9774 Biochemistry2004,43, 9774-9789

Purification and Characterization of the HumgiBecretase Compléx

Patrick C. Fraering,Wenjuan Ye€', Jean-Marc Strub,Georgia Doliod, Matthew J. LaVoi€, Beth L. OstaszewskKi,
Alain van Dorssela€et,Rong Wand, Dennis J. Selkoe* and Michael S. Wolfe*

Center for Neurologic Diseases, Brigham and Women’s Hospital anddtdrMedical School, Boston, Massachusetts 02115,
Laboratoire de Spectrometrie de Masse Bio-Organique, ECPM, 25 rue Becquerel, 67087 Strasbourg cedex, France, and
Department of Human Genetics, Mount Sinai School of Medicine, New York, New York 10029

Receied March 12, 2004; Resed Manuscript Receéd May 12, 2004

ABSTRACT. y-Secretase is a member of an unusual class of proteases with intramembrane catalytic sites.
This enzyme cleaves many type | membrane proteins, including the anBAoeidtein (A3) precursor

(APP) and the Notch receptor. Biochemical and genetic studies have identified four membrane proteins
as components gf-secretase: heterodimeric presenilin (PS) composed of its N- and C-terminal fragments
(PS-NTF/CTF), a mature glycosylated form of nicastrin (NCT), Aph-1, and Pen-2. Recent data from
studies inDrosophila mammalian, and yeast cells suggest that PS, NCT, Aph-1, and Pen-2 are necessary
and sufficient to reconstitutg-secretase activity. However, many unresolved issues, in particular the
possibility of other structural or regulatory components, would be resolved by actually purifying the enzyme.
Here, we report a detailed, multistep purification procedure for acfixgecretase and an initial
characterization of the purified protease. Extensive mass spectrometry of the purified proteins strongly
suggests that PS-NTF/CTF, mNCT, Aph-1, and Pen-2 are the components ofiastzeetase. Using

the purified y-secretase, we describe factors that modulate the production of spegifipécies: (1)
phosphatidylcholine and sphingomyelin dramatically improve activity without changing cleavage specificity
within an APP substrate; (2) increasing CHAPSO concentrations from 0.1 to 0.25% yield9G%o
increase in 842 production; (3) exposure of an APP-based recombinant substrate to 0.5% SDS modulates
cleavage specificity from a disease-mimicking pattern (higlt2(43) to a physiological pattern (high
Ap40); and (4) sulindac sulfide directly and preferentially decreagg®2/Aleavage within the purified
complex. Taken together, our results define a procedure for purifying aetheeretase and suggest that

the lipid-mediated conformation of both enzyme and substrate regulate the production of the potentially
neurotoxic AG42 and AG43 peptides.

A cardinal pathogenic feature of Alzheimer's disease expressed at high levels in neuroi®. (/-Secretase is also
(AD)! is the progressive accumulation of amylgigprotein an aspartyl proteas8,(4) but with a novel intramembranous
(Ap) in brain regions subserving memory and cognitibp ( catalytic site that is required for the cleavage of a wide range
Sequential proteolytic cleavages of the amylgighrotein of type | membrane protein substrates that includes APP and
precursor (APP) by-secretase angtsecretase generate the the Notch receptorss-9). In cells, y-secretase activity is
amyloid s-proteins (A3) of 38—43 amino acidsX). 5-Secre- associated with a high molecular weight complex of integral
tase (BACE) is a single membrane-spanning aspartyl proteasenembrane proteins that contains at least presenilin (PS) 1

or 2, nicastrin (NCT), Aph-1, and Pen-20—13). Because
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enzyme. Moreover, rigorous biochemical characterization of measured with the BCA reagent to be approximately 0.10
the properties of this unusual enzyme requires fully purified —0.25 mg/mL, and this solubilizeg-secretase preparation
y-secretase. To assess these critical unanswered questionsas freshly used to run the glycerol velocity gradient
and define the details of the composition, mechanism, andseparation. The 1828% gradients were prepared by layering
structure ofy-secretase, we have developed a method for 1 mL of each of the glycerol stock solutions (prepared in
high-grade purification of the enzyme complex. Here, we 0.2% digitonin-HEPES), from 28% on the bottom to 18%
report this procedure together with a detailed mass spectralon the top. Then, 1 mL of the solubilizeg-secretase
analysis of all the proteins found in the catalytically active preparation was loaded onto the gradient and centrifuged at
fraction recovered after the last step of the purification. This 200 00@ for 15 h at 4°C. A total of 12 fractions (1 mL per
analysis strongly suggests that PS-NTF and -CTF, mNCT, fraction) were collected from the bottom of the tubes after
Aph-1, and Pen-2 are sufficient forsecretase activity. being punctured with a needle. Thesecretase complex was
The most aggressive known forms of familial AD are detected in the gradient by analyzing each fraction by
caused by missense mutations in the genes encoding APPWestern blotting for nicastrin (with R302 antibodies), PS1
PS1, and PS2. These mutant genes produce a commotioloprotein and -NTF (with Ab14), PS1-CTF (with 13A11),
pathological phenotype of altered APP processing that Flag-Pen-2 (with M2), and Aphi2-HA (with 3F10). The
elevates production of the strongly self-aggregating 42- fractions containing-secretase were pooled and defined as
residue form of /8 (24—28). However, the biochemical the glycerol gradient pooled fraction (23% of glycerol, 0.2%
mechanism by which presenilinsecretase is modified to ~ digitonin-HEPES).
produce increased amounts o642 remains unclear. In an (5) Affinity Chromatography with Immobilized Hydroxy-
effort to identify and better understand factors (e.g., deter- ethyl-Urea Transition State Analogue Ill-Che glycerol
gents, lipids, pH, inhibitors) that modulate the cleavage gradient pool was diluted 1:2 in 1% CHAPSO-HEPES (7%
specificity of y-secretase within the APP transmembrane glycerol, 0.66% CHAPSO, 0.066% digitonin-HEPES) and
(TM) domain, we characterized the activity of the complex injected onto a IIR'C column (hydroxyethyl-urea transition

following its purification. state analogue inhibitor immobilized through its C-terminus
to agarose beads via a six-atom hydrophilic linkaf)
EXPERIMENTAL PROCEDURES installed into a Pharmacia AKTA-FPLC chromatography

) ) system by using a 50 mL superloop. After the column was

Cell Lines and CulturesChinese hamster ovary (CHO) yashed in 1% CHAPSO-HEPES buffer, the bound protein
cell line y-30 (expressing human PS1, Flag-Pen-2, and a5 eluted in 1% Brij35-HEPES buffer. The eluted fractions
Aphlo2-HA) was cultured as previously describetl) enriched iny-secretase were identified by Western blot as

The S-1 cell line (expressing human PS1, Flag-Pen-2, mendioned previously and pooled in one fraction defined as
Aphlo2-HA, and NCT-GST) was cultured as previously iha j1-31C pooled fraction.

d_escribed 29). In vitro y-secretase assays using the recom- (6) Anti-Flag M2 Affinity Purification.The 111-31C pool
binant APP-based substrate C100Flag aficEAISAs were (194 Byij35-HEPES) was diluted 1:4 with 0.1% Digitonin-
performed as previously describegD(31). TBS buffer (0.1% digitonin, 50 mM tris HCI, 150 mM NaCl,
Multistep Purification ofy-Secretase from-30 Cells. (1) pH 7.4) (final detergent concentration: 0.2% Brij35, 0.08%
Cell Membrane Preparatior total of 6.0 x 10° y-30 cells  gigitonin) and incubated overnight, in batch, with anti-Flag
were collected from 15 cm dishes and fully resuspended in \2 affinity resin (Sigma) preequilibrated in 0.1% digitonin-
25 mL of MES buffer (50 mM MES, pH 6.0, 150 MM NaCl,  TBS buffer. The beads were washed three times in the same
5 mM NaCl, 5 mM Cad, plus complete protease inhibitor  pyffer, and the bound proteins eluted with 0.2 mL of this
cocktail (Roche)). The cells were lysed by being passed oncepyffer containing 20@g/mL of Flag peptides (Sigma). This

through a French press at greater than 1000 psi, and theg|ution step was repeated three times, and the eluted fractions
nuclei and unbroken cells were harvested at 830fa® 10 were pooled (M2 pooled fraction).

min in a Sorvall SA600 rotor. The postnuclear supernatant  \jyltistep Purification of y-Secretase from S-1 Cells.

