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v-Secretase is an unusual and ubiquitous aspartyl protease
with an intramembrane catalytic site that cleaves many type-I
integral membrane proteins, most notably APP and Notch. Sev-
eral reports suggest that cleavage of APP to produce the A3
peptide is regulated in part by lipids. As y-secretase is a multi-
pass protein complex with 19 transmembrane domains, it is
likely that the local lipid composition of the membrane can reg-
ulate y-activity. To determine the direct contribution of the
lipid microenvironment to y-secretase activity, we purified the
human protease from overexpressing mammalian cells, recon-
stituted it in vesicles of varying lipid composition, and examined
the effects of individual phospholipids, sphingolipids, choles-
terol, and complex lipid mixtures on substrate cleavage. A con-
ventional y-activity assay was modified to include a detergent-
removal step to facilitate proteoliposome formation, and this
increased baseline activity over 2-fold. Proteoliposomes con-
taining sphingolipids significantly increased y-secretase activ-
ity over a phosphatidylcholine-only baseline, whereas the addi-
tion of phosphatidylinositol significantly decreased activity.
Addition of soluble cholesterol in the presence of phospholipids
and sphingolipids robustly increased the cleavage of APP- and
Notch-like substrates in a dose-dependent manner. Reconstitu-
tion of y-secretase in complex lipid mixtures revealed that a
lipid raft-like composition supported the highestlevel of activity
compared with other membrane compositions. Taken together,
these results demonstrate that membrane lipid composition is a
direct and potent modulator of y-secretase and that cholesterol,
in particular, plays a major regulatory role.

Alzheimer disease (AD)? is a neurodegenerative disorder
marked by progressive memory loss and cognitive failure. A
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major pathogenic feature of AD is the accumulation of amyloid
B-protein (A) in brain regions serving memory and cognition
(1). AB is generated by sequential proteolytic cleavages of the
B-amyloid precursor protein (APP) by B- and vy-secretases.
y-Secretase is a unique aspartyl protease that comprises a mul-
tiprotein complex composed of presenilin, nicastrin, Aph-1,
and Pen-2 (2—4). The novel intramembranous catalytic site of
y-secretase is now known to be required for the processing of a
wide range of type-I transmembrane proteins, most notably
APP and the Notch receptor, and the list is rapidly expanding
(for reviews, see Refs. 5 and 6). Therefore, it is of great interest
to gain a better understanding of factors that can regulate
y-secretase cleavage activity and substrate specificity.

Although scientific attention has focused on identifying and
characterizing proteins that affect y-secretase activity or traf-
ficking, there has been far less study of the lipid requirements
and lipid modulation of the activity of y-secretase. Because
B-secretase, y-secretase, and APP are all integral membrane
proteins implicated in AD, it is highly likely that their functions
are sensitive to the surrounding lipid environment. Several
reports have described changes in lipid composition between
brain samples of control and AD patients (7—13). Moreover, the
activity of cellular y-secretase has been shown to vary among
different subcellular compartments with different lipid compo-
sitions (14—18). It has been proposed that even the cleavage
specificity at the AB40 and AB42 residues of APP may be sen-
sitive to bilayer thickness (14). Recent data suggest that y-secre-
tase activity is enriched in lipid raft subdomains, which are rich
in cholesterol and sphingolipids (19, 20).

Semi-purified and purified y-secretase preparations have
been found to be inactive unless lipids, generally phosphatidyl-
choline (PC) and phosphatidylethanolamine (PE), are added to
the reaction mixture (21, 22). The dependence of y-secretase
activity on cholesterol has been observed in several studies con-
ducted in cultured cells or rodent models, further supporting
the notion that y-secretase activity can be regulated by its sur-
rounding lipid microenvironment (8, 21, 22). The contribution
of individual lipid species has not been thoroughly investigated
and the direct effect of lipid composition on y-secretase activity
remains elusive. Although some cellular studies have suggested
that particular lipids regulate y-secretase activity, the complex-
ity of these assays, including potential trafficking/localization
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issues of the enzyme or substrate due to lipid modulation, pleio-
tropic effects of the inhibitors used to modulate cellular lipids,
and interference of other proteins, make it difficult to deter-
mine the direct effect of lipid modulation on y-secretase. More-
over, in vitro y-secretase assays to date almost always include
detergents, most commonly CHAPSO or digitonin, each of
which is compatible with y-secretase activity but generally
incompatible with proteoliposome formation at the concentra-
tions used. Itis known that the presence of detergents in activity
assays of membrane proteins can interfere with liposome for-
mation and integrity and overall enzymatic activity (23), and
lipid specificity profiles can be drastically altered in the pres-
ence or absence of detergent (24). Therefore, in an effort to
better understand the role of the lipid microenvironment on
y-secretase activity in a system that supports lipid structure, we
have assessed the effect of detergent removal on the activity of
purified mammalian y-secretase and then used a reductionist
approach to systematically examine the effects of individual
lipids and lipid mixtures directly on proteolytic activity.

EXPERIMENTAL PROCEDURES

Reagents—Lipids were purchased from Sigma (PC, PE, and
sphingomyelin (SM) from bovine brain) or Avanti Polar Lipids
(phosphatidylserine (PS), gangliosides (GS), and cerebrosides
(CS) from porcine brain; phosphatidylinositol (PI) from bovine
liver, phosphatidic acid (PA) from egg, and complex lipid mix-
tures from porcine brain, bovine liver, bovine heart, Esche-
richia coli, and soybean). Methyl-B-cyclodextrin-caged water-
soluble cholesterol was purchased from Sigma.

Purification of +y-Secretase and Recombinant Substrates—
The multistep procedure for the high grade purification of
human vy-secretase from the S-1 Chinese hamster ovary cell line
(co-expressing human PS1, FLAG-Pen-2, Aphla2-HA, and
NCT-GST) and the purification of recombinant CI00FLAG
and N100FLAG substrates were performed as described previ-
ously (21, 25).

