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Background: The effect of PS1 mutations on the active site of �-secretase is unknown.
Results: PS1 mutations reduce photoprobe interaction with the S2 subsite of �-secretase and Notch1 cleavage.
Conclusion: Certain PS mutations specifically alter the S2 subsite of �-secretase active site that leads to changes in APP and
Notch1 cleavage.
Significance: It provides structural insights into the mechanism of PS1 mutations in regards to �-secretase regulation.

Presenilin-1 (PS1) is the catalytic subunit of �-secretase, and
mutations in this protein cause familial Alzheimer Disease
(FAD). However, little is known about how these mutations
affect the active site of �-secretase. Here, we show that PS1
mutations alter the S2 subsite within the active site of �-secre-
tase using a multiple photoaffinity probe approach called “pho-
tophore walking.“ Moreover, we developed a unique in vitro
assay with a biotinylated recombinant Notch1 substrate and
demonstrated that PS1 FAD mutations directly and signifi-
cantly reduced �-secretase activity for Notch1 cleavage. Substi-
tution of the Notch Cys-1752 residue, which interacts with the
S2 subsite, with Val, Met, or Ile has little effect on wild-type PS1
but leads to more efficient substrates for mutant PS1s. This
study indicates that alteration of this S2 subsite plays an impor-
tant role in determining the activity and specificity of �-secre-
tase for APP and Notch1 processing, which provides structural
basis and insights onhowcertainPS1FADmutations lead toAD
pathogenesis.

Presenilin-1 (PS1)2, a multipass membrane protein, is the
most commonly mutated protein in early-onset familial
Alzheimer disease (FAD) (1, 2). Approximately 180 PS1 muta-
tions have been reported to be linked with FAD (2). Mutations
in presenilin2 (PS2), a homolog of PS1, are also associated with

FAD (3). Although the precise mechanism of how these muta-
tions cause AD is unknown, multiple theories have arisen to
explain the role of PS1 and PS2mutations on AD pathogenesis.
These mutations lead to abnormal function of �-secretase, the
�-catenin pathway, calcium homoeostasis, and the lysosomal/
autophagy pathway as well as chaperones (4–10).
Among these hypotheses, the effect of PS mutations on

�-secretase has been investigated extensively. �-Secretase is
composed of at least four subunits: PS, nicastrin, Aph1, and
Pen2, with a total of 19 putative transmembrane domains (11).
�-Secretase cleaves multiple substrates, including the amyloid
precursor protein (APP), Notch, and other type I membrane
proteins (12). Genetic and biochemical studies have demon-
strated that PS is the catalytic subunit of �-secretase (13–16).
PS mutations cause aberrant processing of APP and, thus, aug-
ment the ratio of A�42/A�40, which could contribute to neu-
rodegeneration (5). Little is known about the molecular mech-
anism of these mutations in altering the specificity of
�-secretase. A previous study showed that expression of PS1
FADmutants in PS1- and PS2-null cells led to the formation of
�-secretase complexes with different molecular weights (17),
whereas another study showed that the overexpression of PS1
FAD mutants can also alter the equilibrium of wild-type PS1
and PS2 in �-secretase complexes (18). Furthermore, we have
demonstrated that proteoliposomes containing PS1 mutants
alone are sufficient to alter the specificity of �-secretase for the
production of A�40 and A�42 (16). Fluorescence life-time
imaging microscopy (19) and the substituted cysteine accessi-
bility method (20) have been used to investigate the conforma-
tion of �-secretase and its catalytic core. However, both meth-
ods rely on the generation of artificial PS1 containing fluo-
rescent epitopes or substituted cysteine residues. Moreover,
these studies can only detect overall conformational change but
not the active site specifically. Because �-secretase is a mem-
brane-bound macromolecular complex and catalyzes the scis-
sile bond hydrolysis within the lipid bilayer, elucidation of the
conformational changes and structural features of the active
site of �-secretase has been a formidable challenge that requires
the development of novel approaches.
In this study, we have developed and applied a chemical biol-

ogy approach to detect conformational changes within the
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active site of �-secretase caused by PS1 FAD mutations. We
demonstrated using smallmolecular probes that PS1mutations
directly influence the S2 subsite (S2) of the �-secretase active
site. To further investigate the structure and activity relation-
ship of this S2 subsite, we developed a robust in vitro �-secre-
tase assay using a biotinylated recombinant Notch1 substrate
and assessed the interaction of the enzyme and substrate at the
S2 subsite. This study demonstrates that PS1 FAD mutations
directly alter the active site of �-secretase that leads to altered
processing of Notch1. This finding offers a molecular basis for
�-secretase specificity and FAD-mediated AD pathogenesis.
Moreover, this chemical biology approach can be broadly used
to characterize the modulation of �-secretase and other trans-
membrane enzymes and receptors.

