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Abstract. The identification of the aspartic protease
BACEL (B-secretase) was a defining event in research
aimed at understanding the molecular mechanisms
that underlie Alzheimer’s disease (AD) pathogenesis.
This is because BACEI catalyses the rate limiting step
in the production of amyloid-f (Af) the principal
component of plaque pathology in AD, the excessive
production of which is believed to be a primary cause
of neurodegeneration, and cognitive dysfunction in

AD. Subsequent discoveries showed that genetic
deletion of BACE1 completely abolishes Af produc-
tion and deposition in vivo, and that BACE1 activity is
significantly increased in AD brain. In this review we
present current knowledge on BACEI, discussing its
structure, function and complex regulation with a view
to understanding BACE1 function in the brain, and
BACE]! as a target in blocking aberrant A} produc-
tion in AD.
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Introduction

Alzheimer’s disease (AD) is a slowly progressive
neurodegenerative disease that is the most common
cause of dementia in the elderly population. One of
the major challenges in AD research is identifying
the primary mechanisms that mediate the progres-
sive and insidious neurodegeneration that character-
ises the disease, in order to develop better therapeu-
tic strategies. The clinical features of AD are
accompanied by progressive neuronal and synaptic
loss in brain regions associated with memory and
higher mental function, and two defining patholog-
ical hallmarks, amyloid plaques and neurofibrillary
tangles (NFTs). NFTs are insoluble aggregates of the
microtubule-binding protein tau, and amyloid pla-
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ques are primarily composed of aggregated AP
(amyloid p-peptide) 40 — 42 amino acids in length.
A large body of evidence now indicates that amy-
loid—p (Ap) production is a critical feature in the
deterioration of the brain during AD [1]. Thus,
processes that control AP production, aggregation
and clearance are centre stage in efforts to under-
stand and develop effective treatments for the
disease. Critical to the understanding of A} produc-
tion is the control of its cleavage from the type I
transmembrane protein APP (amyloid precursor
protein), which occurs by sequential proteolysis by
 and vy secretase to generate the N and C termini of
AP respectively. The enzyme [3-secretase, now more
commonly known as BACE1, is especially significant
in this regard as its cleavage of APP at the p site
initiates and is the rate limiting step in the production
of AP. Thus, detailed knowledge of the identity,
integrity, activity and regulation of f—secretase in
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Figure 1. Amyloidogenic and
non-amyloidogenic  processing
of APP. (A) During amyloido-
genic processing (left hand side),

APP
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cytosol

—’
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B-secretase y//e-secretase

B-secretase cleaves APP, to gen-
erate a 99 amino acid membrane
bound stub (C99) and soluble
sAPPB. C99 is further cleaved
by y-secretase within the mem-
brane, thereby liberating Af. In
non-amyloidogenic  processing
(right hand side) a-secretase
cleaves APP generating soluble
sAPPa and an 83 amino acid
(C83) membrane stub which is
subsequently cleaved by y-secre-
tase to generate non amyloido-
genic p3. The carboxyl terminal
fragment AICD can be generat-
ed from both processing path-
ways through vy / e-secretase. (B)
Schematic representation of the
primary amino acid sequence of

sAPPo

AIC
Y/ e-secretase

BACE1
BACE2

BACE1

BACE2

the human brain and, in particular, in AD is essential
in the understanding and treatment of AD patho-
genesis.

Proteolytic cleavage of APP and Af production

AP derives from the sequential cleavage of the single
transmembrane amyloid precursor protein by the
enzymes f3 and vy secretase (Fig. 1). In this amyloido-
genic pathway, APP is cleaved by f—secretase,
between Met®”! and Asp® (APP 770 numbering) to
generate a secreted amino terminal APP derivative
(sAPPB), and a membrane inserted C-terminal
fragment (3-CTF), 99 amino acids long (C99). C99 is
further cleaved by the intramembranous y-secretase
cleavage mainly around APP residues 711-713 to
produce the AP} peptide (Fig. 1), mostly Ap 1-40
amino acids long (Ap40), with a small amount of Af3 1-
42. AP 1-42 is increased in most cases of autosomally
dominant inherited forms of familial AD (FAD), is
more amyloidogenic, and is believed to be a major
neurotoxic species in AD [1]. B-secretase processing
of APP can also occur within the AP sequence, at the
B’ site between Tyr®*'-Glu®* (Fig. 1). The alternative
non-amyloidogenic competing pathway cleaves APP
within the AP sequence between amino acid 16 and 17,

o-secretase
\

APP from amino acids 667 — 726
(APP-770 numbering) with Af (1
— 42) shown as bold text within
the shaded box. The APPgwg

4 £ mutation is shown next to f-

\4/ \[/

NL)] 1 19
BV DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA T ITISSo

secretase processing site. The £,

c B’, a,y and e-secretase processing
sites are highlighted as arrow-
heads, and the known cleavage
sites of BACE1 and BACE2 are
shown as arrows.

generating a secreted APP derivative sAPPa, and a
shorter CTF of 83 amino acids (C83), which is
subsequently cleaved by y-secretase to form a non
amyloidogenic 3 kDa peptide (p3). A carboxy termi-
nal fragment (AICD) can be generated from both
processing pathways through y/e secretase processing
(Fig. 1). Although AP is produced normally in the
CNS, the a and § pathways may compete for APP
substrate and APP is believed to be cleaved prefer-
entially through the non-amyloidogenic pathway in
normal brain, with the balance shifting to the amyloi-
dogenic pathway in AD.

History, discovery and identification of -secretase

From the initial discovery that AP was a normal
proteolytic product of APP, it was surmised that two
enzymes must exist to initiate cleavage of this small 1-
40/42 peptide from its larger single transmembrane
precursor protein. The unknown enzyme cleaving
APP at the beginning of A, prior to amino acid 1, was
called P-secretase. In 1992, the discovery of the
Swedish APP (APPgy) double mutation, located at
2 and -1 (Lys*®-> Asn/Met”'-> Leu) of the -
secretase site [2], and a cause of rare autosomal
dominant forms of AD, drew attention to the possi-
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Figure 2. Exon distribution and
general structure of BACEL
Schematic representations of Al
aspartic protease family mem-
bers, pepsin (A) and BACE1 (B)
drawn to scale. E1 - E9 represent
exon numbering. Pro-domains
for each protein are shown as

white boxes. N-terminal catalytic
lobes are coloured dark grey and
the C-terminal catalytic lobes are
coloured as black. The light grey

Isoform A
(501)

coloured boxes in BACE1 are

regions excised in the differing
splice variants. Disulphide bridge
distributions are shown as

Isoform B
(476)

straight connecting lines and the

active sites aspartates are indi-
cated with triangles. Note the
differences in location of the

Isoform C
(457)

disulphide bridge Cys residues

C Evolution of A1 aspartyl proteases by fusion of duplicated genes.

1 2 3 4 5 Exons

Duplication
1 2 34

Gene fusion l

+—H+ i

9 Exons

1 2 34 5 6 7 8

bility that this mutation could cause AD by being
more favourable to (-secretase cleavage. This was
substantiated in studies showing that APPgy; signifi-
cantly enhanced the proteolytic activity of B-secretase
causing a 10 fold increase in AP production [3].

Following an intensive search to identify [3-secretase,
an aspartic protease fitting all the requirements for (3-
secretase was identified in 1999 and 2000 by several
groups using different methodologies, including affin-
ity purification [4] expression cloning strategies [5],
and BLAST searching genomic libraries [6 — 8]. This
protease was named memapsin-2 (E.C. 3.4.23.46), and
Asp-2 and is now more commonly referred to as
BACET1 (p-site APP cleaving enzyme 1). Soon after
the discovery of BACE1, a homologue was described
and identified by sequence homology searches using
genomic clone libraries of the Down’s critical region
and human EST databases [9-11]. The gene identified
was named memapsin-1 (E.C. 3.4.23.45) and is also
referred to as Asp-1, ALP-56, CDA-13, DRAP

between pepsin and BACEL
Branches indicate locations of
potential N-glycosylation sites
(Asn™,  Asn'?,  Asn® and
Asn®) for BACEI. Isoform
name and number of amino
acids are shown to the right of
the BACE1 illustrations. (C) Pro-
posed mechanism for the evolu-
tion of the 9 exon structure of
mammalian A1-APs. As a result
of a gene duplication event and
fusion by unequal homologous
recombination the ancestral AP
gene was created. Exons have a
general organisation of 1:4:4 in
the new gene when compared to
the original genes (adapted from

[36]).

Isoform D
(432)

5 Exons

(Down’s region aspartic protease), but is now more
commonly called BACE2.

