
Paradoxical Condensation of Copper with Elevated �-Amyloid
in Lipid Rafts under Cellular Copper Deficiency Conditions
IMPLICATIONS FOR ALZHEIMER DISEASE*□S

Received for publication, May 11, 2009, and in revised form, June 13, 2009 Published, JBC Papers in Press, June 19, 2009, DOI 10.1074/jbc.M109.019521

Ya Hui Hung‡§, Elysia L. Robb‡, Irene Volitakis‡¶, Michael Ho¶, Genevieve Evin¶�, Qiao-Xin Li¶, Janetta G. Culvenor§¶,
Colin L. Masters¶�, Robert A. Cherny‡, and Ashley I. Bush‡¶1

From the ‡Oxidation Biology Laboratory, �The Mental Health Research Institute of Victoria, Parkville, Victoria 3052, Australia and
the §Centre for Neuroscience and ¶Department of Pathology, The University of Melbourne, Victoria 3010, Australia

Redox-active copper is implicated in the pathogenesis of
Alzheimer disease (AD), �-amyloid peptide (A�) aggregation,
and amyloid formation. A��copper complexes have been iden-
tified in AD and catalytically oxidize cholesterol and lipid to
generate H2O2 and lipid peroxides. The site and mechanism of
this abnormality is not known. Growing evidence suggests that
amyloidogenic processing of the �-amyloid precursor protein
(APP) occurs in lipid rafts, membrane microdomains enriched
in cholesterol. �- and �-secretases, and A� have been identified
in lipid rafts in cultured cells, human and rodent brains, but the
role of copper in lipid raft amyloidogenic processing is pres-
ently unknown. In this study, we found that coppermodulates
flotillin-2 association with cholesterol-rich lipid raft do-
mains, and consequently A� synthesis is attenuated via cop-
per-mediated inhibition of APP endocytosis. We also found
that total cellular copper is associated inversely with lipid raft
copper levels, so that under intracellular copper deficiency con-
ditions, A��copper complexes are more likely to form. This
explains the paradoxical hypermetallation of A� with copper
under tissue copper deficiency conditions in AD.

Imbalance ofmetal ions has been recognized as one of the key
factors in the pathogenesis of Alzheimer disease (AD).2 Aber-
rant interactions between copper or zinc with the �-amyloid
peptide (A�) released into the glutamatergic synaptic cleft
vicinity could result in the formation of toxic A� oligomers and
aggregation into plaques characteristic of AD brains (reviewed
in Ref. 1). Copper, iron, and zinc are highly concentrated in
extracellular plaques (2, 3), and yet brain tissues fromAD (4–6)
andhuman�-amyloid precursor protein (APP) transgenicmice

(7–10) are paradoxically copper deficient compared with age-
matched controls. Elevation of intracellular copper levels by
genetic, dietary, and pharmacological manipulations in both
AD transgenic animal and cell culture models is able to atten-
uate A� production (7, 9, 11–15). However, the underlying
mechanism is at present unclear.
Abnormal cholesterol metabolism is also a contributing fac-

tor in the pathogenesis of AD. Hypercholesterolemia increases
the risk of developing AD-like pathology in a transgenic mouse
model (16). Epidemiological and animal model studies show
that a hypercholesterolemic diet is associatedwithA� accumu-
lation and accelerated cognitive decline, both of which are fur-
ther aggravated by high dietary copper (17, 18). In contrast,
biochemical depletion of cholesterol using statins, inhibitors of
3-hydroxy-3-methyglutaryl coenzyme A reductase, and meth-
yl-�-cyclodextrin, a cholesterol sequestering agent, inhibit A�
production in animal and cell culture models (19–25).
Cholesterol is enriched in lipid rafts, membrane microdo-

mains implicated in A� generation from APP cleavage by �-
and �-secretases. Recruitment of BACE1 (�-secretase) into
lipid rafts increases the production of sAPP� and A� (23, 26).
The �-secretase-cleaved APP C-terminal fragment (�-CTF),
and �-secretase, a multiprotein complex composed of preseni-
lin (PS1 or PS2), nicastrin (Nct), PEN-2 and APH-1, colocalize
to lipid rafts (27). The accumulation of A� in lipid rafts isolated
fromAD and APP transgenic mice brains (28) provided further
evidence that cholesterol plays a role in APP processing andA�
generation.
Currently, copper and cholesterol have been reported to

modulate APP processing independently. However, evidence
indicates that, despite tissue copper deficiency, A��Cu2� com-
plexes form in AD that catalytically oxidize cholesterol and
lipid to generateH2O2 and lipid peroxides (e.g. hydroxynonenal
and malondialdehyde), which contribute to oxidative damage
observed inAD (29–35). The underlyingmechanism leading to
the formation of pathological A��Cu2� complexes is unknown.
In this study, we show that copper alters the structure of lipid
rafts, and attenuates A� synthesis in lipid rafts by inhibition of
APP endocytosis. We also identify a paradoxical inverse rela-
tionship between total cellular copper levels and copper distri-
bution to lipid rafts, which appear to possess a privileged pool of
copper where A� is more likely to interact with Cu2� under
copper-deficiency conditions to form A��Cu2� complexes.
These data provide a novel mechanism by which cellular cop-
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per deficiency in AD could foster an environment for poten-
tially adverse interactions between A�, copper, and cholesterol
in lipid rafts.

