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Polarized expression of signaling complexes requires
retention of the proteins in the microdomains, which
expression and retention are aided by scaffolding proteins.
Little or no information is available as to the nature of
scaffolding proteins in Ca™ signaling in non-excitable cells.
Recently Homers are regarded as an attractive candidate of
scaffolding protein in Ca™ signaling, because Homers bind
G protein coupled receptors (GPCRs), IP; receptors,
ryanodine receptors and TRP channels. However, their role
in Ca” signaling in vivo and in vitro is not known. The data
suggested by our work using Homer knock-out mice
demonstrate a novel, unexpected function of Homer
proteins, in that RGS proteins and PLCS GTPase
Activating activities are regulated and provide a molecular
mechanism for tuning signal intensity generated by GPCRs
and thus the characteristics of intracellualr Ca™ oscilla-
tions. In addition, Homer protein facilitates a physical
association between TRP channels and IP, receptor that is
required for the TRP channel in response to signals, which
provide the evidence for a conformational coupling model
with an essential role for interaction between TRP channels
and intracellular Ca” release channels.

Keywords: Scaffolding Protein, Ca™ Signaling, Homer
Proteins

Azl Az 71AFY shel ZgAsAEE Al
Holl#l o chekgt J3e sty ot ZEAlads
= AEe A, THF, ARAE 24 E0), 9

*Correspondence to: Dr. Dong Min Shin, Yonsei University
College of Dentistry, 134 Sinchon-dong, Seodaemon-gu, Seoul
120-752, Korea, Tel.: +81-2-361-8037, Fax.: +81-2-364-1085, E-
mail: dmshin@yumc.yonsei.ac.kr

75

Aol M) flBu] 713} sk Fof Halsle] e 2
2t AgdAlelc}t (Berridge er al, 2000). 83 23 A%
A 22 A2 T 3oy ARAY 23
5ol o8l SvkEledl, GEPYt A" 4~84] (G-protein
coupled receptors, GPCRsyllA ZFAls Aguhil =2
A F 2oz FA=o] Stk GPCRso| #433}so]
phosphatidylinositol-biphosphate (PIP,)S 7Fr2-3lA1A
inositol 1,4,5-triphosphate (IP,)5- A= A3fshd 2
4 (biochemical compartment)?} ZHgS 4|24 ofgte
2 olgAlle AEelekd 84 (biophysical compartment)
olct. Astshd 2ol GPCRs, heterotri-meric G-%HY
(G-protein), phospholipase Cbeta (PLCJ). regulators of
G protein signaling (RGS) ¥ 5-o] oot AE2]sHH
94 2% Az ZHZ (plasma mem-brane Ca™
ATPase, PMCA), =24 ZgHZ (sarcolendoplasmic
reticulum Ca® ATPase, SERCA), £ Z Aol ZA)3}= 2
& el 1P, 84 (IPR), L3 Al Zatol] Ex)
b AATeEA 2w o524l store-operated
Ca™ channel (SOCC)Y5°] 3t (Kiselyov er al. 2003).
GPCRs# A3 #j7t= 57 AJ=jd ZdA o|4ke]
734 Az Ag F=o) 2 738 Helw wbd o
gt ATl e AZAW g F57) oscillaton AR
Belth (Berridge, 1993). =& AR el 2o =
Ag o o F8AE (polarized exocrine cellsyllA+ Z
FAITHRE0] FEAlel] FolHal AAJEglo} AAokAs
Hol= Zg wave? HelE ERdtt (Petersen er al,
1994: Shin ez al, 2001). 53] ElRAA LA Zgs=
o AP, 37 A% e WS (luminal poleyl] A%
Hog EAshs CI o] 2529 MAE 2Fso] el
BlE F2X]7)H Ao oluletAlE: 233 Pl
(secretory vesicle)?] #H]ZHoll o3kt (Turner et al.,
2002).
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AFAY AgEsse] H3Fl oscillation|vt wavez v
ehdoie A& ZgAls while] W | signaling complex
2} w8, E+ signaling complex]®] 7+ 84 Fo] A
7, - ez A (polarityye ZethHe A 9
get. ofeidt AFAlse] S4E ASE PIIe #
Alg whille] Wzt B =3t FAE g AL o9l
=ul, A4l AH A AAZoAME 1P, 847 ZE
waveZ}t ZAISHE F-9el W75 (luminal poleyl A%
Aoz W 1I¥HI 9T & 3} (Fig. 1A, Lee
et al, 1997: Shin et al, 2000). ZFAEHE whilE2o)
WS ol SAEET okee o]F AwAls whY
=2 WA o ghd-ghl AE (protein-protein
interactionys 3k 9J8-o| &el=]gdcl (Fig. 1B, Shin et
al, 2000). %, ZFAZAHLE w2 Az A
microdomairel] 3502 WHEH, ol thlAT ] 9
3 fAIEL G52 ulgich. AA AL Al5A
o tpl 50 ApPAnt A - Fulye) A ZW microdomain
ol AFZ i3}t (Hering and Sheng, 2001). Al*§2=oflA
PSD-95, Shank, GRIP &3 %% scaffolding proteims
o] AlsAdg EgAe] ApfAo] ol o] Fol
macrocomplex® 433 Uvh(Hering and Sheng,
2001). °F AlsA=EgH = vhokdl whilchal AFS
4 =QlS Zta gled], olEY AL AAHA]
5 A¥Rths scaffolding $he =502 Aujx]dct,
o]2 5w, A-kinase-anchoring proteins (AKAPs)®} 73
2 Protein kinase A (PKA), Protein kinase C (PKC)
3 o AsAd =l 545N ZPEHA signaling
scaffold24]2] 9hS sk et (Dodge er al, 1999).
=3} Ras pathwayoll#] Kinase supressor of Ras (KSR)
£ Raf-1, MEK 172, ERK 1/2 5% 7% MAP kinase
cascade® Ak PSS} whe-Sted multiprotein MAP

