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1. Bevezetés

A sejtek miikddése szempontjabol alapvetden fontos kornyezethez vald alkalmazkodéasuk. Az
alkalmazkodas elsd 1épése a kornyezet ingereinek érzékelése, amit az informacid tovabbitasa
kovet a sejtek megfeleld valaszat kialakitd végrehajt6 molekuldkhoz. Azokat a
mechanizmusokat, amelyek ezért a tovabbitd funkcioért feleldsek jelpalydknak nevezziik. A
kornyezeti ingerek és az érzékelést végzd receptorok sokféleségének megfelelden, a
jelpalyakbdl is tobb 4ll a sejtek rendelkezésére. Tekintettel arra, hogy a sejteket a kdrnyezet
feldl minden pillanatban ingerek sokasaga éri, ezeknek a jelpalydknak fontos feladata az
érzékelt informacid feldolgozasa, a végs6d valasz kialakitasa, amibdl adoddan felépitésiik és

miukddésiik rendkiviil bonyolult.

Az inozitol szarmazékok sejten beliili jelentdségének felfedezése a Hokin hazaspar
érdeme (Hokin és Hokin, 1953). Munkéjuk nyoman hamarosan elfogadotta valt, hogy szamos
hormon ¢és neurotranszmitter hatasmechanizmusaban az egyik legfontosabb kezdeti 1épés a
foszfolipaz C (PLC) enzim aktivdlodasa, ami a plazmamembranban talalhaté
foszfatidilinozitol 4,5-biszfoszfat (PtdInsP,) hidrolizisét eredményezi. A keletkezd két
termék, az inozitol (1,4,5)-triszfoszfat (InsP;) és a diacilglicerol (DAG) hatasara aztan
1étrejon a Ca*"-szignal, illetve aktivalodik a protein-kinaz C enzim, amelyek fontos szerepet
jatszanak a biologiai valasz elinditisaban. A foszfolipid lebomlasa és a Ca*"jel kialakulasa
kozotti kapesolat akkor lett érthetd, amikor Robert Michell felvetette az foszfoinozitol és a
citoplazmatikus [Ca*"] véltozas kozotti kapesolatot (Michell, 1975). Ezt a feltételezést Irvine
¢s Berridge az InsP; hatasara bekovetkezd, nem mitokondrialis raktarakbol torténd Ca’'-
felszabadulas felfedezésével bizonyitott (Streb és mtsai, 1983). Ett6l a ponttdl kezdve az
InsPs és citoplazmatikus [Ca®"] valtozason keresztil miikédé hirvivé rendszer kutatisa
felgyorsult. Az InsP; receptor és a Ca® -raktarak iiriilése kovetkeztében aktivalodé kapacitativ
Ca”"-bearamlas (lasd alabb) felfedezésével gyakorlatilag a 80-as évek kozepére ugy tiint,
hogy ugyan sok részletkérdés var még tisztazasra, de a hirvivo rendszer alapvetden ismertté
valt. A foszfoinozitidekkel kapcsolatosan elfogadottd valt az az elképzelés, hogy lényeges

bioldgiai jelentdséggel a PtdInsP,, mint az InsP; és a DAG eldanyaga rendelkezik.
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1.1 Az inozitol lipidek mint hirvivé molekulak

Mikozben a hirvivé rendszerrel kapcsolatban egyre tobb fontos részlet valt ismertté;
azonositottak példaul a PLC enzim tobb altipusat és a PKC enzimcsalad szamos tagjat,
tovabba felfedezték a PtdInsP, keletkezésében résztvevd foszfatidilinozitol 4-kindz (PI 4-
kinaz), és PtdIns(4)P 5-kindz enzimeket, az inozitol lipid kutatés teriiletén két olyan alapvetd
felfedezés tortént, amely alapjaiban valtoztatta meg a jelpalyardl alkotott képet. 1.) a
sejtekben olyan foszfatidilinozitol kin4dz enzimeket talaltak, amelyek az inozitolgytiriit a 3-as
szénatomon képesek foszforilalni (PI 3-kindz) (Auger és mtsai, 1989; Otsu és mtsai, 1991;
Schu és mtsai, 1993). Ettdl kezdve folyamatosan novekedett azoknak az ismert enzimeknek a
szama, amelyek a kiilonféle inozitol lipidek kozotti atalakuldsokat katalizaljdk, aminek
megfelelden a kiilonféle sejtmembranokban sikeriilt kimutatni a 3-as, 4-es és 5-0s szénatomon
foszforilalt foszfoinozitidek valamennyi varidcidjat. Napjainkban az emberi genom
ismeretében 19 darab kinaz, és 28 darab foszfataz aktivitassal rendelkez6 enzimrol tudunk. Az
enzimekrol, beleértve az altaluk katalizalt folyamatokat, a kzelmultban jelent meg egy kivalod
Osszefoglalo kozlemény (Sasaki és mtsai, 2009). 2.) a masik hatalmas hordereji 1épés annak
felfedezése volt, hogy bizonyos fehérje domének foszfoinozitidek nagy affinitdsu szelektiv
kotésére képesek. Elsoként az ugynevezett pleksztrin homoldgia (PH) domének PtdInsP,
kotését fedezték fel (Harlan és mtsai, 1994), de a késébbiekben szamos egyéb doménrdl
(PTB, FERM, PDZ, FYVE, PX, ENTH) deriilt ki, s6t olykor az egész fehérje molekula
sziikséges a lipid interakcidhoz. Ezekrdl a doménekrdl napjainkra mar szintén elképesztd
mennyiségli adat, és kivalo osszefoglald kozlemények all rendelkezésre (Lemmon, 2008). A
domének szekvencidja mellett nagyon sok esetben ismert a kristalyszerkezet €s a lipidkotési
szelektivitds, azonban az, hogy lipidkotés milyen mértékben hatarozza meg a domének
membranlokalizacidjat munkank kezdetekor még kevésbé volt tudott.

Az inozitol lipidek kotésére képes domének felfedezése lehetévé utat nyitott egy olyan
molekularis modszer kidolgozasahoz, amelyrdl tobb mint tiz év tavlatdban mar egyértelmiien
bebizonyosodott, hogy alapvetden meghatarozta az inozitol lipidek jelentdségének
megismerését. A modszer 1ényege, hogy amennyiben egy lipidkoté domént fluoreszcens
fehérjével megjeldliink, egy olyan fuzids fehérjét kapunk, amely a sejtekben expresszalva a
domén lipidkotd tulajdonsagatol fliggden lehetdve teszi a sejtmembranokban 1€vé inozitol
lipidek konfokélis mikroszkoppal torténd kimutatasat, mennyiségiik valtozasanak kovetését.
Elséként a huméan PLCS, fehérje PH doménjének felhasznalasaval sikeriilt egy PtdInsP,
kimutatasara alkalmas szondat létrehozni (Stauffer és mtsai, 1998; Varnai és Balla, 1998),

amit aztan sok, egyéb lipidek (PtdInsP;, PtdIns(3)P, PtdIns(4)P) kimutatidsara alkalmas
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szonda kovetett (Varnai és Balla, 2007). A mddszer igen hasznosnak bizonyult egyrészt a
kiilonb6z6 sejtorganellumok inozitol lipid tartalménak azonositdsdban, masrészt a lipidek

¢lettani szerepének, jelentdségének vizsgalataban is alapveté modszerré valt (1. dbra).
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1. ABRA Az inozil lipidek kimutatasa fluoreszcens fehérjével jelolt lipidkoté domének alkalmazasaval

A feltiintetett szondakkal a kovetkezd inozitol lipidek kimutatasara alkalmasak: PLCS,PH-GFP-PtdInsP, a
plazmamembranban, AktPH-GFP-PtdInsP; a plazmamembranban, EEA1-FYVE-GFP-PtdIns(3)P a korai
endoszomaban, GFP-OSBP-PH-PtdIns(4)P a Golgi-ban és GFP-OSH2 tandem-PtdIns(4)P a plazma-
membranban. (Varnai és Balla, 2006 alapjan)

A kiilonféle inozitol lipid szarmazékok és az Oket kotni képes fehérje domének
felfedezésével a jelatalakitasi folyamatoknak egy 0j mechanizmusa bontakozott ki. Ennek
lényege, hogy a lipidk6td doménnel rendelkezd fehérjék a membranokhoz képesek kotddni,
ami a jelatalakité folyamatok szempontjabol nagy jelentdséggel biré molekularis komplexek
kialakuldsdhoz vezet. Mivel a kolcsonhatds kialakulasat a membranok foszfoinozitid
mennyisége, ¢és a jelenlévd foszfolipid tipusa hatdrozza meg, a lipidek szabalyozasaval a
jelpalyak is jelentdsen befolydsolhatok. Csupan az els6ként leirt PH domént tartalmazo
fehérjék szdma meghaladja a kétszazat, és hasonld szamban lehetnek jelen a tobbi domént

tartalmazé fehérjék is. Mindezek alapjdn ma mar elfogadott, hogy a sejtorganellumok
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membranjdban talalhat6, kiilonféle tipust inozitol lipidek (példaul PtdIns(3)P az
endoszémaban, PtdIns(4)P a Golgi-ban és az endoplazmés retikulumban (ER), PtdIns(5)P,
PtdIns(4)P, PtdIns(4,5)P,, PtdIns(3,4,5)P; a sejtmembranban) alapveté sejtfunciok
1étrejottében és szabalyozasaban jatszanak meghatarozo szerepet. Ilyen funkcidk példaul a
sejtproliferacid, az apoptozis, a trafficking, az endocitozis, a fagocitozis, a sejtalak kialakulasa
és a sejtmozgas. Az inozitol lipidek részt vesznek a legkiilonfélébb patologias allapotok
kifejléddésében is (pl. sejttranszformacid, metasztazis, virus- és baktériumfelvétel) (Carlton és

Cullen, 2005; Downes és mtsai, 2005; Lecompte és mtsai, 2008; Michell, 2008).

1.2 Az inozitol 1,4,5-triszfoszfat receptor

Az InsP; molekula kotShelyének leirasat kovetden (Spdt és mtsai, 1986), az InsPs receptort
szamos szovetbdl sikeriilt eleinte csak Kkitisztitani, végiil egér kisagybol, ahol igen nagy
mennyiségben taladlhatd, megklonozni (Furuichi és mtsai, 1989). Harom kiilonb6z6 tipusat, és
tobb splice variansat azonositottak kiilonféle ragcsalo illetve humén szovetekbdl (Blondel és
mtsai, 1993; Mignery és Sudhof, 1990; Sudhof és mtsai, 1991). Az InsP; receptor egy
hatalmas, mintegy 3000 aminosavbdl allo, a rianodin receptorral rokon fehérje. Legnagyobb
mennyiségben az ER-ban taldlhatd, de egyéb membranokbol (plazmamembran, nukledris
membran, Golgi) is kimutattak (Rossier és mtsai, 1991). A fehérje miikodésének legfontosabb
eleme nyilvanvaloan a csatornafunkcid, melyen keresztiil létrejon a Ca*'-szignal kezdetéért
felelés ER-bol valé Ca*"-kiaramlas. Azonban esetleges jelenléte az egyéb kompartmentekben,
illetve az ER és a mas organellumok (plazmamembran, mitokondrium) kozott kialakuld
kapcsolatok teriiletén felveti annak lehetdségét, hogy mas funkcidja is lehet. Az InsP;
receptor szabalyozasa Osszetett: legfontosabb két eleme a citoplazmatikus [Ca®"] és maga az
InsP; kotés, de ezen kiviil tobb foszforilacios helyet, és szamos citoplazmatikus fehérjével
valo kapcsolatat leirtak (Foskett és mtsai, 2007). Bar a receptorrol nagyon sok informéacio all
rendelkezésre, bizonyos kérdések, mint példaul az egyes altipusok jelentdsége, vagy a

ligandkotésre bekdvetkezd aktivacidé molekularis mechanizmusa, nem teljesen tisztazottak.

1.3 A Kapacitativ Ca**-bearamlas

A legtobb sejttipusban az ingerlés hatasara 1étrejovo kezdeti, altalaban igen nagymértéki, de
atmeneti citoplazmaikus [Ca®"] emelkedést egy fenntartott Ca*'-szint fokozodas koveti,
melynek 1étrejottében a kiviilrél torténd, extracellularis Ca**-bearamlas jatszik elsédleges
szerepet. Magyardzatiara Putney vezette be 1986-ban az Ggynevezett “kapacitativ Ca®'-

, , JORY4 . o 7 o ;. + y +
bedramlas” teoriat, amely szerint az InsPs;-mal iirithetd intracelluléris Ca*'-raktarak Ca*'-
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tartalmanak csokkenése vezet a plazmamembranon keresztiili Ca’’-bearamlashoz (Putney,
1986). A tedrianak egyik fontos pillére az a megfigyelés, miszerint a mechanizmus
beindulasdhoz nem feltétlentiil sziikséges a PLC enzim aktivalasa (azaz InsP; képzddés). A
Ca* -raktarak InsPs-tol fiiggetlen iiritése -amit elérhetiink példaul a raktarak Ca®’-felvételét
gatlo SERCA inhibitor thapsigargin adasaval- is elégséges a Ca® -bearamlas fokozasahoz. Bar
elektrofiziologiai modszerekkel sikeriilt azonositani egy, a tulajdonsdgai alapjan kapacitativ
Ca’"-bearamlasnak tiiné aramot (Icrac) (Hoth és Penner, 1992; Zweifach és Lewis, 1993),
aminek jellemzése “egy csatorna” szinten is megtortént (Kerschbaum és Cahalan, 1999),
maganak a csatornanak az azonositdsa hosszu ideig varatot magara. Az idokdzben ismertté
valt Trp csatornak kozott szintén voltak olyanok, amelyekrdl sokan gy gondoltak, hogy
megfelelnek a kapacitativ Ca®"-aramért felelds csatornanak, azonban az azonossagot nem
sikerlilt megnyugtatoan tisztazni (Parekh és Putney, 2005; Venkatachalam és Montell, 2007).
Ugyancsak szamos elképzelés sziiletett annak magyarazatara, hogy mi lehet a kapcsolat a
belsé Ca’'-raktarak és a Ca’’-bearamlas kozott. Berridge példaul mar 1995-ben felvetette,
hogy az InsP; recepor és a plazmamembran kozotti fizikai kapesolat szerepet jatszhat ennek a
jelenségnek a kialakuldsdban (Berridge, 1995), de ezt az elképzelést maig sem sikerdilt
igazolni. Mérfoldké volt a kapacitativ Ca**-bedramlas kutatasaban az a felismerés, hogy egy
immunologiai korkép, a sulyos kombinalt immunhiany (SCID) lényege a kapacitativ Ca”'-
bearamlas karosodasa (Partiseti és mtsai, 1994), azonban ez a felfedezés sem vezetett a
csatorna azonositasahoz.

Az attorés csak mintegy 20 év elteltével kdvetkezett be. Két munkacsoport siRNS
technika alkalmazéasaval ¢és hatalmas mennyiségli gén tesztelésére kiterjedd sziirdvizsgalattal
egymastol fliggetleniil azonositott végre egy fehérjét, a STIM1-t, amelyrdél megallapitottak,
hogy az az ER-ban talalhato, és hogy képes a Ca®"-raktarak [Ca*']-janak érzékelésére (Liou és
mtsai, 2005; Roos és mtsai, 2005). Részben a STIM1 ismeretében, Gjabb szlirési, illetve a
SCID-es betegek csaladfaja alapjan végzett genetikai vizsgalatokkal alig egy évvel a STIM1
felfedezése utan sikeriilt azonositani egy Gjabb, a kapacitativ Ca*’-csatornanak bizonyul6
fehérjét, amit Orail-nek neveztek el (Vig és mtsai, 2006; Zhang és mtsai, 2006). A két fehérje
egyiittes expresszidjaval szamos sejtes rendszerben sikeriilt a kapacitativ Ca*"-bearamlasnak
megfeleld jelenséget 1étrehozni, és bizonyitani, hogy e két fehérje képezi a kapacitativ Ca-
bearamlas molekularis alapjat (Luik és Lewis, 2007; Mercer és mtsai, 2006; Peinelt és mtsai,
2006; Soboloff és mtsai, 2006). A két fehérje azonositasat kovetden a kutatas hatalmas
lendiilettel indult meg, minek kovetkeztében a STIM és Orai fehérjék tipusai €és domén

szerkezete rovid idon beliil ismertté valt (2. dbra és 3. 4bra). Mutéacidos megkdzelitéssel
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bizonyitani, hogy az Orail molekula valoban Ca®’-csatornaként miikodik, ismertté valt a
STIM1 raktartiriilést kovetd aktivacidjanak molekularis mechanizmusa, jelenleg is intenziv
kutatas targya mindkét molekula esetében a szerkezet és funkcid kapcsolatanak jellemzése, az
altipusok kozotti kiilonbségek feltarasa, illetve a mas molekuldkkal valé kdlcsonhatasok

azonositasa (Cahalan, 2009; Schindl és mtsai, 2009; Varnai és mtsai, 2009).

hSTIMA | [eF [ _sam_J ][ coiledcol | | ] o] [sP

1 54 101 120 204 215234 238 389 484 600 629 672 685

hSTIMZ EF L SaW_J{m]]_coiledcol | | | o[ PHE ]
57 105 123 487 523

1 205 219 238 242 393 595 630 @&51 T30 746

2. ABRA A huméan STIM1 és STIM2 molekulik doménfelépitése

EF: luminalis alacsony affinitisu Ca*'-kétShely, SAM (steril o motif): oligomerizacié, TM: transzmembran
domén, D: savas aminosavakban gazdag rész, K: bazikus aminosavakban gazdag rész, S/P: szerin/prolin
aminosavakban gazdag rész, P/H/E: prolin/hisztidin/glutamatsav aminosavakban gazdag rész. (Varnai és mtsai,
2009 alapjan)
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Th1 e o000 T2
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55 LERAFLFASS RTSALLSGFA MVAMVEVOLE TOYOYFRFLL IAFSACTTVL VAVHLFALLI STCILPNVEA VSNIHNLHMNSI
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3. ABRA A humin Orail feltételezett szerkezete, és az Orail, 2 és 3 molekulak aminosavsorrendjének
osszehasonlitasa

A molekula a szerkezet predikcié alapjan négy transzmembran (TM1-4) doménnel rendelkezik, N- és C-
terminalis végei a citoplazmaba nytlnak. A szines karikak a felsorolt funciokért felelds konzervalt aminosavakat
jelzik. (Varnai és mtsai, 2009 alapjan)
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Osszefoglalasként a 4. abran abrazoltam a foszfoinozitid, InsPs és citoplazmatikus [Ca®']
valtozason keresztiil mikodd jelpalyat. Munkank sordn célunk a jelatalakitisi folyamat
molekularis mechanizmusainak tisztazasa volt, amit alapvetden a molekuléris kdlcsonhatasok

feltarasaval igyekeztiink elérni.
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4. ABRA A foszfoinozitid, InsP;, citoplazmatikus [Ca’'] jelpalya sematikus dbrazolasa
GPCR: G proteinhez kapcsolt receptor, TKR: tirozin-kinaz receptor, PM: plazmamembran, Mito: mitokondrium.
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2. Ceélkituzeések

1. Az inozitol lipid-k6td6 doménnel rendelkezd molekuldk plazmamembran lokalizacids
képessége alapvetd szerepet jatszik mukodéstikben. PtdInsP, kotésére képes, fluoreszcens
fehérjével jelolt PH domének inozitol lipid, inozitol-foszfat és membranlokalizacios
tulajdonsdgainak 6sszehasonlitasaval vizsgalni kivantuk a lipidkotés szerepét a lokalizécio

1étrejottében, €16 sejtekben.

