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�-Secretase is an intramembrane cleaving protease that is responsible for the generation of amyloid-� peptides, which are linked to the
pathogenesis of Alzheimer disease. Recently, �-secretase modulators (GSMs) have been shown to specifically decrease production of the
aggregation-prone and toxic longer A� species, and concomitantly increase the levels of shorter A�. We previously found that
phenylimidazole-type GSMs bind to presenilin 1 (PS1), the catalytic subunit of the �-secretase, and allosterically modulate �-secretase
activity. However, the precise conformational alterations in PS1 remained unclear. Here we mapped the amino acid residues in PS1 that
is crucial for the binding and pharmacological actions of E2012, a phenylimidazole-type GSM, using photoaffinity labeling and the
substituted cysteine accessibility method. We also demonstrated that a piston-like vertical motion of transmembrane domain (TMD) 1
occurs during modulation of A� production. Taking these results together, we propose a model for the molecular mechanism of
phenylimidazole-type GSMs, in which the trimming activity of �-secretase is modulated by the position of the TMD1 of PS1 in the lipid
bilayer.
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Introduction
Alzheimer disease (AD) is a neurodegenerative disorder that
causes cognitive decline and memory deficit in the elderly. The
main pathological feature of AD is the accumulation of senile

plaques, which are mainly composed of amyloid-� peptide (A�)
and are generated from amyloid precursor protein (APP) by �-
and �-secretase-mediated sequential cleavages (Tomita, 2014).
�-Secretase is an intramembrane protease comprising four sub-
units: presenilin (PS), nicastrin (Nct), anterior pharynx-defective
1 (Aph1), and presenilin enhancer 2 (Pen2; Takasugi et al., 2003).
After assembly of an enzymatically active �-secretase complex, PS
is endoproteolyzed into N- and C-terminal fragments (NTFs and
CTFs, respectively). In the cleavage process of APP, �-secretase
successively cleaves every three or four residues, resulting in the
generation of various species of secreted A�, from 43 to 37 resi-
dues in length (Qi-Takahara et al., 2005; Takami et al., 2009).
Among them, longer A� species, such as A�42 and A�43, have
been shown to be prone to aggregation and to be predominantly
deposited in the brains of AD patients (Iwatsubo et al., 1994).
Moreover, almost all familial AD-associated mutations in the PS1
and PS2 genes results in an increased production rate of A�42,
suggesting that A�42 is the main causative molecule of AD, and

Received June 11, 2017; revised Oct. 10, 2017; accepted Nov. 3, 2017.
Author contributions: T.C. and T.T. designed research; T.C. performed research; M.Y. contributed unpublished

reagents/analytic tools; T.C. and T.T. analyzed data; T.C. and T.T. wrote the paper.
This work was supported by Grants-in-aid for Scientific Research (A) from the Japan Society for the Promotion of

Science, the Tokyo Biochemical Research Foundation, and Nagase Science Technology Foundation. We thank Drs.
Bart De Strooper (Catholic University of Leuven, Leuven, Belgium), T. Kitamura (University of Tokyo, Tokyo, Japan),
G. Thinakaran (University of Chicago, Chicago, IL), S. Yokoshima and T. Fukuyama (Nagoya University, Nagoya,
Japan) for valuable reagents, and our laboratory members for helpful discussions and technical assistance.

Conflict-of-interest: M.Y. is a full-time employee of Eisai Company, Ltd. T.C. and T.T. declare no competing
financial interests.

Correspondence should be addressed to Dr. Taisuke Tomita, Laboratory of Neuropathology and Neuroscience,
Graduate School of Pharmaceutical Sciences, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033,
Japan. E-mail: taisuke@mol.f.u-tokyo.ac.jp.

DOI:10.1523/JNEUROSCI.1628-17.2017
Copyright © 2017 the authors 0270-6474/17/3712272-09$15.00/0

