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γ-Secretase is an intramembrane-cleaving protease responsible for
the generation of amyloid-β (Aβ) peptides. Recently, a series of
compounds called γ-secretase modulators (GSMs) has been shown
to decrease the levels of long toxic Aβ species (i.e., Aβ42), with
a concomitant elevation of the production of shorter Aβ species. In
this study, we show that a phenylimidazole-type GSM allosterically
induces conformational changes in the catalytic site of γ-secretase to
augment the proteolytic activity. Analyses using the photoaffinity
labeling technique and systematic mutational studies revealed that
the phenylimidazole-type GSM targets a previously unidentified ex-
tracellular binding pocket within the N-terminal fragment of pre-
senilin (PS). Collectively, we provide a model for the mechanism
of action of the phenylimidazole-type GSM in which binding at
the luminal side of PS induces a conformational change in the
catalytic center of γ-secretase to modulate Aβ production.

Alzheimer’s disease | intramembrane proteolysis | allosteric modulator |
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Gamma-secretase is responsible for the production of amy-
loid-β (Aβ) peptide, which is thought to play a key role in

the pathogenesis of Alzheimer’s disease (AD) (1, 2). γ-Secretase
is a membrane protein complex comprising a catalytic subunit,
presenilin (PS), and the other three membrane protein subunits:
nicastrin, anterior pharynx-defective 1 (Aph-1), and presenilin
enhancer 2 (Pen-2) (2, 3). PS is endoproteolyzed into N- and C-
terminal fragments (NTF and CTF, respectively) through the
maturation process of the γ-secretase complex. In the Aβ pro-
duction pathway, amyloid-β precursor protein (APP) is first
cleaved by β-secretase to generate a CTF of APP, C99. This stub
is then cleaved by γ-secretase to release the APP intracellular
domain at the cytoplasmic border of the membrane, which is
called e-cleavage. γ-Secretase then processively trims every three
to four residues from the e-site as γ-cleavage to generate Aβ
fragments heterogeneous in their C termini, resulting in Aβ
species ranging from 46 to 38 residues in length (4, 5). Previous
immunohistological, genetic, and biochemical studies indicate
that Aβ of 42 residues in length (Aβ42) is the most aggregation-
prone and pathogenic species among the various Aβ peptides (6).
To date, clinical trials of γ-secretase inhibitors (GSIs) have failed
due to severe adverse effects, presumably attributable to the si-
multaneous inhibition of the cleavage of the other γ-secretase
substrates, including the notch receptor (7). Recently, a series of
compounds called γ-secretase modulators (GSMs) has emerged as
promising therapeutic candidates, because GSMs selectively de-
crease Aβ42 production without affecting notch cleavage (8, 9).
GSMs are chemically classified into two groups (10): acidic GSMs
with carboxylic acid groups, which are derived from NSAIDs, and
nonacidic or phenylimidazole-type GSMs, which are generally
more potent than acidic GSMs. Phenylimidazole-type GSMs

reduce the production of Aβ40 and Aβ42 while increasing the
production of Aβ37, Aβ38, and Aβ39. Photoaffinity labeling
experiments revealed that the phenylimidazole-type GSMs directly
target the NTF of PS (11, 12). However, the precise mode of
binding of phenylimidazole-type GSMs, as well as the molecular
mechanism underlying the modulation of the proteolytic reaction
of γ-secretase, still remains unclear. Here, we report that phe-
nylimidazole-type GSMs facilitate the formation of the transition-
state structure and augment the catalytic activity of γ-secretase by
directly targeting the extracellular pocket formed by hydrophilic
loop 1 (HL1) of PS. Together with the homology model derived
from the crystal structure of presenilin homolog (PSH) from the
archaea Methanoculleus marisnigri (13), we propose a mode of
action of phenylimidazole-type GSMs, namely, the activation of
the processive cleaving activity of γ-secretase, which reduces the
number of long Aβ species.

