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Fic. 6. Dorfin ubiquitylates mutant SOD1s in vive. A, increased ubiquitylation of mutant SOD1 proteins by overexpression of Dorfin.
HEK293 cells were co-transfected with SOD1%7-Mye, SOD15%*A.Mye, or SOD1%°® Myc and HA-Ub with or without FLAG-Dorfin. FLAG-bovine
alkaline phosphatase (BAP) was used as a negative control. Inmunoprecipitation (IP) was performed with Myc antibody (3E10). IB, immunoblot-
ting. B, SDS boiling was performed prior to immunoprecipitation. To examine covalently ubiquitylated molecules, the cell lysate was boiled with
the buffer containing 1% SDS for 5 min. Immunoprecipitation with Myc antibody (9E10) showed that the SDS-boiling procedure did not change
polyubiquitylation level of SOD1%¥5®_Mye by Dorfin. C, increased ubiquitylation of mutant SOD1 proteins by overexpression of Dorfin in Neuro2a
cells. The same in vivo ubiquitylation assay as in A was performed using Neuro2a cells. D, Dorfin®132%%1358 (Dorfin ©1#28/61355) did not have E3
activity on mutant SOD1. HEK293 cells were co-transfected with SOD1%"-Myc, SOD1%*A.-Myc, or SOD1°**F.Myc and HA-Ub with FLAG-
Dorfin¥ or FLAG-Dorfin®*#%¢1358 Thae gsterisks indicate IgG light and heavy chains.
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F16. 7. A dominant negative mutant of VCP, VCP¥524A jnhibits the E3 ubiquitin ligase activity of Dorfin. A, inhibition of dominant
negative form mutant VCP¥52¢A gn the E3 ubiquitin ligase activity of Dorfin. HEK293 cells were co-transfected with SOD1°%°F.Myc, HA-Ub,
FLAG-Dorfin, and VCPWYT, VCPX*#44 or LacZ. Immunoprecipitation (IP) was performed with Myc antibody (9E10) and FLAG antibody (M2). IB,
immunoblotting. B, neither VCP™7T nor VCP®*2*4 changed the level of total polyubiquitylated protein in the cell lysate. Ten percent of the volume
of HEK293 cells used in A was subjected to immunoblotting using anti-HA (12CAS5) antibody. C, autoubiquitylation of FLAG-Parkin was not
influenced by the dominant negative form VCP¥*244 HEK233 cells were co-transfected with FLAG-Parkin, HA-Ub, and VCPWT, VCP¥524A or LacZ.
Immunoprecipitation with FLAG antibody (M2) was performed. D, inhibition of VCP¥2¢4 on E3 ubiquitin ligase activity of Dorfin in Neuro2a cells.
Neuro2a cells were co-transfected with SOD1*R.Myc, HA-Ub, FLAG-Dorfin, and VCPWVT, VCP¥3244 or LacZ. Immunoprecipitation was performed
using Myc antibody (3E10) and FLAG antibody (M2). The asterisks indicate IgG light and heavy chains.
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The amount of Dorfin bound with VCP was saturated at even
molar ratio in vitro (Fig. 3, B and C). Since VCP exists as a
homohexamer (Fig. 3D), the in vivo observed size of ~600 kDa
appears to be too small for the Dorfin-VCP complex if one VCP
molecule binds to more than one Dorfin as shown in in vitro
experiments. However, it is noteworthy that the size of mole-
cules estimated by glycerol density gradient centrifugation
analysis used in this study is not accurate and sufficient to
discuss the molecular interaction of Dorfin and VCP in the
cells. To date, various adaptor proteins, with which VCP forms
multiprotein complexes, have been identified, such as Npl4,
Ufd1 (18, 20), Ufd2 (34), Ufd3 (35), p47 (36), or SVIP (37).
Although our in vitro study showed direct physical interaction
between Dorfin and VCP, the environment with those adaptor
proteins might reflect in vivo conditions. This also may explain
the apparent discrepancy of the Dorfin-VCP binding fashions
between in vivo and in vitro analyses.

Treatment with a proteasomal inhibitor causes the translo-
cation of endogenous VCP and Dorfin to the aggresome in
cultured cells (4, 15). Our results showed that these two pro-
teins indeed colocalized perinuclearly in the aggresome follow-
ing treatment with a proteasomal inhibitor (Fig. 4). Further-
more, we were able to demonstrate both Dorfin and VCP
immunoreactivities in LB-like inclusions in ALS and LBs in PD
(Fig. 5). In the majority of LBs, indistinguishable peripheral
staining patterns were observed with both anti-Dorfin and
anti-VCP antibodies. These results confirmed that both Dorfin
and VCP are associated with the formation processes of aggre-
somes and inclusion bodies through physical interaction.

We showed here that co-expression of VCP¥5244 resylted in a
marked decrease of ubiquitylation activity of Dorfin compared
with co-expression of VCPYT or control. On the other hand,
VCPX%24 fajled to decrease autoubiquitylation activity of Par-
kin. VCP¥324A did not change the level of polyubiquitylated
protein accumulation in the cell lysate in this study (Fig. 7).
Knockdown experiments using the RNA interference technique
showed accumulation of polyubiquitylated proteins (38). Com-
bined with the observation that inhibition of VCP did not
decrease the general accumulation of polyubiquitylated pro-
teins, our results indicated that the E3 regulation function of
VCP may be specific to certain E3 ubiquitin ligases such as
Dorfin. VCP is an abundant protein that accounts for more
than 1% of protein in the cell cytosol and is known to have
various chaperone-like activities (39); therefore, it may func-
tion as a scaffold protein on the E3 activity of Dorfin. The
localization of Dorfin and VCP in UBIs in various neurodegen-
erative disorders indicates the involvement of these proteins in
the quality control system for abnormal proteins accumulated
in the affected neurons in neurodegenerative disorders.

Since the unfolded protein response and ERAD are dynamic
responses required for the coordinated disposal of misfolded
proteins (40), the ERAD pathway can be critical for the etiology
of neuronal cell death caused by various unfolded proteins.
VCP is required for multiple aspects of the ERAD system by
recognition of polyubiquitylated proteins and translocations to
the 26 S proteasome for processive degradation through the
VCP-Npl4-Ufd1 complex (18, 41). Our results suggest the in-
volvement of Dorfin in the ERAD system, which is related to
the pathogenesis of neurodegenerative disorders, such as PD or
Alzheimer’s disease. Further study including Dorfin knockout
and/or knockdown models should examine the pathophysiology
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of Dorfin in association with the ERAD pathway or other cel-
lular functions. Such studies should enhance our understand-
ing of the pathogenetic role of Dorfin in neurodegenerative
disorders.
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mRNA transport and local translation in the neuronal
dendrite is implicated in the induction of synaptic plas-
ticity. Recently, we cloned an RNA-interacting protein,
SYNCRIP (heterogeneous nuclear ribonuclear protein
Q1/NSAP1), that is suggested to be important for the sta-
bilization of mRNA. We report here that SYNCRIP is a
component of mRNA granules in rat hippocampal neu-
rons. SYNCRIP was mainly found at cell bodies, but punc-
tate expression patterns in the proximal dendrite were
also seen. Time-lapse analysis in living neurons revealed
that the granules labeled with fluorescent protein-tagged
SYNCRIP were transported bi-directionally within the
dendrite at ~0.05 pun/s. Treatment of neurons with no-
codazole significantly inhibited the movement of green
fluorescent protein-SYNCRIP-positive granules, indicat-
ing that the transport of SYNCRIP-containing granules is
dependent on microtubules. The distribution of SYN-
CRIP-containing granules overlapped with that of den-
dritic RNAs and elongation factor 1a. SYNCRIP was also
found to be co-transported with green fluorescent pro-
tein-tagged human staufenl and the 3'-untransiated re-
gion of inositol 1,4,5-trisphosphate receptor type 1 mRNA.
These results suggest that SYNCRIP is transported within
the dendrite as a component of mRNA granules and raise
the possibility that mRNA turnover in mRNA granules
and the regulation of local protein synthesis in neuronal
dendrites may involve SYNCRIP.

Protein synthesis in neurons was long believed to occur only
in the cell body, but recent evidence showing the presence of
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mRNA (for review, see Refs. 1-4) and the capacity for local
translation of specific mRNAs in neuronal dendrites (Refs. 5
and 6; for review, see Refs. 7 and 8) has changed this belief.
Selective transport and localization of certain types of mRNA
and subsequent local protein synthesis in neuronal dendrites
are now considered as part of the fundamental mechanisms
involved in synaptic plasticity.

Various kinds of mRNA, such as mRNA-coding cytoskeletal
proteins (MAP2, B-actin, Arc (activity-regulated cytoskeleton-
associated protein), and neurofilament proteins), kinases (e.g.
the « subunit of Ca?*/CaM!’ kinase II (CaMKlla)), receptors
and channels (glycine receptors, glutamate receptors, and ino-
sitol 1,4,5-trisphosphate receptor type 1 (IP;R1)) have been
reported to target dendrites of central nervous system neurons
(for review, see Refs.4, 8). Many of the mRNAs listed above are
transported to the dendrites as a component of ribonucleopro-
tein complexes called mRNA granules, which were detected
with fluorescent dye SYTO14 (9) and by the in situ hybridiza-
tion technique (10, 11). mRNA granules contain ribosomes and
other components of translational machinery (9, 12, 13) as well
as various mRNA-binding proteins, including fragile X mental
retardation protein (14), staufen (15), testis-brain RNA-binding
protein (16), zip code-binding protein 1 (17), and heterogeneous
nuclear ribonuclear protein (hnRNP) A2 (18). These
mRNA-binding proteins are thought to be responsible for the
stability and the translational regulation of mRNAs; however,
their actual function in dendrites is poorly understood.