EXPERIMENTAL PROCEDURES

Peptide Synthesis and SM320 Production—The Notch pep-
tide VLLSRKRRRC was synthesized with an automated solid-
phase peptide synthesizer (ProteinTech) using Fmoc chemis-
try. This peptide was purified and confirmed by LC-MS. This
neoepitope peptide antigenwas conjugated tomaleimide-func-
tionalized keyhole limpet hemocyanin (KLH) according to the
instructions of themanufacturer (Pierce). The conjugated anti-
gen was used to immunize rabbits for antibody production
(Covance). After initial characterization of two sera, SM320
and SM321, neoepitope antibodies were purified by affinity
chromatography with peptide-immobilized resin. SM320 was
used for this study.
Cell-based Notch Cleavage Assay—HEK 293 cells were

seeded in a 24-well plate and transfected with the Notch1-�E
construct (N1-�E) (a gift from Dr. Raphael Kopan) or the
empty vector using FuGENE6 transfection reagents (Roche).
DMSO or 1 �M compound E was added to the transfected cells
at a final DMSO concentration of 1% (v/v). After 48 h of treat-
ment, the cells were washed with PBS and lysed with 1� radio-
immune precipitation assay buffer (50 mM Tris (pH8.0), 150
mM NaCl, 0.1% (w/v) SDS, 1% (v/v) Nonidet P-40, and 0.5%
(w/v) deoxycholic acid). Cell lysates were centrifuged at
13,000 � g at 4 °C to remove cell debris. The cleared superna-
tant was collected and resolved by SDS-PAGE. The proteins
were transferred to a PVDF membrane (Millipore) using semi-
dry transfer unit (Bio-Rad) and analyzed byWestern blot anal-
ysis with anti-myc antibody (9E10) and SM320 antibody.
Immunostaining—HEK 293 cells overexpressing N1-�E

were treated with DMSO or compound E. The cells were then
collected through centrifugation and embedded in paraffin.
The cell pellets were sliced and mounted on glass slides. The
immunodetection of the Notch1 intracellular domain (NICD)
was performed at the Molecular Cytology Core Facility of the
Memorial Sloan Kettering Cancer Center using a Discovery XT
processor (Ventana Medical Systems). The cell sections were
blocked for 30min in 10% normal goat serum in 0.2%BSA/PBS,
followed by incubation for 5 h with 0.5 �g/ml of SM320 and
incubation for 60 min with biotinylated goat anti-rabbit IgG
(Vector Laboratories, 1:200 dilution). The detection was per-
formed with a DAB-MAP kit (Ventana Medical Systems). The
slides were scanned and digitized using theMirax scanner (Carl
Zeiss Microsystems).

Production of the Recombinant Notch1 Substrate N1-Sb1—
We constructed a recombinant human Notch 1 substrate,
N1-Sb1. First, we subcloned a fragment of human Notch1
(1733–1812) into a vector that contains an AviTag. This
Notch1-AviTag construct was further subcloned into the
pIAD16 vector that contains a maltose binding protein (MBP)
to facilitate protein purification. The MBP-N1-Sb1 plasmid
was cotransformed into the BL21 (DE3) Escherichia coli strain
with the pACYC 184 plasmid (BirA) that encodes for biotin
ligase. isopropyl 1-thio-�-D-galactopyranoside (0.1 mM) and
biotin (50 �M) were added to the cell culture during induction.
Cells were centrifuged at 8000 � g for 30 min, and the pelleted
cells were lysed by French press (Spectronic Instruments).
The cell homogenate was centrifuged at 17,000 � g for 30 min.
The supernatant was loaded onto on an amylose resin column
and purified using the AKTA Prime Plus (GE Healthcare). The
purified MBP-N1-Sb1 was digested with thrombin and ana-
lyzed by LC-MS. The P2-substituted N1-Sb1 substrates were
generated with a Stratagene site-directed mutagenesis kit,
expressed, and purified as described for wild-type N1-Sb1.
Cellular Membrane Preparation—HeLa membrane fraction

