Release of Excess Amyloid B Protein from a
Mutant Amyloid B Protein Precursor
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The 4-kilodalton amyloid B protein (AB), which forms fibrillar deposits in Alzheimer's
disease (AD), is derived from a large protein referred to as the amyloid B protein precursor
(BAPP). Human neuroblastoma (M17) cells transfected with constructs expressing wild-
type BAPP or a mutant, BAPP,,, , recently linked to familial AD were compared. After
continuous metabolic labeling for 8 hours, cells expressing BAPP,,, had five times more
of an Ag-bearing, carboxyl terminal, BAPP derivative than cells expressing wild-type BAPP
and they released six times more AB into the medium. Thus this mutant BAPP may cause
AD because its processing is altered in a way that releases increased amounts of AB.

Ohe of the hallmarks of Alzheimer’s dis-
ease (AD), is the deposition of amyloid in
senile plaques (I, 2) and in the walls of
cerebral blood vessels (3). AD amyloid is
composed of a 39- to 43-residue amyloid B
protein (AB) (4-8) that is derived from a
set of precursor proteins 695 to 770 amino
acids long (7, 9-11) collectively referred to
as the amyloid B protein precursor (BAPP).
In rare families, AD is inherited as an
autosomal dominant trait. Strong evidence
that amyloid deposition is critically impor-
tant in the development of AD has come
from the identification of familial AD
(FAD) kindreds in which the AD pheno-
type cosegregates with mutations in the
BAPP gene (Fig. 1). Three of the FAD-
linked BAPP mutations convert the valine
located three residues COOH to AB,;
(val’’” in BAPP,,,), to isoleucine (Al)
(12), phenylalanine (AF) (13), or glycine
(AG) (14). A fourth double mutation
(ANL) alters the lysine and methionine
located, immediately amino to AB, (lys$7°-
met®’! in BAPP,,,) to asparagine and leu-
cine (15). The location of these mutations
in close proximity to AB immediately sug-
gests that they may cause AD by altering
BAPP processing in a way that is amy-
loidogenic.

The BAPP is normally processed in a
constitutive secretory pathway (16) in
which cleavage occurs at AB,, (17) to
produce a large secreted derivative and an
~8.7-kD membrane-associated fragment,
neither of which can produce amyloid be-
cause they do not contain the entire AB.
Alternative processing, which occurs at
least in part in the endosomal and lysosom-
al system, produces a complex set of
COOH-terminal derivatives that includes
potentially amyloidogenic forms with the
entire AB at or near their NH,-terminus
(18, 19). Recently, we (20) and others (21,
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22) have shown that, in addition to the
large secreted derivative and the complex
set of COOH-terminal derivatives, normal
BAPP processing produces and releases a
4-kD AB that is essentially identical to the
AP deposited as amyloid in AD. AB may be
a BAPP fragment that is produced by lyso-
somal processing of AP-bearing COOH
derivatives, and subsequently released, but
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Fig. 1. Schematic diagram of the FAD-linked
BAPP mutations. The box encloses AB,_,s.
Abbreviations for the amino acid residues are:
A, Alg; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H,
His; I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro;
Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and
Y, Tyr.

Fig. 2. Processing of A
FAD-linked mutant
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the precise mechanism of AB production
and release is currently uncertain.

To evaluate production of AB and AB-
bearing  COOH-terminal derivatives in
cells expressing the FAD-linked mutant
BAPPs, we compared human neuroblasto-
ma (M17) cells stably transfected with mu-
tant or wild-type (WT) BAPP,y. In our
initial experiment (Fig. 2), two ANL lines,
a Al line, a WT line, and a line transfected
with vector alone (CEP4B) were metaboli-
cally labeled with [**SJmethionine for 20
min to assess BAPP synthesis (23), and for
12 hours to analyze the COOH-terminal
BAPP derivatives accumulating in cells and
the AP released into the medium. After 12
hours of continuous labeling, the WT and
Al lines were similar with respect to the
COOH-terminal BAPP derivatives that ac-
cumulated and the AR that was released. In
contrast, the 8- to 12-kD COOH-terminal
derivatives accumulating in the two ANL
lines were completely different (Fig. 2A,
bracket) showing a marked increase in the
relative amount of the 11.4-kD derivative
(Fig. 2A, largest bracketed protein), a de-
rivative that has AB at its NH,-terminus.
In addition, the medium conditioned by
the two ANL lines contained, on average,
15-fold more 4-kD AB (Fig. 2B, arrow)
than the medium conditioned by the WT
and Al lines. After pulse labeling for 20
min, the two 695ANL lines contained five-
fold more full-length BAPP than the WT
and Al lines (Fig. 2A), but this increased
expression did not account for the 15-fold
increase in AP.

