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ABSTRACT

I dentification of a novel PK C-phosphorylation sitein the
metabotropic glutamate receptor 5 that regulates calmodulin binding,

receptor trafficking, and downstream signaling

JeongHo Lee
Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Young Soo Ahn)

Metabotropic glutamate receptor 5 (mGIuR5) is ar@ein couple receptor
(GPCR) and plays an important role in synaptic tpdg neuronal

development, and neurodegeneration. mGIuRS5 is edupb Gq protein,

phospholipase C and protein kinase C (PKC). It basn known that the
phosphorylation of GPCRs and consequential chaimgesceptor trafficking

such as endocytosis is a typical mechanism of GB&densitization. Although
PKC phosphorylation is also implicated in mGluRSelesitization, the precise
mechanism is not clear. In this study, a novel RKiGsphorylation site, serine
901 (S901), in mGIuR5 C-terminus was identifiedngsphosphopeptide map
analysis. In HelLa cells expressing mGIuR5 and imary cultured neurons,
PKC activator PMA and mGIuR5 agonist DHPG indudeel phosphorylation

of S901 in mGIuR>5, as detected using a S901 phoglation state-specific
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antibody. In addition, agonist-induced S901 phosylation was inhibited by
PKC inhibitor bisindolylmaleidmide |. S901 is loedt within the calmodulin
(CaM) binding site in the mGIuUR5 C-terminus. Theref the effect of the
phosphorylation of S901 on CaM binding was evalliaed the result showed
that the phosphorylation of S901 by PKC inhibited €aM binding to mGIuRS5.
In Total Internal Reflection Fluorescence Microseoff IRFM) and ELISA

measuring cell surface mGIuR5, it was found that phosphorylation of the
residue decreased the level of mGIuRS5 surface sgjame Interestingly, CaM
overexpression diminished the agonist-induced dseref wild-type mGIuR5
surface expression, whereas CaM knock-down draaiigtienhanced that of
S901A mGIuR5 which had not been changed in respoosthe agonist.
Furthermore, preventing S901 phosphorylation prgéoh C&" oscillation

triggered by mGIuR5 activation. Therefore, our datmgest that mGIuR5
activation induces S901 phosphorylation by PKC,rahg indicating that
agonist-induced S901 phosphorylation links CaM lrigdreceptor trafficking

and downstream signaling.

Key Word: Metabotropic glutamate receptor 5, Calmodulin, dpeor
trafficking, PKC, Phosphorylation



Identification of a novel PKC-phosphorylation sitein the
metabotropic glutamate receptor 5 that regulates calmodulin binding,

receptor trafficking, and downstream signaling

JeongHo Lee
Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Young Soo Ahn)

INTRODUCTION

Glutamate is a major excitatory neurotransmitted golays an
important role in various functions of the centnarvous system (CN5)The
action of glutamate is mediated by the activatibglaotamate receptors. There
are two kinds of glutamate receptors. One is theti@pic glutamate receptors
(iGluRs) that are ion channels such as N-methykpagtate (NMDA),a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic ac{@MPA), and kinate
receptor. The other is the metabotropic glutamateptors (MGIuRs). mGIuRs,
which consists of subtypes including mGIuR1 to ni&Bu are G-protein
coupled receptors (GPCRSs) that are coupled to sesmssenger signaling via
G-proteif. They are expressed on the presynaptic (e.g. mGIu&7

postsynaptic (e.g. mGIuR5) membrane and regulateythaptic transmission in
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the CNS'  Like other GPCRs, mGIuRs have extracellular Naiaus where
agonist can bind, seven transmembrane domain aratétiular C-terminus
where many proteins can bind and posttranslationatlification such as
phosphorylation can occumGIuRs are classified into three group (e.g. rou
I, I, and lll) according to the preferred G praoteand signaling pathway.
Among them, mGIuR5 belongs to Group | mGIuRs tha&t eoupled to Gq
protein and phospholipase C (PLC) signaling patfwaherefore, when
MGIUR5 receptor is activated by agonist, consedgigntactivated PLC
hydrolyzes phosphatidylinositol biphosphate @PIfto inositol triphosphate
(IP3) and diacylglycerol (DAG). IRis linked to IR receptor and the increase of
intracellular calcium and DAG induces the activatiof protein kinase C
(PKCY. Then, activated PKC can phosphorylate its sutestracunctionally,
MGIURS5 is involved in the synaptic plasticity swahthe formation of long-term
depression (LTD)and plays an important role in several neuroldgitseases
such as pam addictiofi, and fragile X syndronfe

In terms of the relationship between PKC and mGlfiR&gtion, there
have been some electrophysiological data showireg the PKC activity
regulates mMGIUR5 desensitizaffon Considering that the receptor
phosphorylation and consequent endocytosis is iaalymechanism of GPCR

desensitizatioh we can infer that mGIuR5 phosphorylation by PK@hh



affect the receptor trafficking like the internaiion in a similar way as
MGIuR5 desensitization. However, there still haeerb lack of biochemical
evidences of PKC phosphorylation and the deseasiiiz mechanism by PKC
remains unclear.

Metabotropic glutamate receptor 5 has long intialzl C-terminal
domain and interacts with many proteins like calolimd(CaM), the E3 ligase
Siah1A, Homer, and Tamalin within this regidnAmong them, CaM, highly
ubiquitous C& sensing proteil}, is particularly interesting because it plays a
key role in synaptic plasticity and CaM binding to mGIuR5 and receptor
phosphorylation show an antagonistic relationShipMoreover, it has been
known that PKC phosphorylation can induce the disgmn of CaM binding to
other GPCRs such as mGIUR75-HT,s receptol’. In addition, CaM can
regulate the trafficking of those receptdr¥ Therefore, it is likely that PKC
activity might affect mGIuR5 functions via the rdafion of CaM binding and
receptor trafficking.