2. Az Akt, a Btk, a GRP1 és az ARNO fehérjék fluoreszcens fehérjével jelolt PH doménjeinek
PtdInsPs-fiiggd sejtfunkciokra gyakorolt hatdsait terveztiik 6sszehasonlitani. A vizsgalattal
ugyancsak a lipidkotd képesség ¢és a funkciondlis hatdsossag kozotti kapcsolat
Osszefiiggéseire vonatkozoan kivantunk adatokat gytijteni. A lipidkotéstol fiiggetlen
kolesonhatds kimutatasa esetén vizsgalni kivantuk, hogy a molekula mely része felelds a
kolesonhatésért, illetve felmeriilt a kolcsonhatasban részt vevd egyéb molekulak esetleges

azonositasa is.

3. Az l-es tipust humdn InsP; receptor fluoreszcensen jelolt ligandk6td doménjének
felhasznaldsaval és intracellularis régiokba iranyitasaval vizsgalni kivantuk a lokalis InsP;
pufferolas hatésat, illetve a ligandkoté domén esetleges kdlcsonhatasainak kovetkezményét

emlds sejtekben.

4. A foszoinozitidek mennyiségének gyors ¢&s specifikus valtoztatdsa nagymértékben
elésegitheti jelentSségiik vizsgalatat. Eppen ezért molekularis moédszert terveztiink
kidolgozni, amely alkalmas a plazmamembran PtdInsP, tartalmanak akut csokkentésére é16
sejtben. A modszer mukodését ismerten PtdInsP,-fliggd folyamatokra gyakorolt hatas

kimutatasaval kivantuk ellenOrizni.

5. A kapacitativ Ca”"-bearamlasért felelés, Gjonnan azonositott huméan STIMI és Orail
molekuldk fluoreszcens fehérjével jeldlt verzioinak elkészitésével és felhasznéalasaval
tisztazni kivantuk aktivacidjuk kinetikdjat, illetve a koztik kialakuld kolcsonatas
molekularis részleteit. Mesterséges, becsiilhetd réstavolsaggal rendelkezd kapcsolatot
terveztiink létrehozni a plazmamembran és az ER kozott €16 sejtben, €s vizsgdlni e

kapcsolat hatasat a STIM1 ¢és Oral molekulékra.
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3. Modszerek

3.1 Molekularis biologia
A tablazatban azokat a fehérjéket tiintettem fel, amelyekkel munkéank soran foglalkoztunk. A

cres

indultunk ki.
fehérje faj génbank azonosito6
Akt human X61037
ARNO human X99753
Btk human X58957
FKBP12 human NM 054014
GAP43 humén NM_ 002045
GRP1 humén AJ005197
InsP3lr:§e?)l;)§: l(lSII—F) human D26070
Lyn human NM 002350
mTOR (FRB) human NM 004958
Orail human BCO015369
p130 fehérje patkany D45920
PLCS, human u09117
PLCd4 patkany NM_ 080688
Sacl foszfataz huméan NM 014016
STIM1 human NM 003156
UBC6 élesztd X73234
TGN38 human BC008461
foszfoilr?(l)zei‘fifil I')D'I—Its“(l)lszfataiz humén NM_019892

A fazios fehérjék készitésekor a fehérjék megfelelé darabjat polimerdz lancreakcio
segitségével, Pfu DNS polimerdz (Fermentas) alkalmazasaval allitottuk eld, és a megteleld
restrikcios vagas utan altaldban pEGFP-C1 vagy pEGFP-N1 (Clontech) emlds expresszids
plazmidokba illesztettiik, igy a sejtekben fluoreszcensen jeldlt fuzios fehérjéket kaptunk.
Templatként vagy a megfeleld fajbol szarmazd agyi cDNS-t, vagy az adott fehérje
szekvenciajat  tartalmaz6, kereskedelemben hozzaférheté klont hasznaltunk. A
fehérjedomének fluoreszcens jeldlésekor arra torekedtiink, hogy az adott fehérjedomén fizios

fehérjében valo elhelyezkedése (N- vagy C-terminalis), a teljes hosszisagu fehérjében valod
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elhelyezkedésnek feleljen meg. A fuzids fehérjékben gyakran sziikségessé valt az eredeti zold
fluoreszcens fehérje cseréje mas tipust fluoreszcens fehérjére (CFP, YFP, mRFP). A
sziikséges mutansokat Quikchange pontmuticids eljarassal hoztuk Iétre (Stratagene). A
konstrukciokat egyrészt szekvenalassal ellendriztiik, masrészt a sejtekben expresszalt fehérjék
épségének ellendrzésére a sejtlizatumot SDS gélben megfuttattuk, és a fuzios fehérjéket
fluoreszcens szkenneléssel (foszforimager) tettilk lathatova. A mintdkat a fluoreszcencia
megOrzése érdekében nem forraltuk, igy a fehérjék csak részlegesen voltak denaturalva, ami

azonban elegendd volt méretiik becslésére, illetve az esetleges degradacio kizarasara.

3.2 Sejtvonalak, transzfekcio

Kisérleteinkhez altaldban NIH 3T3, COS-7 és Hek 293 (ATCC) sejtvonalakat hasznaltunk. A
sejteket a forgalmazo altal javasolt médiumban (10 % borjuszérummal, valamint penicillin és
streptomicin antibiotikumokkal kiegészitett DMEM), 5 % CO, jelenlétében 37 °C-on
tartottuk. A sejteket tranziensen transzfektaltuk Lipofectamine, késébb Lipofectamine 2000
(Invitrogen) felhaszndldsaval. A transzfekciohoz a sejteket a transzfekcidot megel6zé nap
sz¢lesztettilk a megfeleld szovetkultira edénybe (esetleg a benne 1év0 25 mm-es #1 tipust
fedolemezre), amit a HEK sejtek esetében poli-L-lizinnel (2 ml 0,001 %-os oldat)
eldkezeltiink. A transzfekciot a gyartd eldirdsanak megfelelden végeztiik, az alabbi
tablazatnak megfelelden (az adatok egy lyukra vonatkoznak). A kisérletekre a transzfekciot

kovetd 24-36 ora elteltével kerilt sor.

szovettenyészt6 seitszam pg DNS / pl Lipofectamine / végtérfogat
edény ) ul OPTI-MEM ul OPTI-MEM (ul OPTI-MEM)
10 cm-es Petri 3 millio 57500 12,5/ 500 6000
35 mm-es Petri, |55 o 2/100 2/ 100 1200
6-lyukt edény
24-lyuku edény | 133 ezer 1/50 1,5/50 500
96-lyukt edény* | 80 ezer 1/25 0,5/25 200

*96-lyuku edény esetében a sejteket a transzfekcioval egyidében szélesztettiik

A vad tipusu ¢és az InsP; receptor hidnyos DT40 sejteket ugyancsak az ATCC altal
javasolt médiumban tartottuk, és elektroporézissel transzfektaltuk (10 millio sejt és 15 ug
DNS / 0,5 ml OPTI-MEM (Invitrogen) 290 V, 28 ms). Fed6lemezre egy nappal késébb, csak
a kisérlet elott iiltettiik le a sejteket (1asd még 3.8 fejezet).

10
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3.3 Konfokalis mikroszkopia

A konfokalis mérésekhez a sejteket 35 mm-es Petri csészébe helyezett, alkohollal tisztitott
fed6lemezekre iiltettiik le. Kozvetlenlil a mérés elétt a feddlemezeket, rajtuk a sejtekkel,
ovatosan egy AttoFluor (Invitrogen) kamraba helyeztiik, majd egyszeri mosast kdvetéen 800
ul mérdoldatot pipettaztunk a kamraba. A mérdoldat Osszetétele a kovetkezé volt: 120 mM
NaCl, 4,7 mM KCI, 0,7 mM MgSOy, 1,2 mM CaCl,, 10 mM gliikéz, 10 mM Na-Hepes, pH
7,4. Az évek soran szamos konfokalis rendszert hasznaltunk (BioRad MRC-1024, Zeiss 410,
Zeiss 510, Zeiss 510-Meta); kozos jellemzdjiik, hogy minden esetben inverz mikroszkopra
voltak épitve. A méréseket szobahdOmérsékleten végeztiik. A folyamatok iddbeliségének
kovetésekor a képeket altaldban 10 masodpercenként vettiik fel. Az alkalmazott ingerereket
200 pl térfogatban adtuk a kamraban 16vé6 mérboldatba. Altaldban 1,5 pm-es optikai
rétegvastagsaggal, és 1,6 us-os pixel expozicioval dolgoztunk. Kiilondsen a rdvidebb
hullamhosszok esetén, torekedtiink az ingerld lézerfény intenzitdsanak csokkentésére, amit
azonban az erdsités novelés okozta zajnovekedés limitalt. Tobb fluoreszcens fehérje egyidejii
jelenléte esetén eldkisérletekben a fehérjéket kiilon expresszald sejteken ellendriztiik a
csatornak kozotti atbeszélést, illetve a megfeleld filterek, tiikrok, és mérési modszer
kivalasztasaval olyan mérési koriilményeket hoztunk 1étre, hogy az atbeszélés ne okozzon a

mérés folyaman problémat.

3.4 Sejtek letapadasanak mérése

A méréshez 10 cm-es szovetkultura edényben tartott és transzfektalt COS-7 sejteket
hasznaltunk. A transzfekciot kovetd napon a sejteket 3 perces tripszines emésztéssel
felszedtiik, és harom egyenld részre osztottuk. Az egyik adagot Laemmli pufferben azonnal
lizaltuk, mig a masik kett6t 2 ml sejtkultira médiumban vettiik fel, 35 mm-es szovetkultara
edénybe széleszettiik, majd CO, inkubatorba tettiik. 30 perc elteltével a sejteket kétszer 4 °C-
os foszfat pufferes sdoldattal mostuk, majd szintén Laemmli pufferben vettiik fel. A mintakat
ultrahanggal kezeltiik, forralas nélkiil SDS gélben futtattuk, majd a géleket Storm 860
foszforimagerrel (Molecular Devices) szkenneltilk, a megfeleld fluoreszcens fehérjéknek
megfeleld csikok fluoreszcencidjanak mértékét szamszertsitettiik. Mivel a kiindulasi €s a 30
perc alatt letapadt sejtek mennyiségét az expresszalt fluoreszcens fehérjék mennyiségébdl
szamoltuk, a vizsgalat soran csak azoknak a sejteknek a letapadasat vizsgaltuk, amelyek
sikeresen transzfektalodtak. A letapadds mértékének szamoldsakor a két parhuzamos
mérésben letapadt sejtekbdl szarmazo értékek atlagat a kiindulési értékhez viszonyitottuk, és

annak %-aban fejeztiik ki.

11



Jelatviteli folyamatok vizsgalata

3.5 Sejtek szétteriilésének vizsgalata

A vizsgalat 20 ug/ml fibronektinnel 2 oOrdn keresztil 37 °C-on kezelt feddlemezek
készitésével kezdddott. Mosas utan a fedélemezek el6készitését 1 éra 37 °C-os 1 mg/ml
zsirsavmentes borjualbumin inkubécioval folytattuk, majd széritottuk. A méréshez 10 cm-es
szovetkultara edényben tartott és transzfektalt COS-7 sejteket hasznaltunk. A transzfekciot
kovetd napon a sejteket 3 perces tripszines emésztéssel felszedtik és az eldkezelt
fed6lemezekre szélesztettiik. Tiz perc elteltével a sejteket 4 % paraformaldehiddel fixaltuk
(10 perc), majd PBS-ben oldott 0,2 % Triton X-100-szal permeabilizaltuk (5 perc). Végiil a
falloidinnal aktinfestést végeztiink, majd a sejteket konfokalis mikroszkoppal vizsgaltuk. A
fuzios fehérjét expresszald sejtek kivalasztasara falloidin kimutatasa mellett a fluoreszcens
fehérje (GFP) jelenlétét is vizsgaltuk, azaz a képeket két csatornan rogzitettik. Harom
csoportot kiilonboztettiink meg: nem szétteriilt (nincsenek nyulvanyok), részlegesen széttertilt
(csak néhany lamellopddium) és szétteriilt. A statisztikdhoz minden csoportbdl 100 sejtet
értékeltiink és a részlegesen szétteriilt sejteket nem szdmoltuk be a szétteriilés mértékét
kifejezd %-os értékbe. A szubjektiv faktor jelentdségének csokkentésére a morfologia
értékelését igyekeztiink vakon végezni, azaz csak a vizsgalat végeztével néztiik meg, hogy az

éppen osztalyozott sejtek milyen fizids fehérjét expresszaltak.

3.6 Foszfolipaz C aktivitas mérése

A foszfoipaz C aktivitdsanak méréséhez protonnal jelzett inozitollal jeloltiik a sejtek inozitol
tartalmi molekulait, agymint a PtdInsP,-t, majd a PLC aktivaldsa utan elvalasztottuk és
mértilk a termelddott InsPs;, illetve bomlastermékének az InsP,-nek a mennyiségét. A
méréshez a sejteket (COS-7) 24-lyuku szovetkultira edénybe tettiik le, és transzfektaltuk a
vizsgalni kivant fehérjéket kodolo DNS-t tartalmazo6 plazmiddal. Annak érdekében, hogy csak
azoknak a sejteknek a valaszat mérjiik, amelyek sikeresen transzfektalodtak, a sejtekben
endogén modon jelen nem 1évo (vagy csak kis mennyiségben megtalalhatd) receptorokat is
tranziensen expresszaltunk (példaul EGF receptort), és a PLC aktivalodast ezen receptorok
ingerlésével valtottuk ki. A transzfekciot kovetden a sejteket protonnal jelzett inozitollal egy
¢jszakan keresztiil inkubaltuk. Az inozitol specifikus aktivitdsdnak novelése érdekében
inozitol mentes sejtkultira médiumot hasznaltunk. Masnap a sejteket az ingerlés eldétt 10 mM
LiCl-dal kezeltik, amivel az ingerlés soran (20-30 perc) keletkezett InsP; és a beldle

szarmaz6 InsP, tovabbi bomlasat megakadalyoztuk. A kisérlet végén a sejteket lizaltuk, a
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keletkezett InsP,-t és InsPs-t szeparaltuk, aktivitasukat megmértiik (Hunyady és mtsai, 1994).

A kisérlet soran harom parhuzamossal dolgoztunk, melyekbdl atlagértéket szamoltunk.

3.7 Fehérje expresszio kinetikajanak mérése

A fluoreszcensen jelzett fehérjék expresszidjat tobb napon keresztiil terveztiik vizsgélni.
Mivel tobb fehérjekonstrukcid péarhuzamos mérésérél volt sz6, a mérést 96-lyuka
szOvettenyésztd edényre allitottuk be. Tekintettel arra, hogy olyan fazids fehérjék
expresszidjanak kovetése volt a feladat, amelyek fluoreszcens fehérjével minden esetben
jelolve voltak, egyszeriien a sejtek fluoreszcenciajat kovettiikk a mérésre alkalmas Ascent FL
(Thermo Labsystems) vagy Mithras LB940 (Berthold) ,plate reader” segitségével. igy a
mérés soran csak azokat a sejteket vizsgaltuk, melyek sikeresen transzfektdlodtak. Mivel a
fenol vords zavarta a fluoreszcencia mérést, a vizsgalat soran a sejteket fenol vorés mentes
sejtkultira médiumban tartottuk. A méréseket 4 parhuzamossal végeztiik, és a mért értékeket
kisérletenként atlagoltuk. A fluoreszcencia értékeket az elsd mért értékre (transzfekcid utan

21 oraval) normalizaltuk.

3.8 Citoplazmatikus [Ca*"] mérése egyedi sejtekben

Az alkalmazott tranziens transzfekcidval a sejtvonalakban mintegy 25-30 %-os transzfekcios
hatasfokot értiink el. Azt, hogy melyik sejt expresszalja a kérdéses fuzios fehérjét, a jelolésre
hasznalt fluoreszcens fehérje kimutatasaval lehetett eldonteni. Ehhez olyan mérdrendszert
kellett kiépiteni, amely alkalmas az egyedi sejtek megkiilonboztetésére, azaz a [Ca’']
méréshez hasznalt fluoreszcens indikdtor kimutatisan tal az adott fluoreszcens fehérje
mérésére is. Ennek az igénynek felel meg az aldbbi digitalis képalkoté rendszer. A
mérésekhez a sejteket 35 mm-es Petri csészébe helyezett, alkohollal tisztitott feddlemezekre
tltettiik le. A DT40-es sejtek esetében ehhez a feddlemezeket Cell-Tak-kel (Collaborative
BioMedical Products) eldkezeltiik. A mérés eldtt a sejteket 1 ml 200 uM szulfin-pirazonnal
kiegészitett méréoldatban oldott 2 pM Fura-2/AM (Invitrogen) Ca”*"-érzékeny fluoreszcens
festékkel toltottik (45 perc szobahdmérséklet). Kozvetleniil a mérés elott a fedélemezeket,
rajtuk a sejtekkel, ovatosan egy AttoFluor (Invitrogen) kamraba helyeztiik, majd egyszeri
mosast kovetéen 800 ul mérdoldatot pipettaztunk a kamrdba. A mérdoldat Gsszetétele a
kovetkezd volt: 120 mM NaCl, 4,7 mM KCl, 0,7 mM MgSOs, 1,2 mM CaCl,, 10 mM gliikéz,
10 mM Na-Hepes, pH 7,4. A digitalis képalkotd rendszer alapjat egy Olympus IX70 tipusu
inverz mikroszkop képezte, amely ORCA-ER (Hamamatsu), késébb a nagyobb latotér
rogzitését lehetdvé tevd MicroMAX:1024BFT (Princeton Instruments) CCD kameraval volt
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felszerelve. A Fura-2 excitacidhoz sziikséges 340/10 és 380/10 nm-es megvilagitast, illetve a
sejtekben expresszalodott fluoreszcens fehérjék ingerléséhez sziikséges fényt (mRFP esetén
ez 470/10 nm volt) Lambda DG-4 (Sutter) fényforras biztositotta, mig az emissziés oldalon a
kibocsatott fény sziirését a megfeleld filter beépitésével értiik el (Fura-2 esetében 525/36 nm,
mRFP esetében 640/50 nm). A méréseket szobahOmérsékleten végeztiik. A folyamatok
iddébeliségének kovetésekor a képeket altalaban 5 masodpercenként vettiik fel. Az alkalmazott
ingerereket 200 ul térfogatban adtuk a kamraban 1évé mérdoldatba. Az adatok rogzitésére és
feldolgozasdra a MetaFluor (Molecular Devices) programcsomagot haszndltuk. A
citoplazmatikus [Ca®'] kovetésére a 340 és 380 nm-es ingerléskor 505 nm-en mérhetd
fényintenzitas hanyadosat szamoltuk. A [Ca®"] szamszertisitéséhez sziikséges kalibraciot nem
végeztliink. Erre a kisérleteinkben nem volt sziikség, hiszen csak a valtozasra voltunk
kivancsiak. A rendszer mérésenként mintegy 10-15 transzfektalodott és adott fehérjét
valamilyen mértékben expresszald, valamint 25-30 nem transzfektalddott, kontroll sejt

egyidejli mérését tette lehetove.

