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Fig. 5. Immunolocalization of SRCL

in cerebral cortex and hippocampus of

Tg-APP/PS1 mice and wild-type litter-

mates. A: Paraffin sections from 9-
month-old Tg-APP/PS1 mice and wild-
type littermates were incubated with
anti-SRCL and ant-GFAP primary ant-
bodies, followed by their respective
Alexad88 (green)- and Alexa546 (red)-
conjugated secondary antibodies. Arrows
point to cells immunopositive for GFAP
only; and arrowheads, to those immuno-
positive for both SRCL and GFAP.
CA1 and CA3 regions of the hippocam-
pus are indicated. B: Frozen sections
from cortex of a 9-month-old Tg-APP/
PS1 and wild-type littermate were incu-
bated with anti-SRCL and anti-Mac-1
primary antibodies, followed by their re-
spective Alexa488 (green)- and Alexa546
(red)-conjugated secondary antibodies.
Insets and asterisks in (A) and (B) show
high-magnification views and AB plaques,
respectively. GFAP, astrocytic marker;
Mac-1, microglial marker. Arrows point
to cells immunopositive for Mac-1 only;
and arrowheads to cells immunopositive
for both SRCL and Mac-1.
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Fig. 6. Immunolocalization of SRCL in cortical vessels of Tg-APP/
PS1 mice and wild-type littermates. A: Double-immunostaining for
SRCL and AR in leptomeningeal vessels. Paraffin sections from the
cortices of 9-month-old Tg-APP/PS1 mice and wild-type littermates
were incubated with rabbit anti-AB{_4/1-42 and rabbit anti-SRCL
antibodies, pre-labeled with Alexa546 (red) and Alexad88 (green),
respectively, by using a Zenon rabbit IgG Labeling Kit (Invitrogen),
respectively, and counterstained with Hoechst33342 (blue) to visual-
ize nuclei. Arrowheads indicate a meningeal vessel without AB-IR or
SRCL-IR.. Arrows indicate AB/SRCL-double positive vessels. Inset,
a high-magnification view. Lowest panel represents control immuno-
staining without anti~SR.CL antibody. m.v., meningeal vessel (lepto-
meningeal vessel). B: Schematic representation showing vascular/
perivascular cells of leptomeningeal vessels (m.v.). In wild-type mice,
thin ECs and SMCs are seen. Beside the vessel, a perivascular macro-
phage (MATO cell) is seen. In Tg-APP/PSI, thickness of the vessel
has increased, and the number of SMCs has increased and many mac-
rophages has infiltrated into the vascular wall. Red color shows the
AR aggregates in the extracellular matrix and the AP particles
ingested by the cells. MATO, MATO cell (perivascular macrophage,
yellow); SMC, smooth muscle cell (orange); EC, endothelial cell
(light green); M@, macrophages (yellow). C: Representative pictures
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of double-immunostaining for SRCL and CD31, aSMA or GFAP in
leptomeningeal vessels. Paraffin sections from cortices of 9-month-
old Tg-APP/PS1 mice and wild-type littermates were immuno-
stained with anti-SRCL and anti-rat CD31 (for activated microglia/
macrophage including MATO cells and ECs; Lewis rat activated
microglia as immunogen), anti-GFAP (for astrocytes) or anti-aSMA
(for SMCs) as primary antibody, followed by their respective
Alexa488 (green)- and Alexa546 (red)-conjugated secondary antibod-
ies. Sections were counterstained with Hoechst33342 (blue). m.v.,
leptomeningeal vessel. Arrows indicate CD31-positive ECs. D: Mag-
nified views of double-immunostaining for SRCL and CD31 or
aSMA of leptomeningeal vessels in 9-month-old Tg-APP/PS. Paraf-
fin sections were processed for immunostaining with anti-SRCL,
CD31 or aSMA as described above. E: Representative photo of
double-immunostaining for SRCL and GFAP in cortical tissues asso-
clated with amyloid plaques (asterisks) and cortical amyloid angiopa-
thy in a 9-month-old Tg-APP/PS1. Paraffin sections were processed
for immunostaining using anti~-GFAP and anti-SRCL primary anti-
bodies, followed by their respective Alexa546 (red)- and Alexa483
(green)-conjugated secondary antibodies. Intra-cortical vessel is indi-
cated as “c.v.” at the right bottom comer of the merged view. Aster-
isks indicate amyloid plaques.
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positive SMCs (red) in Tg-APP/PS1 mice (Fig. 6C,
middle panel). At high-magnification (Fig. 6D, lower
panel), SRCL-IR appeared as multiple particles colocal-
ized with aSMA-IR_ inside cells, indicating that SMCs
of Tg-APP/PS1 also internalized SRCL. We observed
strong induction of SRCL-IR (green) within both
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GEAP-positive astrocytic cell bodies (red) and their end
feet (red) surrounding a cortical vessel (c.v.) associated
with cerebral amyloid angiopathy (CAA) in Tg-APP/
PS1 (Fig. 6E). The astrocytes associated with AB-plaques
(asterisks) expressed SRCL-IR. predominantly intracellu-
larly, suggesting the internalization, of AB by SRCL in



886 Nakamura et al.

astrocytes. Interestingly, we could occasionally observe
astrocytes that extended their feet toward both an amy-
loid plaque (asterisk) and cortical micro-vessels (c.v.).
This finding may suggest a possible role of astrocytic
SRCL for AB clearance by transfer from amyloid plaque
to the systemic circulation via c.v.

In brief summary, immunostaining results showed
that, in wild-type littermates, SRCL-IR was present in
MATO cells and to a lesser extent in SMCs, whereas
SRCL-IR. was markedly induced and colocalized with
fAB —40/1-42-IR as particles inside the wvascular wall.
Within the vascular/perivascular cells, SRCL was induced
in infiltrating macrophages, MATO cells, SMCs, ECs and
astrocytes in Tg-APP/PS1, thus raising the possibility that
upregulated SRCL in subpopulations of vascular/peri-
vascular cells may play an important role in the binding,
and presumably the clearance, of AP in the Tg-APP/PS1

brain.

Real-Time RT-PCR Shows the Expression
of SRCL in the Brain of Patients With AD

To assess the expression and localization of SRCL
in the brains of AD patients, we examined SRCL
mRNA expression in autopsy samples from patients with
AD and control subjects listed in Figure 7A. Although
the number of autopsy samples was limited and thus
insufficient for statistical analysis, quantitative real-time
RT-PCR showed a tendency for an increase in the level
of the SRCL mRNA in the cortical tissues of AD
patients compared to the level in the control subjects
(Fig. 7B), suggesting a role for SRCL in AD brain.

Expression of hSRCL in Brains
of Patients With AD

We investigated the immunolocalization of SRCL
in the temporal cortex of patients with AD. A large
number of SRCL-IR cells were present in AD brain tis-
sues, whereas SRCL-IR. cells were rare in control sam-
ples (Fig. 8A). Using SRCL/GFAP-double immuno-
staining, we observed that strong SRCL-IR. (pink) was
colocalized with GFAP-IR (brown) in plaque (black
asterisks)~surrounding reactive astrocytes and in perivas-
cular astrocytic end-feet (brown) associated with CAA
(green asterisks) in the temporal cortex of AD-affected
brains (Fig. 8B). At high magnification, SRCL-IR
appeared as particles within the cells (Fig. 8B, right
panel). Furthermore, when we stained for SRCL and
Iba-1 (for microglia/macrophages including MATO
cells), SRCL-IR. (pink) was found in some Ibal-positive
activated microglia (arrows) or vascular macrophages and
MATO cells (arrowhead) in the AD-affected brains (Fig,
8C). In addition, double immunostaining for SRCL
(pink) and ABy_40/1-42 (brown) showed that SRCL-IR
was colocalized with AB as multiple particles in intracel-
lular compartments of vascular cells, such as infiltrating
macrophages, SMCs, and some ECs in the AD samples
(Fig. 8D,E, in green arrowheads) consistent with the
findings in Tg-APP/PS1 (Fig. 6A,D). The specificity of
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Disorder Age Sex Cause of death
Control 79 F drug overdose
Control Al F multiple medical disorder
Control 20 M multiple injuries
AD 81 M complication of AD
AD 87 F heart disease
AD 86 F complication of AD
AD 83 F complication of AD
B
S
o 4
£
3]
& 3
%]
Yo
o
»w 2
9
o n=3
(OB
=
©
[O]
x 0
control AD

Fig. 7. Expression of hSRCL mRINA in brains of AD patients. A:
Summary of autopsy samples used for analysis of hSRCL mRINA
expression. B: Quantitative real-time RT-PCR of 4SRCL mRNA
from the temporal cortex of control subjects and AD patients. The
hSRCL mRNA level was expressed as the ratio to that of GAPDH
mRINA. Scale bar = *SE (standard error).