Both BACE1 and BACE?2 can process APP at the 3-
site, but BACE2 has a preference to cleave between
amino acids 19 and 20 of the AP sequence, thus
precluding AP formation. A number of studies
provide strong evidence that BACE]1 is the major f3-
secretase responsible for A} generation in the brain.
Thus BACE1 cleaves at the 3 and also the 3’ site
(between amino acid 10 and 11 of AP) of APP and has
a higher preference to cleave APPgyg [4 —7]. BACEI
mRNA has highest expression levels in the mamma-
lian brain [12], and is found in organelles of the
secretory pathway [5] displaying optimal activity at
pH 4.5 [13], which is consistent with its detection in
acidic organelles of the endosomes and trans-Golgi
network where Ap is predominantly generated [3, 14,
15]. Most importantly, targeted deletion of BACE1 in
APP transgenic mice completely abolishes the pro-
duction and deposition of A [16 —18].
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BACE genes and BACE1 splice variants

The BACEI gene is on chromosome-11 at 11q23.2-
g23.3 and the BACE?2 gene is located on chromosome-
21 at locus 21g22.3 in the Down’s obligate region
[9-11]. BACEI and BACE?2 genes contain nine exons
coding for proteins of 501 and 518 amino acids
respectively. BACE genes have TATA-less promoters,
and bear a strong resemblance to housekeeping genes
[19-21]. The nucleotide sequences of BACEI and
BACE2 promoter regions differ considerably [21].
BACEI promoter activities are highest in neurons
compared to non-neuronal cells [22-24], whereas
BACE?2 promoter activities are very low in neuronal
cells compared to those of BACEI [20, 22]. This is in
agreement with BACEI mRNA levels which are
highest in the CNS [5, 8, 25-27], where BACE2
mRNA is detected at low levels [8, 10-12, 25-28].

A total of 4 splice variants can be synthesised from the
BACEI gene, encoding BACE1 of 501, 476, 457 and
432 amino acids in size respectively [29] (Fig. 2). The
most common normally spliced variant is the largest I-
501 amino acid form. Alternative splicing in exon 4
deletes 75 base pairs, to form the 1-476 variant, while
the last 44 residues encoded by exon-3 are absent in I-
457. The combination of residues excised in isoform B
and C comprises the smallest 1-432 variant. The
significance of the BACE1 and BACE?2 splice variants
is discussed later in this review in the context of
activity, post-translational modification and subcellu-
lar locations. Unless otherwise stated, further refer-
ences to BACE1 proteins are to their largest transcript
I-501 variants. BACEI mRNA translation is also
regulated at both the 5" and 3’ untranslated regions
(discussed below).

Molecular evolution of BACE1 and BACE2

BACE1 and BACE2 are suggested to represent
recently evolved proteins that may have arisen by
ancestral gene duplication [6]. To investigate this we
performed BLAST analysis of human BACEl1
(P56817 — SwissProt accession number) and BACE2
(Q9Y5Z0 — SwissProt accession number), and have
identified novel BACE family sequences in C. savignyi
(sea squirt), M. domestica (opossum), S. purpuratus
(purple sea urchin), T. rubripes (Japanese fugu fish), T.
nigroviridis (green spotted puffer fish) and X. tropi-
calis (pipid frog) (Fig. 3). We were able to generate a
maximum likelihood (ML) tree of BACE1 protein
orthologues by first aligning sequences using Clustal-
W, and refining the alignment by eliminating sequen-
ces that failed a Chi-square analysis. This was followed
by ML tree generation (using the Multiphyl webserver
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[30]) shown in Fig. 3. As can be seen from Figure 3, the
BACE family of proteins display high conservation
across species, and interestingly both BACE1 and
BACE?2 are vertebrate specific. BACE1 is more tightly
conserved than BACE2 showing the presence of
shorter branch lengths (Fig. 3). Most strikingly
though, the tree shows that BACE1l and BACE2
may have arisen as a result of a possible gene
duplication event (hatched circle) from an early
ancestor which is present in the sea squirts (C.
savignyi) and purple sea urchin (S. purpuratus). This
duplication event may thus have occurred after the
diversification of Craniates (fish) from Tunicates (sea
squirts) over 400 million years ago. This would be
consistent with current knowledge of genome dupli-
cation events, where it is hypothesised that two rounds
of whole genome duplication occurred recently in
chordate evolution (for review [31]).

In line with this, BACE1 and BACE?2 have been shown
previously to be associated with regions of the human
genome that may have arisen by genome duplication
(paralogons) [32]. We also discovered that the region
of chromosome-11 where BACE1 resides is paralo-
gous to a region of chromosome-21 where BACE2
resides. Paralogous genes within these regions can be
viewed at: http://wolfe.gen.tcd.ie/dup/. Interestingly,
both APP on chromosome-21 and the APP homolog
APLP-2 on chromosome-11 are present in the same
described paralogous regions, suggesting a possible
synteny between BACE2 and APP and BACE1 and
APLP-2. Examination of the evolution of the secre-
tase processing sites of APP was also performed and
shows clearly that the AP sequence is highly conserved
across vertebrates, as are the secretase cleavage sites
of APP. The most conserved order of secretase sites
are y > € > BACE2 > a > 3-site and the [3'-site. While
this may not reflect the direct order of evolution of
enzyme recognition sites and their processing, it does
point toward the notion that 3-secretase processing of
APP may be the most recently evolved.

BACE enzymes compared to other A1 aspartic
protease family members.

BACE1 and BACE2 are the newest described mem-
bers of the A1l aspartic protease family, commonly
known as the pepsin family (for a list of enzyme family
classification http://merops.sanger.ac.uk/). Human as-
partic proteases of this family include pepsin, cathe-
psin-E, cathepsin-D, renin, pepsinogen-C and napsin.
The BACE proteins represent a novel subgroup of this
family, being the first reported aspartic proteases to
contain a transmembrane domain and carboxyl ter-
minal extension [12], and also possessing unique
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Figure 3. Evolutionary origins of
BACE1 and BACE2. Protein
Maximum-likelihood (ML) tree

disulphide bridge distribution (Fig. 2) [33, 34]. The
eight known functional human A1 aspartic proteases
vary in genomic structure, with BACE2 being the
largest and napsin the smallest. The nine exons are
distributed as 1:4:4, whereby exon-1 codes for a signal
peptide and pro-domain, exons 2 — 5 code for the N-
terminal catalytic lobe, and exons 6 — 9 code for the C-
terminal catalytic lobe (Fig. 2). The 9 exon homolo-
gous biolobar structure is believed to have evolved
through duplication and unequal fusion of the related
ancestral 5 exon encoded A2 family of aspartic
proteases (Fig. 3C), including enzymes such as HIV-
1 retro-pepsin, which only become active upon homo-
dimerisation [35-37]

Key features of A1 aspartic proteases are their bilobar
structure, with an essential catalytic Asp dyad located
at the interface of the homologous N- and C-terminal
lobes, with maximal enzyme activity occurring in an
acidic environment. These Asp residues activate
water molecules to mediate nucleophilic attack on
the substrate peptide bond [38], and mutation of the
catalytic active site aspartic residues abolishes enzyme
activity. For BACE1 (I-501) the Asp dyad locates at
amino acids, 93-96 (D*TGS) and 289 -292 (D*SGT).
Al aspartic proteases are usually synthesised as
inactive pre-pro-enzymes (zymogens), where pro-
domain removal is necessary for enzymatic activity.
Pro-BACE?2 is catalytically inactive, reflecting typical
A1 aspartic protease zymogen properties [39]. How-
ever, this is not the case for BACE1, which possesses
enzymatic activity [40], prior to its cleavage at a pro-
protein convertase recognition sequence (Arg*-X-X-
Arg®) [41] by furin or a furin like convertase [12,

BACElike S. purpuratus generated from aligned BACE
—: BACE2 T. nigroviridis identified in h

BACEZ T. rubripes sequences  identified in human
BACE? G. gallus (H. sapiens), chimpanzee (P. tro-
r = BACE2 X. tropicalis gylodytes), rhesus monkey (M.
BA%"?QM musculus mulatta), cow (B. taurus), dog (C.
BBqu cE ZRH”ZT;;SE;; familiaris), mouse (M. musculus),
BACEZ P. trogylodytes rat (R. Anoveg{ctbu), opossum (M.
Duplication BACE2 M. mulatta domestlga), pipid frog (X. tropi-
event . BACE2 B. taurus calis), chicken (G. gallus), purple
s BACES G lamilaris sea urchin (S. purpuratus), sea

T BACE2 M. domestica . o ’
BACET T nigroviridis squirt (C. savignyi) Japanese fugu
BACE? T. rubripes fish (T. rubripes), green spotted
BACET D. rerio puffer fish (7. nigroviridis) and
BACEL M musculus zebra fish (D. rerio). BACE1 and
BACELR Zonegics BACE2 clades show they are

BACE1 H. sapiens > y
BACET P, trogylodytes vertebrate specific genes and
BACE1 M mulatta have evolved from a common
%ﬁCCEI:lIBC t?urqfs ) ancestor present in tunicates

. familaris :
BACE! M domestica (pu_rple sea urchin an_d sea
BACET G. gallus squirts) by gene duplication
BACET X. tropicalis after the divergence of craniates
BACE like from tunicates (hatched circle).
0.1 C. savignyi

42-44]. All Al-aspartic proteases have six conserved
Cys residues which form three disulphide bridges.
However, as with BACE2, only two of the six Cys
residues (Cys®”® and Cys™) for BACE1 occur at
similar positions to the other Al aspartic proteases,
with the other 4 Cys, and all three disulphide bridges
(Cys*'*/Cys*, Cys™/Cys™ and Cys*”®/Cys*) occur-
ring at considerably different positions to other Al
aspartic proteases [12] (Fig. 2). BACEL disulphide
bridges maintain correct folding and orientation of
BACE, but are not vital to its enzymatic activity [33,
34]. In addition, the unique transmembrane regions of
BACE!1 and BACE?2 confer an evolutionary special-
isation, allowing their sequestration to membranes of
specific organelles and the plasma membrane. This
serves to expose their catalytic lobes to the lumenal
regions of vesicles such as endosomes or Golgi where
the low pH environment sustains their optimal
protease activity, while their C-termini are exposed
to the cytoplasm, enabling post-translational modifi-
cation and protein-protein interaction.

