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Figure 4 ATBF1 regulates apoptosis in primary cortical neurons in the presence of AB1-42-induced neurotoxicity. A, primary cortical
neurons were seeded at a density of 1 x 10° cells/ml in poly-d-lysine-coated 24-well glass plates. Three days after plating, the cells were
transfected with ATBF1 siRNA-1 or control siRNA for 48 h. After transfection, the cells were then incubated with 0, 2.5, or 10 uM AB1-42 for 16 h,
and apoptosis was analyzed by TUNEL assay. Cell nuclei were also stained with DAPI. Left panel: Representative images showing DAPL-stained
and TUNEL-positive cells. Right panel: quantification of TUNEL. TUNEL-positive neurons were counted from at least 400 neurons from five
randomly selected fields in three independent experiments. B, primary cortical neurons were seeded at a density of 1 X 10° cells/mi in poly-d-
lysine-coated 96-well plates. Three days after plating, cells were transfected with ATBF1 siRNA-1 or control siRNA for 48 h, and the cells were
then treated with 0, 2.5, or 5 UM AB1-42 for 16 h. Caspase-3/7 activity was determined using a Caspase-Glo™ 3/7 assay kit. All the values are
presented as the mean = SEM of three independent experiments. *p < 0.05, **p < 0.01 vs control siRNA. NS, not significant, as determined by
one-way ANOVA followed by Duncan’s test.
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Figure 5 Overexpression of HA-tagged ATBF1 itself in primary cortical neurons did not induce apoptosis. TUNEL of primary cortical
neurons transfected with HA-tagged ATBF1. The cells were transiently transfected with HA-tagged ATBF1. Twenty-four hours after transfection,
TUNEL was performed, and then the cells were stained with the anti-HA antibody to detect transfected HA-ATBF1. Scale bars: 25 um.

dead cells treated with A$1-42, etoposide, or homocys-
teine at concentration as low as 1 uM. These findings
indicated that treatment with ATM inhibitors protect
against AB1-42-, etoposide-, or homocysteine-induced
neuronal death. Next, we assessed the effect of siRNA-
mediated ATBF1 knockdown on AB1-42-induced neuro-
nal death after treatment with caffeine or KU55933. As
shown in Figure 6C and Additional file 3, there are no
significant differences in the percentage of survival
between ATBF1 siRNA-transfected neurons with treat-
ment of caffeine or KU55933 and those without treat-
ment with caffeine or KU55933. These findings indicate
that ATBF1 is required for neuronal death in response
to AB1-42 treatment, which could be dependent on
ATM signaling.

ATBF1 interacted with phosphorylated ATM

It is not known whether AB1-42 can induce the phos-
phorylation of ATM in cultured cortical neurons. We
therefore analyzed the effect of AB1-42 on the expres-
sion level of phosphorylated ATM (pATM) at Ser1981,
as an indicator of ATM activation, in cultured cortical
neurons. Cultured cortical neurons were treated with 10
uM AB1-42 for 3 h or with 1 pM etoposide for 1 h as
the positive control, and pATM expression level was
determined by Western blot analysis using a specific
antibody to ATM at Ser1981. We found an increase in
pATM levels after the treatments with AB1-42 and eto-
poside (Figure 7A). To determine whether ATBF1 inter-
acts with pATM, coimmunoprecipitation analysis was
performed. Cultured cortical neurons were treated with
10 uM AB1-42 for 3 h or 1 uM etoposide for 1 h, and
then subjected to immunoprecipitation with anti-ATBF1
antibody-conjugated Protein G beads followed by immu-
noblotting with the anti-pATM antibody. As shown in
Figure 7B, ATBF1 interacted with pATM after treat-
ment with AB1-42 or etoposide. Our findings suggest
that ATBF1 expression was enhanced by AB1-42 and
DNA-damaging drugs (etoposide and homocysteine)
and increased the expression level of ATBF1, which in

turn activated ATM signaling responsible for neuronal
death through the binding of ATBF1 to pATM.

ATM was required for ATBF1 to activate

the p21 promoter

To determine the functional relationship between
ATBF1 and ATM, we carried out p21 (Wafl/Cipl) pro-
moter assay using ATM (+/+) and ATM (-/-) human
fibroblast cells. ATM has been shown to play a role in
the induction of DNA double strand breaks to arrest the
cell cycle via activation of p53, and ATBF1 activates the
p21 promoter in collaboration with p53 [27]. As shown
in Figure 8, irradiation with X-ray increased the p21
promoter activity in ATM (+/+) cells, but not in ATM
(-/-) cells, which is consistent with a previous finding
that p21 expression is not changed in ATM (-/-) cells
treated with the DNA-damaging drug etoposide [34].
Overexpression of ATBF1 increased the p21 promoter
activity in ATM (+/+) cells, but not in ATM (-/-) cells.
The combination of X-ray irradiation and overexpres-
sion of ATBF1l in ATM (+/+) cells synergistically
increased p21 promoter activity. Importantly, this effect
of ATBF1 on p21 promoter activity was abolished in
ATM (-/-) cells. This finding indicates that ATBF1
increases p21 promoter activity in an ATM-dependent
manner.

Discussion

Recently, cell-cycle-related molecules have been impli-
cated as required components in the mechanisms
underlying neuronal death in response to injury, stroke,
and neurodegenerative diseases including AD [35-38]
and transgenic mouse models of AD {19,20]. We have
previously reported that ATBF1 is highly expressed in
postmitotic neurons but not in neural progenitor cells
in the developing rat brain, and that its mRNA expres-
sion level is highest in the embryonic day 12.5 (E12.5)
brain [25]. Moreover, the overexpression of ATBF1
induces cell cycle arrest in mouse neuroblastoma,
human prostate cancer, and human breast cancer cell
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Figure 6 A and B, caffeine, an inhibitor of ATM, shows a neuroprotective effect against AB-induced neurotoxicity. A and B, primary
cortical neurons were seeded at a density of 1 x 10° cells/ml in poly-d-lysine-coated 96-well plates. Three days after plating, cells were
pretreated with 10 uM caffeine for 1 h, and subsequently treated for 16 h with 0, 25, or 5 pM AB1-42. Cell viability was determined using a
CellTiter-Glo luminescent cell viability assay kit (A), and caspase-3/7 activity was determined using a Caspase-Glo™ 3/7 assay kit (B). C, after
transfection as described in Fig 3B, cells were pretreated for 1 h with or without 10 uM caffeine, and-then cells were further incubated with or
without 5 M AB1-42 for 16 h. Cell viability was determined using a CellTiter-Glo luminescent cell viability assay kit. All the values are presented
as the mean + SEM of three independent experiments. *p < 0.05, **p < 001 vs control siRNA. NS, not significant, as determined by one-way
ANOVA followed by Duncan's test.
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Figure 8 Effect of ATBF1 on activation of p21 promoter in X-
IB; o ATM ray-irradiated ATM (+/4) and ATM (-/-) cells. ATM (+/+) and ATM
(-/-) cells were transfected with p21 promoter-luciferase, pRL-TK-
Control AB1-42 Etop Etop luciferase (as an internal control), and an indicated dose of HA-

. i . ATBF1 vector or pCl-HA vector as a control. After 24 h, cells were
Figure 7 A, phosphorylation of ATM after treatment of primary iradiated with a 2.5 Gy X-ray, and then luciferase activity was
cortical neurons with AB1-42 or etoposide. Primary cortical measured after 12 h. All the values are presented as the mean
neurons were treated for 1 h with 10 uM AB1-42 or with 1 uM SEM of three independent experiments. **p < 001 vs not irradiated.
etoposide (Etop). The cells were lysed, and the protein expression NS, not significant, as determined by Mann-Whitney U-test with
levels of pATM, ATM, and actin were determined by Western blot Bonferroni Correction.

analysis using the anti-pATM, anti-ATM, and anti-actin antibodies. B,
ATBF1 interacts with pATM after treatment with AB1-42 or
etoposide. Cultured cortical neurons were treated as described in A,
cell lysates were immunoprecipitated with the anti-ATBF1 antibody.
The immunoprecipitated complex was then subjected to
immunoblotting with the anti-pATM at Ser1891 antibody. Typical
bands representative of three independent experiments with similar
results are shown.

lines [25,28,29]. These findings suggest that ATBF1 may
play critical roles in cell cycle arrest and proliferation. In
the present study, we found that the ATBF1 expression
level in the brains of 17-month-old wild-type mice
decreased compared with that in the brains of 10-
month-old wild-type mice. This finding is consistent
with our previous finding that ATBF1 mRNA expression
level gradually decreases with increasing age in the rat
brain [25]. However, ATBF1 expression was up-regu-
lated in the brains of 17-month-old Tg2576 mice com-
pared with that in the brains of age-matched wild-type
mice. In Tg2576 mice, diffuse plaques appear after 12
months, and their amount gradually increases with age
[30]. Therefore, we considered that the increase in
ATBF1 expression level was due to AB, and we found
that the treatment with AB1-42 significantly increased
the expression levels of ATBF1 mRNA and protein in
cultured rat cortical neurons. The increase in ATBF1
expression level in the brains of 17-month-old Tg2576
mice could be triggered by the accumulation of

extracellular AB similar to the AB-mediated increase in
ATBF1 expression level observed in cultured cortical
neurons. In addition, the reason why ATBF1 remains
increased in 17-month-old Tg2576 mice could be that
AP induces neurons to re-enter the cell cycle and
ATBF1 prevents this process from occurring.

