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The novel transmembrane aspartic protease BACE
(for Beta-site APP Cleaving Enzyme) is the b-secretase
that cleaves amyloid precursor protein to initiate
b-amyloid formation. As such, BACE is a prime thera-
peutic target for the treatment of Alzheimer’s disease.
BACE, like other aspartic proteases, has a propeptide
domain that is removed to form the mature enzyme.
BACE propeptide cleavage occurs at the sequence
RLPR2E, a potential furin recognition motif. Here, we
explore the role of furin in BACE propeptide domain
processing. BACE propeptide cleavage in cells does not
appear to be autocatalytic, since an inactive D93A mu-
tant of BACE is still cleaved appropriately. BACE and
furin co-localize within the Golgi apparatus, and
propeptide cleavage is inhibited by brefeldin A and
monensin, drugs that disrupt trafficking through the
Golgi. Treatment of cells with the calcium ionophore
A23187, leading to inhibition of calcium-dependent pro-
teases including furin, or transfection with the a1-anti-
trypsin variant a1-PDX, a potent furin inhibitor, dramat-
ically reduces cleavage of the BACE propeptide.
Moreover, the BACE propeptide is not processed in the
furin-deficient LoVo cell line; however, processing is
restored upon furin transfection. Finally, in vitro diges-
tion of recombinant soluble BACE with recombinant
furin results in complete cleavage only at the estab-
lished E46 site. Taken together, our results strongly sug-
gest that furin, or a furin-like proprotein convertase, is
responsible for cleaving the BACE propeptide domain to
form the mature enzyme.

At the histopathological level, AD1 is characterized by neu-
rofibrillary tangles and amyloid plaques throughout the paren-
chyma of the brain, as well as amyloid deposits in the cerebral
vasculature (reviewed in Ref. 1). Amyloid plaques are com-
posed of Ab, a 40–42-amino acid peptide that varies in length
at the C terminus (2). Many studies have suggested that Ab,

especially the more fibrillogenic Ab42, is central to the patho-
genesis of AD (3).

Ab is formed by the endoproteolysis of APP, a large type I
transmembrane protein (4). Two proteolytic cleavages of APP
are required to make Ab. First, a protease termed b-secretase
cleaves APP at the N terminus of the Ab domain to generate
the soluble ectodomain APPsb and the membrane-bound frag-
ment C99 (see Fig. 1 of Ref. 5). A second protease, g-secretase,
then cuts C99 within the transmembrane region to form Ab,
which is secreted from the cell. Inhibition of the b- and g-secre-
tases would limit the production of Ab, widely considered to be
a beneficial therapeutic goal for the treatment of AD.

The identities of the secretases have been elusive. Preseni-
lins are required for g-secretase activity (6, 7), and therefore it
has been suggested that presenilins are g-secretase (8). How-
ever, it has not been directly shown that purified presenilins
have g-secretase activity. Recently, we (5) have identified the
novel transmembrane aspartic protease BACE as the major
b-secretase involved in APP processing, a conclusion subse-
quently confirmed by other groups (9–12).

Like other aspartic proteases, BACE is synthesized as a
precursor protein containing an N-terminal propeptide domain
that is removed during maturation of the enzyme (see Fig. 1A).
Typically, removal of the propeptide domain is necessary for
the activation of an aspartic protease (reviewed in Ref. 13).
Mature BACE starts at residue Glu-46 as the result of propep-
tide domain processing (5, 10, 11), and cleavage appears to
occur constitutively in a post-ER intracellular compartment,
most likely the Golgi apparatus (14). Glu-46 is immediately
preceded by the sequence RLPR, which appears to be a propro-
tein convertase (PC) recognition motif of the general sequence
(R/K)Xnn(R/K), where n 5 0, 2, 4, or 6. The PCs are a family of
calcium-dependent serine proteases consisting of seven mem-
bers as follows: furin, PC1/PC3, PC2, PC4, PACE4, PC5/PC6,
and PC7 (reviewed in Ref. 15). Understanding the regulation of
BACE propeptide cleavage and identifying the putative BACE
propeptide cleaving enzyme may have important therapeutic
implications.

