Physical and Functional Interaction between Dorfin and VCP

generative diseases, these observations suggest that Dorfin
may have a significant role in the quality control system in the
cell. The present study was designed to obtain further elues for
the pathophysiolegical roles of Dorfin. For this purpose, we
screened Dorfin-associated proteins using high performance
liquid chromatography coupled to electrospray tandem mass
spectrometry (LC-MS/MS). The results showed that Valosin-
containing protein (VCP), also called p97 or Cdcd8 homologue,
obtained from the screening, physically and functionally inter-
acted with Dorfin. Furthermore, both Dorfin and VCP proteins
colocalized in aggresomes of the cultured cells and in UBIs in
various neurodegenerative diseases.

MATERIALS AND METHODS

Plasmids end Antibodies—pCMV2FLAG-Dorfin vector (FLAG-Dor-
fin¥T) was prepared by PCR using the appropriate design of PCR
primers with restriction sites (Clal and Kpnl). The PCR product was
digested and inserted into the Clal-Kpnl site in pCMV2 vector (Sigma).
pEGFP-Dorfin (GFP-Dorfin}, pCMX-VCP** (VCP™), and pCMX-
VCOPHE2A (YCPRS24A) vectors were described previously {5, 11). peDNA/
HA-VCPY* (HA- VCPW‘) and pcDNA/HA-VCPKS24A (1A VCPK”“‘) were
subcloned from pCMX-VCP¥* and pCMX-VCP*¥2% respectively, into
pcDNA3.L vectors {Invitrogen). The HA tag was introduced at the N
terminus of VCP. pcDNAS.1/FLAG-Parkin (FLAG-Parkin) was gener-
ated by PCR using the appropriate design of PCR primers with restric-
tion sites {(EcoRI and Notl) from pcDNA3.1/Myec-Parkin (12). The FLAG
tag was introduced at the N terminus of Parkin. To establish the RING
mutant plasmid of Derfin (FLAG-Dorfin®1¥2%C1358) noint mutations for
Cys at positions 132 end 135 to Ser were generated by PCR-based
site-directed mutagenesis using a QuikChange™ site-directed mu-
tagenesis kit (Stratagene, La Jolla, CA), pcDNA3.Y/HA-Ub (HA-Ub),
pcDNAS.1/Mye.SOD1%T (SOD1¥T-Myc), peDNA3.1/Mye-SOD1Go%A
(S0D1%%4.Mye), and pcDNA3.I/Mye-SOD19%5 (SOD15%6R Myc) were
described previously (13, 14). Polyclonal anti-Dorfin (Dorfin-20 and
Dorfin-41) and ‘monoclonal anti-VCP antibodies were used as in previ-
ous reports (5, 15). The following antibodies were used in this study:
monoclonal anti-FLAG antibody (M2; Sigma), monoclonal anti-Myc an-
tibody (9E10; Santa Cruz Biotechnology, Santa Cruz, CA), menoclonal
anti-HA antibody (12CA5; Roche Applied Science), polyclonal anti-
maltose-binding pretein (MBP) antibody (New England BioLabs,
Beverly, MA), pelyclonal anti-Parkin {Cell Signaling, Beverly, MA), and
polyclonal anti-SOD1 (SOD-100; Stressgen, San Diego, CA).

Cell Culture and Transfection—All media and reagents for cell cul-
ture were. purchased from Invitrogen. HEK293 cells were grown in
Dulbecco’s modified Eagle's medium gontaining 10% fetal calf serum, §
units/ml penicillin, and 50 pg/ml streptomycin. HEK293 cells at sub-
confluence were transfected with the indicated plasmids using Fu-
GENES reagent(Roche Applied Science). To inhibit ¢celluiar proteasome
activity, cells were treated with 1 um MG132 (benzyloxycarbonyl-Leu-
Leu-Leu-al; Sigma) for 16 h after overnight post-transfection. Cells
were analyzed at 24—48 h after transfection.

Protein Identification by LC-MS!MS Analysis—FLAG-Dorfin™" was
expressed in HEK293 cells (semiconfluent in a 10-cm dish) and then
immunoprecipitated by anti-FLAG antibody. The immunoprecipitates
were eluted with a FLAG peptide and then digested with Lys-C en-
dopeptidase (Achromobacter protease 1). The resulting peptides were
analyzed using a nanoscale LC-M3/MS system as described previously
(16). The peptide mixture was applied to a Mightysil-PR-18 (l-um
particle, Kanto Chemical Corp., Tokyo) column (45 X 0.150 mm ID) and
separated using & 0-40% gradient of acetonitrile containing 0.1% for-
mic acid over 30 min at a flow rate of 50 nl/min. Eluted peptides were
sprayed directly into a quadrupole time-of-flight hybrid mass spectrom-
eter (Q-Tof Ultime; Micromass, Manchester, UK). MS and MS/MS
spectra were obtained in data-dependent mode. Up to four precursor
ions above an intensity threshold of 10 cps were selected for M3/MS
analysis from each survey secan. All MS/MS spectra were searched
against protein sequences of Swiss Prot and RefSeq (NCBI) using batch
processes of the Mascot software package (Matrix Science, London, UK).
The criteria for match acceptance were the following: 1) when the match
score was 10 over each threshold, identification was accepted without
further consideration; 2) when the difference of score and threshold was
lower than 10 or when proteins were identified based on a single matched
MS/MS spectrum, we manually confirmed the raw data prior to accept.
ance; 3) peptides assigned by less than three y series ions and peptides
with +4 charge state were all eliminated regardless of their scores.
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Recombinant Proteins and Pull-down Assoy—We used pMALp2
(New England BioLabs) and pMALp2T (Factor Xa cleavage site of
pMALp2 was replaced with a thrombin recognition site) to express
fusion proteins with MBP. To produce the full-length (residues 1-838)
Dorfin (MBP-Dorfin™"), N-terminal {residues 1-367) Dorfin (MBP-Dor-
fin™), and C-terminal {residues 368-838) Dorfin (MBP-Dorfin®), the
PCR frapments were amplified from pcDNA4/HisMax-Dorfin (4) by
using the appropriate PCR primers with restriction sites (Fbal and
HindIII} and then ligated inte pMAIL-p2 vectors. To produce the MBP-
Parkin protein, full-length PARKIN ¢cDNA was inserted into the EcoRI-
Notl sites of pMALpR2T. All of the MBP-tagged recombinant proteins
were purified from Escherichia coli BL21-todon-plus. The detail of the
purification method of MBP-tagged proteins was described previously
{17). Recombinant GST fusion VCP¥T and VCPRS24A proteins were alzo
generated from E, coli lysate and purified with glutathione-Sepharose.
Recombinant His-VCP"T and His-VCP¥**** proteins were purified
from insect cells using baculovirus. The detail of purification of these
recombinant VCP proteins was described previously (15). Binding ex-
periments were performed with proteins carrying different tags. His- or
GST-VCP were mixed with MBP fusion proteins: MBP.Dorfin™", -Dor-
fin™, -Dorfin®, -Parkin, and -mock. His-VCP and GST-VCP proteins
were precipitated by Ni**.nitrilotriacetic acid-agarose {(Qiagen, Valen-
cia, CA), and glutathione-Sepharose (Amersham Biosciences), respec-
tively. Binding was performed with 1-3 pg of each protein in 300 pl of
binding buffer (50 mmM Tris-HCl, pH 7.5, 100 mM NaCl, 5 mM MgCl,,
10% glycerol, 0.5 mg/ml bovine serum albumin, 1 mmM dithicthreitol) for
1 hat 4 *C. Then 15 pl of beads were added and incubated for 30 min,
The beads were washed by binding buffer three times and eluted with
sample buffer and analyzed by SDS-PAGE followed by Western blotting
using specific antibodies.