EXPERIMENTAL PROCEDURES

Cell Culture—SH-SY5Y human neuroblastoma cells were
cultured in RPMImedia 1640 with GLUTAMAXTM-I (Invitro-
gen) supplemented with 20% fetal calf serum. The SH-SY5Y
(swAPP695) cell line was generated by transfecting SH-SY5Y
cells with an APP cDNA containing the Swedish mutation
(swAPP695) cloned into the pIRESpuro2 vector (36). Cells were
transfected using Lipofectamine 2000 (Invitrogen), according
to themanufacturer’s instructions. Stably transfected cells were
selected and maintained using 2 �g/ml puromycin (Sigma).
Animals—All the experimental procedures involving ani-

mals were performed in accordance with guidelines established
by the animal ethics committee at the University ofMelbourne,
according to the National Health and Medical Research Coun-
cil of Australia. Four human Swedish mutant APP expressing
Tg2576 transgenic (37) and three non-transgenic littermate
brain hemispheres were harvested from 15-month-old female
mice. To minimize metal contamination of samples, all tubes
were pre-soaked in 1% HNO3 and rinsed in MilliQ water prior
to use.Micewere sacrificed by anesthetizationwith 250�l of 65
mg/ml sodium pentobarbitone (Lethabarb; Virbac) followed by
transcardial perfusion with phosphate-buffered saline (pH 7.4).
Brains were dissected and snap frozen on dry ice and stored at
�80 °C until use.
Antibodies—The following antibodies were used in this

study: anti-flotillin-2 (BDTransductionLaboratories), anti-PS1
N-terminal 20 amino acids (98/1) (38), anti-nicastrin (Sigma),
anti-A�1–16 (W0-2) (39), anti-FLAG M2 (Sigma), and anti-
Na,K-ATPase (mouse monoclonal antibody (464.6), Abcam).
Treatment of Cells with Metals—Confluent cells were prein-

cubated with 50 �g/ml cycloheximide in serum-free Hanks’
balanced salt solution (HBSS; Sigma) for 20 min. Cells were
then incubated in the presence of 50 �g/ml cycloheximide in
HBSS with copper chelators (50 �M bathocuproinedisulfonic
acid (BCS) and 50 �M D-penicillamine), CuCl2 (2 �M or 5 �M),
FeCl3 (2 �M), or ZnCl2 (2 �M) for 3 h.
Western Blot Analysis—Protein samples were separated by

SDS-PAGE using 4–12% BisTris gradient gels (Invitrogen),
using either MOPS or MES running buffer (Invitrogen). After
separation, proteinswere transferred to a 0.2-�mnitrocellulose
membrane (Bio-Rad). Blots for detection of A� were boiled for
5min in phosphate-buffered saline prior to blocking. Blotswere
blocked with Tris-buffered saline containing 0.05% Tween� 20
(Sigma) and 5% skim milk, and probed with appropriate pri-
mary antibodies diluted in the blocking buffer. For detection of
protein by chemiluminescence, appropriate secondary IgG-
horseradish peroxidase-conjugated antibodies were used. Blots
were developed using an ECLTM Western blotting detection
system (AmershamBiosciences), and visualized using the LAS-
3000 Imaging System (Fujifilm). Densitometry quantification
of immunoreactive signals was performed using MultiGauge
(version 3; Fujifilm).
Cell Surface Biotinylation Assay—Cell surface proteins were

isolated from confluent SH-SY5Y cells cultured in 75-cm2

flasks post-copper treatments using the Pierce� Cell Surface
Protein Isolation Kit according to the manufacturer’s instruc-
tions (Pierce) with somemodifications. Briefly, for post-copper
treatments, each flask of cells were labeled with 10 ml of Sulfo-
NHS-SS-Biotin/phosphate-buffered saline for 30 min. at 4 °C.
Unreacted biotinwas quenchedwith 500�l ofQuenching Solu-
tion supplied in the kit. Each flask of cells was harvested by
scraping, and processed individually. After cell lysis, total pro-
tein concentration in the cell lysate was determined by the BCA
protein assay (Pierce), and total protein of 150 �g from each
flask was incubated with 125 �l of NeutrAvidin-agarose to pre-
cipitate biotinylated surface proteins. Unbound proteins were
removed by washes in Wash Buffer supplied in the kit supple-
mented with CompleteTM EDTA-free protease inhibitor mix-
ture (Roche). Biotinylated surface proteins were eluted from
NeutrAvidin with 30 �l of 1� NuPAGE LDS sample buffer
(Invitrogen) containing 50 mM dithiothreitol, and analyzed by
Western blotting.
Isolation of Lipid Rafts—Lipid rafts were isolated from con-

