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Alzheimer disease �-amyloid (A�) peptides are generated
via sequential proteolysis of amyloid precursor protein (APP)
by BACE1 and �-secretase. A subset of BACE1 localizes to
cholesterol-rich membrane microdomains, termed lipid
rafts. BACE1 processing in raft microdomains of cultured
cells and neurons was characterized in previous studies by
disrupting the integrity of lipid rafts by cholesterol depletion.
These studies found either inhibition or elevation of A� pro-
duction depending on the extent of cholesterol depletion,
generating controversy. The intricate interplay between cho-
lesterol levels, APP trafficking, and BACE1 processing is not
clearly understood because cholesterol depletion has pleio-
tropic effects on Golgi morphology, vesicular trafficking, and
membrane bulk fluidity. In this study, we used an alternate
strategy to explore the function of BACE1 in membrane
microdomains without altering the cellular cholesterol level.
We demonstrate that BACE1 undergoes S-palmitoylation at
four Cys residues at the junction of transmembrane and cyto-
solic domains, and Ala substitution at these four residues is
sufficient to displace BACE1 from lipid rafts. Analysis of wild
type and mutant BACE1 expressed in BACE1 null fibroblasts
and neuroblastoma cells revealed that S-palmitoylation nei-
ther contributes to protein stability nor subcellular localiza-
tion of BACE1. Surprisingly, non-raft localization of palmi-
toylation-deficient BACE1 did not have discernible influence
on BACE1 processing of APP or secretion of A�. These
results indicate that post-translational S-palmitoylation of
BACE1 is not required for APP processing, and that BACE1

can efficiently cleave APP in both raft and non-raft
microdomains.

Alzheimer disease-associated �-amyloid (A�)3 peptides are
derived from the sequential proteolysis of �-amyloid precursor
protein (APP) by �- and �-secretases. The major �-secretase is
an aspartyl protease, termed BACE1 (�-site APP-cleaving
enzyme 1) (1–4). BACE1 cleaves APP within the extracellular
domain of APP, generating the N terminus of A�. In addition,
BACE1 also cleaves to a lesser extent within the A� domain
between Tyr10 and Glu11 (��-cleavage site). Processing of APP
at these sites results in the shedding/secretion of the large
ectodomain (sAPP�) and generating membrane-tethered
C-terminal fragments �1 and �11 (�-CTF) (5). The multim-
eric �-secretase cleaves at multiple sites within the transmem-
brane domain of �-CTF, generating C-terminal heterogeneous
A�peptides (ranging in length between 38 and 43 residues) that
are secreted, as well as cytosolic APP intracellular domains (6).
In addition to BACE1, APP can be cleaved by �-secretase
within the A� domain between Lys16 and Leu17, releasing
sAPP� and generating �-CTF. �-Secretase cleavage of �-CTF
generates N-terminal truncated A�, termed p3.
Genetic ablation of BACE1 completely abolishes A� produc-

tion, establishing BACE1 as the major neuronal enzyme
responsible for initiating amyloidogenic processing of APP (4,
7). Interestingly, both the expression and activity of BACE1 is
specifically elevated in neurons adjacent to senile plaques in
brains of individuals with Alzheimer disease (8). In the past few
years additional substrates of BACE1 have been identified that
includeAPP homologues APLP1 andAPLP2 (9), P-selectin gly-
coprotein ligand-1 (10), �-galactoside �2,6-sialyltransferase

* This work was supported, in whole or in part, by National Institutes of Health
Grants AG021495 and AG019070 (to G. T.). This work was also supported by
Alzheimer’s Association Grants IIRG (to G. T.) and NIRG (to K. S. V.), Cana-
dian Institutes of Health Research Grant MOP 44363 (to N. G. S.), and an
American Federation for Aging Research Fellowship (to X. M.). The costs of
publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1 and S2 and additional data.

1 Both authors contributed equally to this study.
2 To whom correspondence should be addressed: Knapp R212, 924 E. 57th

St., Chicago, IL 60637. Tel.: 773-834-3752; Fax: 773-834-3808; E-mail:
gopal@uchicago.edu.

3 The abbreviations used are: A�, �-amyloid; APP, amyloid precursor pro-
tein; BACE1, �-site APP cleaving enzyme 1; CTF, C-terminal fragment;
DHHC, Asp-His-His-Cys; DRM, detergent-resistant membrane; ELISA,
enzyme-linked immunosorbent assay; FL, full-length; GPI, glyco-
sylphosphatidylinositol; mAb, monoclonal antibody; MEF, mouse
embryonic fibroblasts; PAT, protein acyltransferase; PLAP, placental
alkaline phosphatase; PS, presenilin(s); WT, wild-type; IRES, internal
ribosome entry site; TGN, trans-Golgi network; 3C/A, C478A/C482A/
C485A; 4C/A, C474A/C478A/C482A/C485A.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 6, pp. 3793–3803, February 6, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

FEBRUARY 6, 2009 • VOLUME 284 • NUMBER 6 JOURNAL OF BIOLOGICAL CHEMISTRY 3793

http://www.jbc.org/cgi/content/full/M808920200/DC1


(11), low-density lipoprotein receptor-related protein (12),
�-subunits of voltage-gated sodium channels (13), and neu-
regulin-1 (14, 15), thus extending the physiological function of
BACE1 beyond Alzheimer disease pathogenesis.
BACE1 is a type I transmembrane protein with a long extra-

cellular domain harboring a catalytic domain and a short cyto-
plasmic tail. BACE1 is synthesized as a proenzyme, which
undergoes post-translational modifications that include
removal of a pro-domain by a furin-like protease, N-glycosyla-
tion, phosphorylation, S-palmitoylation, and acetylation, dur-
ing the transit in the secretory pathway (16–20). In non-neuro-
nal cells themajority of BACE1 localizes to late Golgi/TGN and
endosomes at steady-state and a fraction of BACE1 also cycles
between the cell surface and endosomes (21). The steady-state
localization of BACE1 is consistentwith the acidic pHoptimum
of BACE1 in vitro, and BACE1 cleavage of APP is observed in
the Golgi apparatus, TGN, and endosomes (22–25). BACE1
endocytosis and recycling are mediated by the GGA family of
adaptors binding to a dileucinemotif (496DISLL) in its cytoplas-
mic tail (21, 26–31). Phosphorylation at Ser498within thismotif
modulates GGA-dependent retrograde transport of BACE1
from endosomes to TGN (21, 26–31).
Over the years, a functional relationship between cellular

