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�-Secretase is an intramembrane-cleaving protease that generates the toxic species of the amyloid-� peptide (A�) that is responsible for
the pathology of Alzheimer disease. The catalytic subunit of �-secretase is presenilin 1 (PS1), which is a polytopic membrane protein with
a hydrophilic catalytic pore. The length of the C terminus of A� is proteolytically determined by its processive trimming by �-secretase,
although the precise mechanism still remains largely unknown. Here, we identified that transmembrane domain (TMD) 3 of human PS1
is involved in the formation of the intramembranous hydrophilic pore. Notably, the water accessibility of TMD3 was greatly altered by
point mutations and compounds, which modify �-secretase activity. The changes in the water accessibility of TMD3 was also correlated
with A�42 production. Moreover, crosslinking between TMD3 and TMD7 resulted in a loss of sensitivity to a �-secretase modulator that
reduces A�42 production. Therefore, our findings indicate that the conformational dynamics of TMD3 is a prerequisite for regulation of
the A� trimming activity of �-secretase.
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Introduction
Alzheimer disease (AD) is the most common form of dementia.
The main pathological feature of AD is the accumulation of
senile plaques, which are mainly composed of amyloid-� peptide

(A�). A� is generated from amyloid precursor protein (APP) by
its sequential cleavage by �-secretase and �-secretase (Tomita,
2014). �-Secretase successively cleaves every three or four resi-
dues, resulting in the generation of various species of A� with
C-terminal lengths ranging from 43 to 37 (Qi-Takahara et al.,
2005; Takami et al., 2009). Among these species, A�42 has been
shown to be the most toxic and aggregation-prone species that is
predominantly deposited in the brains of AD patients (Iwatsubo
et al., 1994). Thus, a deep understanding of the molecular mech-
anism by which �-secretase cleaves A�42 is required for the fur-
ther development of efficient drugs against AD. �-Secretase is an
intramembrane protease comprising the following four subunits:
presenilin (PS), nicastrin, anterior pharynx-defective 1, and pre-
senilin enhancer 2 (Takasugi et al., 2003). PS is an aspartic pro-
tease subunit that shows both proteolytic and autoproteolytic
activity to generate N- and C-terminal fragments (NTF and
CTF). Recently, the cryo-electron microscopy (cryo-EM) struc-
ture of human �-secretase was clarified (Bai et al., 2015). Al-
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Significance Statement

Modulation of �-secretase activity to reduce the level of toxic amyloid-� species is thought to be a therapeutic strategy for
Alzheimer disease. However, the detailed mechanism of the regulation of amyloid-� production, as well as the structure-and-
activity relationship of �-secretase remains unclear. Here we identified that the water accessibility around transmembrane do-
main 3 in presenilin 1 was increased along with a reduction in toxic amyloid-� production. Our findings demonstrate how the
structure of presenilin 1 dynamically changes during amyloid-� production, and provides insights toward the development of
treatments against Alzheimer disease.
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though these reports have promoted our understating of the
structure of �-secretase, the structural dynamics of the enzyme
remains unclear. We previously analyzed the structure of PS1 by
the substituted cysteine accessibility method (SCAM) and cross-
linking experiments (Tomita, 2017; Cai and Tomita, 2018).
SCAM enables identification of the hydrophilic environment in a
molecule via analysis of the accessibility of 3-(4,5-dimethyl-
thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium (MTS) reagents to cysteine residues (Cys)
introduced into designed positions (Karlin and Akabas, 1998).
Crosslinking experiments clarify the distance between two Cys at
designed positions. Using combinations of these two methods,
we clarified several structural features and the conformational
dynamics of PS1, such as the catalytic pore, PAL motif, hydro-
philic loop (HL), and transmembrane domains (TMDs) (Sato et
al., 2006, 2008; Takagi et al., 2010; Takagi-Niidome et al., 2015;
Tominaga et al., 2016; Cai et al., 2017; Imai et al., 2018). In this
study, we focused on TMD3 of PS1, as several genetic studies have
identified �30 familial AD (FAD) mutations in TMD3, including
the L166P mutation, which showed the strongest effect on the
production of A�42. A TMD-swapping study also suggested that
TMD3 is not necessary for �-secretase activity but is crucial for
the regulation of A�42 production (Watanabe et al., 2010). Here
we found that TMD3 is involved in the formation of the catalytic
pore, and its conformational dynamics is important for the A�
trimming activity of �-secretase.

Materials and Methods
Antibodies and compounds. G1L3, which targets the hydrophilic loop 6 of
PS1, was described previously (Tomita et al., 1999). G1Nr5 was raised
against the N terminal of human PS1 protein (Sato et al., 2008). The
anti-FALG tag antibody, monoclonal anti-FLAG M2, was purchased
from Sigma-Aldrich. L-685,458 [(1S-benzyl-4R-[1-(1S-carbamoyl-2-
phenylethylcarbamoyl)-1S-3-methyl-butylcarbamoyl]-2R-hydroxy-5-
phenylpentyl) carbamic acid tert-butyl ester] (Shearman et al., 2000) was
purchased from Bachem. E2012 was kindly provided from Dr. Yonaga
(Esai). ST1120 was synthesized as previously reported (Takeo et al.,
2014).