Significance Statement

Reduction of the toxic longer amyloid-� peptide is one of the therapeutic approaches for Alzheimer disease. A subset of small
compounds called �-secretase modulators specifically decreases the longer amyloid-� production, although its mechanistic
action remains unclear. Here we found that the modulator compound E2012 targets to the hydrophilic loop 1 of presenilin 1, which
is a catalytic subunit of the �-secretase. Moreover, E2012 triggers the piston movement of the transmembrane domain 1 of
presenilin 1, which impacts on the �-secretase activity. These results illuminate how �-secretase modulators allosterically affect
the proteolytic activity, and highlight the importance of the structural dynamics of presenilin 1 in the complexed process of the
intramembrane cleavage.
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that a reduction in A�42 production is a plausible therapeutic
approach for AD (Selkoe and Hardy, 2016). However, clinical
trials of �-secretase inhibitors (GSIs) have been unsuccessful to
date, because of their severe adverse effects associated with the
inhibition of other �-secretase substrates, such as Notch (Doody
et al., 2013). Thus, �-secretase modulators (GSMs) have been
highlighted as promising therapeutic candidates with their high
specificity against the production of longer A� species (Bursavich
et al., 2016). Several GSMs with variable chemical structures have
been identified so far. Among them, E2012, which was originally
developed by Eisai, belongs to the phenylimidazole-type of GSMs,
which contains imidazole rings as the central structure. Pheny-
limidazole-type GSMs are generally more potent than other
GSMs because they reduce not only the production of A�42 but
also that of A�40, and increases the production of both A�37 and
A�38. We and others have reported that phenylimidazole-type
GSMs directly target the PS1 NTFs (Ebke et al., 2011; Pozdnyakov
et al., 2013; Takeo et al., 2014). However, its precise binding site
as well as the molecular mechanism underlying the modulation
of A� production have remained unclear to date. In this study, we
successfully identified the critical amino acid residues of PS1 to
which E2012 binds, to exert its pharmacological actions. In addi-
tion, we demonstrated the conformational changes that are crucial
for modulating �-secretase activity. We hence proposed a model
of action of phenylimidazole-type GSMs, which decrease the pro-
duction of longer forms of A�, providing insight toward a better
understanding of their mechanisms of action.

Materials and Methods
Antibodies and compounds. G1L3, which targets hydrophilic loop 6 of PS1
was described previously (Tomita et al., 1999). G1Nr5 and PS1NT, both
of which target the N-terminus of PS1 were also described previously
(Thinakaran et al., 1998; Sato et al., 2008). PNT3 was raised against the
N-terminus of Pen-2 (Hayashi et al., 2004). 82E1, N1660, O2C2, and
APP(C) was purchased from IBL, Sigma-Aldrich, Covance, and IBL,
respectively. E2012 and ER-000390411 were synthesized by standard or-
ganic chemistry. ST1120 was kindly provided by Drs. Tohru Fukuyama
and Satoshi Yokoshima (Nagoya University, Nagoya, Japan; Takeo et al.,
2014).

Plasmid construction, retrovirus infection, and immunological methods.
Retroviral expression vectors for PS1 and APP mutants were generated as
described previously (Watanabe et al., 2005; Sato et al., 2006; Tomita,
2017). The maintenance of immortalized mouse embryonic fibroblasts
obtained from Psen1�/�; Psen2�/� mice of either sex (DKO cells; Her-
reman et al., 2000), as well as retrovirus packaging cell line Plat-E (Morita
et al., 2000), and the generation of recombinant retroviruses were as
described previously (Kitamura et al., 2003). Secreted A� from retrovirus
infected DKO cells was analyzed by immunoblotting using 8 M urea
containing SDS-PAGE (urea/SDS-PAGE; Qi-Takahara et al., 2005; Futai
et al., 2016) and two-site ELISAs [Human Amyloid� (1-38; FL) Assay
Kit (27717, IBL), Human/Rat �-Amyloid (40) ELISA Kit (294-62501,
Wako), and Human/Rat �-Amyloid (42) ELISA Kit, High Sensitivity
(292-64501, Wako)]. Immunoblotting was performed as described pre-
viously (Tomita et al., 1997; Morohashi et al., 2006; Sato et al., 2006).

Preparation of microsomes. Microsomes were prepared as described
previously with some modifications (Morohashi et al., 2006; Sato et al.,
2006; Tomita, 2017). Briefly, cell pellets were homogenized in homoge-
nization buffer (20 mM HEPES, 140 mM KCl, 0.25 M sucrose, and 1 mM

EGTA with complete protease inhibitor cocktail; Roche Applied Science)
using an HG 30 homogenizer (Hitachi), and centrifuged at 33,000 rpm,
10 min (Beckman OptimaTM L-90K Ultracentrifuge, Beckman Coulter).
The supernatant was then centrifuged at 15,000 rpm for 40 min. Pellets
were collected and stored as microsome fractions at �80°C until use. For
preparation of solubilized microsomes, the microsome fraction was dis-
solved in solubilization buffer containing 1% 3-[(3-cholamidopropyl)
dimethylammonio]-2-hydroxypropanesulfonate (Chapso, Sigma-Aldrich),

10 mM HEPES, and 150 mM NaCl with complete protease inhibitor cocktail,
and centrifuged at 33,300 rpm for 60 min. The resulting supernatant was
used immediately for analysis.