3.9 Mangan quench mérés egyedi sejtekben

A Mn*" quench mérések az egyedi sejtes citoplazmatikus [Ca®"] méréshez hasonlé modon
torténtek a kovetkezd eltérésekkel: 1.) mivel az endoplazmés retikulumon keresztiili Mn*"
aramot kivantuk mérni sziikséges volt az ER Fura-2-vel vald feltdltése. Ezt nagyobb
mennyiségl (5 uM), €s hosszabb idejii (120 perc) Fura-2/AM toltéssel értiik el. 2.) a sejteket
10 perces 15 pg/ml digitonin kezeléssel permeabilizaltuk, és citoplazmatikus mérdoldatot
hasznaltunk (10 mM NaCl, 120 mM KCl, 2,2 mM MgCl,, 1 mM KHPO4, 2 mM ATP, 10 mM
foszfokreatin, 20 egység/ml kreatin foszfokindz, 20 mM K-Hepes, pH 7,2. Az
oldatkészitéshez hasznalt vizet a Ca® -mentesités érdekében Chelex 100 oszlopon (BioRad)
sziirtik. 3.) a Fura-2 excitalasara a [Ca®']-tol fiiggetlen, izobesztikus pontnak megfeleld

360/10 nm-es fényt alkalmaztunk.

3.10 Citoplazmatikus [Ca’"] mérése sejtszuszpenziéban

A szuszpenzios citoplazmatikus [Ca®"] méréseket 37 °C-on, kiivettas fluoriméterben (PTI)
végetiik, amely mind az excitacidos oldalon (PTI DeltaScan), mind az emisszids oldalon
monokromatorral volt ellatva. Mérésenként egymillio sejtet hasznaltunk, melyeket Fura-

2/AM festékkel az egyedi sejtek mérésével egyezd moddon toltottiink (3.8 fejezet). A mérés
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folyaman az adatokat 2 pontpar / masodperc gyakorisaggal gytijtottiik, €s ugyancsak a 340 és

380 nm-es gerjesztés esetén 505 nm-en mérhetd fényintenzitds hanyadosat szdmoltuk.

3.11 Fluoreszcens rezonancia energiatranszfer mérése sejtszuszpenzioban

A szuszpenzids fluoreszcens rezonancia energiatranszfer (FRET) mérésekhez 10 cm-es
Petriben tartott, transzfektalt sejteket hasznaltunk. Kozvetleniil a mérés eldtt a sejteket rovid,
3 perces tripszines emésztéssel felszedtiik, reszuszpendaltuk. A transzfekcid és az expresszio
mértékétdl fliggden egy 10 cm-es Petribdl altalaban 2-3 mérésre elegendd sejtet nyertiink. A
méréseket 37 °C-on, kiivettds fluoriméterben (PTI) végeztiik, amely mind az exciticios
oldalon (PTI DeltaScan), mind az emisszids oldalon 2-2 monokromatorral volt ellatva, igy
alkalmas volt FRET mérésekre. A mérés sordn a sejteket 425/6 nm-es fénnyel vilagitottuk
meg (CFP ingerlése), és mértiik a CFP és YFP altal kibocsatott fényt 475/6 illetve 525/6 nm-
en (2 pontpar / mésodperc). A CFP-vel és YFP-vel jelolt molekuldk kozelségét jellemzd
FRET héanyadost az 525 €s 475 nm-en mért intenzitdsokbol szamoltuk a megfeleld korrekcidok

(autofluoreszcencia, hattér) elvégzése utan.

3.12 Total internal reflection mikroszkopia

A total internal reflection (TIRF) mérésekhez a sejteket 35 mm-es Petri csészébe helyezett,
alkohollal tisztitott fed6lemezekre iiltettiik le. Kozvetleniil a mérés elott a fedolemezeket,
rajtuk a sejtekkel, 6vatosan egy AttoFluor (Invitrogen) kamraba helyeztiik, majd egyszeri
mosast kovetéen 800 ul mérdoldatot pipettaztunk a kamrdba. A mérdoldat Gsszetétele a
kovetkezo volt: 120 mM NaCl, 4,7 mM KCl, 0,7 mM MgSOy, 1,2 mM CaCl,, 10 mM gliikéz,
10 mM Na-Hepes, pH 7,4. A mérésekhez egy kétcsatornas, Olympus TIRF rendszert
hasznaltunk, amely PlanApo 60x/1,45 objektivvel, Hammamatsu EM-CCD kameréval, illetve
kiilon fokuszalhatdo 488 nm-es és 568 nm-es lézerekkel volt felszerelve. A rendszert az
Openlab szoftver iranyitotta (Improvision), azonban a képeket a mérés utdn azonnal TIFF
formatumban exportdltuk, és a tovabbi analizisre a MetaMorph programot (Molecular
Devices) hasznaltuk. A méréseket szobahdmérsékleten végeztik. A  folyamatok
idébeliségének kovetésekor a képeket altalaban 10 maésodpercenként vettik fel. Az
alkalmazott ingereket 200 pl térfogatban adtuk a kamrdban 1évé mérdoldatba. Azokban a
mérésekben, ahol a fluoreszcensen jelzett fehérjék mozgasa mellett azzal parhuzamosan a
sejtek citoplazmatikus [Ca®']-t is kdvetni akartuk, a sejteket a kisérletet megeléz6en, a Fura-2
t5ltés koriilményeivel egyezben (lasd 3.8 fejezet), 3 puM Fluo-4/AM Ca®’-érzékeny

fluoreszcens festékkel toltottik.
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3.13 A transzferrin receptor endocitozisanak mérése aramlasos citometriaval

A méréshez 10 cm-es szovetkultura edényben tartott és transzfektalt COS-7 sejteket
hasznaltunk. A transzfekcidot kovetd napon a sejteket 3 perces tripszines emésztéssel
felszedtiik, és négy egyenld részre osztottuk (kb. 1 millié/ml sejt). Ezutan a sejteket az adott
kisérletnek megfelelon kezeltiik. Az Alexa Fluor 488-cal jelzett transzferrin konjugatumot
(Invitrogen) 5 pg/ml koncentracidban alkalmaztuk. A kisérletet 2 % paraformaldehid addséval
allitottuk le, amivel egyben fixaltuk is a sejteket. A méréseket FACScan (Becton Dickinson)
miiszeren mértilk. Az mRFP-vel jelzett fehérjéket tartalmazod sejteket a piros csatornan (FL2)
mért értek alapjan azonositottuk, €és az ezekben mért zold intenzitdas (FL1) értékébol
kovetkeztettiink a felvett tanszferrin mennyiségére. Tekintettel arra, hogy mindkét csatorna
esetében a megvilagitast ugyanaz a 488 nm-es fény jelentette, a mérés soran kihasznaltuk az
mRFP azon tulajdonsagat, hogy rendelkezik egy kisebb, de mégis jelentds excitacios csuccsal

488 nm kozelében, ami ily modon gerjesztette a fehérjét.

3.14 Rekombinans fehérjék eloallitasa

Szamos konstrukcio esetében sziikséges volt a fuzios fehérjék rekombinans fehérjeként valo
eldallitasa is. Ehhez a fuzids fehérjéket kodol6 DNS-t pET-23b bakteridlis expresszios
vektorba klonoztuk 4t (Novagen), minek soran egyuttal egy C-terminalis hat hisztidinbdl allé
nikkelt kot6 cimkét is kaptak. A plazmidokkal BL-21-es E. Coli baktériumokat
transzformaltunk (Novagen), melyeket aztan 100 ml LB-ben 37 °C-on novesztettiink Agpp=0,6
értekig. Kovetkezd 1épésként a fehérjeexpressziot szobahdmérsékleten 7 oran keresztiil 300
uM izopropil-1-tio--galaktopiranoziddal (IPTG) indukaltuk. A baktériumokat lizis pufferben
(20 mM NaCl, 20 mM Tris pH 8,0) ultrahanggal feltartuk, majd a 10.000 g-s (30 perc 4 °C)
fugalas utan kapott feliiluszét Ni*-NTA-agardz gyongyokkel (Qiagen) inkubaltuk (5 mM
imidazol 1 6ra 4 °C). Mosast kovetden a nikkelhez kotdédott rekombindns fehérjét 1 M-os
imidazollal elualtuk, az imidazolt kihigitottuk, a fehérjét toményitettiikk, végil 5 mM
ditiotreitolt (DTT) tartalmazd standard foszfat puffert tartalmazo séoldatban (PBS) 4 °C-on
taroltuk. A fehérjéket SDS gélben futattuk, Coomassie festéssel lathatova tettiik, illetve

mennyiségiik megallapitasara albumin standardokhoz hasonlitottuk.

3.15 In vitro kotési vizsgalatok
Az InsP; és InsP4 kotés soran hasznalt oldat Osszetétele a kovetkezd volt: 50 mM Na-Hepes,

50 mM KCI, 0,5 mM MgCl,, 10 uM CaCl,, pH 7,4. A kotés mérése 4 °C-on, 50 pl
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térfogatban tortént, amely tartalmazta a tricitummal jelzett InsPs-t (0,74 kBq, ami 0,5 nM-nak
felelt meg) vagy InsP4-t (1,1 nCi, ami 1 nM-nak felelt meg) és a nem jelzett inozitol
szarmazékokat kiillonb6z6é koncentracioban. A kotési reakciot mintegy 200 ng rekombindns
fehérje adasaval inditottuk. 10 perc inkubécid utan a folyamatot 5 pl y-globulin (10 mg/ml) és
50 ul polietilén-glikol 6000 (30 %) adasaval allitottuk le (Fukuda és mtsai, 1996). 5 perc
elteltével a kotott és nem kotott jelzett InsPs-t 10 perces 10.000 g-s centrifugalassal
valasztottuk szét. A csapadék, azaz a kotott mennyiség aktivitasat 100 pl 2 %-os SDS-ben
tortént felvételt kovetden folyadékszcintillacios szamlaldban hataroztuk meg.

A PIP strip membranokra szaritott inozitol lipidek (Echelon) kotésének kimutatasat
(Kavran ¢és mtsai, 1998) 5 ml kotési pufferben végeztiik, melynek Osszetétele a kovetkezo
volt: 150 mM NaCl, 2 mM natrium-pirofoszfat, 0,1 % Tween 20, 3 % lipid mentes borju
szérum albumin, 10 mM Tris, pH 7,5. A membréanokat 90 percig blokkoltuk a kotési pufferrel,
majd ezt kovetden keriilt sor a 100 pmol rekombinans fehérjével valo inkubaciora 4 °C-on egy
¢jszakan keresztiil. Mosast kovetden a lipidekhez kotddott fehérjéket GFP ellenes antitest
felhasznalasaval, Western-blot technikaval tettiik lathatéva (Dowler és mtsai, 2000).

A PtdInsP; kotés kimutatdsdra olyan agar6z gyongyot hasznaltunk, melyeknek
felszinére PtdInsP; molekulakat rogzitettek (Echelon). A kotési vizsgalatokban a gyartd
utasitasat kovettilk. A kotott és nem kotott fehérje frakciokat (forralas nélkiil) SDS-PAGE
alkalmazaséval, és foszforimager-rel tortént leolvaséssal tettiik lathatova, illetve mérhetdve.

Az Arf6 fehérje és GRP1 PH domének kozotti kdlesonhatas vizsgéalatara a tisztitasra is
hasznalt glutation Sepharose 4B-hez kotott (Amersham) Arf6 fehérjét (20 pg) és hasonld
tomegli rekombinans YFP-PH f0zids fehérjét hasznaltunk. A fehérjéket 400 pl 1mM MgCl,-t,
ImM DTT-t, 0,2 % Tritont X-100-at és 0,1 % Tween 20-t tartalmazo standard foszfat
pufferben (pH 7,2) 3 o6ran keresztiil Ins(1,3,4,5)P4 jelenlétében vagy anélkiil 4 °C-on
inkubaltuk. A gyongyodket kétszer mostuk 1-1 ml térfogatban, majd a kotott és nem kotott
frakciokban (forralas nélkiil) SDS-PAGE alkalmazéasat kovetéen a fluoreszcens fehérjék
kimutatasara a gélt foszforimager-rel leolvastuk, mig az Arf6 fehérjéket Coomassie festéssel

tettik lathatova.
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4. Eredmények és Megbeszélés

4.1 A lipidkotés és a plazmamembran lokalizacio osszefiiggésének vizsgalata PtdInsP,-

koto pleksztrin homoldgia domének esetében

Korabbi munkank soran kimutattuk, hogy a PLCS, enzim pleksztrin homologia (PH) doménje
(1-170 aminosavak), amely képes a 4-es és 5-0s pozicioban foszforilalt inozitol gytlirii nagy
affinitast és specifikus kotésére, felhasznalhatdo a plazmamembran PtdInsP, szintjének
kimutatasara. Ehhez a PH domént zo6ld fluoreszcens fehérjével jeloltik, majd az igy
l1étrehozott fuzios fehérjét (PLCOPH-GFP) sejtekben expresszalva, konfokalis mikroszkoppal
vizsgaltuk annak sejten beliili lokalizacidjat (Varnai ¢és Balla, 1998). Eredményeink
megerdsitése céljabol, illetve, hogy az inozitol lipidek kimutatdsara iranyuldé munkat
folytassuk, igyekeztiink mas fehérje doméneket is izolalni, amelyek ugyancsak képesek
PtdIns(4,5)P, kotésére. gy keriilt latoteriinkbe a PLCS; enzimmel nagyfoki homologiat
mutatd, de enzimaktivitdssal nem rendelkezd tgynevezett 130 kDa molekulatomegli fehérje
(p130), amelyrdl ismert volt, hogy rendelkezik egy InsPs-t specifikusan kété PH doménnel
(95-233 aminosavak) (Kanematsu és mtsai, 1992). Kontrollvizsgalatokhoz izoladltam az 1-es
tipust human InsPs; receptor ligandkotésért felelds darabjat (224-605 aminosavak)
(Yoshikawa és mtsai, 1996), amit az N-terminalis végén szintén fluoreszcens fehérjével

jeloltem.

4.1.1 A pl30-as fehérje GFP-vel jelolt PH doménje nem kotodik a plazmamembranhoz

Elkészitve e fehérje domének GFP-vel jelolt verzidjat azt tapasztaltuk, hogy szemben a
PLCOo,;PH-GFP konstrukcioval, amely PtdInsP,-kotésének megfeleléen szépen kirajzolta a
plazmamembrant (5. dbra a panel), sem a p130-as fehérje PH doménje (p130PH-GFP), sem az
InsP; receptor ligand-kotd doménje (GFP-IP;R-LBD) nem mutatott plazmamembran
lokalizaciot, hanem a citoplazmaban helyezkedett el (5. dbra b és c¢ panelek). Mig a GFP-
IP;R-LBD esetében ez nem volt meglepd, a PLCS; PH doménhez nagyon hasonlé p130 PH
domén esetében nem erre az eredményre szamitottunk. A két citoplazmatikus konstrukcid
kiilonbséget mutatott abbdl a szempontbdl, hogy mig a p130PH-GFP hasonléan a GFP-hez
egyértelmiien jelen volt a sejtmagban, a GFP-IP;R-LBD alig volt képes bejutni a sejtmagba.
Az eltérés a fuzios fehérjék méretbeli kiilonbségének tudhato be. Mig a pI30PH-GFP fehérje
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mintegy 40 kDa, a GFP-IP;R-LBD molekulatomege meghaladja a 60 kDa-t (5. dbra d panel).
Megjegyzendd, hogy a fluoreszkald képesség megldrzése érdekében az SDS-PAGE
vizsgélatokhoz a mintdkat nem forraltuk, azaz a fehérjék nem voltak tokéletesen denaturalt
allapotban, aminek kovetkeztében a méretiikre vonatkozoan a gélben vald futasuk alapjan

csak becslést lehet adni.

