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SUMMARY

Deranged Ca?* signaling and an accumulation of
aberrant proteins cause endoplasmic reticulum (ER)
stress, which is a hallmark of cell death implicated
in many neurodegenerative diseases. However, the
underlying mechanisms are elusive. Here, we report
that dysfunction of an ER-resident Ca?* channel,
inositol 1,4,5-trisphosphate receptor (IP3;R), pro-
motes cell death during ER stress. Heterozygous
knockout of brain-dominant type1 IP;R (IP3R1) re-
sulted in neuronal vulnerability to ER stress in vivo,
and IP3R1 knockdown enhanced ER stress-induced
apoptosis via mitochondria in cultured cells. The
IP3R1 tetrameric assembly was positively regulated
by the ER chaperone GRP78 in an energy-dependent
manner. ER stress induced IP3R1 dysfunction
through an impaired IP3R1-GRP78 interaction, which
has also been observed in the brain of Huntington’s
disease model mice. These results suggest that
IP3R1 senses ER stress through GRP78 to alter the
Ca?* signal to promote neuronal cell death impli-
cated in neurodegenerative diseases.

INTRODUCTION

Two common signs of neurodegenerative diseases such as
Alzheimer’s disease and Huntington’s disease (HD) are the
aggregation of aberrant misfolded proteins and deranged Ca®*
signaling (Schréder and Kaufman, 2005; Kim et al., 2008).
The most important organelle to prevent misfolded protein accu-
mulation is the endoplasmic reticulum (ER), which strictly
controls protein quality (Ellgaard and Helenius, 2003; Schréder

and Kaufman, 2005). However, when the capacity of the quality
control system is exceeded, ER undergoes severe stress and
induces cell death implicated in neurodegenerative diseases
(Schroder and Kaufman, 2005; Kim et al., 2008). An ER chap-
erone, GRP78, acts as the master regulator of unfolded protein
response (UPR) signaling to improve biogenetic processes and
has a cytoprotective function against ER stress (Hendershot,
2004; Mimura et al., 2007; Wang et al., 2010). Genetic studies
have shown that the loss of GRP78 function leads to defective
neural development and involuntary movement (Mimura et al.,
2007; Wang et al., 2010). A recent study indicates that the three
branches of UPR signaling (IRE1, PERK, and ATF6) regulate cell
death in response to prolonged ER stress (Lin et al., 2007). While
these branches do not directly cause cell death, they do initiate
activation of downstream factors at transcriptional levels
(Schréder and Kaufman, 2005; Li et al., 2006; Kim et al., 2008).
ER stress also alters Ca?* mobilization to activate apoptosis
(Schréder and Kaufman, 2005; Kim et al., 2008), in which the
proapoptotic factors BAX and BAK are translocated from ER to
mitochondria (Scorrano et al., 2003). However, the mechanisms
of Ca%*-dependent apoptosis executed during ER stress are
poorly understood.

ER functions as a major intracellular Ca®* store involved in
Ca®* signaling and homeostasis (Berridge et al., 2003). The
inositol 1,4,5-trisphosphate receptors (IP3Rs) are ER-resident
Ca?®* release channels that play critical roles in Ca®* signaling.
There are three subtypes of IPsR (IPzR1, IPsR2, and IP3R3),
each of which has a distinct physiological property (Mikoshiba,
2007). IP3R1 is expressed ubiquitously. In particular, it is the
predominant subtype in the cerebellum and regulates synaptic
plasticity (Mikoshiba, 2007). Genetic studies have shown that
ablation of IP3R1 can cause a movement disorder (Matsumoto
et al., 1996) and is a causative factor in the development of
spinocerebellar ataxia type 15, categorized as a neurodegen-
erative disease (Hara et al., 2008). However, the results of
physiological studies differ regarding the roles of IPsR1 during
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apoptotic events (Sugawara et al., 1997; Blackshaw et al., 2000;
Boehning et al., 2003; Mendes et al., 2005).

All three subtypes have a cytosolic region including an
IP3-binding core in the N-terminal portion and a channel domain
at the extreme C-terminal end. These subtypes can form either
a homotetramer or heterotetramer with each having distinct
channel properties (Thrower et al., 2001; Mikoshiba, 2007). These
various intrinsic channel properties enable them to generate
diverse patterns of Ca®* signals, which presumably have
profound effects on cellular processes (Sugawara et al., 1997;
Thrower et al., 2001). Thus, it is important to understand the
molecular mechanism of the IP3;R subunit assembly, but the
mechanisms have not been explored. In addition to cytosolic
factors including IP3; and its associated proteins (Mikoshiba,
2007), IPsR1 is regulated by an ER lumenal protein through inter-
actions with the largest lumenal loop (L3) in the channel domain
containing six transmembrane domains (TM1-TM6) (Higo et al.,
2005). L3 is segmented between TM5 and TM6 and includes
two characteristic regions. The first half has a divergent region
among all subtypes (L3V), and the second half contains the
pore-forming region, which is completely conserved among
subtypes (L3C) (Higo et al., 2005). We have shown that L3V is
important for subtype-specific regulation of IP3R, and it also func-
tions as the lumenal sensor for environmental changes leading to
ER stress (Higo et al., 2005). However, it is unknown whether and
how IP3R1 regulates ER stress-dependent neuronal cell death.

RESULTS

Loss of IP;R1 Enhances Neuronal Vulnerability

to ER Stress

To examine the significance of IP3R1 in ER stress-induced cell
death in vivo, we used heterozygous (+/—) knockout (IP;R7+/7)
mice (Figure 1A) showing normal growth but not homozygous
(—/—) mice, which died three weeks after birth (Matsumoto
et al.,, 1996). Mice were intraperitoneally injected with an ER
stressor tunicamycin (Tun, an inhibitor of N-linked glycosylation)
and were killed 48 hr after injection. This procedure has been
validated as an in vivo model for ER stress (Hetz et al., 2006).
Hematoxylin and eosin staining revealed that at 48 hr after
injection, heterozygous knockout mice had more pyknotic
Purkinje neurons than wild-type (WT, IP;R1*/*) mice (Figure 1B).
Heterozygous knockout mice also exhibited a significant reduc-
tion in calbindin signals in the cerebellum compared to WT mice
(Figure 1C). These results suggest that the loss of IP3R1 function
caused the neural damages under ER stress conditions.