We then retransfected M17 cells to pro-
duce new, stably transfected 695WT,
695A1, and 695ANL lines. During pulse
labeling for 20 min, the three new Al and

12 HR

phoresis (PAGE). Assembly of the CEP4B-695ANL and CEP4B-695AI expression constructs was as
described (26). All other methods were as described (19, 20). (A) Synthesis and accumulation of
full-length BAPP and COOH-terminal BAPP derivatives. Lysates of cells labeled for 20 min or 12
hours were immunoprecipitated with an antiserum to the COOH-terminus of the BAPP. Arrow shows
position of full-length BAPP; bracket shows COOH-terminal derivatives. (B) Release of AB. The
conditioned media from cells labeled for 12 hours was immunoprecipitated with anti-Ag,_,,

(SGY2134). Arrow shows position of AB.
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ANL lines accumulated comparable
amounts of full-length BAPP, but the three
new WT lines accumulated 3.3-fold more
BAPP than the mutants indicating that
expression was 3.3-fold higher (23) in these
lines (Fig. 3, A and D). During 8 hours of
continuous labeling, the three Al and WT
lines showed similar accumulation of 8- to
12-kD COOH-terminal derivatives (Fig.
3B) and release of 4-kD AB (Fig. 3C) with
reduced amounts produced by the Al lines

as expected from their reduced expression
of BAPP. In contrast, the 8- to 12-kD
COOH-terminal derivatives produced by
the ANL lines (Fig. 3B) were considerably
different, again showing the marked in-
crease in the 11.4- as compared to the
8.7-kD derivative observed in our initial
experiment (Fig. 2A). Despite BAPP ex-
pression less than one-third that of the WT
lines, the ANL lines accumulated consider-
ably more of the AB-bearing, COOH-ter-
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Fig. 3. Processing of BAPP in addi-
tional M17 lines stably transfected
with vector alone (lanes 1); WT-2,
WT-3, or WT-4 (lanes 2, 3, and 4,
respectively); ANL-3, ANL-4, or
ANL-5 (lanes 5, 6, and 7, respective-
ly) and Al-2, Al-3, or Al-4 (lanes 8, 9,
and 10, respectively). All nomencla-
ture and methods are as described in
the legend to Fig. 2. (A) Synthesis of

full-length BAPP. Lysates of cells la-
beled for 20 min were immunoprecip-
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8 hour pulse

itated with anti-C. (B) Accumulation of full-length BAPP and COQOH-terminal BAPP derivatives
Lysates of cells labeled for 8 hours were immunoprecipitated with anti-C. Bracket indicates
COOH-terminal derivatives. (C) Release of A. The conditioned media from cells labeled for 8 hours
was immunoprecipitated with anti-AB,_,, (SGY2134). Arrow indicates AB. (D) Quantitation of
changes in BAPP processing. Individual proteins were quantitated by phosphorimaging. Expres-
sion level is compared by showing the signal for total BAPP produced by each line during 20 min
of pulse labeling. COOH-terminal derivatives accumulating in cells during 8 hours of labeling are
compared by determining the ratio of the 11.4-kD AB-bearing derivative that begins at AB,
(uppermost protein within the bracket in 3B) to the secretase-derived 8.7-kD BAPP derivative that
begins at AB,, (lowermost protein within the bracket in 3B). To normalize for differences in BAPP
expression, the amount of AB in conditioned media after 8 hours of labeling for each sample was
divided by the signal for total full-length BAPP accumulating during a 20-min pulse.
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minal derivative of 11.4 kD after 8 hours of
continuous labeling (Fig. 3B), and medium
conditioned with the ANL lines contained
considerably more 4-kD AR (Fig. 3C).
Quantitative analysis of these results with
phosphorimaging technology (Fig. 3D)
confirmed the striking differences observed
in the autoradiograms. In cells pulse-la-
beled for 8 hours, the ratio of the 11.4- to
8.7-kD cell derivatives was more than five
times higher in the ANL than in the WT or
Al lines, and, when the amount of AB in
medium was normalized to the full-length
BAPP present after pulse labeling for 20
min, AB was more than six times higher in
the ANL than in the Al or WT lines.

