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Production of amyloid-b protein (Ab) is initiated by a b-secretase
that cleaves the Ab precursor protein (APP) at the N terminus of Ab
(the b site). A recently identified aspartyl protease, BACE, cleaves
the b site and at residue 11 within the Ab region of APP. Here we
show that BACE2, a BACE homolog, cleaves at the b site and more
efficiently at a different site within Ab. The Flemish missense
mutation of APP, implicated in a form of familial Alzheimer’s
disease, is adjacent to this latter site and markedly increases Ab
production by BACE2 but not by BACE. BACE and BACE2 respond
identically to conservative b-site mutations, and alteration of a
common active site Arg inhibits b-site cleavage but not cleavage
within Ab by both enzymes. These data suggest that BACE2
contributes to Ab production in individuals bearing the Flemish
mutation, and that selective inhibition of these highly similar
proteases may be feasible and therapeutically advantageous.

The amyloid-b protein (Ab) is the principal component of the
senile plaques characteristic of Alzheimer’s disease (AD),

and multiple lines of evidence have implicated cerebral accu-
mulation of Ab in AD pathogenesis (1, 2). Ab is produced from
the Ab precursor protein (APP) by two proteolytic events. A
b-secretase activity cleaves APP at the N terminus of Ab (b site)
between amino acids Met-671 and Asp-672 (using the numbering
of the 770-aa isoform of APP). Cleavage at the b site yields a
membrane-associated APP fragment of 99 aa (C99). A second
site within the transmembrane domain of C99 (g site) can then
be cleaved by a g-secretase to release Ab, a peptide of 39–42 aa.
APP can alternatively be cleaved within its Ab region, predom-
inately at the a-secretase cleavage site of APP, to produce a
C-terminal APP fragment of 83 aa (C83), which can also be
further cleaved by g-secretase to produce a small secreted
peptide, p3.

A number of missense mutations in APP have been implicated
in forms of early-onset familial AD. All of these are at or near
one of the canonical cleavage sites of APP. Thus, the Swedish
double mutation (K670NyM671L) is immediately adjacent to
the b-cleavage site and increases the efficiency of b-secretase
activity, resulting in more total Ab (3). Any of three mutations
at APP residue 717, near the g site, increases the proportion of
a more amyloidogenic 42-aa form of Ab [Ab(1–42)] relative to
the more common 40-residue form [A(b1–40)] (4–7).

Two additional mutations of APP have been described which
are close but not adjacent to the a site. A mutation (A692G, Ab
residue 21) in a Flemish family and a mutation (E693Q, Ab
residue 22) in a Dutch family each have been implicated in
distinct forms of familial AD (8–10). The Flemish mutation, in
particular, presents as a syndrome of repetitive intracerebral
hemorrhages or as an AD-type dementia. The neuropathological
findings include senile plaques in the cortex and hippocampus,
and usually multiple amyloid deposits in the walls of cerebral
microvessels (8, 11, 12).

Recently, a membrane-associated aspartyl protease, BACE
(also called b-secretase or Asp2) has been shown to exhibit
properties expected of a b-secretase (13–16). This enzyme

cleaves APP at its b site and between Tyr-10 and Glu-11 of the
Ab region with comparable efficiency (15). Ab fragments
cleaved at this latter site have been observed in amyloid plaques
in AD and in media of APP-transfected HEK293 human em-
bryonic kidney cells (17–19). Several groups also observed the
presence in the database of an additional aspartyl protease,
BACE2 (also called Asp1), a close homolog of BACE (hereafter
referred to as BACE1) (16, 20).

We show here that BACE2 cleaves APP at its b site and more
efficiently at sites within the Ab region of APP, after Phe-19 and
Phe-20 of Ab. These internal Ab sites are adjacent to the Flemish
APP mutation at residue 21, and this mutation markedly in-
creases the proportion of b-site cleavage product generated by
BACE2. We find that conservative b-site mutations of APP that
either increase (the Swedish mutation) or inhibit (M671V)
b-secretase activity affect BACE1 and BACE2 activity similarly,
and that BACE2, like BACE1, proteolyzes APP maximally at
acidic pH. Moreover, alteration of a single Arg common to both
enzymes blocks their ability to cleave at the b site of APP but not
at their respective sites internal to Ab. The identification of
distinct BACE1 and BACE2 specificities and a key active-site
residue important for b-site cleavage may suggest strategies for
selectively inhibiting b-secretase activity. The data presented
here provide insight into the mechanism of at least one form of
familial AD, and suggest that BACE2 cleavage of wild-type APP
within the Ab region can limit production of intact Ab in
BACE2-expressing tissues.

