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ABSTRACT. The amyloid precursor protein (APP) is proteolytically processed predominantlysegretase

to release the ectodomain (sA®PIn this study, we have addressed the cellular location of the constitutive
o-secretase cleavage of endogenous APP in a neuronal cell line. Incubation of the neuroblastoma cell
line IMR32 at 20°C prevented the secretion into the medium of soluble wild-type APP cleaved by
a-secretase as revealed by both immunoelectrophoretic blot analysis with a site-specific antibody and
immunoprecipitation following metabolic labeling of the cells. No s&R#as detected in the cell lysates
following incubation of the cells at 28C, indicating thati-secretase does not cleave APP in the secretory
pathway prior to or within théransGolgi network. Parallel studies using an antibody that recognizes
specifically the neoepitope revealed on soluble APP cleave@-fgcretase indicated that this enzyme
was acting intracellularlya-Secretase is a zinc metalloproteinase susceptible to inhibition by hydroxamate-
based compounds such as batimastat [Parvathy, S., et al. B@@8emistry 371680-1685]. Incubation

of the cells with a cell-impermeant, biotinylated hydroxamate inhibitor inhibited the release ob<d#\PP
>92%, indicating thati-secretase is cleaving APP almost exclusively at the cell surface. The observation
thato-secretase cleaves APP at the cell surface, vhecretase can act earlier in the secretory pathway
within the neuronal cell line indicates that there must be strict control mechanisms in place to ensure that
APP is normally cleaved primarily by-secretase in the nonamyloidogenic pathway to produce the
neuroprotective sARP

Alzheimer's disease is a neurodegenerative disorder g ] b} ™
characterized by the progressive deposition of the 4 kDa hl:ﬁ':h: 'HAIIIL‘
B-amyloid peptide (48)* in extracellular senile plaquesfA I i
is a 40-43 amino acid peptide derived by proteolytic : : : :
cleavage of the integral membrareamyloid precursor u—k.‘ N i
protein (APP) {, 2). Cleavage of APP at the N-terminus of i él”
the A3 peptide bys-secretase and at the C-terminus by one : i . B

or morey-secretases constitutes the amyloidogenic pathway 11 - :
for processing of APP (Figure 1hj-Secretase acts on APP 1 L " lor
both within the endocytic pathway following reinternalization =" s

Of.tﬁ.e" t.;urfacg AIPP 3. 5) ;’:_mdl in the dsgc:etory pl)atthhway Ficure 1: Schematic representation of APP and its processing by
within e, en Op asmic reticuium an old, (7). In ,e . o-, - andy-secretases. APP (open bar), which is attached to the
nonamyloidogenic pathwag,-secretase cleaves APP within  cell surface by a transmembrane region (TM), is processed via either
the A3 domain between Lys16 and Leul8),precluding (a) the nonamyloidogenic or (b) amyloidogenic pathways. In the

the formation of the & peptide (Figure 1a). The action of ~nonamyloidogenic pathway-secretaseo(-sec) cleaves APP within

o-secretase releases the large ectodomain of APP @aPp e Aj peptide releasing a large soluble fragment of APP (shPP
In the amyloidogenic pathway;-secretasei-sec) and/-secretase

which has neuroprotective propertie (0). (y-sec) generate thepeptide (grey box), and release the soluble
SAPRS.
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Cell-Surfacea-Secretase Cleavage of APP

APP at the cell surface, within an intracellular compartment,
or at both locations (discussed in reffs15, and 16). For

example, the lack of effect of exogenously added proteinase.

inhibitors and the intracellular presence of cleaved APP

following disruption of the secretory pathway has been taken

to indicate that APP is cleaved within theans-Golgi
network (TGN) and/or exocytic vesiclesd—20). In contrast,
following surface labeling with eithéf™ or biotin at 4°C,

the detection of labeled APP in the medium upon subsequen

incubation of the cells at 37C suggested that APP is cleaved
at the cell surface4( 11, 21—23). However, none of these
studies distinguished between sAP&nd other forms of APP
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EXPERIMENTAL SECTION