P

o

A

kinase complex® °|& ¥, olF°| A7) |3z
3= scaffolding protein® 2 %3 Zch(Morrison, 2001:
Raabe, 2002). 12ju} vjA17AH 2o g ATHD 5
Aol o3l scaffolding proteinoll wH3liA= & o
2 QA gk &2 Homer Th-2 ZAFAlsxd 7)Ao
A} scaffolding protein® 2 F93HA AR gl
(Fagni et al, 2002), o]< AlIZA|ZolA Homer Thi#o]
AjFet 4842l metabotropic glutamate <84 (mGlu
FEAet Az 2 ARl 1P, 42 A A
Tty AT Zg AsHDT dfse 9& A=
ZZ3ka 9l7] @ifelt}t (Brakeman et al, 1997). 21
v} oFA7bx] Homer The] ZgAlszidolre] akg)
A e =] A wstet. ok A2 d7AE
scaffolding protein®.24 Homer o] GPCR 2&A4
ZFAEE 2485 9low (Shin et al, 2003), %3t
SOCCY] NAge 245k YL+ AARBKL et (Yuan
et al, 2003).

Homer T4}

Homer Th¥- 3=} (hippocampus) A173A| Eoi|4] ZHd 2
e AFA] T AR ESOl s dld mRNAYE &
434 2g|n A F e wEEE g WA
(Brakeman e al, 1997: Kato et al 1997), Homer =t
o= 1, 2, 39 Al7kx] obge] EAIS] Homer whH
9] oln|x7] Zof| EASH= oF 11071 oAk EVHY/
WH1 (Ena/VASP homology 1/WASP homology 1) =
W9lS 7IX 2 Yo} (Beneken et al, 2000). Homer %t
wlo] EVH =992 PPXXF (P: proline, X: #1534 o}
o]k Al sequences Eo|HoF olAlS=dl, group 1
mGlu 584, IP, 424, ryanodine &4 % of& 7
& AlZAde] Fdofdhe chilEd Asle Ao U

Fig. 1. Polarized expression of Ca”* signaling protein and protein-protein interaction between Ca”™ signaling proteins in rat pancreatic acini.
A 8H AFAANEAN AZ R ZeA 2D Bgol 252 IP; 849 apical pole 22) 254 ¥d B, ZwAlachNgal
PMCA, IP, R1, PLCB, GBy 7} &b - bl A 348 3} 3 9l v} . IP,, 1.4,5-triphosphate; PMCA, plasma Ca™* ATPase; PLCP, phosplipase C.
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Dimerization
domains

