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�-Secretase is a multisubunit protease complex that is responsible for generating amyloid-� peptides, which are associated with Alzhei-
mer disease. The catalytic subunit of �-secretase is presenilin 1 (PS1), which contains an initial substrate-binding site that is distinct from
the catalytic site. Processive cleavage is suggested in the intramembrane-cleaving mechanism of �-secretase. However, it largely remains
unknown as to how �-secretase recognizes its substrate during proteolysis. Here, we identified that the �-helical structural region of
hydrophilic loop 1 (HL1) and the C-terminal region of human PS1 are distinct substrate-binding sites. Mutational analyses revealed that
substrate binding to the HL1 region is critical for both �- and �-cleavage, whereas binding to the C-terminal region hampers �-cleavage.
Moreover, we propose that substrate binding triggers conformational changes in PS1, rendering it suitable for catalysis. Our data provide
new insights into the complicated catalytic mechanism of PS1.
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Introduction
Hydrolysis of peptide bonds within the lipid bilayer by intra-
membrane-cleaving proteases is an atypical biochemical reaction
that participates in numerous biological processes encompassing all
branches of life. �-Secretase is one such intramembrane-cleaving
protease, and is also a possible therapeutic target for Alzheimer
disease (AD), because it is a key enzyme in the production of the
amyloid-� peptide (A�), which is a major component of senile
plaques in the brains of patients with AD (Holtzman et al., 2011).

�-Secretase requires four transmembrane proteins for its cata-
lytic activity (Takasugi et al., 2003; Tomita and Iwatsubo, 2013):
nicastrin (Nct), anterior pharynx defective-1 (Aph-1), presenilin
enhancer-2 (Pen-2), and presenilin (PS), the latter representing
the catalytic subunit. We have been applying the substituted cys-
teine accessibility method (SCAM) to gain insight into the struc-
ture of presenilin 1 (PS1) (Sato et al., 2006a, 2008; Takagi et al.,
2010). SCAM has been repeatedly used to gain structural infor-
mation on various multipass membrane proteins in a functional
state, by covalently modifying the introduced cysteine (Cys)
residues using sulfhydryl reagents (Karlin and Akabas, 1998).
Using SCAM, we and others have revealed that PS1 harbors a
hydrophilic “catalytic pore” formed by transmembrane domains
(TMDs) 1, 6, 7, and 9 (Sato et al., 2006a, 2008; Tolia et al., 2006,
2008; Takagi et al., 2010). Recently, crystallographic analyses of
the structures of presenilin homologues were reported (Hu et al.,
2011; Li et al., 2013). Although no water molecule was detectable
in these structures, the accessibility of water molecules to the
catalytic site was found to be unrestricted due to the presence of a
large solvent cavity, which is also consistent with previous obser-
vations obtained from SCAM. Moreover, chemical biology ex-
periments revealed that there is an initial substrate-binding site in
addition to the catalytic site in PS1 (Kornilova et al., 2005), but
the relationship between the two functional sites are not well
understood.

Several lines of evidence suggest that the cleavage process
by �-secretase occurs by two separate steps; endopeptidase-
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like �-cleavage at the border of the membrane and the cytosol
to produce the intracellular domain (ICD), followed by
carboxypeptidase-like trimming, called �-cleavage, within the
hydrophobic sequence to generate short peptides (Qi-Takahara
et al., 2005; Takami et al., 2009). In addition, it has been reported
that the extracellular/luminal side region of the substrates is im-
portant for �-cleavage (Ren et al., 2007; Tian et al., 2010; Kukar et
al., 2011; Ousson et al., 2013), suggesting that domains located at
the extracellular/luminal side in PS1 play critical roles in sub-
strate recognition. However, the functional relationships be-
tween the two sites in PS1 and its cleavage mechanism have
remained unclear. Here we found that hydrophilic loop 1 (HL1)
and the most C-terminal region, which are comprised of the large
portion of the extracellular/luminal side of PS1, contribute to
form the “initial” substrate-binding domain at the �-cleavage
step, and the “second” substrate-binding site at the �-cleavage
step, respectively.

Materials and Methods
Plasmid construction, cell culture, transfection, and retroviral infection.
cDNAs encoding PS1, APP carrying the Swedish mutation (APPNL),
Notch�E (N�E), PS1, and Cysless PS1 were inserted into the pMXs-puro
vector (Watanabe et al., 2005; Sato et al., 2006a). PS1 mutants were
generated using a long PCR-based protocol. Maintenance of embryonic
fibroblasts derived from a Psen1/Psen2 double knock-out (DKO) mouse
(Herreman et al., 2000), and HeLa or Plat-E (Kitamura et al., 2003) cells
were described previously. Generation of recombinant retroviruses and
stable infectant pools of DKO cells were performed as described previ-
ously (Watanabe et al., 2005).

