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ABSTRACT: Alzheimer’s disease (AD) is characterized by the invariable accumulation of senile plaques
composed of amyloig-peptide (AG). Mutations in three genes are known to cause familial Alzheimer’s
disease (FAD). The mutations occur in the genes encoding-tmayloid precursor proteirsAPP) and
presenilin (PS1) and PS2 and cause the increased secretion of the pathologically relevant 42 amino acid
Ap42. We have now cloned the zebrafighafio rerio) PS1 homologue (zf-PS1) to study its function in
amyloidogenesis and to prove the critical requirement of an unusual aspartate residue within the seventh
putative transmembrane domain. In situ hybridization and reverse PCR reveal that zf-PS1 is maternally
inherited and ubiquitously expressed during embryogenesis, suggesting an essential housekeeping function.
zf-PS1 is proteolytically processed to produce a C-terminal fragment (CTF) of approximately 24 kDa
similar to human PS proteins. Surprisingly, wt zf-PS1 promotes aberf# secretion like FAD associated
human PS1 mutations. The unexpected pathologic activity of wt zf-PS1 may be due to several amino
acid exchanges at positions where FAD-associated mutations have been observed. The amyloidogenic
function of zf-PS1 depends on the conserved aspartate residue 374 within the seventh putative
transmembrane domain. Mutagenizing this critical aspartate residue abolishes endoproteolysis of zf-PS1
and inhibits AS secretion in human cells. Inhibition offAsecretion is accompanied by the accumulation

of C-terminal fragments gfAPP, suggesting a defect jrsecretase activity. These data provide further
evidence that PS proteins are directly involved in the proteolytic cleavagaRP and demonstrate that

this function is evolutionarily conserved.

Aggregation and precipitation of peptides appears to play the f-amyloid precursor proteinrB@PP; 4). Two secretases
a major role in neurodegenerative diseases such as Alz-have been postulated, which either generate the N-terminus
heimer’'s disease (AD)(1), Parkinson’s disease), and (B-secretase) or the C-terminus-gecretase) of A (5). Aj
Huntington’s disease3]. In AD the aggregating amyloid  is generated under physiological conditions in cultured cells
p-peptide (A8) accumulates in highly insoluble senile and is secreted into the mediu).(In vivo Aj is detected
plaques, which are the defining pathological lesions of the in human plasma and cerebrospinal flu. (
disease 4). Aj is derived by proteolytic processing from  In the majority of cases AD occurs sporadically with an
increasing risk during agingl( 6). However, rare mutations
have been found to cause autosomal dominant early onset
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mlienchen.de. _ a common pathological mechanism by increasing the pro-
Central Institute of Mental Health. duction of the long (42 amino acid) version oBAAB42).

soonra :
I ;’Qgﬁ{ﬁgﬁr"fngg;ﬁ;'ﬁf[?é This peptide is known to aggregate much faster as compared

U Ludwig-Maximilians-University. to the more abundant 0 (7) and is therefore predomi-
! Abbreviations: A8, amyloidB-peptide; AD, Alzheimer's disease;  nantly found within senile plaqued (8, 9.

BAPP, s-amyloid precursor protein; PS, presenilin, NTF, N-terminal ; ; ; ;
fragment; CTF, C-terminal fragment;, FAD, familial Alzheimer’s Besides the pathological function of mutant PS 42

disease; zf-PS1, zebrafish PS1; ELISA, enzyme-linked immunosorbentgene.rati_ona wt _PS PrOteinS appear tO. haV? a fundamental
assay; PCR, polymerase chain reaction. function in physiological & production, since it was recently
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found that PSY~ mice produce significantly reduced TIA RCC AIG CIG TCC in the first strand cDNA synthesis.
amounts of 440 and A342 (10). Since C-terminal fragments  In the first PCR (35 cycles) the nested degenerated primer
of SAPP accumulate in neurons derived from the brains of 5-CCC GAA TTC GCC ATI ARI GCI SWI ATC ATI ATI
PS”~ mice, it has been proposed that PS proteins may eitherARR TA (D2) together with the abridged anchor primer was
activatey-secretase or may even exhibip-@ecretase activity  used to amplify a 458 bp fragment. After reamplification in
by themselvesl0, 17). This is supported by the very recent another 25 cycles with the primer D2 and the universal
finding that two unusual aspartate residues are critically amplification primer the fragment was cloned into pBlue-
required for the function of human PS1 in amyloidogenesis script 1l KS(+). The identity of the cDNA fragment was
(12). Mutagenesis of these residues results in a phenotypeverified by DNA sequencing. The digoxigenine-labeled
similar to the PS1 deletion in mice, sincg Adroduction is (Boehringer Mannheim) fragment was then used to screen a
severely reduced and C-terminal fragmentspéPP ac- zebrafishl-ZAP 1l cDNA library (2 x 10° phages) generated
cumulate to high levelsl@). Moreover, endoproteolysis of  from 20—28-h-old fishes. The cDNA insert was isolated, and
PS1 is inhibited under these conditions. These observationsboth strands were sequenced. For expression of the zf-PS1
lead Wolfe et al. 12) to the proposal that PS1 is an unusual cDNA in human cells, the cDNA was amplified by PCR
aspartate protease, which exhibits thsecretase activity.  under standard conditions with the primers&@sG GAA