cholesterol level and A� production has been uncovered, rais-
ing the intriguing possibility that cholesterol levels may deter-
mine the balance between amyloidogenic and non-amyloido-
genic processing of APP (32–34). Furthermore, several lines of
evidence from in vitro and in vivo studies indicate that choles-
terol- and sphingolipid-rich membrane microdomains, termed
lipid rafts, might be the critical link between cholesterol levels
and amyloidogenic processing of APP. Lipid rafts function in
the trafficking of proteins in the secretory and endocytic path-
ways in epithelial cells andneurons, andparticipate in a number
of important biological functions (35). BACE1 undergoes
S-palmitoylation (19), a reversible post-translational modifica-
tion responsible for targeting a variety of peripheral and inte-
gral membrane proteins to lipid rafts (36). Indeed, a significant
fraction of BACE1 is localized in lipid raft microdomains in a
cholesterol-dependent manner, and addition of glycosylphos-
phatidylinositol (GPI) anchor to target BACE1 exclusively to
lipid rafts increases APP processing at the �-cleavage site (37,
38). Antibody-mediated co-patching of cell surface APP and
BACE1 has provided further evidence for BACE1 processing of
APP in raftmicrodomains (33, 39). Components of the �-secre-
tase complex also associate with detergent-resistantmembrane
(DRM) fractions enriched in raft markers such as caveolin, flo-
tillin, PrP, and ganglioside GM1 (40). The above findings sug-
gest a model whereby APP is sequentially processed by BACE1
and �-secretase in lipid rafts.

Despite the accumulating evidence, cleavage of APP by
BACE1 in non-raft membrane regions cannot be unambigu-
ously ruled out because of the paucity of full-length APP (APP
FL) and BACE1 in DRM isolated from adult brain and cultured
cells (41). Moreover, it was recently reported that moderate
reduction of cholesterol (�25%) displaces BACE1 from raft
domains, and increases BACE1 processing by promoting the
membrane proximity of BACE1 and APP in non-raft domains
(34). Nevertheless, this study also found that BACE1 processing

of APP is inhibited with further loss of cholesterol (�35%),
consistent with earlier studies (32, 33). Nevertheless, given the
pleiotropic effects of cholesterol depletion onmembrane prop-
erties and vesicular trafficking of secretory and endocytic pro-
teins (42–47), unequivocal conclusions regardingBACE1proc-
essing of APP in lipid rafts cannot be reached based on
cholesterol depletion studies.
In this study, we explored the function of BACE1 in lipid raft

microdomainswithoutmanipulating cellular cholesterol levels.
In addition to the previously reported S-palmitoylation sites
(Cys478/Cys482/Cys485) within the cytosolic tail of BACE1 (19),
we have identified a fourth site (Cys474) within the transmem-
brane domain of BACE1 that undergoes S-palmitoylation. A
BACE1 mutant with Ala substitution of all four Cys residues
(BACE1-4C/A) fails to associate with DRM in cultured cells,
but is not otherwise different from wtBACE1 in terms of pro-
tein stability, maturation, or subcellular localization. Surpris-
ingly, APP processing and A� generation were unaffected in
cells stably expressing the BACE1-4C/A mutant. Finally, we
observed an increase in the levels of APP CTFs in detergent-
soluble fractions of BACE1-4C/A as compared with wtBACE1
cells. Thus, our data collectively indicate a non-obligatory role
of S-palmitoylation and lipid raft localization of BACE1 in amy-
loidogenic processing of APP.

EXPERIMENTAL PROCEDURES

cDNA Constructs—Plasmids encoding C-terminal FLAG-
tagged wtBACE1 and 3C/A (C478A/C482A/C485A) (19) and
hemagglutinin-tagged Asp-His-His-Cys (DHHC)-rich protein
acyltransferases (PATs) have been described (48). A plasmid
containing placental alkaline phosphatase (PLAP) cDNA was
obtained fromATCC (cloneMGC-5096). BACE1-3C/A cDNA
was used as the template to generate BACE1-4C/A (C474A/
C478A/C482A/C485A) by PCRmutagenesis, and the amplified
segment was verified by sequencing. BACE1-GPI cDNA was
constructed by overlap PCR by replacing the transmembrane
and C-terminal sequences of BACE1 with the GPI anchor
domain from PLAP. For retroviral expression, the cDNAs were
subcloned into retroviral vector, pMXpuro (provided by Dr.
Toshio Kitamura, University of Tokyo, Japan) or pLHCX
(Clonetech). To construct a retroviral vector for low-level
transgene expression (pMXpuroIRES), we cloned the internal
ribosome entry site (IRES) from pIRES (Clontech) downstream
of the puromycin resistance cassette in pMX vector. BACE1
cDNAs were then subcloned downstream of the IRES.
Retroviral Infections and Generation of Stable Cell Lines—

BACE1�/� mouse embryonic fibroblasts (MEF) have been pre-
viously described (49). N2a cells stably expressing c-Myc
epitope-tagged wtAPP (N2a 695.13) and APPSwe (N2a Swe.10)
have been described previously (24). The Plat-E retroviral pack-
aging cell line was kindly provided by Dr. Toshio Kitamura
(University of Tokyo, Japan). Retroviral infections were per-
formed as described previously (50). Briefly, retroviral superna-
tants collected 48 h after transfection of Plat-E cells with
expression vectors were used to infect BACE1�/� MEF or N2a
cells in the presence of 10 �g/ml Polybrene. Stably transduced
pools of MEF, N2a 695.13, or Swe.10 cells were selected in the
presence of 4 �g/ml puromycin or hygromycin (400 �g/ml).
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Antibodies—BACE1 was detected using rabbit polyclonal
antibodies anti-BACE1 (residues 46–163 (4)) and 7523 (resi-
dues 46–60 (16)) (provided by Dr. Christian Haass, Ludwig-
Maximilians-University, Munich), or monoclonal antibody
(mAb) BACE1-Cat1 (residues 46–460 (8)) and anti-FLAGM2
(Sigma). Rabbit polyclonal antiserum CTM1was raised against
a synthetic peptide corresponding to the C-terminal 15 amino
acids of APP followed by the c-Myc epitope (MEQKLI-
SEEDLN). Rabbit polyclonal PS1NT antiserum (residues 1–65)
has been described (51). Both mAb 26D6 (52) and B436 (53)
(epitopes within residues 1–12 of A�) react with the NH2-ter-
minal region of A� and also recognize sAPP�; mAb B113 is
selective for A�40 (53). The following mAbs were purchased
from commercial sources: GM130, syntaxin 6, flotillin-2,
�-adaptin, EEA1 (BD Biosciences), anti-hemagglutinin (clone
16B12) and 4G8 (Covance), and mAb 5228 (Chemicon).
Lipid Raft Fractionation—Lipid rafts were isolated from0.5%

Lubrol WX (Lubrol 17A17; Serva) lysates of cultured cells by
discontinuous flotation density gradients as described previ-
ously (40, 41). For the analysis of cell surface rafts, subconfluent
cultures were surface biotinylated with NHS S-S biotin (Pierce)
as described previously (24) and then subjected to lipid raft
fractionation. Cell surface-biotinylated proteins in gradient
fractions were captured with streptavidin beads (Pierce) and
analyzed by immunoblotting. For quantifications, optimal
exposures of Western blots were analyzed by standard densi-
tometry, and a transmission calibration step tablet (Stouffer
Industries, Inc.) was used to convert raw optical densities to
relative fold-differences in signal intensity using Metamorph
software (Molecular Devices).
Protein Analyses—Metabolic and pulse-chase labeling using