The observation that M17 cells express-
ing BAPP,y; show a marked increase in
AB-bearing, COOH-terminal derivatives
and release increased amounts of 4-kD AB
provides strong evidence that BAPP,.
causes AD because its processing is altered
in a way that releases increased amounts of
AP, thereby promoting amyloid deposition.
More generally, the linkage of this form of
FAD to a BAPP,y; mutation now demon-
strated to increase AP production greatly
strengthens the hypothesis that amyloid
deposition plays a central role in the devel-
opment of all forms of AD.

If amyloid deposition is invariably pivot-
al in the development of AD, then one
would also expect the BAPP;,; mutations
(Al, AF, and AG) to alter BAPP processing
in a way that is amyloidogenic. In an
extensive series of experiments examining
the turnover of full-length BAPP,; and the
secretion of its large NH,-terminal deriva-
tive, we have observed significant differ-
ences in the processing of BAPP,; as com-
pared to BAPPy (24). However, neither
these data, nor the data presented here
provide evidence that the processing of
BAPP,; in M17 cells is altered in a way that
would obviously promote amyloidogenesis.
In fact, both our unpublished data and the
data presented here (Fig. 3D) suggest that,
if anything, M17 cells expressing BAPP,;
produce less secreted 4-kD AB than those
producing WT BAPP.

It is possible that the aberrant processing
of BAPP,; that produces amyloid in the
brain does not occur in transfected M17
cells. This would occur, for example, if the
processing occurs only in certain cell types
or develops in association with age-related
alterations in BAPP processing. Alterna-
tively, it could be that amyloidogenic pro-
cessing is occurring in M17 cells but has so
far gone undetected. Isolation of AR from
AD amyloid has revealed COOH-terminal
heterogeneity, with AB’s ranging in size
from 39 to 43 residues in length (5-8).
Although some secreted 4-kD AB is 40
residues long (22), this AR may well show
similar COOH-terminal heterogeneity.

515



Our data indicate that the ANL mutation
increases AP production by augmenting
cleavage at or very near the site of mutation
on the amino side of AB. Thus this muta-
tion likely increases all AB in a way that
does not alter the specific site (or sites) of
COOH-terminal cleavage. Although the
BAPP,,; mutations do not appear to in-
crease overall AB production, these muta-
tions on the COOH-side of AR may shift
cleavage to favor generation of the longer
AB’s (42 to 43 residues long) that are
specifically associated with senile plaque
amyloid. As these longer AB’s have bio-
physical properties that favor amyloid dep-
osition (25), shifting the site of cleavage
could result in amyloid deposition without
increasing the overall amount of AB. Such
a shift would not be detectable with our
current gel system, and the longer forms
might more readily form insoluble aggre-
gates that would impair detection. What-
ever the precise mechanism proves to be, it
is likely, given the positive results obtained
with the ANL mutation, that continued
analysis of the BAPP,;; mutations will ul-
timately reveal altered processing that is
highly informative with regard to the mech-
anism through which these mutations pro-

duce AD.
REFERENCES AND NOTES

. R. D. Terry, Brain 311, 528 (1963).

2. M. Kidd, J. Neuropathol. Exp. Neurol. 87, 307
(1964).

3. G. G. Glenner, in Banbury Report 15: Biological
Aspects of Alzheimer's Disease, R. Katzman, Ed.
(Cold Spring Harbor Laboratory, Cold Spring Har-
bor, NY, 1983), pp. 137-144.