Antibodies and immunochemical analyses. The rabbit polyclonal anti-
bodies anti-PS1 CTF (G1L3) and anti-Pen2 (PNT3) were raised as pre-
viously described (Tomita et al., 1999; Isoo et al., 2007). The anti-Nct
monoclonal antibody A5226A specifically recognizes an active form of
Nct (Hayashi et al., 2012). The anti-PS1NT antibody was a kind gift from
Dr G. Thinakaran (University of Chicago, Chicago, IL) (Thinakaran et
al., 1998). Other antibodies were purchased from Cell Signaling Tech-
nology (anti-cleaved Notch1; V1744), Covance (anti-Aph-1aL; O2C2),
IBL (anti-A�; 82E1), Santa Cruz Biotechnology (anti-Nct; N19), or
Sigma-Aldrich (anti-Nct; N1660 and anti-�-tubulin; DM1A). The anti-
�-tubulin (AA4.3) antibody developed by Dr C. Walsh was obtained
from the Developmental Studies Hybridoma Bank, created by the NICHD
of the NIH and maintained at The University of Iowa, Department of Biol-
ogy, Iowa City, IA 52242. Membrane fractionation, immunoblot analyses,
immunoprecipitation of 3-[(3-cholamidopropyl)dimethylammonio]-2-
hydroxy-1-propanesulfonate (CHAPSO)-solubilized lysates, the in vitro
�-secretase assay, cycloheximide treatment, and quantitation of A� by two-
site ELISA were performed as previously described (Tomita et al., 1997,
Tomita et al., 1999; Takahashi et al., 2003; Takasugi et al., 2003; Watanabe et
al., 2005). Cell-surface biotinylation was performed using the Pierce cell
surface protein isolation kit according to the manufacturer’s instructions.

Compounds, SCAM, and photoaffinity labeling. 31C and 31C-Bpa were
kindly provided by Drs Naoki Umezawa and Tsunehiko Higuchi (Nagoya
City University, Aichi, Japan) (Imamura et al., 2009). N-[N-(3,5-difluoro-
phenacetyl)-L-alanyl]-(S)-phenylglycine tert-butyl ester (DAPT) and
DAP-BpB were synthesized as described previously (Kan et al., 2004;
Morohashi et al., 2006). Peptide 11 (pep11), peptide 15 (pep15), 17–21
peptide (LVFFA), LV- benzoylphenylalanine-FAED-biotin (17–23-
BpB), and PS1 460 – 467 peptide were purchased from BEX. L-685,458,
and pep11-Bt were purchased from Bachem and Ito Life Sciences,
respectively. SCAM and photoaffinity labeling were performed as
previously described (Morohashi et al., 2006; Sato et al., 2006a, Sato et
al., 2008; Imamura et al., 2009; Takagi et al., 2010; Ohki et al., 2011).
N-biotinylaminoethyl methanethiosulfonate (MTSEA-biotin) and
2-(triethylammonium) ethyl methanethiosulfonate (MTS-TEAE) (To-
ronto Research Chemicals) were dissolved in DMSO at 200 mM and
stored at �80 degrees until use. For labeling by 17–23-BpB (see Fig. 5B),
the active �-secretase complex was immunoprecipitated by A5226A

(Hayashi et al., 2012) from CHAPSO-solubilized HeLa membranes and
used for photoaffinity labeling.

Circular dichroism analyses. Wt HL1 peptide (KSVSFYTRKDGQLI-
YTPFTEDTETVGQRALHSILNAAIM) and L130P/L134P HL1 peptide
(KSVSFYTRKDGQLIYTPFTEDTETVGQRAPHSIPNAAIM) were pur-
chased from BEX. 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC),
1,2-dimyristoyl-sn-glycero-3-phospho-(1�-rac-glycerol) (DMPG), and 1,2-
dihexanoyl-sn-glycero-3-phosphocholine (DHPC) were purchased from
Avanti Polar Lipids. Preparation of DMPC/DMPG/DHPC bicelles was de-
scribed in detail previously (Sato et al., 2006b). The bicelles were solubi-
lized in phosphate buffer, pH 7.2, and the final molar ratio of DMPC,
DMPG, and DHPC was 10:3:13. The HL1 peptides were solubilized in the
bicelle solution (5.0%) at 1.0 mg/ml. Circular dichroism (CD) measure-
ments were performed by a J-720WI circular dichroic spectrometer
(Jasco) using a 0.1-mm-thick sandwich cell. CD spectra were recorded at
25 degrees from 190 to 250 nm.