We recently discovered a novel RNA-interacting protein,
SYNCRIP (synaptotagmin binding, cytoplasmic RNA-interact-
ing protein (19)) in mouse. A human homolog of SYNCRIP was
termed as NSAP1 (20) or hnRNP Q1 (21). SYNCRIP is one of
three alternative splicing variants (21) and has high homology
to hnRNP R. Interestingly, in contrast to hnRNP R and other
splicing variants of SYNCRIP (hnRNP Q2 and Q3), SYNCRIP
is distributed throughout the cytosol instead of being localized
in the nucleus (19). SYNCRIP binds to RNA in vitro, preferen-

! The abbreviations used are: CaM, calmodulin; CaMKlla, « subunit
of Ca®*/CaM kinase II; IP,R1, inositol 1,4,5-trisphosphate receptor type
1; hnRNP, heterogeneous nuclear ribonuclear protein; SYNCRIP, syn-
aptotagmin binding cytoplasmic RNA-interacting protein; PBS, phos-
phate-buffered saline; GFP, green fluorescent protein; mRFP, mono-
meric red fluorescent protein; NLS, nuclear localization signal; 3'-UTR,
3'-untranslated region; MS52bs, MS2 phage coat protein binding se-

Tel.: 81-3-5449-5320; Fax: 81-3-5449-5420; E-mail: tinoue@ims. quences; EFle, elongation factorle; EtBr, ethidium bromide; CCD,
u-tokyo.acjp. charge-coupled device; A2RE, hnRNP A2 response element.
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tially to poly (A) or poly (U), in a phosphorylation-dependent
manner (19, 22, 23). Although SYNCRIP is reported to be a
component of protein complexes that stabilize c-fos proto-onco-
gene mRNA in mammalian culture cells (24), the physiological
role of SYNCRIP in the cytoplasm is not yet understood. In this
study we performed a proteomic analysis of the protein com-
plexes that associate with SYNCRIP in human kidney cell line
293EBNA and found that SYNCRIP preferentially associated
with ribosomal proteins and RNA-binding proteins. We also
found that SYNCRIP is a component of mRNA granules con-
taining IP;R1 mRNA transported within the dendrites in a
microtubule-dependent manner.

EXPERIMENTAL PROCEDURES

Proteomic Analysis—Proteomics analysis of the proteins that associ-
ate with SYNCRIP was performed as previously described {25-27). In
brief, human 293EBNA cells were harvested, washed with phosphate-
buffered saline (PBS), and lysed at 24 h after the transfection of cDNA
coding FLAG-tagged SYNCRIP. Then the resulting cell lysate was
incubated with M2-agarose overnight at 4 °C for immunoprecipitation.
The protein-bound agarose beads were washed extensively, and the
proteins were eluted with FLAG peptide. The isolated complex was
precipitated using mixed methanol and chloroform. After vacuum-dry-
ing, the precipitate was digested with Achromobacter protease 1. The
digested peptide mixture were analyzed using a Direct nano flow LC-
MSM system as described (26), and protein identification was per-
formed according to the criteria described previously (26).

Construction of Fusion Proteins—FLAG-tagged SYNCRIP was gen-
erated by subcloning PCR-amplified DNA fragment coding mouse SYN-
CRIP (19) fused with FLAG tag to its N terminus into pcDNA3 (Invitro-
gen). To construct a green fluorescent protein (GFP)-tagged SYNCRIP,
the coding sequence of mouse SYNCRIP was subcloned into the Pstl/
Kpnl site of pEGFP-C3 (Clontech, Palo Alto, CA). Monomeric red fluo-
rescent protein (mRFP)-tagged SYNCRIP (mRFP-SYNCRIP) was gen-
erated by fusing a mRFP, a gift from Dr. R. Tsien (28), to the N
terminus of SYNCRIP with the amino acids Glu-Phe as a linker, which
was then subcloned into pcDNA3.1/Zeo+ (Invitrogen). To construct
GFP-fused human staufenl (GFP-hStaul), the coding region of hStaul
was amplified from HEP22160 (a gift from Dr. S. Sugano) and sub-
cloned into the Xhol/HindIIl site of pEGFP-C1 (Clontech).

NLS-MS2-Venus was generated from pGA14-MS2-GFP (a gift from
Dr. R. Singer (29)) and pCS2-Venus (a gift from Dr. A. Miyawaki). A
coding sequence of “Venus” (a variant of yeliow fluorescent protein (30))
was PCR-amplified with 5-GTGCGGCCGCTGGTATGAGCAAGGGC-
GAGG-3'and 5'-CTTGAATTCTTACTTGTACAG-3" using pCS52-Venus
as a template. The NotI-EcoRI digest of the resultant cDNA fragment
and the BamHI-NotI digest of pG14-MS2-GFP that corresponded to the
coding sequence of MS2 coat protein and nuclear localization signal
{NLS) were then introduced into the BamHI/EcoRI site of a mammalian
expression vector pCS2+.

To construct the RNA expression vector of the 3’-untransiated re-
gions (3'-UTR) of IP;R1 (IP,R1 3'-UTR-MS2bs), we amplified a cDNA
fragment of 3'-UTR of mouse IP,R1 (bases 8579-9041) by PCR using
primers 5'-GGCTCGAGGCAAATGAGGCAGAGGGAC-3’, and 5'-GCG-
GGCCCAACCATTTATTACACGAGTATCAAC-3'. The resuiting PCR
fragment was subcloned into the Xhol/Apal site of pcDNA3.VZeo+,
upstream of which 12 copies of MS2 phage coat protein binding se-
quences (MS2bs) and the coding sequence of alkaline phosphatase were
inserted, and the bovine growth hormone polyadenylation signal down-
stream to the multicloning site was removed.

Cell Culture and Transfection—Primary cultures of neurons were
prepared from hippocampi of 1-day-old Wistar rats by a standard
method as described previously (31, 32) and plated on poly-L-lysine
(Nacalai Tesque, Kyoto, Japan)-coated coverslips at a density of 4.6 X
10%-1.3 % 10% cells/cm®. Cells were cultured in Neurobasal medium
(Invitrogen) supplemented with 2.5 mM L-glutamine (Nacalai Tesque),
2.5% (v/v) B-27 (Invitrogen), and antibiotics (250 units/ml penicillin and
250 pg/ml streptomycin). The cultures were transfected with 10 pg of
DNAs by a standard calcium phosphate method (33) or 2.5 ug of DNAs
by lipofection using Lipofectamine 2000 (Invitrogen) (34) on days 5-6 in
vitro. For the labeling of 3'-UTR of IP;R1 mRNA, 0.6 ug of NLS-MS2-
Venus and 1.8 ug of IP,R1 3’-UTR-MS2bs were co-transfected by lipo-
fection. The transfected cells were used for immunochistochemistry or
imaging experiments 2-3 days after the transfection, which corre-
sponded to days 7-9 in vitro.

Antibodies—The rabbit antibody recognizing the N-terminal region

Dendritic Transport of SYNCRIP with mRNA

of SYNCRIP, anti-SYNCRIP-N antibody, was obtained as described
previously (19). Anti-SYNCRIP-N was used after affinity purification,
and the specificity of this antibody has been confirmed by paraliel
experiments using preimmune serum or anti-SYNCRIP-N antibody
preincubated with an excess amount of antigenic polypeptide (19).
Anti-elongation factorle (EFla) antibody was from Upstate Biotech-
nology (Charlottesville, VA, clone CBP-KK1). Alexa 488- or Alexa 594-
conjugated secondary antibody was from Molecular Probes
(Eugene, OR).

Immunohistochemistry, Cell Labeling Experiments, and Confocal Im-
aging—For immunohistochemistry of native hippocampus, Wistar rats
were deeply anesthetized on postnatal day 7 and perfused with 4%
paraformaldehyde in PBS. Whole brains were removed and post-fixed
in the same fixative overnight at 4 °C. Sagittal sections (thickness, 100
um) were cut with a Vibratome-type micro slicer (DTK-1500; Dosaka
EM, Kyoto, Japan), collected in PBS, and permeabilized with 0.3%
Triton X-100. After incubating with blocking solution (1% bovine serum
albumin and 0.3% Triton X-100 in PBS) sections were incubated with
anti-SYNCRIP-N antibody (1:1000 dilution) in blocking solution over-
night at 4 °C and subsequently with Alexa 488-conjugated anti rabbit
1gG (Molecular Probes) for 3 h at room temperature. Finally, sections
were mounted on slides with Vectashield (Vector Laboratories,
Burlingame, CA) and observed under a confocal-scanning microscope
(FV-300; Olympus, Tokyo, Japan) attached to an inverted microscope
(IX70; Olympus) with a X10 objective (NA 0.30; Olympus) and a x40
objective (NA 0.85; Olympus).

For immunostaining of cultured neurons, cells were fixed with 4%
formaldehyde in PBS for 10 min. After permeabilization with 0.1%
Triton X-100 in PBS for 10 min and blocking with 5% skim milk in PBS,
the cells were incubated with the primary antibodies at 1:1000 dilution
for anti-SYNCRIP-N antibody and at 1:400 dilution for anti-EFla an-
tibody. Alexa 488- or Alexa 594-conjugated IgGs (Molecular Probes)
were used as secondary antibodies. RNA labeling with ethidium bro-
mide (EtBr) was performed as described previously (35). RNase treat-
ment was conducted by incubating neurons with 20 pg/ml RNase A
(Nippongene, Tokyo, Japan) for 15 min after the EtBr staining. For
labeling hippocampal neurons with endosomal and lysosomal markers,
cells were incubated with 1 mg/ml Texas Red-dextran (M, 3000; Molec-
ular Probes) overnight. Fluorescence images of cultured neurons were
taken under a confocal-scanning microscope (FV-300) using a 60X
objective (NA 1.4; Olympus).

All of the images taken by the confocal microscope were digitally
smoothed to reduce the noise level. The smoothing filter was imple-
mented using 8 X 3 spatial convolutions, where the value of each
pixel in the selection was replaced with the weighted average of its
3 % 3 neighborhood. Center pixels are 4-fold weighted over surround-
ing pixels.