was saved and centrifuged (100 @Or 1 h in aSW41 (1-3) Cell Membrane Preparation, Bicarbonate Wash, and
rotor) to pellet the total membranes (equals membrane complex Solubilizatiomere performed exactly as described
preparation). previously for they-30 cells, except for the number of cells
(2) Bicarbonate WashThe membrane pellet was fully  used in this procedure (2.5 10°).
resuspended in 5 mL of ice-cold sodium bicarbonate buffer  (4) GSH Affinity PurificationThe solubilizedy-secretase
(0.1 M NaHCQ, pH 11.3) by pipeting up and down at least preparation was diluted two times in HEPES buffer (final
30 times, then incubated at°€ for 20 min. The washed  CHAPSO concentratios 0.5% corresponding to the optimal
membranes were then pelleted at 1009 1 h at 4°C. binding condition of active/-secretase to the GSH beads,
(3 and 4) Complex Solubilization and Glycerol Velocity data not shown) and incubated overnight &CAwith gentle
Gradient. The bicarbonate-washed membranes were fully rocking with 2.5 mL of GSH resin (Amersham Biosciences,
resuspended in 5 mL of solubilization buffer (1% CHAPSO, Sweden) preequilibrated in 0.5% CHAPSO-HEPES buffer.
50 mM HEPES, pH 7.0, 150 mM NacCl, 5 mM Mgg£ls The resin was washed three times with 20 resin volumes of
mM CaCl) by being pipetted up and down at least 30 times. HEPES buffer (50 mM HEPES, pH 7.0, 150 mM NacCl)
The membranes were then incubated &C4for 1 h. To containing 0.5% CHAPSO. The bound proteins were eluted
pellet the insoluble material, the solution was centrifuged with one resin volume of elution buffer (0.5% CHAPSO-
(100 00@ for 1 h), the pellet was discarded, and the HEPES containing 25 mM of reduced GSH, pH 7.5).
supernatant was saved,; this lysate is defined as solubilized (5) Anti-Flag M2 Affinity Purification.The proteins eluted
y-secretase preparation. The protein concentration wasfrom the GSH affinity resin were then diluted 6-fold in 0.1%



9776 Biochemistry, Vol. 43, No. 30, 2004

digitonin-HEPES (the optimal binding condition of active

Fraering et al.

in defined buffers containing 0.25% CHAPSO or 0.05%

y-secretase to the M2 resin, data not shown) and incubateddigitonin. For pH 5.6-6.5, 50 mM MES was used, while

overnight at 4°C and with gentle rocking with 2.5 mL of
anti-Flag M2 resin preequilibrated in 0.1% digitonin-TBS

50 mM PIPES was used for pH 7%0.0.
Detergent Dependence pfSecretase Actity. Reactions

buffer. The resin was washed three times with 20 resin were run withy-secretase solubilized at 10-fold dilution from
volumes of 0.1% digitonin-HEPES, and the bound proteins stock in defined buffers containing varying concentrations

were released twice with one resin volume of M2 elution
buffer defined in they-30 section stated previously.

(6) Hydroxyethyl-Urea Transition State Analogd&C
Affinity ChromatographyThe proteins eluted from the anti-
Flag M2 affinity resin were diluted 1:2 in 1% CHAPSO-
HEPES and incubated overnight at@ with gentle rocking
with 2.5 mL of 11I-31C affinity resin. The resin was washed
three times with 20 resin volumes of 1% CHAPSO-HEPES,

of CHAPSO (0.:+1% final concentration) or digitonin
(0.01-1% final concentration).

Lipid Dependence gf-Secretase Aatity. Reactions were
run with y-secretase solubilized at 10-fold dilution from stock
in 0.1% CHAPSO-HEPES, pH 7.5 containing various
concentrations (0.0125.2% final concentration) of PC, PE,
or sphingomyelin (SM). Cholesterol was solubilized in a
mixture of 10 volumes of chloroform, 10 volumes of

and the bound proteins were released with one resin volumemethanol, and 3 volumes of water (called 10:10:3) at a

of 1% Brij35-HEPES buffer (elution step repeated three
times).
Tryptic Digestion and Mass Spectrometifhe fractions

concentration of 25 mg/mL. A total of AL of different
cholesterol stock solutions (diluted in 10:10:3) was added
to 5uL of PC (10 mg/mL)+ 2.5uL of PE (5 mg/mL)+

recovered after the last step of the purification procedures5uL of SM (5 mg/mL; PC, PE, and SM all solubilized in

were concentrated by ultrafiltration ¢£/7000 g/2 h) using

a Microcon 3KD centrifugation device (Millipore, MA) and
loaded onto a preparative SBBAGE (4-20%) gel. The
gel was stained with silver nitrate (BioRad), and the visible

1% CHAPSO-HEPES, pH 7.5), thus yielding the so-called
total lipid mixture (14ul). The total lipid mixture was then
added to the purified complex (50L) and assayed for
C100Flag cleavage. The final CHAPSO concentration in

bands were excised and cut into small pieces with a scalpel.these reactions was 0.25%.

The gel pieces were washed with 10 of 25 mM
NH4HCO;, dehydrated twice with 10@L of acetonitrile,

y-Secretase InhibitordAPT, I1I-31C, and sulindac sul-
fide were added to the reactions from a DMSO stock (final

and dried with a SpeedVac evaporator before reduction (L0DMSO concentration of 1%, which alone did not affect

mM DTT in 25 mM NHHCG;) and alkylation (55 mM
iodoacetamide in 25 mM NHHCGO;). For the tryptic diges-

y-secretase activity). All the reactions were stopped by
adding 0.5% SDS, and the samples were assayed[fd0A

tion, the gel pieces were resuspended in three gel volumesand A342 by ELISA as describe®8). The capture antibod-

of trypsin (12.5 ngilL) freshly diluted in 25 mM NHHCO;
and incubated overnight at 3&. The digested peptides were
then extracted from the gel in a buffer containing 25%H
70% acetonitrile, and 5% HCOOH and analyzed by matrix-
assisted laser desorption/ionization time-of-flight (MALDI-
TOF) and LC/MS/MS. For nano-HPLC, a CapLC system

ies were 2G3 (to A& residues 3340) for the A340 species
and 21F12 (to A residues 3342) for the AG42 species.
Immunoprecipitation/Mass Spectrometry (IP/MS) Analysis
of AS. Ap peptides generated in thesecretase in vitro
assays described previously were immunoprecipitated using
monoclonal anti-# antibody 4G8 (Senetek, Maryland

(Micromass Ltd., Manchester, UK) was used. The samples Heights, MO) and protein A/G-plus agarose beads (Onco-
were concentrated on a precolumn, and the peptides wereggene) and subjected to MALDI-TOF mass spectrometric

separated on a 15 cw 75 um i.d. column packed with 3

um 100 A C18 PepMap (LC-Packings). The MS and MS/
MS analyses were performed with a Q-TOF 2 hybrid
quadrupole/time-of-flight mass spectrometer (Micromass
Ltd., Manchester, UK) equipped with a Z-spray ion source.
LC/MS/MS data were processed automatically with the

analysis using a Voyager-DE STR mass spectrometer
(Applied Biosystems) as describe®@4f. The molecular
masses were accurately measured and searched against the
amino acid sequence of human APP C99 with addition of a
methionine residue at the N-terminus and a Flag tag sequence
at the C-terminus (C100Flag).

ProteinLynx Process (Micromass) module. Data analysis was Western Blotting, Antibodies, and BN-PAGHr Western

performed with Global Server (MicroMass, Ltd., Manchester,
UK) software and Mascot (Matrix Science Ltd., London, UK)
against NCBI (The National Center for Biotechnology
Information) database.

Enzyme Kinetics and Data Analysls vitro y-secretase
assays were performed as previously descrit@] 82)

analysis of PS1-NTF, PS1-CTF, Aph2, Pen-2, and NCT,
the samples were run on—20% Tris-glycine PAGE gels,
transferred to poly(vinylidene difluoride), and probed with
Ab14 (for PS1-NTF, 1:2000, a gift of S. Gandy), N19 (for
PS1-NTF, 1:200, Santa Cruz), 13A11 (for PS1-CTF, 5 mg/
mL, a gift of Elan Pharmaceuticals), 3F10 (for AptZtHA,

except for samples in which no SDS was added to the 50 ng/mL, Roche), anti-Flag M2 (for Flag-Pen-2, 1:1000,
C100Flag substrate preparations before the activity assaysSigma), R302 (for NCT, 1:4000, a gift of D. Miller and P.

