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ABSTRACT: Cholesterol has been claimed to be involved in the generation and/or accumulation of amyloid
S protein (A3). However, the underlying molecular mechanisms have not been fully elucidated yet. Here,
we have investigated the effect of membrane cholesterol conteptsaaretase activity using Chinese
hamster ovary cells stably expressjfigmyloid precursor protein (APP) and either wild-type or N141lI
mutant-type presenilin 2. Cholesterol was acutely depleted from the isolated membrane by/Anethyl-
cyclodextrin, and & production was assessed in a cell-free assay system. Reduced cholesterol did not
significantly alter the amounts of Aproduced by either total cell membranes or cholesterol-rich low-
density membrane domains. Even its extremely low levels in the latter domains did not @ffeaidAiction.

This indicates that the membrane cholesterol content does not directly modulate the acjiviigonétase.

To ascertain that-secretase resides in cholesterol-rich membrane domains, low-density membrane domains
were further fractionated with B&Z(biotinylatedd-toxin nicked with subtilisin Carlsberg protease), which

has recently been shown to bind selectively to rafts of intact cells. The membrane domains purified with
BC6 did indeed produce A These observations indicate that theleavage required for generatingg A
occurs in rafts, but its activity is virtually cholesterol-independent.

Amyloid 3-protein (A8)! is the major component of senile  (y-cleavage) and also at the cytoplasmic membrane boundary
plaques observed in the brains of patients affected by (e-cleavage), concomitantly producing3ff ~4 kDa and
Alzheimer's disease (AD) and in those from many cogni- v-CTF of ~6 kDa (mainly CTF56-99), respectively Z—
tively normal, aged individuals. A is generated through 4). The former is eventually secreted into the extracellular
sequential cleavages from8-amyloid precursor protein  space, and the latter appears to move to the nuc®usite

(APP), a type | membrane proteifi-Secretase j-site y-secretase is presumed to be a high-molecular-weight
amyloid precursor protein-cleaving enzyme; BACE) cleaves multiprotein complex that consists of presenilin (PS) 1 or 2
first at the amino terminus of A(1), generatings-carboxyl- and other components, and at least four components are

terminal fragment of APPA-CTF). This, in turn, is cleaved ~ known for now to be required for the enzymatic activiéy{
by y-secretase in the middle of its transmembrane domain 8). However, there is another pathway, in which APP is
cleaved bya-secretase in the middle of thefAegion to
FThi " ed i b vin-aid for Scientif generatea-cleaved CTF ¢-CTF), thereby precluding the
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! Abbreviations: 48, amyloid3-protein; AD, Alzheimer's disease; ~ lence of AD. Some recent studies have claimed that
APP, g-amyloid precursor protein; BACEj-site amyloid precursor  gdministration of statins reduces the incidence of AD and

protein-cleaving enzyme; B biotinylated 6-toxin nicked with ; A ; ; ; i
subtilisin Carlsberg protease; BSA, bovine serum albumin; CHAPS, mild cognitive impairment §). In vitro experiments with

3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic ~ acid; cultured cells showed that reducing cholesterol by admin-
CHAPSO, 3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxy-1-pro- istration of statin and/or methyl-cyclodextrin (M3CD)

panesulfonate; CHO, Chinese hamster ovary; CSF, cerebrospinal fluid; gyecreased the levels of intracellular and secret@d ¥—

CTF, carboxyl-terminal fragment; EGTA, ethylene glycol pBis( S . .
aminoethyl etherN,N,N',N'-tetraacetic acid; LDM, low-density mem- 12). Further, in vivo, simvastatin reduces the levels ¢f A

brane; MBCD, methylg-cyclodextrin; MES, 24-morpholino)ethane-  in both the brain and cerebrospinal fluid (CSER). Since
sulfonic acid; MT, mutant-type; NTF, amino-terminal fragment; PBS, o-CTF is increased and-CTF is reduced by cholesterol-

phosphate-buffered saline; Pipes, piperadiig-bis(2-ethanesulfonic ; ; ;
acid); PS, presenilin; SDS, sodium dodecyl sulfate; Tris/tricine, tris- reducing agents, the fAlowering effects of statins and