SRCL-IR was confirmed by pre-absorbing the antibody
with its immunogen (Fig. 8F).

In brief summary, in AD-brains, SRCL-IR ap-
peared as numerous particles inside plaque-associated re-
active astrocytes, activated microglia, and vascular/peri-
vascular cells, such as the infiltrating macrophages within
the vessel wall, SMCs and ECs that were associated with
CAA and was consistent with our findings in Tg-APP/
PS1 mice. Our findings thus suggest that upregulated
SRCL on reactive astrocytes, activated microglia, and
vascular/perivascular cells might be involved in AR
binding and clearance in AD.

DISCUSSION

The accumulation of fibrillar AR (fAB) is an im-
portant component of AD pathogenesis, a disease that

Journal of Neuroscience Research DOI 10.1002/jnr



Fig. 8. Immunostaining for hSRCL in the tem-
poral cortex of AD patients. Formalin-fixed
human brain tissues from control subjects and
AD patients were embedded in paraffin, deparaf-
finized, sectioned thinly, and used for immuno-
staining. A: Brain tissues of controls and AD
patients immunostained with anti-SRCL anti-
body recognizing hSRCL. Immunoreactivity
was visualized by using DAB (brown color). B:
Double-immunostaining for hSRCL (pink) and
GFAP (brown). Arrowheads indicate hSRCL-
IR astrocytes surrounding AP deposits (black
asterisks). Green asterisk, intra-cortical vessel. C:
Double-immunostaining of hSRCL (pink) and
Iba-1 (brown), a marker for microglia/macro-
phages. Arrows indicate hSRCL-IR microglial
cells. Arrowheads indicate hSRCL-IR-MATO
cells. D: Double-immunostaining of hSRCL
(pink) and APi_4p (brown) in a vessel associated
with CAA. Green asterisks and green arrow-
heads indicate vessels and hSRCL/AB double-
positive particles, respectively. Scale bars = 20
pm. E: High-magnification views of rectangular
areas shown in second panel of (D). Scale bar =
20 pm. Green arrowheads indicate SRCL/AB
double positive particles; and green asterisks
indicate intravascular spaces of leptomeningeal
vessel. F: Absorption test. Immunostaining for
hSRCL (brown) with or without preabsorption
with immunogen. Black arrows show cells with
hSRCL-IR. Black arrowheads indicate cells, the
hSRCL-IR. of which was eliminated by preab-
sorption with immunogen.
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causes significant morbidity and mortality in adult popu-
lations. We wished to determine factors that may modu-
late accumulation of AP in vivo, and focused our atten-
tion on the clearance of AR by SRCL. Clearly, SRCL
was expressed in the brains of AD patients, and SRCL
could bind fAB. RT-PCR showed that SRCL was
expressed in neonatal astrocytes and microglia in tissue
culture, and that SRCL mRNA levels increased after
increased microglial activation. In addition, SRCL levels
increased in neonatal astrocytes treated with fAB in
vitro. These in vitro data are consistent with immuno-
histochemical findings. In control mice and human sub-
jects, SRCL-IR was below the detection limits in astro-
cytes, microglia and macrophages except perivascular
macrophages (MATO cells). SRCL-IR intensity was
elevated in most of the AR-positive astrocytes and in
some of the AB-positive microglia in the brains of Tg-
APP/PS1 mice and humans with AD. Interestingly, in
samples obtained from the former, SRCL-IR levels were
low in astrocytes that were AP-negative. Thus, SRCL
may be important in activated glial cell function in situa-
tions of neurodegeneration such as occur in AD.

We showed that SRCL-IR was not present in en-
dothelial cells of the healthy adult brain (mouse or
human), which contrasts with findings for mouse cardiac
endothelial cells (Ohtani et al., 2001). Although the rea-
son for this difference is not clear, tissue and age differ-
ences or differences in reagents used could explain this
discrepancy. In contrast to healthy brains, we observed
significant SRCL-IR in endothelial cells closely associ-
ated with cerebral amyloid angiopathy (CAA) in patients
with AD, suggesting a role for SRCL in AB-loaded
(stressed) endothelial cells. In addition, we found strong
SRCL-IR in smooth muscle cells and MATO cells
closely associated with CAA. Our ability to observe
colocalization of AP and SRCL in intracellular compart-
ments of vascular cells suggests that SRCL may function
in internalization/clearance of AP-peptide. Strong bind-
ing of fAB;_;, to CHO-K1 cells that expressed SRCL
further supports this hypothesis.

The mechanisms by which SRCL expression is
controlled are not well understood. However, as AR
activates a variety of transcriptional signals, such as AP-1,
NF-kB and cAMP responsive element-binding protein
(CREB) at Ser133, and such signals have been proposed
as a mechanism for AP-induced changes in gene expres-
sion (McDonald et al.,, 1998; Yin et al., 2002; Kim
et al.,, 2003) and because we found corresponding con-
sensus sequences for AP-1 and NF-kB in the promoter
and 5" UTR of SRCIL, it is possible that some of these
signals in glial and vascular cells could be involved in the
mechanisms regulating SRCL expression.

The scavenger receptors A, BI (SR-A, SR-BI), and
CD36, a complex involving CD36, o(6)B(1)-integrin as
well as CD47, and heparan sulfate proteoglycans on glial
cells have been reported to bind AB. A role for these
microglial scavenger receptors in the AR-induced activa-
tion of inflammatory responses has been proposed.
However, the role of the receptors in the clearance of
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AB is not yet well understood (Verdier and Penke,
2004; Ricciarelli et al., 2004). Even in the case of sug-
gested scavenger receptors, their contribution has been
considered to be partial. For example, although micro-
glial or astroglial binding or internalization of fAB_,,
peptide mediated through other receptors has been sug-
gested for several SR family members, including SR-AI,
SR-BI, CD36, and MARCO, no single receptor has
been found to be essential. Indeed, deletion of SR-A by
genetic knock-out did not increase amyloid plaque for-
mation or neurodegeneration in transgenic mice express-
ing human amyloid protein precursors (Huang et al.,
1999), suggesting the presence of alternative receptors
for glial-mediated AP clearance.

The vascular system also may play a role in AR
clearance. It has been suggested that LDL receptor-
related protein-1 (LRP-1), a SR that binds various
ligands including apoE, «2-macroglobulin, and APP,
may function in AP vascular transport in young mice.
When ABi.s0 was intracerebrally administered at high
concentrations, LRP-1 facilitated AB;_4o transport across
the blood brain barrier (BBB) into the plasma. However,
when given at lower concentrations of ABj_so, anti-
LRP antibody did not affect the clearance of APi_s
(Shibata et al., 2000). Thus Shibata et al. suggested the
presence of an alternative, highly sensitive BBB transport
mechanism, in addition to LRP-~1. The molecular nature
of this putative second transport system is not known.
Some receptors have been proposed, e.g., the receptor
for advanced glycosylation end-products (RAGE) and
LRP-2; but they are unlikely to be involved in the rapid
clearance of Af from the brain, and responsible receptor
has yet to be found (Shibata et al., 2000). Considering
such findings, our present data suggest SRCL to be the
additional receptor responsible for vascular clearance of
AB. The fact must be considered that increased amounts
of fAR itself increases AR deposition in vessel walls and
can importantly affect in CAA, presumably due to the
Ap-dependent regulation of the receptors responsible for
AP clearance. As most candidate SRs, such as CD36, are
indeed downregulated in the adult (aged) brain even in
the healthy condition or in the AD-affected brain, they
thus may not play significant roles in the late stage of
AD (Husemann et al., 2002). It seems likely that upre-
gulated SRCL in association with AB-plaque and CAA
could play an important role in AR clearance in an AP
dose-dependent manner. Other mechanisms, such as
those causing decreased vessel elasticity, have been sug-
gested to reduce the efficiency of AR clearance. For
example, ablation of the nucleus basalis in the rabbit, the
source of cholinergic innervation of blood vessels in the
brain, results in CAA (Roher et al.,, 2000), suggesting
that disturbance of blood vessel tone and pulsations
could be a factor in deposition of AR in artery walls.
Loss of elasticity in aging human cerebral arteries with
progressive arteriosclerosis (Perry et al,, 1998; Kalaria,
2001) or cessation of pulsations with focal thromboem-
bolic occlusion (Weller et al., 2002) might play a role in
impeding drainage of A and in pathogenesis of CAA

Journal of Neuroscience Research DOI 10.1002/jnr



(Weller et al., 2002). As it has been suggested that SRs
are involved in attenuation of arteriosclerosis due to their
capability to bind Oxy-LDL (Rigotti, 2000), and
because SRCL has the ability to bind Oxy-LDL, we
may postulate that upregulated SRCL on vascular cells
may play a role in attenuating loss of elasticity of brain
vessels in aged patients with AD, thereby indirectly
improving the clearance of AB.