Materials and Methods
Expresser Plasmid Construction and Mutagenesis. Full-length
cDNAs for APP, BACE1, and BACE2 were obtained from a
U87 human glioblastoma cell (ATCC HTB14) cDNA library by
PCR. Each of these constructs was ligated into a pcDNA3.1
(Invitrogen) vector modified to encode a 10-aa C-terminal tag
(GTETSQVAPA) derived from bovine rhodopsin and recog-
nized by the antibody 1D4 (21). DNA encoding the C-terminal
99 and 89 aa of APP initiated with a CD5 signal sequence was
cloned into the same vector. Point mutations in APP, BACE1,
and BACE2 were generated by the QuikChange (Stratagene)
method.
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Immunoprecipitation. HEK293T (ATCC CRL 11554) cells (0.5 3
106) were transfected by the calcium phosphate method. Unless
otherwise indicated, 4 mg of APP expresser plasmid with 0.05–
0.1 mg of BACE1 or BACE2 expresser plasmids were used per
transfection. Cells were metabolically labeled 24 h after trans-
fection with 0.15 mCi of Tran35S-label (ICN) for 12 h. Harvested
cells were lysed in 0.3 ml of 0.5% NP-40y0.5 M NaClyphosphate
buffer, pH 7.4, containing protease inhibitor mixture (Sigma)
and 0.5 mM PMSF, and incubated for 2 h at room temperature
with 1D4 antibody covalently linked to CNBr-activated Sepha-
rose beads (Amersham Pharmacia). Washed samples were
boiled in reducing sample buffer and analyzed by electrophoresis
on an SDSy12% or 18% polyacrylamide gel. Immunoprecipita-
tion of Ab was performed by incubating tranfected cell super-
natants with anti-Ab(1–16) antibody (Chemicon) and Protein
A-Sepharose beads.

Tissue Distribution of BACE2. Multiple tissue Northern blots (Hu-
man 12-Lane, Human Brain II, and Human Brain IV) from
CLONTECH were hybridized with a 39 fragment of the BACE2-
coding region (nucleotides 1120–1650). DNA was labeled with
[32P]dCTP by using Ready-To-Go (Amersham Pharmacia) ran-
dom oligomer-labeling beads.

Sample Preparation and Time-of-Flight Matrix-Assisted Laser Desorp-
tionyIonization (TOF-MALDI) Mass Spectroscopy. HEK293T cells
(2 3 106) were transfected with 25 mg of BACE1 or BACE2
expresser plasmids or pcDNA3.1 alone. At 48 h after transfec-
tion, cells were lysed and immunoprecipitated as described
above. Samples were washed four times with lysis buffer and
twice with incubation buffer (2.5% acetic acidyammonium
acetate, pH 5.5). Immunoprecipitates bound to 1D4-Sepharose
beads were mixed with 100 ml of incubation buffer containing 50
mM synthetic peptides, and incubated at 37°C for 2 h. Sepharose
beads were removed by centrifugation and the 1 ml of superna-
tant was mixed with 1 ml of a-cyano-4-hydroxycinnamic acid
matrix (Aldrich) and analyzed by TOF-MALDI mass spectros-
copy (Voyager DE-STR, PerSeptive Biosystems, Framingham,
MA). Laser settings of 2350 were used in all experiments.
Ab(1–28) peptide was obtained from Bachem, and the
APP(662–679) peptide (KTEEISEVKMDAEFRHDS) was syn-
thesized by New England Peptide (Lowell, MA).

