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SUMMARY: The amyloid deposited in Alzheimer’s disease (AD) is composed primarily of a 39-42 
residue polypeptide (OAP) that is derived from a larger 8 amyloid protein precursor (OAPP). In previous 
studies, we and others identified full-length, membrane-associated forms of the DAPP and showed that 
these forms are processed into soluble derivatives that lack the carboxyl-terminus of the full-length forms. 
In this report, we demonstrate that the soluble -125 and -105 kDa forms of the 8APP found in human 
cerebrospinal fluid are specifically labeled by several different antisera to the l3AP. This finding indicates 
that both soluble derivatives contain all or part of the l3AP sequence, and it suggests that one or both of 
these forms may be the immediate precursor of the amyloid deposited in AD. 0 1989 Academic Press, Inc. 

One of the pathologic hallmarks of Alzheimer’s disease (AD) is the deposition of amyloid in senile 

plaques and in cerebral and meningeal vessels. This amyloid is composed primarily of a 39-42 residue 

polypeptide (6 amyloid protein, OAP) (l-3) that is derived from a much larger protein referred to as the 8 

amyloid protein precursor (OAPP) (4-7). The DAPP gene, which is located on the long arm of chromosome 

21 (4-7), has been shown to produce at least six different mRNAs (8-13). The three major BAPP mRNAs, 

which encode proteins of 695, 751, and 770 amino acids, are produced through alternative splicing of two 

adjacent exons (8). One of these exons encodes a 1Bamino acid domain with homology to the MRC OX-2 

antigen found on the surface of neurons and thymocytes (14); the other encodes a 56-amino acid 

domain, reported to inhibit tr’ypsin in vitro (8), that is highly homologous to the Kunitz family of serine 

protease inhibitors. In each of the three major BAPP mRNAs, the OAP is encoded as an internal peptide 

which extends from the extracellular region (-28 amino acids) into the putative membrane-spanning 

domain (“11-14 amino acids) (5,15) where it ends -60 amino acids proximal to the carboxyl terminus of the 

full-length OAPP (see Fig. 1). It appears, therefore, that proteolytic cleavage of the l3APP on both the 

amino and carboxyl sides of the OAP is necessary to generate the f3AP found in amyloid deposits. 
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u Cleavage sites within full-length DAPP that could produce the large, soluble derivatives in human 
brain and CSF. The solid bar in each schematic indicates the position of the DAP. LEFT. Full-length 
membrane-associated BAPP; A. Cleavage within the RAP peptide; B. Cleavage on the amino side of the 
OAP; C. Cleavage on the carboxyl side of the OAP. In a previous study, we showed that the soluble KPI- 
containing (-125 kDa) and KPI-free (-105 kDa) OAPP derivatives in human brain and CSF are -5-10 kDa 
smaller than the full-length membrane-associated forms from which they are derived, that these 
derivatives dc not require detergent for solubiiization, and that they are not labeled by antisera that readily 
detect the carboxyl terminus of the full-length membrane-associated forms (22). These observations 
indicate that the soluble forms are produced by a cleavage that removes a -5 to 10 kDa fragment 
containing the carboxyl terminus and presumably some or all of the membrane-spanning domain from the 
full-length molecule. This cleavage must occur in the vicinity of the RAP because the fragments extending 
from the carboxyl terminus of the l3APP to the carboxyl and amino terminus of the OAP have predicted 
molecular weights of -6.5 and -11 kDa respectively. Our data showing that soluble RAPP derivatives are 
labeled by antisera to the CAP indicate that the proteolytic event producing these derivatives usually 
occurs within the RAP as shown in A or on its carboxyl-terminal side as shown in C. It shou!d be noted that, 
in either the AD or control brain, the cleavage that generates the soluble derivatives could be 
heterogeneous and cccur in more than one of the locations illustrated above. 

We and others have identified a set of -110-135 kDa membrane-associated proteins that 

represent full-length forms of the BAPP (16-19) and have shown that these membrane-associated forms 

are processed into soluble derivatives (14,20-22). Specifically, we (22) have identified two soluble 

derivatives of the RAPP that are readily detected in human brain and cerebrospinal fluid (CSF) and that 

lack the carboxyl terminus of the full-length membrane-associated forms from which they are derived: a 

-125 kDa derivative that contains the Kunitz protease inhibitor (KPI) domain and a -105 kDa form that 

lacks this insert. We have confirmed that these two proteins are OAPP derivatives by purifying them from 

human CSF and directly sequencing their amino termini (22). 