AP induces oxidative DNA damage. A previous study
showed that the expression level of ATBF1 is increased
in gastric cancer cells treated with mitomycin-C, which
can induce DNA damage in many cell types [31]. This
suggests that DNA damage might increase ATBF1
expression level. We, therefore, also examined whether
treatment with DNA-damaging drugs, namely, etoposide
and homocysteine, affects ATBF1 expression. Here, we
found that these DNA-damaging drugs significantly
increased the expression levels of ATBF1 mRNA and
protein in cultured rat cortical neurons. These findings
suggest that the up-regulated ATBF1 expression
observed in our in vivo and in vitro experiments could
be due to DNA damage induced by AB.

It has been reported that the consequences of DNA
damage are the expression of cell-cycle-related proteins
[22,39,40] and activation of the family of phosphatidyli-
nositol-3 (PI3)-kinases that include the ATM protein,
which is involved in the regulation of cell cycle and
apoptosis by the phosphorylation of many downstream
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substrates [41-43]. Therefore, one possibility is that
ATM could constitute a common pathway activated in
neuronal apoptosis after DNA damage. Recently, we
have found that ATM induces ATBF1 expression during
retinoicacid-induced neuronal differentiation of P19
cells by the activation and binding of CREB to a CRE
consensus site located in the ATBF1 promoter (unpub-
lished data). It has also been reported that the ATBF1
gene is one of the target genes of ATM that phosphory-
lates ATBF1 at Ser1180 [26]. These observations suggest
that the activation of ATM highly correlates with the
function and expression of ATBF1 as a gene regulatory
factor. In this study, we observed that treatment with
AB1-42 and etoposide rapidly posphorylates ATM at Ser
1981, and that ATBF1 interacts with pATM in cultured
cortical neurons. Taken together, ATM activation
induced by AB and DNA-damaging drugs may induce
ATBF1 expression.

In this study, we also examined the effect of ATBF1
on neuronal death and apoptosis induced by AB1-42,
etoposide, and homocysteine in cultured cortical neu-
rons, and we found that the knockdown of ATBF1 by
ATBF1 siRNA transfection significantly reduced the
extent of cell death and apoptosis induced by AB1-42,
etoposide, homocysteine. In addition, the knockdown of
ATBEF1 attenuated the activation of caspase-3/7. These
findings suggest that the increased ATBF1 expression
level may mediate apoptotic function in cultured cortical
neurons against AB1-42-induced neurotoxicity. It has
been reported that AR and DNA-damaging drugs induce
the expression and activation of p53 which plays an
important role in promoting apoptosis in cultured neu-
rons [22,44]. Therefore, the increased ATBF1 expression
level might simultaneously activate p53 to promote cell
death, because ATBF1 interacts with p53 [27]. We also
found in this study that ATBF1-mediated neuronal
death is dependent on ATM signals because the block-
age of ATM by treatment with ATM inhibitors, caffeine
and KU55933, abolished ATBF1 functions in neuronal
death. This finding is in agreement with our previous
finding that caffeine treatment inhibits the translocaliza-
tion of ATBE1 to the nucleus in P19 cells [25]. Further
studies are necessary to characterize the role of ATBF1
in AD pathogenesis such as whether ATBF1 expression
is altered in the AD brain.

Conclusions

In conclusion, the increase in ATBF1 expression level
observed in the brain of 17-month-old Tg2576 mice
compared with age-matched wild-type mice could be
caused by DNA damage induced by AB1-42, which in
turn activates the ATM signaling responsible for neuro-
nal death, indicating that ATBF1 plays an important
role in neuronal death in response to AB1-42, etoposide,
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and homocystein, and it may be a useful target in the
development of drugs to suppress the neuronal death
induced by AB1-42.

Methods

Tg2576 mice

Female Tg2576 mice, an animal model of amyloid
deposition, overexpressing human APP695 with the
Swedish mutation K670N/M671, were obtained from
Taconic (Germantown, NY). All the experiments were
performed in accordance with the Guidelines for Animal
Experiments of the Animal Experimentation Committee
of the National Center for Geriatrics and Gerontology.

Cell cuitures

Cerebral cortical neurons were obtained from E17 Spra-
gue-Dawley rats and cultured as described previously [45].
Briefly, embryonic brains were dissected, stripped of
meninges, and minced with forceps. The minced tissue
was incubated in 0.25% trypsin and 2 mg/ml DNase I in
phosphate-buffered saline (PBS) at 37°C for 15 min. The
fragments were then dissociated into single cells by pipet-
ting. The dissociated cells were suspended in DMEM/F-12
medium (50:50%) containing N, supplements and 7.5%
bovine albumin fraction V, and plated onto poly-d-lysine-
coated 60 mm dishes at a density of 1 x 10%/ml. These
cells were used on day 4 of plating for further experiments.
The immortalized fibroblast cell line AT22IJE-T was ori-
ginally established from primary ataxia-telangiectasia (A-
T) patient fibroblasts [46]. The cells were transfected with
either the pEBS7 or pEGS7-YZ ATM vector to obtain
AT22IJE-T/pEBS7 (ATM -/-) and AT22IJE-T/YZ5 (ATM
+/+) cells, respectively [47]. Cells were maintained in
DMEM containing 15% fetal bovine serum (EBS), 2 mM
glutamine, 100 pg/ml hygromycin B, 100 U/ml penicillin,
and 0.1 mg/ml streptomycin.

RNA extraction and real-time PCR

Total RNA was isolated from primary cortical neurons
using an RNeasy plus mini kit (Qiagen, Valencia, CA)
following the manufacturer’s instructions. Reverse tran-
scription was performed using 1 pg of total RNA using
a PrimeScript RT reagent kit (Takara, Tokyo, Japan).
Real-time PCR was carried out using the SYBR Premix
Ex Taq system and Thermal Cycler Dice Real-Time sys-
tem (Takara). The expression of the ATBF1 gene was
normalized with the corresponding amount of actin
mRNA using the comparative threshold cycle method
following the manufacturer’s protocols. Amplification
was performed using the following primers (sense and
antisense): ATBF1 (5-CAAAACTTCTGCTGCCCTTC-
3’ and 5-GGCTTGTCTCAAGGTGC-TTC-3’) and actin
(5-CATCCGTAAAGACCTCTATGCCAAC-3’ and
5-ATGGA-GCCACCGATCCACA-3).
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AB1-42 treatment

The synthetic AB1-42 peptide was purchased from Pep-
tide Institute (Osaka, Japan), dissolved in 0.1% NHj to
the final concentration of 1 mM, and stored at -80°C
until use. To confirm the state of the AB1-42 peptide,
we performed Western blot analysis. Briefly, a stored
AB1-42 peptide was subjected to 16% Tris-Tricine Gel
(Invitrogen) electrophoresis and transferred to polyviny-
lidene difluoride (PVDF) membranes (Millipore, Biller-
ica, MA). These membranes were incubated with a
primary antibody against mouse monoclonal human A
(6E10; Covance, Emeyryville, CA). For detection, the
membrane was incubated with a horseradish-peroxi-
dase-conjugated Ig anti-mouse antibody. Immunoreac-

tion signals were visualized with ECL™ or ECL Plus™ "

Western blotting detection reagent (GE Healthcare, Pis-
cataway, NJ) and exposed to the LAS-3000 Mini Bio-
imaging Analyzer System (FUJIFILM Co., Tokyo, Japan).

Western blot analysis

The cells were washed with PBS and homogenized in
lysis buffer (10 mM Tris-HCl (pH 7.4), 150 mM Nad(l, 1
mM EDTA, 1% Triton X-100) containing a protease
inhibitor cocktail (Roche, Mannheim, Germany). The
homogenates were rocked at 4°C for 30 min and centri-
fuged at 13,000 x g at 4°C for 30 min to remove cell
debris. The resulting supernatant was collected and pro-
tein concentration was determined using a BCA protein
assay kit (Pierce, Rockford, IL). Equal amounts of pro-
tein were subjected to 7.5% or 5-20% gradient SDS poly-
acrylamide gel electrophoresis, and separated products
were transferred to PVDF membranes. These mem-
branes were then blocked with 5% skim milk in 10 mM
Tris-HCl (pH 7.5), 150 mM NaCl, and 0.1% Tween 20
for 1 h at room temperature or overnight at 4°C. These
membranes were incubated with primary antibodies,
namely, the anti-ATBF1 (AT-6) antibody (1:1000; MBL,
Nagoya, Japan), anti-p53 antibody (1:1000; Cell Signal-
ing, Cambridge, UK), anti-ATM antibody (1:1000; Gene
Tex, Irvine, CA), anti-ATM kinase pS1981 antibody
(1:1000; Rockland, Gilbertsville, PA), or anti-actin anti-
body (1:2,000; Sigma, Saint Louis, MO). The membranes
were washed, and then incubated with the appropriate
secondary antibody conjugated to horseradish peroxi-
dase. Immunoreaction signals were visualized with
ECL™ or ECL Plus™ Western blotting detection
reagent and exposed to the LAS-3000 Mini Bio-imaging
Analyzer System. Signal intensity was determined using
MultiGauge software (FUJIFILM).