(hydroxymethyl)aminomethariétris(hydroxymethyl)methylglycine; WT, MBCD are considered to be due to the combination of
wild-type. enhanced-cleavage and decreasedleavage. But this does
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not exclude the possibility that cholesterol depletion might homogenizer. The homogenates were centrifuged ag 800
have an additional effect op-cleavage. This is possible for 10 min to remove nuclei and cell debris. The resulting
becausey-secretase is believed to be situated deep in the postnuclear supernatants were centrifuged at 1096801
membrane, and an alteration in the cholesterol content ofh. The pellets were suspended in buffer A and centrifuged
the membrane may have an effect on its conformation andagain. The resulting membrane pellets were suspended in
thereby affect its enzymatic activity. One example is sonic buffer B [buffer A containing a cocktail of protease inhibitors
hedgehog, the autoprocessing of which is inhibited by (5 mM 1,10-phenanthroline, 1 mM thiorphan, 0.1 mM
cholesterol deprivationl@). diisopropyl fluorophosphate, 0.1 mM phenylmethyl sulfonyl
We sought to isolate the effect of membrane cholesterol fluoride, 5ug/mL N*-p-tosyl--lysine chloromethyl ketone,
on y-secretase by depleting cholesterol directly from the 1 xg/mL antipain, and Jg/mL leupeptin)] to give a final
fractionated membrane. Our results shown here clearly protein concentration of 2.5 mg/mL and were storeet 80
demonstrate that a reduction in membrane cholesterol does'C until use.
not suppresy-secretase activity. We initially thought that Isolation of Detergent-Insoluble LDM Domainsn LDM
the total cell membrane might interfere via unknown mech- fraction was obtained as describd®) with some modifica-
anisms with cholesterol extraction from particular membrane tions. Cells were homogenized 5 volumes of 10%
domains that contaip-secretase. To exclude the possibility, sucrose in MES-buffered saline (25 mM MES, pH 6.5, and
we prepared a CHAPSO-insoluble low-density membrane 150 mM NaCl) containing 1% CHAPSO and various
(LDM) fraction that was able to producefAEven in these protease inhibitors. The homogenate was adjusted to 40%
LDM domains, cholesterol depletion had no effects on the sucrose by addition of an equal volume of 70% sucrose in

production of AS. Furthermore, to confirm that A is MES-buffered saline, placed at the bottom of a ultracentri-
produced in rafts, cholesterol-rich membrane domains werefuge tube, and overlaid with 4 mL of 35% sucrose and 4
purified from the LDM fraction by use of biotinylate#toxin mL of 5% sucrose in MES-buffered saline. The discontinuous

nicked with subtilisin Carlsberg protease (BCwhich has ~ gradient was centrifuged at 39 000 rpm for 20 h &C4on
recently been shown to bind selectively to raftgh( and an SW 41 Ti rotor (Beckman, Palo Alto, CA). An interface
assessed for A production. The purified cholesterol-rich ~ at 5/35% sucrose (fraction 2), each layer containing 5%, 35%,
microdomains demonstratedsecretase activity, indicating  0r 40% sucrose (fractions 1, 3, and 4, respectively), and the

that A3 production can take place in rafts. pellet (fraction P) were carefully collected. An aliquot from
each fraction was subjected to Western blotting. Fraction 2
EXPERIMENTAL PROCEDURES was centrifuged again after dilution with MES-buffered

. ) saline. The resultant pellet was washed twice with buffer A,
Cells. Chinese hamster ovary (CHO) cell lines stably yesyspended in buffer B to give a final protein concentration

coexpressing wild-type (WT) human APP751 and WT 4f 1 mg/mL, and subjected to the cell-freg8 Aroduction
human PS2, N141l mutant-type (MT) human PS2, WT aqqqy.