Results
Phenylimidazole-Type GSM Activates Intrinsic γ-Secretase Activity. In
this study, we used compound ST1120 (1) (Fig. 1A) as a repre-
sentative nonacidic GSM, which contains a phenylimidazole
connected to a triazole (14). In a cell-based assay, ST1120 de-
creased the levels of Aβ42 and Aβ40 in the conditioned medium,
with a concomitant increase in the secretion of Aβ37 and Aβ39,
in a concentration-dependent manner (Fig. 1B and SI Appendix,
Fig. S1A). The IC50 for the production of Aβ42 [IC50 (Aβ42)]
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was 0.32 μM. In contrast, ST1120 showed no effect on the levels of
APP CTFs or the intracellular domain of both APP and Notch (SI
Appendix, Fig. S1B), as previously described for other nonacidic
GSMs (9, 11, 12). To investigate the effect of GSMs on the con-
formation of γ-secretase, we next analyzed the effect of ST1120 on
the photoaffinity labeling of PS1 proteins using two different GSI-
based probes. The 31C-Bpa probe is a derivative of a transition-
state analog-type GSI, and it directly targets the catalytic center and
binds to the PS1 NTF and CTF (15, 16). The Pep.11-Bt probe is
a derivative of the helical peptide-type GSI pep.11, and it binds to
the initial substrate-binding site within the PS1 NTF (16, 17). No-
tably, pretreatment with ST1120 increased the labeling efficiency of
PS1 by 31C-Bpa to 214% (NTF) and 437% (CTF) compared with
DMSO (Fig. 1 C and D). On the other hand, the labeling of the PS1
NTF by pep.11-Bt was decreased to 65% of the original level by
pretreatment with ST1120 (SI Appendix, Fig. S2). These results
raised the possibility that ST1120 affects the conformation of the
functional sites for γ-secretase cleavage, especially by facilitating
the formation of the transition state of γ-secretase.
We next performed an in vitro assay to analyze the effect of

the GSM on the enzymatic activity of the purified recombinant
γ-secretase complex (18–20) (SI Appendix, Fig. S3 A and B).
ST1120 modulated the production of Aβ from the recombinant
C99 substrate in a fashion similar to that observed in cell-based
assays (SI Appendix, Fig. S3C), suggesting that ST1120 acts di-
rectly on the processive cleavage activity of γ-secretase. The
potency of ST1120 was lower than that in the cell-based assay,
presumably due to the solubilized condition of the assay. To
examine the catalytic activity in detail, we used a short fluores-
cent peptide-based γ-secretase substrate, Nma-APP-Dnp (21). Ad-
dition of Nma-APP-Dnp to the purified γ-secretase complex led
to a linear increase in fluorescence (SI Appendix, Fig. S3D),
which was completely abolished by a GSI (SI Appendix, Fig.
S3F). The initial velocity of the cleavage activity under ST1120

treatment increased in a concentration-dependent manner, and
was fourfold higher than that of the DMSO control with 100 μM
ST1120 (SI Appendix, Fig. S3 E and F). We further analyzed the
enzymatic parameters of this proteolytic reaction by the Michaelis–
Menten plot (SI Appendix, Fig. S3E). Notably, the Vmax of the
ST1120 treatment group was 1.5-fold higher than that of the DMSO
control (Fig. 2A), and the Km of the ST1120 treatment group was
60% lower (Fig. 2B). These results are consistent with the results of
the photoaffinity labeling experiment, demonstrating that ST1120
facilitates the formation of the proteolytically active conformation
of the catalytic center of γ-secretase. Furthermore, we tested the
effect of ST1120 on the intrinsic proteolytic activity of the
recombinant PS protein produced by an Escherichia coli-based cell-
free protein synthesis system (22) (Fig. 2C). As reported previously
(23), the purified recombinant PS1 polypeptide possessed endo-
proteolytic activity for the Nma-APP-Dnp peptide (SI Appendix,
Fig. S3G). In addition, we observed that 100 μM ST1120 increased
the proteolytic activity of the PS1 polypeptide by 1.2-fold (Fig. 2D).
These data indicate that the PS1 polypeptide is necessary, but not
fully sufficient, to provide the full response to the phenylimidazole-
type GSM. Taken together, these results support our notion that
the GSM activates the intrinsic proteolytic activity of PS.

