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Potentially Amyloidogenic, Carboxyl-Terminal
Derivatives of the Amyloid Protein Precursor

STEVEN EstUs, TODD E. GOLDE, TATSUHIDE KUNISHITA,
DEBORAH BLADES, DAVID LOWERY, MATTHEW EISEN,
MARIANNE UsIiAk, XUEMEI Qu, TAKESHI TABIRA,

BARRY D. GREENBERG, STEVEN G. YOUNKIN

The 39— to 43—amino acid amyloid B protein (BAP), which is deposited as amyloid in
Alzheimer’s disease, is encoded as an internal peptide that begins 99 residues from the
carboxyl terminus of a 695— to 770—amino acid glycoprotein referred to as the amy-
loid B protein precursor (BAPP). To clarify the processing that produces amy-
loid, carboxyl-terminal derivatives of the BAPP were analyzed. This analysis showed
that the BAPP is normally processed into a complex set of 8- to 12-kilodalton
carboxyl-terminal derivatives. The two largest derivatives in human brain have the
entire BAP at or near their amino terminus and are likely to be intermediates in the

pathway leading to amyloid deposition.

N HUMAN CEREBROSPINAL FLUID AND
brain, and in medium conditioned by
cultured cells, there are large, secreted
BAPP derivatives (1—4). These secreted
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NH,,-terminal derivatives are produced by a
cleavage within the BAP (5, 6) that also
produces small cell-associated COOH-ter-
minal fragments. Because they contain only
part of the BAP, the derivatives produced by
this cleavage cannot produce amyloid.

To determine if any PBAP-bearing,
COOH-terminal derivatives are present in
human cerebral cortex, we prepared mem-
brane-associated proteins from cortex and
passed them over an affinity column made

with antibody to BAPPg;,.605 (anti-C,,)
(7). The affinity-purified proteins were then
separated by tris-tricine SDS—polyacrylam-
ide gel electrophoresis (PAGE) (8), a system
that clearly resolves small proteins. The anti-
C,4 column retained full-length forms (Fig.
1A, bracket) and five putative COOH-ter-
minal derivatives (~11.8, ~11.4, ~10.9,
~9.6, and ~8.7 kD) (Fig. 1A, arrows) that
were (i) specifically labeled by anti-C,, (Fig.
1B, lanes 1 and 2) and (ii) readily detected
in brains from patients with Alzheimer’s
disease (AD) (Fig. 1A) and in control brains
(Fig. 1C). As shown in Fig. 1F (lanes 6 and
7), an antibody to BAPP,g 464 specifically
immunoprecipitated the same five 8- to 12-
kD proteins immunoprecipitated by anti-
body to BAPPg76 605 (anti-Cyo) (lane 5) or
anti-C,, (Fig. 1, A and B). The specific
recognition of these proteins by antisera
against two nonoverlapping epitopes in the
COOH-terminal region of the PBAPP
(BAPPg49.664 and BAPPg76695) provides
strong evidence that they are all COOH-
terminal BAPP derivatives. When separated
by conventional tris-glycine SDS-PAGE,
the five 8- to 12-kD proteins migrated above
the 14-kD marker as a doublet of ~15 and
~17 kD (Fig. 1D) similar to putative
COOH-terminal BAPP derivatives previ-
ously described in human brain (9) and
transfected cultured cells (10-12). Thus, the
tris-tricine gel system was essential for dem-
onstrating the complex set of COOH-termi-
nal BAPP derivatives in human brain.

To determine whether some of the 8- to
12-kD COOH-terminal derivatives are large
enough to contain the entire AP, we com-
pared these derivatives with a protein, pro-
duced by using rabbit reticulocyte lysate,
that corresponds to the 100-amino acid
segment at the BAPP COOH-terminus (7).
This protein (MBAP,-COOH) contains the
entire BAP and begins with the methionine
preceding the BAP sequence. MPBAP,-
COOH comigrated with the second largest
of the five COOH-terminal derivatives (Fig.
1E, lanes 1 and 2). Thus, comparative as-
sessment by SDS-PAGE indicates that the
~11.8- and ~11.4-kD proteins are large
enough to contain the entire BAP and there-
fore are potentially amyloidogenic.

