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Abstract
The most popular current hypothesis is that Alzheimer’s disease (AD) is caused by aggregates of
the amyloid peptide (Aβ), which is generated by cleavage of the Aβ protein precursor (APP) by β-
secretase (BACE-1) followed by γ-secretase. BACE-1 cleavage is limiting for the production of
Aβ, making it a particularly good drug target for the generation of inhibitors that lower Aβ. A
landmark discovery in AD was the identification of BACE-1 (a.k.a. Memapsin-2) as a novel class
of type I transmembrane aspartic protease. Although BACE-2, a homologue of BACE-1, was
quickly identified, follow up studies using knockout mice demonstrated that BACE-1 was
necessary and sufficient for most neuronal Aβ generation. Despite the importance of BACE-1 as a
drug target, development has been slow due to the incomplete understanding of its function and
regulation and the difficulties in developing a brain penetrant drug that can specifically block its
large catalytic pocket. This review summarizes the biological properties of BACE-1 and attempts
to use phylogenetic perspectives to understand its function. The article also addresses the
challenges in discovering a selective drug-like molecule targeting novel mechanisms of BACE-1
regulation.
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Significance of BACE-1
AD is a chronic and progressive neurodegenerative disorder and is the most common cause
of dementia in the elderly. The classic clinical symptoms of the disease are an amnesic type
of memory impairment [1], visuospatial deficits [2] and deterioration of language [3]. Motor
and sensory abnormalities, seizures and gait disturbances are uncommon until late stages of
the disease [4]. There is a progression from loss of complex day-to-day activities such as
using the public transport, to abnormalities in basic activities of daily living [5]. The
incidence of AD increases exponentially with age and is thought to affect 4–8% of the
population over 65 years. The current US estimate on the number of AD patients range from
3–5 million with an annual estimated cost of approximately $100 billion. By 2050, it is
projected that the number of patients could be as high as 25 million [6]. The pathological
hallmarks of AD include the presence of extracellular senile plaques and intracellular
neurofibrillary tangles (NFT), which are aggregates of a microtubule associated protein
called tau [7]. A major landmark in the study of AD is the identification of the major
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component of the senile plaque as the 42-residue amyloid peptide — Aβ42 [8,9]. This
finding was followed by the identification of APP and its further characterization as a large
type-I integral membrane protein (695–770 aa) with the Aβ42 sequence spanning portions of
the extracellular and transmembrane domains [10,11]. The proteolytic processing pathways
that release Aβ42 from the intact APP protein was quickly identified (Figure 1), which led to
a large expansion in the study of membrane protein processing and turnover. Early studies
discovered that APP was rapidly cleaved and secreted at high levels and this cleavage (by α-
secretase) was mapped to residues K16 and L17 of Aβ and generated a secreted derivative,
sAPPα, and a membrane-bound 83-residue fragment—CTFα [12–15]. Although initial
investigation defined α-secretase as integral to the normal processing pathway, while the
Aβ-production was considered pathological, subsequent studies discovered that Aβ, mostly
of 40 aa (Aβ40) but approximately 5–10% of 42 aa (Aβ42), is indeed found normally in
biological fluids [16]. The major processing pathway leading to Aβ was subsequently
discovered by the presence of sAPPβ and CTFβ, the membrane bound 99-residue fragment.
The unidentified enzyme responsible for CTFβ production was termed β-secretase [17,18].
Intramembrane processing of CTFβ and CTFα by γ-secretase yielded Aβ and a smaller 3
kDa fragment named P3, respectively. Most Aβ and P3 terminate at residue 40 (starting at 1
of Aβ) but a smaller fraction (5–10%) ends at residue 42. However, Aβ42 is a more
significant player in AD as most familial AD (FAD) mutations increase the ratio of Aβ42/
Aβ40. Some of these mutations map to the C-terminal side of the Aβ sequence on APP but
most are linked to presenilins 1 and 2 (PS1, PS2)—subunits of γ-secretase [19]. While most
of the studies focused on Aβ, the intracellular fragment generated by γ-secretase processing
of CTFα and CTFβ – CTFγ (a.k.a. CTFε or AICD) – was not detected in lysates for a long
time until small amounts were detected in the brain by direct extraction and larger quantities
were consistently detected in an in vitro γ-secretase assay [20,21]. Most CTFγ consists of
the cytoplasmic domain and 3 aa from the transmembrane domain of APP, leaving behind
Aβ of 49 aa for further processing to Aβ40 and Aβ42 [22–24]. It is reported that the APP-
derived CTFγ regulates transcription like a similar fragment – NICD — derived from Notch,
thereby transducing signal from the cell surface to the nucleus [22–24].

Evidence that Aβ plays a role in AD pathogenesis primarily comes from the study of
mutations in the APP, PS1 and PS2 genes that are linked to early onset of FAD [25–31]. The
APP mutations linked to FAD frame the Aβ sequence at the N and C terminal ends, and
increase production of Aβ42 or total Aβ. The Swedish APP670NL mutant of APP substitutes
“KM” on the N-terminal side of Aβ with “NL” and is a better substrate for β-secretase and
yields higher levels of sAPPβ, CTFβ and both Aβ42 and Aβ40 [32,33]. Since Aβ oligomers
(a.k.a. ADDLs) are neurotoxic in vitro and in vivo, the currently popular hypothesis is that
they are the cause of the cascade of events that lead to AD [31,34]. As the limiting first step
in generating Aβ, β-secretase is the key enzyme that mediates production of this potentially
toxic peptide and is therefore an important drug target.

Discovery of BACE-1
As introduced above, detailed studies established that APP is processed by β-secretase to
produce Aβ. A number of indirect studies were carried out on this enzyme, as it was the
Holy Grail in AD research from its discovery in 1992 to its definitive identification in 1999.
Several attempts were made to identify β-secretase including the suggestion that it was
actually cathepsin-D, which cleaves APP-derived peptide substrates with specificity similar
to β-secretase [35,36]. However, knockout mice lacking cathepsin-D demonstrated that it
was not the major β-secretase [37]. Additional studies suggested that β-secretase cleaves
wild type APP in an intracellular compartment after endocytosis, but FAD mutant APP in
the secretory pathway (probably in the same compartment as α-secretase), and also that 4-(2-
Aminoethyl) benzenesulfonyl fluoride, a serine protease inhibitor, reduces the yield of β-
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secretase-cleavage products [38,39]. Moreover, substrate mutation studies demonstrated that
unlike α-secretase, β-secretase is sequence specific [40]. Additionally, most sAPPβ is
secreted in the basolateral membranes of polarized MDCK cells expressing APPwt, but
sAPPβ from the APP670NL mutant is shifted by ~20% to the apical surface [41,42]. Despite
their importance in understanding the cleavage process, none of these studies on the cell
biology could aid in the identification of the elusive β-secretase.

In 1999, five years after the discovery of β-secretase cleavage, five groups simultaneously
reported the discovery of β-secretase as a novel integral membrane aspartyl protease, the
first of its kind reported in vertebrates [43–47]. Three of these groups used the evidence that
one of the secretases is an aspartyl protease to identify novel mammalian aspartyl proteases
from the human genome databases. Two groups called the enzyme Asp-2 to denote the
second novel aspartyl protease detected in their bioinformatics screens [44,45]. A third
group termed the enzyme memapsin-2 for “membrane-anchored protease” as per the
convention for aspartyl proteases to end with “in” as in cathepsin, pepsin, gastricin, renin
and napsin [43]. The fourth group isolated β-secretase cDNA in an expression screen for
cDNAs that increase Aβ and termed the enzyme BACE for Beta Site APP-Cleaving Enzyme
[46], which has been adopted by most scientists in the field. However, the immediate
recognition of the presence of a homologue of BACE, named BACE-2, led to the former
being named BACE-1. The fifth group used conventional biochemistry to isolate and purify
the active enzyme from brain membranes and preferred to continue calling it β-secretase to
avoid the confusion generated by changing nomenclature [47]. These findings generated a
lot of excitement and have initiated a large body of studies aimed at understanding BACE-1
structure, function, localization, regulation and changes in AD. The availability of the pure
enzyme has also allowed the discovery of specific inhibitors that lower Aβ and might
prevent or treat AD.