Taken together, it can be speculated that the agoimiduced
phosphorylation of mGIuR5 by PCK might affect reiwegnternalization as a
desensitizing mechanism by mediating the poteiigracting protein, CaM.
The present study shows that the PKC activity tiyemediates agonist-

induced serine 901 (S901) phosphorylation on mGIEE®R1 phosphorylation



by PKC decreases CaM bhinding and mGIuR5 surfaceesgon. In addition,
CaM binding to mGIuRS5 stabilizes the receptor stafaxpression. Furthermore,
the mutation of serine 901 to alanine (S901A) thaevents S901
phosphorylation dramatically prolongs mGIuR5-indlic€&*  oscillation.
Therefore, our study suggests that S901 phosphimnyleoy PKC affects
MGIURS5 receptor trafficking via the regulation oAM binding and this could

be the underlying mechanism of PKC-mediated mGld&&ensitization.



[I. MATERIALSAND METHODS

1. DNA constructs and antibodies

Myc-tagged mGIuR5 construct was made by insertifdya epitope
into the N-terminus of mGIuR5 (between a.a. 22 2B)d A GST-fusion protein
containing the C-terminus of mGIuR5 was made bykuting first one-third of
the mGIuR5 C-terminus (a.a. 828-944) into pGEX woext(Amersham
Biosciences, Buckinghamshire, UK). Mutations of $9cluding Myc-
MGIURS5 or GST-mGIuR5-Cprox were made by using diteeted mutagenesis.
The anti-Myc monoclonal antibody (9E10) was puredagrom Sigma (St.
Louis, MO, USA). Anti-His monoclonal antibody andeka 488- and 633-
conjugated secondary antibodies were purchasedlfraitnogen (Carlsbad, CA,
USA). Rabbit and chicken anti-mGIuR5 antibodies evgenerated against a
peptide corresponding to the mGIuR5 C-termthuBhe S901 phosphoantibody
was generated against the phospho-peptide N-RLpBEMKKENPNQC-C,
and was purified using the phosphopeptide conjagate a SulfoLink gel
(Pierce, Rockford, IL, USA).

2. Fusion protein phosphorylation and pull-down assay

GST fusion proteins were obtained according to rii@nufacturer’s
instructions (Amersham Biosciences, BuckinghamshitéK). In vitro
phosphorylation was performed as previously deedfib®® Briefly, GST
fusion proteins were reacted with 25 ng of purifi®#{iC in a reaction buffer (pH

7.4) containing 20 mM HEPES, 1.67 mM Cad mM dithiothreitol, 10 mM
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MgCl,, 10uM cold ATP, 1 pmol of §-**P]JATP (3000 Ci/mmol) at 30 °C for 30
min. The reaction was stopped by adding the SD$abuffer and boiling for
5 min. Fusion proteins were loaded on SDS-PAGE #mohsferred to
nitrocellulose membranes for autoradiography. After phosphorylated fusion
proteins were visualized by autoradiography, thedbawere excised for two-
dimensional phosphopeptide mapping. For pull-dovasags, GST fusion
proteins bound to Sepharose beads were phosplemhdatdescribed above, but
without adding y-**P]ATP. Phosphorylated fusion proteins were reaetét
recombinant CaM (ug, Upstate, Lake Placid, NY, USA) in a total voluofe
500l of binding buffer (50 mM Tris-HCI, pH 7.4, 150 mMacCl, 2 mM CaGl
0.5% Nonidet P-40, protease inhibitors, and phagsieainhibitors) for 2 h at
4°C. The beads were washed 4 times with binding bhufied the bound
proteins were eluted by adding SDS-PAGE samplesbuaifiid boiling for 5 min.
Samples resolved by SDS-PAGE were transferred pmlgvinyl difluoride
membrane (PVDF, Millipore, Bedford, MA, USA) andsugalized by Western
blotting. The binding of CaM to phosphorylated mBkiwas analyzed by
immunoblotting with CaM antibody (Upstate, Lake d¢ia NY, USA), and
phosphorylation of S901 was confirmed by immundbigt with the S901

phosphoantibody.

3. Two-dimensional phosphopeptide mapping
Peptide mapping was performed as previously de=dfi3® Briefly,
the excised bands of phosphorylated GST-fusion epr®t bound to

nitrocellulose were soaked for 1 h in tubes coitginl mL of 1%

_8_



polyvinylpyrrolidone-40 in 100 mM acetic acid. Aftavashing with 0.4%
NH4HCO;, the membranes were digested with 0.5 mg/mL trypsieernight at
37 °C. The supernatant containing digested peptidefusibn proteins were
dried in a SpeedVac. After several washing andndrgiycles, the peptides were
dissolved in 5uL of H,O. One or twoplL of peptides were spotted onto a
cellulose thin layer chromatography plate (Merclgridstadt, Germany). The
phosphopeptides were resolved in the first dimendig electrophoresis in
buffer containing 2.5% formic acid and 7.8% aceticid. Separation by
ascending chromatography in the second dimensiarpeeformed using buffer
containing 62.5% isobutyric acid, 4.8% pyridinegQ%.butanol, and 2.9% acetic
acid. The thin layer chromatography plate was d@&dj and the peptide map
was visualized using a Storm Phosphorimager (GHtitsae, Piscataway, NJ,

USA).