Plasmid construction, retrovirus infection, and immunological methods.
cDNAs encoding human PS1 and APP carrying Swedish mutation (AP-
PNL) were inserted into pMXs-puro (Kitamura et al., 2003). cDNAs
encoding mutant PS1 were generated by long PCR-based QuikChange
strategy (Stratagene). Maintenance of embryonic fibroblasts derived

from Psen1/Psen2 double KO (DKO) mice of
either sex (Herreman et al., 2000); retroviral
infections (Kitamura et al., 2003) were per-
formed as described previously (Watanabe et
al., 2005, 2010; Sato et al., 2006, 2008). For
DKO cells coexpressing both PS1wt and
FLAG-Pen-2 (Isoo et al., 2007), cells were in-
cubated with half of each virus medium so that
the total amount of medium was kept at the
same. Immunoblotting was performed as de-
scribed previously (Tomita et al., 1997; Moro-
hashi 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 homogenization buffer
[20 mM HEPES, 140 mM KCl, 0.25 M sucrose,
and 1 mM EGTA with complete protease inhib-
itor mixture (Roche Applied Science)] using an
HG 30 homogenizer (Hitachi), and centri-
fuged at 1400 � g for 10 min at 4°C (Opti-
maTM L-90K Ultracentrifuge, Beckman
Coulter). The supernatant was then centri-

fuged at 29,000 � g for 40 min at 4°C. Pellets were collected and stored as
microsome fractions at �80°C until use. For preparation of solubilized
microsomes, the microsome fraction was dissolved in solubilization
buffer containing 1% 3-[(3-cholamidopropyl) dimethylammonio]-2-
hydroxypropanesulfonate, 10 mM HEPES, and 150 mM NaCl with com-
plete protease inhibitor mixture, and centrifuged at 142,600 � g for
60 min at 4°C. The resulting supernatant was used immediately for
analysis.

sC99 –3�FLAG purification. HEK293A cells overexpressing sC99 –
3�FLAG were first collected with DPBS and centrifuged at 750 � g for 10
min at 4°C. Then the pellets were dissolved in lysis buffer containing 50
mM Tris-HCl, pH 7.4, 150 mM NaCl, and 1% Nonidet P-40 with com-
plete protease inhibitor mixture, rotated for 2 h at 4°C. After rotation, the
solution was centrifuged at 253,500 � g for 20 min at 4°C, and the
resulting supernatant was gathered and rotated O/N at 4°C with anti-
FLAG M2-agarose (Sigma-Aldrich). The next day, M2-agarose was
washed 3 times by centrifuging at 335 � g for 5 min at 4°C with lysis
buffer containing 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, and 0.25%
n-dodecyl-�-D-maltoside with complete protease inhibitor mixture.
Then purified sC99 –3�FLAG was eluted by 200 �l elution buffer con-
taining 100 mM glycine, pH 2.7, and 0.25% n-dodecyl-�-D-maltoside,
and rotated at room temperature for 10 min. Soon after the rotation, the
solution was centrifuged at 5700 � g for 1 min at 4°C, and 8 �l 1 M

Tris-HCl, pH 8.0, was added to the resulting supernatant to neutralize
the acid, used immediately for analysis.

SCAM and crosslinking experiments. SCAM experiments were per-
formed as previously described (Cai and Tomita, 2018). Biotinylation
and competition experiments using N-biotinoylaminoethyl methaneth-
iosulfonate (MTSEA-biotin) in intact cells or microsome fractions have
been described previously (Sato et al., 2006, 2008). For the competition
assay, sodium 2-sulfonatoethyl methanethiosulfonate (MTSES), 2-(tri-
methylammonium) ethyl methanethiosulfonate bromide (MSTET), or
2-(triethylammonium)-ethyl methanethiosulfonate bromide (MTS-
TEAE) were preincubated with intact cells at 2 mM for 30 min or micro-
somes at 2 mM for 5 min at 4°C and washed once before biotinylation.
Inhibitors were preincubated with intact cells for 30 min at 4°C before
incubation for biotinylation at concentrations that completely abolish
the proteolytic activity of �-secretase (L-685,458, 1 �M) (Sato et al.,
2006). �-Secretase modulators were added in the culturing medium and
preincubated with intact cells 1 d before conducting SCAM at an A�42-
lowering concentration (at 10 �M) (Takeo et al., 2014).

Crosslinking experiments were performed as described previously
(Sato et al., 2006), except the following two: (1) for experiments using
crosslinkers, microsomes were incubated for 30 min at 37°C; and (2) for
experiments using CuSO4 and phenanthroline (Cu-PNT) catalysts, the

Figure 1. Locations of the Cys mutations of PS1 analyzed in this study. Black circles represent endogenous Cys that were
replaced with Ser in PS1/Cys (�). Blue circles represent amino acid residues analyzed in this study. Gray circles represent residues
in which Cys substitution resulted in a loss of �-secretase activity. Yellow stars indicate the catalytic aspartates.
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reagents were added at the final concentration of 3 and 15 mM each and
were incubated at room temperature for 2 h.

Sandwich ELISA. For the measurement of secreted A�, medium from
infected DKO cells carrying APPNL (DKONL) was collected 24 h after
infection. Collected medium was subjected to two-site ELISAs: human/
rat �-amyloid (40) ELISA Kit (#294 – 62501, Wako) and human/rat
�-amyloid (42) ELISA Kit, High Sensitivity (#292– 64501, Wako).