Furin is a major PC in the constitutive secretory pathway
and is involved in the processing of a wide variety of precursor
proteins including serum proteins, growth factors, receptors,
extracellular matrix proteins, bacterial toxins, and viral coat
proteins (reviewed in Ref. 16). Like BACE, furin is ubiquitously
expressed and has an intracellular localization within the
Golgi, TGN, and endosomes. The sequence RLPR2E at the
propeptide cleavage site of BACE is a potential furin recogni-
tion motif; therefore; we have investigated whether furin may
be the protease that cleaves the BACE propeptide domain.
Here, we present evidence that furin, or a furin-like PC, medi-
ates BACE propeptide cleavage.
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EXPERIMENTAL PROCEDURES

Cell Culture and Transfections—293T cells were maintained in 10%
fetal bovine serum in DMEM, high glucose media (Life Technologies,
Inc.). LoVo cells were grown in 10% fetal bovine serum in DMEM/F-12
1:1 media (Life Technologies, Inc.). 293T cells were co-transfected with
either pCMVi-Sol.BACE-HA or pCMVi-BACE-HA and pRSV-Puro by
the calcium phosphate method (17). After selection in 5 mg/ml puromy-
cin, clones for each cell line were selected and named Sol.BACE-HA/293
and BACE-HA/293, respectively. Transient transfections of 293T cells
were performed using DMRIE-C (Life Technologies, Inc.) or Lipo-
fectAMINE 2000 (Life Technologies, Inc.) for LoVo cells.

Plasmids—All cDNAs were cloned into the expression vector pCMVi
(Cellular & Molecular Technologies Inc.). The BACE-HA construct has
been previously described (5). A soluble form of BACE was made by
truncating full-length BACE at Tyr-460 and fusing the 11-residue HA
epitope tag (YPYDVPDYASG) in frame at the C terminus of the mole-
cule to create Sol.BACE-HA. a1-Antitrypsin was cloned by PCR from
human liver cDNA using the primers CCATCGATGGACAGTGAATC-
GACAATG and GAAGATCTGGTTGAGGAGCGAGAGGCAG. The a1-
antitrypsin PDX variant (18) was generated by PCR using the following
primers: CCATCGATGGACAGTGAATCGACAATG and ACCTCGGG-
GGGGATAGACCTGGGTATGCGCTCTAAAAAC. The mutated frag-
ment was then re-cloned into a1-antitrypsin as a ClaI-AvaI fragment to
create a1-PDX.

BACE D93A Mutagenesis and Radiosequencing—The D93A
BACE-HA mutant was generated by a single nucleotide change of A to

G at position 278 of the cDNA creating an aspartic acid to alanine
substitution at position 93 of the peptide sequence by two-step PCR
using the following primers: GTGCCGATGTAGCGGGCTCCGGA, CT-
GCTGCCTGTAGCCACCAGGATG, CATCCTGGTGGCTACAGGCAG-
CAG, and CACCCGCACAATGATCACCTCATAA. The mutated frag-
ment was then re-cloned into BACE-HA as a BamHI-BsrGI fragment to
create D93A BACE-HA.

293T cells were transiently transfected with D93A BACE-HA. Two
days’ post-transfection, cells were labeled with 5 mCi of [3H]phenylala-
nine or [3H]threonine for 2 h and then chased for 3 h. Cell extracts were
prepared as described (19), pre-cleared with recombinant protein-A
Sepharose beads, and immunoprecipitated with anti-HA affinity matrix
beads (Covance). The samples were separated on a NuPAGE 7% Tris
acetate gel (NOVEX), transferred to PVDF membrane, and exposed to
film. The film was then used to locate the bands on the membrane,
which were excised and radiosequenced as described previously (19).