In such a scenario endoproteolysis of PS1 is believed to occurTTC ATG GCT GAT TTA GTG and 5TAT CAA ATG

by autoproteolysis and appears to be required for functional CGG CCG CCT ATA TGT AGA ACT. The resulting DNA
activation of presenilins 12). However, other models fragment was subcloned into pcDNA3.1 Zeo vectdd)(
implicate that PS molecules are involved in targeting of Expression vectors were stably transfected into HEK 293
selected membrane proteins includipg\PP to the cell cells as described8, 32.

surface {3). Antibodies. The rat polyclonal antibody zf-RS, was

PS proteins facilitate Notch signaling. This is supported raised to the loop domain (amino acids 28%5). The
by the finding that a defect in the PS homologue of respective coding region was amplified by PCR with the
Caenorhabditis elegan®sults in a Notch phenotype, which  primers 5-GGG GAA TTC GAC AGT GCT GAA and 5
can be fully rescued by transgenic expression of human PSICCC AAG CTT TTA GTC ATC ATC TGC. The resulting
and PS214, 15. Moreover, genetic evidence Brosophila fragment was subcloned into theedRI/Hindlll restriction
melanogastealso links PS function to Notch signaling§, site of pMAL-C2 (New England Biolabs). The fusion protein
17). Finally, a deletion of the PS1 gene in mice results in was expressed irEscherichia coliDH 5a, purified on
abnormal embryonic development causing a fatal phenotype,amylose resin (New England Biolabs) according to the
which is similar to that caused by the deletion of the Notch supplier’s instructions, and inoculated in rats.

gene (8, 19. This is now explained by the finding that PS1 Antibody 3027 to the large loop of human PS1 was
is required for the proteolytic release of the cytoplasmic yaqcribed previously3Q).

domain of Notch 1 Z0).
I . 20 . . . . . The rabbit polyclonal antibody 5818 was raised to the
PS proteins are polytoplc proteins with e|gh§ _potent|al C-terminus of humapAPPssg (amino acids 652695). The
transmer_nbrane domain2l, 23. Hur_nan presenilins are respective coding region was amplified by PCR with the
proteolytically processed to a N-terminaB0 kDa fragment primers 5CGC GAA TTC CAG TAC ACA TCC ATT CAT

(l_\lTF) and a C-terminat20 kDa fragment (CTF23). In C and 5.TGC GGT CGA CCT AGT TCT GCA TCT GCT
vivo these fragments accumulate and almost no full-length C and subcloned into pMal-C2. Bacterial expression and

PS can be observedd). PS fragments are bound to each purification of the fusion protein was performed as described

other Q.A'_ZG) and assomatt_a with gthgr proteins such as above. The purified recombinant protein was inoculated into
[-catenin 26, 27). Recent evidence indicates that a recom- rabbits

binant NTF containing a FAD-associated mutation exhibits

no pathological activityZ8—30). Furthermore, such recom- Antibody 3927 used to detectfAin conditioned medium
binant NTFs are also inactive in facilitating Notch signaling Was described previous|3g).
(14) and are not incorporated into the PS comp[2g, (3. ELISA.The ELISA used to specifically detect the relative

This raises the possibility that the formation of the PS amounts of &40 and A842 in conditioned media was
complex composed of the NTF and the CTF may be required described previously2g).

for the pathological activity of PS proteins. In Situ Hybridization.In situ hybridizations were carried
We have now isolated the PS1 homologue of zebrafish out as described3d).