Luciferase assay. Luciferase assay for amyloid precursor protein intra-
cellular domain (AICD) and Notch intracellular domain (NICD) activ-
ities was performed as previously described (Imamura et al., 2009;
Takagi-Niidome et al., 2013). The #1210 cell line is a monoclonal DKO
cell line stably expressing EGFP, SPC99gvp-6myc, N�E-6myc, UAS-
firefly luciferase, and TP1-Renilla luciferase genes. AICD and NICD ac-
tivities were measured by firefly and Renilla luciferases, respectively.
Retroviral infection or coinfection of PS1 with point mutations or FLAG-
Pen-2 was conducted as described above 24 h after seeding. The cultiva-
tion media was renewed 12 h after virus infection, incubated for another
12 h at 37°C. Then the cells were washed with 1� PBS once, followed by
freeze-thaw cycles 3 times in �80°C for 10 min and 37°C for 20 min; 1�
Picagene Dual Cell Lysis Reagent was added and incubated at room
temperature for 2 h. The luminescence was measured by Mithras LB940

(Berthold Technologies) using PicaGeneR Dual SeaPansy Luminescence
Kit (Toyo).

In vitro assay. In in vitro assay using crosslinking reagents, �-secretase
adjusted to 1 mg/ml from solubilized fraction, was incubated either with
200 �M crosslinking reagents or 3 mM CuSO4 and 15 mM phenanthroline
in HEPES buffer [10 mM HEPES, 145 mM KCl, pH 7.6] containing 0.25%
3-[(3-cholamidopropyl) dimethylammonio]-2-hydroxypropanesulfonate,
0.05% phosphatidylcholine, 5 mM phenanthroline, 10 �g/ml phosphor-
amidon, and 5 mM EDTA with complete protease inhibitor mixture for
6 h at 37°C. Then 10 mM N-ethylmaleimide was added to the buffer to
stop the crosslinking reaction. Dissolve 50 mM E2012 at a final concen-
tration of 100 �M. Finally, add 150 �M purified sC99 3�FLAG at a final
concentration of 15 �M, and subsequently incubated the whole solution
for 15 h at 37°C.

Photoaffinity labeling experiment. Photoaffinity labeling experiment
was conducted as described previously (Cai et al., 2017).

Experimental design and statistical analysis. All samples were analyzed
in a blind and randomized manner. For quantitative immunoblot anal-
ysis, Student’s t test was used for comparisons between two-group data,
and Tukey’s test was used for multiple group comparisons. Statistical
analyses were performed by Kyplot or Excel software.

Figure 2. �-Secretase activity and SCAM analysis of single Cys mt PS1s mutated around TMD3. A, Sandwich ELISA of A� secreted from APPNL-stable DKO cells transiently transfected with
single-Cys mt PS1 (n � 3 or 4, mean � SEM). The levels of secreted A� in conditioned media were normalized by that of cells expressing PS1/Cys (�). White bar represents production of A�40.
Gray bar represents production of A�42. B, Biotinylation experiment using MTSEA-biotin in intact cells and microsomes. Immunoblotting assay was performed using the anti-PS1 NTF antibody
G1Nr5. Amounts of PS1 NTF in the pulldown fraction from intact cells (top), the pulldown fraction from microsomes (middle), and the input fraction (bottom). C, The TMD3 helix model. Blue
represents residues labeled by MTSEA-biotin. All except I167C localize on one side of the helix.
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Results
SCAM analysis of TMD3 of PS1
In this study, we constructed mutant PS1 carrying a single cys-
teine residue from C158 to K187 (single-Cys mt PS1), based on
Cys (�) PS1, in which the five endogenous cysteine residues
(C92, C158, C263, C410, and C419) are all substituted to serine
(Fig. 1) (Sato et al., 2006). We measured secreted A�40 and A�42
levels in the conditioned medium of Psen1� / �/Psen2� / � DKO
cells (Herreman et al., 2000) expressing single-Cys mt PS1, and
found that all mutants recovered the A� production (Fig. 2A).
We then tested the water accessibilities of the substituted Cys in
these single-Cys mt PS1s by biotinylation experiments using
MTSEA-biotin, which requires an aqueous environment to form
disulfide bonds with the Cys. With the results that three residues
labeled only in the microsome fractions (i.e., C158C, Y159C, and
K160C) and that labels disappeared from V161C residue, we con-
firmed that TMD3 spans the lipid bilayer with a Type II orienta-
tion, starting from V161 (Fig. 2B, Microsomes). Within the
intramembrane region, SCAM analysis of intact cells demon-
strated that 10 mutations (i.e., L166C, I167C, L172C, F176C,
F177C, F179C, I180C, G183C, E184C, and K187C) reacted with
MTSEA-biotin from the extracellular side (Fig. 2B, Intact cells).
In addition to these results, SCAM analysis using microsome
fractions demonstrated that the PS1 mutants L166C, I167C, and
L172C were labeled with MTSEA-biotin. Additionally, biotinyl-
ated residues facing the hydrophilic environment align to one
side of the helix model, except for I167 (Fig. 2C). To clarify
whether the residues face hydrophilic environments inside or
outside of the membrane, we next used the charged MTS regents
MTSES, MTSET, and MTS-TEAE. MTSES has a small negatively
charged group, MTSET has a small positively charged group, and
MTS-TEAE has a large positively charged group. These reagents
are not able to access closed hydrophilic environments, such as
inside the membrane, as labeling competitors in the SCAM anal-
ysis (Sato et al., 2008; Takagi et al., 2010; Tominaga et al., 2016;
Cai et al., 2017; Cai and Tomita, 2018). In particular, the largest
reagent, MTS-TEAE, is thought to be able to only access Cys
located in extramembrane regions. Although we did not observe
competition at L166C, F176C, F177C, and F179C, the labeling of
L172C and I80C was decreased by preincubation with MTSES,
and the labeling of G183C, E184C, and K187 was decreased by all
MTS reagents (Fig. 3A). These results suggest that L182 is the
C-terminal end of TMD3 and that G183 and K187 face the extra-
cellular hydrophilic environment (Fig. 3B).