was isolated fromHeLa-S3 cells (National Cell Culture Center)
as described previously (15, 21). N2a cells overexpressing wild-
type,M146L, E280A, orH163R PS1 (fromDr. SangramSisodia)
were cultured in 50% Dulbecco’s modified Eagle’s medium
high-glucose, 50% Opti-MEM reduced-serum media and 10%
fetal bovine serum. Cultured cells were pelleted by centrifuga-
tion and resuspended in hypotonic buffer (40mMTris (pH 7.4),
10 mM NaCl, 1 mM EDTA, and 0.5 mM DTT) for 20 min before
homogenization. Cell debris from cells was pelleted at 800 � g
for 30min. The resulting supernatants were ultracentrifuged at
100,000 � g for 1 h. The ensuing pellet was used as membrane
fractions for �-secretase studies. Mouse brains expressing PS1
WT or PS1 M146V knock-in (gift from Dr. Hui Zheng) were
homogenized, and the same procedures were used for mem-
brane preparation. Protein concentration was determined with
the DC protein assay kit according to the instructions of the
manufacturer instructions (Bio-Rad).
In Vitro �-Secretase Assay with N1-Sb1—The N1-Sb1 sub-

strate (0.4�M)was incubatedwith cellmembrane (40�g/ml) in
the presence of 0.25%CHAPSOandPIPESbuffer (50mMPIPES
(pH 7.0), 150 mM KCl, 5 mM CaCl2, 5 mM MgCl2) at 37 °C for
2 h. SM320, protein A-conjugated acceptor beads, and strepta-
vidin-conjugated donor beads (PerkinElmer Life Sciences)
were added to the reaction at a final concentration of 0.1�g/ml,
1.25 �g/ml, and 5 �g/ml, respectively, to detect NICD. The
reaction was incubated in the dark at room temperature
overnight, and the AlphaLISA signal was detected using an
Envision plate reader (PerkinElmer Life Sciences). The
AlphaLISA signal was used as an arbitrary unit of �-secretase
activity. The specific activity was calculated on the basis of
the amount of membrane protein and reaction time and is
expressed as units/�g/min.
Photolabeling Probes and Photolabeling—Total cell mem-

brane was preincubated in the presence of DMSOor 1�ML458
in PIPES buffer containing 0.25% CHAPSO at 37 °C for 30min.
Then, 10 nM of photolabeling probes (JC8, L646, or GY4) (15,
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22, 23) were added and incubated for an additional 1 h at 37 °C.
The reactionmixtures were irradiated at 350 nm for 45min and
solubilized with radioimmune precipitation assay buffer. Bio-
tinylated proteins in the soluble fraction were captured by
streptavidin resin (Pierce) overnight at 4 °C. Bound proteins
were eluted by boiling with SDS sample buffer and analyzed by
Western blotting with anti-PS1 NTF antibodies.

RESULTS

PS1 Mutations Alter the S2 Subsite of �-Secretase—Activity-
based probes have been widely used to identify and profile var-
ious classes of enzymes (24). L-685,458 (L458), an aspartyl pro-
tease transition state mimic that interacts with the active site of
�-secretase (Fig. 1A), has been a valuable tool to study �-secre-
tase (15, 25). Therefore, we have generated various potent pho-
toactivatable probes through “photophore walking,” in which
the photoactivatable benzophenone is separately incorporated
into different positions along the peptidomimetic core struc-

ture of L458. These positions are also known as the P or P�
positions according to the Schecter and Berger nomencla-
ture (26). We intended to apply these L458-based probes to
sense the subsite (S and S�) conformational change within the
active site of �-secretase caused by PS1 FAD mutations. The
rationale of this strategy is that the efficiency of photolabeling
by these photoactivatable probes depends on the orientation of
the probes and their proximity to residueswithin the active site.
Conformational changes resulting from PS1 mutations within
the active site alter the orientation or distance of contact
regions with the probes and could lead to different cross-link-
ing efficiencies.
L646, GY4, and JC8, which photolabel the S2, S1, and S1�

subsites within the active site of PS1, respectively, were used for
this study (Fig. 1B). All three probes only photolabel PS1-NTF
but not PS1-CTF or other subunits (18, 22, 23, 25). Membranes
isolated from N2a cells stably expressing WT, M146L, E280A,