Metabolic Labeling and Immunoprecipitations—24–48 h post-trans-
fection, 293T or LoVo cells grown in 10-cm dishes (;7 3 106 cells) were
incubated in DMEM minus methionine for 1 h at 37 °C. Cells were then
labeled for 30 min or 1 h with 1 mCi/10 cm dish of [35S]methionine and
chased in complete growth media supplemented with 2.5 mM methio-
nine for designated times. For inhibitor experiments ;7 3 106 BACE-
HA/293 cells were labeled for 1 h using the above protocol and subse-
quently chased for 5 h in complete growth media supplemented with 2.5
mM methionine plus or minus inhibitor. Immunoprecipitations were

FIG. 1. A, schematic structure of BACE-HA showing signal peptide (SP), propeptide domain (PD), active site motifs (DTG and DSG),
transmembrane domain (TM), and hemagglutinin epitope tag (HA). Numbers refer to amino acid positions; asterisks denote N-linked glycosylation
sites, and the arrow indicates the D93A active site mutation. The signal peptide and propeptide domain sequence is shown below in brackets, with
the underlined RLPR representing the furin recognition motif, and the thin arrow indicating the propeptide domain cleavage site at Glu-46. B,
appropriate propeptide cleavage of the active site mutant D93A BACE-HA. D93A BACE-HA from transfected 293 cells labeled with [3H]threonine
(left) or [3H]phenylalanine (right) was radiosequenced. The figures show radioactivity in counts/min per sequencing cycle. The D93A BACE-HA
radiosequences show a major peak of [3H]threonine in cycle 2 and a major peak of [3H]phenylalanine in cycle 15, consistent with mature BACE
starting at Glu-46. Radiosequencing of wild-type BACE reveals the same Glu-46 start site (data not shown). The N-terminal sequence of mature
BACE is shown below, with the cycle 2 threonine and the cycle 15 phenylalanine indicated by numbers.
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performed as described previously (19) using either anti-HA affinity
matrix beads (Covance) or propeptide antiserum (14).

Immunocytochemistry—Immunocytochemistry of paraformaldehyde-
fixed, Triton X-100-permeabilized cells was performed as described
previously (5). Primary antibodies and dilutions were as follows: an-
ti-HA monoclonal antibody (Covance) 1:100, anti-furin affinity purified
polyclonal antibody (Affinity Bioreagents, Inc.) 1:400. Alexa 488 (green)
and Alexa 594 (red) secondary antibodies (Molecular Probes) were used
at 1:200 dilution.

In Vitro Digestion of Recombinant Soluble BACE with Recombinant
Furin and N-terminal Sequencing—Conditioned medium from the sta-
ble cell line Sol.BACE-HA/293 was concentrated and buffer-exchanged
into 200 mM MES, pH 6.2, 0.1 mM MgCl2, 0.1 mM EDTA, 0.05% Tween
20, and 0.5 M NaCl (Buffer C). The sample was mixed with anti-HA
affinity matrix beads (Covance) and incubated overnight at 4 °C. Beads
were washed 4 times with Buffer C, and Sol.BACE-HA was released
from the matrix with HA peptide (Covance) at a concentration of 0.4
mg/ml in Buffer C at 30 °C for 30 min. The purified sample was then
dialyzed overnight against 50 mM Tris-HCl, pH 7.5, 1 mM CaCl2, 0.5%
Triton X-100. The digestion was performed in the same buffer in the
presence or absence of 10 or 50 units of recombinant furin (Affinity
Bioreagents, Inc.) for 24 h at room temperature. For Western blot
analysis the reactions were stopped by the addition of 43 sample buffer,
directly loaded onto a NuPAGE 7% Tris acetate gel (Novex), transferred
to nitrocellulose for 90 min, and incubated with either anti-propeptide
antiserum (1:1000 dilution) or anti-BACE antiserum (1:1000 dilution)
raised against the lumenal domain of soluble BACE, followed by per-
oxidase-conjugated anti-rabbit Ig (Jackson ImmunoResearch), and vi-
sualized by enhanced chemiluminescence (Amersham Pharmacia Bio-
tech). For N-terminal sequence analysis reactions were diluted with 1
ml of IP buffer (25 mM Hepes, pH 7.2, 150 mM NaCl, 2 mM EDTA, 2%
CHAPS), and immunoprecipitated overnight at 4 °C with anti-HA af-
finity matrix beads (Covance). Samples were then subjected to SDS-
PAGE on a 4–20% Tris glycine gel, transferred to Problot PVDF mem-
brane (Applied Biosystems), and stained with Coomassie Blue, and
bands were excised and sequenced as described (14).

