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ABSTRACT. Regulated intramembrane proteolysis (RIP) of the amyloid precursor protein (APP) produces
amyloid 5-protein (A5), the probable causative agent of Alzheimer’s disease (AD), and is therefore an
important target for therapeutic intervention. However, there is a burgeoning consensusdcattase,

one of the proteases that generat¢k i also critical for the signal transduction of APP and a growing

list of other receptors. APP is a member of a gene family that includes two amyloid precursor-like proteins,
APLP1 and APLP2. Although APP and the APLPs undergo similar proteolytic processing, there is little
information about the role of their-secretase-generated intracellular domains (ICDs). Here, we show
that APLP1 and 2 undergo presenilin-dependent RIP similar to APP, resulting in the releasé kba

ICD for each protein. Each of the ICDs are degraded by an insulin degrading enzyme-like activity, but
they can be stabilized by members of the FE65 family and translocate to the nucleus. Given that modulation
of APP processing is a therapeutic target and that the APLPs are processed in a manner similar to APP,
any strategy aimed at altering APP proteolysis will have to take into account possible effects on signaling
by APLP 1 and 2.

Alzheimer’s disease (AD)is a progressive neurodegen- type | transmembrane proteins, and although APLP1 and 2
erative disorder characterized by the presence of intracellularlack an A3 domain, their intracellular C-terminal domains
neurofibrillary tangles and extracellular deposits of amyloid (ICDs) are highly similar to that of APFgJ.
in the pa_renchyma and cerebral vasculatuie Although A NPTY motif in the C-termini of APP, APLP1, and
the precise events that lead to the generation of theseap| p2 interacts with several phosphotyrosine/protein bind-
patho_log|cal hallme}rks is not yet understood, strong bio- ing (PTB) proteins, including the FE65 protein family
chemical and genetic data indicate that the amyfieiotein  (10-13). FE65 is a nuclear protein which, when overex-
(AB) plays a critical role in pathogenesis (for review, see pressed, prevents activation of the key mitotic S phase gene,
ref 2). Ap is prod_uced from the am)_/I0|d precursor protein thymidylate synthase (TS)L4). In this regard, recent ex-
(APP) by the action of two proteolytic activities referred 0 pariments have demonstrated that APP functions as an extra-
as f- and y-secretases3(-5). APP is a member of an  pyclear anchor to which FE65 is boundS( and that
evolutionarily conserved protein familg), which includes  ¢expression of APP overcomes the deactivation of the TS
the mammalian homologues, amylouj precursor like protein gene observed with transfection of FE65 alord)( In
1 (APLP1) () and amyloid precursor like protein 2 (APLP2) - 5qdition to the APP-FE65 interaction and its regulation of
(8, 9). All three mammalian proteins display substantial T3 expression, other findings also suggest that APP may
amino acid and domain homologies, all are predicted to be pjay a role in signal transduction. For example, the similari-
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indicate redundancy between APLP2 and both APP and Plasmids encoding wild-type human FE65, human FE65
APLP1, they also demonstrate a key physiological role for L1, and human FE65 L2 were obtained from Drs. D.
APLP2 while pointing to subtly different roles for APP and McLoughlin, S. Guenette, and H. Tanahashi, respectively,
APLPL1. Signal transduction through release of ICDs could and each cloned into pcDNA 3.#] with myc tags added.
provide the mechanism for mediating both the overlapping For transient transfections, 12g of each DNA was
and distinct functions of the APP family. Here we show that introduced into COS cells (90% confluent) in 10-cm dishes
APLP1 and APLP2, like APP, undergo presenilin-dependent using Lipofectamine 2000 (Gibco, Invitrogen Corporation,
RIP resulting in the release o6 kDa ICDs. We further ~ Grand Island, NY), according to the manufacturer’s instruc-
demonstrate that the ICDs of APP, APLP1, and APLP2 are tions.

extremely labile and are all degraded by insulin degrading Cultured Cells.CHO cells stably overexpressing APP
enzyme (or a closely similar protease), but they are stabilized(1B1), APLP1 (3C4) APLP2 (4E10) or vector alone (A5)
in the presence of FE65 and translocate to the nucleus. Thuswere cultured in Dulbecco’s modified Eagle’s medium
while inhibition of they-secretase processing of APP is a (DMEM) containing 10% fetal bovine serum (FBS, Sigma,
rational strategy for treating AD, our results caution that St. Louis, MO) and 0.4 mg/mL hygromycin (Invitrogen
inhibition of y-secretase may have serious repercussions onCorporation, Carlsbad, CA).

signal transduction pathways dependent on PS-mediated RIP Whole Cell Lysates of Cells Stably Transfected with APP

of APLPs. or APLPs.Cells were grown in 10 cidishes until nearly
confluent, washed with serum-free medium (4 mL2),
EXPERIMENTAL PROCEDURES transferred into serum-free medium (4 mL) and incubated

S . o for ~16 h. Conditioned media were removed, and the cells
Antibodies. The following polyclonal antibodies were were washed twice with ice-cold PBS (10 mL/10%ish)
described previously2@—25): C8 antibody to the C-ter- and lysed with 50QuL of 1% NP-40 in 50 mM Tris HC,

minus of APP;o-CT1 (which we refer to as 1CT) to the o
: . ) pH 7.6, containing 150 mM NaCl, 2 mM EDTA (STEN),
APLP1 C-terminus (Calbiochem, San Diego, CA)}CT11 plus 50ug/mL leupeptin, 95Q:g/mL aprotinin, 20ug/mL

(which we refer to as 2CT) to the APLP2 C_-terminus pepstatin A, 12Qug/mL Pefabloc and 2 mM 1,10-phenan-
(Calbiochem, San Diego, CA); an#tD2-11 (which we  y,5jine (1,10 PTH). Aliquots of lysates (30g of total
refer to as 2NT) raised to full-length APLP2 (Cglblochem, protein per well) were electrophoresed on—-ED% tricine
San Diego, CA). The polyclonal INT was raised 10 an gois samples of conditioned media were diluted with 4

unconjugated peptide corresponding to residues 552 of Laemmli sample buffet- BME and electrophoresed on 12%
APLP1 (Eggert et al., manuscript in preparation). Monoclonal tris-glycine gels.

