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Conformational Changes in Transmembrane Domain 4 of
Presenilin 1 Are Associated with Altered Amyloid-[3 42
Production

Aya Tominaga,' “Tetsuo Cai,"?> Shizuka Takagi-Niidome,' Takeshi Iwatsubo,? and ““Taisuke Tomita'
"Laboratory of Neuropathology and Neuroscience, Graduate School of Pharmaceutical Sciences, 2Laboratory of Neuropathology and Neuroscience, Faculty
of Pharmaceutical Sciences, and *Department of Neuropathology, Graduate School of Medicine, University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan

7v-Secretase is an intramembrane-cleaving protease that produces amyloid- 8 peptide 42 (A3, ), which is the toxic and aggregation-prone
species of A3 that causes Alzheimer’s disease. Here, we used the substituted cysteine accessibility method to analyze the structure of
transmembrane domains (TMDs) 4 and 5 of human presenilin 1 (PS1), a catalytic subunit of y-secretase. We revealed that TMD4 and
TMDS5 face the intramembranous hydrophilic milieu together with TMD1, TMD6, TMD7, and TMD9 of PS1 to form the catalytic pore
structure. Notably, we found a correlation in the distance between the cytosolic sides of TMD4/TMD7 and Af,, production levels,
suggesting that allosteric conformational changes of the cytosolic side of TMD4 affect A 3,,-generating y-secretase activity. Our results

provide new insights into the relationship between the structure and activity of human PS1.
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disease.

Modulation of y-secretase activity to reduce toxic amyloid- 3 peptide species is one plausible therapeutic approaches for Alzhei-
mer’s disease. However, precise mechanistic information of y-secretase still remains unclear. Here we identified the conforma-
tional changes in transmembrane domains of presenilin 1 that affect the proteolytic activity of the y-secretase. Our results
highlight the importance of understanding the structural dynamics of presenilin 1 in drug development against Alzheimer’s
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Introduction
7y-Secretase is an intramembrane-cleaving protease that cleaves
amyloid precursor protein (APP) to generate amyloid- B peptide

Received Dec. 14, 2014; revised Dec. 16, 2015; accepted Dec. 21, 2015.

Author contributions: A.T.and S.T.-N. designed research; A.T.and T.C. performed research; A.T.and T.T. analyzed
data; AT, S.T.-N., Tl 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, Scientific Research on Innovative Areas for Brain Environment from the Ministry of Education, Culture,
Sports, Science, and Technology of Japan, by grants from Takeda Science Foundation, the Cell Science Research
Foundation, the Tokyo Biochemical Research Foundation, Daiichi Sankyo Foundation of Life Science, Ono Medical
Research Foundation, Nagase Science Technology Foundation, and by a donation from Chuichi Imai. S.T.-N. was a
research fellow of the Japan Society for the Promotion of Science. We thank Drs. Bart De Strooper (Catholic University
of Leuven, Leuven, Belgium), T. Kitamura (University of Tokyo, Tokyo, Japan), R. Kopan (Cincinnati Children’s Hos-
pital Medical Center, Cincinnati, Ohio), G. Thinakaran (University of Chicago, Chicago, lllinois), Yigong Shi (Tsinghua
University, Beijing, China), S. Yokoshima, T. Fukuyama (Nagoya University, Nagoya, Japan), and A. Takashima
(National Center for Geriatrics and Gerontology, Obu, Japan) for valuable reagents, and Takeda Pharmaceutical
Company for the AB ELISA kit. We are also grateful to our laboratory members for helpful discussions and technical
assistance.

The authors declare no competing financial interests.

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

(AB) with C-terminal heterogeneity (Tomita and Iwatsubo,
2013; Tomita, 2014). AB,, is a minor but toxic and aggregation-
prone A species that is predominantly deposited in the brains of
patients with Alzheimer’s disease (ADj; Iwatsubo et al., 1994;
Holtzman et al,, 2011). Thus, understanding the molecular
mechanism by which +y-secretase produces AB,, is important for
the development of therapeutic agents against AD. y-Secretase
comprises four transmembrane proteins: presenilin (PS), ante-
rior pharynx-defective 1, Nicastrin, and presenilin enhancer 2
(Pen-2; Takasugi et al., 2003). PS is an aspartic protease subunit
that shows proteolytic activity and autoproteolysis to generate N-
and C-terminal fragments (NTF and CTF, respectively) on for-
mation of the full complex. Recently, the crystal structure of
Methanoculleus marisnigri JR1 (mmPSH), which is an archaeon
PS homolog, was resolved (Li et al., 2013). However, unlike PS,
mmPSH can catalyze the proteolysis of substrates without addi-
tional cofactors, and, furthermore, it is difficult to resolve the
crystal structure of multimeric membrane proteins. We previ-
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Locations of the Cys mutations of PS1 used in this study. Schematic diagram of human PS1. Endogenous Cys that were replaced with Serin PS1/Cys(—) are shown as black circles. Amino

acid residues substituted to Cysin this and previous studies are shown as circles with their single-letter character representing the original amino acids. Residues analyzed in this study are shown as
yellow circles. Residues in which Cys substitution resulted in a loss of y-secretase activity are shown as gray circles. Catalytic aspartates are shown as yellow stars.