Glycerol Gradient Centnfugarmn—Cultured cells or mouse tissues
were homogenized in 1 ml of PBS with protease inhibitor {(Complete
Mini; Roche Applied Science). Supernatants (1 mg of protein for cul-

- tured cells, 5 mg of protein for mouse tissues, and 0.1 mg of recombinant
His-VCP protein) were used as the samples after 10,000 X g centrifu-
gation for 20 min. The samples (1.0 ml) were loaded on top of a 34-ml
linear gradient of glycerol (10-40%) prepared in 25 mm Tris-HCl buffer,
pH 7.5, containing 1 mM dithiothreitol in 40 PA centrifuge tubes
(Hitachi, Tokyo), and centrifuged at 4 *C and 80,000 X g for 22 h using
a Himac CP100a centrifuge system (Hitachi). Thirty fractions were
collected from the top of the tubes. Two hundred ul of each fraction was
precipitated with acetone, and the remaining pellet was lysed with 50
ul of samyple buffer and Lhen used for SDS PAGE followed by Westem
blotting.

Immunological Analysts-—Cells {4 x 10° in a 6-cm dish) were lysed
with 500 ul of lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1% Nonidet
P-40, and 1 mM EDTA) with protease inhibitor mixture (Complete Mini)
24 -48 h after transfection. The lysate was then centrifuged at 10,000 x
£ for 10 min at 4 °C to remove debris. A 10% volume of the supernatants
was used as the “lysate” for SDS-PAGE. When immunoprecipitated, the
supernatants were precleared with protein A-Sepharose {Amersham
Biosciences), and specific antibodies, anti-FLAG (M2), anti-Myc (9E10),
or anti-Dorfin {Dorfin-30) were then added and then incubated at 4 °C
with rotation, Immune complexes were then incubated with protein
A-Sepharose for 3 h, collected by centrifugation, and washed four times
with the lysis buffer. For protein analysis, immune complexes were
dissociated by heating in SDS-PAGE sample buffer and loaded onto
SDS-PAGE. The samples were separated by. SDS-PAGE (12% gel or
4-12% gradient gel) and transferred onto a polyvinylidene difluoride
membrane. Finally, Western blotting was performed with specific
antibodies.

Immunohistochemistry—HEK293 cells grown on glass coverslips
were fixed in 4% paraformaldehyde in PBS for 15 min. Then the cells
were blocked for 30 min with 5% {v/v} normal goat serum in PBS,
incubated for 1 h at 37 °C with anti-HA antibody (12CA5), washed with
PBS, and incubated for 30 min with Alexa 496-nm anti-mouse antibod-
ies (Molecular Probes, Inc, Eugene, OR). The coverslips were washed
and mounted on slides. Fluorescence images were obtained using &
fluorescence microscope (DMIREZ; Leica, Bannockburn, IL) equipped
with a cooled charge-coupled device camera (CTR MIC; Leica). Pictures
were taken vsing Leica Qfluoro software. °

Pathological Studies—Pathological studies were carried out on 10%
formalin-fixed, paraffin-embedded spinal cords and brain stems filed in
the Department of Neurclogy, Nagoya University Graduate Schoal of
Medicine. The specimens were obtained at autopsy from three sporadic
cases of ALS and four sporadic PD patients. The spinal cord and brain
stem specimens of these ALS and PD cases were immunohistochemi-
cally stained with antibodies againat Dorfin (Dorfin-41) and VCP. Dou-
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Fi6. 1. In vive interaction between Dorfin and VCP, A FLAG-Dorfin and HA-VCP are co-expressed in HEK293 cells. FLAG-mock vector
was used as a negative control. The amounts of HA-VCP in 10% of the lysate used are shown {Lysare); the rest was subjected to immunoprecipi-
tation (/P) with anti-FLAG (M2) antibody. Following immunoblotting (IB} with anti-HA (12CA5) antibody revealed that HA-VCP was co-
immunoprecipitated with FLAG-Dorfin. B, 5 mg of protein of various mouse tissues (brain, liver, kidney, and muscle) and 1 mg of protein of
cultured cells (HEK293, HeLa, and Neuro2a)} were each homogenized in 1 ml of PBS. Supernatants were fractionated by 10-40% glycerol gradient
centrifugation followed by separation into 30 fractions using a fraction collector. Immunoblotting using anti-Derfin, anti-VCP, and anti-Parkin
antibodies was performed on the fractions (Fr.), including fractions 2-17. Eridogenous Dorfin was co-sedimented with VCP in the fractions with
a molecular mass of around 400-600 kDa. The positions of co-migrated melecular mass markers are indicated above the panels. C, immunopre-
cipitation with polyclonal anti-Dorfin ant‘lbﬂdy {anti-Dorfin-30) was performed on fractions 11-14 collected by glycerol gradient centrifugation
analysis, where endogenous Dorfin was seen in B. As a negative control, immunoprecipitation with nommmune rabbit IgG was used on the same

fractions.

" ble staining of identical sections was performed as described previously
{7). In immunofluorescence microscopy, Alexa-488- and Alexa-546-con-
jugated secondary antibodies (Molecular Probes) were used. All human
and anima) studies described in this report were approved by the
appropriate Ethics Review Committees of the Nagoya University Grad-
nate School of Medicine,

RESULTS

Identification of Dorfin-associated Protein in the Cells—In an
effort to identify protein(s) that physically interacts with Dor-

fin in the cells, FLAG-Dorfin was expressed in HEK293 cells
and then immunoprecipitated by anti-FLAG antibody. The im-
munoprecipitates were eluted with a FLAG peptide and then
digested with Lys-C endopeptidase {(Achromobacter protease I),
and the cleaved fragments were directly analyzed using a
highly sensitive “direct nanoflow LC-MS/MS” system as de-
scribed under “Materials and. Methods.” Following data base
search, a total of 13 peptides were assigned to MS/MS spectra
obtained from the LC-MS/MS analyses for the FLAG-Dorfin-
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associated complexes, These peptide data identified nine pro-
teins as candidates for Dorfin-associated proteins, One of these
identified proteins was VCP that has been proposed to have
multiple funections, such as membrane fusion or endoplasmic
reticulum-associated degradation (ERAY) (18-22), In the next
step, we examined the relationship between Dorfin and VCP,
because the latter has been reported to be linked to various
aspects of neurodegeneration (15).