antibody 8ES directed to ARfb-ess Was a gift of P. Seubert For detection of the-secretase generated ICDs, cells were

and D. Sche_nk (Elan PLC). Monoclonall antibody 9E10 to transfected with FE65 and lysed with STEN buffer (100
the c-myc epitope was from Santa Cruz Biotechnology (Santacontaining 1% SDS and 2 mM 1,10 PTH. Lysates were each
Cruz, CA). sonicated for 30 s using a Fisher sonic demembranator
Plasmids and TransfectionBull-length wild-type human  (model 300) with a semi-micro probe at setting 55. Particu-
APPsgs, APLPIgs0, and APLPZs; were cloned into vector  |ate material was removed by centrifugation at 16D6gr
PcDNA 3.1¢t) (Invitrogen Corporation, Carlsbad, CA) 10 min and the supernatant diluted 1:10 with STEN buffer
containing a hygromycin-resistance gene and used to generat@ontaining 2 mM 1,10 PTH. Samples were immunoprecipi-
Chinese hamster ovary (CHO) cells stably overexpressingtated with antibodies specific for the C-terminus of APP,
either APP, APLP1, APLP2 or vector alone. The identities APLP1, or APLP2 (above). The immunoprecitates were
of each construct were confirmed by DNA sequencing.  electrophoresed on #20% tris-tricine gels and Western
To examine the role of APP and the APLPs in signal blotted with the same C-terminal antibodies used for
transduction, we generated two C-terminal constructs eachprecipitation.
for APP, APLP1, and APLP2 (see Figure 4a). The first (C60)  Whole Cell Lysates of Cells Transiently Transfected with
encodes the C-terminal 59 amino acids of each protein plusAPP or APLP C49/51 and C60 Construcgpproximately
an exogenous initiating methionine and corresponds to the36 h after transient transfection of COS cells, conditioned
expected product following cleavage after residue 40 of the media were carefully removed and the cells lysed in boiling
Ap domain. The second encodes the C-terminal 49 amino Laemmli buffer (2<) containing 2 mM 1,10 PTH (150L).
acids of APP and APLP2 beginning one amino acid from The lysates were then boiled at 10Q for 10 min and
the epsilon cleavage site of APP and the APLPG28). sonicated for 30 s, and 15L of lysate run on 16-20%
Unlike APP and APLP2, APLP1 does not contain an tricine gels.
endogenous methionine 49 amino acids from its C-terminus; Western Blot AnalysisProteins from cellular lysates
rather, there is an endogenous methionine 51 residues fromelectrophoresed on +20% tricine gels were transferred
the C-terminus. Thus, for APLP1, we generated a constructonto 0.2uM nitrocellulose membranes at 400 mA for 2 h;
referred to as C51 that begins 51 amino acids form its transfer of total protein was assessed by staining with
C-terminus. To control for the possibility of any increased Ponceau S. Filters were then boiled for 10 min in PBS) (
stability of C51 compared to the C49s of APP and APLP2, and blocked overnight at 4C with 5% fat-free milk in 20
we also generated a construct encoding the C-terminal 48mM Tris-HCI, pH 7.4, containing 150 mM NaCl and 0.05%
amino acids of APLP1 plus an exogenous initiating me- Tween 20 (TBS-T). After the membranes were washed in
thionine (APLP1 C49). All constructs were amplified by TBS-T, blots were probed with C8, 1CT, or 2CT as
PCR, inserted into pcDNA3.1+H) and confirmed by appropriate at 1:1000 dilution in TBST. Bound antibody was
sequencing. visualized using horseradish peroxidase-conjugated anti-
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Ficure 1: APLP1 and 2 are substrates for ectodomain shedding, resulting in secretion of their ectodomains and membrane retention of
C-terminal stubs. (ac): Whole cell lysates (L) and conditioned media (C) from cells overexpressing APP (1B1), APLP1 (3C4), or APLP2
(4E10) were Western blotted with N-terminal (8E5, 1NT, 2NT) and C-terminal (C8, 1CT, 2CT) antibodies. Note that lanes 3 and 4 of (b)
panels 2 and 3 contain samples from cells transfected with vector alone (A5). Full length (FL) APP and APLP bands are indifated. (d
Crude (C) or sodium carbonate-washed (W) membranes from cells stably transfected with APP (1B1), APLP1 (3C4), APLP2 (4E10), or
vector alone (A5) were subjected to Western blotting with C8 (d), 1CT (e), or 2CT (f). Arrows and brackets denote APP (C83 and C99)
and APLP C-terminal fragments (CTFs) bands.

rabbit Ig (at 1:20 000) (Jackson Immunoresearch Laborato- resuspended in 56L of 150 mM sodium citrate buffer, pH
ries, Inc., West Grove, PA) and EGLdetection (Amersham 6.4+ 2 mM 1,10 PTH and 25@g/mL insulin and incubated
Pharmacia Biotech, Arlington Heights, IL). at 37 °C for 2 h. The reaction was stopped by cooling
Samples from conditioned media were run on 12% tris- samples on ice for 10 min, and the membranes pelleted by
glycine gels and transferred onto 048 nitrocellulose and centrifugation at 1000@Dat 4 °C for 1 h. Forty microliters
blocked as above. Filters were probed for APP, APLP1, or of the supernatant were removed and diluted with tdis-
APLP2 using the ectodomain directed antibodies 8E5, 1NT, tricine sample buffer, boiled for 10 min and then 20
and 2NT, and the C-terminal directed antibodies C8, 1CT, aliquots electrophoresed on 1Q0% tris-tricine gels. For
and 2CT. analysis of membrane pellets, the remaining supernatant was
Immunocytochemistry and Confocal Microsco0OS completely removed and the membrane proteins extracted
cells were plated at & 10P cells/well and 24 h later used  from the pellet by boiling in X tris-tricine sample buffer
for transient transfection with APP C49, C60, APLP1 C49, (20 uL). To remove adventitiously associated proteins,
C60, APLP2 C49, C6&: FEB5. After a further 36 h, cells membranes were washed with 100 mM sodium carbonate
were fixed and stained for the nuclear marker Histone H1 buffer, pH 11.0, prior to incubation and/or extraction with
(monoclonal anti-Histone H1 antibody from Santa Cruz Sample buffer.
Biotechnology, Santa Cruz, CA) and rabbit polyclonal
antibodies specific for the C-termini of APP, APLP1, or RESULTS
APLP2. For immunofluorescence detection, cells were APP, APLP1, and APLP2 Are Integral Membrane Proteins
stained with the secondary antibodies, goat anti-rabbit Cy3 that Undergo Ectodomain Sheddin@ell lysates and con-
and goat anti-mouse Cy5 (Jackson Immunoresearch Labo-ditioned media (CM) from CHO cells stably transfected with
ratories, Inc., West Grove, PA) and viewed using a Zeiss human APRgs (1B1 cells), APLP3s (3C4 cells), APLP2;;
LSM 510 laser scanning microscope. (4E10 cells) or vector alone (A5 cells) were probed for the
Preparation of Crude Membrane Fractions and in Vitro presence of APP, APLP1, or APLP2. When lysates and CM
Generation of ICDsCrude membrane fractions were isolated from 1B1 cells were Western blotted with the APP N-
as described previoush8(@). Briefly, cells were grown to  terminal antibody 8E5, a broad band centered- 425 kDa
confluence in a 10-cm dish, homogenized in hypotonic buffer was detected in lysates, and a slighter faster migrating species
(500 uL, 10 mM MOPS, pH 7.0, 10 mM KCI), and the centered at-118 kDa was detected in the CM (Figure 1a).
homogenate cleared of nuclei and unbroken cells. A crude When the same samples were probed with the APP C-
membrane fraction was obtained from the post-nuclear terminal specific antibody C8, a band comigrating with that
supernatant by centrifugation at 16@Qthd 4°C for 40 min. detected by 8E5 was obvious in lysates but absent in CM,
For in vitro generation of ICDs, membrane pellets were thus confirming that full-length APP undergoes ectodomain
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shedding to release a large, C-terminally truncated species The APLPs Undergo Presenilin-Dependent Intramembrane

into the medium 31, 32). Consistent with this and prior
observations33, 34), the C-terminal stubs (C83 and C99)