Time-lapse Imaging and Data Analysis—The culture medium was
supplemented with 20 mm HEPES (pH 7.3) for the time-lapse imaging
experiments. The temperature was maintained at ~37 °C by a heating
chamber that surrounded the microscope stage. For single color time-
lapse imaging, the cells were visualized under an inverted microscope
(IX70, Olympus) and a 60X objective (NA 1.45, Olympus) using stand-
ard filter sets and a mercury lamp. Sequential images were acquired
with a cooled charge-coupled device (CCD) camera (ORCA-ER;
Hamamatsu Photonics, Hamamatsu, Japan) with a 58- or 117-ms ex-
posure time every 10 s. For multicolor time-lapse imaging, neurons
were visualized under an inverted microscope (IX81; Olympus)
equipped with a motorized fluorescence mirror unit exchanger, stand-
ard filter sets, and a 60X objective (NA 1.4; Olympus). Images were
taken with a cooled CCD camera (ORCA-ER) with a 200-ms exposure
time every 10 s.

Data were analyzed using TI Workbench, which is a custom-made
software written by T.Inoue. Positions of fluorescent vesicles were
plotted against time, and velocity of the granular movements was
obtained by linear fitting of the slope. Only structures moving in more
than three image frames were taken into account. The velocities were
calculated for each period of consecutive movement. Images of time-
lapse (Figs. 34, 6B, and 7C) presented in this study were subjected to
digital smoothing with the same algorithm as the confocal images (see
above) to reduce the noise level.

Drug Preparation and Drug Treatment—Stock solutions of nocoda-
zole (10 mg/ml, Sigma) and latrunculin A (1 mg/mi, Molecular Probes)
were prepared in dimethyl sulfoxide (Me,SO) and stored at —20 °C.
Neurons were incubated with nocodazole (30 pg/ml) and latrunculin A
(1 pg/ml) for 1 h at 37 °C in 5% CO,. To confirm that the cytoskeleton
was disrupted, fixed cells were stained with anti-tubulin antibody (Lab
Vision, CA) or Alexa 594-phalloidin (Molecular Probes). We found no
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RNA binding proteins 23.4%

— Other

Fi. 1. Classification of the 111 pro-
teins identified as components of the
SYNCRIP-associated protein com-
plexes in 293EBNA cells. Detailed com-
positions of each class are shown in sup-
plemental Table SI.

changes in the microtubules or actin structure from control cells ex-
posed to 0.1-0.3% Me,SO (data not shown).

RESULTS

Proteomic Analysis of SYNCRIP-associated Proteins—Pro-
teins associated with SYNCRIP were isolated by immunopre-
cipitation from human 293EBNA cells expressing FLAG-
tagged SYNCRIP by using anti-FLAG antibody. The 111
proteins listed in supplemental Table SI were identified as
components of protein complexes containing FLAG-tagged
SYNCRIP. Among these 111 proteins, 44 were identified as
ribosomal proteins (39.6%) and 26 were mitochondrial riboso-
mal proteins (23.4%), which are encoded by nuclear genes and
synthesized in the cytosol (36) (Fig. 1 and supplemental Table
SI). In addition, 26 RNA-binding proteins (23.4%}) including 8
hnRNPs (7.2%), 4 DEAD box helicases (3.6%), and 4 splicing
factors (3.6%) were also identified as SYNCRIP-associated pro-
teins. These results suggest that SYNCRIP preferentially as-
sociates with protein complexes involved in mRNA processing
and translation.

The Distribution and Dynamics of SYNCRIP in Hippocam-
pal Neurons—mRNA granules, the ribonucleoprotein com-
plexes present in neuronal dendrites, have been reported to
contain ribosomes and other components of translation ma-
chinery (9, 12, 13) as well as a number of RNA-binding proteins
(14-18). The above results of proteomic analysis in 293EBNA
cells indicate that SYNCRIP preferentially associates with the
major component of mRNA granules, that is, ribosomal pro-
teins and RNA-binding proteins (Fig. 1, supplemental Table
SI). In addition, SYNCRIP itself has the ability to bind to RNA,
preferentially to poly(A) and poly(U) sequences in vitro (19, 22,
23). These findings led us to hypothesize that SYNCRIP is a
component of the mRNA granules in neuronal dendrites.

To test this hypothesis, we investigated the expression pat-
tern and dynamics of SYNCRIP in the dendrites of rat hip-
pocampal neurons. Expression of SYNCRIP within the hip-
pocampus of rats was investigated by immunohistochemistry
using anti-SYCNRIP-N antibodies. SYNCRIP was expressed in
the pyramidal cell layer and granular cell layer (Fig. 24), and
SYNCRIP signals were mainly observed in the cell bodies of
hippocampal neurons (Fig. 2B). In addition, the proximal den-
drites of pyramidal cells were also labeled with the SYNCRIP
antibody (Fig. 2B, arrowheads). To investigate the localization

and dynamics of SYNCRIP in detail, we transfected cultured:

rat hippocampal neurons with plasmid DNAs encoding mouse
SYNCRIP (19) tagged with GFP (GFP-SYNCRIP). To confirm
that GFP-SYNCRIP reflects the localization of endogenous
SYNCRIP in cultured hippocampal neurons, we compared the
immunocytochemical patterns of endogenous SYNCRIP and

proteins
Splicing factors

DEAD box helicases

haRNPs 7.2%
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Mitochondrial ribosomal
proteins  23.4%

o

Fic. 2. Distribution pattern of endogenous SYNCRIP in rat
hippocampus. A, left, immunohistochemistry with anti-SYNCRIP-N
antibody. Right, control experiment using nonspecific rabbit IgG.
Strong signals for endogenous SYNCRIP were found in the pyramidal
and granular layers. Scale bar, 500 um. B, a high magnification image
of the boxed region in A. As well as the cell bodies, proximal dendrites
of pyramidal neurons were also labeled by anti-SYNCRIP-N antibody
{arrowheads). Images were taken with a confocal microscope. Scale bar,
100 wm.

the distribution of GFP-SYNCRIP signals. Endogenous SYN-
CRIP was distributed in the dendrites as well as in the cell
body of cultured hippocampal neurons (Fig. 34, left) as was
observed in native tissue. SYNCRIP was found in granules of
various sizes in the dendrites (Fig. 34, right, arrowheads).
GFP-SYNCRIP also exhibited a distribution pattern very sim-
ilar to that of endogenous SYNCRIP (Fig. 3B), indicating that
the expression pattern of GFP-SYNCRIP reliably reflects that
of endogenous SYNCRIP in cultured neurons.

Time-lapse microscopy with a CCD camera revealed that
some of the granules labeled with GFP-SYNCRIP traveled
within the dendrites (Fig. 4A and supplemental Movie 1).
Granules labeled with GFP-SYNCRIP moved along the den-
drite in both anterograde (to the periphery) and retrograde (to
the soma) directions, and a change in direction of movement
was observed in some granules (Fig. 4B). Double labeling of
GFP-SYNCRIP with Texas Red-dextran, which is a marker for
endosomes and lysosomes, indicated that the mobile GFP-SYN-
CRIP-positive granules were not part of the endosome-lysoso-
mal system because GFP-SYNCRIP did not overlap with the
Texas Red-dextran signal in either the cell bodies or the den-
drites (data not shown). The velocity profile of the GFP-SYN-
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FiG. 3. The endogenous SYNCRIP protein and expressed GFP-
SYNCRIP showed comparable expression patterns in cultured
rat hippocampal neurons. Right images are high magnification im-
ages of the boxed region in the left images. A, immunolabeling of
endogenous SYNCRIP using anti-SYNCRIP-N antibody. B, a living cell
expressing GFP-SYNCRIP. In both images, many granular structures
were observed in dendrites (arrowheads). All the images were taken
with a confocal microscope. Scale bars, 10 pm.
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FiG. 4. Movement of GFP-SYNCRIP-positive granules. A, time-
lapse imaging of GFP-SYNCRIP-positive granules in the dendrite re-
corded with a CCD camera. Arrows indicate a moving granule, and
asterisks indicate the original position of the granule at 0 s. Scale bar,
2 pm. B, representative movement patterns of GFP-SYNCRIP-positive
granules. The net movement of each vesicle {(um) was plotted against
time (s). Anterograde (positive direction) is the movement from the cell
body toward the periphery, and Retrograde (negative direction) is the
opposite movement. The time-lapse interval was 10 s.

CRIP-positive granules is shown in Fig. 5 (No drug treatment).
The average velocity of the vesicle movements was about 0.05
pm/s in both the anterograde and retrograde directions as
shown in Table I, and the maximum velocity of GFP-SYNCRIP
movement was 0.37 um/s. Interestingly, the speed of SYNCRIP
movement was similar to that reported for mRNA granule
movement (~0.1 upm/s (9); ~0.1 pm/s (37); 0.03~0.05
pm/s (38)).