Substituted cysteine accessibility method. Substituted cysteine accessi-
bility method (SCAM) analyses were performed as described previously
with some modifications (Sato et al., 2006; Tomita, 2017). For intact cell
biotinylation, cells were incubated with 1 mM methanethiosulfonate eth-
ylammonium (MTSEA)-biotin for 30 min on ice at 4°C in the dark. For
microsomes, microsomal fractions that were prepared as described
above were dissolved in Dulbecco’s PBS and incubated with 1 mM

MTSEA-biotin in dimethyl sulfoxide (DMSO) for 5 min on ice at 4°C in
the dark. Labeled cells or membranes were sonicated in 1% SDS contain-
ing PBS, and the supernatants were incubated with streptavidin sephar-
ose (GE Healthcare) overnight at room temperature. After extensive
washing, biotinylated proteins were eluted by boiling for 1 min and an-
alyzed by immunoblotting. For competition analyses using E2012, cells
were preincubated with chemicals for 30 min and subjected to biotiny-
lation by MTSEA-biotin.

Photoaffinity labeling . Photoaffinity labeling (PAL) experiments were
performed as previously described (Morohashi et al., 2006; Ohki et al.,
2011; Takeo et al., 2014). Briefly, CHAPSO-solubilized fractions (as de-
scribed above) were adjusted to 1 mg/ml protein with solubilization
buffer containing 0.25% CHAPSO, and incubated with the probe com-
pound for 5 min on ice under dark. For the competition assay, a 100-fold
concentration of E2012 was added and incubated overnight. After incu-
bation, the mixture was irradiated using an XX-15BLB lamp for 90 min
on ice. The irradiated samples were solubilized with SDS and incubated
with streptavidin sepharose overnight at room temperature. For throm-
bin digestion after PAL, solutions were centrifuged at 15,000 rpm for 10
min after UV radiation, and the resulting pellets were solubilized in
thrombin buffer containing 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1
mM EDTA, and 1% Triton X-100. The samples were then incubated with
1 U/�l thrombin (GE Healthcare) at 37°C for 4 h. SDS and complete
protease inhibitor cocktail were added to stop the reaction, and then
incubated overnight with streptavidin sepharose. Subsequently, the same
experimental procedures as in intact cell biotinylation were performed,
and the samples were analyzed by immunoblotting.

Experimental design and statistical analysis. All samples were analyzed
in blind and randomized manner. For quantitative immunoblot analysis,
Student’s t test was used for comparisons between two-group data and
Tukey’s test was used for multiple group comparisons. Statistical analy-
ses were performed by Kyplot or Excel software. In figures, statistical
significance is indicated by (*) for p � 0.05, (**) for p � 0.01, and (***)
for p � 0.001.

Results
Pharmacological activity of E2012 and its photoaffinity
probe ER-000390411
To investigate how the phenylimidazole-type GSM E2012 mod-
ulates A� production at the molecular level, we first measured the
pharmacological activity of E2012 and its photoaffinity probe
compound ER-000390411 (Fig. 1A). This probe contains two
characteristic structures; a benzophenone group that makes a
covalent bond with proteins upon UV irradiation, and a biotin
group for the purification of the target protein by the avidin-
biotin catch system using streptavidin Sepharose (Hofmann and
Kiso, 1976). Conditioned medium from DKO cells expressing
Swedish mutant APP and wild-type (wt) PS1 was analyzed by
sandwich ELISA and immunoblotting. E2012 treatment de-
creased the levels of A�40 and A�42 in the conditioned medium,
with a concomitant increase in the secretion of A�37 and A�38 in
a concentration-dependent manner (Fig. 1B). E2012 also decreased
the A�42/total A� (� A�38 � A�40 � A�42) ratio determined
by specific ELISAs (Fig. 1B). The amounts of neither secreted
total A� nor APP CTF were affected by E2012, as expected
(Kounnas et al., 2010; Oehlrich et al., 2011). The probe com-
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pound ER-000390411 also retained the ability to modulate A�
production in a similar way to that by the parent compound
E2012, whereas the pharmacological potency was reduced
(Fig. 1C).