BACEL1 in 3D: components involved in catalysis

Insight into the three-dimensional structure of
BACET! is vital to understanding how the enzyme
works catalytically, and in developing inhibitors which
block BACEL1 activity as a therapy for AD. X-ray-
crystallography of BACE1 has determined numerous
structures of BACE1 complexes, and residues and
regions that are important for substrate specificity and
proteolysis [45-50]. To date, there are over 70 known
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Figure 4. Comparison of BACE1
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structures of BACEL1 in complex with inhibitor, seven
without inhibitor and one of BACE2 in the protein
data bank http://www.rcsb.org/. The number of crystal
structures of BACEL is testimony to the variety of
compounds being tested as [-secretase drug candi-
dates [for review [51]]. The X-ray structure of BACE1
protease domain was first determined to 1.9A reso-
lution, with BACE1l bound to an eight residue
transition state analogue inhibitor (OM99-2) [49].
OM99-2 is a P, — P,/ peptide (P,-P;-P,-P *-P,'-P,’-P;'-
P,) based on the amino acid composition of APPgyg
(Glu-Val-Asn-Leu*Ala-Ala-Glu-Phe) but incorpo-
rating a non-cleavable hydroxyethylene isostere (*)
at P, and P/, blocking normal proteolytic BACE1
cleavage between the P, and P;’ scissile bond. Further
enzyme subsites were identified for BACE1 with
enzyme bound to other eight residue [48] and longer
transition state inhibitors [S0], and the crystal struc-
ture of free BACE1 has been studied [45, 47].

These crystal structure studies show BACE1 has
strong conservation with A1l aspartic proteases, for
which pepsin is prototypic, and also more recently
with BACE2 [39]. Ribbon diagrams of the 3-D
structure described for BACE1, BACE2 and pepsin,
describing their major structural features, are shown
in Figure 5, and can be viewed with the linear amino
acid sequence of BACE1 and BACE?2 in Figure 4.

shown in bold text. The arginine
residues which comprise part of
the S2 binding site and which are
unique to BACE1 and BACE2
are indicated by polygons.

TM domain

Regions of commonality include: the conformation
and location of the catalytic Asp dyad in the middle of
the active site cleft at the interface between N- and C-
terminal lobes, and the shielding of the active site by a
flexible antiparallel hairpin-loop, known as a flap [39,
49]. Overall accommodation of the eight peptide
substrate (P, — P,) residues occurs at enzyme subsites
(S;-S;) and Py — P, at enzyme subsites S;'-S, ' in a
similar way to other aspartic proteases. Thus, hydro-
gen bonds between the active site aspartates and 10
hydrogen bonds from different parts of the active site
and flap bond to the substrate /inhibitor backbone in
the active site cleft, with a high degree of conservation.
There are key differences between the BACEL crystal
structure and other aspartic proteases that may be
exploited in BACE inhibitor design. The most obvious
difference is the larger molecular surface of BACEI1,
due to the presence of five insertions (four loops and
one helix) all in the C-terminal lobe, in addition to the
presence of a 35 residue C-terminal extension, the
latter being highly ordered in structure and possibly
forming a stem with the transmembrane domain [49].
In addition, although the general organisation of the
active site subsites is similar to other aspartic pro-
teases, their specificity and conformation display key
differences [46-49]. Moreover, the active site of
BACE]1 is larger, having additional subsites (Ss-S,),
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Figure 5. Structural features of BACE1 compared to pepsin and BACE2. Structures for pepsin (1PSN), BACE1 (1SGZ) and BACE2
(2EWY) were obtained from the protein data bank (http://www.rcsb.org/pdb/home/home.do). Ribbon diagrams were visualised using the
Pymol software. The shown cartoon illustrations underneath the ribbon structures represent the surface structures of each protein and a
possible orientation of BACE1 and BACE2 to the membrane. The N-terminal lobes of pepsin, BACE1 and BACE?2 are coloured gold,
magenta and blue respectively, and the C-terminal catalytic lobes are coloured dark blue, dark grey and silver respectively. The flap regions
of pepsin, BACE1 and BACE2 are shown in their respective colours of purple, green and wheat. The third-strands in BACE1 and BACE2
are shown adjacent to the flaps and coloured orange and beige respectively. The active site aspartates of each enzyme are coloured in red
space fill. The BACE1 and BACE?2 insertion loops are indicated with arrow heads and the BACEL insertion helix is highlighted with a
hatched circle. The dashed line in BACE?2 represents a disordered region in the BACE2 crystal structure.

and although it works well with the eight substrate
residues as is normal for other aspartic proteases, it
can also accommodate a greater number of substrate
residues (11) [50]. The larger opening of the active site
occurs due to structural differences near subsites, and
the absence of a constricting pepsin helix loop across
from the active site [46-49]. The S, and S; subsites
consist mostly of hydrophobic residues and their
conformations are very different to pepsin. S, and S,
are much more hydrophilic than these subsites in
other aspartic proteases, where S, in BACE1 and
BACE2 contains Arg (Arg™®, Arg’ respectively),
absent in other aspartic proteases and linked to more
effective cleavage of APPgyp compared to normal
APP [39,49, 52]. Subsites S5— S, localise in the vicinity
of the insertion helix, a region also absent in other Al
aspartyl proteases, and is believed to contribute to
substrate recognition and transition state binding [50].
The flexible flaps which cover the active sites of all
A1 aspartic protease contribute to hydrolytic specif-
icity and substrate access, believed to open to allow
substrate/ inhibitor access, close when substrate/
inhibitor is bound, and open to release hydrolytic
products. However, the details of this mechanism are
unclear. The BACE1 flap position can differ by 4.5A

-7A at the tip when comparing free unbound enzyme
(apo) with enzyme bound to transition state inhibitor
[47, 53]. A conserved aspartic protease Tyr’' residue
in the tip of the flap forms hydrogen bonds with
substrates /inhibitors at the P, and P, positions of
BACE], thereby mechanistically sealing the flap shut
[47]. The open position is narrow and stabilised by
intra-flap hydrogen bonds and a hydrogen bond with
Tyr’. A parallel side chain region in BACE1 (and
also in BACE2), known as the third strand, (Fig. 4,5)
forms hydrogen bonds with residues in the flap and
active site residues, thereby influencing and stabilis-
ing the open or closed state of the enzyme [47].
Another region of flexibility shared between BACE1
and BACE2, most likely important in recognition
and processing of APP substrate, is known as the 10s
loop [39], which forms part of the hydrophobic S;
binding pocket (Fig. 4,5). This region can also display
flexible conformations in BACE1 when comparing
Apo and inhibitor complexed structures [45, 47-49].
and displays subtle differences in amino acid com-
position between BACE1 and BACE2 (Fig. 5) and
may be involved in their substrate discrimination
[39].
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Examination of the interaction of the P, — P, peptide
inhibitor based on the mutant amino acid composi-
tion of APPgyr (Glu-Val-Asn-Leu*Ala-Ala-Glu-
Phe) with BACE1’s active site gives information
about why this substrate displays a 60-fold increase in
Kear/Km of APPgy over that of normal wild-type
APP to cause AD [49]. Firstly, mutant P,-Leu is
closely crammed against P;-Val and both have
considerable hydrophobic contacts with BACEI],
especially true for P;-Leu, part of which encompasses
its interaction the Tyr’' at the flap tip. This hydro-
phobic interaction would likely be much more
unfavourable with P;-Met in the normal APP sub-
strate. Furthermore, the side-chain of mutant P,-Asn
is H-bonded to P,-Glu and interacts strongly with
Arg®® within the S, subsite, both interactions would
be much less favourable with the positively charged
P,-Lys in normal APP. Together, the information
gained on the unique structural features of BACE1
through investigating crystal structure is lending to
the rational design of inhibitor drugs [54], incorpo-
rating such information on unique subsite-inhibitor
interaction and flap control.