To assess this possibility further, we used
an antibody to BAP, ,, (SGY2134) to
immunoprecipitate COOH-terminal deriva-
tives, which were assessed on immunoblots
with anti-C,,. SGY2134 immunoprecipi-
tated the two largest COOH-terminal deriv-
atives but failed to immunoprecipitate the
smaller COOH-terminal derivatives (Fig.
1F, lane 1). This immunoprecipitation was
produced in large part by antibodies to the
NH,-terminal region of the BAP, because it
was markedly attenuated by absorption with
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BAP) 5¢cys Of BAP)17Gyaycys (Fig. 1F,
lanes 2 and 3). Immunoprecipitation was
completely abolished by absorption with
BAP,_y (lane 4). Similar analyses with three
other antisera to the BAP (Fig. 1G) con-
firmed that the two largest derivatives were
specifically labeled by antibodies to the
NH,-terminal region of the BAP. The size
of the ~11.8- and ~11.4-kD proteins com-
pared to that of synthetic MBAP,-COOH
(Fig. 1E) and the observation that both are
specifically recognized by antisera to oppo-
site ends as well as the middle of the 99-
residue  COOH-terminal (BAP,-COOH)
region (Fig. 1, F and G) indicate that these
proteins are COOH-terminal derivatives of
the BAPP that contain the entire BAP.

Similar derivatives were identified in hu-
man embryonic kidney (293) cells stably
transfected with BAPPgos transgenes (13,
14). These cells (Fig. 2A) showed the ex-
pected augmentation of full-length N- (~91
kD) and N- and O-glycosylated (~110 kD)
forms of BAPP (3, 12). With longer expo-
sure of the fluorograms (Fig. 2B), they also
showed augmentation of a set of 8- to 12-
kD proteins that were immunoprecipitated
by anti-C,,. Thus, in transfected 293 cells as
in human brain there is a complex set of
COOH-terminal BAPP derivatives.

In the transfected cells, full-length BAPP
was metabolized as reported (3, 14). La-
beled amino acids delivered in a 10-min
pulse (Fig. 2A) were incorporated into
N-glycosylated forms (~91 kD), that were
O-glycosylated by 20 min, and labeling of

Fig. 1. Carboxyl-terminal BAPP derivatives in
human brain. Ten to 16% tris-tricine SDS-PAGE
[except for (D)]. Anti-C,, and anti-C,, produced
the same results in immunoprecipitation and
immunoblotting. For details see (7). (A) Three

tions of membrane proteins from individ-
uals with AD, affinity-purified and immunoblot-
ted with anti-C,,. (B) Anti-C,, affinity-purified
proteins immunoblotted with anti-C,4 (lane 1) or
anti-C,4 absorbed with C,, (lane 2). (C) Cortical
membrane preparations from an AD and a control
brain, immunoprecipitated and immunoblotted
with anti-C,,. (D) Anti-C,, affinity-purified pro-
teins separated by 5 to 20% tris-glycine SDS-
PAGE and immunoblotted with anti-C,,. (E)
MBAP,-COOH autoradiogram (lane 1) com-
pared with anti-C,, affinity-purified and labeled
proteins (lane 2). (F) Epitope identification. Anti-
C,o immunoblot of affinity-purified proteins im-
munoprecipitated with antibody to BAP,

the N- and O-glycosylated forms (~110
kD) was maximal at 60 min. The 8- to
12-kD proteins (Fig. 2B) were not labeled
until well after full-length BAPP had been
labeled. Once labeled, the more abundant,
smaller derivatives in the 8- to 12-kD set
persisted for 180 min (Fig. 2B) when most
of the labeled full-length forms (Fig. 2A)
had disappeared. Thus, in cultured cells, the
8- to 12-kD COOH-terminal derivatives are
generated by cellular processing of full-
length forms and not by artifactual proteo-
lysis during extraction.