Km and Vhax All the reactions contained C100Flag
substrate at a defined concentration, purifiedecretase
solubilized in 0.25% CHAPSO-HEPES, pH 7.5, or 0.05%
digitonin-HEPES, pH 7.5, at 10-fold dilution from stock (M2
anti-Flag eluted fraction, purification protocol from S-1 cells,

step 5 in Figure 3A), 0.025% phosphatidylethanolamine (PE),

and 0.10% phosphatidylcholine (PC).
pH Dependence of-Secretase Actity. Reactions were
run with y-secretase solubilized at 5-fold dilution from stock

Savam), guinea pig anti-NCT (1:2000, Chemicon)a@&ST
antibodies (for NCT-GST, 1:3000, Sigma). Samples from
the y-secretase activity assays were run on20% Tris-
glycine gels and transferred to poly(vinylidene difluoride)
membranes to detect AICD-Flag or to nitrocellulose mem-
branes to detect A The Flag-tagged substrate and AICD
product generated by-secretase proteolysis were both
detected with anti-Flag M2 antibodies; the other product,
Met-AS, was detected with the antifAGEL10 antibody.
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A Step Step Description Purification Effect
Step 1: 130 membrane Removes cytosol
preparation
Step 2: Bicarbonate wash Removes peripheral
of the microsomes membrane proteins
Step 3: Solubilization of Separates sclubilized from
the microsomes non-solubilized proteins
. Separates proteins &
Step 4: Glycerol velocity protein complexes with
sedlmentatl|on gradient different size and shape

Separates proteins
associated with vy-secretase
activity from others

Step 5: | [I131-C transition-state
analogue affinity resin

* Separates proteins
Step 6: | M2 anti-Flag affinity resin | associated with Flag-Pen-2
from others
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Ficure 1: Purification ofy-secretase frony-30 cells. (A) Scheme of-secretase purification protocol. CHO cells overexpressing human
PS1, Aph-1-HA, and Flag-Pen-2-B0 cell line) were used for a six-step purification procedure as outlined and as described in the text. (B)
A total of 25uL of each of the 1% CHAPSO-solubilized lysate (lysate, lane 1), the 0.2% digitonin glycerol gradient pooled fractions before
(Glyc.G. pool, lane 2) and after dilution in 1% CHAPSO (Glyc.G. pool D, lane 3), the material not binding to the 11I-31C affinity column
(IN-31C unbound, lane 4), the 1% Brij35 I1I-31C eluate before (l1I-31C-eluate, lane 5) and after dilution in 0.1% digitonin (l11-31C-eluate
D, lane 6), the material not binding to the M2 affinity column (M2-Unbound, lane 7), the first and third washes (M2-Wash1 and M2-
Wash3, lanes 8 and 9), and the fraction eluted from the M2 anti-Flag affinity resin (M2-Eluate, lane 10) were all loaded-e2®86a 4
Tris-Glycine gel for SDS PAGE. The presence of thesecretase components was confirmed by probing a Western blot with R302 (Nicastrin),
Abl4 (PS1-holo and -NTF), 13A11 (PS1-CTF), 3F10 (Aph-1-HA), and M2 (Flag-Pen-2). (C) The proteins recovered after the last step of
the purification procedure (M2-Eluate) derived from %@ of v-30 cells were pooled, concentrated, separated-6204b6 Tris-Glycine

by SDS-PAGE, and stained with silver nitrate. Each band visible on the gel was excised and subject to tryptic digestion; the peptides
generated were separated and analyzed by LC/MS and LC/MS/MS. (D) C83 is labeled in the M2-eluted fraction by 13G8 and comigrates
with the silver-positive 10 kDa band observed in Figure 1C. (E) BN-PAGE analysisetretase from-30 membranes solubilized in 1%
Digitonin (lysate) and recovered after the last step of the purification procedure described in Figure 1A (M2 Eluate) confirms the integrity
of the purified complex. Proteins were electrophoresed-eh%5% BN-PAGE gels and probed with Ab14, antibodies against N-terminal
fragment of PS1.
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NCT (Mus Musculus)

MATTRGGSGPDPGSRGLLLLSFSVVLAGLCGGNSVERKIYI PLNKTAPCVRLLNATHOIGCOSSISGDTGVIHVVEKEED 80
LEWVLTDGPNPPYMVLLEGKLFTRDVMEKLKGTTSRIAGLAVTLAKPNSTSSFSPSVQCPNDGFGIYSNSYSPEFAHCKKL 60
TLWNELGNGLAYEDFSFPIFLLEDENETKVIKQCYQDHNLGONGSAPSFPLCAMOLFSHMHAVISTATCMRRSFIQSTFS240
INPEIVCDPLSDYNVWSMLKPINTSVGLEPDVRVVVAATRLDSRSFFWNVAPGAESAVASFVTIQLAAAEALHKAPDVTITL320
SRNVMFVFFQGETFDYIGSSRMVY DMENGKFPVRLENIDSFVELGOVALRT SLDLWMHTDPMSOKNESVEKNQVEDLLATLA00
EKSGAGVPEVVLRRLAQSQALPPSSLORFLRARNISGVVLADHSGSFHNRYYQSIYDTAENINVTYPEWQSPEEDLNEVT 480
DTARALANVATVLARALYELAGGTNEFSSSIQADPOQTVTRLLYGFLVRKANNSWEFQS ILKHDLRSYLDDRPLOHY IAVSSPTS60
NTTYVVQYALANLTGKATNLTREQCODPSKVPNESKDLYEY SWVQGPWNSNRTERLPQCVRSTVRLARALSPAFELSQWS 640
STEYSTWAESRWKDIQARIFLIASKELEFITLIVGESILIFSLIVIYCINAKADVLEVAPREPGAVSY 708

Sequence coverage : 12%
RMS Error : 20 ppm
Mascot score : 316

Human Pen-2

MNLERVSNEEKLNLCRKYYLGGFAFLPFLWLVNIFWEFREAFLVPAY TEQSQIKGYVWRSAVGEFLEWVIVLTSWITIFQL 80
YRPRWGALGDYLSFTIPLGTP 102

Sequence coverage : 31%
RM3S Error: 28 ppm
Mascot score : 59

Human Aphla2

MGAAVFFGCTEFVAFGPAFALFLITVAGDPLRVITILVAGAFFWLVSLLLASVVWFILVHVTDRSDARLOYGLLIFGAAVSY 80
LLOEVFRFAYYKLLKKADEGLASLSEDGRSPISIROMAYVSGLSFGIISGVESVINILADALGPGVVGIHGDSPYYFLTS160
AFLTAAIILLHTFWGVVEFDACERRRYWALGLVVGSHLLTSCGLTFLNPWYEASLLPIYAVTIVSMGLWAF ITAGGSLRSIQ240
RSLLCRRQEDSRVMVYSALRIPPED 266

Sequence coverage : 13%
RMS Error : 23 ppm
Mascot score : 102

Human PS1

MTELPAPLSYFQONAQMSEDNHLSNTVRSONDNREROEHNDRRSLGHPEPLSNGRPQGNSROVVEQDEEEDEELTLKYGAK 80
HVIMLEVPVTLCMVVVVATIKSVSFYTRKDGOLIYTPFTEDTETVGORALHSILNAATMISVIVVMTILLVVLYKYRCYKL60
VIHAWLIISSLLLLEFFSFIYLGEVFKTYNVAVDY ITVALLIWNFGVVCMISIHWRGFLRLOQAYLIMISALMALVEIKY240
LPEWTAWLILAVISVYDLVAVLCPKGPLRMLVETAQERNETLFPALIYSSTMVWLVNMAEGDPEAQRRVSKNSKYNAEST320
ERESQDTVAENDDGGFSEEWEAQRDSHLGPHRSTPESRAAVOELSSSILAGEDPEERGVKLGLEDF IFYSVLVGKASATA400
SGDWNTTIACEFVAILIGLCLTLLLLAIFKKALPALPISITFGLVEYFATDYLVOPFMDOLAFHQFYI 468

Sequence coverage : 23%
RMS Error: 24 ppm
Mascot score : 388

FiGuRe 2: Mass spectral identification of-secretase-associated proteins. Nicastrin (NCBI accession number 11037796), PS1-NTF, PS1-
CTF (4506163), Aphl (7705787), and Pen-2 (28144920) are the predominant proteins detected on the gel stained with silver nitrate (Figure
1C). Note that all the peptides identified by mass spectrometry (in red) are located outside of the predicted TMDs (in blue and underlined),
except for two of them, which are in TMDs 5 and 7 of PS1. The trypsin proteolytic cleavage sites are in bold, whereas the presenilinase
PS1 cleavage site is green. The mass spectrometric parameters (% of the sequence coverage, RMS error, and the Mascot score (http:/
www.matrixscience.com/ search_form_select.html)) are summarized for each protein.