PLCs1PH p130PH

IP3R(224-605)

5. ABRA InsP; kotésre képes, fluoreszcens fehérjéhez fuzionalt fehérje domének sejten beliili
lokalizacidja (a-c), illetve a fizios fehérjék SDS-PAGE képe (d)

A fehérje doméneket NIH 3T3 sejtekben expresszaltuk, sejten beliili lokalizacidjukat konfokalis mikroszkoppal
vizsgaltuk. Ezt a GFP-vel tortént jelolés tette lehetové, ami a PLCSPH és a pl130PH esetében a fehérjék C-
terminalis végén, mig az InsP; receptor (IPsR) (224-605) esetében annak N-terminalis végén tortént. A fuzids
fehérjéket kodolo DNS-t bakterialis expresszios vektorba klonoztuk at, és C-terminalisan hexahisz cimkével
jeloltik, ami lehet6vé tette az E. Coli-ban szintetizalt rekombinans fehérjék tisztitasat Ni*'-NTA oszlopokon. Az
igy kapott fehérjéket (forralas nélkiil) SDS-PAGE modszerrel szétvalasztottuk, a gélben 1évo fehérjecsikokat a
fluoreszcencia kimutatasara alkalmas foszforimager-rel lathatova tettikk (d). 1: GFP, 2: PLCo,PH-GFP, 3:
p130PH-GFP, 4: GFP-IP;R (224-605). (Varnai és mtsai, 2002 alapjan)

4.1.2 A PLC6;,PH-GFP és a pI30PH-GFP fuzios fehérjék inozitol-foszfat kitésének
osszehasonlitisa

Vizsgalataink idején a PH domének membranlokalizacidjdnak mechanizmusardl elfogadott
volt, hogy azok lényegében a membranban talalhatd foszfoinozitidekhez, pontosabban a
citoplazma felé nézd, kiillonféle mértékben foszforilalt inozitol gytirithéz kotdédnek. Ez az
elképzelés egyrészt a kristalystruktura eredményekb6l, masrészt pedig azokbol a
megfigyelésekbdl adodott, miszerint egy adott foszfoinozitid molekula kotés szempontjabol
helyettesitheté a foszfatcsoportok elhelyezkedésének alapjan neki megfeleld inozitol-fosztat
molekulaval, tehat a PtdIns(4,5)P, Ins(1,4,5)Ps-tal, a PtdIns(3,4,5)P; Ins(1,3,4,5)Ps-tal. E
modell alapjan, amennyiben egy fehérje domén InsP;-kotd képessége nem ér el egy bizonyos

értéket, az magyarazatul szolgalhat a plazmamembran lokalizacié hianyara vonatkozdan. Elso
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1épésként tehat 6sszehasonlitottuk a PLCO; és a p130-as fehérje PH doménjeinek InsP3-koto
képességét. Az InsP3 kotés vizsgalata in vitro kotési mérésekkel tortént triciummal jelzett
InsP; felhasznalasaval. Ehhez a PLCS,PH-GFP és a pl 30PH-GFP fuzids fehérjéket megfeleld
formaban el6 kellett allitani, ami egyrészt a kodold szekvencia bakteridlis expresszios
vektorba torténd atklonozésat, illetve a fehérjék tisztitdsat jelentette. Amint azt a 6. dbra
mutatja, a két fehérje InsP; kotése 1ényegében azonosnak bizonyult. Az 1Csg értékek (atlag +
atlag hibaja): PLC$,PH-GFP 17+0,4 nM n=8, p130PH-GFP 22+8 nM n=9. A GFP-IP;R-LBD
fehérje InsP; kotésének mérésekor az irodalmi adatoknak megfeleléen nagyobb affinitasra
utald értékeket kaptunk: ICso=4+2 nM n=6. Megjegyzendd, hogy a PLCSPH-GFP ¢s a
p130PH-GFP fehérjék esetében nemcsak az InsP3;, hanem az Ins(1,3,4,5)P4 és InsP¢ kotése is
megegyezett (6. abra). Mindezek alapjan megallapithatjuk, hogy a plazmamembran
lokalizaci6 hianya sem a p130PH-GFP, sem a GFP-IP;R-LBD esetében nem magyarazhato a

kisebb affinitast inozitol-foszfat kotéssel.
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6. ABRA A GFP-vel jelolt PH domének és az IP;R-LBD inozitol-foszfat kotésének vizsgalata

Az in vitro kétési vizsgalatokban E. Coli-ban expresszalt és Ni*-NTA oszlopokon tisztitott rekombinans fehérjét
hasznéltunk. Az dbran a fehérjék altal kotott, jelzett InsP; mennyiségét, mint a bound 0 %-at abrazoltuk az
alkalmazott hideg inozitol-foszfatok koncentraciojanak fiiggvényében (kor: Ins(1,4,5)P;, haromszog:
Ins(1,3,4,5)P,, forditott haromszog: InsPg, atlag = S.E.M.). (Varnai és mtsai, 2002 alapjan)
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4.1.3 A PLCO;PH-GFP és a pl30PH-GFP fuzios fehérjék PtdInsP>-koté képességének
osszehasonlitdsa

Miutan a PLCO,PH-GFP ¢és a pl30PH-GFP fuziés fehérjék inozitol-foszfat kotési
karakterisztikdja nem tért el egymastol, kiillondsen érdekessé valt annak vizsgalata, vajon
talalunk-e kiilonbséget PtdInsP, kotésiikben. Lehetséges ugyanis, hogy a zsirsav oldallancok
okozhatnak kiilonbséget a foszforilalt inozitol gytiri kdtésében, ahogy azt az InsP; receptor
ligand koté doménje esetében is feltételezzilk. A PtdIns(4,5)P, kotés vizsgalathoz a
plazmamembréanban taldlhato PtdInsP,-t6] eltérden, a jobb vizoldékonysag biztositasa végett,
rovidebb szénlancot (Cs) tartalmazd PtdInsP, szarmazékot hasznaltuk. Amint az a 7. dbran
lathat6, az ICsp-nek megfeleld leszoritasi értékek a PtdIns(4,5)P, esetében sem kiilonboztek

(atlag + atlag hibaja): PLCS,PH-GFP 91424 nM n=4, p130PH-GFP 9117 nM n=4.
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7. ABRA A PLCS,PH-GFP és a pl130PH-GFP fuziés fehérjék diCg-PtdInsP,-kotéo képességének
osszehasonlitasa

Az in vitro kétési vizsgalatokban E. Coli-ban expresszalt és Ni*-NTA oszlopokon tisztitott rekombinans fehérjét
hasznéltunk. Az abran a fehérjék altal kotott jelzett InsP; mennyiségét, mint a bound 0 %-at abrazoltuk az

s

alapjan)

A PLCo,PH-GFP ¢és a pl30PH-GFP fehérjék inozitol lipid-kotd képességének
Osszehasonlitdsat az Echelon cég 4altal forgalmazott, ugynevezett PIP strip membranok
alkalmazasaval is elvégeztiik. Ennek a moddszernek a lényege, hogy a fehérjék kotddését
vizsgaljuk olyan membranokhoz, amelyekre kiillonb6zo természetes foszfoinozitideket, illetve
azok kiilonb6zé mennyiségét vitték fel cseppek formajdban. A membranokat a rekombinans
fehérjékkel inkubaljuk, majd a membranhoz ko6tddott fehérje molekuldkat GFP ellenes,
poliklonalis antitest alkalmazasaval, Western blot technikaval tessziik lathatova. Ebben az

esetben a foszforimager-rel torténd leolvasas a membran nagy autofluoreszcencidja miatt nem
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kivitelezhet. Jelet azokon a helyeken kapunk, ahol olyan inozitol lipidek talalhatok,
amelyeket a vizsgalt fehérjék képesek kotni. Amint az a 8. dbran lathato, a sejtekben latott, a
PLC%,PH-GFP és a p130PH-GFP eltér6 membranlokalizaciojat magyarazo kiillonbséget ezzel
a modszerrel sem tapasztaltunk. Mindkét fizids fehérje alapvetden a PtdIns(4,5)P,-hoz

kotodott, és a kotés affinitasa is hasonlonak bizonyult.

A PI 00 PC
Pl (animal) 00 Pl(3,4)P2
PI (soy) o0 PI(3,5)P2
PI(3)P SN0 Pl{4,5)P2

Pl{4)P o O | PI4,5)P2 (animal)

PI{(4)P (animal) 00 PI(3.4,5)P3

PI(5)P 00 PA

PE oo PS
® E
0 L

wit R40L

PLCS,PH-GFP  P130PH-GFP

B r-(\g)@f?r'::?é?na;}:? ﬁﬁnﬁ’v{j’?m@m&h&?
PI

PI(3)P

PI(4)P

PI(5)P
PI(4,5)P2 'Y & o9 e .
PI(3,4)P2 ”
PI{3,4,5)P3 ¢

PLCS PH-GFP p130PH-GFP

8. ABRA A PLCS,PH-GFP és a p130PH-PH fuzids fehérjék PIP strip membranokra felvitt inozitol
lipidekhez kotédésének Osszehasonlitasa

Az in vitro kétési vizsgalatokban E. Coli-ban expresszalt és Ni*-NTA oszlopokon tisztitott rekombinans fehérjét
hasznaltunk. A membranokat 100 pmol fehérje jelenlétében 4 °C fokon inkubaltuk egy éjszakan keresztiil, majd
GFP ellenes antitesttel, Western blot technikaval tettiik lathatova a feltiintetett inozitol lipidekhez kot6dott
rekombinans PH doméneket. A nem specifikus kotés kimutatdsdra a PLCS,PH InsP;-t nem ko6td, R40L mutansat
hasznaltuk. Az abra B részén lathatd szamok a membranra felvitt lipidmennyiséget jelzik pmol-ban. Az A
panelen valamennyi lipidfolt 100 pmol inozitol lipidet tartalmazott. (Varnai és mtsai, 2002 alapjan)
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Ahhoz, hogy a valosagos, sejtmembranokban kialakulé 4llapotot még jobban
megkozelitsiik, kollaboracié keretében liposzomaba épitett PtdInsP, alkalmazaséaval is
megismételtiik az 6sszehasonlitd kotési vizsgalatot, de kiilonbség a két PH domén kozott igy
sem volt (Varnai és mtsai, 2002). Ezzel kizartuk azt a lehetdséget is, hogy a p130PH-GFP
fuzidés fehérje olyan térbeli forméval rendelkezik, ami akadilyozza a membranban

elhelyezkedd PtdInsP, molekuldhoz valé hozzaférésben.

Osszefoglalva eddigi eredményeinket elmondhatjuk, hogy rendelkeziink két PH
doménnel, melyek inozitol-foszfat- és foszfoinozitid-kotd képessége tokéletesen egyezik;
ugyanakkor az egyik képes kotdédni a plazmamembranhoz, a masik viszont a plazmamembran
lokalizaci6 legkisebb jelét sem mutatja. Mindez nem magyardzhaté azzal a modellel,
miszerint a PH domének membranlokalizacidja a membranban 1évd lipidekhez valo
kotédésiik kovetkezménye. Magyarazatként a modellt kiegészitettilk azzal a megallapitassal,
hogy bar elfogadjuk, hogy a PH domének esetében az inozitol lipid kotés sziikséges feltétele a
membranlokalizdcidonak, vannak esetek, amikor ez Onmagdban nem elegendd a
lokalizaciohoz. Ezzel tehat azt feltételeztiik, hogy esetiinkben a PLCS;PH molekula és a
plazmamembran kozott mdas tipusi  kolcsonhatds is  kialakul, amely sziikséges a
lokalizaciohoz. A pl30PH esetében a membranlokalizacié hidanyat e kolcsonhatas
elégtelensége okozna. A hipotézis igazolasara olyan szerkezeti vizsgéalatokba kezdtiink,
melyek célja a molekuldk feltételezett, inozitol lipid kotéstdl fiiggetlen kdlcsonhatasért felelds

részének azonositasa volt.

4.1.4 A PLCS;PH C-termindlis részében taldlhato, B5 és [6 redik kozotti szakasz szerepet
jatszik a plazmamembran lokalizdacio kialakulasaban

A szerkezeti vizsgalatok soran, els6 lépésként, a PH domének aminosav sorrendjének
Osszehasonlitdsa alapjan kimérakat készitettiink. Tekintettel arra, hogy a InsP; kotésben
szerepet jatszo aminosavak a PH domének N-terminalis részén talalhatoak (példaul K30, K32,
R40, K57 a PLC,PH esetében (Ferguson ¢és mtsai, 1995)), a PH doméneket kodol6 DNS
kozepére terveztem olyan restrikcidos vagohelyet (EcoR V), amely az aminosav Osszetételt
egyik PH doménben sem befolyasolta, ugyanakkor lehetové tette a B4 és 5 reddk kozott a
fehérjéket kodoldé DNS vagasat, ily mdédon a PLC9;(1-71)-p130(166-233)PH-GFP, illetve a
p130(95-164)-PLC9o;(71-170)PH-GFP kiméradk Iétrehozasat. A B4 és PS5 redok kozotti
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pontban torténd csere a PLCS; PH doménjének kristalystruktaraja alapjan is jo valasztasnak

tlint, mivel ez a pont két viszonylag fiiggetlen részre osztja a domént (9. abra).
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9. ABRA A PLCS,PH kristalyszerkezete a hozza kot6do InsP; molekulaval (A), illetve a PLCJ; és a p130
fehérje PH domének kozotti aminosav homologia (B)

A kristalystruktaraban (1MAI) (Ferguson és mtsai, 1995) kék és zo6ld szinnel jeldltiik a molekula azon részeit,
amelyeket a kimérakban felcseréltem. Piros szinnel jeloltiik azt a fehérjedarabot (B részen a bekeretezett rész),
amely ugyancsak cserére keriilt a két doménben. A homologidban piros és kék betiik jelolik az egymassal
azonos, vagy egymassal helyettesithetd aminosavakat, mig a nyilak a § redoknek felelnek meg. (Varnai és mtsai,
2002 alapjan)

A membranlokalizacié vizsgalatat egyrészt konfokalis mikroszkopidval, masrészt
fluoreszcens rezonancia energia transzfer (FRET) méréssel is ellendriztiik. Ez utdbbi 1ényege,
hogy a vizsgalt fuzios fehérjékben a GFP-t CFP vagy YFP molekuldkra cseréltiik, melyek
kozott megfeleld kozelség ¢és molekulaorientacid esetén energiatranszfer mérhetd.
Amennyiben a CFP-vel és YFP-vel jelzett fehérjék 1:1 aranyu expresszidja elér egy bizonyos
szintet, a plazmamembranhoz ko6tédo fehérjék esetében kialakul az energiatranszferhez
sziikséges molekularis kozelség, mig a plazmamembran lokalizadci®6 megsziinése esetén az

energiatranszfer csokken. Az energiatranszfer mértékére az ugynevezett FRET hanyadosbol
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kovetkeztethetiink. Ez egy olyan szadmszeriisithetd paraméter, aminek csokkenése jelen
koriilmények kozott a domének membranlokalizacidjanak csokkenését jelzi. A PH domének
plazmamembranrol torténd levalasat a PtdIns(4,5)P, szint esését ionomicin adasaval hoztuk
létre. Az ionomicin a citoplazmatikus [Ca®"] emelésével aktivalja a PLC enzimet, aminek
kovetkezménye a plazmamembran PtdInsP, szintjének csokkenése, ¢s a PH domének
membranlokalizacidjanak megszinése. JoOl lathatd ez a PLCS;PH esetében (10. dbra legfelsod
sor, illetve van der Wal és mtsai, 2001). Az ionomicin hatasara bekdvetkez6 FRET hanyados

valtozasbol a nyugalmi plazmamembran lokalizaciora kdvetkeztethetiink.
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10. ABRA A PLCS, és a p130 fehérje PH doménjeib6l készitett kimérik membranlokalizicidjanak
vizsgalata konfokalis mikroszkoppal (képek) és fluoreszcens rezonancia energia transzfer (FRET)
technikaval (gérbék)

A FRET mérésekhez a sejteket az adott PH domének CFP-s és YFP-s verzidjat kodold plazmiddal 1:1 aranyban
transzfektaltuk. A jobb transzfekcids hatasfok miatt a mérésekhez COS-7 sejteket hasznaltunk. 24-36 ora
elteltével a sejteket tripszinnel emésztettiik, reszuszpendaltuk. A méréshez sejtszuszpenziodt hasznaltunk. A
mérés soran a sejteket 425 nm-es fénnyel vilagitottuk meg, és mértiik az emisszidt 475 és és 525 nm-en. A CFP
és YFP kozotti energiatranszfer mértékére az 525/475-6s, igynevezett FRET hanyadosbol kovetkeztettiink. A
PH domének és a plazmamembran kozotti kolesonhatds erdsodése fokozza a FRET hanyados értékét, mig
ellenkezd esetben annak csokkenését tapasztaljuk. A mérés sordn a PtdInsP, teljes lebontdsdhoz sziikséges
magas citoplazmatikus [Ca*"]-t 10 pM ionomicin adasaval, mig a PtdInsP, reszintézist a [Ca*']-t csokkenté 5
mM BAPTA adasaval értiikk el mindkét modszer esetében. A lokalizacid mértékére az ionomicin adésara
bekdvetkezd valtozasbol kovetkeztettiink. (Varnai és mtsai, 2002 alapjan)
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A konfokalis és a FRET adatok egymast erdsitve azt mutattak, hogy a p130PH C-
terminalisa elrontotta a PLCO;PH plazmamembran lokalizaciés képességét (10. abra feliilrdl
harmadik sor), mig a PLCS,PH C-terminalis részével a p130PH szép plazmamembran
lokalizaciot mutatott (10. abra feliilr6l negyedik sor). Mindez azt jelenti, hogy a molekulanak
a C-terminalis fele tartalmaz olyan aminosavakat, amelyek feleldssé tehetdek a PH domének
¢és a plazmamembran kozotti kdlcsonhatas kialakulasdban. A PLCo; és a p130 fehérje PH
domének egymasnak megfeleld darabjainak cserélgetésével végiil sikeriilt egy olyan, a 6 és
B7 reddk kozotti, csupan nyolc aminosavbdl 4ll6 minimalis doménhez eljutnunk, amely
biztositotta a pI 30PH membranhoz val6 kétddését (10. abra legalso sor), tehat szerepet jatszik

a PLC9,PH plazmamembran lokalizacidjanak kialakuldsaban.

415 A PLCé; és a PLCO; PH domének inozitol-foszfat kotésének és membrdan-
lokalizacidjanak dsszehasonlitisa

Mint a PLC enzimek altalaban, a PLCd, is rendelkezik egy PH doménnel (Nagano és mtsai,
1999), amivel kapcsolatban, hasonléan a p130 fehérje PH doménjéhez, ugyancsak felmeriilt,
hogy alkalmas lehet a PtdInsP, kimutatasara. Ahogy azt a PLCS, és a p130 fehérje kapcsan
ismertettem, a PLCJ4 esetében is izolaltam a PH doménjét (ez a homoldgia alapjan az 1-163
aminosavak), C-termindlisan megjeloltem GFP-vel, valamint elkészitettem a rekombinans
fehérje eloallitasahoz szlikséges bakteridlis expresszids plazmidot, illetve magat a
rekombinans fehérjét is (Lee és mtsai, 2004). Az in vitro InsP; kotési vizsgalat alapjan a
PLCd4PH is nagy affinitassal és szelektiven képes kotni az InsPs-t, azonban az affinitas értéke
a PLC3,PH doménre jellemzo értéknél az InsPs és az Ins(1,3,4,5)P4 kotés esetében egyarant
kozel egy nagysagrenddel kisebbnek bizonyult (11. abra).