IP;Rs. RyRs
mGIluR5 (GPCR)
TRPC channels

Fig. 2. Structure of Homer protein
Homer & o} v}l 7] of EVHl/WHl (Ena/VASP homology 1/
WASP homology 1) = ol & 7} 2] 3 ¢) ] group 5 metabotropic
glutamate ~-& 3 (mGIuRS5). IP, <+ & *ﬂ (IP,R), ryanodine 9--&
Al (RyR) <} 73 gHabe, 7} 28] 7] “LDL0ﬂ~ a7 e §-4
(coxled-coﬁ domain. C-C domain) 7} 8l 2.7 ©]2} leucine zipper
RE HF 7R AL gle] /‘ﬂl""vﬂ‘)ﬂ"ﬂ thol v & P A&
L= TRPC. Transient Receptor Potential Channel

Z 2o} (Brakeman er al, 1997: Tu et al. 1998: Feng
et al, 2002). =3} Al74A| Zofl4] EVHI ==|Ql-& proline-
rich sequences 2-f-3l3. Sl+ Shank, GKAP, PSD-95
53 multicomplexs BAJSIT ek (Naisbitt er al,
1999: Tu et al, 1998, 1999). 7}25-4]7] Ztlojl= <
Amz] #$) (coiled-coil domain. C-C domain)’} 9o
o] o|2leucine zipper RE|EE 7RI glo] AlZA e
A tholoE FAFEE- ghet (Fig. 2. Xiao er al, 2000).
A4 Homer F4-L- mGlu —,—9%4]9} IP —r~9-ﬂ]/ryanodine
445 EVHL =digle] o3 et ‘”OU%
o5 wlEe Z3HE leucine zipper _.ﬂﬂi—% =5
Homer tholojoll olal wiAiska glet, o]} 742 ciul
ol 28l Homer -2 AlZdA|ZolA A2 A4 ]
A, mGlu -89 Alx=t F8=29 targetingol] FHois
Aoz deF et (Roche er al. 1999). &id] A%
ubrgAlot A2y 2 2E Homer wh¥o] whilA
goll ofsll dZskae ot ofA7bA] ofef Wi A3
3t @3 53 wjAl7ZAAZoll4 Homer ThHe] o
gk B gl Aefolot,

ok

r\r

=

GPCR-8 &4 ZFA S A GA Homer T 9] &
Z= Worley 917312 Homer 2t o} F4A7} Zois
A#F  (knock-out mouse, KOYE Az, AASIG o o]
S o]g3te] Al 52 in vivodtelollA Homer thifle]
&% 213k (Shin er al. 2003). AA|ZolM = Al
73| ZoMol= 2] Homer ko] 73 thlS- targeting
off Hojshz o] ohiz} GPCRs dAdtd ZgAlsA
271 AAE 22T 7ol AAIEI. Homer 29}
3 KO #ARAAZE o183 in vivod =9 3 482
Fol|A] Homers} whill 238k 9l& IP, 4849 W7
Z Yol o] glof, wlAlZA|ZolA Homer wh
= 3 The] W Lxell= o] gle AeE F
A=t =3k #HAAdAZelA Homer 5 = Homer
., 2% Al%kE (apical poleyll A3l $ASkL &
‘%}ud, Homer 3+ 7]xZ&%Z (basolateral poleyll $1|
shar ldct. olm] Al B A AMZolA ZgAlie}
o35 GPCRs. PMCA, 1P, 8- 5] apical Zoll &

-

3 W=y 9l ¥ usigied] (Shin er al, 2001:
Zhao et al, 2001), °]= apical Zoff L3} &
Homer 13 2 thlo] ZgAlaAe Ao THod 715
A% AAlste e, 7IAEHSe] 2 23" Homer
39] FAAZ AA3 Homer 3 KO 749 F27HA
&= cholecystokinin 83 A=4] tiE2FF v aLsled
AZY 2w Wsbrh glel Homer 3 e Zhr
AleAdeolx Ewgl g ulslz] g o it
=ch. Homer 2KO A#o14= GPCRs AF=54] szl
sl8l] 2 oscillation W=} IP, AjAtere] 715 @3
b 4= glo], Homer 29 Zod= GPCRsoll4] PLCB7HA]

ol

o AlzAles} dAse] e & ek
Aol Hofshe Grbie EdAC 4T 78§

)