Proteolysis Considerable genetic and biochemical evidence
implicates presenilin (PS) as an essential component of the

were detected in both crude and sodium carbonate washed-secretase complex responsible for the intramembrane

membranes of the 1B1 cells (Figure 1d).

cleavage of APP and a growing list of other type |

When lysates and CM from 4E10 cells were probed with transmembrane proteind, 37—41). Indeed, prior work
antibodies to the ectodomain and C-terminal regions of Suggested that APLP1 also serves assecretase substrate

APLP2, a pattern similar to that of APP was observed. The (24)- We therefore assessed the effects of poesecretase

N-terminal antibody 2NT revealed the presence of a tight inhibitors on the release of the APLP intracellular domains.
doublet in cell lysates migrating between 115 and 125 kDa, 1B1, 3C4, and 4E10 cells were treated with two structurally

whereas a faster migrating species runninl0 kDa was distinct y-secretase inhibitors (DAPT42) and compound

detected in CM (Figure 1c). When the same samples wereE (“43)), _and the cell_s were I_ysec_i and Western t_)lot_te_d with
probed with the APLP2 C-terminal specific antibody 2CT, appropriate C-terminal antibodieg-Secretase inhibitors
a doublet comigrating with that detected by 2NT was caused a robust increase in APP, APLP1, and APLP2 CTFs

observed in cell lysates but was absent in CM. Thus, as with (Figure Za—c), W'th the more potent compound E causing a
APP, APLP2 undergoes ectodomain shedding, resulting in_gre_at_er Increase in each substrate. _Importam’ﬂyecretase
the s,ecretion of a large, C-terminally truncated épedé};( inhibitors did not alter the metabolism of the full-length

Furthermore, examination of either crude or sodium carbon- proteins, thus demonstrating that the APLP CTFs are
ate washed membranes revealed the presence of both fu||mmed|ate substrates forsecretase cleavage and that this

: - : teolysis of APLP 1 and 2 is preceded by ectodomain
length APLP2 and its C-terminal stubs (Figure 1f). For the proteo . )
latter, two bands of similar intensity migrating aroun® shedding. In this regard, APLP1 differs from APP and

and 10 kDa were detected, and a fainter, slower migrating 'g‘lz;\?:’e'gttgi} A(\)TéP;tea?aptiaerrstrfgnutwoerg(i)vir?Ct(r)igch?lg
species was also observed~at2 kDa. 9 y » gving

o single CTF (Figure 1e)24, 44). This may, in part, explain
_Examination of lysates and CM from 3C4 cells showed a the Jower amount of APLP1 ectodomain shedding that we
similar but slightly different pattern for APLP1 to those seen gpserved (Figure 1b).

in the APP and APLP2 stable transfectants. Western blotting  Next, we took advantage of CHO cells that stably

with an N-terminal antibody (1NT) revealed the presence gyerexpress APR; plus either wild type human PS-1 and
of APLP1 species in both lysates and CM, with the single ps.2 (PS-19 cells) or else dominant-negative mutations in
band in CM migrating slightly faster~<95 kDa) than the  poth PS-1 (D257A) and PS-2 (D366A) (2A-2 cells). We
smear of bands observed in the cell lysate{266 kDa)  examined the effect of these loss-of-function PS mutants on
(Figure 1b). However, when CM was probed with the poth APP and APLP2 processing. As previously reported,
C-terminal specific antibody 1CT, a band that comigrated the 2A-2 double aspartate mutants show a dramatic ac-
with the upper band in the lysate sample (i.e5-a05kDa)  cumulation of APP CTFs and concomitant reduction in
was observed, but this band migrated slightly slower than secreted & (Figure 2d, 45)). Similarly, we found that the
the APLP1 species detected in the CM by 1NI96 kDa). 2A-2 mutants showed a substantial increase in APLP2 CTFs.
The authenticity of the C-terminally intact APLP1 species Because the C-termini of APP and APLP2 are highly
detected in the CM was confirmed by the findings that: (a) homologous, we sought to confirm the specificity of the 2CT
this band was not detected in A5 (vector) cells, which do antibody by examining its ability to detect APP CTF in cells
not express APLP1 (Figure 1b, panel 2, lanes 3 and 4); andthat stably overexpress C99 (Figure 2d,e, lanes 3). 2CT did
(b) detection of this band was abolished by preabsorption not recognize C99 or the abundant APP CTFs that were
of the 1CT antiserum with its cognate peptide immunogen readily detected by C8 in the 2A-2 cells. Therefore, loss of
(Figure 1b, panel 3, lanes 1 and 2). Thus, these findings functional PSy-secretase activityl6) results in accumulation
suggest that APLP1, like APP and APLP2, undergoes of APLP2 CTF.

ectodomain shedding36) but that a small amount of full y-Secretase cleavage of APP CTFs gives rise to the
length APLP1 is apparently released into the medium. This secreted products, p3 angsAand a product that is released
phenomenon was not limited to the 3C4 cell line, but was into the cytoplasm, APP ICD26, 28, 46). Since the CTFs
also true of other stable APLP1 clones. Moreover, the cells of the APLPs are likewise-secretase substrates (above),
appeared healthy, as assessed by phase contrast microscopye searched for APLP ICDs that are analogous to the APP
reduction of MTT and trypan blue exclusion (not shown). It ICD. To this end, we developed an immunoprecipiation/
should also be noted that 3C4 cells were cultured under thewestern blotting protocol using our 1B1 (APP) cells and
same conditions as 1B1 and 4E10 cells, but full-length APP then extended this protocol to the study of the 3C4 (APLP1)
and APLP2 were not detected in the CM of those cells. and 4E10 (APLP2) cells. FE65 is a cytoplasmic protein
Consistent with the ectodomain shedding of APLP1, a single known to interact with the C-termini of APP and the APLPs
C-terminal stub {9 kDa) was detected in both crude and (11, 12, 47), and it has been shown to stabilize recombinant
sodium carbonate washed membranes (Figure 1e). InterestAPP ICD (18). We searched for ICDs both in the presence
ingly, both APLP1 and APLP2 seemed to be less efficiently and absence of FE65 (Figure-2i). For APP-expressing
shed than APP, as judged both by the relative amount of cells, a~6 kDa band of the size of APP ICD was detected
secreted species detected in the CM (Figured)aand the only in the presence of FEB5 (Figure 2f). Similarly, in 4E10
ratio of C-terminal fragments (CTFs) to full-length pro- cells a faint~6 kDa band was detected only in cells
tein detected in the membrane fractions (Figure fLéFigure transfected with FE65 (Figure 2h, lane 2). For APLP1
2a-c). expressing cells, a6 kDa band was detected in cells both
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FIGURE 2: y-Secretase processing of APLP1 and 2 releases their ICBs):(aThe structures of compound E and DAPT are shown.
Cells expressing APP (1B1), APLP1 (3C4), or APLP2 (4E10) were incubated in the presencé bf d@mpound E (E) or 1 M DAPT

