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The 4-kilodalton amyloid p protein (Ap), which forms fibrillar deposits in Alzheimer's 
disease (AD), is derived from a large protein referred to as the amyloid p protein precursor 
(pAPP). Human neuroblastoma (MI 7) cells transfected with constructs expressing wild- 
type PAPP or a mutant, PAPPAN,, recently linked to familial AD were compared. After 
continuous metabolic labeling for 8 hours, cells expressing PAPPAN, had five times more 
of an Ap-bearing, carboxyl terminal, pAPP derivative than cells expressing wild-type pAPP 
and they released six times more Ap into the medium. Thus this mutant PAPP may cause 
AD because its processing is altered in a way that releases increased amounts of AP. 

O n e  of the hallmarks of Alzheimer's dis- 
ease (AD), is the deposition of amyloid in 
senile plaques (1, 2) and in the walls of 
cerebral blood vessels (3). AD amyloid is 
composed of a 39- to 43-residue amyloid P 
protein (AP) (4-8) that is derived from a 
set of precursor proteins 695 to 770 amino 
acids long (7, 9-1 1) collectively referred to 
as the amyloid P protein precursor (PAPP). 
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- 
m e  cosemegates with mutations in the 

22) have shown that, in addition to the 
large secreted derivative and the complex 
set of COOH-terminal derivatives, normal 
PAPP processing produces and releases a 
4-kD AP that is essentially identical to the 
AP deposited as amyloid in AD. AP may be 
a PAPP fragment that is produced by lyso- 
soma1 processing of AP-bearing COOH 
derivatives, and subsequently released, but 
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Fig. 1. Schematic diagram of the FAD-linked 
pAPP mutations. The box encloses A&-,. (va1717 in PAPP770), isO1eucine Abbreviations for the amino acid residues are: 

(I2), phenylalanine (AF) (I319 or glycine A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, 
(AG) (14)- A fourth double mutation His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; 
(ANL) alters the lysine and methionine Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and 
located, immediately amino to AP, (lys670- Y, Tyr. 
met671 in BAPP,,,) to asparagineand leu- 
cine (15):The location 01 these mutations . , 

in close proximity to Af3 immediately sug- 
gests that they may cause AD by altering 
PAPP processing in a way that is amy- 
loidogenic. 

The BAPP is normally processed in a 
constitutive secretory pathway (16) in 
which cleavage occurs at AP16 (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 AP. 
Alternative processing, which occurs at 
least in part in the endosomal and lysosom- 
a1 system, produces a complex set of 
COOH-terminal derivatives that includes 
potentially amyloidogenic forms with the 
entire AP at or near their NHz-terminus 
(1 8, 19). Recently, we (20) and others (2 1, 
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the precise mechanism of AP production 
and release is currently uncertain. 

To evaluate production of AP and AP- 
bearing COOH-terminal derivatives in 
cells expressing the FAD-linked mutant 
PAPPs, we compared human neuroblasto- 
ma (M17) cells stably transfected with mu- 
tant or wild-type (WT) PAPP6,,. In our 
initial experiment (Fig. 2), two ANL lines, 
a A1 line, a WT line, and a line transfected 
with vector alone (CEP4P) were metaboli- 
cally labeled with [35S]methionine for 20 
min to assess PAPP synthesis (23), and for 
12 hours to analyze the COOH-terminal 
PAPP derivatives accumulating in cells and 
the AP released into the medium. After 12 
hours of continuous labeling, the WT and 
A1 lines were similar with respect to the 
COOH-terminal PAPP derivatives that ac- 
cumulated and the AP 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 AP at its NHz-terminus. 
In addition, the medium conditioned by 
the two ANL lines contained, on average, 
15-fold more 4-kD Ap (Fig. 2B, arrow) 
than the medium conditioned by the WT 
and A1 lines. After pulse labeling for 20 
min, the two 695ANL lines contained five- 
fold more full-length PAPP than the WT 
and A1 lines (Fig. ZA), but this increased 
expression did not account for the 15-fold 
increase in AP. 

We then retransfected M 17 cells to pro- 
duce new, stably transfected 695WT, 
695A1, and 695ANL lines. During pulse 
labeling for 20 min, the three new A1 and 

Fig. 2. Processing of A 20 MIN 
B 

FAD-linked mutant 
pAPPs. Human neuro- 
blastoma (M17) cells , - 

.I 
stably transfected with 97- 
vector alone (lanes I ) ,  
WT-1 (lanes 2), ANL-1 . 
(lanes 3), ANL-2 (lanes 
4) or AI-1 (lanes 5) were 'O' 