fluent SH-SY5Y cells cultured in three 175-cm2 flasks and pre-
pared as described previously (27) with some modifications.
Briefly, after metal treatments as described above, cells were
resuspended in 0.5ml of lysis buffer containing 25mMTris-HCl
(pH 7.4), 150 mM NaCl, 5 mM EDTA, and 0.5% Brij-58 (Sigma)
supplemented with CompleteTM EDTA-free protease inhibitor
mixture (Roche). Cells were homogenized by passages through
a 25-gauge needle. Total protein concentration in homogenates
was determined by the BCA protein assay (Pierce), and homo-
genates containing 4mg of total protein were adjusted to a 45%
final concentration of sucrose (final volume, 1 ml). This was
layered sequentially with 35% sucrose (2 ml) and 5% sucrose (2
ml) to form a discontinuous sucrose gradient. The samples
were subjected to ultracentrifugation at 46,600 � g at 4 °C for
19 h in a Beckman SW50.1 rotor. Ten 0.5-ml fractions were
collected from the top of the gradient. For the detection of A�,
lipid rafts were isolated from SH-SY5Y (swAPP695) cells. For
�-secretase activity assay, sucrose gradient fractions, diluted
with lysis buffer, were concentrated by ultracentrifugation at
55,000 � g at 4 °C for 70 min in a Beckman TLA55 rotor.
Lipid rafts were isolated from mice brains as described previ-

ously (28)withmodifications. Briefly, brainhomogenates contain-
ing 10mg of total protein were adjusted to a 45% final concentra-
tion sucrose (final volume, 4 ml). The discontinuous sucrose
gradient was formed by sequential layering of 35% sucrose (4 ml)
and5% sucrose (4ml). The sampleswere subjected toultracentrif-
ugation at 39,000 � g at 4 °C for 19 h in a Beckman SW40 rotor.
Twelve 1-ml fractions were collected from the top of the gradient.
Equal volumes (10 �l) of sucrose gradient fraction samples were
analyzed for protein byWestern blotting.
Metal Analysis—SH-SY5Y cells andmice brain homogenates

were pre-digested overnight in 50 �l of concentrated HNO3
(Aristar Grade, BDH), followed by heating to 90 °C for 20 min.
The digested homogenate and sucrose gradient fraction sam-
ples were diluted with 1%HNO3 andmetal levels (copper, iron,
and zinc) were measured by inductively coupled plasma mass
spectrometry (Ultramass 700, Varian, Australia). The instru-
ment was calibrated using certified inductively coupled plasma
mass spectrometry standard solutions (AccuStandard) con-
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taining 0, 10, 50, and 100 ppb of all metals measured in 1%
HNO3.
Cholesterol Analysis—Cholesterol was measured using the

fluorometricAmplexRed cholesterol assay (Molecular Probes),
according to the manufacturer’s instructions. Fluorescence
was detected with excitation wavelength at 560 � 5 nm and
emission at 590 � 5 nm. Cholesterol levels in lipid raft frac-
tions were expressed as a percentage of the total cellular or
brain cholesterol.
In Vitro �-Secretase Activity Assay—In vitro �-secretase activ-

ity in sucrosegradient fractionsweredeterminedas thegeneration
of �-CTF from a recombinant APP substrate, as described previ-
ously (40). Membranes from the sucrose gradient fractions sedi-
mented by ultracentrifugation were pooled, fractions 3–5 were
designated lipid rafts and fractions 8–10, non-lipid rafts. Pooled
lipid raft andnon-lipid raftmembranepelletswere resuspended in
18 �l of buffer containing 20 mM Hepes (pH 7.0), 5 mM MgCl2, 5
mMCaCl2, 0.15MKCl, and0.5%CHAPSO.To start the reaction, 1
mMATP and phospholipids (phosphatidylcholine and phosphati-
dylethanolamine; 2.5�g/ml each)were added to the reactionmix-
ture, followedby0.3�gofpurifiedMC99–3FLAGpeptide.Assays
wereperformed inparallel in thepresenceof the�-secretase inhib-
itor, L-685,458 (1 �M; Merck). Reactions were incubated at 37 °C
for 16 h, and stopped by the addition of SDS sample buffer. Fol-
lowing Western blotting, �-CTF was detected using the anti-
FLAGM2antibody.GeneTools (version 3.07; SynGene)was used
toquantify thedensityof�-CTF immunoreactivity.Datawerenor-
malized to protein concentrations in the fraction pools. To
account for nonspecific release of �-CTF, �-secretase activity for
each sample was determined by subtracting �-CTF immunoreac-
tivity in the presence of L-685,458 from that without
immunoreactivity.
Statistical Analysis—Quantified data represent the mean �

S.E. of at least three independent experiments. Statistical anal-
yses were performed using GraphPad PrismTM Software for
Windows. For SH-SY5Y cell data, statistical significance was
determined by one-way analysis of variance with Bonferroni or
linear trend post hoc tests; and for mice brain tissue data, sta-
tistical significance was determined by t test. Significance was
defined as *, p � 0.05; **, p � 0.01; ***, p � 0.001.