ER-000390411 binds to the region from Q61 to D110 in
PS1 NTF
We next performed the PAL experiment using ER-000390411 in
the membrane fractions isolated from DKO cells overexpressing
wt PS1. Among components of the �-secretase complex (i.e., PS1
NTF/CTF, Nct, Aph1, and Pen2), PS1 NTF was labeled by ER-
000390411 in a similar way to that by other E2012-based photo-
probes (Fig. 1D; Pozdnyakov et al., 2013). Moreover, APP CTF
was not specifically biotinylated. Notably, the labeling of PS1
NTF by ER-000390411 was decreased by preincubation not only
with parental compound E2012, by ST1120, a different pheny-
limidazole-type GSM that interacts with PS1 NTF (Takeo et al.,
2014), in a concentration-dependent manner (Fig. 1E). These
results support the notion that PS1 NTF is a common target for

the phenylimidazole-type GSMs. To further narrow down the
binding region of ER-000390411, we took a limited digestion
approach in the PAL experiment (Ohki et al., 2011). In this ex-
periment, the thrombin recognition sequence was introduced
into three hydrophilic sites of the PS1 NTF; the PS1Th60N,
PS1Th1, and PS1Th3 mutants contain the LVPRGS sequence be-
tween R60 and Q61, D110, and G111, and T188 and Y189, respec-
tively (Fig. 2A). These PS1 mutants still retained �-secretase activity
and their response to E2012 (Fig. 2B). Thrombin cleavage was per-
formed after the PAL experiment to cleave PS1 NTF into two
fragments. The cleaved NTF species, containing the residue pho-
tolabeled by ER-000390411, can be detected by an antibody that
recognizes the N-terminal end of PS1 (Fig. 2C). Intriguingly, the
cleaved NTFs of PS1Th1 and PS1Th3 were pulled-down by
streptavidin sepharose, whereas cleaved PS1Th60N NTF species
were not observed. From these results, we concluded that the
binding site of E2012 was located within the region from Q61 to
D110 of PS1 NTF.

Figure 1. The E2012-based photoaffinity probe ER-000390411 specifically targets PS1 NTF. A, Chemical structures of E2012 and its photoprobe ER-000390411. B, A� production from DKONL
cells expressing PS1 wt that were treated with E2012. Conditioned media were separated by urea or standard SDS-PAGE and analyzed by immunoblotting with the anti-A� antibody 82E1 (left, top
and middle). Cell lysates were analyzed by standard immunoblotting with the anti-APP CTF antibody APP(C) (left, bottom). Conditioned media from DKO cells expressing PS1 wt were also analyzed
by specific sandwich ELISA (right; n�4; data represent the mean�SEM *p�0.05, **p�0.01, ***p�0.001, compared with mock by Tukey’s test). A�42 ratio [percentage of A�42/(A�38�A�40 � A�42)] is
shown below the graph. C, Conditioned media of DKONL cells expressing PS1 wt and treated with ER-000390411, were separated by urea SDS/PAGE and analyzed by immunoblotting with the
anti-A� antibody 82E1 (left). Conditioned media were also analyzed be sandwich ELISA (n � 4; data represent the mean � SEM; **p � 0.01, ***p � 0.001, compared with mock by Tukey’s test).
A�42 ratio is shown below the graph. D, Photoaffinity labeling of the solubilized fraction from DKONL cells expressing PS1 wt using 0.2 �M ER-0003904111. Proteins biotinylated using
ER-000390411 were pulled down and analyzed by immunoblotting with each specific antibody [G1Nr5 for PS1 NTF, G1L3 for PS1 CTF, N1660 for nicastrin, O2C2 for Aph1aL, PNT3 for Pen-2, and
APP(C) for APP CTF]. Pretreatment with 20 �M E2012 significantly reduced the labeling of PS1 NTF. E, Labeling competition experiment using E2012 and ST1120. Photoaffinity labeling of PS1 NTF
using 0.2 �M ER-0003904111 was significantly reduced by pretreatment with either E2012 or ST1120. Chemical structures of ST1120 was shown below the panel.
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E2012 targets Y106 in hydrophilic loop 1 of PS1 NTF
We previously showed that the phenylimidazole-type GSM
ST1120 interacts with hydrophilic loop 1 (HL1), which starts
from K101 of PS1 (Takeo et al., 2014). Considering the results of
the competition and limited digestion approach of the PAL ex-
periments, we speculated that the primary binding site of ER-
000390411 is located within the region from K101 to D110. To
elucidate the amino acid residue within PS1 that is crucial for its
binding to E2012, we analyzed the effect of E2012 on secreted A�
levels in DKONL cells, which overexpress PS1 mutants that carry
a single amino-acid deletion mutation at each residue from K101