Blue native gel electrophoresis was performed as previously sequential steps (Figure 1A). We began with homogenization
described 35). of large amounts of-30 cells, CHO cells stably overex-
pressing together human PS1, Api2tHA, and Flag-Pen-
RESULTS 2, which are characterized by a marked increase $ecre-
Purification and Identification of-Secretase Associated tase activity {2). As a first purification step, total cellular
Proteins. Purification of Actie y-SecretaseWe undertook ~ membranes were prepared by differential centrifugation to
a systematic evaluation of several possible purification stepslargely remove cytosolic proteins. We have found that
and arrived at a protocol that involves six y-secretase activity is still present in cell membrane prepara-
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A Step Step Description Purification Effect
Step 1: 51 membrlane Removes cytosol
preparation
Step 2: Bicarbonate wash Removes peripheral C 13A11 4624 4627
of the microsomes membrane proteins v O v O )
i g» £ £
Step 3: Solubilization of Separates solubilized from S & < = =
the microsomes non-solubilized proteins '
v Separates proteins 26— -
Step 4: GSH affinity resin associated with NCT-GST 20— )“ PS1-CTF
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Ficure 3: Purification ofy-secretase from S-1 cells reveals a 12 kDa fragment of the C-terminal PS1-CTF that copurifies with the complex.
(A) Scheme of alternativg-secretase purification protocol from S-1 cells. (B) A total ofi@50f each of the 1% CHAPSO-solubilized

lysate (S-1 lysate, lane 1), the material not binding to the GSH affinity resin (GSH-Unbound, lane 2), the fraction eluted from the GSH-
affinity resin before (GSH-Eluate, lane 3) and after dilution in 0.1% digitonin (GSH-Eluate D., lane 4), the material not binding to the M2
anti-Flag affinity resin (M2-Unbound, lane 5), the fraction eluted from the M2 anti-Flag affinity resin before (M2-Eluate, lane 6) and after
dilution in 1% CHAPSO (M2-Eluate D., lane 7), the material not binding to the [1I-31C affinity resin (31C-Unbound, lane 8), and the
fraction eluted from the IlI-31C resin (31C-Eluate, lane 9) were all loaded onte20% Tris-Glycine gel for SDSPAGE, and the
presence of theg-secretase components was confirmed by probing a Western blot as described (Figure 1B), except for NCT-GST, which
was detected with anti-GST antibodies. (C) A 12 kDa fragment (PS1-CTF12) immunoreactive with 4627 (to PS1-CTF, resic@8)457

but not with 13A11 or 4624 (to PS1-CTF, residues 2809 and 343-357, respectively) was detected in the final eluate after 111-31C
affinity purification (step 6 in Figure 3A). The high and low MW bands detected in the lysate with 4624 and 4627 antisera (lanes 3 and 5)
but not with the affinity purified monoclonal antibody 13A11 (lane 1) suggest that these bands are nonspecific. (D) PS1-CTF12 remains
associated withy-secretase during purification. A total of 28 of the fractions recovered after each purification step (Figure 3B) was
loaded onto a 420% Tris-Glycine gel, and PS1-CTF12 was detected with 4627.
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tions after washing with bicarbonate buffer (0.1 M NaHCO  fractions (20-23% glycerol), maintained their physical
pH 11.3) B1). Such washing conditions remove residual association, and contained proteolytic activify?), Those
cytosolic proteins and strip away almost all peripheral fractions were pooled and injected over a IlI-31C affinity
membrane proteins36), leaving only integral or tightly  column for a separation based on binding of acjiveecre-
associated membrane proteins. On the basis of these observdase (step 5). The 111-31C affinity resin, a hydroxyethyl-urea
tions, we used bicarbonate wash of membrane preparationdransition state analogue inhibitor immobilized through its
as a second purification step. These washed microsomes wer€-terminus to agarose beads via a six-atom hydrophilic
then solubilized in a buffer containing 1% CHAPSO that linker, was developed to isolate functionasecretase activity
allows ally-secretase components to remain associated and31). The bound proteins were eluted with 1% Brij35, and
in an active conformation3@); this was spun at 100 00  fractions enriched iry-secretase were pooled and adjusted
for 1 h, and the pellet was discarded (purification step 3). by dilution with 0.1% digitonin. As a last step of purification
The next step (step 4) was a glycerol velocity sedimentation (step 6), we developed an M2 anti-Flag antibody immunoaf-
gradient in 0.2% digitonin, a purification step based on the finity procedure, a separation based on the presence of Flag-
size and shape of the comple37( 38). We previously found Pen-2 in the active complex. The fractions eluted from the
that y-secretase componentz-80 cell membranes solubi-  [1I-31C were diluted in 0.1% digitonin (optimal buffer
lized in 1% digitonin) were all present in the same gradient condition for maximal binding to the resin; data not shown)
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and incubated in batch mode with M2 anti-Flag affinity resin Table 1: Proteins Identified by Mass Spectrometry in the Fractions

(Sigma), and the bound proteins were eluted with Flag Recovered after the Last Step of the Purification Procedure
peptides (20Qug/mL). All y-secretase components were Described in Figures 1A and 3A

followed during the purification procedure by probing the . NCBI MW cellular _
fractions recovered after each step by Western blot (Figure protein  number (kDa) localization function
1B). The integrity of the purified complex was confirmed nicastrin 24638433 78 PM,ER,G protease
by Blue Native gel electrophoresis (Figure 1E) and by PS¥467 4506163 52 PM,ER,G protease
measuring/-secretase activity with C100Flag substrate (data AP 7705787 26 PM.ER, G protease

4 : y g ; 28144920 12 PM,ER,G protease
not shown). The proteins recovered after the last step of the pg» 14714537 50 PM,ER.G protease
purification procedure were concentrated by ultrafiltration, ANT3 399012 33 mitochondria ADP/ATP carrier

i 0 protein
loaded onto a preparative SBBAGE (4-20%) gel, and 157, 7540815 42 pW,ER, G? protease
stained with silver nitrate (Figure 1C). All visible bands were cpg» 16945323 73 PM, ER, G? choline transport
excised and analyzed by tryptic digestion and LCHE&C/ prohibitin 1673514 30  mitochondria PM  cell cycle regulation
chaperone

MS/MS mass spectrometry. TR 4507457 80 PM iron transport

Mass Spectral Identification of-Secretase Associated

; : ; _ 2 The proteins confirmed as associated witkecretase are in bold.
Proteins. As shown in Figure 1C, mNCT, PS1-NTF and They-secretase associated candidates are in itdlles National Center