RESULTS

BACE Propeptide Cleavage Does Not Appear to be Autocata-
lytic—It is well established that the activation of pepsin, as
well as other aspartic proteases, requires proteolytic processing
of the inactive proprotein to a mature enzyme (13). This process
involves the autocatalytic removal of the propeptide domain. To
determine whether BACE propeptide cleavage may be autocat-
alytic, we generated an inactive form of BACE by mutating the
aspartic acid at position 93 to alanine in the N-terminal active
site motif (see Fig. 1A). To facilitate immunological detection,
the HA epitope tag was fused to the C terminus of D93A BACE
(D93A BACE-HA). When transfected into 293 cells that stably
express APP with the Swedish familial AD mutation (APPsw (20)),
D93A BACE-HA did not significantly increase the production of the

b-secretase-cleaved APPsb ectodomain (APPsbsw) in conditioned
media as compared with cells transfected with vector alone (not
shown). In contrast, cells transfected with wild-type BACE-HA
generate approximately 2–5-fold more APPsbsw in conditioned
media, verifying that the D93A mutant is inactive (data not
shown). To determine whether this inactive mutant was processed
to the mature form, we radiolabeled D93A BACE-HA transfected
293 cells with [3H]threonine or [3H]phenylalanine (Fig. 1B) and
performed radiosequencing of D93A BACE-HA immunoprecipi-
tated from cell lysates with anti-HA antibody. Radiosequencing
established that the propeptide domain of D93A BACE-HA is still
cleaved appropriately at the known Glu-46 site. Thus, BACE
propeptide cleavage does not appear to be autocatalytic, but instead
may occur through intermolecular cleavage by the action of another
protease.

BACE Propeptide Cleavage Occurs in the Golgi Apparatus
and Involves a Calcium-dependent Protease—BACE undergoes
N-linked glycosylation and is converted from immature (;60
kDa) to mature (;70 kDa) glycosylated forms during transit
through the ER and Golgi apparatus (14). Moreover, the BACE
propeptide domain is processed following a time course that
parallels the maturation of BACE glycosylation in the Golgi
(Fig. 5B (14)). The glycosylation of BACE obscures the reduc-
tion in molecular weight due to propeptide cleavage. Thus, in
order to follow BACE propeptide processing, we used an anti-
serum raised against the propeptide domain (designated anti-
pro (14)). We were interested in determining the subcellular
compartment in which BACE propeptide cleavage occurs, and
for these studies we used a stable 293 cell line expressing
BACE-HA (BACE-HA/293 (5)).

We performed pulse-labeling experiments on BACE-HA/293
cells treated with either brefeldin A (BFA; an agent that fuses
Golgi with ER (21)), monensin (a Golgi-disturbing agent (21)),
or A23187 (a calcium ionophore (22)) (Fig. 2). Cell lysates
immunoprecipitated with anti-pro and analyzed by SDS-PAGE
show that the ;60-kDa BACE-HA unprocessed form accumu-
lates upon BFA and monensin treatment (lanes 2 and 4, re-
spectively, Fig. 2). In contrast, the ;60-kDa species is unde-
tectable in lysates from untreated cells (lanes 1 and 3, Fig. 2).
The accumulation of the ;60-kDa species is also observed upon
BFA and monensin treatment in cell lysates immunoprecipi-
tated with anti-HA antibody, which recognizes all forms of
BACE-HA (lanes 8 and 10, Fig. 2). These results demonstrate
that treatment with BFA or monensin decreases BACE propep-
tide processing by inhibiting intracellular trafficking through
the ER and the Golgi apparatus. Since monensin disrupts
traffic within the Golgi (21), it is likely that BACE propeptide
cleavage occurs in the Golgi apparatus.