Reconstitution of y-Secretase to Form Proteoliposomes—Lip-
ids in chloroform solvent were dried under a stream of nitrogen
gas and then hydrated in 50 mm HEPES buffer, pH 7.0, 150 mm
NaCl. Lipid hydration was carried out at or above the T, with
occasional vortexing, and the lipid mixtures were sonicated in a
water bath for 10 min. For each reaction, lipids were diluted to
1.25 mg/ml in HEPES buffer, and CHAPSO was added at a final
concentration of 4 mm, the concentration that yielded complete
liposome solubilization as determined by the nadir of turbidity
measurements at 540 nm. The solubilization reaction took
place for 10 min at room temperature, at which time we added
purified y-secretase, at a 10-fold dilution from stock (stock =
the M2 anti-FLAG-eluted fraction in the purification protocol
from S-1 cells (21)). The mixture was incubated at 32 °C for 30
min and then at room temperature for 10 min. To remove
detergent and facilitate proteoliposome formation, Bio-Beads
SM-2 (Bio-Rad) were added at a concentration of 25X lipid
weight to the protein/lipid mixture, and this mixture was incu-
bated at room temperature for 1 h with gentle rocking. There-
after, the Bio-Beads were sedimented, and the supernatant was
collected and used as the starting material in the following
assays. We refer to these assay conditions as “detergent-free” in
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the article, although addition of substrate (see below) will add
trace amounts of detergent to the reaction mixture, i.e. 0.02%
Nonidet P-40 final concentration, which has no effect on tur-
bidity measurements.

In Vitro vy-Secretase Activity Assays—y-Secretase/lipid mix-
tures post-Bio-Bead treatment were incubated with either the
C100FLAG or N10OFLAG substrates at a final concentration of
1 pM for 4 h at 37 °C. Samples incubated with C100FLAG were
assayed for AB40 or AB42 by ELISA (Invitrogen) or by Western
blot for AICD, whereas samples incubated with N100FLAG
were assayed by Western blot to detect ICD production.

Western Blotting and Antibodies—For Western blot analysis
of the purified y-secretase complex from S-1 cells comprising
PS1-NTF, PS1-CTF, Aphla2-HA, FLAG-Pen-2, and NCT-
GST, the samples were run on a 4-20% Tris glycine polyacryl-
amide gel, transferred to a polyvinylidene difluoride mem-
brane, and probed with Ab14 (for PS1-NTF, 1:2000; a gift of S.
Gandy), 13A11 (for PS1-CTF, 5 ug/ml; a gift of Elan Pharma-
ceuticals), 3F10 (for Aphla2-HA, 50 ng/ml; Roche Applied Sci-
ence), anti-FLAG M2 (for FLAG-Pen-2, 1:1000; Sigma), or
a-GST antibodies (for NCT-GST, 1:3000; Sigma). The biotin-
ylated y-secretase sample (below) was detected with an anti-
biotin antibody (1:2000; Sigma). Samples from the y-secretase
activity assays were run on 10—20% Tris-Tricine gels and trans-
ferred to polyvinylidene difluoride membranes to detect AICD-
FLAG with M2 anti-FLAG antibody. Samples from y-secretase
activity assays with the N10OFLAG substrate were run on
4-20% Tris glycine gels and transferred to polyvinylidene diflu-
oride membranes to detect NICD-FLAG with the Notch
Ab1744 antibody (1:1000, Cell Signaling Technology), which is
selective for the free N terminus of the NICD. Levels of ICD-
FLAG were estimated by densitometry using the Scion Image
Program.

Electron Microscopy—For EM labeling studies, purified
y-secretase was biotinylated with EZ-Link Sulfo-NHS-LC-Bio-
tin (Pierce) according to the manufacturer’s protocol. Excess
biotin was removed with a desalting column, and the biotiny-
lated +y-secretase preparation was bound to M2 resin, washed
extensively with 0.1% digitonin in Tris-buffered saline, and
eluted with 200 ng/ml FLAG peptide. The M2-elute 1 protein
preparation was used as the starting material in the immuno-
gold EM studies. The +y-secretase sample was adsorbed to a
glow-discharged formvar/carbon-coated copper grid for 1 min.
Excess liquid was blotted off on a filter paper, and the grid was
floated on 1% bovine serum albumin/phosphate-buffered
saline for 5 min (blocking). For labeling, an anti-biotin antibody
was diluted in 1% bovine serum albumin/phosphate-buffered
saline followed by 10 nm protein A-gold (G. Posthuma, Utre-
cht, the Netherlands). After labeling, the sample was washed in
phosphate-buffered saline and water and stained with uranyl
acetate. Images were taken with an AMT 2k CCD camera on a
“Tecnai G2 Spirit Bio Twin” transmission electron microscope
(EEJ).

Immunoprecipitation/Mass Spectrometry Analysis of AB—
AP peptides generated in the in vitro y-secretase assays were
immunoprecipitated using monoclonal anti-Af antibody 4G8
(Senetek, Maryland Heights, MO) and protein A/G plus-agar-
ose beads (Oncogene) and subjected to MALDI-TOF mass
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FIGURE 1. Effect of Bio-Bead-mediated detergent removal on the in vitro
y-secretase activity assay. A, effect of Bio-Bead detergent removal on the
turbidity (measured at 540 nm) of the y-secretase reaction mixture containing
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spectrometry using a Voyager-DE STR mass spectrometer
(Applied Biosystems), as described (26). The molecular masses
were accurately measured and searched against the amino acid
sequence of human APP C99 carrying a methionine residue at
the N terminus and a FLAG tag sequence at the C terminus
(C100FLAG).

Statistical Analysis—All quantified data represent an average
of at least three independent experiments. Error bars represent
mean * S.E. Data comparing differences between two groups
were statistically analyzed using the unpaired, 2-tailed Stu-
dent’s ¢ test. The Bonferroni correction was used when more
than two groups were present. In experiments in which three or
more groups were compared against each other, data were sta-
tistically analyzed by one-way analysis of variance with Tukey-
Kramer post-testing.