RNA interference

Endogenous ATBF1 was knocked down using prede-
signed Stealth™siRNA against ATBF1 (ATBF1 siRNA)
and Stealth siRNA negative control (control siRNA)
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from Invitrogen (Carlsbad, CA). The ATBF1 siRNAs
sequences are as follows: ATBF1-siRNA-1 sense (5'-
UAC ACU GGU CAG ACC ACU GUC CUU G-3’) and
antisense (5'-CAA GGA CAG UGG UCU GAC CAG
UGU -3’). ATBF1-siRNA-2 sense (5- UAC ACU GGU
CAG ACC ACU GUC CUU G-3’) and antisense (5’-
TAC ACT GGT CAG ACC ACT GTC CTT G-3'). The
primary cultured neurons were transiently transfected
with 50 nM ATBF1 siRNA or with control siRNA using
Lipofectamine RNAIiMAX (Invitrogen) in accordance
with the manufacturer’s instructions. The knockdown
effects were examined after 48 h of incubation. The cul-
tures were then processed for Western blot analysis, cell
viability analysis and terminal deoxynucleotidyl transfer-
ase-mediated dUTP nick-end labeling (TUNEL) assay 16
h after AB1-42 treatment.

Cell viability analysis

Neuronal viability was evaluated by CellTiter-Glo lumi-
nescent cell viability assay (Promega, Madison, WI),
which is a method to determine the number of viable
cells in culture based on the quantitation of ATP pre-
sent, which indicates the presence of metabolically
active cells. Briefly, primary cortical neurons were
seeded onto poly-d-lysine-coated 96-well plates, and
incubated for 72 h. For the ATBF1 knockdown experi-
ment, the cells were transfected with ATBF1 siRNA or
with control siRNA for 48 h as described above, cells
were then treated with AB1-42, etoposide, or homocys-
teine at indicated doses for 16 h. After treatment, a
volume of CellTiter-Glo Reagent was added to each well
equal to the volume of cell culture medium. Then, the
contents were mixed for 2 min on a shaker to induce
cell lysis and the plates were incubated at room tem-
perature for 10 min in the dark. Cellular luminescence
intensity was measured using a GLOMAX 96-microplate
luminometer (Promega).

Plasmid constructs

The ATBF1 expression vector of an 11 kb full-length
human ¢cDNA [23] was inserted into the pCI vector
(Promega) with an HA-tagged sequence at the 5-termi-
nus of the inserted sequence (HA-ATBF1) [25]. The 2.4
kb fragment upstream from the TATA-box of the
human p21 (Wafl/Cipl) genomic fragment was sub-
cloned into the basic luciferase reporter pGV-B vector
(Toyo Ink Co., Ltd., Tokyo, Japan) [48].

TUNEL assay

Apoptosis was assessed by TUNEL using an ApopTag
Fluorescein Direct In Situ Apoptosis Detection kit in
accordance with the manufacturer’s instructions (Chemi-
con, Temecula, CA). Briefly, cells were fixed with 1% par-
aformaldehyde in PBS for 10 min at room temperature
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and permeabilized in EtOH:acetic acid (2:1) for 5 min
at -20°C. Cells were then washed with PBS. Fluores-
cein-conjugated nucleotide and TdT enzyme were
added to the cells, which were then incubated for 1 h
at 37°C. Nuclei were stained with DAPI. Images were
obtained using an AX70 fluorescence microscope
(Olympus). The percentage of apoptotic cells was
determined as the ratio of the number of DAPI-
TUNEL-double-positive cells with respect to the total
number of DAPI-positive cells. For the overexpression
of ATBFL in cultured cortical neurons, the neurons
were transiently transfected with 0.5 pg HA-ATBF1
using FuGENE HD (Roche) in accordance with the
manufacturer’s instructions. Twenty-four hours after
transfection, TUNEL was performed as described in
above. After TUNEL, the neurons were incubated with
the primary antibody against HA-tag (MBL) for 1 h at
RT. The secondary antibody was Alexa-594-conjugated
goat anti-rabbit IgG (Molecular Probes). Images were
obtained using an AX70 fluorescence microscope

(Olympus).

Caspase-3/7 activity assay

Caspase-3/7 activity was assayed using a Caspase-Glo™
3/7 assay kit (Promega), in accordence with the manu-
facturer’s instructions. Briefly, primary cortical neurons
were seeded on 96-well plates at a density of 1 x 10°
cells/ml. After 3 days, the cells were treated with AB1-
42 or DNA-damaging drugs. Caspase-Glo™ 3/7 reagent
was then added to each well, and the plates were incu-
bated at room temperature for 1 h. Cellular lumines-
cence was measured using a GLOMAX 96-microplate
luminometer (Promega).

Immunoprecipitation

Primary cortical neurons were grown in 10 cm dishes.
After reaching 50-70% confluence, the cells were treated
with 10 uM AB1~42 or 1 uM etoposide for an indicated
time. After incubation, the cells were washed twice with
PBS, lysed in 1 ml of lysis buffer (10 mM Tris-HCl (pH
7.4), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 50
mM NaF, and 100 uM sodium orthovanadate) contain-
ing protease inhibitor cocktail, and centrifuged at 13,000
x g at 4°C for 20 min. The resulting supernatant was
immunoprecipitated overnight with a specific antibody
against ATBF1 (AT-6) in the presence of protein G
beads (Pierce) at 4°C. The immune complexes were
washed four times with lysis buffer. The samples were
subjected to 5-20% gradient SDS polyacrylamide ge elec-
trophoresis, and separated products were transferred to
a PVDF membrane and subjected to immunoblotting
with a specific antibody against phosphorylated-ATM
(pATM) at Ser 1981.
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X-ray irradiation and p21 promoter assay

ATM (+/+) and ATM (-/-) cells were transfected with
p21 promoter-luciferase, pRL-TK-luciferase (as an inter-
nal control), and an indicated dose of the HA-ATBF1
vector or pCI-HA vector as the control using Lipofecta-
mine 2000 (Invitrogen) in accordance with manufac-
turer’s instructions. After 24 h, the cells were irradiated
with X-ray at 2.5 Gy using a Softex M-80WE X-ray gen-
erator (SOFTEX, Japan) operating at 80 kv and 10 mA
for 25 min with a copper shield. Nonirradiated dells
were used as control. After 12 h, luciferase activity was
measured using the Dual Luciferase Reporter Assay sys-
tem (Promega) in accordance with the manufacturer’s
instructions.

Statistical analysis

Statistical analysis was performed using a statistical
package, GraphPad prism software (GraphPad Software,
San Diego, CA). All values are presented as the mean *
SEM of at least three independent experiments.

Additional material

Additional file 1: Western blot analysis of AB1-42 peptide used in
our experiments. The stored AB1-42 peptide was diluted with culture
medium to the final concentration of 5 M, and then 0.5 (lane 1), 1 (lane
2), or 2.5 l (lane 3) was loaded to 16% Tris-Tricine gel and probed with
the monoclonal antibody 6E10 (recognizing residues 1-17 of AB).

Additional file 2: Effect of another ATBF1 siRNA (ATBF1 siRNA-2) on
the viability of primary cortical neurons upon treatment with AB1-
42, A, Primary cortical neurons were transfected with ATBF1 siRNA-2 or
control SiRNA for 48 h. After transfection, the cells were then incubated
in the presence or absence of 5 uM AB1-42 for 16.h. The expression
levels of ATBF1 and actin were determined by Western blot analysis
using the anti-ATBF1 and anti-actin antibodies. B, After transfection as
described in Figure 3B, the cells were treated with or without 5 uM AB1-
42 for 16 h. Cell viability was determined using a CellTiter-Glo
luminescent cell viability assay kit and is shown as a percentage of
surviving celis. All the values are presented as the mean + SEM of three
independent experiments. *p < 0.01 vs control siRNA treatment. N.S, not
significant, as determined by Student’s t-test.