4. Immunoblotting and immunopr ecipitation

Transiently transfected HelLa cells or primary adtlneurons were
prepared as previously descrifeand were lysed with 1% Triton X-100 in PBS.
Cell lysates were immunoprecipitated with mousei-lsliyt or rabbit anti-
MGIuRS5 or rabbit S901 phosphorylation state-spea@ifitibody overnight. This
mixture was incubated with protein G or A agarosads for 2 h. After 5 times
washing of protein G or A agarose beads with 1%ofriX-100 in PBS, the
beads were incubated with SDS sample buffer atC3foP 10 min. The eluted
proteins were loaded on SDS-PAGE gel and transfeiwePVDF membrane.

Immunoblotting was performed using mouse anti-Higibedy (Clontech,
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Mountain View, CA, USA), chicken anti-mGIluR5 antiyy or rabbit anti-

MGIUR5 antibody.

5. Céll surface biotinylation assay

HelLa cells expressing mGIuR5 (wild-type, S901D &0FA) were
rinsed three times with PBS containing 1 mM Mg@hd 0.1 mM CaGl
(PBS++) and then incubated with 1 mg/mL EZ-link f8BtlNHS-SS-Biotin
(Pierce, Rockford, IL, USA) in PBS++ for 20 min &t'C. Cells were rinsed
three times with cold 50 mM glycine in PBS++ to gok unreacted biotin.
Cells were lysed in PBS containing 1% Triton X-1&0d protease inhibitor
cocktail (Roche, Indianapolis, IN, USA) for 10 rmab room temperature. Cell
lysates were centrifuged at 13,000x g for 10 miime Tsupernatant was
incubated with neutravidin agarose beads (Pieroekfrd, IL, USA) for 2 h at
4 °C and washed four times with PBS containing 1%ohriX-100. Precipitates
were eluted and analyzed by immunoblotting with tabbit anti-mGIuR5

antibody.

6. sShRNA CaM knock-down

Three distinct human CaM genes encode proteins anithidentical
amino acid sequente Because relative transcriptional activity of each
calmodulin gene is tissue-specific, it was necgssaselect ShRNA-CaMs that
effectively suppress the expression of CaM in Hekbs. Three pLKO.1-puro
shRNA plasmid target sets directed against humdamZT&enBank accession

number NM_006888), Calm2 (GenBank accession nunier 001743),
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Calm3 (GenBank accession number NM_005184), and-Tdoget shRNA
plasmid were obtained from MISSION shRNA Librar{&&gma, St. Louis, MO,
USA). Each shRNA plasmid target set consists @& individual ShRNA clones
containing different target sequences. Hela cellsrewgrown to ~40%
confluency on 12 well culture plates. We transfécfe8 ug of each of the
fifteen individual shRNA plasmids into HelLa cellsing Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA). Forty-eight houeger, whole cell lysates
were prepared. The amount of endogenous CaM iysalles was evaluated by
immunoblotting with anti-CaM antibody (Abcam, Candge, UK). Among
these clones, we selected the most effective clfamesach CaM gene silencing.
Optimal shRNA clones targeting CaM 2 and 3 werabu he target sequences
are  5-GCAGAGTTACA GGACATGATT-3' (Calm2) and 5
GCCAGGTCAATTATGAAGAGT-3' (Calm3). A mixture of equiaamounts of
these two clones was used to suppress CaM expneds® used the Mission
non-target shRNA as a negative control. For immiotahg, we transfected 0.8
ug of shCaM plasmid into HelLa cells grown on 12 wissue culture dishes.
For ELISA experiments, we transfected @@ of Myc-mGIluR5 wild-type or
Myc-mGIuR5 S901A plasmids and mixture of ug@ of each shRNA against
Calm2 and Calm3 plasmid into HeLa cells grown onwal tissue culture

dishes.

7. Total internal reflection fluorescence microscopy (TIRFM)
HelLa cells transiently expressing mGIUR5-mRFP wyige or
MGIUR5-mRFP S901A were grown to ~30% confluency 4hmm glass
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bottom culture dishes (MatTek, Ashland, MA, USAgsked in modified HBSS
(140 mM NacCl, 10 mM HEPES, 11 mM glucose, 5 mM KCInM MgCl, 1
mM CaCl), and allowed to equilibrate for at least 30 min3d&PC prior to
imaging. TIRFM was carried out using Nikon TIRF-Z WE2000-PFS and
Chamber System (Nikon, Tokyo, Japan) and its teatpes-controlled chamber
was set at 3T for live cell imaging. mGIUR5-mRFP was excitedhathe
532 nm laser and illumination intensity was attéadaas needed by a neutral
density (ND) filter. Incident illumination passinfgrough the Apo TIRF 109,
1.49NA oil-immersion objective was angled to obtaitRF images. The
emitted fluorescence was captured by a Hamamatd0@®2 Camera System
(Hamamatsu photonics, Hamamatsu, Japan). Priodding 500uM (final
concentration) of L-glutamate dissolved in modifid8SS, the Perfect Focus
System (PFS) unit (Nikon, Tokyo, Japan) was turaedo correct the focus
drift caused by the addition of any reagents. MetgM 6.0 software
(Universal Imaging Corp., Downingtown, PA, USA) wased for image
analysis. Data are presented as the percentageegfated optical density of
spots at each time point divided by the integraiptical density at Time O.

Images were acquired every 3 sec for 10 min witB@msec exposure time.