To further investigate a physiological role of IP;R1 in ER
stress-induced cell death, we knocked down IP3;R1 expression
using small interfering RNA (siRNA) in HelLa cells dominantly
expressing IP3R1 (Hattori et al., 2004). We monitored the effects
of IP3R1 knockdown on apoptosis over time after treatment of
various ER stressors Tu, or dithiothreitol (DTT, a reducing agent),
or thapsigargin (Tg, an ER Ca®*-ATPase inhibitor). Annexin-V/
propidium iodide staining showed that IP;R1 knockdown signif-
icantly enhanced ER stress-induced apoptosis at 24 hr and 48 hr
time periods (Figures 1D, and see Figure S1A available online).
To further understand this underlying mechanism of apoptosis
enhanced by the loss of IP3R1 function, we analyzed the time
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course of the effect of IP;R1 knockdown on three branches of
the UPR signaling. IP3R1 knockdown did not alter the splicing
of XBP-1 (Figure S1B), the cleavage of ATF6 (Figure S1C), or
induced expression of GRP78 and ATF4 during ER stress (Fig-
ure S1C). These results suggest an irrelevance in the role of
IPsR1 in the UPR signaling that regulates ER stress-induced
apoptosis.

IP;R-mediated Ca?* release from ER and mitochondrial Ca*
homeostasis are physiologically coupled to affect cell viability
(Joseph and Hajndczky, 2007). We therefore examined an
involvement of IP3R1 in apoptosis via mitochondria using a
fluorescent cationic dye, MitoCapure, which enables us to
assess the lowered mitochondrial potential and the subsequent
apoptosis (Matassa et al., 2001). IP3R1 knockdown significantly
increased the number of cells fluorescing green at 24 hr and 48 hr
time periods of ER stress (Figures 1E and S1D), indicating the
IP3R1 knockdown lowered mitochondria membrane potential
to enhance apoptosis during ER stress. The significance of
IP3R1 in mitochondria-dependent apoptosis in response to ER
stress was further reinforced by enhancement of released
cytochorome c in IP3R1 knockdown cells (Figure S1E).

These results from loss-of-function approaches prompted us
to ask whether IP3R1 function was impaired under ER stress
conditions that execute cell death. To test this possibility, we
performed Ca?*-imaging experiments using N1E-115 mouse
neuroblastoma cells, which substantially expressed only IP3;R1
(Figures S2A-S2C; Fink et al., 2000). Ca®* imaging revealed
that treatment with ER stressors significantly inhibited
IP;R1-mediated Ca®* release (Figure 2A). Using Tg, we excluded
the possibility that the inhibitory effect on Ca®* release was
due to decreased ER Ca?* content (Figure S2D). Attenuated
IPs-induced Ca?* release was also obtained in HelLa cells
(Figures 2B and S2E). Furthermore, using microsomal fractions
from cells treated with DTT or Tun, we have clearly demonstrated
that ER stress impaired IP3R1 channel activity (Figure 2C). This
attenuated channel activity of IP3R1 was also ascertained using
primary neurons (Figure 2D).

GRP78 Subtype Specifically Binds to IP;R1

To explore a molecular mechanism underlying the disrupted
function of IP3R1 during ER stress, we first searched for ER
proteins that bound to L3V (Figure 3A) under normal (nonreduc-
tion) and ER stress conditions (reduction). In glutathione S-trans-
ferase (GST) pull-down experiments, we found a protein of
approximately 75 kDa, which precipitated with 1P3R1-L3V
(1L3V) under only normal conditions (Figure S3A) and identified
it as GRP78 by mass spectrometry (Figure S3B). GRP78 was
identified as neither an IP3R2- nor an IP3R3-associated protein
(data not shown). GST pull-down experiments revealed that
GRP78 directly and subtype-specifically interacted with IP3R1
(Figure 3B).

Next, we investigated the interaction of IP;R1 with GRP78 in
living cells. Immunocytochemistry showed that IP;R1 and
GRP78 were colocalized in ER (Figure 3C). Immunoprecipitation
(IP) experiments using HelLa cell lysates revealed that IP;R1 and
GRP78 were present in the same complexes (Figure 3D). There is
another ER chaperone ERp44 that binds to 1L3V under reduced
conditions (Higo et al., 2005). Therefore, we examined the effect
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Figure 1. The Loss of IP;R1 Function Enhances ER Stress-Induced Neuronal Death

(A) Expression levels of IP;R1 and an ER lumenal protein, GRP78, in crude microsome prepared from cerebella of IP3R1 (+/4), IP3R1 (+/—), and IP3R1 (—/—) mice.
(B and C) In vivo effect of ER stress on Purkinje neurons in wild-type (WT) and heterozygous IP;R1 knockout mice (IPsR7*/~). Representative hematoxylin and
eosin (HE)-stained (B) and «-calbindin-stained (C) cerebellum sections from WT and IP;R7*/~ mice sacrificed 2 days after injection of Tun (1 pg/g) or control phos-
phate-buffered saline. Note marked increase of shrunken neurons (B) and decrease of calbindin signals (C) in the cerebellum lobule VI of IP;R7*/~. Arrowheads
indicate Purkinje cell layer in WT (black) and /P3R7*/~ (red). We confirmed reproducibility using five and two littermate pairs (WT and /P3R1*/~) for HE staining and
for calbindin immunostaining, respectively.

(D and E) Enhancements of apoptosis by IP3R1 knockdown. HeLa cells transfected with IP;R1 siRNA were treated with Tun (5 ug/ml) or Tg (2 uM) or DTT (2 mM)
for 12, 24, or 48 hr. The cells were stained with Annexin-V FITC/PI (D) or MitoCapture (E). (D) The percentage of apoptosis (Annexin-positive/Pl-negative) in at least
10,000 cells was determined by flow cytometer analysis, in which the cells treated with 1 uM staurosporine for 4 hr were used as a positive-control. (E) A cationic
MitoCapture dye selectively enters into mitochondria to fluoresce red in healthy cells, and changes reversely its color from red to green (FL1) as membrane
potential decreases in apoptotic cells. The percentage of cells showing a green fluorescence (FL1) in at least 10,000 cells was determined by flow cytometer

analysis. Data in (D) and (E) are presented as mean + SEM from at least three independent experiments. *p < 0.05; **p < 0.005.

See also Figure S1.

of GRP78 on IP3R1-ERp44 interaction. Coexpression of GRP78
decreased IP3R1 immunoprecipitated with ERp44 (Figure 3E),
indicating that GRP78 outcompetes binding of ERp44 to IP;R1
under normal conditions. Furthermore, we examined the interac-
tion of IPzR1 with GRP78 in the brain. Immunohistochemistory
experiments showed that IP;R1 and GRP78 were colocalized
in the cortex and striatum (Figure 3F). Moreover, IP experiments
showed that IP;R1 and GRP78 were in the same complexes in
the brain homogenates and primary cortical neurons of the
mice (Figures 3G and 3H). These results indicate that IP3R1
interacts with GRP78 in vivo.