Results
The C-terminal region of HL1 forms a short
�-helical structure
Previous studies suggested that HL1 of human PS1 is a long ex-
tracellular loop region formed by residues K101 to S132 (Doan et
al., 1996). To elucidate the precise residues comprising HL1 in its
membrane-embedded native state using SCAM, we overex-
pressed human PS1 mutants containing a single cysteine substi-
tution in and around the predicted HL1 region (F105-V144) in
Cysless PS1, a mutant PS1 in which five of its cysteines were
substituted to serines (Cys mt PS1) (Sato et al., 2006a), in Psen1�/�/
Psen2�/� DKO cells (Herreman et al., 2000). All Cys mt PS1s except
Y115C and E120C retained �-secretase activity (Fig. 1A). SCAM
analyses revealed that consecutive amino acid residues from
F105C to M139C except D121C and E123C were biotinylated by
MTSEA-biotin (Fig. 1B). Moreover, preincubation of MTS-
TEAE harboring a sterically bulkier and charged functional group
decreased the labeling of almost all residues (Fig. 1C), suggesting
that they are located outside of the membrane (Takagi et al.,
2010). Taking into account our previous data, that MTS-TEAE
decreased the labeling of K101C but not I100C, we concluded
that HL1 consists of the 39 residues from K101 to M139. Several
FAD mutations have been identified in HL1 region. We further
tested the effect of FAD-linked P117L mutation (Wisniewski et
al., 1998; Page et al., 2008) on the water accessibility of the resi-
dues on HL1. The labeling of Q127C and A129C was significantly
decreased by the introduction of P117L mutation, suggesting that
structural integrity of HL1 is critical to the regulation of the
�-secretase activity (Fig. 1D). Intriguingly, a periodic pattern of
labeling efficiency around residues T122 to I133 was observed in
the densitometric analyses of SCAM (Fig. 1B,E). Such a periodic
labeling pattern in SCAM of the hydrophilic loop region was also
reported for the “slide-helix” structure in the Kir channel (En-
kvetchakul et al., 2007), which is located on the membrane to
interact with the lipid head groups, and is involved in channel
gating and protein-protein interactions. Consistent with these
results, the HL1 region was predicted to be an �-helix in second-
ary structure prediction programs (i.e., Jpred3 (Cole et al., 2008)
and PSIPRED (McGuffin et al., 2000)), and the labeling efficiency
of each residue correlated highly with its location on the surface
in the helical model (Fig. 1F). Moreover, a similar region in PS
orthologues from different species (e.g., Caenorhabditis elegans,
Drosophila melanogaster, and Arabidopsis thaliana) was also pre-
dicted to be in an �-helical structure, whereas the homology of
their primary amino acid sequences was low (Fig. 1G). Intrigu-
ingly, MTS-TEAE did not decrease the labeling of Q127C,
whereas it slightly decreased that of H131C (Fig. 1C). In contrast,
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the labeling of A129C and S132C was dramatically decreased by
MTS-TEAE pretreatment. Considering the fact that E123C was
not labeled by MTSEA-biotin, the predicted slide-helix is thought
to lie on the surface of the lipid bilayer with the amino acids
toward the C-terminus gradually separating from the membrane
(Fig. 1F).

�-Helical structure of HL1 is critical for initial
substrate binding
To obtain biophysical evidence of the helical structure of HL1 on
the lipid bilayer, we performed CD spectroscopy of the synthetic
HL1 peptide together with bilayered micelles (i.e., bicelles)
(Sanders and Prosser, 1998; Dürr et al., 2013). The HL1 peptide

exhibited two minima at 206 and 222 nm, which are observed in
a typical �-helical conformation (Fig. 2A, solid line). Next, we
searched for an amino acid substitution that disrupts the helical
conformation using prediction programs. We found that simul-
taneous amino acid substitutions of both L130 and L134 to
proline (Pro) (i.e., L130P/L134P) abolished the helical confor-
mation, whereas a single Pro substitution (i.e., L130P or L134P)
did not affect the structure in the prediction (Fig. 2A, left). Con-
sistent with this, the HL1 peptide harboring the L130P/L134P
mutation produced a CD spectrum lacking any of the typical
features of canonical secondary structures (Fig. 2A, right, dotted
line), suggesting that the double-Pro substitution disrupts the
�-helical conformation of HL1. Collectively, these data strongly

