to be a challenging undertaking. To augment the
disclosure of peptide-derived BACE inhibitors, a few
companies have published nonpeptidomimetic BACE

inhibitors, albeit the disclosures to date are few and
limited to published patent applications. In 2001,
Takeda disclosed the first such purported BACE inhibi-
tors, specifically aminoethyl-substituted tetralins rep-
resented by 7 (Figure 5).21 Among the nine exemplified,
but not specifically claimed, analogues, 7 was identified
as the most potent inhibitor of BACE with an IC50 of
0.35 µM as determined by a fluorescence assay; other
compounds possessed IC50 values in the nanomolar to
low micromolar range. To date, crystallographic and in
vivo data have not been disclosed for these non-amide-
containing low molecular weight BACE inhibitors. More
recently, Neurologic has disclosed piperazine-substitut-
ed phosphinyl- and phosphorylmethyl succinic acid
derivatives 8-10 (LQ â-1-3) as inhibitors of BACE
(Figure 5).22 Inhibition of BACE by these heterocyclic
compounds has been indirectly associated through
measurements of the compound’s ability to increase
R-sAPP (see Figure 1), presumably by shifting APP
processing toward R-secretase, consequently increasing
the pool of non-amyloidogenic derivatives. The analogue
8 (LQ â-3) demonstrated a dose proportional response
on R-sAPP secretion with effects starting at 0.001 µM.
The phosphorus-containing tetrapeptides 11 and 12 (LQ
â-4 and -5) were also disclosed.23

The most detailed account of nonpeptidomimetic
BACE inhibitors to date comes from Vertex, again via
a published patent application. In late 2002, Vertex
disclosed22 several hundred compounds along with as-
sociated Ki ranges of BACE inhibition; these compounds
spanned multiple classes of heterocyclic templates.
Among the more potent classes reported (BACE Ki <
3 µM) were the halogen-substituted biarylnaphthalenes
represented by 13 (Figure 6). From these results, Vertex
proposed23 the first 3-D pharmacophore map of BACE
to guide the design and optimization of inhibitors,

Figure 4. The evolution of the Elan/Pharmacia cell-permeable BACE inhibitors.
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wherein HB represents hydrogen-bonding moiety in-
teractions with the active site and other key residues
of BACE and HPB represents hydrophobic moiety
interactions with BACE subsites (Figure 6). Crystal-
lographic data to substantiate the 3-D model were not
provided.

Conclusion
The availability of three-dimensional structural in-

formation for BACE in complexation with a variety of
inhibitors has enabled great strides in development of
new classes of inhibitors, and a number of potent
inhibitors of the enzyme have been reported. BACE has
been shown to be the rate-limiting enzyme in the
processing of APP into Aâ, and given its central role in
the liberation of the Aâ peptide and data suggesting that
it is a target that can be safely blocked, BACE continues
to be an attractive target for inhibition in the treatment
of Alzheimer’s disease.
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