In contrast to treatment with BFA and monensin, A23187
treatment causes an accumulation of the ;70-kDa form of
BACE-HA containing the propeptide region (lane 6, Fig. 2),
indicating that A23187 inhibits propeptide processing without
substantially affecting intracellular trafficking. Immunopre-
cipitation with anti-HA confirms that the BACE-HA species
accumulating upon A23187 treatment has a molecular mass of
;70 kDa (lane 12, Fig. 2), suggesting a mature glycosylation
pattern consistent with localization in the trans-Golgi. Taken
together, our inhibitor data suggest that the BACE propeptide
may be cleaved by a calcium-dependent protease in the Golgi
apparatus. Furin is a ubiquitous calcium-dependent protease of
the constitutive secretory pathway (16). Moreover, antibody
staining patterns for BACE-HA and furin largely overlap
within shared intracellular compartments (Fig. 3), including
the Golgi apparatus, TGN, and endosomes (5). Although the
intracellular localization of endogenous BACE has yet to be
determined, the BACE-HA subcellular localization together

FIG. 2. Inhibition of BACE propeptide domain processing with
BFA, monensin, and A23187. BACE-HA/293 cells were pulse-labeled
for 1 h with [35S]methionine and then incubated for 5 h with (1; lanes
2, 4, 6, 8, 10, and 12) or without (2; lanes 1, 3, 5, 7, 9, and 11) the
following inhibitors in the presence of excess cold methionine: BFA (30
mM; lanes 1, 2, 7, and 8), monensin (30 mM; lanes 3, 4, 9, and 10), and
A23187 (2 mM; lanes 5, 6, 11, and 12). Equal amounts of cell lysates were
immunoprecipitated with either anti-pro or anti-HA antibodies, run on
NuPAGE 7% Tris acetate gels, and visualized by PhosphorImager anal-
ysis. Molecular mass markers (kDa) are shown on the left, and arrows
on the right indicate the ;60-kDa and ;70-kDa BACE species resulting
from differential glycosylation.

Furin Cleaves BACE Propeptide37714

 at U
C

L
A

-L
ouise D

arling B
iom

ed. L
ib. on Septem

ber 4, 2015
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


with our inhibitor results are consistent with a role for furin in
BACE propeptide processing.

Furin Is Required for BACE Propeptide Processing in Cells—
The Portland variant of a1-antitrypsin (a1-PDX) is a potent and
selective inhibitor of furin (18). To investigate initially whether
furin may mediate BACE propeptide cleavage, we transfected
BACE-HA/293 cells with a1-PDX, wild-type a1-antitrypsin (a1-
WT), which does not inhibit furin, or vector alone, then pulse-
labeled cells, and finally immunoprecipitated cell lysates with
either anti-pro or anti-HA antibodies (Fig. 4). SDS-PAGE of
BACE-HA immunoprecipitated with anti-pro reveals that a1-
PDX inhibits propeptide cleavage as compared with transfec-
tion with either a1-WT or vector alone (compare lane 1 with
lanes 2 and 3, Fig. 4). Interestingly, the propeptide-containing
BACE-HA species (proBACE-HA) has a molecular mass of ;70
kDa, indicating that it has a mature glycosylation pattern
consistent with localization in the trans-Golgi. As a control,
immunoprecipitation with anti-HA shows that the levels of
BACE-HA remain unchanged in all transfections (lanes 4–6,
Fig. 4).

The human colon carcinoma cell line LoVo has mutations in
both furin gene alleles and therefore does not express func-
tional furin (23). We used the LoVo cell line to determine if
furin was required for BACE propeptide cleavage (Fig. 5). LoVo
cells transfected with BACE-HA were subjected to pulse-chase
labeling, and cell lysates were immunoprecipitated with either
anti-pro or anti-HA antibodies, followed by SDS-PAGE (Fig.
5A). Immunoprecipitation with anti-pro shows that BACE-HA
transfection alone in LoVo cells results in the accumulation of
unprocessed ;70-kDa proBACE-HA exhibiting mature glyco-
sylation (Fig. 5A, lanes 1–4). In contrast, co-transfection with
furin results in complete processing of the ;70-kDa species
(Fig. 5A, lanes 5–8), indicating that BACE propeptide cleavage
is rescued by furin transfection in LoVo cells. As a control,
immunoprecipitation of lysates from the furin-transfected cells
with anti-HA shows the appearance of the processed ;70-kDa
BACE-HA species (Fig. 5A, lanes 9–12), demonstrating that
BACE-HA is not degraded upon furin transfection. For com-
parison, when expressed in 293 cells, proBACE-HA is predom-
inant at 1 h and is then completely processed to the mature
form by ;3 h (Fig. 5B). Qualitatively, the conversion of
proBACE-HA from ;60 to ;70 kDa appears similar in both
293 cells and furin-transfected LoVo cells. However, processing
of the propeptide domain appears much more rapid in furin-
transfected LoVo cells, presumably due to overexpression of
furin. Taken together, our results in furin-deficient LoVo cells
and in a1-PDX-transfected BACE-HA/293 cells demonstrate
that furin is required for BACE propeptide cleavage, at least in
the cells studied.