to D110 (del PS1). We found that deletion
of amino acid residue from K101 to Y106
dramatically lowered a response to E2012
(i.e., decreased and increased production
of long and short A� species, respec-
tively). Among those mutations, Y106del
PS1 was the only mutant that failed to
respond to E2012, with no significant
increase in short A� production (Fig.
3A,B). Then we conducted PAL experi-
ment to assess the binding between ER-
000390411 and K101 to Y106 deletion
mutants. All single deletion reduced pho-
tolabeling efficiency of ER-000390411.
However, the labeling of Y106del PS1 mu-
tant by ER-000390411 was significantly
lower than that of any other mutants (Fig.
3C,D). These results strongly suggested
that residues from K101 to Y106 of PS1
HL1 play important role in the binding
and pharmacological action of E2012, and
Y106 is a critical residue in this region.

To further assess the importance of
these residues, we designed single cysteine
substituted PS1 from K101 to Y106 lack-
ing in endogenous cysteine [PS1/Cys(�);
Sato et al., 2006]. These single cysteine-
substituted PS1 mutants retained �-secretase
activity, except for S104C, which was not
expressed in DKO cells (Takagi et al.,
2010; Takagi-Niidome et al., 2015). E2012
significantly decreased the A�42 produc-
tion ratio in single cysteine PS1 mutants.
However, reduction of A�42 ratio by
E2012 was significantly weaker in Y106C
compared with that in other mutants
[Cys(�),76.3�1.6%;K101C, 98.6 � 1.4%;
S102C, 98.9 � 1.1%; V103C, 88.7 � 1.1%;
F105C, 63.8 � 3.5%; Y106C, 33.9 �
9.9%] . In fact, E2012 treatment did not
increase and decrease the production of
A�38 and A�40, respectively, in Y106C
mutant (Fig. 4A). Next, we performed a
competition assay between E2012 and
MTSEA-biotin by SCAM (Karlin and
Akabas, 1998; Tomita, 2017). SCAM was
originally used to estimate the hydrophilic
environment around a certain residue of
the target protein. MTSEA-biotin con-
tains a methanethiosulfonate group that
forms a mixed disulfide bond with cys-
teine residues in a hydrophilic environ-

ment. Based on the assumption that the compound binds to PS,
we are able to identify the binding site and/or allosteric effects of
the compounds using competition experiments in SCAM. In the
competition assay, we found that Y106C was the only residue in
which E2012 significantly decreased labeling (Fig. 4B). Intrigu-
ingly, MTSEA-biotin labeling of F105C was significantly in-
creased. Altogether, these results strongly suggest that Y106 is one
of the target residues of E2012, and that E2012 triggers confor-
mational changes in HL1. These results are consistent with our
previous result showing that Y106 is required for the binding of

Figure 2. Limited digestion approach in the PAL experiment using ER-000390411. A, Schematic depiction of the thrombin
sequence insertion sites in each mutant and the position of the epitope. B, Conditioned media of DKONL cells expressing thrombin
sequence-inserted PS1 mutants with or without 1 �M E2012 were analyzed by sandwich ELISA (n �4; data represent the mean�
SEM; *p � 0.05, **p � 0.01, ***p � 0.001, compared with each mock by Student’s t test). A�42 ratio is shown below the graph.
C, Limited digestion experiment of ER-000390411-labeled PS1 NTF. Thrombin cleavage was performed after the PAL experiment
to cleave PS1 NTF into two fragments. A cell lysate sample incubated with thrombin was loaded as a control for cleaved NTF from
each PS1 mutant. Separated proteins were detected by immunoblotting using the anti-PS1 antibody PS1NT. Asterisks indicate
nonspecific proteins.
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ST1120 (Takeo et al., 2014). Thus, the ty-
rosine residue at position 106 in PS1 HL1 is
crucial for the binding and pharmacological
actions of phenylimidazole-type GSMs.