Topological mapping of TMD3 by crosslinking experiments
To understand the topological features of the residues that were
labeled by MTSEA-biotin in the active �-secretase complex, we
next conducted crosslinking experiments using PS1 with double-
Cys mutations (double-Cys mt PS1) (Tominaga et al., 2016; Cai
et al., 2017; Cai and Tomita, 2018). We previously showed that
L383 and I387 in TMD7 and L435 in the PAL motif face the
catalytic pore (Sato et al., 2006). In this study, we designed several
double-Cys mt PS1s, as follows (Fig. 4A): one cysteine was lo-
cated within TMD3 (L166, L172, F177, I180, or G183), and the
other was chosen from the three residues in the CTF (L383, I387,
or L435). All these double-Cys mt PS1s retained �-secretase ac-
tivity (Fig. 4B). We also used M2M, M4M, M6M, M8M, M11M,
M14M, and M17M, which are sulfhydryl-to-sulfhydryl crosslink-
ing regents with spacer arms of 5.2, 6.5, 7.8, 10.4, 13.0, 16.9, 20.8,
and 24.7 Å long, respectively (Loo and Clarke, 2001). Several
mutants were crosslinked to the NTF and CTF of PS1 using link-
ers of varying lengths, except for I180C/L435C (Fig. 5C4), G183C/

L383C (Fig. 5A4), G183C/I387C (Fig. 5B3), and G183C/L435C
(Fig. 5C5). These results indicated that the hydrophilic inter-
face of TMD3 directly comprises the catalytic pore. Moreover,
L172C/L435 (Fig. 5C2) and F177C/L435C (Fig. 5C3) were cross-
linked by M8M, whereas L166C/L435C was not (Fig. 5C1), sug-
gesting that L166 is located farther than the other residues to
L435, although these residues are all in the same TMD3. Because
L166 is a residue located on the cytosolic side and F177 is on the
luminal side of TMD3, the luminal side of TMD3 is inclined in
the vertical direction, with the luminal end of TMD3 being fur-
thest from L435 (Figs. 4A, 5A6,B4,C6).

Reactivity of substituted Cys in the presence of a transition-
state, analog-type �-secretase inhibitor
Next, we conducted the MTSEA-biotin labeling experiments
with the preincubation of �-secretase with L-685,458. Using this
compound as a competitor in the SCAM analysis, we can iden-
tify the binding site of L-685,458 around the catalytic site, as
well as the allosteric structural changes during the activation
of �-secretase, because L-685,458 is a substrate-mimicking,
transition-state, analog-type �-secretase inhibitor that di-
rectly binds to catalytic aspartates (Li et al., 2000). As a result,
L-685,458 increased the labeling of L166C, L172C, F176C, and
F177C, whereas F179C labeling was decreased by this compound
(Fig. 6A). These data suggest that the hydrophilic environment
around TMD3 is greatly altered during the activation of �-sec-
retase, particularly around F177. We then analyzed the effect of
L-685,458 on the crosslinking of F177C/I387C double-Cys mt
PS1. We previously demonstrated that the labeling of I387C was
unaffected by L-685,458 (Sato et al., 2006), and the water acces-
sibility of F177C was increased by sixfold. However, the efficiency of
crosslinking of the double-Cys mt PS1 was significantly reduced,

Figure 3. SCAM analysis using labeling competitors. A, Labeling competition of single-Cys
mt PS1s that were labeled by MTSEA-biotin in Figure 2B was performed after preincubation
with negatively charged MTSES, positively charged MTSET, or positively charged bulky MTS-
TEAE. Immunoblotting assays were performed using the anti-PS1 NTF antibody G1Nr5. B, Sum-
mary of the results of SCAM analysis using MTSEA-biotin and competition experiments using
charged MTS reagents. Dark blue circles represent the residues that were accessible to all
charged reagents (open hydrophilic environment). Light blue circles represent residues that
were not competed (closed hydrophilic environment). Gray circles represent residues that were
not labeled by MTSEA-biotin.
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Figure 4. �-Secretase activity of single- or double-Cys mt PS1s used in topology mapping. A, Location of the Cys mutations analyzed in this study. Blue represents Cys mutations. Yellow star
indicates the catalytic aspartate. B, Sandwich ELISA of secreted A� from APPNL-stable DKO cells transiently transfected with single- or double-Cys mt PS1 (n � 4, mean � SEM). The levels of
secreted A� in the conditioned media were normalized by that of cells expressing PS1/Cys (�). White bars represent production of A�40. Gray bars represent production of A�42.

Figure 5. Crosslinking experiments using catalysts or MTS crosslinkers. Crosslinking experiments of double-Cys mt PS1 with Cys mutations in TMD3 and L383C (A), I387C (B), or L435C (C).
Immunoblotting assays were performed using the anti-PS1 NTF antibody G1Nr5 and anti-PS1CTF antibody G1L3. Gray and black arrowheads represent S1 NTFs and PS1 CTFs, respectively. White and
red arrowheads represent full-length PS1 and crosslinked products, respectively. Red represents crosslinkers that link the two Cys in double-Cys mt PS1. Right, Red solid lines indicate the predicted
maximum lengths between two residues. Dotted lines indicate binding two residues where crosslink could not be detected. Light blue circles represent positions of the crosslinked Cys. Yellow stars
indicate the catalytic aspartates.
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suggesting that the distance between F177C and I387C was ex-
tended by L-685,458 (Fig. 6B). Collectively, these data indicated
that dynamic conformational changes occur in TMD3 during the
activation of PS1.