Finally, to examine the interaction between IP;R1 and GRP78
during ER stress, IP experiments were performed using cell

lysates treated with various ER stressors. Although treatment
with these agents did not attenuate IP;R1 expression, the quan-
tity of IP3R1 that immunoprecipitated with GRP78 decreased
(Figure 3I). These results are further reinforced by the attenuated
interaction in the brain of mice intraperitoneally injected with Tun
(Figure 3J).

Interaction of IP;R1 with GRP78 Is Impaired

in Huntington’s Disease Model Mice

To investigate the involvement of the IP;R1-GRP78 interaction in
neurodegenerative diseases associated with ER stress and
deranged Ca®" homeostasis (Schréder and Kaufman, 2005;
Kim et al., 2008), we focused on HD caused by pathologically
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(D) ER stress impairs IP;R1-mediated Ca®* release in primary neurons. Primary striatal neurons were treated with Tun (5 ng/ml) for 12 hr and then stimulated with
100 uM 3,5-dihydroxyphenylglycine (DHPG), a specific agonist for group 1 and 5 metabotropic glutamate receptors, after depolarization with 30 mM KCl to fill the
Ca?* store. Data are presented from at least three independent experiments. Data in (A) to (D) are presented as mean + SEM from at least three independent

experiments. *p < 0.05.
See also Figure S2.

expanded polyglutamine (Kim et al., 2008; Vonsattel, 2008) and
employed the model mouse R6/2 that expresses exon1 of the
human Huntington gene with an expanded CAG repeat (Vonsat-
tel, 2008). Pathologically, the affected regions are not limited in
the striatum but are spread to the cerebral cortex in HD (Vonsat-
tel, 2008). Therefore, we first performed IP experiments to
examine IP3R1-GRP78 interaction in cerebrum of the model
mice. Coprecipitation of GRP78 with immunoprecipitated
IP3R1 decreased more significantly in the homogenates from
the model mice relative to those from WT mice (Figure 4A).

Next, we examined the interaction in the striatum. IP experi-
ments revealed decreased interaction in the model mice (Fig-
ure 4B), consistent with the decreased interaction in the
cerebrum (Figure 4A). Moreover, using primary striatal neurons,
we assessed the channel activity of IP3R1 in the model. Ca®*-
imaging experiments showed that IP3R1 activity significantly
decreased compared to WT mice (Figure 4C). Similarly,
decreased interaction and attenuated IP3R1 activity were
obtained from the cerebellum of the model mice (Figures 4D
and 4E).

GRP78 Is Required for IP;R1 Channel Function

but Not for That of IP;R2 or IP;R3

To investigate the role of endogenous GRP78 in IPzR1 channel
activity in living cells, we knocked down GRP78 expression using
siRNA in HeLa and COS-7 cells. HelLa cells dominantly express
IPsR1 and IP3R3, whereas COS-7 cells express IPsR2 and IPsR3
(Hattori et al., 2004). GRP78 expression was knocked down
using siRNA against human GRP78 without interfering with the
expression levels of IP3R or other ER proteins in either cell line
(Figure 5A). Ca%* imaging was performed to monitor agonist-
induced Ca®* release to evaluate the role of GRP78 on IP;R1
channel activity. Control of GRP78 siRNA-transfected HelLa cells
was stimulated by stepwise increasing concentrations of an
agonist, ATP (Figure 5B, black and red traces). GRP78 suppres-
sion significantly decreased the average peak amplitude (Fig-
ures 5B and 5C, red trace and bar) and the number of respon-
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sive cells (Figure S4A, red bar) compared to control cells
(Figures 5B and 5C and Figure S4A, black trace and gray bar).

The inhibitory effect of GRP78 knockdown on the Ca®* signal
was also obtained by a different agonist, histamine (Figure S4B)
and by ectopic expression of ER targeted-1L3V that can work as
a dominant-negative by competing endogenous IP;R1 (Figures
S4C and S4D). In contrast, GRP78 suppression had no effect
on agonist-induced Ca?* release in COS-7 cells (Figures 5D,
5E, and S4E), indicating that GRP78 does not regulate IP;R2,
IP3R3 or other proteins involved in IP; production. We used
N1E-115 cells to confirm the specific effect of GRP78 on
IP;R1. GRP78 knockdown significantly inhibited 1P3R1-medi-
ated Ca?* release in this cell line (Figures 5F-5H). We discharged
the Ca®* stores using Tg to exclude the possibility that these
inhibitory effects obtained in N1E-115 and Hela cells were due
to decreased Ca®* contents in ER. A reduction in Ca* leakage
was not observed in GRP78 siRNA-transfected cells when
compared to the control (Figures 5| and S4F). Finally, in order
to confirm the effect of GRP78 knockdown, GRP78 expression
was reintroduced into Hela cells in which GRP78 was knocked
down. Re-expression of GRP78 restored the attenuated Ca®*
release (Figures 5J). Therefore, we concluded that GRP78 was
required for IP3R1 channel activity.

GRP78Is Required for the Tetrameric Assembly of IP;R1
We explored the underlying mechanism of channel regulation by
GRP78. GRP78 knockdown and deletion of 1L3V did not affect
IP3R1 subcellular localization (Figures S5A and S5B). These
results indicate that IP3R1 could be properly folded, because
misfolded proteins are retrotranslocated to the cytosol (Ellgaard
and Helenius, 2003; Parker et al., 2004). Likewise, GRP78
knockdown did not alter IP3R1 sensitivity to endoglycosidase
H (Figure S5C), suggesting that 1L3V normally undergoes both
an N-linked glycosylation and topological organization.

To examine whether GRP78 regulates the IP3R1 subunit
assembly, we evaluated the effect of GRP78 expression on
IP3R1 assembly status, including the monomer, intermediates,
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and the tetramer. First, siRNA-transfected Hela cells were
treated with a crosslinker, DSP, to preserve the IP3R1 complex,
and the cell lysates were solubilized with Triton X-100 and
subjected to gel filtration. In the control, IP3R1 eluted in fractions
corresponding to 1000-2000 kDa (Figures 6A and S5D), whereas
GRP78 knockdown substantially shifted IP;R1 to lower molec-
ular weight fractions (Figure 6A). We also ran a set of standards
to create a calibration curve and determine the precise size of the
proteins (Figure 6B). Based on the IP3R1 elution profiles and
densitometric analysis, the averaged peaks of eluted IP3R1 in
the control and in the GRP78 knockdown cells were fractions
12 and 15, respectively (Figure 6C). The calibration curve
indicated apparent IP3R1 molecular masses of approximately
1.2 MDa and 660 kDa in fractions 12 and 15, respectively. There-
fore, these results revealed that GRP78 knockdown reduces the
size of the IP;R1 complex by approximately 50% in HeLa cells.
Similar results were obtained in N1E-115 cells (Figure 6D). In
contrast, GRP78 knockdown did not affect IP3R2 or IP3R3
distributions in the fractionation of HelLa (Figures 6A and S5D)
or COS-7 cells (Figure 6E).