Figure 1. Structural analyses of the HL1 region of PS1. A, �-Secretase activities in DKO cells transiently expressing Cys mt PS1. Sandwich ELISA analyses of A� secreted from APPNL-stable DKO cells
transiently transfected with Cys mt PS1 (n � 3, mean � SE). The levels of secreted A� in conditioned media were normalized by that of cells transfected with a mutant PS1 in which 5 of its cysteines
were substituted to serines (Cysless PS1). The production ratio of A�40 and A�42 are shown by white and black bars, respectively. B, SCAM analyses of the residues in and around the predicted HL1
region. Intact cells expressing single-Cys mt PS1 were incubated with MTSEA-biotin. Biotinylated proteins were precipitated with streptavidin beads and then subjected to immunoblot analyses. The
amount of the PS1 NTF in the input fraction is shown in the bottom. C, SCAM analyses of single-Cys mt PS1 using positively charged MTS-TEAE. Biotin labeling of Cys mt PS1 was conducted after
preincubation with MTS-TEAE. D, SCAM analyses of single-Cys mt PS1 (Q127C and A129C) carrying with FAD-linked P117L mutation. Relative labeling efficiency by MTSEA-biotin normalized by the
input level was shown below the panels (n � 6, mean � SE; **p � 0.005, Student’s t test.). E, Quantitation of the band densities in Figure 1B. Labeling efficiencies were normalized to the protein
expression levels (input). F, (left) A helical wheel model of the residues from T122 to M139 viewed from its N-terminal side. Residues with strong and weak labeling efficiencies in E are indicated as
blue and pink circles, respectively. Right, Schematic model of the structure of HL1 of PS1 in relation to the lipid bilayer, which is indicated by a black line. Residues with strong and weak labeling
efficiencies are indicated as blue and pink circles, respectively. Residues with weak labeling appear periodically (i.e., E123, Q127, H131), suggesting that the tilted slide-helix structure lies on the
surface of the lipid bilayer. G, Amino acid sequence alignment of HL1 of PS1 orthologues. Residues that are not conserved with human PS1 are shown in bold. The regions predicted to be in an
�-helical structure by Jpred3 are highlighted in gray. The numbers above the sequences denote amino acid numbers in the human PS1 sequence.
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Figure 2. Biochemical characterization of Pro mt of PS1. A, Result of secondary structure prediction of HL1 region by JPred3 (left). Amino acid sequences are shown by single letters. Predicted structures are
indicatedbelowthesequence.E,Extendedstructure;H,helicalstructure.CDspectraofthewtHL1(K101toM139)peptide(solid line)andtheL130P/L134PmutantHL1peptide(dottedline) inDMPC/DMPG/DHPC
bicelles(right).Themolarellipticityisplottedversusthewavelength.B, ImmunoblotanalysesofPromtPS1.DKOcellsstablytransfectedwithwtorPromtPS1wereanalyzedbyimmunoblotting,withtheantibodyindicated
at the left of each panel. FL, Full-length; mNct, mature Nct; imNct, immature Nct. C, Coimmunoprecipitation analyses of 1% CHAPSO-solubilized fractions prepared from DKO cells stably transfected with wt or Pro mt PS1.
Solubilizedfractionswereprecipitatedwithananti-PS1loopantibody(MAB5232)andthenanalyzedbyimmunoblottingwiththeantibodyindicatedattheleftofeachpanel.D,DKOcellsstablytransfectedwithwtorPromt
PS1 were incubated in media containing cycloheximide (30 �g/ml), and harvested after the periods indicated above the blots. Cell lysates were analyzed by immunoblotting with an anti-PS1 NTF antibody (PS1NT). FL,
Full-length. E,Cell-surfacebiotinylationofDKOcellsstablytransfectedwithwtorPromtPS1.Cell lysates(input)aswellasbiotinylatedproteins(pulldown)wereanalyzedbyimmunoblottingusingPS1NT.
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support the idea that the C-terminal region of HL1 forms a short
�-helical structure on the membrane.

To examine the functional relevance of the helical structure in
HL1 to the enzymatic activity of PS1, we analyzed the single- or
double-Pro PS1 mutants (Pro mt PS1) stably expressed in DKO
cells. All mutants maintained their expression levels, and pro-
duced mature Nct and Pen-2 at similar levels to wild-type (wt)
PS1 (Fig. 2B). Notably, endoproteolysis was significantly abol-
ished in the L130P/L134P mt PS1, although this mutant formed a
stable �-secretase complex that was detected at the cell surface,

suggesting that this double mutation does not affect the biogen-
esis or trafficking of the �-secretase complex (Fig. 2C–E). How-
ever, the L130P/L134P mt PS1 failed to exert �-secretase activity
for both APP and Notch in DKO cells, although the single-Pro mt
produced A�, as well as the Notch intracellular domain (NICD)
(Fig. 3 A, B). Moreover, the N-terminal fragment (NTF) of
L130P/L134P mt PS1 coexpressed with C-terminal fragment
(CTF) of wt PS1 in DKO cells (Watanabe et al., 2010) also did
not exert �-secretase activity (Fig. 3C,D), indicating that the
loss of activity of L130P/L134P mt PS1 was independent from