4. G. G. Glenner and C. W. Wong, Biochem. Bio-
"phys. Res. Commun. 122, 1131 (1984).

5. C. L. Masters et al., Proc. Natl. Acad. Sci. U.S.A.
82, 4245 (1985).

6. D. J. Selkoe, C. R. Abraham, M. B. Podlisny, L. K.
Duffy, J. Neurochem. 46, 1820 (1986).

7. J. Kang et al., Nature 325, 733 (1987).

8. F. Prelli, E. Castano, G. G. Glenner, B. Frangione,
J. Neurochem. 51, 648 (1988).

9. D. Goldgaber, M. |. Lerman, O. W. McBride, U.
Saffiotti, D. C. Gajdusek, Science 235, 877 (1987).

10. R. E. Tanzi et al., ibid., p. 880.

11. N. K. Robakis et al., Lancet i, 384 (1987).

12. A. Goate et al., Nature 349, 704 (1991); S. Naruse
et al., Lancet 337, 978 (1991); K. Yoshioka et al.,
Biochem. Biophys. Res. Commun. 178, 1141
(1991); J. Hardy et al., Lancet 337, 1342 (1991).

13. J. Murrell et al., Science 254, 97 (1991).

14. M.-C. Chartier-Harlin et al, Nature 353, 844
(1991).

15. M. Mullan et al., Nature Genet. 1, 345 (1992).

16. M. R. Palmert et al., Proc. Natl. Acad. Sci. U.S.A.
86, 6338 (1989); M. R. Palmert et al., Biochem.
Biophys. Res. Commun. 165, 182 (1989); D.
Schubert, M. LaCorbiere, T. Saitoh, G. Cole, Proc.
Natl. Acad. Sci. U.S.A. 86, 2066 (1989); A. Wei-
demann et al., Cell 57, 115 (1989).

17. S. S. Sisodia et al., Science 248, 492 (1990); F. S.
Esch et al., ibid., p. 1122.

18. G. M. Cole et al, Neurochem. ‘Res. 14, 933

(1989); G. M. Cole et al., in Molecular Biology and

Genetics of Alzheimer’s Disease, T. Miyatake, D.

J. Selkoe, Y. lhara, Eds. (Excerpta Medica, New

York, 1990), p. 113; G. L. Caporaso et al., Proc.

Natl. Acad. Sci. U.S.A. 89, 2252 (1992); C. Haass

et al., Nature 357, 500 (1992).

-

516

19. S. Estus et al,, Science 255, 726 (1992); T. E.
Golde et al., ibid., p. 728.

20. M. Shoji et al., ibid. 258, 126 (1992).

21. C. Haass et al., Nature 359, 322 (1992).

22. P. Seubert et al., ibid., p. 325.

28. Each of our cell lines is polyclonal and was
independently transfected using the episomal
replicon CEP4. Although polyclonal lines show
less variation than monoclonal lines, it is nonethe-
less critically important to assess the level of
expression (synthesis) of WT and mutant BAPPs
before concluding that the processing of a mutant
BAPP is altered in a way that increases AB re-
lease. Synthesis is best measured by quantitating
the full-length BAPP that accumulates during a
labeling interval sufficiently short that no appre-
ciable degradation takes place. We labeled for 20
min, the shortest interval that permitted us to
assess multiple lines in parallel in a way that was
practical. Although some degradation may occur
during this short interval, this method of assessing
synthesis is nonetheless a reliable way to ensure
that excess production of AB in lines expressing
mutant BAPPs is due to altered processing and
not to increased expression.