ously analyzed the structure of membrane-embedded, proteo-
Iytically active PS1 using the substituted cysteine accessibility
method (SCAM) and cross-linking experiments (Sato et al., 2006,
2008; Takagi et al., 2010). SCAM enables identification of the
hydrophilic environment by the accessibility of sulthydryl re-
agents to cysteine residues (Cys) introduced at a desired position.
Cross-linking experiments reveal the arrangement of the trans-
membrane domains (TMDs). We also performed competition
experiments using y-secretase inhibitors to identify residues that
are critical to proteolytic activity. Using a combination of these
approaches, we found that PS1 harbors a hydrophilic “catalytic
pore” structure formed by TMD1, TMD6, TMD7, and TMD9 in
the membrane. In this study, we analyzed the structure of PS1
TMD4 and TMD5, which are thought to play important roles in
the binding of PS1 with Pen-2 and stabilization of the complex,
respectively (Kim and Sisodia, 2005; Watanabe et al., 2005, 2010).
We found that both TMD4 and TMDS5 face the hydrophilic pore
in the membrane and are involved in forming the catalytic site
structure of y-secretase. In particular, the cytoplasmic side of
TMD4 forms a flexible transmembrane structure located in prox-
imity to the catalytic site. We found that alterations in the dis-
tance between the cytosolic sides of TMD4 and TMD?7 correlate
with AB,, secretion, suggesting that TMD4 conformation is a
critical factor regulating A3,,-generating activity of -y-secretase.

Materials and Methods

The polyclonal antibodies PSINT, GINr3, and GINr5 were raised
against the N terminus of the recombinant human PS1 protein (Leem et
al., 2002; Sato etal., 2008). Anti-M5 antibody was against the hydrophilic
loop (HL) region, namely, amino acids 299-313 of human PS1 (Honda
et al., 1999). Pen-2 was detected by anti-PNT3 antibody (Isoo et al.,
2007). The anti-human AB 82EI antibody (1:2500 dilution; catalog
#10323; Immuno-Biological Laboratories), the anti-Xpress antibody (1:
2500 dilution; catalog #R910-25; Thermo Fisher Scientific) and the

anti-cleaved Notchl V1744 antibody (1:500 dilution; catalog #4147;
Cell Signaling Technology) were purchased from the indicated compa-
nies. 1-685,458 [(1S-Benzyl-4R-[1-(1S-carbamoyl-2-phenylethylcarb
amoyl)-1S-3-methyl-butylcarbamoyl]-2 R-hydroxy-5-phenylpentyl) ca-
rbamic acid fert-butyl ester (Shearman et al., 2000)] and peptide 15
(pepl5; Das et al., 2003) were purchased from Bachem and BEX, respec-
tively. N-[N-(3,5-difluorophenacetyl)]-L-alanyl]-S-phenylglycine-tert-
butyl ester (DAPT) was synthesized as described previously (Dovey et al.,
2001; Kan et al., 2004; Morohashi et al., 2004). Methanethiosulfonate
(MTS) cross-linkers (Sato et al., 2006) were dissolved in dimethylsulfox-
ide at 8 mm. A catalyst was made from copper sulfate in distilled water
and phenanthroline in ethanol at 10 and 50 mw, respectively. These
compounds were used at a final concentration of 100 and 300 um, re-
spectively. cDNAs encoding APP carrying Swedish mutation (APPNL),
NotchAE, PS1, Cysless PS1 [PS1/Cys(—)], and His-Xpress-tagged PS1
were described previously (Kopan et al., 1996; Watanabe et al., 2005; Sato
et al., 2006; Isoo et al., 2007). Single- or double-Cys mutant (mt) PS1
c¢DNAs were generated using along PCR-based protocol. Maintenance of
embryonic fibroblasts derived from Psenl/Psen2 double knock-out
(DKO) mice of either sex (Herreman et al., 2000) or from Psenen knock-
out (P2KO) mice of either sex (Bammens et al., 2011), retroviral infec-
tions (Kitamura et al., 2003), and generation of stable infectants were
performed as described previously (Watanabe et al., 2005; Sato et al.,
2006, 2008; Watanabe et al., 2010). Microsome preparation and immu-
noblot analysis were performed as described previously (Tomita et al.,
1997, 1999; Takahashi et al., 2003). For the measurement of secreted Af3,
recombinant retroviruses encoding each Cys mt PS1 were transiently
infected into DKO cells stably expressing APPNL (Watanabe et al., 2005).
After 24 h of incubation, conditioned media were collected and subjected
to two-site ELISAs (i.e., BNT77/BA27 and BNT77/BC05 for AB,, and
AP,,, respectively; Asami-Odaka et al., 1995). Biotinylation and compe-
tition experiments using N-biotinoylaminoethyl methanethiosulfonate
(MTSEA-biotin) in intact cells or microsome fractions have been de-
scribed previously (Sato et al., 2006, 2008). Cross-linking experiments
were performed as described previously except that microsomes were
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Figure 2.