Identification of Residues Necessary for the Response to
Phenylimidazole-Type GSM. We next aimed to identify the target
of the phenylimidazole-type GSM using a photoaffinity labeling
experiment. We found that the probe ST2038 (2) (Fig. 3A) cou-
pled with benzophenone and biotin moieties (3) (SI Appendix,
Fig. S4A) retained the ability to exert a GSM effect (IC50 for
Aβ42 secretion = 0.20 μM) (SI Appendix, Fig. S4 B and C). We

Fig. 1. ST1120 increased the binding of a transition-state analog inhibitor.
(A) Chemical structure of the phenylimidazole-type GSM ST1120 (1). IC50 for
Aβ42 production was determined by a cell-based assay. (B, Upper) Condi-
tioned media of HEK 293 cells expressing an APP-carrying Swedish mutation
(APPNL) were separated by urea SDS/PAGE and analyzed by immunoblotting
with the anti-Aβ antibody 82E1. (B, Lower) Cell lysates were analyzed by
standard immunoblotting. GSI, 10 μM DAPT [(N-[N-(3,5-difluorophenacetyl)-
L-alanyl]-S-phenylglycine t-butyl ester)]. (C) Effect of ST1120 on the binding
of the transition-state analog-based photoprobe 31C-Bpa (100 nM) in DKO
cells expressing PS1, in which 50 μM 31C and ST1120 were used. (D) Labeling
efficiencies in C were quantified by densitometric analysis (n = 3; data rep-
resent mean ± SE; *P < 0.05, **P < 0.01, Student t test).

Fig. 2. ST1120 increased the cleavage of a short fluorescent γ-secretase
substrate peptide. (A and B) Effect of ST1120 on Vmax and Km of the
recombinant γ-secretase complex derived from Sf9 cells calculated by fitting
of the Hanes–Woolf plot (n = 4; mean ± SE; **P < 0.01). RFU, relative
fluorescent units. (C ) Coomassie Brilliant Blue staining of purified T4L-
human PS1 protein (arrowhead) synthesized by an E. coli cell-free protein
synthesis system. (D) Effect of 100 μM ST1120 on the cleavage of Nma-APP-
Dnp by the purified PS1 protein. Relative velocities are shown (n = 4; data
represent mean ± SE; **P < 0.01, ***P < 0.001, Student t test).
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performed photoaffinity labeling and biotin-based pull-down
experiments using membrane fractions isolated from mouse brains
(24) and found that the photoaffinity probe ST2038 specifically
labeled the PS1 NTF and Aph-1aL (Fig. 3B). Next, we in-
vestigated the binding capabilities of ST2038 to PS2 or Aph-1b
expressed on fibroblasts derived from Psen1−/−;Psen2−/− dou-
ble-KO mice (DKO cells) (25) or Aph1a−/−;Aph1b−/− KO mice
(AKO cells) (26). We found that the NTF of PS2 expressed in
DKO cells was labeled by ST2038 (SI Appendix, Fig. S4D). We
also observed that Flag-Aph-1aL-V5/His and Flag-Aph-1b-V5/His
expressed in AKO cells were biotinylated by ST2038 (SI Appendix,
Fig. S4 E and F). These results suggest that the phenylimidazole-
type GSM-based probe ST2038 binds to both the PS NTF and
Aph-1. Finally, we performed a cross-competition study to clarify
whether ST2038 shares its binding site with known compounds.
The labeling of the PS1 NTF and Aph-1aL by ST2038 was sub-
stantially decreased by pretreatment with GSM-1, an acidic GSM
(24, 27). However, we observed no changes in the labeling of PS1
or Aph-1aL by pretreatment with either 31C or pep.11 (Fig. 3 C
and D). These results indicate that the binding site of ST2038 is
different from those of the GSIs and partially overlaps with that of
GSM-1. Alternatively, GSM-1 prevents the conformation that
allows binding of the phenylimidazole-type GSMs.
Although the photoaffinity labeling experiments suggest that