Cell Culture.The neuronal cell line IMR32 was cultured
in Dulbecco’s modified Eagle’s medium/Ham’s F12 supple-
mented with 10% foetal bovine serum, penicillin (50 units/
mL), streptomycin (5@:g/mL), and 2 mM glutamate (Gibco
BRL, Paisley, U.K.). Cells were maintained at 37 in 5%
CGQ; in air. When the cells were #80% confluent, the
medium was changed to Opti-MEM and the cells incubated
in the absence or presence of inhibitor [AMG 2380 or its
biotinylated derivative AMG110552 (Amgen Inc., Boulder,
CO)] for 7 h at 37°C, or overnight at 20 or 37C. The
medium was then harvested, concentrated approximately 50-

released by the cells, and therefore, it is possible that somegg g using Vivaspin 15 Concentrators (Vivascience Ltd.,

of the releasing activity was due {@-secretase or other
secretases in addition to, or insteadw$ecretase. Although
an antibody specific for residues-16 of A3 was used to

distinguish between sARPand the large ectodomain of APP
released by-secretase (SARR in a cell-free system using
a reporter construct of APP12), a crude membrane

Lincoln, U.K.) and subjected to immunoelectrophoretic blot
analysis. For analysis of cell-associated APP, cells were
washed with phosphate-buffered saline (20 mMHRO,,

2 mM NaHPQ,, and 150 mM NacCl, pH 7.4) and scraped
from the flasks into the same buffer. Following centrifugation
at 50@ for 10 min, the pelleted cells were lysed in lysis

preparation was used which included both the plasma puffer [0.1 M Tris/HCI, 5 mM EDTA, and 1% Triton X-100,
membrane and internal membranes. A site-specific antibodypH 7.4 containing leupeptin (2g/mL) and dichloroisocou-

was also used to immunoisolate biotinylated s&FFom

the conditioned medium of surface biotinylated mouse N2a

neuroblastoma cells expressing wild-type ARE)( How-
ever, in both of these studies, the relative contribution of
surface to internab-secretase action was not determined.

marin (10uM)].

SDS-PAGE and Immunoelectrophoretic Blot Analysis.
Samples (medium or cell lysates) were resolved on -SDS
polyacrylamide gels and blotted onto poly(vinylidene) dif-
luoride (PVDF) membranes (Immobilon P, Millipore) as

Another study, again using site-specific antibodies, revealeddescribed previously28). Membranes were probed with
that surface biotinylated APP was secreted from the apical antibodies to APP (Ab%25 at a dilution of 1:4000; Ab1A9
and basolateral faces of the nonneuronal Madin Darby Canineat a dilution of 1:3000; Ab54 at a dilution of 1:20 000)

Kidney (MDCK) cells stably transfected with APR5),

implicating thato-secretase acts at the cell surface. However,

followed by a secondary horseradish peroxidase-conjugated
antibody. Membranes probed with Ab1A9 were subjected

in a separate study, again using stably transfected MDCK to an additional incubation with a peroxidase anti-peroxidase

cells, the same authors observed that séMRs generated
intracellularly, leading them to conclude that the majority
of sSAPRux is generated within the secretory pathway, with a
minor proportion being cleaved after its insertion into the
plasma membrane2§). Another study indicated that, in
human embryonic kidney cells transfected with mutant APP,
cleavage bya-secretase occurs during transport of APP
through Golgi compartments where O-glycosylation takes
place or in compartments after thransGolgi (27).

antibody. Bound antibody was detected with the enhanced
chemiluminescent detection system (Amersham, Slough,
U.K.). The specificities of the antibodies used have been
previously reported](3). Ab1—25 recognizes the N-terminal
sequence of th8A4 peptide and thus detects sAlRPAb1A9
recognizes the neoepitope formed at the C-terminus of the
large ectodomain of APP following-secretase cleavage
(29). As this neoepitope is cryptic in both full-length APP
and sAPR, Ab1A9 recognizes only sARPR Ab54 recog-
nizes the C-terminal cytosolic domain of APP and was used

Thea-secretase cleavage of APP is known to be upregu-, qetect full-length protein. Protein concentrations were

lated by phorbol esters and other activators of protein kinase yatermined using the bicinchoninic acid meth@@)(with
C (1). In a previous study, we showed that batimastat blocks jy5yine serum albumin as standard.