FIGURE 1. PS1 mutations alter the S2 subsite conformation of �-secretase. A, schematic representation of the interactions between L458 side chain
residues (P/P� positions) with corresponding �-secretase subsites (S/S�). B, structure of JC8, GY4, and L646, in which a benzophenone was incorporated into the
P1�, P1, or P2 site of L458, respectively. Biotin was linked to the probes to facilitate isolation of photolabeled proteins. C, photolabeling of PS1 NTF with JC8, GY4,
and L646. Membranes isolated from WT, M146L, E280A, or H163R PS1 stable cell lines were used for this study. D, the photolabeled PS1 NTF were quantified by
comparing the labeling intensities of GY4 and L646 to the labeling intensity of JC8. E, analysis of �-secretase isolated from PS1 M146V knock-in or WT mouse
brains. Photolabeled PS1 was detected with Western blot analysis using anti-PS1 NTF antibody. F, the analyses of photolabeled PS1 NTF were quantified by
comparing the labeling intensities of L646 to JC8.
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or H163R PS1 were photolabeled with JC8, GY4, or L646 in the
presence of 0.25% CHAPSO. Additionally, we analyzed the
level of FAD PS1 in cell membranes. TheWestern blot analysis
showed that total amount of full-length and PS1-NTF in each
cell line is virtually the same (supplemental Fig. S1). The label-
ing was determined to be specific because incubating the
probes in the presence of excess L458 completely prevented
labeling (data not shown). After UV irradiation, biotinylated
proteins were isolated with streptavidin resins and analyzed by
Western blotting with anti-PS1 NTF antibodies. We showed
that JC8, GY4, and L646 all photolabeled WT, M146L, E280A,
and H163R PS1 NTF (Fig. 1C) but not full-length PS1, which is
consistent with our previous findings (15, 16). To eliminate the
effect of various amounts of�-secretase existing in different cell
lines, we normalized the labeling intensity of each probe with
the level of JC8-labeled PS1 NTF in the same cell lines. L646-
labeled M146L, E280A, and H163R PS1 NTF with �80% less
intensity than JC8, whereas L646 was photoinserted into WT
PS1 with the same efficiency as JC8 (Fig. 1D). This result
strongly indicates that the reduced labeling of PS1 mutants by
L646 is not due to decreased expression of �-secretase in the
different stable cell lines but due to conformational changes
within the S2 subsites of M146L, E280A, and H163R PS1.
Finally, we showed that GY4-labeled WT, M146L, E280A, and
H163R PS1 NTF with similar efficiencies (Fig. 1, C and D).
To further investigate the effect of PS1 mutations on the

active site in an animal model, we performed the same study
using PS1 M146V knock-in and PS1 WT mouse brains. The
PS1 M146V knock-in mice have been well characterized for
memory formation andA� production (18, 27, 28).Membranes
isolated from the M146V knock-in and PS1 WT mouse brain
were labeled with the photoprobes JC8 and L646. Similarly, we
found that JC8 and L646 labeled WT PS1 with similar intensi-
ties (Fig. 1, E and F). However, L646 labeled M146V PS1 with
84% less efficiency than JC8 (Fig. 1, E and F). This data also
showed that M146V PS1 leads to a similar conformation
change at the S2 subsite. Taken together, these studies indicate
that PS1 FADmutations can directly influence the shape of the
active site within the PS1 �-secretase complex. However, it is
still unclear how this change in the S2 subsite of the �-secretase
active site affects the interaction and catalysis of substrates such
as Notch1.
Development of a Robust in Vitro Notch1 �-Secretase Assay—

To further elucidate how PS1 FADmutations induce S2 subsite
changes, we turned to mutate substrates in which the corre-
sponding interacting residue (P2) is substituted with different
amino acids. However, our current assays with APP substrates
rely on the P2 residues for antibody recognition of A�40 and
A�42 fragments and, thus, mutating the P2 residue within
APP destroys the antibody-binding epitopes. Therefore, we
attempted to use Notch1 substrate for this strategy. Because
Notch signaling plays an important role in neurogenesis and
has been implicated in AD pathogenesis (29–31), biochemical
examination of the PS1 FAD mutation on Notch1 cleavage is
necessary to understand the overall effect of PS1 mutations on
substrate cleavage. First, we generated a polyclonal antibody
against the N-terminal fragment of the NICD, designated as
SM320. After affinity purification, the specificity of the SM320