(D) or vehicle (O) for 6 h, and whole cell lysates probed with C8 (a), 1CT (b), or 2CT (c). Arrows and brackets mark CTFs and FL
proteins. (d,e): CHO cells that stably overexpress APBnd either wild-type human PS-1 and -2 (wt) or dominant negative mutant
D257A PS-1 and D366A PS-2 (mt) were Western blotted with either C8 (d) or 2CT (e) and found to accumulate both APP and APLP2
CTFs. Lysates from cells expressing APP C99 (C99) were used as a negative control for antibody specifigityCHO cells stably
expressing APP (1B1), APLP1 (3C4), or APLP2 (4E10) or vector alone (A5) were transiently transfected with huma JF&6settor

alone () and then used for immunoprecipitation/Western blotting with C8 (f), 1CT (g), or 2CT (h). The presence of the C-terminal
fragments (CTF) and intracellular C-terminal domains (ICDs) of APP and their APLP equivalents are indicated by brackets and arrows,
respectively.

in the absence and presence of FE65, but was slightly morewere used. Moreover, when sodium carbonate-washed
intense in cells transfected with FE65 (Figure 2g, compare membranes were used for ICD generation, the ICDs were
lanes 1 and 2). The specificity of the APLP CTFs and ICDs readily detected in the absence of the protease inhibitors
was demonstrated by their absence in the A5 cells, which (Figure 3a-c), suggesting that the activity responsible for
do not express APLP1 and have low endogenous expressiordegrading ICDs was cytosolic. Our results for APP ICD are
of APLP2 (Figure 2g,h, lanes 3). in accord with those reported3@), but the experiments
The ICDs of APP, APLP1, and APLP2 Can Be Generated further demonstrate that APLP ICDs, like APP ICD, are
in Vitro and Are Substrates of Insulin Degrading Enzyme. rapidly degraded by a cytosolic protease sensitive to inhibi-
To further characterize ICD production, we employed a tion by 1,10 PTH and insulin, and that the machinery
sensitive in vitro assay recently developed for the detection hecessary for the generation of ICDs is contained within
of the APP ICD 80). Crude membrane preparations were sodium carbonate-washed membranes.
isolated from A5, 1B1, 3C4, or 4E10 cells and incubated in  In another series of experiments, we took advantage of
the presence or absence of 1,10 PTH and insulin, whichthis paradigm to investigate the role pfsecretase in the
potently inhibit insulin-degading enzyme (IDE), a protease generation of ICDs. We assessed the effect ofjiveecretase
known to degrade the APP ICE3@). The release of ICDs inhibitors, which we had shown to cause the accumulation
from the membranes was monitored by Western blotting. A of APP, APLP1, and APLP2 CTFs (Figure-2a). DAPT
similar pattern was observed for all three proteins of the APP and compound E each caused a significant decrease in ICD
family: minimal ICD was detected in the absence of 1,10 production, with the more potent compound E being slightly
PTH and insulin, whereas robust ICD bands were recoveredmore effective (Figure 3df). These results indicate that the
when these IDE inhibitors were present (Figure-8a The proteases which generate and degrade ICDs are the same or
specificity of the ICD detection was confirmed by the finding highly similar for all three-members of the APP family. In
that little or no ICDs were detected when A5 (vector) cells addition to detection of the ICDs released into the cytosolic



Processsing and Nuclear Translocation of the APP Family Biochemistry, Vol. 42, No. 22, 2005669

1B1 3C4 4E10
(a) (b) . (c) .
) - 210 - 210 210
- o
- e e W o
as e A - 34 — -3
'16 ‘16 -16
s —S e -7 PP > e -7 Mo AR 48 o
ico -4 -4
— -4 — -
-PI +Pl A5 Carb -PI +Pl A5 Carb -Pl +Pl A5 Carb
+P1 -PI +Pl -PI +Pl P
1B1 3C4 4E10
- 210
e =210 =210 .
(d) = (e) M o
- e - s
—x X X - EE—
————— - — — - 34
-34 -34 —— —— —
-16 - 16 16
ApP - -7 A:::L?_‘_-"__:_‘? D — - 7
Pl +PI D E A5 -PI +PI D E AS -PI +PI D E A5

Ficure 3: In vitro generation of APP and APLP ICDs~a): Crude membranes were prepared as described in the methods and incubated
for 2 h at 37°C in the presencetPI) or absence<PI) of the protease inhibitors, 1,10 PTH and insulin; or else were washed with sodium
carbonate buffer (carb) and then similarly incubated but in absence of 1,10 PTH and insulin. For cells transfected with vector alone (A5),
crude membranes were incubated in the presence of 1,10 PTH and instlin. T assess the-secretase dependence of ICD generation,
crude membranes were incubated in the presence of 1,10 PTH and insulin"&nd t6mpound E (E) or 16 M DAPT (D). +PI, —PI

and A5 are as inac. ICD bands are marked with an arrow.

