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Evidence That B-Amyloid Protein in Alzheimer’s
Disease Is Not Derived by Normal Processing

S. S. Sisopia,* E. H. Koo, K. BEYREUTHER, A. UNTERBECK,

D. L. PricE

The B-amyloid protein (3/A4), derived from a larger amyloid precursor protein (APP),
is the principal component of senile plaques in Alzheimer’s disease. APP is an integral
membrane glycoprotein and is secreted as a carboxyl-terminal truncated molecule.
APP cleavage, which is a membrane-associated event, occurred at a site located within
the B/A4 region. This suggests that an intact amyloidogenic /A4 fragment is not
generated during normal APP catabolism. Therefore, an early event in amyloid
formation may involve altered APP processing that results in the release and subse-

quent deposition of intact B/A4.

LZHEIMER’S DISEASE (AD), THE

most common form of dementia in

the elderly, affects >10% of the
population over the age of 65 years. The
major neuropathological features of AD are
(i) senile plaques, composed of amyloid
surrounded by neurites (abnormal neuronal
processes including nerve terminals), (ii)
amyloid deposits around blood vessels, and
(iii) neurofibrillary tangles (NFT), com-
posed of filamentous aggregates in cell bod-
ies of certain populations of neurons (1, 2).
Plaques are particularly common in certain
regions of the brain, including the cerebral
cortex, and the severity of these lesions is
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correlated with the presence of dementia
(3). The principal component of amyloid in
plaques is an ~4-kD peptide, /A4 (4),
derived from APP (5, 6). Three APP
mRNAs derived by alternative splicing of
APP pre-mRNA transcripts have been iden-
tified that encode integral membrane glyco-
proteins of 695, 751, and 770 amino acids
(6, 7). A fourth alternatively spliced tran-
script has also been reported that encodes a
563—amino acid polypeptide lacking the
B/A4 region, APP transmembrane, and cy-
toplasmic domains (8). The 563—amino acid
polypeptide, as well as the APP-751 and

Fig. 1. Cleavage and secretion of APP. (A) Con-
struction of authentic, hybrid, and COOH-termi-
nal—deleted APP-770 cDNAs. Plasmids were con-
structed as described (16, 17). Regions labeled atg
and tag signify translation initiation and termina-
tion sites, respectively. (B) Construction of modi-
fied APP-770A cDNAs. The number at the end of
each construct signifies the length (in residues) of
the inserted APD extracellular domain. This strat-
egy for construction of plasmids is described (18,
19). (C) Construction of plasmids p770A5,
p770AM, p770Acr2, and p770A11cr2M. The cr2
regions in p770Acr2 and p770A11cr2M include
amino acids 955 to 1005 and 976 to 1005 of the
type-2 complement receptor, respectively. The
strategy for construction of these plasmids is
described (18, 19).

APP-770 isoforms, contains a domain ho-
mologous to the Kunitz serine protease
inhibitors (KPI) (7). The ~4-kD /A4 pep-
tide includes between 12 and 14 amino acids
of the transmembrane domain and between
24 and 28 amino acids of the adjacent
extracellular domain of APP (4). Molecular
and cellular events responsible for generat-
ing the amyloidogenic B/A4 peptide from
the proteolysis of APP have not yet been
clucidated (2).

Studies of cultured cells have documented
that APPs have a short intracellular half-life
(~20 to 30 min) and are tyrosine-sulfated,
N- and O-glycosylated membrane proteins
(9). APP appears transiently on the cell
surface, and proteins lacking the cytoplasmic
domain are secreted into the medium. Such
COOH-terminal truncated molecules also
appear in human cerebrospinal fluid (CSF),
suggesting that similar events occur in vivo
(9, 10). Although the precise sites of APP
cleavage in vivo are unknown, knowledge of
the normal biology of this cleavage process
is crucial for understanding mechanisms that
lead to amyloid formation in the brain.

To identify sequences required for the
initial cleavage of APP, we transfected genes
encoding authentic or hybrid APPs into
cultured mammalian cells. Transcription of
these genes (which included the SV40 small
tantigen’s splice and polyadenylation signals
at the 3’ end) was controlled by the SV40
promoter/enhancer region (11). COS-1
cells, an African green monkey kidney line
that constitutively synthesizes SV40 T anti-
gen, were chosen for transfection for two
reasons: (i) T antigen expression allows
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replication of transfected DNA, and (ii)
synthesis and secretion of endogenous APP-
751 and APP-770 occur constitutively in
these cells. The process of APP cleavage was
assessed by analysis of APP-derived mole-
cules secreted into conditioned media.