Figure 3. Effects of proline mutations of PS1 on �-secretase activity. A, Immunoblot analyses of the generation of A� from APPNL-stable DKO cells and the NICD from N�E-stable DKO cells
transiently expressing wt or Pro mt PS1. B, Sandwich ELISA analyses of secreted A� from APPNL-stable DKO cells expressing wt or Pro mt PS1 (n � 3, mean � SE). The amount of secreted A�40 and
A�42 are shown by white and black bars, respectively. C, Immunoblot analyses of DKO cells transiently coexpressing NTF and CTF of PS1. D, Sandwich ELISA analyses of secreted A� from
APPNL-stable DKO cells transiently coexpressing wt or Pro mt NTF and CTF (n � 3, mean � SE). The amount of secreted A�40 and A�42 are shown by white and black bars, respectively. E, In vitro
�-secretase activities of DKO cells stably expressing wt or Pro mt PS1. Sandwich ELISA analyses of A� generated from C100-FmH, a recombinant substrate of �-secretase in vitro using DKO cell
membranes expressing wt or Pro mt PS1 (n � 3, mean � SE). The amount of secreted A�40 and A�42 are shown by white and black bars, respectively.
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the ineffective endoproteolysis. In addition, no proteolytic ac-
tivity was observed in DKO cells expressing L130P/L134P PS1
in the in vitro �-secretase assay (Fig. 3E), supporting the no-
tion that the double-Pro mt PS1 intrinsically lost its enzymatic
activity. Together, these data suggest that the �-helical structure of
HL1, which is sensitive to the double-Pro mutation at L130 and
L134, is critical for the catalytic activity of �-secretase.

To gain insight into the molecular mechanisms whereby the
double-Pro mt lost its enzymatic activity, we performed a pho-

toaffinity labeling experiment using �-secretase inhibitor-based
probes. The transition state analog-type photoprobe 31C-Bpa
(Micchelli et al., 2003) and the helical peptide-type photoprobe
pep11-Bt (Das et al., 2003) directly bind to the catalytic site and
the initial substrate-binding site of PS1, respectively. Surpris-
ingly, L130P/L134P mt PS1 was not labeled by pep11-Bt. More-
over, 31C-Bpa successfully biotinylated the mt PS1 (Fig. 4A),
whereas labeling efficiency showed a reduced tendency. These
results suggest that the �-helical structure of HL1 might be re-

Figure 4. �-Helical region of HL1 of PS1 is critical for the formation of the substrate-binding site. A, Photoaffinity labeling experiments of L130P/L134P PS1. CHAPSO-solubilized DKO cell
membranes expressing wt or Pro mt PS1 were photoactivated in the absence (�) or presence (�) of the parent compound as a competitor and analyzed by immunoblotting with an anti-PS1 NTF
antibody (PS1NT). Relative labeling efficiency by 31C-Bpa was shown at right (n � 3, mean � SE). B, SCAM analyses with L-685,458 and pep15. Biotin labeling of Cys mt PS1 was conducted after
preincubation with each inhibitor. C, Immunoblot analyses of S132 mt PS1. DKO cells transiently transfected with wt or S132 mt PS1 (as indicated above the panel) were solubilized and analyzed by
immunoblotting with the antibody indicated on the left. FL, Full-length; mNct, mature Nct; imNct, immature Nct.
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quired for the formation of the initial substrate-binding site, and
the functional structure of the catalytic site of �-secretase is
formed regardless of the formation of the initial substrate-
binding site. To elucidate whether the short helix of HL1 is in-
volved in substrate binding, we performed the competition assay
in SCAM using the transition state analog-type �-secretase inhib-
itor L-685,458 and the helical peptide-type �-secretase inhibitor
pep15 (Das et al., 2003), which is a D-peptide version of pep11
with phenylalanine instead of o-benzyl threonine. We found that
the biotinylation of S132C was specifically decreased by preincu-
bation with pep15, but not with L-685,458 (Fig. 4B). No other
residues showed labeling competition with pep15, suggesting
that S132 is the residue in HL1 involved in substrate binding. To
further analyze the functional importance of S132, we systemat-

ically mutated this residue and found that S132K mt PS1 gener-
ates dramatically less A� as well as NICD (Fig. 4C). These results
indicate that S132 is a part of the initial substrate-binding site,
and is critical for �-secretase-mediated intramembrane cleavage.
S132D also reduced A� production, and substitutions of S132 to
these amino acids did not alter the secondary structure predic-
tion, suggesting that the charge and/or hydrophilicity might be
involved in the interaction with the substrate. Notably, we found
that the labeling of D450C at TMD9 of PS1, which locates at the
extracellular side (Oh and Turner, 2005; Spasic et al., 2006; Sato et
al., 2008), is selectively diminished by its preincubation with
pep15 in the SCAM-based competition assay (Sato et al., 2008),
in a similar fashion to that of S132C. In addition, we previously
reported that S132 and D450 are located in proximity using a