Conformational changes in TMD3 are associated with
changes in A�42 production
We previously analyzed the molecular mechanism of �-secretase
modulators (GSMs) that decrease A�42 generation using pho-
toaffinity labeling and SCAM. These compounds target either
TMD1 and HL1 of PS1 to induce large conformational changes to
activate PS1 trimming activity, thereby reducing A�42 produc-
tion (Ohki et al., 2011; Takeo et al., 2014; Cai et al., 2017). How-
ever, the effect of conformational changes in TMD3 on A�42
production remains unclear. Notably, a number of FAD muta-
tions have been identified in TMD3 so far, suggesting that TMD3
is a crucial domain for the regulation of A�42 production.

To investigate the correlation of the water accessibility of
TMD3- and A�42-generating activity, first we analyzed the effect
of 4 FAD-linked A�42-increasing mutations (i.e., P117L at HL1,
M139V at TMD2, F177L at TMD3, E184D at HL3) (Yasuda et al.,
1997;Wisniewski et al., 1998; Finckh et al., 2000; Rogaeva et al.,
2001) on the MTSEA-biotin labeling of L166C and F177C. In
addition to A�42 ratio, pathological effects of these mutations
were assessed by measuring the production of AICD and NICD,
which are the intracellular counterpart product of the �-secretase-
mediated proteolysis. All these FAD mutations increased the
A�42 production ratio (Fig. 7A1,A2) and decreased the produc-
tion of both AICD and NICD (Fig. 7B). Intriguingly, FAD muta-
tions reduced the labeling efficiencies at either L166C or F177C
(Fig. 7C,D), suggesting that these mutations induced that confor-
mational changes in TMD3.

We then analyzed the effect of the elongation of N-terminal
end of Pen-2, which leads to the A�42 overproduction (Fig. 7A3)

(Isoo et al., 2007). However, the elongated Pen-2 affected neither
the AICD/NICD production nor the hydrophilicity around
L166C/F177C (Fig. 7B,E). We previously showed that the elon-
gated Pen-2 decreased the water accessibility of the catalytic pore
(Isoo et al., 2007). Thus, these results suggest that Pen-2 affects
the A�42 ratio by direct effect on the conformation of the cata-
lytic center.

Next, we analyzed the effect of a genetic PS1 mutation that
reduces A�42 production. In systematic mutagenesis for SCAM,
we noticed that the V236C mutation in Cys (�) PS1 at TMD5
significantly reduced the A�42 production ratio (Tominaga et al.,
2016). Then we identified the V236S substitution of PS1 as an
A�42-reducing mutation (Fig. 7A4). Notably, the V236S muta-
tion significantly increased the labeling of both L166C and F177C
(Fig. 7C), suggesting that A�42-generating activity is inversely
correlated with the water accessibility of L166 and F177. Support-
ing this notion, SCAM analysis using intact cells preincubated
with A�42-reducing GSM (i.e., ST1120) showed increased label-
ing of both L166C and F177C (Fig. 7F). These results together
suggest that the water accessibility of TMD3 in the catalytic pore
is increased when the trimming activity of the enzyme is en-
hanced by genetic mutations or GSM.

To clarify the conformation changes that trigger the enlarge-
ment of the hydrophilic environment around TMD3, we next
performed crosslinking experiments using L166C/L383C and
F177C/I387C double-Cys PS1 mutants with the P117L mutation,
to measure the lengths between these two designated Cys when
the A�42 production ratio is altered. However, the P117L muta-
tion did not alter the crosslinking patterns either of L166C/L383C
or F177C/I387C (Fig. 8). These double-Cys PS1 mutants were
also preincubated with E2012, before conducting the crosslinking
experiment. E2012 is another phenylimidazole-type GSM, which
has the same basic structure as ST1120 (Pozdnyakov et al., 2013;
Cai et al., 2017). We confirmed that the two double-Cys mutants
retained their response toward E2012 (Fig. 9A). However, prein-
cubation of E2012 at an A�42-lowering concentration did not
change the crosslinking of either L166C/L383C or F177C/I387C
(Fig. 9B). These results together demonstrate that changes in the
length between TMD3 and TMD7 do not just simply lead to the
regulation of A�42 production.

Finally, to test whether conformational changes in TMD3 are
prerequisites for the increased trimming of A�, we analyzed A�
production from double-Cys mt PS1, in which TMD3 and TMD7
were stabilized. Crosslinking experiments using solubilized
membrane fractions from DKO cells expressing the L166C/
L383C and F177C/I387C mutants demonstrated that these resi-
dues are crosslinked by Cu-PNT and the M8M crosslinker,
respectively. Cu-PNT acts as a redox catalyst to form a disulfide
bond in Cys that can collide (Klco et al., 2003). The solubilized
fraction showed �-secretase activity in vitro, which was sensitive
to incubation with E2012. Notably, the membrane fraction of the
L166C/L383C double-Cys PS1 mutant that was precrosslinked
with Cu-PNT lost its sensitivity against E2012, whereas its A�42
production ratio was comparable with that without crosslinking
(Fig. 10A). In addition, a photoaffinity labeling experiment con-
firmed that crosslinked L166C/L383C retained the same affinity
toward E2012 (Fig. 10B). Together, the conformational changes
in TMD3 are crucial for the regulation of A�42 production.