y-Secretase activity of single-Cys mt PST used in this study. A, Sandwich ELISA of secreted A3 from APPNL-stable DKO cells transiently transfected with single-Cys mt PS1 (n = 3-12,

means = SEs). The levels of secreted A3 in the conditioned media were normalized by that of cells transfected with PS1/Cys(—). Amounts of A3, production are shown as white bars, and amounts
of A, production are shown as black bars. B, NICD generation from NotchAE-stable DKO cells transiently transfected with single-Cys mt PS1 was detected by immunoblot analysis using an
anti-cleaved Notch1 antibody (top panels). The levels of expressed PS1 NTF and Pen-2 were detected by immunoblot analysis using anti-PS1 NTF and Pen-2 antibodies (bottom panels).

incubated with MTS cross-linkers (200 um) or CuSO, (100 um) and
1,10-phenanthroline (300 wm) as a catalyst for 30 min at 37°C (Kobashi,
1968; Sato et al., 2006; Takagi et al., 2010; Takeo et al., 2012). For cross-
linking experiments, microsomes were incubated with a catalyst for 10
minat 37°C. AB3,,-lowering compound GSM-1 (30 um; Ohki etal., 2011)
was preincubated for 30 min at 4°C before incubation for cross-linking. For
the competition assay, sodium 2-sulfonatoethyl methanethiosulfonate
(MTSES) or 2-(trimethylammonium )ethyl methanethiosulfonate bromide
(MSTET) was 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 microsome aliquots for 30 min at 4°C
before incubation for biotinylation at concentrations that completely abolish
the proteolytic activity of y-secretase (1-685,458, 1 um; pepl5, 1 um; DAPT,
10 um; Morohashi et al., 20065 Sato et al., 2006).

Results

SCAM analysis of TMD4 and TMD5 of PS1

We previously demonstrated that PS1 forms an intramembra-
nous hydrophilic pore-like structure in the area around its cata-
Iytic aspartates (Sato et al., 2006). To examine whether TMD4
and TMD5 of PS1 are embedded in the hydrophobic membrane
or face this hydrophilic environment, we constructed single-Cys
mt PS1ls mutated at all 53 amino acid positions (i.e., T188 to
Y240; Fig. 1). Some single-Cys mt PS1s failed to recover A3 pro-
duction (i.e., total AB for W203C and N204C; ApB,, for G209C
and M233C; AB,, for D194C; Fig. 2A). In addition, consistent
with previous findings that TM D4 is critical for Pen-2 interaction
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SCAM analysis of single-Cys mt PS1s mutated around TMD4 and TMD5. A, Biotinylation experiment using MTSEA-biotin in intact cells (top panels) and microsomes (middle panels).

Amounts of PS1 NTF in the input fraction are shown in the bottom panels. Putative domains are indicated below the panels. B, Labeling competition of single-Cys mt PS1s that were labeled by
MTSEA-biotin in A was performed after preincubation with negatively charged MTSES or positively charged MTSET. Putative domains are indicated at the left of the panels. C, Summary of the
biotinylation experiments using MTSEA-biotin and competition experiments using charged MTS reagents. All charged reagents were accessible to the Cys-substituted amino acids shown as dark blue
circles (open hydrophilic environment). Residues in which labeling were not competed by MTSES or MTSET are shown as light blue circles (closed hydrophilic environment). Residues that were not
labeled by MTSEA-biotin are shown as black letters in gray circles. N204C (dotted circle) was not endoproteolyzed.