Determination of pH Optima. HEK293T cells (2 3 106) were
transfected by the calcium phosphate method with 25 mg of the
Swedish mutation of APP (APPsw) expresser plasmid, radiola-
beled with [35S]cysteine and [35S]methionine, and lysed in 1.5 ml
of unbuffered 0.5% NP-40y0.5 M NaCl containing a protease
inhibitor mixture (Sigma) and PMSF. Separately, 0.4 3 106

HEK293T cells were transfected with 5 mg of plasmids encoding
BACE1, BACE2, or with vector (pcDNA3.1) alone, radiola-
beled, and lysed in 0.3 ml of the same lysis solution. Cell debris
was removed by centrifugation. APP lysate (100 ml) was incu-
bated on ice with 30 ml of 1.2% acetic acidyammonium hydrox-
ide solution prepared at indicated pH, and mixed with 5 ml of
BACE1 lysate or 10 ml of BACE2 lysate and incubated at 25°C
for 10 min. Ammonium hydroxide and SDS were added to
achieve a final pH of 8.5. Samples were boiled, immunoprecipi-
tated, and analyzed by SDSyPAGE.

Results
BACE2 Generates Two C-Terminal Fragments of APP. We first inves-
tigated the ability of BACE2 to cleave APP. To do so, we
generated plasmids encoding BACE1, BACE2, APP, or the
C-terminal 99 or 89 aa of APP (C99 or C89, respectively). In each
case, these constructs were designed to express a C-terminal tag
derived from the C-terminal 9 aa of bovine rhodopsin, recog-
nized by Sepharose beads conjugated to the antibody 1D4 (21).

HEK293T cells were transfected with plasmids expressing
BACE2 alone, APP alone, or APP in combination with BACE1
or BACE2. Cells were lysed, immunoprecipitated with 1D4-
Sepharose, and analyzed by SDSyPAGE. Fig. 1A (lanes 3 and 4)
shows that BACE2 migrates more quickly than BACE1, pre-
sumably because of the two additional N-glycosylation sites
present in BACE1 (15, 20). Cells transfected with APP alone
produced a C-terminal fragment which migrated slightly more
rapidly than tagged C89 (Fig. 1B, lanes 2 and 5), presumably C83,
a product of the endogenous a-secretase activity of these cells
(22, 23). As shown in lane 3 of Fig. 1 A and B, lysates of HEK293T
cells transfected with C-terminally tagged APP and BACE2
contained precipitable C-terminal fragments of APP not found
in cells transfected with BACE2 or APP alone. These cells
expressed a sharp band which ran identically with tagged C99
and a denser, more diffuse band which migrated more rapidly
than tagged C89, and slightly more rapidly than the C-terminal
fragment (C83) of cells transfected with APP alone (22). An
additional diffuse band, which migrated slower than C99, was
sometimes observed in the presence (Fig. 1 A, lane 3) and the
absence (Fig. 5A, lane 3) of full-length APP, indicating that it is
not an APP cleavage product. As reported (15), cells transfected
with APP and BACE1 produced two APP fragments, which
comigrated with C99 and C89, respectively (Fig. 1 A and B, lane
4). We conclude that BACE2 can cleave APP at or near the b
site of APP and also within the Ab region of APP to produce a
fragment smaller than the C83 product generated by the a-secre-
tase endogenous to HEK293T cells.

BACE2 Cleaves at the b Site of an APP-Derived Peptide. To determine
the preferred cleavage site of BACE2, lysates of cells transfected
with plasmids encoding tagged BACE1, BACE2, or vector alone
were incubated with 1D4-Sepharose beads. Beads were washed
extensively and incubated with a peptide (KTEEISEVKMDAE-
FRHDS) derived from residues 662–679 of APP, which includes
the b site (between residues M671 and D672). This peptide was
then analyzed by TOF-MALDI. As shown in Fig. 2, peptide
incubated with control beads exhibited a MALDI peak of 2151.0,
corresponding to the full-length peptide. Fig. 2 demonstrates
that the same peptide incubated with BACE1 has been cleaved
to produce a strong peak at 976.4 and a smaller peak at 1193.6.

Fig. 1. BACE2 generates two C-terminal fragments of APP. HEK293T cells
were transfected with a plasmid encoding C-terminally tagged versions of the
indicated molecules. Cells were radiolabeled with [35S]cysteine and [35S]me-
thionine, lysed, and precipitated with 1D4-Sepharose beads. Precipitates were
analyzed by SDSyPAGE in 12% (A) or 20% (B) polyacrylamide. In B, constructs
encoding the C-terminal 99 and 89 aa of APP fused to the same C-terminal tag
were included in the final lane.
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The 976.4 peak corresponds to a peptide fragment (DAE-
FRHDS) corresponding to the first eight residues of Ab
[APP(672–679)]. The 1193.6 peak corresponds to a fragment
containing the 10 aa (KTEEISEVKM) immediately upstream
of the b site [APP(662–671)]. Fragments of identical molec-
ular weight were also obtained from peptide incubated with
BACE2 (Fig. 2). These data demonstrate that BACE2 can
cleave the b site of an APP-derived peptide and imply that one
of the C-terminal fragments observed in BACE2- and
APP-transfected cells is C99.