The relative sizes of the membrane associated and soluble forms of the l3APP indicate that the 

proteolytic event generating the soluble derivatives must occur in the vicinify of the BAP (see legend Fig. 
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1). This cleavage could occur within the l3AP peptide itself, producing a large soluble derivative and a small 

membrane-associated fragment that are not amyloidogenic (Fig. 1 A). I f  the cleavage producing soluble 

forms normally occurs in this location, then either its location changes in AD or this cleavage is not directly 

involved in generation of the BAP and amyloid deposition. Alternatively, cleavage could occur on the 

amino side of the RAP, leaving the RAP attached to a small, membrane-associated protein from which 

amyloid might be derived (See Fig. 1B and refs. 15,16), or on the carboxyl side of the OAP, leaving the 

OAP attached to an extracellular protein which could be further processed to release the 6AP (Fig. 1C). 

To distinguish among these possibilities, we used a series of antibodies that recognize different 

regions of the OAPP, including the BAP, to determine more precisely the location of the proteolytic event 

that generates the soluble l3APP derivatives. Our results show that several different antisera to the l3AP 

label both the -125 and the -105 kDa BAPP derivatives in AD and control CSF. Thus, in human brain, 

full-length OAPP is normally cleaved either within the OAP or on its carboxyl-terminal side. This finding 

eliminates the possibility that cleavage usually occurs on the amino-terminal side of the BAP, and it 

suggests that OAP-bearing soluble derivatives may be the source of the DAP deposited as amyloid in AD. 

MATERIALS AND METHODS 

The synthetic peptides homologous to amino acids 18-35 (8APP18-35) and 573-595 (l3APP573- 
595) in the Kang sequence (5) as well as the peptide corresponding to-the the first 17 amino acids of the 
OAP (DAPl-17) were synthesized at The Upjohn Company using an Applied Biosystems 430A 
synthesizer. A Gly-Gly-Cys carboxyl-terminal extension was added to each peptide for spacing and 
conjugation to porcine thyroglobulin which was used as the carrier protein during production of rabbit 
antisera. The monoclonal antibody corresponding to the first 10 amino acids of the BAP (anti-OAPl-10) 
was provided by George Glenner and DuPont. Specificity of labeling with these four antisera was 
confirmed by peptide absorption. Fifty pg of unconjugated peptide was incubated at 4 C overnight with 1 
1.11 of antiserum diluted (as noted in figure legends) in Tris buffered saline containing 0.05% Tween 20 and 
1 mg/ml bovine serum albumin (BSA). After centrifugation at 16,000 x g for 5-10 min, the supernatant was 
applied to blots. 

The synthetic peptides corresponding to amino acids 284-299 (8APP284-299, Cys- 
EEVVRVPTTAASTPDA) and to the first 13 residues of the 8AP [8AP+i3, DEAFRHDSGY(E->O)VH-Cys] 
were prepared at Syntex Research. The “Cys” denotes a terminal Cys added to the sequence to permit 
coupling to the keyhole limpet hemocyanin used during production of rabbit antisera; the (E->Q) 
represents a change in peptide sequence as compared to the published protein sequence. These 
antisera were affinity-purified by immobolizing the antigen to epoxy-activated Sepharose-GB, binding the 
sera to the resin, and eluting the bound antibodies with 0.1 M glycine buffer, pH 2.8, containing 1 M KCI. 
Fractions were brought to a final pH of 7.5 using 1 M Tris-acetate, pH 8.4 and adjusted to 1 mglml BSA. 
Specificity of labeling with these two antisera was also demonstrated by peptide absorption in which 500 
ng of peptide was combined with 5 ~1 of antisera in a BSA-phosphate buffered saline solution. 

The antiserum raised to amino acids 45-62 in the Kang sequence (anti-6APP45-62) has been 
described previously (17,22) as has the procedure for purifying the soluble DAPP derivatives from human 
CSF (22). The soluble derivatives used in the immunoblots shown in Fig. 2 were purified from 319 mls of 
CSF collected at autopsy from three histologically proven AD patients [ages = 77, 62, and 77 yrs; post- 
mortem intervals (PMI) = 3.5,5.5, and 2.5 hrs]. The pure proteins used for Fig. 3 were obtained from CSF 
collected at autopsy from three other AD patients (ages = 96, 78, and 77 yrs; PMI = 7, 4, and 6.5 hrs). Two 
hundred f i f ty pl of crude CSF from an AD patient (age = 74 yrs; PMI = 4 hrs) was exchanged into 1 mM 
phosphate buffer, pH 7.4 and concentrated 20 fold for use in lane 9 of Fig. 3. 

lmmunoblot analysis was performed on nitrocellulose blots of 5-15% SDS-polyacrylamide gels 
using 5% defatted milk to block non-specific binding of primary anitbodies and either goat anti-rabbit IgG 
coupled to alkaline phosphatase (Promega) or goat anti-mouse IgG,M, and A coupled to horseradish 
peroxidase (Cappel) for immunodetection. 