(Danio rerio) to study its function in amyloidogenesis and Metabolic Labeling, Immunoprecipitation, Immunoblot-

to provide further evidence for the critical requirement of ting, and Electrophoresifulse-chase experiments, immu-
an unusual aspartate_re3|due within the seventh pUtat'Venoprecipitations, and immunoblotting was carried out as
transmembrane domain. described 28).

EXPERIMENTAL PROCEDURES MutagenesisThe cDNA encoding zf-PS1 Asp374Asn was
constructed by a two-step PCR procedure. The following

cDNA Cloning. Zebrafish were kept and raised under primers were used: for the first PCR, (1)GGG GAATTC

standard laboratory conditions. RNA was prepared by ATG GCT GAT TTA GTG and (2) 5GTA AAA GAT

extraction of 100 24-h-ol®anio rerio embryos with Trizol GAA ATT TCC CAA ACC C; and for the second PCR, (3)

reagent (Gibco) according to the instructions. One microgram 5-GGG TTT GGG AAA TTT CAT CTT TTA C and (4)

of total RNA was used for the' RACE (Gibco) together  5'-TAT CAA ATG CGG CCG CCT ATATGT AGA ACT.

with the degenerate gene-specific priméiCiG CIA RIA After gel purification, the PCR products were mixed and
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subjected to a final PCR with primers 1 and 4. The resulting
PCR product was digested wilcoRI/Notl and cloned into s R VONARNNVINDGH---DISRMUSSTAR 28
the pcDNA3.1/Zeot) expression vector (Invitrogen). The T3 235 urku--soseomscusrrstitsespoLesvoneugnseoiese- - -EosviRERGEDST 55

cDNA was sequenced to verify successful mutagenesis hum PS 2 MLTFMASDSEEEVCDERTSLMSAESPTPRSCQEGRQGPEDG---——— ENTAQWRSQENEE 54

Transfection was carried out as described ab@8p. ( R A T
) dan PS PPSRNEVELNGQPPTAPPPQVVTDSEEDEDEELTLKYGAKIVIMLE 1PV T LCMVVVVATL 88
RNA Isolation and Reerse PCRTotal RNA was extracted xen PS @ R OSNGQTQSSSQOVLEQDEEEDEELTLKYGAKHV IMLFVPVTLCMVVVVATT 66
i N hum PS 1 RRSLGHPEPLSNGRPQGNSRQVVEQDEEEDEELTLKYGAKHVIMLEVPVILCMVVVVATI 100
from the described deve|opmenta| stages using standard xen s p ONNEDVENGRTSGADAYNSETTVENE---EEELTLKYGARHVIMLEVPVTICMVVVVATI 109
: . hum PS 2 DGEED-------- PDRYVCSGVPGRPPGLEEELTLKYGAKHVIMLFVBVILCMIVVVATI 106

protocols. Five micrograms of total RNA was reverse- ) _ ) ,

transcribed. Zf-PSl cDNA was then amp“fled by PCR with dan PS xsvsry'roxnsQoLI;T;FR;METVGQRALHSM_LNAIIgélg;\g;uvwvwxmcy 148
the forward primer GCATCCACTGGAAGGG and the e o o reaa s s erirvan i reieey 120

1
reverse primer GCCGAGCGCTGGGCAT. After 25 Cycles o B8 8 K e o ecvo mavive v v orviviecy 1ot
amplified cDNAs were analyzed on agarose gels. Negative L
CO”trOlS were performed W|thOUt reverse transcription Of dan PS KVM%LGEVPKTYWAMDYFTLALI?V];;‘\IEI“G/WGMLLIHWKQEL. 208

mRNA xen PS o« KVIHGWLIISSLLLLFFFSYIYLGEVFKTYNVAVDYITLALLIWNFGVVGMICIHWKGPL 185
. hum P§ 1 KVIHAWLIISSLLLLFFFSFIYLGEVFKTYNVAVDYITVALLIWNFGVVGMISIHWKGPL 219
xen PS 8 KFIHGWLILSSLMLLFMFTYIYLSEVFKTYNIAMDYPTLFMVIWNFGAVGMICIHWKGPL 228
hum PS§ 2 KFIHGWLIMSSLMLLFLFTYIYLGEVLKTYNVAMDYPTLLLTIVWNFGAVGMVCIHWKGPL 225
RESULTS

