ported by two findings. First, Ig-a~CD8
chimeric heterodimers but not Ig-B—con-
taining chimeras are able to transduce sig-
nals leading to interleukin-2 production in
the B cell lymphoma, A20 (24). Second,
stimulation through isolated CD3 € or TCR
{ chains results in distinct patterns of phos-
phorylation (9) and Ca®* mobilization re-
sponses (25).

The observation that Ig-a and Ig-B can
bind to different effector molecules may
have implications for the function of other
oligomeric receptors that can utilize alter-
nate ARH1-containing chains to assemble
different signal transduction complexes. For
example, TCRs that contain 3-e¢ het-
erodimers may use different signal transduc-
tion pathways than those that contain y-e
heterodimers (26). Differences in lympho-
cyte responses to antigen, which occur as a
function of maturation, could be deter-
mined by such expression of alternative
signal transduction complexes (27).

The Src family tyrosine kinases and
pp40 and pp42 have different patterns of
association with the ARH1 motifs of Ig-a
and Ig-B, which suggests that they may
interact with distinct sites within the cyto-
plasmic domains. These interactions,
which are stable in NP-40, are reminiscent
of other kinase-linked receptors such as the
PDGFR, in which discrete regions mediate
the receptor’s association with distinct ef-
fector molecules (21, 28). Presumably,
chain-specific residues, in the context of
the antigen receptor’s ARH1 motifs, deter-
mine the specificity of these interactions.
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Production of the Alzheimer Amyloid (3 Protein by
Normal Proteolytic Processing
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Deborah M. McKay, Ron Tintner, Blas Frangione,
Steven G. Younkint

"The 4-kilodalton (39 to 43 amino acids) amyloid B protein (BAP), which is deposited as

amyloid in the brains of patients with Alzheimer’s diseasg, is derived from a large protein,
the amyloid B protein precursor (BAPP). Human mononuclear leukemic (K562) cells
expressing a PAP-bearing, carboxyl-terminal BAPP derivative released significant
amounts of a soluble 4-kilodalton BAPP derivative essentially identical to the BAP de-
posited in Alzheimer's disease. Human neuroblastoma (M17) cells transfected with con-
structs expressing full-length BAPP and M17 cells expressing only endogenous BAPP also
released soluble 4-kilodalton BAP, and a similar, if not identical, fragment was readily
detected in_ cerebrospinal fluid from individuals with Alzheimer's disease and normal
individuals. Thus cells normally produce and release soluble 4-kilodalton BAP that is
essentially identical to the 4-kilodalton BAP deposited as insoluble amyloid fibrils in Alz-

heimer’s disease.

I the brains of patients with Alzheimer’s
disease (AD), amyloid is deposited in senile
plaques (I, 2) and, in many cases, in the
walls of cerebral and meningeal blood ves-

sels (3). The amyloid fibrils in the brains of
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patients with AD are composed of a 39— to
43—amino acid amyloid B protein (BAP)
(4-8) that is derived from a set of 695— to
770-amino acid precursor proteins (7,
9—11) collectively referred to as the amyloid
B protein precursor (BAPP). In each of the
695- to 770-residue BAPPs,~the BAP is an
internal peptide that begins 99 residues
from the COOH-terminal end of the BAPP
and extends from the extracellular-intralu-
minal region into the middle of the hydro-
phobic, membrane-spanning domain. The
BAPP is normally processed in constitutive
secretory (I12—15) and endosomal-lysosomal
(16-20) pathways. In the secretory path-
way, the BAPP is cleaved within the BAP
(21, 22) to produce a large secreted deriv-
ative and a small membrane-associated frag-
ment, neither of which can produce amy-
loid because they do not contain the entire



BAP. The endosomal-lysosomal system
processes a complex set of COOH-terminal
derivatives that includes potentially amy-
loidogenic forms with the entire BAP at or
near their NH,-terminus (18, 20, 23).

To determine whether BAP can be pro-
duced from BAP-bearing COOH-terminal
BAPP derivatives (18), human mononu-
clear leukemic (K562) cells were stably
transfected with LCyy, a construct (Fig.
1A) that begins with the 17-amino acid
BAPP signal peptide, continues with the
leucine that normally follows the BAPP
signal peptide, and ends with the 99 amino
acids at the COOH-terminal end of the
BAPP (BAP, ,; followed by Csq). As ex-
pected (Fig. 1B), lysates of these cells have

(kD)
membrgne Lol e — -
st LBAP 6= i
ey L2 — - B
peptide Anti-C  SGY2134

Predicted LDAEFRHDSGYEVHHOKLUFFAEDVGSNKGA.....