Discussion
In this study, we found that several amino acid residues in TMD3
face the hydrophilic catalytic pore in the lipid bilayer, and a con-
formational change in TMD3 is a prerequisite for the activation

Figure 6. Labeling competition by L-685,458. A, Labeling of single-Cys mt PS1 by MTSEA-
biotin was performed after preincubation with L-685,458. Immunoblotting assays were per-
formed using an anti-PS1 NTF antibody. Labeling efficiencies of biotinylated proteins are shown
to the right of each panel (n � 3; mean � SEM). *p � 0.05 (Student’s paired t test). **p �
0.01 (Student’s paired t test). B, Crosslinking experiments of F177C/I387C double-Cys mt PS1
with L-685,458. Immunoblotting assays were performed using the anti-PS1 NTF antibody
G1Nr5 and anti-PS1 CTF antibody G1L3. Gray and black arrowheads represent PS1 NTFs and PS1
CTFs, respectively. White and red arrowheads represent full-length PS1 and crosslinked prod-
ucts, respectively. Red represents crosslinkers that link the two Cys in the double-Cys mt PS1. NS,
not significant.
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Figure 7. Alteration of the hydrophilic environment around TMD3 is associated with A�42 production. A, Conditioned media of DKONL cells transiently transfected with PS1 carrying a point
mutation or cotransfected with FLAG-Pen-2 were analyzed by sandwich ELISA. A�42 ratios [percentage of A�42/(A�40 	 A�42)] were normalized by that of cells expressing PS1wt (A1,A2: n �
4; mean � SEM; ***p � 0.001, compared with control by Tukey’s test; A3: n � 4; mean � SEM; *p � 0.05, compared with control by Student’s t test; A4: n � 6; mean � SEM; **p � 0.01,
compared with control by Student’s t test). B, AICD and NICD production by PS1 mutant or PS1/FLAG-Pen-2 was measured by luciferase assay. Measured fluorescence was normalized by the
expressing level of each PS1; then data were normalized by that of wt (n � 4; mean � SEM). *p � 0.05, compared with control (Tukey’s test). **p � 0.01, compared with control (Tukey’s test).
***p � 0.001, compared with control (Tukey’s test). C, SCAM analysis of L166C or F177C single-Cys mt PS1 with a point mutation by MTSEA-biotin. Immunoblotting assays were performed using
the anti-PS1 NTF antibody G1Nr5. Gray arrowhead and asterisk represent PS1 NTF and a nonspecific protein, respectively. Quantifications of the relative labeling efficiency of each PS1 are shown
below (n � 3; mean � SEM). *p � 0.05, compared with control (Tukey’s test). ***p � 0.001, compared with control (Tukey’s test). D, SCAM analysis of L166C or F177C single-Cys mt PS1 with a
point mutation in TMD3 by MTSEA-biotin. Immunoblotting assays were performed using the anti-PS1 NTF antibody G1Nr5. Gray arrowhead represents PS1 NTF. Quantifications of the relative
labeling efficiency of each PS1 are shown below (n � 3; mean � SEM). **p � 0.01, compared with control by Tukey’s test for L166C mt and Student’s t test for F177C mt. ***p � 0.001, compared
with control by Tukey’s test for L166C mt and Student’s t test for F177C mt. E, SCAM analysis of L166C or F177C single-Cys mt PS1 FLAG-Pen-2 by MTSEA-biotin. Immunoblotting assays were
performed using the anti-PS1 NTF antibody G1Nr5 and anti-FLAG-tag antibody anti-FLAG M2. Gray arrowhead and asterisk represent the target proteins and a nonspecific protein, respectively.
Quantifications of the relative labeling efficiency of each PS1 are shown at the right side (n � 4; mean � SEM; not significant, compared with control by paired Student’s t test). F, SCAM analyses
of L166C and F177C single-Cys mt PS1 by MTSEA-biotin were performed after preincubation with ST1120. Immunoblotting assays were performed using the anti-PS1 NTF antibody G1Nr5. Gray
arrowhead and asterisk represent PS1 NTF and a nonspecific protein, respectively. Quantifications of the relative labeling efficiency of each PS1 are shown below (n � 3; mean � SEM). *p � 0.05,
compared with DMSO (paired Student’s t test). NS, not significant.
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of the trimming activity of �-secretase. We previously found that
swapping TMD3 to an unrelated TMD failed to abolish
�-secretase activity but caused significant overproduction of
A�42 (Watanabe et al., 2005). Previous investigation using ala-
nine scanning revealed that several alanine substitutions in the
TMD3 region affect the potency of some kinds of �-secretase
inhibitor (Zhao et al., 2008). Moreover, �30 FAD mutations,
including L166P, which is one of the strongest FAD mutations
ever found (Moehlmann et al., 2002), have been identified in
TMD3, which account for 
10% of all the 219 FAD mutations
found in PS1. This is a large number considering that TMD3
consists of only �20 residues, which account for �5% of the

entire sequence. In addition, FAD mutations in TMD3 can atten-
uate the sensitivity toward �-secretase inhibitors (Kornilova et
al., 2006; Page et al., 2008). Together, it is plausible that TMD3
plays an important role in the regulation of A�42 production
ratio.

Recently, the atomic structure of PS1 in human �-secretase
has been clarified by cryo-EM single-particle analysis (Bai et al.,
2015). The authors analyzed 400,000 �-secretase molecules and
divided them into several groups containing the three major con-
formers according to their structural characteristics. In this
study, distances between TMD3 and the other residues were mea-
sured by crosslinking experiments. First, G183 was unable to

Figure 8. No effect of FAD mutations on the crosslinking between TMD3 and TMD7. Crosslinking experiments of L166C/L383C and F177C/I387C double-Cys PS1 mutants with FAD mutations.
Immunoblotting assays were performed using the anti-PS1 NTF antibody G1Nr5 and anti-PS1 CTF antibody G1L3. Gray and black arrowheads represent PS1 NTFs and PS1 CTFs, respectively. White
and red arrowheads represent full-length PS1 and crosslinked products, respectively. Red represents crosslinkers that shifted the bands.