both the constitutive and regulated secretion of SARPES),

and thus in the present study, we examined only the

constitutive release of sARP To address the question of

whethera-secretase cleaves APP in neuronal cells at the cell

surface or within an intracellular compartment within the

Metabolic Labeling and ImmunoprecipitatioGells were
grown in 25 cm flasks and, once confluent, were used for
labeling. The growth medium was replaced with 8 mL of
methionine-free Minimal Essential Medium supplemented
with 10% foetal bovine serum, penicillin (50 units/mL) and

late secretory pathway, we have compared directly the gyeptomycin (5Qug/mL). Following a 2 hincubation at 37

constitutive production of sARPand sAPB from endog-
enous wild-type APP in a neuronal cell line (IMR32)
following disruption of the secretory pathway. In addition,
we have exploited our recent observation thatecretase is

°C the medium was replaced with fresh methionine-free
medium containing 10QuCi of [**S]methionine in the
absence or presence of biotinylated inhibitor (@), and
the cells labeled continuouslyf@ h either at 37C or at

inhibited by hydroxamic-acid-based zinc metalloproteinase 20 °C. The medium was then removed, the cells washed in

inhibitors (13) to determine the relative contribution of cell
surface to intracellulas-secretase activity by using a cell-
impermeant biotinylated derivative of one such inhibitor.
These results clearly show that the constitutiveecretase

phosphate-buffered saline, harvested, and lysed in 1 mL of
lysis buffer. Medium and cell lysate samples were precleared
by adding 2QL of protein A-Sepharose that was previously

made into a 1:1 solution with phosphate-buffered saline.

cleavage of APP occurs almost completely at the cell surface.After a 2 hincubation at £C with continuous shaking, the
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Ficure 2: Effect of temperature block on the processing of APP. Concentrated conditioned medium sampleg@\df potein) or cell
lysates (C; 3@g of protein) were prepared from IMR32 cells incubated overnight either & 3% at 20°C as described in the Experimental

Section. Samples were then resolved on 10% polyacrylamide SDS gels, electroblotted onto PVDF membranes and probed for (a and b)

sAPRx with Ab1-25, (c) full-length APP with Ab54, (d and e) sABRvith Ab1A9.

Sepharose was removed by centrifugation. Antibodies werewith site-specific antibodies. Following growth of the cells
added at 1 in 1000 dilution to the supernatants and incubatedat 37 °C, sAPRx was clearly detected in the conditioned

overnight at 4°C. Antibody—antigen complexes were
precipitated by the addition of 30 of protein A-Sepharose.
Following a 4 hincubation at £C with continuous shaking,

medium (Figure 2a) as reported previously); However,
following growth of the cells at 20C, no sAPIe. could be
detected in the medium (Figure 2a), indicating that secretion

the Sepharose was pelleted by centrifugation and washedf sAPRx was blocked. Itx-secretase acts in a compartment

with phosphate-buffered saline containing 0.5% Triton
X-100, 0.05% sodium deoxycholate, pH 8.0, followed by
three more washes with 500 mM NacCl, 125 mM Tris/HCI,
0.5% Triton X-100, and 10 mM EDTA, pH 8.0. Finally, the

Sepharose was boiled for 5 min with dissociation buffer [140
mM Tris/HCI, 80 mM dithiothreitol, 10% (w/v) SDS, 20%

(v/v) glycerol, and 0.005% bromophenol blue, pH 6.8]. After

of the secretory pathway prior to, or within, the TGN,
treatment at 20C would be expected to increase the amount
of SAPRx detected within the cells. No sABRvas detected

in the cell lysates following incubation of the cells either at
37°C or at 20°C (Figure 2b), indicating that sARHs not
produced intracellularly even when transport beyond the
TGN is blocked. Compared with growth of the cells at 37

removing the Sepharose by centrifugation, the supernatant°C, growth at 20°C caused an accumulation of full-length
was electrophoresed on a 10% polyacrylamide gel. The gelsAPP within the cells (Figure 2c) consistent with an ac-

were dried and analyzed using a Fuji Film BAS1000 Bio-
Imaging Analyzer.

