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ABSTRACT: Alzheimer’s disease (AD) is characterized by the invariant accumulation of senile plaques
predominantly composed of the pathologically relevant 42-amino acid amgtpieptide (A542). The
presenilin (PS) proteins play a key role i3 Ayeneration. FAD-associated mutations in PS1 and PS2
enhance the production off42, and PS1 is required for physiologicg$ Aroduction, since a gene knockout

of PS1 and dominant negative mutations of PS1 aboljslyéneration. PS proteins undergo endoproteolytic
processing, and current evidence indicates that fragment formation may be required for the amyloidogenic
function of PS. We have now determined the sequence requirements for endoproteolysis of PS1.
Mutagenizing amino acids at the previously determined major cleavage site (amino acid 298) had no
effect on PS1 endoproteolysis. In contrast, mutations or deletions at the additional cleavage site around
amino acid 292 blocked endoproteolysis. The uncleavable PS1 derivatives accumulated as full-length
proteins and replaced the endogenous PS1 proteins. In contrast to the previously described aspartate
mutations within transmembrane domains 6 and 7, the uncleaved PS1 variants do not act as dominant
negative inhibitors of & production. Moreover, when a FAD-associated mutation (M146L) was combined
with a mutation blocking endoproteolysisA2 production still reached pathological levels. These data
therefore demonstrate that endoproteolysis of presenilins is not an absolute prerequisite for the
amyloidogenic function of PS1. These data also show that accumulation of the PS1 holoprotein is not
associated with the pathological activity of PS1 mutations as suggested previously.

Presenilin (PS)proteins play a fundamental role in the mutations not only inhibited endoproteolysis (see below) of
proteolytic generation of Amyloig-peptide (A3). Alzhe- PS1 but also severely affected proteolytic processing of the
imer’s disease (AD)-associated mutations in both PS geness-amyloid precursor proteirB@PP). C-Terminal fragments
result in the enhanced production of the highly amyl- of BAPP generated h§- anda-secretase accumulate to high
oidogenic A342, which preferentially accumulates in senile |evels, and 4 production is abolished, suggesting a defect
plagques L, 2), and a deletion of the PS1 gene in mice in y-secretase activitydj. The critical Asp residues of PS1
abolishes physiological A generation §). Very recently,  are functionally conserved. Mutagenesis of the corresponding
dominant negative mutations were created by mutagenizingasp residues within human PS2 as well as zebrafish PS1
two highly conse_rved Asp residues within p_utative trans- results in very similar effects oAPP metabolism§g, 6).
membrane domains 6 and 7 of P3J. (nterestingly, these o, the basis of the finding of these functionally important
Asp residues, Wolfe et al4) suggested that PS1 might be

" This work was supported by a grant from the Deutsche Fors- an unusual aspartyl protease, which directly acts as the

fﬁ;&ﬁg?nﬁr&e'gscggﬂc(ﬂz)e HA17376-1) and funds from the Boehriger ,_secretase. In such a scenario, autoactivation of PS by
* To whom correspondence should be addressed: Adolf Butenandt- €ndoproteolysis appears to be required for its proteolytic

Institute, Laboratory for Alzheimer's Disease Research, Department activity in AS generation, since mutagenesis of the Asp

of Biochemistry, Ludwig-Maximilians-University, 80336 Munich, : il : :
Germany. Phone: 49 89 5996 471. Fax: 49 89 5996 415. E-mail: residues inhibits both Aproduction and endoproteolysis of

chaass@pbm.med.uni-muenchen.de. PS1. Interestingly, mutagenesis of the critical Asp residues
zCentre_lI Institute of Mental Health. in PS1 and PS2 not only affectsfAproduction but also
I‘E%%er']“?nir Ingelheim K. G. inhibits Notch signaling inCaenorhabditis elegané, 7).
OF. Hoffmann-LaRoche Ltd. Moreover, it has recently been demonstrated that a gene
@ Ludwig-Maximilians-University. deletion of PS1 inhibits the proteolytic release of the

1 Abbreviations: A6, amyloid 3-peptide; AD, Alzheimer’s disease; i i .
SAPP, -amyloid precursor protein; PS, presenilin; NTF, N-terminal cytoplasmic dor.“‘?"” c:cf Notch 18% Theremre.’ the S?‘me
fragment; CTF, C-terminal fragment; FAD, familial Alzheimers Y-SE€cretase activity o PS1 might be associated with A

disease. production, Notch-1 cleavage, and autoproteolysis.