Dorfin Interacts with VCP in Vivo—To verify the interaction
between Dorfin and VCP, FLAG-Dorfin and HA-VCP were
transiently overexpressed in HEK 293 cells. Immunological
analyses revealed that HA-VCP was co-immunoprecipitated
with FLAG-Dorfin but not with FLAG-mock (Fig. 14), confirm-
ing their physical interactions in the cells. To determine
whether endogenous Dorfin forms a complex, the lysate from
mouse brain homogenate was fractioned by glycerol density
gradient centrifugation. Each fraction was immunoblotted with
anti-Dorfin antibody. The majority of endogenous Dorfin was
co-sedimented with VCP around a size of 400—600 kDa, al-
though endogenous Parkin, which is another RING-IBR type
E3 ligase {12), existed in the fractions of much lighter molecu-
lar weight (M) (Fig. 1B, top panels). Moreover, Dorfin was
sedimeniod in the fractions of 400-600 kDa in other tissues,
such as che liver, kidney, and muscle of mouse, and various

cultured cells including Neuro2a, Hela, and HEK293 cells
(Fig. 1B, bottom panels). To determine whether endogenous
Dorfin interacts with VCP, immunoprecipitation using poly-
clonal anti-Derfin antibody (Dorfin-30) was performed on the
fractions shown in Fig. 1B, fop panels. Endogenous VCP was
co-immunoprecipitated with endogenous Dorfin in the fractions
of high M, (fractions {(Fr.} 13 and 14). No apparent band was
observed when precipitated with rabbit IgG (Fig. 1C).

Mutations of RING Finger Domain of Dorfin Results in Loss
of Dorfin-VCP- Interactions—Next, we examined whether
transfected Dorfin (FLAG-Dorfin®T) and its RING mutant
(FLAG-Dorfin®1325/C1358%) in which the two Cys residues at
positions 132 and 135 within the RING finger domain were
substituted for Ser residues, form a complex. The -results
showed overexpression of FLAG-Dorfin®7 in high molecular
fractions (Fr. in Fig. 2), whose peak was between fractions 10
and 12, whereas overexpressed FLAG-DorfinC325/C1353 gidq pot
consist of high molecular weight complex. Overexpression of
FLAG-Dorfin™" or FLAG-Dorfin®1325C1358 434 not change the
sedimentation pattern of VCP (Fig. 24). Furthermore, immu-
noprecipitation analysis showed that FLAG-Dorfin¥™, but not
FLAG-Dorfin®1#28/C1355  ooyld interact with HA-VCP in
HEK293 cells (Fig. 2B). .

Dorfin Interacts with VCP in Vitro—To confirm the direct
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F1G. 3. In pitro interaction between Dorfin and VCP. A, recombinant His- or GST-VCP protein was incubated with MBP-mock, MBP-
Dorfin™", MBP-Dorfin™, MBP-Dorfin®, and MBP-Parkin proteins in vitro. Two pg of His- or GST-VCP proteins and MBP fusion proteins st similar
molar concentrations to VCP proteins were used for the assays. The amounts of MBP fusion and GST fusion Dorfin derivatives and His.VCP in
10% of the samples used are shown (160% input). NTA, nitrilotriacetic acid. 1B, immunoblot. B, 2 pg of His-VCP was incubated with MBP-mock,
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binding between Dorfin and VCP and to determine the exact
portion of Dorfin that interacts with VCP in wvifro, we per-
formed pull-down assays using recombinant proteins. Recom-
binant MBP-Dorfin or its deletion mutants (ie. MBP-Darfin®™
and MBP-Dorfin€) and the same molar of recombinant His-
VCP or GST-VCP were mixed and incubated for 1 h at 4 °C.
MBP-mock .protein was used as a negative control in these
experiments. A small portion of MBP-Dorfin™" or Dorfin® (C-
terminal substrate-recognizing .domain} bound to both His-
VCP and GST-VCP, whereas MBP-mock, MBP-Dorfin®™ (N-
terminal RING-IBR domain), and MBP-Parkin did not bind to
His-VCP or GST-VCP (Fig. 34). We next determined the num-
ber of Dorfins that bind one hexamer of VCP. To investigate
this issue, we incubated His-VCP with increasing amounts of
MBP-Derfin™!', MBP-Dorfin®, MBP-Dorfin®, MBP-mock, or
MBP-Parkin. As shown in Fig, 35, the amount of binding
portion of MBP-Dorfin™" and -Dorfin® pulled down with His-
VCP was not saturated below the even molar ratio. The pull-
down experiments using excess amounts of MBP-Dorfin®" re-
vealed that MBP-Dorfin™" was saturated at the even molar
ratio {Fig. 3C). As reported previously (15), recombinant His-
VCP sedimented in high malecular weight fractions, indicating
that it formed a hexamer in vitro (Fig. 3D). These findings
indicated that six Dorfin molecules were hkel},r bmd to a VCP
complex in vitro.

Subcellular Localization of Dorfin and VCP in HEK293
Cells—In previous studies, we showed that exogenous and en-
dogenous Dorfin resided perinuclearly and was colocalized with
Vimentin in cultured cells treated with a proteasome inhibitor
(4}). The staining patterns of Dorfin were indistinguishable
from those of the aggresome, namely a pericentriolar, mem-
brane-free, cytoplasmic inclusion containing misfolded ubigui-
tylated proteins packed in a cage of intermediate filaments (4).
VCP immunostaining was slso observed throughout aggre-
somes in cultured neuronal cells when induced by treatment
with a proteasome inhibitor {(15). In order to examine the sub-
cellular localization of Dorfin and VCP, GFP-Dorfin and HA-
VCP were co-expressed in HEK293 cells. Without proteasome
treatment, GFP-Dorfin-expressing cells showed granular fluo-
rescence in the cytosol, and the HA-VCP-expressing cells
showed diffuse and uniform cytoplasmic staining (Fig. 44).
Treatment with MG132 (1 uM, 16 h) resulted in accumulation
of both GFP-Dorfin and HA-VCP and perinuclear colocalization
a5 a clear large protein aggregate that mimics aggresomes
(Fig. 4B).