£

ABE FTFAIAYG Adsle AlsAddayge] 58
ZAFelct. GEhY] ZAste F8Alo] o8 &
o1zl GDP-GTP m3hi-g-& “fepiedl]. o] mshit
92 @ subunite] Go - GTPY GByE #e5& Hheo
2 AZos A (effector) S FAFA]FIc} A
2 Az Hx= GTPY 7H-8i%t Ga-GDPBy

o ol

A HR G apy GDP
o - GDP "Ef { 7\%
GB.Y Ef (l GTP
RGS
PLCB a. GTP" Ef
H,0
B

Fig. 3. Homer2 regulates GAPs acitivity of PLCB and RGS
protein.
A EE A G- o FA 3= GR Gy A E E
71 4] 7] £ v ©) & Go-GDP= Ga-GTP 2. ¥ k4] 7 A 21 A1
Eﬂ =& ol 7} 3k %~ Regulators of G-protein Signaling (RGS) ‘:]-
ul = phosphohpase CB (PLCB)& GTPase-activating protens
(GAPs) o] oh Al Ga-GDP 2 5 of ub-g-0] & X ¥l c} | B, Homer2
— PLCBS} =+ A 35 52 9l © v in vitro reconstitution
system 3} Homer2 KO /‘“ % of] 4] PLCB <} RGS protein <] GAP g
A2 243k} GPCR- 2] T ZAwAsE =A}
H, hormone; Ef, effector. SERCA. sarco/endoplasmic Ca2+
ATPase.
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heterotrimer®] A2 W& et o] ¥k PLCS
o] &7} wh# el GTPase-activating proteins (GAPs)=
RGS thiol 93] 7}<3l=c} (Ross, 1995). In vivo %
vitro 917ollA olefd Feid whgo] ZgpAlexigol
ojgh= Ao g waiAct (Ross and Wilkie, 2000 : Cook
et al, 2000). RGS ghilo] o Gaqel =42 Zw
oscillation He|2 Uehls &Allol] So]xl ZAls
AE oAE (Xu et al, 1999). E3F ol Zgo]
oscillationsl= E<tF IP,x 4] oscillationdl= A2 F
250} 3 Qlt} (Hirose et al, 1999: Nash et al, 2001:
Luo et al, 2001). IP, oscillatiorol] <3+ ZF oscillation
£ RGSSH=EE PLCB GAP activity?h 2481 3lelst
v &4 3lE = wekgol 28 Ao|th. Homer 2 KO
A 24 Homer 2= RGS 53} PLCS2 GAP
FA=Z 243} (Fig. 3A). ol< ohe¥ 22 in vitro
9} in vivod AR o5 dF=i+=rl, 1) Homer
2 thil Aodk] F3iAle] 23} Z4r oscillation®] frequency
7} Z7k=9iar, 2) GAPs #4335t £33l RGS e
3JA] Homer 2 KOHAAAZoA ZgAlse] ZA=7}
Z7¥sl9dx, 3) In vitto reconstitution systemel 4]
Homer 1, 3#-= =] Homer 25lo] GAPs ZAEE F
A7, 4) MRz oz Homer 22+ PLCBS|
WAL 2elaigl7| wigelct. HAHs Homer 2%5h
L& AgAlFol|A] scaffolding protein®2412] AT 2o
= RGS w3} PLCA ZAdste] GAP EA4=E =4
3= 715S 7B GPCRs el ZgAlsAdds nl4g}
A zAske 928 3¥dchs Aol (Fig. 3B). o=
Homer ©Sh#lo] Z<r oscillation Bl=2} GPCRsell <3
faEE 2FAEAE 2AE A el 9]

o 2ze) waol)

AZLYEN ZERHY I2FEQ SOCCHA

TRPC/SOC Ca*

Fig. 4. Homer binds TRPC and is required for gating of TRPC1 by
1P, receptors.

Homer 5H¥9 -2 EVH1 =9 ¢l of] o] 1 IP, & Al oF A A5 o &
A Zhgp o] &% 29] TRPC13 Bl A S 3} gl owf o] 2}
7o 2" Agto] TRPCLY 7ol &4 of 2 23}t SOC,
store-operated channel.