We hypothesized that ER stress impaired the IP3R1 tetrameric
assembly. To test this, gel filtration was performed using the
lysates from Hela cells treated with ER stressors. Consistent
with the inhibitory effects of ER stress on IP3R1 channel activity
(Figures 2A-2D) and the interaction of IP3R1 with GRP78 (Fig-
ures 3l and 3J), the subunit assembly was inhibited by ER stress
(Figure 6F), and the effects were ameliorated by GRP78 overex-
pression (Figure 6G).

We next employed sucrose density gradient sedimentation.
IP3R1 was mainly detected in fractions 13 to 15 in the control
(Figure 7A, top), whereas GRP78 knockdown caused a diffuse
distribution encompassing the monomer and intermediates
from top to bottom in the gradient (Figure 7A). The subtype-
specific effect of GRP78 knockdown on IP3R assembly was
also confirmed using the N1E-115 lysates (Figure 7B, top).
Consistent with the gel filtration results, GRP78 knockdown
had no effect on IP3R3 distribution in the gradients of HelLa (Fig-
ure 7A, middle) or COS-7 cells (Figure 7B, middle). Moreover, the
significance of GRP78 binding to 1L3V in the IP;R1 assembly
was assessed using an L3V-deleted mutant of green fluorescent
protein-tagged IP3R1 (Figure 7B, bottom). These subtype-
specific effects of GRP78 knockdown on both the size and
density of IP3R1 strongly support the idea that GRP78 regulates
the IP3R1 subunit assembly.

To further investigate the assembly status of IPsR1 under
GRP78-deleted conditions, the HelLa cell lysates crosslinked
with a noncleavage crosslinker, DSS, were separated on 5%-—
20% sucrose gradients, and the resultant fractions were
resolved on native polyacrylamide gel electrophoresis (PAGE).
Most IP;R1 presented in fractions 13-15 of the control and
migrated near the top of the gel. The apparent size of IP3R1 in
those fractions was larger than 669 kDa (Figure 7C, left panel).
GRP78 knockdown shifted IP3R1 to fractions 7 and 9, which
are equivalent to the monomer and intermediates (Figure 7C,
right panel).

Pulse labeling was performed to clarify the role of GRP78 in
IPsR1 assembly (Figure 7D). Hela cells transfected with
GRP78 siRNA were labeled with 33S-methionine, lysates were

loaded on sucrose gradients, and the resultant fractions were
immunoprecipitated. In the control, radioactivity was primarily
detected among the fractions containing tetrameric 1P;R1
(Figure 7E), whereas GRP78 knockdown increased the re-
lative degree of radioactivity in the fractions containing the inter-
mediate monomer (Figure 7E). In contrast, the distribution of
35S-labeled IP;R3 was unaffected by GRP78 knockdown
(Figure 7E).

GRP78 Regulates Tetrameric Assembly

of IP;R1 Depending on Its ATPase Activity

We further investigated the regulatory mechanism of IP;R1 by
GRP78. GRP78 has ATPase activity and stably binds to the
chaperone substrate in ADP and releases it in ATP (Misselwitz
et al., 1998; Hendershot, 2004). Using a surface plasmon
resonance assay, we examined the real-time interaction
between the two proteins. Unexpectedly, GRP78 showed
enhanced interaction with 1L3V in ATP compared to that in
ADP (Figure 8A). Moreover, GRP78 showed a relatively robust
interaction with IPsR1 in the presence of ATP compared to that
of a typical GRP78-binding peptide, P15 (Misselwitz et al.,
1998; Nawa et al., 2007; Figure 8A). To examine the ATP-depen-
dent interaction of IP3R1 with GRP78 in vivo, we used the well-
characterized T37G ATPase mutant, which can bind to ATP
but does not undergo an ATP-induced conformational change
(Wei et al., 1995). IP experiments revealed that the mutant
interacted with IP3R1 as well as the WT counterpart (Figure 8B).
Gel filtration was then performed to examine the significance of
the ATPase activity of GRP78 in the tetrameric assembly of
IPsR1. Unlike GRP78 WT, T37G expression inhibited the tetra-
meric assembly of IPzR1 (Figure 8C). Ca2* imaging was per-
formed to confirm the effect of ATPase mutants on IP3R1
channel activity. While GRP78 overexpression significantly
enhanced IP;R-mediated Ca?* release (Figures 8D and 8E, red
trace and red bar) without affecting ER Ca®* content (Figure 8F),
T37G failed to enhance Ca®* release and generated more oscil-
latory Ca2* responses (Figures 8D, 8E, and S6). Similar effects
were observed in cells expressing other ATPase mutants,
G226D and Delta A (Gaut and Hendershot, 1993; Wei et al.,
1995; Figures 8D, 8E, and S6). Finally, the facilitative effect of
GRP78 WT on IPzR1 was confirmed using primary cortical
neurons (Figures 8G and 8H). Taken together, results from the
biochemical and Ca?*-imaging experiments show that the tetra-
meric assembly of IP3R1 is energy and ER stress dependently
regulated by GRP78.

DISCUSSION

Our study demonstrated a novel regulatory mechanism of
IP;R-Ca?* signaling in which IPsR1 is positively regulated by
GRP78 from the ER lumen. Under nonstressed conditions, this
mechanism ensures intracellular Ca®* signaling, which is essen-
tial for various cellular processes for cell survival (Berridge et al.,
2003; Mikoshiba, 2007). In contrast, ER stress impairs this
mechanism, causing attenuation of IPzR1 activity. Our results
indicate that loss of IP3R1 function lowers the mitochondrial
membrane potential to promote apoptosis via mitochondria.
Since IP;R-mediated Ca2* release from ER and Ca* uptake
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Figure 3. Identification of GRP78 as an IP;R1-Associated Protein

(A) Schematic representation of IP3R. IP3R contains six transmembrane domains (TMs) and three lumenal loops, L1, L2, and L3. L3 is divided into L3V (red)
with two glycosylations (blue) and L3C. IP5 binds to the N-terminal cytosolic region.

(B) GRP78 specifically interacts with the L3V of IP3R1, but not that of IP3R2 or IP3R3. Purified GST, GST-1L3V, GST-2L3V, or GST-3L3V was incubated with
maltose-binding protein (MBP)-GRP78. Protein complexes were isolated using amylose resin and analyzed by western blotting with «-GST (top and middle)
or a-MBP (bottom).

(C) GRP78 colocalizes with IP3R1 in ER. COS-7 cells expressing Myc-GRP78 and green fluorescent protein-tagged IP;R1 (GFP-IP3R1) were stained with a-Myc
(panels 1-3). The boxed regions in panels 1-3 are shown at increased magnification in panels 4-6, respectively. Scale bar, 5 um.