[35S]Met/Cys were performed essentially as described (24, 53).
To assess the stability of BACE1, parallel dishes were pulse-
labeled for 30 min with 250 �Ci/ml [35S]Met/Cys (MP Bio-
medicals) and chased for various time points. BACE1 was
immunoprecipitated from cell lysates using anti-BACE1 anti-
body. For analysis of APP, cells were pulse-labeled for 15min or
continuously labeled for 3 h. Full-length APP and APP CTFs
were immunoprecipitated from cell lysates using CTM1 anti-
body. A� and p3 fragments were immunoprecipitated from the
conditioned medium using mAb 4G8. �-CTFs (starting at �1
residue of A�) were identified by probing the blots with mAb
26D6.
A�, sAPP�, and sAPP� Measurements—Conditioned media

were collected 48 h after plating the cells and the levels of
secreted A� and sAPP� were quantified by ELISA as described
previously (53). A�1–40, A�x-40, and A�1-x were measured
using specific sandwich ELISAs. A� peptides were captured
using mAb B113 for A�1–40 and A�x-40 ELISA, and mAb
B436 for A�1-x ELISA. Bound peptides were detected using
alkaline phosphatase-conjugated mAb B436 for A�1–40
ELISA or biotinylated mAb 4G8 in combination with the
streptavidin-alkaline phosphatase complex for A�x-40 and
A�1-x ELISA. Alkaline phosphatase activity was measured
using CSPD-Sapphire II Luminescence Substrate (Applied Bio-
systems) and relative luminescence unit values were measured
using a standard 96-well luminometer. Each sample was
assayed in duplicate using appropriate dilution of the condi-

tioned media so that the relative luminescent units were in the
linear range of the standards included on each plate. Synthetic
A�40 peptide (Bachem) was diluted in culture medium to gen-
erate standard curve (ranging from 1 to 1000 pg/well). sAPP�
was quantified by sandwich ELISA using mAb 5228 for capture
and mAb B436 for detection, and quantified using a standard
curve prepared using affinity-purified sAPP� as described (53).
sAPP� was quantified using a commercial s�APP wild-type
ELISA kit andMeso Scale Sector Imager 6000 (Meso Scale Dis-
covery, Gaithersburg, MD) for detection following the manu-
facturer’s recommended protocol. Captured sAPP� was quan-
tified by comparing the signals of the samples to a standard
curve included on each plate prepared using recombinant
sAPP� in complete medium.
Analysis of BACE1 Palmitoylation—COS7 cells were

cotransfected with BACE1 and DHHC plasmids using Lipo-
fectamine 2000 (Invitrogen) and labeled 48 h after transfection.
Stable pools of BACE1�/� MEF and N2a cells were grown to
subconfluence prior to labeling. Cells were preincubated for 1 h
in Dulbecco’s modified Eagle’s medium supplemented with 1
mg/ml fatty acid-free bovine serum albumin (Sigma) and
labeled for 4 h with 0.5mCi/ml [10,11-3H]palmitic acid (Amer-
ican Radiolabeled Chemicals) diluted in the preincubation
medium. Cells were scrapped in lysis buffer (150 mM NaCl, 50
mM Tris-HCl, pH 7.4, 0.5% Nonidet P-40, 0.5% sodium deoxy-
cholate, 5 mM EDTA, 0.25% SDS, 0.25 mM phenylmethylsulfo-
nyl fluoride, Roche Protease Inhibitor Mixture 1X), and soni-
cated for 30 s on ice. Aliquots of lysates (adjusted to
trichloroacetic acid precipitable radioactivity) were incubated
overnight with 2 �l of anti-FLAGM2 antibody to immunopre-
cipitate BACE1. Immunoprecipitates were fractionated by
SDS-PAGE, transferred to polyvinylidene difluoridemembrane
(Bio-Rad), and [3H]palmitic acid-labeled BACE1 was detected
by PhosphorImager analysis (GE Healthcare). The membranes
were subsequently subject to Western blotting with FLAGM2
antibody (1:20,000) to reveal total immunoprecipitatedBACE1.
To compare the relative efficiencies of BACE1 palmitoylation
by each DHHC, the ratio between [3H]palmitic acid-labeled
BACE1 and immunoblot BACE1 signal intensities were quan-
tified using Image J software.
Immunofluorescence Microscopy—Cells cultured on poly-L-

lysine-coated coverslips were fixed using 4% paraformalde-
hyde. Polyclonal BACE1 antiserum 7523 and mAb against
�-adaptin or transferrin receptor were diluted in phosphate-
buffered saline containing 3% bovine serum albumin and 0.2%
Tween 20, and incubated with fixed cells at room temperature
for 2 h. Images were acquired on a Zeiss confocal microscope
(Pascal) using �100 1.45 NA Plan-Apochromat oil objective.
Images were processed using Metamorph software (Molecular
Devices).

RESULTS

BACE1 Is S-Palmitoylated at 4 Cysteine Residues—Previ-
ously it was reported that BACE1 is S-palmitoylated at three
Cys residues (Cys478, Cys482, andCys485) within its cytosolic tail
(Fig. 1A) (19). In stably transduced BACE1�/� MEF, overex-
pressed wtBACE1 can be readily labeled with [3H]palmitic acid
(Fig. 1B). As described previously, labeling was significantly
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reduced, but still clearly detectable, in MEF stably expressing a
BACE1 mutant (BACE1-3C/A) harboring Cys to Ala substitu-
tions at the three Cys residues previously identified as the sites
of S-palmitoylation (Fig. 1B). This suggested that additional
site(s) in BACE1 might be S-palmitoylated. To test whether
Cys474 located within the putative transmembrane domain is a
target site for S-palmitoylation, we introduced Cys to Ala sub-
stitutions at this position. Stable MEF pools expressing com-
bined substitution of all the fourCys residueswithAla (BACE1-
4C/A) completely abolished S-palmitoylation of BACE1 when
stably expressed in BACE1�/� MEF (Fig. 1B). These results
were confirmed by stably expressing thewtBACE1 andBACE1-
4C/A mutant in neuronal (N2a) cells. These results indicate
that BACE1 is palmitoylated at four Cys residues located in the
cytoplasmic membrane boundary.
S-Palmitoylation Is Not Required for Stability of BACE1—

Post-translational S-palmitoylation is known to function as a
regulatory mechanism, which inmany cases confers stability to
the target protein (reviewed in Ref. 54). Examples include