Based on all data taken together, we propose that
SRCL on glial or cerebral vascular/perivascular cells
functions as a physiological receptor, upregulated by AB
and pivotally facilitating the clearance of substances such
as AB and LDL in AD-affected brain tissues, thus attenu-
ating disease progression. We are currently developing
SRCL-null mice, and the generation and analysis of tri-
ple transgenic offspring of SRCL-null and Tg-APP/PS1
mice may clarify the contribution of SRCL and allow us
to devise new approaches targeting SRCL for the clear-
ance of AB in AD.

In summary, this is the first description of the
upregulation and possible role of SRCL in the binding
or clearance of AR by glial and vascular/perivascular cells
associated with AD. Our findings provide a new insight
into the pathophysiology of AD and suggest future
SR CL-based therapeutic interventions against AB-medi-
ated pathogenesis in AD.
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Abstract

Recent reports have shown that the endoplasmic reticulum (ER) stress is relevant to the pathogenesis of Alzheimer disease. Following
the amyloid cascade hypothesis, we therefore attempted to investigate the effects of ER stress on amyloid-B peptide (AB) generation. In
this study, we found that ER stress altered the localization of amyloid precursor protein (APP) from late compartments to early com-
partments of the secretory pathway, and decreased the level of AB 40 and AP 42 release by B- and y-cutting. Transient transfection with
BiP/GRP78 also caused a shift of APP and a reduction in AB secretion. It was revealed that the ER stress response facilitated binding of
BiP/GRP78 to APP, thereby causing it to be retained in the early compartments apart from a location suitable for the cleavages of AB.
These findings suggest that induction of BiP/GRP78 during ER stress may be one of the regulatory mechanisms of AP generation.

© 2006 Elsevier Inc. All rights reserved.

Keywords: Alzheimer’s disease; Endoplasmic reticulum; Amyloid-B peptide; Amyloid precursor protein; BiP/GRP78

The first genetic mutations shown to be involved in
Alzheimer disease (AD) were discovered in the amyloid
precursor protein (APP) gene. These mutations promote
the generation of amyloid-B peptide (APB) as a sticky
molecule that forms senile plaques in the AD brain. Other
AD-causing mutations were subsequently identified in
presenilin-1 and -2 (PS1 and PS2, respectively) and shown
to enhance the processing of APP into amyloidogenic Ap.
Following these discoveries, many reports have shown that
cerebral AB accumulation primarily influences the AD
brain and subsequent steps in the disease process, including
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neurofibrillary tangles of tau proteins [1]. Therefore, the
amyloid cascade hypothesis has led many researchers to
investigate AP generation. Recent studies have revealed
that APP is first cleaved by a B-secretase, BACEL, at the
N-terminus of AP, followed by an intramembranous sec-
ond cleavage at the C-terminus of AP by a y-secretase.
The y-secretase activity is controlled by PS1 complexes
consisting of heteromeric molecules, including nicastrin,
PEN-2, and APH-1 [2]. Although PSI is mainly located
in the endoplasmic reticulum (ER), y-complexes have also
been identified in the plasma membrane and endosomes
where they execute y-cleavage [3,4].

Recent reports have showed that the endoplasmic retic-
ulum (ER) stress is relevant to the pathogenesis of AD.
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Nakagawa et al. [5] reported that caspase-12, which causes
an ER-mediated apoptosis due to ER stress, contributes to
AP neurotoxicity. It has been also reported that mutations
in PS1 and PS2 perturb ER calcium homeostasis causing
ER stress [6]. These findings led us to investigate the rela-
tionship between ER stress and AB generation, i.e., APP
processing. In the present study, we show that ER stress
affects APP processing by inducing a molecular chaperone.

Materials and methods

Cell culture and cell lines. SH-SYS5Y human neuroblastoma cells were
stably transfected with Swedish mutant APP670/671 (SYS5Y/swAPP). The
appearance and growth rate of SY5Y/swAPP cells were similar to those of
mock vector-transfected cells. HEK293 cells were stably transfected with
V5-tagged nicastrin (293/Nct-V5). Primary fibroblasts were obtained from
PS1/PS2~/~ mice embryos on embryonic day 14.5. All cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM; Gibeo, Grand Island,
NY, USA), supplemented with either 10% fetal calf serum (FCS) for
SH-SYS5Y cells or 20% FCS for HEK 293 cells and embryonic fibroblasts.

Antibodies. An anti-AB42 monoclonal antibody, KM 10, was obtained
by serial immunization of mice with the synthetic peptide MVGGVVIA.
An anti-PS1 antibody was raised against a synthetic peptide correspond-
ing to residues 1-14 of human PS1. An anti-V5 antibody (Invitrogen,
Carlsbad, CA, USA) was used for BN-PAGE. An anti-APP antibody
(Chemicon, Temecula, CA, USA) was used for immunoblotting. Anti-Ap
antibodies, 4G8 and 6E10 (Signet Pathology Systems Inc., Dedham, MA,
USA), were used for immunoprecipitation and immunoblotting of AP,
respectively. Anti-calnexin and anti-Lys-Asp-Glu-Leu (KDEL) antibodies
recognizing BiP/GRP78 (Stressgen, Victoria, BC, Canada) were used for
immunoprecipitation and immunoblotting as ER markers. An anti-
GM130 antibody (BD Biosciences, Mississauga, ON, Canada) was used
for immunoblotting as a cis-Golgi marker. An anti-B-actin monoclonal
antibody was purchased from Chemicon.

ER stress. At 2 days before stimulation by ER stressors, 3 x 10°
SY5Y/swAPP cells were plated in 10-cm diameter dishes, and then
given fresh culture medium on the following day. In all ER stress
response experiments, we used culture dishes showing 70-80% conflu-
ency to avoid stress induced by overgrowth. On the day of stimulation,
the cells were placed in fresh medium for at least 60 min before
treatment to create similar conditions in each dish. Appropriate doses
of thapsigargin and tunicamycin (Sigma, St. Louis, MO, USA) were
applied for 24 h as ER stress inducers. Control dishes were treated by
simply changing the culture media.

Immunoprecipitation and immunoblotting. Following centrifugation of
10-ml aliquots of SY5Y/swAPP media at 2500g for 5 min, 15 pl of protein
G-Sepharose (Gibco), 5 pl of 4G8 (anti-AP antibody), 10 pl of 1 M Tris-
HCI, pH 7.8, 8 ul of 0.5 M EDTA, and 8 p! protease inhibitor cocktail
(Sigma) were added to 8 ml of each supernatant. After allowing the
immunoreactions to proceed for 18 h, the beads were washed four times
with RIPA buffer, boiled with sample buffer for 5 min, and applied to a 15/
25 PAG Mini gel (Daiichi, Tokyo, Japan). Following SDS/PAGE, the
separated proteins were transferred to a nitrocellulose membrane and
probed using 6E10 (anti-Ap antibody).

ELISA. ELISA kits for AB 40 and AP 42 were purchased from Bio-
source International (Camarillo, CA, USA) and used according to the
manufacturer’s instructions. All ELISAs were carried out in duplicate.