phase, we also found small amounts of membrane-associated-terminal 48 amino acids of APLP1 plus an exogenous
ICDs (not shown), both in sodium carbonate-washed mem- initiating methionine (APLP1 C49). For each of the three
branes incubated without protease inhibitors and in unwashedAPP family members, we generated longer constructs (C60s)
membranes incubated in the presence of 1,10 PTH andthat encode the C-terminal 59 amino acids of each protein,
insulin. Taken together, our results suggest that IDE (or an based on the APP product generated by fheecretase
IDE-like activity) degrades ICDs both as they emerge from cleavage after residue 40 of thgg Alomain (plus an exoge-
the membrane and within the cytosol. nous initiating methionine). Although a natural APP C59
The ICD of APLP1 Is More Stable than Those of APP or species has not yet been detected, APP C60 is known to
APLP2, But All Are Further Stabilized by FE65 and behave similarly to the APP C49 but to be much more stable
Translocate to the Nucleu€onsistent with their proposed (18) and therefore of more utility for biochemical analyses.
role in transcriptional regulation, ICDs appear very labile ~ When COS cells were transfected with either APP C49
(Figure 3). Consequently, proteins that bind and stabilize or APLP2 C49 virtually no product was detected in the
ICDs (perhaps by shielding them from degradation) may be absence of FE65 (Figure 4b,d), whereas in the presence of
critical cofactors for ICD signaling. Because FE65 is known FE65, a C-terminal protein migrating at6 kDa was
to interact with the C-termini of APP and the APLPKL( detected. In agreement with previous work using APP C60
47) and to stabilize a recombinant C-terminal fragment of (18), transfection of cells with either APP or APLP2 C60
APP (18), we compared the stability and subcellular location produced robust amounts of a protein that migrated slightly
of recombinantly expressed forms of C-terminal APP, above the C49 band. The C60 proteins (like the C49 proteins)
APLP1, and APLP2, both in the absence and presence ofwere markedly stabilized when FE65 was coexpressed. In
FE65 (Figures 4 and 5). For these studies, we used twothe case of APLP1, its C51 was also stabilized by expression
constructs for each protein. The first, referred to as C49, of FE65 (Figure 4c), but APLP1 C51 was readily detected
encodes the C-terminal 49 amino acids of APP and APLP2 even in the absence of FE65 and appears to be intrinsically
beginning with the endogenous methionine one amino acid more stable than the corresponding C49 proteins of APP and
after the epsilon cleavage site of APP (i.e., between Leu645APLP2 (Figure 4, compare panel c to b and d). The APLP1
and Val646 of APP695Y6—28) and is consistent with ICD ~ C60 construct behaved differently from the APP and APLP2
fragments detected in cellular extracts and generated in vitroC60s in that it produced two protein bands (Figure 4c); this
((26) Figure 3). Unlike APP and APLP2, APLP1 does not observation is probably of no physiological significance but
contain an endogenous methionine 49 amino acids beforerather results from the use of an alternate initiation site. In
its C-terminus; rather, there is a methionine 51 amino acids this regard, it is noteworthy that the lower 1CT-positive band
from the C-terminus. Therefore, for APLP1, we generated a detected in COS cells transfected with APLP1 C60 comi-
construct encoding the C-terminal 51 amino acids of APLP1 grates with the 1CT-reactive band detected in cells trans-
(APLP1 C51) and an additional construct encoding the fected with APLP1 C51 (Figure 4c). Moreover, the RNA
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Amino acid sequence of ICD constructs

{a) APP C60
MIATYIVITLVMLEKKKQYTSIHHGYVEVDAAVTPEERHLSKMOONGYENPTYKFFEQMQN

APP C49
MLEKKQYTSIHHGVVEVDAAVTPEERHLSKMOQONGYENPTYKFFEQMQN
APLP1 C80

MGGSLIVLSMLLLRRKKPYGAISHGYVVEVDPMLTLEEQQLRELOQRHGYENPTYRFLEERP

APLP1 C51
MLLLRARKKPYGAISHGYVVEVDPMLTLEEQOLRELORHGYENPTYRFLEERFP

APLP1 C49
MLRRKKPYGAISHGVVEVDPMLTLEEQQLRELOQRHGYENPTYRFLEERP

APLP2 C&0
MIATVIVISLVMMLRKRQYGTISHGIVEVDPMLTPEERHLNKMOQDHGYENPTYKYLEQMQI

APLP2 Ca9
MLEKROYGTISHGIVEVDPMLTPEERHLNKMOQDHGYENPTYKYLEQMQI

C49 C60 1C51 1C60 2C49 2C60
M - + - + M -+ - M - o+ - %
b) (c) P — (d) 16

——
MR e 16 e - .
) |
g w40 .
2 —e —cm 769

- Te—Cas — =51

=

Ficure 4: Recombinantly produced ICDs are stabilized by FE65. (a): The amino acid sequence of the ICD constructs are shown with
exogenous initiating methionine residues in bold and residues from the putative transmembrane domains of the parent proteins underlined.
(b—d): COS cells were transfected with vector alone (M), or APP C49 or C60 (b), APLP1 C51 or C60 (c), or APLP2 C49 or C60 (d) in
the presencef) or absence-{) of FE65, and cell lysates were Western blotted with C-terminal antibodies C8, 1CT, or 2CT. Bands of
interested are indicated by arrows.

sequence surrounding the ATG that is 51 codons before thewhole cell lysates in the absence of FE65 overexpression
3 end of the APLP1 C60 construct contains several com- (Figure 2f-h), further suggests that APLP1 in whole cells
ponents compatible for efficient protein translatiofB)( is intrinsically more stable than ICDs of either APP or
suggesting that the smaller C60 derivative is generated byAPLP2.
initiation at codon 51. Also consistent with the latter Confocal microscopy of cells transfected with APP C49,
interpretation is the finding that the lower band present in APLP1 C49, or APLP2 C49 revealed the presence of these
the APLP1 C60 transfectants behaves very similarly to proteins in both nuclei and vesicular structures, with the
APLP1 C51, i.e., it is detected in the absence of FE65 and APLP1 C49 expressing cells having the highest abundance
is stabilized similarly by FE65 (Figure 4c, lanes 3 and 4). of nuclear staining (Figure 5ad). As predicted from our
The increase in the intrinsic stability of APLP1 C51 biochemical analysis (Figure 4al), the nuclear localization
compared to APP C49 or APLP2 C49 is not attributable to was only seen in cells transfected with FE65 (Figure &g
the presence of an additional amino acid in APLP1 C51, and was not evident in cells transfected with ICD constructs
since the shorter APLP1 C49 was also intrinsically more alone, in which a more diffuse perinuclear staining was
stable than the APP or APLP2 C49 proteins (Figure 6).  evident (Figure 5b). These findings are consistent with
The increased stability of the APLP1 C49/C51 proteins evidence that ICDs lack a predicted nuclear localization motif
nonetheless appears at odds with the similar stability of the and require other molecules for their transport to the nucleus
APLP and APP ICDs generated from their full-length (19). Similarly, when the more stable C60 constructs
precursors in our in vitro paradigm (Figure 3). To exclude (exemplified by APLP1 C60, Figure 5e,f) were examined,
the possibility that these differences arose due to the use ofnuclear localization was only observed in the presence of
two different cell types (COS cells for the transient trans- FEG65 (Figure 5f), with perinuclear, cytoplasmic, and vesicu-
fection experiments and CHO cells for the in vitro ICD lar staining obvious in its absence (Figure 5e). Thus, the
generation system), we transfected CHO cells with APP C49, observed increased stability of ICDs in the presence of FE65
APLP2 C49, or APLP1 C49, with and without FE65. As s at least in part due to the altered localization of the ICDs.
with the COS cells, in CHO cells, APP C49 and APLP2 ICDs of APP, APLP1, and APLP2 Are also Stabilized by
C49 were only detectable in the presence of FE65, whereasOther FE65 Family Member&E65 is a member of a family
APLP1 C49 was readily detectable even without FE65 and of proteins which include FE65-like protein 1 (L13)) and
was only modestly stabilized by FE65 coexpression (data FE65-like protein 2 (L2, 13, 47)). Each of the three FE65
not shown). Thus, when transfected into cells, the APLP1 proteins are known to interact with the intracellular domain
ICD appears intrinsically more stable than that of either APP of APP. It is possible that different FE65 proteins might
or APLP2. Of course, there are other dissimilarities between differentially stabilize the ICDs of the APP protein family.
the transfection experiments and the in vitro system, not leastTo assess this possibility, we transiently transfected COS
the fact that transfection of cells allows for production and cells with C49 and C60 constructs in the absence or presence
trafficking of proteins through compartments where degrada- of the FE65 proteins (Figure 6). The presence of any FE65
tion may not occur and consequently where APLP1 C49/51 protein caused an increase in the amount of the C49 and
may have a longer half-life than the APP and APLP2 C49s. C60 bands detected. Figure 6 is representative of four
In this regard, our finding that APLP1 ICD is detected in experiments, and although there were some variations
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Ficure 5: Recombinantly produced ICDs translocate to the nucleus in the presence of FE65. COS cells were transfected with C49 or C60
constructs plus or minus FE65 and examined by confocal microscopy. Staining of the nuclear protein histone H1 is shown in blue and
staining with C8 (APP), 1CT (APLP1), or 2CT (APLP2) are shown in red. Overlapping staining appears as purple. Note that the images
shown are for a single z-plane, but co-localization was always confirmed by examination of multiple z-sections. Co-localization of anti-H1
and C-terminal antibodies is indicated by white arrows, and H1 staining of untransfected cells is indicated by white arrowheads. In (e) all
cells shown are transfected. Images were collected at a magnificationxof 40