(Kim and Sisodia, 2005; Watanabe et al., 2005), levels of Pen-2
and PS1 NTF were low in some single-Cys mt PS1s (i.e., D194C,
W203C, N204C, and V207C for Pen-2; N190C, V193C, D194C,
W203C, N204C, and G209C for PS1 NTF). These data suggest the
possibility that substitution at these amino acid residues affected
the metabolism and stability of y-secretase complex. However, all
single-Cys mt PS1s retained their y-secretase activities to gener-
ate Notch intracellular domain (NICD; Fig. 2B), suggesting that
these mutants harbor y-secretase activity at minimal level. We
then tested the reactivities of these mt PS1s to MTSEA-biotin.
SCAM analysis of intact cells revealed that T188C, Y189C,
N190C, V191C, A192C, V236C, 1238C, K239C, and Y240C mt
PS1s all reacted with MTSEA-biotin from the extracellular side
(Fig. 3A). In addition to these residues, SCAM analysis using
microsome fractions demonstrated that Y195C, 1196C, V208C,
M210C, I211C, 1213C, H214C, W215C, K216C, G217C, P218C,
1219C, R220C, and L226C mt PS1s were labeled with MTSEA-
biotin. These results confirmed that TMD4 and TMDS5 span the
lipid bilayer with a type I and II orientation, respectively. To
clarify whether the residues face hydrophilic environments inside
or outside of the membrane, we used charged MTS reagents (i.e.,

MTSES and MTSET, which have a negatively charged and posi-
tively charged group, respectively), which are not able to access
closed hydrophilic environments such as inside the membr-
ane, as labeling competitors in the SCAM analysis (Sato et
al., 2006, 2008; Takagi et al., 2010). The labeling of T188C,
Y189C, N190C, H214C, W215C, K216C, P218C, L219C, R220C,
L226C, 1238C, K239C, and Y240C by MTSEA-biotin was de-
creased by preincubation with the charged MTS reagents, sug-
gesting that these positions in the HL face an open hydrophilic
environment (Fig. 3B). These data indicated that TMD4 and
TMD5 comprise 23 (V191 to 1213) and 17 (L221 to F237) resi-
dues, respectively (Fig. 3C). Notably, several residues on the cy-
tosolic side of TMD4 face the intramembranous hydrophilic
environment.

Reactivity of substituted Cys in the presence of

y-secretase inhibitors

Next, we examined the effects of yy-secretase inhibitors (GSIs) on
the water accessibility of residues in TMD4 and TMD5. We used
three types of inhibitors, namely, 1L-685,458, pep15, and DAPT.
1-685,458 is a transition-state-analog-type GSI that binds to cat-
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alytic aspartates (Li et al., 2000). pepl5 is a helical-peptide-type
GSI and targets the initial substrate-binding site of y-secretase
near its active site (Das et al., 2003; Kornilova et al., 2005). DAPT
is a dipeptide-type GSI that binds to a domain distinct from the
catalytic site or the substrate-binding site in PS1 CTF (Morohashi
etal., 2006). Using these GSIs as competitors in the SCAM anal-
yses, we were able to identify the GSI binding sites and/or the
conformational changes on y-secretase inhibition (Sato et al.,
2006, 2008; Takagi et al., 2010; Ohki et al., 2011). The labeling of
M210C, 1213C, L226C, and 1238C decreased with 1-685,458
treatment, suggesting that these residues are involved in forma-
tion of the catalytic site (Fig. 4). In addition, labeling of 1238C also
decreased with pep15 treatment. Notably, the amount of labeling
of V236C increased with all inhibitors, similarly to that of G78C
(Takagi et al., 2010). These data suggested that hydrophilic envi-
ronment around V236 and 1238 is allosterically altered in the
inhibitory conformation of 7y-secretase induced by the GSI
binding.

Topological mapping of TMD4 and TMD5 using
cross-linking experiments

To understand the topological features of these functional
residues in TMD4 and TMDS5, we performed cross-linking
experiments using double-Cys mt PS1 harboring a pair of Cys
mutations: one Cys was located within TMD4 or TMD5, and
the other Cys was chosen from the residues that face the cata-
lytic pore in the CTF (L383 in the GxGD motif, 1387 in TMD?7,
and L435 in the PAL motif). In addition, we analyzed the
1238C/D450C double mutant, because the water accessibilities
of both 1238C and D450C were decreased with pep15 (Sato et
al., 2008). All double-Cys mt PS1s retained their y-secretase
activity (Fig. 5A). We also used M2M, M3M, M4M, M6M,
M8M, M11M, M14M, and M17M, which are sulfhydryl-to-
sulthydryl cross-linking reagents with spacer arms 5.2, 6.5, 7.8,
10.4, 13.0, 16.9, 20.8, and 24.7 A long, respectively (Loo and
Clarke, 2001). In addition, we used a complex of copper ions
and 1,10-phenanthroline (Cu-Phe) as a catalyst for the

