The Journal of Neuroscience, May 14, 2008 - 28(20):5369 —5382 * 5369

Cellular/Molecular

Phosphorylation of Homer3 by Calcium/Calmodulin-
Dependent Kinase II Regulates a Coupling State of Its Target
Molecules in Purkinje Cells
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Homer proteins are components of postsynaptic density (PSD) and play a crucial role in coupling diverse target molecules. However, the
regulatory aspect of Homer-mediated coupling has been addressed only about a dominant-negative effect of Homer1la, which requires de
novo gene expression. Here, we present evidence that Homer-mediated coupling is regulated by its phosphorylation state. We found that
Homer3, the predominant isoform in Purkinje cells, is phosphorylated by calcium/calmodulin-dependent protein kinase II (CaMKII)
both in vitro and in vivo. Biochemical fractionation with phosphor-specific antibodies revealed the presence of phosphorylated Homer3
in the cytosolic fraction in contrast to high levels of nonphosphorylated Homer3 in PSD. In P/Q-type voltage-gated-Ca*" channel
knock-out mice, in which CaMKII activation was reduced, the levels of Homer3 phosphorylation and the soluble form of Homer 3 were
markedly lower. Furthermore, both robust phosphorylation of Homer3 and its dissociation from metabotropic glutamate receptor 1o
(mGluR1a) were triggered by depolarization in primary cultured Purkinje cells, and these events were inhibited by CaMKII inhibitor. An
in vitro binding kinetic analysis revealed that these phosphorylation-dependent events were attributable to a decrease in the affinity of
phosphorylated Homer3 for its ligand. In a heterologous system, the Ca*>" signaling pattern induced by mGluR1« activation was
modulated by the Homer3 phosphorylation state. Together, these findings suggested that Homer3 in Purkinje cells might function as a
reversible coupler regulated by CaMKII phosphorylation and that the phosphorylation is capable of regulating the postsynaptic molec-

ular architecture in response to synaptic activity.
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Introduction

Homer family proteins are adaptor proteins that bind to a variety
of target proteins, including the group I metabotropic glutamate
receptors (mGluRs) (Brakeman et al., 1997; Kato et al., 1998; Tu
etal., 1998), inositol 1,4,5-trisphosphate receptors (IP;Rs) (Tu et
al., 1998; Xiao et al., 1998), and the NMDA receptor complex
adaptor Shank (Naisbitt et al., 1999; Tu et al., 1999), via con-
served EVH1 (Enabled/Vasp homology 1) domain in the N ter-
minus (Beneken et al., 2000; Xiao et al., 2000; Shiraishi-
Yamaguchi and Furuichi, 2007). The long-form Homer proteins,
Homerlb/c, Homer2, and Homer3, have the C-terminal coiled-
coil region, which is responsible for their tetramer formation and
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enable to link target molecules at specific cellular regions, such as
at excitatory postsynaptic sites (Hayashi et al., 2006). In contrast,
Homerla, which shows synaptic activity-dependent expression
and fails to form tetramer attributable to lacking a coiled-coil
region, is thought to function as a natural dominant negative to
break clustering and/or linking target molecules (Brakeman et al.,
1997; Kato et al., 1998; Kammermeier and Worley, 2007).

Many forms of synaptic plasticity of parallel fibers—Purkinje
cells synapse, including long-term depression (LTD), which is a
form of synaptic plasticity and is postulated as a cellular basis for
motor learning, were reported (Ito, 2001; Boyden et al., 2004).
Notably, a common and essential factor is a postsynaptic [Ca*"];
elevation (Hartell, 2002; Safo et al., 2006). Indeed, some up-
stream (Aiba et al., 1994; Inoue et al., 1998; Hirono et al., 2001)
and downstream signaling molecules for postsynaptic [Ca*"];
elevation are found to be essential for induction of these plastic-
ities (Ahn et al., 1999; Kawasaki et al., 1999; Boyden et al., 2004;
Hansel et al., 2006). Homerla overexpression in Purkinje cells
induced the attenuation of [Ca*"]; mobilization, suggesting that
Homer proteins are involved in physical and functional coupling
of mGluR1a and IP;R1 (Tu et al., 1998)

Among Homer family proteins, Homer3 shows a relatively
restricted expression pattern in CNS, i.e., high expression in hip-
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pocampal CA3 pyramidal cells and cerebellar Purkinje cells (Shi-
raishi et al., 2004). In Purkinje cells, Homer3 is distributed
throughout the dendrites, axons, and soma, but the most remark-
able accumulation of Homer3 was observed in dendritic spines.
Previously, we presented that Homer3 protein showed multiple
spots on two-dimensional (2D)-PAGE, suggesting that Homer3
can be a phosphor-protein (Shiraishi et al., 2003a). In this study,
we revealed that Homer3 was phosphorylated by calcium/
calmodulin-dependent protein kinase IT (CaMKII) in Purkinje
cells, and the phosphorylation reduces the affinity for Homer
target molecules, resulting in change of the solubility. Moreover,
the phosphorylation altered Ca*™ signaling patterns induced by
mGluR1e in heterologous expression system. These results sug-
gest that the phosphorylation may regulate postsynaptic molec-
ular architecture and Ca>" signaling of Purkinje cells in response
to synaptic activity.

Materials and Methods

Animals. Wild-type mice (ICR and C57B6]) were purchased from Nihon
SLC (Hamamatsu, Japan). IP;R1 knock-out mice and alA subunit of
P/Q calcium channel knock-out mice were produced as described previ-
ously (Matsumoto et al., 1996; Kulik et al., 2004). All procedures under-
taken in this study were conducted according to the RIKEN and National
Institutes of Health guidelines for animal research and were approved by
the RIKEN Animal Experiments Committee.

Plasmids and antibodies. Mouse Homer3 cDNA was cloned as de-
scribed previously. Site-directed mutagenesis of Homer3 for Ser to Ala or
Asp substitution of each phosphorylation site, Ser120, Ser141, Ser159,
and Serl76, was performed using QuickChange II Site-Directed Mu-
tagenesis kit (Stratagene, La Jolla, CA). For expression of Homer3 in
HeLa cells, hemagglutinin (HA)-tag epitope was introduced between the
first and second amino acids by PCR-based strategy. Rat Homerlc cDNA
was a kind gift from Dr. K. Inokuchi (Mitsubishi Kagaku Institute of Life
Sciences, Tokyo, Japan). Ser117 to Ala mutation of Homerlc was also
performed using QuickChange II Site-Directed Mutagenesis kit. Rat
mGluR1a cDNA was a kind gift from Dr. S. Nakanishi (Osaka Bioscience
Institute, Osaka, Japan). Myc-tag epitope and enhanced green fluores-
cence protein (EGFP) was introduced in the N-terminal extracellular
domain (between Ser33 and Ser34) and the C-terminal cytoplasmic do-
main (between Tyr1192 and Lys1193), respectively, by PCR-based strat-
egy. All constructed plasmids were verified by DNA sequencing. Mouse
monoclonal anti-rat mGluR1a (clone G209-488; BD PharMingen, San
Diego, CA), mouse monoclonal anti-rat CaMKIla (clone 6G9; Affinity
BioReagents, Golden, CO), and mouse monoclonal anti-phosphor-
CaMKIla (pThr286) (clone 22B1; Affinity BioReagents) were
purchased.

Cerebellar fractionation. Subcellular fractionation of 8 week mouse
cerebella was performed as described previously (Carlin et al., 1980;
Huttner et al., 1983). Cytosol and crude microsome fractions from post-
natal day 14 (P14) wild-type and each knock-out mouse was performed
as described previously (Yoshikawa et al., 1999).

Phosphor-protein analysis. 2D-PAGE was performed as described pre-
viously (Manabe et al., 1987; Shiraishi et al., 2003b). For dephosphory-
lation, cerebellar extracts were incubated with nonspecific bacterial alka-
line phosphatase (1 U/100 g protein) (Toyobo Engineering, Osaka,
Japan) in the presence of 5 mm MgCl, for 30 min at 30°C. Phosphoryla-
tion of Homer3 in COS cells were examined with coexpression of Hom-
er3 cDNA and protein kinase cDNA(s): HA-tagged Xenopus constitu-
tively active mitogen-activated protein kinase kinase (MEK) and HA-
tagged Xenopus mitogen-activated protein kinase (MAPK) (a kind gift
from Dr. Y. Goto, Tokyo University, Tokyo, Japan), constitutively active
rat CaMKII (a kind gift from Dr. H. Yamamoto, Ryukyu University,
Okinawa, Japan), constitutively active p21-activated kinase (PAK) (a
kind gift from E. Manser, GlaxoSmithKline-Institute of Molecular and
Cellular Biology Laboratory, Singapore), and p35/cyclin-dependent ki-
nase 5 (CDK5) (a kind gift from T. Oshima, Brain Science Institute—
RIKEN, Saitama, Japan). At 24 h after transfection, cells were directly
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lysed in SDS-PAGE sample buffer, and lysates were analyzed by Western
blotting for Homer3 to detect the phosphorylation-induced retarded
migration.