-CTF, Aph-1, and Pen-2 are the predominant proteins for giotechnology Information accession numbers are given. PM,
identified by this procedure (tryptic peptides and correspond- plasma membrane; ER, endoplasmic reticulum; G, Golgi; and MW,
ing masses available in Supporting Information Figure 1). molecular weight.
Interestingly, almost all of the peptides identified by mass
spectrometry after the tryptic digestion of NCT, PS1-NTF spectrometry was detected on the silver stained SDS gel.
and -CTF, Aph-1, and Pen-2 are predicted to be hydrophilic; Because we previously reported that C83, the major endog-
intramembranous peptides were not identified by mass enous APP substrate pfsecretase, is quantitatively associ-
spectrometry (Figure 2). PS1-holoprotein was also found in ated with the endogenous complex in HeLa cel$)(we
the purified y-secretase preparation but in much smaller probed the purified fraction for C83 with 13G8, an antibody
amounts than PS1-NTF, as suggested by the silver intensityraised against residues 73251 of APP751 (that also detects
of the two corresponding bands (holo, see Figure 1C). In C99). Consistent with the apparent molecular weight of C83,
addition, two extra proteins that were both visible on the a 10 kDa band was specifically labeled by 13G8, and it
silver-stained gel (Figure 1C) have also been identified by comigrated with the silver-positive 10 kDa band (Figure 1D),
this procedure as transferrin receptor (TfR, 4507457) and indicating that a small portion of C83 was also present in
1gG (21304449). ADP/ATP translocase (ANT, 399012) has the purified fraction.
also been identified in the 30 kDa band corresponding to  On the basis of the mass spectral identification of all
PSN1-NTF. Both NTF and CTF of PS2 (NCBI accession y-secretase associated proteins as well as on our coimmu-
number 14714537) were also detectable by this procedurenoprecipitation results suggesting that neither ANT, CD92,
and comigrated in the PS1-NTF and PS1-CTF bands. Theprohibitin, PS1-isoform 374, nor TfR interact specifically
analysis by tryptic digestion and LC/M$ LC/MS/MS of with y-secretase, our results strongly suggest that PS1-NTF,
the total proteins contained in the purified fraction (to identify PS1-CTF, Aphl, mNCT, and Pen-2 are the essential com-
proteins that were not seen on the silver stained gel) alsoponents of purifieg/-secretase. The latter observation is fully
revealed a choline transporter (CD92, 16945323), prohibitin consistent with several recent report&-¢13) and represents
(1673514), and PS1-isoform 374 (7549815) produced by anthe first definition of the components of-secretase by
alternative splicing that results in a frame shift with a stop biochemical purification.
codon, generating a truncated presenilin consisting of 374 Characterization of the Purifieg-SecretaseWe have
amino acids39). The amounts of tryptic fragments obtained previously found that 1% Brij35 is incompatible with the
from these three proteins were far less than those obtainedC100Flag in vitroy-secretase activity assayz-secretase
from the four knowny-secretase components. The peptide activity could be recovered from the Brij35 eluate off a
sequence -TLLQRMMMAGSVR- (corresponding to residues preparative 111-31C inhibitor column only after coimmuno-
353—-365 of the C-terminal domain of the PS1-374 isoform) precipitation and a switch into optimal deterger®1)
was detected by LC-MS-MS. Because this peptide is not suggesting that removal of Brij35 allows subsequent change
present in any other known form of PS1, we conclude that to an active protease conformation. In agreement with these
PS1-374 was specifically identified in the purified fraction. observations, we found that (g)secretase activity was
All proteins identified by both procedures are summarized recovered from the Brij35 eluate (Figure 1A, step 5) after
in Table 1. Importantly, we were unable to coimmunopre- coimmunoprecipitation and a switch into an appropriate
cipitate ANT, CD92, prohibitin, PS1-isoform 374, or TfR buffer (0.2% CHAPSO-HEPES, pH 7.0) and {byecretase
with PS1-NTF (using X81 antibody to residues81 of PS1- activity was recovered after the buffer exchange (from 1%
NTF) in a 1% CHAPSO-solubilized CHOwt lysate, and in  Brij35 to 0.1% Digitonin) that occurred during the M2 anti-
turn, none of the four endogenoyssecretase components Flag affinity resin purification step (Figure 1A, step 6).
were coprecipitated with these proteins, suggesting that theyHowever, the activity recovered after the 11I-31C affinity
do not interact specifically witty-secretase. Of note, the purification step (estimated from 50L of the fraction
parental CHO line from which the-30 cells were prepared analyzed in lane 5, Figure 1B) was significantly lower than
stably overexpresses TfR. the activity recovered after the glycerol gradient purification
As shown in Figure 1C, a band corresponding te 20 step (estimated from 56L of the fraction analyzed in lane
kDa protein that we were not able to identify by mass 3, Figure 1B), whereas similar amounts ppicomponents
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can be observed in these corresponding fractions (comparemembrane proteins and overexpresgecbmponents) and
lanes 3 and 5, Figure 1B). These observations suggest onlyin the fractions eluted from the M2-anti Flag affinity resin
a partial recovery of activity after the 11I-31C affinity  (step 5, Figure 3A) were 0.2 pmol of3¥0/min/mg of protein
purification step and the buffer exchange promoted by the and 32 pmol of 440/min/mg of protein, respectively; the
M2 anti-Flag affinity purification step (Figure 1A, step 6). corresponding enrichment wasl60-fold, and the final yield
To improve the recovery of active secretase, we modified was~22%.
the purification protocol described previously (Figure 1A). A 12 kDa Fragment of the PS1-CTF Copurifies with
We engineered a GST-tag on the C-terminus of NCT and y-SecretaseWe probed the I11-31C eluted fraction recovered
stably transfected the-30 cell line, yielding the S-1 cell  as the last purificaton step (step 6, Figure 3A) with 13A11,
line, which has 2-fold highey-secretase activity than inthe 4624, and 4627, antibodies raised against the N-terminal
parentaly-30 line 29). On the basis of the purification (13A11, to residues 294309 and 4624, to residues 343
protocol performed iny-30 cells, we altered the order of 357) or C-terminal (4627, to residues 45%67) regions of
the steps and added a GSH-based affinity purification step,the PS1-CTF fragment (Figure 3C, lanes6). We found
yielding a modified protocol that involves six sequential steps that 4627 is able to detect in this fraction a 12 kDa fragment
(Figure 3A). In essence, the glycerol gradient step (Figure (called here PS1-CTF12) that is minor when compared to
1A, step 4) was replaced by the GSH-based affinity purifica- PS1-CTF. 13A11 and 4624 were not able to detect PS1-
tion step (Figure 3A, step 4), and the 1lI-31C affinity CTF12 (Figure 3C, lanes 2 and 4), suggesting that this
purification step was shifted to the last step. This modified fragment is an N-terminally truncated PS1-CTF. The size
procedure allows recovery of purifiegl-secretase with  of PS1-CTF12 is in good agreement with a caspase-3-
improved activity eluted from the M2 anti-Flag affinity resin mediated PS1-CTF fragment-14 kDa) reported to be
(Figure 3A, step 5) and provides a potent affinity method generated during apoptosis by cleavage at D345 or S346 of
(IN-31C resin, Figure 3A, step 6) useful for further purifica- PS1 @3, 44). We also probed each fraction recovered during
tion and characterization gfsecretase associated proteins. the purification procedure for PS1-CTF12 using the 4627
All y-secretase components were followed during the antibody and found that it copurifies with PS1-CTF (Figure
purification procedure by probing the fractions recovered 3D), suggesting that this fragment is present in at least a
after each step by Western blot (Figure 3B). The results portion of the purified/-secretase complexes (but very small
confirmed that all-secretase components were present after when compared to PS1-CTF). No corresponding caspase-
the last purification step (111-31C chromatography). They also cleaved PS1-NTF fragment4) were detected when probed
show that mMNCT-GST (176 kDa) was enriched during the with anti-PS1-NTF antibodies (Ab14), even at high exposures
purification procedure (Figure 3B, lanes 6 and 9), supporting (data not shown).
several reports that only mNCT is associated with the active Lipid Dependence of /40 and A642 Formation by
y-secretase compleXd@—42). Next, the functional integrity ~ Purified y-SecretaseBiochemical studies of autopsied brain
and the purity of the complex recovered after the M2 anti- tissue from Alzheimer's disease patients have revealed
Flag affinity purification step (Figure 3A, step 5) were reduced levels of a major membrane phospholipid, phos-
extensively checked in our C100Flag in vitpesecretase  phatidylcholine (PC 45)). A decrease in membrane PC
activity assay (see Figures—8) and by the mass spectral content has also been shown to cause cell death by apoptosis
identification of the proteins recovered in the corresponding and cause increased cellular concentrations of ceramide, a
fraction (Supporting Information Figure 2). The protein putative second messenger of apoptosis and a precursor and
profile obtained by silver staining of SDS gels is very similar a metabolite of sphingomyelin (SM), another membrane
to that observed after the last step in th&0 purification phospholipid 46). Moreover, we and others have demon-
procedure (compare Figure 1C and Supporting Information strated that PC and phosphatidylethanolamine (PE) are
Figure 2). On the basis of its relative purity and activity, the necessary to recover or improve in vitresecretase activity
y-secretase eluted from the M2 anti-Flag affinity resin was (30, 47). In light of these observations and to optimize in
therefore used as stock for all subsequent in vitro reactionsvitro y-secretase activity obtained with the purified enzyme,
performed in the detailed enzymatic characterization de- we assessed the effect of various concentrations of PC, PE,
scribed next. We should point out that we attempted to and SM on both cleavage efficiency and cleavage specificity
determine the enzymatic enrichment and yielg-isecretase  of C100Flag substrate incubated with purifiesecretase
after each purification step; however, such determinations (from step 5 in Figure 3A). The C100Flag substrate used in
would not reflect the actual specific activities for two reasons. this study is a recombinant protein consisting of fR€TF
First, the specific elution of-secretase from both the GSH (C99) portion of APP (amino acids 59%95) plus a
affinity resin and M2 anti-Flag affinity resin (using GSH methionine (M) and a Flag tag at the N- and C-termini,
and Flag peptides, respectively) leads to underestimation ofrespectively 81, 32). The cleavage products, Mg40 and
the enrichment by virtue of overestimating the amount of M-A42 (which we designate A0 and A342 for simplic-
recovered protein. Second, the purification protocol changesity), were quantified by ELISA. We found that between
detergents between CHAPSO and digitonin to optimize the 0.0125 and 0.1% of PC and SM each augmentgdOA
binding of the enzyme to the corresponding resins, but production, whereas PE had very little or no effect in the
y-secretase does not show the same activity in these differensame concentration range (Figure 4A). A higher concentra-
buffer conditions 29), thus making it impossible to quan- tion of these lipids (0.2%) did not increase (PC) or actually
titatively compare the activities recovered after each purifica- lowered (SM) A340 production. Next, we assessed the effect
tion step. Nevertheless, the specific activities measured inof various concentrations of PC, PE, and SM on the cleavage
the starting material (step 3, Figure 3A, which has already specificity within the C100Flag substrate by quantifying both
been purified in the sense that it contains only integral A340 and A342 by ELISA and found that increased
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Ficure 4: Effects of cell membrane lipids and detergents on the cleavage efficiency of C100Flag substrate bypséfiegtase. (A)
Effect of various concentrations of phosphatidylcholine (PC), phosphatidylethanolamine (PE), and sphingomyelin (SM) on the cleavage
efficiency of the C100Flag substrate. The maximum activity occurred in 0.1%nR€E3J). (B) Effect of various concentrations of SM on