antibodywas determined.HEK293 cells were transfectedwith a
Myc-taggedNotch1-�E construct (N1-�E) encoding a �-secre-
tase substrate that does not require ligand activation (32). The
transfected cells were treated with either DMSO or compound
E, a potent �-secretase inhibitor (33). Anti-Myc analysis indi-
cates that the N1-�E protein was expressed in the transfected
cells, but not in themock control (Fig. 2A, top panel). The lesser
amount of N1-�E substrate in DMSO-treated cells than the
Compound E-treated ones indicates an inhibition of N1-�E
cleavage. The SM320 antibody only detected a band in the
DMSO-treated cells, but not in the compound E andmock con-
trol (Fig. 2A, bottom panel). These analyses established that the
SM320 antibody specifically recognizes the�-secretase-cleaved
product, NICD, but not the N1-�E substrate. We also used
SM320 antibody for immunostaining. HEK293 cells expressing
N1-�E substratewere treatedwithDMSOor compound E. The
cells were pelleted and embedded in paraffin for SM320 stain-
ing. The embedded cell pellets were sectioned andmounted on
glass slides and stained with SM320. SM320 clearly stained
NICD in cells treated with DMSO but not with compound E,
which further indicates that SM320 can detect NICD specifi-
cally (Fig. 2B). Finally, we showed that SM320 detects NICD
within the nucleus using confocal microscopy in which the
SM320 signal colocalizes with DAPI and anti-myc staining
(supplemental Fig. S2A, panel 4). However, in the presence of
compound E, we were able to detect only full-length N1-�E
substrate (anti-myc) but no NICD (SM320) signal (supplemen-
tal Fig. S2B)
Next, we designed and generated a biotinylated recombinant

Notch1 substrate for development of the �-secretase assay.We
cloned aNotch1 protein fragment that contains the �-secretase
cleavage site into a vector that has anMBP tag and anAvi tag for
in vivo biotinylation. This construct was designated as MBP-
N1-Sb1. After coexpression of this construct with a biotin
ligase, we purified this fusion protein and treated it with throm-
bin to remove theMBP tag. The resulting product, N1-Sb1, was
analyzed by LC-MS. Two proteins, 12017.5 and 12246.5 that
matched the calculated molecular masses of N1-Sb1 in non-
biotinylated (12017.7) and biotinylated form (12245.7), were
detected (Fig. 2C), and our data showed that the majority of
N1-Sb1 exists as a biotinylated form.
Finally, we developed a �-secretase activity assay with

N1-Sb1 using AlphaLISA technology, in which interaction
between donor and acceptor beads generates an amplified
luminescence signal when they are brought into close proxim-
ity (34) (Fig. 2D). The N1-Sb1 substrate was incubated with a
HeLamembrane,which is the source of�-secretase, in the pres-
ence of 0.25% CHAPSO. The cleaved product (cN1-Sb1) was
detected with SM320 antibody, a streptavidin-conjugated
donor, and protein A-conjugated acceptor beads (Fig. 2D). We
detected �-secretase activity with a ratio of signal (in the
absence of L458) to background (in the presence of L458) of
more than 20 (data not shown). Furthermore, L458 and com-
poundE inhibited�-secretase activitywith IC50 values of 0.7 nM
and 1 nM in our assay, respectively (Fig. 2E), and these values are
similar to the reported IC50 values of A�40 inhibition (25, 32,
35). In addition, we determined that �-secretase cleaved
N1-Sb1 with an apparent Km value of 0.15 � 0.03 �M (Fig. 2F).
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These characteristics indicate that the newly designed in vitro
�-secretase assay is viable and can be used to further character-
ize PS1 FAD �-secretase cleavage of Notch1.
PS1 Mutations Reduced �-Secretase Activity for Notch 1

Cleavage—Previous data showed that bothM146L, E280A, and
H163R PS1 FAD mutations affect the specificity of �-secretase
processing of APP, resulting in an elevated A�42/A�40 ratio
(18). How these mutations biochemically affect �-secretase
cleavage of Notch1 is unknown. Therefore, we determined the
�-secretase activity of WT, M146L, E280A, and H163R PS1 for
the cleavage of N1-Sb1 using this new �-secretase assay (Fig.
3A) and demonstrated that M146L, E280A, and H163R PS1
were 60%, 86%, and 60% less active forN1-Sb1 cleavage, respec-
tively, compared with WT PS1 (Fig. 3A). Next, we examined
whether PS1 mutants from mice have the same effects on
N1-Sb1 cleavage as the cell line model. Membrane isolated
from mouse brain expressing either knock-in M146V or WT