In vitro phosphorylation and phosphorylation site determination.
Homer protein was purified from Escherichia coli as glutathione
S-transferase (GST)-fusion protein and released from GST by thrombin
cleavage. Recombinant Homer protein in 25 mm HEPES, pH 7.4, 50 mm
NaCl, 5 mm MgCl,, 3 mm EGTA, 3.3 mm CaCl,, 5 mm NaF, 2.5 mm DTT,
0.005% Triton X-100, and 4 wm CaM was incubated with 10 ng of rat
CaMKIIa subunit purified from Sf9 cells (a kind gift from Dr. Y. Wa-
tanabe, Showa Pharmaceutical University, Tokyo, Japan) and with 200
um ATP or [y-*?P]JATP at 30°C for indicated time periods. For
phosphor-amino acid analysis, phosphorylated Homer3 labeled with
[ **P] was extracted from gel and partially hydrolyzed in 6N HCl for 2 hat
105°C. The hydrolyzed products were electrophoretically separated on
cellulose thin-layer plate according to the method described previously
(Ando et al., 2006). For determination of phosphorylation sites, phos-
phorylated Homer3, labeled with [**P] and nonradioactive, were in-gel
digested with Lys-C endopeptidase (Wako, Tokyo, Japan) or trypsin
(Promega, Madison, WI) in parallel, and the resultant peptides were
separated on C-18 reverse-phase column (uRPC C2/C18 SC 2.1/10; GE
Healthcare, Little Chalfont, UK) connected on a SMART LC system.
Phosphor-peptides were identified by the radioactivity, and the phos-
phorylation site in the peptide was determined for parallel-prepared
nonradioactive peptide with liquid chromatography electrospray ioniza-
tion tandem mass spectrometry (LC/ESI-MS/MS) analysis by QSTAR
quadrupole orthogonal acceleration time-of-flight mass spectrometer
(AB/MDS Sciex, Toronto, Ontario, Canada).

Antibodies production for Homer3. For production of phosphorylation
state-specific antibodies for Homer3 phosphorylated at Ser120, Ser141,
Serl59, and  Serl76,  phosphor-peptides  pH3-120  (C-
ARLAREKpSQDGGEEF, corresponding to residues 113-126), pH3-141
(C-ASHQVPPpSPLVSTN corresponding to residues 134-147), pH3—
159 (C-EEKLFRSQpSADTPG corresponding to residues 151-164), and
pH3-176 (C-LKKMLpSEGSVG corresponding to residues 171-181)
were synthesized and injected into Japanese white rabbits. Each phos-
phorylation state-specific antibody was obtained by affinity chromatog-
raphy on each phosphor-peptide coupled Sepharose and subsequently
absorption in nonphosphor-peptide (H3-120 C-ARLAREKSQDGGEF,
H3-141 C-ASHQVPPSPLVSTN, H3-159 C-EEKLFRSQSADTPG, and
H3-176 C-LKKMLSEGSVG) coupled Sepharose. Anti-Homer3 guinea
pig polyclonal antibodies were produced using recombinant protein
spanning amino acids 131-358 of Homer3 as an antigen. The specific
antibody was obtained from guinea pig sera by affinity column chroma-
tography using Sepharose coupled with GST-fusion protein carrying the
same region used in antigen. The specificity of guinea pig anti-Homer3
antibody was examined as described previously (Shiraishi et al., 2003a).

Surface plasmon resonance analysis. The effect of Homer3 phosphory-
lation on the direct binding between Homer3 and Homer ligand was
examined by surface plasmon analysis (Biacore 2000; Biacore, Uppsala,
Sweden). Homer ligand peptide fused with antennapedia peptide
(RQIKIWFQNRRMKWKK-LPEPPATFCDPEE, amino acids 543-555
in mouse drebrin E) and control peptide (RQIKIWFQNRRMKWKK-
LPEPLATFCDPEE) were synthesized. Equal molar amount (150 reso-
nance units) of each peptide was immobilized on CM5 sensor chip ac-
cording to the instructions of the manufacturer. Homer protein, either
wild type or mutant, was incubated with CaMKII in phosphorylation
assay solution for indicated time periods. The phosphorylation reaction
was halted by adding 50 mm EDTA and diluted in running buffer [10 mm
HEPES, pH 7.4, containing 150 mm NaCl, 1 mm EDTA, 1 mm DTT, and
0.05% (v/v) Tween 20] to adjust Homer protein concentration to 1-100
nM. The samples were injected at 20 ul/min flow rate. Regeneration of
sensor chips between each experiment was done by three times loading of
20 mm NaOH for 15 s. Sensor gram of specific binding was obtained by
subtraction of that from the flow cell coupled with control peptide and
was analyzed using BIA evaluation 3.1 software. For determination of
kinetics constants, sensor grams were subjected to global analysis with
using a 1:1 Langmuir model to fit the data.

Cerebellar primary cultures and immunocytochemistry. Cerebellar pri-
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mary cultures were prepared basically as de-
scribed previously (Shiraishi et al., 1999). Briefly,

cerebella were dissected from embryonic day 18
ICR mice digested with 0.1% trypsin (Sigma, St. AP: -
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Louis, MO) and 0.05% DNasel (Roche Diagnos-
tics, Mannheim, Germany) in Ca**/Mg>" -free
HBSS (Sigma) for 13 min at 37°C. The dissoci-
ated cells were plated at 5 X 107 cells per glass
coverslip coated with poly-L-lysine (Sigma) and
cultured in serum-free Eagle’s minimal essential
medium-based chemical conditioned medium
supplemented with 0.25% (w/v) glucose (Na-
calai Tesque, Kyoto, Japan), 10 ug/ml insulin
(Sigma), 0.1 nm L-thyroxine (Sigma), 0.1 mg/ml
apo-transferrin (Sigma), 1 mg/ml bovine serum C
albumin (Sigma), 2 mm L-glutamine (Nacalai
Tesque), 1 ug/ml aprotinin (Sigma), 30 nM so-
dium selenite (Merck, Darmstadt, Germany),
100 U/ml penicillin (Banyu Pharmaceutical, To-
kyo, Japan), and 100 pg/ml streptomycin (Meiji,
Tokyo, Japan) in a humidified 5% CO, atmo-
sphere at 37°C. The cultures were used at
14-17 d in vitro (DIV). Cells were incubated in
HEPES-buffered saline (HBS), 20 mm HEPES,
pH 7.4, 135 mm NaCl, 4 mm KCl, 1 mm
Na,HPO,, 2 mm CaCl,, 1 mm MgCl,, and 10
mM glucose, in the presence or absence of 10
M KN-93 (2-[N-(2-hydroxyethyl)]-N-(4-meth- D
oxybenzenesulfonyl)amino-N-(4-chlorocin-
namyl)-N-methylbenzylamine) (Calbiochem,
San Diego, CA). Cells were depolarized by re-
placing the extracellular solution into the HBS
containing 55 mM KCl and 84 mwm NaCl for indi-