human PS1, or M233T MT human PS1 (termed here WT  cpolesterol DepletionThe total membrane and LDM
PS2, MT PS2, WT PS1, or MT PS1 cells, respectivel) ( fractions were incubated with various concentrations of
were used. Cell culture was maintained in Dulbecco’s methyl-cyclodextrin (M3CD: Sigma, St. Louis, MO) at 4
modified Eagle’s medium supplemented with 10% fetal oc for yp to 1 h tadeplete cholesterol. The reaction mixtures
bovine serum, 25@g/mL Zeocin, and 20g,g/mL G418. were centrifuged at 1000§Cfor 1 h. The amounts of free
Antibodies.The monoclonal antibodies againsBAised  cholesterol in the pellet were determined using the Deter-
here were 6E10 (raised againg8®-17, for assessing total  minor L FC kit (Kyowa, Tokyo, Japan). Those of phospho-
Ap; Signet Laboratories, Dedham, MA), BA27 (raised lipids were quantified by the phospholipid C-test WAKO
against A81—-40, specific for A340), and BCO5 (raised kit (Wako, Osaka, Japan), which assesses the levels of
against A835—43, specific for A842). The specificity of the  phosphatidylcholine and sphingomyelin according to the
latter two antibodies was described in detail previous).( phospholipase D and cholineoxidase method.
UT421 (raised against the 20-residue carboxyl-terminal  Cell-Free A8 Production Assay.Membrane fractions
cytoplasmic domain of APP; a gift of Dr. T. Suzuki, suspended in buffer B were incubated af@7or the various
Hokkaido University) was used for the detection of APP and times indicated. In some experiments, membrane fractions
APP-CTFs 17). C4 (raised against the 30-residue cytoplas- were preincubated in the presence ff or y-secretase
mic domain of APP) was used for immunoprecipitation of inhibitor on ice for 15 min, with the final concentrations of
APP y-CTF. Presenilin-2 (raised against residues-3235 dimethyl sulfoxide (DMSO, solvent for the inhibitor) being
of human PS2; Oncogene, Cambridge, MA) or 2972N (raised kept at 1%, and then incubated at 3C. The sample
against residues-175 of human PS2)1@) was utilized for  including 1% DMSO alone was used as a control. The
the detection of PS2-CTF or -NTF, respectively. The reaction was terminated by placing the sample tube on ice
monoclonal antibodies against caveolin, flotillin, and calnexin and immediately adding chloroform/methanol (2:1). After
were purchased from Transduction (Lexington, KY). extraction of lipids with chloroform/methanol, the protein
Membrane PreparatiorA total membrane fraction for the  residues were extracted with formic acid and subjected to
cell-free A3 production assay was prepared as described quantitative Western blotting for /A
previously (5). Briefly, cultured cells were washed twice Western Blotting and QuantificatioRor Western blotting,
with ice-cold phosphate-buffered saline (PBS), scraped into the proteins separated on an SB®lyacrylamide gel were
PBS, and collected by centrifugation. The pellets were transferred onto a polyvinylidenedifluoride (PVDF) mem-
homogenized in buffer A (20 mM Pipes, pH 7.0, 140 mM brane (Immobilon; Nihon Millipore Ltd, Yonezawa, Japan).
KCI, 0.25 M sucrose, 5 mM EGTA) with a glass/Teflon The bound antibodies were detected by enhanced chemilu-
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minescence (ECL) (Amersham Pharmacia Biotech, Buck- of the reaction mixture is far from the optimal pH for
inghamshire, U.K.). For the detection offAand APP-CTF, pB-secretaself), and its activity may have been completely
the proteins were separated on a 16.5% Tris/tricine gel andinhibited. In either case, this suggests that the production
transferred to a nitrocellulose membrane (pore size @22 and supply of3-CTF are not increased during incubation in
Schleicher & Schuell, Keene, NH), as described previously this assay system. Regardingsecretase activity, it should
(20). The blotted membrane was immersed in boiling PBS be inhibited by EGTA and phenanthroline, both of which
for 5 min to enhance immunoreactivity, followed by labeling are included in this cell-free system, becaassecretase is
with the antibodies to & or APP. The blots were developed a metalloprotease. We chose CHO cells stably coexpressing
by an ECL system, and the signals were detected on a LAS-WT APP 751 and WT or N1411 MT PS2 (termed WT PS2
1000plus luminescent image analyzer (Fuji Film, Tokyo, or MT PS2 cells, respectively) that are well characterized in
Japan). Scanned images were quantified férby use of this laboratory. Both cell lines produce and secrete large
Image Gauge software (Fuji Film) with defined amounts of amounts of 4. While WT PS2 cells produce mostly340,

synthetic A31—40 or 1-42 as a control. MT PS2 cells produce predominantlyA2. Thus, altered
BCH-Affinity Purification of Cholesterol-Rich Domains. ~7-Cleavage at the A40 or A342 site can be readily monitored
BCO was prepared as described previougl§)( The LDM by use of a pair of these cell lines.

fraction (fraction 2) obtained by sucrose density gradient ~The total membrane fraction was prepared from WT or
centrifugation was spun, and the resultant pellet was washedMT PS2 cells and treated with methgieyclodextrin

twice and suspended in PBS containing 2 mM EGTA and (MBCD). Unlike other cholesterol-binding reagents3®D
various protease inhibitors to give a final protein concentra- is strictly surface-acting: it is incorporated into the membrane
tion of 0.5 mg/mL. Added to the suspensions wereugfd  and selectively depletes membrane cholestezd). (Cho-

mL BC6 in PBS containing 0.1% bovine serum albumin lesterol content of the membrane decreased as the concentra-

(BSA) or PBS containing 0.1% BSA alone as a control, and tions of MBCD increased (Figure 1A, left). When the
the suspensions were then incubated atCifor 1 h. membrane from WT PS2 cells was treated with 30 mM
Following addition of streptavidin-coated magnetic beads MBCD, the levels of free cholesterol were reduced-0%,
(Dynal, Oslo, Norway), the samples were further incubated Whereas the levels of phospholipid were unaltered, as
overnight at 4°C with gentle agitation. The beads were reported previously 25 (Figure 1A, right). MT PS2
recovered by a magnet (Dyna|), washed twice, and then membranes showed very similar alterations in the |Ip|d profile
resuspended in the SDS sample buffer for Western blotting by the same treatment (data not shown).
or in PBS containing 2 mM EGTA and protease inhibitors ~ To examine whether cholesterol depletion affects the
for the cell-free A8 production assay. On the Western blots, membrane level of5-CTF, an immediate substrate for
BC6 was localized by using peroxidase-conjugated strepta- y-secretase, the membrane fractions treated wiicblwere
vidin (Boehringer Mannheim, GmbH, Germany) or afiti- ~ centrifuged. The resultant pellet and supernatant were
toxin antibody £2). It should be noted that BOwas eluted ~ assessed fqg#-CTF. We found tha-CTF was not released
from the streptavidin beads only with formic acid but not from the membrane by-40% cholesterol reduction (data
with the SDS sample buffer. For some experiments, the LDM hot shown). The membranes treated with various concentra-
fraction was treated with PICD and centrifuged at 100090  tions of MBCD were incubated at 37C and assessed for
for 30 min before B®-affinity purification. Ap production. Without this treatment, the production of
Other MethodsProtein concentrations were determined Aﬁ4Q and 4342 proceeded linearly until 20 min, as described
with the bicinchoninic acid (BCA) protein assay reagent Previously (9) (data not shown). In the ronembrane prepared
(Pierce, Rockford, IL) in the presence of 1% S[FSSecre- from WT PS.2 cells, /&40 composed-70% of the total &
tase inhibitors, GL189 and APfRsecretase inhibitor, were ~ Produced (Figure 1B,C). On the other hand, the membrane
purchased from Calbiochem (San Diego, CA). Specific Prepared from N141I MT PS2 produceg@42 predominantly