Two additional studies were done (15) to
eliminate the possibility that the ~8- to
12-kD COOH-terminal derivatives in hu-
man brain are produced artifactually. These
studies showed that these derivatives (i) are
not produced during the postmortem inter-
val because there is an identical set of 8- to
12-kD proteins in freshly killed rat brain,
and (ii) are not generated during extraction
because radiolabeled full-length BAPP add-
ed as a tracer prior to homogenization is not
proteolyzed to COOH-terminal derivatives.

COOH-terminal BAPP derivatives in the
temporal region of eight control and ten AD
subjects were compared on a single im-
munoblot, but no differences were apparent
(not shown, but see Fig. 1C).

To determine whether any of the 8- to
12-kD BAPP derivatives are selectively ex-
pressed in brain, we compared homogenates
of several brain regions and peripheral tis-
sues (Fig. 3A). Each brain region (lanes 1
through 5) had roughly equivalent levels of
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(SGY2134) (lane 1), antibody to BAP, 4o absorbed with BAP, 15, (lane 2), antibody to BAP, 4,

absorbed with BAP,_, (lane 3), antibody to BAP,_, absorbed
%F“,m (lane 6), and antibody to BAPP 4,0 46, absorbed with BAPP 40 64

ing derivatives by immunoblotting (lanes 1 to 7) and
unoprecipitation (lanes 8 to 12). Anti-C,, affinity-purified proteins were labeled with anti-C,,
(lane 1), anti-C,, absorbed with C,, (lane 2), antibody to BAP, 4, (DS1280) (lane 3), antibody to

(lane 5), antibody to B.
ghm 7). (G) Identification of BAP-
imm

with BAP, _, (lanc 4), anti-C,,

BAP, 4o absorbed with BAP) 5y, (lane 4), antibody to BAP, ,, absorbed with BAP,
(lane 5), antibody to BAP, ., absorbed with BAP, 4, (lane 6), and antibody to BAP, ,, (lane 5;

Anti-C,, immunoblot of affinity-purified

1-17-

proteins immunoprecipitated with antibody to BAP, , (lane
8), antibody to BAP,,, absorbed with BAP) ,5c,, (lanc 9), antibody i
(lane 10), and antibody to BAP,,, absorbed with BAP, ,, (lane 11). (Lane 12)

Anti-C,, immunoblot of the protein used for immunoprecipitation in lanes 8 to 11.
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(CEP48695) and control (CEP48) 293 cells.
Fluorogram exposure: (A) 4 hours (B) 96 hours.
Ten to 16% tris-tricine SDS-PAGE. For details
see (14). Note the 14- to 30-kD proteins that are
augmented in transfected 293 cells in (B). Similar
human brain proteins are specifically labeled by
anti-C,, (Fig. 1). These proteins could be addi-
tional BAP-bearing COOH-terminal derivatives
or aggregates of the 8- to 12-kD proteins (11, 16).

the various 8- to 12-kD derivatives, whereas
each peripheral tissue (liver, kidney, small
intestine, and muscle), like transfected 293
cells, had relatively low levels of the larger
potentially amyloidogenic forms. Thus the
selective deposition of amyloid in brain may
be related to the comparatively high level of
BAP-bearing COOH-terminal derivatives in
this tissue.

In homogenates, an additional ~5.8-kD
protein (possibly a doublet) was detected in
various brain regions but not in peripheral
tissues (Fig. 3A, arrow). This protein ap-
pears to be an authentic COOH-terminal
BAPP derivative, because it is specifically
labeled both by anti-C,, and the antibody to

= p
(kD) BAP/ [~
14_Il-“ NH, t=——=COOH
3
123456 7 Membrane

Fig. 3. Carboxyl-terminal BAPP derivatives. (A)
Homogenates of human frontal cortex (lane 1),
frontal white matter (lane 2), temporal cortex
(lane 3), cerebellum (lane 4), nucleus basalis of
Meynert (lane 5), liver (lane 6), and kidney (lane
7), immunoprecipitated and immunoblotted with
anti-C,y. For details see (16). (B) Schematic
diagram of COOH-terminal BAPP derivatives.
Note that there could be fewer than six separate
forms if some derivatives have the same amino
acid backbone but different posttranslational
modifications [for example, phosphorylation
7))
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BAPP 45 664 On the basis of its size, this
protein may be a derivative that contains
only the cytoplasmic region of the BAPP.