cated time periods. The cells were fixed with 4% + > ;_

paraformaldehyde, 4% sucrose in PBS for 15
min, followed by permeabilization with 0.1%
Triton X-100 for 5 min. After blocking with 2% E
normal goat serum in PBS, cells were incubated
with the primary antibodies in 2% normal goat
serum in PBS overnight at 4°C. Primary antibod-
ies were rabbit anti-phosphor-specific Homer3
(1 pg/ml) and guinea pig anti-Homer3 (0.5 ug/
ml). Immunolabeling was visualized using Alexa
Fluor 488-conjugated anti-rabbit and Alexa
Fluor 594-conjugated anti-guinea pig secondary
antibodies (Invitrogen, Carlsbad, CA). Cover-
slips were mounted in Vectashield (Vector Lab-
oratories, Burlingame, CA) mounting medium.
Immunoprecipitations and Western blotting.
For immunoprecipitation, cerebellar primary
cultured cells were plated on 3.5 cm dishes pre-
coated with poly-L-lysine. After the cells at DIV
14-17 were treated with 55 mm KCl for 2 min as
described above, cells were immediately frozen
by placing the dishes onto liquid nitrogen. The
frozen cells were collected in 0.5 ml of 10 mm
HEPES, pH 7.4, 1% Triton X-100, 100 mm NaCl,
2 mMm EDTA, 25 mm NaF, 25 mMm Na-
pyrophosphate, and protease inhibitor cocktail
(Complete; Roche Diagnostics), followed by incubation for 30 min on ice
to allow proteins solubilized. After centrifugation (20,000 X g, for 25 min
at 4°C), the cleared lysates were incubated with rabbit anti-Homer3 an-
tibody (2 ug) or normal rabbit IgG (2 ug) with 20 ul (50% slurry) of
protein G Sepharose (GE Healthcare) for 8 h at 4°C. After washing beads
with the lysis buffer several times, each immunoprecipitate was mixed
with SDS-PAGE sample buffer and boiled for 5 min. The immunopre-
cipitate as well as lysate were loaded on 10% SDS-PAGE and transferred
onto polyvinylidene difluoride membrane (Millipore, Bedford, MA).
The membrane was blocked with 5% skim milk in PBST (PBS plus 0.05%
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Homer3 in a synaptic cytosol fraction was phosphorylated, and CaMKIl and MAPK were candidates for Homer3
kinase. A, Crude synaptosome (P2") from mouse cerebella was disrupted by hypotonic treatment and fractionated into SCand
PSD fractions. Each fraction was treated with or without alkaline phosphatase (AP), and Homer3 in each fraction was examined
by Western blotting. B, The synaptic cytosol fraction, treated with or without alkaline phosphatase (AP), was separated on
2D-PAGE and examined by Western blotting for Homer3. ¢, Homer3 and various protein kinases were cotransfected in COS cells,
and migration of Homer3 on SDS-PAGE was analyzed by Western blotting. D, COS cells lysate, coexpressing Homer3 with
constitutively active MEK and MAPK (+MEK c.a./MAPK) or constitutively active CaMKllx (+CaMKII c.a.) was separated on
2D-PAGE and was examined by Western blotting for Homer3. E, Homer3 protein purified from £. coli was in vitro phosphorylated
by CaMKIl or MAPK for 30 min at 30°C with [~y-2P] ATP. Pi incorporation into Homer3 was assessed by autoradiography.
Phosphorylation-induced retarded migration of Homer3 was observed in Coomassie brilliant blue (CBB)-strained gel.

Tween 20) before incubation with the primary antibodies. The primary
antibodies used were anti-mGluR1a monoclonal antibody (1 wg/ml),
rabbit anti-phosphor-specific Homer3 (0.5 ug/ml), and rabbit anti-
Homer3 (0.2 pg/ml). Incubation with the primary antibody was per-
formed for 2 h at room temperature. After three washes with PBST, the
membrane was incubated with horseradish peroxidase-conjugated sec-
ondary antibody (1:4000; GE Healthcare) for 1 h at room temperature.
The blot was developed using chemiluminescence reagents (ECL; GE
Healthcare). For quantitative analysis, after primary antibody incuba-
tion, the membrane was incubated with appropriate secondary antibod-
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ies conjugated with Alexa Fluor 680-conjugated A

(Invitrogen) or with IRDyeTM 800 (Rockland,
Gilbertsville, PA). The membranes were scanned
by Odyssey infrared imaging system (LI-COR
Biosciences, Lincoln, NE).
Immunohistochemistry and quantitative analy-
sis. Immunohistochemical study was performed
essentially as described previously (Shiraishi et
al., 2004). In brief, the brains were sectioned
parasagittally at 8 um thickness with a cryostat
(CM1850; Leica, Frankfurt, Germany). The sec-
tions, after blocking with 2% normal goat serum
(Vector Laboratories) in PBS, were reacted with
the primary antibody (guinea pig anti-Homer3
antibody at 0.5 pg.ml and rabbit anti-phosphor-
Homer3 antibody at 1 ug.ml) overnight at 4°C.
Immunolabeling was visualized using Alexa
Fluor 488-conjugated anti-rabbit and Alexa
Fluor 594-conjugated anti-guinea pig secondary
antibodies (Invitrogen). The immunoreactions
were observed with an epifluorescence micro-
scope (Eclipse E800; Nikon, Tokyo, Japan)
equipped with a cooled CCD camera (Spot; Di-
agnostic Instruments, Sterling Heights, MI) or a

o)
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confocal laser microscope (FluoView FV300;
Olympus, Tokyo, Japan) with constant settings
of parameters. Distribution of each phosphory- C
lated Homer3 (pSer120 or pSer176) on Purkinje
cells was determined by analyzing the fluores-
cence intensity ratio of phosphorylated Homer 3
signals to total Homer 3 signals by NIH Image J
software on 20 Purkinje cells from four indepen-
dent sections. Statistical significance was deter-
mined by Student’s ¢ test.

Ca’* imaging. HeLa cells were transfected
with myc-mGluR1a—EGFP and HA-Homer3
(2:1, weight ratio). At 16—24 h after transfection,
HeLa cells were incubated with 5 um fura-2 AM
(Dojindo, Kumamoto, Japan) for 30 min at
room temperature. The fura-2-loaded cells were
placed on the stage of an inverted fluorescence
microscope (Eclipse TE300; Nikon) and per-
fused with HBS buffer (in mm: 20 HEPES, 115
NaCl, 5.4 KCl, 1 MgCl,, 1 CaCl,, and 10 glucose, pH 7.4). Parallel exper-
iments showed that the efficiency of coexpression of Homer3 in EGFP-
positive cells were 99.5%, and we selected cells expressing EGFP—m-
GluRle diffusely for analysis. Image capture and processing were
performed with an ORCA-ER system (Hamamatsu Photonics,
Hamamatsu, Japan) at room temperature. With alternate illumination at
340 and 380 nm excitation, pairs of fluorescence images were obtained
through an objective lens (S Fluor 20X; Nikon) and an emission filter
(510-550 nm). Data are presented as means = SEM.

Results

Homer3 is phosphorylated at Ser120, Ser159, and Ser176 by
CaMKII in vitro

Our previous findings showed that Homer3 is highly expressed in
cerebellar Purkinje cells and a prominent distribution in spines
and dendrites (Shiraishi et al., 2004). 2D-PAGE analysis of mouse
cerebellar lysates indicated predominant expression of Homer3
in mouse cerebellum (supplemental Fig. S1, available at www.
jneurosci.org as supplemental material), suggesting that Homer3
is involved in coupling mGluR1« and IP;R1, both of which are
highly expressed and localized at postsynaptic sites in Purkinje
cells (Furuichi et al., 1989; Shigemoto et al., 1992; Matsumoto et
al., 1996; Petralia et al., 1997). Biochemical fractionation of the
cerebellum has consistently showed that Homer3 is rich in the
crude synaptosomal fraction (Fig. 1A, P2’). Interestingly, Hom-

Figure 2.

digest.

L11: LFRSQpSADTPGPTERERLK (S159)
L16: pSQDGGEFTSTGLALASHQVPPSPLVSTNGPGEEK (S120)

T18: MLpSEGSVGEVQWEAEFFALQDSNQR (S176)

Invitro Homer3 phosphorylation sites by CaMKIl were determined. A, Purified Homer3 was in vitro phosphorylated
by CaMKIl with [y->P] ATP, and phosphorylated amino acids were determined by a partial hydrolysis of a radiolabeled Homer3
with 6N HCl, followed by 2D electrophoresis on thin-layer cellulose plate. B, In vitro phosphorylated Homer3 by CaMKII with
[y- 32P]ATP was digested with Lys-C endopeptidase or trypsin (wild type digested with Lys-C endopeptidase and $120A/5159A
mutant digested with trypsin). Digested peptides were separated on reverse-phase HPLC, and phosphor-peptides were isolated
by monitoring the radioactivity (indicated by red symbols). C, Isolated phosphor-peptides were analyzed by LC-MS/MS, and
phosphorylation sites were determined. L11 and L16 were peptides from Lys-Cendopeptidase digests, and T18 was from trypsin

er3 appeared in a doublet band in the P2’ fraction, and, when the
synaptosomal membranes were disrupted by hypotonic treat-
ment, the upper band was preferentially recovered in the synap-
tosomal cystosol (SC) fraction (Fig. 1A, SC), whereas the lower
band was recovered in crude postsynaptic density (PSD) fraction
(Fig. 1A, cPSD). When each fraction was treated with alkaline
phosphatase, the upper band signals were reduced and converged
in the lower band, suggesting that the upper band was slow-
migrating Homer3 as a result of phosphorylation, which is often
observed in phosphor-proteins. To determine whether that was
true, we separated the SC fraction on 2D-PAGE, and the results
showed that the Homer3 in the SC fraction yielded at least four
spots. After treatment with alkaline phosphatase, the most acidic
spot (supplemental Fig. S1, spot d, available at www.jneurosci.org
as supplemental material) was no longer detected, and the signal
of the most basic spot had increased (Fig. 1B). These results
clearly indicated that some parts of Homer3 were phosphorylated
and that the phosphorylation altered the extractability of Hom-
er3 in biochemical fractionation. Several protein kinases in Pur-
kinje cells have been reported to be essential for induction of
various types of synaptic plasticity and Purkinje cell development
(Ahn et al., 1999; Kawasaki et al., 1999; Ohshima et al., 1999;
Bryan et al., 2004; Hansel et al., 2006). Because Homer proteins
function as adaptors, the phosphorylation-dependent change in
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extractability of Homer3 implied that phos-
phorylation might be involved in the reor-
ganization of the postsynaptic molecular
network that should occur during the in-
duction of synaptic plasticity or during the
synapse development. We therefore tried to
identify the protein kinase(s) that phos-
phorylated Homer3 in heterologous cells
expressing Homer3 with several protein ki-
nases in the active state, based on criteria of
retarded migration and the multiple phos-
phorylation. The results showed that mi-
gration was retarded when coexpressed
with constitutively active MEK/MAPK or
with constitutively active CaMKIIa but not
with PAK, PAKS, or p35/CDK5 (Fig. 1C,
and data not shown). 2D-PAGE analysis re-
vealed that Homer3 was phosphorylated at
multiple sites in the cells coexpressing
MAPK (at least four sites) and in the cells
coexpressed with CaMKIIa (at least three