FIGURE 3. PS1 mutants have different effects on the �-secretase activ-
ity for Notch1 (N1-Sb1) catalysis. Membrane from N2a cells stably
expressing WT, M146L, E280A, or H163R PS1 (A) or mouse brains express-
ing PS1 M146V knock-in or PS1 WT (B) were used to determine �-secretase
activity of N1-Sb1 catalysis. The specific activity was expressed as the arbi-
trary AlphaLISA assay unit. n � 3. Data are mean � S.D. ***, p � 0.001; **,
p � 0.01.

FIGURE 2. Development of in vitro �-secretase assay with SM320 antibody and recombinant Notch substrate (N1-Sb1). A, SM320 antibody detects NICD
specifically. HEK293 cells were transfected with N1-�E, and cell lysates were analyzed with Western blot analysis. Anti-myc antibody detected full-length N1-�E
in N1-�E-transfected cells (top panel, first and second lanes). SM320 antibody recognized NICD in DMSO-treated cells (bottom panel, first lane). This product is
absent in the presence of Compound E (bottom panel, second lane). B, immunostaining of HEK293 cells overexpressing N1-�E. SM320 antibody detects NICD
(brown) in DMSO but not in compound E-treated cells. C, mass spectrometry confirmed that the majority of N1-Sb1 was biotinylated. D, schematic
representation of the in vitro �-secretase assay with N1-Sb1 and SM320 antibody. HeLa cell membrane was incubated with N1-Sb1 in the presence of
0.25% CHAPSO. The C-terminal of cleaved N1-Sb1 (cN1-Sb1) was detected with SM320 antibody. Streptavidin-conjugated donor beads and protein
A-conjugated acceptors beads were added to the reaction to detect cN1-Sb1. E, potencies of �-secretase inhibitors L458 and compound E were
determined to be 0.7 nM and 1 nM, respectively. F, the kinetic analysis of N1-Sb1 proteolysis. The specific activity was expressed as the arbitrary AlphaLISA
assay unit.

Catalytic Site Changes Induced by PS1 Mutations

17292 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 21 • MAY 18, 2012



PS1 (27, 36) were used to measure N1-Sb1 cleavage, and we
show that M146V PS1 produced significantly less cN1-Sb1
compared with WT PS1 (Fig. 3B).
Moreover, we investigated whether these PS1 mutations

affect the kinetics ofN1-Sb1 cleavage.Our data showed that the
Km values ofWT,M146L, and E280A FAD PS1 are 57 � 10 nM,
49 � 7 nM, and 50 � 12 nM, respectively (supplemental Fig.
S3A), which are similar, whereas the Vmax values of WT,
M146L, and E280A FAD PS1 are significantly different: 17.4 �
0.8, 9.8� 0.3, and 2.9� 0.2 units/�g/min, respectively. Consis-
tently, the Km values ofWT andM146V PS1 frommouse brain
are indifferent, 60� 11 nM and 48� 6 nM, respectively, whereas
the Vmax values are also significantly different (3.1 � 0.15 and
2.1� 0.06 units/�g/min, respectively) (supplemental Fig. S3B).
These data suggest that PS1 FAD mutations appear to reduce
the turnover rate of N1-Sb1.
In addition, we showed that these PS1 mutations did not

affect the potencies of two �-secretase inhibitors, L458 and

compound E, for N1-Sb1 cleavage. Compound E inhibitedWT,
M146L, and E280A PS1 with IC50 values of 0.78 � 0.11, 0.76 �
0.12, and 0.73 � 0.03 nM, respectively (supplemental Fig. S4A),
whereas L458 inhibitedWT, M146L, and E280A PS1 with IC50
values of 3.16 � 0.28, 3.21 � 0.22, and 3.34 � 0.81 nM, respec-
tively (supplemental Fig. S4B).
PS1Mutants PreferN1-Sb1with Larger P2 Residues—Finally,

we probed the S2 subsite of the �-secretase active site with
P2-residue substituted Notch1 substrates. The rationale of this
study is to investigate whether larger P2 residue of the Notch
substrate can enhance the activity of PS1 FAD mutants. The
wild-type P2 residue of the human Notch1 substrate is Cys-
1752, which interacts with the corresponding S2 subsite within
the �-secretase active site (Fig. 4A). We substituted this Cys on
N1-Sb1 with either Ala, Ser, Val, Ile, or Met using site-directed
mutagenesis (Fig. 4B). After these P2-substituted N1-Sb1 sub-
strates were purified, we determined the rate of �-secretase
cleavage from each cell membrane against these five substrates