8. ELISA for quantification of receptor surface expression

HelLa cells were grown to ~60% confluency on 24-wisBue culture
dishes and transfected with Myc-mGIuR5 wild-typeMyc-mGIuR5 S901A.
After 36~48 h, cells were washed in modified HBS&e(above) and allowed to

equilibrate for at least 30 min at €7 Cells were treated with 500M L-
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glutamate for the indicated time intervals. Thdscedere washed, fixed with 4%
paraformaldehyde in PBS for 5 min at room tempeeatwashed again, and
nonspecific binding was blocked with 1% BSA/PBS #& min. Cells were
incubated with Myc antibody (9E10) diluted 1:108QLP6 BSA/PBS for 60 min,
washed, and blocked again with 1% BSA/PBS for 1% amd incubated for 60
min with anti-mouse 1gG-HRP (Amersham Bioscien&s;kinghamshire, UK)
diluted 1:5000 in 1% BSA. Cells were washed anduliated with the
colorimetric horseradish peroxidase substrate, Explenediamine dihydrate (1
mg/mL; Sigma, St Louis, MO, USA) in OPD buffer (60M citric acid, 65 mM
sodium phosphate, and 0.03% hydrogen peroxide, .pHvwith gentle shaking
for 12 min. An equal volume of 0.1N,80, was added to stop the reaction. The
optical density of each well was determined usimgieroplate reader at 492 nm.
The value obtained for untransfected cells wasraatatd as background optical

density.

9. Receptor trafficking in neurons

A fluorescence-based antibody uptake internalipat@mssay was
performed as previously descriBedwith some modifications. Cultured
hippocampal neurons prepared from E18 Sprague Dawate were transfected
with Myc-mGIuRS5 (wild-type or S901A) and mRFP-CaWroRFP alone using
calcium phosphate co-precipitation. After 48 hoiigc antibody was added to
media to label surface-expressed mGIuR5 for 40 Miurons were washed
with PBS twice and then treated with 100uM of groupGIluR agonist DHPG

for 30 min at 37C or with conditioned media alone. After washinghvPBS,
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the cells were fixed with 4% paraformaldehyde/4%rgse in PBS for 15 min.
Neurons were incubated with Alexa 633-conjugated)(anti-mouse secondary
antibody (Molecular Probes, Carlsbhad, CA, USA) f8®@ min at room
temperature for staining the surface receptors, \mae permeabilized with
0.25% Triton X-100 for 5 min. After blocking with0% normal goat serum,
the neurons were incubated with Alexa 488-conjutjdigreen) anti-mouse
secondary antibody (Molecular Probes, Carlsbad, @34) for 30 min to label
intracellular pools of receptors. After washinglwPBS, ProLong Antifade
reagent (Molecular Probes, Carlsbad, CA, USA) wasdied to neurons prior to
mounting. Images were analyzed with a 40x objectim a Zeiss LSM 510
confocal microscope. Alexa 488 dye was excited &ith88 nm Ar laser and
appeared green. The Alexa 633 dye (excited witl3& iim HeNe laser) was
presented as red for clarification. mRFP (Invitnog€arlsbad, CA, USA) was
excited with a 543 nm HeNe laser and presented hite wNo cross talk
between channels was detected under these setSages of optical sections
were collected at intervals of Opdn. Figures show maximum projections. For
gquantitative analysis, images from three or foundtites per neuron (at least
fiteen neurons per experiment) were collected, aiheé amount of
internalization was measured based on the datactedl in three independent
experiments with MetaMorph 6.0 software (Universihaging Corp.,

Downingtown, PA, USA).

10. Statistics

Data were analyzed with Student’s unpaired t-tesine-way ANOVA

_14_



and subsequent Tukey-Kramer test. Statistical feigmice was accepted ap *
<0.05 or *p <0.01. P-values were presented with F value andedegf

freedom as needed. Results were reported as m8&M orx SD as indicated.
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[1l. RESULTS

1. Serine 901 (S901) phosphorylation by PKC in heter ologous cells

In order to find out new PKC phosphorylation site mGIuR5-C
terminus, GST-fusion protein containing the proXipartion (a.a. 828-944) of
MGIURS5 C-terminus (GST-mGIuR5-Cprox) were generaldten, they were
incubated with PKC andf{**P] ATPin vitro and the phosphorylation status was
measured using two dimensional phosphopeptide majysas. It was found
that there were several PKC phosphorylation sifég. (LA). However, when
serine 901 (S901) was mutated to alanine (S901A)as observed that the
most prominent phosphorylated peptide was elimthgkg. 1A). Next, S901
phosphorylation state-specific antibody was geeeéraand confirmed by
immunoblotting with PKC-phosphorylated fusion pintéGST-mGIuR5 Cprox
wild-type or S901A) (Fig. 1B). Then, it was exandnehether S901 could be
phosphorylated by PKC in cells. After Myc-tagged lof&b wild-type (WT) or
S901A were transfected into Hela cell, these ce#se treated with PKC
activator, PMA, and mGIuR5 agonist, DHPG. The imopnecipitation was
performed from cells lysates using anti-myc antipadd it was observed that
PMA and DHPG increased the S901 phosphorylatiom@uR5 WT using
S901 phosphorylation state specific antibody, nahiGIURS5 S901A (Fig. 1C-
F)

_16_



mGIuR5 Cprox
S901A

mGIuR5 Cprox
WT

IP: anti-Myc
N-myc mGIuR5 N-myc mGIuR5

WT S901A
~"ew

10 (min) PMA

IB: S901-P

IB: mGIluR5

0 2 5 10 O

IP: anti-Myc

N-myc mGIuR5 N-myc mGIuR5
WT S901A

L
“““.‘IB:mGIuRS

0 5 10 0 5 10 (min) DHPG

‘ IB: S901-P

D

pS901/total(ratio)

PMA
(10 min)

F

pS901/total(ratio)

DHPG - *
(10 min)

GST WT S901A

+ PKC

o
*
*

3

2

1

0

S901A

WT

1

0
+

WT S901A

FIGURE 1. Serine 901 (S901) on mGIuR5 is phosphorylated by PKC in

HelLa cels. (A) GST-mGIuR5-Cprox wild-type and GST-mGIuR5-Cprox

S901A were incubated with PKC ang’fP] ATP in vitro. Phosphorylation

status was measured using two-dimensional phosplidpemapping analysis.