A

CBB
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J. Neurosci., May 14, 2008 - 28(20):5369 -5382 + 5373

phosphorylated by CaMKII phosphorylated

by MAPK

120 159 176

Jlli»: -

141 : :

sites) (Fig. 1D). In vitro phosphorylation EVHI1 coiled coil
experiments confirmed that both CaMKII
and MAPK phosphorylated Homer3 (Fig.
1E), indicating that Homer3 was directly D
phosphorylated by CaMKII and MAPK. 120
Phosphor-amino acid analysis indicated pouses AARLAREKSODGGEFTSTGL ALASHOVP--—
that Homer3 was exclusively phosphory- rat: AARLAREKSQODGGELTSTAL AMASHQVP--
1 . . human: AARLAREKSQDGGELTSPAL GLASHOVP--
ated at Ser residues by both CaMKII (Fig.  chicken: AARLAREKSODKTELTNPAL SITSHOVL--—————-
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phosphor-peptides were isolated from the 159 176
Lys-C endopeptidase digestion products of VSTNGPGEEKLFRSQSADTP GPTERERLKKMLSEGSVGEV
Homersphophonyited by CAVKT] (g VG S SR
2B, L11 and L16). Each peptide sequence NGPGEDKLFRSOSADVE ISTEKERLKKMLSEGSVSEV
was determined by LC/EIS-MS/MS analy- ISANGPGDDKLFRSOSAEME LSTERERVKKML EGSVCEV

LGVNGSSEDKLFRSKSADME QTTEKEQMREMLSEGSICETI

sis (Fig. 2C), and Ser120 and Ser159 were

identified as phosphorylation sites in two
Lys-C endopeptidase digests. Both mu-
tants, in which Ser120 substituted to Ala a
S120A mutant and a S159A mutant,
showed reduced phosphorylation by
CaMKII (Fig. 3A). Reverse-phase HPLC
separation of the Lys-C endopeptidase
yielded only two phosphor-peptides, but
double-mutated Homer3 (S120A/S59A) was still substantially
phosphorylated by CaMKII (Fig. 3A). Indeed, one phosphor-
peptide was obtained from S120A/S159A digested with trypsin,
and the third phosphorylation site was identified at Ser176 (Fig.
2B,C, T18). The triple mutant S120A/S159A/S176 was barely
phosphorylated by CaMKII (Fig. 3A), confirming that these three
Ser residues of Homer3, Ser120, Ser159, and Serl76, were
CaMKII phosphorylation sites in vitro. The same approach
yielded only one phosphor-peptide derived from MAPK-
phosphorylated Homer3, and the phosphorylation site was de-
termined to be Ser141 (data not shown). In a heterologous sys-
tem, Homer3 was phosphorylated at multiple sites if coexpressed
with constitutively active MEK/MAPK, as judged by 2D-PAGE
(Fig. 1 D), but the S141A mutant was no longer phosphorylated
by MAPK in vitro (Fig. 3B), suggesting that Ser141 was the only
site directly phosphorylated by MAPK and that, in the heterolo-
gous cells, other sites besides the Ser141 of Homer3 were phos-
phorylated by unidentified kinase(s), which might be activated by
MEK/MAPK. All four phosphorylation sites identified here were

Figure3.

In vitro CaMKIl phosphorylation sites of Homer3 were at Ser120, Ser159, and Ser176, and MAPK site was at Ser141.
A, Wild-type or mutated Homer3 protein was processed for in vitro phosphorylation by CaMKIl, and the phosphate incorporation
was analyzed by autoradiography. B, Wild-type or mutated Homer3 protein was processed for in vitro phosphorylation by MAPK,
and the phosphate incorporation was analyzed by autoradiography. €, Schematic diagram of phosphorylation sites of Homer3 by
CaMKIl (red S) and MAPK (blue S). D, Homer3 phosphorylation sites were conserved among species. Each amino acid sequence
was from GenBank accession numbers NP_036114 (mouse), NP_445762 (rat), NP_004829 (human), XP_418233 (chicken),
XP_687581 (zebra fish), or NP_001080624 (Xenapus).

mapped to the linker region between the N-terminal EVH1 do-
main and the C-terminal coiled-coil region (Fig. 3C), and all four
residues are conserved in diverse species (Fig. 3D).

Homer3 phosphorylation at Ser120, Ser159, and Ser176
occurs in vivo

2D-PAGE analysis of in vivo cerebellar proteins showed that
Homer was phosphorylated at least three sites (Fig. 1B), and the
fact that CaMKII phosphorylates three Ser residues of Homer3 in
vitro suggested that Homer3 might be a bona fide substrate for
CaMKII in Purkinje cells. To test this hypothesis, we first pro-
duced phosphor-specific antibodies that recognized Homer3
phosphorylated at each Ser residue. Affinity-purified anti-
pSer120, anti-pSer159, and anti-pSer176 antibodies were ob-
tained, and their specificity was assessed by Western blotting and
immunocytochemical analysis. None of the phosphor-specific
antibodies reacted with Homer3 purified from E. coli, but they all
showed clear reactivity against Homer3 phosphorylated by
CaMKII in vitro (Fig. 4 B). The reactivity was abolished when the
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Productions and specificity of anti-phosphorylated Homer3-specific antibodies. 4, Each phosphor-peptide was synthesized and used for generations of anti-phosphorylated Homer3-
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specific antibodies. B, Homer3 protein from £. coli was phosphorylated by CaMKIl, and the phosphorylation state of indicated serine residue was examined by Western blotting with each
anti-phosphor-Homer3 antibody. €, Homer3 was expressed with or without constitutively active (c.a.) CaMKll in COS cells, and the phosphorylation state of indicated serine residue was examined

by immunocytochemistry with each anti-phosphor-Homer3 antibody.

antibody was preincubated with each antigenic phosphor-
peptide but not when preincubated with nonphosphor-peptide
(data not shown), suggesting that the signals were specific. The
immunocytochemical analysis, Homer3 solely expressed in HeLa
cells was barely detected by each phosphor-specific antibody, but
when coexpressed with constitutively active CaMKII, the anti-
pSer120 and anti-pSer176 yielded clear signals in the cells ex-
pressing Homer3 (Fig. 4C). Anti-pSer159 antibody did not react
with cellular Homer3, even when coexpressed with constitutively
active CaMKII (Fig. 4C), suggesting that the pSer159 antibody
was only usable in Western blotting. We used these phosphor-
specific antibodies to determine whether Homer3 was phosphor-
ylated at the corresponding sites in vivo. Homer3 in the S1 frac-
tion prepared from mouse cerebella was recognized by all three
phosphor-specific antibodies. When the fraction was treated with
alkaline phosphatase, the immunoreactive signals of anti-
pSer120 and of anti-pSer159 were disappeared and diminished
greatly, respectively (Fig. 5A), but the anti-pSer176 signal was
only slightly reduced (Fig. 5A). Because the results of the 2D-
PAGE analysis showed that alkaline phosphatase treatment did
not completely dephosphorylate Homer3 (Fig. 1B), the phos-
phorylated Ser176 of Homer3 may be relatively resistant to phos-
phatase treatment under the conditions used in this study. These
findings indicated that phosphorylation of Homer3 at Ser120,
Ser159, or Serl76 also occurred in vivo. Because, as described
above, the phosphorylated form of Homer3 was found in the
soluble fraction, we investigated the distribution of Homer3
phosphorylated at each Ser. The results showed that Homer3
phosphorylated at Ser120 (pSer120), Ser159 (pSerl59), or Ser

176 (pSerl176) was found in soluble fractions, i.e., cytosol (S3)
and detergent extractable fraction from crude synaptosome (1%
Triton X-100) (Fig. 5B). Remarkably, in contrast to the high lev-
els of Homer3 protein in the PSD fraction, consistent with a
previous report (Fig. 5B) (Xiao et al., 1998), the PSD contained
little Homer3 phosphorylated (Fig. 5B, PSD), suggesting that
phosphorylated Homer3 was more easily extractable than non-
phosphorylated Homer3. We also produced anti-phosphor-
specific antibody against Ser141, the MAPK phosphorylation site
and investigated phosphorylation in vivo, but no phosphoryla-
tion of Ser141 has been detected in vivo thus far. We therefore
focused on the phosphorylation of Homer3 by CaMKII. Com-
parison of the signal patterns of Homer3 obtained by 2D-PAGE
Western blotting on P14 and P56 (supplemental Fig. S1, available
at www.jneurosci.org as supplemental material) revealed a higher
level of phosphorylated Homer3 (supplemental Fig. S1, spot ¢ or
d compared with spot a or b, available at www.jneurosci.org as
supplemental material) on P14 than on P56. We then measured
the phosphorylation level of each Ser residue from P7 to P56 by
Western blotting. The phosphorylation level of pSer120 showed a
marked increase during development, i.e., the level was much
higher at approximately P14 than at P28 or later (Fig. 5C),
whereas the phosphorylation levels of Ser159 and Ser176 were
relatively constant after P14.