�-secretase subunits nicastrin and
APH-1, sortilin, cationic-independ-
ent mannose 6-phosphate receptor,
chemokine receptor CCR5, human
A1 adenosine receptor, and Rous
sarcoma virus transmembrane pro-
tein (54–56). Therefore, we per-
formed pulse-chase experiments
using [35S]Met/Cys labeling to test
the stability of nascent wtBACE1
and palmitoylation-deficient BACE1
mutant. Parallel dishes of N2a cells
stably expressing either wtBACE1
or BACE1-4C/A were pulse-labeled
for 30 min and chased for varying
lengths of time in the presence of
cycloheximide. At the end of the
chase period, the cell lysates were
prepared and analyzed by immu-
noprecipitation with anti-BACE1
antibodies. In agreement with pre-
vious findings (16), maturation of
wtBACE1 into a complex glycosy-
lated protein with markedly
reduced migration on SDS gels was
evident at 2 h of chase. Mature
wtBACE1 was relatively stable up to
8 h of chase (Fig. 1C). Maturation
and stability of BACE1-4C/A were
indistinguishable from that of
wtBACE1. These results indicate
that S-palmitoylation is not re-
quired for the stability of BACE1.
Characterization of BACE1 S-

Palmitoylation by DHHC Family
of Protein Acyltransferases—A
family of 23 integral membrane
PAT, which share a characteristic
DHHC-cysteine-rich domain, me-

diate protein palmitoylation in human (48). Co-expression of
individual PATs with the substrate protein to screen for PAT
that increase incorporation of radiolabeled palmitate is the
method of choice to identify a cognate enzyme-substrate pair.
This pioneering approach was established first for the identifi-
cation of PATs that specifically enhanced palmitoylation of
neuronal scaffold protein PSD-95 (48). Using this approach, we
sought to identify the PATs that increased palmitate incorpo-
ration into BACE1. We co-transfected COS7 cells individually
with each of the 23 DHHC cDNAs and wtBACE1, and exam-
ined S-palmitoylation of BACE1 by [3H]palmitic acid labeling
and immunoprecipitation (Fig. 1D). In this experiment, we also
usedBACE1-4C/Aas an internal negative control for the lack of
[3H]palmitic acid labeling of BACE1. Transfection of BACE1 in
COS7 cells allowed us to detect both immature and mature
(complex glycosylated) BACE1 (Fig. 1D).We found that several
DHHCPATs increased [3H]palmitate labeling of BACE1, espe-
cially the immature form. Quantification of [3H]palmitate
incorporation relative to signal intensity of immunoblots

FIGURE 1. S-Palmitoylation of BACE1. A, the structure of BACE1. The predicted transmembrane domain is
shaded and S-palmitoylated Cys residues are marked in wtBACE1. 3C/A and 4C/A represent BACE1 with 3 or 4
Ala substitutions. B, stable pools of BACE1�/� MEF or N2a cells harboring empty vector or indicated BACE1
cDNA were labeled with [3H]palmitic acid for 4 h and cell lysates were analyzed by immunoprecipitation with
FLAG mAb. After exposure to PhosphorImager screens, the membranes were immunoblotted with FLAG mAb.
C, N2a cells stably expressing wtBACE1 and 4C/A cells were pulse-labeled with [35S]Met/Cys for 30 min, and
chased for the indicated period of time in the presence of cycloheximide. BACE1 was immunoprecipitated from
lysates at each time point and analyzed by SDS-PAGE and phosphorimaging. D, COS7 cells were cotransfected
with wtBACE1 and each of the DHHC PATs and labeled with [3H]palmitic acid. BACE1 was then immunopre-
cipitated from cell lysates and analyzed by phosphorimaging (top panel) or immunoblotting (middle panel).
The expression of DHHC PATs in the corresponding samples is shown in the lower panel. The normalized ratio
of [3H]palmitic acid to immunoblot signal is indicated as DHHC-induced fold-change in the efficiency of BACE1
palmitoylation. DHHC3, 4, 7, 15, and 20 significantly increased immature BACE1 palmitoylation.
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revealed that co-expression of DHHC 3, 4, 7, 15, and 20
enhanced immature BACE1 palmitoylation by 1.4–1.7-fold
(Fig. 1D). S-Palmitoylation of immature, core glycosylated
BACE1 in transiently transfected COS7 cells indicates that nas-
cent BACE1 can undergo S-palmitoylation in the endoplasmic
reticulum or during early secretory trafficking through the
Golgi apparatus.
S-Palmitoylation Does Not Affect the Subcellular Localiza-

tion of BACE1—BACE1 undergoes complex post-translational
modifications that are particularly important in defining its
subcellular organelle destination and steady-state distribution.
For example, reversible acetylation in the luminal domain of
BACE1 regulates its stability as well as exit from the ER (20, 57).
Moreover, phosphorylation regulates the fate of BACE1 endo-
cytosed from the cell surface; whereas phosphorylated BACE1
is transported from the endosomes to the TGN, non-phospho-
rylated BACE1 is directly recycled to the cell surface (18, 29).
Therefore we sought to investigate the importance of palmitoy-
lation on subcellular localization of BACE1. To this end, we
performed immunofluorescence microscopy analysis of
wtBACE1 and BACE1-4C/A. The polyclonal antibody 7523 did
not show any background staining in BACE1�/� MEF trans-
duced with an empty retroviral vector. In agreement with pre-
vious reports (16, 58), analysis of BACE1�/� MEF stably
expressing wtBACE1 revealed predominant co-localization of
wtBACE1 with �-adaptin and transferrin receptor, which are
markers of the TGN and endosomes, respectively (Fig. 2,A and
B). Similar to wtBACE1, the BACE1-4C/A mutant also mainly
localized to the TGN and endosomes.
The studies described above did not reveal any difference in

TGN and endosome localization of wtBACE1 and BACE1-
4C/A mutant suggesting that lack of S-palmitoylation did not
affect the steady-state distribution of BACE1 in intracellular
organelles. Next, we performed cell surface biotinylation stud-
ies to determinewhether S-palmitoylation regulates the steady-
state levels of BACE1 at the cell surface. In control N2a cells,
following surface biotinylation �5% of endogenous BACE1
bound to streptavidin beads, indicating that only a very small
fraction of BACE1 is present at the cell surface at steady-state.
Similar to endogenous BACE1, �6% (WT, 6.24 � 0.93, versus
4C/A, 6.82 � 1.17) of stably overexpressed wtBACE1 and
BACE1-4C/A was found to reside at the cell surface (Fig. 2B).
Reprobing the same blots showed that �70% of CD147, a cell
surface-localized type I transmembrane protein is isolated by
this method in these experiments (Fig. 2C). Together, these
results indicate that S-palmitoylation of BACE1 does not regu-
late intracellular or cell surface distribution of BACE1.
S-Palmitoylation Is Required for Association of BACE1 with