RESULTS

o-Secretase Does Not Clea APP Intracellularly in the
Secretory PathwayTo investigate whethem-secretase
cleaves APP intracellularly in a neuronal cell line, we
disrupted the secretory pathway by incubation of the IMR32
cells at 20°C, which causes proteins that are normally
transported to the cell surface to accumulate in the T&IN (

cumulation of APP in the TGN. In case the immunodetection
system employed was not sufficiently sensitive, we also
metabolically labeled the cells and used immunoprecipitation
in an attempt to detect lower amounts of sAPRIthough
sAPRx could clearly be immunoprecipitated from the
conditioned medium of cells grown at 3T (results not
shown), no sAP& was immunoprecipitated from the con-
ditioned medium of cells grown at 2. Again, immuno-
precipitation failed to detect sARHnN the cell lysates from
cells grown either at 37C or at 20°C (results not shown).

IMR32 cells endogenously expressing APP were incubated We used the neoepitope antibody 1A9 to detect JAPP

either at 37°C or at 20°C and the conditioned medium and

the product of3-secretase cleavage of APP. Following

cell lysates subjected to immunoelectrophoretic blot analysisincubation of the IMR32 cells either at 3T or at 20°C,
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Ficure 3: Structures of AMG2380 and its biotinylated derivative AMG 110552.

Ab1A9 clearly detected two polypeptide bands in the cell (Figure 4a), with arlso value (determined by quantitative
lysates (Figure 2d). The upper of the two polypeptide bands densitometric analysis of the immunoblots) of 049 (n
recognized by Ab1A9 corresponds in size to sgRIRtected = 2) (Figure 4d). This is comparable to tHey values
in the medium of the cells (Figure 2e), which is derived from determined for the structurally related hydroxamate-based
the mature form of APP, while the lower polypeptide band compounds batimastat and marimasfi8)( indicating that
corresponds in size to sAPRlerived from the immature  modification of the inhibitor with biotin has no significant
form of APP. This was confirmed by digestion with effect on its ability to inhibito-secretase. The biotinylated
endoglycosidase-H, which revealed that the N-linked glycans inhibitor did not significantly affect the level of full-length
on the lower polypeptide band were still in the high mannose APP present in the cells as assessed by densitometric analysis
form (result not shown), indicating that the protein had not of the immunoblots (Figure 4b), indicating that it does not
undergone the further posttranslational modifications (sia- have a general effect on the expression level of APP. At a
lylation, sulfation, and phosphorylation) that are present in concentration of 2«M, AMG110552 appeared to inhibit
the mature form 32, 33). Interestingly, there was no completely the release of sABRP(Figure 4a). This was
observable difference in the levels of intracellular sBPP examined further by metabolically labeling the cells and
following incubation of the cells at 20C as compared with  immunoprecipitating sAR#following incubation of the cells
incubation of the cells at 37C, suggesting that accumulation in the absence or presence of AMG110552 (Figure 4c).
of APP in the TGN does not lead to an increase in its Quantitative analysis of the autoradiographs revealed that
cleavage byp-secretase. The release of sAPmto the at a concentration of 2&M AMG110552 inhibited the
medium was reduced, but not completely blocked, following production of SAPR by 92.1% 6 = 2). Thus, the virtually
growth of the cells at 20C (Figure 2e), indicating that a  complete block of sAP& production by the biotinylated
proportion of secreted sAPBRs not dependent on transport inhibitor indicates thati-secretase is cleaving APP almost
through the TGN. Thus, even though we could clearly detect entirely at the cell surface.
SAPHR; intracellularly, using two different detection methods
we were unable to detect sA&Rntracellularly, indicating DISCUSSION
that a-secretase does not cleave APP significantly within ~ There is conflicting data as to whethersecretase cleaves
compartments of the secretory pathway up to and including APP at the cell surface, within an intracellular compartment,
the TGN. or at both locations because previous studies have failed
o-Secretase Clags APP at the Cell Surfacélthough either to pinpoint the site of action of-secretase and/or to
SAPRx was clearly not being produced in either the TGN quantitate the amount of cell surface to intracellular activity
or in an earlier compartment of the secretory pathway, the (1, 15, 16). In the present study, we have investigated the
temperature block experiment does not indicate whether cellular site of action ofx-secretase in a neuronal cell line
o-secretase is cleaving APP in a post-TGN intracellular by disrupting the secretory pathway at a late stage with a
compartment (such as exocytic vesicles) or at the cell surfacetemperature block and by the novel approach of inhibiting
The inability to detect sAR® even in the cell lysate from  a-secretase activity at the cell surface with a biotinylated
cells grown at 37°C (Figure 2) would appear to indicate inhibitor. Initially we determined whether cleavage of
that sAPFR is not being produced significantly in a post- endogenous APP by-secretase occurs within the TGN or
TGN intracellular compartment. To investigate this further, an earlier compartment of the secretory pathway by incubat-
we used a biotinylated derivative of the hydroxamic-acid- ing the cells at 20°C, at which temperature proteins that
based zinc metalloproteinase inhibitor AMG2380 (Figure 3) are normally transported to the cell surface accumulate within
to inhibit a-secretase at the cell surface. Incubation of the the TGN @1). Under these conditions, the secretion of
IMR32 cells with the biotinylated inhibitor AMG110552 sAPRy, which is a direct measure of-secretase activity,
caused a dose-dependent inhibition of the release of sBAPP was completely blocked and no sA®Was detected inside
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FiGURe 4: Inhibition of a-secretase by a biotinylated inhibitor. IMR32 cells were incubated in the presence of the indicated concentration
of the biotinylated inhibitor AMG110552 as described in the Experimental Section. (a) The medium was harvested, concentrated and 45
ug of protein subjected to immunoelectrophoretic blot analysis for ®ARh Ab1—25. (b) Full-length APP in the cell lysates (148