Observed LDAEFHHDSGYEUHRHKLUFFRRRUGSNHHA.....
BAP, 5,

Fig. 1. Production of BAP by K562-LC,, cells.
(A) Schematic diagram of the LCyq, construct.
(B) LCq, in lysates of K562-LC,q cells. LCyq was
stably expressed in human mononuclear leuke-
mic (K562) cells as in (35). Each lane shows
protein derived from 5 x 10° cells labeled for 1
hour in 1 ml of medium containing 0.4 mCi of
[*S]methionine and chased as indicated. Im-
munoprecipitation was performed with antise-

large amounts of an 11.4-kD protein that is
immunoprecipitated both by an antiserum
to the COOH-terminal end of the BAPP
and by SGY2134, an antiserum raised to
BAP, ,, that contains antibodies directed
primarily at BAP, . (18). The size of this
11.4-kD protein is precisely that expected
after the signal peptide has been removed to
produce LCyy, and this 11.4-kD protein is
rapidly metabolized after metabolic labeling
for 1 hour (Fig. 1B).

In an effort to identify BAP released
from K562-LCy, cells, we used SGY2134 to
immunoprecipitate the protein in medium
conditioned either with K562-LCy, cells or
with cells (K562-CEP4B) transfected with
vector alone. The immunoprecipitated pro-
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rum to the COOH-terminus of the BAPP (4 pl) or SGY2134 (5 pl) and protein A—agarose slurry (30
wl) (Boehringer Mannheim). Immunoprecipitates were separated by 10/16% tris-tricine SDS-PAGE.
Methods were as described (18, 23). (C) BAP in medium conditioned with K562 cells expressing
LCqq or CEP4B vector alone. Medium (Ultraculture, BioWhittaker) from cultures seeded at 2 x 10°
cells per milliliter and grown for 4 to 7 days was examined before (—) or after (+) centrifugation at
100,000g for 90 min. Immunoprecipitation and immunoblotting were as in (35). Media from five
separate cultures were analyzed in the three experiments shown in lanes 1 to 4 (two cultures), lanes
5 to 9 (two cultures), and lanes 10 to 16 (one culture). BAP was added to culture medium and
analyzed identically [lanes 8 and 9 (10 pmol) and lanes 10 to 15 (50, 25, 10, 5, 2, and 1 pmol)]. (D)
Sequence of 4-kD protein in conditioned medium. The 4-kD protein in 400 ml of medium conditioned
for 24 hours with K562-LC, cells seeded at 5 x 105 cells per milliliter was isolated and sequenced
as in (38). The sequence assignment was definite for all residues except those shown as X. (E)
Effect of inhibitors on the release of BAP. Medium was conditioned with K562-LCg, cells in the
presence or absence of inhibitors as described (39). Analysis of the BAP in these 20-ml samples of

conditioned medium was as in (37).

Fig. 2. BAP in CSF. Anal- A
ysis of 3-ml samples was
as in (37). (A) Autopsy
CSF. The age and post-
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mortem interval (mean +
SEM) of the histopatho-
logically confirmed AD
patients were 746 + 1.8
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12345 67[12345 67]|5102550

ces Sc-c®~

ap BAP, 4 gz zozQz=
<<<00<0 <00

e R

years and 7.5 = 2.5 hours, respectively. The age and postmortem interval of patients shown
histopathologically to be without central nervous system disease were 68.7 + 4.3 years and 8.9 + 1.6
hours, respectively. (B) CSF from living patients. The diagnosis of AD in the living patients was
established clinically by reviewing established criteria (40—42). All patients included were classified
as having probable AD. Patients classified in the non-AD category were evaluated similarly. The ages
(mean + SEM) of the AD and non-AD patients were 73.2 + 1.3 and 73.6 * 0.7 years, respectively.
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tein was separated on 10 to 16% tris-tricine
gels (18), transferred to immobilon P, and
labeled with 4G8, a mouse monoclonal
antibody to BAP,,,, (24). As a control,
synthetic BAP, ,, (1, 2, 5, 10, 25, or 50
pmol) was added to the culture medium and
analyzed identically. A 4-kD protein that
comigrated with synthetic BAP, ,, was
identified in medium conditioned with
K562-LCyq cells but not in medium condi-
tioned with K562 cells transfected with
vector alone (Fig. 1C).