E2012 triggers the piston movement
of TMD1
Recent genetic and pharmacological studies
suggest that the modulation of �-secretase
activity that reduces A�42 production is
caused by the allosteric activation of the
trimming activity of �-secretase (Chávez-
Gutiérrez et al., 2012; Takeo et al., 2014;
Futai et al., 2016; Szaruga et al., 2017).
However, the precise conformational
changes in PS1 that are associated with
alterations in �-secretase activity remain
unclear. Here we focused on the piston-
like vertical movement of TMD1 (Fig. 5A,
left), which is implicated in the inhibition
of �-secretase activity. We previously
demonstrated that monoclonal anti-
body 9D11, which targets the juxtamem-
brane residues at the TMD1/HL1 border
inhibited, �-secretase activity by stabiliza-
tion of TMD1 at a downward location in
the membrane (Takagi-Niidome et al.,
2013). Moreover, TMD1/HL1 has been
implicated as the substrate-binding site of
the �-secretase (Annaert et al., 2001;
Gupta-Rossi et al., 2004; Gong et al., 2010;
Ohki et al., 2011, 2014). To investigate
whether E2012 affects the position of
TMD1 in the membrane, we analyzed the
water accessibilities of G78C and I100C,
which are located at the cytoplasmic and
luminal border of TMD1, respectively.
SCAM analysis demonstrated that E2012
significantly increased the labeling of
I100C and decreased the labeling of G78C
(Fig. 5A,B). As G78 faces the cytoplasmic
side (Takagi et al., 2010; Ohki et al., 2011),
the binding of E2012 to extracellular HL1
would allosterically decrease the labeling
of G78C. Moreover, the labeling of nei-
ther L75C nor Y77C at the cytoplasmic
N-terminal region was affected, suggest-
ing that the binding of E2012 to HL1 trig-
gered the piston movement of TMD1 to
the luminal side and stabilized it in the upward position.

To strengthen our notion that the position of TMD1 correlates
with A� production, we next introduced FAD mutations to the
I100C single cysteine PS1 mutant. We focused on FAD mutations
located at F105 (i.e., F105I and F105V; Raux et al., 2005; Gómez-
Tortosa et al., 2010) in which E2012 altered the hydrophilicity of the
protein (Fig. 4B). As expected, these mutants increased the A�42
production ratio and retained the response to E2012 in DKO cells
(Fig. 5C). Supporting this result, the other FAD mutation, F105C
(Deng et al., 2014; Jiao et al., 2014) increased the A�42 production
ratio (Fig. 4A; p � 0.012, compared with Cys(�) by Student’s t test).
We found that introduction of these FAD mutations caused a signif-
icant decrease in the water accessibility of I100C, suggesting that

these FAD mutations affected the intramembrane position of TMD1
(Fig. 5D). We also examined the effect of another FAD mutation in
TMD1, L85P (Ataka et al., 2004). Notably, L85P mutation also de-
creased the labeling efficiency of I100C (Fig. 5D). These findings
suggested that point mutations in TMD1 or HL1 alter the equilib-
rium of the position of TMD1 in the membrane, to be located more
frequently at a downward location, thereby causing a partial loss-of-
function effect on the trimming activity to increase the production of
longer A� species.

Discussion
In this study, we found that the N-terminal region of PS1 HL1
(K101 to Y106) is a crucial domain for both the binding and
pharmacological effects of phenylimidazole-type GSMs, and

Figure 3. Deletion of the Y106 residue of PS1 affects the binding and pharmacological effects of E2012. A, Conditioned media
of DKONL cells expressing del PS1 mutants with or without 1 �M E2012 were separated by urea SDS-PAGE and analyzed by
immunoblotting with the anti-A� antibody 82E1. B, Quantification of the relative ratio of short A�/A�40 � A�42 secreted from
DKO cells expressing del PS1 mutants with or without E2012. Note that only Y106del PS1-expressing cells did not respond to E2012
(n � 3; data represent the mean � SEM; NS, not significant; *p � 0.05, **p � 0.01, ***p � 0.001, compared with each DMSO
by Student’s t test). C, Photoaffinity labeling of the solubilized fraction from DKO cells overexpressing PS1 wt or Y106del PS1 using
20 �M ER-000390411. Labeled PS1 NTF (arrowhead) were detected by immunoblotting using the anti-PS1 antibody G1Nr5.
Asterisk indicates a nonspecific protein. D, Labeling efficiencies of pulled-down PS1 NTF by ER-000390411 (n � 4; data represent
the mean � SEM; *p � 0.05, **p � 0.01, ***p � 0.001, compared with Y106del by Tukey’s test).
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Figure 4. SCAM analysis of single-cysteine PS1 HL1 mutants. A, DKO cells expressing PS1/Cys(�) with single cysteine mutation were incubated with or without 1 �M E2012. Conditioned media
were analyzed by sandwich ELISA (n � 4; data represent the mean � SEM; *p � 0.05, **p � 0.01, ***p � 0.001, compared with each mock by Student’s t test). A�42 ratio is shown below the
graph. B, DKO cells expressing single-cysteine PS1 mutants were incubated with MTSEA-biotin. Biotinylated proteins were pulled down by streptavidin beads and then subjected to immunoblotting
using the anti-PS1 NTF antibody G1Nr5. Labeling efficiencies of biotinylated proteins are shown to the right of each panel (n � 3; data represent the mean � SEM; NS, not significant; *p � 0.05
by Student’s paired t test).