(D) In vivo interaction between GRP78 and IP;R1. Hela cells were treated with a membrane-permeable crosslinker, DSP, and the cell lysates were subjected to
immunoprecipitation (IP) with control rabbit IgG or «-GRP78. The lysate (Input) and IP samples were analyzed as in (B).

(E) GRP78 inhibits binding of ERp44 to IPzR1. COS-7 cells were transfected with expression vectors for GFP-IP3R1 and HA-ERp44 or GFP-IP;R1, HA-ERp44,
and Myc-GRP78. Forty-eight hours after transfection, cells were treated with DSP for 30 min. After washing with PBS, the cells were solubilized and then
subjected to IP with a-HA (3F10). The lysate (Input) and IP samples were analyzed as in (D).

(F) GRP78 colocalizes with IP;R1 in the brain. Mouse cortical and striatal sections were immunostained with «-IP;R1 and «-GRP78. Scale bar, 10 um.

(G and H) Interaction of IPzR1 with GRP78 in the brain. (G) Crude microsome obtained from P14 mouse brain was solubilized and the cleared fraction was
immunoprecipitated with a-IP3R1 (10A6). The lysate (Input) and IP samples were analyzed as described above. (H) Primary cortical neurons were treated with
DSP and the cell lysates were subjected to IP and then analyzed as in (G).

(I and J) ER stress inhibits the interaction of IP3R1 with GRP78. () HeLa cells were treated with DMSO, Tun (2 pg/ml), Tg (2 pM), and DTT (2 mM) for 24 hr.
After cross-linking with DSP, the cell lysates were subjected to IP with a-IP3R1. (J) Forty-eight hours after Tun injection to P14 mice, the cerebra were
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Figure 4. IP;R1-GRP78 Interaction Is In-
hibited in the Model Mice of the Hunting-
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(A) IP3R1 and GRP78 interaction in model mice of
Huntington’s disease (HD). Crude microsome
fraction was obtained from cerebrum of WT or
R6/2 mice (8 weeks) that have been widely used
as a model mouse of HD. The detergent-solubi-
lized fractions (Input) were immunoprecipitated
with a-IPzR1 (10A6) and the IP samples were
analyzed by western blotting.

(B) Decreased interaction of IPsR1 with GRP78 in
the HD model mice. The homogenates of the R6/
2 mice striatum were solubilized and the cleared
fraction was immunoprecipitated with o-IP3R1.
The lysate (Input) and IP samples were analyzed
as described above.

(C) Impaired Ca®* release activity of IPzR1 in the
striatum of HD model mice. Primary striatal
neurons were stimulated with 100 uM DHPG after
depolarization with 30 mM KCI.

(D) Decreased interaction of IP3R1 with GRP78 in
the HD model mice. Crude microsome fraction
was obtained from cerebellum of WT or R6/2
mice. The detergent-solubilized fractions (Input)
were immunoprecipitated with «-IP3R1 (10A6)
and the IP samples were analyzed as in (B). The
ratio of the densities of the IP samples (GRP78/
IP;R1) in WT and R6/2 are 0.35 + 0.03 (mean +
standard error of mean [SEM], n = 3) and 0.21 =
0.05 (mean + SEM, n = 3) respectively, and these
results show the significant reduction in interaction
of the two proteins in the cerebellum of R6/2 mice
compared with that in WT (p < 0.05).

= WB: a-IP3R1

WB: a-GRP78

R6/2

WB: a-IP3R1
Wi

(E) Impaired Ca?* release activity of IP3R1 in the cerebellum of HD model mice. Ca®* uptake into the microsomes obtained from cerebellum of WT or R6/2 mice
was initiated by addition of ATP and then 0.1 uM IP3 was added to monitor IPzR1 activity. Data in (C) and (E) are presented as mean + SEM from at least three

independent experiments. *p < 0.05.

into mitochondria are tightly coupled (Joseph and Hajndczky,
2007), ER stress-dependent impairment of IP;-Ca®* signaling
attenuate mitochondrial Ca®* uptake (Biagioli et al., 2008), and
the resultant reduced mitochondrial Ca%* lowers the membrane
potential (Zhu et al., 1999), and decrease of the membrane
potential in mitochondria attenuates IP;R-mediated Ca®* release
(Collins et al., 2000). Thus, our finding reasonably supports a
possibility that the levels of mitochondrial Ca®* and the
membrane potential during ER stress progressively fall by the
positive feedback loop below the threshold required for cell
survive (Zhu et al., 1999), which would lead to further activation
of the apoptotic pathways.

While much of the literature has addressed the relationship
between augmented release of Ca®* via IP;R and mitochon-
dria-dependent apoptosis (Boehning et al., 2003; Joseph and
Hajnéczky, 2007), our study is the first to highlight the signifi-
cance of reduced IPs-mediated Ca®* signal in apoptosis, in
particular, during ER stress, and further uncovers the underlying
mechanisms of mitochondria-dependent apoptosis when
intracellular Ca®* concentration is out of physiological range. In

addition, this IP3R1 dysfunction-dependent apoptotic pathway
would be different from the canonical three branches of UPR
signaling that regulates cell fate (Lin et al., 2007), and is likely
to be specified for the apoptosis under deranged Ca2* condi-
tions caused by ER stress.

Our results show that functional interaction of IPsR1 with
GRP78 and the channel activity of IP3R1 are impaired in the
cortex and striatum of the HD model mice. Our study supports
a possibility that impairment of IPsR1 function promotes mito-
chondria-dependent cell death in the model mice by producing
negative effects on mitochondrial Ca®* and the membrane
potential. This is consistent with a previous study which showed
that expanded polyglutamine contributory to ER stress reduced
the mitochondria membrane potential and significantly
decreased the mitochondrial Ca®* uptake (Panov et al., 2002).
Moreover, HD patients and the mouse model showed impair-
ments in mitochondrial ATP production (Seong et al., 2005),
and mitochondrial dysfunction has long been proposed to
contribute to HD pathogenesis (Bossy-Wetzel et al., 2008).
One may speculate that mitochondrial dysfunction reduces

dissected and homogenized. The crude microsome was solubilized and the cleared fractions were immunoprecipitated with «-IPzR1. The lysate (Input) and IP

samples were analyzed as in (G).
See also Figure S3.
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Figure 5. GRP78 Knockdown Inhibits IP;R1-Mediated Ca* Release

(A) Knockdown of GRP78 in HeLa and COS-7 cells. The detergent-solubilized fractions of HeLa and COS-7 cells transfected with siRNAs were analyzed by
western blotting with the antibodies for IP3R1, IP3R2, IP3R3, GRP78, protein disulfide isomerase (PDI), calreticulin (CRT), and actin.