Colocalization of Dorfin and VCP in the Affected Neurons of
ALS and PD—In previocus studies, immunostaining of Dorfin
and VCP was independently noted in LBs of PD, and the
peripheral staining pattern of both proteins in LBs was similar
(7, 23). To confirm the immunoreactivities of Dorfin and VCP in
the affected neurons in ALS and PD, we performed a double-
labeling immunofluorescence study using a rabbit polyclonal
anti-Derfin antibody (Dorfin-41) and a mouse monoclonal VCP
antibody on the postmortem samples of ALS and PD. In the
ALS spinal cords, both proteins were colocalized in the LB-like
inclusions (Fig. 5, A-F). The margin of LBs in PD was intensely
immunostained for Dorfin and VCP, and merged images con-
firmed their strong colocalization (Fig. 5, G-L). Dorfin and VCP
were also positive in Lewy neurites in the affected neurens of
PD (Fig. 5, M-O).
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FiG. 4. Subceliular localization of GFP-Dorfin and HA-VCP in
HEHK293 cells treated or untreated with a proteasome inhibitor.
GFP-Dorfin and HA-VCP were co-expressed transiently in HEK 293
cells. Cells were treated with (B) or without (4) 1 yuM MG132 for 16 h.
HA-VCP was stained with anti-monoclonal HA antibody {12CAS5). Nu-
clei were stained with 4’ 6-diamidine-2-phenylindole (DAPI). Without
the treatment of MG132, GFP-Dorfin was spread through the cytosol,
and it appeared like small aggregations, HA-VCP was also seen mainly
in the cytosol and partly colocalized with GFP-Dorfin (A). After treat-
ment with 1 uM MG132 for 16 h, both GFP-Dorfin and HA-VCP showed
perinuclear accumulation and colocalization and appeared as clear
large protein apgregates (B; arrows).

Dorfin Ubiguitylates Mutant SOD1 in Vivo—Unlike the
wild-type form, mutant SOD1 proteins are rapidly degraded by
the ubiquitin-proteasome system. Consistent with our previous
results (5), SOD19%%A and SOD1%%°® were polyubiquitylated,
and co-expression with FLAG-Dorfin%" enhanced polyubiqui-
tylation of these mutant SOD1s compared with co-expression
with FLAG-BAP, a negative cantrol construct (Fig. 64). Boiling
with 1% SDS-containing buffer did not change the level of
ubiquitylated mutant S0D1, indicating that mutant SOD1 it-
self was ubiquitylated by Dorfin (Fig. 6B). We also performed
the same in vivo ubiquitylation assay using Neuro2a cells to
examine for E3 activity of Dorfin in neuronal cells. The en-
hanced polyubiquitylation of these mutant SOD1s by Dorfin
was observed in Neuro2a ¢ells as well as in HEK293 cells (Fig.
6C). FLAG-DorfinC13?5/C1355 did not enhance polyubiquityla-
tion of mutant SOD1s, indicating that this RING finger mutant
form was functionally inactive (Fig. 6D).

VCPX524A Gy ppresses the B3 Activity of Dorfin—VCP has two
ATPase binding domains (D1 and D2). A D2 domain mutant,
VCPE32A induces cytoplasmic vacuoles, which mimics vacuole
formation seen in the affected neurons in various neuredegen-
erative diseases (11, 15). The D2 domain represents the major
ATPase activity and is essential for VCP function (11). The
ATPase activity of VCP¥?%4 {5 much lower than that of
VCPYT, and VCPR524A caused accumulation of polyubiquity-
lated proteins in the nuclear and membrane fractions together
with elevation of ER stress marker proteins due to ERAD

MBP.Dorfin™", MBP.Dorfin™, MBP-Dorfin®, and MBP-Parkin with increasing amounts (molar ratio to VCP: 0.25, 0.5, and 1.0). The amounts of
MBP fusion Dorfin derivatives and His-VCP in 10% of the samples used are shown {10% input). C, 2 ug of His-VCP was incubated with
MBP-Dorfin™" with increasing amounts (malar ratio to VCP: 0.25, 0.5, 1, 2, and 4). The amounts of MBP-Derfin®" and His-VCP in 10% of the
samples used are shown (10% irput), D, His-VCP protein (0.5 pg} was fractionated by 10-40% glycerol gradient centrifugation followed by
separation into 30 fractions using a fraction collector. Immuncbletting using anti-VCP antibody was performed on the selected fractions (fractions
2-17). *, The molar ratio was calculated by the amount of VCP monomers, not VCP complexes.
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FIG, 5. Colocalization of Dorfin-41 immunoreactivity with
VCP in neuronal inclusions in ALS and PD. Sections werg doubly
labeled with anti-Dorfin-41 antiserum and monoclenal VCP antibody
and analyzed with a laser-scanning confocal microscope. The left panels
(green). correspond to Dorfin, middile penels (red) correspond to VCP,
and right panels correspond to merged images; structures in- yellow
indicate colocalization. Colocalization of Dorfin and VCP is seen in
LB-like inclusions in motor neurons of the spinal cord of ALS {A-F).
Dorfin is also colocalized with VCP in the margin of LBs (G-]), prema-
ture LBs (/-L), and Lewy neurites (M—0) in the nipral neurens of PD.
Scale bars, 20 um (A-L) and 10 um (M-0).

inhibition, whereas its expression level, localization, and com-
plex formation were indistinguishable from these of VCPWT
(11), In order to examine the functional effect of VCP on Dorfin,
VCPWT, YCPX524 or LacZ was co-expressed with SOD1G85R,
FLAG-Dorfin, and HA-Ub in HEK293 cells. Co-expression with
VCPE524% chowed a marked decline of polyubiquitylation of
SOD1%%® compared with co-expression with VCP¥T or LacZ
(Fig. 7A, top and m:ddle) Since Dorfin physically interacts
with mutant SOD1s (5), we next investigated whether this
decline of polyubiguitylation of SOD1%%% was mediated by
reduced affinity between SOD1%%5F and Dorfin. Immunopre-
" cipitation by anti-FLAG antibody showed that VCP®5%44 did
not change affinity between SOD19%R and Dorfin (Fig. 74,
bottam). Neither VCPWT nor VCP¥52** changed the level of
polyubiquitylation protein in the total lysate (Fig. 7B). To clar-
ify whether this negative effect of VCP¥324 g specific for
Dorfin, we assessed the autoubiquitylation of FLAG-Parkin in
the presence of VCPWT, VOPR5244 or LacZ. Co-expression of
VCPR*244 did not decrease autoubiquitylation of FLAG-Parkin
compared with co-expression of LacZ or VCP¥T (Fig. 7€), We
performed the same experiments using Neuro2a cells to see
whether VCP¥5244 gyppress the E3 activity of Dorfin in neu-
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ronal cells. The marked decline of polyubiquitylation of
SOD1%%3R by VCPR32A expression was also seen in Neuro2a
cells (Fig. 7D,

DISCUSSION

UBIs in the affected neurons are histopathological hallmarks
in various neurodegenerative disorders (8). Dorfin is an E3
ligase, which can ubiquitylate mutant S0D1s and synphilin-1
(5, 24). These substrates and Dorfin were identified in UBIs in
various neurodegenerative diseases, such as LB-like inclusions
in ALS and LBs in PD and dementia with Lewy bodies (7). This
finding suggests that Dorfin may play a crucial role in the
process of generating inclusions in the affected neurons. In the
present study, we identified VCP as one of the Dorfin-associ-
ated proteins using mass spectrometry, and VCP-Dorfin phys-
ical interaction was confirmed by an immunoprecipitation ex-
periment using FLAG-Dorfin and HA-VCP overexpressed in
HEKZ293 cells (Fig. 1A). VCP is an essential and highly con-
served protein of the AAA-ATPase family, which is considered
to have diverse cellular functions, such as membrane fusion
(25-27), nuclear trafficking (28), cell proliferation (29, 30), and
the ERAD pathway {18—22). Many reports have implied that
VCP is involved in the pathogenesis of various neuromuscular
diseases. VCP has been implicated as a factor that modifies the
progress of polyglutamine-induced neurcnal cell death (15), In
addition, histopathological studies revealed positive staining
for VCP in UBIs in PD and ALS with dementia (23). VCP is also
associated with MJD protein/atxin-3, in which abnormal ex-
pansion of polyglutamine tracts causes Machado-Joseph dis-
easelspinocerebellar ataxia type 3 (31). VCP is also required for
the degradation of ataxin-3 in collahoration with E4B/Ufd2a, a

" ubiquitin chain assembly factor (E4) (32), Recent studies have

indicated that missense mutations in the VCP gene cause in-
clusion body myopathy associated with Paget's disease of bone
and frontotemporal dementia, which is characterized by the
presence of vacuoles in the cytoplasm in muscle fibers (33).