Because biochemical fractionation revealed that the phos-
phorylated form of Homer3 was easy to extract, we attempted to
investigate a distribution of phosphorylated Homer3 in Purkinje
cells by immunohistochemistry. In P14 mouse cerebellum, most
Purkinje cells were stained with the antibody for pSer120 (Fig.
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6A). Although both pSer120 and Homer3
were observed throughout the Purkinje
cells, the relative signal intensity of pSer120
to Homer3 was more prominent in the
proximal dendrites and soma than in the
distal dendrites and dendritic spines (Fig.
6A,B). In contrast, the pSer120 signals in
P56 mouse cerebellum were clearly weak.
Most of the signals that were observed were
detected in the proximal dendrites and
soma, and hardly any were observed in the
distal dendrites or dendritic spines, which
are rich in Homer3 proteins (Fig. 6A,B). B
pSerl76 showed the similar distribution
pattern in P14 Purkinje cells with promi-
nent staining observed in the proximal den-
drites and soma and weaker staining in the
distal dendrites and dendritic spines (Fig.
6A,B). However, the relative signal inten-
sity of pSer176 to Homer3 in the distal den-
drites and dendritic spines of P56 Purkinje
cells did not diminish, and the relative in-
tensity in the proximal dendrites and soma
increased in P56 Purkinje cells. These find-
ings suggest that phosphorylation of Hom-
er3 may induce not only increase of extract-
ability from the sites that are rich in C
Homer3 and where phosphorylation oc-
curred but also induce translocation, e.g.,

from spines to dendrites.
anti-

Homer3 is phosphorylated by CaMKII phospho Homer 3

in vivo

Because phosphorylated Homer3 showed
easily extractable property and was prefer-
entially distributed in the proximal den-
drites and soma of Purkinje cells, if the
phosphorylation was occurring as a result
of CaMKII activation in response to synap-
tic activity, the phosphorylations would
seem to be one of the key events that in-
duced the change in postsynaptic molecular
architecture. To determine whether the
phosphorylations occurred in response to
synaptic activity and whether CaMKII was
involved in the process, we examined the
phosphorylation of Homer3 in primary
cultured cerebellar Purkinje cells before and after depolarization.
Depolarization induces a Ca*" influx into Purkinje cells via
voltage-gated calcium channels, especially via P/Q-type calcium
channel (Hartmann and Konnerth, 2005), which leads to
CaMKII activation. In the resting state, Homer3 phosphorylated
at each Ser120, Ser159, or Ser176 was not detected by Western
blotting (Fig. 7A). Consistent with this finding, at cellular levels,
detection of pSer120 or pSer176 was rare in Purkinje cells, and,
when pSer120 or pSerl76 was detected, the phosphorylation at
both sites was almost restricted in soma of Purkinje cells (Fig. 7B).
When depolarization was induced by increasing extracellular po-
tassium concentration to 55 mM, phosphorylation at all three
sites, Ser120, Ser149, and Serl76, were drastically increased
within 2 min (Fig. 7A). pSer120 and pSerl176 were observed
throughout the Purkinje cells, including the dendritic spines and
axons (Fig. 7B). Preincubation with 10 um KN-93, a specific

Figure 5.
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Homer3 is phosphorylated at Ser120, Ser159, and Ser176 in vivo. A, Denuclear crude lysates (S1) from P14 mouse
cerebella were treated with or without alkaline phosphatase (AP) and analyzed by Western blotting for phosphorylation state of
each Ser residue. B, P14 mouse cerebellar were fractionated and examined for Homer3 and phosphoHomer3 distribution.
Relative abundance ofimmunoreactivities; Homer3, pSer120, pSer159, and pSer176 were determined by fluorescence intensity-
based quantitative Western blotting as the amount of each immunoreactive signal in S1 fraction was standardized to 1. The
values were means from three independent preparations. *p << 0.001. Error bars represent SEM. €, S1 fractions prepared from
mouse cerebellum at indicated postnatal day was examined for Homer3 and phosphorylated Homer3 by Western blotting.
Phosphorylation level (indicated as phosphor-Homer3/total Homer3) at each Ser residue was semiquantitated by dividing
fluorescence intensity from anti-phosphor-specific antibody by that from anti Homer3. Each phosphorylation level in P7 was
standardized to 1. The values represent means from three independent preparations. *p << 0.001. Error bars represent SEM.

CaMKII inhibitor (Sumi et al., 1991; Takao et al., 2005), signifi-
cantly inhibited the phosphorylation at Ser120 and Ser159 as
demonstrated by Western blotting, and the inhibition at Ser120
was also confirmed in immunocytochemical analysis (Fig. 7 A, B).
These results clearly indicated that Homer3 was indeed phos-
phorylated at Ser120 and Ser159 by CaMKII in the primary cul-
tured Purkinje cells. In contrast, both Western blotting and im-
munocytochemistry showed that phosphorylation at Ser176 was
not significantly affected by KN-93, suggesting that Ser176 in
primary cultured Purkinje cells might be phosphorylated by
(an)other protein kinase(s) that was (were) activated by high
potassium treatment.

CaMKII was activated in a Ca®"/CaM-dependent manner
(Griffith, 2004). In postsynaptic sites in Purkinje cells, the major
route for increase in [Ca®"]; is P/Q-type calcium channel (Hart-
mann and Konnerth, 2005). We therefore examined phosphory-
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in the P/Q—Ca?"-channel knock-out mice
were dramatically reduced (Fig. 8 B, lanes 1
and 4), and there was a parallel reduction in
the amount of Homer3 in the soluble frac-
tion (Fig. 8 B, lanes 2 and 5). In contrast, no
significant differences in phosphorylation
level or fractionation pattern of Homer3
were found in IP;R1 knock-out mice at the
same stage compared with wild type (Fig.
8B, lanes 7-9). Immunohistochemical
analysis also indicated that hardly any phos-
phorylated Homer3 (pSer120) was present
in the distal dendrites and dendritic spines
of the P/Q—Ca?" -channel knock-out mice,
and staining was weak in the proximal den-
drite and soma (Fig. 8C). Together, these
findings show that Homer3 was phosphor-
ylated by CaMKII at every site in vivo as
well, that Ca®" influx via the P/Q-Ca?"
channel was more crucial to CaMKII acti-
vation than Ca®" release from IP;R1 was,
and that the phosphorylations actually con-
tributed to determining the solubility of
Homer3 protein, although contributions
by other Ca?* dependent kinase(s) could
not be ruled out.

pSer 176

Homer3 phosphorylation reduces its
affinity for target molecules and
P modulates the Ca>" signaling patterns

induced by mGluR1« activation

The preferential enrichment of phosphory-
lated Homer3 in the soluble fractions sug-
gests that phosphorylation can alter the af-
finity of Homer3 for its target molecules.
We therefore investigated whether the
phosphorylation of Homer3 affects the in-
teraction between Homer3 and mGluR1«,
a major target molecule of Homer3 in Pur-
kinje cells (Xiao et al., 1998), by means of

b e i e . . coimmunoprecipitation assay of primary
spine  prox.den.  soma spine  prox.den.  soma cultured Purkinje cells. Interaction between
pSer120 pSer176 Homer3 and mGluRla was observed in

Figure 6.

that of Homer3 antibody. The values represent means. *p << 0.01. Error bars represent SEM.