RESULTS

Copper Induces Microdomain Redistribution of Flotillin-2, a
Lipid Raft Marker—Amyloidogenic processing of APP occurs
in lipid rafts (23, 26–28, 41). To investigate the effect of copper
on lipid raft APP processing, we isolated lipid rafts from
SH-SY5Y human neuroblastoma cells exposed to differential
copper conditions. It has been reported that the transcription
and translation of APP are undermetal regulation (42–44), and
that copper regulates genes in the cholesterol biosynthetic
pathway (45, 46). To eliminate confounding metal-mediated
changes in APP expression and in cholesterol biosynthetic
genes expression, all cell culture experiments were performed
in the presence of cycloheximide, an inhibitor of protein syn-
thesis. We manipulated the intracellular copper levels by
exposing SH-SY5Y cells for 3 h to serum-free HBSS medium
containing: 1) copper chelators (50 �M BCS and 50 �M D-pen-
icillamine) to induce copper deficiency; 2) 2 �M CuCl2; or 3) 5

�M CuCl2. The rationale for performing the in vitro SH-SY5Y
cell culture experiments in the absence of serum was based on
the observation that copper released from hippocampal neu-
rons exists freely in solution, not bound to any protein (47).
Also, the use of serum-free HBSS removes additional factors
present in serum that could affect our data interpretation. Phys-
iological concentrations of copper were selected based on the
serum concentration of “free” non-ceruloplasmin bound cop-
per in AD being 2.6 � 4.6 �M (48), and the estimation of syn-
aptic cleft copper concentration being 14 � 4 �M (49). In addi-
tion, exposure of SH-SY5Y cells to medium containing 2 �M

FeCl3 or ZnCl2 were included as metal specificity controls.
Metal analysis by inductively coupled plasma mass spec-

trometry showed that copper chelation selectively reduced
intracellular copper levels and did not affect iron and zinc levels
(supplemental Fig. S1, a–c). However, cellular copper defi-
ciency induced by chelators was statistically insignificant com-
pared with untreated control, and this was possibly due to par-
tial metal deficiency as the result of serum-free HBSS usage.
Intracellular copper levels were responsive to elevations in
extracellular copper concentrations, and exogenous iron and
zinc (2 �M) did not have an effect on intracellular copper levels
(supplemental Fig. S1a). Similarly, intracellular iron and zinc
levels were responsive only to changes in extracellular iron and
zinc conditions, respectively (supplemental Fig. S1, b and c).

Lipid rafts are recognized as detergent-insoluble membrane
structures primarily composed of cholesterol and sphingolipids
(50).We isolated lipid rafts, according to established protocols, as
low-density buoyant detergent-insolublemembranes on adiscon-
tinuous sucrose gradient. Flotillin-2, a commonly used lipid raft
proteinmarker (51), was localized predominantly to the low-den-
sity fraction 4 of the untreated control cells withmoderate immu-
noreactivity in fractions 3 and 5 (Fig. 1a). Smaller amounts of flo-
tillin-2 immunoreactivity were also detected in heavier fractions
6–10. Fractions 3–5were confirmed to contain lipid rafts by cho-
lesterol analysis (Fig. 1b), which indicated that they were most
enriched in cholesterol. On this basis, fractions 3–5 were desig-
nated as the lipid raft fractions.
Extracellular copper manipulations (across a low physiological

concentration range) markedly altered flotillin-2 distribution.
Copper depletion increased flotillin-2 recruitment to the lipid raft
fractions (Fig. 1a). Conversely, copper elevation induced redistri-
bution of flotillin-2 into higher density sucrose fractions, generally
considered to be non-lipid raft fractions (Fig. 1a). This copper-
induced diffusion of flotillin-2 localization was analogous to lipid
raft disruption and flotillin-1 dispersion as the result of cholesterol
depletion bymethyl-�-cyclodextrin and statins (52). In our study,
this effect was specific to copper, with no significant change in
flotillin-2 lipid raft distribution observed in SH-SY5Y cells incu-
bated with iron or zinc (data not shown).
Brain copper levels in AD and APP transgenic (e.g. Tg2576)