Characterization of BACE-1
BACE-1 cleaves APP at the expected sites on its extracellular domains at positions D1 and
E11 as indicated by arrows on the sequence shown below (Fig. 1). In addition, the
APP670NL mutation that replaces KM on the N-terminal side of D1 is readily cleaved in vivo
to generate higher levels of CTFβ and Aβ and is also a much better BACE-1 substrate in
vitro as shown in Figure 1 [46,48]. Complementarily, mutation of “KM” to “KV” markedly
reduced processing of APP by BACE-1 and BACE-1 antisense RNA reduces production of
Aβ cleaved at either position 1 or position 11 without affecting adventitious variants cleaved
at V-3 or I-6 [46]. Consistent with the need for an acid compartment in vivo, BACE-1
cleavage displays an acid pH optimum. While it does cleave smaller peptide based
substrates, it strongly prefers longer substrates and shows a higher degree of specificity with
such substrates [47].

A close homolog of BACE-1, BACE-2, is 68% similar to BACE-1 and was also identified
from the genome database [49]. Despite their homology and common structural
organization, the two enzymes differ in their tissue distribution [49–51], subcellular
localization [44,50] and substrate specificity [51–53]. BACE-2 exhibits secretase activity
with cleavage in the middle of the Aβ domain at amino acids 19 and 20 generating a CTF of
79 residues, and does not contribute to the process of Aβ generation [51,53]. BACE-2 can
cleave at the β-site, but consistent with its different substrate specificity, does not cleave a
preferred peptide-based BACE-1 substrate [54].

The ultimate evidence for the role of BACE-1 in APP processing came from knockout
mouse studies showing that both wild type and the Swedish APP670NL mutant forms of APP
fail to produce Aβ in the absence of BACE-1 [33]. These initial studies also reported that
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BACE-1-knockout mice displayed no biological deficiency, suggesting that specific
inhibition of its activity is likely to be well tolerated [33]. However, more recent studies
found that neurons from BACE-1 knockout mice fail to generate Aβ, but that glial cells
continue to generate Aβ. This production was lost in BACE-1/BACE-2 double knockout
mice suggesting that BACE-2 plays a role in glial Aβ generation. In addition, BACE-1
knockout mice displayed significant neonatal lethality, which was increased in BACE-2
knockout mice suggesting that these enzymes do serve an essential function in mice, which
may be partially fulfilled by other cellular proteases [55].

BACE-1 substrate specificity
When cells were transfected with APP lacking the transmembrane domain, they were not
cleaved by BACE-1 [56], suggesting that the enzyme is a membrane bound protease, and
only cleaves APP when membrane bound. However, it is important to note that the enzyme
can cleave soluble substrates in vitro in a sequence specific manner. Instead, the failure to
observe in vivo cleavage is likely related to the relatively high Km of the enzyme, which
may be compensated by the high local concentration of enzyme and substrate as a single
molecular layer in cellular membranes. This concept needs to be further elaborated for
several membrane-bound enzymes.

BACE-1 accepts a wide variety of substrates, preferring acidic or polar residues in contrast
to other known aspartyl proteases. Compared to other mammalian aspartyl proteases,
BACE-1 is more like cathepsin D than renin in terms of substrate specificity [57].
Radiosequencing studies suggests that most Aβ secreted from APP670NL starts at Asp +1 but
wild type APP is more ragged and can also begin at Val-3, Ile-6 and Glu+11 [58]. By using
inhibitors, it was proved that only cleavages at Asp +1 and Glu+11 were generated by
BACE-1 and unidentified alternative pathways were responsible for generating Val-3 and
Ile-6 [46]. More careful peptide based analysis of target sequence specificity using purified
BACE-1 has identified several specific rules for processing by this enzyme [54,59]. Based
on the nomenclature of Schlechter and Berger [60], four residues on either side of the
cleavage site (P4, P3, P2, P1 ⇓ P1’, P2’, P3’, P4’) of APP and other substrates were
analyzed and characterized (Table 1). The studies found that the requirements on the N-
terminal side were more stringent than the C-terminal (Table 1). Longer sequences on the N-
terminal side beyond P4 were also found to influence cleavage although these requirements
were not systematically examined. Based on the sequence specificity, the consensus
sequence identified — EIDLMVLDWHDR —had a kcat/Km almost 14-fold higher than the
APP670NL peptide and resulted in the development of an even more potent inhibitor of the
enzyme (OM00-3; E-L-D-L(hydroxyethylene isostere)-A-V-E-F) [59,61]. However, the
longer peptide substrate discovered in the screen (GLTNIKTEEISEISY-⇓ -EVEFRWKK)
displayed an almost 50-fold greater kcat/km, making it an even more effective substrate and
suggested the presence of an even larger catalytic pocket in BACE-1 for substrate
interaction, consistent with the higher affinity for longer APP substrates [54]. Replacement
of the natural cleavage site of APP with ISYEV results in a very large increase in the levels
of CTFβ and Aβ at the expense of CTFα [54].

Structure of BACE-1
BACE-1 is a type-I integral membrane glycoprotein with a 21-residue cleavable signal
sequence, a large ectodomain of ~434 aa, a single transmembrane domain of ~22 aa and a
short cytoplasmic tail of 24 residues based on predictions using PSORT (www.psort.org)
and Sig-Phred (www.bioinformatics.leeds.ac.uk/prot_analysis/Signal.html) (Figure 2).
However, the prediction of the transmembrane domains from the primary sequence analysis
is not very precise as palmitate residues, which also bind the sequence to the membrane,
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modify C-terminal cysteine residues in the cytoplasmic domain and can act as additional
membrane anchors. A signal for intracellular transport motif, mapped to the C-terminal
region of BACE-1 is the DDISLL sequence, also termed the acid cluster dileucine (ACDL)
sequence, was found to interact with GGA proteins and facilitate intracellular transport and
recycling [62,63]. BACE-1 is a compact globular protein, which is formed by two domains:
1) residues 47–146; and 2) residues 146–385 [64]. The active site contains the two
conserved aspartic acid residues, Asp32 and Asp228 within conserved motifs of eukaryotic
aspartic proteinases. The residues responsible for catalytic activity are completely encoded
within the ectodomain, and the molecule resembles cathepsin D with a membrane anchor
[64]. In addition to the substrate-binding site, BACE-1 also contains an exosite that was
mapped using bacteriophage display libraries [65]. According to crystal structures of
BACE-1, the catalytic region is loctated between the N- and C-terminal lobes, within the
substrate binding site in the cleft [64,66,67]. Crystal structures of BACE-1/inhibitor
complexes have served to further elucidate subsite positions in the protease. When
comparing the structures of other mammalian aspartyl proteases, BACE-1 seems to have an
extra loop, which could facilitate the addition of more subsites and increase the size of the
target recognition site. There are currently eleven such sites on BACE-1 that recognize the
sequence from P7 through P4’ as discussed further above (BACE-1 substrate specificity
subsection) [59]. Using the OM99-2 inhibitor, the structure of the BACE-1 catalytic unit
was revealed along with the features of the active site, including eight subsites that bind the
eight substrate-like residues on OM99-2 (P4 to P4’ as described under substrate specificity)
[67]. Subsites S5 through S7 that bound the substrate were then mapped using a larger P10-
P4’StatVal inhibitor [47], which extends the structure of OM99-2. These three new subsites,
P7 through P5 [68] are found in the active site cleft in a region that extends from the
previous eight residues (aa 158–167) in an insertion helix [64]. This region is thought to be
unique for BACE-1, as it is not seen in the structure of other aspartyl proteases and creates
the extendend substrate requirement for BACE-1. The side chains for P7 through P5 have a
preference for hydrophobic residues, particularly tryptophan [68]. The impact on cellular
activity of these subsites has not been fully characterized by mutagenesis of the enzyme and
the substrate.