ST2038 binds to both the PS NTF and Aph-1, the enzymatic
study indicates that ST1120 is capable of acting directly on PS.
However, biochemical identification of the precise binding site of
ST2038 in the PS NTF was difficult because of the low quantity
of proteins bound to the probe. To annotate the binding site of

ST1120, we focused on the difference between PS1 and PS2 in
their response to ST1120. Ebke et al. (11) previously reported
that the phenylimidazole-type GSM RO-02 potently modulated
the activity of the PS2-containing γ-secretase in cultured cells
and that the photoaffinity probe RO-57 preferentially bound to
the PS2 NTF (11). We also confirmed that ST1120 preferentially
targets the PS2-containing γ-secretase (IC50 for Aβ40/Aβ42
against PS1 or PS2 was 5,538/320 or 271/51 nM, respectively)
(SI Appendix, Table S1). To narrow down the critical domain for
pharmacological action of the phenylimidazole-type GSMs, we
examined the response of PS1/PS2 chimeric molecules. Large
differences in the primary sequences of PS1 and PS2 are found in
the N terminus and the sixth loop, whereas the midportion of the
PS NTFs encompassing transmembrane domain (TM) 1–6 is rel-
atively conserved. Thus, we designed PS1-2-2, PS2-1-1, PS1-1-2,
and PS2-2-1 chimeras [denoted as PS(N terminus) − (TM1 to
TM6) − (sixth loop to CTF)] by swapping at the 71st residue in
PS1 (77th residue in PS2) and at the 269th residue in PS1 (275th
residue in PS2). We found that the IC50s for PS1-2-2, PS2-2-1, and
PS1-2-1 were similar to that for PS2. In contrast, the IC50s for PS2-
1-1, PS1-1-2, and PS2-1-2 were similar to that for PS1 (SI Ap-
pendix, Table S1). These results indicate the importance of the
relatively conserved TM1 to TM6 of PS as a critical determinant
of the potency of ST1120.
To identify the amino acid residues of PS2 important for the

GSM response, we performed alanine scanning analyses. Phenyl-
imidazole moieties typically bind via π–π interactions to the phe-
nylalanine, tyrosine, histidine, and tryptophan residues of the target
molecule, or form hydrogen bonds with the serine, threonine,
aspartic acid, asparagine, glutamic acid, glutamine, lysine, and ar-
ginine residues in the target molecule (28). Given that both PS1-
and PS2-containing γ-secretase activity is modulated by ST1120, we
substituted these amino acid residues in PS2 that are conserved in
PS1 to alanine. As a first screen, we compared the secretion of Aβ
from DKO cells expressing PS2 mutants in the presence of DMSO
or 1 μM ST1120 (SI Appendix, Tables S2–S5). Among these
mutants, we selected 12 that showed a greater than 50% increase in
the secretion of both Aβ40 and Aβ42 in the presence of 1 μM
ST1120 compared with that in the presence of DMSO (SI Ap-
pendix, Fig. S5 A–D). We also tested the activities of similar
mutants in Aph1-aL–overexpressing AKO cells. However,
none of the mutants affected the GSM response in these cells (SI
Appendix, Fig. S5E). We then analyzed the effect of ST1120 and
IZ2083 (4) (SI Appendix, Fig. S6B), with the latter being a dif-
ferent phenylimidazole-type GSM, containing thiazole (patent
WO2004110350) (9) on Aβ secretion from DKO cells expressing
one of the 12 selected PS2 mutants. We found that the PS2
Y112A, N141A, and Y246A mutants were almost devoid of
a response to ST1120 or IZ2083 treatment (SI Appendix, Fig. S6
A–C). The other mutants decreased, but did not abolish, the re-
sponse to the GSMs (SI Appendix, Fig. S7). We then analyzed the
alanine substitutions at the homologous residues of Y112, N141,
and Y246 in PS1 (i.e., Y106, N135, and Y240, respectively).
These PS1 mutants also showed a reduced response to ST1120
and IZ2038 (SI Appendix, Fig. S6D), suggesting that these resi-
dues are involved in the molecular machinery for the GSM re-
sponse. We further validated the binding potency of the
photoaffinity probe ST2038 to PS2 alanine substitution mutants.
Consistent with the results of the cell-based assay, the labeling
efficiencies of the photoaffinity probe ST2038 on PS2 Y112A,
N141A, and Y246A were significantly decreased (Fig. 4A), raising
two possibilities: These residues are either directly involved in the
binding with ST2038, or these alanine substitutions allosterically
affected the structural architecture of the binding site.
We then examined the effect of ST1120 on the solvent ac-