A kisebb affinitasti InsP; kotésnek megfeleléen a PLCO,PH-GFP emlds sejtekben
expresszalva ugyan a PLCSPH-ndl kisebb mértékben, de egyértelmii plazmamembran
lokalizaciot mutatott (12. dbra A panel). Human AT1 receptort stabilan expresszal6 HEK 293
sejtekben szubmaximélis angiotenzin II, azaz Ca’'-mobilizalo agonista ingerléssel, a PLCJ
enzim aktivalasaval atmeneti PtdIns(4,5)P, szint csokkenést hoztunk Iétre. Elvégezve a
lokalizacid6 mértékébdl adodo kiilonbséget kikiisz6bold normalizalast, a PLCSPH-GFP és a
PLCS4PH-GFP  konstrukciok gyakorlatilag egyforméan alkalmasnak bizonyultak a
plazmamembran PtdInsP; szintjének kovetésére (12. dbra B panel). Megjegyzendd, hogy a

teljes hosszusdgti PLCO4 enzim (szemben a plazmamembranhoz kotédé PLCO;-gyel) a
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sejtekben az ER-ban taldlhatod, azaz lokalizaciojaban a PH doménje nem jatszik szerepet.
Ennek oka talan a PH domén gyenge lipid kotése, de az is lehet, hogy a molekulan beliil a PH

domén egyszeriien rejtett helyzetben van (Lee és mtsai, 2004).
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11. ABRA A PLCS, és a PLCS4 PH domének inozitol-foszfat kotésének osszehasonlitasa
Az in vitro kétési vizsgalatokban E. Coli-ban expresszalt és Ni*-NTA oszlopokon tisztitott rekombinans fehérjét
hasznaltunk. Az abran a fehérjék altal kotott jelzett InsP; mennyiségét, mint a bound 0 %-at abrazoltuk az

crer

iires szimbolum: PLC3,PH-GFP, atlag + S.E.M, n=3 az InsP;, és n=4 az InsP, esetében). (Lee ¢s mtsai, 2004
alapjan)

A plazmamembran PtdIns(4,5)P; szintjének csokkentése, illetve a lipidkotés elrontasa
(példaul PLCS; R40L mutacio) a PLCS; enzim PH domén membranlokalizacidjanak azonnali
megsziinésé¢hez vezet, kovetkezésképpen a PH domén lokalizicigjdban a PtdIns(4,5)P,
molekuldk és a PH domén kozotti kdlcsonhatdsanak meghatarozoé szerepe van. Ez dertilt ki a
PLCd4 PH domén plazmamembran lokalizacidjanak vizsgalata sordn is, amennyiben a kisebb
affinitast InsP;-kotd képesség gyengébb lokalizaciot eredményezett, mikdzben a PH domén
funkcionalisan nem mutatott kiilonbséget. A PLCS; és a pl130 fehérje PH doménjeinek
Osszehasonlitasaval ugyanakkor sikeriilt egy olyan, nyolc aminosavbdl all6 szakaszt
azonositanunk, amely az adatok alapjan fontos szerepet jatszik a membranlokalizacio
kialakulasdban. Tekintettel arra, hogy nincsen olyan adat, ami arra utalna, hogy ezek az
aminosavak szerepet jatszanak az inozitol lipidek kotésében, joggal feltételezhetiink egy
lipidkotéstdl fiiggetlen PH domén és plazmamembran kolcsonhatast. Az aminosavak
(VFKDQRNT) vizsgalata dnmagéban nem arul el sokat arra vonatkozoan, milyen tipusu
interakcid jon 1étre. A peptidszakasz méretét tekintve nagyon valoszinli, hogy specifikus
fehérje-fehérje kolcsonhatas alakul ki, illetve erre utalnak azok a kutatasok is, amelyek soran

mas PH domének esetében fehérjékkel vald interakciot mutattak ki (Barr €s mtsai, 2000;
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Tsukada és mtsai, 1994). A fehérje partner kimutatasa €s azonositdsa természetesen tovabbi

vizsgalatokat igényel.
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12. ABRA A PLCS, és a PLC3; PH domének membranlokalizicidjanak (A), illetve a plazmamembrin
PtdIns(4,5)P, szintjének kovetésére valo alkalmazhatésaguknak (B) dsszehasonlitiasa

A fluoreszcens fehérjével lathatova tett doméneket ATI receptort stabilan expresszalo HEK 293 sejtekben
fejeztiik ki, sejten beliili elhelyezkedésiiket konfokalis mikroszkoppal vizsgaltuk. Osszehasonlitva a PLCS; PH
domén nyugalmi lokalizaciojaval, szembetiing a PLCS,PH-GFP igen gyenge plazmamembran lokalizacioja. A
masik kiilonbség, hogy a PLCS4PH-GFP konstrukcio6 a sejtmagon beliil is megjeldlt bizonyos struktirakat, ami a
PLCS,PH-GFP esetén még akkor sem volt lathatd, amikor az levalt a plazmamembranrdl. A plazmamembran
PtdInsP, szintjének valtoztatasara a sejteket 0 id6pontnal 1 uM angiotenzin Il-vel ingereltiik, amely az AT1
receptoron keresztiil a PLCJ aktivalasaval a PtdInsP, szint atmenti csokkenését hozta 1étre, amit a PH domének
masodpercenként készitettilk. Az A panel ezek koziil az ingerlést kovetd 90. és 180. masodpercnél rogzitett
felvételeket mutatja, mig a B panelen a plazmamembran lokalizacié szamszerlsitett és statisztikailag
feldolgozott értékei lathatok. Ehhez a vizsgalt sejtek esetében a kivalasztott iddpontoknal a konfokalis képeken
lemértiik a plazmamembranban (pm) és a citoplazméaban (cit) a fluoreszcencia intenzitdst, majd ebbdl I/l
hanyadost szamoltunk. Ennek valtozasa a plazmamembran lokalizacié mértékére utal (Varnai és Balla, 2008).
Az eltéré nyugalmi lokalizacid korrigalasara az aranyokat a kiindulasi értékre normalizaltuk, majd abrazoltuk
(atlag + S.E.M, n=11). (Lee és mtsai, 2004 alapjan)
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4.2 PtdInsP;-koto PH domének 6sszehasonlité funkcionalis vizsgalata

Hasonloan az el6zd fejezetben mar emlitett, a sejtekben taldlhatdé membranok PtdInsP,
tartalmanak kimutatasara iranyul6 vizsgalatokhoz, a membranokban 1évo PtdInsP; kovetésére
is 1étrehoztunk egy olyan készletet, amely fluoreszcensen jelzett, PtdIns(3,4,5)Ps-t szelektiven
¢s nagy affinitdssal kotd6 PH doméneket tartalmaz (Varnai és mtsai, 1999). A PtdInsP;
kimutatdsara iranyuld, foként morfologiai (konfokalis) megkdzelités mellett, ezeket a fizids
fehérjéket olyan jelpalyak vizsgalatdra is fel kivantuk hasznalni, amelyekben a PtdInsP;
hirvivé molekulaként miikodik. A PtdInsPs;-hoz valé kotédés kovetkezményeként e PH
doménektdl azt vartuk, hogy felfiiggesztik az adott jelpalya miikodését, azaz dominans
negativ hatdst valtanak ki. Ez az egységes gatld hatds azonban mar a legelsé funkcionalis
mérésnél elmaradt, ezért egy atfogod vizsgalatba kezdtiink, melyben kiilonbozd sejtfunkcidkat
vizsgaltunk. A sejtfunkciok kivalasztasakor egyetlen szempontunk volt, hogy a jelpalya
részeként aktivalodjon a foszfatidilinozitol 3-kinaz (PI 3-kindz) enzim, aminek kdvetkeztében

szamolhattunk a PtdInsP; molekula megjelenésével.

4.2.1 A PtdInsP; kotésre képes, fluoreszcens fehérjéhez fuzionalt PH domének elkészitése,
sejten beliili lokalizdaciojuk vizsgadlata

A vizsgalathoz olyan GFP-vel jelzett PH doméneket valasztottunk, melyek PtdInsPs, illetve
ennek megfeleléen Ins(1,3,4,5)P4 kotési képessége az irodalombol ismert volt, illetve
korabban magunk is vizsgaltuk (Balla és mtsai, 2000). Ilyen a Bruton-féle tirozin kinaz (Btk)
PH doménje (1-177 aminosavak), az Akt fehérje (mas néven protein kinaz B) PH doménje (1-
167 aminosavak), a GRP1 PH doménje (267-399 aminosavak), illetve az ARNO protein PH
doménje (239-399 aminosavak). Ez utobbi fehérje a sejtekben két forméaban is megtalalhato
(Ogasawara és mtsai, 2000), érdekes modon a kiilonbség a PH doménben van (egy glicin
tobblet a Bl és P2 redok kozott — 3G), ezért az ARNO esetében mindkét PH domént
elkészitettiik. A PtdInsP;-kotd képesség ellendrzésére a fluoreszcens fehérjéhez fuzionalt PH
doméneket emlds sejtben expresszaltuk, ¢és sejten beliili lokalizacidjukat konfokélis
mikroszkoppal vizsgaltuk. Ismert, hogy NIH 3T3 sejtben PDGF hatasara aktivalodik a PI 3-
kindz enzim, ami a sejtmembranban fokozza a PtdInsP; szintézisét. PtdInsP;-kotd
képességiiknek megfeleléen, a szérum mentes médiumban tartott sejtekben kezdetben
citoplazmatikus elhelyezkedést mutaté fazids fehérjék az inger hatasara kotodtek a
plazmamembranhoz (13. abra). Kivételt jelentett az ARNO-PH domén imént emlitett 3G

mutdnsa, amely esetében nem tapasztaltunk lathatd valtozast. Annak megerdsitésére, hogy a
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PH domének membranlokalizicidja valoban a keletkezé PtdInsP; hatisara alakult ki, a
sejteket wortmannin-nal kezeltiik, ami az alkalmazott alacsony, 300 nM-o0s koncentracidban a
PI 3-kinazok szelektiv gatloszere. A varakozasnak megfelelden ez a beavatkozas valoban

megsziintette a plazmamembran lokalizaciot (13. abra).

Akt-PH GRP1-PH ARNO-PH  ARNO-PH (3G)

control

PDGF 5 min
50 ng/ml

wm 10 min
300 nM

13. ABRA PtdInsP; kotésre képes, fluoreszcens fehérjéhez fuzionilt PH domének sejten beliili,
wortmannin-fiiggé lokalizacioja

A fehérje doméneket NIH 3T3 sejtekben tranziensen expresszaltuk, sejten beliili lokalizacidjukat konfokalis
mikroszkoppal vizsgaltuk. Ezt a GFP-vel tortént jelolés tette lehetové, ami a Btk-PH és az Akt-PH esetében a
fehérjék C-terminalis végén, mig a GRP1-PH és az ARNO-PH-k esetében azok N-terminalis végén tortént. A
sejteket a mérés elbtt 3 oran keresztiil szérum mentes médiumban tartottuk (control). PDGF kezelés hatasara az
ARNO (3G) kivételével egyértelmii plazmamembran lokalizaciot tapasztaltunk, ami az alkalmazott 300-nM-os
koncentracioban PI 3-kinaz gatlast eredményezd wortmannin kezeléssel gatolhatd volt (wm). (Varnai és mtsai,
2005b alapjan)

Kontroll vizsgalatok céljara valamennyi PH domén parjaként elkészitettem az inoztil
lipid kotésre képtelen mutanst is. Ez a Btk-PH esetében az R28C, az Akt-PH esetében az
R25C, a GRPI1-PH esetében az R284C. Az ARNO-PH esetében a 3G varianst tekintettiik

lipidk&tésre alkalmatlan mutansnak.

4.2.2 A PtdInsPs;-koto PH domének hatdsa a sejtek letapaddsdra

A fibroblaszt eredetli sejtvonalak ko6zds jellemzdje, hogy sejtkultira edénybe szélesztve
gyorsan letapadnak. A letapadas folyamatanak vizsgalatara beallitottunk egy olyan modszert,
amely lehetdvé teszi, hogy csak azokat a sejteket vegyiik figyelembe, amelyek a GFP-vel
jelolt PH doméneket expresszaljak. A modszer 1ényege, hogy az adott id6 alatt letapadt sejtek
mennyiségének megallapitasara a sejteket lizaltuk, forralas nélkiil SDS-gélben megfuttattuk,
majd foszforimager-rel lathatova tettiik a sejtek altal expresszalt fuzids fehérjéket, amibdl a

letapadt sejtmennyiségre kovetkeztettiink. A folyamat PI 3-kindz-fiiggd voltdt wortmannin
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adasaval ellendriztiik. Kontrollként GFP-t 6nmagaban expresszald sejteket alkalmaztunk.
Mint azt a 14. dbra mutatja, a COS-7 sejtek 30 perc alatt torténd letapadasat 300 nM
wortmannin szépen gatolta. A varakozasnak megfeleléen a GFP-s kontrollhoz viszonyitva a
GRP1 ¢és az ARNO PH doméneket expresszald sejteknél egyértelmi gatlast tapasztaltunk,
még az ARNO 3G esetében is. Ugyanakkor a Btk és az Akt PH domének vizsgalatakor,
PtdInsP; kotésiik ellenére nemhogy gatlast nem lattunk, a sejtek letapadoképessége inkdbb
erdsebbnek tlint. Ez azonban valoszinlileg nem valodi hatds, sokkal inkabb a GFP-s
kontrollbol adodott, amennyiben az igen erés GFP expresszid toxikus hatdst gyakorolt a

sejtekre.
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14. ABRA A PtdInsPs-koté PH domének hatasa a sejtek letapadasara

A letapadas mértékének mérésére az adott, GFP-vel jelzett PH doméneket tranziensen expresszalo COS-7
sejteket hasznaltunk. A mérésbe bevitt dsszes sejt (c), illetve a 30 perc alatt letapadt sejtek (a) mennyiségét a
benniik expresszalodott fuzios fehérjék kimutatasaval (sejtek lizalasa, SDS-PAGE, leolvasas foszforimager-ben)
végeztiik (A), ami ily modon pontos kvantitativ értéket eredményezett (B). Kontrollként csak GFP-t expresszalo
sejteket alkalmaztuk, az adatokat ennek %-aban fejeztiik ki (atlag = S.E.M., n=5). Az R28C mutécié a Btk-PH
inozitol lipid-kotd képességének megsziinését eredményezte. A folyamat PI 3-kindz fiigg6ségét a wortmannin
(wm) gatlo hatasanak kimutatasaval ellendriztik. A mérések duplikatumban késziiltek. (Varnai és mtsai, 2005b
alapjan)
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4.2.3 A PtdInsPs-koto PH domének hatdsa a sejtek szétteriilésére

A sejtek letapadésa igen Osszetett folyamat, melynek egyik fontos 1épése a sejtek tgynevezett
szétteriilése (spreading). A jelenség jol vizsgalhatd konfokalis mikroszkoppal, melynek
tovabbi eldnye, hogy az adott PH domént expresszalo sejtek konnyen azonosithatok. Ebben az
esetben a folyamat PtdInsP; fliggését nem wortmannin-nal, hanem egy ugyancsak szelektiv PI
3-kindz gatloszerrel, az LY424002-vel ellendriztiik, ugyanis a wortmannin igen fényérzékeny,
ezért olyan mérésekben, ahol nagy intenzitdsi megvilagitds torténik (ilyen példaul a
konfokalis technika), keriiltik a hasznalatat. A vizsgalat a letapadéasi mérésekhez nagyon
hasonlé adatokat eredményezett: a GRP1 és ARNO PH domén esetében gyakorlatilag a PI 3-
kinaz gatlasaval egyez0 mértékii gatldo hatast lattunk, mig a Btk és Akt PH domének jelenléte
a sejtekben hatastalannak bizonyult (15. dbra). Az, hogy a gatld hatés feltétele a PH domén-
inozitol lipid kolcsonhatds, a GRP1-PH lipid kotésre képtelen R284C mutdnsanak
hatastalansagabol, illetve az ARNO 3G esetében kimutathato joval kisebb mértékii gatlasbol
kovetkezik (15. abra).

4.2.4 A PtdInsP;-koto PH domének hatdsa a sejtekben EGF ingerlés sordan bekovetkezo
PLCy aktivalédasra

Az EGF receptor ingerlését koveté jelpalyak egyike a citoplazmatikus [Ca®'] emelkedés, amit
a PLCy aktivalodas kovetkeztében keletkezd InsPs; hoz 1étre. Az InsPs, illetve metabolikus
terméke, az InsP, mennyiségének mérésébol tehat kovetkeztetni lehet a PLC aktivitas
valtozasara. Triciummal jelzett inozitollal toltétt COS-7 sejtekben 30 perces, 100 ng/ml-es
EGF ingerlés soran a kumulativ InsP; és InsP, mennyiség a nyugalmi érték mintegy
kétszeresére emelkedett (16. abra, GFP-s kontroll). A PI 3-kindz részvételét a jelpalyaban itt
is a wortmannin gatlas kimutatasaval ellendriztiik. A PH domének egy része (GRP1, ARNO
¢s Akt PH domén) a vizsgalatban gétld hatasunak bizonyult, ugyanakkor a Btk-PH domén a
GFP-s kontrollhoz viszonyitva jelentds, mintegy masfélszeres PLC aktivitds novekedést
okozott (16. abra). Ez a serkentd hatas kivédheté volt 300 nM wortmannin elékezeléssel,
illetve a lipidkotésre képtelen kontrollban (Btk-PH R28C mutans) is elmaradt, azaz
kialakulasanak feltétele a Btk-PH domén és PtdInsP; kozotti kolcsonhatas 1étrejotte (16.

abra).

4.2.5 A PtdInsPs-koto PH domének hatdsa a sejtek fehérje expresszalo képességére
A tranziens transzfekciot kovetden, a sejtbe juttatott plazmidban kodolt fehérje

expressziojanak szintén igen Osszetett folyamat, amely szdmos 1épésbdl, Ugymint
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transzkripcid és transzlacio mértéke, sejtndvekedés és sejtosztodas szabalyozésa, tevodik
Ossze. A mérés soran a PH domének expresszidjat a PH doménekhez fuzionalt fluoreszcens
fehérje fluoreszcencidjanak mérésével kovettiik harom napon at. Mivel a fuzids fehérjék
expresszidjanak mértéke magabol a fehérjébdl adoddan kiilonbozhet, az eredeti PH
doméneket és a PtdInsPs;-t nem koté mutansokat parhuzamosan vizsgaltuk, és az adatokat
minden esetben a mutansra normalizaltuk. Feltételeztiik, hogy az egyetlen aminosav
kiilonbség az expresszids sajatossagokat nem befolyasolja. A mérés soran gatlo hatast

kizarolag az Akt PH domént expresszald sejtekben tapasztaltunk (17. abra).
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15. ABRA A PtdInsPs-koté PH domének hatisa a sejtek szétteriilésére

A szétteriilés mértékének mérésére az adott, GFP-vel jelzett PH doméneket tranziensen expresszaldo COS-7
sejteket hasznaltunk. A sejteket a szélesztés utan 10 perccel fixaltuk, majd a falloidinnel tortént aktinfestés utan
konfokalis mikroszkopban vizsgaltuk (A). A PH domén expresszid mértékének megitélésére a falloidin
kimutatasa mellett a GFP jelenlétét is vizsgaltuk, azaz a képeket két csatornan rogzitettilk. Kontrollként csak
GFP-t expresszalo sejteket alkalmaztuk. Az R25C az Akt-PH, az R284C mutacio a GRP1-PH, az R28C mutacio
pedig a Btk-PH inozitol lipid-ko6to képességének megsziinését eredményezi. A folyamat PI 3-kinaz fligg6ségét
az 1Y424002 (Ly) gatlo hatdsanak kimutatasaval ellendriztilk. Harom csoportot kiilonboztettiink meg: nem
szétteriilt (nincsenek nyulvanyok), részlegesen szétteriilt (csak néhany lamellopddium) és szétteriilt. A
statisztikdhoz minden csoportbdl 100 sejtet értékeltliink €s a részlegesen szétteriilt sejteket nem szamoltuk be a
szétteriilés mértékét kifejezd %-os értékbe (atlag = S.E.M., n=3-6) (B). (Varnai és mtsai, 2005b alapjan)
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16. ABRA A PtdInsP;-koté PH domének hatasa a sejtekben EGF ingerlés soran bekovetkezé PLCy
aktivalodasra

A PLCy aktivitas mértékére a sejtek inozitol-foszfat tartalmanak (InsP, és InsP;) ndvekedésébdl kovetkeztettiink.
Az inozitol-foszfatok kimutatasanak érdekében a sejtek inozitol raktarait triciummal jelzett inozitollal jeloltik. A
keletkez6 InsP; és InsP, metabolizmusanak gatlasat, az EGF ingerlés el6tti 30 perces 10 mM LiCl el6kezeléssel
értiik el. Az inozitol-foszfatokat Dowex oszlopokon valasztottuk szét. A mérésekhez az adott, GFP-vel jelzett PH
doméneket tranziensen expresszaldo COS-7 sejteket hasznaltunk. Kontrollként csak GFP-t expresszalo sejteket
alkalmaztuk, az adatokat ennek %-aban fejeztiik ki (B). Az R28C mutaci6 a Btk-PH inozitol lipid-koto
képességének megsziinését eredményezi. A hatasok PI 3-kinaz fliggdségét a wortmannin (wm) gatld hatasanak
kimutatasaval végeztiik. A mérések duplikatumban késziiltek, az adatokat atlag = S.E.M. formdban abrazoltuk
(n=3-6, kivéve Akt-PH, amely n=2) (Varnai és mtsai, 2005b alapjan)

Osszefoglalva a funkcionalis vizsgalatokat megallapithatjuk, hogy a vizsgilt PH
domének a kiilonb6z6 funkcidkat eltéré mintdzatban befolyasoltdk. Az egymassal nagyfoku
hasonlosdgot mutatd6 GRP1- és ARNO-PH leginkdbb a sejtek szétteriilését és letapadasat
gatolta, kismértékben hatott a PLCy aktivitasra, mig teljesen hatastalan volt az expresszios
vizsgalatban. A Btk-PH domén nem befolyasolta a letapadast és a fehérje expressziot,
ugyanakkor jelentésen fokozta a sejtekben PLCy aktivitast. Végezetil az Akt-PH
gyakorlatilag minden esetben hatastalan volt, kivéve a fehérje expressziot, amit egyediili PH
doménként egyértelmiien gatolt. A sor kiegészithetd a kollaboracioban végzett Akt aktivitas
méréssel, amit az Akt-PH a véarakozasoknak megfeleléen gatolt, a Btk-PH ugyancsak gatolt,
mig a GRP1 és ARNO PH nem befolyasolt (Varnai ¢s mtsai, 2005b).