Figure 5. ASID-based photoprobe targets to the most C-terminal region of PS1. A, Inhibitory effect of the 460 – 467 peptide (LAFHQFYI) in the in vitro �-secretase assay using recombinant
C100-FmH as a substrate (n � 3, mean � SE; *p � 0.05, **p � 0.005, Student’s t test). B, Photoaffinity labeling analyses of PS1 using the ASID-based photoprobe 17–23-BpB. CHAPSO-solubilized
HeLa cell membranes were photoactivated with photoprobes (DAP-BpB or 17–23-BpB) in the absence (�) or presence (�) of the parent compound. mNct, Mature Nct; imNct, immature Nct. C,
Labeling of the most C-terminal peptide by 17–23-BpB. Schematic presentation of split-PS constructs and the recognition sites of the antibodies are shown in the top. D, Sandwich ELISA analysis of
secreted A� from APPNL-stable DKO cells transiently expressing wt PS1, PS1 �C37, PS1 C37, or coexpressing PS1 �C37 and PS1 C37 (n � 3, mean � SE). Immunoblot analysis was shown below
the graph. Note that coexpression of PS1 �C37 and PS1 C37 restored �-secretase activity. E, Cross-competition analyses of photoprobes against PS1. CHAPSO-solubilized HeLa cell membranes were
photoactivated in the absence or presence of the indicated compounds or peptides.
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cross-linking experiment (Watanabe et al., 2010). These data sug-
gest that D450 in TMD9 contributes to the formation of the
initial binding site, with S132 in HL1 positioned just above the
lipid bilayer to initiate the �-cleavage (see Fig. 7A).

Cooperative substrate recognition mechanism by HL1 and
the C-terminus of PS1
Most of the C-terminus of PS1 has been implicated in its binding
with Nct (Kaether et al., 2004) and the stabilization of the
�-secretase complex (Tomita et al., 1999). Recently, a peptide
corresponding to the most C-terminal region of PS1 (aa 460 –
467) was shown to inhibit A� production (Fig. 5A) (Esselens et
al., 2012), suggesting a functional role of most of the C-terminus
of PS1 in the substrate recognition mechanism of �-secretase on
the extracellular side. In this regard, we paid attention to the
direct binding of PS1 with a substrate inhibitory domain (ASID)
(Tian et al., 2010). ASID is a part of the extracellular side of the
direct �-secretase substrate C99 that is the cleavage product from
APP. The ASID peptide has been reported to inhibit A�-
generating �-secretase activity, and to target the PS1 NTF and

CTF, and Nct. Notably, an ASID-based peptide inhibitor failed to
abolish NICD production, indicating that the binding of ASID to
�-secretase might be involved in the �-cleavage after �-cleavage.
We found that the photoactivatable ASID probe A�17–23BPA-
biotin (17–23-BpB) specifically labeled the PS1 CTF in our con-
dition (Fig. 5B) (Tian et al., 2010). To further narrow down the
binding site of 17–23-BpB within the PS1 CTF, we used a com-
plementation system using the C-terminally truncated PS1 �C37
and a short C-terminal fragment (PS1 C37) that is comprised of
TMD9 and the most C-terminal region of PS1 (Shiraishi et al.,
2006) (Fig. 5C, top). �-Secretase activity was successfully recon-
stituted only by the coexpression of these recombinant proteins
(Fig. 5D). A photoaffinity labeling experiment revealed that the
PS1 C37 peptide, but not PS1� C37, is specifically labeled by
17–23-BpB. These results indicate that the luminal region of APP
targets the most C terminal region of PS1 (Fig. 5C, bottom). To
analyze the effect of the binding between ASID and PS1 on the
functional sites (i.e., the initial substrate-binding site and cata-
lytic site) of PS1, we performed a competition experiment using
the ASID peptide in the photoaffinity labeling (Fig. 5E). Preincu-