Lipid Raft Membranes—S-Palmitoylation is an essential signal
for lipid raft association of several soluble and integral mem-
brane proteins (59). However, not all palmitoylated proteins are
targeted to lipid rafts. Therefore, we were interested to deter-
mine the role of S-palmitoylation in lipid raft targeting of
BACE1. Lipid rafts are biochemically defined as detergent-re-
sistant membrane microdomains that resist extraction with
detergents such as Triton X-100 and Lubrol at 4 °C (60).
Although DRM isolated by biochemical fractionation differ in
some characteristics frompre-existing lipid raft domains in live

cell membranes, DRM fractionation remains as the standard
method to identify raft-targeting signals (36). In previous stud-
ies we characterized lipid raft association of �-secretase as well
as APPCTFs in cultured cells andmouse brain by fractionation
of membranes solubilized in Lubrol WX (40, 41). We used the
same strategy to assess DRM association of wtBACE1, BACE1-
3C/A, and BACE1-4C/A. Membrane rafts from stably trans-
duced BACE1�/� MEF pools were prepared on the basis of
detergent insolubility and low buoyant density on sucrose den-
sity gradients, essentially as described (40). Fractions enriched

FIGURE 2. S-Palmitoylation of BACE1 does not affect the subcellular dis-
tribution of BACE1. A and B, confocal microscopy analysis of subcellular
localization of BACE1. BACE1�/� MEF pools stably expressing wtBACE1 or
BACE1-4C/A were co-stained with anti-BACE1 7523 antibody and the TGN
marker �-adaptin (panel A) or the recycling endosome marker transferrin
receptor (TfR) (panel B). Note the absence of BACE1 staining in the vector-
transfected BACE1�/� MEF. Scale bar represents 10 �m. C, analysis of cell
surface BACE1. Subconfluent dishes of cells were surface biotinylated and the
levels of cell surface BACE1 were examined by streptavidin capture of biotin-
ylated proteins followed by immunoblotting. The blots were reprobed with
antibodies against CD147, a cell surface protein. Values represent mean � S.E.
of three experiments.
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in DRMswere identified by the enrichment of lipid raft marker,
flotillin-2. In agreement with previous studies (37, 41), only a
subset of wtBACE1 was recovered in gradient fractions
enriched in flotillin-2 (Fig. 3A). We found a small decrease in
the extent of DRM association of BACE1-3C/A mutant when
compared with wtBACE1. On the other hand, the BACE1-
4C/A palmitoylation-deficient mutant showed remarkable loss
of DRM association (Fig. 3A). These results were confirmed by
lipid raft fractionation of N2a neuroblastoma cells stably
expressing wtBACE1 or BACE1-4C/Amutant (Fig. 3B). Quan-
tification from three independent experiments showed that
about 25% (25.18 � 1.17) of wtBACE1 is found in fractions
enriched in lipid rafts. Consistent with the results obtained
from the BACE1�/� MEF described above, lack of S-palmitoy-
lation resulted in a 10-fold reduction in raft association of
BACE1-4C/A mutant (Fig. 3B).
Next, we examined raft and non-raft distribution of BACE1

localized at the plasmamembrane. For these studies, we surface
biotinylated stable N2a cells expressing wtBACE1 or BACE1-
4C/A prior to lipid raft fractionation. Total cell surface proteins
were isolated using streptavidin from pooled raft and non-raft
fractions. Quantification of relative distribution of wtBACE1
showed that �1% wtBACE1 expressed in N2a cells is localized
in cell surface DRMs, whereas about 6% of total wtBACE1 was
found in detergent-soluble domains at the cell surface (Fig. 3,C
andD). Analysis of cells expressing BACE1-4C/A revealed that
lack of S-palmitoylation impaired cell surface raft association of
mutant BACE1. However, as expected from surface biotinyla-
tion studies (Fig. 2B), the levels ofWT andmutant BACE1were
similar in cell surface non-raft domains (Fig. 3, C and D).
Together, these results indicate that S-palmitoylation at four
Cys residues mediates lipid raft localization of BACE1 in both
neuronal and non-neuronal cells.
S-Palmitoylation of BACE1 Is Not Required for APP

Processing—The studies described above indicate that the lack
of S-palmitoylation in BACE1 does not affect protein stability

or subcellular localization but completely displaced BACE1
from lipid raft domains. Thus, the BACE1-4C/Amutant is ideal
to ascertain the importance of lipid raft residence of BACE1 on
APP processing without pharmacological manipulation of cel-
lular cholesterol levels. To facilitate APP metabolism studies,
we first retrovirally infected a stable N2a cell line overexpress-
ing wtAPP (N2a 695.13) and generated a stable pool of cells
expressing various levels of wtBACE1 or BACE1-4C/A. Quan-
tifications from [35S]Met/Cys labeling experiments indicate
that the stable pools generated using pMX-IRES and pMX ret-
roviral vectors overexpress BACE1 at 2- or 10-fold higher than
endogenous BACE1 expression, respectively (Fig. 4A). Short
pulse labeling with [35S]Met/Cys showed that wtAPP expres-
sion is similar in the stable pools analyzed (data not shown).
Continuous labeling for 3 h showed a marked reduction in the
levels of mature APP in stable cells overexpressing wtBACE1,
indicative of efficient processing by BACE1, as observed in pre-
vious studies (61). To confirm this notion, we examined the
proteolytic products derived from BACE1 cleavage of APP, i.e.
�-APP CTFs and sAPP�. To determine the levels of �-APP
CTFs we immunoprecipitated detergent lysates prepared from
cells labeled for 3 h with [35S]Met/Cys using APP C-terminal
antibodies. Low level overexpression of wtBACE1 resulted in a
small increase in the levels of APP �-CTFs �1 and �11 CTFs,
relative to vector control cells (Fig. 4B). The increase in�-CTFs
�1 and �11 CTFs was readily apparent in cells expressing
wtBACE1 at high levels. Contrary to expectation, non-raft
localized BACE1-4C/A also efficiently proteolyzed APP, and
generated �-APP CTFs at levels comparable with that of
wtBACE1. When the cells were treated with a �-secretase
inhibitor (Compound E), we observed a marked accumulation
of APP CTFs as expected, but still found no quantitative differ-
ences in the levels of APP CTFs between cells expressing
wtBACE1 or BACE1-4C/A (Fig. 4B). To confirm the above
findings, we collected conditionedmedia and performedELISA
to quantify the levels of sAPP� and sAPP�, derived from proc-