Hogyan lehetséges, hogy a PH domének ilyen eltéréen befolyasoljak ezeket a
PtdInsP;-fiiggd folyamatokat, amikor valamennyi szelektiv PtdInsP;-koté képességgel

rendelkezik? A valaszra a mar el6z6 fejezetben leirt hipotézishez fordultunk. Feltételeztiik,
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hogy a PH domének ¢s a PtdInsP; kozotti interakcio csupan része annak a kdlcsonhatasnak,
amely ahhoz sziikséges, hogy egy adott PH domén beépiiljon abba a feltehetéen tobb
molekulabol 4ll6 komplexbe, ahol hatasat ki tudja fejteni.
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17. ABRA A PtdInsP;-koté PH domének hatisa a sejtek fehérje expresszalé képességére

A fehérje expresszid mértékére az adott, GFP-vel jelzett PH doméneket tranziensen expresszalé COS-7 sejtek
GFP fluoreszcencidjanak mérésébdl kovetkeztettiink. Mivel az egyes konstrukciok expresszidjanak mértéke
jelentés eltérést mutatott (A), az adott konstrukcid hatasara bekovetkezd sejtndvekedés megitélésére a
fluoreszcencia értékeket az adott konstrukcid lipid kotésre nem képes mutansanak esetében mért fluoreszcencia
értékekhez viszonyitottuk. Ezek a mutansok a Btk-, Akt-, GRP1- és ARNO-PH domének esetében megfeleld
sorrendben az R28C, az R25C, az R284C és az ARNO-PH 3G konstrukciok voltak. Az igy kapott hanyados ily
modon mar valoban csak a sejtek novekedésének mértékére utalt, amit 3 napon keresztiil kovettiink (B). Atlag +
S.E.M., n=3. (Varnai és mtsai, 2005b alapjan)

A hipotézis bizonyitasara most is arra volt sziikség, hogy olyan PH domént hozzunk
1étre, amely a vad tipussal megegyez6 inozitol lipid-kotd képeséggel rendelkezik, ugyanakkor
nem képes a vad tipusra jellemz6 hatast kifejteni. A PtdInsP,-k6té PLCS,PH esetében kapott
eredmények nagy segitséget jelentettek abbdl a szempontbol, hogy a PH domén melyik
részével érdemes foglalkozni. A vizsgéalatok sordn a funciondlis szempontbdl jelentds

kiilonbséget mutatdo Akt és GRP1 PH doménekre koncentraltunk.
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4.2.6 Az inozitol lipid kotést nem befolydsolod, ugyanakkor funkciondlisan nem miikodo Akt
és GRP1 PH domén mutdansok vizsgdlata

A PH domének szerkezetében olyan aminosavakat kerestiink, amelyek az inozitol lipidek
kotését feltételezhetéen nem befolyasoljak, nem konzervaltak, tehdt nem a szerkezetet
stabilizal6 aminosavak, ugyanakkor a membran felé mutato, lehetdleg toltéssel bird
oldallanccal rendelkeznek, esetleg foszforilalhatok. E megfontolasok alapjan valasztottuk ki
az Akt PH doménben a 34-es treonint, illetve a GRP1 PH doménben a 307-es izoleucint és a
340-es lizint.

Az Akt-PH vizsgalatakor a T34 aminosavat véletlen mutagenezissel mutaltuk, és a
mutansokat konfokalis mikroszkopban vakon teszteltiik. Olyan mutaciot kerestiink, amelyben
a PH domén PtdInsP;-kotd képessége megmaradt. Ez alapjan a T34D, T34F és T34L
mutdnsokat valasztottuk ki, melyek a PI 3-kindz enzim aktivalasakor szép plazmamembran
lokalizaciot mutattak COS-7 és HEK 293 sejtekben egyarant (18. abra A panel). A
tovabbiakban ellendriztiik egyrészt a mutansok PtdInsPs kotését (18. abra B panel), majd sor
keriilt a funkcionalis vizsgélatra, azaz a fehérje expresszio kinetikajanak mérésére. Amint az a
18. abra B és D paneleken lathatd, a megtartott inozitol lipid kotés ellenére valamennyi
mutans egyértelmiien elvesztette a vad tipusra jellemz6 gatlo hatasat, sét a T34F mutansnal az
expresszios képesség emelkedésérdl beszélhetiink.

A GRP1-PH vizsgalata soran két mutanst, az I304E ¢és K340L mutaciokat készitettiik
el. A mérések az Akt-PH domén mutansok tesztelése soran latottakkal gyakorlatilag egyezd
eredménnyel zarultak (19. abra). A kiilonbség csak annyi volt, hogy GRP1 mutansok
plazmamembran lokalizacios képességét HEK sejtekben nézve csdkkentnek talaltuk (akéarcsak
a pl30PH esetében, lasd 4.1 fejezet), ezért részletesebben foglalkoztunk a mutdnsok
foszfoinozitol- és inozitol-foszfat-kotd képességének meghatarozasaval. A kotés affinitasanak
pontosabb megitélésére a PtdInsP; kotés kimutatasa mellett in vitro InsP4 kotési vizsgalatokat
i1s végeztiink (19. abra B és C panelek). Végsd soron megallapitottuk, hogy a megtartott
lipidkotd képességiik ellenére az 1304E és a K340L mutansok elvesztették a funkcionalis,
jelen esetben a GRP1-PH doménre jellemzd, a sejtek szétteriilésére kifejtett gatlé hatasukat
(19. abra D panel). Ismételten megjegyzendd, hogy az emlitett mutaciok a PH domének
(figyelembe véve a PtdInsP,-re specifikus PLCO; enzim PH doménjét is) azonos felszinén
helyezkednek el (9. abra A panel, 18. dbra D panel, és 19. dbra D panel), ami meger0sitette
elképzelésiinket, miszerint a feltételezett kolcsonhatasban a membrannal érintkezé rész lehet

érintett.
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18. ABRA Az Akt PH doménjében talalhaté T34 aminosav vizsgalata

A T34-es aminosav mutacidit véletlen mutagenezissel hoztuk létre. A kapott mutansok koziil a funkcionalis
vizsgalatok elvégzése elbtt elsd 1épésben kivalasztottuk azokat, amelyeknél a PH domén inozitol lipid-kotd
képessége nem karosodott. Az inozitol lipid-kotd képességre egyrészt a PH domén membranlokalizacidjabol
(A), masrészt in vitro PtdInsP;-koté képességébdl kovetkeztettiink (B). A: A vad tipust, illetve a T34D, F vagy
L mutansokat COS-7 és HEK293 sejtekben tranziensen expresszaltuk. A PI 3-kinaz aktivitasanak fokozasat,
illetve a sejtmembran PtdInsP; szintjének tartds emelését pervanadat adasaval hoztuk 1étre. A sejteket konfokalis
mikroszkoppal vizsgaltuk. Kontrollként a lipidkdtésre képtelen, R25C mutanst hasznaltuk. B: A fuzios fehérjéket
koédoldo DNS-t bakterialis expresszids vektorba klonoztuk at, és C-terminalisan hexahisz cimkével jeldltiik, ami
lehet6vé tette az E. Coli-ban szintetizalt rekombinans fehérjék tisztitisat Ni*'-NTA oszlopokon. Az igy kapott
fehérjék PtdInsP;-kotd képességét olyan agardz gyongyok kotésével teszteltiik, melyekhez PtdInsPs-t
konjugaltak, és amelyek centrifugélassal elvalaszthatok. A kotés mértékét a felilliszoban maradt fuzids fehérjék
(sn) és a gyongyhoz kotédott, azaz a centrifugalas utan pelletbe keriilé fehérjék mérésével hataroztuk meg
(futtatds SDS-gélben, majd leolvasas foszforimager-rel). A kotott mennyiséget a teljes mennyiség %-aban
abrazoltuk (atlag + S.E.M., n=3). C: ez a panel nem képezi részét az értekezésnek. D: A vad tipusu és a mutans
PH domének hatésa a sejtek novekedésére az id6 fliggvényében. Részletekért lasd a 16. abrat. E: Az InsP4-t kot
Akt-PH domén kristalystruktaraja (1H10) (Thomas és mtsai, 2002). A nyil a T34 aminosavat jeloli. (Varnai és
mtsai, 2005b alapjan)
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19. ABRA A GRP1 PH doménjében talalhaté 1307 és K340 aminosavak vizsgilata

A: A vad tipusu GRP1-PH-t, illetve az I307E ¢s a K340L mutansokat COS-7 és HEK293 sejtekben tranziensen
expresszaltuk. A PI 3-kindz aktivitasanak fokozasat, illetve a sejtmembran PtdInsP; szintjének tartdés emelését
pervanadat adasaval hoztuk létre. A sejteket konfokalis mikroszkoppal vizsgaltuk. Kontrollként a ligandkdtésre
képtelen, R284C muténst hasznaltuk. B: A fehérjék PtdInsP; kotése. Részletekért lasd a 17. abrat. Atlag +
S.E.M., n=2. C: A fehérjék InsP, affinitasanak vizsgalata. Az in vitro inozitol-foszfat kotési vizsgalat részleteiért
lasd a 6. abrat. Atlag = S.E.M., n=3. D: A vad tipusu és mutans PH domének hatésa a sejtek szétteriilésére.
Részletekért lasd a 14. abrat. E: Az InsP4-t kotdé GRP1-PH domén kristalystruktiraja (1IFHX) (Ferguson és
mtsai, 2000). A nyil az 1304 és a K 340 aminosavakat jeloli. (Varnai és mtsai, 2005b alapjan)
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A valtozatlan PtdInsP;-koto tulajdonsagokkal rendelkezd, de a vad tipusra jellemzd
dominéns negativ hatdst nem mutaté mutansok megfeleltek annak a feltételnek, ami a modell
bizonyitasahoz kellett. Ez alapjan tehat kimondhatjuk, hogy a molekularis komplex
1étrejottének a lipkotés sziikséges (a lipidkotésre képtelen mutansok funkcionalisan is rosszak
voltak), ugyanakkor nem elégséges feltétele, azaz a molekuldk megfelelé miikkodéséhez

egy¢éb, feltehetden fehérje-fehérje kolesonhatasokat is feltételezniink kell (20. ébra).

plazmamembran

HATAS

20. ABRA A PH domének membranhoz val6 kotédésének és miikodésének modellje

Az ébra jobb oldalan egy olyan fehérje lathat6d, amely a membranhoz valé kotodést kdvetden képes kifejteni
hatasat. Ez a hatas gatolhat6 egy izolalt PH doménnel, amennyiben az képes beilleszkedni az adott molekularis
komplexbe (abra bal oldala). Ennek alapvetd feltétele a membranban talalhato megfeleld foszforilaltsagu inozitol
lipidhez valé kotédés, azonban ezen tulmenden, mas tipust, példaul fehérje-fehérje kolcsonhatasok is
sziikségesek lehetnek. (Varnai és Balla, 2006 alapjan)

4.2.7 A GRPI1 PH doménje és az Arf6 fehérje kozotti kolcsonhatds kimutatdisa

A modell miikddésének igazi bizonyitéka, ha taldlunk is olyan fehérjét, amit valamelyik PH
doméniink képes kotni. Egy kollaboracidos munka soran, amikor a GRP1-PH domén esetleges
Arf6 kotése mertilt fel, a rekombinans formaban eldallitott és GST-vel jelolt Arf6, illetve a
fluoreszcensen jelolt GRP1-PH domén ko6zotti, in vitro kotési mérések végzésekor végiil is
sikeriilt ilyen bizonyitékot taldlnunk. Az interakcié kialakuldsdnak azonban szamos feltétele
volt. Kellett hozza a Q76L mutaci6é az Arf6-ban, ami a kis G fehérje aktiv allapotat utanozta,
illetve sziikség volt az InsP4 jelenlétére (21. abra). Ez utdbbi azt jelenti, hogy a PH domén
esetében az inozitol lipid kotés kovetkeztében jon létre az a konformacid valtozas, ami
lehetévé teszi a fehérjével vald kolesonhatast. Mindez jol illeszkedik abba a képbe, hogy a

lipidkotés sziikséges feltétele a PH domén miikodésének.
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Az, hogy a lipidkotésre képtelen mutans (R284C) nem koti az aktiv Arf6-ot nem
meglepd. Ennél sokkal fontosabb megfigyelés, hogy az I307E és K340L mutaciok ugyancsak
megakadalyozzak a PH domén kotédését az Arf6-hoz, ami egyértelmiien bizonyitja egyrészt a
kotés specificitasat, masrészt pedig a mutalt aminosavak szerepét a lipidkotéstdl fiiggetlen,

protein-protein kdlcsonhatasban.
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21. ABRA A GRP1 PH domén és az Arf6 fehérje kozotti interakci6 vizsgalata

A: A kotési mérésekhez a YFP-GRP1-PH fuzios fehérjét, valamint a mutansait kodold6 DNS-t bakterialis
expresszids vektorba klonoztuk at, és C-terminalisan hexahisz cimkével jeldltiik, ami lehet6vé tette az E. Coli-
ban szintetizalt rekombinans fehérjék tisztitasat Ni*'-NTA oszlopokon. Az igy kapott fehérjéket forralas nélkiil
futattuk SDS-gélben, majd foszforimager-rel vizsgaltuk (A). Az in vitro kotési vizsgalat soran a YFP-Grp1-PH
faziés fehérjét, illetve ennek mutansait (20-20 pg) azonos tomegli, Sepharose gyongyhoz kotott GST-Arfo
fehérjével (T27N-inaktiv vagy Q76L-konstitutivan aktiv) inkubaltuk 30 nM InsP, jelenlétében, vagy anélkil. A
gyongyok elvalasztasat kovetéen a PH doméneket foszforimager leolvasassal, az Arf fehérjéket Coomassie
festéssel tettikk lathatova a kotott fehérjéket (B). YFP-GRP1-PH kotést csak az aktiv Arf6 mutatott. A kotés
tovabbi feltétele, hogy a PH doménnek InsP, kotott formaban kellett lennie. A GRP1-PH inozitol-foszfat kotésre
alkalmatlan mutansanal (R284C) az interakci6 nem jott 1étre, illetve az inozitol lipid-kotd képesség ellenére
ugyancsak nem alakult ki kapcsolat az I307E és a K340L mutansok esetében. (Cohen és mtsai, 2007 alapjan)
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4.3 Az InsP; receptor aktivalodas molekularis mechanizmusanak vizsgalata

A 4.1-es fejezetben mar részletesen ismertettem, munkank soran izolaltunk és fluoreszcensen
megjeldltiink egy olyan PH domént, amely ugyan a plazmamembranhoz képtelen volt
kotddni, ugyanakkor nagy affinitassal kototte az InsPs-t. Ez a PH domén a p130-as fehérje N-
termindlis részében taldlhatd (95-233 aminosavak). Elkészitettiink egy masik InsP; kotésre
képes fehérje domént is, amely a humdn 1-es tipusti InsP; receptorbdl szarmazott (224-605
aminosavak). Ugyan az InsP; receptorral kapcsolatban elfogadott, hogy az ER-ban talalhato,
ahova ligandja, a plazmamembranban keletkezd InsP; diffuzidval jut el, napvilagot lattak
olyan adatok is, melyek szerint az InsP; receptorok mas organellumok membranjaban is jelen
vannak (Pinton és mtsai, 1998), illetve szerepet jatszanak az ER ¢és egyéb sejtalkotok
(mitokondrium, plazmamembran) kézotti kommunikécioban (Boulay és mtsai, 1999; Csordas
és mtsai, 1999; Jaconi és mtsai, 2000; Parekh, 2003). E specialis elhelyezkedésti InsPs
receptorok, illetve a lokalisan kialakuld InsPs szint jelentdségének vizsgalatara kezdtiink egy
olyan molekularis rendszer kidolgozdsdba, ami véleményiink szerint alkalmas lehet az
moddon, hogy ismert targetszekvencidk felhasznalasaval ezekre a helyekre iranyitjuk az InsPs-
kotd fehérje doméneket. Mint latni fogjuk, mar a munka els6 1€péseinél olyan eredmények
sziilettek, amelyek az eredeti terveket teljesen mds irdnyba forditottdk, és maganak az ER-ban
elhelyezkedd InsP; receptornak a mitkodésére vonatkozoan szolgaltattak adatokat.

A kisérletek soran lényegében a mar bemutatott fuzids fehérjéket hasznaltuk azzal a
kiilonbséggel, hogy attértiink a parhuzamos citoplazmatikus [Ca®"] mérést nem befolyésold
monomerikus piros fluoreszcens fehérje (mRFP) hasznalatdra (Campbell és mtsai, 2002), amit
egységesen, a p130PH ¢és az InsP; receptor ligandk6té domén (IP;R-LBD) esetében is annak
N-terminalis végéhez kapcsoltunk. Ez a valtoztatds a domének InsP3;-kotd képességét nem

befolyéasolta.

4.3.1 A citoplazmatikusan expresszalt InsPs;-koto domének hatiasa az ATP ingerléssel
kivaltott Ca2+-szigndlra

Az InsP;-kotd domének hatasanak vizsgalatira egy olyan sejtes rendszert allitottunk be,
amelyben hormonalis ingerlésre egyrészt szelektiven lehetett aktivalni az InsP3/Ca*'-s
jelpalyat, ugyanakkor az ingerlés nem okozott hatalmas PLC aktivitas ndvekedését. Szempont
volt tovabba, hogy a sejt elég nagy legyen ahhoz, hogy késébb a sejtorganellumokhoz torténd

iranyitas hatékonysagat fénymikroszkopos moédszerekkel kovetni tudjuk. Erre tokéletesnek
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tlint a COS-7 sejt, mivel rendelkezik G, heterotrimer G fehérjét aktivaldo P,y purinerg
receptorral, ugyanakkor elhanyagolhatd benne a P,x receptorok mennyisége, valamint a
mérete is megfeleld.