The movements of mRNA granules have been reported to be
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FiG. 5. Velocity profiles of the GFP-SYNCRIP-positive gran-
ules with or without drug treatments. N indicates the number of
events, i.e. consecutive mono-directional movements. Positive velocity
corresponds to the anterograde movement, and negative velocity corre-
sponds to the retrograde movement. DMSO, Me,SO.

mainly dependent on microtubules (9, 18, 35, 37-39). To deter-
mine whether microtubules are also involved in the movement
of SYNCRIP-positive granules, we tested the effects of drugs
that disrupt these cytoskeletal components on the velocity of
granule movement. After confirming that these drugs were
effective in cultured rat hippocampal neurons by immunocyto-
chemical staining with anti-tubulin antibody (for microtubules)
and Alexa 594-phalloidin (for actin filaments) (data not shown),
nocodazole (30 pg/ml) and latrunculin A (1 pg/ml) were used to
disrupt microtubules and actin filaments, respectively. Neither
substance had a major effect on the distribution pattern or
number of granules labeled with GFP-SYNCRIP. Latrunculin
A did not have a significant effect on the velocity of GFP-
SYNCRIP-positive granules in comparison with control cells
exposed to 0.3% Me,SO (p > 0.1, ¢ test, and Mann-Whitney U
test). However, nocodazole significantly decreased the velocity
of GFP-SYNCRIP-positive granules by ~70% in both directions
compared with control cells (p < 0.001, ¢ test and Mann-Whit-
ney U test, Fig. 5 and Table I). These results suggest that the
transport of SYNCRIP-positive granules is highly dependent
on microtubules and that the contribution of the actin cytoskel-
eton is minor, which is consistent with previous reports for the
transport of mRNA granules. ‘
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Tasie I
Effects of drug treatment on the velocity of the movement of GFP-SYNCRIP-positive granules
Drug ' Anterograde Retrograde
wnls winls

No drug treatment

Me,SO 0.041 = 0.028 (n = 84)
Latrunculin A 0.045 % 0.023 (n = 85)
Nocodazole 0.014 * 0.010 (n = 90)"

0.050 = 0.051 (n = 66)"

0.055 = 0.058 (n = 75)
0.041 = 0.025(n = 79)
0.043 = 0.023 (n = 82)
0.012 * 0.009 (n = 89)°

“ Values show average = S.D.
® p << 0.001 (¢ test, Mann-Whitney U test)

GFP-SYNCRIP

F1G. 6. The GFP-SYNCRIP protein
co-localized with the components of
mRNA granules. A, RNA labeling of
GFP-SYNCRIP-expressing neurons with
EtBr. Top, EtBr signals overlapped with
GFP-SYNCRIP-positive granules (arrow-
heads). Bottom, EtBr signals were abol-
ished by treatment with RNase A. B, dou-
ble-labeling with GFP-SYNCRIP and
endogenous EFla, a marker for mRNA
granules. Endogenous EF 1« was found on
the GFP-SYNCRIP-labeled granules {(ar-
rowheads). Images were taken with a con-
focal microscope. The scale bar indicates
10 pm.

SYNCRIP Was Co-localized with Dendritic RNAs and Mark-
ers of mRNA Granules—We then investigated whether the
distribution of SYNCRIP overlaps with that of RNA and mRNA
granule markers in dendrites of cultured hippocampal neurons.
Dendritic RNAs were labeled with EtBr as described previously
(85). The EtBr signal was completely abolished by RNase treat-
ment, indicating that it was specific for RNA (Fig. 64, bottom).
In the absence of RNase, EtBr labeled granular structures in
the cell bodies and dendrites, which overlapped with the most
of the SYNCRIP-positive granules (Fig. 64, top).

We also investigated whether GFP-SYNCRIP was co-local-
ized with protein components of mRNA granules, i.e. EFlx (9)
and staufen (15, 40). Immunocytochemistry using anti-EFla
antibody revealed that GFP-SYNCRIP-positive granules were
co-localized with endogenous EFla (Fig. 6B). However, we
were not able to perform immunocytochemistry for staufen,
because no specific antibody against rat staufen was available.
Instead, we used GFP-tagged human staufenl (GFP-hStaul),
which is transported within dendrites as a2 component of mRNA
granules (37). GFP-hStaul was co-expressed with SYNCRIP
tagged with monomeric RFP (mRFP-SYCNRIP), whose behav-
ior was indistinguishable from that of GFP-SYNCRIP (data not
shown). mRFP-SYNCRIP was co-localized with GFP-hStaul in
granules (Fig. 7A), and we confirmed that the GFP-hStaul-
positive granules contained endogenous SYNCRIP by immuno-
cytochemistry (supplemental data S1). These results strongly
indicate that SYNCRIP is a component of the mRNA granule
in neurons.

SYNCRIP Is a Component of Moving mRNA Granules Con-
taining the 3'-UTR of IP;R1 mRNA—TFig. 7B and supplemental
Movie 2 show representative time-lapse images of a dendrite
from a hippocampal neuron expressing mRFP-SYNCRIP and

anti-EE1.

GFP-hStaul. The mRFP-SYNCRIP signal completely over-
lapped with that of GFP-hStaul throughout the movement,
indicating that SYNCRIP is a component of the “moving”
mRNA granules.

Finally, we investigated whether the SYNCRIP-positive
granules actually transport meaningful sets of mRNAs. The
mRNA of IP;R1 is expressed in central nervous system neu-
rons, including hippocampal neurons (41). In addition, IP,R1
mRNA has been shown to be present in the dendrites of cere-
bellar Purkinje cells and neocortical neurons (41, 42). Because
a sequence homologous to the hnRNP A2 response element
(A2RE, GCCAAGGAGCCAGAGAGCAT®), which is included
in a subset of dendritically localized mRNAs generally trans-
ported as components of mRNA granules (18, 43), is found in
bases identical to those of A2RE are underlined), it is a candi-
date for a component of mRNA granules. We visualized the
3'-UTR of IP;R1 mRNA in living neurons by a GFP-based
mRNA labeling technique that was first reported in yeast (29)
and was used later to visualize several mRNAs in neuronal
dendrites (17, 38). We prepared two plasmids, with one (NLS-
MS2-Venus) containing the coding sequences of the single-
stranded RNA phage capsid protein MS2 fused with Venus (a
brighter variant of yellow fluorescent protein (30)) and an NLS.
The other plasmid (IP;R1 3'-UTR-MS2bs) contained 12 repeats
of the MS2 binding sequence, each of which encoded a 17-
nucleotide RNA stem loop fused with the 3'-UTR of IP,R1
mRNA (bases 8579-9041). When these plasmids were co-trans-
fected into hippocampal neurons, small bright granules were
seen in the dendrites (Fig. 84, top), whereas diffuse, not punc-
tate staining was seen in the dendrites in a control experiment
in which NLS-MS2-Venus alone was transfected (Fig. 84, bot-
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Fic. 7. mRFP-SYNCRIP proteins were incorporated in motile
mRNA granules. A, double labeling of neurons with mRFP-SYNCRIP
and GFP-tagged human staufen (GFP-hStaul). mRFP-SYNCRIP and
GFP-hStaul co-localized on the same granules {arrowheads). Images
were taken with a confocal microscope. Scale bar, 10 um. B, time-lapse
images of a granule containing mRFP-SYNCRIP and GFP-hStaulin a
dendrite. Left, consecutive frames showing a mRFP-SYNCRIP signal.
Right, corresponding frames showing a GFP-hStaul signal. Arrows
indicate a moving granule, and asterisks indicate the original position of
the granule at 0 s. Note that both mRFP-SYNCRIP and GFP-hStaul
labeled the same moving granule. Scale bar, 2 pm.

tom). These granules were also labeled with mRFP-SYNCRIP
when mRFP-SYNCRIP was further added to the co-transfected
plasmids (Fig. 8B). A multicolor time-lapse study revealed that
the movement of the IP;R1 3'-UTR mRNA signal coincided
with that of the mRFP-SYNCRIP (Fig. 8C and supplemental
Movie 3). Taken together, these findings indicate that SYN-
CRIP is a component of mRNA granules that at least trans-
ports IP;R1 mRNA.

DISCUSSION

In the proteomics study we showed that the SYNCRIP-asso-
ciated complexes in 293EBNA cells contain at least 111 pro-
teins, some of which seem to be responsible for mRNA process-
ing and translation (Fig. 1 and supplemental Table SI).
Cytoplasmic ribosomal proteins and RNA binding proteins
such as hnRNP A2/B1, zip code-binding protein 1 (IGF-II
mRNA-binding protein 1), and hnRNP U, which are the com-
ponents of mRNA granules (17, 18, 44), were also detected as

Dendritic Transport of SYNCRIP with mRNA

-iPR1 SUTH

mRFP.SYNCRIP BIR1 3UTR

FiG. 8. 3'-UTR of IP;R1 mRNA was co-transported with mRFP-
SYNCRIP. 4, to visualize the 3'-UTR of IP,R1 mRNA, cuitured neu-
rons were co-transfected with plasmid DNAs encoding 3'-UTR of mouse
IP,R1 mRNA fused with 12 copies of the MS2 binding sequence (IP;R1
3'UTR-MS2bs) and Venus fused with the MS2 and NLS (NLS-MS2-
Venus). IP,R1 3'-UTR mRNAs expressed in neurons was distributed as
granular structures (top, arrowheads). On the other hand, a diffuse
staining pattern was observed when NLS-MS2-Venus alone was trans-
fected (bottom). B, double labeling of cultured neurons with 3'-UTR of
IP,R1 mRNA and mRFP-SYNCRIP. Many of the Venus-positive gran-
ules were mRFP-SYNCRIP-positive (arrowheads). Images in A and B
were taken with a confocal microscope. Scale bars, 10 pm. C, movement
of a granule containing mRFP-SYNCRIP and 3'-UTR of IP,R1 mRNA
in a dendrite. Left, consecutive frames showing a mRFP-SYNCRIP
signal. Right, corresponding frames showing a 3'-UTR of IP;R1 mRNA
signal detected by Venus. A CCD camera was used. Arrows indicate a
moving granule, and asterisks indicate the original position of the
granule at 0 s. Note that both mRFP-SYNCRIP and the 3'-UTR of
IP,R1 mRNA were on the same moving granule. Scale bar, 2 um.

major SYNCRIP-associated proteins, and this fact raised the
possibility that SYNCRIP plays roles as a component of mRNA
granules in the neurons. Very recently, a screening study for
RNase-sensitive granules that associate with motor protein
kinesin revealed that SYNCRIP is one of the components of
mRNA transporting granule (44). Moreover, proteomic and
immunoelectron microscopic analyses showed that SYNCRIP
is included in mRNA granules purified from rat brains.? Qur
new lines of evidence further strengthen these reports that
SYNCRIP is a component of mRNA granules. SYNCRIP were
distributed in dendrites of hippocampal neurons as a granular
structure (Figs. 2 and 38), and the SYNCRIP-containing gran-
ules were transported bi-directionally at a speed of ~0.05 pm/s
in a microtubule-dependent manner (Fig. 4 and Table I), as was

2 W. S. Sossin and P. S. McPherson, Montreal Neurological Institute,
McGill University, Quebec, Canada, personal communication.
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previously reported for mRNA granule dynamics (9, 18, 35,
37-39, 44). SYNCRIP in the dendrite co-localized with RNA
and the component of mRNA granules (Figs. 5-7) and was
co-transported with IP;R1 mRNA (Fig. 8). The molecular mech-
anism underlying the recruitment of SYNCRIP into mRNA
granules remains unknown. One possibility is that SYNCRIP
interacts with poly(A) or AU-rich regions that are generally
present in the 3’ region of mRNAs, as was supported by the fact
that SYNCRIP interacts directly with poly(A) and poly(U) in
vitro (19, 22, 23). Another possibility is that SYNCRIP is bound
to mRNA granules as a component of a protein complex as is
reported for a human homolog of SYNCRIP in a non-neuronal
cell (24). Clarification of the binding relations among the com-
ponents of mRNA granules may be required to investigate
these possibilities.