between experiments, the following findings were ob- enzymesg- andy-secretase3(-5). They-secretase activity
served: (i) FE65 and L1 stabilized APP C49 slightly better is believed to be a multi-protein complex which includes
than did L2; (ii) FE65 and L1 stabilized APLP1 C49 more PS and which has been shown to cleave a number of
effectively than did L2; and (iii) all three FE65 proteins transmembrane proteins, including Notch, Erb-B4, E-Cad-
stabilized APLP2 C49 to a similar extent. Interestingly, in herin, LRP, Nectin 1, Delta and Jagged,(38—41, 49, 50).
addition to the~6 kDa C49 bands, slightly higher molecular Here, we show that both APLP 1 and APLP2 undergo PS-
weight bands were also detected for both APLP1 and APP dependent RIP in a manner highly similar to APP. While
(see also Figure 6a,b). Note in each case, the bands migratedeveral studies suggest that APP may function in neurite
at ~12 kDa, and their amounts reflected those of the outgrowth and maintenancgi—59), the true physiological
respective 6 kDa ICDs, suggesting that these higher speciegole for APP and its homologues remains obscure. However,
represent dimeric C49 and that binding to FE65 proteins by analogy to Notch and the other knownsecretase
facilitates the dimerization of ICDs. substrates, the APP protein family members seem likely to
DISCUSSION serve as receptors which, upon binding to their_cognate
ligands, undergo cleavage by a membrane-associated met-
A leading target for the treatment of AD is to reduce alloproteinase, thus shedding their ectodomains and retaining
production of AG (37). AS is produced by the action of two  C-terminal stubs suitable for intramembrane proteolysis.
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Ficure 6: FEG65-like proteins are capable of stabilizing APP and
APLP ICDs. (a—c): COS cells were transiently transfected with
APP C49 or C60 (a), APLP1 C49 or C60 (b), or APLP2 C49 or
C60 (c) in the presence of FE65 (FE), FE65 L1 (L1), or FE65 L2
(L2). M denotes cells transfected with vector alone. The APLP2
C49 band is indicated with an arrow, as is a nonspecific (bkg) band
that comigrates with APLP2 C60, other bands of interest are
similarly indicated by arrows. The effects of FE65 proteins on the
levels of C60 proteins were somewhat more variable than for C49
proteins but followed a similar pattern.

Once cleaved by-secretase, APP and the APLPs release
their ICDs, which we have shown are stabilized by the FE65
proteins and can enter the nucleus. This finding is substanti-
ated by recent studies showing that theecretase-generated
ICDs of APP and the APLPs can drive transcription of
hetrologous reporter gened 44) and the report that a
ternary complex containing APP ICD can directly activate
transcription of the tetraspanin, Kal&Q).

Only a few studies of APP and APLP functional properties
in vivo have appeared. APRF— mice are viable, fertile, and
show locomotor abnormalities, reactive gliosis and relatively
subtle cerebral defects in adulthoo22( 61). This rather
benign phenotype is assumed to relate to the continued
expression of APLP 1 and 2. Indeed, APLP2{)/APP-
(—=/=) mice and APLP2{/—)/APLP1(-—/—) mice had a
lethal phenotype (postnatal day 1), whereas APERL(/
APP(—/—) mice were apparently norma(@). These results
suggest that APLP2 has the key physiological role among
the family members. In accord, mice expressing just a single
APLP2 allele [APLP2¢£)/APLP1(—/—)/APP(-/—)] showed
perinatal lethality. Together, these studies point to a high
degree of functional redundancy within the APP family, but
with certain specialized functions reserved for each protein.

Our findings that APP and the APLPs are processed
similarly to generate labile ICDs, that these ICDs are
degraded by the same or highly similar activities (IDE), and
that these ICDs bind FE65 proteins and translocate to the
nucleus all strongly support the thesis that these proteins
share some common signaling functions. But what facilitates
each protein’s specific function? Clearly differential expres-
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sion patterns, both spatial and temporal would allow for some
specificity, as would interaction with ligands that differ in
the their ability to interact with APP, APLP1, and APLP2.
Similarly, although ICDs of each protein bind FE65 family
members and translocate to the nucleus, their slightly
different primary structures may allow interactions with other
proteins required for transcription, so that the different ICDs
regulate some genes in common as well as some specific
genes. Furthermore, our observation that all three FE65
proteins can stabilize one or more of the ICDs suggests that
the FEG5 proteins play a role in regulating ICD signaling.
Thus, differences in the tissue and cell type distributions of
the FEB5 proteinslQ, 12, 13) and their temporal patterns

of expression may mediate differential regulatory effects of
the APP and APLP ICDs.

These various possibilities offer both a warning and an
opportunity. Clearly, agents that targesecretase activity
will not only have an effect on APP processing, but also
alter the processing and signaling of othprsecretase
substrates, including APLP1 and 2. Long-term inhibition of
the common signaling pathways mediated by ICDs would
not be desirable. Conversely, strategies aimed at specifically
upregulating APLP expression may be beneficial, since not
only would this provide a competitive substrate for APP,
but the APLP ICDs and the corresponding secreted fragments
of the APLPs may actually compensate for the loss of APP
ICD and any associated change in secreted APP. Given the
many commonalties between APP and the APLPs, including
those reported here and previousi,(25, 36, 44), attention
should be paid to understanding how modulation of APP
processing will impact upon the other members of this protein
family.