Virtually all K562-LCyy cells (>95%)
were viable at the end of conditioning as
judged by trypan blue exclusion. Nonetheless,
to exclude the possibility that the externalized
4-kD protein was associated with sloughed
membranes (possibly from dying cells), we
compared the immunoprecipitates obtained
from medium before and after centrifugation
at 100,000g for 90 min. Neither synthetic
BAP, _,, nor the 4-kD protein released from
K562-LCy cells was removed appreciably by
high speed centrifugation (Fig. 1C).

For definitive identification, the 4-kD
protein in 400 ml of medium conditioned
for 24 hours with 2 x 108 K562-LCyq cells
was concentrated, immunoprecipitated with
SGY2134, transferred to immobilon, excised
after visualization with Coomassie blue, and
sequenced. The sequence (Fig. 1D), which
could be read as far as cycle 31, showed the
4-kD protein to be BAP with a leucine at its
NH,-terminus. Thus our data show that
cells transfected with a model B AP-bearing,
COOQOH-terminal derivative process that de-
rivative to release BAP into the medium.

Because our previous data indicated that
BAP-bearing COOH-terminal derivatives
are produced in the endosomal-lysosomal
system (23), we investigated the effect of
inhibitors of this system (leupeptin, E-64,
ammonium chloride, and chloroquine) on
the production of BAP from LC,, (Fig. 1E).
Control cells showed a slight progressive
increase in the BAP released in the O- to 6-,
6- to 12-, and 12- to 18-hour intervals,
most likely due to continuing cell division.
Cells treated with leupeptin and E-64 be-
haved similarly. Thus proteases inhibited
by these agents are not involved in the
production of BAP from LCy,. However,
ammonium chloride, added when the me-
dium was changed after a control condi-
tioning period of 6 hours, caused a marked
reduction in the production of BAP in the
6- to 12-hour interval, and it virtually
abolished production in the 12- to 18-hour
interval. Chloroquine had a similar but less
dramatic effect. Thus the two lysosomotro-
pic agents, which block proteolysis by alka-
linizing acidic compartments, reduce the
production of BAP. These data suggest that
the BAP may be produced, at least in part,
by lysosomal processing of BAP-bearing,
COOH-terminal derivatives and that the
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Fig. 3. Production of BAP by M17 cells. (A) Immunoprecipitation and
immunoblotting of the 4-kD protein released by M17-BAPP,. cells. Two
M17 lines stably transfected to express BAPPg, as in (18) were treated
with retinoic acid (1 uM) for 7 days to induce the formation of long
neurites. Confluent (10-cm) dishes were then used to condition 10 ml of
medium containing 1 pM retinoic acid for 3 days. Immunoprecipitation
with SGY2134 and labeling with 4G8 were as in (37). Note the antibody-
related artifact at the 10/16% interface of the gels that is also seen in (D)
(lanes 3 to 5). (B) Radiosequencing of the 4-kD protein released by
M17-BAPP., cells after labeling with [*H]phenylalanine. Through 23
cycles, [*H]phenylalanine was detected at positions 4, 19, and 20
indicating that the 4-kD protein is BAP. For details see (44). (C) Metabol-
ically labeled full-length BAPP and COOH-terminal BAPP derivatives in
M17 cell lines stably transfected with a BAPPgy, expression construct

(695-1, 695-2) or vector alone (CEP4B). For details see (43). (D) Immu-
noprecipitation of metabolically labeled derivatives released into the
medium. Medium from the cells in (C) that were metabolically labeled for
16 hours was examined with antisera to the NH,-terminal portion of the
BAPP (anti-N) and to the BAP (anti-BAP) as in (43). Anti-BAP immunopre-
cipitated a protein of about the same size as the derivative immunopre-
cipitated by anti-N. We presume that this protein is an authentic BAPP
derivative, because it was augmented in transfected cells (see also the
artifact at the 10/16% interface that shows no augmentation). SGY2134
may weakly immunoprecipitate the same derivative recognized by the
anti-N antibody, but it could also be immunoprecipitating a subset of the
derivatives recognized by anti-N or even an entirely different derivative.
Note that M17-BAPPg,. cells release not only 4-kD BAP but several
smaller derivatives that are detected by anti-BAP.