Qur results showed that endogenous Dorfin formed a 400—
600-kDa complex in various tissues and various cultured cells
{Fig. 1B). Dorfin is'a ~91-kDa protein; therefore, this high M,
complex should include Dorfin-associated proteins, although
the possibility that Dorfin itself olizomerizes in the cell cannot
be excluded. Glycerol gradient centrifugation analysis and im-
munoprecipitation experiments in the present study showed
that endogencus Dorfin interacted with endogenous VCP in a
complex of approximately 600 kDa, possibly including a Dorfin
molecule and a hexametric form of VCP (Fig. 1C).

The first RING mutant of Dorfin, in which Cys at positions
132 and 135 changed to Ser, was prepared. This mutant Dorfin,
Dorfin®132%/C1355 ooyld not ubiquitylate mutant SOD1s (Fig.
6D). Glycerol gradient centrifugation analysis revealed that
Dorfin®1325/C1358 gig not form a high M, complex, whereas
exogencus wild type Dorfin (Dorfin¥T) formed a high M, com-
plex similar to endogenous Dorfin (Fig. 24). Furthermore, an
immunoprecipitation experiment using Dorfin¥*  and
Dorfin®#2%/C1358 rayealed that Derfin™™ could interact with
VCP, whereas Dorfin®13%5C1353 ¢611d not (Fig. 2B).

Our in vitro study using recombinant proteins showed that
full-length (MBP-Dorfin®) and the C terminus of Dorfin
(MBP-Dorfin®) directly interacted with VCP, whereas the
MEP-Dorfin™ mutant, containing the entire RING finger domain
(amino acid residues 1-367), did not bind to VCP (Fig. 34). This
finding was unexpected, since in vive binding analysis suggested
that Dorfin could interact with VCP at the RING finger do-
main. It is plausible that certain structural changes in
Dorfin®132¥C138 pyioht render the Cterminal VCP-binding por-
tion incapable of accessing VCP molecules. This may explain the
result that Dorfin®132%/C1358 did not form a high M, complex,
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FI1c. 6. Dorfin ubiguitylates mutant SOD1s in vivo. A, increased ubiquitylation of mutant SOD1 proteins by overexpression of Dorfin.
HEK293 cells were co-transfected with SOD1¥T-Mye, SOBD15%*_Myc, or SOD1%%~.Myc and HA-Ub with or without FLAG-Dorfin, FLAG-bovine
alkaline phosphatase (BAP) was vsed as a negative control. Immunoprecipitation (IP) was performed with Myc¢ antibody (SE10). IB, immunoblot-
ting. B, SDS beiting was performed prior to immunoprecipitation. To examine cevalently ubiquitylated molecules, the cell lysate was boiled with
the buffer containing 1% SDS for 5 min. Immunoprecipitation with Myc antibady (9E10) showed that the SDS-beiling procedure did not change
pelyubiquitylation level of SOD1%**.Myc by Dorfin, C, increased ubiquitylation of mutant SOD1 proteins by overexpressicn of Dorfin in Neuro2a
cells. The same in vivo ubiquitylation assay as in A was performed using Neuro2a cells. D, Dorfin®1#2/C1388 (Dorfin©1¥28/C1355) did not have E3
activity on mutant SODI. HEK293 cells were co-transfected with SOD1%T-Mye, SOD1%9% Mye, or SOD19%R.Mye and HA-Ub with FLAG-
Dorfin¥T or FLAG-Dorfin® %3358 The asterisks indicate IgG light and heavy chains.
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immunoblotting. B, neither VCP¥T nor VCP®5#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¥*2'A HEK293 cells were co-transfected with FLAG-Parkin, HA-Ub, and VCPY7T, VCPX524A oy LacZ,
Immunoprecipitation with FLAG antibody (M2) was performed. D, inhibition of VCP*$24* on E3 ubiquitin ligase activity of Dorfin in NeuroZa cells.
Neuro2a cells were co-transfected with SOD19%R.Myc, HA.Ub, FLAG-Dorfin, and VCP¥T, VCP*%2¢A or LacZ. Immunoprecipitation was performed
using Myc antibody (9E10) and FLAG antibody (M2), The asterisks indicate IgG light and heavy chams
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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 ~800 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 vitre
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,
Ufdl (18, 20), Ufd2 (34), Ufd3 (35), p47 (36}, or SVIP (37).
Although our in vitre 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 thé 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 proteasemal inhibitor (F ig. 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 VOP¥324A rocylted in a
marked decrease of ubiquitylation activity of Dorfin compared
with co-expression of VCPYT or control. On the other hand,
VCPKS24A fa5led to decrease autoubiquitylation activity of Par-
kin. VCP¥244 did ngt 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 gytosol and is known to have
various chaperone-like activities (39); therefore, it may fune-
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 dispesal 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
QLNSAP1), 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 um/s. Treatment of neurons with no-
codazole significantly inhibited the movement of green
fluorescent protein-SYNCRIP-positive granules, indicat-
irig that the transport of SYNCRIP-containing granules is
dependent .on microtubules. The distribulion of SYN-
CRIP-containing granules overlapped with that of den-
dritic RNAs and elongation factor 1e. SYNCRIP was also
found to be co-transported with green fluorescent pro-
tein-tagged human staufenl and the 3'-uniranslated 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 synfhesis 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, S-actin, Arc (activity-regulated cytoskeleton-
associated protein), and neurofilament proteins), kinases (e.g.
the o subunit of Ca®*/CaM? kinase 11 (CaMKIIa)), receptors
and channels {glycine receptors, glutamate receptors, and ino-
sitel 1,4,5-trisphosphate receptor type 1 (IP;R1)) have been
reported to target dendrites of central nervous system neurons
(for review, se¢ 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 sity hybridiza-
tion technique (10, 11). mENA 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 SYNCRIF (haRNP 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, ealmodulin; CaMKlla, a 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-
phste-buffered saline; GFP, green fluorescent protein; mRFP, mono.
meric red fluorescent protein; NLS, nuclear localization signal; 3".UTR,
¥ -untranslated region; M52bs, MS2 phage coat protein binding se-

Tel.: B1-3-5449-5320; Fax: $1-3-5449-5420; E-mail; tinoue@ims. quences; EFla, elongation factorla; EtBr, ethidium bromide; cCD,
u-tokye.acjp. charge-coupled device; AZ2RE, hnRNP A2 respanse 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 ¢-fos proto-onco-
gene mRNA in mammalian culture cells (24), the physiclogical
role of SYNCRIP in the cytaplasm 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 ribosemal 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 Anclysis—Proteomics analysis of the proteins that associ-
ate with SYNCRIP was performed as previcusly described (26-27). 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-agarese overnight at 4 °C for immunoeprecipitation.