lation state of Homer3 in P/Q—Ca?" -channel knock-out mice. As
expected, CaMKIla activation, as assessed by Western blotting
for autophosphorylation at Thr268, was dramatically reduced in
P/Q-Ca’*"-channel knock-out mice at the P14 stage but not in
the mutant mice that was deficient in IP;R1, which also contrib-
utes the postsynaptic Ca** signaling in Purkinje cells (Finch and
Augustine, 1998; Hartmann and Konnerth, 2005) (Fig. 8A), sug-
gesting that CaMKII was activated mainly by a Ca*™ influx via the
P/Q-Ca*>" channel at the postsynaptic sites of Purkinje cells. Re-
markably, the levels of Homer3 phosphorylation at all three sites

Distinct distribution of phosphorylated Homer3 (pSer120) between in P14 and P56 mouse cerebellum. 4, Compar-
ative immunohistochemical analysis between P14 and P56 mouse cerebellum was done for both pSer120 and pSer176,
costained for Homer3. Cryosections (7 wum thick) were probed with each antibody. Scale bars: lower magpnification, 20 m;
higher magnification, 6 um. B, Quantification of the distribution of each phosphorylated Homer3: pSer120 or pSer176, in spines,
proximal dendrites, and soma of P14 and P58 mouse cerebellum. Abundance of each phosphorylated-Homer3 in subregions of
Purkinje cells (spines, proximal dendrites, and soma) was assessed in total 20 Purkinje cells obtained from four independent
sections. The abundance was represented by dividing immunofluorescence signal intensity of phosphor-specific antibodies by

anti-Homer3 immunoprecipitates from
resting Purkinje cells (Fig. 9, lane 7), but the
amount of mGluRl«a that coimmunopre-
cipitated with Homer3 was greatly reduced
in Purkinje cells exposed to 55 mm KCl for 2
min (Fig. 9,lane 9), when robust phosphor-
ylation of Homer3 occurred in Purkinje
cells (Fig. 7). In contrast, when cells were
preincubated with 10 um KN-93, Homer3—
mGluRle complex remained intact after
induction of depolarization (Fig. 9, lane 8). These results suggest
that the interaction between Homer3 and mGluR1« can be reg-
ulated by phosphorylation of Homer3 by CaMKII.

Homer3 phosphorylation affected the interaction between
Homer3 and mGluR1« in Purkinje cells, but, as stated above, all
three sites of Homer3 phosphorylation by CaMKII were mapped
outside the EVH1 domain, which is the domain through which
Homer3 binds to mGluR1ea. To determine whether phosphory-
lation simply reduced the affinity of Homer3 for mGluR1«, we
investigated the effect of Homer3 phosphorylation by CaMKII on
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of EDTA at indicated time point, and the
binding kinetics of Homer3 at each indi-

cated was examined by using the ligand
peptides immobilized on a sensor chip. As
shown in Figure 10 B, the affinity of wild-
type Homer3 (Homer3 wild) for the ligand
decreased with the duration of the phos-

- phorylation reaction, whereas the affinity of

the Homer3 triple mutant (Homer3 S120A/
S159A/S176A, AAA) was not significantly

vehicle 10 uM KN93
024 6 8 024 6 8 (min)
pSer 120 e -
pSer159 ww e = -
- - .- - - e .. -

pSer 176

Homer 3

B vehicle

—_—— - tant

10 pM KN-93

reduced even after allowing the phosphor-
ylation reaction to proceed for 1 h. In-
versely, the phosphor-mimetic triple mu-
(Homer3  S120D/S159D/S176D,
DDD) showed a great reduction in affinity
(supplemental Fig. S3, available at www.
jneurosci.org as supplemental material).

- .“'
o ....

pSer 176

o ....

Figure 7.

bar, 20 m.

the affinity of Homer3 for the Homer binding ligand biochemi-
cally. The minimum element of Homer binding ligands was char-
acterized by proline-based motif, -PPxxF- (Beneken et al., 2000),
and the binding between Homer3 and synthetic peptides derived
from the C-terminal region of drebrin was investigated by means
of a Biacore system. As shown in Figure 104, in vitro phosphor-
ylation of Homer3 by CaMKII proceeded rapidly from 0 to 10
min and reached a plateau at 1 h, at which time phosphate (Pi)
incorporation into Homer3 was ~1.6 mol/mol Homer3. The
phosphorylation reaction was halted by adding an excess amount

Phosphorylation of Homer3 at Ser120, Ser159, and Ser176 by CaMKII was induced by depolarization in primary
cultured Purkinje cells. A, Primary cultured mouse cerebellar neurons (DIV 17) were treated with 55 mm KCl in the presence or
absence of 10 m KN-93, a specific inhibitor for calmodulin kinases. At the indicated time point after treatment with 55 mm KC,
whole lysates were prepared and examined by Western blotting with each specific antibody. B, Inmunocytochemical analysis of
primary cultured Purkinje cells was done with each specificantibody, at the indicated time point after 55 mm KCl treatment. Scale

We also attempted to identify which of the
three Ser phosphorylation(s) contributed
to the reduction in affinity. A binding kinet-
ics analysis for two different target mole-
cules, drebrin peptide and the C-terminal
region of mGluR1a fused with GST, by mu-
tant Homer3 proteins carrying a single mu-
tation, S120A, S159A, or S176A, revealed
only a small reduction in the affinity of
S120A mutant after phosphorylation reac-
tion (Fig. 10C; (supplemental Fig. S3, avail-
able at www.jneurosci.org as supplemental
material) and a much larger decrease in af-
finity of other two mutants S159A and
S176A (Fig. 10C; supplemental Fig. S3,
available at www.jneurosci.org as supple-
mental material). Inversely, among three
phosphormimetic ~ mutants, S120D,
§159D, and S176D, S120D showed the
lowest affinity for both target molecules,
suggesting that Ser120 phosphorylation is
the main  contributor to  the
phosphorylation-induced reduction in
affinity, although the Ser159 and Ser176
phosphorylations also contribute to some
extent. Ser120 was conserved among the
Homer family of proteins (supplemental
Fig. S2 A, available at www.jneurosci.org
as supplemental material). We therefore
investigated whether Homerlc was also
phosphorylated by CaMKII and whether
the phosphorylation induced the reduc-
tion in affinity. In vitro phosphorylation
assay clearly revealed that CaMKII phos-
phorylated Ser117 residue of Homerlc
(an equivalent residue to Ser120 of Homer3)
(supplemental Fig. S2 B, C, available at www.jneurosci.org as sup-
plemental material), and the phosphorylation induced the reduction
in affinity for drebrin peptide and the C-terminal region of
mGluRla fused with GST (supplemental Fig. S2D, available at
www.jneurosci.org as supplemental material). These results indi-
cated that the phosphorylation by CaMKII reduced the affinity of
Homers3 for its ligand, suggesting that the phosphorylation via the
P/Q-Ca*"-channel/Ca®"/CaMKII pathway was involved in the
mechanism of dissociation of Homer3 from mGluR1a and/or PSD
observed in the dendritic spines of Purkinje cells in vivo.

2 min
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Homer proteins are thought to couple A
mGluRla to IP;R1 at postsynaptic sites in
Purkinje cells both physically and function-
ally (Tu et al., 1998). Because Homer3

. . & § ¥
phosphorylation reduced the affinity of ENNG S
R

Homer3 for its ligands, phosphorylation of
Homer3 may play a regulatory role in the
mGluR1a-IP;R1-mediated calcium signal-
ing pathway. To investigate this possibility,
we adopted a heterologous system, HeLa
cells, which express IP;R1 (Hattori et al.,
2004), because Purkinje cells strongly ex-
press Homer3. Hela cells transfected with
myc- and EGFP-tagged mGluR1« solely or
together with the wild type, a triple Ala mu-
tant (S120A/S159A/S176A, AAA) Homer3,
or a triple Asp mutant (S120D/S159D/
§176D, DDD) Homer3 were analyzed for
glutamate-induced calcium signaling. Be-