Figure 9. No effect of �-secretase modulators on the crosslinking between TMD3 and TMD7. A, Conditioned media of DKONL cells expressing L166C/L383C or F177C/I387C double-Cys PS1
mutants with incubation of E2012 were analyzed by sandwich ELISA. A�42 ratios [percentage of A�42/(A�40 	 A�42)] are shown below the graph (n � 4; mean � SEM). **p � 0.01, compared
with DMSO (Tukey’s test). ***p � 0.001, compared with DMSO (Tukey’s test). B, Crosslinking experiments of L166C/L383C and F177C/I387C double-Cys PS1 mutants with preincubation with 50 �M

E2012. Immunoblotting assays were performed using the anti-PS1 NTF antibody G1Nr5 and anti-PS1 CTF antibody G1L3. Gray and black arrowheads represent PS1 NTFs and PS1 CTFs, respectively.
White and red arrowheads represent full-length PS1 and crosslinked products, respectively. Red represents crosslinkers that shifted the bands.
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crosslink with L383, I387, and L435 (Fig. 5A4,B3,C5), even with
the longest crosslinker (24.7 Å length), whereas the distance be-
tween those residues in the atomic structure clarified by cryo-EM
was 21 Å. This might be due to steric hindrance by TMD5 and/or
TMD7 located between G183 and L383, I387, or L435 in all the
three major conformers. Next, distances between L172 or F177
and L435 (Fig. 5C2,C3; �13 and 10 Å, respectively) identified by
the crosslinking experiment were shorter than those measured
from the atomic structure (22–28 Å). L435 is a residue in the PAL
motif, which forms the catalytic pore and is important for
�-secretase activity (Tomita et al., 2001; Sato et al., 2008). Thus,
these discrepancies might be caused by the flexibility of the con-
formation of the catalytic pore. In addition, L166 and L383 could
be linked directly by disulfide bonding using Cu-PNT crosslink-
ing (Fig. 5A1), although the distance was 10 –18 Å based on the
atomic structure. However, positions of these two residues were
highly variable among the three major conformers of PS1 identi-
fied by cryo-EM, supporting our notion that dynamic structural
changes occur in TMD3 and TMD7 along with activation of the
enzyme. Thus, the conformation of TMD3 around L166 is highly
flexible and plays a crucial role in �-secretase-mediated in-
tramembrane proteolysis.

Eight residues within TMD3 were strongly labeled in the SCAM
experiments (Fig. 2B). Among them, I167 might be facing a unique
hydrophilic environment because I167C was the only residue to be
labeled in the microsome fraction, and all residues other than I167
align on one side in the helix model (Fig. 2C). In the competition
SCAM assay using L-685,458, the labeling of L166C, L172C, F176C,
and F177C was increased (Fig. 6A). L-685,458 is a transition-state,
analog-type �-secretase inhibitor that directly binds to catalytic as-
partates (Shearman et al., 2000; Evin et al., 2005). When L-685,458
binds to the catalytic site, PS1 is expected to take the active confor-
mation. Thus, the increased labeling of several TMD3 residues by
L-685,458 is thought to reflect enlargement of the catalytic pore be-
cause the labeled Cys in TMD3 (i.e., L166C, L172C, and F177C) were
all crosslinked with both L383 and I387 (Fig. 5A1,A2,A5,B1), which
face the pore (Sato et al., 2006). However, most of these residues face
the outside of PS1 in the cryo-EM structure. Therefore, these results
suggest that TMD3 rotates toward the catalytic site in the active
conformation.

We found a close inverse correlation between changes in the
hydrophilic environment around TMD3 and A�42 production

ratios. An increase and decrease in A�42 ratios by genetic muta-
tions or GSM caused a decrease and increase, respectively, of
L166C and F177C labeling (Figs. 7C,D, 11). In the atomic struc-
ture, TMD3 is largely inclined in the vertical direction, with the
cytosolic side becoming farthest from the catalytic site (Fig. 4A).
We found that the all three FAD mutations (P117L, M139V, and
E184D) decreased the labeling of F177 (Fig. 7C,D). However, the
results of our crosslinking experiments showed slightly different
results, with no changes in the crosslinking patterns of the F177C/
I387C double-Cys mutant (Figs. 8, 9B). The hydrophilic catalytic
pore is formed by several TMDs, including TMD3, whereas the
crosslinking experiment measures the distance between two spe-
cific domains. Thus, it is possible that alteration of the hydro-
philic environment around F177 is not mediated by the spatial
distance between TMD3 and TMD7. Indeed, we previously
found that a number of residues in TMD1, TMD4, and TMD5
face the catalytic pore (Takagi et al., 2010; Tominaga et al., 2016).
The atomic structure of these regions shows that the sequence
between M233 and I238 in TMD5 is spatially located near F177.
Furthermore, several FAD mutations (Campion et al., 1999;
Sodeyama et al., 2001; Park et al., 2008; Ting et al., 2014) and an
A�42-decreasing mutation (Fig. 7A4) have been identified in all,
except for A234 and V236. Together, this area in TMD5 appears
to be crucial for regulating A�42 production and is potentially
able to affect the hydrophilic environment around F177.