It is interesting that a number of mitochondrial ribosomal
proteins associated with SYNCRIP in 293EBNA cells (Fig. 1
and supplemental Table SI). However, SYNCRIP was not
found in mitochondria either in the human kidney cell line and
the cultured hippocampal neuron (data not shown). SYNCRIP
might associate with mitochondrial ribosomal proteins in the
cytoplasm and have indirect roles in protein synthesis in mi-
tochondria, but further study is required to test this possibility.

Microtubule-based motor proteins kinesin and dynein are
possibly responsible for the transport of SYCNRIP-positive
mRNA granule, since they were co-purified with SYNCRIP-
containing mRNA granules (44).2 mRNA granules that contain
cytoplasmic polyadenylation element-binding protein has also
been shown to be co-localized with molecular motor kinesin and
dynein (39). Bi-directional movement of GFP-SYNCRIP-posi-
tive granules (Fig. 4) could be explained by mixed polarity of
the dendritic microtubules (45) or by coordination of multiple,
opposite-directed motor proteins. In the present study, actin
filaments were shown to contribute little to the transport of
SYNCRIP (Fig. 5 and Table I), which has also been reported to
be the case for the movement of hnRNP A2-positive mRNA
granules (18). Although actin filaments seem less involved in
the transport of mRNA granules, an actin motor myosin V is
shown to be a component of the mRNA/protein complex con-
taining staufen and fragile X mental retardation protein (46).
Our results do not necessarily exclude a possible association of
SYNCRIP-containing mRNA granules with actin filaments.

The speed of GFP-SYNCRIP-positive granule movement
(~0.05 pm/s, Fig. 5) was comparable with that of mRNA gran-
ules visualized by SYT014 (0.1 um/s, 9), of staufen-containing
granules (~0.1 um/s, 37), and of mRNA granules containing
the 3'-UTR of CaMKIle mRNA (0.03~0.05 um/s (38)). How-
ever, the speed of GFP-SYNCRIP was much slower than that of
zip code-binding protein 1 and B-actin mRNA-positive gran-
ules, which move at an average velocity of ~1.0 um/s (17),
which exceeds the maximum speed of GFP-SYNCRIP move-
ment (0.37 pm/s). This result suggests a possibility that SYN-
CRIP is not involved in mRNA granules that are transported at
a fast speed. Variety in the transport speeds of mRNA granules
may reflect the heterogeneity in mRNA granules that has been
proposed recently (47).? In addition to the differences in the
motor proteins interacting with each subset of mRNA granules,
interaction between mRNA granules and organelles may mod-
ulate the dynamics of mRNA granules. mRNA granules con-
taining staufen and fragile X mental retardation protein are
reported to associate with rough endoplasmic reticulum (46),
and this association may affect the transport of mRNA gran-
ules. Further work is required to understand the heterogeneity
in mRNA granules and their transport.

In this study, we have demonstrated that 3'-UTR of IP,R1 is
co-transported with SYNCRIP as mRNA granules (Fig. 8). Al-
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though IP,R1 mRNA was previously shown to be present in the
dendrites of cerebellar Purkinje cells and neocortical neurons (41,
42), the mechanism underlying the dendritic distribution of
IP;R1 mRNA has never been elucidated. This study suggests
that IP;R1 mRNA may be delivered into the dendrites via mRNA
granule transport and that 3'-UTR of IP;R1 mRNA may contain
a targeting signal to dendritic mRNA granules, as is known for
other dendritic localized mRNAs. IP;R plays an important role,
such as induction of synaptic plasticity in neuronal dendrites
(48-50). The dendritic localization and local translation of
CaMKIle mRNA are responsible for the delivery of the kinase
and for the induction of synaptic plasticity (51). The dendritic
transported mRNA granules containing IP;R1 mRNA may also
be important for accurate delivery of IP;R1 proteins into the
post-synapse and for the induction of synaptic plasticity.

Although the physiological roles of SYNCRIP are still poorly
understood even in non-neuronal cells, some interesting prop-
erties of SYNCRIP have been reported. Because SYNCRIP is a
component of a protein complex that stabilizes c-fos mRNA
(24), it is possible that SYNCRIP also stabilizes mRNAs during
their transport in dendrites. Insulin stimulation and osmotic
shocks are reported to induce phosphorylation of tyrosine res-
idues of SYNCRIP, and the RNA binding activity of SYNCRIP
is modified by phosphorylation (22, 23). Insulin is present in
the brain (for review, see Ref. 52), and insulin receptor tyrosine
kinases are abundant in the hippocampus, especially in neuro-
nal dendrites, including synapses (53, 54). In addition, overex-
pressed fibroblast growth factor receptor 1, a receptor tyrosine
kinase that is expressed in hippocampal neurons (55), is also
shown to phosphorylate a human homolog of SYNCRIP
(NSAP1) on its tyrosine 373, which is located in the third RNA
recognition motif domain (56). These studies raise intriguing
possibilities that the turnover or translation of mRNAs con-
tained within mRNA granules could be controlled by the insu-
lin- or fibroblast growth factor-dependent phosphorylation of
SYNCRIP in hippocampal neurons. Elucidating the functions
of SYNCRIP and its regulatory mechanism in mRNA granules
may provide an important key for understanding the temporal
and spatial regulation of the local translation of mRNA in-
volved in the induction of synaptic plasticity.
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Summary

inositol 1,4,5-trisphosphate receptors {iP;Rs) are intra-
cellular channel proteins that mediate Ca™ release
from the endoplasmic reticulum (ER)} and are involved
in many biological processes and diseases. IP,Rs are
differentiaily regulated by a variety of cytosolic pro-
teins, but their regulation by ER lumenal protein(s)
remains largely unexplored. In this study, we found
that ERp44, an ER lumenal protein of the thioredoxin
family, directly interacts with the third lumenal loop of
iP;R type 1 (IP;R 1) and that the interactionis dependent
on pH, Ca* concentration, and redox state: the pres-
ence of free cysteine residues in the loop is reguired.
Ca**-imaging experiments and single-channel re-
cording of IP;R1 activity with a planar lipid bilayer sys-
tem demonstrated that IP.R1 is directly inhibited by
ERp44. Thus, ERp44 senses the environment in the ER
turmen and modulates IP;R1 activity accordingly, which
shouid in turn contribute to regulating both intraju-
menal conditions and the complex patterns of cyto-
solic Ca®* concentrations.

introduction

The cytosolic Ca®" concentration ([Ca?']} is the focal
point of many signal transduction pathways and regu-
lates a variety of cellular activities ranging from fertitiza-

*Correspondence: mikosiba@ims.u-tokyo.ac.jp

“Present address: Department of Biomedical Science, Graduate
School of Pharmaceutical Sciences, Nagoya City University, Mi-
zuho-ku, Nagoya, Aichi 467-8603, Japan.

tion to cell death (Berridge et al., 2003}, {Ca®*]; is tightly
regulated in terms of time, space, and amplitude, and
celis extract specific information based on these param-
eters. Ca*' jons can be supplied to the cytosol from
the extraceliular space or from intracetiular Ca*" stores,
such as the endoplasmic reticulum (ER}. Dysfunction of
molecules involved in {Ca**), regulation is assumed to
play a major role in apoptosis {Orrenius et al., 2003} and
neuropathological conditions, including Huntington’s
and Alzheimer's diseases {Paschen, 2003; Matison,
2004}. Inositol 1,4,5-trisphosphate receptors (IP;Rs) are
Ca? release channels on the ER that play a critical role
in the generation of complex [Ca"*]. patterning, e.g.,
Ca® waves and oscillations (Patterson et al,, 2004).
There are three IP;R subtypes in birds and mammais,
IP.R1, IP;R2, and IP,R3, and they share basic properties
but differ in terms of reguiation and distribution (Tayior
et al., 1999; Patterson et al., 2004). IP;R1 is the dominant
subtype in the brain {Tayior et ai, 1999} and has been
implicated in neuronal development (Takei et al,, 1998;
Xiang et al, 2002), in higher functions of the central
nervous system (inoue et al,, 1988; Nishiyama et al,,
2000}, and in human neuropathology {Tang et al., 2003}.
A striking feature of IP,Rs is the presence of very large
cytosolic regions, including the P, binding core {Pat-
terson et al., 2004). The channel domain contains six
transmembrane domains, and as a result there are three
“loops” that reside in the ER lumen {Figure 1A). The third
lumenal laop {L3) is the largest and can be divided into
two subdomains. The first half, the L3V domain, has
highly divergent primary seguences according to the
subtype {Figure 1B}, while the second half, the L3C do-
main, which includes the pore-forming region {Patterson
et al., 2004}, is almost completely conserved among
types and species. Interestingly, the primary sequence
of the 1.3V domain of each IP;R subtype is well con-
served among animal species, suggesting that this do-
main is involved in subtype-specific regulation. How-
ever, the function of the L3V domain remains largely
unexplored.