ACKNOWLEDGMENT

We thank Drs. D. McLoughlin, S. Guenette, and H.
Tanahashi for FE65, FE65L1 and FE65L2, respectively. Drs.
M. Wolfe and T. Golde supplied DAPT and compound E.
Drs. W. Farris, M. Leissring, and L. Rosen provided helpful
discussions.

REFERENCES

1. Price, D. L. (1986)Annu. Re. Neurosci. 9489-512.

2. Hardy, J., and Selkoe, D. J. (2002ience 29,7353-6.

3. Vassar, R., Bennett, B. D., Babu-Khan, S., Kahn, S., Mendiaz, E.
A., Denis, P., Teplow, D. B., Ross, S., Amarante, P., Loeloff, R.,
Luo, Y., Fisher, S., Fuller, J., Edenson, S., Lile, J., Jarosinski, M.
A., Biere, A. L., Curran, E., Burgess, T., Louis, J. C., Collins, F.,
Treanor, J., Rogers, G., and Citron, M. (199@)ence 286735~
41.

. Hussain, I., Powell, D., Howlett, D. R., Tew, D. G., Meek, T. D.,
Chapman, C., Gloger, I. S., Murphy, K. E., Southan, C. D., Ryan,
D. M., Smith, T. S., Simmons, D. L., Walsh, F. S., Dingwall, C.,
and Christie, G. (1999\Mol. Cell Neurosci. 14419-27.

. Wolfe, M. S., and Haass, C. (2001)Biol. Chem. 2765413-6.

. Coulson, E. J., Paliga, K., Beyreuther, K., and Masters, C. L.
(2000) Neurochem. Int. 36175-84.

. Wasco, W., Bupp, K., Magendantz, M., Gusella, J., Tanzi, R. E.,
and Solomon, F. (199Broc. Natl. Acad. Sci. U.S.A. 890758~
10762.

. Wasco, W., Gurubhagavatula, S., Paradis, M. D., Romano, D. M.,
Sisodia, S. S., Hyman, B. T, Neve, R. L., and Tanzi, R. E. (1993)
Nat. Genet. 595—99.

. Sprecher, C. A., Grant, F. J., Grimm, G., O'Hara, P. J., Norris,
F., Norris, K., and Foster, D. C. (1998jochemistry 324481—

6.



Processsing and Nuclear Translocation of the APP Family

10.

11.
12.
13.
14.
15.
16.

17.
18.

19.
20.

21.

22.

23.
24.

25.
26.
27.
28.

29.
30.
31.
32.

33.
34.

35.
36.

37.
38.

Bressler, S. L., Gray, M. D., Sopher, B. L., Hu, Q., Hearn, M. G.,
Pham, D. G., Dinulos, M. B., Fukuchi, K., Sisodia, S. S., Miller,
M. A., Disteche, C. M., and Martin, G. M. (1996jum. Mol.
Genet. 51589-98.

McLoughlin, D. M., and Miller, C. C. (1996FEBS Lett. 397
197-200.

Guenette, S. Y., Chen, J., Jondro, P. D., and Tanzi, R. E. (1996)
Proc. Natl. Acad. Sci. U.S.A. 920832-10837.

Tanahashi, H., and Tabira, T. (1998urosci. Lett. 261143-6. 2

Biochemistry, Vol. 42, No. 22, 20035673

. Marambaud, P., Shioi, J., Serban, G., Georgakopoulos, A., Sarner,

S., Nagy, V., Baki, L., Wen, P., Efthimiopoulos, S., Shao, Z.,
Wisniewski, T., and Robakis, N. K. (200BEMBO J. 21 1948~
56.

.May, P., Reddy, Y. K., and Herz, J. (20QR)Biol. Chem. 277
18736-43.
. Kim, D. Y., MacKenzie Ingano, L. A., and Kovacs, D. M. (2002)

J. Biol. Chem277, 49946-49981.

42. Dovey, H. F., John, V., Anderson, J. P., Chen, L. Z., de Saint

Bruni, P., Minopoli, G., Brancaccio, T., Napolitano, M., Faraonio,
R., Zambrano, N., Hansen, U., and Russo, T. (200B)ol. Chem.
277, 35481-8.

Minopoli, G., de Candia, P., Bonetti, A., Faraonio, R., Zambrano,
N., and Russo, T. (2001). Biol. Chem. 2766545-50.

De Strooper, B., Annaert, W., Cupers, P., Saftig, P., Craessaerts,
K., Mumm, J. S., Schroeter, E. H., Schrijvers, V., Wolfe, M. S.,
Ray, W. J., Goate, A., and Kopan, R. (199®ture 398 518—

22.

Selkoe, D., and Kopan, R. (2008hn. Re. Neurosci in press.
Kimberly, W. T., Zheng, J. B., Guenette, S. Y., and Selkoe, D. J.
(2001)J. Biol. Chem. 27640288-92.

Cao, X., and Sudhof, T. C. (200%rience 293115-20.

Heber, S., Herms, J., Gajic, V., Hainfellner, J., Aguzzi, A., Rulicke,
T., von Kretzschmar, H., von Koch, C., Sisodia, S., Tremml, P.,
Lipp, H. P., Wolfer, D. P., and Muller, U. (200Q). Neurosci.

20, 7951-63.

von Koch, C. S., Zheng, H., Chen, H., Trumbauer, M., Thinakaran,
G., van der Ploeg, L. H., Price, D. L., and Sisodia, S. S. (1997)
Neurobiol. Aging 18661-9.

Dawson, G. R., Seabrook, G. R., Zheng, H., Smith, D. W., Graham,
S., O'Dowd, G., Bowery, B. J., Boyce, S., Trumbauer, M. E.,
Chen, H. Y., van der Ploeg, L. H., and Sirinathsinghji, D. J. (1999)
Neuroscience 901—13.

Haass, C., Koo, E. H., Mellon, A., Hung, A. Y., and Selkoe, D.

J. (1992)Nature 357 500-503. 47.

Naruse, S., Thinakaran, G., Luo, J. J., Kusiak, J. W., Tomita, T.,
lwatsubo, T., Qian, X., Ginty, D. D., Price, D. L., Borchelt, D.
R., Wong, P. C., and Sisodia, S. S. (1998uron 21 1213-21.
Thinakaran, G., and Sisodia, S. S. (1994)Biol. Chem. 269
220099-22104.

Gu, Y., Misonou, H., Sato, T., Dohmae, N., Takio, K., and lhara,
Y. (2001) J. Biol. Chem. 27635235-8.