y-secretase inhibitors, L-685,458 and DFK-167, were pur- and marginal levels of B40. Cholesterol depletion with

chased from Calbiochem and Enzyme Systems ProducteV1BCD did not alter significgntly either the amounts of total
(Livermore, CA), respectively. Ap production (assessed with 6E10) by the membranes from

WT and MT PS2 cells or the proportions ofsA0/A342

RESULTS produced (Figure 1B,C). Very similar results were obtained
with the membranes from WT and MT PS1 cells (data not
Effects of Cholesterol Depletion gnSecretase Actity shown). These results indicate that the cholesterol content
in the Total Cell Membranel'o determine whether-secre- of the total cell membrane does not affgesecretase activity.

tase activity depends on the cholesterol content of the Effects of Cholesterol Depletion gnSecretase Actity
membrane, cholesterol was depleted from the total cell of LDM DomainsOne of the sites for & generation within
membrane preparations (see Experimental Procedures), anthe cell is assumed to be LDM domains, the cholesterol-
y-secretase activity of the membranes was assessed by thenriched membrane microdomains, which are known as rafts
cell-free A8 production assay. In this assay systenfi A (26). To investigate the effect of cholesterol depletion on
production depends exclusively grsecretase and preexist- the well-defined membrane domains, LDM domains were
ing 5-CTF. Specificy-secretase inhibitors, DFK-167 and prepared from the cells and assessed/fsecretase activity.
L-685,458, at appropriate concentrations profoundly sup- Because Triton X-100 inactivatessecretase (although it is
pressed the production ofAin this cell-free system1(). most commonly used for purification of LDM domains)-
The addition of specifig-secretase (BACE) inhibitors did  (27), we tried several detergents, including 1% CHAPSO,
not suppress A production, suggesting that the activity of 1% CHAPS, and 1% Lubrol, and also sodium carbonate. Of
[-secretase is undetectable in this syst@B).(The pH (7.0) these, 1% CHAPSO was the most efficient for both purifica-
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Ficure 1: Cholesterol depletion has no effects on ghgecretase activity of the total cell membrane. The membrane fractions were prepared
from CHO cells stably expressing APP and either WT or MT PS2 and were treated with rAethgledextrin (M3CD) at 4°C for 60 min.

The treated membranes were incubated at@7or another 20 min for determination off4production. (A) Levels of cholesterol in the

total membranes were reduced by treatment with 10 and 30 nfi@Mat 4°C for 60 min and to a small extent by incubation at°&

for 20 min (left panel), but levels of phospholipid remain unaltered (right panel). With 30 n#@D) the membrane cholesterol content
decreased-40%. (B) Western blots of cell-free generated.ACholesterol depletion by up t840% had no effects on/Ageneration by

the membranes from WT PS2 (left panel) or MT PS2 cells (right
species was affected. The bands of faster mobilities (most discerni

panel). Neither the total amoufitrairAhe proportion of each /A
ble in the bottom panels) likely represent amino-terminally tfyyncated A

because they are not labeled by 6E10. Synthefid 20 pg) was loaded on the rightmost lane as an authentic control. (C) Quantification
by Western blotting of generated3AThe level of each A is expressed in picograms (28 of protein was loaded per lane). Solid, shaded,
and open columns represent nontreatment, 10 mM, and 30 nfDvtreatment, respectively. Bars indicate SEV= 3).

tion of LDM domains and maintenance of thehsecretase
activity. With sodium carbonate, many membrane-spanning
proteins derived from endoplasmic reticulum (ER) were
found in the LDM fraction.