H . : . H - D246 . H . B
TM *V * *  *TMV] * ko ok -
dan PS RLOQOAYLIMISALMALVFIKYLPEWTAWLILAAISVYDLLAVLCPKGPLRILVETAQERN 268

Sequence AnalySiS of zf-PShe zebrafish homOIOQUe of xen PS @ LLOOAYLIMISALMALVFIKYLPEWTTWLILAVISVYDLVAVLSPKGPLRMLVETAQERN 245
. hum PS 1 RLQQAYLIMISALMALVFIKYLPEWTAWLILAVISVYDLVAVLCPKGPLRMLVETAQERN 279
human PS1 was isolated by standard procedures (See AlSOxen PS B QLOOAYLIMISALMALVFIKYLPEWSAWVILGAISVYDLLAVLCPKGPLRMLVETAQERN 288
. . hum PS 2 VLQOAYLIMISALMALVFIKYLPEWSAWVILGAISVYDLVAVLCPKGPLRMLVETAQERN 285
Experimental Procedures). Sequence analysis reveals an open _ , _ _
reading frame of 456 amino acids, which would correspond sooeoouy *
) . dan S  EATFPALIYSSTMVWLENMA--DSAETRNNSSHPVPQOENQVVAMAPTAOAEDDGGFTEA 326
to a protein with a calculated molecular mass of 50.1 kDa. xen Ps « ETLFPALIYSSTMIWLVNMADGDPGLKQSASTKTYNTQAPTAHPRSDSAASDDNGGEDTT 305
. . hum PS 1 ETLFPALIYSSTMVWLVNMAEGDPEAQRRVSKNSKYNAESTERESQDTVAENDDGGFSEE 339
Sequence comparison to human axenopuspresenilins xen 25§ EPIFPALIYSSAMWIVGNAD SATA-——————-——- DGRMNQQVQHIDRNTPEGANSTV 336
A um PS 2 EPIFPALIYSSAMVWTVGMAKLDPSS-——-——===- QGALQL---PYDPEMEEDSYDSF 331
(35—38) demonstrates that the protein encoded by the . ) , o
: . o i . 0 B L "i :
ZebrafISh CDNA IS 73'9 A) Identlcal to PSl and 61'8 A) dan PS AWVDHQQHQLGPMQSTEESRRQIQEMPSARPPPPADDDEERGVKLGLGDETI%'[Y‘;IJILVGKAS 386
identical to PS2 (Figure 1). The higher homology to human 2 3 & e e s vy 267

o
1
B --- ==-~EDAAETRI--QTQSNLSSED--PDEERGVKLGLGDF IFYSVLVGKAA 379
2 —---GEPSYPEVFEPPLTGYPGEELEEEEERGVKLGLGDFIFYSVLVGKAR 378

PS1 together with the fact that the zebrafish PS protein can = =
be phosphorylated by protein kinase C in vivo (data not s
ShOWﬂ), as Can human PS;Z( 391 SuggeStS that the ISOIatEd dan PS ATASGDWNTTLA;FWA+‘C’?’FIMJMH"KKALPALPISITFGLVFYFATDNLVRPFM 446

clone encodes a PS1 homologue of zebrafish (zf-PS1). [ 2l Arcomiriacriar 1ciciliLAFGLEAL ST LYY ATO VG 457
Analysis of the hydrophobicity of zf-PS1 by the Kyte Tom 38 2 ATGSUDNNTTLACRVATLIGLOLTLLLIAVFKKALEALD TSI TFOATYFATONIVARES 430
Doolittle algorithm reveals a high degree of structural o

conservation. Similar to human P3l( 22, zf-PS1 probably an 78 o DoLAMRQFYI 433

contains eight transmembrane domains with a relatively large e e s orasn: 46

loop between TM6 and TM7 (Figure 1). Immediately ™77 Prossess 2

C-terminal to the putative TM6, a very high degree of Ficure 1: Deduced amino acid sequence of zf-PS1 (dan PS) and

- e ._icomparison to human (hum) ad@nopugxen) PS1 and PS3%—
sequence homology is observed. This includes the pOtent'aISS). FS)ites of AD-assoc(iated)mutatio%ss{in hL)Jman PS1 and6P82 are

cleavage sites for constitutive proteolytic process#f 41; indicated by asterisks. Putative transmembrane domains are indi-
Figure 1). In contrast, downstream of these cleavage sitescated by black bars. Arrows indicate the cleavage sites of human
very little sequence conservation is observed until amino acidPS1 by the constitutive proteolytic activityhq, 4. Accession
365. Very little sequence conservation is also observed in Number of the zebrafish PS1 cDNA is AJ132931.