To define an approximate region where
proteolytic cleavage occurs, we transfected a
hybrid APP gene, resulting in the synthesis
of a polypeptide that comigrates with the
secreted form of authentic APP (Fig. 1).
COS-1 cells were transfected with two plas-
mids: one encoded authentic APP-770
(p770), and the other (p7704) encoded
APP-770 in which the last 105 amino acids
(containing 34 amino acids of the extracellu-
lar domain, transmembrane region, and en-
tire cytoplasmic domain) were replaced with
a 13—amino acid sequence from the COOH-
terminus of the neuropeptide substance P
(12). Thus, the hybrid 770A molecule was
expected to mature as a soluble (nonmem-
brane-associated) molecule through the se-
cretory pathway. After short-term labeling,
authentic cellular APP-770 migrated at
~100 kD, a position appropriate for the N-
glycosylated precursor (Fig. 2A, lane 1) (9).
Subsequently, both the ~100-kD species
and higher molecular size precursors (rang-
ing from ~120 to 135 kD), which result
from the addition of O-linked carbohydrates
to the ~100-kD precursor, were observed in
cells (Flg 2A, lane 4) (9). Only a ~110-kD
species was secreted into the media (Fig. 2A,
lane 7). After short-term labeling, newly
synthesized 770A precursor migrated as an
~90-kD species, a finding consistent with
the deletion of APP transmémbrane and
COOH-terminal residues (Fig. 2A, lane 2).
With a longer duration of labeling, both the
~90-kD and higher molecular size forms
were detected (Fig. 2A, lane 5), suggesting
that these molecules mature through a simi-
lar intracellular pathway as authentic APP-
770. A secreted product from 770A (Fig.
2A, lane 8) migrated indistinguishably from
the ~110-kD product derived from the
wild-type APP-770; this finding was con-
firmed in a cotransfection experiment (Fig.
2A, lane 9). These results suggested that
truncation of APP-770 occurred approxi-
mately 13 amino acids COOH-terminal to
the site at which the substance P region had
been inserted, that is, within the B/A4 re-
gion. After chemical deglycosylation of se-
creted 770 and 770A molecules, secreted
770 migrated more slowly (by ~1 to 2 kD)
than 770A (Fig. 2B, compare lanes 1 and 2),
implying that the cleavage site was likely to
reside several residues downstream of the
COOH-terminus of substance P, that is,
closer to the interface between the extracel-
lular and transmembrane domains.

Immunoblotting with a monoclonal anti-
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body that detected the COOH-terminal me-
thionine residue of substance P (12) verified
that secreted 770A was indeed full length
(Fig. 2C, lane 1). In parallel studies, we also
transfected plasmid p770SP, in which sub-
stance P sequences replaced the COOH-
terminal residues of APP-770. This mole-
cule behaved identically to authentic APP-
770 with respect to both maturation and
secretion (Fig. 2D). Moreover, the absence
of substance P immunoreactivity in the se-
creted form of 770SP (Fig. 2C, lane 2)
provided additional verification that
COOH-terminal residues had been deleted
in secreted 770SP molecules. Additional
immunoblots (Fig. 2C, lanes 4 and 5), with
a monoclonal antibody (22C11) that recog-
nized an epitope residing between residues
60 and 100 of the APP molecule, confirmed
the presence of NH,-terminal APP-derived
molecules in the medium.

To define a domain that was both neces-
sary and sufficient for the cleavage of APP-
770, we constructed p770A35 by subclon-
ing a region of APP that includes five amino
acids of the cytoplasmic domain, the trans-
membrane region, and 35 residues of the
extracellular domain into plasmid p770A
(Fig. 1B). The subcloned fragment contains

Fig. 2. Analysis of authentic, hybrid, and COOH-
terminal—deleted APPs in transfected COS-1 cells.
(A) COS-1 cells were transfected with plasmid
DNA and were then labeled with [3*S]methionine
36 hours after transfection either for 10 min
(short term) (lanes 1 to 3) or 4 hours (long term)
(lanes 4 to 9) (20). Immunoprecipitation was
performed as described (21). Lanes 1 to 3
sent immunoprecipitable APP-related Prgprc
after short-term of cells transfected with
p7ZO ;n;(i) X’770A and il cotransfection of p770
an respectively. Lanes 4 to 6 represent
unmgnopmpltablc APP-related ucts after
-term of cells transfected with 770
P770A and after cotransfection c;f p770 and
7704, respectively. Lanes 7 to
gnmunop ltat:y from conditioned media of
cells transfected with p770 and p770A and after
cotransfection of p770 and p770A, respectively.
(B) Analysis of secreted APP-770 and APP-770A
molecules after chemical deglycosylation. Secreted
APP-related 770 and 770A molecules were im-
munoprecipitated from conditioned media and
then cosylated with trifluoromethane sulfon-
ic acid (TFMS), which removed O-linked and
peripheral N-linked (22). les were
amlywd after SDS-PA{u(igI;-‘Z,‘s fi b
of APP-770A by immunoblot
as described (20). Conditions for p:
immunoblotting