mice brains are significantly reduced compared with age-
matched control brains (reviewed in Ref. 4). To investigate
whether decreased brain copper is associated with flotillin-2
lipid raft redistribution in vivo, we isolated lipid rafts from
15-month-old femaleTg2576 andnon-transgenic (non-Tg) litter-
matemice brains. Consistentwith our previous reports (8, 10), the
brains of Tg2576 mice were significantly deficient in copper and
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zinc compared with the age-matched non-transgenic controls
(supplemental Fig. S2, a–c). In these samples, fraction 5was iden-
tified as the lipid raft fraction by maximum flotillin-2 immunore-
activity (Fig. 1c), and confirmed by cholesterol analysis (Fig. 1d).
Unlike SH-SY5Y cells (Fig. 1b), there was a small but significant
redistribution of cholesterol toward lipid rafts in theTg2576 brain
tissues (Fig. 1d). This could be attributed to changes in copper
status inSH-SY5Ycells beingmore acute than in the living animal.
Nevertheless, increased flotillin-2 distribution to lipid rafts in cop-
per-deficient Tg2576 brain (Fig. 1c) was consistent with the effect
of copper deficiency in SH-SY5Y cells (Fig. 1a).
Increased Copper Is Associated with Decreased APP Process-

ing in Lipid Rafts—APP processing is modulated by flotillin-2
(53). To assess the impact of copper-stimulated flotillin-2 redis-
tribution onAPP processing in lipid rafts, we analyzedAPP and
A� present in lipid rafts under differential copper conditions by
Western blotting. Under conditions of elevated copper, which
distributes flotillin-2 out of lipid rafts (Fig. 1a), there was a
significant increase in full-length APP within lipid rafts (Fig.
2a). However, endogenous A� in lipid rafts isolated from
SH-SY5Y cells was below the limit of detection, therefore we
prepared lipid rafts from SH-SY5Y cells overexpressing the
same humanAPP695 isoform carrying the familial AD Swedish
mutation (swAPP695) as that present in the transgenic Tg2576

mice. We found that under elevated copper conditions, con-
comitant with the increase in full-length APP, there was signif-
icantly less A� distributed to lipid rafts (Fig. 2b).

Dimeric A� has been reported to be the predominant species
present in lipid rafts isolated from Tg2576 mice and AD brain
(28). We also found apparently dimeric A� to be the primary
species present in our lipid raft preparations from brains of
Tg2576mice (Fig. 2c). A� was not detectable by theW0-2 anti-
body on Western blot in non-transgenic mice brain tissue.
Increased Copper Disperses Lipid Raft �-Secretase Proteins

and Inhibits Activity—To further evaluate the impact of copper
on lipid raft APP processing, we analyzed lipid raft distribution
and activity of the�-secretase, the protease complex involved in
the cleavage ofAPP�-CTF to generateA� (reviewed inRef. 54).
We measured �-secretase activity in lipid rafts isolated from
SH-SY5Y cells incubated under differential copper conditions
in vitro, by the release of �-CTF from purified MC99–3FLAG
substrate (40). We found a strong inverse relationship (p �
0.01) between �-secretase activity in lipid rafts and cellular cop-
per levels (Fig. 3a). Under conditions of copper deficiency,
there was �70% increase in lipid raft �-secretase activity. Con-
versely, exposure of cells to as little as 2 �M exogenous copper
resulted in �50% decrease in activity compared with the un-
treated control (Fig. 3a). These results are consistent with the

FIGURE 1. Copper induces flotillin-2 redistribution from lipid rafts. Lipid rafts were isolated from SH-SY5Y cells exposed for 3 h to differential copper
conditions, or from brain tissues of copper-deficient 15-month-old female Tg2576 (n � 4) and age-matched non-Tg control (n � 3) mice on a discontinuous
sucrose gradient by ultracentrifugation as described under “Experimental Procedures.” Lipid raft fractions were identified by Western blot analysis as flotillin-2
positive (a) fractions 3–5 in SH-SY5Y untreated control, and (c) fraction 5 in non-Tg mice brains. Cholesterol analysis further confirmed these flotillin-2-positive
lipid raft fractions by their concentrated cholesterol content (b and d). D, copper-deficient (50 �M BCS and 50 �M D-penicillamine). Densitometry analysis of
flotillin-2 levels in the indicated fractions were expressed as a percentage of total cellular or brain tissue flotillin-2. Cholesterol data were expressed as a
percentage of total cellular or brain tissue cholesterol. Data represent the results of at least three independent experiments (mean � S.E.). *, p � 0.05; ***, p �
0.001 compared with untreated SH-SY5Y cells or non-Tg control.
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impact of copper modulation on A� generation that we
observed in SH-SY5Y cells (Fig. 2b).