Homer ¥ o] 4%

Al aAee] QojM AZuze] Al F 7k
9] 9ulE 7R, shie dEle] AzdiAads A
Boldel ZgAlEE AAsle 2 = oE shve 1
Z4E AZd ARRE 4] 297 A Aelot. ZgA
Ang deid £ U o] nAEW 2ol
AdojubA FHiEdl, o] HAS UdbHO®  store-operated
Ca™ (SOC) entry2ki e} (Putney er al, 2001). ©}2
A &AM ZEagel] s socCot FEle Z1AH
Has| FEEAE 9skdh B §383 mdEs 4%
Aol EAs= 1P, F2A} Azl EA5= SOCC
9] conformational couplinge] A|QF=iL ic}. of& 4
zAW 2= Z4as 1P, 78412 conformational
changeS gtozx Aejeddoz SOCCE FA3H]
Zltk= Folth (Kiselyov et al, 1998, 1999, 2000).
SOCCe shtE wolZox|3 3l Transient Receptor
Potential Ca”* (TRPC) channel> u|Eo0]#gl kol &
274 GPCRe] ZA3EAY Alx ZgAzart o
ZAdo wel A3}t (Minke and Cook, 2002:
Montell et al, 2002). ¥4+¥ TRPC channet> Z<#7%
5 A2AsAY 248 49 capacitive Ca” entry
(CCEpl Hoisle 2oz oAA} (Putney er al, 2001).
TRP family: thekdt Aejddas wiolskedl, 472
Frol 24, AA T Fgolde] 45, A= d
AZAY 2] 5E 5 4 o (Yuan er al, 2003). =
3 TRP family¥ polycystic kidney 3k, #mfau|A]&
59 Az AH oz QAAEeIgle] o] o] 2EE]
in vivod olsle AWAgex FeoAS 2R Ut
(Venkatachalam er al, 2001). Kiselyov 5= TRPC &
27} 1P, =% ryanodine §-8-A|9} bl A sk olof u}
g} TRPC %2 #FA=7} 2AHEc= conformational
coupling A% Ak dale] AFANE Busigi=
d], TRPC37} 1P, 48Ae} ZA33laL (Kiselyov er al,
1998), IP, 84|9] ofplxr] welute2x TRPC39| W
HAuke-& 24 4 9lor (Kiselyov er al, 1999), IP,
4923 %o} ole} ryanodine 3A|= TRPC39+ Z3t
Fo] o] &2 AHE ZAZrh= Holtt (Kiselyov et
al, 2000: Hofmann et al, 2002). ©|¢] HEK Al|Zof4]
TRPC4%} 1P, 8412 Zdoe] U=id glewl (Boulay
et al, 1999), 28]3 CHO Al Zoj4 TRPC19} IP, +%&
Ale] Ago] TRPCHE: A3k v} (Vaca and Sampieri,
2002). &3 F23 AL TRPC 52} 1P, 58A172
chill Ageld] o] Zgte] AAHIR], T ZHEHUAC

et v obAzkA gl Adleleth. olo] S Yuan

o TRPCl 523} IP, 58418 AP AAHe] of
id Homer kel <13] wiH=l=} Homer %] 2% <

Aol wlel TRPC 52 A=t 23dcke A& #Hx
2 ¥334c} (Yuan et al, 2003). TRP familye 7+
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H2]7] =xlof conserved proline-rich sequence?] LP (P/
X) PEN& 7}A1at 9l=dl o] Homer thiel Adid A
4219l PPXXF2F -FAFelet. TRPCIL  prolme rich
sequenceTA=-E2 #Wel|7| Homer?t TRPCI com-
plex7te] thil.thilA3gto] glojx|md o]o wfe} TRPCI-
Al B2o dylg HolAl Hoh o] AdAINe=
Homer 1 +3x}7} 7oi%l Homer 1KO°l4] =Pkl %
2o A7lE WAl wel in vivod o2 E JFHUCH
obge] 4ZA| ZHge ZAFI thapsigargin A X[ A]
Homer$t TRPC17he] ZAdo] ZHAg2 o]Fo] Fe|H e
2 AP o252 AMAE 23 U AR

o)
AL Sk

oitk. 1997  Homer &h#o] g WA o]F
scaffolding 5o 2] Aol gt A7+ FE AlA
Al ZojMrt Zglslojgbon} T Homer KOS cDNA,
el whillzAlE o]87) HApgEshd | Askeld ol
Are Az AlsAder)deld Ag7kx] el A o
ole] AR AETE BoFa Qlr. 53] AAAA ZojA
8z GAP 84 =& =43 Aol SOCCY A&
A= A2 FAERAR] EllAdoAe] Elelgulz
A olsel el Aske] Ed vlele] =85 F Aow
7=}, o]9} Homer =& x|F7kx] 8he{x]x] ok&
ofg] A% ghilE A3 shsAde] 9lol olof gk o
T o ol oY

019 kgt thoksl Azl 2r)e)
71eA Aol 255 F Ao

o,

—_

ZAkel 2

o] =72200241% Mgl dkEodu|e] Aol 9

stod o] Fojxl <l

E

m
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