BACE2 Cleaves Ab(1–28) After Phe-19 and Phe-20. We also sought to
determine the site where BACE2 cleaves APP within the Ab

region of APP by using the same assay described for Fig. 2 except
that a peptide derived from the first 28 aa of Ab [Ab(1–28)] was
used. As shown in Fig. 3, peptide incubated with precipitates of
mock-transfected cells was not cleaved, and a strong peak of
3261.5 corresponding to Ab(1–28) was observed. The same
peptide incubated with BACE1 produced a strong peak corre-
sponding to the Ab(1–10) and a peak corresponding to Ab(11–
28) consistent with the observed internal Ab cleavage product
after Tyr-10 (15). Two additional peaks corresponding to Ab(1–
19) and Ab(1–20) were also observed, although they were
substantially smaller than the Ab(1–10) peak. When Ab(1–28)
was incubated with BACE2, pronounced peaks corresponding to
Ab(1–19) and Ab(1–20) were observed, as was Ab(21–28), the

Fig. 2. BACE2 cleaves APP(662–679) at the b site. HEK293T cells were
transfected with vector alone, C-terminally tagged BACE1, or C-terminally
tagged BACE2 as indicated, lysed, and precipitated with 1D4-Sepharose
beads. Beads were washed and incubated with 50 mM APP(662–671) peptide
and analyzed by TOF-MALDI. 11, Double protonation of the indicated pep-
tide fragment; and *, N-terminally truncated peptide fragments observed in
untreated peptide. Peaks at 1599.6 Da (BACE1) and 1606.5 and 1840.1 Da
(BACE2) are not assignable to any peptide fragment. Peptide fragments of
976.4 and 1193.6 correspond to N- and C-terminal fragments of the peptide
cleaved at the b site. The peptide sequence with APP and Ab numbering is
displayed below the figures.

Fig. 3. BACE2 cleaves Ab(1–28) following Phe-19 and Phe-20. HEK293T cells
were transfected with vector alone, C-terminally tagged BACE1, or C-
terminally tagged BACE2 as indicated, lysed, and precipitated with 1D4-
Sepharose beads. Beads were washed and incubated with 50 mM Ab(1–28)
peptide and analyzed by TOF-MALDI. 11, Double protonation of the indi-
cated peptide. Peaks at 1196.5, 2314.2, and 2461.2 Da correspond to N-
terminal peptide fragments cleaved after Ab residues 10, 19, and 20, respec-
tively. Peaks at 2083.6 and 966.5 Da correspond to the C-terminal peptide
fragments cleaved before residues 11 and 20, respectively. The peptide se-
quence with APP and Ab numbering is displayed below the figures.
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C-terminal counterpart of Ab(1–20). These data are consistent
with the C-terminal APP fragments observed in BACE2-
transfected cells (Fig. 1) and imply that BACE2 primarily cleaves
APP after Phe-19 and Phe-20 of the Ab region to generate a
product of 79–80 residues (referred to hereafter as C79).

The Swedish and Flemish Missense Mutations of APP Enhance Pro-
duction of C99 by BACE2. We next investigated the effect of three
APP mutations implicated in early-onset familial AD on BACE1
and BACE2 proteolysis of APP. Fig. 4A demonstrates that the
Swedish mutation of APP substantially increases the production
of C99 by BACE2, and as previously reported, by BACE1
(14–16).

