
amino acids from the termini of polypep- 
tides precludes our ability to discriminate 
whether initial APP occurs be- 
tween A ~ ~ ( ~ l n ' ~ - L y s ' ~ )  or AQP(L~S'~-  
Leu17). 

These data show that a constitutive pro- 
cessing event, mediated by a protease we 
have called the APP secretase, results in (i) 
secretion of the -100-kD soluble NHp- 
terminal APP fragment terminating at 
~pP(Gln")  and (ii) the generation of a 9- 
kD membrane-bound COOH-terminal APP 
fragment whose NH2-terminal sequence be- 
gins at ApP(Leul7). Thus, the APP secretase 
cleaves APP in the interior of the amyloid 
peptide sequence, thereby precluding .APP 
formation and deposition by this pathway in 
293 cells. 

Hypothetical pathogenic mechanisms 
linking aberrant APP processing to amyloid 
deposition have tended to emphasize the 
importance of inappropriate APP cleavage, 
either extracellularly or intracellularly, at the 
NH2-terminus of APP. However, one can 
now speculate that such inappropriate cleav- 
age may lead to APP deposition only in the 
absence of efficient constitutive APP Dro- 
cessing. Thus, the key etiological event in 
AD may be inefficient secretase cleavage 
within the APP sequence. The resulting 
pathogenic accumul&ion of some mem- 
brane-bound form of APP that cannot be 
effectively cleared from the cell may thus be 
the source of amyloid plaque formation. 
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Mutation of the Alzheimer's Disease Amyloid Gene in 
Hereditary Cerebral Hemorrhage, Dutch Type 

An amyloid protein that precipitates in the cere&al vessel walls of Dutch patients with 
hereditary cerebral hemorrhage with amyloidosis is similar to the amyloid protein in 
vessel walls and senile plaques in brains of patients with Alzheimer's disease, Down 
syndrome, and sporadic cerebral amyloid angiopathy. Cloning and sequencing of the 
two exons that encode the amyloid protein from two patients with this amyloidosis 
revealed a cytosine-to-guanine transversion, a mutation that caused a single amino acid 
substitution (glutamine instead of glutamic acid) at position 22 of the amyloid protein. 
The mutation may account for the deposition of this amyloid proteiri in the cerebral 
vessel walls of these patients, leading to cerebral hemorrhages and premature death. 

H EREDITARY CEREBRAL HEMOR- 

rhage with amyloidosis of Dutch 
type (HCHWA-D) is an autoso- 

ma1 dominant form of amyloidosis. Patients 
with HCHWA-D develop recurrent intra- 
cerebral hemorrhages leading to death by 
the sixth decade of life (1). The disease has 
been described in four families from two 
coastal villages in the Netherlands. Three 

DNA (cDNA) clones that encode the amy- 
loid P protein reveals that it is part of a 
larger precursor protein proposed to be a 
cell surface receptor (8, 9). Multiple forms of 
mRNA are derived by alternate splicing (10) 
of a transcript from a single gene located on 
chromosome 21 (8, 9). The primary struc- 
ture of the 75 1-amino acid splicing variant 
of the amyloid P protein precursor is analo- 

families (136 patients) were from Katwijk gous to protease nexin I< a secreted prote- 
and one family (14 patients) was from Sche- ase inhibitor (1 1). 
veningen (1). HCI-NVA-D is characterized Genomic DNA and cDNA clones encod- 
by extensive amyloid deposition in the vessel ing the precursor amyloid P protein from 
walls of the leptomeninges and cerebral cor- AD, DS, and familial AD patients have been 
tex. Parenchymal amyloid accumulations sequenced; the sequences were identical to 
have also been found in some patients in those obtained from unaffected individuals 
plaques that resemble the immature senile 
plaques of Alzheimer's disease (AD) and 
sporadic cerebral amyloid angiopathy 
(CAA) (2, 3). The amploid fibrils in 
HCHWA-D are formed by a 39-amino acid 
amyloid that is similar to the P protein in the 
amyloid deposits of AD and Down syn- 
drome (DS) (2, 4-7). 

Sequence analysis of complementary 

-- 

E. Levy and I. J. Fernandez-Madrid, Department of 
Patholow. New York Universitv Medical Center. New 

(9, 12, 13). Although the genetic defect 
causing familial AD was localized to chro- 
mosome 21 (14), no linkage was found 
between familial AD and the amyloid P 
protein precursor gene, suggesting that this 
gene is not the site of the inherited defect 
underlying this disorder (15). 