RESULTS

v-Secretase is a complex of four membrane proteins contain-
ing a total of 19 transmembrane domains that cleaves type-I
membrane proteins within their transmembrane domains in
the lipid bilayer. To date, y-secretase activity assays with iso-
lated enzyme have been carried out in the presence of deter-
gent, generally CHAPSO or digitonin, both of which are com-
patible with detectable cleavage activity of the enzyme (21).
However, there is strong evidence that the presence of deter-
gent can affect enzymatic activity, alter the lipid specificity pro-
file in activity assays (24), interfere with the process of proteo-
liposome formation, and increase proteoliposome permeability
(23, 27). Therefore, we examined the effect of detergent
removal on activity assays carried out with purified y-secretase
in the presence of 0.1% PC and 0.025% PE (w/v), a lipid compo-
sition that was previously reported to allow robust y-secretase
cleavage in vitro (21). We used Bio-Beads, polystyrene beads
that remove detergent through hydrophobic adsorption, as a
very efficient tool for proteoliposome reconstitution (27, 28).
Bio-Beads were added to reaction mixtures containing lipids
and the purified enzyme prior to substrate addition. Inclusion
of this detergent-removal step led to a marked increase in the
turbidity of the y-secretase reaction mixture (measured at 540
nm), which is consistent with the formation of lipid vesicles (23)
(Fig. 1A). To visualize the effect of the detergent-removal step
on lipid vesicle structure, we performed negative stain electron
microscopy (EM) on these samples. In the samples containing
0.25% CHAPSO (i.e. before Bio-Bead treatment), we observed
small, irregularly shaped lipid vesicles and, in some cases, what

0.1% PC and 0.025% PE (w/v) in 0.25% CHAPSO-HEPES. Incubation with and
then removal of Bio-Beads led to a 3.1-fold increase in turbidity. Error bars
represent mean * S.E. Data were statistically analyzed using the unpaired,
two-tailed Student’s t test. * indicates statistical significance of p < 0.0001.
B, negative stain EM of the y-secretase reaction mixture before versus after
Bio-Bead-mediated detergent removal. Liposomes of 50-500 nm were only
observed upon detergent removal. C, effect of Bio-Bead detergent removal
on the cleavage efficiency of the C100FLAG substrate by purified y-secretase.
AB40 levels were measured by ELISA (see “Experimental Procedures”). Maxi-
mum potentiation of AB40 production occurred at a 25X Bio-Bead to lipid
ratio (w/w). Error bars represent mean = S.E. Data were statistically analyzed
using the unpaired, two-tailed Student’s t test. * indicates statistical signifi-
cance of p < 0.0001. D, effect of Bio-Bead detergent removal on the cleavage
efficiency of the N10OFLAG substrate by purified y-secretase. NICD was
probed with the 1744 antibody (Cell Signaling Technologies).

JOURNAL OF BIOLOGICAL CHEMISTRY 22531



Effect of the Lipid Microenvironment on vy-Secretase Activity

appeared to be irregularly shaped multilamellar liposomes (Fig.
1B, top panel). After detergent removal with Bio-Beads, the
structure of the lipids changed drastically, and now numerous
spherical liposomes were observed; these ranged from ~50 to
500 nm in diameter (Fig. 1B, bottom panel). These results indi-
cate that inclusion of a detergent-removal step in the y-secre-
tase assay protocol allows the formation of variously sized lipid
vesicles.

Next, we examined the effect of this detergent removal and
subsequent liposome formation on <y-secretase activity. We
determined that the optimal amount of Bio-Beads to add to the
reaction mixture was 25X Bio-Beads/lipids (w/w) (data not
shown). 7y-Secretase activity assays performed with the
C100FLAG substrate after detergent removal/liposome forma-
tion had 2.1-fold higher AB40 production than the detergent-
containing controls (Fig. 1C). Likewise, cleavage of the
NI100FLAG substrate was also increased 2.2-fold under these
new conditions (Fig. 1D). Therefore, modifying the y-secretase
activity assay protocol by including a detergent-removal step
yields higher activity than that achieved under the standard
published conditions, for both C100FLAG and N100FLAG
substrates (23, 27).

To confirm that the liposomes that formed after detergent
removal were in fact proteoliposomes containing +y-secretase,
we used immunoelectron microscopy to label y-secretase-con-
taining liposomes. Because we were working with low concen-
trations of purified enzyme relative to the concentration of
lipid, we wanted to increase the labeling efficiency of y-secre-
tase within the proteoliposome. To that end, we biotinylated a
small sample of a purified vy-secretase preparation, which
resulted in specific biotin labeling of all of the y-secretase com-
ponents, as seen by Western blotting with an antibody to biotin
(Fig. 24, lane 2). Importantly, the a-biotin blots revealed only
the known proteins of the y-secretase complex, confirming the
purity of our y-secretase preparation. When this biotinylated
y-secretase preparation was used in our lipid reconstitution
protocol (see above) and then examined by immuno-EM, the
lipid vesicles were specifically labeled with the a-biotin anti-
body. Although a large percentage of vesicles did not contain
y-secretase due to the low concentration of enzyme used in the
reconstitution, the great majority of immunodetected y-secre-
tase was membrane-associated, with minimal labeling outside
vesicles (Fig. 2B). Taken together, our results indicate that
whereas standard +y-secretase reaction conditions using 0.25%
CHAPSO are compatible with y-secretase activity, removal of
the detergent substantially increases baseline activity and
enables proteoliposome formation, which provides a more
physiological environment for studying membrane proteins
and their regulation by lipids.