FIGURE 3. S-Palmitoylation of BACE1 is required for DRM association. A and B, sucrose density gradient fractionation of stable BACE1�/� MEF or N2a cells.
Cells were solubilized in 0.5% Lubrol WX and subject to sucrose gradient fractionation. The gradients were harvested from the top, and the distribution of
BACE1 was determined by Western blot analysis. Fractions containing lipid raft-associated proteins were identified by the presence of raft marker flotillin-2.
Fractions 1–3 were excluded because there were no detectable signals for any of the proteins tested. In the case of N2a cells (panel B), raft (4 and 5) and non-raft
(8 –12) fractions were pooled and analyzed by Western blotting. The gels were loaded with 10% of pooled raft fractions and 4% of non-raft fractions. Signal
intensities from Western blots were quantified as described under “Experimental Procedures” and plotted. Values represent mean � S.E. of three experiments.
C, raft association of BACE1 at the cell surface. Subconfluent dishes of N2a cells were surface biotinylated and then fractionated using sucrose gradient
fractionation. Biotinylated proteins were isolated from pooled raft and non-raft fractions using streptavidin beads and analyzed by immunoblotting. Because
of the differences in relative abundance, the gels were loaded with 100 (raft) or 40% (non-raft) of material bound to streptavidin-agarose, and 10 (raft) or 4%
(non-raft) of input lysate. D, signal intensities of immunoblots were quantified and plotted.
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essing of APP by �- and �-secretase, respectively. Results
showed that the levels of sAPP� were markedly elevated with a
concomitant decrease in the levels of sAPP� in cells overex-
pressing wtBACE1 as compared with vector cells. The levels of
sAPP� and sAPP� in the media of BACE1-4C/A cells were
indistinguishable from that of wtBACE1 cells, providing direct
evidence that S-palmitoylation does not contribute to BACE1
activity in cultured cells (Fig. 4C). Collectively, these results
demonstrate that BACE1 processing of wtAPP in N2a cells was
unaffected by lack of S-palmitoylation and the resulting non-
raft localization of BACE1.
The FAD-linked “Swedish” APP variant (APPSwe) differs

considerably from wtAPP with respect to intracellular traffick-
ing itinerary and subcellular site(s) of BACE1 processing
(reviewed in Ref. 62). Therefore, we decided to analyze process-
ing of APPSwe by wtBACE1 and the BACE1-4C/A mutant. For
these studies, we generated stable N2a cells co-expressing
APPSwe and wtBACE1 or BACE1-4C/A. Similar to what we
observed in cells expressing wtAPP, stable overexpression of
BACE1 resulted in marked reduction in the levels of mature
APPSwe and a concomitant increase in the levels of�-APPCTFs
relative to APPSwe/vector control cells (Fig. 5A). Overexpres-
sion of the BACE1-4C/A mutant also yielded similar levels of
�-CTFs, further supporting our conclusion that BACE1-4C/A
mutant is capable of efficiently processing APP. Finally, to for-

mally rule out the contribution of endogenous wtBACE1, we
generated BACE1�/� MEF co-expressing APPSwe and
wtBACE1 or BACE1-4C/A. As in N2a cells, we observed a
marked reduction in mature APP and selective increase in
�-CTFs upon lowor high level expression of eitherwtBACE1or
BACE1-4C/A. �-APP CTFs originating at �1 were distin-
guished from that of �11 CTFs by selective detection of �1
CTFs using mAb antibody 26D6, which reacts with the N-ter-
minal region of A� (Fig. 5B). These results indicate that BACE1
can efficiently cleave APP irrespective of post-translational
modification by S-palmitoylation and localization in raft or
non-raft microdomains.
Raft Association of APP CTFs—The results presented above

indicate that the BACE1-4C/A mutant predominantly resides
in non-raft membrane domains and is capable of processing
APP when overexpressed in cultured cell lines. We reasoned
that if APP processing by BACE1-4C/Amutant occurs in deter-
gent-soluble membrane domains, we should be able to see
quantitative differences in raft versus non-raft residence of APP
CTFs in BACE1-4C/A cells as compared with wtBACE1 cells.
To test this notion, we performed lipid raft fractionation ofN2a
695.13 cells stably overexpressing wtBACE1 or BACE1-4C/A
mutant. Cells were pretreatedwith 10 nMCompoundE to block
�-secretase processing and cause accumulation of APP CTFs,
which facilitates their detection. As expected, we found signif-
icant differences in raft versus non-raft distribution of APP
CTFs between wtBACE1 and BACE1-4C/A cells (Fig. 6). In
wtBACE1 cells, the majority of APP CTFs were found in DRM
fractions. In the case of the BACE1-4C/A mutant, there is a
considerable shift in the distribution of APP CTFs in the gradi-
ent toward the fractions containing detergent-soluble proteins.
Quantifications revealed that in the case of wtBACE1, only 15%
of APP CTFs was present in detergent-soluble non-raft frac-
tions, whereas 44% of APP CTFs was recovered in non-raft
fractions of BACE1-4C/A cells. Reprobing of the blots with
raft-resident protein flotillin-2 and PS1 revealed no significant
differences in the DRM distribution of these proteins between
the cells (Fig. 5A). Thus, we observed a clear shift in the steady-
state localization of APP CTFs to detergent-soluble mem-

FIGURE 4. Analysis of wtAPP metabolism. A, quantitative analysis of BACE1
expression in low and high expressor pools. Stable pools of N2a 6951.3 cells
were metabolically labeled with [35S]Met/Cys for 3 h and BACE1 was immu-
noprecipitated from the cell lysate with anti-BACE1 antibody and analyzed by
phosphorimaging. B, metabolic analysis of APP CTFs. Subconfluent dishes of
N2a 6951.3 pools were treated with Me2SO (vehicle) or Compound E (10 nM)
for 16 h and metabolically labeled with [35S]Met/Cys for 3 h in the presence of
Me2SO or Compound E. APP FL and APP CTFs were immunoprecipitated from
equal amounts of total protein lysates with CTM1 antibody and analyzed by
phosphorimaging. C, ELISA quantification of sAPP� and sAPP� levels from
medium conditioned by N2a 695.13 cells stably overexpressing wtBACE1 and
4C/A mutant. Values represent mean � S.E. of three experiments.

FIGURE 5. Analysis of APPSwe metabolism. Subconfluent dishes of N2a
Swe.10 (A) or BACE1�/� APPSwe MEF (B) were lysed and equal amounts of total
proteins were analyzed by Western blotting with antibodies against BACE1
and APP. APP FL and APP CTFs were detected by antibody CTM1 (raised
against the C terminus of APP) and �-CTF were selectively detected using
mAb 26D6 (epitope 1–12 of A�).
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branes in cells expressing BACE1-4C/A, indicative of BACE1-
4C/A processing of APP in non-raft domains.
Analysis of A� Secretion in Cells Expressing S-Palmitoyla-

tion-deficient BACE1—In the experiments described above, we
note that at steady-state the majority of APP CTFs in both
wtBACE1 and BACE1-4C/A cells (85 and 56%, respectively)
were found in lipid raft fractions, suggesting that APP CTFs
may have intrinsic signals that facilitate raft recruitment, irre-
spective of the membrane microdomains where they are gen-
erated by BACE1 processing of APP FL. Because �-secretase is
also found in lipid rafts, onewould predict little or no difference
in the levels of A� generated in BACE1-4C/A cells, relative to
wtBACE1 cells. To ascertain A� production we performed
metabolic labeling with [35S]Met/Cys in N2a cells coexpressing
wtAPP and BACE1. By immunoprecipitation analysis of condi-
tioned media we observed increased A� secretion by BACE1
overexpression, but found no quantitative differences between
cells expressing wtBACE1 or BACE1-4C/A (Fig. 7A). We then
quantified the levels of A� by ELISAusing antibodies capable of
detecting A�with heterogeneous N and C termini. These stud-
ies revealed that overexpression of BACE1 significantly
increased the levels of secretedA� and that cells overexpressing
wtBACE1 and BACE1-4C/A secreted very similar levels of A�
species (Fig. 7, B–D). These results are consistent with APP FL
processing by BACE1 in raft or non-raft domains followed by
efficient processing of APP CTFs by �-secretase.