To determine the basis for this change, we assayed two core
components of the �-secretase, PS1 and Nct, by Western blot-
ting. PS1 or PS2 forms the catalytic core of �-secretase, and
genetic mutations in presenilins cause familial AD (55, 56). In
concordance with reduced �-secretase activity under elevated
copper conditions (Fig. 3a), a decrease in PS1 distribution to
lipid rafts was also observed, which reached significance when
SH-SY5Y cells were exposed to medium supplemented with 5
�MCuCl2 (Fig. 3b). In the brain tissue of Tg2576mice we found
an increased distribution of PS1 to lipid rafts (Fig. 3c), consist-
entwith the lower copper levels in thesebrain tissues (supplemen-
tal Fig. S2a).

Nct is the substrate receptor that
recruits the proteolytically pro-
cessedC-terminal fragments of type
I transmembrane proteins such as
the APP �-CTF into the �-secretase
complex (57). Analysis of lipid raft-
associated Nct isolated from
SH-SY5Y cells and mice brains
showed that active mature Nct was
the predominant species present in
lipid rafts (Fig. 3, d and e). The dis-
tribution ofmatureNct to lipid rafts
paralleled PS1 distribution, with
these two proteins increased in lipid
rafts under copper deficiency condi-
tions in both SH-SY5Y cells (Fig. 3d)
and Tg2576 brain (Fig. 3e). There-
fore, the decrease in lipid raft
�-secretase activity induced by
copper (Fig. 3a) may be at least par-
tially explained by redistribution of
PS1 and Nct out of the lipid raft
fractions.
Elevated Copper Promotes Cell

Surface Localization of APP—�-
Cleavage of APP occurs in endo-
somes where BACE1 is concen-
trated (58), therefore, APP needs to
be internalized from the cell surface
by endocytosis for this event to
occur. To evaluate the effect of cop-
per on APP surface localization, we
performed surface biotinylation
after cells were exposed to differen-
tial copper conditions. Consistent
with reducedA� production in lipid
rafts in the presence of elevated cel-
lular copper (Fig. 2b), there was a
significant retention of APP at the
cell surface (Fig. 4). Copper had no
effect on Na,K-ATPase, a plasma
membrane resident protein (sup-
plemental Fig. S3). Therefore, cop-
per inhibits APP endocytosis.

Copper Distribution to Lipid Rafts Is Inversely Associated
with Cellular Copper Levels—The concentration of metals in
lipid rafts has not, to our knowledge, been determined pre-
viously. To examine the relationship between total cellular
and lipid raft copper levels, we measured the metal contents
in sucrose gradient fractions of SH-SY5Y cells treated under
differential copper conditions. Surprisingly, copper distribu-
tion to lipid rafts under these cellular copper conditions (Fig.
5a) was inversely associated with total cellular copper (sup-
plemental Fig. S1a). In other words, as cellular copper levels
fall, lipid raft copper levels are preserved. There was no sig-
nificant changes in iron or zinc distributions to lipid rafts
under these metal treatment conditions (supplemental Fig.
S4, a and b).

FIGURE 2. Copper exposure reduced A� levels within lipid rafts. Western blot analysis of (a) full-length APP
in lipid rafts isolated from SH-SY5Y cells and (b) A� in lipid rafts isolated from SH-SY5Y cells overexpressing
swAPP695, exposed to differential copper conditions for 3 h. c, Western blot analysis of A� in lipid rafts isolated
from brain tissues of copper-deficient 15-month-old female Tg2576 (n � 4) and age-matched non-Tg control
(n � 3) mice. APP and A� were detected using W0-2 antibody. A� was not detected in brain tissues of non-Tg
control mice. D, copper-deficient (50 �M BCS and 50 �M D-penicillamine). Densitometry analyses of APP and A�
in lipid raft fractions were expressed as a percentage of total cellular APP and A�, respectively. Cell data
represent the results from at least three independent experiments (mean � S.E.). *, p � 0.05; **, p � 0.01
compared with untreated SH-SY5Y cells or non-Tg control.

�-Amyloid and Copper Condense in Lipid Rafts

AUGUST 14, 2009 • VOLUME 284 • NUMBER 33 JOURNAL OF BIOLOGICAL CHEMISTRY 21903

http://www.jbc.org/cgi/content/full/M109.019521/DC1
http://www.jbc.org/cgi/content/full/M109.019521/DC1
http://www.jbc.org/cgi/content/full/M109.019521/DC1
http://www.jbc.org/cgi/content/full/M109.019521/DC1
http://www.jbc.org/cgi/content/full/M109.019521/DC1
http://www.jbc.org/cgi/content/full/M109.019521/DC1
http://www.jbc.org/cgi/content/full/M109.019521/DC1
http://www.jbc.org/cgi/content/full/M109.019521/DC1


The inverse relationship between cellular copper levels
and lipid raft copper distribution was consistent with find-
ings from Tg2576 and non-transgenic control mice brains.