Towards understanding BACE1 function by BACE1
deletion

In 2001 the first reports describing mice deficient in
BACE1 were published [16-18]. The mice were viable
and fertile and displayed no overt phenotypic abnor-
malities, as judged by embryonic development, and by
gross anatomy, morphology, physiology, clinical
chemistry, and behaviour [16, 18, 55]. In addition,
the production of all B-secretase products (AP, CTF-f3
(C99) and sAPPB) was abolished when BACE1" mice
were crossed with mice overexpressing APPgyp
(Tg2576 mice) [18], which normally produce high
levels of these (-secretase products. Secretion of AP
peptides was also eradicated in BACE1-deficient
embryonic cortical neurons [16, 17], and endogenous
C99 (CTFp) production was completely blocked in
BACE1 knockout mice developed subsequently [56].
Furthermore, later studies showed BACE1" -Tg2576
mice did not develop AP plaque deposits with age
[57]. These results confirmed definitively that BACE1
is the major (-secretase in the brain, and highlighted
its importance as a therapeutic target to block AP
formation and plaque production in AD. Following
from this, it was shown that BACE1 deficiency could
rescue memory impairments and cholinergic dysfunc-
tion that are apparent in young Tg2576 mice and in
APP/PS-1 (Tg6799) mouse models of AD, most likely
due to inhibition of the accumulation of soluble A
assemblies [58, 59].
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Subsequent studies have been unanimous in showing
BACE1 deletion blocks the enhanced production of
AP in several transgenic mouse models of AD,
including: APPswePS1AE9 [60], PDAPP [61, 62] and
5 x FAD APP/PS-1 mice [59]. Age-associated cogni-
tive abnormalities in these mouse models are also
blocked by BACE1 deletion in some [59, 60], but not
all [61] mice models. Moreover, BACE1 deletion
prevented neuronal loss in 5 x FAD APP/PS-1 mice
[59], and lowering BACEL1 levels using lentiviral
vectors expressing siRNAs reduced amyloid produc-
tion and neurodegenerative and behavioural impair-
ments in APP transgenic mice [63]. Together, These
findings further accentuated the relevance of target-
ing BACE1 inhibition as a therapeutic strategy to
block AP production, neurodegeneration and cogni-
tive decline in AD.

The first inkling that loss of BACE1 function was not
totally without effect on neuronal function emanated
from studies showing that BACE1" mice had subtle
behavioural changes, being timid, anxious, and less
prone to explore compared to mice overexpressing
BACE]1, which displayed bold, less anxious behav-
iour [56]. These BACE1™ mice also revealed alter-
ations in neurochemistry affecting levels of serotonin
and dopamine, and dopamine turnover [56]. Other
BACE1 knockout mice also demonstrated mild
impairments in spatial learning and memory [58,
64]. Furthermore, a BACE1” mouse first described
in 2005 displayed a complex phenotype of increased
neonatal mortality in 40% of the mice, and decreased
size and hyperactive behavior in mice surviving to old
age compared to litter mate controls [65]. A
BACE1" / BACE2" bigenic mouse increased this
morbidity [65].

More recently the discovery that BACE1 deletion
affects neuronal function has gone hand in hand with
findings that BACEI1 cleaves several other substrates
besides APP. These substrates, along with APP, have
key physiological roles in neuronal function and
synaptic transmission, in particular neuregulin
(NRG) and voltage-gated sodium channel (VGSC) f3
subunits (see section below on APP substrates). More
detailed and specific analysis of BACE1 KO mice has
also revealed that BACEI1 deletion actually affects
several aspects of cognitive, emotional and synaptic
function [58, 60, 61, 64, 66] and significantly impairs
the myelination of central and peripheral neurons [67
— 69]. The cognitive defects in these mice appear to
link to loss of APP processing [60], whereas the
hypomyelination and emotional deficits, which in-
clude schizophrenia-like phenotypes, appear to link to
loss of neuregulin processing [66]. It has also been
shown that BACEL, but not -secretase activity, is
necessary for a type of enhanced memory and
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cognitive abilities associated with the production of
the APP fragment AICD, but not with A} production
[70]. Taking all the BACEL1 deletion results together, it
is clear that we most likely need a better under-
standing of the normal and pathological role of
BACEI1 in synaptic function, cognition and emotion
before we can predict the impact of BACEL1 inhibition
on human brain. In this we should gain knowledge of
the best approach to target BACE1 activity towards
normalising, but not ablating, its function as a
therapeutic strategy in AD.

BACE]1 substrates: more that just APP

APP has been the most studied substrate of BACE1
due to its role in AD pathogenesis. However, normal
APP and its homologue APLP proteins are processed
rather inefficiently by BACE1 [13] as BACE1 prefers
bulky hydrophobic residue (e.g. Leu) at the P, position
as occurs in APPgyr (see section above on catalysis).
This hinted that more favourable BACE1 substrates
with similar amino acid configuration to APPgyg
could exist [71 — 74], several of which have now been
identified. These include: the B-subunits of voltage
gated sodium channels (VGSCf) subunits 1 — 4 [75,
76], neuregulin-1 (NRG-1) [67, 69], a-2,6 sialyltrans-
ferase (ST6Gal-1) [77], the cell adhesion protein P-
selectin glycoprotein ligand-1 (PSGL-1) [78], LRP-1
[79], and the interleukin-1 receptor type-II [80].
Notably, alignment of the known cleavage sites in
BACEI1 substrates from P; — Ps" shows there is no clear
consensus sequence for BACE1 processing (Fig. 6).
However, there is a high preference for substrates with
Leu or Phe at P, (Fig. 6)

Taking APP and APLPs first, cleavage of APP by
BACE]1 at the f3 site occurs preferentially in early and
late endosomes, which provide the acidic environment
necessary for maximal protease activity, but this can
also occur at the plasma membrane and in the ER [25,
44,81-84], cleavage at f'-site occurs predominantly in
TGN [82]. BACE2 can also cleave APP at the (3-site
but preferentially cleaves within the Ap domain
(between amino acid 19 and 20 of AP) of APP [21,
25, 85]. Overexpression studies of BACE1 and
BACE? in vitro show that they compete with each
other for APP substrate, but it is unknown if this is the
case in vivo [27]. The APP homologous proteins
APLP-1 and APLP-2 are also a- [86] p [87-89] and -
secretase substrates [88, 90] in vitro and in vivo [87].
APLP-1 and APLP-2 do not contain sequences
homologous to Af [for review [91]], and the cleavage
sequence at the [(-sites in APP and APLP-1 and
APLP-2 is not conserved. Thus despite lack of
catalytic efficiency, BACE1 cleavage of APP and
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APLPs s a specific proteolytic controller of this family
of proteins.

BACEI1 cleaves 2 — B4 subunits of voltage-gated
Na* channels (VGSC) [76], where cleavage occurs at
the juxta-membrane position of these type I single
transmembrane domain proteins, with subsequent
cleavage by y-secretase. VGSCs are central to CNS
function, as they are responsible for neuronal excit-
ability through initiation and propagation of the
action potential. BACE1” mice display subtle
changes in steady state inactivation of VGSCs [65],
pointing to the physiological relevance of this BACE1
VGSC B—subunit cleavage in vivo. p—subunits are
auxiliary subunits of VGSCs and associate with the
principal pore-forming o subunit to regulate gating
and cell surface expression of VGSCs. Recent evi-
dence shows that BACEL cleavage of (2 subunits
regulates VGSC activity in vivo, where mice over-
expressing BACE1, and AD patients with elevated
BACEI1 activity [75], show increased processing of the
[2 subunit and increased levels of Na;1.1—a subunits.
The increase in Na;1.1—a subunits was associated with
retention of these subunits inside cells, with a signifi-
cant decrease in their cell surface expression, and an
associated decrease in Na* current densities [75].
Thus, increased BACEL activity in AD brain may also
adversely influence VGSC activity and action poten-
tial, and inhibiting BACE1 activity may re-establish
this activity.

Phenotypic analysis of BACE1” mice led to the
discovery that NRG-1 is a physiological substrate of
BACET1 [69]. This and subsequent work found that
axons in the peripheral and central nervous system of
BACE1" mice are hypomyelinated [67-69]. The
peripheral hypomyelination phenocopies heterozy-
gous NRG-1 type III deficient mice [92], and mice
lacking ErbB signalling in Schwann cells. NRG-1 is an
epidermal growth factor-like ligand which exerts its
function as the ligand for members of the ErbB
receptor tyrosine kinase family [93]. The NRG-1
signalling pathway plays a vital role in CNS develop-
ment and function, including myelination, peripheral
nerve development, synapse formation and neuro-
plasticity [92, 93] and the NRG-1 gene is linked to an
increased risk of schizophrenia [94]. NRG-1 (Type
III) adopts a two transmembrane structure, with the
active EGF domain in the lumenal portion, which is
believed to require endoproteolysis to signal effec-
tively [93]. BACE1 deletion leads to defects in
BACE1 processing of NRG-1 leading to accumulation
of holo-NRG-1 and a corresponding reduction in N-
terminal NRG-1, in addition to indicated defects in
NRG-1-Akt signalling and decreased ErbB4 PSD-95
signalling [66 — 68]. These signalling changes are
believed to underlie defects in both peripheral and
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central nervous system myelination and synaptic
function in the BACE1™" mice. Defects in myelination,
with decreasing myelin density, have been detected in
AD brain [95, 96], and may thus be related to changes
in BACE1 in AD.