(B and C) Knockdown of GRP78 inhibits Ca®* release in HeLa cells. (B) Seventy-two to ninety-six hours after siRNA transfection, cells were stimulated with 1, 3,
and 10 uM ATP in the presence of extracellular Ca®*. (C) The average peak amplitude was significantly lower in GRP78 siRNA-transfected cells (red)
(0.004 + 0.001 [1 uM], 0.36 + 0.06 [3 uM], 0.62 + 0.1 [10 uM]) than in the control cells (gray) (0.15 + 0.05 [1 pM], 0.88 + 0.13 [3 uM], 1.71 + 0.12 [10 uM]).

(D) Seventy-two hours after siRNA transfection, COS-7 cells were stimulated with 0.1, 0.3, and 1 uM ATP in the presence of extracellular Ca%*.

(E) Average peak amplitude of the Ca?* response in COS-7 cells transfected with control siRNA (gray) (0.74 + 0.15 [0.3 uM], 1.35 + 0.12 [1 uM]) or GRP78 siRNA
(red) (0.79 + 0.07 [0.3 pM], 1.38 + 0.04 [1 pM)).

(F) Knockdown of GRP78 in N1E-115 cells. The soluble fractions of N1E-115 cells transfected with indicated siRNA were analyzed as in (A).

(G) Seventy-two hours after siRNA transfection, N1E-115 cells were stimulated with 0.01, 0.1, and 1 uM bradykinin (BK) in the presence of extracellular Ca®*.
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ATP supply into ER and subsequently impairs functional IP3R1-
GRP78 interaction that depends on ATP. Impaired function of
IP3R1 was also observed in the cerebellum of the model mice,

Figure 6. GRP78 Knockdown Impairs IP3R1
Assembly

(A) HelLa cells transfected with control siRNA or
GRP78 siRNA for 96 hr were crosslinked with
DSP and the soluble fractions were subjected to
gel filtration. Resulting fractions were analyzed
by western blotting with indicated antibodies.
Exclusion volume of molecular size markers is
shown at the top of the panel (A).

(B) Calibration of elution profiles of gel filtration. Vo
is the void volume of the column estimated with
blue dextran 2000 and Ve is the elution volumes
of the proteins.

(C) Quantified levels of IP3R1 in gel filtration frac-
tions from three independent experiments using
western blotting analysis.

(D and E) Gel filtration was performed using the
soluble fractions of N1E-115 (D) and COS-7 cells
(E) as in (A). Resulting fractions were analyzed as
in (A).

(F) HeLa cells were treated with control (DMSO),
Tun (4 pg/ml), or Tg (2 uM) for 16 hr. After crosslink-
ing with DSP, the detergent-solubled cell lysates
were subject to FPLC. The resultant fractions
were analyzed by western blotting.

(G) GRP78 overexpression ameliorates ER stress-
dependent impairment of IP3R1 assembly. Thirty-
six hours after transfection with a vector for control
or Myc-GRP78 in HelLa cells, the cells were treated
with control DMSO or Tun and then were analyzed
as described above.

See also Figure S5.

which may contribute to the under-
standing of the pathology of early-onset
HD, in which patients frequently show
cerebellar atrophy, widespread Purkinje
cell loss (Seneca et al., 2004; Sakazume
et al., 2009), and other motor disorders
associated with altered Ca?* mobiliza-
tion, ER stress, and mitochondrial dys-
function (Schréder and Kaufman, 2005;
Kim et al., 2008).

Our results also demonstrate the influ-
ential role of GRP78 in IPsR subunit
assembly. In addition to results of direct

assessments of the assembly status of IP3R1, this role of
GRP78 is further strengthened by findings indicating the irrele-
vant roles of GRP78 in IPzR1 folding and degradation. First,

(H) The average peak amplitude was significantly lower in GRP78 siRNA-transfected cells (red) (0.02 + 0.02 [0.01 uM], 0.46 + 0.08 [0.1 uM], 0.74 + 0.16 [1 uM])
than in the control cells (gray) (0.79 + 0.19 [0.01 uM], 0.81 £ 0.13 [0.1 uM], 1.03 = 0.22 [1 uM]).
() Knockdown of GRP78 did not decrease ER Ca®* content in N1E-115 cells. (Left) Cells were stimulated with 1 uM Tg in the absence of extracellular Ca®*. (Right)
The average peak amplitudes in control siRNA- and GRP78 siRNA-transfected cells were 0.97 + 0.05 and 0.98 + 0.13, respectively. Representative Ca?*
responses in control siRNA-transfected (black) or GRP78 siRNA-transfected cells (red) are shown in (B), (D), (G), and (l).

(J) GRP78 re-expression restored attenuated IP;R1-mediated Ca®* release. Hela cells were first transfected with siRNA against the GRP78 3'UTR. Forty-eight
hours after transfection, the cells were transfected with expression vectors for monomeric RFP (red) and full-length (blue) GRP78. Similarly, HeLa cells were
transfected with control siRNA and control vectors (black). Forty-eight hours after the second transfection, the cells were stimulated with 10 uM ATP in nominally
Ca?*-free medium. Representative Ca®* responses (left) and the average peak amplitudes (right) are shown. Data in (C), (E), (H), (I), and (J) are presented as
mean + SEM from at least three independent experiments. *p < 0.05; **p < 0.01; **p < 0.001.
See also Figure S4.
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GRP78 knockdown did not cause misfolding-dependent retro-
degradation or aggregation of IP;R1. Second, GRP78 knock-
down did not affect N-linked glycosylation, supporting that
IP3R1 is normally folded by the ER lectin chaperone calnexin
(Joseph et al.,, 1999; Eligaard and Helenius, 2003) and that
IP3R1 does not undergo disassembly-dependent degradation
(Khan and Joseph, 2003). Third, the specific binding behavior
of GRP78 to IP3R1 is incompatible with typical binding behaviors
of GRP78 to unfolded substrates regarding the dissociation
kinetics and the preferences of ATP and ADP (Misselwitz et al.,
1998; Hendershot, 2004; Nawa et al., 2007). Therefore, our
findings strongly support the argument that GRP78 functions
as an assembler of IP;R1.