By use of sucrose density gradient centrifugation in the
presence of 1% CHAPSO, flotillin and caveolin, well-known
LDM markers, floated up and were exclusively localized in
fraction 2 at the interface of 5/35% sucrose (Figure 2A).
Calnexin, an ER marker, was mostly localized to the
CHAPSO-solubilized membrane fraction (fraction 4). Most
of the CTF and NTF of PS2 and a fraction of APP and
B-CTF, all essential components of thesecretase complex,
were recovered in fraction 2 (Figure 2A and data not shown).
Profiles for protein distribution after density gradient frac-
tionation were very similar between WT and MT PS2 cells.
The levels of free cholesterol and phospholipid per milligram
of protein in fraction 2 were 2.7- and 2.1-fold higher than
in the total cell membrane, respectively (Figure 2B). The
ratio of free cholesterol/phospholipid (phosphatidylcholine
and sphingomyelin) was also higher in fraction 2 (molar ratio

0.98) than that in the total cell membrane (molar ratio 0.74).
Furthermore, Triton X-100-insoluble LDM fraction prepared
from CHO cells showed a similar cholesterol/phospholipid
ratio when assessed by phosphorus determination (data not
shown), and this ratio corresponds to that obtained by another
group @8). Taken together, our results indicate that the
protocol used here produces cholesterol-enriched membrane
fraction. Fraction 2 from both WT and MT PS2 cells
exhibited similar levels of cholesterol enrichment.

We next characterized the-secretase activity of LDM
domains in the cell-free system. On incubation, the LDM
fraction (fraction 2) produced /& which was inhibited by
specific y-secretase inhibitors, DFK 167 at 1QfM or
L-685,458 at 600 nM (Figure 2C). This indicates that A
generation by the LDM fraction is dependentjpisecretase.

As expected, the LDM fraction exhibited higheisecretase
activity per milligram of protein than the total cell mem-
branes from both WT and MT PS2 cells. The production of
both A340 and A342 proceeded linearly until 10 min (data
not shown). Therefore, we used a reaction mixture with a
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Ficure 2: Isolation of LDM domains by sucrose density gradient centrifugation. (A) CHO cells stably expressing APP and WT (left panel)
or MT PS2 (right panel) were homogenized in MBS containing 1% CHAPSO and were subjected to sucrose density gradient (5/35/40%
sucrose discontinuous gradient) centrifugation. Equivalent aliquots from each were subjected to Western blotting, and probed with specific
antibodies to cellular organelles. Fraction 2 from the 5/35% interface represents LDM domains and is characterized by the presence of
flotillin and caveolin. It should be noted that small to substantial proportions of PS2-CTF and-AHF (labeled with UT421; arrow) and

B-CTF (labeled with 6E10; arrow) floated to the same interface. 6E10 (raised ag#ibstlX) labels two bands, which are also labeled

with UT421 (raised against the 20-residue carboxyl-terminal cytoplasmic domain of APP). On the basis of the mobility of an authentic
control, it is assumed that the lower band labeled with 6EI®@&TF and the upper band is a longer fragment that extended beyond the
amino-terminus of-CTF (see Figure 3B). (B) Levels of cholesterol (left panel) and phospholipid (right panel) in the total membrane (solid
columns) and LDM domains (open columns; fraction 2). Their levels do not differ significantly between the two stable transfectants.
Fraction 2 is rich in cholesterol and phospholipid. Bars indicate SEM ). (C) y-Secretase activity in LDM fraction and the effect of
y-secretase inhibitors. After preincubation on ice for 15 min, LDM fraction (fraction 2) was incubated®@tf8¥ indicated times in the
presence or absence of a specjfisecretase inhibitor, DFK 167 at 1@ or L-685,458 at 600 nM, and subjected to Western blotting

with 6E10. Synthetic £ (20 pg) was loaded on the rightmost lane as an authentic control. The LDM fraction exhibjisoAuction,

which is inhibited by DFK 167 or L-685,458.

lower protein concentration (1 mg/mL) for thggAvroduction was the predominant species produced by the LDM fraction
assay and quantified thegfamount produced after a 10 min  from MT PS2 cells (Figure 3C,D).

incubation. The proportions of #0/A342 produced in the To deplete cholesterol, the LDM fraction was treated with
LDM fraction were very similar to those in the total cell MpSCD at 4°C for 60 min and then subjected to the cell-
membranes: B40 amounted to~70% of the total &8 free A3 production assay. Treatment with 50 mMgRID

produced by the LDM fraction from WT PS2 cells, and4® decreased the level of cholesterol in the LDM fractie®0%,
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Ficure 3: No effects of cholesterol depletion on thesecretase activity of LDM domains. The LDM fraction from each cell line was
treated with MBCD at 4°C for 60 min to deplete cholesterol and was incubated &tG¥or another 10 min for cell-free Ageneration.