It is evident that the intralumenal environment of the
ER regulates the function of numerous proteins {Ber-
ridge et al., 2003}, but how it regulates {P;R activity
remains unclear despite a great deal of research. For
example, whether PR is directly regulated by the Ca¥*
concentration in the ER fumen {{Ca® Jg} is still a matter
of debate (Caroppo et al., 2003 and references therein).
Calreticulin (CRT), an ER lumenal lectin with high Ca®'
binding capacity, regulates IP,-induced Ca®' release
{ICR) {Camacho and Lechieiter, 1995; Roderick et al,,
1998}, but whether or not this is a direct effect on IP;R
remains unknown because CRT critically reguiates the
activity of sarcoendoplasmic reticulum Ca*' ATPase
{SERCA} 2b (Li and Camacho, 2004). Chromogranins
that mainly reside in secretory granules associate with
the L3C domain of IP;Rs and modulate the activities of
1P;Rs (Thrower et al., 2003; Choe et al., 2004). However,
the mechanisms by which interactions between chro-
mogranins and {P;Rs are regulated, and their physiologi-
cal significance, remain unknown.
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Figure 1. identification of ERp44 as a Prolein Binding to the L3V Domain of IPR1

{A} Schematic representation of the structure of IP;Rs. IP Rs contain six membrane-spanning regions {green} and three fumenal domains, L1,
L2, and L.3. L3 is divided into L3V {red) and L3C. IP, binds to the N-terminal cytosolic region. L3V contains two glycosylation sites.

{B) Sequence comparison of the L3V of three subtypes of mouse IP;R. Conserved amino acid residues are shown (red box). Conserved
cysteine residues are indicated by arrows.

(C} Purification of 1L3V-interacting proteins. Mouse cersbellar microsomat fractions soiubilized in acidic solution {pH 5.2) were added to either
a control-Fc or a 1L.3V-Fc¢ column. The columns were washed with the same buiffer flanes 3 and 11), neutral buffer flanes 4 and 5 and 12 and
13}, and finally eluted with neutral buffer containing EGTAVEDTA {tanes 8 and 14), with buffer containing 1M NaCl (lanes 7 and 15}, and with
giycine-HCl solution (fanes § and 16). The amowhead indicates the 45 kDa band that specifically binds to 1L.3V-Fc, and it turned out to be ERp4d4.
{D) Structure of ERp44. The signal peptide {SP, aa 1-30}, thioredoxin homology domain {THD, aa 31-141}, and ER retention signa! RDEL motif
are shown.

{E} ERp44 colocatizes with tP,R1 in the ER. COS-7 celis expressing HA-ERp44 and GFP-IP;R1 were stained with a~-HA {panels 1-3}. The boxed
regions in panels 1-3 are shown al increased magnification in panels 4-6, respeciively. The celis expressing HA-ERp44 were stained with
a~CRT and o-HA {panels 7-8}. Scale bar, 10 um.

{F) in vivo interaction between ERpa4 and IP,R1. Hela celis were treated with a membrane-permeable crosslinker, DSP, and then sclubitized.
The cell lysates were subjected to IP with controi rabbit igG or «-ERp44. The lysate (input] and IP samples were analyzed by Westem blotting
{WB} with indicated antibodies.

To elucidate the molecular mechanism underiying strong evidence that ERp44 directly inhibits the channel
subtype-specific regulation of IP,Rs on the ER {umen activity of the IP,R1 in a pH-, redox state-, and [Ca?* }en-
side, we searched for proteins that bind to the L3V do- dependent manner. This is the first demonstration of
main of IP,Rs. We succeeded in identifying ERp44, a negative regutation of IP,Rs by a specific binding protein
thioredoxin {TRX) family protein previously implicated in the ER lumen. We anticipate that our resuits will con-
in oxidative protein folding, as a protein that specifically tribute to understanding of the mechanism by which
binds to the L3V domain of IP,R1. Herein, we present cells integrate various signals from the extraceliutar mi-
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lieu and from the ER lumen in generating compiex Ca?’
signaling patterns.

Resulis

Identification of ERp44 as a Binding Protein

of the L3V Domain of IP;R1

Cur first goal was to identify proteins that bind to the
L3V domain of IP.Rs. Yeast two-hybrid screening was
considered inappropriate as a method because the
chemicat conditions in the nucleus are complestely differ-
ent from those in the ER tumen. We therefore produced
1L3V-Fc protein by fusing the secretion signal and hu-
man immunoglobulin Fc domain to the N and C termini,
respectively, of the L3V domain of IP;R1 (1L3V) and then
used it to prepare affinity resin. When an initial attempt
under neutral conditions {pH 7.5, data not shown} failed
to detect any specific 1L3V-Fc binding protein in the
mouse cerebeilar microsomal fraction, we performed &
similar experiment under acidic conditions {pH 5.2} and
succeeded in identifying two proteins that bound specif-
ically to 1L3V-Fc (Figure 1C}. Analysis of the bands by
matrix-assisted laser desorption/fionization-time of flight
mass spectrometry revealed the 44 kDa protein to be
ERp44 (Anelli et al., 2002). The 85 kDa protein was identi-
fied as aconitase, a mitochondrial protein, and was not
further characterized in this study. We then searched
for binding proteins for the L3 domains of IP,R2 and
P;R3 (2L3V or 3L3V, respectively) in mouse brain, em-~
ploying the same procedures, but detected none {data
not shown}.

ERp44 is an ER lumenai protein of the TRX family and
contains a signal peptide, TRX-homology domain {THD),
and an £R retention signal, RDEL (Figure 1D). ERp44 is
widely expressed in mouse tissues {Supplementat Fig-
ure 81 at hitp//www.cell.com/cgi/content/full/120/1/85/
DC1/). Hemaggiutinin A epitope (HA)-tagged ERp44 {(Anelli
et al,, 2002}, alone or with GFP-IP,R1, was expressed
in COS8-7 celis {Figure 1E}). HA-ERp44 was chserved as
a diffuse network with GFP-IP:R1 and endogenous CRT
(Figure 1E}, indicating that ERp44 colocalizes with {P,R1
in the ER.

To confirm the interaction between IP,R1 and ERp44,
we raised polyclonal antibody against ERp44 and con-
ducted immunoprecipitation (IP} experiments. Both
iP.R1 and ERp44 were, however, severely degraded
when whole-celi lysates were prepared with acidic
buffer {in which an association had been cbserved in
the experiments shown in Figure 1C), presumably by
lysosomal proteases {(data not shown}. To circumvent
this, Hela cells were first treated with a membrane-
permeable crosslinker, dithicbis[succinimidyipropionate}
(DSP), and P was performed in neutral buffer. Under
these conditions, anti-ERp44 antibody coprecipitated
IP;R1, but not IP;R2 or IP,R3 (Figure 1F}, indicating that
endogenous ERp44 and IP,R1 exist in the same com-
plex in vivo.

ERp44 Specifically Interacts with IP;R1,

but Not with IP,R2 or IP,R3,

in a Condition-Dependent Manner

To further characterize the association between ERp44
and IP,Rs, we performed a series of pulldown experi-

97

ments with recombinant proteins. Glutathione (GSH)
S-transterase {GST) and maltose binding protein (MBP}
were fused to 1L3V and ERpé4, respectively (Figure 2A).
Under acidic conditions {pH 5.2}, MBP-ERp44 specifi-
cally interacted with GST-1L3V {Figure 2B). but no inter-
action was observed under neutral {pH 7.2) conditions
{data not shown). The pH in the ER {umen has been
estimated to be aimost neutral (Kim et al., 1288; Foyouzi-
Youssefi et al., 2000). We reasoned that certain factor(s}
may have been missed in our pulidown assays and at-
tempted to identify conditions under which 1L3V and
ERp44 interact at neutral pH.

The presence of THD in ERp44 suggests that its func-
tion is redox dependent. Both GST-1L3V and ERp44
were predominantly in their oxidized forms, and addition
of the reducing reagent dithiothreitol (DTT) reduced both
according to their migration patterns on SDS-PAGE un-
der nonreducing conditions {Figure 2C). No interaction
between these oxidized forms was observed at pH 7.5
{Figure 2C, fane 1}, while the reduced forms did interact
{Figure 2C, lane 2). it was thus concluded that ERp44 and
1L3V bind to each otherin a redox-dependent manner at
neutral pH.

To determine which of the protein redox states is
important, the cysteine residues of the proteins were
mutated. Mutation of Cys2486, Cys2504, or Cys2527
of 1L3V resulted in decreased interaction with ERp44
{Figure 2D}, whereas noc cysteine mutations in ERp44
affected the interaction {Supplemental Figure S2 on the
Cell website). Taken together, these findings strongly
suggest that the presence of free thiol groups in 1L3V
is required for the interaction between 1L3V and ERp44
at neutral pH.

We next examined whether the interaction between
ERp44 and 113V is dependent on the Ca®” concentra-
tion. As shown in Figure 2E, the interaction diminished
when the Ca?' concentration was higher than 100 gM.
The [Ca’' I under resting conditions has been esti-
mated to be 200-1000 uM {Meldolesi and Pozzan, 1998},
suggesting that the interaction between ERp44 and
iP;R1 is enhanced when [Ca®*}.x is decreased.

The above findings suggested that reducing and/or
low [Ca**]g conditions favor the interaction between
ERp44 and IP;R1. To corroborate these observations
in viva, COS-7 cells expressing HA-ERp44 and GFP-
IP;R1 were cultured in the presence or absence of DTT,
and IP was performed with whole-cell lysates. Although
the amount of HA-ERp44 that precipitated with anti-HA
antibody was consistently less under reducing condi-
tions for unknown reasons (Figure 2F, bottom panel),
coprecipitated GFP-IP;R1 was significantly increased
(Figure 2F, middle panel). In a similar manner, celis ex-
pressing HA-ERp44 and GFP-IP;R1 were stimulated
with 10 uM (suprathreshold concentration) ATP, an acti-
vator of purinergic receptors, and the stimulation in-
creased the amount of GFP-1P;R1 that coprecipitated
with HA-ERp44 {Figure 2G). Furthermore, Ca*" depletion
fromthe ER, elicited by thapsigargin (Tg. a SERCA inhibi-
tor), also augmented the interaction (Figure 2H). These
results indicated that dynamic changes in the ER lume-~
nal environment affect the interaction between {P,R1
and ERp44.