A citoplazmatikus [Ca®"] méréséhez a sejteket Fura-2 fluoreszcens indikatorral
toltottilk meg, amit 340 és 380 nm-en ingereltiik, a festék altal kibocsatott fényt pedig 505
nm-en mértiik. A mért fényintenzitasokbdl a 340/380 hulldmhosszoknak megfelelé hanyadost
szdmolva, egy olyan értéket kapunk, amely ardnyos az élettani koriilmények kozott eléfordulo
citoplazmatikus [Ca®"] valtozassal. A sejtekben az InsP;-k6td doméneket tranziensen
expresszaltuk, és digitalis képalkoto rendszerben mértiik a Fura-2 intenzitast. Tekintettel arra,
hogy a domének mRFP-vel voltak jelolve, az mRFP-re jellemzd hullamhosszok beallitasaval
a Fura-2 mérésével parhuzamosan kdvetni tudtuk az InsP;-k6td fizids fehérjék expressziojat
is egyedi sejtekben.

Amint az a 22. dbra A paneljén latszik, 50 uM ATP hatdsara a COS-7 sejtekben
létrejott a Ca*"-szignal (fekete gorbe), amit a citoplazmatikus mRFP-IP;R-LBD domén
expresszio-fiiggd modon gatolt. Egyrészt az amplitudd nagysaga csokkent, masrészt a Ca”'-
csucs kialakuldsahoz sziikséges 1d6 novekedett. Ez utdébbit az mRFP-IP;R-LBD expresszio
fliggvényében abrazolva, és a pontokra egyenest illesztve, annak meredeksége 18,3x107-nak
adodott (1°=0,467) (22. 4dbra B panel). Osszehasonlitasul az mRFP-p130PH doménnel is
elvégeztiik a méréseket, amely hasonlé hatassal volt a Ca**-szignalra, azonban a kisebb InsP;-
kot6 affinitasnak megfeleléen az illesztett egyenes meredeksége is alacsonyabb lett: 7,7x107
(r*=0,261) (22. 4bra B panel). Az affinitaskiilonbség kimutathatosdga kivaldoan mutatta a
mérdrendszer érzékenységét. Megjegyzendd, hogy a sejtek egy részében, kiilonésen magas
expresszios szinteknél nem alakult ki a Ca®"-szignal. Ezeket a sejteket a statisztikai analizisnél
nem vettiik figyelembe. A 22. abra C paneljén a sejtekben mért Ca**-vélaszok atlaga lathato.
Figyelemre mélto, hogy mig a citoplazmatikus InsPs kétése a kezdeti citoplazmatikus [Ca®']
emelkedést jelentOsen gatolta, a fenntartott fazist egyik InsPs; puffer jelenléte sem befolyasolta
érdemlegesen (piros gorbék). Az InsP; kotésre képtelen mutansokat expresszald sejtek
(K508A mutécio az IPsR-LBD esetében, illetve az R134L mutéacié a p130PH esetében) (kék
gorbék) a nem transzfektalodott sejtekkel (fekete gorbék) tokéletesen egyezé Ca -valaszt
mutattak. Mindezek az eredmények azt igazoltak, hogy az agonista ingerlés soran keletkezd

InsP; mennyiségét a citoplazmatikus pufferolassal képesek voltunk befolyasolni.
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22. ABRA Az InsP; receptor ligandkoté doménjének (mRFP-IP;R-LBD) hatisa az ATP-vel kiviltott
citoplazmatikus Ca**-szignalra

A human 1-es tipust InsP; receptor ligandkotd doménjét (224-605) N-terminalisan mRFP-vel jeldltiik (mRFP-
IP;R-LBD), COS-7 sejtekben tranziensen expresszaltuk, és digitalis képalkotd rendszerrel vizsgaltuk. A
citoplazmatikus [Ca®'] kovetésére a sejteket Fura-2 Ca®'-érzékeny fluoreszcens festékkel toltottik. A Ca®'-
szignalt 50 uM ATP adasaval valtottuk ki, amely COS-7 sejtekben G, fehérjéhez kapcsolod P,y receptorokon
keresztiil hat. A: a fels6 képek a Fura-2 340/380 nm-es ingerlésekor, 505 nm-en mért emisszidinak hanyadosat
mutatjadk szinkddolva. A melegebb szinek, magasabb hanyadosnak, és ily modon magasabb citoplazmatikus
[Ca*"]-nak felelnek meg. Az idéértékek az ATP adéasatol eltelt id6t jelzik. A grafikon az egyedi sejtek vélaszat
mutatja az id6 fiiggvényében. A [Ca*"] méréssel parhuzamosan a sejtek mRFP intenzitasat is mértiik (grafikon
melletti kép). A sotétebb szin magasabb expresszionak felel meg. Lathatdo, hogy az mRFP-IP;R-LBD
citoplazmatikusan helyezkedik el (lasd még 5. dbra). A grafikonon a fekete gorbe, a nem transzfektalddott sejtek
valaszat mutatja, mig a tobbi gorbéhez tartozd expresszid a szomszédos képrdl a szinkdd alapjan hatarozhatod
meg. Az mRFP-IP;R-LBD expresszio novekedése egyre jelentésebben befolyasolta a Ca*'-szignalt. Egyrészt a
cstcs kialakulasanak késését eredményezte, masrészt az amplitudot csokkentette. Igen nagy expresszids szint
mellett a Ca®'-szignal nem j6tt létre. B: a pontok az egyedi sejtek Ca®’-vélasza soran a csiics késését abrazoljak
az mRFP-IP;R-LBD expressziojanak fiiggvényében. Osszehasonlitasul az InsP;-t kisebb affinitassal koté mRFP-
p130PH (lasd 4.1 fejezet) esetében is elvégeztilk a méréseket. Kontrollként mindkét esetben az adott fehérje
domén InsP;-t nem koté mutansat alkalmaztuk (KS08R és R134L). C: az egyedi sejtek valaszanak atlaga
(fekete: nem transzfektalodott sejtek, piros: vad tipusu, InsP;-t kotd domének, kék: InsP;-t nem kdté mutansok.
A jobb lathatosag érdekében a szorast nem tiintettiik fel. (Varnai és mtsai, 2005a alapjan)
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4.3.2 Az ER citoplazmatikus felszinére iranyitott InsPs;-koté domének hatisa az ATP
ingerléssel kivdltott Ca’*-szigndlra
A megfeleld irdnyitd szekvencia kivalasztasara egy ER rezidens fehérjét kerestiink, amelyrdl
ismert, hogy a lokalizacidért a fehérjének mely szakasza felelds. Igy keriilt latoteriinkbe az
UBC6 fehérje, pontosabban annak hidrofob C-termindlis darabja (233-250 aminosavak)
(Yang ¢és mtsai, 1997). Kiegészitve az InsP3-koté doméneket ezzel a target szekvencidval
(mRFP-IP;R-LBD-ER) meg is kaptuk az ER lokalizaciét, amit lumindlisan expresszalodo
fehérjék kolokalizacidjanak kimutatasaval igazoltunk (23. dbra A panel).

Ezek utan megvizsgaltuk a konstrukciok hatasat az ATP-vel kivaltott citoplazmatikus
[Ca®"] valtozasra. Mint azt a 23. abra B panel mutatja, az mRFP-p130PH esetében lényegében
a citoplazmatikusan expresszalt fuzios fehérje hatdsaval egyezd képet kaptunk, azaz a kezdeti
cstics késését. Ezt a hatast az R134L mutans nem hozta 1étre. Bar a vad tipusu IP;R-LBD
alkalmazasakor elsd ranézésre ugy tiint, hogy a citoplazmaban kifejezett és az ER felszinére
iranyitott doméneknek, ahogy azt a pl30PH esetében lattuk, azonos a Ca®’-jelre gyakorolt
hatasuk, azaz féként a Ca®"-cstcs késését és amplitiddjanak redukciojat okozzak, alaposabb
analizissel két lényeges kiilonbség valt vilagossa. 1.) az ER felszinén megjelend mRFP-IP;R-
LBD-t tartalmazé sejtekben a citoplazmatikus [Ca®"] az ATP adasat megel6zéen méar
kismértékben emelkedett volt. 2.) ugyanakkor a kontroll sejtekhez képest jelentds eltérést
talaltunk a fenntartott fazis amplitidojaban (23. dbra B panel - piros gorbe). Még
szembetlindbb volt a citoplazmatikus és az ER-hoz iranyitott konstrukciok kozotti kiilonbség
az InsP; kotésre képtelen KSO8A mutans esetében. Az ER-hoz ranyitott mutans ugyanis a
Ca*"-csucs késén kiviil a vad tipusra jellemz6 valamennyi hatast produkalta (23. 4bra B panel
- kék gorbe ¢és 23. abra C panel). Ez a megfigyelés arra utalt, hogy a k6zos hatdsok az InsP;
receptor ligandkoté doménjére jellemzdek, viszont kialakuldsukban a konstrukciok InsP;

kotésének nincs jelentdsége.

4.3.3 Az InsP; receptor ER citoplazmatikus felszinéhez irdanyitott ligandkioté doménje a
sejten beliili Ca**-raktdrak iiriilését idézi elé

Megvizsgalva olyan anyagok hatasat, melyek mindegyike a Ca*'-raktarakbol valo Ca®'-
felszabadulason keresztiil vezet a citoplazmatikus [Ca®"] emelkedésére; ugymint thapsigargin
(SERCA gétloszer), alacsony koncentracidju ionomicin (100 nM), illetve thimerosal (InsP;
receptor agonista), azt tapasztaltuk, hogy az ER-hoz targetalt IP;R-LBD, InsP;-kotd
képességétdl fiiggetlentil, gatld hatast eredményezett (24. abra A és B panelek). Ezt a hatast

44



Jelatviteli folyamatok vizsgalata

sem a citoplazmatikus mRFP-IP3R, sem az ER-hoz targetalt mRFP-pl130PH-ER esetében
nem tapasztaltuk (24. dbra A panel).

A mRFP-p130PH-ER ER,,,-EGFP merged

ny

mRFP-IF;R-LED-ER mRFP-p130PH-ER

0.8 B 1
ATP s0ub ) ATP 50uM

06 | |r\
| i

—

Ratio (F340/F380)

.
047 | \\;x [ — B
02 T T " i
0 60 120 180 120 180
Time is) Time (s)
0.8 {
&
2 061
=1
IR
{11] d ‘
% 0.4 m;_a s
2 ol s IFzA-LBO-ER
R Ry s IP;A-LB0-ER KS0BA
't-'r 0.2 . ‘“ﬁ.!}‘ pi30FH-ER R134L
o e
0.0 o smes ¥ Tt %
0 5000 10000

mRFF fluorescence

23. ABRA Az InsP; receptor endoplazmas retikulum (ER) citoplazmatikus felszinéhez iranyitott
ligandkoté doménjének (mRFP-IP;R-LBD-ER) hatisa az ATP-vel kivaltott citoplazmatikus Ca*'-
szignalra

A: a fuziés fehérjék ER citoplazmatikus felszinéhez torténd irdnyitasat az UBC6 fehérje C-terminalis iranyito
szekvenciajaval értiikk el. A lokalizacio ellenérzésére COS-7 sejteket az ER lumenében expresszalodd fehérjét
kodold plazmiddal kotranszfektaltuk, és konfokalis mikroszkopban kolokalizacios vizsgalatokat végeztiink. B:
az egyedi sejtek Ca’'-vélaszanak atlaga az id6 fiiggvényében. Osszehasonlitasul a méréseket a p130PH estében
is elvégeztiik. Részletekért lasd a 21. abrat. (Fekete: nem transzfektalodott sejtek, piros: vad tipust, InsPs-t koto,
ER-hoz iranyitott domének kék: InsP;-t nem kotd, ugyancsak ER-hoz iranyitott mutansok.) C: a pontok az
egyedi sejtek Ca’’-valasza soran a cstics amplitiddjanak maximalis értékét mutatjak az feltiintetett fizios
fehérjék expressziojanak fiiggvényében. (Varnai és mtsai, 2005a alapjan)

Lehetséges magyardzatként felmeriilt, hogy a jelenséget, a vad tipusi mRFP-IP;R-
LBD-ER fehérje és a K508A mutans hasznalatakot egyarant a raktarak Ca”'-tartalmanak

csokkenése okozza. Ez egyrészt magyardazni a felszabadithato Ca’’-mennyiségének

. o ror . ’ 2+ r r S .
csOkkenését, masrészt a kapacitativ Ca” -bedramlds fokozasaval, az emelkedett nyugalmi
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[Ca®]-t. Az elképzelés igazolasara kétféle, figgetlen kisérleti megkdzelitést alkalmaztunk: 1.)
megvizsgaltuk a sejtmembranon keresztiili nyugalmi Ca*"-bearamlast egy egyszerii, Ca*'-
mentes kiilsé médiumban végzett rekalcinalas hatasara bekdvetkezd, citoplazmatikus [Ca*']
méréssel. A 24. abra C paneljének megfeleléen, az mRFP-IP;R-LBD-ER alkalmazésakor
fokozott [Ca’’] emelkedést kaptunk, ami a fokozott nyugalmi Ca*"-bearamlas
kovetkezménye. Ehhez a hatashoz nem volt sziikség InsP; pufferolasra, az InsP; kotésre nem
képes ligandk6té domén is mutatta a jelenséget. 2.) a masik, teljesen fliggetlen
megkozelitésben az ER Ca*'-permeabilitasat vizsgaltuk oly modon, hogy az ER-t feltoltottiik
Fura-2 festékkel, majd permeabiliziltuk a sejteket és vizsgaltuk a Mn”" adasat kovetd
fluoreszcencia valtozast 360 nm-es excitacio esetén. Ezen a hulldmhosszon a Fura-2
fluoreszcencidja nem fiigg a festék Ca*'-kotésétdl, tehat az esetleges véltozas a Mn®"
raktarakban valdo megjelenésének ¢és Furdhoz kotddésének tulajdonithatd (Mn* quench
technika). Mint az a 24. abra D paneljén jol lathatd, az mRFP-IP;R-LBD-ER expresszidjakor
a kontrollként hasznalt egyéb konstrukcidkhoz képest sokkal meredekebb volt a Fura-2
fluoreszcencia csokkenése, ami megfelel a Mn** fokozott raktarba dramlésanak. F eltételezve,
hogy a Mn" képes a Ca*"-csatornékon atjutni, ez egyben az ER fokozott Ca**-permeabilitasat
jelenti, ami a sejtek nyugalmi allapotinak megfeleld koncentraciok esetén Ca’'-vesztést
eredményez. Fontos kiemelni, hogy az InsP; kotésre nem képes ligandk6td domén ebben az
esetben is hatésos volt, tehat a Ca*"-raktarak iiriilése fiiggetlen a lokalis InsP; koncentracié

valtozastol.

4.3.4 Az InsP; receptor ER citoplazmatikus felszinéhez iranyitott ligandkiété doménje
aktivdlja az endogén InsP; receptorokat
A kovetkezd nyilvanvalo kérdés, vajon miként képes az InsP; receptor ligandk6té doménje
fokozni a Ca*"-kiaramlast a raktarakbol. Az ER-bol torténé Ca* -felszabaduls esetén az InsPs
receptor esetleges érintettsége nyilvanvaloan felmeriil. Annak vizsgélatara, hogy az ER-hoz
iranyitott InsPs receptor ligandk6td domén hatdsdban az endogén InsP; receptor szerepet
jatszik-e, a kisérleteket egy InsP; receptorral nem rendelkezd sejtvonalon is elvégeztiik. A
DT40 egy csirkébdl szarmazo limfoblaszt sejtvonal, amelybdl a vad tipusi mellett olyan
sejtvonal is létezik, amelyben mindharom tipust InsP; receptor expresszidjat homolog
rekombinacidval megsziintették (TKO) (Sugawara és mtsai, 1997).

Els6 menetben megvizsgaltuk, hogy a vad tipusii sejtekben miikddik-e a Ca®'-s
jelatviteli palya, illetve milyen mértékii ennek karosodasa az InsP; receptor hidnya

kovetkeztében. A 25. dbra A panelje mutatja, hogy a vad tipusu sejtekben az IgM antitesttel
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kivéltott, PLCy-medialt citoplazmatikus Ca®"-szint emelkedés a TKO sejtekben valdban
elmaradt. Kaffeinnel, ami a rianodin receptorok aktivalasan keresztiil hoz létre Ca®'-
felszabadulast, nem lehetett érdemlegesen névelni a citoplazmatikus [Ca®]-t (25. 4bra A

panel), ami arra utal, hogy a DT40-es sejtekben rianodin receptor nem expresszalddik.
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24. ABRA Az InsP; receptor endoplazmas retikulum (ER) citoplazmatikus felszinéhez iranyitott
ligandkoté doménjének (mRFP-IP;R-LBD-ER) hatisa a sejten beliili Ca®'-raktarakra, illetve az ER Ca*'-
permeabilitasara

A méréseket Fura-2 Ca**-érzékeny fluoreszcens festékkel toltott COS-7 sejteken végeztiik digitalis képalkoto
eljaras alkalmazasaval. A sejten beliili raktarakbol felszabadithaté Ca®-mennyiség becslésére a citoplazmatikus
[Ca®'] valtozasabol (A-C), az ER Ca*'-permeabilitisara a Ca’'-bearamlas Mn®" quench technikaval torténd
meghatarozasabol kovetkeztettiink (D). Ez utobbi esetében a Ca®'-permeabilitas fokozasat InsP; adassal idéztitk
elé. A sejtekben expresszalt konstrukciokat és az alkalmazott ingereket az egyedi grafikonokon tiintettiik fel. A
gorbék az egyedi sejtek valaszanak atlagat mutatjak az idé fliggvényében. A szinkdd (ahol nincsen kiilon
feltiintetve): fekete: nem transzfektalodott sejtek, piros: vad tipusi, InsPs-t koté domének kék: InsPs-t nem kotd
mutansok. Azokban az esetekben, ahol rekalcinalast alkalmaztunk, a sejteket a rekalcinalas el6tt 8 percig Ca”'-
mentes, 100 uM EGTA-t tartalmazé médiumban tartottuk. (Varnai és mtsai, 2005a alapjan)

A nagy kérdés, hogy mi a kovetkezménye az mRFP-IP;R-LBD-ER konstrukcid

expresszidjanak a DT40-es sejtekben. Amint azt a 25. dbra B részén latszik, a vad tipust
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sejtekben, hasonléan a COS-7 sejtekhez, thapsigargin adasara jelentésen kisebb a
citoplazmatikus [Ca®"] emelkedés, tehat a raktirak iiriilése ebben a sejtvonalban is
bekovetkezett, és a hatds tovabbra sem fliggott a ligandkoté domén InsP; kotésétol. Teljesen
mas a helyzet a TKO sejtekben. Mint lathato, ezekben a konstrukcid expresszidja teljesen
hatastalannak mutatkozott, a felszabadithat6 Ca*” mennyisége a kontroll és a transzfektalodott
sejtekben nem kiilonbozott. A Ca®'-raktarak iiriiléséhez tehat sziikséges az endogén InsP;
receptorok jelenléte, kovetkezésképp az ER-hoz iranyitott IPsR-LBD az ott 1év6 endogén

InsP; receptorokat aktivalva hozza létre a raktarak Ca-tartalmanak csokkenését.