(B) GST-mGIuR5-Cprox wild type and S901A were phospladed by PKGn

vitro and S901 phosphorylation was detected using imbiottang with S901

phosphorylation state-specific antibody generatealir laboratory. (&) Myc-

MGIURS5 wild-type or Myc-mGIuR5 S901A was transfectiato HelLa cells.

They were treated with PMA (tM) or DHPG (100uM) as indicated. Cell
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lysates were immunoprecipitated with Myc antibodg &901 phosphorylation
was measured by immunoblotting with S901 phosplioady. Quantification
of immunoblotting D and F) was shown as a histogram (n=3). Statistical

significance is indicated as p% 0.01
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2. S901 phosphorylation by PK C in neurons

Next, it was examined whether PMA and DHPG can aldace S901
phosphorylation of endogenous mGIuRS5. Primary cettineurons were treated
with  PMA and DHPG and then phosphorylated receptorere
immunoprecipitated using S901 phosphorylation stptific antibody both in
denaturing and non-denaturing condition. It wasntbthat PMA and DHPG
dramatically induced S901 phosphorylation (Fig. RA-Moreover, it was also
found that PCK specific inhibitor, bisindolymaleihei | (Bis ), prevented the
DHPG induced S901 phosphorylation of endogenous uRBl (Fig. 2E).
Therefore, these data indicate that the agonistcied S901 phosphorylation of
MGIURS5 is mediated by PKC.
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FIGURE 2. S901 on mGIluRS is phosphorylated by PKC in neurons. (A-B)
Cultured cortical neurons were treated with PMAu{) for 10min. Neuronal
lysates were immunoprecipitated with S901 phospicfip antibody both in
non-denaturing and denaturing condition. Then, S8ttdsphorylated mGIuR5
was measured using immunoblotting with mGIuR5 amib (GD) Cultured
neurons were treated with DHPG (1QM) for 10min. Phosphorylated
receptors were immunoprecipitated with S901 phospédific antibody and
measured using immunoblotting with mGIuR5 antibof). Cultured neuron
preincubated with bisindolylmaleimide | (Bis I,.8/ for 30 min) were treated
with  DHPG (100 pM for 10min). S901 phosphorylated mGIuUR5 was
immunoprecipitated and then measured with mGluRbaaly. Quantification
of immunoblotting B and D) was shown as a histogram (n=3). Statistical

significance is indicated as p% 0.01
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3. 8901 phosphorylation induced dissociation of CaM-mGIuR5 interaction

Calmodulin (CaM) is highly ubiquitous €asensing proteins in the
cytoplasm. In the CNS, CaM is involved in synaplisticity*2. The reason that
CaM was studied is because it has been known kleaphosphorylation of
mGIuRS5 by PKC and CaM binding shows the antaganisiationship®. In that,
MGIUR5 phosphorylation by PKC prevents CaM bindingmGIuR5. More
interestingly, S901 is located within CaM bindiriggon mGIuR5 (Fig. 3A). In
order to examine whether S901 phosphorylation byCRtan affect CaM
binding to mGIuR5, GST-full down assay was perfainaed it was found that
S901 phosphorylation by PKC dramatically inhibit€thM-mGIuR5 WT
interaction (Fig. 3B-C). However, CaM-mGIuR5 S90i#teraction was not
affected by PKC treatment. It was also found thHa addition of EGTA
completely prevented CaM binding to mGIuR5, sugggsthat CaM-mGIuR5
interaction is C4 dependent (Fig. 3B). Furthermore, co-immunoprégiipin
was performed from full-length mGIuR5 and CaM esgieg HelLa cells. It
was found that the mutation S901 to aspartic a8RD{D), a phosphomimetic
mutation, significantly inhibited CaM binding tolflength mGIuR5 (Fig. 3D-
E). These data suggest that S901 phosphorylatays @ key role in regulating
CaM binding to mGIuR5.

_21_



>
@]

CaM binding to
mGIuR5 Cprox
>

*%

lKSTRGQHLWQRLSVHlNKKENPNQTAVIKI 0.0 Y By y By
£8s @ Nz GST-Cprox GST-Cprox
WT S901A
B 2mM Cacl, 5mM EGTA
l i K i 1B: CaM
[ — — IB: S901-P
PKC - + - + - + - + - + - +
GST  GST-Cprox GST-Cprox GST  GST-Cprox GST-Cprox
WT S901A WT S901A
D IP: mGIluR5 E o

S S D A mGIuR5 (a.a. at 901)
- + o+ +  CaM-His

)

== == IB:His

SEeE | o
Wi S D A

FIGURE 3. S901 phosphorylation inhibits CaM binding to mGIuRS5. (A) A
cartoon shows that S901 is located within CaM-bigdiite on the mGIuR5 C-
terminus B-C) GST-mGIuR5 Cporx wild-type or S901A was treatdthw?KC
and incubated with recombinant CaM in the addittdr2mM CaC} or 5mM
EGTA. The binding of CaM to phosphorylated mGluRaswmeasured by
immunoblotting with CaM antibody. S901 phosphorigiat by PKC was
analyzed using S901 phsophospecific antibody. Qfication of
immunoblotting was shown as a histogram (n=B}E) His tagged CaM and
various mGIuR5 constructs (wild-type, S901D, or B80were co-transfected
into HelLa cells. Cell lysates were immunoprecigithtvith mGIuUR5 antibody
and His-CaM binding to mGIuR5 was measured by imoblotting with His
antibody. Quantification of immunoblotting was shoas a histogram (n=3).
Statistical significance is indicated ag*¢ 0.01 F(2, 6)=47.95]
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4. Role of S901 phosphorylation in the trafficking of mGIuRS in
heterologous cells