Next, to gain greater insight into the nature of the
interaction, we identified the minimum 1L3V-interacting
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Figure 2. ERp44 Specifically Interacts with IP;Rt in a Condition-Dependent Manner

{A) Schematic representation of recombinant proteins.

{B) ERp44 directly interacts with 113V in acidic bufier. Purified GST flanes 1 and 2) or GST-1L3V¥ {lanes 3 and 4) was incubated with purified
MBP #anes 1 and 3} or MBP-ERp44 {fanes 2 and 4) in acidic sclution {pH 5.2) containing 4 mM Ca’" and then precipitated with GSH-Sepharese.
Precipitated proteins were subjected to Western blotting with -GST or »-MBP,

{C) ERpd4 directly interacts with 113V in the presence of DTT and EGTA in neutral buffer. To obtain untagged ERpa4, purified GST-ERp44
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region of ERp44 by fusing the full-length {without the
signal sequence) or subfragments of ERp44 to MBP and
testing their interactions with GST-1L3V in the presence
of DTT at neutral pH. Wild-type MBP-ERp44 and MBP-
ERp44 {the C-terminal half} strongly interacted with
GST-1L3V {Figure 2., lanes 2 and 3, respectively}, indi-
cating that THD is not required for the interaction. MBP-
ERp44c, which contains a highly conserved glutamate-
rich region but is devoid of the histidine-rich region, also
bound to GST-1L3V, albeit somewhat weakly (Figure 24,
lane 5}, whereas other mutants tested did not (Figure 24,
ianes 6-8). These results indicate amino acid residues
236-285 of ERp44 to be necessary and sufficient for
binding to TL3V. The primary sequence of this region
has no similarities to any sequences in the database
butis well conserved among species (Supplementat Fig-
re 83 on the Cefl website).

Finally, MBP-ERp44 interacted with GST-1L3V, but
not with GST-2L3V or GST-3L3V (Figure 2K}, which is
consistent with the results of the initial screening with
L3V-Fc and the IP experiment (Figures 1C and 1F, re-
spectively). Based on all of the above findings, it was
concluded that ERp44 directly interacts with the L3V
domain of IP,R1 in a sublype-specific and ER lumenal
environment-dependent manner.

Expression of ERp44 inhibits HICR via IP;R1

To explore the functional consequences of ERp44 bind-
ing to 1P;R1, we performed Ca®‘-imaging experiments
with the fluorescent Ca®* indicator fura-2. First, we
tested Hela cells, approximately half of whose {PRs
are |P;R1 (Hattori et al., 2004}, Red fluorescent protein
{RFP)-tagged ERp44 (RFP-EAp44} or RFP with an ER
retention signal (RFP-RDEL, negative control} was then
expressed in Hel.a cells, and the cells were stimulated
with ATP in Ca?"-free medium. In nonexpressing cells,
ATP {3 p.M) typically caused a singie Ca®" transient,
occasionally with small oscillations (Figure 3A, biack
trace), and the response of the cells expressing RFP-
RDEL was indistinguishable from that of the nonex-

pressing cells {Figure 34, red trace). Cells expressing
RFP-ERp44, onthe otherhand, typically exhibited signif-
icantly smaller Ca®~ transients {Figure 3B, red trace},
and the average peak ampiitude in cells expressing RFP-
ERp44 was significantly smaller {83.3% * 1.8%, p <
0.05) than that in the nonexpressing cells (Figure 3C).
The difference was not due to a decrease in releasable
Cz%" in the ER because the amount of the passive Ca”’
ieakage eficited by Tg was unchanged (Figures 3D and
3E}. Also, {P, production was not influenced by overex-
pression of ERpd4 (data not shownj.

Next, we tested the effect of ERp44 overexpression
in COS-7 celis because they are known to express no
iP,R1 {Boehning and Joseph, 2000; Hattori et al., 2004).
Stimulation of cells expressing RFP-RDEL with 1 pM
ATP typically elicited a singie Ca*" transient (Figure 3F),
white expression of RFP-ERp44 had no effect on the
pattern or amplitude of the transient {Figures 3G and
3H). No effect of RFP-ERp44 expression was observed
when celis were stimulated with lower ATP concentra-
tions (0.3 pM) {data not shown).

The above resuits suggest that ERp44 inhibits 1P:R1
but does not inhibit IP\R2 or PR3, To further confirm
this, we needed to compare cells that express IP;R1
only to those expressing no IP:R1. This was achieved
by employing DT40-KMN60Q and DT40-1KO cells, both
of which were derived fram the same parent cell line,
DT40 cells. The DT40-KMNSGO cell tine was established
by stably transfecting the mouse IP;R1 gene on a back-
aground of IP;R-deficient DT40 cells {DT40-TKO, Suga-
wara et al., 1997). DT40-1KO cells express IP.RZ and
iP;R3, but not IP;R1 {Sugawara et al., 1997). Crosslinking
of the B cell antigen receptor (BCR} activates PLC-v,
which resufts in production of IP; in DT40 cells. The
peak amplitude of BCR-induced Ca** release in DT40-
KMNGO cells expressing RFP-RDEL was approximately
the same {96% = 2.9%) as innonexpressing cells {Figure
3K}, but it was significantly smaller in DT40-KMNGB0 cells
expressing RFP-ERp44 (60.6% = 8.6%, Figures 3f and
3K]. There was no reduction in Tg-induced Ca*" leakage

was cleaved by thrombin and the GST7 refeased then was removed by incubation with GSH-Sepharose. This ERp44 protein was incubated
with GST-1L3V in neutral solution {pH 7.5} containing 5 mM EGTA in the presence or absence of 3 mM DTT. The inputs and bead bound
proteins were resolved with SDS-PAGE under nonreducing conditions and analyzed by Westem blotting with «-ERp44 {top and middie) or
«-G8T {bottorn).

(D} Purified GST-1L3V {lane 1) and its cysteine mutants. C24865 {lane 2}, C2504S flane 3}, C2527S (lane 43, and 3CS {C24968/C25048/C25278,
iane 5}, were incubated with ERp44 (as prepared in [C]) in the presence of 3 mM DTT and § mM EGTA. Proteins were then precipitated with
GSH-Sepharose and subjected to Western biotting with «~ERp44 (middle} or a~GST {bottom). The amount of ERpd4 added to the binding
reaction is shown at the top. The histogram depicts densitometric analyses from five independent experiments.

{E) Ca*’ dapendency of the interaction between 1L3V with ERp44. A binding assay was performed with 3 mM DTT in the presence of EGTA
orthe Ca®' concentration indicated. Proteins bound to GSH-Sepharose were subjected to Wastem blotting with «-MBP {top) or u-GST (bottom).
{F} In vivo interaction between IP,R1 and ERp4dd4 is enhanced under reducing conditions. COS-7 cells expressing GFP-1P.R1 and HA-ERp44
were treated with 5 mM DTT for 30 min {+) or not {~}, then treated with DSP, and IP was periormed. The lysates and IP samples were analyzed
by Western blotting with «-GFP {top and middie} or «-HA {botiom).

(G and H) In vivo interaction between IP,R1 and ERp44 is enhanced after ER Ca®' depletion. COS-7 celis exprassing GFP-IP,R1 and HA-
ERpa4 were stimulated with 10 xM ATP {4} or not {~) for 5 min (G}, or 2 uM Tg {+ )} or not {~) for 30 min (H}, treated with DSP, and finally IP
was performed. The fysates and P samples were analyzed by Western blotting with «-GFP or o-HA.

) Schematic representation of ERp44 and its mutants.

{J) Aming acid residues 236-285 of ERp4a4d are responsible for interaction with 1L3V. GST-1L3V was incubated with MBP {lane 1) or MBP
fusion proteins containing subfragments of ERp44 (lanes 2-8). Binding assay was performed as in {E}. The “control” MBP protein fiane 1} is
in fact MBP plus 94 unrelated amino acids derived from the vector {(pMAL-c) sequence and Hs molecular weight is thus larger than those of
some ERp44-fusion proteins.

{K} ERp44 spacifically interacts with the L3V of IP,R1, but not that of IP.R2 or IP,R3. Purified GST {lane 1), GST-1L3V {fane 2), GST-2L3V {lane
3}, or GST-3L3V fiane 4) was incubated with MBP-ERp44 in neutral solution {pH 7.5) containing EGTA and DTT. Proteins bound to GSH-
Sepharose were subjecied to Western blotting with «-MBP {top and middie) or «-GST {botiom). '
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in these cells {Figures 3L and 3M). In DT40-1KO cells,
on the other hand, expression of RFP-ERp44 had little
effect on the peak amplitude {(Figures 3J and 3K}. These
resuits indicate that ERp4d4 inhibits iP;R1, but not IP;R2
or {P;R3.

iP;Rs have a critical function in BCR-induced apopto-
sis in DT40 cells {Sugawara et al., 1997). We found that
expression of REP-ERp44, but not RFP-RDEL, signifi-
cantly inhibited apoptosis in DT40-KMNBE0 celis {Figures
3N and 30}, but no such effect was observed in DT40-
1KO celis {Figure 30). implying that inhibition of IP:R1
by ERp44 affects cell functions, such as apoptosis.