10.1021/bi9914210 CCC: $18.00 © 1999 American Chemical Society
Published on Web 10/14/1999



PS1 Endoproteolysis andgAGeneration Biochemistry, Vol. 38, No. 44, 19994601

A AWAWAWA B

1| 2] 5] [+] [s cDNA construct amino acid sequence

& v ]

. RS o
2901 l l 300
PS1 STMVWLWDNMAE

PS

endoproteolysis A291-298 S = = - e m == - £
M292D/V293A STDAWLWNMAE
M298E/A299P STMVWLWNETPE
M292D/V293A/M298E/A299P STDAWLWNETPE
M292D STDVWLWNMAE

Ficure 1: PS endoproteolysis and cDNA constru¢is) PS is endoproteolytically processed within the large cytoplasmic loop between

TM6 and TM7. The resulting NTFs and CTFs form stable heterodimeric compléfed §). The black box represents the cleavage site
domain. (B) Amino acid sequence of the cleavage site domain (from amino acid position 290 to amino acid position 300). The various
cleavable and noncleavable PS1 proteins used in this study are shown. Arrows denote the sites of endoproteolytic cleavage determined by
Podlisny et al. 18).

PS proteins are endoproteolytically proces®dd form ingly, we found normal /& production in the absence of
a complex composed of the NTF and CTF (Figure 1) and endoproteolysis.
probably other proteins as well@—14), and evidence that
both fragments together are required for PS function ac- MATERIALS AND METHODS
cumulates. Recombinant N-terminal fragments (NTFs) of
PS1 and PS2 containing an AD-associated point mutation
are not pathologically activelb—17). Moreover, coexpres-
sion of such recombinant mutant NTFs with C-terminal
fragments (CTFs) of PS2 was not sufficient to allow
overproduction of 842 (16), which is due to the failure of
complex formation 14, 17). PS fragments associated with

the complex are remarkably stabler7{-19). In contrast to ; - .
the highly stable fragments, the holoprotein is unstable andWith the respective cDNAs. K293 cells stably coexpressing

rapidly turned overX7—20). Expression of the PS complex Swedish3APP695 and wild-type PS1 were described previ-

is regulated, and PS fragments not incorporated into theOUSIy 62).

complex as well as the holoprotein itself are rapidly removed ~ Construction of cONAs Encoding Mutant PS1 Detives.

by multiple proteolytic activities, including the proteasome All cDNAs encoding PS1 mutant derivatives were con-

(17, 21, 22) and caspased , 23—26), as well as a cysteine ~ structed by PCR-mediated mutagenesis using appropriate

protease activity (7). primers. The sequences of the oligonucleotides used.are
Taken together, current evidence therefore indicates that2vailable upon request. The PCR products were cloned into

endoproteolysis (or autoactivation) of presenilins may be a EXPression vector pcDNA3.1 containing a zeocm—resstance

prerequisite for their amyloidogenic function. Endoproteoly- 9€ne (Invitrogen). The cDNAs were sequenced to verify

sis may even be affected by FAD-associated PS mutations Successful mutagenesis.

although conflicting data have been published claiming either Antibodies.The polyclonal and monoclonal antibodies

a hyperaccumulation of fragmentd7j or inhibition of PS against amino acids 263107 of PS1 (3027; BI.3D7) were

endoproteolysis28—30). described previously3@, 34). Antibody 3926 to synthetic
We wanted to prove if fragment formation is required for Af (35 and antibodies C7 (to the last 20 C-terminal amino

PS function by inhibition of endoproteolytic processing of acids of SAPP;36) were described previously.