Compared with samples from non-transgenic control mice,
there was significantly less total copper in the brain tissues of
Tg2576 mice (supplemental Fig. S2a), whereas copper distri-

FIGURE 3. Copper alters distribution of �-secretase to lipid rafts. a, �-secretase activity in lipid rafts isolated from SH-SY5Y cells exposed to differential
copper conditions for 3 h was determined by the release of �-CTF from MC99 –3FLAG peptide. �-Secretase activity in lipid rafts was expressed as a
percentage of the untreated control. Presenilin 1 N-terminal fragment (PS1 NTF) in lipid rafts isolated from (b) SH-SY5Y cells exposed to differential
copper conditions for 3 h, and (c) brain tissues of 15-month-old female Tg2576 (n � 4) and age-matched non-Tg control (n � 3) mice was detected using
an anti-PS1 N terminus (98/1) antibody by Western blotting. Nct in lipid rafts isolated from (d) SH-SY5Y cells exposed to differential copper conditions
for 3 h, and (e) mouse brain tissue was detected using an anti-nicastrin antibody by Western blotting. The mature Nct was the predominant species
present in lipid rafts. D, copper-deficient (50 �M BCS and 50 �M D-penicillamine). Densitometry analyses of PS1 NTF and Nct levels in lipid raft fractions
were expressed as a percentage of total cellular or brain tissue PS1 and Nct levels, respectively. SH-SY5Y cell data represent the results from at least three
independent experiments (mean � S.E.). **, p � 0.01; ***, p � 0.001 compared with untreated SH-SY5Y cells or non-Tg control.

FIGURE 4. Copper promotes retention of APP at cell surface. Surface proteins biotinylated using sulfo-NHS-SS-biotin post-copper treatments were precip-
itated with NeutrAvidin-agarose, and analyzed by Western blotting. APP was detected using W0-2 antibody. Total APP were normalized to �-actin as a loading
control, and expressed as a percentage of the untreated control. The ratio of surface APP to normalized total APP was expressed as a percentage of the
untreated control. Data represent the results of two independent experiments (mean � S.E.). *, p � 0.05 compared with untreated SH-SY5Y cells.
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bution to lipid raft fractions was significantly greater in these
brain tissues (Fig. 5b). There was no change in iron and zinc
distributions to lipid rafts isolated from Tg2576 brains (sup-
plemental Fig. S4, c and d).
Since copper elevation reduces the relative distribution of

copper to lipid rafts (Fig. 5a), but does not perturb the propor-

tional cholesterol distribution to
lipid rafts (Fig. 1a), we calculated
the molar ratios of copper:choles-
terol in these compartments. As
expected, the molar ratio of total
cellular copper:cholesterol in
SH-SY5Y cells increased with eleva-
tion of intracellular copper levels
(Fig. 5c). This association was
reflected in vivo in the copper-defi-
cient Tg2576 mouse brain, where
the molar ratio of copper:choles-
terol was, as expected, significantly
reduced compared with the non-
transgenic control brain tissue (Fig.
5d). However, for lipid rafts, the
molar ratio of copper:cholesterol
was inverted compared with the
total cellular copper:cholesterol
molar ratio. The molar ratio of cop-
per:cholesterol in lipid rafts actually
increased under conditions of total
cellular copper deficiency in SH-
SY5Y cells and was �6- and 40-fold
greater than the lipid raft copper:
cholesterol ratio of cells exposed to
2 and 5 �M CuCl2, respectively (Fig.
5e). This paradoxical association of
copper with cholesterol in lipid rafts
was recapitulated in the increased
molar ratio of copper:cholesterol in
lipid rafts isolated from copper-de-
ficient Tg2576 brain compared with
lipid rafts from control brains (Fig.
5f). This is important because cel-
lular copper deficiency, by para-
doxically elevating the stoichiom-
etry of copper:cholesterol (Fig. 5, e
and f) and A� in lipid rafts (Fig. 2, b
and c), must increase the probabil-
ity of A��Cu2� complex forma-
tion. A��Cu2� complexes in turn
oxidize cholesterol and lipid,
forming oxysterols and lipid per-
oxidation products that character-
ize brain pathology in AD and APP
transgenic mice (29–32, 34, 35,
59).

DISCUSSION

Copper and cholesterol have
been reported independently in the

literature asmodulating factors of APP processing and A� gen-
eration, of relevance to the pathogenesis of AD. In the present
study, using SH-SY5Y cells as an in vitro cell model and Tg2576
mouse as an in vivo AD animal model, we showed that copper
modulates flotillin-2 lipid raft association, which consequently
affectsAPP endoctyosis and processing in cholesterol-rich lipid