Additional file 3: A, KU55933, a specific ATM inhibitor, shows a
neuroprotective effect against AR 1-42-, etoposide-, and
homocysteine-induced neurotoxicity. Primary cortical neurons were
seeded at a density of 1 x 10° celis/m! in poly-d-lysine-coated 96-well
plates. Three days after plating, cells were pretreated with 0, 1, 5, or 10
uM KU55933 for 1 h, and subsequently treated for 16 h with 5 uM AB1-
42,1 uM etoposide (Etop), or 250 uM homocysteine (Hom). Cell viability
was determined using a CellTiter-Glo luminescent cell viability assay kit.
B, after transfection as described in Figure 3B, cells were pretreated for 1
h with or without 1 pv KUS55933, and then cells were further incubated
with or without 5 uM AB1-42 for 16 h. Cell viability was determined
using a CellTiter-Glo luminescent cell viability assay kit. All the values are
presented as the mean = SEM of three independent experiments. *p <
0.001 vs control siRNA. NS, not significant, as determined by one-way
ANOVA followed by Duncan’s test.

Abbreviations
ATBF1: AT-motif binding factor-1; AB: Amyloid-3 peptide; AD: Alzheimer’s
disease; APP: Amyloid precursor protein; PS: presenilin; APOE:
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apoplipoprotein E; ATM: Ataxia-telangiectasia mutated; pATM:
phosphorylated ATM; PI3K: phospatidylinositol-3 kinase; TUNEL: Terminal
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Amyloid-p peptide ending at the 42nd residue (Af42) is
implicated in the pathogenesis of Alzheimer’s disease
(AD). Small compounds that exhibit selective lowering
effects on Ap42 production are termed y-secretase modu-
lators (GSMs) and are deemed as promising therapeutic
agents against AD, although the molecular target as well
as the mechanism of action remains controversial. Here,
we show that a phenylpiperidine-type compound GSM-1
directly targets the transmembrane domain (TMD) 1 of
presenilin 1 (PS1) by photoaffinity labelling experiments
combined with limited digestion. Binding of GSM-1 af-
fected the structure of the initial substrate binding and
the catalytic sites of the y-secretase, thereby decreasing
production of AB42, possibly by enhancing its conversion
to AP38. These data indicate an allosteric action of GSM-1
by directly binding to the TMD1 of PS1, pinpointing the
target structure of the phenylpiperidine-type GSMs.

The EMBO Journal (2011) 30, 4815-4824. doi:10.1038/
emboj.2011.372; Published online 14 October 2011
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Introduction

There is ample evidence supporting the notion that aggrega-
tion of amyloid-B peptides (Ap) underlies the pathogenesis of
Alzheimer’s disease (AD) (reviewed by Holtzman et al, 2011).
AP is a proteolytic fragment of amyloid precursor protein
(APP) derived by sequential cleavages by two proteases
termed B- and y-secretases. y-Secretase determines the C-
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terminal length of AB, which in turn impacts the aggregation
property of AP: the C-terminally longer Ap42 is the initially
deposited and the most aggregation-prone species linked to the
pathogenesis of AD (Iwatsubo et al, 1994). Thus, small com-
pounds that regulate the activity of y-secretase have been devel-
oped as disease-modifying drugs against AD (Tomita, 2009; De
Strooper et al, 2010). However, conventional y-secretase inhibi-
tors (GSIs) that block the proteolytic cleavage of numerous
substrate proteins in a non-specific fashion cause severe adverse
effects. For example, GSIs interfere with Notch receptor signalling
that is essential to development and differentiation, and is
activated by the y-secretase cleavage (Extance, 2010). The dis-
covery that a subset of non-steroidal anti-inflammatory drugs
(NSAIDs) act as a y-secretase modulator (GSM) that selectively
and directly reduces Ap42 without affecting the total y-secretase
activity opened up a way to the safe and effective lowering of the
pathogenic AB42 while sparing the Notch signalling (Weggen
et al, 2001; Takahashi et al, 2003). Although the clinical trial of
Flurizan (R-Flurbiprofen), an NSAID-type GSM, failed because of
the low penetrance of the compound into the brain (Green et al,
2009), several potent GSMs with excellent brain availability are
emerging, raising high hopes for the treatment of AD (Tomita,
2009; De Strooper et al, 2010).

y-Secretase is an atypical intramembrane protease that
comprising four integral membrane proteins, that is, presenilin
(PS), nicastrin, Aph-1 and Pen-2 (Takasugi et al, 2003). PS
serves as the catalytic subunit of y-secretase, in which a pair of
aspartate residues located on the N- and C-terminal endopro-
teolytic fragments of PS (NTF and CTF, respectively) comprise
the catalytic site. A series of chemical biology experiments
revealed that all GSIs investigated so far directly target PS
(Tomita, 2009). However, the molecular target, as well as the
mechanism of action, of GSMs remains enigmatic. A couple of
recent studies suggested that NSAID-based GSMs directly and
specifically target APP, but not the enzyme (i.e., y-secretase;
Kukar et al, 2008). In contrast, several lines of evidence suggest

that the effects of GSM are not limited to the y-secretase.

cleavage of APP: it has been shown that some GSMs modulated
the C-terminal length of NB, a proteolytic product of Notch
corresponding to AB (Okochi et al, 2006), and the activity of
signal peptide peptidase (SPP), a PS-type intramembrane cleav-
ing protease with an inverse orientation of the catalytic struc-
ture, also was affected by NSAIDs (Sato T et al, 2006).
Moreover, reports casting doubt to the substrate targeting of
NSAIDs have recently been published (Beel et al, 2009; Page
et al, 2010). However, there has not been direct and conclusive
evidence regarding the target of the GSMs.

Here, we examined the target and mode of action of GSM-
1, one of the representative AB42-lowering GSMs harbouring
a phenylpiperidine structure (Page et al, 2008). Using two
novel photoprobes derivatized from GSM-1, we have unequi-
vocally located the binding site of the phenylpiperidine-type
GSM on a subdomain within the transmembrane domain
(TMD) 1 of PS1, which has been shown to participate in
the catalytic pore structure of y-secretase (Takagi et al, 2010).
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Our results suggest that GSM-1 decreases the production of
AB42 possibly by enhancing its conversion to AB38, by an
allosteric mechanism by binding to the TMD1 of PS1.

Results

GSM-1 affects the AB38- and Ap42-generating activities
of y-secretase

GSM-1 is a phenylpiperidine-type compound that shows a
potent AB42-lowering effect (ICso=20.348 pM in a cell-based
assay) accompanied by an increased production of AB38
(Figure 1A), as documented (Page et al, 2008). Recent
biochemical studies suggest that y-secretase executes a step-
wise removal of tripeptides from the C termini of longer AB
species that are cognate precursors for secreted form of AB:
AP40 and AP42 are successively derived from AB43/46/49
and AP45/48, respectively (Qi-Takahara et al, 2005; Takami
et al, 2009). An additional cleavage of AB42 generates AB38.
To further characterize the effect of GSM-1 on the stepwise y-
secretase cleavage leading to AP secretion, we examined the
production of the different AB species (i.e., AB38, AP40,
AP42, AB43, AB45 and AB46) in an in-vitro assay. The levels
of total AP and its C-terminal counterpart product, APP
intracellular domain (AICD), were not affected by GSM-1
treatment (Supplementary Figure S1A-C). However, GSM-1
selectively reduced the AB42 generation accompanied by an
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Figure 1 GSM-1 directly and selectively affects the APB38/42-generating y-secretase activity. (A)

increase in AB38, similarly to the results in the cell-based
assay (Figure 1B and C). Notably, generation of AB45, a
hypothetical precursor of AB42 and AB38, was not affected.
These data suggest that GSM-1 exclusively affected the y-
cleavage that cuts the midst of the TMD of substrates, but not
the &- or {-cleavages (corresponding to the production of
AICD/AP48/49 and AP45/46, respectively) that occur at
positions closer to the cytoplasm. To ascertain that GSM-1
directly affects the y-cleavage, we examined the effect of
GSM-1 in an in-vitro y-secretase assay using reconstituted y-
secretase complex recovered from Sf9 cells infected with
recombinant baculovirus (Hayashi et al, 2004; Ogura et al,
2006). Again, GSM-1 caused a decrease in the de novo
generation of AB42 and an increase in that of AB38, confirm-
ing the direct action of GSM-1 on the y-secretase-mediated
cleavage (Figure 1D).

GSM-1 directly binds to the N-terminal fragment of PS1
To identify the molecular target of GSM-1, we employed
photoaffinity labelling (PAL; Morohashi et al, 2006; Fuwa
et al, 2007) using photoactivatable probes harbouring photo-
activatable and biotin moieties. The molecular target of the
probe is covalently crosslinked upon UV irradiation and
purified by the avidin-biotin catch principle (Hofmann and
Kiso, 1976). We synthesized a GSM-1-based photoactivatable
probe, GSM-1-BpB (see Supplementary Scheme 1)}, in which
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Chemical structure of GSM-1 and its

pharmacological effect on a cell-based assay. AB levels in conditioned media from HEK293 cells were analysed by ELISAs (n=3, meanzts.d.,
*P<0.01, **P<0.05 at Student’s t-test). (B) Effect of GSM-1 (25 pM) on stepwise cleavage by y-secretase in an in-vitro assay. De novo generated
AB species were separated by two types of gels (Qi-Takahara et al, 2005). (C) Quantitation of de novo generated AP in an in-vitro assay (n=3,
mean *s.d., *P<0.01; **P<0.05 at Student’s t-test). (D) De novo AP generation using purified y-secretase in the presence of DAPT (20 uM) or

GSM-1 (20 uM).