BAP may be a relatively indigestible BAPP
fragment that is then externalized (25, 26).
Additional data are clearly needed, howev-
er, to establish the role of lysosomal pro-
cessing in BAP production and to rule out
the possibility that chloroquine and ammo-
nium chloride are interfering with a differ-
ent processing pathway.

To determine whether BAP is also re-
leased into human cerebrospinal fluid
(CSF) and by cultured cells expressing full-
length BAPP, we used the same criteria
that were successful in assaying synthetic
BAP, ., and the BAP released from K562-
LCy cells: immunoprecipitation by
SGY2134 of a 4-kD protein that can be
detected on 4G8 immunoblots. In our ini-
tial experiment on CSF, we analyzed 3-ml
samples obtained at autopsy from seven
patients with AD and seven control sub-
jects (Fig. 2A). Strong signals were ob-
tained in CSF from five of the seven autop-
sy-confirmed AD patients, but considerable
BAP was also present in samples from three
of the seven control subjects. We also
examined 3-ml samples of CSF from living
patients, five from patients with probable
AD and five from age-matched patients
without AD (Fig. 2B). Again, there was
considerable overlap in the amount of BAP
observed in the AD and non-AD group.
Thus our initial survey indicates that there
is (i) readily detectable BAP in the CSF of
AD and control patients, (ii) considerable
apparent interindividual variation in the
amount of BAP in CSF, and (iii) no obvi-
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ous correlation between AD and the
amount of BAP in CSF.

To determine whether BAP is released
by cultured cells expressing full-length
BAPP, we analyzed medium conditioned
with human neuroblastoma (M17) cells
stably transfected with a BAPPgys expres-
sion construct. In these experiments, the
transfected M17 cells were differentiated for
7 days with retinoic acid to induce the
formation of long neurites. M17-BAPPgs
cells (Fig. 3A) released readily detectable
amounts of a 4-kD protein that was immu-
noprecipitated by SGY2134 (anti-BAP,_¢)
and labeled by 4G8 (anti-BAP,;,,). On
immunoblots this protein was indistinguish-
able from synthetic BAP, 4, or the BAP
released by K562-LCy cells (Fig. 1).

To definitively identify the 4-kD protein
released from M17-BAPPgys cells, we meta-
bolically labeled these cells with [*H]phenyl-
alanine for 16 hours, isolated the 4-kD pro-
tein released into the culture medium, and
radiosequenced it. The BAP, which begins
with the sequence Asp-Ala-Glu-Phe, has
phenylalanine at positions 4, 19, and 20.
Radiosequencing of the 4-kD protein released
by M17-BAPPy cells showed [*Hjphenyl-
alanine at precisely those positions (Fig. 3B),
indicating that this protein is BAP.

In order to better quantitate the BAP
released from these cells, M17-BAPPy
cells and M17 cells transfected with vector
alone (M17-CEP4) were metabolically la-
beled with [3*S]methionine for 20 min to
analyze the rate of BAPP synthesis and for
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16 hours to analyze the BAPP and BAPP
derivatives released into the medium and
accumulating in cells (Fig. 3, C through E).
As expected, the immature form of
BAPP.,; predominated in cell lysates ex-
amined after 20 min of labeling (Fig. 3C).
With 16 hours of continuous labeling, cells
accumulated  considerable  full-length
BAPP, particularly the mature form (Fig.
3C); they accumulated readily detectable
amounts of the 8- to 12-kD COOH-termi-
nal derivatives (Fig. 3C); and they secreted
large amounts of the ~105-kD NH,-termi-
nal derivative produced by BAPP secretase
(Fig. 3D, lanes 2 and 3).

Significantly, M17-BAPP; cells contin-
uously labeled for 16 hours released the 4-kD
BAP immunoprecipitated by SGY2134 in
amounts that permitted detection after expos-
ing the fluorogram for only 29 hours (Fig.
3D). After a 3-day exposure of the fluoro-
grams (Fig. 3D), it was evident that M17 cells
transfected with vector alone (which endog-
enously express much more BAPP than K562-
CEP4B cells) also release the 4-kD BAP.
Thus even M17 cells expressing only endog-
enous BAPP release the 4-kD BAP.