RESULTS AND DISCUSSION 

Fig. 2 shows immunoblots of the -125 and -105 kDa derivatives of the BAPP purified from AD 

CSF and labeled with an antiserum to amino acids 18-35 in the Kang sequence (anti-DAPF’16-35). This 
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u lmmunoblots of soluble -125 and -105 kDa OAPP derivatives purified from human CSF and 
labeled with antisera to peptides proximal to the RAP. Lanes l-4 show labeling with anti-BAPPl8-35 
(1 :I 00): lane 1, -125 kDa form; lane 2, -105 kDa form; lane 3, -125 ktla form, antibody absorbed with 
6APPt8-35; lane 4, -105 kDa form, antibody absorbed with 8APPts35. Lanes 5 (-125 kDa) and 6 
(-105 kDa) show labeling with anti-6APP45-62 (1:lOO). Lanes 7-10 show labeling with anti-6APP673-598 
(1:lOO): lane 7, -125 kDa form; lane 8, -105 kDa form; lane 9, -125 kDa form, antibody absorbed with 
OAPP573-595; lane 10, -105 kDa form, antibody absorbed with OAPP573-595, Gel is 5-15% SDS- 
polyacrylamide; bars show molecular weights in kDa. 

antiserum detected both proteins, and the labeling was specific because it could be abolished by 

absorption with the 8APP18-35 peptide. This finding is consistent with our previous sequence analysis 

(22) which demonstrated that the amino termini of these two proteins begin at residue 18 of the Kang 

sequence (5), after removal of the signal peptide identified by Dyrks et al. (15). As a positive control, 

adjacent lanes of the blot were labeled with anti-8APP45-62, an antiserum to amino acids 45-62 in the 

Kang sequence, which we have shown specifically labels the -125 and -105 kDa derivatives (22). In 

addition, we labeled the blot with an antiserum raised against residues 573-595 in the Kang sequence 

(anti-8APP573-595) and found, as demonstrated in Fig. 2, that this antiserum specifically detected both 

proteins. These data and our previous sequence analysis indicate that the soluble derivatives begin at 

residue 18 and extend at least to within the 573-595 domain, just proximal to the l3AP which begins at 

residue 597 of the Kang sequence. 

To determine whether the soluble -125 and -105 kDa derivatives extend to within the RAP 

sequence, we labeled immunoblots of the purified proteins with several antibodies raised against the 

OAP. Fig. 3 shows that a monoclonal antibody to the first 10 amino acids of the f3AP sequence (residues 

597-606 in the Kang sequence, anti-BAPt.16) detected both proteins and that this labeling was 

abolished by absorption with an appropriate peptide. Fig. 3 also demonstrates that an antiserum raised to 

the first 13 amino acids of the BAP (anti-OAPl-13) and an antiserum to the first 17 residues in the 6AP 

sequence (anti-RAPI-17) specifically detected both proteins. Although not shown here, two other 8AP 

antibodies--an antiserum against the first 38 amino acids of the 8AP (anti-8APl-38) and an antiserum 

raised to isolated meningovascular amyloid (ref. 23)--also specifically detected the purified -125 and -105 

kDa proteins. Although five of the 8AP antisera that we used recognized the purified -125 and -105 kDa 

proteins, not all antisera raised to domains within the RAP detected the two derivatives. In fact, six other 

antisera that recognize amyloid deposits in AD brain (four raised to f3AP peptides and two against purified 

8AP) failed to stain the soluble forms of the DAPP, presumably because these sera recognize 8AP 

epitopes that are present in fibrillar amyloid deposits but not in the native forms of the OAPP. 
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Eie;t lmmunoblots Of soluble -125 and -105 kDa BAPP derivatives purified from human CSF and 
labeled wlh antisera to regions within the OAP and to a @APPgg$SpScifiC junctional paptide. Lane I, anti- 
BAP+10 (monoclonal, 1:lO); lane 2, anti-RAPI. absorbed with OAPl-42; lane 3, anti-OAPf.13 (affinity- 
purified, 1:20); lane 4, anti-RAPl.lg absorbed with OAPl-13; lane 5, anti-DAP1.17 (1:lOO); lane 6, anti- 
BAPl-17 absorbed with BAPf-17; lane 7, anti-BAPP284-2gg (affinity-purified, 1:20); lane 8, anti- 
BAPP284-2gg absorbed with BAPP284-299; Jane 9. crude CSF from an AD patient stained with anti- 
OAPl-13 (affinity-purified, 1:20). Gel is 5-15% SDS-polyacrylamide; bars show molecular weights in kDa. 