ST6Gal-1, PSGL-1 and IL-1RII are further substrates
of BACE1L and are all involved in inflammatory
responses, although their physiological relevance to
BACE1 function in the CNS or AD is unclear.
ST6Gal-1 is a sialyltransferase residing in the TGN
which is secreted upon proteolytic cleavage, an
activity which is increased in the presence of BACE1
[77, 97, 98]. Plasma ST6Gal-1 levels and a2,6-sialyla-
tion of plasma glycoproteins are reduced in BACE1™"
mice [98]. The cell adhesion protein PSGL-1 binds the
cell surface glycoprotein P-selectin to mediate cellular
adhesion, leukocyte activation and inflammatory
responses in brain and peripheral organs [for reviews
[99,100]. PSGL-1 fragments are secreted when either
BACE1 or BACE2 are overexpressed, implicating
both proteases in its processing at its juxtamembrane
sequence [78]. Evidence suggests that LRP-1 is a
substrate for BACE1, as both proteins co-immuno-
precipitate and are in close proximity at the plasma
membrane. LRP-1 C-terminal fragments are in-
creased upon BACE1 overexpression [79]. Although
this has yet to be addressed in vivo, altered processing
of LRP-1 in the AD brain could be speculated to
influence both cholesterol homeostasis and altered
degradation of Af} through LRP-1.

These findings of multiple BACE1 substrates, partic-
ularly those of physiological relevance to CNS func-
tion, support several roles for BACE1 in regulating
CNS function. The mechanism used by BACE1 to
select and target specific substrates and the potential
co- or interdependence of substrate cleavage by
BACE1 in CNS function is an important area of
future research when considering inhibition of
BACEL! in AD, and when understanding the broad
biology and function of BACEL.

BACE]1 levels and B-secretase activity in normal and
AD brain

Importantly, all studies have consistently detected
significant increases in [-secretase enzyme activity
(13%-185%) in AD brain regions affected by pathol-
ogy [73, 101-103], [for review see [104]], indicating
increased BACE] activity is most likely to be a major
cause of AP overproduction is sporadic forms of AD.
In addition, analysis of (3-secretase enzyme kinetics
revealed a significant increase in the Vmax for -
secretase in AD temporal cortex, inferring changes
occur at levels of altered enzyme velocity in the
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disease [101]. Studies comparatively examining
BACETL levels have also, for the most part, detected
increased BACE1 protein levels to varying degrees in
AD cases compared to controls [103, 105-108].
However, some studies have detected unchanged
BACETI levels in AD [102, 109], with one study from
our group detecting significantly decreased levels of
the major mature BACE1 isoform, which correlated
strongly with synaptophysin loss, and severity of
neurofibrillary pathology in the disease [101]. A
recent study found that increased BACE1 levels
were only apparent in a subset (~ 30% ) of AD cases
[108]. Comparative immunohistochemical analysis in
AD and control brain revealed no major changes in
detectable BACE1 levels in the hippocampus
[109-111], frontal cortex [110] or temporal cortex
[109]. However, subtle changes in BACE1 immunor-
eactivity were apparent in AD, such as BACE1l
increases in and around senile plaques, in reactive
astrocytes, and in remaining neurons [109] with
converse BACE1 decreases in the transentorhinal
[111] and entorhinal cortices particularly evident in
neurons with NFTs [110]. A more recent study has
shown BACEI1 elevation occurs predominantly within
neurons surrounding plaques in both AD and animal
models of AD, where it colocalises with synaptophysin
[107].

The discrepancies and variation in BACE1 protein
level changes reported in AD, may arise from differ-
ences: in antibodies, brain tissue preparation, assay
methodologies and patient groups, or from the com-
plexity of BACEL1 protein changes as indicated by the
immunohistochemical analysis. Regardless, it is clear
from all studies that increased BACE1 enzyme
activity in AD is not reflected by equal increases in
BACE]1 protein levels. In addition, with the caveat
that mRNA splice variants have not been measured,
most studies report no changes in BACE1 mRNA
levels in AD brain [105, 108, 112 — 114]. Together this
indicates that regulatory factors outside BACE1L
protein levels cause increased activity of [-secretase
activity in AD, and need to be understood to target the
enzyme therapeutically to quell excess AP production
in the disease. To understand mechanisms by which
BACEL!1 changes in AD and how in particular the
enzyme activity is increased, it is essential to delineate
how BACEL1 expression activity and function are
regulated in the brain. It is emerging that the
regulation of these events is multifaceted and com-
plex, where mechanisms of enzyme regulation in-
clude: BACEI1 trafficking, subcellular and membrane
microdomain localisation; BACE1 protein interac-
tions; transcriptional; translational and post-transla-
tional regulation. These are reviewed in sections
below.
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Figure 6. Sequence alignment of known BACEI1 substrates. Amino
acid sequences of known BACEI substrates stretching from the N-
terminal PS5 to the C-terminal P5’ positions were aligned using the
alignment editing program Jalview. Alignment was coloured
according to BLOSUMBS62 score. A consensus sequence is shown
below the list of substrates. Note the preference for hydrophobic
Leu or Phe residues in the P1 position of BACE1 substrates.

BACE22 in brain and in AD

The catalytic properties of BACE1 and BACE2 are
very similar, yet distinct. As mentioned, BACE2 can
also cleave at the B-site of APP [25, 52] but has a
preference for cleaving APP within the Af site [25,27,
52, 85, 115], thus as with a-secretase, precluding AP
production [52, 85, 116]. One of the autosomal
dominant APP mutations (the Flemish mutation
Ala®? — Gly*™) which causes cerebral amyloid
angiopathy (CAA), is adjacent to the BACE2 cleav-
age site. It has been postulated that BACE2 may
contribute to AP generation and CAA pathology in
individuals with this mutation, by pushing APP
cleavage towards the p-site [52]. However, in general
it is more likely that, as with a-secretase, BACE2
activity counteracts A production by competing with
BACE]! for APP [27, 115, 117].
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Figure 7. Intracellular trafficking of the BACE1 protein. After
synthesis, BACE1 resides in the endoplasmic reticulum (1) and is
transported to the trans-Golgi network (TGN) where the vast
majority of it resides (2). From the TGN, BACEI is transported to
the plasma membrane (PM) (3) where a small proportion can
undergo ectodomain shedding (4). The majority of BACELI is
internalised into endocytic compartments (EC) (5) where the
acidic environment provides the optimal conditions for the
proteolysis of APP. From the endocytic compartments BACE1
can be recycled directly back to the cell surface (6a), transit to
lysosomes for degradation (6b) or retrogradely to the TGN (6¢)
from where it can be trafficked back to the PM (7). It is also possible
that BACEI1 can be transported directly from the TGN to endocytic
compartments (8).

Nucleus

It should be noted that despite their low levels BACE?2
mRNA and protein are detectable in human and
rodent brain [12, 25, 101, 118]. BACE2 knockout mice
display an overall healthy phenotype [65]. However, a
combined deletion of BACE1 and BACE2 caused
enhanced morbidity over that shown with BACE1
deletion alone [65]. This study also confirmed that
BACEI1 is the major 3-secretase in vivo and the only f3-
secretase active in neurons, but suggested that BACE2
could produce AP in glia [65]. Examination of
BACE2 protein levels in AD temporal cortex has
shown these to be decreased compared to control
levels [101]. In contrast, consistent with the triplica-
tion of the BACE2 gene in individuals with Downs
syndrome (DS) (trisomy-21), BACE2 mRNA and
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protein levels are increased in cells from individuals
with DS [119]. In addition, adults with DS, and also
diagnosed with AD, have increased levels of brain
BACE2 protein [120], and also increased BACE1
activity and levels of mature BACE1 [115, 121]. It
summary, it is unclear how or whether BACE2
contributes to A production in AD or DS, but if so,
the consensus would be that it acts primarily as an anti-
amyloidogenic protease.

BACE]1 regulation by trafficking, post-translational
modification and maturation

APP cleavage by BACE1l at the [ site occurs
preferentially in early or late endosomes, which
provide the acidic environment necessary for max-
imal BACET1 activity, but can also occur in the ER
and at the plasma membrane. Cleavage at ['-site
occurs predominantly in TGN. Subsequent cleavage
by y-secretase results in Af} production which is
brought to the cell surface for extracellular release.
Thus, cell trafficking of BACEI1 is closely related to
the mechanism and regulation of its activation/
inactivation and AP production, and has received
substantial focus in understanding the regulation of
BACE]! activity (Fig. 7). BACEL trafficking occurs
along the constitutive secretory pathway to the cell
surface. After translation, the signal sequences in
newly synthesised pro-BACE1 localise it to the ER,
where it is acetylated on seven possible Lys residues
[55] and glycosylated on three of four potential N-
glycosylation sites [122]. Acetylation of BACE1 and
elements in the transmembrane domain assists its
folding stability and correct maturation through the
ER to the trans-Golgi network (TGN) [55]. In the
TGN BACEL’s pro-domain is removed by proteo-
lytic cleavage using furin or furin-like convertases
[12, 43, 44]. Then BACEIL is deacetylated [55], and
complex N-glycosylation completed [11, 34, 83, 117,
122], which increases the mass of BACE1 I-501 from
~50 kDa to ~70 kDa. Splicing modifications in exon-
3, in BACEI]1 isoforms 1-476 and 1-457 removes two
glycosylation sites (Asn'**Asn'"?), causing retention
of a pro-enzymatic non-active BACE1 form in the
ER [29, 123, 124]. The preponderance of BACE1 I-
501 in brain is thus of importance as it favours
enhanced enzyme activity in contrast to peripheral
organs where the smaller non-enzymatic isoforms
are reported to predominate [44, 123]. The mecha-
nism by which N-glycosylation enhances BACE1
activity is poorly understood but is most likely due to
folding, stability, solubility, or substrate recognition.
BACET1 also contains 3 intramolecular disulphide
bonds which are important in maintaining the correct
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folding orientation for BACE1 necessary for its
efficient maturation.