PS1 without affecting the functionally important Asp resi- Analysis offJAPP MetabolitesStably transfected K293

dues. We therefore mutagenized the cleavage sites to inhibitcell lines were grown to confluence. For the analysis gf A

endoproteolysis. The resultant uncleavable PS variants weran conditioned media, cells were metabolically labeled with

then analyzed for their activity in fAgeneration. Surpris- 450 uCi of [*S]methionine (Promix, Amersham) for 2 h,

Cell Culture and Cell Linesk293 cells were cultured in
DMEM supplemented with 10% fetal bovine serum, 1%
penicillin/streptomycine, 20tg/mL G418 (to select for
BAPP expression), and 200g/mL zeocin (to select for
presenilin expression). K293 cells stably expressing mutant
PS1 variants were generated by transfection of K293 cells
stably expressingAPP containing the Swedish mutatici)
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and chased fo2 h inmedium containing excess amounts of = A N B % L 2L
unlabeled methionine. Conditioned media were immunopre- ] & & 8%
cipitated with antibody 3926 and separated on 10 to 20% < = q E g Eg
Tris-Tricine gels (Novex). To analyz8BAPP-CTFs, cell § £ 9 . 2 8 g 88
. . L . . -.QPSl-ﬂ T & 8 o NE
lysates were subjected to immunoprecipitation with antibody ==

«4PS1-fl

C7 36) and separated on 10 to 20% Tris-Tricine gels
(Novex). Quantitations were carried out as described in ref -
> “ «psicTF 4y @ <sicrF
Combined Immunoprecipitation and Western Blotting of
PS. Stably transfected K293 cell lines were grown to
confluence. Cell extracts were prepared and subjected to

*
immunoprecipitation using the polyclonal antibody 3027 to < X § D
PS1 B3). Following gel electrophoresis, immunoprecipitated §E 2 S z
PS were identified by immunoblotting using the monoclonal A s 3 7 &
antibody BI.3D7 84). Bound antibodies were detected by ° A&
enhanced chemiluminescence (ECL, Amersham). P <rsi-0
Analysis of £40 and A642. Conditioned media (2 mL) a :'PSI_CTF @sLcTE

were collected from confluent K293 cells grown in six-well

dishes for 18-24 h. The media were assayed fq840 and Ficure 2: Expression of cleavable and noncleavable PS1 variants.

AB42 usin revi | i ELI ] (A) Lack of endoproteolytic cleavage in cells overexpressing PS1
fp42 using a previously described SA7 containing a deletion of the cleavage site. Cell lysates from K293

cells expressing endogenous presenilins and from cell lines over-
RESULTS expressing PS1 M146L or PS1 M14®&291—-298 were immuno-
i . . precipitated with antibody 3027 specific to the large loop of PS1
The endoproteolytic cleavage site of PS1 was previously (33) ‘and analyzed by immunoblotting using the monoclonal
analyzed by amino acid sequencing. Abundant cleavageantibody BI.3D7 84). Uncleaved full-length PS1 accumulates in
products starting at or close to amino acid 299 of PH ( the cell line expressing PS1 M1461291-298. An arrow denotes

37, 38) were observed. In addition, cleavage activity was the phosphorylated form of the PSCTF (10, 33). (B) Mutations
' ' at the minor but not at the major cleavage site inhibit endopro-

detected after amino acids 291 an,d 298 (Figure 1). _TO teolysis. Cell lysates from K293 cells expressing endogenous
generate uncleavable PS1 derivatives, we mutagenized thgresenilins and from cell lines overexpressing PS1 M146L or the
known cleavage sites. We first deleted the domain betweenPS1 variants M146L/M292D/V293A, M146L/M298E/A299P, and

amino acid 291 and amino acid 298 (Figure 1) The deletion M146L/M292D/V293A/M298E/A299P were analyzed as described

; ; P for panel A. Uncleaved full-length PS1 accumulates in the cell lines
was introduced in a PS1 cDNA containing the M146L oo GBSt M146L/M292D/V293A or PS1 M146L/M292D]

mutation to follow pathological 42 generation. The  \293a/M298E/A299P. Endoproteolysis occurs in cells expressing
resultant cDNA construct (PS1 M146A\291-298) was PS1 M146L/M298E/A299P. (C) A single point mutation at amino
stably transfected into human kidney 293 cells (K293 cells). acid position 292 blocks endoproteolytic cleavage of PS1. Cell
K293 cells are suitable for the analysis of PS function and lysates from K293 cells expressing endogenous presenilins and from