Here, we propose a molecular mechanism for IP3R subunit
assembly in which GRP78 interacts with nascent IPsR1 mono-
mers and tethers them to ensure the fidelity of subunit assembly
without stochastic misassembly. It has rarely been considered
that chaperones function as assemblers of oligomeric com-
plexes, whereas emerging literature has begun to clarify the
role of nuclear chaperones in nucleosome assembly (Ellis,
2006) and the requirement of cystolic chaperones for mammalian
proteasome assembly (Hirano et al., 2005). Given that all intracel-
lular ion channels undergo biogenetic processes including
membrane insertion in ER (Deutsch, 2003), our findings may
suggest general mechanisms in which ER chaperones regulate
quaternary structures of ion channels. Our results also indicate
an energy-dependent tetrameric assembly of IP3R1 by GRP78,
which sheds new light on the subunit assembly of ion channels

874 Neuron 68, 865-878, December 9, 2010 ©2010 Elsevier Inc.

Our results indicate that L3Vs have
several reliable characteristics allowing it
to serve as the recognition domain, responsible for the tetramer
formation, and these results highlight the significances of the
short domains L3Vs in the subunit assembly of IP3Rs. First,
L3Vs are exposed to the lumenal space, allowing ER chaperones
that can function as assemblers to recognize them. Second, the
sequence diversity of L3Vs enables the subtype-specific associ-
ated proteins (chaperones) to selectively determine the subunit
assembly. In contrast, the conserved regions of L3Cs allow chro-
mogranins to bind to all subtypes of IP3Rs (Yoo and Lewis, 2000;
Yoo, 2010), suggesting that L3Cs exert their roles in the non-
selective subunit assembly. Finally, the location immediately
before L3C would be suitable to monitor and to ensure subse-
quent arrangement of the pore-loop, TM5, and TM6 helixes
without misarrangement. Many ion channels of other tetrameric
channels contain six TMs, such as Kv channels, cyclic nucleo-
tide-gated channels, and transient receptor potential channels,
and have a third large loop that forms an ion-permeating pore
(Ashcroft, 2006) that corresponds to L3 of IPzRs. A conceptually
similar mechanism could be applied to these channels including
other IP3R subtypes. It should be noted that our finding is consis-
tent with previous studies which used a series of deletion
constructs of IP3R1 and in vitro translation system demonstrating
that L3 is important for the tetramer formation (Galvan et al.,
1999; Parker et al., 2004) and further accounts for preferred
subunit interaction rather than random association and
subtype-dependent kinetics of synthesis (Joseph et al., 2000).
Our findings also provide a new explanation for subtype-
specific regulation of IP3Rs. Many proteins have been identified
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Figure 8. GRP78 Regulates the IP;R1 Assembly Depending on Its ATPase

(A) ATP-dependent binding behavior of GRP78 to 1L3V. 1,500 resonance unit (RU) of GST-1L3V were immobilized. At time 0, a solution containing the indicated
concentration of GRP78 was introduced and passed over the chip for 120 s. Association and dissociation were followed in the presence of 5 mM ATP or ADP.
The association kinetics between GRP78 and GST-1L3V (kon = 8.6 x 10° [M~'s™"]) and the dissociation kinetics of GRP78 from 1L3V (ke = 3.6 X 1074 [s~ "] and
Kd = 4.49 x 1078 [M]) in the presence of ATP are obtained from three independent experiments.

(B) HeLa cells were transfected with vectors for WT or an ATPase mutant of GRP78, T37G. Using the lysates, IP was performed with «-Myc. The lysates (Input) and
IP samples were analyzed by western blotting with a-IP3R1 (top and middle) or a-Myc (bottom).

(C) Hela cells were transfected with vectors for WT or an ATPase mutant of GRP78, T37G. After crosslinking with DSP, the detergent-solubled cell lysates were
subject to FPLC. The resultant fractions were analyzed by western blotting.

(D) HeLa cells were cotransfected with vectors for RFP-KDEL and GRP78 ATPase mutants. Forty-eight hours after transfection, the cells were stimulated with
3 M histamine in the absence of extracellular Ca®*. Representative Ca* responses in RFP-positive cells are shown.

(E) The average peak amplitudes were 1.56 + 0.10 (control), 2.26 + 0.20, (GRP78 WT), 1.62 + 0.17 (T37G), 1.80 + 0.23 (G226D), and 1.60 + 0.11 (Delta A). Results
are mean + SEM from at least three independent experiments. *p < 0.05.

(F) The Ca®* storage capacity is unchanged in Hela cells expressing GRP78. Quantification of the peak amplitude in cells stimulated with 1 uM Tg.

(G and H) Primary cortical neurons were cotransfected with expression vectors for monomeric RFP and GRP78 WT. Forty-eight hours after transfection, the cells
were stimulated with 100 uM DHPG, followed by depolarization with 30 mM KCl to fill the Ca®* store. (G) Representative Ca>* responses in RFP-positive cells are
shown. (H) The average peak amplitudes were 0.053 + 0.03 (control) and 0.184 + 0.052 (GRP78 WT). Data are presented mean + SEM from six independent
experiments. *p < 0.05.

See also Figure S6.
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to regulate IPsR1 in a subtype-specific manner (Mikoshiba,
2007), but the mechanisms by which the interaction generates
the activatory or inhibitory status of IP3Rs at quaternary struc-
tural level remain elusive. Our study first demonstrates a molec-
ular mechanism in which IP3R1 is subtype specifically regulated
by controlling subunit assembly and furthermore suggests
analogous mechanisms for other subtypes of IPsRs. Importantly,
GRP78 facilitate IP3R1 assembly by its binding to 1L3V under
oxidized conditions that mimic the ER lumen (Figure S6). On
the other hand, another ER chaperone ERp44 inhibits IP;R1 by
its binding to 1L3V under reduced conditions (Higo et al.,
2005). Under normal (oxidized) conditions, GRP78 inhibits
ERp44-binding to 1L3V. Altogether, these suggest that GRP78
makes IP3;R1 shift to the activated (or ready) state by facilitating
the subunit assembly and by preventing the ERp44-dependent
inhibition of the channel activity under normal ER conditions. In
other words, 1L3V works as a key domain to switch the activa-
tion status of IP3R1 by changing its binding partners depending
on the redox states in ER.

In summary, our data show that IP3R1 senses ER stress
through GRP78 to alter the Ca®" signal and affect cell fate.
Based on our data that the functional interaction between
IP3R1 and GRP78 is impaired during ER stress and in the HD
model, we propose that IP3R1 functions as a signal integrator
to link ER stress with Ca®* signaling to regulate neuronal cell
death implicated in neurodegenerative diseases.

EXPERIMENTAL PROCEDURES

Reagents

Tunicamycin, thapsigargin, bradykinin, and histamine were purchased from
Sigma. Dithiothreitol (DTT) was obtained from Wako. Dithiobis (succinimidyl)
propionate (DSP) and disuccinimidylsuberate (DSS) were purchased from
Pierce. ATP was from GE Healthcare. 3,5-dihydroxyphenylglycine (DHPG)
was purchased from Tocris.

Constructs
See Supplemental Information.

Animal Experiments

IP3R1 knockout mice were produced as described previously (Matsumoto
et al., 1996) and WT littermates were intraperitoneally injected with 1 pg/g
Tun or control PBS, then anesthetized 2 days later and transcardially perfused
with PBS containing 4% paraformaldehyde. The brain slices were subjected
to hematoxylin and eosin (HE) staining or to immunostaining with mouse
monoclonal antibody against calbindin. All animals were ethically treated
according to the guideline of Animal Experiments Committee of RIKEN Brain
Science Institute.