We also clarified that GSMs do not have any effect on the
results of the crosslinking experiments (Fig. 9B). However, in
vitro analysis showed that the effect of E2012 was attenuated by
crosslinking catalysts when L166C, which is located on the cyto-
solic side of TMD3, and L383C are linked and stabilized (Fig.
10A). The drawback of crosslinking experiments is that the re-
agents link two Cys in the closest conformation. If two Cys are
spatially lengthened with no change in the closest distance, the
crosslinking reagents cannot distinguish the difference. Thus, we
still believe that elongation of TMD3 and TMD7, particularly on
the cytosolic side, is crucial for A�42 downregulation. Several
previous studies have shown that GSM caused an open confor-
mation of PS1, whereas FAD mutation induced the narrow and
closed conformation by fluorescence lifetime imaging micro-
scopic analyses (Lleó et al., 2004; Berezovska et al., 2005; Uemura
et al., 2009). Recent analysis also revealed that �-secretase inhib-
itor leads to more population of closed conformation (Elad et al.,

Figure 10. Conformational dynamics around L166 is crucial for the effect of �-secretase
modulators. A, In vitro A�42 production ratios [percentage of A�42/(A�40 	 A�42)] were
measured by sandwich ELISA (n�7; mean�SEM). **p�0.01 (Tukey’s test). B, Photoaffinity
labeling experiment demonstrated that crosslinked L166C/L383C still retains the same level of
affinity toward E2012 (n � 5; mean � SEM; not significant by Student’s t test). Immunoblot-
ting assays were performed using the anti-PS1 NTF antibody G1Nr5. Cu-PNT were incubated at
a final concentration of 3 and 15 mM, respectively. Probe compounds were added at a final
concentration of 20 �M. NS, not significant.

Figure 11. Association between alterations in the production of A�42 and changes in the
hydrophilic environment around TMD3. Summary of the results of SCAM analyses and crosslink-
ing experiments. Changes in the A�42 ratio are closely associated with alterations in the hy-
drophilic environment around TMD3. When the A�42 ratio is decreased, the hydrophilic
environment around TMD3 is enlarged (top). In particular, changes in the cytosolic side are
regulated by TMD3 and TMD7. On the other hand, when the A�42 ratio is increased, the hydro-
philic environment around F177 is narrowed, whereas no changes can be observed around L166
(bottom).
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2015). Moreover, the cytosolic side of TMD3 makes a dynamic
movement between closed and opened conformations in the
�-secretase simulation models (Somavarapu and Kepp, 2017).
Our findings are highly consistent with these reports, provid-
ing a new insight that PS1 in activated �-secretase takes an
open conformation with the cytosolic side of TMD3 being far
from the catalytic center. Indeed, we also previously demon-
strated that the mobility on the cytosolic side of TMD4 affects
the A� production ratio (Tominaga et al., 2016), suggesting
that the structural changes in TMD3 and TMD4 are correlated
and affect mutually.

Although the functional roles of the conformation changes of
TMD3 are still unclear, recent reports raise some interesting pos-
sibilities. The first insight comes from Escherichia coli rhomboid
GlpG, which is also an intramembrane protease containing a
catalytic cavity inside the complex. The combination of the x-ray
crystal structure and molecular dynamics simulation suggests
that four residues (one histidine, two serines, and one glutamine)
retain water molecules by hydrogen bonds and are positioned
deeply inside the catalytic cavity when the gate is opened to re-
cruit the substrate, so that the catalytic serine can hydrolyze the
substrate (Zhou et al., 2012; Strisovsky, 2013). Interestingly, one
histidine (H163) and two serines (S169 and S170) can be found in
the cytosolic side of TMD3, whereas few glutamines are located in
the cytosolic side of TMD5. Although further work is needed to
clarify the role of these residues in PS1, considering that the
movement of L166 is crucial for A�42 regulation and that L166 is
directly linked with L383, the L166 region can be considered to be
the key toward determining the cleavage efficiency mediated by
�-secretase. We speculate that these “water-retaining residues”
hold water molecules and pass them on to the catalytic site simul-
taneously with conformational changes in TMD3 that are associ-
ated with �-secretase activation. Another possible function of
TMD3 is destabilization of the helical conformation of the sub-
strate. L166, which shows a high water accessibility in TMD3 (Fig.
2B), is located spatially close to T714 and V715 of substrate in the
cryo-EM structure (Zhou et al., 2019). These residues are the
critical residues in the determination of the trimming activity of
the �-secretase (Xu, 2009). Furthermore, �-helix is known to be
prone to be destabilized under hydrophilic environment (Soman
et al., 1991). Thus, we speculate the TMD3-facing hydrophilic
environment, especially around L166, is the key to unwind the
helix structure to promote the trimming of the �-secretase.

In conclusion, using biochemical structural analysis, we dem-
onstrated that TMD3 forms a catalytic pore, and the hydrophilic
environment around the domain changes significantly along
with alterations in A�42 production. A recent study revealed that
W165 and S169 in TMD3 interact with V715 and I712 in APP,
respectively, before the initial �-cleavage occurs (Zhou et al.,
2019). Moreover, A713 is the bending residue of APP and pro-
vides high flexibility to the following helix (Itkin et al., 2017).
Considering our finding that the topological changes between the
N-terminal side of TMD3 from the catalytic center are correlated
with A� production, we hypothesize TMD3 as an optimizing
domain of the substrate position during the �-cleavage. And con-
formational changes in TMD3 and TMD7 might be involved in
the induction of hybrid �-sheet structure formed by PS1 TMD6
and the substrate (Zhou et al., 2019). Structural analysis using
DAPT, which prevents the trimming activity (Zhao et al., 2004),
would shed light on the importance of TMD3 during the
�-cleavage. Nevertheless, further integrated analysis (i.e., molec-
ular dynamics simulation with lipid, water molecules, and
GSMs), in addition to conventional structural analysis of PS, will

provide crucial information for the further understanding the
precise roles of TMD3 in regulating A� production.
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