the N-terminal region before the putative transmembrane proteolytic Processing of zf-PSHuman full-length PS
domain 1, whereas the C-terminal domain after amino acid js rapidly turned over by the proteason®8( 42, 43 and

434 is almost completely conserved. Interestingly, two only very small amounts are processed to the remarkably
aspartate residues at position 246 and 374 within the putativestahle CTEs and NTFs28, 25, 28. In order to study
transmembrane domains 6 and 7 are completely conserveqarotemytic processing and degradation of zf-PS1, the cor-
in all PS1 sequences (Figure 1 and data not shown). Theresponding cDNA was stably transfected in human kidney
unusual intramembraneous localization of these two charged2g3 cells (HEK 293). This cell line is frequently used to
residues together with their evolutionary conservation might study the proteolytic turnover and the amyloidogenic func-
indicate a crucial function (see also rE2). tion of human presenilins2@, 28, 29, 40, 4446). Cell
zf-PS1 Is Maternally Inherited and Ubiquitously Ex- lines stably expressing zf-PS1 were pulse-labeled with
pressedWe have employed whole-mount in situ hybridiza- [3*S]methionine for 15 min and chased for the indicated
tion with digoxigenin-labeled sense and antisense RNA time points in the presence of excess amounts of unlabeled
probes as well as reverse PCR to determine the spatial andnethionine. Cell lysates were immunoprecipitated with
temporal expression of zf-PS1 during embryogenesis of antibody zf-PSjq,. As shown in Figure 3A, full-length
zebrafish. zf-PS1 mRNA was detected in blastomeres beforezf-PS1 is rapidly turned over. Consistent with human PS1
the onset of zygotic transcription (Figure 2A,D), demonstrat- (23, 25, 28, 4D the half-life of zf-PS1 is approximately
ing maternal inheritance. At all other stages we have 30—40 min. As observed for human PS23], very little
examined, zf-PS1 RNA shows a ubiquitous distribution zf-PS1 is turned over into the stable CTFs (data not
(Figure 2A—C). Maternal inheritance of zf-PS1 together with  shown). This confirms and extends previous finding3, (
its ubiquitous distribution in all stages analyzed suggests an25, 28 suggesting that most of the newly synthesized
essential function during embryonic development. PS proteins are rapidly degraded and only very minor

v~ e
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. Ficure 4: Amyloidogenic activity of zf-PS1. Conditioned media
¥ from HEK 293 cells overexpressing Swedish muja&PP (control)
r or HEK 293 cells overexpressing Swedish mutdAPP and zf-
PS1 were collected and the ratio of42/A3 total was determined
C by a previously described ELISR8, 49. Bars represent the mean

+ SE of six independent experiments.

difficult to detect in pulse-labeling experiment3( 25, 28,

\. 29, 40. We therefore performed immunoblots on brain

C 1h 20n 24 extracts of adult zebrafish using antibody zf3S Robust
amounts of a~23 kDa CTF were detected (Figure 3B). This

- CTF migrated above the human CTF detected in human brain
and HEK 293 cells with antibody 3023%; Figure 3B). Due

Ficure 2: Developmental expression of z-PS1. (A) Maternal zf- {0 the nonconserved amino acid sequence of the antigen used

PS1 message is detected in blastomeres at the eight-cell stage, pridio generate antibody zf-P&), (see Figure 1 and Experi-

to onset of zygotic transcription. (B) Uniform expression during mental Procedures), this antibody did not cross-react with

zebrafish head at 24 h of development. Uniform expression is seen, . :
in the CNS and other tissues; variations of intensity are due to dif- (Figure 3B). However, upon stable expression of the zf-PS1

ferent densities of cells or nuclei. Inset: control sense probe detectsCDNA in HEK 293 cells, a CTF comigrating with that
no signal. (D) Detection of zf-PS1 mRNA by reverse PCR. zf-PS1 observed in zebrafish brain extracts was also generated in
mMRNA was amplified by reverse PCR from the indicated stages. human cell lines (Figure 3B). This demonstrates that human

cells are able to correctly process zebrafish PS1.