As mentioned earlier, receptor phosphorylation awhsequent
endocytosis is a typical mechanism of GPCR deseasan. Therefore, it is
likely that S901 phosphorylation can affect theeinalization of mGIuRS5. It
was examined whether S901 phosphorylation couldlagg the trafficking of
MGIURS5. The trafficking of mGIuR5 on the plasma rbeame of HelLa cells
expressing mRFP-tagged mGIuR5 was monitored intial using TIRFM. It
was observed that fluorescence spots of mGIUR5 Véfewdisappeared in
response to the glutamate (Fig. 4A), consistenh wite agonist induced
endocytosis of mGIuUR5. However, when these flummrse spots were
analyzed using MetarMorph software and compareduRGIWT to S901A, it
was found that fluorescence spots of mGIuR5 S90itiAndt change over the
time in response to the agonist (Fig. 4B). In dddjtusing ELISA assay for
surface receptor, it was observed that the agtre@tment induced the decrease
of mGIuR5 WT surface expression, not mGIuR5 S90Hy.(4C). Using
surface biotinylation assay, it was also found thatsurface expression level of
MGIURS5 was significantly decreased in HelLa cellgregsing mGIuR5 S901D
mutant, mimicking the phosphorylation of entire bobmGIuR5, compared to
MGIUR5 WT (Fig. 4D-E). These data demonstratettimtgonist induced S901
phosphorylation regulates the internalization andase expression level of

MGIuRS5.
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FIGURE 4. S901 phosphorylation regulates the trafficking of mGIuRS5 in
HelLa cdls. (A) In response to glutamate (50M), the trafficking of mGIuR5
on the membrane of HeLa expressing wild-type mGlaH&FP was monitored
over time using total internal reflection fluoresce microscopy (TIRFM).B)
After glutamate treatment, changes of mMGIUR5 wjlget and S901A
fluorescence were monitored over time by TIRFM andlyzed by MetaMorph
software. Total optical densities of mGIUR5 wilgheyand S901A fluorescence

are presented in a line graplt) Changes of Myc tagged mGIuR5 wild-type or
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S901A surface expression following -/+ glutamateligoh were measured
using ELISA for surface receptor. The expressioele are presented in a line
graph. < 0.05 F(3, 20)=4.68], *p < 0.01 F(3, 23)=12.63] compared with
S901A + glutamate O-E) The expression of surface mGIuR5 (wild-type,
S901D, or S901A) in HeLa was analyzed by biotinglatassay. Biotin-labeled
membrane proteins were isolated from cell lysatsaguneutravidin agarose
and then analyzed by immunoblotting with mGIuR5 amtin antibodies.
Quantification of immunoblotting was shown as addsam. **p < 0.01 F(2,

12)=4.55] compared with mGIuR5 wild-type
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5. Role of CaM binding in the trafficking of mGIuR5 in heter ologous cells
When it is considered that S901 phosphorylationlegs CaM binding
to mGIuUR5, it needs to be examined whether chang€aM expression can
alter the trafficking of mGIuRS5. First, it was emated whether overexpression
and knock-down of CaM in HelLa cells can changebthsal surface expression
level of mGIuRS. It was found that changes in Cairession did not affect
the basal surface expression of mGIuUR5 (Fig. 5AJoweler, CaM
overexpression inhibited the agonist induced deered mGIuUR5 WT surface
expression (Fig. 5B). Moreover, knock-down of Cak&rdatically decreased
the agonist-induced surface level of mGIuR5 S90EKy.(5C). Taken together
with the previous data, these data demonstratelibanGIuR5 trafficking and
the agonist induced decrease of MGIuR5 surfaceessjom is due to the agonist

induced S901 phosphorylation and consequent Casbciation.
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FIGURE 5. Changes of CaM expressions alter thetrafficking of mGIuR5 in
HelLa cels. (A) Myc tagged mGIuR5 construct and CaM or shRNAdtng
CaM (shCaM) were co-transfected into HelLa cellsrfé&e expression of
MGIURS5 was measured by ELISA for surface recepttir Myc antibodies. The
knockdown of endogenous CaM by shCaM was confirmesing
immunoblotting with CaM and actin antibodies (INsefB-C) HelLa cells
expressing Myc-mGIuR5 (wild-type or S901A) with CaM [B) or -/+ shCaM
(C) were treated with glutamate. Surface expressfan®IuR5 was evaluated
by ELISA over time. Changes of surface expressienewpresented as a line
graph B) *p < 0.05 F(3, 83)=23.83 for 10 min], ¥ < 0.01 F(3, 88)=17.19
for 20min, F(3, 84)=49.55 for 40min] compared with WT + glutamaC) **p