24. X.-D. Cai et al., unpublished data.

25. C. Hilbich et al., J. Mol. Biol. 218, 149 (1991); D.
Burdick et al., J. Biol. Chem. 267, 546 (1992).

26. To assemble CEP4B-695ANL, we used a BAPPggs
template and oligonucleotides 1 and 2 to amplify
by the polymerase chain reaction (PCR) a cDNA
extending from base 1762 to 2119 followed by an
adaptor sequence containing an Xba | restriction
site [numbering is according to Kang et al. (7)].
Oligonucleotide sequences are shown below. The
forward primer employed in this reaction (oligo-
nucleotide 1) altered the WT nucleotides at posi-

tions 1785 and 1786 from G to T and A to C,
respectively, changing the encoded amino acids
immediately amino to AB, from lysine to aspara-
gine and methionine to leucine, respectively. The
Bgl ll-Xba | fragment of this amplified cDNA was
then used to replace the corresponding fragment
of a BAPPggs cDNA (nucleotides —30 to 2119) in
BSKS~ (Stratagene). To assemble CEP4B-695Al,
we used a BAPP4,, template and oligonucleo-
tides 3 and 2 to PCR amplify a cDNA extending
from 1906 to 2119 followed by an adaptor se-
quence containing an Xba | restriction site. The
forward primer used in this reaction (oligonucleo-
tide 3) altered the WT nucleotide at position 1924
from G to A, changing the encoded valine to
isoleucine. This cDNA was gel-purified and used
as a template along with a BAPPg,s template and
oligonucleotides 4 and 5 to produce a Al cDNA
extending from base 1761 to 2119 followed by an
adaptor sequence containing an Xba | restriction
site. The Eco RI-Xba | fragment of this amplified
cDNA was then used to replace the correspond-
ing fragment of Bluescript BAPPgos. Both the
full-length 695ANL and 695A| sequences in Blue-
script were then subcloned into Hind IlI-Not |
sites of CEP4B. The oligonucleotides used were
(1) ACGGAGGAGATCTCTGAAGTGAATCTG-
GATGCAGAATTCC
(2) GAGGGCCATGCCGGCCTCTAGAGTCCAA-
CTTCAGAGGCTGCT
(8) GTCATAGCGACAGTGATCATCATCAC
(4) GACGGAGGAGATCTCTGAAGT, and
(5) GAGGGCCATGCCGGCCTCTAGA.

27. Supported by NIH grant AG06656 and an ADRDA
Zenith award. We thank A. LeBlanc for anti-C,,.

25 November 1992; accepted 10 December 1992

Sequence and Genome Organization of a Human
Small Round-Structured (Norwalk-Like) Virus

Paul R. Lambden,* E. Owen Caul, Charles R. Ashley,
lan N. Clarke

Small round-structured viruses (SRSVs), also known as Norwalk or Norwalk-like viruses,
are the major worldwide cause of acute, epidemic nonbacterial gastroenteritis in humans.
These viruses, which contain a single-stranded RNA genome, have remained refractory
to molecular characterization because of the small amounts of virus in clinical samples and
the absence of an animal model and an in vitro culture system. The complete genomic
nucleotide sequence of an SRSV, Southampton virus, was determined. The 7696-nucle-
otide RNA genome encodes three open reading frames whose sequence and organization
strongly support proposals that SRSVs are members of the Caliciviridae.

The term “epidemic winter vomiting dis-
ease” was first used by Zahorsky in 1929 (1)
to describe a syndrome in humans now
globally recognized as acute nonbacterial
gastroenteritis (2). The prototypical patho-
gen, Norwalk virus, was identified by
American workers after an outbreak of
acute nonbacterial gastroenteritis in an el-
ementary school in Norwalk, Ohio (3).
Morphologically indistinguishable viruses
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have since been described in clinically sim-
ilar outbreaks and have been termed Hawaii
(4, 5), Snow Mountain (6, 7), and Taun-
ton agents (8, 9) after the geographical
locations in which they were first found.
Our electron microscopy (EM) studies, per-
formed with human convalescent sera (10),
of virus isolates collected from laboratory-
confirmed outbreaks have established at
least four serotypes in the United Kingdom
and the United States. We designate the
Norwalk and Hawaii viruses as serotypes 1
and 2, respectively, because of their histor-
ical precedence; the prototype strains for
serotypes 3 and 4 are the Snow Mountain
and Taunton viruses. Others also recognize
at least four serotypes (I11). Since February
1991, serotype 3 has been the most preva-