(A) With 50 mM MpBCD, the cholesterol levels in the LDM fraction decrease0% (left panel), while the phospholipid levels remained
unaltered (right panel). (B) No effects of MD treatment are discernible on the partitionE€TF. LDM fractions (T), treated with or
without 50 mM MBCD, were centrifuged and the resulting membrane pellet (P) and the remaining supernatant (S) were subjected to
Western blotting with 6E10. Cell lysates prepared from CHO cells overexpre8<iig- (C99) of APP were loaded in the rightmost lane

as a positive control fgf-CTF. 5-CTF (indicated by arrowhead) was found exclusively in the pellet but not in the supernatant. (C) Western
blots for cell-free generated/A No effects of cholesterol depletion on the generation gfake discernible in either WT or MT PS2
cell-derived LDM domains. Synthetic/A(10 pg) was loaded on the rightmost lane as an authentic control. (D) Quantification by Western
blotting for generated total Aand A340/42. The level of each Ais expressed in picograms (124§ of protein was loaded per lane).
Solid and open columns represent untreated ap€Btreated membranes, respectively. Bars indicate SEM ().
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while the levels of phospholipid were unaltered (Figure 3A). extremely low levels o-secretase activity. After treatment
LDM fractions treated with 50 mM MCD were centrifuged,  with 50 mM MBCD at 4°C for 60 min, the LDM fraction
and both the resulting membrane pellet and the remainingwas pelleted, resuspended in buffer B, and treated similarly
supernatant were subjected to Western blot{fh@.TF was once again. This treatment decreased the level of cholesterol
found exclusively in the pellet, the amount of which was in the LDM fraction by~90% (Figure 4A). However, such
equivalent to the original amount found in the total reaction profound cholesterol reduction affected significantly neither
mixture (Figure 3B). Cholesterol reduction withA@D by the amounts of total A produced by the LDM fraction nor
~60% did not affect significantly either the amounts of total the proportions of £40/A342 produced (Figure 4B,C).
Ap produced by the LDM fraction or the proportions of Because it has recently been reported thatecretase
ApBAOIAB42 produced (Figure 3C,D). These results were activity is present in rafts29), the effect of BACE inhibitors
obtained for LDM fractions from both WT and MT PS2 cells. (GL189 and APR5-secretase inhibitor) on the cell-fregsA
Similar results were obtained with theA@D-treated LDM production was again evaluated. As observed for the total
fraction from WT and MT PS1 cells (data not shown). cell membranes, A production by the LDM fraction was
Although certain contents of cholesterol in the membrane unaffected by these inhibitors (data not shown). As men-
are required to maintain integrity of living cells, membrane tioned above, it is also possible that the pH of the reaction
cholesterol was further depleted to examine the effect of its mixture may inhibit completely the activity gi-secretase.
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Ficure 4: Extremely low cholesterol levels have no effectsyesecretase activity in the LDM domains. Following treatment with 50 mM
MpBCD at 4°C for 60 min, the LDM fraction was centrifuged. The resulting pellet was resuspended in buffer B and treated again with 50
mM MpSCD at 4°C for 60 min to further deplete cholesterol. Thus-treated LDM fraction was incubated & 8% another 10 min for
assessing cell-free fAgeneration. (A) Twice successive treatments with@D decreased the cholesterol levels in the LDM fraction by
~90%. (B) Western blots for cell-free generatefl. Rrofound cholesterol reduction did not affect significantly the amountgiajéverated

by either WT or MT PS2 cell-derived LDM domains. (C) Quantification by Western blotting for generated {ptahd A540/42. The

level of each A8 is expressed in picograms (1248 of protein was loaded per lane). Solid and open columns represent untreated and
MpCD-treated membranes, respectively. Bars indicate SEM @).

Thus, the amounts of produce@Ahould accurately reflect  caveolin, was recovered by streptavidin beads (Figure 5B),
y-secretase activity alone. These observations indicate thaindicating that B@ did not bind any more to CD-treated
cholesterol depletion in LDM domains has no effects on LDM domains as shown previousl§4). This also validates

y-secretase activity. that BGY binds selectively to the cholesterol-rich membrane
Cholesterol-Rich Microdomains Purified by BGHave domains.
y-Secretase Actity. To confirm that AG is produced in the PS2-CTF and PS2-NTF were found mostly in the®®C

cholesterol-rich membrane domains, such microdomainspound fraction (Figure 5A)a-CTE andg-CTF were also
were further purified from the LDM fraction by use of BC  recovered mostly in the B&bound fraction (Figure 5C, 0
and examined fop-secretase activity. Perfringolysin @-( mjin). In contrast, most of the-CTF was found in the
toxin), a bacterial cytolysin produced I§fostridium per-  ynbound fraction. Regarding/# approximately 60% was
fringens binds specifically to cholesterol in the membrane, fgund in the B®@-bound fraction and-40% remained to be
depending on the cholesterol contenB0)( and forms  in the unbound fraction (Figure 5C, lower left panel, 0 min).
porelike structures, leading to cytolytic effec&i(32). Like  \ve next assessedsecretase activity of the BEbound or
¢-toxin, BCO, a protease-nicked and biotinylated derivative ynpound fraction in the cell-free system. EachéBi@und

of G-tOXin, retains the ab|l|ty to bind to membrane choles- or unbound fraction was incubated at 37 for 30 min and
terol; however, it lacks pore-forming activity and is therefore ag5sessed for A production. The B@8-bound fraction did

a powerful probe for intact cell2(, 33). Accordingly, B& indeed produce A andy-CTF (Figure 5C,D). The propor-
has been shown to bind selectively to rafts of intact cells tjons of A340/A842 produced were similar to those in the
(14), and has been used to visualize the distribution of rafts | pp fraction (data not shown). In contrast34roduction
on the plasma membran8%-39). was undetectable in the Bunbound fraction [Figure 5C-