Phospholipid Dependence of AP Formation by Purified
y-Secretase—Our laboratory has previously demonstrated that
PC and PE are necessary to reconstitute activity of purified
y-secretase (21). Despite the huge diversity of lipid species in
biological membranes, the effects of individual phospholipids
other than PC and PE on y-secretase activity have not been
described heretofore. To understand the roles of individual
lipid species on the activity of y-secretase in our detergent-free
system that supports proteoliposome formation, we examined
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FIGURE 2. Labeling of y-secretase within the proteoliposomes. A, Western
blot of purified y-secretase run on a 4-20% Tris glycine gel and probed with
y-secretase antibodies specific for NCT-GST, PS1-NTF, APH1a2-HA, PS1-CTF,
and FLAG-Pen-2, before in vitro biotinylation (lane 1) and then probed with
anti-biotin after biotinylation (lane 2). B,immunogold EM of proteoliposomes
probed with anti-biotin antibody plus 10-nm conjugated Protein A-gold, and
counterstained with uranyl acetate.

the effect of various concentrations of PC, PE, PS, PI, and PA on
the cleavage efficiency of the C100FLAG substrate by meas-
uring AB40 production by ELISA. With the exception of PC,
none of these phospholipid species alone supported measura-
ble cleavage activity, as measured by A340 production (Fig. 34).
As PC is generally the most abundant phospholipid in cellular
membranes and is well suited to serve as the bulk structural
element of membranes, we assessed the effect of various ratios
of PC to other membrane phospholipids on the efficiency of
C100FLAG cleavage in our detergent-free assay. We found that
vesicles containing 90% PC plus 10% of PE, PS, or PA had the
greatest increase in Af40 production relative to the PC-only
control, with a 1.3-fold increase in activity for each of the lipid
mixtures (Fig. 34). When PC was present in the reaction mix-
tures at 50% (w/w) or less versus PE, PS, or PA, AB40 produc-
tion was reduced compared with the PC-only control, most
likely because these lipid compositions may not form functional
proteoliposomes, as the bulk structural element, PC, is mark-
edly reduced. Interestingly, we found that vesicles containing PI
at any concentration led to a marked decrease in A340 produc-
tion compared with the PC only control. The results indicate
that significant changes in the efficiency of cleavage of APP
substrate by the purified y-secretase complex are induced by
altering the ratios of certain membrane phospholipids.
Sphingolipid Dependence of AP Formation by Purified
y-Secretase—y-Secretase activity has been reported to be
enriched in lipid raft microdomains, which are rich in sphingo-
lipids (19, 20). To determine the effect of sphingomyelin, cere-
brosides, or gangliosides on the activity of purified y-secretase
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FIGURE 3. Effects of individual phospholipids and sphingolipids on the cleavage efficiency of C100FLAG
substrate by purified y-secretase reconstituted in detergent-free proteoliposomes. A, effect of increas-
ing concentrations of PC, PE, PS, PI, or PA on the cleavage efficiency of the C100FLAG substrate, as measured by
AB40 ELISA. Total lipid concentration in the mixtures was 1.25 mg/ml under all conditions. Error bars represent
mean * S.E. Data were statistically analyzed using the unpaired, two-tailed Student’s t test with Bonferroni
correction. Statistical significance of p < 0.01 (¥) and p < 0.0001 (**) versus the PC(100) control is indicated.
B, effect of increasing concentrations of SM, CS, or GS on the cleavage efficiency of the C100FLAG substrate, as
measured by AB40 ELISA. Total lipid concentration was 1.25 mg/ml under all conditions. Error bars represent
mean = S.E. Data were statistically analyzed using the unpaired, two-tailed Student’s t test with Bonferroni
correction. Statistical significance of p < 0.05 (¥), p < 0.001 (**),and p < 0.0001 (***) versus the PC(100) control

is indicated.

in our detergent-free proteoliposome assay, we assessed vary-
ing ratios of PC to these sphingolipids as regards the efficiency
of C100FLAG cleavage. SM, which is the most abundant sphin-
golipid in animal tissues and has structural similarities to phos-
phatidylcholine, enhanced <y-secretase activity when it com-
prised 5-25% of the total lipids in the PC-containing vesicles
(Fig. 3B). The maximum increase in A340 production occurred
in vesicles consisting of 90% PC and 10% SM, which yielded
1.6-fold more activity than the vesicles containing PC alone. CS,
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over the PC(100) control: PC(90)/
PE(10), PC(90)/PS(10), PC(90)/
PA(10), PC(90)/SM (10), PC(95)/
CS(5), PC(90)/GS (10). Increasing
concentrations of water-soluble
cholesterol from 0 to 0.0063% in
the PC(90)/PE(10) reaction mix-
ture increased production of A40
by a striking ~17-fold over the
PC/PE detergent-containing con-
trol, whereas higher concentrations
(=0.013%) promoted a large de-
crease of the peptide, yielding a bell-
shaped dose response (Fig. 4A).
Interestingly, cholesterol did not
stimulate A 340 production in either
of the other phospholipid combina-
tions, PC(90)/PS(10) or PC(90)/
PA(10) at any concentration tested,
but rather decreased AB40 relative
to the 0% cholesterol treatment (Fig.
4A). Increasing concentrations of
water-soluble cholesterol from 0 to
0.013% in all of the detergent-free
PC/sphingolipid mixtures increased
AP production markedly over the
PC/PE detergent-containing con-
trol. At 0.013% cholesterol, the
PC(95)/CS(5), PC(90)/SM(10), and
PC(90)/GS(10) reaction mixtures
markedly increased AB40 produc-
tion 7-, 22-, and 25-fold over the
PC/PE detergent-containing con-
trol, respectively (Fig. 44). Higher
concentrations  (=0.025%) pro-
moted a large decrease of the AB40
peptide, yielding bell-shaped dose-
response curves.