The EMBO Journal VOL 30 | NO 23 | 2011

©2011 European Molecular Biology Organization



benzophenone and biotin moieties were conjugated to GSM-
1. GSM-1-BpB retained the AB42-lowering (ICso=3.82uM in
a cell-based assay) and AB38-raising activities (Figure 2A and
B). Neither GSM-1 nor GSM-1-BpB affected the production of
NICD, suggesting that GSM-1-BpB harbours a similar mod-
ulator effect to GSM-1 (Figure 2C). Next, we performed the
PAL experiments by GSM-1-BpB in mouse brain microsomes,
and detected the specific biotinylation of endogenous PS1
NTF, which was decreased by co-incubation with the parent
compound GSM-1 (Figure 3A and B). We did not observe
labelling of other y-secretase components, nor of the APP
C-terminal stub, by GSM-1-BpB. Specific labelling of PS1
by GSM-1-BpB was also observed in immortalized fibro-
blasts derived from Psenl ™ /Psen2™~ mice (DKO cells)
(Herreman et al, 2000) stably expressing His-tagged PSI,
supporting the direct targeting of GSM-1 to PS1 NTF
. (Figure 3C). Moreover, recombinant SPP (Sato T et al, 2006;

Fuwa et al, 2007), a PS family protease, also was directly
targeted by GSM-1 and underwent specific modulation of its
activity (Supplementary Figure S2A and B). (Z-LL),-ketone,
well-known SPP-specific inhibitor, unaffected SPP labelling
by GSM-1-BpB. Collectively, these data supported the notion
that GSM-1 is directly bound to PS-type intramembrane
cleaving proteases, and that PS1 NTF is a bona fide target
of GSM-1.

Phenylpiperidine-type GSMs affect the structure of PS1
NTF in an allosteric manner

Next, we performed cross-competition experiments in PAL
using a set of conventional GSIs to examine the effect of GSM-
1 binding on the enzymatically functional sites within PS1.
We used L-685,458, pep.1l and compound E, which are
predicted to target y-secretase catalytic site, the initial sub-
strate binding site and the transit path between these sites,
respectively, as competitors (Li et al, 2000; Das et al, 2003;
Fuwa et al, 2007). To ensure a fair competition with the GSM-
1-BpB binding, we employed pretreatment with unlabelled
competitor compounds at 10-fold concentrations of the
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ICso values against AP42 generation (ICsp values: GSM-1,
24.09uM (Supplementary Figure S3A and B); L-685,458,
0.59 uM; pep.11, 0.48 uM; compound E, 0.97nM as deter-
mined in our cell-free y-secretase assays). Pretreatment with
neither of these three GSIs affected the labelling of PS1 NTF
by GSM-1-BpB (Figure 4A). Furthermore, 10 uM of each GSI
also unaffected GSM-1-BpB binding (Supplementary Figure
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Figure 3 GSM-1-BpB directly binds to PS1 NTF. (A) PAL experi-
ments using mouse brain membranes. PS1 NTF was specifically
labelled with GSM-1-BpB (1uM). The labelling was competed
by preincubation with GSM-1 (100 uM). (B) Direct biotinylation of
PS1 NTF. After PAL, PS1 NTF was precipitated using anti-PS1
NTF antibody and analysed by an anti-biotin antibody. (C)
Biotinylation of His-tagged PS1 expressed in DKO cells by GSM-1-
BpB. After PAL, His-tagged PS1 (arrow) was purified with Ni**-
affinity column and analysed by immunoblotting.
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Figure 2 GSM-1-BpB harbours Ap42-lowering modulator activity. (A) Chemical structure of GSM-1-BpB and its pharmacological effect on a
cell-based assay (7 =3, means.d., *P<0.01, **P<0.05 at Student’s t-test). (B) Immunoblotting analyses of conditioned media from HEK293
cells in the presence of DAPT (10 M), GSM-1 (2 M) or GSM-1-BpB (2 uM). (C) Effects on Notch cleavage of DAPT (10 uM), GSM-1 (0.3 uM) or
GSM-1-BpB (3 uM) (n=3, mean ts.d., *P<0.01, **P<0.05 at Student’s t-test).
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Figure 4 Competition of the photoaffinity labelling of PS1 NTF by
GSM-1-BpB. (A) Labelling competition experiment with conven-
tional GSIs for the labelling of PS1 NTF by GSM-1-BpB. GSls were
tested at the 10-fold concentration of ICsy (final concentrations:
~compound E {Cpd E) (9.7nM), L-685,458 (5.9uM) and pep.1l
(4.8 uM)). (B-D) Labelling competition experiments with GSM-1
{240.9 pM) for the labelling of PS1 NTF by CE-BpB (B), L-852,646
(C) and pep.11-Bt (D).

S44), indicating that the binding site of GSM-1 is distinct
from those of the conventional GSIs. In contrast, pretreat-
ment with GSM-1 significantly inhibited the labelling of
PS1-NTF by CE-BpB3, L-852,646 and pep.11-Bt, which are
photoprobes derived from compound E, L-685,458 and
pep.11, respectively (Figure 4B-D). Importantly, GSM-1
showed no competition on the labelling by DAP-BpB, which
has been known to target PS1 CTF (Morohashi et al, 2006),
ensuring the specificity of the competition by GSM-1
(Supplementary Figure S4B). We further examined the effects
of y-secretase substrates on GSM-1-BpB labelling, since other
classes of GSMs (i.e., ibuprofen and fenofibrate) have been
suggested to dock with PS in the presence of substrates
(Uemura et al, 2010). Notably, labelling of GSM-1-BpB was
altered neither by pretreatment with a substrate-mimetic
inhibitor pep.11 (Figure 4A), nor by overexpression of C99,
an APP-based substrate {Supplementary Figure S5), indicat-
ing that GSM-1 specifically bound to PS1 NTF independent of
substrate binding. These data support the notion that binding
of GSM-1 to PS1 NTF affects the structures of enzymatically
functional sites within PS1.

Through the structure-activity relationship analysis of
GSM-1, we found that the carboxylic acid moiety is critical
for the Ap42-lowering effect. Among the derivatives, NS-1017
(See Supplementary Scheme 2), which harbours an N-benzy-
lamide moiety showed a significant Ap42-raising effect asso-
ciated with decreased AP38 production (Figure 5A and B).
Intriguingly, preincubation with NS-1017 diminished the la-
belling of PS1 NTF by GSM-1-BpB (Figure 5C), suggesting
that the phenylpiperidine structure is the pharmacophore that
targets the modulator binding site within PS1 NTF, and that
the substituent at the 4-position of the piperidine (i.e.,
carboxylic acid or amide) determines the pharmacological
effects on AP42 production. We also synthesized a phenylpi-
peridine-type Ap42-raising photoprobe, GSM-1-amide-BpB
(See Supplementary Scheme 3), in which the biotin-benzo-
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Figure 5 AP42-raising phenylpiperidine-type modulator directly
targets PS1 NTF. (A) Chemical structure of NS-1017 and its phar-
macological effect on a cell-based assay (n=3, meants.d.,
*P<0.01 at Student’s t-test). (B) Immunoblot analysis of secreted
AP in conditioned media in the presence of DAPT (10 uM), GSM-1
(2uM) or NS-1017 (2pM). (C) Labelling competition experiment
with GSM-1 (100puM) or NS-1017 (200pM) for the GSM-1-BpB
labelling of PS1 NTF (1 pM) using mouse brain microsomes. (D)
Chemical structure of GSM-1-amide-BpB and its pharmacological
effect on a cell-based assay (n=3, mean*s.d., *P<0.01, **P<0.05
at Student’s t-test). (E) PAL experiment using GSM-1-amide-BpB
(1 puM) in mouse brain microsomes. (F) Immunoprecipitated PS1
NTF was analysed by an anti-biotin antibody after PAL in mouse
brain microsomes. (G) Effects of GSM-1 and NS-1017 on the
structure of PS1 revealed by FLIM assay. Pseudo-coloured FLIM
images showed subcellular distribution of the GFP lifetimes, with
red pixels representing shorter lifetime (closer GFP-PS1 NT and
RFP-PS1-loop proximity). A colorimetric scale bar shows colour-
coded fluorescence lifetime in picoseconds.

phenone moiety was directly connected to the amide moiety
(Figure SD). GSM-1-amide-BpB also specifically biotinylated
PS1 NTF in mouse brain membranes, supporting the notion
that the phenylpiperidine structure is required for the target-
ing to the modulator binding site (Figure 5D and E).