of protein) was subjected to immunoelectrophoretic blot analysis with Ab54. (c) sA®RR immunoprecipitated from the medium of
metabolically labeled cells incubated in the presence or absence of AMG110552. Following electrophoresis on 10% polyacrylamide gels
sAPRx was detected by autoradiography. (d) Inhibition curve constructed from densitometric analysis of the immunoblots in (a). The curve
is the best fit to the experimental points using the program Origin with Sigmoidal Best Fit.

the cells, indicating that APP is not cleaved d»secretase  observation that almost a complete block @fsecretase
in the TGN or in an earlier compartment of the secretory action was obtained with the biotinylated inhibitor
pathway. An alternative interpretation of these data is that AMG110552 indicates thati-secretase is acting almost
a-secretase, or some enzyme or factor critical to its action, exclusively at the cell surface and not in an intracellular
is temperature dependent. However, most mammalian en-compartment such as the TGN or exocytic vesicles.
zymes are still partially active at 2. The constitutive a-secretase has many properties in
Direct evidence for-secretase acting at the cell surface  common with the secretase that releases angiotensin convert-
was obtained by using a biotinylated inhibitor. Previously, ing enzyme from the cell surface. Proteolysis mediated by
we have shown that batimastat, marimastat, and relatedboth enzymes is stimulated by phorbol esters, both cleave
hydroxamic-acid-based zinc metalloproteinase inhibitors can their respective substrates between a basic and a hydrophobic
inhibit the release ofi-secretase from a variety of cell types residue, and both are integral membrane proteins with a
(IMR32, SH-SY5Y, HUVEC) with |5, values in the low distinctive detergent solubilization profil&,(12, 14, 37). In
micromolar rangeX3). These hydroxamic-acid-based com- addition, we have recently shown that betfsecretase and
pounds have no significant effect on the levels of either the angiotensin converting enzyme secretase display a
SAPRS (13) or AB (34). All of these compounds are relatively markedly similar inhibition profile with a range of hydrox-
hydrophobic 28), possessing bulky hydrophobic groups, and amic-acid-based zinc metalloproteinase inhibitd3.(Sub-
therefore the possibility that they may penetrate the cell, thuscellular fractionation, pulse-chase, and surface labeling
inhibiting o-secretase both at the cell surface and in experiments have established that the angiotensin-converting
intracellular compartments, cannot be excluded. As biotin enzyme secretase is localized at the plasma membg&ne (
is cell impermeant, it has been used extensively to label 41). The localization ofx-secretase to the plasma membrane
selectively components on the surface of céls; 86). Thus, would thus be consistent with these two activities being the
we reasoned that a biotinylated derivative of one of the same, or closely related, cell-surface zinc metalloproteinases.
hydroxamic-acid-based inhibitors would not penetrate the cell a-Secretase and the angiotensin-converting enzyme secretase
and would inhibita-secretase solely at the cell surface. The are members of the family of membrane protein zinc
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metalloproteinases involved in the proteolytic release of During this study, we compared the cellular site of action
integral membrane proteingd). One of these membrane of g-secretase with that ofi-secretase. The action of
protein secretases, tumor necrosis factarenvertase, has  [(-secretase was monitored directly by following the produc-
been cloned and identified as a member of the adamalysintion of sAPE using a neoepitope antibody that only
family of zinc metalloproteinase48, 44). recognizes the cleaved C-terminus of this large ectodomain