cell lines overexpressing PS1 M146L and PS1 M146L/M292D were

endoproteolysis as demonstrated by numerous prevlousanalyzed as described for panel A. An arrow denotes the phospho-

publications 9, 11, 13315, 17, 18, 32, 34). Cell lysates of _ rylated form of the PSTCTF (10, 33). (D) Lack of endoproteolytic

control cells (expressing PS1 M146L) and cells expressing cleavage in cells overexpressing PS1 D385N. Cell lysates from
PS1 M146LA291-298 were immunoprecipitated with a K293 cells expressing endogenous presenilins and from cell lines
polyclonal antibody to the large loop of PS33, and overexpressing wild-type PS1 and PS1 D385N were analyzed as

o S . o : described for panel A. As observed previougly, endoproteolytic
precipitated PS1 derivatives were identified by immunob- ¢ioua6e s inhibited in the cell line overexpressing PS1 D385N.

lotting using the monoclonal antibody BI.3D34j. As shown  All constructs containing the M146L mutation are marked with an

in Figure 2A, deleting the domain encoding the cleavage asterisk.

site of PS1 completely abolished its endoproteolysis and

resulted in the accumulation of the holoprotein. As observed To generate the smallest possible mutation, which blocks
previously, ectopic expression of presenilins results in the endoproteolysis, we next mutagenized the Met residue at
replacement of endogenous PS molecules; therefore, nocodon 292 to an Asp residue. The cDNA (PS1 M146L/

fragments are observed in the absence of endoproteolysidVi292D) was stably transfected into HEK293 cells, and

(9). To introduce the minimal required mutation, we scanned endoproteolysis of PS1 was monitored by the combined
the cleavage domain by introducing point mutations. Stable immunoprecipitation and immunoblotting protocol. As shown

expression of PS1 M146L/M292V/D293A also inhibited in Figure 2C, this revealed that indeed a single amino acid
endoproteolysis (Figure 2B), indicating that residues which exchange at amino acid 292 is sufficient to block endopro-
are required for endoproteolysis are located several aminoteolysis of PS1.

acids N-terminal to the major cleavage site observed by Abolishing endoproteolysis of PS1 by mutagenizing amino
amino acid sequencindl®, 37, 38). To further prove this  acid 292 produces a PS1 molecule with biochemical proper-
prediction, we mutagenized amino acids 298 and 299 (PS1lties, which are highly similar to the previously described

M146L/M298E/A299P). Stable expression of PS1 M146L/ mutations of the critical Asp residues in putative TM6 and

M298E/A299P had no detectable effect on endoproteolysis TM7 (4). Like the above-described mutations at amino acid
(Figure 2B). Combining the point mutations at residues 292 292, expression of PS1 D385N in HEK293 cells results in

and 293 and 298 and 299 (PS1 M146L/M292V/D293A/ the accumulation of the PS1 holoprotein and inhibits en-
M298E/A299P) also blocked endoproteolysis (Figure 2B). doproteolysis 4; Figure 2D). Since the latter mutation has
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A

production was analyzed. In contrast to the PS1 D385N
mutation, which significantly inhibited A production as

« ®
Z. 82 . .
- 3 L a = shown previously 4; Figure 3A,B), the uncleavable PS
£ A g s 9 variants M292D anc\291—298 did not block 48 generation
pr—— (Figure 3A,B). Quantitation of independent immunoprecipi-
- m‘ AB tations confirmed that A production is not inhibited by the
. <p3 uncleavable PS1 M292D derivative (Figure 3B). Therefore,
the mutations at amino acid 292 inhibit endoproteolysis
PST D3N | ST+ V29I without affecting PS activity in & generation. To prove this
B o i o Af further, we also investigated the productiorpéPP-CTFs.
. Cell lysates from the experiments described above (Figure
S0 250 3B) were immunoprecipitated with antibody C38] to detect
£ BAPP—CTFs. Accumulation ofAPP—CTFs in cells stably
2 z expressing PS1 D385N could be fully confirmel Figure
g f_é 3C). However, the mutation at amino acid 292 did not cause
2 an increase in the levels of theg®APP metabolites,
0 0 ® suggesting that inhibition of PS1 endoproteolysis does not
PS1  D38sN PS1*  M292D* necessarily affegBAPP processing (Figure 3C).
C [ PsT D3N | PST* T MZ9ID* We specifically introduced the cleavage site mutations into