grown to confluence in 
wells 35 mm in diame- 
ter. Cells were labeled - 
in 1 ml of medium con- I L  . . 
taining 0.2 mCi of 
[35S]methionine. Immu- 
noprecipitates were 6.* 
separated by 1011 6% 
tris-tricine SDS-ply- 1 2 3 4 5  1 2 3 4 5  
acrylamide gel electro- 
phoresis (PAGE). Assembly of the CEP4p-695ANL and CEP4p-695A1 expression constructs was as 
described (26). All other methods were as described (19, 20). (A) Synthesis and accumulation of 
full-length pAPP and COOH-terminal pAPP derivatives. Lysates of cells labeled for 20 min or 12 
hours were immunoprecipitated with an antiserum to the COOH-terminus of the pAPP. Arrow shows 
position of full-length pAPP; bracket shows COOH-terminal derivatives. (B) Release of Ap. The 
conditioned media from cells labeled for 12 hours was immunoprecipitated with anti-Ap,, 
(SGY2134). Arrow shows position of Ap. 
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ANL lines accumulated comparable 
amounts of full-length PAPP, but the three 
new WT lines accumulated 3.3-fold more 
PAPP 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 A1 and WT 
lines showed similar accumulation of 8- to 
12-kD COOH-terminal derivatives (Fig. 
3B) and release of 4-kD AP (Fig. 3C) with 
reduced amounts produced by the A1 lines 

as expected from their reduced expression 
of PAPP. 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 PAPP ex- 
pression less than one-third that of the WT 
lines, the ANL lines accumulated consider- 
ably more of the AP-bearing, COOH-ter- 

Fig. 3. Processing of PAPP in addi- 
tional MI  7 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 AI-2. AI-3, or AI-4 (lanes 8, 9, 
and 10. respectively). All nomencla- 
ture and methods are as described in 
the legend to Fig. 2. (A) Synthes~s of 
full-length PAPP. Lysates of cells la- 
beled for 20 min were immunoprecip- 
itated with anti-C. (B) Accumulation of full-length pAPP and COOH-term~nal pAPP derivatives. 
Lysates of cells labeled for 8 hours were immunoprecipitated w~th anti-C. Bracket indicates 
COOH-terminal derivatives. (C) Release of Ap. The conditioned media from cells labeled for 8 hours 
was immunoprecipitated with anti-Ap,.,, (SGY2134). Arrow indicates Ap. (D) Quantitation of 
changes in pAPP processing. Individual proteins were quantitated by phosphor~mag~ng. Expres- 
sion level is compared by showing the signal for total pAPP 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 A@-bearing derivative that begins at Ap, 
(uppermost protein within the bracket in 38) to the secretase-derived 8.7-k0 @APP derivative that 
begins at A@,, (lowermost protein within the bracket in 38). To normalize for differences in pAPP 
expression, the amount of Ap in conditioned media after 8 hours of labeling for each sample was 
divided by the signal for total full-length pAPP accumulating during a 20-m~n pulse. 

minal derivative of 1 1.4 kD after 8 hours of 
continuous labeling (Fig. 3B), and medium 
conditioned with the ANL lines contained 
considerably more 4-kD AP (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 
A1 lines, and, when the amount of AP in 
medium was normalized to the full-length 
PAPP present after pulse labeling for 20 
min, AP was more than six times higher in 
the ANL than in the A1 or WT lines. 

The observation that M 17 cells express- 
ing PAPPAN, show a marked increase in 
AP-bearing, COOH-terminal derivatives 
and release increased amounts of 4-kD AP 
provides strong evidence that PAPPAN, 
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 PAPPAN, 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 PAPP,,, mutations 
(AI, AF, and AG) to alter PAPP processing 
in a way that is amyloidogenic. In an 
extensive series of experiments examining 
the turnover of full-length PAPPA, and the 
secretion of its large NH2-terminal deriva- 
tive, we have observed significant differ- 
ences in the processing of PAPPA, as com- 
pared to PAPPwT (24). However, neither 
these data, nor the data presented here 
provide evidence that the processing of 
PAPPA, in M 17 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 PAPPAI 
produce less secreted 4-kD AP than those 
producing WT PAPP. 

It is possible that the aberrant processing 
of PAPPA, 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 PAPP processing. Altema- 
tively, it could be that amyloidogenic pro- 
cessing is occurring in M17 cells but has so 
far gone undetected. Isolation of AP from 
AD amyloid has revealed COOH-terminal 
heterogeneity, with AP's ranging in size 
from 39 to 43 residues in length (5-8). 
Although some secreted 4-kD AP is 40 
residues long (22), this A p  may well show 
similar COOH-terminal heterogeneity. 
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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 AP. Thus this muta- 
tion likely increases all AP in a way that 
does not alter the specific site (or sites) of 
COOH-terminal cleavage. Although the 
PAPP,,, mutations do not appear to in- 
crease overall AP production, these muta- 
tions on the COOH-side of AP may shift 
cleavage to favor generation of the longer 
AP's (42 to 43 residues long) that are 
specifically associated with senile plaque 
amyloid. As these longer AP'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 wiuld not be detectable kith 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 PAPP717 mutations will ul- 
timately reveal altered processing that is 
highly informative with regard to the mech- 
anism through which these mutations pro- 
duce AD. 
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Sequence and Genome Organization of a Human 
Small Round-Structured (Norwalk-Like) Virus 

Paul R. Lambden,* E. Owen Caul, Charles R. Ashley, 
Ian 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. 

T h e  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, J ) ,  and Taun- 
ton agents (8, 9) after the geographical 
locations in which they were firstfound. 
Our electron microscopy (EM) studies, per- 
formed with human convalescent sera (lo), 
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 (I I). Since February 
1991, serotype 3 has been the most preva- 
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