DISCUSSION

Underlying eukaryotic cellular organization and function are
the elaboratemechanisms that compartmentalizemultiple bio-
logical activities not only in distinct organelles but also in spe-
cialized membrane microdomains. Evidence from multiple

lines of investigations suggests that cholesterol-richmembrane
microdomains are involved in the proteolytic processing of
APP by transmembrane proteases BACE1 and �-secretase
(reviewed in Refs. 63 and 64)). Whereas the majority of APP
CTFs and �-secretase subunits associate with DRM (41), only a
subset of BACE1 and APP FL in cultured cells and brain are
found in DRM (34, 41). A� production in lipid rafts despite the
discordant DRM distribution of APP FL versus APP CTF and
BACE1 versus �-secretase can be explained by two possible sce-
narios: first, only the subset of raft-associated APP FL are pro-
cessed by BACE1, thus generating APP CTFs within lipid raft
microdomains, which are subsequently processed by �-secre-
tase; second, a small fraction of APP FL undergoes BACE1
cleavage regardless of raft or non-raft membranemicrodomain
localization, and the resulting APP CTFs undergo �-secretase
cleavage within raft domains (34, 64). To explore these possi-
bilities, we first characterized BACE1 S-palmitoylation at four
Cys residues and report that site-directed mutagenesis of these
Cys residues is sufficient to prevent BACE1 targeting to lipid
rafts without altering BACE1 stability, maturation, or subcellu-
lar localization. We then compared APP processing by
wtBACE1 or S-palmitoylation-deficient BACE1-4C/A mutant
expressed in BACE1�/� MEF and N2a neuroblastoma cells,
and document that theBACE1-4C/Amutant is capable of proc-
essing APP FL in non-raft domains. Moreover, we show that
APP CTFs generated by BACE1-4C/A cleavage in non-raft
domains subsequently become associated with lipid rafts and
are processed toA�. Together these results suggest that BACE1
is targeted to lipid rafts following S-palmitoylation. However,
S-palmitoylation-dependent raft localization of BACE1 is not
prerequisite for amyloidogenic processing of APP.
Cholesterol is present in both leaflets of cellular membranes

and plays an important role in stabi-
lizing liquid-ordered lipid raft
microdomains enriched in sphingo-
lipids and cholesterol. Conse-
quently, depletion of cholesterol
disrupts lipid raft integrity (65). Pre-
vious efforts in characterizing
BACE1 cleavage of APP in lipid rafts
primarily relied on cholesterol
depletion as the strategy to perturb
raft association of APP and BACE1.
The sensitivity of �-CTF and A�
production to cellular cholesterol

FIGURE 6. DRM association of APP CTFs. A, N2a 695.13 pools stably expressing wtBACE1 or BACE1-4C/A were
treated with Compound E (10 nM) for 16 h and then lipid rafts were isolated by sucrose gradient fractionation.
Raft and non-raft distribution of APP CTF was analyzed by Western blotting and the same blot was sequentially
probed with antibodies against BACE1, PS1 N-terminal fragment, and flotillin-2. B, signal intensities of APP CTFs
were quantified and plotted. Values represent mean � S.E. of three experiments.

FIGURE 7. Quantitative analysis of A� secretion. A, N2a 695.13 pools stably expressing wtBACE1 or BACE1-4C/A were metabolically labeled with [35S]Met/Cys
for 15 min or 3 h. Lysates of cells labeled for 15 min were analyzed by immunoprecipitating with CTM1 to determine APP synthesis. Secreted A� was analyzed
by immunoprecipitation of conditioned media from cells labeled for 3 h. B–D, ELISA quantification of conditioned media of stable N2a 695.13 pools was
performed using mAb B113 capture/B436 detection (A�1– 40); mAb B436 capture/4G8 detection (A�1-x); or mAb B113 capture/4G8 detection (A�x-40). Values
represent mean � S.E. of three experiments.
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depletion (with a combination of the lipophilic statin, lovasta-
tin, and the cholesterol extracting agent methyl �-cyclodex-
trin), led to the conclusion that BACE1 processing of APP
occurs within lipid rafts in cultured cells and neurons (32, 33).
However, a recent report has challenged this view and sug-
gested that membrane cholesterol levels can have a positive or
negative effect on BACE1 processing of APP, depending on the
extent of cholesterol depletion (34). Moderate loss of choles-
terol in hippocampal neurons (�25% loss) facilitated colocal-
ization of APP and BACE1 and increased A� production by
promoting BACE1 cleavage of APP. In addition to these appar-
ent discrepancies, proper interpretation of cholesterol deple-
tion studies are confounded by the pleiotropic effects of choles-
terol depletion on endocytosis, Golgi morphology, and
vesicular trafficking, as well as perturbation in lateral diffusion
of raft and non-raft proteins due to alterations in membrane
fluidity and curvature (42, 43, 45–47). For example, as choles-
terol-rich lipidmicrodomains are required for the biogenesis of
secretory vesicles from the TGN (44), it is highly likely that
secretory trafficking of APP, BACE1, and �-secretase are all
compromised in cells depleted of cholesterol. Moreover, the
commonly used cholesterol-lowering agent lovastatin is known
to have cholesterol-independent effects on APP trafficking and
processing (66, 67). Thus it is difficult to draw unambiguous
conclusions regarding BACE1 processing of APP in lipid raft
domains solely based on cholesterol depletion studies.
In this study, we investigated the significance of BACE1