Labeling competition by GSIs. Labeling of single-Cys mt PS1s by MTSEA-biotin was performed after preincubation with .-685,458, pep15, or DAPT. Putative domains are indicated at

oxidation-reduction reaction to form a disulfide bond be-
tween Cys that are able to collide with each other (Kobashi,
1968). Most active mutants were cross-linked to the NTF and
CTF of PS1, except for V191C/I387C or V208C/L383C (Fig.
5B-D). These results show that the hydrophilic interface of
TMD4 and TMDS5 face the catalytic pore. In particular, 1213C/
L383C, L226C/L383C, and L226C/1387C are cross-linked di-
rectly by the catalysis (Cu-Phe; Fig. 5B,C), indicating that
TMD4 and TMD5 are located close to TMD?7 around the cat-
alytic site. In contrast, 1213C/L435C, L226C/L435C, and
V236C/L435C are cross-linked with cross-linkers that are lon-
ger than M8M (Fig. 5C,D), suggesting that these residues are
located in proximity to the catalytic aspartate but not the PAL
motif. Notably, 1213 at the membrane boundary of TMD4 is
closer to L383 and 1387 than M210, suggesting that the cyto-
solic side of TMD4 bends into the catalytic pore as part of the
loop region. In addition, 1238C and D450C are also cross-
linked (Fig. 5D), suggesting the possibility that the luminal
side of TMDS5 is involved in the formation of the substrate
binding site.

Conformational changes in PS1 are associated with altered
AB,, production

In the cytoplasmic region of TMD4, several point mutations as-
sociated with familial AD (FAD) have been identified (i.e.,
G206S, G206D, G206A, G206V, G209R, G209E, G209V, S212Y,
1213L, I1213F, and 1213T; Cruts et al., 2012). The tripeptide Trp-
Asn-Phe (WNF) sequence in proximity to the above glycines of
TMD4 binds to Pen-2, which is an active y-secretase component
(Kim and Sisodia, 2005; Watanabe et al., 2005). Therefore, we
speculate that the glycines listed above give flexibility to the cyto-
solic side of TMD4, which might alter the catalytic structure of
y-secretase to affect its activity, including AB,, production. To
test this hypothesis, we first examined the distance between 1213
and L383 in P2KO fibroblasts derived from Pen-2 KO mouse that
completely lack y-secretase activity (Bammens et al., 2011). We
overexpressed N-terminally 6 XHis-tagged Cys mt PS1, which
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Figure 5.

Cross-linking experiments using catalysts or MTS cross-linkers. A, Sandwich ELISA of secreted A3 from APPNL-stable DKO cells transiently transfected with double-Cys mt PS1 (n = 3,

mean = SEs). Cross-linking experiments of double-Cys mt PST with Cys mutations in TMD4 or TMD5 and L383C (B), 1387C (C), L435C, or D450C (D). Immunoblot analysis was performed using an
anti-G1Nr5 antibody. PS1 NTFs and cross-linked products (NTF—CTF heterodimers) are shown by black arrowheads and black arrows, respectively. Double-Cys mt PS1s that failed to be cross-linked
were shown in E. The predicted maximum lengths between two residues are indicated as red lines in the schematicillustrations on the right. Residues mutated to Cys are shown by circles. Positions
of cross-linked cysteines were indicated by green circles. Predicted structure of the catalytic pore and distances between cross-linked residues were indicated by blue lines and red arrows,
respectively. Positions of catalytic aspartates and conserved motifs were shown by stars and white circles, respectively.

can be distinguished from endogenous PS1 (Fig. 6A). As ex-
pected, 1213C/L383C was retained as a holoprotein because of
lack of the functional y-secretase complex. We reported previ-
ously that cross-linking reagents generated a faster migrating
band from the proteolytically active PS1 holoprotein, in a similar
manner to that from PS1 NTF and CTF (Takeo et al., 2012).
However, no cross-linked band was observed in P2KO cell mem-
branes (Fig. 6B). In contrast, a faster migrating product of His-
tagged 1213C/L383C was detected in Pen-2-expressing P2KO
cells. These data indicated that the cytoplasmic side of TMD4 and
TMD?7 are located in proximity on assembly and activation of the
y-secretase complex. These results are consistent with our previ-
ous results that binding of the y-secretase subunits induces the

TMDs to come into close proximity, facing the catalytic pore
(Takeo et al., 2012).