We hypothesized (2) that a defect in the 
amyloid P protein gene may cause the pa- 
thology associated with HCHWA-D. To 
sequence the amyloid P protein gene in 
HCHWA-D, we synthesized oligonucleo- - 

York, ~ ' 1 0 0 1 6 .  
M. D. Carman, M. D. Power, I. Lieberburg, Athena 

tides based on known intron sequences that 
Neurosciences, Inc., South Sari Francisco, CA 94080. flank the two exons encoding the amyloid P 
S. G. van Duinen and G. Th. A.M. Bots, Department of protein (exons 14 and 15) (Fig, 1) (12). The 
Pathology, University Medical Center Leiden, 2300 
R.C. Leiden, the Netherlands. oligonucleotides were used in the polymer- 
W. Luyendjk, Department of Neurosurgery, University ase chain reaction (PCR) (16) to amplify the 
Medical Center Leiden, 2300 R.C. Leiden, the Nether- 
I ~ ~ A ~  sequences that contain the two exons. The .-.-. 
B. Frangione, Kaplan Cancer Center, New York Univer- kplified fragments were subcloned into an 
sity Medical Center, New York, NY 10016. M13 bacteriophage vector and sequenced 
*To whom correspondence should be addressed. by dideoxy chain termination (1 7). 
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High molecular weight genomic DNA 
was isolated from brains of two female 
HCHWA-D patients from difkrent fam- 
ilies. One patient (DWvBO) died at the age 
of 48 years and the other (CVdV) at 67 
years. PCR experiments with oligonudeo- 
tide primers designed to amplify exons 14 
and 15 were repeated 9 and 15 times, 
respectively, for the two patients. The result- 
ing sequences demonstrated that both pa- 
tients had a single point mutation, cytosine 
(C) instead of guanine (G), at nudeotide 
1852 of the amyloid p protein precursor 
(Pre A b )  cDNA (8) (Fig. 1). In addition, 
both HCHWA-D patients had one n o d  
allele. The same PCR and sequencing ex- 
periments were performed on genomic 
DNA isolated fimn a patient with AD (k- 
male of 83 years) and four unatlected indi- 
viduals. AU of these sequences demonstrated 
only the n o d  allele. 

The single mutation we identified abol- 
ishes an Mbo 11 restriction site in the amy- 
loid precursor protein gene of HCHWA-D 
patients. Loss of this site was detected by 
digestion of PCR-amplified genomic DNA 
with Mbo I1 restriction endonudease. Four 
DNA fhgments of 11 1,92,86, and 28 base 
pairs (bp) were observed after digestion of 
genomic DNA isolated from five unaftected 
individuals and one AD patient. An addi- 
tional band of 203 bp was obtained from 

digestion of amplified DNA from the 
HCHWA-D patients (Fig. 2). These results 
indicated that the gene in both Dutch pa- 
tients is polymorphic. 

A second approach was taken to verify the 
existence of the mutation at position 22 of 
the amyloid p protein in Dutch patients 
with HCHWA and its absence in DNA 
isolated fiom u n a t l d  individuals. An oli- 
gonucleotide that contains the mutation (5'- 
ACC CAC ATC TI'G TGC AAA GAA 
CAC-3') was hybridized to amplified DNA 
fragments from seven d e c t e d  individ- 
uals, five patients with AD and two patients 
with DS, all of whom were not tested 
previously in this study. At low stringency 
(48"C), the oligonudeotide probe hybrid- 
ized to all DNA tested. However, at high 
stringency (65°C) only D N A  containing 
the G to C base change and DNA isolated 
h m  the two HCHWA-D patients hybrid- 
ized to the probe. With this technique, we 
recently found the same mutation in DNA 
isolated firom blood cells of two related 
Dutch females who belong to a different 
pedigree with a history of hemorrhagic dis- 
ease. 

The G to C tramversion d t s  in the 
substitution of glutamine for glutamic acid 
at position 22 of the amyloid p protein. 
Both amino acids were found at this posi- 
tion in amyloid fibrils derived from lepto- 

aactaattggttgtcctgcatactttaattatgatgtaatag GT TCT GGG TTG 
Gly Ser Gly Leu 

581 

v ACA AAT ATC M G  ACG GAG GAG ATC TCT GAA GTG AAG ATG GAT GCA 
Thr Asn Ile ~ y s  Thr Glu Glu Ile Ser Glu Val Lys Met Asp Ala 

G M  TTC CGA CAT GAC TCA GGA TAT G M  GTT CAT CAT CAA AAA TTG 
Glu Phe Arg His Asp Ser Gly Tyr Glu Val His His Gln Lys Leu 