~ The LDM fraction prepared from WT PS2 cells was (lower left panel),D]. To confirm that A& production in the
incubated with B®. BCH-bound cholesterol-rich micro-  Bcg-bound fraction is due tp-secretase, the effects of two
domains were collected by use of streptavidin-coated mag-specific y-secretase inhibitors (DFK 167 and L-685,458)
netic beads. Most of the proteins in the LDM fraction were ere examined. Each inhibitor, DFK 167 at 198 and
recovered on B@-bound beads (data not shown). Raft | _gg85 458 at 600 nM, inhibited A production by the B@-

markers such as flotillin and caveolin were found mostly in phound fraction (Figure 5E). These data indicate that the

(Figure 5A). Other raft residents including3@3 subunit of

heterotrimeric G protein), src, and fyn were also recovered DISCUSSION

exclusively in the B@-bound fraction (unpublished data). Cholesterol depletion in the membrane disrupts r&6 (
When LDM domains were treated with 50 mMA@D prior 37), and at the same time reduce$ production of the living
to BCo-affinity purification, only BG, but not flotillin and cells (10—12). Thus, it is possible that cholesterol is involved
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Ficure 5: Cholesterol-rich domains were further purified from the LDM fraction of the WT PS2 cell homogenate by use# anBC
assessed for-secretase activity. (A) The LDM fraction (T, total) was incubated with or withoufl Bhich binds exclusively to cholesterol-
rich domains, and was separated intofBiibund (B) and unbound fractions (UB). B@vas labeled with peroxidase-conjugated streptavidin.
The majority of flotillin and caveolin, raft markers, in the LDM fraction were recovered in the bound fraction in the presencé.of BC
PS2-CTF and PS2-NTF were also found mostly in thegB©und fraction. (B) Prior to the incubation with BCthe LDM fraction was
treated with 50 mM MCD to deplete cholesterol. When treated, flotillin and caveolin remained in tieBBound fraction, and only
BC6 was recovered by streptavidin beads, indicating that cholesterol-rich domains are disrupted by the treatment. (C) FollBwing BC
fractionation, each fraction was assessed/fsecretase activity. Each fraction was incubated &C3for 30 min for cell-free 4 generation.
The BM-bound fraction generateddfandy-CTF. An authentig-CTF (CTF50-99) was prepared as follows; Membrane fraction prepared
from CHO cells stably expressing human APP751 was incubated &C3fbor 30 min. y-CTF produced (mostly CTF5699) was
immunoprecipitated with C4 and confirmed by mass spectrometric analysis. (D) Quantification by Western blotfihgrofidced by the
BC6O-bound and unbound fractions. The level gf & expressed in picograms (6.25 of protein was loaded per lane for total, and the
corresponding amount of each fraction was loaded per lane for bound and unbound fractions). Solid and open columns re@resent BC
treated and untreated reaction mixtures, respectively. Bars indicate SEN8). (E) A3 production in the B@-bound fraction depends on
y-secretase. B&bound fraction was preincubated with DFK 167 at 100, L-685,458 at 600 nM, or DMSO (control) on ice for 15 min
and subjected to incubation at 3C for 10 min for cell-free 4 generation. Synthetic A (50 pg) was loaded on the rightmost lane as an
authentic control. A production is inhibited by either DFK 167 or L-685,458.

in the formation of an appropriate raft environment fg8 A explained by retarded protein sorting caused by retention of
production rather than in modulation of the enzymatic cholesterol in endosomal/lysosomal compartments. Similarly,
activity. In the cholesterol-rich rigid membrane environment, y-secretase accumulates in Rab7-positive vesicular organelles
they-secretase complex appdCTF could cluster and interact  and produces a larger amount off Awhich is retained by
freely with each other. In other words, the effects of the organelles39). Thus, from a functional point of view,
cholesterol-reducing reagents orp Ayeneration by living domain sorting and subcellular compartmentalization of
cells may result from aberrant protein and/or membrane cholesterol, or even the distribution of the membrane lipid,
trafficking rather than direct modulation of-secretase  may be more important rather than cellular bulk levels of
activity. In fact, various biological activities appear to be cholesterol.