Next, we tested whether the conformational changes in TMD4
and TMD? correlate with AB,, production. We performed cross-
linking experiments using 1213C/L383C PS1 incubated with
GSM-1, which is a y-secretase modulator that reduces AS,, pro-
duction (Page et al., 2010; Ohki et al., 2011). We confirmed that
AB,, production ratio from DKO cells expressing 1213C/L383C
PS1 was lowered by GSM-1 treatment (10.7% for DMSO and
9.4% for 30 uM GSM-1). Notably, preincubation of 1213C/L383C
PS1 with GSM-1 at an Af3,,-lowering concentration increased
the amount of cross-linked PS1 NTF and CTF (Fig. 7A-C). Con-
sidering our previous results that GSM-1 directly bound to the
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Figure6.  Conformational changesin TMD4 are associated with y-secretase complexassem-
bly. A, Schematic diagram of Pen-2 and His-Xpress-PS1 used in this study. Positions of 1213 and
1383 were shown as red circles. B, Cross-linking experiments of double-Cys mt PST with 1213C
and L383Cmutations, in P2K0 cells with or without Pen-2 overexpression. Western blotting was
performed using the anti-Xpress antibody. His-Xpress-PS1 NTF (asterisk) appeared only in the
Pen-2-expressing cells. His-Xpress-PS1 holoprotein, NTFs and cross-linked products (NTF—CTF
heterodimers) are shown by black arrow, asterisk, and arrowhead, respectively. Note that the
cross-linked product also appeared only in the Pen-2-expressing cells.

TMD1 of PS1 (Ohki et al., 2011), the distance between 1213 and
L383 appears to be allosterically shortened by GSM-1. Next, we
examined the effect of FAD mutations that elevate the AB,, pro-
duction ratio. Because both 1213 and L383 are located on the
cytoplasmic side of PS1, we chose FAD-linked mutations located
on the extracellular side, namely, P117L in HL1 (Wisniewski et
al., 1998) and M139V in TMD2 (Clark et al., 1995). These FAD
mutations increased the AB,, production ratio (14.3% for wild
type, 69.3% for P117L, and 56.3% for M139V) and reduced the
amount of cross-linked PS1 NTF and CTF (Fig. 7D-F), suggest-
ing that the distance between TMD4 and TMD?7 correlates with
A, production. Finally, to understand the importance of gly-
cines in the distance between TMD4 and TMD7, we generated
G206L/1213C/1387C mt PS1 and performed cross-linking exper-
iments. As expected, the G206L mutation caused an increased
AB,, (42.3% for 1213C/1387C and 54.4% for G206L/1213C/
1387C; Fig. 7G). Moreover, 1213C and I387C did not cross-link
with either M4M or M6M in the G206L mutant background (Fig.
7Hj also compare with Fig. 5C), indicating that the G206L muta-
tion altered the conformation of the cytosolic side of TMD4 to
increase Af3,, production. Together, our results demonstrate that
the proximity between the cytoplasmic sides of TMD4 and
TMD?7 correlates with the degree of activation of the trimming
activity of the y-secretase complex (Fig. 8A).