613 

gtacgtaaaataatttacctctttccactactatttat..................... 

tgtaaattatattgcatttagaaattaaaattctttttcttaatttgttttcaag GTG 
Val 

rGlnl 614 

GAT GTG GGT TCA MC AAA GGT GCA ATC ATT GGA 
6Ep Val Gly Ser Asn Lys Gly Ala Ile Ile Gly 

v 
CTC ATG GTG GGC GGT GTT GTC ATA GCG ACA GTG ATC GTC ATC ACC 
Leu net Val Gly Gly Val Val Ile Ala Thr Val Ile Val Ile Thr 

TTG GTG ATG CTG M G  M G  AAA CAG TAC ACA TCC ATT CAT CAT GGT 
Leu Val Met iyi iti iys Gln Tyr Thr Ser Ile His His Gly 

GTG GTG GAG gtaggtaaacttgactgcatgtttccaaataaaaattaa- 
Val Val ~ l u  

Fig. 1. DNA sequence 
ofthetwoexons(l4and 
15) that encode the amy- 
loid p protein. Capital 
letters, aons; lowerase 
letters, 18anking inaons; 
dots, regions that have 
not becn sequencad, un- 
derline, sequences used 
to synthesize the oligo- 
nucleotides; arrowheads, 
the cercbrovasah ~ y -  
loid $ protein (39 armno 
acids); broken line, Mbo 
II restriction sites in the 
amplified hgment that 
contains acon 15. Nude- 
otides and amino acids 
are numbered as for the 
corresponding Pre A& 
cDNA (8).  

meninges of HCHWA-D patients (18). 
There is a oessibiitv that this mutation is 

polymorphic in certain populations, and not 
the cause of the specific amyloid deposition 
in HCHWA-D. However, polymorphism in 
the gene encoding the amyloid protein has 
not been observed (9, 12, 13) and was not 
found in unatlected individuals in our study, 
suggesting that there is a relation between 
the presence of this mutation and cerebral 
hemorrhages in HCHWA-D. 

The mutation in the structural gene for 
the amyloid p protein may be the primary 
defect in HCHWA-D, rendering the protein 
resistant to n o d  turnover or. altemative- 
~y, causing inueas~d susceptidility to pro- 
teolytic breakdown and polymerization. A 
change in tertiary structure of the protein or 
the generation of a novel binding site may 

Fig. 2. Restriction patterns of DNA digested with 
Mbo 11. Genomic DNA isolated from the brain of 
an HCHWA-D patient (lane I) and an u t d e c d  
individual (lane 2) was amplified with the Ther- 
nncc aquaticus (Taq) heat-stable DNA polymerase. 
Amplification reactions in a total volume of 100 
pl contained 1 pg of DNA, 0.25 of each 
primer designed to amplify exon 15 (12), and 2.5 
units of Taq polymerase in reaction b& (Per- 
kin-Elmer-Cctus). The samples were subjected to 
25 cycles set at 94°C for 1 min to denature the 
DNA, 70°C for 2 min to anneal the primers, and 
72°C for 3 min to extend the annealed primers. 
The reaction product was hctionated on a low 
melting point agarosc gel (1%) from which a 
320-bp fragment was exckd. The isolated frag- 
ment was labeled with [a-32P]deoxycytidine 5'- 
m~hos~hate bv nick mndation without deoxyri- 
boIucl&se and digested to completion with hibo 
11 restriction endonudeax. The DNA was sem- - - - ~ - - -  -~~ 

rand on a polyacrylamide gel (8.4%). The x-ky 
film was exposed for 10 min. The number preced- 
ing the arrowhead indicates base pairs, 320 b, 
position of the undigested bgment; 28 b, frag- 
ment seen on longer film exposures. 
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facilitate the molecule's attachment to the 
cell's membrane. Thus, this mutation mav 
accelerate amyloid deposition in the cerebral 
vessel walls. 