< 0.01 F(3, 76)=18.75 for 10 mirk(3, 76)=19.58 for 20mink-(3, 76)=12.84
for 40 min] compared with S901A + glutamate.
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6. Role of S901 phosphorylation and CaM binding in the trafficking of
MGIUR5 in neurons
Next, it needs to be examined whether S901 phoglattion and CaM

binding can affect the trafficking of mGIuR5 in bigcampal neurons. In order
to measure the receptor trafficking in neuronspriiscence-based antibody
uptake assay was performed. In this assay, greeis spean the internalized
MGIURS5, whereas red spots mean the surface exgres&tuR5 (Fig. 6A). It
was found that the DHPG treatment significantlyuiced the internalization of
mGIu5 in hippocampal neurons (Fig. 6A). Using tteshnique, the agonist
induced internalization of mGIuR5 S901A was comga@ that of mGIuR5
WT. It was found that the agonist induced intezatlon of mGIuR5 S901A
was significantly decreased (Fig. 6B-C). Moreovitrwas found that co-
transfection of CaM decreased the agonist induntatrialization of mGIuR5
WT (Fig. 6B-C). Therefore, these findings demortstrathat S901
phosphorylation and CaM binding is a key mechanisgulating the agonist

induced internalization of mGIuR5 both in heteralog cells and neurons.
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FIGURE 6. Agonist induced internalization of mGIuRS5 is regulated by
S901 phosphorylation and CaM binding in neurons. (A) Culture
hippocampal neurons expressing Myc-mGIuR5 werenputiated with Myc
antibody for 45 min. After the treatment of DHP@Q@uM) for 30 min, the
surface receptors were labeled with red fluoressembereas the internalized
receptors with green fluorescence (details in Maler and Methods).
Fluorescence-labeled receptors were visualizedobjocal micrscopy. Merged
images are presented on the bottdd).Myc-mGIuR5 wild-type or S901A with
CaM-mRFP or mRFP only were co-transfected into ddggpnpal neurons. After
treatment of DHPG, the surface and internalizeéptws were visualized as
indicated. mRFP signals were presented as white cfarification. C)
Quantification of confocal imaging was shown adstdgram. Y-axis indicates
the ratio of the internalized receptors among ttal treceptors. *p < 0.01.
(n=180 for DHPG group, n=40 for Control group)
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7. Role of S901 phosphorylation in the downstream signaling of activated
mGIuR5

Finally, it was examined whether S901 phosphomytatian affect the
MGIURS5 signaling. It has been well known that tikévated mGIuR5 by the
agonist triggers Cé oscillatiorf>. Moreover, it has been also known that the
frequency of CH spike is correlated with the mGIuR5 receptor dgnsi the
plasma membraf& Using fura-2-AM and ratiometric spectrofluorenteti
was found that the agonist treatment inducefl @scillation in mGIuR5 WT
expressing Hela cells (Fig. 7A). The frequency @f'Gpike (14.27+ 3.49
mHz) and the half time of CGAto return to the prestimulated level (15154
112.83 s)in mGIUR5 WT expressing Hela cells (Fig. 7C and WiEre also
measured. However, in mGIuR5 S901A expressing Hella, the frequency of
Cd" spike was significantly increased as 26t75.70 mHz and the half time of
Cd" to return to the prestimulated level was dram#yigaolonged as 886.85
236.97 s (Fig. 7B, 7D, and 7F). Therefore, theda daicate that the agonist
induced signaling of mGIUR5 S901A is severely pngked, compared to that of
MGIUR5 WT. This is consistent with that the prei@mt of S901

phosphorylation inhibits the desensitization of ni&b signaling.
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FIGURE 7. S901 phosphorylation regulates the frequency and half time of

Ca™ oscillation in mGIURS5 expressing Hel a cells. (A-B) Typical examples of

agonist-induced Caoscillation pattern in mGIuR5 wild-typé\) or S901A B)

expressing Hela cells were shown ?Gascillations were analyzed using fura-

2AM and ratiometric spectrofluorophotomete€-) The frequency of Ca

spikes was measured in mGIuR5 wild-type or S901pressing HelLa cells.

Data are represented as a histogram (n=27 fortyild: n=23 for S901A).E-

F) The half-time of C& spikes returning to pre-stimulated level was mestsu

and presented as a histogram (n=27 for wild-typ@0rfor S901A).
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IV. DISCUSSION

In the present study, the novel PKC phosphorylagiga, S901 on
MGIUR5 C-terminus was identified. Agonist-induce&lwR5 activation and
PKC activity regulated S901 phosphorylation, whichfoundly inhibited CaM
binding to mMGIuUR5. Importantly, agonist-induced $9@hosphorylation
decreased mMGIUR5 surface expression. It was alsmwrshthat S901
phosphorylation and consequential changes in recepgfficking were
mediated by CaM, whose binding to mGIuR5 stabilittesl surface expression
of mGIuR5. Furthermore, it was found that agonistglated mGIUR5S
signaling in mGIuR5 S901A was severely prolongadidating that preventing
S901 phosphorylation inhibits the desensitizatidn muGIuRS5 induced by
agonist. Therefore, it can be speculated as a hgpoal model that CaM
binding stabilizes mGIuR5 surface expression, bgonést induced S901
phosphorylation by PKC and consequent CaM dissoaiatecrease mGIuR5
surface expression (Fig. 8).

There have been evidences that the direct phosialiory of S839 on
mGIuR5 C-terminus plays an important role in regngCé&" oscillations that
are PKC dependeit?? The present study suggests that S901 is another k
phosphorylation site that regulates the frequenog aluration of C&#
oscillations. In addition, our data strongly inde#hat the decrease of mGIuR5
surface expression by S901 phosphorylation is tiaetlying mechanism of
PKC mediated mGIuR5 desensitization.