Next, we examined the effect of
cholesterol on AB42 production in
our optimal phospholipid (PC(90)/
PE(10)/0.0063% cholesterol) and
sphingolipid (PC(90)/GS(10)/0.013%
cholesterol) conditions relative to
the 0% cholesterol control. Increas-
ing concentrations of water-soluble
cholesterol from 0 to 0.0063% in the
PC(90)/PE(10) reaction mixture
increased production of AP42 by
~1.9-fold over the 0% cholesterol
control, whereas higher concentra-
tions (=0.013%) promoted a large
decrease of the peptide, yielding a
bell-shaped dose-response (Fig. 4B).
This result indicates that the opti-
mal cholesterol concentration for
AB42 production was the same as
that for AB40 production in this
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reaction mixture. Interestingly, in PC(90)/GS(10) proteolipo-
somes, cholesterol did not have the same stimulatory effect on
AB42 production as it did on AB40 production; rather AB42
production decreased from 0 to 0.0031% cholesterol, increased
from 0.0063%, to its peak level at both 0.013 and 0.025% cho-
lesterol, and then decreased at higher concentrations (=0.05%)
(Fig. 4B). At the peak of the dose-response (0.013 and 0.025%
cholesterol), AB42 levels never exceeded the levels of the 0%
cholesterol control. These results indicate that lipid composi-
tion and cholesterol levels have a direct and strongly differential
effect on the A peptide species generated by y-secretase, fur-
ther implicating the importance of the lipid microenvironment
in regulating y-secretase activity.

We next examined the effect of cholesterol on AICD produc-
tion in our PC(90)/PE(10) and PC(90)/GS(10) reaction mix-
tures. Increasing the concentration of water-soluble cholesterol
from 0 to 0.0031% induced peak AICD production in the
PC(90)/PE(10) reaction mixture, whereas higher concentra-
tions (=0.0063%) led to a decrease of the fragment, yielding a
bell-shaped dose-response (Fig. 4C, top panel). In the PC(90)/
GS(10) reaction mixture, AICD production decreased relative
to the 0% control from 0.0016 to 0.0063% cholesterol, then
increased above the control baseline levels at 0.013 and 0.025%
cholesterol, and decreased at higher concentrations (=0.05%)
(Fig. 4C, bottom panel). Just as with AP production, maximal
AICD production occurred at a higher cholesterol concentra-
tion in the PC(90)/GS(10) reaction mixture than in the PC(90)/
PE(10) reaction mixture, perhaps because the more ordered
acyl chains of sphingolipids favor the intercalation of the planar
cholesterol molecule (32).

To see if the strong modulatory effect of cholesterol on in
vitro cleavage by the purified protease was specific to the APP-
based substrate, we examined the cleavage of a Notch-derived
“C100-like” substrate (designated N100FLAG) in the optimized
phospholipid or sphingolipid/cholesterol mixtures (PC(90)/
PE(10), 0.0063% cholesterol and PC(90)/GS(10)/0.013% choles-
terol), in comparison to the PC/PE detergent-containing and
the PC(100)-detergent-free (i.e. Bio-Bead-treated) controls.
Cleavage activity on N100FLAG rose upon reconstitution in
proteoliposomes with optimal phospholipid or sphingolipid
compositions, with PC(90)/PE(10)/0.0063% cholesterol and
PC(90)/GS(10)/0.013% cholesterol yielding a 3.7- or 5.8-fold
increase in NICD production, respectively (Fig. 4D). Our
results suggest that in purified y-secretase, where the many
other cellular effects of altering cholesterol and/or lipid levels
are obviated, there are direct and potent effects on the proteo-
lytic processing of APP and Notch substrates.

Detergent Removal/Cholesterol Addition Influences the
Cleavage Specificity of Purified y-Secretase—We next set out to
determine whether y-secretase cleavage site specificity was
altered as a result of the detergent removal/cholesterol addition
steps of our optimized activity assay. To examine y-cleavage
specificity, AB-peptides were generated in our in vitro reaction
by purified y-secretase (see “Experimental Procedures”) in the
previous standard assay conditions containing 0.1% PC, 0.025%
PE, and 0.25% CHAPSO or else in new conditions, i.e. post-Bio-
Bead treatment plus cholesterol (PC(90)/PE(10)/0.0063% cho-
lesterol). To detect AB peptides by mass spectrometry, each
cleavage reaction was scaled up to a final volume of 1 ml. The
AP cleavage products were immunoprecipitated with 4G8, a
mid-region monoclonal anti-AB antibody that can capture all
the heterogeneous Af species, and analyzed by MALDI-TOF
mass spectrometry. The mass spectrometry spectrum revealed
AB-(1-38), -(1-40), -(1-42), -(1-43), and -(1-45) as the prin-
cipal species generated under the in vitro conditions tested,
with AB40 being the predominant species, as expected (Fig. 5).
To gain insight about how the minor A species compared with
the predominant AB40 peak between the two conditions, we
measured the peak height of each corresponding A species
and set it as a ratio to the peak height of AB40. From these
results, we found that removal of detergent with Bio-Beads plus
addition of cholesterol subtly altered the Af3 profile in such a
way that the AB42/AB40, AB43/AB40, and AB45/AB40 ratios
were decreased compared with detergent-containing condi-
tions, and the AB38/AB40 ratio was increased. These results
suggest that our optimized in vitro assay protocol may promote
the generation of shorter AB peptides-(1-38) and reduce the
generation of longer A peptides (1-42, 1-43, and 1-45). In
addition, the intensity of the relative A ion signal was
increased after Bio-Bead detergent removal and cholesterol
supplementation, consistent with these assay conditions having
greater y-secretase activity than detergent-containing condi-
tions, as reported above. We conclude that alteration of the
lipid microenvironment via detergent removal and choles-
terol supplementation essentially gives the same variety of
AP peptides generated under detergent-containing condi-
tions, whereas increasing overall A levels and subtly alter-
ing the cleavage specificity of y-secretase, again indicating
the importance of the lipid microenvironment in finely reg-
ulating y-activity.