-— i - 4BAPP-CTFO a PS1 molecule carrying an AD—asso_ciated mutatiqn (M146L),
' since that would allow us to monitor pathologicap42
production of the FAD-associated PS1 M146L mutation in
the absence of endoproteolysis. Conditioned media from
control cells and cells expressing either PS1 M146L/M292D
or PS1 M146LA291—-298 were collected, and the ratio of
A[42 to ABwa Was determined using a previously described
0 ELISA (17). Analysis of the conditioned media revealed that
PSL  D38SN PSI*  M292D* the uncleavable PS1 derivatives containing the FAD-associ-
FIGURE 3: Proteolytic processing oBAPP in cells expressing  ated M146L mutation still caused an elevated level S#2

cleavable and noncleavable PS1 variants. (R)ptoduction is not . H .
affected in cells expressing the noncleavable PS1 M146L/M292D generation compared to the wild-type control (Figure 4A).

or M146L/A291-298 mutants. K293 cells stably expressing the However, we found a slight reduction in theSA2/ASia
indicated PS1 proteins were metabolically labeled wiSJE ratios as compared to those in cells expressing only the
methionine fo 2 h followed by a cold chase for an additional 2 h.  M146L mutation (Figure 4A). Nevertheless, the observed
Conditioned media were immunoprecipitated with antibody 3926 ABA2/ABw ratios are still within a pathological rangg,

specific to synthetic & (35). In contrast to decreasedsfand p3 . .
levels in cell lines overexpressing PS1 D385N, cell lines overex- 2). This result demonstrates that the FAD-associated PS1

pressing the noncleavable PS1 mutant M146L/M292D produce M146L mutation can promote pathologicabA2 generation
normal levels of A& and p3. (B) Quantitation (lower panels) of in the absence of endoproteolysis. To exclude the possibility
independent immunoprecipitations (upper panels) confirms that thethat the elevated A42/ABiw ratios were due to the
M292D mutation allows physiologicalAproduction, whereas the g ificially introduced mutation of position 292 rather than
D385N mutation significantly reduces the level of Aeneration d he FAD ion M146L | lvzed a PS1
as described previouslyd), K293 cells stably expressing the due to the FAD mutation » WE also analyzed a F.
indicated PS1 proteins were metabolically labeled Wi¥S] variant containing only the M292D mutation. As shown in
methionine fo 2 h followed by a cold chase for an additional 2 h.  Figure 4B, expression of PS1 M292D did not lead to elevated
Conditioned media were immunoprecipitated with antibody3926. A342/A8,., ratios, thus demonstrating that the artificially
For constructs marked with an asterisk, the cDNA contains the introduced mutation at amino acid position 292 is not

M146L mutation. Bars represent the meastandard error of three ible for the ab | . b di
independent experiments. (C) Expression of noncleavable Ps1'€Sponsible for the abnormal42 generation observed in

M146L/M292D does not result in increased levels of C-terminal Cell lines expressing PS1 M146L/M292D. Taken together,
fragments ofSAPP generated bg- andf-secretase. Cell lysates these data demonstrate that endoproteolytic cleavage of PS1
of the samples shown in panel B were immunoprecipitated with s not an absolute prerequisite for its role if340 or A342
antibody C7 86) to detect the C-terminal fragments BAPP. In .
contrast to that of PS1 D385N, overexpression of PS1 M146L/ generation.
M292D does not lead to increased levels fPP—CTFs. For DISCUSSION
constructs marked with an asterisk, the cDNA contains the M146L
mutation. Bars represent the mean standard error of three We have demonstrated here that a primary determinator
independent_experiments; the arrowhead indiclesecretase- ¢ endoproteolytic cleavage of PS1 is not located at the
generate@APP-CTFs, which accumulate only in cells expressing - . g . . .
the D385N mutation. previously characterized major cleavage site(s) at amino acids
298 or 299 18, 37, 38) but is surprisingly located around
been shown to altePAPP processing due to a defect in amino acid 292. However, data derived by amino acid
y-secretase cleavagd)( we now analyzed A production sequencing also provided evidence for further endoproteolytic
in cell lines expressing either the point mutation M292D or cleavage products of PS1 starting at amino acids 292 and
the A291—-298 deletion (Figure 3A). Cells were pulse labeled 293 (8). When these data are taken together with our
with [3®*S]methionine and chasedrfa h in thepresence of  mutagenesis analysis, it appears likely that PS1 is first
excess amounts of unlabeled methionine. Conditioned mediacleaved at or close to amino acid 292. After the first cleavage,
were immunoprecipitated with antibody 39285), and A3 which is dependent on the primary amino acid sequence,