Figure 6. F465 is a critical residue for the �-cleavage activity of PS1. A, Effects of amino acid substitutions at C-terminus of PS1 on A� production (n � 3, mean � SE; *p � 0.05, **p � 0.005,
Student’s t test.). B, Effects of F465 mutations on �-secretase activity. Immunoblot analyses of cell lysate (for NICD) and conditioned medium (for secreted A�) of DKO cells expressing F465 mt PS1
are shown. C, Immunoblot analyses of F465 mt PS1 expressed in DKO cells. mNct, Mature Nct; imNct, immature Nct. D, Quantitation of band intensities of photolabeled PS1 CTF by 17–23-BpB. The
band intensities were quantified and normalized by the protein expression levels. Relative labeling efficiencies are shown (n � 3, mean � SE; *p � 0.05, Student’s t test).
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bation of the helical peptide-type inhibitor pep11 increased the
labeling of the PS1 CTF by 17–23-BpB. In contrast, the transition
state analog 31C significantly decreased the 17–23-BpB labeling.
In addition, the 17–21 peptide increased 31C-Bpa labeling, but
inhibited the labeling of pep11-Bt. These data suggest that the
binding of the APP luminal region to the PS1 C-terminus is mod-
ulated by the occupation status of these functional sites of
�-secretase by their substrates. Finally, to further characterize the
functional importance of the most C-terminal region of PS1, we
introduced amino acid substitutions into this region (Fig. 6A).
Among the mutants, F465E significantly decreased A� produc-
tion without affecting NICD production (Fig. 6B) without affect-
ing the �-secretase complex formation (Fig. 6C), in a similar
manner to that by an ASID-based peptide inhibitor (Tian et al.,
2010). In fact, the binding ability of PS1 F465E to 17–23-BpB was
significantly low, whereas the binding of 31C-Bpa as well as
pep11-Bt to PS1 F465E was almost comparable to that of wt PS1
(Fig. 6D). Thus, these results indicated that the interaction be-
tween the ASID of APP and the PS1 C-terminus, especially F465,
is critical for �-cleavage. Together, we identified two substrate-
binding sites in PS1; HL1/TMD9 and the C-terminus, which are
selectively involved in �- and �-cleavage, respectively.

Discussion
Although the surface loops of membrane proteins are suggested
to play critical roles in their biological functions, it is challenging
to reveal their structure and functional relationships using x-ray
crystallography because of their flexibility. In fact, two surface
loops of the archaeal PS/SPP homolog (PSH) could not be re-
solved because they were disordered in the crystals (Li et al.,
2013). This was despite the fact that they removed the long loop 6
(HL6) and substituted 5 aa that were mostly located in the surface
loops to increase the likelihood of crystallization. In addition, the
loop regions of PS1 in the structures of intact �-secretase com-
plexes resolved by single-particle analyses were not identified be-
cause of low resolution around the membrane (Li et al., 2014; Lu

et al., 2014). Because of these difficulties, biochemical approaches
are still powerful tools to understand the surface regions of
membrane proteins. Here, we represent the first glimpse of the
functional roles of HL1 and the C-terminus of PS1 in �- and
�-cleavage using a combination of SCAM and a chemical biology
approach. This confirms and strengthens the proposed ring-
topology for PS1, as described previously (Annaert et al., 2001).
In particular, we found that S132 and D450 are critical residues
for “picking” the helical substrate just above the TMD region out
of the lipid bilayer. Supporting this notion, the recombinant C99
protein was found to directly bind to GST-PS1 fusion proteins
containing HL1 or the C-terminus in vitro (Annaert et al., 2001).
We previously reported that the substrate entry site of PS1 is
formed by TMD2 and 6 of the NTF together with the CTF (Kor-
nilova et al., 2005; Watanabe et al., 2010). In contrast, a structural
modeling study of PS1 based on the crystal structure of PSH,
TMD6, and TMD9 suggested it to be a “lateral gate” (Li et al.,
2013). Intriguingly, S132 of HL1, which connects to TMD2, has
been suggested to be located in proximity to TMD6 in this model.
In addition, the crystal structure might represent an inactive con-
formation, as the distance between the two catalytic aspartates
was not close enough to mediate a proteolytic reaction (Li et al.,
2013). Notably, we have reported that TMDs involved in the
catalytic site move closer together upon the formation of the
active site (Takeo et al., 2012). Furthermore, all residues that
are critical to the �-secretase activity (i.e., L130, S132, L134,
D450) are completely conserved in PS1 and PS2 (i.e., L136, S138,
L140, D431, respectively). Thus, we speculate that TMD6 moves
inward toward the catalytic pore in the active conformation, and
the luminal pocket formed by HL1-TMD2/TMD6/TMD9 func-
tions as the lateral gate for the helical substrate of �-secretase (Fig.
7A). And this mechanism by HL1 and C-terminal regions would
be common to the PS1- and PS2-containing �-secretase com-
plexes. This gating model fits well with the putative substrate-
entry cavity in the three-dimensional structure of human