Using fluorescence lifetime imaging microscopy (FLIM),
we have previously reported that the mature PS1 within the
active y-secretase complex exists in equilibrium between two
conformational states: ‘open’ and ‘closed” NTF/CTF confor-
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Table I Differences in the proximity between N- and C-termini of
PS1 shown by FLIM assay

Construct Compound Av s.d. n  t-test versus
lifetime PS1 DMSO
GFP-PS1-RFP  DMSO 1872.4 1443 6l —
GFP-PS1-RFP  GSM-1 1921.0 114.0 54 0.0463*
GFP-PS1-RFP  NS-1017 18124 1541 71 0.0388*

*P < (.05 versus GFP-PS1-RFP DMSO (Student’s t-test).

mations that correspond to the low and high ratio of Ap42/
AP40 production, respectively (Lleo et al, 2004; Uemura et al,
2009). By FLIM, we found that GSM-1 treatment leads to a
significant increase in the GFP lifetime in cells expressing PS1
fused with GFP and RFP at the N-terminus and within large
hydrophilic loop of PS1 CTF, respectively. This indicates that
GSM-1 treatment caused an ‘open-form’ PS1 conformation
similar to that caused by Ap42-loweirng NSAID-type GSMs.
Interestingly, NS-1017 had an opposite effect on PS1, and
similarly to fenofibrate led PS1 to exhibit the ‘close-form’
conformation (Figure 5G; Table I; Lleo et al, 2004; Uemura
et al, 2009). These data indicate that the phenylpiperidine-
type GSMs modulated y-cleavage through conformational
changes of PS1 by interacting with a common binding site.

The TMD1 of PS1 is required for the binding of GSM-1
FLIM results suggested a conformational change of PS1 that
results in altered proximity between the N-terminus and loop
domain of PS1. However, we found that PS1 mutant lacking
the N-terminal amino-acid residues from Thr2 to Ala79
(PS1A79) retained the sensitivity to GSM-1 in DKO cells
(Supplementary Figure S6A-C). In addition, phenylpiperi-
dine-type GSMs were effective on y-secretase complex con-
taining PS2 with a low sequence similarity to PS1 at the N-
terminus (Supplementary Figure S6D and E). These data
indicated that the N-terminal cytoplasmic domain of PS1 is
dispensable to the pharmacological effect of GSM-1. To
further narrow down the binding site of GSM-1 within the
PS1 NTF, we have taken a limited digestion approach: we
inserted a thrombin substrate sequence (i.e., LVPRGS) into
the hydrophilic regions within PS1 NTF (i.e., PS1-Th60N at
the N-terminus, PS1-Thl and PS$S1-Th3 at the loops 1 and 3,
respectively; Figure 6A), and confirmed that overexpression
of these mutants in DKO cells restored the y-secretase activity
that was modulated by GSM-1 (Figure 6B; Supplementary
Figure $7). Proteolytic cleavage of PS1-Th60N, PS1-Thl and
PS1-Th3 mutants by thrombin resulted in generation of 8, 12
and 23kDa N-terminal fragments of PS1 NTF, respectively,
which are detectable by the anti-PS1 N-terminus antibody
(Figure 6C). To pinpoint the modulator binding domain
within PS1 NTF, we subjected these mutants to thrombin
treatment after PAL with GSM-1-BpB (Figure 6D). N-terminal
fragments derived from PS1-Thl or PS1-Th3 were pulled
down by streptavidin beads, but that from PS1-Th60N was
not (Figure 6D). Furthermore, preincubation with GSM-1
reduced the labelling of the cleaved fragment of PS1-Thl
(Figure 6E). These data suggest that the GSM-1 binding site
resides within the region between Lys80 and Asp110.

Using CHO cells in which holoprotein form of endogenous
PS1 was detectable, we found that GSM-1-BpB and GSM-1-
amide-BpB  specifically labelled the PS1 holoprotein
(Supplementary Figure S8A and B). PS1 mutant carrying
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the protease-inactive D385A mutation also was labelled.
These data suggest that GSM-1 binds to PS1 irrespective of
the formation of the stable y-secretase complex or the pro-
teolytic activity. Taking advantage of these features, we
examined the labelling of TMD-swap mutants of PS1, in
which each TMD was replaced with that of an unrelated
transmembrane protein, CLAC-P, with a proper orientation.
These TMD-swap mutants failed to exhibit the enzyme
activities, although forming the <y-secretase complex
(Watanabe et al, 2005, 2010). TM1mt PS1, in which amino-
acid residues Val82 to Ile100 of PS1 were replaced, failed to be
labelled by GSM-1-BpB, whereas TMSmt and TM9mt PS1
were biotinylated (Figure 6F). To further verify the specificity
of binding of GSM-1-BpB to the TMD1 of PS1, we subjected
purified recombinant glutathione S-transferase (GST), GST
fused protein of PS1,_¢s or PS1,_j;o to PAL with GSM-1-BpB
(Figure 6G; Supplementary Figure S9). Notably, photolysis of
GSM-1-BpB resulted in the specific binding exclusively to
GST-PS1;_y;0 encompassing the TMD1, but not to GST-PS1,_¢5
corresponding to the N-terminal cytoplasmic portion of PS1,
indicating the requirement of TMD1 for the binding of GSM-
1-BpB (Figure 6H). Collectively, these data suggest that TMD1
is the binding site of phenylpiperidine-type GSMs.

GSM-1 targets the hydrophobic portion of the TMD1 of
PS1 and allosterically affects the conformation of PS1

To further characterize the structural changes of TMD1 of PS1
caused by binding of GSM-1, we utilized substituted cysteine
accessibility method (SCAM), a biochemical analysis of the
structures of membrane proteins in a membrane-embedded,
functional state, by assessing the hydrophilicity of each amino-
acid residue by the biotinylation efficiency of mutated cysteine
at the same position. We have previously shown that TMD1 of
PS1, comprising residues Gly78 to Ile100, faces a hydrophilic
environment within the membrane by SCAM (Takagi et al,
2010). TMD1 consists of two functional regions: the N-terminal
portion close to the cytoplasm is facing the catalytic site of the
v-secretase, whereas the C-terminal portion is buried within
the lipid bilayer and possibly involved in the structural integ-
rity of PS1 via hydrophobic interactions with other TMDs. The
results of PAL and FLIM experiments suggested that a con-
formational change of TMD1 was linked to the modulator
activity of GSMs. Intriguingly, mutant PS1 replaced with the
amino-acid sequences of CLAC-P at this hydrophilic segment
(i.e., Val82 to Pro88) retained the y-secretase activity as well as
the sensitivity to the modulatory effect of GSM-1, suggesting
that the C-terminal side, rather than the N-terminal side, of
TMD1 harbours the modulator binding site (Supplementary
Figure S10A-C). These observations further prompted us to
analyse the effect of GSM-1 on the water accessibility of the six
residues within TMD1 (i.e., Lys80, His81, Val82, Ile83, Met84
and Leu85), which directly face the hydrophilic environment
by SCAM. We have previously shown that competition of
SCAM labelling is useful for the identification of the binding
site, or the allosteric effect, of small compounds (Sato C et al,
2006, 2008; Takagi et al, 2010). Treatment with either GSM-1 or
NS-1017 slightly, but constantly reduced the labelling of single-
cysteine PS1 mutant at Met84 (M84C), whose labelling has
never been affected by competition with conventional GSIs
(Takagi et al, 2010). In addition, NS-1017 reduced the labelling
of K80C (Figure 7A). In contrast, the labelling of other hydro-
philic residues in TMD1, as well as of residues forming the
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Figure 6 Identification of TMD1 of PS1 as the binding site of GSM-1-BpB. (A) Schematic representation of the NTF of mutant PS1 inserted with
a thrombin-cleavage sequence (squares) at different sites (PS1-Th60N, PS1-Thl and PS1-Th3). (B) Effect of DAPT (10 pM) or GSM-1 (1 uM) on
secreted AB from DKO cells stably expressing APPNL and PS1 mutants (n=3, meants.d., *P<0.01, **P<0.05 at Student’s t-test). (C)
Thrombin digestion experiments of PS1-Th60N, PS1-Thl and PS1-Th3. PS1 NTF and the cleaved fragments were indicated by an arrow and
arrowheads. (D) Thrombin digestion experiments after PAL by GSM-1-BpB (1 uM). Note that cleaved Thl or Th3 fragment, but not Th60N
fragment, was precipitated and detected by anti-PS1 NTF antibody. (E) Preincubation by GSM-1 (200 pM) decreased the labelling of both
PS1 NTF (arrowhead) and Thil fragment (arrow). (F) PAL experiment of TM-swap mutant PS1 by GSM-1-BpB (1 uM). GSM-1-BpB
labelled holoprotein forms of PS1 (arrows). Note that TMlmt PS1 was never labelled by GSM-1-BpB. (G) Schematic representation of
recombinant proteins used in this study. (H) PAL experiment for recombinant proteins by GSM-1-BpB. Recombinant GST-PS1;-10, but not GST
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or GST-PS1,¢s (0.5 pg each), was labelled by GSM-1-BpB in a dose-dependent manner.

catalytic site in TMD6 (i.e., A246C and L250C; Sato C et al,
2006) was not altered by phenylpiperidine-type GSMs (Figure
7A and B). These data indicate that the water accessibility of
the cytosolic side of TMD1 is specifically altered by the binding
of phenylpiperidine-type GSMs. Taken altogether, we conclude
that the phenylpiperidine-type GSMs directly and specifically
target the TMDL of PSI, leading to an alteration in the
conformation of the catalytic pore structure of the y-secretase,
and thereby modulating the Ap42 production (Figure 7C).