Processing of BACE-1
The BACE-1 cDNA encodes a longer pre-pro-enzyme with an open reading frame of 501
amino acids. The BACE-1 protein has a co-translationally cleaved signal peptide of 21
amino acids followed by a short pro-domain (22–45 aa), a large luminal catalytic domain
(residues 46–451) a single transmembrane domain (residues 452–483) and a short
cytoplasmic domain (residues 484–501) [47]. ProBACE-1 does not spontaneously convert to
mature BACE-1 like some aspartic protease zymogens, but requires other proteases to
eliminate the pro-peptide. Contrary to expectation, prevention of proBACE maturation does
not inhibit its activity in vivo [69]. However, in vitro studies reveal that the recombinant
proBACE-1 activity increased when a portion of its prodomain is removed by clostripain
cleavage, and there was a three-fold increase in BACE-1 activity upon complete prodomain
removal after cleavage at E46, indicating that maturation may regulate its optimal activity
[70]. Thus, the enzymes that process proBACE-1 may be useful therapeutic targets and aid
in understanding how BACE-1 activity is regulated through maturation. The cleavage site
shows a typical proprotein convertase substrate motif, RLPR. There are seven known
proprotein convertases — furin, PC1/3, PC2, PACE4, PC4, PC5/6 and PC7 — of which
furin, PACE4, PC5/6 and PC7 are most widely expressed in the constitutive secretory
pathway [71,72]. Our studies with RPE40, a furin-deficient cell line, showed that there was
reduced maturation of proBACE-1; thus, any of the other proprotein convertase activities in
the constitutive secretory pathway can effect BACE-1 maturation providing redundancy in
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this pathway [73]. More recent studies reveal that PS1 binds proBACE and may modulate its
maturation process [74,75].

Post-translational modifications
Several post-translational modifications have been reported on BACE-1, including
phosphorylation of a serine in the cytoplasmic domain [76], palmitoylation of three
cysteines in the transmembrane/cytoplasmic domain, sulfation of the N-linked
oligosaccharides [77] and inclusion of four glycosylation sites in the catalytic domain [78].

Glycosylation is a well-known player in protein trafficking, folding and stabilization. Our
unpublished studies have shown that lack of N-glycosylation can reduce Aβ and sAPPβ.
BACE-1 has been found to have four potential glycosylation sites: N153, N172, N223, and
N354 [78,79]. Three of these sites are modified in the endoplasmic reticulum and
subsequently processed in the Golgi stacks, thus leading to the formation of mature BACE-1
[78–80]. The significance of these four sites and their proximity to the active site is of great
interest [78], especially with the knowledge that these types of modifications can alter
protein folding and possibly prevent proteolytic attack [81]. These residues impact the
proteolytic activity of BACE-1 in CHO cell lines [82], are essential to the maintenance of an
active conformation of this protein, and therefore ensure its optimal activity and substrate
interactions [82]. However, unmodified recombinant BACE-1 was found to be fully active
and substrate specific, indicating that these modifications are not needed for the enzyme to
function [43,59,70] although the activity may not be optimum.

BACE-1 undergoes homodimerization in vivo and the purified native BACE-1 dimer shows
a higher affinity towards APP and a higher catalytic turnover rate than monomeric soluble
BACE-1. Hence, it is thought that dimerization of BACE-1 facilitates binding and cleavage
of physiological substrates in vivo [83].

Palmitoylation of BACE was shown to regulate its recruitment into the cholesterol-rich rafts
[77]. However, studies with cerulenin, an inhibitor of fatty acid synthase that inhibits
palmitoylation, showed that the association of BACE-1 with APP was not hindered [84].
However, inhibiting palmitoylation by cerlenin and farnesylation by the Cys-Val-Phe-Met
peptide prevented the dimerization of BACE-1 signifying the complexity of the process and
its relationship to lipid modification [84,85]. It was also shown that ectodomain shedding of
BACE-1 could be facilitated by loss of palmitoylation [77]. It was suggested that the
shedding might be important in the turnover of BACE-1 and therefore might modulate the
production of Aβ; direct evidence for this type of regulation remains to be presented.

Isoprenoids such as geranylgeranyl pyrophosphate (GGPP) and farnesyl pyrophosphate can
be post-translationally linked to proteins and has been shown to affect Aβ production
[86,87]. Previous studies have shown that isoprenoids regulate BACE-1, which may explain
the Aβ-lowering effects of statins [86]. However, we have shown that isoprenoids such as
GGPP stimulate gamma secretase activity, which may also explain at least part of their Aβ-
lowering properties [87]. Although we were unable to detect prenylation sequence motifs on
BACE-1, BACE-1-associated proteins such as BRI3 are known to be farsenylated. Several
studies have shown that cholesterol increases Aβ by increasing BACE-1 cleavage, but the
mechanisms involved, including the role of isoprenoids is not understood [88,89].

Another process involved in the maturation of BACE-1 involves disulphide bond formation
within the catalytic domain between Cys 216/Cys420, Cys278/Cys443, Cys330/Cys380.
When these disulphide bonds were abolished by replacement of Cys residues by
mutagenesis, BACE-1 maturation was impaired. Moreover, the Cys330/Cys380 residues
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that were conserved amongst the family members were found to be crucial for the activity of
the enzyme [90].

Regulation of BACE-1
BACE-1 has a tissue-specific expression pattern with mRNA preferentially detected in
neuronal cells and the pancreas [45]. Mutations in the BACE-1 gene have not been
identified in FAD cases, but increased BACE-1 activity has been reported in some patients
with FAD [91] and some increase in BACE-1 mRNA levels was also reported in the cortex
of sporadic AD patients [92,93]. It is possible that BACE-1 gene expression is regulated at
the level of transcription or translation, which could contribute to increased Aβ levels in
sporadic AD cases. However, the evidence for increased Aβ production in sporadic AD in
the cerebral spinal fluid is weak, although one cannot rule out possible increases in
production in specific regions. We have previously cloned and characterized a 4129 bp
BACE-1 promoter, including the majority of the 5’UTR [94–96].

The proximal BACE-1 promoter region does not include TATA or CATA boxes and has a
high GC content unlike the typical eukaryotic promoter. The BACE-1 5’UTR consists of
457 bp and is reported to contain negative regulatory elements to attenuate promoter
activity. In addition, there are three upstream initiation codons in the 5’ UTR region with the
fourth codon being responsible for translation. The rest of the AUGs are skipped due to
leaky ribosomal scanning. Hence, it is thought that leaky scanning in the 5’UTR and
reinitiation at the 4th AUG were responsible for the low level of expression of BACE-1
under normal conditions [34].

For this report, we carried out a fresh analysis of the BACE-1 promoter using MatInspector
(www.genomatix.de). Sequence analysis of the BACE-1 promoter region and 5’ UTR
revealed the presence of multiple potential transcription factor binding sites as reported
previously [94–96]. This review focuses on only two regions: the 5’ UTR and the 5’
flanking promoter to residue −1053. This region includes domains that were previously
described as the neutral region IV, and the active regions V and VI, and includes a number
of transcription factors [94–96] (Table 2). The most important factors for expression that
have been identified are SP1 and YY1. Gel shift assay revealed the presence of a SP1
response element with the binding sequence centered at −908. It was also shown that
overexpression of SP1 facilitates BACE-1 gene expression leading to an increase in Aβ
biogenesis [97]. SP1 was found to play a central role in the control of BACE-1 gene
expression, both in neuronal and nonneuronal cells (Table 2). Furthermore, it was also
reported that the transcription factor YY1 could activate the BACE-1 promoter. However,
YY1 is not expressed in most neurons and may be involved in promoting BACE-1
expression in reactive astrocytes [98]. Studies suggest that NF-kB acts as a repressor for
BACE-1 transcription in differentiated neuronal cultures and nonactivated glial cultures, but
as an activator for BACE-1 in activated astrocytic and Aβ-exposed neuronal cultures
[95,99].

There is evidence to support the idea that non-steroidal anti-inflammatory drugs (NSAIDs)
decrease the risk of AD. Peroxisome proliferator–activated receptor-gamma (PPARγ), a
nuclear transcriptional regulator, can be activated by certain NSAIDs. It was shown that
depletion of PPARγ resulted in an increase in the levels of the BACE-1 promoter, wherein
mutation at PPRE increased the promoter activity [100]. Peptidylprolyl isomerase
(cyclophilin) - like 2 (PPIL2), a U box-containing gene is a member of the cyclophilin
family with poorly defined function. It was demonstrated that BACE-1 mRNA levels were
affected by the expression of PPIL2 (i.e., knocking down PPIL2 knocked down BACE-1
mRNA) and over expression of PPIL2 increased BACE-1 mRNA synthesis. It was also
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found that PPIL2 co-immunoprecipitates with CD147 and is thought to act as a chaperone
for proteins expressed at the cell surface [101]. It was shown that CD147 is a component of
the γ secretase complex, and hence the complex may modulate BACE-1 expression [102].