Discussion

In this study, we found that TMD4 and TMDS5 face the cata-
lytic pore with TMD1, TMD6, TMD7, and TMD9 by SCAM.
The main issue of this method is that several mutants with
different activities (Fig. 2) were used. However, recent studies
have shown that overall conformation revealed by SCAM
almost corresponds to the structure resolved by x-ray crys-
tallographic analysis [e.g., LacY (Abramson et al.,, 2003),
P-glycoprotein (Aller et al., 2009), and YidC (Shimokawa-
Chiba et al., 2015)]. Moreover, conformational changes and
fluctuations of the membrane proteins in the lipid bilayer of
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living cells can be analyzed only by SCAM (Kaback et al.,
2011). Thus, combination with biochemical and biophysical
techniques is critical to the interpretation of the results by
SCAM. TMD4 has a WNF sequence that is responsible for its
interaction with Pen-2 (Kim and Sisodia, 2005; Watanabe et
al., 2005) and two highly conserved glycine residues on its
cytoplasmic side (i.e., G206 and G209). Importantly, the WNF
sequence and glycine residues give different structural charac-
teristics to the luminal and cytosolic sides of TMD4, respec-
tively. First, SCAM analysis revealed that the luminal side of
TMD4 is completely embedded and/or tightly packed in the
hydrophobic environment, whereas the cytosolic side is lo-
cated in the hydrophilic milieu in the membrane and forms
part of the catalytic site. Intriguingly, we and others have re-
ported that proximal and central regions of the luminal side of
TMD#4 are cooperatively involved in the PS1-Pen-2 interac-
tion independently of the primary sequence of the proximal
region (Kim and Sisodia, 2005; Watanabe et al., 2005). Thus,
the a-helical nature of the luminal side of TMD4 is required
for surface presentation of the side chains of the WNF se-
quence that is indispensable for Pen-2 binding. In contrast,
the highly conserved M210 and 1213 residues on the cytosolic
side of TMD4 face the hydrophilic pore and are part of the
catalytic site structure. Intriguingly, G206 and G209 were also
highly conserved among species. In TMD environment, gly-
cine is known as a helix-breaking residue, which generates a
kink in the TMD because of access to a much greater ¢ and ¢
torsional space (Dong et al., 2012). In addition, x-ray crystal-
lographic analyses of membrane proteins revealed that some
glycine residues in the TMD participate in helix—helix inter-
action (Javadpour et al., 1999). Our SCAM analysis results
demonstrate that the consecutive residues (1213 to R220) after
the glycines face the hydrophilic environment in the mem-
brane, suggesting that the cytoplasmic region of TMD4 forms
a loop-like structure. Moreover, from results of cross-linking
experiment, we hypothesize that the cytosolic side of PS1
TMD4 including these residues is involved in the regulation of
the velocity of the trimming of AB,, to AB;5 and/or the disso-
ciation of AB,,. Supporting this notion, GSM-1 increased the
velocity of the cleavage of AB,, and decreased the velocity of
the dissociation of AB,, from PS1/y-secretase. In contrast,
FAD-associated PS1 mutants reduced the velocity of the cleav-
age and increased the velocity of the dissociation (Okochi et
al., 2013). Although 1213C mutants caused a high AB,, pro-
duction ratio compared with PS1/Cys(—) (Fig. 5), either GSM
or FAD mutation affected the A3, ratio, suggesting that con-
formational changes related to modulation of AB,, produc-
tion was still allowed in this mutant. However, it still remains
unclear whether this allosteric change is necessary and suffi-
cient for the regulation of +y-secretase activity in wild-type
PS1. Fine cryoelectron microscopic analysis using recombi-
nant +y-secretase complex containing wild-type PS1 with
GSMs might provide a molecular evidence for functional as-
pects of this conformational change (Lu et al., 2014; Bai et al.,
2015a,b; Elad et al., 2015). Nevertheless, our results suggest
that the regulation of the distance between the cytosolic side of
TMD4 and TMD7 would be a novel strategy for the develop-
ment of drugs against AD that reduce AB,, production. Nota-
bly, several FAD-associated mutations were found in G206
and G209, including amino acid substitutions to alanine.
Therefore, glycine residues in the cytoplasmic region of TMD4
break the helical structure and give flexibility to the catalytic
site, which affects y-secretase activity.
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Figure7. Conformational changesin TMD4 associated with altered A3, ratio. A, Sandwich ELISA of secreted A3 from APPNL-stable DKO cells expressing 1213C/L383Cmt PS1/Cys(—)
after preincubation with 30 um GSM-1 (n = 3, means = SEs; **p << 0.01 by Student’s t test). B, Cross-linking experiments of 1213C/L383C mt PS1 with a catalyst (Cu-Phe) after
preincubation with GSM-1 (30 m). Immunoblot analysis was performed using an anti-M5 antibody. PS1 CTFs and cross-linked products (NTF—CTF heterodimers) are indicated by the
white arrowhead and black arrows, respectively. Densitometric analysis of the results are shown in € (n = 3, means = SEs; *p << 0.05 by Student’s ¢ test). D, Sandwich ELISA of secreted
A from APPNL-stable DKO cells expressing 1213C/L383Cmt PS1 with an FAD-linked mutation (1213C/L383C/P117L or 1213C/L383C/M139V; n = 3, means = SEs; *p << 0.05, **p < 0.01
by Student’s ¢ test). E, Cross-linking experiments of 1213(/L383C mt PS1 with or without FAD-linked mutations and a catalyst (Cu-Phe). Inmunoblot analysis was performed using an
anti-GINr5 antibody. PS1 NTFs and cross-linked products are indicated by a black arrowhead and black arrows, respectively. Densitometric analysis of the results are shownin F (n = 3,
means == SEs; *p < 0.05 by Student’s t test). G, Sandwich ELISA of secreted A3 from APPNL-stable DKO cells expressing 1213C/1387Cor G206L/1213C/1387Cmt PS1 (n = 3, means = SEs;
*p < 0.05 by Student’s t test). H, Cross-linking experiments of 1213C/L383C or G206L/1213C/I387C mt PST with MTS cross-linkers. Immunoblot analysis was performed using an
anti-G1Nr5 antibody. PS1 NTFs, and cross-linked products are indicated by black arrowheads and black arrows, respectively.