Discussion

By a combination of chemical biology and molecular biology
approaches, we have identified TMD1 of PS1 as the binding

VOL 30 | NO 23 | 2011

site of GSM-1, a representative and potent Ap42-lowering
GSM (Page et al, 2008). GSM-1 bound to PS1 either in an
inactive, holoprotein form or within an enzymatically active
complex, and induced conformational changes in the cataly-
tic as well as the initial substrate binding sites in PS1. Thus,
the mode of binding of GSM-1 to PS1 is different from that of
the conventional GSIs, which selectively target the enzyma-
tically active form of PS1 (Li et al, 2000; Morohashi et al,
2006; Fuwa et al, 2007; Watanabe et al, 2010). SCAM assay
revealed that phenylpiperidine-type GSMs affected the water
accessibility of Met84 located at the N-terminal region of
TMD1 (Figure 7A)}. Notably, we have previously shown that
Val82 and Leu85 in TMD1 of PS1 directly participate in the
formation of the catalytic site of y-secretase, while Met84

©2011 European Molecular Biology Organization
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Figure 7 Conformational changes in the cytoplasmic side of TMD1
of PS1 induced by phenylpiperidine-type y-secretase modulators.
(A, B) SCAM analysis of microsomes from DKO cells expressing
single-Cys mt PS1 containing one Cys at the cytosolic side of TMD1
(A) or TMDG6 (B) in the presence or absence of indicated com-
pounds. All bands correspond to the biotinylated PS1 NTF. Note
that the labelling of K80C-or M84C was affected by preincubation
with GSM-1 or NS-1017. (C) A hypothetical model of mode of action
of phenylpiperidine-type GSMs. Membrane borders are indicated by
dotted lines. N-terminal domain of TMD1 facing the catalytic pore is
indicated by a blue region. C-terminal domain of TMD1 is shown by
a pink cylinder. Yellow and red trapezoids indicate GSM-1 and
NS-1017, respectively. The hypothetical open and close structure
of the N-terminal domain of TMD1 of PS1 induced by GSMs is
indicated.

does not, consistent with the notion that the phenylpiper-
idine-type GSMs affect the catalytic site in an allosteric
manner. In addition to Met84, AB42-rasing NS-1017 decreased
the water accessibility of Lys80, suggesting that a specific
structural change around this region is linked to alteration in
the net production of AB42 (Figure 7A and C). Interestingly,
several FAD-linked mutations have been identified in the N-
terminal region of TMD1 of PS1, suggesting that conforma-
tional changes in this region may be an important determi-
nant for the AB42 generating activity. In contrast, analyses of
the swap mutants revealed that the cytosolic side of TMD1
was dispensable for the binding of GSM-1. These data suggest
that the phenylpiperidine-type GSMs directly target the hy-
drophobic C-terminal half of TMD1 (Figure 7C). Intriguingly,
this hydrophobic half participates in the maintenance of the
TMD-to-TMD interaction in PS1, which is involved in the
assembly of the y-secretase complex as well as the mechan-
ism of substrate recognition (Takagi et al, 2010; Watanabe
et al, 2010). Our data provide compelling evidence supporting
the notion that phenylpiperidine-type GSMs modulate the y-
secretase activity by directly targeting the hydrophobic extra-
cellular/luminal side of the PS1 TMD1, leading to a confor-
mational change of the hydrophilic cytosolic side (Figure 7A
and C).

Biochemical analyses indicate the presence of two product
lines by y-secretase to generate AB40/43 and AP38/42 from
AP49 and AB48, respectively (Qi-Takahara et al, 2005; Takami
et al, 2009). Here, we showed that only the AB38/42-generat-
ing activity was modulated by GSM-1 without affecting the
levels of AICD as well as of other AB species including AB45,
the latter being the possible cognate precursor for AB42. This
is consistent with the previous findings that an NSAID-type
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GSM, sulindac sulphide, exclusively increased the release of
tetrapeptide VVIA, which is derived from AB42 upon genera-
tion of AB38 (Takami et al, 2009). These results lead us to
speculate that the Ap42-lowering GSMs selectively alter the
proteolytic activity upon the stepwise cleavage to generate
APB38. The decrease in the binding of L-852,646 (a transition
state analogue photoprobe) by GSM-1 reflects a structural
change in the catalytic site. In contrast, AB40 generation was
never affected by GSM-1. Notably, alignments of scissile
bonds in the two product lines (i.e., AP49-46-43-40 and
AP48-45-42-38) are located on distinct interfaces of the o-
helical model of the substrate (Qi-Takahara et al, 2005;
Takami et al, 2009). However, the result that GSM-1 de-
creased the labelling of PS1 NTF by pep.11-Bt may indicate
an allosteric effect on the structure of the initial substrate
binding site that determines AP42 generation. Thus, the
selective modulation of AB38/42 generation suggests that
GSM-1 affects both the catalytic pocket and the recognition
mechanism of the helical interface during the processive
cleavage of AB48/45/42.

A subset of NSAID-type GSMs have been reported to
directly target the TMD of APP, especially the GXXXG motif
(Kukar et al, 2008; Richter et al, 2010). However, this notion
contradicts with the previous findings that several GSMs
modulate the y-secretase-mediated cleavage of substrates
other than APP (i.e., Notch); these GSMs affect the cleavage
of APP mutated at the GXXXG motif too (Okochi et al, 2006;
Page et al, 2010). Moreover, the activity of SPP, a protease
homologous to y-secretase, also was affected by GSMs (Sato
T et al, 2006). In this study, we demonstrated the direct
biotinylation of PS1 NTF as well as of SPP by GSM-1-BpB,
suggesting that the phenylpiperidine-type GSM bound to
these enzymes. However, it remains possible that GSMs
target the interface between the enzyme and the substrate
upon modulation of the AB42 production. In this case, GSM
might form a tripartite complex with the PS1 TMD1 and the
substrate (Uemura et al, 2010). In fact, both the hydrophobic
region of TMD1 of PS1 and the GXXXG motif in APP TMD are
predicted to be located at similar topological position within
the lipid bilayer: dual roles of TMD1 in the y-secretase-
mediated cleavage (i.e., substrate recognition as well as
catalytic reaction) fit with this hypothesis (Takagi et al,
2010). However, we are not able to exclude the possibility
that different domains of PS1 or other y-secretase subunits
are also involved in the modulation of AB42 generation, since
PAL detects the closest target molecule located in proximity to
the photoactivatable moiety. Intriguingly, we previously re-
ported that the N-terminus of Pen-2, which is directly bound
to TMD4 of PS1 (Watanabe et al, 2005}, is involved in the
selective modulation of AB42 production as well as the
conformation of PS1 (Isoo et al, 2007; Uemura et al, 2009).
And recently, a GSM with a phenylimidazole pharmacophore
was reported to primarily target Pen-2 (Kounnas et al, 2010).
In this regard, it is tempting to speculate that TMD1 and
TMD4 of PS1, together with Pen-2, form the modulator
binding site in the y-secretase complex. It is also possible
that different types of GSMs show distinct preference of
interaction with y-secretase components or substrates.
Further detailed structural analysis (i.e., X-ray crystallogra-
phy or NMR) of PS1, in a state coupled with a GSM and a
substrate, would be required for the understanding of a
variety in the molecular action of different GSMs.
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In sum, we revealed the specific molecular action of the
phenylpiperidine-type GSMs on PS1 TMD! using a compre-
hensive strategy based on chemical biology. Such an approach
would be useful for the rational design of small compounds in
the development of effective therapeutics for AD.

Materials and methods

Compounds, peptides and antibodies

GSM-1, GSM-1-BpB, NS-1017 and GSM-1-amide-BpB were synthe-
sized as described in Supplementary data. DAPT was synthesized as
previously described (Morohashi et al, 2006). (Z-LL),-ketone,
compound E, L-685,458, pep.11 and pep.11-Bt were purchased from
Calbiochem, Bachem, Peptide Institute, Inc. and Ito Lifescience,
respectively. CE-BpB3 (Fuwa et al, 2007) and L-852,646 (Li et al,
2000) were kindly provided from Drs H Fuwa (Tohoku University)
and Y Li (Sloan-Kettering Cancer Center). The rabbit polyclonal
antibodies anti-PS1 CTF (G1L3) and anti-Pen2 (PNT3) were raised as
described (Tomita et al, 1999; Isco et al, 2007). Anti-GST rabbit
polyclonal antibody was purified using Glutathione sepharose 4B
(GE Healthcare). Anti-PS1 NTF (PSINT) and anti-SPP (SPPc) were
kindly gifted from Drs G Thinakaran (University of Chicago) and T
Golde (Universtiy of Florida). Anti-PS1-NTF 121121 (R&D Systems),
anti-nicastrin N1660 (Sigma), anti-APP-CTF (Immuno-Biological
Laboratories), anti-Aph-lal. O2C2 (Covance), anti-myc 9B11 (Cell
Signaling Technology), anti-human AB 82E1 (Immuno-Biological
Laboratories) and anti-biotin (Bethyl) were purchased from indicated
vendors. The monoclonal antibody anti-a-tubulin AA4.3 developed
by Dr C Walsh was obtained from the Developmental Studies
Hybridoma Bank developed under the auspices of the NICHD,
National Institutes of Health, and maintained by The University of
Iowa, Department of Biology, lowa City, IA.