Figure 7. Schematic model of the substrate recognition process of PS1. A, Schematic depiction of the substrate-binding residues (i.e., S132, pink spheres; D450, cyan spheres) in the human PS1
model derived from the crystal structure of archaea PSH. Catalytic aspartates are represented by yellow spheres. The bottom diagram shows the view from the top. The predicted movements of
TMD2, 6, and 9 in the picking of the substrate are indicated by pink, yellow, and cyan arrows, respectively. B, Schematic model of the two-step substrate-binding process of PS1. The bottom diagram
shows the view from the top. The substrate is shown in pink cylinder, and binding regions of the substrate are indicated in dark pink in each step. First, the TMD and juxtamembrane region of the
substrate binds to the “first” substrate-binding site formed by S132 and D450 to start �-cleavage. Then, the luminal region of substrate is targeted to the “second” substrate-binding site comprised
of the C-terminal region of PS1. This second interaction allows the substrate to be cleaved at the �-site.
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�-secretase determined by cryo-electron-microscopy single-
particle analysis (Lu et al., 2014). Moreover, the extramembrane
domains of rhomboid and site-2 proteases, which belong to
distinct-types of intramembrane proteases, have been implicated
in the substrate-gating/selection mechanisms (Ha et al., 2013;
Hizukuri et al., 2014). Thus, we hypothesize a common mecha-
nism that the extracellular region of intramembrane proteases is
involved in the substrate-gating machinery during catalysis.
However, we are unable to exclude the possibility that other sub-
strates might interact with PS differently, as �-secretase cleaves
several substrates other than APP and Notch. Fine structural
analyses of enzyme-substrate mimetic complexes at atomic level
would provide molecular functional details of the extracellular
regions in intramembrane proteases.

We also provided the first mechanistic insights into the step-
wise intramembrane cleavage that is one of the unique features of
�-secretase among the intramembrane-cleaving enzymes. Previ-
ous studies demonstrated that, at first, �-secretase cleaves the
substrate at the �-site, which is located at the cytosolic border of
the membrane. Then, successive cleavages occur at multiple
�-site(s) to release the short peptide into the extracellular side.
Here we report that two distinct substrate recognition sites in PS1
are implicated in these �- and �-cleavages. S132 and D450 of PS1,
located in HL1 and TMD9, respectively, are involved in the for-
mation of the first substrate-binding site. The second substrate
recognition is achieved by the interaction between the C-terminal
region of PS1 and the luminal side of the substrate (i.e., ASID of
APP), both of which form a short helical structure (Beel et al.,
2008). Importantly, binding of the ASID peptide to PS1 affected
the binding efficiency of the helical peptide and transition-state
mimic peptides in a different manner. Together with systematic
mutational analyses and photoaffinity labeling experiments, we
hypothesize the sequential and cooperative conformational
changes of these domains, as follows: (1) a helical TMD substrate
enters the initial substrate-binding site, in which S132 and D450
function as a lateral gate for the hydrophobic substrate; (2) inter-
action of the helical TMD and the lateral gate induce the
�-cleavage, as well as conformational changes in the C-terminus
of PS1, to allow access of the luminal side of the substrate; and (3)
successful binding of ASID and the most C-terminal region ren-
ders the structure of the catalytic pore suitable for �-cleavage
(Fig. 7B). Consistent with this model, a substrate binding-
induced conformational change in PSH was suggested, because
the two catalytic aspartates are relatively separated in the crystal
(Li et al., 2013). Moreover, the peptide corresponding to the
C-terminal half of APP TMD, which includes the �-cleavage site
and binds to APP, inhibited the �-secretase-mediated cleavage
(Esselens et al., 2012). Thus, the lateral interaction with the APP
TMD and the PS1 TMDs in the membrane might occur during
the gating process before �-cleavage, and recognize the structural
integrity of these TMDs.

The two-step substrate recognition model for �- and
�-cleavage should provide novel insight into the mechanism of
intramembrane cleavage by �-secretase, as well as into the design
of AD therapeutics. In particular, we recently identified that ex-
tracellular side of HL1/TM2 with TM5 is involved in the forma-
tion of the binding pocket for phenylimidazole-type �-secretase
modulators (Takeo et al., 2014). Thus, the C-terminal region of
PS1, which locate in proximity to HL1/TM2, is also a novel mo-
lecular target region for the development of therapeutics using
Notch-sparing �-secretase modulators. In summary, the present
study advances our understanding of the complicated mecha-
nism of intramembrane cleavage of �-secretase. We provide a

mechanical model of two distinct substrate-binding sites that
perform �- and �-cleavage, and substrate binding to each domain
triggers a conformational change in PS1 rendering it suitable for
the next catalytic steps. Furthermore, this two-step recognition
model provides a new therapeutic target for the design of specific
inhibitors for AD therapies.
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