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 pPEGFP-C3 (Clantech, 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. 5. Sugano) and sub-
cloned into the Xhol/HindIll site of pEGFP-C1 (Clontech). ’

NLS.-MS2.Venius 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 yellow fluorescent protein {30
was PCR-amplified with 5-GTGCGGCCGCTGGTATGAGCAAGGGC-
GAGG-3'and 5-CTTGAATTCTTACTTGTACAG-3' using pCS2-Venus
as a template. The NotI-EcoRI digest of the resultant ¢DNA 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 BamHV/EcoRI site of a mammalian
expression vector pCS2+.

To construct the RNA expression vector of the 3’-untranslated 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"-GGCTCGAGGCAAATGAGGCACGAGGGAC-3', and 5'-GCG-
GGCCCAACCATTTATTACACGAGTATCAAC-3'. The resulting PCR
fragment was subcloned into the Xhol/Apal site of pcDNA3.LZeo+,
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 &s described previcusly (31, 32} and plated on poly-1lysine
(Nacalai Tesque, Kyoto, Japan)-coated coverslips at a density of 4.6 X
10°-1.3 X 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 caleium phosphate method (33) or 2.5 pg of DNAs
by lipefection using Lipofectamine 2000 {Invitrogen) (34) on days 5-6in
vitro. For the labeling of 3"-UTR of IP;R1 mBNA, 0.6 ug of NLS-MS2-
Venus and 1.8 pg of IP;R1 3'-UTR-MS2bs were co-transfected by lipo-
fection. The transfected cells were used for immunohistochemistry or
imaging experiments 2-3 days after the transfection, which corre-
sponded to days 7-9 in vitro.

Antibodies—The rabbit antibedy recognizing the N-terminal region
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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 antibedy has been confirmed by paralle!
experiments using preimmune serum or anti-SYNCRIP-N antibody
preincubated with an excess amount of antigenic polypeptide (19).
Anti-elongation factorla (EFle) 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 Lobeling 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. Whele brains were removed and post-fixed
in the same fixative overnight at 4 °C. Sagitial sections (thickness, 100
pm) 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
12G {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, Taokyo, Japan) attached to an inverted microscope
(IX70; Clympus) with a X10 abjective (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 JgGs (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 hippotampal 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). e

All of the images taken by the confocal microscope were digitally

. smoothed to reduce the noise level. The smoothing filter was imple-

mented using '3 X 3 spatial convolutions, where the value of each

. pixel in the selection was replaced with the weighted average of its

3 x 3 neighborhood. Center pixels are 4-fold weighted over surround-
ing pixels. ’ .

Time-lopse Imaging and Data Analysis—The culture medium was
supplemented with 20 mx HEPES (pH 7.3) for the time-lapse imaging
experiments. The temperature was maintained at ~37 °C by a heating
chamber that surreunded 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 & cooled charge-coupled device (CCD) camera (ORCA-ER;
Hamamatsu Photonics, Hamamatsu, Japan) with a §8- 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 movernent. 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 end Drug Treatment—Stack solutions of neceda-
zole (10 mg/ml, Sigma) and latrunculin A {3 mg/ml, Molecular Probes)
were prepared in dimethyl sulfoxide {Me,S0) 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
prote

Fi6. 1. Classification of the 111 pro-
teins identified as compenents of the
SYNCRIP-associated protein com-
plexes in 283EBNA cells. Detailed com-
pesitions of each class are shown in sup-
plemental Table 81,

changes in the microtubules or actin structure from control cells ex-
posed to 0.1-0.3% Me,50 (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
Sh). 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 Neurous—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
8J). 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 mENA granules in neurconal 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 eell bodies of
hippocampal neurons (Fig. 2R), In addition, the proximal den-
drites of pyramidal cells were also labeled with the SYNCRIP
antibody (Fig. 2B, arrowhecds). 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
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Fi6. 2, Distribution pattern of endogenous SYNCRIP in rat
hippocampus. A, left, immunchistochemistry with anti-SYNCRIP-N
antibody. Right, control experiment vsing nonspecific rabbit IgG,
Strong signals for endogenous SYNCRIP were found in the pyramidal
and granular layers, Scele bar, 500 um. B, a high magnification image
of the borxed region in A, As well as the cell bodies, proximal dendrites
of pyramidal neurons were alse labeled by anti-SYNCRIP-N antibody
(arrowhecds). Images were taken with a confoeal microscope. Scale bar,
100 um,

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. 3A, 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. 44 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 hippecampal neurons. Right imoges 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. Seale bars, 10 um.
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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 5. Scale bar,
2 um, 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.

150

CRIP-positive granules is shown in Fig. 5 (No drug treatment).
The average velocity of the vesicle movements was about 0.05
pum/fs in both the anterograde and retrograde directions as
shown in Table I, and the maximum velocity of GFP-SYNCRIP
movement was (.37 um/s. Interestingly, the speed of SYNCRIP
movement was similar to that reported for mRNA granule
movement (~0.1 um/s (9); ~0.1 um/s (37); 0.03~0.05
wm/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, ie 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 mENA granules. '
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TaBLE I
Effects of drug treatment on the velocity of the movement of GFP-SYNCRIP-positive granules
Drug ) Anterograde ’ Retrograce
wnls pnfs

No drug treatment
Me, 50
Latrunculin A
Nocodazole

0.050 = 0.051 {n = 66)"
0.041 = 0.028{n = 84)
0.045 = 0.023 (r = 85)
0.014 = 0.010{r = 90}*

0.055 * 0.058 (r = 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

Fi16. 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 EFla 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-

iers 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
(35). 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. EF 1« (9)
and staufen (15, 40). Immunocytechemistry 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 a 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. 74}, 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;RI mRNA—Fig. 78 and supplemental
Movie 2 show representative time-lapse images of a dendrite
from a hippocampal neuron expressing mRFP-SYNCRIP and

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. . ’ o

Finally, we investigated whether the SYNCRIP-positive
granules actually transport meaningful sets of mRNAs. The
mRNA of IP3R1 is expressed in central nervous system neu- -
rons, including hippocampal neurons (41). In addition, IPgR1
mRNA has been shown to be present in the dendrites of cere-
bellar Purkinje cells and neccortical neurons (41, 42). Because
a sequence homologous to the haRNP A2 response element
(A2RE, GCCAAGGAGCCAGAGAGCAT®G), which is included
in a subset of dendritically localized mRNAs generally trans-
ported as components of mRNA granules (18, 43), is found in
the 3'-UTR of IP;R1 mRNA (GCAAATGAGGCAGAGGGACTC,
bases identical to those of A2RE are underlined), it is a candi-
date for a component of mRNA granules. We visvalized the
3"UTR of IP;R1 mENA 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 ¢o-trans-
facted into hippocampal neurons, small bright granules were
seen in the dendrites (Fig. 84, top), whereas diffuse, not pune-
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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mAFP-SYNCRIP GFP-hStaui -