To compare the various derivatives pro-
duced by M17-BAPP,; cells, we analyzed
them with phosphorimaging technology.
Since good estimates of the number of radio-
labeled amino acids in each derivative can be
made, the relative number of moles of deriv-
ative present in each dish can be accurately
assessed by dividing the per dish signal ob-
tained for each derivative by the number of



radiolabeled amino acids that it contains.
This analysis showed that, in M17-BAPPy
cells labeled continuously for 16 hours, the
4-kD BAP accumulates in the medium at
about 40% of the amount of the major ~105-
kD derivative. Thus, M17 cells externalize a
significant amount of the ~4-kD BAP.

Our analysis of human CSF and trans-
fected cells indicates that the BAPP is nor-
mally cleaved both in its membrane-spanning
domain on the COOH side of the BAP, an
unusual site for proteolytic cleavage, and in its
extracellular-intraluminal region on the NH,
side of the BAP to release a soluble 4-kD
derivative essentially identical to the BAP
that forms amyloid in AD (27). Thus it is
likely that amyloid deposition in AD involves
pathways that normally produce extracellular
BAP and that the amount of amyloid depos-
ited depends on the rate of BAP production,
its rate of removal, and the rate at which
soluble BAP forms insoluble amyloid fibrils. It
will, therefore, be important to exploit cul-
tured cells to identify (i) the specific pathway
and proteases that produce and release BAP,
(ii) factors that foster BAP production, and
(iii) potential therapeutic agents that can
prevent BAP production. In addition, it will
be important to identify the mechanism or
mechanisms that remove soluble extracellular
BAP and to clarify the factors (28-32) that
cause soluble, extracellular BAP to form amy-

loid fibrils.
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Two M17 lines stably transfected with BAPPgyg
(different from those in Fig. 3A) and a line stably
transfected with CEP4B alone were generated,
selected, and maintained with Hygromycin (500
wrg/ml) asin (18). Triplicate 10-cm dishes contain-
ing each of these lines were treated with retinoic
acid (1 pM) for 7 days. Confluent dishes were
then labeled for 20 min (Fig. 3C) or 16 hours (Fig.
3, C and D) in 5 ml of methionine-deficient medi-
um (Gibco) containing 0.8 mCi of [35S]methion-
ine. For Fig. 3C, the cells in each 10-cm dish were
lysed and immunoprecipitated for 3 hours at 4°C
with antiserum to the COOH-terminus of the BAPP
(5 nl) and protein A—agarose slurry (25 pl) as in
(18). For Fig. 3D, the medium covering the tripli-
cate dishes in Fig. 3C (16-hour pulse) was pooled
to give 15 ml of conditioned medium. Immunopre-
cipitation was performed as in (37). From each
pool (CEP4B, 695-1, and 695-2), 1 ml was immu-
noprecipitated for 3 hours at 4°C with 10 pl of
anti-N and 25 pl of protein G-agarose slurry
(lanes 1 to 3), and 6 ml were immunoprecipitated
for 24 hours at 4°C with 20 pl of anti-BAP and 40
!l of protein A—agarose (lanes 4 to 6). Anti-N is a
goat polyclonal antiserum (207) raised to a trun-
cated form of BAPP,,o (BAPP, ¢ cg6). Anti-BAP is a
rabbit polyclonal antiserum (SGY2134) raised to
synthetic BAP,_,, that contains antibodies direct-
ed primarily to BAP, s Immunoprecipitates in
Fig. 3, C and D, were separated by 10/16%
tris-tricine SDS-PAGE.

For radiosequencing, each of four confluent 10-
cm dishes of M17-BAPP4 cells was labeled for
16 hours in 5 ml of phenylalanine-deficient medi-
um (Gibco) containing 1.0 mCi of [3H]phenylala-.
nine. The labeled 4-kD protein’in each dish was
immunoprecipitated, separated, and transferred
to Immobilon P as in (37). After autoradiographic
visualization, the 4-kD protein excised from each
of four.lanes was pooled and sequenced as in
(38), and the 3H signal released in each cycle
was analyzed.
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