cessibility of these residues in PS1 using the substituted cysteine
accessibility method (SCAM). The SCAM has been repeatedly
used to gain structural information about various multispanning

Fig. 3. Photoprobe ST2038-labeled PS1 NTF and Aph-1aL. (A) Chemical
structure of probe ST2038 (2). (B) Photoaffinity labeling of microsomes from
mouse brains using ST2038. Endogenous proteins labeled by ST2038 were
detected by immunoblotting using specific antibodies. ST2038, benzophe-
none, and biotin moieties (BpB) were used at 1 μM. Pretreatment with 50 μM
ST1120 significantly reduced the labeling of the PS1 NTF and Aph-1aL. Input
corresponds to 1% and 4% (Pen-2) of the pull-down fraction. Asterisks in-
dicate nonspecific binding proteins. (C and D) Cross-competition experiment
using ST2038 and 50 μM known inhibitors and modulators in DKO cells
expressing human PS1. One micromolar ST2038 was used. Labeling effi-
ciencies were quantified by densitometric analysis (n = 3–5; data represent
mean ± SE; *P < 0.05, **P < 0.01, Student t test).
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membrane proteins in a functional state by covalently modifying
the introduced cysteine residues using the sulfhydryl reagent
N-biotinylaminoethyl methanethiosulfonate (MTSEA-biotin).
We found that the Y106C, N135C, and Y240C mutants in PS1,
which does not contain cysteine residues, were each labeled by
MTSEA-biotin from the extracellular side of the cell (29). No-
tably, the biotinylation of the Y106C mutant showed statistically
significant reduction by ST1120 treatment (79 ± 0.5% compared
with DMSO treatment) (Fig. 4B), suggesting the possibility that
ST1120 targets an area of PS1 around this residue. In contrast,
the labeling of N135C was drastically increased (175 ± 23%
compared with DMSO treatment), suggesting that ST1120
might allosterically affect the hydrophilic environment around
N135 rather than directly binding to this residue. The labeling
efficiency of Y240C was not significantly altered (104 ± 7.8%
compared with DMSO treatment). To visualize these regions
further, we generated a homology model of human PS1 based
on the crystal structure of archaea PSH (13) and annotated the
residues critical to the GSM response. Notably, among six critical
residues for GSM action, two residues (PS2 Y112 and Y121
corresponding to PS1 Y106 and Y115, respectively) exist within
the extracellular HL1 region, although this region was excluded
in the crystal structure of PSH. Two other residues of TM2 and
TM5 (PS2 N141 and Y246 corresponding to PS1 N135 and
Y240, respectively) face to the extracellular side (SI Appendix,
Fig. S8). Taken together, these results suggest that the extra-
cellular pocket formed by HL1/TM2/TM5 is critical for the in-
teraction of PS with the phenylimidazole-type GSM.