Yu, C., Kim, S. H., Ikeuchi, T., Xu, H., Gasparini, L., Wang, R.,
and Sisodia, S. S. (2003) Biol. Chem. 27643756-60.
Weidemann, A., Eggert, S., Reinhard, F. B., Vogel, M., Paliga,
K., Baier, G., Masters, C. L., Beyreuther, K., and Evin, G. (2002)
Biochemistry 412825-35.

Walsh, D. M., Tseng, B. P., Rydel, R. E., Podlisny, M. B., and
Selkoe, D. J. (2000Biochemistry 3910831-10839.

Edbauer, D., Willem, M., Lammich, S., Steiner, H., and Haass,
C. (2002)J. Biol. Chem. 27,713389-93.

Weidemann, A., Konig, G., Bunke, D., Fischer, P., Salbaum, J.
M., Masters, C. L., and Beyreuther, K. (1989l 57, 115-126.
Esch, F. S., Keim, P. S., Beattie, E. C., Blacher, R. W., Culwell,
A. R., Oltersdorf, T., McClure, D., and Ward, P. J. (199@jence

48

248 1122-1124. 57.

Cole, G. M., Huynh, T. V., and Saitoh, T. (1989gurochem.
Res. 14933-939.

Shoji, M., Golde, T. E., Ghiso, J., Cheung, T. T., Estus, S., Shaffer,
L. M., Cai, X., McKay, D. M., Tintner, R., Frangione, B., and
Younkin, S. G. (19925cience 258126-129.

Slunt, H. H., Thinakaran, G., von Koch, C., Lo, A. C. Y., Tanzi,
R. E., and Sisodia, S. S. (1994)Biol. Chem. 2692637-2644.
Paliga, K., Peraus, G., Kreger, S., Durrwang, U., Hesse, L., 6
Multhaup, G., Masters, C. L., Beyreuther, K., and Weidemann,

A. (1997) Eur. J. Biochem250, 354-63.

Selkoe, D. J. (1999 ature 399 (Supp)A23—A31.

Ni, C. Y., Murphy, M. P., Golde, T. E., and Carpenter, G. (2001)
Science 2942179-81.

43.

50.
51.
52.

Andrieu, P., Fang, L. Y., Freedman, S. B., Folmer, B., Goldbach,
E., Holsztynska, E. J., Hu, K. L., Johnson-Wood, K. L., Kennedy,
S. L., Kholodenko, D., Knops, J. E., Latimer, L. H., Lee, M.,
Liao, Z., Lieberburg, I. M., Motter, R. N., Mutter, L. C., Nietz,
J., Quinn, K. P., Sacchi, K. L., Seubert, P. A., Shopp, G. M.,
Thorsett, E. D., Tung, J. S., Wu, J., Yang, S., Yin, C. T., Schenk,
D. B., May, P. C., Altstiel, L. D., Bender, M. H., Boggs, L. N.,
Britton, T. C., Clemens, J. C., Czilli, D. L., Dieckman-McGinty,
D. K., Droste, J. J., Fuson, K. S., Gitter, B. D., Hyslop, P. A,,
Johnstone, E. M., Li, W. Y., Little, S. P., Mabry, T. E., Miller, F.
D., and Audia, J. E. (2001). Neurochem. 76173-81.

Seiffert, D., Bradley, J. D., Rominger, C. M., Rominger, D. H.,
Yang, F., Meredith, J. E., Jr., Wang, Q., Roach, A. H., Thompson,
L. A., Spitz, S. M., Higaki, J. N., Prakash, S. R., Combs, A. P.,
Copeland, R. A., Arneric, S. P., Hartig, P. R., Robertson, D. W.,
Cordell, B., Stern, A. M., Olson, R. E., and Zaczek, R. (20D0)
Biol. Chem. 27534086-91.

. Scheinfeld, M. H., Ghersi, E., Laky, K., Fowlkes, B. J., and

D’Adamio, L. (2002)J. Biol. Chem. 27,744195-201.

. Kimberly, W. T., Xia, W., Rahmati, R., Wolfe, M. S., and Selkoe,

D. J. (2000)J. Biol. Chem. 2753173-3178.

. Esler, W. P., Kimberly, W. T., Ostaszewski, B. L., Ye, W., Diehl,

T. S., Selkoe, D. J., and Wolfe, M. S. (200R)oc. Natl. Acad.
Sci. U.S.A. 992720-5.

Duilio, A., Faraonio, R., Minopoli, G., Zambrano, N., and Russo,
T. (1998)Biochem. J. 330513-5109.

. Kozak, M. (1987)). Mol. Biol. 196 947-50.
49,

Kimberly, W. T., LaVoie, M. J., Ostazewski, B. L., Ye, W., Wolfe,
M. S., and Selkoe, D. J. (200®roc. Natl. Acad. Sci. U.S.Ain
press.

LaVoie, M. J., and Selkoe, D. J. (200B)Biol. Chem.in press.
Mattson, M. P. (1997Physiol. Re. 77, 1081-132.

Saitoh, T., Sundsmo, M., Roch, J.-M., Kimura, N., Cole, G.,
Schubert, D., Oltersdorf, T., and Schenk, D. B. (1968@)JI 58
615-622.

. Pietrzik, C. U., Hoffmann, J., Stober, K., Chen, C. Y., Bauer, C.,

Otero, D. A., Roch, J. M., and Herzog, V. (199Bjoc. Natl.
Acad. Sci. U.S.A. 951770-5.

. Mattson, M., Cheng, B., Culwell, A., Esch, F., Lieberburg, I., and

Rydel, R. (1993Neuron 10 243-254.

. Smith, R. P., Higuchi, D. A., and Broze Jr., G. J. (1980)ence

248 1126-1128.

. Allinquant, B., Hantraye, P., Mailleux, P., Moya, K., Bouillot,

C., and Prochiantz, A. (199%) Cell Biol 128 919-27.
Schubert, D., LaCorbiere, M., Saitoh, T., and Cole, G. (1988%.
Natl. Acad. Sci. U.S.A. 8&2066-2069.

. Greenberg, S., Koo, E. H., Selkoe, D. J., Qiu, W. Q., and Kosik,

K. S. (1994)Proc. Natl. Acad. Sci. U.S.A. 97104-7108.

. Kamal, A., Aimenar-Queralt, A., LeBlanc, J. F., Roberts, E. A.,

and Goldstein, L. S. (2001 ature 414 643-8.

. Baek, S. H., Ohgi, K. A., Rose, D. W., Koo, E. H., Glass, C. K.,

and Rosenfeld, M. G. (200ZJell 11Q 55-67.

1. Zheng, H., Jiang, M., Trumbauer, M. E., Sirinathsinghji, D. J. S.,

Hopkins, R., Smith, D. W., Heavesn, R. P., Dawson, G. R., Boyce,
S., Conner, M. W., Stevens, K. A., Slunt, H. H., Sisodia, S. S.,
Chen, H. Y., and van der Ploeg, L. H. T. (199l 81, 525-531.

BI1027375C