Furin Cleaves BACE Propeptide at the Known Glu-46 Site in
Vitro—Previously, we have shown that secreted BACE deriva-
tives are only partially processed to the mature form (14). To

demonstrate directly that furin cleaves the BACE propeptide
domain in vitro, we generated a soluble, truncated form of
BACE-HA lacking the transmembrane domain and C-terminal
tail (Sol.BACE-HA). A stable 293 cell line expressing
Sol.BACE-HA was made (Sol.BACE-HA/293), and Sol.BACE-
HA was purified to homogeneity from conditioned media using
anti-HA affinity chromatography. We then digested varying
amounts of Sol.BACE-HA with recombinant furin in vitro, and
we performed Western blot analysis with anti-pro and an an-
tiserum raised against the BACE lumenal domain (anti-BACE;
Fig. 6). Western analysis with anti-pro shows that furin cleaves
the BACE propeptide in vitro, as indicated by the dramatically
reduced intensity of anti-pro-labeled Sol.BACE-HA that has
been digested with furin as compared with mock digestion
(lanes 4–6 versus lanes 1–3, Fig. 6). As a control, the blot was
stripped and re-incubated with anti-BACE to show that equiv-
alent amounts of Sol.BACE-HA were present in the respective
reactions with or without furin (Fig. 6, lanes 7–12).

Next we determined the N-terminal sequence of Sol.BACE-
HA generated upon furin cleavage in vitro. Purified Sol.BACE-
HA following digestion with or without furin was immunopre-
cipitated with anti-HA, separated by SDS-PAGE, and blotted
onto PVDF membrane. Sol.BACE-HA bands were excised, and
the N-terminal sequences were determined. Mock-digested
Sol.BACE-HA exhibits two N-terminal sequences, TQHGIRL-
PLR (0.78 pmol; 45%) and ETDEEPEEPG (0.83 pmol; 55%).
These two sequences derive from BACE cleaved at the signal
peptide (Thr-22) and the propeptide domain (Glu-46), respec-
tively. The propeptide domain is removed from approximately

FIG. 4. Inhibition of BACE propeptide processing with a1-PDX.
BACE-HA/293 cells were transiently transfected with a1-PDX (lanes 1
and 4), a1-WT (lanes 2 and 5), or vector alone (lanes 3 and 6) and were
allowed to recover overnight. Cells were then pulse-labeled with
[35S]methionine for 1 h and chased for 5 h in growth media containing
excess cold methionine. Following cell harvest, lysates were made, and
equivalent amounts were immunoprecipitated with either anti-pro or
anti-HA antibodies. Immunoprecipitates were run on NuPAGE 7% Tris
acetate gels and visualized on a PhosphorImager. Molecular mass
markers (left) and the ;60-kDa and ;70-kDa BACE species (right) are
indicated.

FIG. 3. Furin and BACE-HA co-lo-
calize within shared intracellular
compartments. BACE-HA/293 cells
were co-stained with anti-HA (green) and
anti-furin (red) antibodies to visualize
BACE-HA and endogenous furin, respec-
tively. Intracellular compartments where
BACE-HA and furin co-localize appear
yellow in the overlay. Bar, 25 mm.
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50–70% of Sol.BACE-HA secreted from the Sol.BACE-HA/293
stable cell line due to endogenous processing within the cell
(not shown). When Sol.BACE-HA was incubated with furin in
vitro, only one sequence was observed, ETDEEPEEPG (1.89
pmol; 100%), directly demonstrating that furin cleaves the
propeptide domain only at the known start site of mature
BACE.