Reconstitution of y-Secretase Activity in Lipid Environments
Mimicking Those of Cellular Organelles—Some studies in
intact cells have suggested that the activity of y-secretase may
be regulated by its subcellular localization, in part because dif-
ferent subcellular membranes have different lipid components

FIGURE 4. Effect of cholesterol on the cleavage efficiency of purified y-secretase in detergent-free proteoliposomes. A, the effect of various concentra-
tions of cholesterol on AB40 production in proteoliposomes of optimal phospholipid or sphingolipid compositions from Fig. 3 (PC(90)/PE(10), PC(90)/PS(10),
PC(90)/PA(10), PC(90)/SM(10), PC(95)/CS(5), PC(90)/GS(10)) was examined. Error bars represent mean = S.E. Data were statistically analyzed using the unpaired,
two-tailed Student’s t test with Bonferroni correction. Statistical significance of p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****) versus the
PC/PE-detergent-containing control is indicated. B, the effect of various concentrations of cholesterol on A42 production in proteoliposomes (PC(90)/PE(10)
and PC(90)/GS(10)) was examined. Error bars represent mean = S.E. Data were statistically analyzed using the unpaired, two-tailed Student’s t test with
Bonferroni correction. Statistical significance of p < 0.05 (*), p < 0.001 (**), and p < 0.0001 (***) versus the 0% cholesterol control is indicated. C, AICD levels of
samples from the C100FLAG assay in A and B were analyzed by Western blot. AICD fragments were detected with the M2 FLAG antibody. D, the effect of various
concentrations of cholesterol on NICD production in proteoliposomes of PC/PE in detergent, PC(100), PC(90)/PE(10)/0.0063% cholesterol, and PC(90)/GS(10)/
0.013% cholesterol was examined. NICD levels were analyzed by Western blot and the NICD was detected with the 1744 antibody (Cell Signaling Technologies).
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FIGURE 5. Mass spectral analysis of A peptides generated under detergent-
containing conditions (0.1% PC, 0.025% PE, 0.25% CHAPSO-HEPES) (A) and
post-Bio-Bead treatment plus cholesterol (PC(90)/PE(10)/0.0063% choles-
terol) (B). The y-secretase cleavage products generated after incubation with the
C100FLAG substrate were captured with the 4G8 monoclonal anti-AB antibody
and subjected to MALDI-TOF analysis using a Voyager-DE STR mass spectrome-
ter. All AB-related peptides are labeled. The ratio of AB/AB40 peak heights is
shown as a percent below the corresponding AB peak.

or have similar components in different proportions (14, 16,
17). Considerable evidence suggests that lipid rafts, including
those at the plasma membrane, may be a favored site for phys-
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FIGURE 6. Effect of organelle-like lipid compositions (see table below) on
the cleavage efficiency of the C100FLAG substrate. A340 production was
measured by ELISA. Lipid compositions are expressed as percent of total
phospholipids (w/w), except for cholesterol, which is expressed as mole per-
cent. The final lipid concentration was 1.25 mg/ml. A representative experi-
ment from three independent experiments is shown. Error bars represent
mean * S.E. Data were statistically analyzed using one-way analysis of vari-
ance with Tukey-Kramer post-testing. Statistical significance of p < 0.05 (¥) is
indicated.

iological y-activity, including APP processing to A3 (16, 17, 20,
33). To examine the effects of organelle lipid composition on
the activity of y-secretase, we reconstituted purified y-secre-
tase activity in complex lipid mixtures that mimicked published
organelle lipid compositions and determined which composi-
tion yielded the highest y-secretase activity (34 —36). The lipid
composition of the “organelle-based” vesicles is described in
Fig. 6 (1.25 mg/ml final lipid concentration). AB40 production
was readily detectable when +y-secretase was reconstituted in
different lipid combinations mimicking the endoplasmic retic-
ulum, Golgi apparatus, plasma membranes, or lipid rafts (Fig.
6). Although y-secretase cleavage activity took place when
reconstituted in lipid compositions mimicking endoplasmic
reticulum and Golgi membranes, the lipid environments of the
plasma membrane, and specifically the lipid raft, supported the
highest levels of activity. Our results yielded the following trend
in AB40 production: endoplasmic reticulum = Golgi < plasma
membrane < lipid raft.

Reconstitution of <y-Secretase Activity in Complex Lipid
Mixtures—Next, we investigated the ability of complex lipid
mixtures extracted from various biological sources to reconsti-
tute the enzymatic activity of y-secretase. We examined com-
plex lipid mixtures obtained from brain, liver, heart, E. coli, or
soybean to get a better understanding of the levels of individual
lipids and the ratios of different lipids that best supported pro-
teolytic activity. Compared with the other complex lipid mix-
tures, reconstitution of proteoliposomes with the brain lipid
mixture led to the greatest AB40 production, followed to a
much lesser extent by heart and liver (supplemental Fig. S1).
E. coli and soybean lipid extracts did not support <y-secretase
activity. The brain lipid composition also supported the highest
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cleavage activity on the Notch-like substrate (data not shown).
Because these commercially available lipid mixtures were all
prepared under the same conditions, i.e. a chloroform/metha-
nol extraction followed by a partition against deionized water to
remove water-soluble components (Avanti Technical Servic-
es)),” the observed differences in activity most likely result from
the distinct lipid compositions of these samples, further sup-
porting the notion that the activity of y-secretase is directly and
potently affected by the composition of the surrounding lipid
microenvironment.