Blue native gel electrophoresis (BN-PAGE). At 1 day prior to analysis,
5-13.5% polyacrylamide gels for BN-PAGE were prepared. Following cell
lysis in 1% CHAPSO (Calbiochem, San Diego, CA, USA), 500 mM e-
aminocaproic acid, 20 mM Hepes, pH 7.4, 2 mM EDTA, and 10% glyc-
erol, the lysates were incubated on ice for 60 min and then centrifuged at
100,000g for 60 min. The supernatants were subjected to BN-PAGE [7].
The gels were subsequently soaked in 0.1% SDS for 10 min and electro-
transferred to polyvinylidene difluoride membranes in a standard buffer
containing 0.01% SDS.

y-Secretase assay. Membrane isolation from SYS5Y/swAPP cells was
carried out as previously described [8]. Briefly, cell lysates were suspended
in buffer A (20 mM Hepes, pH 7.5, 50 mM KCl, 2mM EGTA, and
protease inhibitor mixture), homogenized using a Dounce homogenizer,
and washed once with buffer A by centrifugation at 800g for 10 min. The
resulting supernatants were pooled and centrifuged at 100,000g for [ h.
The membranes were resuspended in buffer B (20 mM Hepes, pH 7.0,
150 mM KCl, 2mM EGTA, 1% CHAPSO, and protease inhibitor mix-
ture), solubilized at 4°C for 1h, and collected by centrifugation at
100,000¢ for 1 h. For measurement of the y-secretase activity, the solu-
bilized membranes were incubated at 37 °C in 150 pl of assay buffer
(50 mM Tris-HCI, pH 6.8, 2 mM EDTA, and 0.25% CHAPSO) and then
incubated with 8 uM of the fluorogenic y-secretase substrate Nma-
GGVVIATVK[DNP}Lrrr-NH; [8] at 37 °C overnight. After a subsequent
incubation with 5 uM of the y-secretase inhibitor 1.685.458 (Bachem,
Bubendorf, Switzerland) or appropriate doses of thapsigargin or tunica-
mycin, the reaction mixtures were centrifuged at 16,100g for 15 min,
transferred to a 96-well plate, and measured in a plate reader using an
excitation wavelength of 355 nm and an emission wavelength of 440 nm.

Subcellular fractionation. SY5Y/swAPP cells in 14-cm diameter dishes
were harvested in 1.6 ml of ice-cold homogenization buffer (10 mM tri-
ethanolamine, 10 mM acetic acid, 250 mM sucrose, | mM EDTA, 1 mM
DTT, and protease inhibitor cocktail) and homogenized by 10 passages
through a 25 G needle. Post-nuclear supernatants were obtained by cen-
trifugation at 9500g for 10 min at 4 °C using a Sorvall SS-34 rotor and
fractionated by centrifugation in a Nycodenz gradient as described pre-
viously [9,10]. Briefly, a step gradient was created in Beckman SW41
centrifuge tubes by loading (from top to bottom) 2.5 ml aliquots of 10%,
14.66%, 19.33%, and 24% Nycodenz solutions in saline buffer. The indi-
vidual solutions were prepared from a 27.6% Nycodenz stock solution and
0.75% NaCl (both in 10 mM Tris-HC|, pH 7.4, 3 mM KCl, 1 mM EDTA,
and 0.02% NaN3j). The tubes were sealed with Parafilm, placed horizon-
tally at room temperature for 45 min and then centrifuged at 37,000 rpm
for 4 h at 15 °C using a SW41 rotor to create nonlinear gradients. Next,
800 pi aliquots of the post-nuclear supernatants were layered on top of the
gradients and fractionated by centrifugation at 37,000 rpm for 1.5h at
15°C. After the centrifugation, 10 fractions (1 ml each) were collected
from the top of each tube. The subcellular fractions were characterized by
probing with antibodies against specific marker proteins of various
subcellular compartments, such as calnexin and GM130.

Incorporation immunoprecipitation. SYSY/swAPP cells were extracted
with 1% Nonidet P-40 lysis buffer, followed by immunoprecipitation using
anti-APP antibody 22C11 or anti-KDEL antibody (recognizing BiP/
GRP78) and protein G-Sepharose beads. After washing, Western blot
analyses were performed with anti-APP or anti-KDEL antibodies.

Transfection with BiPIGRP78. A wild-type hamster BiP/GRP78
expression plasmid was kindly provided by L. Hendershot (St. Jude
Children’s Research Hospital, Memphis, TN, USA). Hamster BiP/GRP78
shows >99% identity to human BiP/GRP78. SYS5Y/swAPP cells were
transfected using Lipofectamine 2000 (Invitrogen) according to the man-
ufacturer’s instructions.

Statistical analysis. The results are presented as means == SD. Signifi-
cant differences among groups were determined using the unpaired Stu-
dent’s ¢ test. For all analyses, p <0.05 was considered statistically
significant.

Results and discussion

SY5Y/swAPP cells, which were permanently transfected
with Swedish mutant APP, at 70-80% confluence were
placed in fresh culture medium for more than 60 min
before treatment with the ER stressors thapsigargin and
tunicamycin at appropriate doses for 24 h. Immunoprecip-
itation and immunoblotting revealed that thapsigargin
treatment decreased the secreted total AP in media of
SYSY/swAPP cells in a dose-dependent manner
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Fig. . Reduced AP generation following ER stress. (A) SYS5Y/swAPP cells were treated with thapsigargin (TG; 0, 100 or 300 nM) for 24 h, and the media
were collected and immunoprecipitated with anti-Ap antibodies (4GS for total AB; KM10 for Ap 42) and protein G—Sepharose beads. Immunoblotting
was probed another AB antibody (6E10). (B) The levels of AP 42 secreted from SYSY/swAPP cells treated with 0.3, 0.75 or 1.0 ug/ml tunicamycin were
measured by ELISA. Data are expressed as means = SD (# = 6). (C) The levels of A 40 secreted by SYSY/swAPP cells treated with 0.3, 0.75 or 1.0 pg/ml
tunicamycin were measured by ELISA. Data are expressed as means & SD (n = 6).
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Fig. 2. y-Secretase activity under ER stress. (A) y-Complexes under ER stress. 293/Nct-V5 cells treated with thapsigargin (TG) were lysed with 1%
CHAPSO, 500 mM e-aminocaproic acid, 20 mM Hepes, pH 7.4, 2mM EDTA, and 10% glycerol and then centrifuged at 100,000g for 60 min. The
supernatants were subjected to BN-PAGE. Immunostaining was probed with anti-PSI antibodies and anti-V5 antibodies, PSKO: PS1/PS2~/~. (B)
Solubilized membrane preparations from SYSY/swAPP cells were incubated with 8 uM of the fluorogenic y-secretase substrate Nma-
GGVVIATVK[DNP}-rrr-NH; at 37 °C overnight. After incubation with 5 pM of the y-secretase inhibitor L685.458 or appropriate doses of thapsigargin
or tunicamycin, the reactions were centrifuged at 16,100g for 15 min, transferred to a 96-well plate and measured in a plate reader using an excitation
wavelength of 355 nm and an emission wavelength of 440 nm. The values are shown as the percent difference from the control £SD (n = 5). *p <0.05.
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(Fig. 1A). The level of AP 42 was markedly decreased in
the presence of 100 nM thapsigargin (Fig. 1A). The level
of intracellular B-actin as an internal control remained
unchanged under ER stress, suggesting that these levels
of ER stress do not cause apparent cell death. ELISA anal-
yses further demonstrated significant reductions in the AB
42 and AP 40 levels in media from SYS5Y/swAPP cells
treated with 0.3, 0.75, and 1.0 pg/ml tunicamycin (Figs.
1B and C). These data suggest that ER stress may suppress
AP generation.

Recent studies have shown that AB generation requires
the actions of high molecular mass complexes consisting of
PS1, nicastrin, Aph-1, and Pen-2 with y-secretase activity
[11]. 293/Nct-V5 cells, which were transfected with V5-
tagged nicastrin, were stressed using appropriate doses of
thapsigargin for 24 h, lysed and subjected to BN-PAGE.
Immunostaining using anti-PS1 and anti-V5 antibodies
revealed that the y-complexes were unchanged after ER
stress (Fig. 2A). Intermediate complexes formation,
thought to be immature nicastrin and Aph-1 [12], also
remained unchanged after ER stress. Since PS1/PS2~/~
mouse (PSKO) embryonic fibroblasts do not have PSI,
they do not have any y-complexes (Fig. 2A). Using a fluor-
ogenic synthetic polypeptide substrate to measure the
y-secretase activity, the doses of the ER stressors
thapsigargin and tunicamycin that reduced A production
were found to have little influence on the enzyme activity,
compared with the conventional v-secretase inhibitor
1.685.458 (Fig. 2B). These data indicate that y-complexes
may be assembled and y-secretase activity may be pre-
served under ER stress.

Subcellular compartments of SY5Y/swAPP cells were
fractionated using a Nycodenz gradient, and each fraction
was probed with antibodies against specific marker proteins
by immunoblotting analysis. Two distinct subcellular com-
partments, namely the ER and Golgi, were separated. Frac-
tions 1-5 were designated as belonging to the ER as they
possessed calnexin, whereas fractions 8-10 were designated
as belonging to the cis-Golgi as they showed GM 130 positiv-

ity (Fig. 3). Since the bottom fractions from the Nycodenz
gradient were -assumed to be contaminated with late
compartments and plasma membranes, these fractions
should contain APP localized in the compartments. Under
normal conditions, APP was mainly located in the cis-
Golgi fractions. Small amounts of APP, especially immature
forms, were also distributed in the ER fractions. On the other
hand, APP became accumulated in the ER fractions in cells
under ER stress in the presence of 1 pM thapsigargin (Fig. 3).