Fic. 7. mRFP-SYNCRIP proieins 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 {arrowheeds). Images
were taken with a confocal microscope. Scale bar, 10 um, B, time-lapse
images of a granule containing mRFP-SYNCRIP and GFP-hS5taul in 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 um,

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/Bl, 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

«IPaR1 3UTR

mRFP-SYNCRIP PIR1 3UTR

F16. 8. 3"-UTR of IP;R1 mRNA was co-transported with mRFP-
SYNCRIP, A, to visualize the 3'-UTR of IP,R1 mRNA, cultured neu-
rons were co-transfected with plasmid DNAs encading 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 M52 and NLS (NL3-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 cbserved when NLS-MS2-Venus alorie 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 um. C, movement
of a granule containing mRFP-SYNCRIP and 3'-UTR of IP;R1 mRNA
in 8 dendrite. Left, consecutive frames showing a mR¥P-SYNCRIP
signal. Right, corresponding frames showing a 3'-UTR of IP,R1 mRNA
signal detected by Venus. A CCD camera was used. Arrows indicate &
moving granule, and asierisks indicate the original position of the
granule at 0 5. Note that both mRFP-SYNCRIP and the 3'-UTR of
IP;R1 mRNA were on the same moving granule. Seale 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
immuneelectron microscopic analyses showed that SYNCRIP
is included in mRNA granules purified from rat brains.2 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 3), and the SYNCRIP-containing gran-
ules were transported bi-directionally at a speed of ~0.05 um/s
in a microtubule-dependent manner (Fig. 4 and Table I}, as was

2 W. 5. Sossin and P. 5. McPherson, Montreal Neurological Institute,
MeGill University, Quebee, 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 JPsRI 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{l) 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).* mRNA granules that contain
cytoplasmic polyadenylation element-binding protein has alse
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,
oppoesite-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 SYTO14 (0.1 um/s, 9}, of staufen-containing
granules {~0.1 um/s, 37), and of mRNA granules containing
the 2'-UTR of CaMITlo mRNA (6.03~0.05 pm/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 pm/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
afast speed. Variety in the transport speeds of mRNA granules
may reflect the heterogeneity in mRNA granules that has been
proposed recently (47).2 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 loca! transiation of
CaMKIle mRNA are responsible for the delivery of the kinase
and for the induction of synaptic plasticity (51). The dendritic
transported mRINA granules containing IP;R1 mRNA may also
be impertant for accurate delivery of IPgR1 proteins into the
pest-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 SYNCRIPis a
component of a protein complex that stabilizes ¢-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 neurens (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

Inositot 1 ,4,5-trisphosphate receptors {iP,Rs) are intra-
cetlutar channel proteins that mediate Ca? release
from the endoplasmic reticulum (ER) and are invoived
in many biological processes and diseases. IP;Rs are
differentially regwdated by a variety of cytosolic pro-
teins, but their regulation by ER lumenal protein{s)
remains largely unexplored. Int this study, we found
that ERpa4, an ER lumenal protein of the thioredoxin
family, directly interacts with the third lumenal 16op of
1P;R type 1 (IP,R1) and thatthe interaction is dependent
on pH, Ca** concentration, and redox state: the pres-
ence of free cysteine residues in the loop is required.
Ca**-imaging experiments and single-channel re-
cording of IP;R1 activity with a planar {ipid bilayer sys-
tem demonstrated that iP;R1 is directly inhibited by
ERp44. Thus, ERp44 senses the environment in the ER
fumen and modulates IF;R1 activity accordingly, which
shoutd in turn contribute to regulating beth intralu-
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 fertiiza-

*Comespondance: mikosiba&ims.u-tokyo.ac.jp

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

tion to call death (Berridge et al,, 2003). [Céa"*].5 is tightly

regulated in terms of time, space, and amplitude, and
celts extract specific information based on these param-
eters, Ca® jong can be supplied to the cytosol from
the extracelular space or from intracellular Ga** stores,
such as the endoplasmic reticulum {ER). Dysfunction of
molecules involved in [Ca®*], regulation is assumed to

- play amajor 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®*]; patteming, e.g.,
Ca®" waves and oscillations (Patterson ef al,, 2004).
There are three 1P;R subtypes in birds and mammals,
iPsR1, 1P;R2, and 1P,R3, and they share basic properties
but differ in terms of regutation and distribution (Taylor
et al., 1999; Patterson et al., 2004). 1P;R1 is the dominant
subtype in the brain (Taylor et al.,, 1988} and has been
impticated in neuronal development {Takel et al., 1998;
Xiang et al., 2002), in higher functions of the central
nervous system {inoue et ai,; 1998; Nishiyama et al,
2000}, and in human neuropathology (Tang et al., 2003).
A strlklng feature of.IPyRs Is the presence of very large
cytosohc regions, mcludmg the IP; binding core {Pat-
terson et al,, 2004}, The ‘channet domam ‘contains six
transmembrane domalns and as a resutt there are three
“loops™ that reside in the ER lumen {Figure 1A). The third
lumenal l6op {13} is the largest and can bé divided into
two subdomains, The first half, the L3V domain, has
highly divergent primary. sequences according to the
subtype (Figure 1B), while the second half, the L3C do-
main, which includes the por,é-forming region {Patterson
et al., 2004}, is almost completely conserved among
types and species. Interestingly; the primary sequence
of the L3V domain of each IP,R subtype is well con-
served among animat species, suggesting that this do-
main is involved in subtype-specific reguiation. 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 1P,R activity
remains unclear despite a great deal of research. For
example, whether IP,R is directly regulated by the Ca?*
congentration in the ER lumen {{Ca®*)g) is still a matter
of debate (Caroppo et al., 2003 and references therain).
Calreticulin {CRT), an £R lumenal lectin with high Ca?*
binding capacity, regulates IP,-induced Ca™ release
{HCR) {(Camacho and Lechleiter, 1995; Roderick et al,,
1998}, but whether or not this is a direct effect on IP;R
remains unknown because CRT critically regulates 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
IP;Rs (Thrower et al,, 2003; Choe et al,, 2004). However,
the mechanisms by which interactions between chro-
mogranins and {P;Rs are requlated, and their physiotogi-
cal significance, remain unknown.
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Figure 1. {dentification of ERp44 as a Protein Binding to the L3V Domain of IP:R1

{A) Schematic representation of the strycture of IP,Rs. IP,Rs contain six membrane-spanning regicns {green} and three iumenal domains, 11,

L2, and L3. L3 s divided into L3V {red) and L3C. IP, binds to the N-terminal cytesolic region. E3V contains two glycosylation sites.