Modulation of the Potency of y-Secretase Inhibitors by Mem-
brane Lipids—Finally, we asked whether conditions that
improve overall proteolytic activity, specifically, detergent
removal and addition of cholesterol in optimized phospholipid
and sphingolipid mixtures, can alter the efficacy of a transition
state analogue inhibitor (III-31C (37)) or a y-secretase modu-
lator (1366 (38)) on the cleavage of APP by the purified enzyme.
We compared the IC,, values of III-31C and 1366 under three
conditions: standard detergent-containing samples (0.1% PC,
0.025% PE (w/v) in 0.25% CHAPSO), optimal phospholipid
conditions (PC(90)/PE(10)/0.0063% cholesterol, Bio-Bead
detergent removal), and optimal sphingolipid conditions
(PC(90)/GS(10)/0.013%  cholesterol, Bio-Bead detergent
removal). [II-31Cinhibited AB40 generationinaconcentration-
dependent fashion under all assay conditions, but displayed a
slightly higher potency in detergent-containing samples than in
detergent-free samples supplemented with cholesterol. The
IC,, values were ~24 nMm for CHAPSO-containing samples,
~54 nwM for the PC(90)/PE(10) cholesterol-containing sample,
and ~121 nwm for the PC(90)/GS(10) cholesterol-containing
sample (Fig. 7A). The decrease in III-31C potency under the
new assay conditions may be the result of decreased accessibil-
ity of this transition state analogue, to the active site of prese-
nilin, now buried within the lipid bilayer of a functional proteo-
liposome. Additionally, cholesterol, which is present in the
reaction mixtures with reduced III-31C potency, has been
reported to decrease bilayer permeability to small molecules.
We then examined 1366, a known Janus kinase inhibitor that
we previously identified as capable of selectively modulating
purified y-secretase to alter APP processing to AB much more
than the processing of a Notch substrate (38). Here, we found
that 1366 inhibited AB40 generation in a concentration-de-
pendent fashion, with an IC;, of ~47 um under assay condi-
tions that included 0.25% CHAPSO, a result close to our previ-
ously reported IC,, value of ~60 uM under such conditions
(Fig. 7B) (38). In contrast, altering the assay conditions via the
detergent removal and cholesterol supplementation steps
(above) significantly increased the potency of 1366, lowering
the IC,, in both the PC(90)/PE(10)/0.0063% cholesterol and the
PC(90)/GS(10)/0.013% cholesterol mixtures approximately
7-fold to ~7 um each. Importantly, the 1366 compound
remained selective for APP versus Notch in our new assay con-
ditions (data not shown). Because these new conditions sub-
stantially promote +y-secretase activity compared with previ-
ously published in vitro conditions and contain y-secretase

4P. Osenkowski, personal communalization.
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FIGURE 7. Effect of reported inhibitors on A40 generation by purified
y-secretase. y-Secretase, prepared in the standard assay conditions (0.1%
PC, 0.025% PE, 0.25% CHAPSO-HEPES), in the optimal phospholipid condition
(PC(90)/PE(10)/0.0063% cholesterol + Bio-Bead detergent removal), or in the
optimal sphingolipid condition (PC(90)/GS(10)/0.013% cholesterol + Bio-
Bead detergent removal) was incubated at 37 °C for 4 h in the presence of 1
M CT00FLAG substrate and increasing concentrations of either 11-31C (A) or
1366 (B). AB40 was measured by ELISA.

within a functional proteoliposome consisting of lipids resem-
bling the native environment of y-secretase, they provide a
wider range for enzymatic inhibition and a more physiological
vesicle for membrane-protein study, which should be useful in
further inhibitor characterization studies.

DISCUSSION

Because y-secretase is a four-protein complex with 19 trans-
membrane domains and its active site is predicted to be near the
center of the bilayer, we hypothesized that its conformation and
activity should be highly sensitive to membrane lipid composi-
tion. We and others have previously determined that certain
lipids can affect the proteolytic activity of y-secretase. In this
study, we reconstituted the protease complex with lipids under
detergent-free conditions and expanded the range of lipids and
substrates examined to gain a better understanding of the lipid
regulation of its activity.

Several reports have described alterations in lipid composi-
tion and lipid metabolism in the brains of AD patients com-
pared with controls. Some studies demonstrated that levels of
inositol-containing phospholipids (39), PC and PE (7, 40), and
gangliosides (41) are decreased in AD brain compared with
control, whereas other reports indicate that AD brain has
higher PS levels than control brain (42). Increases in the activ-
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ities of phospholipase A, and phospholipase C have also been
noted in AD brain (7). In addition to the measured alterations in
brain phospholipids and lipases, numerous epidemiologic stud-
ies have shown that elevated cholesterol may serve as a risk
factor for AD (for review, see Ref. 43). Such modifications to the
composition and structure of the lipid bilayer could have pro-
found effects on the proteins that reside there, including some
of the key molecules implicated in AD pathogenesis, including
APP, BACE, a-secretase, and y-secretase.

Ap levels have been reported to change in response to alter-
ations in the lipid microenvironment (43, 44). BACE activity is
regulated by cholesterol levels, as reported in intact cells (29,
45) and using purified enzyme (46). Interestingly, high levels of
cholesterol have been found to inhibit the secretion of APP -,
and this is thought to be due to the inhibition of a-secretase,
whereas low cholesterol levels have been suggested to stimulate
the a-secretase pathway (47, 48). Several studies show that
reducing cholesterol levels via statin and/or cyclodextrin treat-
ments decreases A3 production by intact cells (29, 30, 49, 50) or
in partially fractionated +y-secretase preparations (22). GM1
ganglioside was shown to promote Af3 generation, in part by
increasing <y-secretase activity (51). Conversely, lipid levels
themselves have been reported to be regulated by A peptides,
in that AB42 was found to down-regulate cellular sphingomy-
elin levels via activation of sphingomyelinase, whereas AB40
down-regulated cholesterol levels by inhibiting hydroxymeth-
ylglutaryl-CoA reductase activity (52).

In light of these various observations, we sought to use a
reductionist approach to characterize systematically the effects
of the lipid microenvironment in a controlled reconstituted
system using purified y-secretase and defined lipids. In doing
so, we first wanted to ensure that our assay conditions were
well suited for the study of membrane lipids. Virtually all
published studies reconstitute y-secretase activity in the pres-
ence of detergent, generally CHAPSO at 0.25-0.5% (21, 22) or
digitonin at 0.01-0.1% final concentrations (21). However, as
detergents are well known to permeabilize or completely solu-
bilize liposomes and can have negative effects on overall activity
of membrane-associated enzymes, we added a detergent-re-
moval step to our assay protocol (23). We chose hydrophobic
adsorption as the method of detergent removal over dialysis,
dilution, or gel chromatography, due to its reproducible effects
and its ease of use in small reaction volumes. Addition of a
detergent-removal step led to the formation of liposomes with
incorporated y-secretase protein and resulted in more than
2-fold increases in cleavage of C100FLAG and N100FLAG sub-
strates. We employed these improved assay conditions in all of
our further analyses.