From the TGN, BACE1 traffics to the plasma
membrane where a small proportion can undergo
ectodomain shedding, induced by metalloprotease
ADAM-10cleavage [125], to release the large BACE1
catalytic domains into the extracellular milieu (Fig. 7).
This process is blocked by palmitoylation of Cys
residues in the BACE1 C-terminal tail [126], which
may also regulate BACEL1 localisation to membrane
microdomains. Ectodomain shedding may represent a
mechanism of down-regulating BACE1 activity [125],
but has conversely been described also to increase Af3
generation [126]. The majority of BACE1 at the
plasma membrane is re-internalised into endosomal
compartments [44, 83, 117, 127] (Fig. 7). The C-
terminal di-leucine motif in an acid cluster dileucine
(ACDL) sorting motif DXXLL (D**-I*7-S*%.L*"-
L-** in BACE1) is a critical recognition signal for
BACE1 endocytosis [83, 128], and also for further
trafficking of BACEL intracellularly [129-133]. Phos-
phorylation of Ser*® preceding the dileucines [128,
134, 135] is also mechanistically important in the
intracellular trafficking of BACEL, as is the interac-
tion of the D**-I*7-S**-L*_-L-°" motif with GGA
(Golgi-localised, y-ear containing, ADP ribosylation
factor-binding) proteins, which depends on BACE1
Ser*”® phosphorylation [130-133, 136, 137], (see sec-
tion below for further details on GGA interacting
proteins).

Endosomes are important sorting stations in further
intracellular BACEL1 trafficking, where BACE1 has
been described to: transit from late endosomes toward
the lysosome for degradation [129], to follow the
recycling pathway back to the cell surface [83, 133,
134], to be retrogradely transported to the TGN [133,
137] for transit back to the cell surface through the
secretory pathway [133, 137], or possibly to transit
directly back to the endosomal compartment from the
TGN [133, 137, 138] (Fig. 7). BACEI1 can be internal-
ised by pathways that do not require the ACDL motif,
where the interaction of the N-terminal ectodomain of
BACE]1 interacts with substrate APP to increase
BACE]1 internalisation to endosomes [139]. The half-
life of BACE1 is long, greater than 12 hours [34, 83,
140], allowing for substantial trafficking and activa-
tion / inactivation cycles between the TGN, plasma
membrane, and endosomal-lysosomal pathway. The
final degradation of BACE1 is proposed to occur
either via transit to the late endosomal-lysosomal
system [129], or via the ubiquitin proteasomal system
[141]. BACE1 can also form dimers which demon-
strate increased catalytic activity [142, 143]. In sum-
mary, signalling pathways and interacting proteins,
which traffic both APP and BACEL to and from the
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endosomal compartments, such as those controlling
phosphorylation at Ser*® BACE1 and GGA-BACE1
interaction (see section on interacting proteins) may
be important in the increased aberrant activity of
BACE!1 in AD. Likewise, pathways that maintain APP
at the plasma membrane, where it will be processed by
a-secretase, will also block A} production.

BACEL1 activity and membrane lipid microdomains

BACETL activity and access to substrates is regulated
by the composition of membranes in the bilayer where
lipid raft domains are important in the processing of
APP (for review see [144]). These detergent resistant
membrane (DRM) domains are enriched in choles-
terol and sphingomyelin. A portion of BACE1 resides
in DRMs in cultured cells [79, 145-51] and in brain
[150, 152, 153], as do a portion of many BACEI1
substrates [76, 152-155] and some BACE] interacting
proteins [145, 147,156, 157]. B-secretase activity [149]
is present in DRM domains when BACEI1 is overex-
pressed, and artificial targeting of overexpressed
BACE1 to DRM domains by the addition of a GPI
anchor increases 3-secretase processing of APP [151].
Two contrasting models currently exist regarding the
biological function of BACE1 in DRMs. One indicates
that DRM domains are the main sites for Af
production [146, 156, 158] and another indicates that
BACEI1 residence in DRM domains segregates it from
the majority of APP which is not in DRMs [for reviews
[144,159]].

Although the above models do not agree, under-
standing the localisation of endogenous APP and
BACEI1 (rather than overexpressed forms) in mem-
brane microdomains, at the cell surface and in
organelles, and how this regulates BACE1 activity,
and [3-secretase processing of APP is important [159].
Endosomes in particular have high lipid raft and
cholesterol content, and cholesterol dependent clus-
tering of APP can regulate APP endocytosis with
increased amyloidogenic processing [160]. The inher-
itance of ApoEe4 allele is a significant risk factor for
the development of AD, and perturbations in choles-
terol homeostasis in AD brain membranes would be
likely to link to ApoE metabolism, which delivers
cholesterol to synaptic membranes. Interestingly, a
BACEL1 allele combined with ApoEe4 allele may
increase the risk for sporadic AD [40, 161-163].
Moreover, preliminary findings also detected a sig-
nificantly higher Vmax for (3-secretase in cases with
the ApoEe4/e3 genotype compared to ApoEe3/e3
[101, 114], and increased CSF BACEIL activity is
associated with ApoEe4 genotype in individuals with
mild cognitive impairment and AD [164].
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Control of BACE1 by interacting proteins partners

Some proteins that interact with BACE1 are emerging
as key regulators of BACE1 activity and function, and
thus far appear to converge on both trafficking and
lipid microdomain protein function, as well as cell-
death pathways. Importantly, many of these interact-
ing proteins, and the ones we will focus upon here,
decrease BACEL activity and the production of Ap,
highlighting the significance of understanding their
control of BACE1 both normally and as therapeutic
targets in AD. BACEI interacting proteins include:
the gamma-ear-containing, ADP ribosylation factor-
binding (GGA) proteins [130, 132, 133, 165]; reticulon
(RTN) proteins [166-168]; Sorting protein related
receptor/lipoprotein receptor L (SorLA) [169]; prion
protein [170]; flotillin [145]; prostate apoptosis re-
sponse factor-4 (Par-4) [171]; PS-1 [172, 173]; phos-
pholipid scramblase-1 (PLSCR-1) [147], copper chap-
erone for superoxide dismutase-1 (CCS) [174], and
brain specific type-II membrane protein (BRI-3)
[175].

Key trafficking proteins that interact with and regu-
late BACE1 include GGA proteins; RTNs and
SorLA. GGA proteins, mentioned in the trafficking
section above, are monomeric adaptor proteins that
function in intracellular sorting of cargo proteins,
particularly from the TGN to the endosomal compart-
ment [for review [176]]. The N-terminal VHS domains
of GGA proteins bind to BACE1 through its ACDL
C-terminal sorting signal (D*°-I*7-S*5.L*°-L->")
[130-132, 136-138]. GGA-BACEI binding affinity is
substantially enhanced when BACE1-Ser*® is phos-
phorylated [131, 132, 136, 137]. This is hypothesized to
work as a molecular switch, where interaction of
phosphorylated Ser**-BACE1 with GGA-1/2 in early
endosomal compartments traffics BACE1 retrograde-
ly to the TGN [133, 137]. On the other hand, non
phosphorylated BACE1 recycles back to the cell
surface either directly from endosomes [133] or
indirectly via the TGN [133, 137]. There is also a
possibility that BACEI traffics from the TGN back to
the endosomal compartment, although this needs
further study [133, 137, 138]. More recently it has been
shown that GGA-3 interaction with BACE1 regulates
BACET! trafficking to lysosomes for degradation, and
that GGA-3 depletion, which can occur by apoptosis
induced caspase 3 activation, stabilises BACEI,
increasing its half life and enhancing (—secretase
activity [165]. Levels of GGA-3 [165] and GGA-1
[133] are significantly reduced in AD brain, which
would be predicted to increase BACE1’s half life and
its retention in the endosomal compartment. This may
be significant in aberrant BACE1 activation and AP
processing in AD.
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RTNs 1 — 4 are expressed throughout the secretory
pathway but mainly in the ER [177]. All four RTNs
interact with BACE1 [166] through the RTN C-
terminus, an interaction that negatively modulates
BACEI1 activity [166-168, 178]. A short C-terminal
stretch in immediate proximity to the transmembrane
domain of BACEL is necessary for BACE1 binding to
RTN’s C-terminal [178]. Slight changes in RTN3
membrane topology, an RTN expressed to high levels
in neurons, disrupt its binding to BACE1 [178]. The
exact mechanism or subcellular localisation of inter-
action of RTNs with BACE1 causing negative mod-
ulation of BACEL1 activity is unclear. However, the
finding that aggregation of RTN3 occurs in dystrophic
neurites in AD brain [179] indicates that RTN3 may
not bind BACEL1 appropriately in AD, thereby failing
to negatively modulate its activity. Finally, SorLA is a
highly conserved member of the transmembrane
vacuolar protein sorting 10 (VpslOp) receptors and
interacts with both BACE1 and APP, controlling the
APP trafficking, causing its retention in the TGN
[180]. The interaction domain between SorLA and
BACE]1 has not been defined, but this interaction
significantly reduces BACE1-APP interaction in cells,
and reduces [-secretase processing of APP [169].
SorLA levels are highly reduced in AD brain, and
SorLA null mice have accelerated AP production
[180, 181], deficiencies that may impact on Af
production by BACE1 [180]. Of note, however, is
the finding that sorLA interaction with BACE1 was
not reproduced in another study reporting that the
neuronal SorLLA gene is genetically associated with
AD [182]. Interestingly, the interaction of the y-
secretase components PS-1 with BACET1 is believed to
be important for trafficking and maturation of
BACEL1. PS-1 and APP colocalise and are transported
anterogradely in the same vesicle compartment in
axons [183]. PS-1-BACEI interaction is postulated to
regulate BACE1 maturation through the secretory
pathway as PS-1 preferentially binds immature
BACEL1 [172, 173], and PS-1 deletion significantly
reduces the levels of mature BACE1 [172].