FIGURE 4. PS1 mutants preferred N1-Sb1 substrates with larger P2 residues. A, schematic representation of N1-Sb1 with wild-type P2 residue cysteine. B,
the relative size differences of the wild-type cysteine residue, which was substituted with either alanine, serine, valine, isoleucine, or methionine, are shown. C,
M146L, E280A, and WT PS1 from stable cell lines were used to determine the catalysis of Cys or P2-substituted N1-Sb1. D, the catalysis of Cys and Met N1-Sb1
were compared between WT and M146V PS1 from mouse brain membrane. n � 3. Data are mean � S.D. ***, p � 0.001; **, p � 0.01.
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(Fig. 4C). First, the C1752A and C1752S substrates had signifi-
cantly reduced reactivity for all three forms of �-secretase (20–
40% remaining) compared with the WT substrate. Secondly,
the C1752V substrate had considerably increased reactivity for
M146L PS1 �-secretase (141.3 � 7.9%,) (Fig. 4C, center panel)
and had no effect on WT (left panel) and E280A PS1 (right
panel). Thirdly, C1752I was a significantly better substrate for
M146L (156 � 3.8%) and E280A (180.7 � 13.9%) PS1 (Fig. 4C,
center and right panel) but has no effect onWTPS1 (left panel).
Finally, theC1752M substrate had no effect onWT (Fig. 4C, left
panel) but had significantly enhanced activity for M146L
(166.4 � 6.1%) (center panel) and E280A (185.5 � 7.4%) PS1
(right panel). Similarly, we showed that the C1752M substrate
also had no effect on WT PS1 (Fig. 4D, left panel) but had
enhanced activity for M146V knock-in PS1 (127.4 � 3.7%)
(right panel) in our mouse model (Fig. 4D). Taken together,
these data demonstrate that N1-Sb1 with theMet or Ile residue
at the P2 position is a better substrate for both PS1 mutants,
suggesting that Met and Ile fit the altered S2 subsites of PS1
mutants better than Cys. On the other hand, N1-Sb1 with a Val
at the P2 position is a better substrate forM146LPS1 but not for
WT PS1 and E280A PS1, suggesting that the S2 subsite of
M146LPS1 is distinguishable from the S2 subsite of E280APS1.
These results indicate that the different PS1 mutations, such as
M146L and E280A, can lead to S2 subsite variation and cause
different effects on �-secretase processing of APP and Notch1.

DISCUSSION

Because PS1 mutations are associated with early onset of
FAD, the effects of thesemutations on �-secretase activity, pro-
tein trafficking, and processing have been well characterized in
the cellular system. Recently, biochemical studies established
that PS1 mutations directly affect �-secretase specificity for
A�42 and A�40 production (18). However, how these muta-
tions influence the structure and function of PS1 has been elu-
sive because of its transmembrane and macromolecular nature
and a lack of high-resolution structure of the �-secretase com-
plex. Therefore, activity-based probes have been valuable tools
to identify and to characterize �-secretase. In this work, we
developed a chemical biology approach, termed photophore

walking, to sense the active site changes caused by PS1 FAD
mutations within the lipid bilayers of the �-secretase complex.
This multiple probes approach unprecedentedly provides
direct evidence that M146L, E280A, and H163R PS1 alter the
conformation in the S2 subsite within the �-secretase complex.
In addition, �-secretase also cleaves Notch1, and the effects