Allosteric Effect on the Catalytic Center of PS by the Binding of
Phenylimidazole-Type GSM. To clarify further the allosteric effects
of the binding of phenylimidazole-type GSMs on the catalytic site
of PS, we performed the SCAM assay and cross-linking of the
residues around the catalytic residues located in the PS1 CTF,

which is not a direct target region (Fig. 5A). We have shown
previously that residues L381 and L383, with the latter being
a part of the Gly-x-Gly-Asp catalytic motif at TM7 of the PS1
CTF, face the hydrophilic catalytic pore within the membrane
(30). Intriguingly, pretreatment with ST1120 reduced the labeling
of L381C, but the levels of the biotinylated CTF carrying L383C
were increased (Fig. 5B). These results suggest that ST1120
induces allosteric changes in the hydrophilic environment around
the catalytic site of PS1. We next analyzed residues I383 in TM7
and L435 in the Pro-Ala-Leu (PAL) motif (31), which are located
in proximity to L250 in TM6 (32). The NTF-CTF heterodimer
was then formed using cross-linking reagents in double-cysteine
mutants of PS1 harboring either L250C/I387C or L250C/L435C
(30, 32, 33). We found that preincubation with ST1120 decreased
the formation of cross-linked heterodimers of the L250C/L435C
mutant (Fig. 5C), whereas it had no effect on the L250C/I387C
mutant, suggesting that the binding of ST1120 selectively affects
the conformation of the catalytic site. Taken together, this study
revealed that phenylimidazole-type GSMs, which bind to HL1/
TM2/TM5 (Fig. 6), induce a conformational change in the cat-
alytic site of PS to increase the processive cleavage activity
of γ-secretase.

Discussion
In this study, we aimed to clarify the binding site and molecular
mechanism of action of phenylimidazole-type GSMs using en-
zymatic, biochemical, and chemical biological approaches. As
a result, we found the following. First, phenylimidazole-type
GSMs enhance the catalytic activity of γ-secretase by directly
interacting with the PS protein. Second, phenylimidazole-type
GSMs target the extracellular pocket formed by the HL1/TM2/
TM5 of PS. Finally, GSM binding allosterically affects the struc-
ture of the catalytic center of PS. This study provides molecular
insights into the mechanisms of action of phenylimidazole-type

Fig. 4. Mutations in residues of the HL1/TM2/TM5 of PS2 lowered the
interactions with the phenylimidazole-type GSMs. (A) Photoaffinity labeling
of PS2 mutants using probe ST2038. (Right) Labeling efficiencies are shown
(n = 4; data represent mean ± SE; **P < 0.05, Dunnett’s test). (B) Competi-
tion assay of SCAM-based biotinylation of PS1 mutants by 50 μM ST1120.
Changes in the labeling are indicated below the panel (n = 3; data represent
mean). Note that ST1120 decreased the hydrophilicity around N106C (P <
0.001, Student t test) but augmented it at N135C (P < 0.05, Student t test).
FL, full length.

Fig. 5. Allosteric changes around the catalytic site of PS1 induced by ST1120.
(A) Positions of the mutated residues in the homology model of PS1, based on
the crystal structure of archaea PSH. Catalytic aspartates are shown as red
spheres in TM6 and TM7. (B) Competition assay in SCAM-based biotinylation
of the PS1 L381C and L383C mutants by ST1120. (C) Effects of ST1120 on the
cross-linking of double-cysteine mutants of PS1. We used 1,2-ethanedithiol
dimethanesulphonate that harbors a 5.0-Å spacer as a cross-linking reagent.
Note that the levels of cross-linked products and fragments of L250C/L435C
were specifically decreased and increased, respectively, by ST1120.
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GSMs, which should aid in the development of structure-based
drugs for AD.
The increased and decreased production of short and long Aβ