Together the interaction of normal prion protein
(PrP°), flotillin and phospholipid scramblase-
(PLSCR-1) with BACE1 draws further attention to
understanding the function of BACE]1 in lipid raft
microdomains. PrP°is a GPI anchor protein present at
high concentrations in synaptic membranes and
astrocytes, whose function in the CNS is still unclear
[184]. PrP°¢ interacts with BACE1 in DRM domains
[170], where PrP° is enriched, and this interaction
requires a region of the PrP¢ N-terminal [170]. The
interaction of BACE1 with PrP°® inhibits sAPPf} and
AP secretion in vitro, but does not appear to directly
modulate B-secretase enzyme activity. This may have
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functional ramifications for AD pathogenesis [184]
where PrP€ levels have been described to be altered
[185-188]. Flotillin-1 is a major protein component of
DRM domains [189] and co-immunoprecipitate with
BACE]1, where overexpression of flotillin-1 increases
BACE]!1 levels in DRMs, and (-secretase enzyme
activity [145]. The interaction of BACE1l with
PLSCR-1, a type II integral membrane protein, is
mediated via the ACDL dileucine residues and is
described to be potentially important in BACE1
incorporation into DRM domains [147].
Interestingly, the interaction of the copper chaperone
for superoxide dismutase-1 (CCS) with BACE1’s C-
terminal, which occurs through the CCS N-terminal,
indicates a non-proteolytic role for BACE1. BACE1-
CCSinteraction leads to decreased availability of CCS
for the anti-oxidant enzyme SOD-1, reducing SOD-1
activity and diminishing oxidative injury [174, 190],
thus implicating BACE1 function in redox control and
copper metabolism. Polysaccharide interaction with
BACET! are also implicated in the control of BACEI1,
where heparin sulphate (HS) polysaccharides
(GAGs) are described to be naturally occurring
inhibitors of 3-secretase activity. Heparin can bind to
pro-BACE1 and HS proteoglycans inhibit 3-secretase
catalysis [191, 192]. It is suggested that high concen-
trations of HS inhibit BACE1, while low concentra-
tions promote BACE1 activity and autocatalysis of the
pro-zymogen form of BACE1 [191]. The significance
of this to AD is not clear.

Transcriptional and translational control of BACE1

Despite the unchanged levels of BACEI mRNA in
AD [105, 108, 112-14] many studies have shown clear
transcriptional regulation of BACE1, mostly in re-
sponse to cell stress. Most of these cell stressors
increase total BACEI mRNA, coincident with similar
increases in BACE1 protein levels and [-secretase
activity, whereas in AD changes predominantly effect
the BACEI1 protein and particularly increase enzyme
activity. Thus, it is as yet unclear which of these many
transcriptional regulators of BACE1 are physiologi-
cally relevant to BACE1 dysfunction in AD. However,
studies in this area should shed light on mechanisms
that could possibly cause aberrant BACE1 activation
in AD. As mentioned above, characterisation of the
BACE!1 promoter shows strong similarity to house-
keeping genes [19-21] with features common to both
constitutive and inducible expression [193]. Further-
more, the BACE1 promoter is differentially regulated
according to cell type, with highest activity in neurons
compared to non-neuronal cells [23] contrasting to the
BACE2 promoter [20, 22]. Putative specific tran-
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scription sites have been identified in the BACE1
promoter, and are implicated in the regulation of
BACEI expression [for review see [124]]. These
include Sp-1 [19, 21, 193, 194] YinYang-1 [195],
PPAR-y [196], NFkB [197, 198], STAT6 [199],
STAT3 [200] and HIFla [201 — 203]. Several of
these transcription factors have been implicated in the
induction of BACE1 expression, including: Sp-I,
HIFla, YinYang-1, STATs and NFkB. NF«xB can
both stimulate and repress BACE1 transcription [197,
198], and BACE] transcription is also repressed by
PPARY [196], possibly linking to the ability of non-
steroidal anti-inflammatory drugs to reduce Af.
Many of the transcription factors that control BACE1
mRNA expression respond to physiological or patho-
logical stressors that have been broadly implicated in
AD pathogenesis [204]. These include: hypoxia/
oxidative stress/ mitochondrial dysfunction [202, 203,
205-07], altered calcium homeostasis [208], gliosis
[209], ischemia [118], cholesterol content [210], brain
injury [211] and AP itself [197, 198]. Cell signal
transduction pathways which impact on these various
transcription factors have also been shown to regulate
BACEL], and are known to be altered in AD. These
include: PKC [212], ERK1/2 [206, 213], p25/CDK2
[200] Cjun/INK [207, 213] and intracellular calcium
[208]. If all of these stressors and signalling mecha-
nisms shown to control BACEI1 in vitro also occurred
in vivo in the adult human brain, up-regulation of
BACETL levels and AP production would be rather
rapid and non-specific. In addition, pathological A
production would be predicted to occur following
diverse brain injuries and not just specifically in AD.
Nevertheless, the housekeeping / stress response role
of BACE1 is most likely important in AD patho-
genesis and further studies need to delineate those
BACE-1 responses that are physiologically relevant in
vivo in the adult brain and in AD.

Another possible area deserved of attention is the role
of BACEI1 splice variants in AD pathogenesis. As
mentioned, these differ significantly in their enzymat-
ic activities, and their physiological and possible
pathological functions are relatively unexplored.
Although all splice variants of BACEI1 are detectable
in the human frontal cortex [29, 214, 215] the largest I-
501 variant, which is by far the most enzymatically
active, is the predominant species and increases during
aging in mice. Interestingly, splice variants are re-
ported to be expressed in a brain region and brain
species-specific manner [214]. Differential expression
of BACET1 splice variants may sway APP production
towards A production in AD or during cell stress. In
line with this switching, the balance between BACE1
1-501 to the less enzymatic active forms in brain would
help to decrease BACE1 activity in AD. To add
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further complexity BACEI mRNA is regulated in its
translation, where the extra long 5 untranslated
region (5'-UTR) of BACEI mRNA (446 nucleotides
long), present in at least 3 BACEI mRNAs [216] can
suppress BACEI translation. This 5’UTR contains
unusual features often found in mRNA showing tight
translational control, and shows a high degree of
secondary structure. Leaky scanning of the 5'-UTR
and re-initiation at the physiological BACEI AUG
site [217] or ribosomal shunting of upstream open
reading frames (UORFs) have been described as
possible mechanisms for regulation of BACE1 trans-
lation. Translation of BACE1 may thus be constitu-
tively repressed in some cell types. In addition,
physiological microRNAs have recognition sites in
the 3° UTR region of BACE1 mRNA [108,218]. These
may be important controllers of BACE1 post-tran-
scriptional gene regulation in AD, where decreased
levels of BACE1 recognising microRNAs have been
recently described in AD brain [108, 218] and these
have been found to correlate with increased BACE1
protein levels in a subset (~30% ) of AD patients
[108].