phy, and autoradiography

1s. Plasmids p770A and p770$P were transfected into COS-1 cells
ion of conditioned medium from transfected cells and
are described (23). Lanes 1 to 3 document substance P immunoreactivity in

a sequence that encodes the endre B/A4
peptide. Although 770A was secreted as an
~110-kD molecule (Fig. 3A, lane 3, also
shown in Fig. 1A), a cleaved polypeptide of
~68 kD was observed in the medium from
cells transfected with p770A35 (Fig. 3A,
lane 4). Immunoblotting with the APP-
specific monoclonal antibody (9) confirmed
that the ~68-kD molecule contained the
NH,-terminal domain of APP (Fig. 3B, lane
3).

To define a minimal sequence essential for
APP cleavage, we tested additional p770A
plasmids (Fig. 1B) that contained APP re-
gions encompassing the cytoplasmic COOH-
terminal anchor; the transmembrane domain;
and cither 29 (p770A29), 24 (p770A24), 20
(p770A20), or 11 (p770A11) amino acids of
the extracellular domain. In all cases, mole-
cules (~65 to 68 kD) were secreted whose
sizes were consistent with cleavage at a site
adjacent to or within the transmembrane do-
main (Fig. 3A, lanes 5 to 8, arrows). We
conclude that a domain that includes 11
amino acids NH,-terminal to the APP trans-
membrane region is sufficient to direct APP

However, although 770A35 and 770A11
were cleaved efficiently (Fig. 4A, lanes 2 and
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conditioned media prepared from cells transfected with p770A, p770SP,. or untransfected cells,
respectively. Lanes 4 to 6 represent 22C11 immunoreactivity with APP-derived molecules in
conditioned media from cells transfected with p770A, p770SP, and untransfected cells, mpocuvely

The ity is due to a long exposure

of the autoradiogram that shows degradation products of

the nnlecukdmtmfurdmenhmoedbeauscsampluwemﬁacuonaedmagrad:mtgd
( to the 7% gel in Fig. 3B). (D) Confirmation that 770SP matures as authentic APP-770.
Plasmids p770 and p770SP were transfected into COS-1 cells as described (20). Cell labeling (20) and

imm

ipitation of APP-related molecules were

as described (21). Lanes 1 and 3

t cellular and secreted forms of APP-770, respectively, whereas lanes 2 and 4 represent cellular
and secreted forms of 770SP, respectively. Size markers are indicated in kilodaltons.
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Fig. 3. Identification of a minimal region in APP
necessary and sufficient for APP cleavage. (A)
Analysis of modified APP-770A molecules after
transfection. Transfection and cell labeling were
E:rformed as described (20). Shown are the total

beled products in conditioned media from un-
transfected cells (lane 1) or cells labeled for 4
hours after transfection of plasmids p770, p770A,
p770A35, p770A29, p770A24, p770A20, or
P770A11 (lanes 2 to 8, respectively). The com-
promised signal intensity of cleaved 770A mole-
cules relative to the secreted parental 770A mole-
cule is a reflection of unequal distribution of
methionine residues in the NH,-terminal part of
the molecule. Arrows indicate secreted 770A mol-
ecules. (B) Verification that cleaved molecules
contain the APP NH,-terminal domain. Plasmids
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pSV770A and pSV770A35 were transfected, and serum-free conditioned medium was prepared (23).

APP-s
22Cl1, which recognizes

pecific immunoreactivity in these preparations was detected after immunoblot analysis with
the NH,-terminus of APP. Lanes 1 to 3 represent 22C11 immunoreactivity

with polypeptides in conditioned media from untransfected cells or from cells transfected with plasmids
£770A or p770A35, respectively. Lanes 1 and 3 document secretion of APP-751 and APP-770-related

from COS-1 cells. The observation that media from 770A35-transfected cells seem to contain
higher levels of endogenously secreted molecules is an artifact of protein loading. Generally, we loaded a
constant volume rather than equal amounts of total grotc'm. Restaining of the blot with Ponceau S

confirmed that the predominant albumin signal (resi

(24). Size markers are indicated in kilodaltons.