A structural model of human PS1 has been reported, based
on the crystal structure of mmPSH, a PS homolog from M.
marisnigri JR1 (Lietal., 2013). In addition, recently, an atomic
structure of PS1 in human vy-secretase at 3.4 A resolution also
has been revealed by cryoelectron microscopy single-particle
analysis (Bai et al., 2015b). Notably, overall structure of PS1 in
the y-secretase complex was quite similar to that of mmPSH.
However, the distance between the residues in TMD4 and
TMD7 measured in our experiments is different from those
indicated by these atomic structures (Fig. 8B). Distances be-
tween 1213 and L383 in the PS1 model based on crystal struc-
ture of mmPSH, atomic structure of PS1, and our SCAM
analysis were 14.8, 12.8, and 2.1 A, respectively. The distance
measured by SCAM analysis is shorter than those calculated in
the atomic structures. However, in these structures, the dis-
tance between two catalytic aspartates is longer than those of
other activated aspartate proteases such as pepsin, suggesting
that these structures reflects the inactive conformation of the

v-secretase. Consistent with this, classification of cryoelectron
microscopy images implicated the dynamic conformational
changes in TMD4 along with Pen-2 (Bai et al., 2015a). Thus, it
would be important to compare the structures of the TMD4 of
PS1 in the enzymatically active conformation.

In TMD5, 1226 and the luminal side of TMD5 face the cata-
Iytic pore. Consistent with this, TMD5 in the mmPSH-based PS1
model and the atomic structure of PS1 is located near TMD7 (Li
etal., 2013; Bai et al., 2015b). Unexpectedly, L226 faces the open
hydrophilic environment in the middle of TMD5, whereas both
L383 and 387 are located in the closed hydrophilic environment
(Sato et al., 2006). Notably, L226 locates at the inner core of
TMD2-TMDS5, which is implicated as the FAD-linked muta-
tional hotspot (Bai et al., 2015b), suggesting the critical role of
TMDS5 in the y-secretase-mediated intramembrane proteolysis.
However, the functional effect of this structural character of
TMDS still remains unknown. It is intriguing that an internal
water-retention site was found very near the catalytic site in the
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rhomboid protease GlpG, which ensures
catalytic efficiency (Zhou et al., 2012).
Simulation analysis revealed that this wa-
ter is spontaneously supplied by bulk ex-
change. Thus, one possibility is that L226
is involved in the formation of an internal
water-retention site in PS1, and confor-
mational changes during catalysis would
allow MTSEA-biotin to gain access to
L226. Additional possibility is that TMD5
participates the substrate binding during
the endoproteolysis. The atomic structure
of the 7y-secretase revealed that TMD5 is
involved in the formation of the cavity,
which contains unknown rod-shaped
density connected from the extracellular
side (Bai et al., 2015a,b). This cavity was
not observed in some conformation re-
vealed by cryoelectron microscopy (Bai et
al., 2015a). Notably, the extracellular side
of TMD5 is located near TMD2 and
TMDS6, both of which are considerably
flexible and are known as substrate bind-
ing sites (Watanabe et al., 2010). In addi-
tion, the accessibility of V236 at the
luminal side of TMD5 was increased on
preincubation with GSIs, indicating that
TMDS5 is exposed to the extracellular side
in the inhibitory conformation. These re-
sults support our notion that TMD5 har-
bors a critical role in the intramembrane
cleavage, and the conformation of TMD5
was allosterically changed during the cat-
alytic process.

Together, using chemical biology and
biochemical structural analyses, we have
identified the structure and function of
TMD4 and TMD5 of PS1 in +y-secretase-
mediated cleavage. High-resolution str-
ucture of the human +y-secretase complex
revealed suggested that the folding of PS1
was similar to that of mmPSH (Li et al.,
2013; Lu et al., 2014; Bai et al., 2015b).
However, the resolution of the structural
information on the intramembrane re-
gion is not sufficient for identification
of the exact location of the loop region
in the catalytic site of this structure.
Also, dynamic conformational flexibil-
ity of this enzyme during catalysis has
been implicated (Bai et al., 2015a; Elad
et al., 2015). Importantly, our SCAM
and cross-linking approaches are able to
annotate the structure of cellular
membrane-embedded, proteolytically
active PS1, although the target residue is
limited. Thus, in combination of SCAM, ad-
ditional detailed analyses of the structure

of PS1 at atomic resolution, as well as molecular dynamics simu-
lations are required toward understanding the functional aspect
of the flexibility of the cytoplasmic region of these TMDs and
toward development of novel GSMs as effective therapeutics

against AD.
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