of PS1 FAD mutations on Notch1 cleavage have been investi-
gated in a cell-based system. Although cell-based assays can
reveal overall effects of these mutations on protein trafficking,
localization, or concentration of Notch1, it is difficult to dissect
the exact effects of PS1 FADmutations on Notch1 cleavage. In
addition, the lack of well controlled substrate concentration
adds another complication to these analyses. Not surprisingly,
inconsistent observations in PS1mutations onNotch1 cleavage
have been reported. Song et al. (31) reported that M146V and
G384A PS1 rescued �-secretase activity for Notch cleavage in
PS1 knockout cells by 40–60% compared with WT PS1. How-
ever, Nakajima et al. (37) showed that M146V PS1 cleaves
Notch with the same efficiency asWTPS1, whereas Bentahir et
al. (17) demonstrated that G384A PS1 virtually lost its function
in cleaving Notch. This study demonstrates that the PS1
mutants M146L, E280A, and H163R directly affect �-secretase
activity, which leads to a reduction in the rate of Notch1 cleav-
age. Our in vitro assay offers a unique way to characterize the
effects of PS1mutations onNotch1 andAPP cleavage, as well as
providing away to address whether PS1 could contribute toAD
through altering the processing of APP and Notch1.
Furthermore, our P2-subsituted Notch1 substrate study

demonstrated that both PS1mutations, M146L and E280A, led
to similar and yet distinguishable S2 subsite alterations.
Although both PS1mutants preferMet and Ile P2 residues over
Cys, M146L and E280A exhibited different activities for Val at
the P2 position. Moreover, smaller residues at the P2 position
(Ala and Ser) of the Notch1 substrate dramatically reduced its
reactivity with �-secretase. Taken together, thesemultiple pho-
toaffinity labeling and substrate complement studies indicate
that both M146L and E280Amutations lead to deeper and dis-
tinct S2 subsites. This conformational change in the active site
could be a plausible mechanism on how PS1 mutations affect

FIGURE 5. Schematic representation of WT PS1 and FAD PS1 cleavage of APP. �-Secretase cleaves APP at several positions, such as the � site, for A�40 and
A�42 production, as well as the � site to produce A�48 and A�49 peptides. The sequential cleavage model proposes that �-secretase either first cleaves APP
at the A�49 site followed by A�46, A�43, and A�40 (green dotted line) or that �-secretase can cleave APP at the A�48 site followed by A�45 and A�42 (red dotted
line). Because augmentation of the A�42/40 and A�48/49 ratio is associated with FAD PS1, this suggests that the deeper S2 subpocket of FAD PS1 prefers A�42
and A�48 cleavages, which have larger P2 residue (Ile), whereas WT PS1, which has a shallower S2 subsite, prefers A�40 and A�49 cleavages, which have
smaller P2 residues such as Val and Thr.
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�-secretase activity for A�40 and A�42 production. It has been
shown through a sequential cleavage mechanism that A�40
and A�42 peptides are generated from A�49 and A�48 pep-
tides, respectively (Fig. 5) (38). The P2 residues for A�40 and
A�49 cleavages are Val and Thr, which are relatively smaller
residues, whereas the P2 residue for both A�42 and A�48 is Ile,
a larger residue. Because we showed that certain PS1 FAD
mutants have deeper S2 subsites, this would favor A�48 cleav-
age, leading to an increase in A�42. Concurrently, these
changes can affectA�49 andA�40 cleavages (Fig. 5). It has been
reported that PS1 FAD mutations reduce A�49 production
while concomitantly increasing A�48 levels (39), which sup-
ports our S2 subsite alterationmodel (Fig. 5). It is noteworthy to
point out that this is a working model that was devised without
knowing the high-resolution structure of �-secretase, and the
applicability of this model for PS1 FAD mutations should be
further verified using an APP substrate.
In summary, we have developed a practical chemical

approach to investigate the active site conformation of �-secre-
tase. We have demonstrated that PS1 mutations can alter the
active site of �-secretase, resulting in a potential shift in cleav-
age sites within substrates. These findings offer amolecular and
structural foundation in elucidating the mechanism of PS1-�-
secretase mutations. Furthermore, our data suggest that the
dual effect of PS1 mutations on the increased ratio of A�42:
A�40 and a reduced �-secretase activity for Notch1 cleavage
could cooperatively lead to neurodegeneration inAD and, thus,
contribute to our understanding ofADpathogenesis. Addition-
ally, this unique �-secretase assay and photophore walking
approachwill facilitate the characterization of �-secretase from
different tissue sources, the investigation of allosteric regula-
tion of �-secretase, as well as the development of selective
�-secretase inhibitors for treatment of AD and other human
disorders.
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