Q@” @éy @&VO;&V Overexpression of exogenous presenilins results in the
A displacement of their endogenous counterp&tss 5, 47,
.. - Aflyepsy 48). To determine whether zf-PS1 also affects expression

of endogenous PS in human cells, immunoblots were
performed on extracts from untransfected cells as well as

x independent cell lines overexpressing zf-PS1. Membrane
{;éyvé’&:f’\ é,o‘& pywﬁjf’ f"s" preparations were immunoblotted with zf-Rgilto detect
B pa B - the zebrafish CTF and with antibody 30232) to detect the
human PS1 CTF. In untransfected HEK 293 cells, antibody
24—t P ACTF,q pg, 3027 detected endogenous human PS1 CTF as expected
20- — . ACTFpymps1 (Figure 3B). In contrast, only very minor amounts of the

human fragments could be detected in cell lines overex-
pressing zf-PS1 (Figure 3B). Therefore, overexpression of
. . . zf-PS1 results in an efficient displacement of endogenous
Ficure 3: Proteolytic processing and degradation of zf-PS1. (A) pg even within a heterologous system.

Full-length zf-PS1 is rapidly degraded. HEK 293 cells stably . . .
expressing zi-PS1 were pulse-labeled for 15 min WtS] Amyloidogenic Actiity of zf-PS1.In order to study the

methionine and chased for the indicated time points. Cell lysates @myloidogenic activity of zebrafish PS1, HEK 293 cells
were immunoprecipitated with zf-P3d. (B) zf-PS1 is proteolyti- expressing Swedish mutaffiAPP were stably transfected
cally processed. Lysates from zebrafish/human brain, untransfectedyith the zf-PS1 cDNA. Coexpression of PS cDNA constructs

HEK 293 cells (control), and HEK 293 cells stably transfected with ; ; T
zf-PS1 were immunoblotted with antibodies zf-R&l(to detect gerth.er V\?th tgg Zngiil—TG rEUt%I_'T]APPI f?lCI“tateS the
the zebrafish CTF) or antibody 302@ hum-PSi,p, to detect the etection of 45 (28, 29, » 49. The relative concentra-

human PS1 CTF). Comigrating CTFs of zf-PS1 are detected in fish tions of A340 and A342 were estimated in conditioned media
brain as well as in lysates prepared from human cells overexpressingfrom independent cell clones by a previously described

zf-PS1. Zebrafish CTFs migrate to a slightly higher molecular g| |SA (28, 4. Surprisingly, we observed that expression
weight as compared to human CTFs. Overexpressed zf-PS1 dIS-Of wt zf-PS1 results in an approximately-8-fold increase
places endogenous human PS1 CTFs. ;
of Ap42 secretion as compared to thg4® levels secreted

amounts are processed to the stable CTFs and NTFs. from cells expressing endogenous human PS1 (Figure 4).

As described above, human presenilins predominantly Such a 3-4-fold increase of g42 secretion is usually
occur as proteolytically processed NTFs and CTFs in vivo observed upon the expression of presenilins containing FAD-
(23). Since these fragments are highly stable, they are veryassociated point mutations)( We therefore analyzed the

o zf-PS1 loop o hum-PS1 loop
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Ficure 5: Mutation of a critical aspartate residue of zf-PS1 at codon E 50} =
374 inhibits endoproteolytic processing. (A) Membrane preparations 2
from untransfected HEK 293 cells (control), HEK 293 cells stably <
transfected with wt zf-PS1 or zf-PS1 Asp374Asn were immuno- 0
blotted with antibody zf-PSd, The mutation of aspartate 374 & {'?»é & {%é
inhibits the formation of the CTF. (B) Similar to wt zf-PS1, 5{? FOE £ 5>
overexpression of zf-PS1 Asp374Asn results in the displacement ¥ ¥
of the endogenous human PS1 CTFs. Membrane preparations used
for the experiments shown in panel A were immunoblotted with 818
antibody 3027 to detect human PS1 CTFs.
deduced amino acid sequence of zf-PS1 for variations at -}cn )
positions with known point mutations causing FAD in pAPP
humans. This revealed a sequence variation at codon 152 & NS
(Figure 1). At the corresponding codon in human PS1, @’ &S’,\"
His163Tyr, and His163Arg mutations were found previously ¥