Fig. 4. Examination of cleavage seiucncc specific-
ity of hybrid APP molecules. (A) Analysis of
hybrid 770A35, 770A11, 770A5, and 770AM
molecules in conditioned media. Conditions for
transfections and cell labeling are described (20).
Lanes 1 to 5 represent total labeled products in
conditioned media from COS-1 cells transfected
with p770A, p770A35, B1:»770A11, p77045, or
g770AM, respectively. (B) Cellular synthesis of
ybrid 770435, 770A5, and 770AM molecules.
After long-term labeling, p770A35-, p770A5-,
and p770AM-transfected cells were lysed and
immunoprecipitated with APP-specific antisera
(21). Lanes 1 to 3 represent cellular APP-related
molecules after transfection with p770A35,
p770A5, and p770AM. Arrows indicate accumu-
lated high molecular size 770A5 and 770AM

ual from the transfection) is reduced in lane 1

NS
§ ") 8 o 8
ARSTw = B3ws C o O
- — 200 —
200 - T 200
- e - - — g _—
L
s -7 -
97- 97

68-

~ e -68
- 123 .

Lilis i di34

molecules. (C) Analysis of chimeric APP-cr2 molecules. Chimeric plasmids were prepared as described
(18, 19). Transfection and cell labeling are described (20). Lanes 1 to 4 represent total labeled products
in conditioned media from untransfected cells or from cells transfected with p770Acr2, p770A11cr2M,
or p770A11, respectively. Arrows indicate secreted 770A molecules. Size markers are indicated in

kilodaltons.

3, respectively), molecules with similar dele-
tions that retained the cytoplasmic COOH-
terminal anchor, the transmembrane do-
main, and only five amino acids of the
extracellular domain (770A5) or the cyto-
plasmic COOH-terminal anchor and trans-
membrane domain alone (770AM) were not
cleaved (Fig. 4A, lanes 4 and 5, respective-
ly). Immunoprecipitation of labeled precur-
sors in cell pellets (Fig. 4B) showed the
presence of the 770A5 and 770AM precur-
sors. Moreover, the accumulation of high
molecular size precursor forms of 770A5
and 770AM (Fig. 4B, lanes 2 and 3, respec-
tively, arrows) suggests that these polypep-
tides represented uncleaved, cell-surface
molecules.

To characterize the specificity of cleavage
reactions, we transfected two additional
plasmids. In p770Acr2, we subcloned a re-
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gion from the type-2 complement receptor
(cr2) (13), a nonsecreted integral membrane
glycoprotein, into p770A (Fig. 1C). This
region of cr2 included six amino acids of the
cytoplasmic domain, the transmembrane re-
gion (with <10% sequence identity to the
APP transmembrane region), and 20 resi-
dues of the extracellular domain. Second, we
constructed plasmid p770A11lcr2M (Fig.
1C) in which the cr2 extracellular domain in
770Acr2 was replaced with 11 amino acids
of the APP extracellular domain, the mini-
mal region sufficient for cleavage if placed
NH,-terminal to the APP transmembrane
region. As expected, a cleaved 770Acr2
polypeptide was not observed (Fig. 4C, lane
2), whereas cleavage of 770A11cr2M was
apparent, that is, a ~68-kD molecule (lane
3, arrow) that migrated indistinguishably
from the 770A11 cleaved product (lane 4,

arrow). Therefore, we suggest that cleavage
of APP is a sequence-specific reaction inde-
pendent of the identity of transmembrane
sequences.

Cleavage reactions are not specific to
COS-1 cells. For example, when mouse
fibroblast (Ltk™), Chinese hamster ovary
(CHO), and human embryonic kidney
(293) cell lines were transfected with p770
and p770435, cleaved and secreted mole-
cules derived from both the full-length 770
and 770A35 polypeptides were observed
(14), confirming that the essential domain
for cleavage in COS-1 cells is conserved
across species and cell lineage. We have also
shown that APP-695 is processed in a simi-
lar manner (14).