-
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cause 1 uM glutamate was around threshold
level in this system, we sequentially applied
1 and 10 uM glutamate to the cells and ob-
served the [Ca®"]; signaling. At 1 uM gluta-
mate, [Ca’"]; mobilization observed in
each cell were all transient patterns as
shown in Figure 11C, but significant differ-
ence in sensitivity for glutamate was ob-
served between the cells expressing
mGluRle  alone and  coexpressing
mGluRle and wild-type Homer3 or
S120A/S159A/S176A. More than 50% of
cells (57.6% of cells; n = 4, total of 33 cells)
expressing mGluR1« alone responded to 1
M glutamate and showed transient
[Ca**]; elevation (Fig. 11A), but only 17.9
and 29.8% of the cells coexpressing
mGluRla and wild-type Homer3 (n = 4,
total of 39 cells) and mGluR1a and S120A/
S159A/S176A (n = 6, total of 84 cells) re-
sponded, respectively. The cells coexpressing mGluR1« with the
phosphor-mimetic mutant S120D/S159D/S176D showed a sim-
ilar sensitivity (56.3% of cells responding; # = 4, total of 32 cells)
to those expressing mGluR1« alone (Fig. 11A). These phenom-
ena can be a reflection of the reduced surface expression of
mGluR1a induced by Homer protein coexpression, which were
reported previously (Roche et al.,, 1999; Abe et al., 2003). A
phosphor-mimetic mutant, S120D/S159D/S176D, which
showed very reduced affinity for mGluR1la as determined by
Biacore analysis (supplemental Fig. S3, available at www.
jneurosci.org as supplemental material), may not retain
mGluRlea intracellularly, resulting in sufficient surface expres-
sion of mGluRl« and the comparable sensitivity to mGluR1«
alone. As shown in Fig. 11C, 10 uM glutamate induced three
[Ca®*]; elevation patterns: transient, persistent, and oscillatory
in the cells expressing mGluR1a. Interestingly, the [Ca®"]; sig-
naling patterns were remarkably different in the cells expressing
S120A/S159A/S176A mutant (Fig. 11 B, AAA). In S120A/S159A/
S176A mutant expressing cells, the proportion of cells exhibiting
the persistent [Ca*"]; patterns was much higher than the propor-
tion exhibiting oscillatory patterns (15.5 = 6.1% oscillatory cells
and 41.7 * 4.3% persistent cells) (Fig. 11 B). The cells expressing
wild-type Homer3-expressing cells exhibited a similar propor-
tions of [Ca®"]; patterns compared with the cells expressing

Figure 8.

Homer 3

pSer 120 Homer 3 pSer 120

Phosphorylated Homer3 and cytosolic Homer3 were decreased in parallel in P/Q—Ca** -channel knock-out mice.
A, (aMKllex activity in wild (WT), P/Q-Ca** -channel knock-out (P/Q KO), and IP;R1 knock-out (IP,R1 KO) mouse at P14 stage
was examined by assessing the autophosphorylation level of CaMKIl e (pThr286) in S1 fraction from each mouse cerebellum. B,
Denuclear crude lysates (lanes 1,4, 7), cytosolic (lanes 2, 5, 8), and crude microsome (lanes 3, 6, 9) fractions were prepared from
wild-type (lanes 1-3), P/Qknock-out (lanes 4 —6), and IP,R1 knock-out (lanes 7-9) mouse cerebella, according to experimental
procedures. Each fraction was examined for content of phosphorylated Homer3 at each site and total Homer3 protein by Western
blotting. €, Cryosections were prepared from P14 wild-type and P/Q knock-out mice and examined for distribution of phosphor-
ylated Homer3 at Ser120 (p$120) and total Homer3 by immunohistochemical analysis.

1 23 456 789

W.B.
mGluR1 - . -
W.B. | & |
Homer 3 - ™ <
load LP. LP.
control IgG anti-Homer 3
Figure 9.  Depolarization induced a dissociation of Homer3 from mGluRTex in primary cul-

tured Purkinje cells. Homer3 and mGluR1 e interaction was examined from primary cultured
mouse cerebellar cells (DIV 17). Lysates (lanes 1-3) from resting cells (lanes 1, 4, 7) and cells
treated with 55 mmKCl for 2min in the presence (lanes 2, 5, 8) orabsence (lanes 3, 6,9) of 10
KN-93 were prepared. Immunoprecipitation (I.P.) was done with normal rabbit IgG (lanes 4 — 6)
oranti-Homer31gG (lanes 7-9). Immunoprecipitates were analyzed by Western blotting (W.B.)
with the indicated antibodies. Arrow indicates Homer3 and arrowhead indicates IgG.

mGluR1a alone (Fig. 11B) (wild type: 19.7 £ 6.1% oscillatory
cells and 27.9 * 4.3% persistent cells, n = 4 total 61 cells; alone:
15.5 = 5.1% oscillatory cells and 25.9 = 4.9% persistent cells, n =
4 total 58 cells). The cells expressing the phosphor-mimetic mu-
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Discussion

Homer3 is a bona fide substrate

for CaMKII

Homer3 was phosphorylated at multiple
sites in Purkinje cells (Fig. 1) (supplemental
Fig. S1, available at www.jneurosci.org as
supplemental material). CaMKII, in vitro,
phosphorylated Homer3 at three Ser resi-
dues, Ser120, Ser159, and Serl76, all of
which were indeed phosphorylated in Pur-
kinje cells in vivo, demonstrated by the use
of phosphor-specific antibodies (Figs. 5, 6).
Although we have no direct evidences, such
as determinations of the phosphorylation
state of each Ser residue in a mutant mouse
lacking CaMKII and/or CaMKII, both of
which are reported to be abundantly ex-
pressed in cerebellar Purkinje cells (Walaas
et al., 1988; Hansel et al., 2006), phosphor-

wild S120A/ISOA/IT6A ylation at these three sites, especially at

I = ) Ser120 and Ser159, were likely conducted
—=l) min 600 - — =) min L .

<0 wol i by CaMKII in vivo for the following rea-

) ) - sons. First, the amino acid sequences flank-

2 o g il —_— =60 ing the phosphorylated Ser residues were

S0 3001 almost optimal to sequences for CaMKII

200 200 f- recognition, ie., Hyd-X-Arg-NB-X-Ser*/

100 100 - Thr*-Hyd, where the asterisk represents a

0 Ser/Thr capable of being phosphorylated,

PR S S TR ST S — Hyd is a hydrophobic amino acid residue, X

60 0 60 120 180 240 300 60 0 60 120 180 240 300 s any, and NB is a nonbasic amino acid

e e5) Hine/(ez) residue (White et al., 1998). Second, the

phosphorylations of Ser120 and Ser159 in-

c KD for drebrin peptide duced by (.iepolarlzamon in primary cgl—

— i ot tured Purkinje cells were significantly in-

oo L L hibited by preincubation with 10 um KN-

Homer3 wild 5.01£0.92E% 5.2020.35E" 93, a CaMKII inhibitor (Sumi et al., 1991;

Homer3 S120A 7.61+0.18E-08 2.0120.26E Takao et al., 2005). However, because

Homer3 S159A 7.91£0.13E-08 3.53£0.84E KN-93 has been reported to inhibit all three

Homer3 S176A 4.91£0,70E-98 4.1940.42E07 multifunctional CaMKs (CaMKI, CaMKII,

Homer3 AAA 3.6240.52E-08 2.8240.13E08 and CaMKIV) in vitro with similar efficacy

(Hidaka and Yokokura, 1996; Hook and

Figure 10.  In vitro phosphorylation of Homer3 by CaMKIl reduced the affinity for Homer ligand. A, Recombinant Homer3  Means, 2001) and all these prefer a similar

protein purified from E. coli was in vitro phosphorylated by CaMKII, and a time course of phosphate incorporation was deter-
mined. B, Recombinant Homer3 protein (wild-type or S120A/S159A/S176A mutant) was in vitro phosphorylated by CaMKIl. The
reaction was halted at the indicated time point by adding EDTA. Each sample was diluted and analyzed by Biacore, on a sensor
chip of which a Homer ligand peptide derived from drebrin was coupled. C, Dissociation constants (means == SE) for each
Homer3 protein that was phosphorylated by CaMKIl for the indicated time period (0 or 60 min) for drebrin peptide were shown.

RU, Resonance units.

tant $120D/S159D/S176D did not show a remarkable difference
in the proportions of [Ca®"]; patterns compared with the cells
expressing mGluR1« alone (Fig. 11 B, DDD), which was consis-
tent with that the mutant showed a very low affinity for its ligand
and affected little on a link between mGluR1« and IP;R1. It was
noteworthy that phosphorylation at all three Ser residues in wild-
type Homer3 were observed even before exposure to 10 uMm glu-
tamate, when Homer3 was coexpressed with mGluR1« (data not
shown). After 2 min exposure to 10 uM glutamate, a slight in-
crease of phosphorylation level only at Ser120 was observed (data
not shown). These findings suggest that phosphorylation of
Homer3 regulates the [Ca”™]; signaling pattern by affecting a
Homer3-mediated coupling state between mGluR1« and IP;R1.

recognition motif as a substrate (White et
al., 1998), whether other CaMKs ex-
pressed in Purkinje cells phosphorylate
Homer3 remains to be elucidated. Third,
in P/Q-type Ca’"-channel knock-out
mouse, CaMKIla autophosphorylation
at Thr286, which represents the activated
state (Griffith, 2004), was drastically re-
duced, and there was a parallel reduction in phosphorylation
at all three Ser sites in Homer3. These three Ser residues, as
well as their flanking sequences, are well conserved in Homer3
orthologs (Fig. 3), suggesting the functional importance of
CaMKII phosphorylation at these sites across species, and
Ser120 in particular is also conserved in other Homer family
proteins. Ser120 phosphorylation is a major determinant for
affinity (supplemental Fig. S3, available at www.jneurosci.org
as supplemental material) and Ser117 in Homerlc, an equiv-
alent site to Ser120 in Homer3, was indeed phosphorylated by
CaMKII in vitro (Yoshimura et al., 2002) (supplemental Fig.
S2, available at www.jneurosci.org as supplemental material).
Furthermore, phosphorylation of Ser117 in Homer1 induced
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the reduction in affinity of Homerlc for
its target molecules (supplemental Fig.
S2D, available at www.jneurosci.org as
supplemental material), suggesting that
CaMKII phosphorylation of Homer fam-
ily proteins may be a common process in
the CNS.