Oxidative stress induced by hydrogen peroxide appears to increase the promoter activity of
BACE-1, which can readily predict a higher level of BACE-1 activity in the brain of the
elderly [103]. It was also observed that hydrogen peroxide treatment facilitated BACE-1
activity and Aβ generation [103]. Palmitic acid caused an up-regulation of BACE-1
expression in cortical neurons [104]. 4-Hydroxynonenal, an aldehyde product of lipid
peroxidation was found to up-regulate BACE-1 expression as well [105]. BACE-1
expression was increased in cells stimulated with the M1/M3-selective muscarinic ACh
receptor agonist talsaclidine. Protein kinase C activation by phorbol esters led to up
regulation of BACE-1 [106]. The lipid second messenger ceramide was found to regulate
several biochemical events as well. Ceramide levels were found to be highly elevated in the
AD brain [107]. Pulse chase and time course degradation experiments showed that ceramide
post-translationally stabilizes BACE-1, thus increasing the half-life of BACE-1 and thereby
promoting Aβ biogenesis [107].

Subcellular localization of BACE-1
There is evidence suggesting that BACE-1 is found in the endoplasmic reticulum, Golgi
network, cell surfaces, and endosomes [79,80]. BACE-1 is enriched in neuronal Golgi
membranes [108] and the phosphorylation of a serine residue at the BACE-1 C-terminal
region may regulate its intracellular trafficking [76]. After synthesis, BACE-1 is transported
to the cell surface via the endoplasmic reticulum and Golgi. When it is translocated into the
endoplasmic reticulum, four Asn residues are N-glycosylated and disulphide bonds are
formed between the Cys residues [78]. As the protein gets transported through the secretory
pathway, it is further glycosylated in the Golgi to the mature endoglycosidase-H-resistant
form [80]. The enzyme is then transported to the Golgi apparatus; by furin or furin-like
proteases remove the prodomain [77,109].

The mature enzyme is trafficked to the cell surface where it is internalized into early
endosomal compartments which can either recycle directly back to the cell surface, fuse
with the trans Golgi network or move to late endosomal/lysosomal compartments
[76,79,108]. There are two distinct signals within the cytoplasmic tail of BACE-1 that
regulate its subcellular trafficking. First, a dileucine motif (499/500) present in the
intracellular domain is thought to regulate trafficking as well as endocytosis [110]. BACE-1-
LL/AA mutations therefore also increase the protein levels of mature BACE-1 [110].
Second, the serine residue (S498) modulates the recycling from the early endosome via the
late endosome and/or trans Golgi network to cell surface, but does not significantly alter the
endocytic pathway per se [76]. BACE-1 appears to be localized at the Golgi when S498 is
phosphorylated, and at the endosome when it is not [76].

After synthesis, BACE-1 is transported to the cell surface via the endoplasmic reticulum and
Golgi. Membrane-associated APP and BACE-1 are both endocytosed where the BACE-1
cleavage of APP occurs. As the optimum pH of BACE-1 is 3.5–4.4, it is unlikely that the
enzyme is fully active in Endoplasmic Reticulum/Golgi where the pH is around 6–7. It is
possible that the majority of cleavage occurs in endosomes based on the observation of
bafilomycin A1 inhibition of BACE-1. Lysosomal and endosomal aberrations have been
reported in AD, and although subtle, these changes may result in large changes in BACE-1
processing of APP leading to increases in amyloid overproduction and deposition [110].
Nevertheless, recent studies using dominant negative dynamin to inhibit endocytosis where
Aβ production is increased, suggests that some BACE-1 cleavage occurs at the cell surface
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[111]. However, this study cannot rule out the possibility that CTFβ is generated
intracellularly and cleaved by γ-secretase to Aβ when the CTFβ generated intracellularly is
retained on the surface.

It is important to note that despite having mutually exclusive cleavage sites, α-secretase and
β-secretase normally do not compete with each other, as shown by the lack of increase in Aβ
upon inhibition of α-secretase. However, increase in APP expression results in increased Aβ
yields in most cultured cells indicating that BACE-1 activity is not limiting. Thus, BACE-1
must be highly concentrated in an active form in a specialized subcellular compartment,
which has not yet been identified [112].

Even before the discovery of BACE-1, we found that glycosylphosphatidylinositol (GPI)-
anchored proteins facilitate wild type APP processing by β-secretase [113]. We proposed
that GPI-anchored proteins comprise a small group of membrane proteins that play an
important role in β-secretase activity and Aβ secretion, but not in α-secretase activity [113].
Removal of these proteins by phosphatidylinositol-specific phospholipase C (PI-PLC)
treatment lowered Aβ and sAPPβ, without affecting sAPPα levels [114]. Analysis of
BACE-1 shows that it is not GPI anchored, so GPI-anchored proteins are likely to be
regulators of the pathway rather than its effectors. One of the possible explanations is that
BACE-1 is localized in lipid rafts, which are enriched in GPI-anchored proteins [114]. Lipid
rafts are cholesterol-enriched membrane microdomains implicated in signal transduction,
protein trafficking and proteolytic processing and may lead to regulation of activity by
several mechanisms. The GPI-anchored proteins may drive the localization of BACE-1 to
lipid rafts and also facilitate its binding to the APP substrate. Consistent with this
hypothesis, the recombinant BACE-1 ectodomain is rapidly taken up from the medium by
using APP as a receptor. This uptake is dependent on the presence of GPI-anchored proteins
[115].

BACE-1 binding partners
A number of properties of BACE-1 are very enigmatic, including its potential localization in
lipid rafts and its high in vivo activity and compartmentalization [112,114,116]. These
enigmatic properties are best explained by the binding of BACE-1 to other partner proteins
that modulate its localization and activity. A representative group of these proteins is listed
below (see Figure 4), but do not fully explain the phenomena, suggesting that other proteins
may also be involved. However, at least four proteins in lipid rafts were reported to interact
with BACE-1 – prion protein (PrP), reticulon (RTN), caveolin and flotillin. In addition,
extensive screens have identified other BACE-1-binding proteins although their relevance
and functions remain to be determined. Two significant proteins worth mentioning are
Sortillin related receptor (SORL1) and BRI due to their linkage to amyloidosis and AD
[117,118]. The roles of these proteins are enumerated below.

Prion Protein (PrP): The prion protein is a causative agent of the transmissible spongiform
encephalopathies that include Creutzfeldt–Jakob disease, Gerstmann-Scheinker-Straussler
disease, bovine spongiform encephalopathy in cattle, and scrapie in sheep [119]. The role of
PrP is not yet fully known, though evidence has shown its involvement in metal ion
homeostasis, neuroprotection, and oxidative stress [120,121]. There has long been a debate
about the implication of PrP in AD and a Val/Met-129 polymorphism has been found to be a
risk factor for typical late onset AD [122,123]. Interestingly, as a GPI-anchored protein, PrP
is localized to lipid rafts. PrP was found to inhibit β-secretase processing of APP, possibly
through lipid raft localization of all three components. However, the mechanisms of
inhibition remain to be revealed, as PrP does not appear to directly inhibit the enzyme
activity of BACE-1 [124].
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Flotillin-1 and Caveolin-1: Lipid rafts have been known to play a crucial role in Aβ
biogenesis. Cholesterol is a main component of lipid rafts that has been implicated in the
regulation of APP processing, so the finding of APP, Aβ and the Presenilins in lipid rafts
was significant. Lipid raft proteins such as Caveolin (CAV) and Flotillin (FLOT-1) have
also been implicated in APP processing. FLOT-1 was found to bind BACE-1, and the
overexpression of CAV-1 or FLOT-1 resulted in the recruitment of BACE-1 to lipid rafts
[125].

Reticulon 4 (Nogo; RTN4): The reticulon family of proteins has four members: RTN1,
RTN2, RTN3 and RTN4 (also known as Nogo). RTN4 is well known for its role in
inhibiting neuritic outgrowth after injury. He and colleagues showed that the reticulon
proteins are binding partners of BACE-1. They also suggested a role for them as negative
regulators of BACE-1, probably by blocking the access of BACE-1 to APP [126].