in vitro Aj3 generation in the presence of 0.1% R.025% PE. The maximal potentiation by SM for botf4® and A342 production
occurred in 0.05% SM. The asterisks indicate significant differences in #4@ £*) and A542 (*) production as compared to the samples
without SM (= 2; *, p < 0.01; **, p < 0.0001). (C) Effect of various concentrations of cholesterol on in vitfogkneration in the
presence of 0.1% P& 0.025% PE+ 0.05% SM. The asterisks indicate significant differences in ti80A(**) and A342 (*) production
relative to the samples without cholesteml=€ 2; *, p <0.001; **, p <0.01). Note that the solvent (a mixture of chloroform, methanol,
and water in a 10:10:3 vol/vol ratio) used to solubilize cholesterol affecscretase activity and more specifically th848 production.

The final concentration of the solvent was the same for all cholesterol concentrations. (D) Detergent depend¢héerrofitfon by
purified y-secretase diluted in buffers containing-8.75% CHAPSO-HEPES pH 7.5 & 3). (E) Detergent dependence gf formation

by purified y-secretase diluted in buffers containing 0-@5% digitonin-HEPES, pH 7.5. For the detergent dependence experiments,
reactions were incubated at 3 for 180 min in 0.1% (w/v) PC, 0.025% (w/v) PE, andt! C100Flag substrate adjusted to 0.5% SDS

prior to addition to the reactions.#40 and A842 generated in each reaction were measured by ELISA as described in the Experimental
Proceduresn(= 3).

concentrations (0.0125.2%) of each of these lipids did cleavage site specificity (#42/A340 ratio), can be modu-
not alter the 42/A340 ratios, which were 0.120.14 for lated by individually varying the concentrations of PC and
this experiment (data not shown). These ratios are similar SM. Next, to determine whether the increaseg-gkcretase

to the values reported for/Apeptides secreted from cultured activity observed with PC and SM were additive, we
neuronal cells 48), generated in vitro with solubilized evaluated the effect of various concentrations of SM in the
membranes32), or obtained from wild-type human cells presence of 0.1% PG 0.025% PE. When compared to
and fluids @7). Taken together, these observations suggest samples that did not contain SM, a further 1.25-fold increase
that total y-secretase activity (840 + Ap42), but not (P < 0.01) in A340 production and a 1.55-fold increase
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(P < 0.0001) in A342 production were observed when 0.05% cleavage ratios obtained in 0.1% CHAPSO and 0.01%
SM was added (Figure 4B). These data could suggest thatdigitonin (0.16 and 0.11, respectively) were closely similar
SM, in the presence of 0.1% P£0.025% PE, preferentially  to the physiological ratios mentioned previously. However,
elevates 842 production when compared to that gf40. we found that the solubilization of the purified enzyme in
As several reports exist on the cholesterol dependence 0f0.25% CHAPSO resulted in a selective 2-fold increase in
y-secretased©—53), we decided to include an examination Ap42 when compared to 0.1% CHAPSO (2.8 pM/min in
of cholesterol in our analysis of the influence of lipids on 0.25% CHAPSO and 1.6 pM/min in 0.1% CHAPSO) (Figure
the purifiedy-secretase. A technical limitation in addressing 4D). Because the activity for 240 is the same in both 0.1
this question is the poor solubility of cholesterol in the and 0.25% CHAPSO, but the activity forp42 is 2-fold
detergents (CHAPSO or Digitonin) or solvents (DMSO or higher in 0.25 than 0.1% CHAPSO, the correspondifg Z(
ethanol) known to be compatible withsecretase activity. ~ Ap40 cleavage ratios are different (0.16 in 0.1% and 0.30
We therefore decided to test a mixture of 10 volumes of in 0.25% CHAPSO). When compared to the optim#4Q
chloroform, 10 volumes of methanol, and 3 volumes of water activity found in 0.01% digitonin (3.4 pM/min), a 2.8-fold
(10:10:3), which is known to solubilize all membrane lipids, increased activity is found in 0.1% CHAPSO (9.8 pM/min)
including cholesterol and glycosylphosphatidylinosit)( (compare different scales on the ordinates of Figure 4D,E),
for compatibility with y-secretase activity. We found that suggesting that CHAPSO favors a more active enzymatic
when included in our in vitro activity assay, 10:10:3 (final conformation than does digitonin.
concentration of both chloroform and methanol is 0.6%) Kinetics of Purifiedy-Secretase: Kk and Vihax Because
affectedy-secretase activity (Figure 4C). The presence of purification of y-secretase close to homogeneity has not
10:10:3 resulted in a 65% decrease @f4A production and  previously been reported, we decided to study the detailed
a 33% decrease ofM2 production (Figure 4C), suggesting enzyme kinetics of our preparation. As shown in Figure 5A,
that A340 formation was more sensitive to chloroform and/ the time dependence of40 formation by purified/-secre-
or methanol than 842 formation was. Despite this decrease tase was linear for at least 3.5 h under our experimental
of activity observed in the presence of 0.6% chloroform and conditions, suggesting that the purified enzyme was stable
methanol, residua} activity was readily detectable in our and that the substrate was in excess during the experiments.
in vitro activity assay (Figure 4C). We therefore assessed The apparenKy, and Vmax for the processing of C100Flag
the effects of various concentrations of cholesterol on the substrate to £40 by purifiedy-secretase diluted 1:10 (v/v)
purified y-secretase activity. We found that increasing in 0.1% CHAPSO-HEPES, pH 7.5, is 0.4M and 11.8 pM/
concentrations of cholesterol (from 0 to 0.025%) improved min, respectively (Figure 5B). The appareft, for the
production of both £40 and A842 (a~2-fold increase in processing of C100Flag substrate tg4® by purified
both A340 and A342 when compared to the 10:10:3 control), y-secretase diluted 1:10 (v/v) in 0.05% digitonin-HEPES,
whereas higher concentrations (0.05% and above) promotedpH 7.5, is 1.0uM (data not shown). Thedén, values are
a decrease of those activities (Figure 4C). Under our in vitro in the range ofK, values reported previously with non-
activity assay conditions, cholesterol concentrations equal purified y-secretase microsomal preparations using C100
or higher to 0.05% promoted protein aggregation (data not substrate (0.23:M) (55) or Flag-tagged C100 substrate
shown), which may well explain the loss ¢fsecretase (1 uM) (32).
activity. These data suggest that cholesterol, like PC and SM, pH Dependence of0 and 442 Formation by Purified
can improvey-secretase activity without changing its cleav- y-SecretaseStudying the pH dependence of purifigesecre-
age specificity. However, because of the negative effect of tase diluted 1:5 (v/v) in 0.25% CHAPSO (Figure 5C) or
the 10:10:3 solvent op-secretase activity, we cannot exclude 0.05% digitonin (data not shown) yielded a pH optimum of
that the increased activity observed in the presence of low 7.5. We found closely similar activity at pH 7.0 and 7.5 (23
concentrations of cholesterol was due to a rescue of activity and 28 pM/min, respectively), consistent with the report of
lost because of the solvents. an optimum pH value of 7.03Q). Interestingly, the more
On the basis of all of the results described previously and the pH changes from the optimum value of 7.5, the more
the standard conditions reported in CHAPSO-solubilized the A342/A540 ratio increased (0.33 at pH 7.5 as compared
HelLa cell membranes3(), we used 0.1% PC and 0.025% to 0.46 at pH 6.0 or 0.38 at pH 9.0, Figure 5C), suggesting
PE for all subsequent-secretase reactions. that the A340 cleavage activity is more pH sensitive than
Detergent Dependence o040 and A642 Formation by Ap42 activity. We observed similar results usipgecretase
Purified y-SecretaseTo assess whether various concentra- solubilized in 0.05% digitonin, which showed aB42/A340
tions of different detergents affect the purifigesecretase  ratio of 0.15 at pH 7.5, 0.21 at pH 6.0, and 0.38 at pH 8.5
efficiency, in vitro reactions were run with the purified (data not shown).
enzyme solubilized at 10-fold dilution from stock in HEPES Purified y-Secretase and Notch Cleege. We recently
buffers (pH 7.5) containing 0.101% CHAPSO or 0.0% reported that C100Flag and N100Flag, which are analogous
1% digitonin. As shown in Figure 4D, our experiments APP- and Notch-based substrates, inhibited the cleavage of
revealed optimal cleavage activity af3A0 (9.8 pM/min) each other, indicating that the sapsecretase complex can
wheny-secretase was solubilized in 0.1 or 0.25% CHAPSO, cleave either protein30). To confirm this observation, we
whereas concentrations of 0.5% CHAPSO or higher were probed the purified enzyme for N100Flag cleavage and found
associated with much less or no activity. As shown in Figure that purifiedy-secretase cleaves N100Flag into appropriate
4E, optimal cleavage activity at®0 (3.4 and 2.8 pM/min,  products, analogous to those seen from CHAPSO-solubilized
respectively) was achieved in 0.01 or 0.05% digitonin, HelLa cell membranes (data not shown).
whereas a concentration higher than 0.2% was incompatible Inhibition of Purifiedy-Secretase Actity by DAPT, IlI-
with activity (Figure 4E). Interestingly, the f2/A340 31C, and Sulindac SulfidéNext, we examined the effects
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Ficure 6: Effect of characterized inhibitors ons&0 and A342
generation by purified/-secretasey-Secretase diluted in 0.1%
CHAPSO-HEPES, pH 7.5, was incubated at°87for 180 min in