Two additional mutations implicated in familial AD were
assayed for their ability to alter BACE1 and BACE2 processing
of APP. These mutations (A692G, the Flemish mutation, and
E693Q, the Dutch mutation) are adjacent to the preferred
cleavage sites of BACE2. As shown in Fig. 4B, no detectable
differences in C-terminal fragment production between wild-
type APP and APP with the Dutch mutation were observed
when coexpressed with either BACE1 or BACE2. Contrary to a
previous suggestion (8), the Flemish mutation did not signifi-
cantly reduce the production of C83 (Fig. 4B, lanes 1 and 4).
However, this mutation somewhat enhanced C99 and C89
production by BACE1 (lanes 2 and 5) and substantially enhanced
C99 production by BACE2 to levels at or greater than those
produced by BACE1 (lanes 3 and 6). Also, the Flemish mutation
resulted in an additional BACE2 C-terminal fragment that
migrated similarly to C89 (lane 6), consistent with the enhance-
ment of the p3.5 fragment (Ab starting at E11) observed in an
earlier study (24). Somewhat lower levels of the BACE2-
generated C79 were observed in cells transfected with BACE2
and Flemish APP (lane 6). The pronounced effect of the Flemish
mutation on the level of C99 generated by BACE2 suggests a role

for BACE2 in the Ab deposition found in individuals bearing this
mutation.

To determine if the Flemish mutation also increased the
production of Ab by BACE2, radiolabeled supernatants of cells
transfected with wild-type APP, or APP bearing the Flemish
mutation with or without BACE1 or BACE2, were immunopre-
cipitated with an antibody recognizing the first 16 residues of Ab.
As shown in Fig. 4C, Ab was detectable in supernatants of cells
transfected with BACE1 and Flemish or wild-type APP (lanes 2
and 5). A similar amount of Ab was detectable in cells trans-
fected with BACE2 and APP bearing the Flemish mutation (lane
3). Little or no Ab was detectable in supernatants of cells
tranfected with BACE2 and wild-type APP. We conclude that
the Flemish mutation substantially increases the generation of
Ab as well as C99.

BACE2 Is Expressed in Neural Tissue and the Periphery. Both BACE1
and BACE2 were cloned for this study from a cDNA library of
the astroglioma cell line U87. We sought to further describe the
expression patterns of BACE2. We found that BACE2 is ex-
pressed at low levels in neural tissue relative to its marked
expression in the heart, kidney, and placenta (data not shown),
in contrast to the expression pattern reported for BACE1, which
expresses more strongly in whole brain than in these peripheral
organs (15, 16). An examination of specific expression in differ-
ent brain regions demonstrated that the BACE2 message was
detectable at low levels in all such areas, with the exception of
the spinal cord and medulla where it was efficiently expressed
(data not shown). These data indicate that BACE2 is expressed
in regions of the brain also expressing BACE1 (15, 16) and
suggest that BACE2 may play a role in highly vascularized
systemic tissues, including the heart, kidney, and placenta.

BACE1 and BACE2 Can Cleave C99. We next investigated whether
BACE1 or BACE2 could cleave C99 and thus continue to
process an APP fragment already cleaved at its b site. Fig. 5A
demonstrates that both BACE1 and BACE2 can cleave a
tagged C99 construct, producing fragments that run at
(BACE1, lane 2) or below (BACE2, lane 3) tagged C89,
respectively. No endogenous a-secretase cleavage of C99
could be detected in this experiment (lane 1). The efficiency
with which each enzyme cleaves C99 closely matches the
efficiency with which they cleave full-length APP at their
respective cleavage sites internal to Ab. These data indicate

Fig. 4. The Swedish and Flemish mutations of APP enhance the b-site
cleavage product of BACE2. (A) HEK293T cells transfected with plasmids
encoding wild-type tagged APP or tagged APP with the Swedish mutation
(K670NyM671L; Swedish mutation of APP) with vector alone, or plasmids
encoding tagged BACE1 or BACE2 as indicated. Different levels of BACE1 or
BACE2 plasmid were transfected in adjacent identically labeled lanes. Cell
lysates were analyzed as in Fig. 1. (B) HEK293T cells transfected wild-type
tagged APP or tagged APP with the Flemish (A692G) or the Dutch (E693Q)
mutations with vector alone or plasmids encoding BACE1 or BACE2 as indi-
cated. Cell lysates were analyzed as in Fig. 1. (C) Supernatants from radiola-
beled HEK293T cells transfected with plasmids encoding Flemish APP (A692G)
or wild-type APP together with vector alone or plasmids encoding BACE1 or
BACE2 were immunoprecipitated with an anti-Ab(1–16) antibody and ana-
lyzed by SDSyPAGE.