SORL1: SORL1 or is member of the vacuolar protein sorting 10 protein (Vps10p) receptors,
which interacts with BACE-1 in the Golgi, directly inhibiting the BACE–APP complex and
activity [127]. Mice lacking SORL1 show accelerated amyloidosis highlighting its
importance in the disease [128]. Most prominently, SORL1 levels are reduced in the AD
brain, which may facilitate amyloid deposition; polymorphisms in the gene are linked to AD
[117,129]. Thus SORL1 appears to play a role in AD pathogenesis by modulating BACE-1
activity.

Brain specific type II membrane bound protein (BRI3), Ran-binding protein (RanBPM),
protein disulfide isomerase family A, member 3 (Erp60, PDIA3), KH–type splicing
regulatory protein, Na/K ATPase Beta subunit (UMP-CMP kinase), Prosaposin (PSAP): A
yeast two-hybrid screen with a human cDNA library and cytosolic tail of BACE-1 as bait
has identified several proteins such as BRI3, (RanBPM, KH–type splicing regulatory
protein, Na/K ATPase Beta subunit (UMP-CMP kinase), ERp60 (PD1A3) and Prosaposin
(PSAP) [130] as possible partners. Co-localization and co-immunoprecipitation studies
confirmed that BACE-1 and BR13 co-localized and interacted with each other via the
cytoplasmic tail of BACE-1. BRI3 assumes specific significance as mutations in this protein
lead to deposition of familial British dementia amyloid – ABRI [118]. ABRI is a small
peptide synthesized as an abberant extension from a faulty stop codon and released by furin
cleavage that forms an extracellular amyloid deposit similar to Alzheimer’s Aβ and also
induces deposition of tau as neurofibrillary tangles [131].

ADP ribosylation factor (GGA): GGA proteins are thought to be important sorting adaptors.
GGA1, GGA2 and GGA3 are the known GGA proteins in humans. The GGA binds to the
ACDL motif containing membrane proteins and recruits it to coated vesicles on the Golgi
membrane [132]. BACE-1 can undergo phosphorylation at S498 in cell culture, but the
physiological significance is unclear [76]. However, BACE-1 interaction was found to be
sensitive to BACE-1 phosphorylation and occurs in the trans Golgi network [133,134].
Moreover, depletion of GGA proteins with RNA interference or mutation at S498 to prevent
phosphorylation results in accumulation of BACE-1 in early endosomes. These observations
suggest that GGA1 binds phosphorylated BACE-1 and regulates its recycling to the cell
surface via the trans Golgi network [62].

Nicastrin and Presenilins: PS1, PS2, and Nicastrin are important γ secretase components,
which cleave the APP-CTFs inside the membrane. Nicastrin binds BACE-1 and increases its
activity as demonstrated by an increase in levels of sAPPβ in transfected cells [135]. In
addition, PS1 binds the immature proBACE-1 as demonstrated by co-immunoprecipitation,
suggesting that PS1 may regulate its maturation [136]. The role of Nicastrin in the PS1-
BACE interactions remains unclear, but unlike Nicastrin, PS1 binds proBACE rather than
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mature BACE [137]. The complex regulation of BACE-1 by γ-secretase components and its
implications in coordinating the two activities need to be examined in greater detail.

Copper chaperone for superoxide dismutase-1 (CCS): Copper metabolism has been
implicated in AD, as both APP and Aβ bind copper [138,139]. Interestingly, BACE-1
interacts with CCS and may therefore modulate the Aβ-Cu interaction [140]. It was also
shown that BACE-1 and soluble CCS are co-transported through axons in primary cortical
neurons. Copper chaperones have been found in yeast, nematode, bacterial and human
genomes [141,142]. Since BACE-1 is not found in these primitive organisms, the
physiological relevance of this protein is unclear. Moreover, the effects of this interaction on
BACE-1 activity need to be clarified.

Phospholipid scramblase 1 (PLSCR1): With a yeast two-hybrid screening method, it was
found that the cytoplasmic domain of PLSCR1, a type II integral membrane protein,
interacts with the cytoplasmic domain of BACE-1 [143]. It was reported that PLSCR1 was a
component of the lipid microdomain, along with BACE-1 and APP in SH-SY5Y cells [143].
It was thought that PLSCR1 might alter the local composition or topology of plasma
membrane phospholipids, which could influence the process of endocytosis of BACE-1.

Heparan sulphate: Glycosaminoglycan chains attached to core proteins, forming heparin
sulphate proteoglycans, and heparin, are known to regulate the activity of many proteases
[144,145]. It was shown that heparin promoted the BACE-1 cleavage of APP in cell culture
[146]. Low concentrations of heparin promoted BACE-1 activity, whereas it was inhibited
by high concentrations by mechanisms that have not yet been characterized [147].

Adaptor protein - X11: The X11 adaptor proteins α and β are well-known modulators of
APP processing and accumulation of Aβ, making them potential therapeutic targets for
Alzheimer's disease [148]. The PDZ2 domain of X11α binds to CCS, the copper chaperone
for SOD1 and leads to the suppression of SOD1 activity, possibly due to failure of CCS to
deliver the copper required for SOD1 activity. The amino terminus of CCS has been
demonstrated to bind the cytoplasmic domain of BACE 1, thus making X11α a modulator of
BACE-1 activity [140,148].

Prostate apoptosis response-4 (PAR-4): PAR-4 is a leucine zipper protein that was
previously identified to be involved in neuronal degeneration and abnormal Aβ production
in models of AD. It was reported that the cytoplasmic domain of PAR-4 formed a complex
with the cytosolic tail of BACE-1 using co-immunoprecipitation assays and in vitro pull-
down experiments [149]. It was also shown that the BACE-1 cleavage of APP was increased
by over expression and decreased by inhibition of PAR-4.

BACE-1 targets
APP and its homologues — APLP1 and APLP2: The biological function of BACE-1 is not
fully known and based on its numerous partners, its regulation remains largely unexplored.
Weak affinity for wild-type APP and low yield of BACE-1 cleavage products suggest that
APP is not the primary endogenous substrate for BACE-1 [150]. Even the mammalian
homologs of APP, APLP1 and APLP2 do not appear to be the primary essential substrates
as a study using the MDCK cell line (a system used to study the polarized sorting
mechanisms of proteins) demonstrated that the majority of BACE-1 is sorted to the apical
surface in contrast to the basolateral sorting of APP [41,42,151]. Studies of APP and its
homologs in C. elegans and D. melanogaster, showed that it was essential for viability and
important for metabolism, respectively [152,153]. However, BACE-1 knockouts that fail to
generate Aβ are viable as are APP-knockout mice, providing support to the notion that
production of Aβ is not the primary function of BACE-1. In contrast mutations at the α-
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secretase cleavage site lead to progressive toxicity in mice demonstrating its fundamental
importance in the metabolism and function of APP [154]. Additionally, lower invertebrates
such as C. elegans and D. melanogaster process APP homologues by the α-secretase
pathway, but do not display BACE-1-like processing of at least the human APP substrate,
reinforcing the idea that BACE-1 function in evolution is related to other substrates [155].
Consistent with this idea, several BACE-1 substrates have been discovered, as discussed
below (Figure 2).

P-selectin glycoprotein ligand-1 (PSGL-1): BACE-1 knockout mice are viable, suggesting
that the relevant substrates could be processed by other activities in the cell. It is now clear
that BACE-1 is involved in the processing of immunologically important proteins via
PSGL-1 [156], which mediates leukocyte adhesion and trafficking. An evolutionary
perspective suggests that PSGL-1 proteins are highly conserved in mammals and may
therefore share function [157]. The role of BACE-1 cleavage in PSGL-1 functions needs to
be examined in greater detail.

Sialyltransferase (ST6Gal1): Sialyltransferase ST6Gal1 [156,158] is an enzyme that is active
after cleavage and found to be involved in glycosylation regulation of the immune response.
Involvement of BACE-1 in the cleavage of PSGL1 and ST6Gal1 suggests a possible
regulatory role of the protease in glycoconjugate metabolism. While PSGL-1 is a type I
integral membrane protein like APP and BACE-1, ST6Gal1 is a type II protein with a C-
terminal ectodomain, suggesting that proteins with either topology can be readily processed
by BACE-1. The functional consequence of this processing is not clear, but ST6Gal1
activity appears to be increased in vivo.