It is assumed that ER stress activates a retrograde trans-
port to the ER from post-ER compartment to avoid the
delivery of unfolded proteins. It has been reported that
BiP/GRP78, a KDEL protein, binds to unfolded proteins
and that a C-terminal KDEL sequence is recognized by the
KDEL receptor in post-ER compartments, leading to sort-
ing into COPI vesicles for retrograde transport [13]. There-
fore, we hypothesized that APP would bind to BiP/GRP78
under ER stress and undergo retrograde transport. Co-im-
munoprecipitation experiments using 22Cl1 and anti-
KDEL antibodies revealed that BiP/GRP78 was bound to
APP, and that the interaction was prominent under ER
stress in the presence of 1 pM thapsigargin. Most of the
APP molecules bound to BiP/GR P78 were immature forms,
suggesting that BiP/GRP78 is prone to catching immature
and unfolded APP (Fig. 4).

IP:anti-KDEL mature APP
WR:22C11 = jmmature APP
IP:22C11 - Bip/GRP78
WB:anti-KDEL

TG - -+ input

Fig. 4. BiP/GRP78 binding to APP under ER stress. SY5Y/swAPP cells
treated with 1 uM thapsigargin (TG) for 24 h were extracted with 1%
Nonidet P-40 lysis buffer for immunoprecipitation (IP) with anti-APP or
anti-KDEL antibodies (recognizing BiP/GRP78) and protein G-Sephar-
ose beads. After washing, Western blot (WB) analyses were mutually
performed with anti-KDEL or anti-APP antibodies.

calnexin

GM130

APP
N.T. 24hrs

TOP

BOTTOM

Fig. 3. Shift of APP under ER stress. SY5Y/swAPP cells treated with 1 pM thapsigargin for 24 h or left untreated (non-treated, N.T.) were lysed,
fractionated through a Nycodenz gradient, and subjected to Western blot analysis to identify the distributions of calnexin (ER marker), GM130 (Golgi

marker), and APP. TG, thapsigargin.
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Fig. 5. Reduction in AP 42 secretion following transient transfection with a BiP/GRP78 construct. (A) SYSY/swAPP cells were transiently transfected
with a BiP/GRP78 construct and the concentrations of AB 42 in the conditioned media at 24 or 72 h after transfection were determined by ELISA. Black
bars, BiP/GRP78 transfection; grey bars, mock vector transfection. Inset, Western blotting with an anti-KDEL antibody. Data are expressed as
means + 8D (n = 5). (B) SYSY/swAPP cells transfected with a BiP/GRP78 construct or mock vector were lysed, and fractionated through a Nycodenz
step gradient.
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Fig. 6. Altered localization of APP as a result of ER stress. ER stress induces the ER chaperone BiP/GRP78 which binds to APP. APP bound with BiP/
GRP78 is retained in the ER because the KDEL sequence of BiP/GRP78 is responsible for its recognition and retrieval from post-ER compartments. Since
the B/y-secretase activity itself is thought to be located in a distal compartment to the ER, ER stress may separate APP from a location suitable for B/y-
secretase cleavage.
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To confirm that the induction of BiP/GRP78 reduces
AP generation, SYSY/swAPP cells were transiently trans-
fected with a BiP/GRP78 construct. ELISA analysis of
AB in the conditioned medium demonstrated that the levels
of secreted AP 40 (not shown) and AP 42 were reduced at
78 h after the transfection of BiP/GRP78 (Fig. 5A). Immu-
noblotting of the Nycodenz gradient fractions of SY5Y/
swAPP cells transfected with BiP/GRP78 showed that the
induction of BiP/GRP78 caused a shift in APP to the early
compartments (Fig. 5B).

These findings suggest that interactions between
BiP/GRP78 and immature forms of APP in the ER may
prevent APP translocation to distal compartments under
ER stress. Regarding the reason why the secretions of
AP 40 and AP 42 were reduced after ER stress, BN-PAGE
and y-secretase assays indicated that the activity of y-secre-
tase itself may remain unaffected by ER stress. Since y-se-
cretase activity is thought to exist in the late secretory
pathway, plasma membrane, and endosomes [3,4], the
APP remaining in the early compartments following ER
stress may not reach a location suitable for cutting,
resulting in a reduction in AP generation (Fig. 6).

IRE] is one of the transducers for ER stress inducing
BiP/GRP78. We previously reported that the maturation
of APP was deteriorated in dominant-negative AIREI
cells, a deletion mutant that lacks the kinase and RNase
L domains necessary for induction of BiP/GRP78 [14].
Accordingly, we investigated the relationship between
ER stress and Af generation. The present data indicate
that ER stress induces BiP/GRP78 to bind to APP,
thereby causing APP to be retained in the early com-
partments and resulting in a reduction in A generation
because B/y-secretase activity itself is thought to be
located in a distal compartment to the ER (Fig. 6).
We conclude that the induction of BiP/GRP78 by ER
stress may be one of the regulatory mechanisms of AB
generation. Previously, we also verified that the protein
levels of BiP/GRP78 decreased in the brains of sporadic
AD as well as familial AD [15]. A combination of these
findings and the present data suggest that ER stress may
play an important role in AD pathology via the amyloid
cascade.
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Presenilin-Dependent y-Secretase on Plasma Membrane and Endosomes Is
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ABSTRACT: The presenilin (PS)/y-secretase complex, which contains not only PS but also Aph-1, PEN-2,
and nicastrin, mediates proteolysis of the transmembrane domain of 5-amyloid protein precursor (BAPP).
Intramembrane proteolysis occurs at the interface between the membrane and cytosol (e-site) and near
the middle of the transmembrane domain (y-site), generating the SAPP intracellular domain (AICD) and
Alzheimer disease-associated Af, respectively. Both cleavage sites exhibit some diversity. Changes in
the precision of y-cleavage, which potentially results in secretion of pathogenic A342, have been intensively
studied, while those of e-cleavage have not. Although a number of PS-associated factors have been
identified, it is unclear whether any of them physiologically regulate the precision of cleavage by PS/y-
secretase. Moreover, there is currently no clear evidence of whether PS/y-secretase function differs
according to the subcellular site. Here, we show that endocytosis affects the precision of PS-dependent
e-cleavage in cell culture. Relative production of longer AICDe49 increases on the plasma membrane,
whereas that of shorter AICDeS1 increases on endosomes; however, this occurs without a concomitant
major change in the precision of cleavage at y-sites. Moreover, very similar changes in the precision of
e-cleavage are induced by alteration of the pH. Our findings demonstrate that the precision of e-cleavage
by PS/y-secretase changes depending upon the conditions and the subcellular location. These results suggest
that the precision of cleavage by the PS/y-secretase complex may be physiologically regulated by the
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Intramembrane proteolysis by presenilin (PS)/y-secretase
plays a key role in both Alzheimer disease (AD)' and
regulated intramembrane proteolysis (RIP) signaling (7). At
least two PS-dependent cleavages occur in the transmem-
brane domains of substrates such as S-amyloid protein
precursor (SAPP), Notch, and CD44 (“dual cleavage™): one
near the middle of the transmembrane domain (TM-N) (2—
5) and the other on the border between the transmembrane
domain and cytosol (TM-C) (6—10). The cleavage at the
TM-N site of SAPP (y-cleavage) is essential for Af
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generation and is closely related to AD (2, 11). On the other
hand, the cleavage at the TM-C site, including that in Notch-1
(S3-cleavage), generates ICDs (intracellular cytoplasmic
domains) and is involved in RIP signaling (7).

In PS-dependent proteolysis, there is some diversity in the
specific sites of cleavage (3, 5, 7—9, /). A change in
cleavage precision can have an important effect on the
pathogenesis of AD because A$42, a causative factor in AD, '
is generated by one of the types of y-cleavage (2, 11). Much
time and effort have therefore been dedicated to understand-
ing how the precise site of cleavage is determined. Most
familial AD-associated PS and SAPP mutants affect the
precision of y-cleavage (/7). Because such changes in the
precision of y-cleavage have not been observed in other
conditions, it had been generally believed that the precision
of this cleavage is not easily changed (/7). Recent studies,
however, have revealed that some chemicals including
NSAIDs (ronsteroidal anti/nflammatory drugs) (12, /3) up-
or downregulate pathological AfB42, indicating that the
precision of this cleavage by PS/y-secretase may change
under certain circumstances (/4). Notably, however, corre-
sponding changes in the precision of e-cleavage have not
been examined.