(Figure 1). Moreover, several amino acid exchanges in the FIGURe 6: Expression of the Asp374Asn mutation affeGsPP

highly conserved transmembrane domains were observed agrocets_singHéﬁ}gz(gg/erﬁrpression of Zf_'Pssl Asdp3g4Asn i“hibﬁj A
well (Figure 1). Identical amino acid exchanges were SSSIENON: cells overexpressing Swedish milARP and _

. . zf-PS1 Asp374Asn or HEK 293 cells overexpressing Swedish
obtained from several independent cDNA clones, therefore mutantﬁApF::) and wt zf-PS1 were metabolically |§be,ed gﬁﬁsﬂ

excluding the possibility that such sequence variations aremethionine. Conditioned media were immunoprecipitated with
caused by PCR errors (data not shown). Therefore, naturallyantibI?dy 3927$32vt0 d?te((:jt "ﬁt EXprf%iS(iS;] gf Zf-F;'ﬁ' ASP??{*?”
; ot ; iqhresults in a significant reduction of uantitation of tota
Ic()aCi/CeL:rgP %zguseer(l:(;zt\i/;?atlons inwtzf-PS1 may cause a hlghA,B (AB40 andgA642; left panels) and A42 secretion (right panels)
o ) by a previously described ELISR8, 49. Bars represent the mean
Sequence comparison revealed two highly conserved .t sg of six independent experiments. (C) Overexpression of zf-
aspartate residues at amino acids 246 and 374 (Figure 1)PS1 Asp374Asn causes the accumulation of C-terminal fragments
Interestingly, these charged amino acids are located within of /i/;rI?tFéA%%” g’sgtefsgg?gigggi anell)Sr Odgkeé%fgscséﬂg Swedish
H H H u Z1- overex-
e botn demonaiatac e easential for the fnctio o IESHG St mUGHAPP andwt 2751 were mmuroiored
: . g with antibody 5818 to detect C-terminal fragmentsf#PP. In
human PS1 in & production (2). Moreover, our previous  contrast to wt zf-PS1, overexpression of zf-PS1 Asp374Asn results
work indicated that the aspartate located within the putative in a significant accumulation of C-termindAPP fragments.
TMY7 is required for Notch signaling i€. elegang49). We
therefore mutagenized aspartate 374 of zf-PS1 to asparagine In order to study the effect of the aspartate 374 mutation
and analyzed the consequences for endoproteolytic cleavagen the amyloidogenic activity of zf-PS1, totalfAwas
andBAPP processing. The cDNA construct zf-PS1Asp374Asn analyzed in conditioned media from these cell lines. HEK
was stably transfected in the above-mentioned HEK 293 cells293 cells expressing wt zf-PS1 or zf-PS1 Asp374Asn were
expressing Swedish mutafAPP. Membrane preparations metabolically labeled with*S]methionine. Aftea 2 hchase,
of these cells were then immunoblotted with antibody zf- conditioned media were immunoprecipitated with antibody
PSl.op This revealed high levels of the full-length protein, 3927, which detects all species offA33). Interestingly,
whereas no CTFs could be observed (Figure 5A). In contrast,expression of zf-PS1 Asp374Asn significantly inhibited
cells expressing wt zf-PS1 showed lower levels of the full- secretion of A& (Figure 6A). Quantitative analysis by our
length protein and robust levels of the CTF (Figure 5A). previously described ELISA28, 46 revealed an ap-
Therefore, the mutation of aspartate 374 inhibits endopro- proximately 90% inhibition of total & secretion as compared
teolysis of zf-PS1, resulting in the accumulation of the to cell lines expressing wt zf-PS1 (Figure 6B). The aspartate
uncleaved full-length protein. To determine whether the mutation at codon 374 also inhibitspA2 secretion to a
mutant zf-PS1 Asp374Asn is still capable of inhibiting similar extent (Figure 6B). Inhibition of A secretion was
endogenous (human) PS fragment accumulation, aliquots ofaccompanied by the accumulation of C-terminal proteolytic
the same membrane preparation shown in Figure 5A werefragments ofAPP (Figure 6C), which may suggest a defect
immunoblotted with antibody 3027 to detect human PS1 in y-secretase cleavage @APP or a deficiency in transport
CTFs. As shown in Figure 5B, overexpression of zf-PS1 of SAPP and/or its processing enzymes to the cellular
Asp374Asn inhibits accumulation of endogenous (human) compartments required for proteolytic processing. We point
PS fragments, similar to wt zf-PS1 (Figures 5B and 3B). out that wt zf-PS1 and the aspartate mutation displace
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endogenous human presenilins (Figures 3 and 5A,B). Since(23) found differences in gel migration of human and mouse
wt zf-PS1 but not zf-PS1 Asp374Asn allowg eneration, PS fragments. Therefore, proteolytic processing of presenilins
the effects of the aspartate mutation are not due to theappears to be conserved during evolution, which might
reduction of the human presenilins but rather reflect zf-PS1 indicate that the cleavage of PS1 is essential for their
activity. biological and pathological activity. Such a hypothesis is
Taken together, these data demonstrate that zf-PS1 exhibitsupported by the findings that PS fragments are the pre-
an amyloidogenic function, which promotessecretase dominant species found in vivo whereas the full-length
cleavage ofAPP and depends on the presence of the critical protein is hardly detectabl@8, 40. Moreover, expression