Specific Knockdown of ERp44 Results

in Augmentation of HCR via {P,R1

Next, we used the RNA interference technique to investi-
gate the role of endogenous ERp44 by testing two differ-
ent small interfering RNA {siRNA} sequences targeted
to the open reading frame (siERp44-ORF) and the
3 -untranslated region (siERpP44-3U), respectively, of
human ERp44. To provide negative controls, we intro-
duced three-point mutations in these siRNAs (siControi-
ORF or siControl-3U, respectively). Western analysis re-
vealed both siERp44-ORF and siERp44-3U to efficiently
and specifically “knock down” ERp44 in Hela and
CO8-7 cells {Figurs 4A). Unfortunately, however, none
of the siRNAs targeted to chicken ERp44 decreased the
amount of ERp44 in DT40 cells (data not shown). in
Hela cells, knockdown of ERp44 neither affected the
expression of other ER oxidoreductases nor induced
unfolded protein response within 48 hr {Supplemental
Figure S5 online}.

SiRNA-transfected Hel a ceils were stimulated with 1,
3, and 10 p.M ATP. Stimulation with 1 uM ATP rarely
{4.0% = 0.3% of all cells} evoked discernible Ca%* sig-
nais in siControl-3U-transfected cells {Figures 4B and
4C, black trace and bar}, whereas approximately five
times the number (20.1% * 2.5%) of siERp44-3U-trans-
fected cells responded (Figures 4B and 4C, red trace
and bar). Subsequent stimulation with 3 pM ATP elicited
HCR in 46.8% = 1.6% of the controi cells and 80.3% =
1.2% of the cells transfected with siERp44-3U (Figures
4B and 4C), whereas most of the celis in both prepara-
tions responded when stimulated with 10 oM ATP (Fig-
ure 4C). The average peak amplitude was higher in

siERp44-3U-transfected celis than in the siControl-3U-
transfected celis at all ATP concentrations {Figure 4D).
These ERp44 knockdown etfects were confirmed to be
specific by transfecting the cells with RFP-ERp44 {“res-
cue” experiments, Supplemental Figure S4). Knock-
down of ERp44 had no effect on the Ca** leakage in-
duced by Tg {data not shown}.

We then performed the same experiments in COS-7
cells. Since COS-7 cells do not express 1P;R1, we pre-
dicted that knockdown of ERp44 would have no effect
on HCR in this cell line, and the results confirmed our
prediction {Figures 4E—4G). These findings indicate that
ERp44 specifically inhibits IP,R1.

Cysteine Residues in the L3V Domain Are Important
for inhibition of IP;R1 Activity by ERp44

Next, we investigated the significance of the cysteine
residue(s) in 1L3V in terms of the inhibition of {P.R1 by
ERp44. We first investigated whether mutations of these
residues in full-length {and GFP-tagged) IP:R1 affected
HCR activity (Figure 5A). When Cys2527, whichis iocated
adjacent to the channel pore region, was mutated, chan-
nel activity was completely lost {Figure 5A}, and this
mutant was not used any further. Mutations in Cys2486
and Cys2504, however, had no effect on channel activity
{Figure 5A). Interaction between these IP;R1 mutants
and ERp44 was significantly decreased {Figure 5B), con-
sistent with the results obtained with recombinant pro-
teins {Figure 2D). The IP;R1 mutant was cotransfected
into DT40-TKO cells with either RFP-RDEL or RFP-
ERp44, and a Ca®* -imaging experiment was performed.
HCR via GFP-IP;R1 (i.e., wild-type) was suppressed by
coexpression with RFP-ERp44, but not with RFP-RDEL
{Figures 5C and 5F). Surprisingly, this inhibition by
ERp44 was almost completely abolished by substitution
of the Cys2496 or Cys2504 of GFP-IP,R1 (Figures 5D and
5E, respectively, and Figure 5F). These resulls clearly
demonstrated that the presence of free thicl groups
in the L3V domain is important for inhibition of {P,R1
by ERp44.

ERp44 Inactivates Channel Activity of IP,R1

in Lipid-Bifayer System

To unambiguously demonstrate that ERp44 inhibits
{P;R1, we performed singte-channel current recording

Figure 3. Expression of ERp44 inhibits HCH in Hela ang DT40-KMNBD Cells. but Not in COS-7 or DT40-1KO Celis

{A and B) ERp44 inhibits ICR in Hela cells. Cells transfected with either RFP-RDEL {4} or RFP-ERp44 (8} were stimulated with 3 oM &ATP.
Representative Ca*' responses in nonexpressing (black) and expressing cells {red} are shown.

{C} Quantitation of results in (4) and (B). Normalized responses were calculated with the averaged peak amplitude of nonexpressing cells set
equal to 100%. p <2 0.08 compared to RFP-RDEL {Student's t test).

(D} The Ca’' storage capacity is unchanged in Hela cells expressing RFP-ERp44. Cells were stimulated with 1 oM Tg, and representative
Ca®’ responses in nonexpressing (btack} and expressing cells {red) are shown.

{€) Quantitation of the results in {D}.

{F-H} ERp44 does not affect ICR in COS5-7 celis. Cells transfected with either RFP-RDEL {F) or RFP-ERp44 (G} were stimulated with 1 1M
ATP. Representative Ca‘' responses in nonexpressing (biack) and expressing cells (red} are shown.

{H} Quantitation of results shown in {F} and {G).

{i-K) ERp44 inhibits HCR in DT40-KMNB0 but not in DT40-1KO cells. Cells were stinulated with 2 1g/mi anti-lght. Representative Ca™' responses
in nonexpressing {black) and expressing cells {red) are shown, and their quantitations are shown in {K).

L and M) ERp44 does not affect Ca?’ storage capacity in DT40-KMNSQ celis. Ca°' responses in nonexpressing {black) and expressing cells
(red} and their quantitations are shown in {M).

{N and O) ERp44 inhibits BCR-induced apoptosis in DT40-KMNEQ celis, but not in DT40-1KO celis, Cells were treated with anti-igM (2 pg/mi)
for 24 hr and apoptosis was assessed by TUNEL assay. Data are TUNEL-positive cells as a percentage of all celis exprassing RFP-RDEL
{gray} or RFP-ERp44 {red) from two indepandent experiments. p -~ 0.002 compared with BFP-RDEL (Student's { test).
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Figure 4. Knockdown of ERp44 Augments IICR in Hel.a Cells, but Not in COS-7 Cells

{A) Knockdown of ERp44 in Hela and COS-7 celis. The lysates of HelLa {left) and COS-7 cells [right} transfected with the siRNA indicated
were analyzed by Westem biotting with the antibodies indicated.

{B) Kncckdown of ERp4d augments HICR in Hela celis. Cells were stimulated with 1, 3, and 16 pM ATP in the presence of extraceliular Ca™'.
Represemative Ca®* responses in siControl-3U-transfected {black) or siERp44-3U-transfected cells {red} are shown.

{C) Percentages of Hela cells transfected with siControl-3U (gray} or SIERp44-3U {red) that showed discemible Ca** responses at the ATP

concenirations indicated.

{D}) Average peak amplitude of the Ca®’ response in Hela calls transfected with siControt-3U {gray} or siERp44-3U {red).
{E} COS-7 cells were stimulated with 0.1, 0.3, and 1 uM ATP in the presence of extracelizlar Ca'. Representative Ca?' responses in siControl-

3uU-transfected {plack) and siERp44-3U-transiected cells (red) are shown.

{F) Percentages of COS-7 cells transfected with siConirol-3U (gray bars) or siERp44-3U (red bars) that showed discernible Ca’' responses

at the ATP concentrations indicated.

(G) Average peak amplitude of the Ca®' response in COS-7 cefis transfected with siControl-3U {gray cotumns) or siERpR44-3U {red columns).
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Figure 5. Cysteine Residues of 1L3V Are Required for Inhibition of iP,R1 by ERp44
(A} DT40-TKO cells expressing GFP, GFP-IP;RY, or GFP-IPR1 with cysteine replacements were stimulated with 2 pg/mi! anti-igh. Average

peak amplitudes of the Ca™’ response are shown,

(B} Cysteine residues of the L3V domain of {P,R1 are important for interaction between IP:R1 and ERp44. GFP-(P,R1 or its cysteine mutant
was transfected with HA-ERp44 in COS-7 cells. Thirty-six hiours after transfection, the celis were treated with DSP, and 1P was performed
with anti-HA. The lysates and |P samples were analyzed by Western blotting with «~GFP {top and middie} or «-HA (bottom}.

(C~Ej ERp44 inhibits HCR in DT40-TKO celis expressing 1P.R1, but not in cells expressing 1P,R1 cysteine mutants. RFP-RDEL or RFP-ERp44
was transfected into DT40-TKO ceils with GFP-{P.R1 or its cysteine mutant. Thirty-six hours after transfection, the celis were stimuiated with
2 p.g/mt anti-igM. Representative Ca®’ responses in RFP-RDEL-expressing (black} and RFP-ERp44-expressing celis (red) are shown.

{F} Summary of the Ca?*-imaging experiments in (C)~{E). Average peak amplitudes of the ratios are shown.

in a planar tipid bilayer fused with mouse cerebellar
microsomes in which 99% of the IP;Rs are IP;R1 (Tayior
et al., 1999). We first confirmed the interaction between
MBP-ERp44 and GST-1L3V in the lumenal-side solution
containing 3 mM DTT (Figure 8A). iIP,R1 activity was
recorded with Ba*' as a charge carrier in the presence
of 3 mM DTT in the trans {lumenal} compariment. Addi-
tion of MBP-ERp44 resuited in inhibition of the channel
activity in a dose-dependent manner (Figures 6B-6E},
but addition of MBP (negative control) to the lumenal
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compartment had no effect on iP;R1 activity {data not
shown). Whether or not addition of more MBP-ERp44
can compietely block the channel activity was not testa-
ble since we were unable to obtain a more concentrated
recombinant ERp44 protein and adding more of the so-
lution had nonspecific effects on channel activity {data
not shown). ERp44 decreased the frequency of channel
opening, but did not affect the mean open time of the
channel {1.6 = 0.5 ms and 1.5 = 0.7 ms {mean * SD,
n = 6} before and after addition of 7.5 uM MBP-ERp44,
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