ICDs including that of SAPP (AICD) and Notch (NICD)
are generated by e- and S3-cleavage at TM-C, respectively
(1). ICDs are generally involved in translocation of signaling
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molecules to the nucleus to activate target genes in RIP
signaling (/). Although, like y-cleavage, e-cleavage also
exhibits diversity (7—9), the details of this diversity and the
characteristics of the cleavage remain to be clarified. Both
¢- and y-cleavages are mediated by PS/y-secretase (2), but
whether the processes that determine the variety and the
precision of these cleavages are common remains contro-
versial. For example, it has been shown that e-cleavage sites
are associated with y-cleavage sites (7, 15, 16); however,
mutagenesis studies show that e- and y-cleavages are
mediated by a distinct process (/7).

PS is the proteolytic active center in the PS/y-secretase
protein complex (2, 18). To exert its proteolytic function,
PS must form a complex with at least nicastrin (/9), PEN-2
(20), and APH-1 (2, 20). Other factors that physiologically
affect proteolysis, including the precision of cleavage, have
not yet been identified. In contrast to other subcellular
locations, AD-associated AB42 is produced in the ER without
concomitant production of AB40. However, since this is not
mediated by PS (2/, 22), whether the precision of PS-
dependent proteolysis changes within cells depending on
location or conditions remains unresolved.

In this study, using a cell-free y-secretase assay, we
examined whether the precision of cleavage by PS/y-
secretase is affected by its subcellular location. We demon-
strate that, unlike y-cleavage, e-cleavage precision can
drastically change depending on subcellular location and the
pH. Relative cleavage at the €51 site is more prone to occur
on endosomes than on plasma membrane (PM) and at lower
pH. In contrast, relative cleavage at the €49 site is more likely
to occur on PM than on endosomes and at higher pH. These
results suggest that PS-dependent y-secretase on plasma
membrane and endosomes is functionally distinct.

MATERIALS AND METHODS

Antibodies. Rabbit antiserum 6618 was raised against a
synthetic peptide KMQQNGYENPTYKFFEQMQN, which
corresponds to the C-terminus of SAPP according to the
methods described (23). The following antibodies were
purchased from commercial sources: anti-Af antibody 4G8
(Senetec PLC), anti-Na—K ATPase (Upstate Biotechnology),
anti-early endosome antigen 1 (BD Transduction Laborato-
ries), anti-nicastrin (Sigma-Aldrich), anti-GM 130 (BD Trans-
duction Laboratories), and anti-tubulin (Santa Cruz Biotech-
nology). Also, antibody 12CAS (Roche Diagnostics Inc.) was
used to detect the N-terminal hemagglutinin-tagged dy-
namin-1 (Dyn-1) K44A mutant.

Cell Culture and ¢DNA Construct. Human embryonic
kidney 293 (K293) cells stably expressing wild-type SAPP,
wild-type PS1/BAPP Swedish (sw) mutant (24), or PS1
D385N/BAPP sw (25) were described previously. HeLa cells
expressing Dyn-1 K44A under control of a tetracycline
transactivator were kindly provided by Dr. Sandra L. Schmid
(Scripps Institute, La Jolla, CA) (26). HeLa cells stably
expressing SAPP sw were cultured without tetracycline
(Sigma-Aldrich) for 48 h to induce expression of Dyn-1
K44A.

Membrane Fractionation and Cell-Free y-Secretase Assay.
The collected cells were homogenized with a Teflon
homogenizer (20 strokes) in homogenization buffer (0.25 M
sucrose and 10 mM HEPES, pH 7.4) containing a protease
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inhibitor cocktail (Roche) (27). The homogenate was cen-
trifuged at 1000g for 5 min to remove nuclei and cell debris,
followed by further centrifugation of the supernatant fraction
at 100000g for 1 h. Following a single wash with homog-
enization buffer, the resulting precipitate was collected as
the CMF and frozen in liquid nitrogen. Upon use, the frozen
CMF samples were resuspended and immediately incubated
in the reaction buffer [150 mM sodium citrate buffer (pH
5.0—7.4) containing 5 mM 1,10-phenanthroline (Sigma-
Aldrich) and a 4x concentration of protease inhibitor cocktail
(Roche)] for 20 min at 37 °C (cell-free incubation) (28, 29).
The reaction was terminated by placing the samples on ice.

Subcellular Fractionation. Linear gradients of 2.5—25%
iodixanol (Optiprep; AXIS-SHIELD) were prepared. Post-
nuclear supernatant fractions from 24 dishes (¢ = 14 c¢m)
were loaded on the top of the gradient, followed by
centrifugation for 3 h at 130000g. Each fraction was diluted
with three volumes of homogenization buffer and centrifuged
for 1 h at 100000g to precipitate the membranes. The
precipitated membrane was used in cell-free y-secretase
assays or in immunoblots for marker proteins.

Metabolic Labeling. Following methionine starvation for
40 min, cells were metabolically labeled with 400 uCi of
[**SImethionine (Redivue Promix; Amersham Pharmacia
Biotech) in methionine-free MEM for 20 min and chased
for 30 min in DMEM containing 10% FBS and excess
unlabeled methionine.

Immunoprecipitation/Autoradiography Analysis. Metaboli-
cally labeled CMF was lysed in RIPA buffer (1% Triton
X-100, 0.5% sodium deoxycholate, and 0.1% SDS) contain-
ing a protease inhibitor mix (Sigma-Aldrich). The cell lysates
were centrifuged at 10000g for 15 min, and the supernatant
fractions were immunoprecipitated with 6618 antiserum for
the detection of the C-terminal stub and de novo AICD.
Following 10—20% Tris—tricine SDS—PAGE (Invitrogen),
the gels were dried and analyzed by autoradiography (3).

Immunoprecipitation/Mass Spectroscopy (IP-MS) Analysis.
IP-MS analysis was carried out as described previously (3).
Following cell-free incubation, the CMF was sonicated four
times for 10 s and then centrifuged at 100000g for 1 h. The
supernatant were immunoprecipitated for 4 h at 4 °C in I1P-
MS buffer [140 mM NaCl, 0.1% n-octyl glucoside, 10 mM
Tris-HCl (pH 8.0), 5 mM EDTA, and a protease inhibitor
mix (Sigma-Aldrich)]. The heights of the MS peaks and
molecular weights were calibrated using ubiquitin and/or
bovine insulin B-chain as standards (Sigma-Aldrich). The
relative peak heights were semiquantitatively analyzed (see
Figure 3 in Supporting Information).

Immunoprecipitation/Immunoblot Analysis. Following cell-
free incubation, the fractions were immunoprecipitated for
10 h at 4 °C in IP-MS buffer. After SDS—PAGE, the
separated proteins were transferred to a PVDF or nitrocel-
lulose (for detection of Af) membrane and probed with the
indicated antibodies (30). The nitrocellulose membrane was
heated for 10 min in boiling PBS before blocking. AICD
and Af levels were semiquantified by chemiluminescence
using an LAS3000 scanner and Multi Gauge Ver3.0 software
(Fujifilm).

Transferrin Uptake Assay. To determine the level of
internalized transferrin, the treated cells were washed three
times in Hank’s balanced salt solution (Sigma-Aldrich), pH
7.4, and then treated for 7 min at 37 °C with 8 ug/mL biotin—
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transferrin  (Sigma-Aldrich) in conditioned medium. To
remove remaining surface-bound biotin—transferrin, cells
were washed three times with Hank’s balanced salt solution,
pH 4.0. To determine the level of surface-bound transferrin,
the treated cells were incubated for 30 min with biotin—
transferrin at 4 °C and washed three times with Hank’s
balanced salt solution, pH 7.4 (26). The resulting cell lysates
were separated by SDS—PAGE and transferred to the PYDF
membrane. Biotin—transferrin was detected by neutravidin—
horseradish peroxidase (Pierce). The level of endocytosis in
each condition was expressed as of the ratio of internalized
vs surface-bound transferrin (31).

RESULTS

The Cell-Free Assay Constitutes Bona Fide e- and
y-Cleavages by PS/y-Secretase. BAPP, a type 1 transmem-
brane protein, undergoes PS-dependent proteolysis in its
transmembrane domain, following “shedding” of the extra-
cellular domain at 8- or a-sites (/7). The intramembrane
proteolysis is composed of at least two distinct proteolytic
cleavages (dual cleavage), namely, at the e- and y-sites
(Figure 1A) (2).