peptides, respectively, by GSM can be explained by two possible
mechanisms: the decreased probability of release of longer Aβ
from the enzyme–substrate complex or increased processive
cleavage activity of the γ-secretase. γ-Secretase performs multi-
ple turnovers; therefore, product release and proteolytic reaction
are not mutually exclusive. However, our study supports the
latter based on two lines of evidence. We observed that ST1120
causes a significant increase in the binding of 31C-Bpa (Fig. 1C)
in a manner similar to that by piperidine-type GSM (34), as well
as a 1.5-fold increase in the Vmax of γ-secretase against short
peptide substrates (Fig. 2). Recently, another nonacidic type of
GSM was reported to increase the Vmax of γ-secretase by 2.3-fold
when Aβ42 was used as a substrate (35), which correlates well
with our study. However, an obvious increase in total Aβ levels
that would reflect an increased efficiency of e-cleavage has not
been observed by GSMs (Fig. 1B and SI Appendix, Fig. S1B).
Biochemical analysis of proteolytic reaction of γ-secretase
revealed that e-cleavage is the first process in Aβ generation (4),
suggesting that these compounds selectively augment the car-
boxypeptidase-like γ-cleavage activity. A similar mode of action
of GSMs was reported by Chávez-Gutiérrez et al. (36) using
a comprehensive in vitro γ-secretase assay. A different possibility
still remains that GSM promotes all of the hydrolytic processes
by γ-secretase, whereas another mechanism, such as a substrate
docking, breaking the α-helix, or transferring the substrate to the
catalytic site, would limit the e-cleavage and total Aβ production.
In fact, we observed a decrease in biotinylation by pep.11-Bt,
which targets the initial substrate-binding site of PS, suggesting
the possibility that ST1120 also affects the binding mode of the
PS with the substrate. Nevertheless, our findings indicate that
phenylimidazole-type GSMs activate the catalytic mechanism(s)
of PS to accelerate the processive cleavage of longer forms of Aβ.
Our photoaffinity probe labeled both the PS NTF and Aph-1

(Fig. 3B). However, other photoprobes based on the nonacidic
GSM labeled only the PS NTF (11, 12), and ST1120 directly
activated the catalytic activity of recombinant PS without Aph-1
(SI Appendix, Fig. 3H). In addition, no mutants were found to

reduce the enzymatic activity in response to ST1120 in the ala-
nine scanning mutagenesis of Aph-1aL (SI Appendix, Fig. S5E
and Table S6). These results strongly indicate that the PS NTF is
the molecular target of the phenylimidazole-type GSM. How-
ever, the molecular function of Aph-1 still remains unclear.
Notably, a high concentration of ST1120 was required to augment
the proteolytic activity of the purified recombinant PS1 protein,
suggesting that a full response to GSM would require Aph-1. In
addition, Aph-1 was implicated in the allosteric regulation for
γ-cleavage (37, 38). Further structural analyses of the γ-secretase
complex should provide information regarding the molecular
function of Aph-1 in the GSM response.
Based on the structure of PSH (13), we have generated a