Low-density lipoprotein receptor (LDLR)-related protein (LRP): Another important
BACE-1 substrate is LRP, a multifunctional endocytic and signaling receptor that binds
apolipoprotein E –containing lipoproteins such as high density lipiprotein and very low
density lipoprotein. Studies using a FRET-based assay of protein proximity, fluorescence
lifetime imaging and co-immunoprecipitation techniques demonstrated that there is an
interaction of LRP with BACE-1 and that LRP is a BACE-1 substrate [133]. It is important
to remember that LRP ligand binding domains interact with APP that has the Kunitz
protease inhibitor domain. This is an important finding because it could lead to the discovery
of the function of peripheral APP, found specifically in platelets, that does harbor the Kunitz
protease inhibitor domain [159]. LRP, which is enriched in lipid rafts, may act as a scaffold
for APP and BACE-1; such interaction may enhance the BACE-1 cleavage of APP and
increase Aβ generation. LRP and APP independently interact via their C-terminal domains
and this interaction appears to affect the relative α-secretase and BACE-1 cleavage of APP
and Aβ yield in addition to competition as substrates [159].

The family of low-density lipoprotein (LDL) receptors is an ancient group of
multifunctional cell surface proteins that have been implicated in extracellular protein
endocytosis, cross-membrane signal transduction, and modulation of synaptic function.
These receptors have highly conserved proteins in many species including Aplysia, C.
elegans and D. melanogaster [160]. In annelids, the hemoglobin linker chain shares a 39-
residue cysteine rich module within the N-terminus that is similar to repeats in low-density
lipoprotein class A receptors in metazoans, Xenopus [161] and C. elegans [162]. A similar
module could have been incorporated. Due to sequence similarity, it is also likely that the
annelid linkers would exhibit the same disulfide connectivity as the LDL receptor proteins
[163]. Further up the evolutionary tree, we come to insects, which have lipophorins that are
responsible for lipid transport. Phylogenetic analysis of these proteins revealed that they
form a monophyletic group within the insects, with vertebrate receptors forming a sister
group in the same tree. Functionally, in insects, this group of proteins showed an increase
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after immune challenge, indicating that lipid metabolism may have been involved in the
immune response, as shown in Aedes aegypti [164], and could implicate this involvement in
higher organisms as well, creating a more integrative vision of the role of BACE-1 activity
in AD.

Sodium-gated channel – β subunit – (VGSCβ, SCN2B): Additional important substrates for
BACE-1 include VGSCβ and SCN2B [165]. SCN2B is cleaved by BACE-1 in a similar
manner as ST6Gal1 and PSGL-1, after a leucine residue, and is subsequently cleaved by γ
secretase. Voltage-gated sodium channels are the most abundant ion channel type, and are
responsible for the initiation and propagation of action potentials. The hypothesis that neural
activity is able to regulate the production of Aβ through β- and γ-secretase and that Aβ
depresses synaptic transmission and neuronal activity makes this relationship interesting
[165]. It will be interesting to follow the cell biology of this processing in neurons, as these
channels are preferentially located in the axonal hillock.

Neuregulin1 (NRG1): BACE-1 expression was detected at its highest levels in early
postnatal stages, when myelination occurs. The levels of BACE-1 then declined in the
second postnatal weeks, and reached low levels in later phases [166]. In addition, levels of
unprocessed NRG1 were higher in BACE-1 −/− mice than in wild type mice. Thus, these
studies showed that BACE-1 was required for myelination and correct bundling of neurons
by Schwann cells probably through processing of type III NRG1 [166,167]. However, a
recent study showed that pharmacological inhibition of BACE-1 in adult mice led to a
significant lowering of Aβ without any significant effect on brain NRG-1 processing [168].
Neuregulin is a member of the heregulins, a family of Epidermal growth factor (EGF)-like
growth and differentiation factors. All of the isoforms of this family were produced by
alternative splicing of a single gene [169]. A neuregulin homolog has been found in
Xenopus, and has been shown to have very close homology to mammalian neuregulin [170].
The only other sequences that have been studied are the mammalian sequences, so very little
is known about the evolution history beyond amphibians and invertebrates. It will be
interesting to determine the co-evolution of BACE-1 and NRG1 to determine whether a
functionally critical enzyme-substrate pair is maintained through phylogeny.

Interleukin-1 receptor II (IL-1R2): IL-1R2 functions as a decoy receptor, which limits the
effects of IL-1 in the brain, most of which can be detrimental possibly by stimulation of
inflammatory cascades. It has been demonstrated that increased secretion of IL-1R2 is
associated with the pathogenesis of AD, and that it can be cleaved by all three secretases of
the APP processing pathway [171,172]. There is still some controversy about the validity of
IL-1R2 as a substrate due to the similarity in the CTFs produced by α and β secretases.
There are over 80 Il-1 family members from various species. Within this family is the Il-1R/
Toll like (TLR) superfamily, which comprises a group of proteins vital to immunity in many
aspects, including host defense, allergic and non-allergic inflammation, injury and stress
[173]. The members of this group contain an ancient domain similar to that of Toll in D.
melanogaster (TIR domains) that transduces signals via similar pathways in invertebrates
and vertebrates [174]. TIRs have been found in species from plants to mammals; these have
differentiated functions, in that in invertebrates, function is centered around development
and immunity, while the function in vertebrates is for defense and inflammation [173]. This
divergence in function may be a clue to the separation of plant and animal kingdoms by the
regulation of immune response, and thus could lead to further elucidation of the regulation
of this response in disease as well [173]. A detailed analysis of this relationship is
particularly warranted by the inflammatory nature of neurodegeneration in AD, which may
be mediated by cytokines such as IL-1, but reflected in the deposition of Aβ.
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BACE-1 Inhibitors
Upon finding that BACE-1 knockouts appeared healthy and that the inhibition of BACE-1
reduced the levels of Aβ, searching for suitable BACE inhibitors started. Interestingly,
BACE-1 is resistant to a broad-spectrum aspartic protease inhibitor, pepstatin A [47]. In
addition, the HIV inhibitors as well as renin inhibitors failed to inhibit the enzyme [57]. This
led to the conclusion that the active site of the enzyme was different from other aspartyl
proteases. From the elucidation of the protein structure and activity assays, it is now possible
to know more about the catalytic as well as inhibitory mechanisms. Many different types of
assays were invented to tackle this problem; one of the more successful ones was a
fluorogenic assay where inhibitors for both BACE-1 and BACE-2 have been described
[175]. Peptidomimetic statin inhibitors were initially developed based on the sequence of the
Swedish mutation of APP. However, other inhibitors were developed based on the substrate
specificity of this enzyme, including its peripheral sites to probe its structure as described
earlier [65]. Some of these inhibitors are very effective in vitro and reduce secretion of Aβ in
cultured cells [176]. However, drug development has still been hindered by the lack of
inhibitors that can be successfully delivered to the brain. Nonetheless, , there is a very large
effort from pharmaceutical companies and academia to overcome this obstacle. The
development of BACE-1 inhibitors is indeed a very large topic, placing it beyond the scope
of this review (see [176]).

BACE-1 Function
Since BACE-1 is enriched in neurons and transported to axons [177], the potential role of
BACE-1 in axonal growth and brain development was investigated by examining BACE-1-
null mice. Significant reduction in myelin sheath thickness of both central and peripheral
nerves was found, and was correlated with a reduction in myelin proteins [167]. Further,
mice deficient in BACE-1 have altered hippocampal synaptic plasticity, decreased cognitive
performance [178] and reduced lifespan [55]. It has been suggested that high expression of
BACE-1 in neurons at birth could be linked to the onset of myelination by Schwann cells,
and depends on signaling from the accompanying axons. In particular, the type III isoform
of the epidermal growth factor-like protein, NRG1, is important during Schwann cell
development and myelination [179,180]. Interestingly, this function must be very tightly
regulated and independent of Aβ as overexpression of BACE-1 also causes
neurodegeneration despite reducing levels of Aβ [181].