To determine whether the precision of cleavage in in-
tramembrane proteolysis by each PS/y-secretase is homo-
geneous in cells, we established a cell-free y-secretase assay
using a detergent-free membrane fraction (Figure 1) (26).
First, de novo AICD generation from carboxyl-terminal
fragment (CTF) stubs of SAPP was analyzed (Figure 1B,C).
Following a 20 min metabolic labeling of K293 cells stably
expressing SAPP sw and a 30 min chase, we extracted CMFs
from the cells and incubated them under various conditions
(cell-free incubation). To detect the C-terminus of SAPP,
cell lysates were immunoprecipitated with rabbit antiserum
6618, separated by SDS—PAGE, and analyzed by autorad-
iography. As shown in Figure 1B, during cell-free incubation
of the purified CMF, radiolabeled CTF stubs of SAPP rapidly
underwent endoproteolysis and concomitantly generated
labeled AICD. Termination of the PS function by either
exogenous expression of the PS1 dominant negative mutant
(D385N) (32) or by addition of a specific y-secretase
inhibitor to CMF (Figure 1C) inhibited generation of AICD.

We next examined the precision of both e- and y-cleavages
in the cell-free assay using IP-MS analysis (Figure 1D). We
first examined the molecular species of AICD generated
during cell-free incubation. The IP-MS analysis showed that
the MS profile of AICD was consistent with that previously
reported (Figure 1D, left panel) (7—9). In addition, the MS
spectrum of Af3 generated during cell-free incubation (Figure
1D, right panel) was almost identical to that of Af present
in the conditioned medium just before extraction of the CMF
(data not shown). We therefore conclude that the cleavages
in the cell-free assay constitute bona fide PS-dependent e-
and y-cleavages (Figure 1E).

The Precision of e-Cleavage Drastically Changes upon
Inhibition of Endocytosis. Proteolysis by PS/y-secretase
occurs on cell organelles including the PM and endosomes
before and after endocytosis (33). Here, we focused on
whether the precision of e- and y-cleavage changes upon
inhibition of endocytosis. To inhibit endocytosis, we used
the “tet-off system”™ (Clontech) in which the expression of
the dynamin-1 (Dyn-1) dominant negative mutant K44A is
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FiGURE 1: Generation of de novo AICD and Af in the cell-free
y-secretase assay. (A) Schematic representation of dual cleavage
of the SAPP transmembrane domain. See Results for details. (B)
Analysis of cell-free y-secretase assay products by immunopre-
cipitation/autoradiography using CMF from cells stably expressing
BAPP sw. Note that the ~7 kDa product (AICD) was generated
over time along with a concurrent reduction in the level of substrates
(CTF stubs of SAPP). (C) Analysis of cell-free y-secretase assay
products by immunoprecipitation/autoradiography using CMFs from
(i) cells expressing a dominant negative PS1 mutant (PS1 D385N)
or (ii) cells treated with or without 10 zM 1.685,458. (D) Molecular
species of de novo AICD and Af generated in the cell-free assay.
Molecular weights of de novo AICD (left panel) and A (right
panel) are shown. Following a 20 min cell-free incubation, the
soluble fraction of CMF was immunoprecipitated with antibody
6618 (left panel) or 4G8 (right panel). Panels B—D show
representative data from more than three independent experiments.

" (E) Schematic representation of the ¢- and y-cleavages of SAPP.

Arrowheads indicate the cleavage sites found in the assay.

induced by tetracycline withdrawal (tet (—) treatment) in
HeLa cells (Figure 2A) (26). We first examined the extent
to which this mutant suppresses endocytosis of the transferrin
receptor. We found that expression of Dyn-1 K44A inhibited
the intracellular uptake of biotinylated transferrin (Figure 1
in Supporting Information) by approximately 87 + 2%
(Figure 2B).

Next, we analyzed the e-cleavage in the cell-free y-secre-
tase assay using CMF from cells cultured with or without
tetracycline (Figure 2C,D). Unlike the analysis of K293 cells,
the mass spectral analysis showed that AICDe51 was a major
species formed by CMF from HeLa cells stably expressing
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FiGURE 2: Effects of Dyn-1 K44A expression in HeLa cells on the cell-free y-secretase assay. (A) Induction of Dyn-1 K44A expression.
Cells were treated without (—) or with (+) tetracycline, and cell lysates were immunoblotted with 12CAS (upper panel) or anti-tubulin
(lower panel). The results show that Dyn-1 K44A is induced by removal of tetracycline. (B) Inhibition of endocytosis by Dyn-1 K44A
expression. The ratio of internalized transferrin at 37 °C to cell surface bound transferrin at 4 °C in cells not expressing Dyn-1 K44A
(tet(+)) was defined as 100%. The ratio of endocytosis decreased to 13 = 2% when the expression of the mutant was induced (tet(—)). The
asterisk indicates statistical significance (P < 0.05 by Student’s t-test). (C) Mass spectra of cell-free generated AICD species. The CMFs
from HeLa cells expressing SAPP sw cultured with or without tetracycline were incubated in the cell-free assay. Asterisks indicate the
AICDe48 species. (D) The level of AICDs generated in the cell-free assay. The AICDs generated in cell-free assays were immunoprecipitated
and immunoblotted with the 6618 antiserum (left panel). The intensity of each AICD band was measured by chemiluminescence (right
panel). Generation of de novo AICDs was defined as the difference of the AICD band intensities with or without a 20 min cell-free
incubation. The asterisk indicates statistical significance (P < 0.01 by Student’s s-test). (E) Molecular species of AICD observed after a
first (left panel) and a second 20 min incubation with L685,458 (lower right panel) or vehicle control DMSO (upper right panel) using
CMF from HeLa cells expressing SAPP sw cultured without tetracycline. (F) Mass spectra of the Af} species generated in the cell-free
reaction. The samples were the same as those analyzed in panel C. (G) The level of Af produced in the cell-free assay. The Af generated
in the cell-free assay was analyzed by immunoprecipitation, followed by immunoblotting with the 4G8 antibody (left panel). The intensity
of each Af band was measured by chemiluminescence (right panel). The asterisk indicates statistical significance (P < 0.01 by Student’s
t-test). In (A), (C), (E), and (F) and in the left panels of (D) and (G), the results are representative data of more than three independent
experiments. The results in (B) and the right panels of (D) and (G) indicate the means =+ standard deviations of at least triplicate determinations.
tet = tetracycline.

BAPP sw in our cell-free assay (Figure 2C, left panel, and matrix-associated laser desorption ionization/time-of-flight
Figure 3A, right panel). Surprisingly, expression of Dyn-1 mass spectrometry (see Figure 3 in Supporting Information).
K44A greatly increased the peak height of AICDe49 relative We also examined whether the level of e-cleavage changes
to that of AICDe51, indicating a change in the precision of upon inhibition of endocytosis by immunoblotting (Figure
e-cleavage upon inhibition of endocytosis (Figure 2C; see 2D). We detected a significant decrease in intensity of the

also Table 1). A very similar large relative increase of the AICD band upon Dyn-1 K44A expression, indicating that
peak height of AICDe49 compared to that of AICDe51 was the level of e-cleavage decreases upon inhibition of endocy-

also observed upon addition of 100 nM bafilomycin Al tosis. These findings suggest that inhibition of endocytosis
(Figure 2B in Supporting Information), which inhibited causes a drastic change in the precision of e-cleavage.
endocytosis by approximately 69 + 5% (Figures 1 and 2A We further investigated whether both AICDe51 and

in Supporting Information) (34). Moreover, we found that AICDe49 are, indeed, direct products of PS/y-secretase. We
the relative ratio of the AICDe49 peak height to that of first generated de novo AICD by a 20 min cell-free

AICDe51 semiquantitatively correlated with the relative incubation (Figure 2E, left panel). The solution was further
amount of each AICDe49 species, indicating that AICDe49 incubated for 20 min with (Figure 2E, lower right panel) or
and AICDe51 have similar ionization efficiencies in the without (Figure 2E, upper right panel) the y-secretase
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FIGURE 3: Cell-free y-secretase assay using PM- and endosome-
rich fractions. (A) Mass spectra of de novo AICD generated in the
cell-free assay using whole CMFs from K293 (left panel) and HeLa
(right panel) cells. Asterisks indicate AICDe48 species. (B)
Postnuclear supernatant fractions of SAPP sw-expressing K293 cells
were separated by iodixanol gradient centrifugation and analyzed
by immunoblotting using antibodies to organelle marker proteins.
(C) Mass spectra of de novo AICD generated by fractions 1 and 5
from K293 cells. (D) Mass spectra of de novo AICD generated by
PM- or endosome-rich fractions from HeLa cells expressing SAPP
sw. Results in (A) to (D) are representative of more than three
independent experiments.

inhibitor L685,458. This inhibitor neither increased the
relative peak height of AICDe51 nor reduced that of
AICDe49/AICDe48, suggesting that AICDe51 is not a
degradation product of AICDe49/AICDe48 but rather is
generated directly by PS/y-secretase.