The multiple COOH-terminal BAPP de-
rivatives that we have identified are depicted
schematically in Fig. 3B. In transfected 293
cells, the smaller two fragments are most
abundant (Fig. 2B), and one of these most
likely corresponds to the derivative beginning
at BAP,, (6). Proteins essentially identical to
the two large BAP-bearing derivatives have
been shown to (1) aggregate in vitro (16), (ii)
form deposits when overexpressed in cultured
cells (10, 18), and (iii) cause degeneration of
neurite-producing PC12 cells (19). Thus
these derivatives are likely to be important
intermediates in the pathway leading to amy-
loid deposition in AD.
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Processing of the Amyloid Protein Precursor to
Potentially Amyloidogenic Derivatives

Tobpb E. GOLDE, STEVEN Estus, LINDA H. YOUNKIN,
DENNIS J. SELKOE, STEVEN G. YOUNKIN

The ~120-kilodalton amyloid B protein precursor (BAPP) is processed into a complex
set of 8- to 12-kilodalton carboxyl-terminal derivatives that includes potentially
amyloidogenic forms with the ~4-kilodalton amyloid B protein (BAP) at or near their
amino terminus. In order to determine if these derivatives are processed in a secretory
pathway or by the endosomal-lysosomal system, (i) deletion mutants that produce the
normal set of carboxyl-terminal derivatives and shortened secreted derivatives were
analyzed and (ii) the effect of inhibitors of endosomal-lysosomal processing was exam-
ined. In the secretory pathway, cleavage of the BAPP occurs at a single site within the
BAP to generate one secreted derivative and one nonamyloidogenic carboxyl-terminal
fragment, whereas, in the endosomal-lysosomal system, a complex set of carboxyl-
terminal derivatives is produced that includes the potentially amyloidogenic forms.

HE BAPP 1S NORMALLY CLEAVED

within the 43-amino acid BAP to

produce a large secreted derivative
ending at amino acid 15 of BAP and a small
membrane-associated COOH-terminal de-
rivative beginning at amino acid 17 (7). If
BAPP secretase cleaves full-length BAPP at
additional minor sites, then it could generate
the entire set of COOH-terminal derivatives
that have been identified (2). In this process,
a corresponding set of secreted derivatives
would be produced. These secreted deriva-
tives of over 100 kD, differing by only
several kilodaltons, would be difficult to
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Division of Neuropathology, Institute of Pathology,
Case Western Reserve University School of Medicine,
Cleveland, OH 44106.

D.J. Selkoe, Department of Neurology (Neuroscience),
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separate by SDS-polyacrylamide gel electro-
phoresis (PAGE). To avoid this difficulty
and to determine whether BAPP secretase
produces multiple secreted derivatives, we
made BAPPgys deletion constructs (Fig.
1A) similar to those described by Sisodia
and co-workers (3). These constructs secrete
shortened derivatives in which small length
differences are readily detectable by SDS-
PAGE.

Comparison of control (CEP4B) 293 cells
and cells transfected with these deletion
constructs showed the production of short-
ened BAPPs (Fig. 1B). These shortened
BAPPs were processed into (i) a set of 8- to
12-kD COOH-terminal derivatives essen-
tially identical to that observed in cells trans-
fected with a BAPP o5 expression construct
(Fig. 1C) and (ii) secreted derivatives that,
like secreted BAPP o5, were ~10 kD smaller
than the full-length forms (compare
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