Immunohistochemical analyses of brain sections revealed significant reductions in myelin in
BACE-1-null mice relative to wild type controls. Hypomyelination was easily discernible in
the hippocampus and cerebral cortex of BACE-1-null mice, whereas axonal development
appeared normal [167]. BACE-1 seemed to affect myelination from early stages of
development, hypomyelination being seen at postnatal day 15 and 30 in BACE-1-null mice
[167]. Thus, myelin sheaths are significantly thinner in the optic nerves of BACE-1-null
mice compared with littermate wild type controls. Sheath thickness was lower for axons of
all diameters, and a higher percentage of small myelinated axons were present in BACE-1-
null mice. These axonal changes were consistent with observations made for other
hypomyelinated mouse models [182]. Abnormal myelination may have neurological
consequences, including impaired motor and sensory functions. BACE-1-null mice show
decreased grip strength and have increased pain sensitivity as compared to controls [167].

In addition to the role of BACE-1 in myelination, there is also evidence regarding its
expression in platelets, where it might play a role in inflammation. BACE-1 expression has
indeed been found, along with APP in platelets, though its function in the periphery is not
clear [183].
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BACE-1: An evolutionary perspective
BACE-1 belongs to the class of eukaryotic aspartyl proteases. Phylogenetic relationships
among aspartyl proteases were used for the discovery of BACE-1 homologues as discussed
earlier. In this section, we attempt to understand the phylogenetic structure-function
relationship of these proteases. Aspartyl proteases are a large family of proteolytic enzymes
[184] that are known in vertebrates (pepsins, cathepsins, etc), fungi, plants, and retroviruses.
Eukaryotic aspartyl proteases are monomeric enzymes that consist of two domains
containing an active site on a catalytic aspartyl residue. The N-terminal active site of most
eukaryotic aspartyl proteases is characterized by the consensus motif DTGSSNLW. These
enzymes are synthesized as zymogens that are subsequently proteolytically processed [185].
It is thought that eukaryotic aspartyl proteases come from a common ancestor by gene
duplication and fusion. This hypothesis is supported by the structure of the enzymes, which
have two homologous lobes [186] and by the organization of vertebrate genes for aspartyl
proteases, which have two clusters of four exons [187]. The ancestral proteinases may have
been homodimers like those found in retroviruses [188].

The origin of metazoan genome complexity is thought to be correlated to gene duplication
events [189]. There is evidence to indicate that gene duplication is followed by a period of
positive selection [189]. According to the data shown, the evolution of aspartyl proteases
includes numerous gene duplication events, leading to the segregation of various groups of
paralogs. One hypothesis is that duplicated genes remain in the genome only if mutations
create new and critical protein function [190]. Increasing evidence indicates that the
persistence of duplicated genes can be found by sub-functionalization, a mechanism by
which each duplicate retains some ancestral function [191]. One way this can occur is by the
division of gene expression after gene duplication in the tissue-specific expression of the
daughter genes produced [189]. Comparisons of genes encoding aspartyl proteases from
organisms including yeast, fungi, nematodes, protozoa, plants and vertebrates shows that
though intron position varies throughout the protein family, the genes encoding the enzymes
share structural similarity [192]. The only group with no introns in the aspartyl protease
genes is yeast, which have small genomes and thus the aspartyl protease genes may have
developed by losing introns during evolution [193]. Unlike vertebrate aspartyl protease
genes with a 9-exon structure and conservation of the exon-intron boundaries, aspartyl
protease genes from other organisms have a variable number of exons suggesting that the
introns can be mobile and vulnerable to rapid rearrangements or deletions [194].

Analysis of the homologs of aspartyl proteases revealed that all six C. elegans aspartyl
proteases contain two pairs of conserved cysteine residues that may form intra-strand
disulfide bonds similar to those in mammalian cathepsins [195]. C. elegans aspartyl
proteases show no closer relationship to each other than to aspartyl proteases from other
organisms showing that this group of proteases diverged early in its evolution. The highest
sequence similarities were found in three invertebrate aspartyl proteases: a lysosomal
enzyme from Aedes aegpytii [196], Ancylostoma caninum anticoagulation protein [197] and
Schistosoma japonicum aspartyl protease [198]. Syntichaki and coworkers reported that two
C. elegans aspartyl proteases, asp3 and 4, nematode orthologues of Drosophila melanogaster
aspartyl proteases (DASPs), mediate neuronal necrotic cell death in C. elegans [199]. There
are also two D. melanogaster aspartyl proteases that show a 24 % homology to BACE-1:
DASP1 and 2 [200]

Some exon-intron boundaries are shared between lineages. Specifically, correlations have
been shown between vertebrates and non-parasitic nematodes and between apicomplexans
and parasitic nematodes [194]. There have been reports of ancient intron positions in the
plant and vertebrate genes [201] and in the duplicated glyceraldehyde-3-phosphate
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dehydrogenase genes [202]. Finally, the divergent exon-intron structure in aspartyl proteases
from different groups of organisms suggests a process of gene evolution involving intron
insertion [203], intron loss [204] and intron drift [205]. Though the proportion of these
events is unknown, the existence of identified ancient intron positions does not support an
extreme model that the origin and evolution of all aspartyl protease introns is relatively
recent [194]. The finding of introns conserved between aspartyl proteases from nematodes
and apicomplexans extends the idea of similarly positioned introns in more divergent
organisms, suggesting an extremely early divergence time [206].

Evolution and function
As one of the crucial aspartyl proteases involved in AD, much attention has focused on the
molecular function and pathological significance of BACE-1. Mice lacking BACE-1 display
developmental defects that lead to hypomyelination [166,167]. Further, it has been proposed
that BACE-1 is needed for neuregulin processing and therefore its loss leads to
hypomyelination [180]. However, recent studies suggest that BACE-1 inhibitors do not
block neuregulin maturation in the brain [168]. Understanding the phylogenetic history of
BACE-1 and neuregulin and other BACE-1 substrates can shed light on their functional
conservation. Although the evolution of aspartyl proteases has been studied in detail in
many disparate species and the conserved sequences within this family of proteases were
used to identify BACE-1, the phylogenetic relationships of BACE-1 remain poorly
described.

In our analysis of BACE-1 phylogeny (Figure 5), using an array of organisms including
urochordates, insects, nematodes, fish, amphibians and mammals, we see that the sequences
of the vertebrates are closely clustered to humans while D. melanogaster is the farthest
removed. Even within the vertebrates, there is a considerable divergence in the BACE-1
sequence suggesting that it has limited functional specialization allowing it to rapidly
evolve. For example, human APP is 87% similar to Xenopus APP whereas human BACE-1
is only 75% conserved. The Ciona intestinalis and Strongylocentrotus purpuratus BACE-1
homologues lie between insects and vertebrates, suggesting that they could be the ancestral
sequences for mammals. Also, BACE-1 is clearly separate from BACE-2, which is likely
the result of gene duplication events early in evolution. This phylogenetic pattern of
BACE-1 fits the predicted evolutionary sequence of these organisms. Taking a
representative substrate, we find that BACE-1 evolved prior to neuregulin, which is only
seen in the vertebrate lineage along with other key myelin markers such as the proteolipid
protein (PLP). Taking APP as a substrate, it has been reported that D. melanogaster cells are
incapable of processing APP by the BACE-1 pathway despite the existence of structural
homologues of the latter. This finding supports a conclusion that APP is not a functionally
relevant substrate of BACE-1, at least early in the phylogenetic sequence. This hypothesis is
supported by the observaton that BACE-1 is transported to the apical surface whereas APP
is preferentially transported towards the basolateral plasma membrane in a polarized cell
line [42].