These results indicated that there is a striking change in
the precision of e-cleavage upon inhibition of endocytosis.
We therefore examined whether there is also a parallel
remarkable change in the precision of y-cleavage. We chose
IP-MS analysis in order to observe all of the de novo Af
species. In clear contrast to the analysis of AICD (Figure
2C), [P-MS analysis did not reveal drastic differences in the
profiles of de novo Af species (i.e., AB37, Af38, A39,
Af340, and Af542) between reactions using CMF from control
cells (Figure 2F, left panel) and cells expressing Dyn-1 K44A
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(Figure 2F, right panel). Also, very similar results were
observed upon inhibition of endocytosis by bafilomycin Al
(Figure 2C in Supporting Information). Immunoprecipitation/
immunoblotting analysis for detecting Af3 species revealed
a significant decrease upon expression of Dyn-1 K44A
(Figure 2G). Thus, in parallel to AICD, we detected a
decrease in the level of de novo Af3 levels in the presence
of Dyn-1 K44A expression. These results indicated a
concomitant decrease in both e- and y-cleavage efficiencies
by PS/y-secretase upon inhibition of endocytosis.

The Precision of e-Cleavage in the PM-Rich Fractions Is
Distinct from That in the Endosome-Rich Fractions. Our cell-
free y-secretase assay revealed that inhibition of endocytosis
by expression of the Dyn-1 K44A mutant causes a drastic
change in the precision of e-cleavage by PS/y-secretase but
does not concurrently cause such a change in the precision
of y-cleavage. This prompted us to investigate whether there
are differences in the precision of e-cleavage on the PM and
endosomes. Using CMFs from K293 and Hela cells, we
performed cell-free y-secretase assays and examined the mass
spectra of the generated AICD. As described above (Figures
1D and 2C), in unstimulated K293 and Hela cells, the
relative amounts of €49 and €51 produced are different,
indicating that the precision of cleavage at the e-site is distinct
in the two cell lines (Figure 3A). i

We next examined the production of AICD species in PM-
and endosome-rich fractions isolated by iodixanol density
gradient centrifugation from CMF prepared from K293 cells
expressing SAPP sw. Na—K ATPase, a marker of PM, was
detected primarily in the lightest fraction (fraction 1; Figure
3B, first panel), whereas the early endosome markers early
endosome antigen 1 (Figure 3B, second panel) and matured .
nicastrin (Figure 3B, third panel) were detected together in
higher density fractions (fractions 4 and 5). GM130, a marker
of Golgi, was found mainly in fractions 3 and 7 (Figure 3B,
fourth panel). These results suggest that fractions 1 and 5
are the PM- and endosome-rich fractions, respectively. When
these fractions were employed in the cell-free y-secretase
assay, we found that the peak height of AICDeSI relative
to that of AICDe49 was larger in the endosome-rich fraction
than in the PM-rich fraction (Figure 3C). In contrast, the
peak height of AICDe49 relative to that of AICDeS1 was
higher in the PM-rich fraction than the endosome-rich
fraction (Figure 3C). Similarly, using membrane fractions
from HeLa cells, we found that AICDe49 was the dominant
product in PM-rich fractions, whereas AICDe51 was the
main product in endosome-rich fractions. These results
indicate that the precision of e-cleavage differs on PM and
endosomes. Specifically, cleavage at €49, which lies deeper
inside the transmembrane domain, tends to occur more on
PM than endosomes, whereas the opposite is true for
cleavage at €51, which lies closer to the cytosolic side and
the interface between transmembrane and intracellular do-
mains.

The Precision of e-Cleavage Is Affected by pH. Our results
show that the precision of cleavage at the e-site changes
drastically upon inhibition of endocytosis and is affected by
the subcellular location. The process of cleavage by PS/y-
secretase may therefore change according to the surrounding
conditions. For this reason, we examined whether changing
the pH during the cell-free y-secretase assay affects the level
and precision of e- and y-cleavage. IP-MS showed that, when
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Table 1: Amino Acid Sequences of AICDe49 and AICDe5S! Species

MW (obsd) species sequence MW (caled)
5911 AICDe49 VHMLKKKQYTSIHHGVVEVDAAVTPEERHLSKMQQNGYENPTYKFFEQMQN®% 5910.7
5680 AlCDe51 L KKKQYTSIHHGVVEVDAAVTPEERHLSKMQQNGYENPTYKFFEQMQN®» 5680.4
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FiGURE 4: Effects of pH on €- and y-cleavage. (A) Mass spectra of AICD generated in the cell-free assay at pHs between 7.5 and 5.0.
CMFs from BAPP sw-expressing K293 cells were resuspended in reaction buffer at the indicated pH. Asterisks indicate AICDe48 species.
(B) The level of AICDs generated at various pHs. The cell-free incubation was performed in the presence of either 1.685,458 or vehicle
alone (DMSO) (left panel). The asterisk indicates that the intensity of the AICD band at pH 5.0 was statistically lower than those at pH 6.0
and 7.0 (P < 0.01 by Student’s t-test). (C) Mass spectra of Af generated in the cell-free assay at pH 5.0 and 7.0. (D) The level of Af
generated at various pHs and in the presence of L685,458 or vehicle control (DMSO). The asterisk indicates statistical significance (P <
0.01 by Student’s rtest). In (A) and (C) and the left panels of (B) and (D), the results are representative of more than three independent
experiments. In the right panels of (B) and (D), the results indicate the means + standard deviations from at least triplicate determinations.

we changed the buffer pH from 7.5 to 5.0, the relative
cleavage efficiency at the €49 and €51 sites changed (Figure
4A). The more acidic the pH, the higher the AICDe51 peak
became, demonstrating that the pH affects cleavage at the
e-site. Immunoblotting also showed that lowering the pH to
5.0 decreased the amount of AICD produced, indicating a
reduction in the total amount of cleavage at the e-site (Figure
4B). De novo AICD production was almost completely
suppressed by an inhibitor of PS-dependent y-secretase
(L685,458) at various pHs. Therefore, the AICD production
that we observed was mostly due to proteolysis by PS-
dependent y-secretase (Figure 4B). These results indicate that
alteration of the pH affects both the precision and the level
of e-site cleavage. We also studied the effect of pH on the
precision and amount of y-site cleavage. As shown in Figure
4C, we could not detect any e-cleavage-like changes in the
precision of y-cleavage. Also, lowering the pH to 5.0 caused
a reduction in the total amount of de novo AS production
(Figure 4D). Therefore, lowering the pH reduced the level
of cleavage at both the y- and e-sites. Collectively, these
results show that the pH in the cell-free assay affects the
precision of cleavage at the e-site.

DISCUSSION
In this study, we investigated intramembrane proteolysis
of SAPP and demonstrated dynamic changes in the precision
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of cleavage by the PS/y-secretase. Using a cell-free y-secre-
tase assay, we showed that the precision of e-site cleavage
changes depending on the subcellular location and pH. These
results suggest that the precision of cleavage by the PS/y-
secretase complex can be regulated physiologically.

Inhibition of endocytosis also induced a change in the
precision of e-cleavage, suggesting that the function of PS/
y-secretase is related to endocytosis. The precision of
e-cleavage on PM and endosomes differs, demonstrating that
the function of PS/y-secretase may be heterogeneous in cells.
It is unlikely that the change in precision of e-cleavage
observed in this study is due to differences in the thickness
of PM and endosome membranes because very similar
changes were caused by altering the pH in the cell-free assay.
Moreover, our results suggest that the precision of e-cleavage
is more dynamic than that of y-cleavage. Therefore, our
results can be explained by (i) additional physiological factors
that interact with the active PS/y-secretase complex or (ii)
altered substrate recognition/access at different pH conditions
that exist at the plasma membrane and endosomes.

Because the PS/y-secretase complex mediates both y- and
e-cleavages in the transmembrane domain of SAPP (2), one
might predict that the processes of y- and e-cleavage would
behave the same. Previous results have shown, however, that
the effects of PS mutations on the relative levels of y42 and