the presence of AM C100Flag substrate (adjusted to 0.5% SDS
prior to addition to the reactions); 0.1% PC; 0.025% PE; and 0.01,
0.1, or 1uM 111-31C or DAPT (n = 3) (A); or 50, 100, or 40&M
sulindac sulfiderf = 3) (B). A340 and A342 were measured by
ELISA.
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and with a similar potency, with I§ values of 20 nM for

[C100F] (uM) Ap40 and 40 nM for 4842 (Figure 6A). Interestingly, DAPT

was more effective againsti40 (ICso value of 60 nM) than

30 ApB42 (ICso value of 400 nM) (Figure 6A). At 10 nM DAPT,

Ap40 formation was considerably blocked, while the level
of AB42 was similar (or even higher) from that of the control
(Figure 6A). Similar effects have been reported for other
y-secretase inhibitors including Calpaif7f and difluoro
ketone peptidomimetic 158). We also examined the effect
of sulindac sulfide, a nonsteroidal antiinflammatory drug
(NSAID) reported to preferentially decrease production of
the highly amyloidogenic 842 peptide §9). We found that
sulindac sulfide inhibited both #40 and A342 generation,
with 1Csq values of 70 and 4@M, respectively (Figure 6B).
These 1G values are consistent with recently reporteghlC
values of sulindac sulfide for inhibiting both342 generation
(ICso = 20.2 uM) and A340 generation (16 between 50
pH and 100uM) in vitro (60). Our data on purifieg-secretase
strongly suggest that thesecretase complex is a direct target
of sulindac sulfide.

SDS Treatment of the C100Flag Substrate Influences the
Cleavage Specificity of Purifiegi-SecretaseTo determine

C —e—apa0
251 O Apd2

20 A

15 4

10

y-secretase activity (pM/min)

Ficure 5: Kinetics of purifiedy-secretase activity on C100Flag.
(A) Typical time dependence of (MO formation at 37°C by
purified y-secretase diluted in 0.1% CHAPSO-HEPES, pH 7.5, and
in the presence of M C100Flag substrate adjusted to 0.5% SDS

prior to addition to the reactions. (B) TypicajfA0 formation as a ) . . .
function of C100Flag concentration after 180 min incubation at 37 e Precise/-cleavage sites, Apeptides were first generated

°C. (C) Typical A340 and A342 formation as a function of pH by ~ by purified y-secretase as described in the Experimental
purified y-secretase diluted in 0.25% CHAPSO-HEPES after 180 Procedures, except that the C100Flag substrate was not

Substrate adiusted 10 0.6% SDS pror 1o addiion to the readiions, 2usted 10 0.5% SDS prior to addition to the reacion (1o
For all the kinjetic experirﬁer(:ts, 0.1& PC and 0.025% PE were addetliavOld .pOtentlal SDS Interfergnce with the m"?‘.ss spectral
to the reactions, and/X0 and AS42 were measured by ELISA as analysis o_f the resultant peptides), a_nd the purified enzyme
described in the Experimental Procedures. was not diluted (from the stock solution recovered after the
anti-M2 affinity step, Figure 3A, step 5). ThefAcleavage
of two well-characterizegt-secretase inhibitors, 111-31G{) products were immunoprecipitated with monoclonal anti-
and DAPT 66) on the cleavage efficiency of the purified Ap antibody 4G8 and subsequently analyzed by MALDI-
enzyme on C100Flag. 11I-31C inhibited the generation of TOF mass spectrometry. The MS spectrum revealed prin-
both A340 and AG42 in a concentration-dependent fashion cipally A3 1-40, 1-42, and 1-43 but also shorter species
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Ficure 7: SDS treatment of the C100Flag substrate influences the cleavage specificity by piBedetase. (Ay-Secretase diluted in

three different buffers (0.25% CHAPSO-HEPES, pH 7.5, 0.1% CHAPSO-HEPES, pH 7.5, or 0.05% digitonin-HEPES, pH 7.5) was incubated
at 37°C for 180 min in the presence of 0.1% PC, 0.025% PE, anMXC100Flag substrate adjustett$DS) or not - SDS) to 0.5% SDS

prior to addition to the reactions (final SDS concentration in the C100Flag assay is 0.008%40)aAd A342 were measured by ELISA

and were normalized to the values obtained in absence of SDS (centt®0%) q = 4). (B) The ratios of 842/A340 were calculated

for each condition described above. (C and D) Mass spectral analysi8 péptides generated from C100Flag adjusted (D) or not (C) to
0.5% SDS prior the addition to the reaction. Theecretase cleavage products were captured with monoclonal amiibody 4G8 and
subjected to MALDI-TOF analysis using a Voyager-DE STR mass spectrometer SAklated peptides are labeled.

(Ap 1-38) and longer species AL-45), and surprisingly,  the amount of £42 cleavage (63, 31, and 38%, respectively,
the A3 1-42/A31-40 cleavage ratio (as estimated by ELISA) when normalized to the M2 amount in the reactions
was much higher than expected (0.80, data not shown). Thiswithout SDS) (Figure 7A). However, the total cleavage
high A51-42/A31-40 cleavage ratio also observed on the activity (A340 + ApB42) was conserved in each condition,
mass spectrum was unexpected and in apparent contrast witlsuggesting that SDS does not promote a gain or loss of
the A31-42/A51-40 ratios quantified by ELISA (between function of the enzyme but rather a shift of cleavage
0.10 and 0.26) and observed in the experiments reportedspecificity. We also quantified the-42/ A31-40 cleavage
previously (Figures 46). However, samples submitted for ratios in all reactions. Reactions run with purifipesecretase
ELISA quantification were always prepared with C100Flag in defined buffers containing 0.25% CHAPSO, 0.1%
substrates that had been adjusted to 0.5% SDS (final SDSCHAPSO, or 0.05% digitonin and with C100Flag substrates
concentration in the C100Flag assay was 0.0085%), heatedoreincubated in 0.5% SDS showe@®42/A51-40 cleavage

at 65°C for 5 min, and then spun at 14 000 rpm for 1 min ratios of 0.33, 0.15, and 0.13, respectively (Figure 7B). These
to pellet insoluble substrate aggregates prior to the assay. InA51-42/ A31-40 values are in good agreement with the ratios
contrast, no SDS has been added to the C100Flag substratesstimated in the experiments described in Figure 4D,E (0.30,
used for the samples prepared for the MS analysis of the0.16, and 0.04). In contrast, reactions run in the same
Ap5 species. Because the presence or absence of SDS as wetlonditions as described previously, except that the C100Flag
as the heating step were the only differences between theseubstrates were not adjusted to 0.5% SDS prior to addition
two reactions, we first examined the effect of this ionic to the reactions, show #1-42/A31-40 cleavage ratios of
detergent ory-secretase cleavage specificity. To do so, we 0.74, 0.83, and 0.53, respectively (Figure 7B). Interestingly,
ran in vitro reactions with purifieg-secretase solubilized the effect of SDS on £1-40 and A481-42 production is more