regulated by membrane lipids including cholesterol. For  Consistently with our results, Wahrle et allQf also
example, treatment of cells with U18666A, a cholesterol observed thaty-secretase activity is present in the low
transport-interfering agent, cause8 accumulation in Rab7-  buoyant density cholesterol-rich membrane fraction. In
positive late endosomes3g 39). This effect may be  contrastto our results, however, they reported that the activity
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was cholesterol-dependent. An explanation for the discrep-y-secretase is located in rafts at the cell surface and could
ancy between the two results is not presently clear. A notableexplain several observations indicating thatleavage must
difference is that they treated the cells withyesecretase  occur at the cell surface. This is consistent with the
inhibitor prior to harvest. Using the parent APP-transfected observation by Kaether et al4€) that PS1 is targeted as a
CHO cells, two of the present authors (H.M. and Y.l.) biologically active complex with mature nicastrin to the
initially made an observation suggesting that the cellular plasma membrane of living cells.

cholesterol levels can modulaecleavage of APP. When In addition to APP, several other type 1 membrane proteins
the cells were treated with 25-hydroxycholesterol, which have been reported to be cleaved within their transmembrane
reduces the levels of cholesterol and elevates those ofdomains byy-secretase. These include Notetv), ErbB4
sphingomyelin, the levels of intracellularpsignificantly (48), E-cadherin49), low-density lipoprotein receptor-related
decreased, while those gFCTF increased. This ultimate  protein (LRP) 60), CD44 61), Nectin-I (52), and Deltal
effectis very similar to that of a poteptsecretase inhibitor.  and JaggedZ@). There are many observations that suggest
However, we found no suppression ofiproduction by that for these substratescleavage takes place in the plasma
membranes isolated from 25-hydroxycholesterol-treated cells.membrane. The Notch receptor undergoes proteolytic pro-
Thus, these data raise the possibility that the treatment of incessing in the ectodomain within the trans-Golgi network
vitro cultured cells with a certain inhibitor prior to cellular by a furin-like protease 54), and it forms a mature
fractionation may perturb additional cellular (especially lipid) heterodimeric receptor that accumulates on the cell surface
parameters to compensate for aberrant metabolism, and as &5). Its ligand binding on the cell surface triggers further
result thus-prepared membranes may not necessarily represequential proteolytic processing in the extracellular jux-
sent the membrane under normal metabolic conditions. Intamembrane region by tumor necrosis faatsconverting
other words, the-secretase activity would be modulated or enzyme (TACE) %6, 57), and subsequently, the membrane-
influenced by many factors that may be involved mostly in tethered derivative is cleaved within the membrane by
membrane integrity. y-secretase. Thus it is reasonable to assume that through
Here, we used B@, which binds selectively to rafts of  ligand binding Notch is cleaved hysecretase on the plasma
living cells, to purify rafts from the LDM fraction further. ~membrane. In stable celtell adhesion, the E-cadheriis-
The BO-purified membrane domains demonstragesecre- catenin complex in the cadherin-based adherens junctions
tase activity. The involvement of rafts ingeneration has ~ (CAJ) is anchored to the actin cytoskelton wieatenin £8).
recently been reported by Ehehalt et 29)( They showed PS1 forms a complex with components of CAJ at the cell
that antibody cross-linking induces copatching of APP and surface in Madir-Darby canine kidney (MDCK) cells50).
p-secretase (BACE1L) and increases the productionbinA y-Cleavage of E-cadherin, stimulated by apoptosis or calcium
a cholesterol-dependent manner. Inhibition of endocytosis influx, promotes dissociation of the CAJ components from
reduces the generation off3A but this is overcome by the cytoskeleton and their release into the soluble cytosol
artificial raft clustering via antibody cross-linking. On the (48). Thus, itis likely thaty-cleavage of E-cadherin occurs
basis of these observations, they concluded first that APPat the plasma membrane. CD44 is mainly localized to
and -secretase are located in distinct rafts and second, filopodia of the plasma membrane and is normally colocal-
following endocytosis, that these distinct rafts merge to ized with a small amount of PSB@). The 120-tetrade-
promotep-cleavage and produce a greater amourf-6fTF. canoylphorbol 13-acetate (TPA) treatment promotes the
Currently we do not know whether the endocytosis that intramembranous cleavage of CD44, which leads to redis-
combines Separate rafts together also enhaﬂ{(ﬂeavage_ tribution of PS1 to the ruf‘fling areas of the plasma membrane.
Our experience in the cell-free syste®3) suggests that Thus, the present observation provides a firm basis for the
y-cleavage may not proceed efficiently in endosomes becauseassumption thag-cleavage occurs at the plasma membrane.
of their acidic environment. Thus, during recycling of Together, the evidence shows that rafts are very unusual
endosomes that is associated with production3«ETF, sites, where all the important mechanisms of AD converge
y-cleavage may occur at the surface of the membrane, andhat is, essential components off Aproduction, 5-CTF,
the resulting & may be coupled with secretory machinery BACEL, and y-secretase, and presumably the necessary
and released into the extracellular space. environment for A& aggregation, cholesterol, and GM1

Subcellular fractionation showed repeatedly thatecre- ganglioside. Thus, the function of rafts during aging and AD
tase activity or active presenilin complex cofractionates with Warrants focus upon in future research.
Golgi markers 41, 42), thus suggesting that the Golgi ACKNOWLEDGMENT
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