model of the binding of ST1120 to PS1 (SI Appendix, Fig. S6B).
In this model, ST1120 targets the extracellular pocket formed by
HL1/TM2/TM5, which is located far from the catalytic cavity
formed by TM6 and TM7 (30). In addition, the initial substrate
entry site, in which TM2, TM6, and TM9 are involved (39), is
also located on a different side of the binding pocket from
ST1120. Supporting this model, pretreatment with 31C and
pep.11 did not affect the binding of the photoaffinity probe
ST2038 (Fig. 3D). In contrast, helical peptide enabled ibuprofen
and fenofibrate to alter the conformation of PS1 (40). Notably,
we have reported that acidic-type GSMs target TM1 (24, 41).
These results suggest that occupation of the substrate binding site
differently affected the conformation of these acidic and nonacidic
GSM binding sites (TM1 and HL1, respectively) that are directly
connected. Furthermore, we found that the allosteric structural
changes in the catalytic center were induced upon the binding of
ST1120 (Fig. 5). In addition, alanine substitutions around the
catalytic aspartate in the CTF (i.e., PS2 F367A and F369A
mutants) significantly reduced the GSM response. Moreover, the
distance between L250 in TM6 and L435 in the PAL motif/TM9,
both of which are located near the cytoplasmic side of the pore,
was affected by ST1120. This result suggests the functional
structural connections between different PS TMs that comprise
the catalytic pocket. Moreover, this conformational change is
reminiscent of that of transporters in which ligand binding induces
conformational changes at both the extracellular and intracellular
sides to relocate the substrates to the opposite side (42). HL1 is
the biggest extracellular loop region in PS, containing ∼40 resi-
dues, and it is implicated in the γ-secretase activity and substrate
selectivity (29, 43). Interestingly, the location of the residues
critical for GSM activity is similar to that of the residues mutated
in familial AD (SI Appendix, Fig. S8), supporting the notion that
these residues in HL1 play an important role in the processive
cleavage activity of γ-secretase. The dynamic motion of the HL in
rhomboid protease, the other intramembrane cleaving enzyme,
influences the whole conformation and activity of the rhomboid
(44). In addition, allosteric activation of the Vibrio cholerae
repeats-in-toxin cysteine protease by inositol hexakisphosphate
has been reported (45). In this protease, the binding of inositol
hexakisphosphate to the flexible β-flap structure contributes to
enzyme activation by properly ordering the P1 pocket and active
site. Thus, it is possible that the HL of intramembrane cleaving
enzymes harbors a critical function in the allosteric regulation of
the proteolytic reaction. Taken together, we identified the ex-
tracellular pocket formed by PS HL1/TM2/TM5 as a critical
binding site for phenylimidazole-type GSMs. Further fine struc-
tural analyses to clarify the molecular connection between this
pocket and the catalytic site would contribute to the development
of novel AD therapeutics.

Materials and Methods
Materials. IZ2038 was prepared according to the WO2004110350 patent (9).
Maintenance of cultured cells, transfection, retroviral infection, and selec-
tion of stably expressing cells were performed as described previously (30,

Fig. 6. Homology model of PS1 and molecular mechanism of the GSM. A
human PS1 homology model was derived from the crystal structure of ar-
chaea PSH. PS11–71 and PS1274–376 are not shown. PS1105–130 as HL1 is shown
by a dotted line. The catalytic cavity is shown as a cyan circle. The catalytic
aspartates D257 and D385 are shown as cyan spheres. The red sticks denote
Y106, N135, and Y240 (SI Appendix, Fig. S6A), and the orange sticks repre-
sent Y115, F177, and F386. The allosteric effect on the catalytic site structure
by GSM (shown by stick model) is shown by red arrows.

10548 | www.pnas.org/cgi/doi/10.1073/pnas.1402171111 Takeo et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1402171111/-/DCSupplemental/pnas.1402171111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1402171111/-/DCSupplemental/pnas.1402171111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1402171111/-/DCSupplemental/pnas.1402171111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1402171111/-/DCSupplemental/pnas.1402171111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1402171111/-/DCSupplemental/pnas.1402171111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1402171111/-/DCSupplemental/pnas.1402171111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1402171111/-/DCSupplemental/pnas.1402171111.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1402171111


33, 39, 46). Full descriptions of experiments are detailed in SI Appendix, SI
Materials and Methods.

γ-Secretase Assay. Aβ levels in the conditioned media from cultured cells
were analyzed by ELISA and immunoblotting (23, 47). Intrinsic γ-secretase
activity was measured by in vitro assay using recombinant C99 (18, 19, 24) or
the fluorescent short peptide, Nma-APP-Dnp (no. 3217-v; Peptide institute)
(21). Recombinant γ-secretase complex by Sf9 cells and T4 lysozyme-human
PS1 chimeric protein by an E. coli cell-free protein synthesis system were
prepared as described previously (19, 22). Full descriptions of experiments
are detailed in SI Appendix, SI Materials and Methods.

Photoaffinity Labeling. Photoaffinity labelingwas performed as described (24,
46). Briefly, membrane fractions were incubated with indicated compounds
and collected by centrifugation after UV irradiation. The pellets were solu-
bilized by 1% SDS buffer, and Streptavidin Sepharose (GE Healthcare) was
added to the supernatants to pull down the biotinylated proteins.
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