Plasmid construction and cell culture manipulation

cDNAs encoding mutant PS1 were generated by long PCR-based
QuikChange™ strategy (Stratagene). cDNAs encoding PS1, APP
carrying Swedish mutation (APPNL) and NotchAE (Kopan et al,
1996) were inserted into pMXs-puro (Kitamura et alf, 2003). For
construction of the thrombin-cleavable PS1 mutant, thrombin-
cleavage sequence (CTGGTTCCGCGTGGATCC) was inserted into
PS1 cDNA in pMXs-puro. To produce recombinant proteins, cDNAs
encoding PS1;.¢5 and PS1,.;0 were cloned into pGEX-6P-1 vector
(GE Healthcare). Maintenance of cultured cells and infection of
recombinant viruses were done as previously described (Hayashi
et al, 2004; Watanabe et al, 2005, 2010; Morohashi et al, 2006; Ogura
et al, 2006; Sato C et al, 2006; Fuwa et al, 2007; Takagi et al, 2010).

Cell-based, cell-free and in-vitro y-secretase assay

Immunoblot analysis was performed as previously described
(Tomita et al, 1997, 1999). To monitor the cleavage of Notch,
luciferase assay using HEK293 cells stably expressing APPNL/
NotchAE/EGFP/UAS-firefly luciferase was performed as previously
described (Isoo et al, 2007; Imamura et al, 2009). For secreted Ap
levels, conditioned media from DKO cells co-expressing APPNL and
PS1 mutant were analysed by two-site enzyme-linked immunosor-
bent assay (ELISA; Tomita et al, 1997) or immunoblotting using
Urea/SDS-PAGE gel system as described (Qi-Takahara et al, 2005;
Kakuda et al, 2006; Osawa et al, 2008). For cell-free y-secretase
assay, membranes of CHO cells stably expressing C99 were
collected and analysed as described previously (Kakuda et al,
2006; Osawa et al, 2008). In all, 2.5mg/ml microsomes in
homogenized buffer (20mM HEPES (pH 7.0), 140mM KCl,
250mM sucrose, 1 mM EGTA) containing 0.5mM DIFP, 0.5mM
PMSEF, 1 pg/ml TLCK, 1 pg/ml antipain, 1 pg/ml leupeptin, 10 ug/ml
phosphoramidon, 1 mM EGTA, 5mM EDTA were preincubated with
various compounds on ice for 30 min. Following, microsomes were
incubated at 37°C for 6 h. For detection of the y-secretase activity in
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solubilized condition, 1% CHAPSO-solubilized membranes were
co-incubated with APP-based recombinant substrate under 0.25%
CHAPSO condition (Takahashi et al, 2003) and then analysed by
immunoblot analysis. Recombinant y-secretase complex as well as
SPP was purified from baculovirus-infected Sf9 cells as previously
described (Hayashi et al, 2004; Kakuda et al, 2006; Ogura et al,
2006; Fuwa et al, 2007). CHO cells expressing C99 and APP-based
recombinant substrate were kindly provided from Drs S Funamoto
and Y Thara (Doshisha University). ICs, values were calculated by
plotting data on Kyplot software (Kyens Lab. Inc.).

PAL, SCAM and FLIM experiments

Membranes from C57J/B6 mouse brain (3-5-month age) and
cultured cells were homogenized with homogenize buffer and
collected as described (Kakuda et al, 2006). PAL experiment
utilizing avidin-biotin catch principle (Hofmann and Kiso, 1976)
was performed as previously described (Morohashi et al, 2006;
Fuwa et al, 2007; Imamura et al, 2009). For thrombin digestion after
PAL, recentrifuged pellets were solubilized in thrombin digestion
buffer (50mM Tris~-HCl (pH 7.5), 150mM NaCl, 1 mM EDTA, 1%
Triton X-100). After incubation with 5 U/ml thrombin protease (GE
Healthcare) at 37°C for 4h, SDS was added to stop the enzymatic
reaction. The biotinylated polypeptides were collected by strepta-
vidin-Sepharose HP (GE Healthcare). For SCAM, all methanethio-
sulphonate reagents (Toronto Research Chemicals) were dissolved
in dimethyl suiphoxide (DMSQO) at 200 mM prior to use or stored at
80°C until use. The methods for SCAM and competition experi-
ments using biotinylaminoethyl methanethiosulphonate have been
described in detail before (Sato et al, 2006, 2008; Takagi et al, 2010).
The proximity between the N-terminus and TM6-7 loop domain as
an indicator of PS1 conformation was monitored by FLIM assay at
the cell periphery of live cells expressing GFP-PS1-RFP construct as
previously described (Uemura et al, 2009, 2010).

Supplementary data
Supplementary data are available at The EMBO Journal Onlin
(http://www.embojournal.org). :
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Signal peptide peptidase (SPP) is an atypical aspartic pro-
tease that hydrolyzes peptide bonds within the transmembrane
domain of substrates and is implicated in several biological and
pathological functions. Here, we analyzed the structure of
human SPP by electron microscopy and reconstructed the
three-dimensional structure at a resolution of 22 A. Enzymati-
cally active SPP forms a slender, bullet-shaped homotetramer
with dimensions of 85 X 85 X 130 A, The SPP complex has four
concaves on the rhombus-like sides, connected to a large cham-
ber inside the molecule. Intriguingly, the N-terminal region of
SPP is sufficient for the tetrameric assembly. Moreover, overex-
pression of the N-terminal region inhibited the formation of the
endogenous SPP tetramer and the proteolytic activity within
cells. These data suggest that the homotetramer is the func-
tional unit of SPP and that its N-terminal region, which works as
the structural scaffold, has a novel modulatory function for the
intramembrane-cleaving activity of SPP.

The intramembrane-cleaving proteases (I-CLiPs)® that sever
the transmembrane domains of their substrates have been
identified in a range of organisms and play a variety of roles in
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biological and pathological conditions (1). I-CLiPs have been
classified into three groups: serine-, aspartyl-, and metallopro-
tease-type, according to the structure of active sites. Presenilin
(PS) and signal peptide peptidase (SPP) family proteins belong
to the group of aspartyl I-CLiPs (2, 3). These polytopic pro-
teases have nine transmembrane domains with the two cata-
lytic aspartates as YD and GXGD motifs. Several y-secretase
inhibitors cross-inhibit the SPP activity, suggesting that PS, the
catalytic subunit of y-secretase, and SPP share a similar struc-
ture and proteolytic mechanism (4—8). However, y-secretase
requires three cofactor proteins (i.e. nicastrin, aph-1, and
pen-2) in addition to PS (9-11), whereas SPP alone exhibits
catalytic function not requiring other protein cofactors (4). SPP
is implicated in the clearance of signal peptides as well as mis-
folded membrane proteins (12—14). Moreover, some endopro-
teolytic products generated by SPP cleavage directly mediate
signal transduction (15, 16). In fact, loss-of-function studies of
SPP in model animals resulted in severe developmental defects,
inferring a vital role of SPP in metazoan development (17-19).
Furthermore, a growing body of evidence indicates that SPP
activity plays an important role in the maturation of several
pathogens including the hepatitis C virus and the malaria par-
asite (7, 20). Thus, understanding the structure and function
relationship of SPP as well as the rational development of its
inhibitors should have a significant therapeutic potential for
these infectious diseases. Here, we found that SPP proteins
formed a tetramer in the enzymatically active condition. Single
particle reconstruction from electron microscopic images
revealed that the purified SPP forms a bullet-like shape with
concaves on the surface and a large chamber in the center.
Intriguingly, overexpression of the N-terminal region of SPP,
which is sufficient for the tetrameric assembly, led to the inhi-
bition of the proteolytic activity. Our first study on the structure
of SPP reveals its submolecular configuration and highlights a
novel modulatory mechanism of the N-terminal region on the
proteolytic activity of SPP.

EXPERIMENTAL PROCEDURES

Antibodies and Compounds—Rabbit polyclonal antibodies
dSPPN1 and dSPPC1 were raised against glutathione S-trans-
ferase fused to amino acids 1-20 and 370389 of Drosophila
SPP (dSPP), respectively. Rabbit polyclonal antibody anti-
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