DISCUSSION

Eukaryotic aspartic proteases are synthesized as inactive
precursor proteins containing an N-terminal signal peptide and
a propeptide domain. Subsequent to signal peptide removal in
the ER and glycosylation in the ER and Golgi, the propeptide
domain is cleaved to form the mature enzyme. In general,
activation of the aspartic protease requires the removal of the
propeptide domain. For many aspartic proteases in the pepsin
family, such as pepsin, cathepsin D, and cathepsin E, cleavage
of the propeptide domain is autocatalytic and is induced by
acidic conditions (13, 24, 25). However, in the case of renin,
propeptide cleavage may not be autocatalytic but appears to
require endoproteolysis by another protease, possibly cathep-
sin B, PC1, or PC5 (26–28). Our data suggest that BACE
propeptide cleavage also may not be autocatalytic, since the
enzymatically inactive D93A BACE mutant is still cleaved at
the known Glu-46 site (Fig. 1B). This indicates that another
protease may mediate intermolecular cleavage of the BACE
propeptide domain. Recently, it has been reported that en-
riched preparations of soluble BACE generated by bacterial
expression exhibit cleavage at two sites within the BACE
propeptide domain upon extended incubation under acidic con-

ditions (12). However, neither of the cleavages corresponds to
the known Glu-46 start of mature BACE observed in cultured
cells or in human brain. Therefore, it is unlikely that these
propeptide cleavages of BACE in vitro have physiological rele-
vance in vivo.

We have determined that BACE propeptide cleavage is in-
hibited by BFA, monensin, and A23187 (Fig. 2). BFA causes
fusion of the Golgi apparatus with the ER, and and monensin
disrupts intra-Golgi traffic, especially in trans-Golgi and acidic
post-Golgi compartments (21). The calcium ionophore A23187
depletes intracellular stores of calcium and therefore is an
indirect inhibitor of calcium-dependent proteases (22). Thus,
based on our inhibitor results, we conclude that the propeptide
domain of BACE is likely to be cleaved by a calcium-dependent
protease in the Golgi apparatus.

The known BACE propeptide cleavage site RLPR2E is a PC
recognition motif of the general sequence (R/K)Xn(R/K)2,
where n 5 0, 2, 4, or 6 (15), and therefore suggests that a
member of this family of calcium-dependent serine proteases
may cleave the BACE propeptide. Since BACE is expressed
ubiquitously, the putative PC that cleaves the BACE propep-
tide would also be expected to have a wide tissue distribution.
In addition, BACE is localized within compartments of the
constitutive secretory pathway including Golgi, TGN, and en-
dosomes, and thus PCs localized within these same compart-
ments should be considered prime candidates for BACE
propeptide cleaving enzymes. The PCs furin and PC7 have
ubiquitous tissue distributions, whereas PACE4 and PC5B (an
alternatively spliced isoform of PC5 containing a C-terminal
transmembrane domain (29)) have more restricted expression
patterns (15, 30). All four of these PCs localize within the
constitutive secretory pathway, and therefore any one of them
could potentially cleave the BACE propeptide. We currently
favor furin as the most likely PC to cleave the BACE propeptide
for the following reasons. The known cleavage site RLPR2E is
a potential furin recognition motif, and furin and BACE-HA
largely co-localize within shared intracellular compartments
(Fig. 3). In addition, transfection of a1-PDX into BACE-HA/293
cells inhibits BACE propeptide cleavage (Fig. 4). a1-PDX is a
potent inhibitor of furin, and also inhibits PC5B to a lesser
extent, but has little effect on PACE4 and PC7 (31). Cleavage of
the BACE propeptide domain is blocked in furin-deficient LoVo
cells, and furin transfection rescues cleavage (Fig. 5). Finally,
in vitro, recombinant furin cleaves purified, soluble BACE-HA
exactly and only at Glu-46 (Fig. 6), the known start of mature
BACE (5, 10, 11, 14).