30

=Y
o BAPPCTFax 2
arbitrary units
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A 0.3 units. However, here we show that the holoprotein is active
in amyloidogenesis; therefore, the activity of presenilins in
amyloidogenesis is not directly affected by endoproteolytic
0.2+ processing. We want to point out that in vivo very little
holoprotein is detected since it is very unstalfiel(7—20)
and rapidly degraded by the proteasome in a ubiquitin-
dependent pathwayl{, 21, 22), whereas the PS complex
composed of the two fragments is highly stald&-19). It
may therefore be possible that uncleaved and cleaved PS
end. MI46L M146L. MI146L molecules are both active in amyloidogenesis, but only differ
M292D A291-298 . . - .

in their stability. In such a model, fragment formation would

B 0.3 be required to convert PS into a stable molecule, which is
—_ resistant to degradation. As discussed previoudl§), (

structural rearrangements may be responsible for the sub-
0.2 stantially increased stability of PS fragments. Such structural
changes are expected to take place within the only known
uncleavable PS variant that does exist in vivo (RA®kon9;
9, 11). The exceptional PSAexon9 mutation accumulates
as an uncleaved holoprotein in vivo due to the lack of the
exon encoding the cleavage sif®.(This again demonstrates
end.  MI46L wt that uncleavable PS1 holoproteins are fully functional in

M22D - M292D ) amyloidogenesis and do not necessarily require endopro-
Ficure 4: The lack of endoproteolytic cleavage still allows teolysis for their activation

production of pathogenic 242 levels. (A) Conditioned media of _
K293 cells expressing the indicated PS1 proteins were collected In this study, we have demonstrated that the FAD-

and analyzed using a previously described highly specific ELISA associated PS1 M146L mutation is pathologically active in
(17). Pathological levels of A42 are detected in cells expressing  {ha absence of endoproteolysis, indicating that endoproteoly-

the noncleavable PS1 variants M146L/M292D and M14691— . b ired for th holoaical L fPSi
298. Bars represent the mearstandard error of three independent S!S May not be required for the pathological activity o

experiments. (B) Mutagenesis of Met 292 to Asp does not create mutations. This is supported by our previous finding that
an artificial point mutation leading to pathogenic levels ¢f4R. the pathological activity of the PSAexon9 protein is

Conditioned media of K293 cells expressing either PS1 M146L/ independent of its inability to undergo endoproteolysis but

M292D or PS1 M292D were collected and analyzed using a ; ; ; ; ; ;
previously described highly specific ELISAT). Elevated levels Is due to a single point mutation accurring at the splice

of AB42 are only detected in cells expressing the noncleavable ps1/unction 34). Additional work is now required to prove if
M292D together with the M146L mutation. Bars represent the mean PS1 mutations other than the M146L mutation used in this

+ standard error of three independent experiments. work can act independently of PS1 endoproteolysis. How-
ever, our data demonstrate that the lack of endoproteolysis

the resulting fragment is either trimmed by an exopeptidasejs not directly associated with elevated levels of4®

or cleaved a second time at or close to amino acid 298. Thisgeneration as suggested previousB8<30). Therefore,

is supported by the recent finding that PS2 is also cleavedreduced endoproteolysis levels may not be responsible for

at the methionine corresponding to amino acid 292 of PS1 the increased p42 levels observed in patients with PS1
(H. Jacobsen, personal communication) and then further mytations.

processed to produce the in vivo-observed CTF starting at

amino acid 30739; H. Jacobsen, personal communication). ACKNOWLEDGMENT
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