BACE]1 synaptic function and AD pathogenesis

Synaptic loss is a critical element in AD pathogenesis
[219-221] that is closely associated with the duration
and severity of cognitive impairment in the disease
[222]. Thus, understanding the relationship between
BACE]1 activity, Af generation and synaptic function,
normally and in AD, is vital. APP is located at the
synapse and the synapse is a major site for AP
deposition [223]. In the context of BACEI1 activity it
is important to reiterate that monomeric soluble AP
has a normal physiological synaptic function, partic-
ularly at glutamatergic synapses, where it has been
hypothesised to reduce excitotoxicity and synaptic
transmission by controlling the number of functional
synapses, thus limiting neuronal excitability [224].
This is in agreement with recent findings, reviewed
above, showing that a complete block of BACE1
cleavage of APP in BACEI null mice causes alter-
ations in synaptic plasticity, neuronal excitability and
cognitive function. Significantly, BACE1 processing
of APP to yield monomeric soluble synaptic Af is
closely associated with neuronal activity, where action
potential, synaptic vesicle release and synaptic vesicle
endocytosis all positively modulate A3 production
[224-226]. Importantly, this indicates that the dynam-
ics of the neurotransmitter release cycle may be
mechanistically linked to BACEL1 activation / inacti-
vation cycles and A production.
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The tipping point from a physiological to a patholog-
ical function for BACEL in A production is un-
known. This transition may result in loss of the normal
physiological BACE1 / A function in synaptic trans-
misssion, with a gain of an aberrant function for both
protease and peptide. This is most likely to be
coincident with abnormal increases in BACE1 activity
and overproduction of oligomeric assemblies of Af,
and insoluble amyloid plaques, both of which have
been demonstrated to be neurotoxic, and to induce
cognitive defects [221, 227]. In this process, accumu-
lating evidence suggests that soluble oligomeric forms
of AP are more synapto-toxic than fibrils [221, 228].
Importantly, oligomeric species of AP aberrrantly
modulate various aspects of glutamateric synaptic
transmission, including the induction of: dendritic
spine loss and AMPA receptor removal, altered
NMDA receptor trafficking, calcium regulation and
disruption of phosphatidylinositol-4,5 bisphosphate, a
key component in both exocytosis and endocytosis of
synaptic vesicles [229-232]. Thus, oligomeric Af may
promote a feedback-loop disrupting components of
the synaptic release and endocytic machinery to
induce increasingly abnormal BACE1 function. It is
notable that rather severe changes in the synaptic
endocytic machinery, axonal transport and pre-syn-
aptic neuronal function occur in AD brain, some of
which implicate defects in the autophagic machinery
and which also impact on tau function [233, 234].
Together these changes may cause increased BACE1
activity by, for example, increasing its time localised to
acidic endosomal compartments where its activity is
maximal.

Together the above data indicate that a detailed
exploration of BACE1 activity and function at the
synapse, and particularly within synaptic endosomal
compartments, is an important future task in gaining
an understanding of increased BACEL activity in AD,
and for designing treatment strategies that target
BACEL. It is known that APP, BACE1 and PS-1 are
anterogradely transported together in the same vesi-
cle-like compartment to CNS nerve terminal presy-
napses [183] and that lesions of axon fibers, blocking
transport to the synaptic terminal, substantially re-
duce AP accumulation in APP transgenic mice [235,
236]. A localisation of BACEI1 to synaptic terminals is
supported by findings showing BACEI is enriched in
presynaptic terminals in mouse hippocampus [60,
107], and in the plexiform layers in retina and synaptic
olfactory terminals of rat [205, 237]. Although de-
tailed examination of BACEI at the synapse in normal
human brain or in AD is lacking, a study from our lab
has shown decreased levels of BACE1 protein corre-
late strongly with synaptophysin loss and the severity
of NFT deposition in AD cases, even though BACE1

Understanding BACEL1 in Alzheimer’s disease

activity is significantly increased [101]. In addition,
BACE1 elevation has been found to colocalise
predominantly with synaptophysin within neurons
surrounding plaques in AD, and in animal models of
the disease [107]. It will thus be critical to further
establish within which subcellular compartments and
membrane microdomains BACE1 resides at the
synapse, and how BACEL1 trafficking, activity and
substrate interaction is regulated during the synaptic
vesicle release cycle, and during trafficking of BACE1
between the somatodendritic compartment and the
synapse. Defects in the exocytosis or endocytosis of
synaptic vesicles linked to impaired neurotransmis-
sion may turn out to be mechanistically associated
with defective BACEI activation and increased Af
production in AD, leading in turn to impaired long
lasting structural and functional synaptic changes that
underly progressive cognitive dysfunction in the
disease.

BACE inhibitors, conclusions and future pespectives

Since its discovery over eight years ago much infor-
mation has been gained on the structure, function and
regulation of BACEL. The enzmye remains a prime
target for the development of inhibitory drugs to block
excess AP production in AD. The area of drug
development for BACE1 inhibition has been ad-
dressed in several excellent recent reviews [54, 238,
239] and is thus not adressed in detail here. We will but
summarise briefly the progress in this area. The first
generation of BACEI transition state inhibitors using
peptide-mimetics based on APPgy with non-clevable
isoteres have been employed to determine the crystal
stucture of the enzyme, and to understand BACE1
substrate and inhibitor interaction at the active site.
These are reviewed in sections above which discuss
the structure of BACE1. Although these inhibitors
potently inhibit BACE1 activity and provide informa-
tion for inhibitor design, they are unfortunately too
large to penetrate the blood brain barrier (BBB) and
to be functional as drug candidates. Thus, ideally -
secretase inhibitors should be 700 kDa or smaller, in
addition to having high lipophillicity, in order to
penetrate the blood brain barrier [49] and to access
neuronal membranes, in particular the membranes of
subcellular organelles where BACE1 resides. Im-
provements in the design of the above inhibitors
have reduced their mass and increased their specific-
ity, but they remain inneffective in permeating cell
membranes. To this end cell penetrable BACE1L
inhibitors [240-242] bearing penetratin [243] or car-
rier peptide [244] sequences are being explored.
Recently, a membrane anchored f-secretase transi-
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tion state inhibitor has been synthesised by linking the
inhibitor to a sterol moiety [245]. This inhibitor
efficiently targeted P—secretase in endosomes via
endocytosis, and this targeted approach significantly
enhanced inhibitor efficacy, both in cell culture and in
APPsw/PSAE9 mice. Future investigations of these
sterol-linked membrane anchored inhibitor types may
thus enable selective inhibitory targeting of BACE1 in
AD, with the caveat of transit across the BBB,
effective endocytosis in the disease, and selective
inhibitor targeting to appropriate neuronal popula-
tions. The feasibility of BACE1 inhibition for treat-
ment of AD has been confirmed through the reduc-
tion of APP [-secretase catabolites after oral admin-
istration of BACE1 inhibitor to APPgy, mice [246] or
direct injection of BACEI1 inhibitor into cerebral
ventricles of non-transgenic mice [247]. Microinjec-
tion of BACE!1 inhibitor into the brain of APPy
transgenic mice has also reduced the [-secretase
processing of APP, without significant effects on
NRG-1 processing [248].

From the detailed investigations of BACE1 biology
reviewed above, it is increasingly clear that BACE1
has vital normal functions in the CNS in the
production of normal levels of Af and in NRG-1
and VGSC subunit processing, with indicated asso-
ciated regulation of cognitive and emotional proc-
esses. More CNS and synaptic function relevant
substrates of BACE1 may emerge in the future. We
thus need to develop a more detailed understanding
of the physiological function of BACEL1 activity and
how this relates to cognition and emotion. In
addition, it will be important to decipher what tips
BACE1 from a normal functioning protease to
induce its pathological overactivation with age in
AD, with excess AP production and associated
cognitive and emotional dysfuntion. As reviewed in
detail above, the control of BACE1 activity and
function in the CNS is multifactorial and complex. It
is obvious that in time only some of these mecha-
nisms will emerge to be critical primary regulators of
BACET1 activity in human brain and in AD. Presently,
factors that regulate BACE1 activity appear to
converge on systems that control enzyme trafficking
through different neuronal cellular compartments
and membrane microdomains, which synchronise
with its activation, inactivation and degradation
cycles. As BACE1 is maximally activated at acidic
pH, acidification of vesicles, particulary in the endo-
somal compartments, will be central to the correct
activation and inactivation cycles for the enzyme. In
addition, inappropriate acidification of other organ-
elles in AD would also overactivate BACEL.
Despite the complexity and multiplicity of mecha-
nisms that are emerging to regulate BACE1 activity, it
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is worth bearing in mind that something as simple as a
double missense mutation in APP, which works be
providing a more attractive APP substrate to BACEI1,
is the sole cause of increased Af} production and rare
familial forms of AD. Thus a critical single control
element of BACE1 function which normally works to
activate and deactivate its processing of APP during
its life time in the neuron, may become slowly
impaired with age in AD. The simplest explanation
for increased BACEL1 activity in AD is its increased
domicile in the endosomal compartment, where it is
maximally active. In addition, changes in the lipid
environment of the AD endosome and plasma
membrane may further enhance APP / BACEl
interaction in this domain. Thus, further understand-
ing of the protein, lipid and signalling dynamics that
control BACE1 activity with respect to its trafficking
in neurons and synapses and how this relates to the
development of AD pathology holds much promise
for the effective targeting of BACE1 in order to
normalise its function and block excess AP production
in the disease.
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