Phospholipids are the primary building blocks of cellular
membranes, and many alterations in phospholipid content
have been reported in AD versus control brain, as mentioned
above (7, 39, 40, 42). To better understand the role of phospho-
lipids in the regulation of y-secretase per se, we assessed the
effects of various ratios of PC to PE, PS, P, or PA on the purified
protease complex. We found that PE, PS, or PA, in the presence
of PC, increased AB production over the PC-only control,
whereas PI decreased activity over the PC-only control. These
lipids may indirectly regulate y-secretase conformation by
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modulating the bulk properties of the membrane (fluidity,
thickness, shape, and packing properties) and/or directly as a
result of electrostatic interactions of y-secretase with nega-
tively charged lipids, e.g. in the case of PS or PA. It was recently
suggested that the increased activity of y-secretase in budded
virus particles compared with cellular membranes of Sf9 cells
may be due to enhanced PS levels in the lipid composition of the
budded virus envelope (53). The activity of purified BACE was
also shown to be increased in proteoliposomes containing PE,
PS, or PA, implying that both proteases may be regulated by the
lipid microenvironment (46). Interestingly, PI, an anionic lipid,
was the only phospholipid that decreased +y-activity over the
PC-only control at all tested concentrations. Perhaps the bulky
ring structure on the head group had a negative effect on lipid
packing and membrane fluidity under these experimental con-
ditions, accounting for the decrease in activity.

We also examined the effect of sphingolipids and found that
SM, cerebrosides, or gangliosides, each in the presence of PC,
increased y-secretase activity over the PC-only control and to a
greater extent than the phospholipids PE, PS, or PA. Compared
with phospholipids, sphingolipids generally contain longer
fatty acid chains with a higher degree of saturation, character-
istics that can modulate the bulk characteristics of a lipid mem-
brane, influencing membrane thickness and fluidity, among
other qualities. Interestingly, both cerebrosides and ganglio-
sides contain a carbohydrate moiety on their head group, which
may influence bulk membrane properties or could interact with
y-secretase directly.

We found that cholesterol stimulated the activity of purified
y-secretase on CI00FLAG and N100FLAG, and its effect was
most pronounced in PC/sphingolipid mixtures. Our results
with the purified protease are consistent with other reports
that: (a) water-soluble cholesterol strongly increased A pro-
duction in gradient-fractionated, buoyant membrane microdo-
mains containing PS1, whereas empty MBCD, by sequestering
soluble cholesterol, did the opposite (8); (b) depletion of cho-
lesterol from hippocampal neurons using statins = MBCD led
to a ~2.5-fold decrease in both secreted and intracellular A
(30); and (c) opposing effects of water-soluble cholesterol and
empty MBCD were shown on a size-separated cellular fraction
containing y-secretase (22). The variation in our lipid compo-
sitions may support vesicles of varying thickness, as sphingolip-
id-containing membranes are generally thicker due to longer
fatty acid tails. Therefore, our results imply that proteolipo-
somes with thicker membranes (PC(90)/GS(10)/0.013% cho-
lesterol) support robust AB40 but not AP42 cleavage,
whereas thinner membranes (PC(90)/PE(10)/0.0063% cho-
lesterol), do support AB42 production. This is consistent
with the notion that thinner membranes, like those in the
endoplasmic reticulum, support AB42 production better,
whereas thicker membranes of the plasma membrane and
Golgi apparatus support AB40 production better (14).
Although other studies have reported that y-secretase cleav-
age of APP is cholesterol dependent in certain membrane
fractions, in semi-purified protease preparations or in intact
cells (8, 29, 30), we show here for the first time a direct and
differential effect of cholesterol on the activity of the purified
enzyme on multiple substrates.
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There is great diversity in the lipid species present in biolog-
ical membranes. Although our results suggest how individual
lipid species could affect y-secretase activity, it is very difficult
to predict the effect of multiple lipids on activity and on the bulk
characteristics of a membrane, as the properties of individual
lipids are not simply additive in a complex lipid mixture. There-
fore, we examined purified y-secretase activity after reconsti-
tuting it in complex lipid mixtures with defined compositions
that mimicked certain subcellular membranes. Because the lit-
erature suggests multiple cellular locations of y-secretase activ-
ity, we wanted to examine, in the absence of all other factors,
how the lipid environment of subcellular organelles could
directly affect y-secretase activity. Although all subcellular
membrane lipid mixtures supported robust cleavage activity,
the lipid raft composition consistently yielded the highest y-ac-
tivity. These results support studies finding that y-secretase
activity is enriched in lipid raft microdomains (19, 33). The lipid
raft mixture contained the highest level of sphingomyelin and
cholesterol, two positive regulators of y-secretase activity in
our system (Figs. 3 and 4). These results suggest that not only do
lipid rafts bring together the key players in A production, i.e.
BACE, APP, and 7y-secretase, but also that the environment of
the lipid raft may support the highest y-secretase activity,
thereby promoting AB production (19, 45).

In conclusion, we have identified new assay conditions
(detergent removal) and combinations of different lipids that
can strongly promote 7y-secretase activity compared with pre-
vious in vitro assay protocols. As these new conditions better
reflect the biological diversity of membrane lipids and enable
proteoliposome formation, they provide a more physiological
environment for the study of this membrane protein complex.
We show that the quality and quantity of specific membrane
lipid components can markedly enhance y-activity, enabling a
wider activity range in which prospective y-secretase inhibitors
and modulators can be evaluated in vitro. As our optimized
assay conditions decreased the potency of an inhibitor known
to target the active site of presenilin within the lipid bilayer, our
results raise concerns over the current detergent-containing
conditions in which y-secretase inhibitors are initially tested, as
they do not promote functional proteoliposome formation, and
therefore, may not render the enzyme in its proper conforma-
tion. Moreover, our information about the mixtures of phos-
pholipids, sphingolipids, and cholesterol that give particularly
high +y-secretase activity should prove useful in current
attempts to achieve two-dimensional crystals of active y-secre-
tase to elucidate the structure of the complex. Perhaps most
importantly, emerging knowledge about the potency of lipid
regulation of y-activity can inform experiments to find new or
existing small molecules that selectively modulate specific lip-
ids as an attractive addition to protein-targeted therapeutics.
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