We have also examined the BAPP derivatives in crude CSF from several AD and control patients 

using anti-BAPI -13 and antMAP -17. Anti-6API -17 detected the two derivatives in their unpurified form 

in 3 AD cases and 3 controls, and as illustrated in the last lane of Fig. 3, the affinity-purified anti-RAP1 -13 

also recognized the -125 and -105 kDa proteins in crude CSF. 

We have previously shown that anti-Cl [an antiserum that recognizes the carboxyl terminus of full- 

length, membrane-associated DAPP (16,17)] fails to detect the -125 and -105 kDa soluble proteins in 

human brain tisue and CSF (2.2). In the present study, we stained immunoblots of the purified proteins 

with four additional antisera against the carboxyl terminus of the full-length molecules: one raised to the 

last 15 residues of the OAPP, two to the last 20 amino acids, and one to the last 30 residues. Consistent 

with our previous result, each of these antisera readily detected the full-length, membrane-associated 

forms of the DAPP but none of them recognized the purified soluble derivatives. Thus the soluble 

derivatives that we have identified lack the carboxyl terminus of the full-length forms and presumably some 

or all of the hydrophobic membrane spanning domain. Both soluble derivatives do, however, extend to at 

least within the OAPl.fo domain, and both may contain the entire AP sequence. 
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Finally, we stained the -125 and -105 kDa proteins with a “junctional” antiserum designed to 

recognize only the form of the DAPP that lacks the two alternatively spliced exons encoding the 19 amino 

acid and the KPI domains (See Material and Methods). As shown in Fig. 3, this antiserum detected only 

the -105 kDa protein. This finding is consistent with a previous study (22) in which we demonstrated that 

the -125 kDa protein, but not the -105 kDa derivative, is specifically detected by an antiserum to the KPI 

domain. Together the two studies demonstrate that the -125 kDa soluble protein contains the KPI 

domain whereas the -105 kDa protein lacks this insert. 

De Sauvage and Octave (12) have recently identified a novel RAPP mRNA that would encode a 

soluble KPI-containing form of the OAPP. This mRNA is similar to the OAPP751 mRNA (8-10) but lacks the 

sequence encoding the 208 amino acids at the carboxyl terminus of 8APP751, a region that includes the 

OAP and the putative membrane-spanning domain. Our data demonstrating that the -125 and -105 kDa 

proteins are labeled by antisera to 8APP573-595 and to the OAP, regions not encoded in the recently 

described OAPP mRNA, indicate that these derivatives are produced from full-length OAPP mRNAs and 

not from the truncated mRNA described by de Sauvage and Octave. 

Wiedemann et al. (14) have reported that the soluble forms of the DAPP produced by cultured 

PC12 (rat pheochromocytoma) cells have molecular weights which are -17-18 kDa less than those of the 

membrane-associated proteins. Since the predicted size of the fragment extending from the amino 

terminus of the f3AP through the membrane-spanning domain to the carboxyl terminus of the 8APP is -11 

kDa, Weidemann et al. (14) concluded that the cleavage producing the truncated soluble forms must 

occur on the amino-terminal side of the 8AP (See Fig. 1B). Such processing would produce small, 

membrane-associated fragments bearing the OAP, and it would likely be the further processing of these 

fragments that is required for amyloid deposition in AD. Analysis of soluble forms would therefore be 

unlikely to reveal the final processing that gives rise to the BAP. Our discovery that all or pan of the 8AP 

sequence iS present on the soluble derivatives from human CSF radically changes this perspective. This 

finding indicates that the cleavage producing the -125 and -105 kDa derivatives either occurs within the 

BAP sequence or on its carboxyl side (Fig. lA, C), and it suggests that one or both of these derivatives 

may be the immediate precursor of the extracellular amyloid deposited in AD. This possibility, which is 

consistent with our previous data showing that the soluble forms in human brain and CSF are produced by 

a -5-l 0 kDa truncation (22), is particularly attractive because it would liken AD to the other known 

amyloidoses in which the amyloid peptides are produced from soluble precursor proteins (24-26). 
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