In conclusion, these investigations sug-
gest that normal cleavage of APP is a mem-
brane-associated event that occurs within
the extracellular domain of B/A4. These
results provide evidence that in cultured
mammalian cells the secreted form of APP
contains part of the /A4 peptide. Although
the processing of APP in transfected cells
may not precisely mimic the in vivo condi-
tion, studies showing B/A4 immunoreactiv-
ity in APP-related molecules in human CSF
are consistent with this interpretation (15).
Nevertheless, the precise cleavage site within
B/A4 awaits direct sequencing of the
COOH-terminus of the secreted form of
APP or NH,-terminus of the retained mem-
brane-associated fragment. Our results are
consistent with the concept that amyloido-
genesis in brain parenchyma of individuals
with AD is the result of altered APP process-
ing, resulting in the release of an intact /A4
domain and its subsequent self-assembly
into amyloid fibrils.
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NP-40, 0.5% sodium deoxycholate, 5 mM EDTA,
pepstatin (50 wg/ml), leupeptin (50 pg/ml), apro-
tinin (10 wg/ml), and phenylmethylsulfonyl fluoride
(PMSF) (0.25 mM)]. Nuclei and residual cytoskele-
ton were removed by centrifugation, and the soluble
extract was made 0.35% SDS and then boiled for 3
min. For analysis of secreted products, 400 pl of
conditioned media from cells labeled for 4 hours
were made 1 in IPB after the addition of one-fifth
volume of 5x IPB and then boiled in the presence of
0.35% SDS. Cell extract equivalent to ~10° cells or
conditioned media was cleared for 15 min with 50
ul of a 10% suspension of Pansorbin (Calbiochem)
and then incubated at 4°C for 3 to 4 hours with 1 to
2 pl of APP-specific polyclonal sera elicited against
bacterially synthesized APP (9). After a short incu-
bation with 40 ul of Pansorbin, immunocomplexes
were layered onto a sucrose cushion (1M) prepared
in IPB and then centrifuged for 2 to 3 min at
10,000g. The cushion was aspirated and the pellet
resuspended in 40 ul of Laemmli sample buffer and
then boiled for 5 min. After centrifugation, soluble
materials were subject to SDS-PAGE. Gels were
fixed, impregnated with 2,5-diphenyloxazole—di-
methyl sulfoxide [W. Bonner and R. Laskey, Eur. J.
Biochem. 46, 83 (1974)], and exposed to Kodak X-
Omat film at —70°C.

22. A.S.B.Edgeetal., Anal. Biochem. 118,131 (1981).

23.

24.
25.

At 24 hours after transfection, media was replaced
with a serum-free defined medium (MCDB 302,
Sigma). Conditioned serum-free media was re-
moved 72 hours later, briefly centrifuged to remove
particulate material, and concentrated by ultrafiltra-
tion in Centricon 10 chambers (Millipore). The
resulting material was fractionated by SDS-PAGE
and electrophoretically transferred to nitrocellulose
filter membranes. To detect substance P—containing
polypeptides, we first modified blots by incubation
in a solution (1M) of 1-ethyl-3-(3-aminopropyl)
carbodiimide (EDC) (Sigma) in 0.5M ammonium
chloride (12) to amidate the substance P COOH-
terminal methionine residue. This modification is
absolutely required for recognition by the monoclo-
nal antibody to substance P, NCI/34. Substance P
immunoreactivity on the blot was visualized after
incubation for 16 hours with NCI/34 (Accurate
Chemical & Scientific Corp), followed by incuba-
tion with rabbit antibody to rat H and L chain-
specific immunoglobulin G (IgG) (Cappell Labs)
and finally with '*I-labeled protein A. To detect
NH,-terminal APP immunoreactivity, we incubated
blots with an APP-specific monoclonal antibody,
22Cl11 (9), that recognizes an APP epitope residing
between amino acids 60 and 100.

S. S. Sisodia, data not shown.
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Two Gap Genes Mediate Maternal Terminal Pattern
Information in Drosophila

DETLEF WEIGEL,* GERD JURGENS, MARTIN KLINGLER,T
HERBERT JACKLE

In Drosophila three maternal pattern organizing activities, the anterior, the posterior,
and the terminal, establish the anterior-posterior body pattern of the embryo by
initiating the spatially restricted activities of the gap class of zygotic segmentation
genes. The activities of tailless (tll) and the newly identified gap gene huckebein (hkb) are
specifically involved in mediating the maternal terminal information at the posterior
end of the blastoderm embryo.

HE Drosophila GENE torso (tor) (1-3)
is a key component of the terminal
organizer system. It encodes a puta-

tive tyrosine kinase receptor (4). In embryos
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without maternal for activity, all structures
posterior to the seventh abdominal segment
including the structures derived from the
most posterior part of the blastoderm anla-
genplan, hindgut and posterior midgut, fail
to develop (5, 6). These mutant embryos
deviate from wild-type development as early
as gastrulation (5). Because the anlagen of
hindgut and posterior midgut are absent, no
corresponding invagination is formed at the
posterior end of the embryo, and the germ
band does not extend along the dorsal side
of the embryo (Fig. 1). Genetic and pheno-
typic evidence indicates that one target of tor
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