Phosphorylation of Homer3 reduces its
affinity for its target molecules

The results of a surface plasmon resonance-
based binding kinetics analysis clearly indi-
cated that phosphorylation of Homer3 by
CaMKII decreased its affinity for its binding
molecules (Fig. 10; supplemental Fig. S3,
available at www.jneurosci.org as supple-
mental material). This is no doubt a crucial
event in the mechanism of dissociation of
Homer3 from PSD and mGluRle, but a
couple of questions remain unanswered.
How does the phosphorylation at the linker
region of the Homer protein reduce its af-
finity for its targets? Is the phosphorylation-
induced reduction in affinity sufficient for
the Homer3 dissociation in vivo? A recent
report by Hayashi et al. (2006) demon-
strated that tetramer formation of Homer
protein is necessary for both coclustering
with its ligand and synaptic targeting. Thus,
one possibility is that phosphorylation at
the linker region of Homer3 induces a con-
formational change that results in breaking
up of the tetramer. However, our prelimi-
nary size-exclusion column chromatogra-
phy experiment showed no significant dif-
ference in elution profiles between
phosphorylated and nonphosphorylated
Homer3 (A. Mizutani, unpublished data),
suggesting that this possibility is unlikely. In
regard to the dissociation from mGluRle,
Xu et al. (2007) showed that mGluR1« is
cleaved by calpain upstream of its Homer-
biding site, suggesting that the cleavage may
be involved in the dissociation. However,
we did not find any significant loss of
mGluRla amount in high-potassium-
treated cells (Fig. 9), and the dissociation
was inhibited in the presence of a CaMKII
inhibitor (Fig. 9). These results suggest that
the calpain-mediated cleavage of mGluR1«
is unlikely to be involved in the dissociation
of Homer3 from mGluRla that we ob-
served. The only way to directly determine
whether Homer3 phosphorylation by
CaMKII is sufficient for dissociation from
PSD and mGluR1« in in vivo would seem to
be to produce and analyze a knock-in

mouse that carries a triple mutant, SI20A/S159/S176A.

Homer3 phosphorylation modulates the mGluR1a-IP;R1-

mediated calcium signaling pattern

The results of a Ca®" imaging analysis in a heterologous expres-
sion system indicated that the phosphorylation-dependent un-
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Figure 11.  Homer3 phosphorylation modulated the glutamate-induced Ca ™ release in heterologous cells. A~C, Hela cells

expressed with mGluR1« alone or with wild-type Homer3 (WT), S120A/S159A/5176A mutant (AAA), or $120D/5159D/5176D
mutant (DDD) and loaded with fura-2. [Ca** ], signaling induced by glutamate was examined on sensitivity at 1 i glutamate
(A) and on the [Ca® " signaling pattern induced at 10 wu glutamate (B, €).
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Figure 12.  Proposed model of physiological function of Homer3 phosphorylation in Purkinje cells. Homer3 phosphorylation
by CaMKIl occurs within 2 min in response to synaptic activity, which regulates Homer3-mediated molecular coupling such as
mGluRTo—IP;R1 in Purkinje cells spine, designated as “early-phase uncoupling,” contrasting with Homer1a-mediated uncou-
pling, which requires de novo gene expression and takes 1—4 h, “late-phase uncoupling.” Additionally, when Homer3 is phos-
phorylated by CaMKIl at the spine, Homer3 translocates from spine to dendrites, which can function as a signal transmitter from
activated synapse. ER, Endoplasmic reticulum.

coupling between mGluR1a and IP;R1 was, in part, involved in
formation of the [Ca*"]; signaling pattern (Fig. 11). Only a slight
difference in [Ca**]; signaling pattern was observed between the
cells expressing mGluR1a alone and expressing mGluR1a with
wild-type Homer3. There are no clear explanations for it, but
only a very small increase of phosphorylation of Ser120 after
exposure to 10 uM glutamate was observed (data not shown),
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which can in part explain the reason why only subtle effects of
coexpression of wild-type Homer3 on the [Ca*"]; signaling pat-
tern was observed. In contrast, a triple mutant, the cells express-
ing S120A/S159/5176A, showed a distinct patterns of glutamate-
induced [Ca®"]; signaling that was characteristic in persistent
[Ca®™]; elevation. The precise mechanism of the contribution of
the phosphorylation of Homer3 to [Ca**]; signaling pattern re-
mains to be elucidated. One possible mechanism is that Homer3
was phosphorylated by CaMKII, as reported in HeLa cells
(Takeda et al., 2004), and was activated by glutamate stimuli,
resulting in attenuation of the physical and functional coupling
between mGluR1a and IP;R. Because, in general, the phosphor-
ylation state is dynamically regulated by a balance between kinase
activity and phosphatase activity, the physical coupling between
mGluR1a and IP;R1 maybe dynamically regulated via Homer3
phosphorylation state, which partly reflects the dynamic [Ca*"];
signal pattern such as Ca*" oscillation.

Possible physiological roles of Homer3 phosphorylation

The inducible short form of Homerl, Homerla, is postulated
to function as an intrinsic dominant negative by uncoupling
between Homer-mediated target molecules (Kammermeier
and Worley, 2007). In the present study, we demonstrated
another mechanism for uncoupling of Homer target mole-
cules by phosphorylation. Because phosphorylation of Hom-
er3 is induced within 2 min after depolarization whereas in-
duction of Homerla is triggered 1 h after synaptic activity
(Brakeman et al., 1997; Kato et al., 1998), we propose two
modes of uncoupling of Homer-mediated complexes that are
distinct both from a mechanistic stand point (protein modifi-
cation vs gene expression) and in this timing (minutes vs
hours): an “early-phase” mode in which uncoupling is
achieved by phosphorylation-dependent affinity regulation,
and a “late-phase” in which uncoupling is achieved by a
dominant-negative effect regulated by de novo gene expression
(Fig. 12). Recently, Minami et al. (2003) reported that induc-
tion of Homerla in Purkinje cells 1 h after depolarization
promoted the surface expression of mGluR1a. However, in
view of the abundant expression of Homer3 in Purkinje cells
(supplemental Fig. S1, available at www.jneurosci.org as sup-
plemental material), the Homerla induced alone does not
seem sufficient for uncoupling of the target molecules. If
Homerla functions in a stoichiometric manner, Homer3
phosphorylation may be a prerequisite for a dominant-
negative effect of the relatively small amount of Homerla in-
duced. In other words, coordination between the two uncou-
pling mechanisms may guarantee the occurrence of
uncoupling at specific sites of synaptic input.

What is the physiological function of Homer3 phosphoryla-
tion in Purkinje cells? Jin et al. (2007) reported recently a long-
term depression of mGluR1e« signaling, which was found to be
expressed postsynaptically and requires a depolarization-
induced Ca*” influx (Jin et al., 2007). Because Homer3 phos-
phorylation is also induced by Ca*™ influx, the phosphorylation-
dependent uncoupling of mGluR 1 and IP;R1 may contribute to
the mGluR1« LTD mechanism. In addition, many other binding
partners of Homer3 have been reported in Purkinje cells, includ-
ing Shank protein, which is postulated to be a core framework in
the postsynaptic density (Naisbitt et al., 1999; Baron et al., 2006).
The phosphorylation of Homer3 is more prominent in juvenile
(P14—P21) mice, in which Purkinje cells undergo active synapto-
genesis with parallel fibers (Kurihara et al., 1997). Thus, Homer3
phosphorylation may be involved in regulation in remodeling of
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the postsynaptic molecular architectures in response to synaptic
activity.

Finally, immunohistochemical studies revealed preferential
distribution of phosphorylated Homer3 in the soma and proxi-
mal dendrites (Fig. 6), which suggests that, if Homer3 is phos-
phorylated postsynaptically in response to synaptic activity, it can
translocate from these spines to the dendrites. Thus, there is an
intriguing possibility that phosphorylated Homer3 can function
as a signal transmitter from activated spines (Fig. 12). To explore
this possibility, it will be important to search for phosphorylated
Homer3-specific binding partners in Purkinje cells.
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