Fig. 5. BACE1 and BACE2 b site and internal Ab cleavage events are inde-
pendent but can occur successively. (A) HEK293T cells were transfected with
tagged C99 with vector alone or plasmids encoding BACE1 or BACE2 as
indicated. Cell lysates were immunoprecipitated as in Fig. 1 and analyzed by
SDSyPAGE. (B) HEK293T cells were transfected with wild-type tagged APP or
tagged APP bearing a M671V mutation with vector alone, BACE1 or BACE2,
and analyzed as in Fig. 1. (C) HEK293T were cells transfected with wild-type
tagged APP alone, wild-type tagged BACE1 or BACE2, or BACE1 and BACE2
bearing an Arg 3 Lys mutation adjacent to their respective active sites, as
indicated, and analyzed as in Fig. 1.
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that both enzymes can continue to process C-terminal APP
fragments after initial b-site cleavage of APP.

An M671V Mutation in APP Inhibits Both BACE1 and BACE2 b-Site
Cleavage. We next assayed the ability of a M671V mutation
immediately upstream of the b site to interfere with BACE1 and
BACE2 proteolysis. M671V has been shown to inhibit the
production of Ab in HEK293 cells transfected with APP bearing
this mutation (25). Fig. 5B demonstrates that this mutation
almost completely inhibited both BACE1 and BACE2 cleavage
at the b site of APP but did not significantly alter the generation
of their respective internal cleavage products. These data indi-
cate that the b site and the internal cleavage sites of BACE1 and
BACE2 can be cleaved independently and underscore the
similarity of the active sites of these two enzymes.

A Key Active Site Arg Is Important for b-Site Cleavage by BACE1 and
BACE2. Inspection of the crystal structure of the aspartyl protease
cathepsin D bound to its inhibitor pepstatin (26) and alignment
of cathepsin D, BACE1, and BACE2 sequences suggested that
Arg-296 of BACE1 (Arg-310 of BACE2) could form a salt bridge
with the Asp immediately after the b site of APP (APP residue
672, Ab residue 1). We speculated that the internal Ab prote-
olysis by BACE2 would be less sensitive to perturbations of this
Arg because these sites did not include an immediately adjacent
acidic amino acid (shown in Fig. 6B). We also speculated that the
longer Glu found immediately C-terminal to the internal BACE1
cleavage site (Fig. 6B) would be better able to associate with a
shorter Lys in the enzyme. Fig. 5C demonstrates that an Arg-296
3 Lys of BACE1, and the analogous change at position 310 of
BACE2, do indeed interfere with the ability of both enzymes to
cleave at the b site of APP, but not at their respective cleavage
sites internal to Ab. These data are consistent with the formation
of a salt bridge between Asp-672 of APP (Ab residue 1) and
Arg-296 and Arg-310 of BACE1 and BACE2, respectively.

Maximal BACE2 Activity Occurs at Acidic pH. b-Secretase activity
occurs with maximum efficiency under acidic conditions (15). To
determine the pH profile of BACE2, lysates from radiolabeled

HEK293T cells transfected with APP containing the Swedish
mutation were mixed with lysate of radiolabeled cells transfected
with BACE1 or BACE2 and incubated in buffer ranging in pH
from 3 to 7.5. As reported (15), BACE1 has an acidic pH
optimum which we observed to occur at ' pH 5.0 (data not
shown). BACE2 exhibited a similar pH profile, with its maximal
activity occurring close to pH 5.5 (data not shown). These data
further underscore the close functional similarity between these
two enzymes.

Discussion
Ab is the initial and major component of amyloid plaques
observed in the brains of all individuals with AD, and mutations
in the APP or presenilin proteins implicated in familial AD alter
either the quantities or the forms of Ab produced (2). BACE1
likely makes a significant contribution to the pool of Ab present
in the brain, and therefore this protease is likely to be an
important therapeutic target in AD treatment (13–16).