Cell Culture and Transfection

Hela, COS-7, and N1E-115 cells were cultured in Dulbecco’s modified Eagle
medium supplemented with 10% heat-inactivated fetal bovine serum, 100 U/mi
penicillin, and 100 pg/ml streptomycin. Transfections of siRNAs and expression
vectors were performed using Lipofectamine2000 (Invitrogen) or TransIT
(Mirus), respectively, according to the manufacturers’ instructions.

Short Interfering RNA

Scrambled short interfering RNA (siRNA) cocktails against human GRP78, the
negative control cocktail, siRNA against mouse GRP78, and the control mouse
siRNA were purchased from B-Bridge International, Inc. The DNA target
sequences for human GRP78 were CGTTCAAGGTGGTTGAAAA, GAATCAGA
TTGGAGATAAA, and AGAAAAGAGTCCAGGTAAA. Control sequences were
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ATCCGCGCGATAGTACGTA, TTACGCGTAGCGTAATACG, and TATTCGCG
CGTATAGCGGT. DNA target sequence for mouse GRP78 was GTCTCGA
ATGTAATTGGAA. DNA target sequence for human IP3R1 was TGAGACAGA
AAACAGGAAA. Control sequence was TAGCGACTAAACACATCAA. SiRNA
duplexes were resolved in water to a final concentration of 25 uM.

Apoptosis Analysis and Mitochondrial Membrane Potential
Apoptosis was assessed by Annexin-V/propidium iodide (PI) staining. HelLa
cells were transfected with IP3R1 siRNA for 48 hr and then treated with Tun
(5 ng/ml) or Tg (2 uM) or DTT (2 mM) for 12, 24, or 48 hr. The cells were
collected and stained with Annexin-V fluoroscein isothiocyanate (FITC)/PI
(BioVision) for 5 min at RT. The percentage of apoptosis (Annexin-positive/
Pl-negative) was determined by flow cytometer analysis, in which the cells
treated with 1 uM staurosporine for 4 hr were used as positive controls.
Apoptosis was also evaluated by the disruption of the mitochondrial
inner-membrane electrochemical potential using a fluorescent cationic dye,
MitoCapture (BioVision). In healthy cells, MitoCapture accumulates in the
mitochondria as punctate red fluorescence that is detectable using the PI
channel (FL2). In contrast, in apoptotic cells, the altered mitochondrial
membrane potential causes the dye to disperse into the cytoplasm and
remains in its monomer form, generating a green fluorescence that is detect-
able using the FITC channel (FL1). HelLa cells transfected with IP;R1 siRNA
were treated with ER stressors described above and then collected to stain
with MitoCapture (BioVision) for 20 min at 37°C. Fluorescent signals were
analyzed by flow cytometer.

Ca?* Measurements

Ca?* imaging was performed using cultured cells as previously described
(Higo et al., 2005). In brief, cells were incubated for 30 min with a Ca* indi-
cator, 5 pM fura-2 acetoxymethyl-ester (Dojindo). Cells were perfused with
balanced salt solution (115 mM NaCl, 5.4 mM KCI, 1 mM MgCl,, 10 mM
glucose, 20 mM HEPES [pH 7.4], and either 2 mM CaCl, or nominally Ca?*
free). Image capture and processing were performed with an Argus 50/CA
system (Hamamatsu Photonics) at RT. Delta R (F340/F380) is the change in
the ratio of the fluorescent intensities of fura-2 that are excited by light at
a wavelength of 340 and 380 nm (F340 and F380), which is generally used
for assessing the intracellular Ca®* concentration.

For in vitro Ca®* measurements, microsomal membrane vesicles obtained
from cultured cells or mice cerebella were mixed with 0.2 uM fura-2 in
a cuvette. IPs-induced Ca®* release was measured using an F-2500 spectro-
fluorometer (Hitachi, Japan).

Primary Cell Cultures and Transfection

Primary neurons were isolated and cultured as described (Deyts et al., 2009)
with some modifications. For complete experimental details, see Supplemen-
tary Information.

Identification of GRP78
See Supplemental Information.

GST Pull-Down, Immunoprecipitation, Western Blot Assays
These biochemical assays were performed as previously described (Higo et al.,
2005). For complete experimental details, see Supplemental Information.

Immunocytochemistry and Imnmunohistochemistry
See Supplemental Information.

Gel Filtration

Size exclusion chromatography was performed at 4°C on a Tosoh TSK
G4000SWXL column (30 cm X 7.8 mm i.d.). The pre-column (TSK guard
column SWXL) was connected to trap sticky molecules. Columns were
equilibrated with TNE buffer. The cell extract was applied onto the column
via 500 pl sample loop and eluted at a flow rate of 0.5 ml/min. The exclusion
volume of standard protein (GE Healthcare): thyroglobulin (669 kDa), ferritin
(440 kDa), catalase (232 kDa), and the void volume, which is determined
with blue dextran 2000, were completely reproducible under identical
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conditions. The collected 20-30 fractions (500 pl) were resolved by SDS-PAGE
and analyzed by western blotting.

Sucrose Density Gradient Sedimentation

The 1-2 ml of cell lysates were loaded on to 10 ml linear 5%—-20% sucrose
gradients made in TNE buffer. The gradients were centrifuged at 100,000 x g
for 16 hr in a Beckman SW41 ultracentrifuge rotator at 2°C. Fractions were
collected from the top to bottom of the gradients, resolved by SDS-PAGE or
native-PAGE, and analyzed by western blotting.

Native-PAGE
See Supplemental Information.

Pulse Labeling

Hela cells were cultured in methionine-free DMEM containing 5% dialyzed
FBS for 2 hr prior to labeling. The cells were labeled with 50 uCi/ml [*°S]-methi-
onine (Perkin-Elmer) in the methionine-free DMEM for 30 min. After extensive
washing with PBS, the cells were treated with 2 mM DSP for 30 min and then
solubilized in TNE buffer containing 1% Triton X-100. The cleared lysates were
loaded on 5%-20% sucrose gradients and centrifuged as described above.
Collected fractions were immunoprecipitated with anti-IP;R1 or anti-IP3R3.
The IP samples were resolved by SDS-PAGE, detected by autoradiography,
and analyzed by densitometry.

Surface Plasmon Resonance Experiments

Surface plasmon resonance (SPR) experiments were done on a BlIAcore2000
(Biacore) using CM5 research grade chips. For complete experimental details,
see Supplemental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures and Supplemental Experimental
Procedures and can be found with this article online at doi:10.1016/j.neuron.
2010.11.010
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