Conclusion
BACE-1 is a novel integral membrane aspartyl protease responsible for the generation of Aβ
in the brain and is therefore a key target for treatment of AD. While inhibitors against
BACE-1 are being developed, the regulation and function of this enzyme needs to be
thoroughly established. Some deficiencies in myelination have been discovered in the
absence of BACE-1, which might be important in early development. However, a major
question remains whether BACE-1 function remains essential in adults. We have presented a
preliminary version of the BACE-1 phylogenetic tree and propose that a more thorough
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examination of the co-evolution of substrates and protein partners will provide important
new insights into the critical functional aspects these molecules as they impact normal and
pathophysiological states. An important observation is that both deletion of BACE-1 as well
as BACE-1 overexpression leads to dysfunction in the nervous system. BACE-1 knockout
results in loss of myelin and overexpression causes neurodegeneration. However, the
increase in neurodegeneration is accompanied by a paradoxical reduction in Aβ levels.
BACE-1 structure has been probed at the X-ray crystallography level, but the relationships
of the BACE-1 complex with other partner proteins and the effects of post-translational
modifications remain to be examined in detail. Providing a detailed evolutionary timeline for
BACE-1 and its interacting partners and substrates could provide a clear picture of the
original functions and mechanisms for these proteins and genes, and how they came to be
involved in the pathogenesis and progression of AD. These studies will increase our detailed
understanding of the role of BACE-1 in AD pathogenesis enabling discovery of drugs and
other therapeutic strategies to regulate its activity for the benefit of future AD patients.

Abbreviations

Aβ40/42 40 or 42-residue amyloid peptide

ACDL acid cluster dileucine

AD Alzheimer’s disease

AICD Aβ protein precursor intracellular domain

APP Aβ protein precursor

APLP APP-like protein

Asp Aspartyl protease

BACE-1 β-secretase

BACE-2 BACE-1 homologue

bp base pair

BRI Brain specific type II membrane bound protein

CAV Caveolin

CCS copper chaperone for superoxide dismutase-1

CD147 Cluster of differentiation 147

CTF Carboxy-terminal fragment

DASP Drosophila aspartyl protease

EGF Epidermal growth factor

FAD familial Alzheimer’s disease

FLOT flotillin

FPP Farnesyl pyrophosphate

GGPP Geranylgeranyl pyrophosphate

GGA ADP ribosylation factor

GPI glycosylphosphatidylinositol

IL-1R2 interleukin-1 receptor II

LDL Low density lipoprotein
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LDLR Low density lipoprotein receptor

LRP low-density lipoprotein receptor-related protein

MDCK Madin Darby Canine Kidney

NF-kB nuclear factor-kappa B

NSAID non-steroidal anti-inflammatory drugs

P3 3 kDa protein generated by α- and γ-secretase processing of APP

PAR-4 prostate apoptosis response-4

PI-PLC phosphatidylinositol-specific phospholipase C

PLSCR1 phospholipid scramblase 1

PPARγ peroxisome proliferator–activated receptor-gamma

PPIL2 peptidylprolyl isomerase (cyclophilin)-like 2

PPRE Peroxisome proliferator-activated receptor response element

PrP prion protein

PS presenilin

PSAP prosaposin

PSGL P-selectin glycoprotein ligand-1

RanBPM Ran-binding protein

RTN reticulon

sAPP secreted APP

SOD1 superoxide dismutase 1

SORL1 sortilin-related receptor

SP1 specificity protein 1

ST6Gal1 sialyltransferase

YY1 Yin Yang1
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Figure 1. Schematic showing the cleavage sites and products of the APP processing pathway
Full length APP is a type 1 integral-membrane protein. It has two processing pathways:
Minor amyloidogenic (10%) and major nonamyloidogenic (90%). In the amyloidogenic
pathway, β-secretase (BACE-1) cleaves the luminal domain of APP at the start of Aβ,
releasing sAPPβ and CTFβ. CTFβ of 99 residues is cleaved by γ secretase to release
Aβ40/42 and CTFγ of 50 residues. In the nonamyloidogenic pathway, α-secretase cleaves
APP to release sAPPα and CTFα of 83 residues. CTFα is further cleaved by γ secretase to
release P3 of 24/26 residues and CTFγ of 50 residues. The Swedish (Swe) APP670NL mutant
of APP substitutes “KM” from wild type (wt) on the N-terminal side of Aβ with “NL” and is
a better substrate for BACE-1 and yields higher levels of sAPPβ, CTFβ and both Aβ42 and
Aβ40.
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Figure 2. Protein sequence of BACE-1 illustrates some of its key structural elements
The italicized leader sequences represent the cleaved signal peptide followed by the furin-
cleaved pro-domain. The bold, underlined fragments in hexagonal boxes indicate the 2
active sites of BACE-1 conserved in all aspartyl proteases. The limits of the transmembrane
domain are shown as bold, italicized, and underlined sequences near the C-terminal end and
the core 17 residues are shaded and boxed. The cytoplasmic tail that follows are shaded and
the boxed DDISLL sequence is the ACDL motif that is important in endocytosis of
BACE-1. The Cys residues in the cytoplasmic domain are marked with an “*” to indicate
that they are palmitoylated.
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Figure 3.
Representation of the interaction partners of BACE-1 and their most significant gene
ontology molecular function terms: These terms were deciphered using Bioconductor and
the R Project (http://r-project.org).
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Figure 4.
Representation of the substrates of BACE-1 and their most significant gene ontology
molecular function terms: These terms were deciphered using Bioconductor and the R
Project (http://r-project.org).
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Figure 5. Phylogenetic analysis of BACE-1
The dendrogram shows the ortholog sequences found in an array of organisms dating back
to early Deuterostomes. As apparent, these sequences are related to the mammalian form of
BACE-1. BACE-2 separates early into its own separate branch.
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Table-1

Substrate Specificity of BACE-1.

P4

N-term

E > Q > D > N > M > G > L = T = H = P > R > V = W > F > A = S > I > Y <K>

P3: I > V > L > E > H > M = A = T = P > K > S > F > D > Q > G = Y <W N R>

P2: D > N > M > F > Y = L > S = E > A > Q > K > G <W I V T H R P>

P1: L > F > M > Y >>> T > S > D > G > N > H > A <W Q I V E R K P>

Cleavage site

P1’:

C-term

M > E > Q > A > D > S >>> Y > L > T > V > I > F > R > K > G > N > W <P H>

P2’: V > I > A > E > F > L > T > M > Y > S >> G > Q > N = D = W = K <H R P>

P3’: L > V > W > I > T > D > E > F > Y > M > R > K > A > G > S > Q > N > H > P

P4’: D > E > W > F = Y = M > V > L > I > T > A > Q > G = S >> R > H > K > N <P>

P4, P3, P2 and P1 and P1', P2', P3', P4' refer to the residues on the N-terminal side and the C-terminal side of the BACE-1 cleavage site,
respectively. The substrates are listed in the order of preference from highest activity to no activity. Schlechter and Berger established this
nomenclature for substrate specificity analysis of endoproteases [60]. Note that the residues on the N-terminal side are more critical for activity.
Moreover, additional residues on the N-terminus are required for optimal activity of BACE-1 due to its large catalytic pocket (Not shown)
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Table-2

Selected Transcription factor binding sites on the BACE-1 promoter (Range −1053 to 493).

Factor Description Position (−1053 to 493)

ALS Acid-Labile Subunit 64

AP–2 AP2 and related proteins −58, 94, 173, 305

AP-3 AP3 and related proteins −858

AP–4 AP4 and related proteins 33

ApoAI RP–1 Apolipoprotein AI −774, 86

bHLH Basic helix–loop–helix −202, 247

CLS Cardiolipin synthase −433

GATA GATA binding factors −867, −847, −846, −644, −713, −
277

GC box GC box binding protein 98, 155, 161, 194

HSF–1/2 Heat Shock Factor 1 and 2 −919, −918, −404

IL-6 REBP Interleukin 6 −1043, −852, −504, −395

IRF-1 Interferon regulatory factors −319

IRF-3 Interferon 3 regulatory factors −913

MZF1 Myeloid zinc finger 1 factors −2

NF-1 Nuclear factor 1 −857, −687, −686, −598, −544,
177, 57

NF-κB Nuclear factor kappa B/c-rel −921, −342

ONSF ON sheath fenestration 13

SF1 Vertebrate steroidogenic factor −634

Smad3 Vertebrate SMAD family of transcription factors −986, −686, −204, −176, −118

SP1 GC-Box factors SP1/GC −169. −152, 4, 8, 106, 138, 147,
157, 162, 229

STAT6 Signal transducer and activator of transcription −931

YY1 Yin Yang −447

Zeste Drosophila sequence-specific DNA-binding
protein

−968, −733, −436, −407
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