Figure 5. Piston movement of TMD1 and A�42 production. A, SCAM analysis of PS1 mutants with single cysteine substitutions around the N- and C-terminus of TMD1. Intact cells (I100C) or
microsome fractions (L75C, Y77C, and G78C) expressing single cysteine-substituted PS1 were incubated with MTSEA-biotin. Biotinylated proteins were pulled down by streptavidin beads and then
subjected to immunoblotting using the anti-PS1 NTF antibody G1Nr5. B, Labeling efficiencies of biotinylated PS1 NTF in A (n � 3– 4; data represent the mean � SEM; NS, not significant; *p � 0.05
by the paired Student’s paired t test). C, Conditioned media of DKONL cells expressing PS1 carrying each FAD mutation incubated with or without 1 �M E2012 were analyzed by sandwich ELISA (n �
4; data represent the mean � SEM; ***p � 0.001, compared with each mock by Student’s t test). A�42 ratios are shown below the graph. D, SCAM analysis of single cysteine substituted PS1 with
an FAD mutation. Intact DKO cells expressing PS1 mutants were incubated with MTSEA-biotin. Biotinylated proteins were analyzed by immunoblotting using anti-PS1 NTF antibody G1Nr5.
Quantification of biotinylated proteins are showed below (n � 3; data represent the mean � SEM; *p � 0.05 by the paired Student’s paired t test).
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Y106 is a critical residue in this region. Moreover, we demon-
strated that the piston movement of TMD1 is correlated with the
alterations of production of longer A� species by E2012 and
FAD-linked mutations. These data suggest that the positional
equilibrium of TMD1 of PS1 in the membrane is allosterically
regulated by HL1, and is associated with the trimming activity of
�-secretase.

Our PAL and SCAM-based assays clarified that Y106 is most
important residue in HL1 for the binding of phenylimidazole-
type GSMs (Figs. 3D, 4B). However, we are unable to exclude the
possibility that the other residues/regions in PS1 are also involved
in the interaction with the compound. In fact, we have previously
shown that the other extracellular residues were required for the
pharmacological effect of the phenylimidazole-type GSM, ST1120
(Takeo et al., 2014). Recent advances in protein chemical analysis
should provide further information regarding the binding site of
the compound (Gertsik et al., 2017). However, as the compound-
photoinserted residue is located in the proximity of the benzo-
phenone moiety that generates free radicals, it remains unknown
whether this residue is responsible for the pharmacological action
of the compound. In this regard, we demonstrated the important
role of Y106 in the binding of E2012 to �-secretase using different
approaches, such as PAL and SCAM experiments (Figs. 3D, 4B).
Moreover, both Y106del and Y106C PS1 mutants exhibited weak
response to E2012, strongly supporting our notion that Y106 is
the most crucial residue among other residues in HL1, not only
for the binding but also for the subsequent conformational
changes required to modulate A� production.

Another intriguing residue in HL1 in the pharmacological
effects of GSM is F105. F105C, which corresponds to the known
FAD-linked mutation (Ataka et al., 2004), is the only residue
investigated so far that is involved in the increase in labeling of
MTSEA-biotin by E2012 (Fig. 4B), indicating that conforma-
tional changes induced by E2012 occur around F105. Moreover,
FAD-linked F105I and F105V mutations affected the intramem-
branous position of TMD1, thereby increasing the production of
A�42 (Fig. 5D). However, these FAD-linked mutants as well as
F105del PS1-expressing cells showed a response to E2012 (Figs. 3,
4A). Thus, in contrast to tyrosine at position 106, phenylalanine
in this particular position of HL1 was not required for the binding
and pharmacological action of E2012. Rather, side chains of iso-
leucine or valine might sterically regulate the position of TMD1.
Collectively, these findings all suggest that Y106 and its proximal
environment are involved in the binding of phenylimidazole-
type GSMs.