aspartate 374 within TM7. of PS proteins is highly controlled by multiple proteolytic
systems 28). Furthermore, N- and C-terminal fragments of
DISCUSSION presenilins are known to form a very stable compl24~

. . .28, 39, which appears to be required for their biological
The'PS gene family appears to be hlghly conserved duringsnction in Notch signaling ¥4) as well as for its amy-
evolution. PS genes have now been isolated from human,|o;qogenic function 28-31). Since the full-length protein
mouse, rat, zebrafisiXenopusDrosophilg andC. elegans 5 yery unstable (ref@5, 28,and40; Figure 3A) and most
(35-38, 50-56). According to the highly conserved hydro- i is rapidly degraded, it seems likely that the biological

phobic domains, which most likely represent the transmem- ¢,¢tion of endoproteolysis of PS is required for its conver-
brane regions, all known PS proteins adopt a similar gon into a stable complex8, 29.

conformation. On the basis of the current modgl PS Exchandi 24 with eith . Fi
proteins appear to contain eight transmembrane domains with_ =X¢1anging f;llspgrtate 374 wit ﬁ't er asparagine (I |g|;(ure
the N- and C-termini as well as the large loop located within > @nd 6) or alanine (data not shown) residues blocked
the cytoplasm. The positions of the AD-associated mutations endoproteolytic processing of zf-PS1 and severely reduced
also appear to be largely conserved in all known PS species/\A Secretion, very similar to the ablation of the human PS1
which strongly indicates that these pathogenic mutations 96N€ £0). Therefore, our data indicate that the aspartate 374
occur at critical positions. However, we also found sequence mutation Is functionally inactive. A IOSS. of function of th'?
variants at the corresponding positions where FAD-related Mutation is also supported by our previous results showing
mutations have been identified earlier. These substitutionstNat transgenic expression of the corresponding human PS
may be responsible for the very surprising observation that Mutant (PS1 Asp385Asn) i8. elegandailed to rescue the

the wt zf-PS1 gene promotes aberranf4& secretion. phenotype caused by a defective endogenpus PS h.omologue
Exploring the amyloidogenic activity of zf-PS1 may now (48). Moreover, these results are consistent W|th data_
shed light on the fact that although FAD-associated mutations démonstrating that the corresponding aspartate residues in

are scattered along the PS primary amino acid sequence, the?uma_n PS112) and PS2%8) are also required for endopro-
all cause a selective increase off42 secretion. Such eolytic processing of presenilins as well as their function

investigations will contribute to new insights or concepts on I A generation.
PS structure and function relationship. The aberrant amy- Further investigations are required to determine the func-
loidogenic activity of wt zf-PS1 may be caused by changes tion of the critical aspartate residue. Mutagenesis of this
in folding of the native PS molecule. In that regard it is residue might interfere with the structural integrity of zf-
important to note that we have expressed the zf-PS1 gene inPS1. The mutation might then affect the PS complex and
human cells. Due to the different temperature optima of inhibit its potential function in protein transport. Such a
mammals and fishes, it may be possible that aberrant foldingscenario is supported by recent data demonstrating that the
of zf-PS1 occurs at 37C. This may indicate that rather subtle trafficking of selected proteins, includifdAPP, is affected
amino acid changes could cause the enhanced secretion ah cells lacking the PS1 gené&3). However, it may also be
ApB42 in FAD patients due to structural rearrangements of possible that the mutant PS molecules directly affect an
the PS complex. Our results will help to narrow down such essential and evolutionary conserved function of presenilins
“target amino acids”. in y-secretase activity as suggested by Wolfe et).(
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