Recently, it has been shown that the regulated, phorbol fragment 3, 29). sAPRS derived from both mature and
ester-induced release of SA®R deficient in tumor necrosis ~ Immature forms of APP was detected in the cell lysates from

factora convertase knockout nonneuronal cells, although the CellS grown either at 37C or at 20°C. Thus, blockade of
uninduced, constitutive release of sAPRas unaffected34, forward secretory transport from the TGN does not appear

45). Although Buxbaum et al.34) showed that tumor (O affect the cleavage of APP Ifsecretase. The Gly-Tyr
necrosis factor convertase could cleave a synthetic peptide '€Sidues upstream of the tetrapeptide internalization signal
spanning thex-secretase cleavage site in APP, the kinetics ASN-Pro-Thr-Tyr in the cytoplasmic domain of APP have
of this cleavage were not reported, and it was not shown been proposed as a putative sorting signal directing proteins

whether tumor necrosis factorconvertase can cleave full- directly from the TGN to endocytic compartments8),

length, membrane-bound APP. Thus, although tumor necrosisWhere processing of the mature form of APP/bgecretase

factor-a convertase appears to be involved in the regulated can tf‘hke tplza(;%l(?; 23). As ]'therte IS ?1/ idence ﬁugge;stmg[ t_hat
o-secretase cleavage of APP in nonneuronal cells, it is not3rowth a as no etiect on the recyciing ot proteins

possible to conclude as yet whether tumor necrosis factor- from the endosomes to the cell surfa&)( SAPES could

convertase directly cleaves APP and, thus, that there are twobe secreted from the cells by this route, thus accounting for

separater-secretases, one being responsible for the regulatedthe presence of SAPHN the medium of cells grown at 20

cleavage and the other for the constitutive cleavage of APP,Of'a-{hz%?gset;]\/eamrrlqgﬁtrgv;tgr'?nngligéoxvvgse:gheer:t%t; fcgzl:?as
or whether tumor necrosis factareonvertase is acting either . ’ O .
directly or indirectly on a separate-secretase, which is having been cleaved hfj-secretase would indicate that this
responsible for both the constitutive and regulated cIeavageg(gﬁ?slir,?ffa r|1$t E\?\ﬁ&n%no?tgrgﬁTsGetlrg?aIEepaar\tc?r?m.inT?r:?e rgﬁglé_ls
of APP. In support of this latter hypothesis, we have shown b 9

that tumor necrosis factar-convertase displays a different pl(;’:\tzr:tli(;”regg;ﬂg;nf:lljglmfiihg, sgi)r.etgr p -sa(?[ﬁ\rs;asge% 6:2 it
inhibitor profile to both a-secretase and the angiotensin P Y y P Y

. . ._reaches the cell surface whexesecretase acts, there must
converting enzyme secretase and is unable to cleave angio;

tensin-converting enzymeat§). Thus, althoughu-secretase be additional, as yet unidentified, control mechanisms in
i g Y L 9 : place under normal physiological conditions to ensure that
exhibits a number of properties in common with tumor

necrosis factor: convertase and has the characteristics of APP is processed primarily by the nonamyloidogenic path-

an adamalvsin metalloproteinase. it is likelv to be distinct V&Y to produce the neuroprotective sAR fuller under-
ysl tafloprotel A ISt standing of the mechanisms whereby APP is directed into
from tumor necrosis factos- convertase itself.

the nonamyloidogenic rather than the amyloidogenic pro-

To reside at the cell surface;secretase is almost certainly  cessing pathway may provide new therapeutic targets for
trafficked through the secretory pathway. The lack of Alzheimer's disease.
intracellular sAPB. shows thati-secretase does not cleave
APP on route to the cell surface. This therefore raises the ACKNOWLEDGMENT
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