by diluting 10-fold from stock in defined buffers containing pronounced when the enzyme was diluted in 0.1% CHAPSO
0.25% CHAPSO or 0.1% CHAPSO or 0.05% digitonin and than in 0.25% CHAPSO (compare the two conditions in
with the C100Flag substrate pretreated or not with 0.5% SDS. Figure 7B), supporting the differen{-42/A31-40 cleavage
After 4 h incubation at 37°C, AS540 and AG42 were ratios found in these conditions in Figure 4D (0.16 when
quantified by ELISA. We found that in all three detergent the enzyme is diluted in 0.1% CHAPSO and 0.30 when
buffers, pretreatment of the C100Flag substrates with 0.5%diluted in 0.25% CHAPSO). Finally, we confirmed the effect
SDS specifically increased the amount 040 cleavage  of SDS on the specifig-secretase cleavage by using mass
(153, 173, and 135%, respectively, when normalized to the spectrometry to analyze side-by-side thé-#pecies gener-
ApB40 amount in the reactions without SDS) and decreasedated in vitro in two different reactions: one performed with
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and the other without preincubating C100Flag in 0.5% SDS. tions. Taken together, our data strongly suggest that PS1-
As shown in Figure 7C, in absence of SDS4, A342, NTF, PS1-CTF, Aphl, NCT, and Pen-2 are sufficient for
and A543 strikingly resulted in the same peak heights. The the formation of the activg-secretase complex.
addition of SDS to the substrate promotes an increase in the We also identify here certain conditions that are critical
Ap40 cleavage and a decrease if4R, A343, and A845 for the specificity ofy-secretase cleavage of APP by purified
cleavages (Figure 7D), confirming the shift of cleavage y-secretase. Understanding the determinants of cleavage
specificity observed by ELISA (Figure 7A,B). Next, we specificity remains a priority because modulation of such
found that reactions run with C100Flag substrate heated ordeterminants could prevent or treat AD, which is strongly
not at 65°C for 5 min (in both conditions not adjusted to associated with excessiveA2 accumulation in the brain.
0.5% SDS) showed similar/#-42/A31-40 ratios (data not ~ Moreover, the detailed molecular mechanism by which FAD-
shown), excluding any effect of the heating step on the causing missense mutations in presenilin increage42
cleavage specificity. production remains unclear. Murphy et @3 favor a model
Taken together, these data clearly suggest an importantof y-secretase function in which the overproduction of longer
role of conformational alterations (in this case induced by forms of A3 by PS1 FAD mutants is dependent on the
SDS) on the specificity of thg-cleavage, leading in vitro  membrane positioning of the substrate relative to the active
to a shift from a disease-promoting patternj(A42/A51- site. Consistent with this idea, Lichtenthaler et a@4)(
40 ratios between 0.80 and 1.0) to a more physiological identified the length of the whole TMD of C99 as a major
pattern (A31-42/A31-40 ratios between 0.10 and 0.20). determinant of the specifig-cleavage site. Interestingly, they
found that for C99ANT (two residues deleted at the
DISCUSSION N-terminal end of the TMD of C99), the-cleavage site was
We report here a detailed procedure for the high-grade shifted in the C-terminal direction, increasing the processing
purification of active humary-secretase. Extensive mass of the deleted substrate tg5A-42 and A81-43. Consistent
spectral analysis of the purified proteins separated underwith this observation, we show here that, when C100Flag
denaturing conditions revealed PS1-NTF, PS1-CTF, Aphl, substrate is incubated withsecretase in the absence of SDS,
NCT, and Pen-2 as the predominant proteins identified in the enzyme generates unusually high amounts 81-A2
the fraction recovered in the final purification step. ATP/ and A51-43. This observation indicates that SDS, a detergent
ADP translocase (ANT, NCBI accession number 399012), that mimics some characteristics of biological membranes
choline transporter (CD92, 16945323), prohibitin (1673514), and is commonly used to model membrane and other
PS1-isoform 374 (7549815), transferrin receptor (4507457), hydrophobic environments, alteyssecretase cleavage speci-
and 1gG (21304449) were also identified in the same fraction, ficity. SDS has been shown to induce particular secondary
although in apparently smaller amounts. Our identification structures, particularlyi-helices, in polypeptides6p, 66).
by LC-MS-MS of a peptide that is specific to PS1-374, a SDS has also been shown to improve the assembly and
shorter isoform of PS1 (-TLLQRMMMAGSVR-, corre- stability of integral membrane protein complexes such as
sponding to residues 35365 of PS1-374) suggests that this  OmpF porin 67) and the folding and stability of membrane
protein was specifically present in the purified fraction. To proteins such as bacteriorhodopsin and Ds68& 69).
our knowledge, PS1-374 has never before been associated It has been shown that overexpression of wild-type
with active y-secretase. Transferrin receptor (TfR, for a Drosophila melanogastePS is associated with a drastic
review, see rebl) is overexpressed in the PS70 stable CHO overproduction of & 1-42 from human APP in murine N2a
cell line (62), the parental cell line we used to generate the cells but not inDrosophilaS2 cells 70). The authors suggest
y-30 and S-1 cell lines1, 29). We found that TfR could  that differences in the composition and metabolism of
coimmunoprecipitate with PS1-holoprotein but only in stable membrane lipids between mammalian @wmbsophilacells
cell lines overexpressing both proteins, suggesting a non-could underlie the distinct behaviors observed if1A42
specific proteir-protein interaction (data not shown). IgG generation. In this regard, we found that the lipids, PC and
(immunoglobuliny 1 heavy chain) was the major contami- SM, were able to markedly improve the efficiency of purified
nating protein found in our preparations (Figure 1C and y-secretase on the APP-based substrate, whereas PE had very
Supporting Information Figure 2) resulting from some M2- little or no effect. We also found that SM, in the presence
anti-Flag antibodies that were coupled to the M2-anti-Flag of 0.1% PC+ 0.025% PE, preferentially potentiateg42
affinity resin and then nonspecifically eluted by the Flag production when compared to40 production and that
peptides during the purification procedure. Importantly, we cholesterol appeared to improve purifiegecretase activity.
were not able to coprecipitate ANT, CD92, prohibitin, PS1- Specifically, our data show that (1) 0.1% P0.025% PE
374, or TfR with PS1-NTF in a 1% CHAPSO-solubilized did not correct the overproduction ofg&2 and A543 by
CHO lysate, and none of the other endogenpisecretase  purified y-secretase from C100Flag lacking SDS and (2)
components coprecipitated with those proteins either, strongly0.1% PC+ 0.025% PE drastically increased production of
suggesting that they do not interact specifically witsecre- total AG (AB40 + Ap42) from SDS-treated C100Flag
tase. Nevertheless, we cannot exclude the small possibilitywithout affecting the (physiological) #42/A5-40 ratio of
that one or more of the identified proteins may interact in 0.10-0.15. An attractive hypothesis emerging from these
some way withy-secretase. Further genetic and biochemical data is that the lipids PC and SM help regulate the active
analyses performed with additional antibodies raised againstsite conformation of/-secretase but not the structure of the
different domains of these proteins will be necessary to C100Flag substrate, whereas the latter is affected by the
address this question. At present, we consider these othepresence of SDS. These observations are consistent with a
membrane proteins, which were never visualized by silver model in which the cleavage specificity depends on the
staining, as likely trace contaminants in our purified prepara- conformation and position in the plasma membrane of the
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C99 substrate, which is controlled in our in vitro assay by 11.

SDS, a detergent that mimics some characteristics of
biological membranes, whereas the total amount-sécre-

tase cleavage depends on the concentration of lipids such asi12.

PC or SM. It would be interesting to identify one or more
endogenous SDS-mimicking factor(s) in cells that can
similarly control the conformation of the APP TMD and
other substrates.

In conclusion, the availability of a specific, well-defined,
and reproducible protocol for the high-grade purification of

the y-secretase complex should enable further rapid progress 15,

in deciphering the detailed enzyme kinetics on numerous
physiological substrates and the factors that regulate the
cleavage specificity of this fascinating intramembrane pro-
tease, with attendant therapeutic insights for the design of
safe and effective inhibitors.
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