(B} Sequence comparison of the L3V of three sublypes of mouse 1P,R. Conserved amino acid residues are shown {red box). Conserved

cystelne residues are indicated by amrows.

(C} Purification of iL3V-interacting proteins. Mouse cerebeliar microsomat fractions soluolhzed in acidic soluuon {pH 5 2) were added tc either

a control-Fe or a 1.3V-Fe column. The columns were washed with the same buffer {lanes 3 and 11), neutral huffer {lanes 4 and 5 and 12 and

13}, and finally eluted with neutral bufier containing EGTA/EDTA (lanes & and 14), with buffer containing 1M NaCl (lanes 7 and 15), and with

glycine-HCl solution (lanes 8 and 16). The amowhead indicates the 45 kDa band that specifically binds to 1L3V-F¢, and it turned out 10 be ERp4A.

(D) Structure of ERp44. The signat peptide (SP, aa 1-30), thioredoxin homology domain (FHD, aa 31-141}, and ER retention signal RDEL motif

are shown,

{E} ERp44 colocalizes with IP.R1 In the ER. COS-7 cells expressing HA-ERpd4 and GFP-IP;R1 were stained with o-HA [panels 1-3). The boxed

regions in panéls 1-3 are shown at increased magnitication in panels 4-8, respectively. The cells expressing HA-ERp44 were stained with
o-CRT and o-HA {panetfs 7-9}). Scale har, 10 pm.

(F) In vivo interaction between ERpAd and IP,R1. Hela cells were treated with a membrane-parmeabla crosslinker, DSP, and then sobubilized.

Tha ¢ell tysates were subjected to IP with control rabbit IgG or a-ERp44. The Iysate {Input) and [P samples were analyzed by Western blotting

(WH) with indicated antibodies.

To elucidate the molecular mechanism underying strong evidence that ERp44 directly inhibits the channel
subtype-specific regulation of 1P;Rs on the ER lumen activity of the IP;R1 in a pH-, redox state-, and {Ca?*]zs-
side, we searched for proteins that bind to the L3V do- dependent manner. This is the first demonstration of
main of IP;As. We succeeded in identifying ERp44, a negative regutation of ?;Hs by a specific binding protein
thioredoxin {TRX) tamily 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 {rom the extraceliular mi-
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lieu and from the ER lumen in generating complex Ca**
signaling paiterns.

Results

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 ot IPRs. Yeast two-hybrid screening was
considered inappropriate as a method because the
chemical conditions in the nucleus are completely differ-
ent from those in the ER lumen. We therefore produced
1L3V-Fc protein by fusing the secretion signal and hu-
man immunoglobutin F¢ 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 newutral conditions (pH 7.5, data not shown) failed
to detect any specific 1L3V-F¢ binding protein in the
mouse cerebellar microsomal fraction, we performed a
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/i ionization-time of flight
mass spectrometry revealed the 44 kDa protein to be
ERp44 (Anetli 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
PR3 (2L3V or 3L3V, respectively} in mouse brain, em-
ploying the same procedures. but detected none {data
not shown).

ERp44 js an ER lumenal protem of the TRX family and
contains a signal peptide, TRX-homology domaia (THD),
and an ER retention signal, RDEL (Figure 1D). ERp44 is
widely expressed in mouse tissues {Supplemental Fig-
ure 81 at http/fwww.cell.com/cgifcontent/full/120/1/85/
DC1/, Hemagglutinin A epitope (MA)-tagged ERp44 {(Anelli
et al,, 2002}, alohe or with GFP-IP,R1, was expressed
in COS-7 cells (Figure 1E). HA-ERp44 was observed as
a diffuse network with GFP-1P,R1 and endogenous CRT
{Figure 1E}, indicating that ERp44 colocalizes with IP,R1
in the ER.

To confirm the interaction between IP;R1 and ERp44,
we raised polvclonal antibody against ERp44 and con-
ducted immunoprecipitation (P} experiments. Both
iP;A1 and ERp44 were, however, severely degraded
when whole-cell lysates were prepared with acidic
buffer {in which an association had been observed 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, dithiobisfsuccinimidylpropionate}
{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 IPR1 exist in the same com-
plex in vivo.

ERp44 Specifically Interacts with IP;R1,

but Not with IP;R2 or {P,R3,

in a Condition-Dependent Manner

To further characterize the association between ERp44
and 1P;Rs, we performed a series of pulldown experi-
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ments with recombinant proteins. Glutathione (GSH)
S-transferase (GST) and maltose binding protein (MBP)
were fused to 1L3V and ERpdd, respectively {Figure 2A).
Under acidic conditions {pH 5.2}, MBP-ERp44 specifi-
cally interacted with GST-1L3V {Figure 2B), but no inter-
action was chserved under neutral (pH 7.2) conditions
{data not shown). The pH in the ER lumen has been
estimated to be almestneutral {Kim et al., 1998; Foyauzi-
Youssefi et al., 2000). We reasoned that certain factor(s}
may have been missed in our pulldown assays and at-
tempted to identify conditions under which 1.3V and
ERp44 interact at neutral pH.

The presence of THD in ERp44 suggesis 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 patierns on SDS-PAGE un-
der nonreducing conditions {Figure 2C). No interaction
between these axidized forms was cbhserved at pH 7.5
{Figure 2C, tane 1), while the reduced forms did Interact
{Figure 2C, lane 2). It was thus concluded that ERp44 and
1L3V bind to each other in a redox-depandent manner at
neutral pH. '

To determine which of the protein redox states is
important, the cysteine residues of the proleins were
mutated. Mutation of Cys2496, Cys2504, or CyszB27
of 1L3V resulted in decreased interaction with ERp44
{Figure 2D), whereas no 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 1L.3V
is required for the interaction between 1L3V and ERp44
at neutral pH.

We next examined whether the interaction between
ERpd4 and 1L3V is dependent on the Ca®* concentra-
tion. As shown in Figure 2E, the interaction diminished
when the Ca?* concentration was higher than 100 pM.
The [Ca®Jgn under resting conditions has been esti-
mated to be 200~1000 pM {Meldolesi and Pozzan, 1998},
suggesting that the interaction between ERp44 and
IPsR1 is enhanced when [Ca®*)y, is decreased. .

The aboave findings suggested that reducing and/or
fow [Ca**]; conditions favor the interaction between
ERp44 and IP,R1. To corroborate these cbservations
in viva, COS-7 cells expressing HA-ERp44 and GFP-
IP;R1 were cultured in the presence or absence of DTT,
and P 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;RT was signiticantly increased
{Figure 2F, middle panel}. In a simitar manner, cells ex-
pressing HA-ERp44 and GFP-IP,R1 were stimulated
with 10 pM {suprathreshold concentration} ATP, an acti-
vator of purinergic receptors, and the stimulation in-
creased the amount of GFP-iP,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 iP,R1
and ERp44.

Next, t0 gain greater insight inta the nature of the
interaction, we identified the minimum 1L3V-interacting