processing of APP in lipid rafts without altering cellular choles-
terol levels. Protein acylation such as palmitoylation and myr-
istoylation targets a variety of cytosolic andmembrane proteins
to lipid rafts due to the high affinity of acyl chains for the
ordered lipid environment within raft domains (68). Because
BACE1 was reported to be S-palmitoylated at three Cys resi-
dues within the cytoplasmic tail, we took advantage of this raft-
targeting signal to study BACE1 processing of APP. In addition
to the previously reported sites (Cys478/Cys482/Cys485), we
identified a fourth residue (Cys474) within the transmembrane
domain of BACE1 as a site that undergoes S-palmitoylation.
Combined substitutions of the fourCys residues results in com-
plete displacement of BACE1 from raft domains. It is interest-
ing to note that the BACE1-3C/A mutant with only the single
transmembrane S-palmitoylation site still could be labeledwith
[3H]palmitic acid and continued to associate with lipid rafts
(Figs. 1 and 2). Thus, the importance of tandem S-palmitoyla-
tion in BACE1 is currently unclear. In this regard, S-palmitoy-
lation is a reversible modification mediated by a family of
DHHC PATs and acylprotein thioesterases (reviewed in Ref.
54). In transfected COS cells at least five PATs (DHHC 3, 4, 7,
15, and 20) enhanced BACE1 S-palmitoylation (Fig. 1).
Although our studies suggest that lack of S-palmitoylation did
not affect subcellular localization of BACE1 in N2a neuroblas-
toma, COS, or MEF, the functional significance of this lipid
modification in the context of neuronal trafficking is as yet
unclear. It is important to note that the presence of S-palmitate
on proteins such as �-amino-3-hydroxyl-5-methyl-4-isoxazole
propionic acid receptor subunits, PSD-95, GAP-43, Huntingtin,
SNAP-25, and synaptotagmin regulates their sorting and function
in neuronal presynaptic and post-synaptic compartments (48, 54,

69, 70). In future studies we plan to investigate whether reversible
S-palmitoylation, in combination with the unique subcellular dis-
tribution of substrate-specific PATs serves as a potential mecha-
nism to fine tune BACE1 trafficking in neurons.
Flotation gradient analysis of DRM has provided important

information over the years about the functional role of lipid
rafts in numerous biological processes, and continues to be the
most commonly used method to assess lipid raft association of
proteins (reviewed inRef. 36).However, there has been growing
concern in the use of detergent resistance criteria to draw con-
clusions about association of proteins with nanoscale sized,
short-lived, cholesterol-enriched membrane domains in intact
cells (71). Whereas it is clear that raft marker proteins such as
flotillins and caveolins readily partition into low buoyant den-
sity fractions, the main criticism of this biochemical method is
the potential for detergents to create or cause mixing of mem-
brane domains, thereby inducing the merger of proteins/lipids
localized in spatially distinct membrane domains and
organelles of intact cells. This appears not to be a problemwhen
we use LubrolWX for raft isolation. In earlier studies, we found
no evidence of mixed raft patches containing both syntaxin 6
(raft-associated t-SNARE localized in TGN/TGN vesicles) and
SNAP-23 (raft-associated t-SNARE localized at the plasma
membrane) by magnetic immunoisolation, essentially ruling
out a possible merger of detergent-resistant domains of dif-
ferent subcellular organelles during cell lysis or subsequent
raft isolation procedure (40). Moreover, the marked differ-
ence in the phase separation of BACE1-3C/A and -4C/A
mutants, which differ in just one palmitic acid modification,
further supports the usefulness of the biochemical method
to study raft association of BACE1 (Fig. 3). We also observed
clear separation of wtBACE1 (�25% raft association) and
BACE1-GPI (�90% raft association) using the DRM frac-
tionation method (not shown). Still, unequivocal demon-
stration of clustered localization of BACE1 in cholesterol-
rich microdomains will necessitate the direct imaging of
intact cells at nanoscale resolution.
Antibody-induced copatching of proteins has been previ-

ously used to define raft association of APP and BACE1 at the
plasma membrane (33, 39). When we used this method to
assess copatching of PLAP and BACE-GPI, wemade two unex-
pected observations. First, although the BACE1 and PLAP anti-
bodies could successfully label the respective protein at the cell
surface, we did not observe complete overlap between the
patches formed by BACE1 and PLAP antibodies. Second, when
analyzing % colocalization in randomly chosen cells expressing
both proteins using Metamorph software, we noted that the
extent of copatching observed between BACE1-GPI and PLAP
strongly correlated with the average fluorescence intensity of
each protein (i.e. their level of expression), indicating that the
antibody co-patching approach might not be sensitive enough
to detect subtle differences in lipid raft association of proteins
when they are overexpressed (supplementary Fig. S1). Never-
theless, using stably transfected N2a cells with moderate over-
expression of BACE1 we were able to visualize copatching of
wtBACE1with the lipid raftmarker PLAP, and a small decrease
in the extent of copatching between BACE1-4C/A and PLAP
(supplementary Fig. S2). The major weakness in applying this
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approach to study raft association of BACE1 is the paucity of
BACE1 at the cell surface. We and others have estimated using
cultured cells that only 5% of endogenous or overexpressed
BACE1 is resident at the plasmamembrane at steady-state (Fig.
2). Considering the complex mechanisms that regulate sorting
of proteins and lipids at various stages of secretory and endo-
cytic trafficking, sampling only aminor pool of BACE1by imag-
ing plasma membrane is unlikely to yield satisfactory estima-
tion of the extent to which BACE1 associates with lipid rafts in
cellular membranes.
Unlike what has been observed inmany S-palmitoylated pro-

teins such as chemokine receptor CCR5, human A1 adenosine
receptor and Rous sarcoma virus transmembrane protein
(reviewed in Ref. 54) lack of S-palmitoylation in BACE1 neither
influenced protein stability nor subcellular localization. None-
theless, WT and palmitoylation-deficient BACE1 mutants
markedly differ in the extent ofDRMassociation, enabling us to
investigate the significance of BACE1 raft localization in APP
processing. We performed detailed metabolic labeling studies
to analyze APP �-CTF levels, and quantified sAPP�, sAPP�,
and A� levels by ELISA. These studies revealed that BACE1
processing of APP is indistinguishable in cells overexpressing
wtBACE1 or BACE1-4C/A. To rule out potential protein over-
expression artifacts, we confirmed these results using cells
where BACE1 expression was only 2-fold higher than the
endogenous levels. A measurable increase in the steady-state
levels of APP CTFs in detergent-soluble fractions of BACE1-
4C/A cells as compared with that ofWT cells further strength-
ens our conclusion that palmitoylation-deficient BACE1
mutant efficiently cleaves APP in non-raft domains (Fig. 6).
Although it is clear that S-palmitoylation and lipid raft localiza-
tion of BACE1 is not obligatory for APP processing, they still
might be important for the processing of other raft-localized
BACE1 substrates such as neuregulin-1, lipoprotein receptor-
related protein, or P-selectin-1 (72). It is also interesting to note
that APP CTFs generated by BACE1-4C/A mutant are also
recovered in DRM fractions. This finding indicates that APP
CTFs may contain intrinsic signals that target them to choles-
terol-rich membrane domains. Alternatively, ectodomain
release following cleavage of APP FL by BACE1 or �-secretase
relieves certain steric hindrance that underlies the paucity of
APP FL in lipid rafts. Finally, it remains to be examinedwhether
any of the multiple adaptors including Mint1, Mint2, Mint3,
Dab1, and Fe65 that bind near the NPTY-motif in the cytosolic
tail of APP facilitates raft association.
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