FIGURE 5. Copper distribution to lipid rafts associates inversely with total cellular copper levels.
Analysis of copper levels in lipid rafts isolated from (a) SH-SY5Y cells exposed to differential metal condi-
tions for 3 h, and from (b) brain tissues of copper-deficient 15-month-old female Tg2576 (n � 4) and
age-matched non-Tg control (n � 3) mice. Lipid raft copper levels were expressed as a percentage of total
cellular or brain tissue copper (mean � S.E.). Molar ratio of total cellular copper:cholesterol in (c) SH-SY5Y
cells exposed to differential copper conditions, and (d) mouse brain tissues. Copper:cholesterol molar
ratio in lipid rafts isolated from (e) SH-SY5Y cells exposed to differential copper conditions, and (f) mouse
brain tissues. Data represent the results of at least three independent experiments (mean � S.E.). D,
copper-deficient (50 �M BCS and 50 �M D-penicillamine). *, p � 0.05; **, p � 0.01; ***, p � 0.001 compared
with untreated SH-SY5Y cells or non-Tg control.
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rafts. We also found that cellular copper levels are inversely
associated with lipid raft copper levels. Therefore, under the
copper deficiency conditions present in AD brain tissues, A�,
copper, and cholesterol are concentrated in lipid rafts. This
increases the probability of pro-oxidant A��Cu2� complexes
catalytically oxidizing cholesterol and long chain fatty acids, as
observed in brain tissue of AD and APP transgenic mice
(29–35).
In this study, we found that copper induced redistribution of

flotillin-2 away from cholesterol-rich lipid rafts (Fig. 1), but to
the best of our knowledge, flotillin-2 is not known to be a cop-
per binding or copper-sensitive protein. This redistribution is
similar to the effects of pharmacological depletion of choles-
terol and lipid raft disruption (52). However, the proportional
distribution of cholesterol in the raft fractions did not alter
under differential copper conditions (Fig. 1b), indicating that
flotillin-2 redistribution is not a consequence of changes in lipid
raft density. Therefore, flotillin-2 may not be a perfect marker
for lipid rafts because our data show that it can be perturbed by
copper to redistribute into non-raft fractions, whereas the den-
sity and cholesterol content of the raft fractions are unchanged.
Endocytosis of APP to BACE1-rich endosomes is required to

initiate �-cleavage of APP (58), and this event is sensitive to
flotillin-2 and cholesterol depletion (53). Flotillin-2 and choles-
terol are both enriched in lipid rafts, which have been proposed
to partition a subset of total cellular APP undergoing amyloi-
dogenic processing (23). Consistent with this mechanism, we
found elevated copper reduced flotillin-2 association with lipid
rafts (Fig. 1a), decreased lipid raft processing (Fig. 2a) and
endocytosis (Fig. 4) of APP. Therefore, our data suggest that the
mechanism underlying copper attenuation of A� generation is
the inhibition of flotillin-2-mediated APP endocytosis via lipid
rafts.
The redox-active property of copper makes it an essential

cofactor for many proteins involved in diverse cellular pro-
cesses, but paradoxically, the redox activity of copper also
makes it potentially cytotoxic (60). Under normal physiological
conditions, the uptake, distribution, and efflux of copper are
tightly regulated. It is therefore intriguing to observe under dif-
ferential cellular copper conditions that the copper level is
maintained in lipid rafts in both SH-SY5Y cells and Tg2576
brain tissues (Fig. 5). Intracellular copper does not usually exist
as a free ion (61), therefore its association with lipid rafts could
be due to complexes formed by cuproproteins. Lipid rafts are
implicated in various cellular processes including signaling, and
protein trafficking (50). The preservation of copper in lipid rafts
suggests that lipid rafts might serve an important, as yet uni-
dentified function in copper homeostasis, which is worthy of
further investigation.
A� oligomers are implicated in the pathogenesis of AD,

affecting cognitive function, memory, synaptic function, and
long-term potentiation (62, 63). Cholesterol-dependent inter-
actions of A� with gangliosides in lipid rafts (64, 65) and inter-
actions of A� with copper (66–68) both promote A� aggrega-
tion. We and others have previously reported that A��Cu2�

complexes can catalytically oxidize cholesterol to generate
H2O2 (29–32).Our current data indicate that lipid rafts provide
a favorable environment for the co-enrichment of copper and

A�, especially under conditions of copper deficiency. We
hypothesize that in aging and AD, where there is intracellular
copper deficiency (5, 6, 69), the concomitant enrichment of A�
and copper within lipid rafts promotes the formation of redox-
active A��Cu2� complexes, fostering the catalytic oxidation of
cholesterol, lipid, and the generation of neurotoxic H2O2. This
further creates a vulnerable environment for A� to cross-link,
forming SDS-resistant oligomers characteristic of A� extracted
from AD brains (67, 68). This also explains the paradoxical
enrichment of copper and cholesterol within amyloid plaques,
whereas the neighboring tissue is copper-deficient, as well as
the benefit of raising the brain copper levels to relieve amyloid
pathology in transgenic mice (7, 9, 11, 14), and the potential
therapeutic benefits of copper ionophores for treating AD (70).
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