CaM is a universal CGasensor protein ubiquitously expressed in most
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eukaryotic cells, which relay €amediated intracellular signalifig Especially,
it is highly abundant in brafh and enriched in postsynaptic denSitgand
synaptic vesiclé§ of neurons, thereby regulating ion channel fuméfid®
GPCR signaling®, and synaptic plasticity ** *! Intriguingly, there have been
accumulating evidences suggesting that CaM direictigracts with various
GPCRs expressed in neurons such as dopahmioid®?, serotonii®*° and
metabotropic glutamate receptors (mGIURs}F In some cases, CaM is
involved in the GPCR trafficking. For examples, Cdiihding to mGIuR7
disrupts its interaction with PDZ protein PICK1giaasing the internalization
of the receptdf and the agonist-induced endocytosis of SHTeceptor is
prevented by CaM inhibitdt. In addition, there are some evidences that CaM
regulates the function of G protein-coupled receptnases, which are
implicated in endocytosis of GPCRs, indicating agilole role of CaM in
regulating GPCR traffickiny 3> Therefore, when it comes to the dynamic
regulation of GPCR trafficking by CaM binding, thésudy shows the direct
evidences that CaM stabilizes mGIuR5 surface egjfoes

As mentioned earlier, CaM is highly ubiquitous atmindant proteins.
Although GPCRs such as mGIuR5 and mGIuR7 can beessed together in
one neuron, the trafficking of receptors are refguleby CaM in an opposite
way. Then, how can different functions of CaM irckeaGPCR be explained?
Various stimuli including the activation of Gg-cdeg metabotropic and
tyrosine kinase receptors can induce the activaifqrotein kinase Cs (PKCs)
that is crucial for synaptic plasticify The activation of PKC is especially

implicated in the phosphorylation of various CamMdng GPCRs including 5-
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HTiaand 5-HBa receptol” * mGIuR3? and mGIuR¥. The phosphorylation
of CaM binding sites by activated PKC can induce tlissociation of CaM
binding from its target GPCRs. For example, thesphorylation on GPCRs
such as 5-H7, receptof’, mGIuR5® and mGIuR? by PKC and CaM binding
to receptors are antagonistic. Moreover, CaM bigdian affect the interaction
of GPCRs with other binding proteins. For exam@@&M binding site on
mGIURS5 overlays Siah-1A binding sittsCaM and Siah-1A competitively bind
to mGIuR5 C-terminu¥. In addition, CaM binding to mGIuR7 competitively
decreases the PICK1 bindifigin that, the phosphorylation of GPCRs by PKC
and consequential dissociation of CaM from receptan allow the binding of
other interacting proteins such as Siah-1A and RICK
Siah-1A can be a highly possible candidate as aommiggulator,
enhancing the internalization of mGIuR5. Siah-1A3 Hbiquitin ligase,
induces the ubiquitination and degradation of itiss¢rates including mGIluR1
and mGIuR®’. Recently, it has been known that several E3 utigligases
such as Mdm2 and Cbl can be implicated both in theno- or
poylubiquitinatiori®. The monoubiquitination of membrane receptors sagh
receptor tyrosine kinases (RTKs) aoefactor receptor plays a role in the
receptor trafficking by enhancing the internalizingd lysosomal degradation
of receptor® *. Siah-1A also can promote the monoubiquitinationaef
synucleif’. Therefore, it is likely that agonist-induced phusgylation of
MGIUR5 dissociates CaM binding and may enhance-Biahinding to the
receptor and Siah-1A then may increase the inteatadn and degradation of

MGIURS as a major regulator. On the other handKRIG a PDZ and BAR
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domain containing proteins that bind to AMPA recepsubunits such as
GIuR2 and GIuR%. It has been known that PICK1 is a key regulafakMPA
receptor trafficking’. In mGIuR7, the PKC phosphorylation and dissoorati

of CaM enhance PICK1 binding to the receptor, thyliacreasing the surface
expression of mGIuR?. Therefore, these evidences suggest that CaM may
play a role as an integrator of the GPCRs traffigkicoordinating the binding

of regulators to each GPCRs in response to thet@cehosphorylation by
PKC.

Increasingly, it is becoming evident that CaM iatds with humerous
GPCRs such as vasopressin and angiotensin recaptell as GPCRs specific
in neuron§™® This study is the first evidence to describe thgmamic
regulation of GPCR trafficking by CaM binding irvilag cells. In spite of the
rapid recent progress in dissecting the functiondd of CaM in GPCRs, the
role of CaM as an integrator of GPCRs traffickirtdl semains unanswered
regarding the major regulators that control eachCR® trafficking and
signaling combined with the dissociation of CaM eféfore, the identification
of GPCRs interacting proteins that are antagonigiicCaM binding may
provide a mechanistic linking between the phosplatipn and trafficking and
signaling of GPCRs. | believe that the currentr#die interests in these topics

will be answered in the near future.
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FIGURE 8. Hypothetical model of the PKC-CaM that regulates mGIuR5
trafficking. The model that competition between PKC phosphaoyiadf S901
and CaM binding to mGIuR5 regulates receptor tkiffig can be speculated
(Left). CaM binding to mGIuRS5 stabilizes receptor sugfagpressionMiddie).
However, S901 phosphorylation by PKC prevents Cahdlibg and enhances
the internalization of receptoRight).
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V. CONCLUSION
The present study shows the direct mechanistic tiskveen PKC
phosphorylation of mGIuR5, CaM binding, receptorafficking, and

downstream signaling. We concluded that:

1. The agonist-induced S901 phosphorylation on mGlisRBediated
by PKC.

2. S901 phosphorylation is a critical mechanism refuja CaM
binding to mMGIuRS5.

3. S901 phosphorylation and CaM binding regulate mGlu€ceptor

trafficking.

4. S901 phosphorylation regulates *Capscillation frequency and

decay time.

This study demonstrates that CaM plays a role muleging the
binding activities of glutamate receptor-interagtiproteins and the receptor
functions. These are consistent with the possitike of CaM as an integrator or
modulator of glutamate receptor-induced synaptastidity. As shown here,
CaM will dynamically regulate receptor expressiomd amGluR5-mediated

synaptic plasticityn vivo as well.
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