FIG. 5. A, BACE propeptide cleavage is absent in LoVo cells but is rescued by furin transfection. LoVo cells, either transiently transfected with
BACE-HA cDNA (2; lanes 1–4) or co-transfected with BACE-HA and furin cDNAs (1; lanes 5–12), were pulse-labeled for 30 min with
[35S]methionine and then chased for the indicated times. Cell lysates were prepared, and equal amounts were immunoprecipitated with either
anti-pro (2 and 1 furin transfections; lanes 1–8) or anti-HA antibodies (1 furin transfections; lanes 9–12). Immunoprecipitates were run on
NuPAGE 7% Tris acetate gels and visualized by PhosphorImager analysis. B, time course of BACE propeptide cleavage in BACE-HA/293 cells.
BACE-HA/293 cells were pulse-chase-labeled, and immunoprecipitates were analyzed following the same strategy as for LoVo cells in (A).
Molecular mass markers (left) and the ;60-kDa and ;70-kDa BACE species (right) are indicated.

FIG. 6. Furin cleaves Sol.BACE-HA propeptide domain in
vitro. The indicated amounts of purified recombinant Sol.BACE-HA
were either digested with recombinant furin (1, 10 units/reaction; lanes
4–6 and 10–12) or mock-digested without furin (2; lanes 1–3 and 7–9),
run on a NuPAGE 7% Tris acetate gel, and subjected to Western
analysis. The immunoblot was first incubated with anti-pro antibody
(lanes 1–6), and then was stripped and re-probed with anti-BACE
antiserum (lanes 7–12). Molecular mass markers are indicated on the
left.
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LoVo cells express PACE4 and PC7 but not PC5B (30, 32),
leaving open the possibility that PC5B may also process the
BACE propeptide domain. However, PC5B is predominantly
expressed in intestine, adrenal gland, and lung but does not
appear to be expressed significantly in brain or other tissues
(29). Given the more restricted tissue distribution of PC5B
relative to furin, it appears that furin may be the most likely
candidate enzyme to mediate BACE propeptide cleavage. How-
ever, we cannot exclude the possibility that PC5B or another
PC may participate with furin to cleave the BACE propeptide
in specific tissues.

Understanding BACE propeptide processing may provide
insight into the regulation of BACE enzyme activity and there-
fore may reveal novel therapeutic approaches for the treatment
of AD. The motivation for this study was to identify the enzyme
responsible for BACE propeptide processing and to evaluate it
as a potential therapeutic target. Here we have shown that
furin, or a furin-like proprotein convertase, mediates BACE
propeptide cleavage. Given the large number and diversity of
furin substrates with important biological functions in vivo
(reviewed in Ref. 16), long term inhibition of furin, as would be
required for the treatment of AD, may have untoward side
effects, and therefore furin is not a viable therapeutic target.
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Additions and Corrections

Vol. 275 (2000) 37712–37717

A furin-like convertase mediates propeptide cleavage of BACE, the Alzheimer’s b-secretase.

Brian D. Bennett, Paul Denis, Mitsuru Haniu, David B. Teplow, Steve Kahn, Jean-Claude Louis, Martin Citron, and Robert
Vassar

Page 37713: Fig. 1, A and B, was incomplete. The corrected figure is shown below.

FIG. 1. A, schematic structure of BACE-HA showing signal peptide (SP), propeptide domain (PD), active site motifs (DTG and DSG),
transmembrane domain (TM), and hemagglutinin epitope tag (HA). Numbers refer to amino acid positions; asterisks denote N-linked glycosylation
sites; and the arrow indicates the D93A active site mutation. The signal peptide and propeptide domain sequence is shown below in brackets, with
the underlined RLPR representing the furin recognition motif, and the thin arrow indicating the propeptide domain cleavage site at Glu-46. B,
appropriate propeptide cleavage of the active site mutant D93A BACE-HA. D93A BACE-HA from transfected 293 cells labeled with [3H]threonine
(left) or [3H]phenylalanine (right) was radiosequenced. The figures show radiactivity in counts/min per sequencing cycle. The D93A BACE-HA
radiosequences show a major peak of [3H]threonine in cycle 2 and a major peak of [3H]phenylalanine in cycle 15, consistent with mature BACE
starting at Glu-46. Radiosequencing of wild-type BACE reveals the same Glu-46 start site (data not shown). The N-terminal sequence of mature
BACE is shown below, with the cycle 2 threonine and the cycle 15 phenylalanine indicated by numbers.
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