E2012 triggers the piston movement of TMD1 to the luminal
side (Fig. 6). We previously reported that the downward piston
movement of TMD1 caused an inhibition of �-secretase activity
(Takagi-Niidome et al., 2013). Moreover, introduction of F105I,
F105V, or L85P, which are FAD-linked mutations that increase
A�42 levels, also caused the downward movement of TMD1 (Fig.
5D). Recent enzymatic and genetic analyses demonstrated that
increased or decreased A�42 production is associated with a par-
tial loss- or gain-of-function of �-secretase, respectively (Chávez-
Gutiérrez et al., 2012; Takeo et al., 2014; Szaruga et al., 2015, 2017;
Futai et al., 2016). Thus, a positional equilibrium of TMD1 in the
membrane is correlated with the trimming activity of �-secretase
(Fig. 6). Our biochemical results suggest that the N-terminal re-
gion of HL1 acts as a “bridge” to induce a conformational change
of TMD1 in response to E2012 binding at Y106. However, the
mechanism whereby E2012 alters the intramembranous position
of PS1 TMD1 to the luminal side remained unclear. Notably,
recent single-particle analyses demonstrated that the �-secretase

complex has several conformers, and one conformer that lifts
TMDs toward the luminal side, including TMD1, was identified
(Bai et al., 2015). Thus, we speculate that the binding of E2012 to
HL1 affects the structure of HL1 proximal to TMD1, to pull
TMD1 up to the extracellular side. Further structural studies us-
ing E2012 will provide precise molecular information regarding
the pharmacological effects of E2012.

Then, how does the position of PS1 TMD1 affect the produc-
tion of A�42? As the �-secretase-mediated cleavage of APP is a
successive cleavage starting from the membrane-cytosol bound-
ary of the substrate (Qi-Takahara et al., 2005), the trimming rate
of the enzyme, and substrate-retaining time at the catalytic site
would affect the production rate of longer A� species (Tomita,
2014). Considering the previous findings that TMD1 is one of the
substrate binding domains of �-secretase (Annaert et al., 2001;
Gong et al., 2010; Ohki et al., 2014) and participates in the for-
mation of the catalytic site structure (Takagi et al., 2010; Ohki et
al., 2011), a different positioning of TMD1 in the membrane
might alter the mode of interaction with the substrate and/or the
enzymatic activity, thereby changing the trimming process. It is
interesting to note that the FAD-linked PS1 mutation in TMD1,
L85P, which caused a robust increase in A�42 production (Ataka
et al., 2004), reduced the water accessibility of I100C in a similar
manner to that by two F105 FAD mutations (Fig. 5D). This also
supports our notion that the specific positioning of the interface
of TMD1 in the lipid bilayer is involved in the regulation of A�42
production. Thus, we speculate that HL1-targeting GSMs allos-
terically affect the carboxypeptidase-like cleavage of �-secretase
by changing the TMD1 position in the membrane. Collectively,
we identified the N-terminal region of the HL1 of the PS1 NTF as
the primary binding domain of E2012, and clarified that the sub-
sequent piston movement of TMD1 is a crucial conformational
change for modulating A� production. These observations have
provided insights toward a deeper understanding of the mecha-
nism of phenylimidazole-type GSMs. Further integrated analy-
ses, in addition to conventional biochemical analyses of GSMs
and PS will provide information toward the creation of more
potent GSMs.

Figure 6. A model of the molecular mechanism of E2012. E2012 and FAD mutations affect
the piston movement of TMD1, and change the equilibrium of the intramembranous position of
TMD1. This interaction correlates with the trimming rate and/or substrate retaining time at the
catalytic site of �-secretase, thereby affecting the C-terminal length of A�.

12278 • J. Neurosci., December 13, 2017 • 37(50):12272–12280 Cai et al. • Activation Mechanism of �-Secretase by E2012



References
Annaert WG, Esselens C, Baert V, Boeve C, Snellings G, Cupers P, Craessaerts

K, De Strooper B (2001) Interaction with telencephalin and the amyloid
precursor protein predicts a ring structure for presenilins. Neuron 32:
579 –589. CrossRef Medline

Ataka S, Tomiyama T, Takuma H, Yamashita T, Shimada H, Tsutada T,
Kawabata K, Mori H, Miki T (2004) A novel presenilin-1 mutation
(Leu85Pro) in early-onset Alzheimer disease with spastic paraparesis.
Arch Neurol 61:1773–1776. CrossRef Medline

Bai XC, Rajendra E, Yang G, Shi Y, Scheres SH (2015) Sampling the confor-
mational space of the catalytic subunit of human �-secretase. eLife 4:e11182.
CrossRef Medline

Bursavich MG, Harrison BA, Blain JF (2016) Gamma secretase modulators:
new Alzheimer’s drugs on the horizon? J Med Chem 59:7389 –7409.
CrossRef Medline
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