Here we characterize a homologous enzyme, BACE2, which
we show is also a BACE. Like BACE1, BACE2 efficiently cleaves
sites internal to the Ab region of APP. Although both enzymes
cleave within Ab, the fragments of Ab produced by these
internal cleavages may have different clinical consequences.
BACE1-generated Ab fragments beginning at Glu-11 of Ab
have been observed in senile plaques (18), and fragments of this
size have been shown to be more amyloidogenic and more
neurotoxic than full-length Ab (27). It may also be important
that the BACE1-generated Ab fragments, like full-length Ab,
include the HHQK sulfate-binding region of Ab, which can
associate with sulfated proteoglycans found in senile plaques (28,
29). In contrast, BACE2-cleaved internal fragments (starting at
Ab Phe-19 and Phe-20) lack the HHQK domain and have not to
date been observed in senile plaques. Moreover, fragments of
the size of p3 (starting at Ab Leu-17) or smaller appear to be less
amyloidogenic and neurotoxic in tissue culture (27). We have
shown that BACE2 is more efficient at cleaving within Ab than
BACE1 and less efficient at generating C99 (Fig. 1). We have
also demonstrated BACE2 can efficiently degrade C99 (Fig. 5A).
Taken together, these observations imply that BACE2 might
limit the production of pathogenic forms of Ab (i.e., fragments
beginning at Asp-1 or Glu-11) in cells that express both BACE1
and BACE2.

The Flemish mutation of APP significantly alters the ratio of
BACE2-generated C99 to its arguably more benign internal
cleavage product (C79) and also gives rise to an additional
BACE2 product which migrates similarly to C89 (Fig. 4B), in
agreement with the results of Haass et al. (24). The mechanisms
underlying this pronounced increase in C99 remain unclear. It
has previously been suggested that the Flemish mutation inter-
feres with constitutive cleavage by an a-secretase (8), but our
data show no significant effect of this mutation on endogenous
a-secretase cleavage of APP. We do, however, detect a decrease
in the generation of the internal BACE2 cleavage product (C79).
Perhaps the Flemish mutation at Ab residue 21 inhibits the
BACE2 cleavage after residues 19 or 20, thereby blocking the
further proteolysis of BACE2-generated C99.

The tissue distribution of BACE2 is also consistent with a role
for BACE2 in the particular form of AD found in patients
bearing the Flemish mutation. Although BACE2 is expressed at
relatively low levels in the cortex, a shift in its activity from
limiting to producing amyloidogenic Ab fragments (i.e., starting
at Asp-1) could contribute to the large senile plaques observed
in these patients (11). High expression of BACE2 in the kidney,
placenta, and heart is consistent with the presence of BACE2 in
the vasculature, and a role for BACE2 in the angiopathy and
cerebral hemorrhages observed in the Flemish patients (8).

The increased b-site proteolysis of Swedish mutation of APP
by BACE2 further underscores the similarity in the active sites

Fig. 6. Preferred BACE1 and BACE2 cleavage sites. (A) Sequence of APP
indicating a- and b-cleavage sites, BACE1- and BACE2-cleavage sites, and the
location of mutations analyzed here. APP numbering is that of the 770-aa
isoform. (B) Alignment of BACE1 and BACE2 substrates with the relative
efficiency of cleavage indicated by pluses. Residues that are suggested here to
modulate the efficiency or specificity of proteolysis by these enzymes are
indicated in bold. Asterisks indicate that although little C-terminal fragment
derived from BACE1 cleavage at these sites was observed in HEK293T cells,
BACE1 could cleave Ab(1–28) at these sites in an in vitro assay (Fig. 3).
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of BACE1 and BACE2, as does the ability of the conservative
M671V mutation to ablate the b-site cleavage of both enzymes
(Fig. 5B). The similar response to both b-site mutations implies
that most active-site inhibitors of BACE1 will also inhibit
BACE2. Our data raise the possibility that it may be advanta-
geous to inhibit BACE1 specifically, both because BACE2 may
contribute to the degradation of Ab in the brain and because it
may have other significant roles in the periphery. Alignment of
the preferred cleavage sites of BACE1 and BACE2 (Fig. 6B)
suggests that one difference between them is the position of
acidic amino acids. In particular, an acidic amino acid at the third
position after the cleavage site may be important for efficient
BACE2 activity. Similarly, acidic residues at the fourth position
preceding and at the first position after the cleavage site may play
a role in BACE1 cleavage. These possibilities still need to be

explored. However, it is already clear from our data that BACE1
but not BACE2 cleaves Ab after Tyr-10 (Fig. 3). Peptide variants
based on the sequence of this site could presumably serve as
models for small molecules that specifically inhibit BACE1.

Most AD is not clearly familial, and its etiology has not been
defined, although a role for excessive Ab deposition is clear.
Evidence presented here suggests that BACE2 and BACE1
function together to regulate the production of Ab peptides. It
may therefore be useful to explore the consequences of the
natural variation in the activities of BACE2 as well as BACE1.
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