Hereditary cerebral hemorrhage with am- 
yloidosis described in Icelandic patients 
(HCHWA-I) is histopathologically and 
clinically similar to HCHWA-D (19). The 
brains of HCHWA-I patients demonstrate 
amyloid angiopathy; however, unlike 
HCHWA-D, the brain parenchyma is not 
affected. and the amvloid fibrils ire derived 
from degradation of a variant of cystatin C, 
an inhibitor of cysteine proteinases (20). 
The variant cystatin C gene contains a point 
mutation that results in a single amino acid 

u 

substitution (glutamine instead of leucine) 
(21, 22). Therefore, the amyloid precursor 
proteins in two inherited forms of cerebral 
amyloid angiopathies, HCHWA-D and 
HCHWA-I, are protease inhibitors that may 
be present in the circulation (1 1, 21, 23, 24) 
and have a substitution in their respective 
genes that gives rise to the same amino acid. 
The relation between the presence of gluta- 
mine in these proteins i d  the formation 
and deposition of amyloid fibrils in cerebral 
vessel walls is unknown. 
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Platelet Coagulation Factor XI,-Inhibitor, a Form of 
Alzheirner Amyloid Precursor Protein 

An inhibitor of coagulation factor XI, was purified from serum-free conditioned 
medium of HepG2 liver cells. Platelets stimulated with thrombin or calcium iono- 
phore (A23187) secrete a protein functionally and immunologically identical to the 
inhibitor, implying a role for this inhibitor in hemostasis. Analysis of the amino- 
terminal amino acid sequence and immunologic reactivity showed the inhibitor to be a 
truncated form of the Alzheimer's amyloid precursor protein that contains a Kunitz- 
type serine protease inhibitor domain and at least a portion of the arnyldid P protein. It 
inhibits factor XI, and trypsin with a Ki of 450 k 50 pM and 20 k 10 pM, 
respectively. Heparin (1 unitlml) did not significantly effect inhibition of trypsin, but 
inhibition of XI, was 15 times greater (K, = 25 k 15 pM) in the presence of heparin. 

C OAGULATION FACTOR XI CIRCU- reduced) with additional faint bands at 94, 
lates in plasma as the zymogen of a 66.5, and 55 kD (Fig. 1B). Antibodies to 
serine protease. Individuals deficient the purified factor XIa-inhibitor (X1,I) from 

in factor XI suffer a mild to moderate bleed- HepG2 medium adsorbed the inhibitor re- 
ing diathesis characterized by mucosal and leased from platelets; thus, the HepG2 and 
post-operative bleeding (1). Factor XI is platelet proteins are related antigenically 
activated by limited proteolytic cleavage (Fig. 2A). 
through the action of the contact factors The NHz-terminal amino acid sequence 
(factor XII,, prekallikrein, and high molecu- of the 112-kD protein is X E V P T D G N 
lar weight kininogen). Activated factor XI A G L L A  E P Q (S), which matches exactly 
(XI,) is a protease that consists of two residues 19 through 35 of the amino acid 
identical disulfide-bonded subunits, each sequence predicted from the amyloid pre- 
with a catalytic site, and functions in coagu- cursor protein cDNA sequence ( 6 8 ) .  When 
lation as activator of factor M. ~lateiets trypsin-(rather than anhydrotrypsin) affinity 
stimulated by thrombin or calcium iono- chromatography was used in the purifica- 
phore (A23187) release a protein that re- tion, the minor bands present in Fig. 1B 
versibly inhibits XI, but does not form XI,- were considerably more abundant. The 
inhibitor complexes that are stable to SDS- NH2-terminal sequences determined from 
polyacrylamide gel electrophoresis (SDS- each band are identical to that of the 112- 
PAGE) (2, 3). kD protein, suggesting that the smaller pep- 

Lysed platelets and the supernatant of tides resulted from proteolysis at the 
A23187-treated platelets contain a protein COOH-terminus, which may have occurred 
of -112,000 kD that binds [ ' 2 5 ~ ] - ~ ~ a  (Fig. during the affinity chromatography. 
1A). The serum-free conditioned medium of A prominent protein found in the brains 
human hepatoma cells (HepG2) contains of witk Alzheimer's disease is the 
the same moiety (Fig. 1A). Approximately amyloid P protein (amyloid A4 protein) (9, 
1.3 mg of purified inhibitor (4) was recov- 10). The amyloid P protein represents a 
ered from 90 liters of serum-free condi- small part of a transmembrane amyloid pre- 
tioned medium. SDS-PAGE shows a pre- cursor protein (APP) that, through alterna- 
dominant band at 112 kD (120 kD when tive mFWA splicing, is produced in at least 

three differen; forks (dI8). The two longer 
Division of Hematology/Oncology, Department of proteins (i\PP751 and APP770) contain a 
Medicine, Jewish Hospital at Washington University ~ ~ ~ i ~ ~ - ~ ~ ~  serine protease inhibitor do- Medical Center, St. Louis, MO 63110. 

main, whereas this domain is lacking in the 
*To whom correspondence should be addressed. shorter form containing 695 amino acids 
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