4.3.5 Az InsP; receptor ligandkoté doménjének C-terminadlis, helikalis szerkezetii része
felelds az aktivalo hatdsért

A szerkezetre vonatkozo kezdeti mutacios (Yoshikawa ¢€s mtsai, 1999), illetve
kristalystruktira adatok (Bosanac és mtsai, 2002) arra utalnak, hogy a ligandk6té domén két
jol megkiilonbdztethetd félbdl, az N-termindlis 3 redoket (224-423 aminosavak) és a C-
terminalis o hélixeket (427-605 aminosavak) magaba foglalo darabokbol all, melyek
szendvicsként fogjak kozre az InsP; molekulat (26. abra A panel). Mivel a ligandk6té domén
endogén receptort aktivald hatasaban az InsP; kotés nem jatszik szerepet, megvizsgaltuk,
hogy a domén melyik fele kdzvetiti ezt a hatast. A kérdésre a mérések egyértelmii valaszt
adtak, miszerint az ER-hoz iranyitott C-termindlis darab esetében bekovetkezik a raktarak
tiriilése, mig az N-termindlis darab teljesen hatastalan (26. dbra B panel).

Ismert, hogy az InsP; receptor N-terminalis vége (1-223 aminosavak) gatolja a
receptor mitkodését (Yoshikawa és mtsai, 1999). Mivel a gatldas mechanizmusara vonatkozoan
csak feltételezések voltak, megvizsgaltuk ennek a gitld6 doménnek a hatasat az aktivacios
folyamatban. A receptor elejét is tartalmazo ligandk6td domén (1-605 aminosavak) InsPs-
koto affinitasat az irodalmi adatnak megfelelden kozel egy nagysagrenddel kisebbnek talaltuk
(26. abra C panel - bal oldali grafikon). Mivel az endogén receptorok aktivalasa nem fligg a
ligandk6té domén InsP; kotésétdl, a kisebb InsPs affinitastol fiiggetleniil értékelendd, hogy az
N-terminalis darab jelenléte a receptor aktivalasi képesség jelentds csokkenését eredményezte
(26. abra C panel - jobb oldali grafikon), ami hozzajarulhat az N-terminalis 223 aminosavra
jellemzd gatld hatas kialakulasahoz.

Végezetiil, annak bizonyitdsara, hogy fizikai kolcsonhatas sziikséges az endogén
receptorok aktivalasahoz, készitettem egy olyan konstrukcidt, amelyben a LBD domén és az

iranyitdé szekvencia koz¢é merev helikélis linkert épitettem be (9-szer ismétlodé EAAAR
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aminosavak). Amint az a 26. dbra D panelen latszik, a ligandk6td domén mintegy 5 nm-es

eltavolitasa az ER felszinétdl, az endogén receptoron kifejtett aktivalo hatast megsziintette.
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25. ABRA Az endogén InsP; receptorok szerepe az endoplazmas retikulum (ER) citoplazmatikus
felszinéhez iranyitott InsP; receptor ligandkété domén (mRFP-IP;R-LBD-ER) hatasara bekovetkezo
Ca’*-raktar iiriilésben

A: a vad tipust és az InsP; receptort nem tartalmazé (TKO) DT40-es sejtek miikddésének ellendrzésére
citoplazmatikus [Ca*'] méréseket végeztiink Fura-2 fluoreszcens festékkel toltott sejtekben. Mig a vad tipust
sejtekben az antitest (IgM) ingerlésre bekovetkezé [Ca’’] emelkedéshez sziikséges az InsP; receptorok
mitkodése, az IgM hatastalansaga a TKO sejtekben az InsP; receptorok teljes hianyat igazolja. Kaffein adasara a
citoplazmatikus [Ca®'] nem valtozott, jelezvén, hogy a rianodin receptorokkal nem kell szamolnunk ezekben a
sejtekben. Thapsigargin (Tg) adasara mindkét sejtvonalban azonnali citoplazmatikus [Ca*'] emelkedést
tapasztaltunk, ami arra utal, hogy a Ca®'-raktarak teltségi allapota azonos a két sejtvonalban. B: A gorbék az
egyedi sejtek valaszanak atlagat mutatjak az id6 fiiggvényében vad tipust (wild type) €s InsP; receptor hianyos
(TKO) DT40 sejtekben thapsigargin (Tg) ingerlést kovetden. Fekete: nem transzfektalodott sejtek, piros: mRFP-
IP;R-LBD-ER, kék: mRFP-IP;R-LBD-ER (K508A). A TKO sejtek kontroll sejtekkel egyez6 valasza a raktarak
iiriilésének elmaradasat mutatja. (Varnai és mtsai, 2005a alapjan)
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26. ABRA A szerkezet és funkci6 dsszefiiggésének vizsgilata az InsP; receptor ligandkété doménjében

A: az InsP; receptor ligandkoté doménjének struktraja (1N4K) (Bosanac és mtsai, 2002), illetve a struktura
alapjan elkészitett konstrukciok sematikus felépitése. B: Az ER-hoz iranyitott InsP; receptor (mRFP-IP;R-ER)
N-terminalis B red6kbol allo (224-423), illetve C-terminalis o hélixeket tartalmazo darabjanak (427-605) hatasa
az endogén InsP; receptorokra. A raktarozott Ca>" mennyiségére a felszabaduld Ca®* citoplazmatikus [Ca’']-t
emeld hatasanak mérésébdl kovetkeztettiink. A raktarak liritését ATP vagy thapsigargin (Tg) adasaval valtottuk
ki. A fekete gorbék a nem transzfektalodott sejtek Ca®'-valaszat mutatjak. C: az InsP5 receptor N-terminalis (1-
223) darabjanak hatasa a ligandkoté domén miikddésére. Bal oldali grafikon: a fazids fehérjékbdl készitett
rekombinans fehérjék in vitro InsP; kotése (részletekért lasd 5. és 6. abrak). mRFP-IP3R (224-605) n=2, mRFP-
IP3R (1-605) n=3 (4tlag + S.E.M.). Jobb oldali grafikon: az mRFP-IP;R-LBD-ER (+ 1-223 darab) hatésa az
endogén InsP; receptorokra. Tekintettel a varhatdé mennyiségi kiilonbségekre, ebben az esetben az
Osszehasonlitast statisztikailag is szigoruan ellendrzott koriilmények kozott végeztitk. A gorbék esetében az atlag
+ S.E.M. értékeket abrazoltuk, a konstrukciok expresszidja szempontjabol pedig kizardlag a 2000-8000
intenzitas tartomanyba esd sejteket vettiik figyelembe. mRFP expresszio: mRFP-IP3R (224-605) esetében 4222
(n=116), mRFP-IP;R (1-605) esetében 4516 (n=80). D: a LBD-t az ER-tdl eltavolitdo helikalis linker (9x
EAAAR) hatésa a lokalizaciora és a Ca®'-raktarak iiriilését eredményez6 endogén InsP5 receptor aktivaciora.
(Varnai és mtsai, 2005a alapjan)
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4.3.6 Az InsP; receptor aktivaloddasanak lehetséges mechanizmusa

Az InsP; receptor hatalmas fehérje, mintegy 3000 aminosavbdl all. Kiilon érdekessége, hogy
a ligandkotésért, illetve a csatornafunkcioért felelds rész a fehérje két végén helyezkedik el,
melyek kozott egy igynevezett regulatoros régio talalhato (27. dbra A panel). Bar a fehérjérol
rendkiviil sokat tudunk (Devogelaere ¢s mtsai, 2008; Foskett és mtsai, 2007), az a folyamat,
amin keresztlil az InsP; molekula kotés a csatorna nyitdsdhoz vezet, jelenleg is tisztazatlan
kérdés. Magyarazatként két elképzelés létezett: az egyik szerint a ligandkotést kovetd
konformacidvaltozas a regulatoros doménen keresztiil fejti ki hatasat, és igy aktivalja a
csatornat (Uchida és mtsai, 2003). A modell gyenge pontja annak feltételezése, hogy az InsP;
molekula kotédése ilyen hatalmas konformacio valtozast képes eldidézni. Napvilagot latott
azonban egy madsik elképzelés is, mely szerint a ligandko6td és a csatorna domén kozvetlen
kapcsolatban all egymassal, tehat a ligandk6té doménben bekdvetkezd konformacié valtozas
kozvetleniil vezethet a csatorna nyitasahoz. Bar biokémiai moédszerekkel kimutattdk a két
domén kozotti kapcsolatot (Boehning ¢és Joseph, 2000), a kolcsonhatds funkciondlis
kovetkezményét nem sikeriilt bizonyitani. Vizsgélatainkkal €16 sejtekben igazoltuk, hogy a
human 1-es tipust InsP3 receptor ER-hoz iranyitott N-terminalis ligandk6td doménje és az
ER-ban 1év6 endogén receptorok csatorna funkcioért felelds része kozott kolcsonhatas johet
l1étre, melynek kovetkezményeként a csatorna aktivalodik, rajta keresztiil az intracellularis ER
raktarakbol Ca*" aramlik ki. Ily médon sikeriilt direkt funkcionalis adatokkal aldtamasztani a
kozvetlen aktivaciot feltételezd modellt. Az a megfigyelés, hogy a hatdshoz nem sziikséges az
InsP; kotés arra utal, hogy a ligandkotés kovetkeztében kialakuld konformacié valtozéas ahhoz
sziikséges, hogy a ligandkotd domén aktivacidért felelds része szabadda valjon, és a
kolcsonhatas kialakuljon. Szerkezeti vizsgalatokkal megallapitottuk, hogy a hatasért a
ligandk6té domén C-terminalis, helikalis felépitésii része felelds (27. dbra B panel).

Szamos kérdés azonban tovabbra is tisztazasra var. A csatorna domén oldalar6l ugyan
tortént elorelépés azt illetden, pontosan mely aminosavak vesznek részt az interakcidoban
(Schug ¢és Joseph, 2006), a ligandk6td domén esetében ez a kérdés még tisztazasra var.
Szintén nincsen megnyugtatd valasz arra vonatkozoan, hogy a funkciondlis tetramer
szerkezeten belill intra- vagy intermolekuléaris kolcsonhatasrol van-e sz6. Ugyancsak nem
tudjuk, hogy a feltételezett aktivacios mechanizmus valamennyi InsP; receptor tipus esetében
miikodik-e, illetve ami még érdekesebb kérdés, hogy létezik-e hasonlé mechanizmus a
csatorna régioban az InsP; receptorokkal kiilonosen nagy hasonlosagot mutatd rianodin
receptorral. Végezetiil érdekes lenne megvizsgalni, hogy befolyasolja-e a hatas kialakulasat az

iranyitas tipusa, vagyis hogy melyik fehérjébol szarmazik az iranyitashoz hasznalt szekvencia.
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Ez utobbi kérdéskor boncolgatidsa egy teljesen 1j, az endoplazmas retikulum felszinének

mikrodomén eloszlasara vonatkozo kutatast indithat el.

A

ligand kotés reguldtoros régio csatorna 1égic

ER-hoz irdnyitott,
helikilis doméneket tartalmazé LBD zart allapot
hatédsdra nyitott dllapot

Wi - Wi -
4 T 4

Cax Ca? Ca*

InsP, kotés hatdsara
nyitott allapot

NH,

CO

27. ABRA Az InsP; receptor ligandkotésre bekovetkezé aktivalodasanak modellje

A: Az InsP; receptor sematikus szerkezete. B: Az abra jobb oldala az InsP; hatasara bekovetkezo, a bal oldala
pedig az InsP; kotéstol fliggetleniil, a ligandkdtd domén ER felszinhez iranyitasanak hatasara 1étrejovo
aktivaciot mutatja. A molekula C-terminalis, o hélixeket tartalmazo, aktivacioért felelds része (zold)
nyugalomban fedett allapotban van, viszont InsP; kotés esetén hozzaférhetdveé valik, és sajat magahoz, vagy a
csatornat alkotd komplexben egy masik molekulahoz kétédik, ily médon fokozva a Ca**-aram kialakulasat.

4.3.7 A lokalis InsP; pufferolas funkciondlis jelentoségének vizsgalata

Az InsPs-t eltéré mértékben kotd (p130PH és IPsR-LBD, illetve a nem kotd mutansaik),
kiilonféle szubcellularis kompartmentekbe irdnyitott (citoplazma, szubplazmalemmaris régio,
ER, Golgi, endoszémak és mitokondrium kornyéke, sejtmag), illetve fluoreszcensen is jelolt
fuzios fehérjéket, azaz a kifejlesztett lokalis InsP; pufferolasara alkalmas molekularis
eszkoztarat kollaboracid keretében szamos laboratoriumban hasznaltdk, és hasznaljak.
Ezeknek a vizsgalatoknak egy része mar lezarult, és jelentds felfedezéseket eredményezett.
Sikeriilt kimutatni példaul a szinkronizalt ER-bél torténé Ca* -felszabadulas jelentéségét a
mitokondrialis Ca®*-szignal kialakulasaban (Lin és mtsai, 2005). Egy masik munkéban a
mitokondrium felszinére targetalt [P3R-LBD-nal az InsP; receptorok szerepét irtuk le az ER
¢s mitokondrium kozott kialakulo funkciondlis kdlesonhatasban (Szabadkai és mtsai, 2006).
Egy harmadik kollaboracidban a sejtmagba irdnyitott IP;R-LBD alkalmazasaval, ami a
sejtmagban az InsP; szignalizacid gatlasat idézte eld, sikeriilt részleteiben jellemezni a

majsejtek mikddésében szerepet jatszd ndvekedési receptorokbol kiindulo jelpalyat (Gomes
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¢s mtsai, 2007). Ezek a munkdk Iényegében az altalam készitett konstrukciokra épiiltek,
azonban tekintettel arra, hogy a kisérletek kivitelezésében nem vettem részt, az adatok

részletes bemutatasa ¢és targyaldsa nem része az értekezésnek.
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4.4 A sejtmembran PtdInsP; szintjének valtoztatasara alkalmas rendszer kidolgozasa és

jellemzése

Az irodalmi bevezetében emlitettem, hogy az utébbi évek egyik nagy felfedezése annak
felismerése, hogy a kiilonféle foszfoinozitidek Iényegében mésodik hirvivoként miikodnek,
azaz szignalizacios folyamatokban mennyiségiik valtozasdnak fontos kovetkezménye lehet.
Hidrofoéb természetiikbdl adodéan membranokban helyezkednek el, és csak igen kis
mennyiségben vannak jelen, ezért az inozitol lipidek vizsgalata nem konnyli. Lehet ugyan
kiilonféle foszfoinozitideket adni a sejtekhez, azonban ezek membranba épiilése nehezen
kontrollalhato, és kiilsé adasukkal csak mennyiségiik novelését érhetjiik el. A masik modszer,
hogy a sejtekben expresszalunk, vagy ellenkezdleg, kiiitlink olyan enzimeket, amelyek a
foszfoinozitidek kozotti atalakulasokat katalizaljak. Ennek a beavatkozéasnak azonban az lehet
a kovetkezménye, hogy az enzimek tartds jelenléte vagy hianya a sejtek inozitol lipid
anyagcser¢jét alapvetden megvaltoztatja, példaul kiilonb6z6 kompenzatorikus folyamatokat
indit be; a kovetkezmény az inozitol lipidek eredeti funkcidjdnak megvaltozasa, ami normal
koriilmények kozott jatszott szereplik leirdsat nagyon megneheziti. Az enzimek farmakologias
befolyasolasa ugyancsak jarhato ut lenne, nem véletlen, hogy a gyodgyszergyarak intenziven
dolgoznak ilyen tipust vegyliletek eldallitdsan, ezek azonban még csak korlatozottan allnak
rendelkezésre. Osszefoglalva elmondhatjuk, nincsenek olyan moédszerek, amelyekkel az
inozitol lipidek mennyiségét megbizhatdan, szelektiven, nagy hatékonysaggal és gyorsan
valtoztatni lehet.

Tobbszor emlitettem azokat a munkakat, amelyek sordan PH doménekre épiild,
megfelelden tervezett szondék alkalmazéasaval sikeriilt kimutatnunk a sejtmembanokban 1évo
foszfoinozitideket, koztiik a PtdInsP,-t és a PtdInsP;-t (Varnai és Balla, 1998; Varnai és
mtsai, 1999). A lokalis InsP; hatasok vizsgalata sordn (4.3 fejezet) ugyanakkor jelentds
tapasztalatra tettiink szert az expresszalt fehérjék kiilonb6z6 membranok citoplazmatikus
felszin¢hez valo irdnyitdsban (plazmamembran, endoplazmds retikulum, mitokondrium,
Golgi, korai endoszéma). Mindezek alapjan elhataroztuk, 1étrehozunk egy, az inozitol lipidek
mennyiségének valtoztatdsara alkalmas rendszert. A terv a kovetkezd volt: citoplazmatikus
formajukban hatastalan enzimeket gyorsan és célzottan kiilonféle membranokhoz iranyitunk,
ahol aztdn enzimaktivitdsuknak megfeleléen megvaltoztatjadk a kiilonb6z6 foszfoinozitidek
mennyiségét. Elsé menetben a plazmamembran PtdInsP, szintjének csokkentésével

prébalkoztunk.
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4.4.1 A plazmamembran PtdInsP, mennyiségének csokkentésére alkalmas molekuldris
rendszer kidolgozdsa

A membranhoz torténd iranyitds megvaldsitasdhoz a szignalizacids folyamatok sordn mar
tobb esetben sikeresen alkalmazott, rapamicinnel aktivalhatd heterodimerizaciés rendszerbdl
indultunk ki (Inoue és mtsai, 2005; Muthuswamy ¢és mtsai, 1999; Terrillon és Bouvier, 2004).
Ehhez egy fehérje domént, az mTOR-bdl szarmaz6é FRB domént, illetve egy citoplazmatikus
fehérjét, a human FKBP12-t kellett a fehérjekonstrukcidkba megfeleléen beépiteni.

A GAP43 fehérje N-termindlis része tartalmaz egy olyan szekvenciat (1-20
aminosavak), amely a Golgi-ban torténd lipid modositast kovetden (palmitoilacio) a fehérjét a
plazmamembranba juttatja (Tanimura és mtsai, 2004). Ennek a szekvencianak a
felhasznalasaval sikeriilt elérniink, hogy a fluoreszcensen jelolt FRB domén a
plazmamembranhoz keriiljon. A PtdInsP, metabolizalasara, lebontasara szamos elvi lehetdség
adodott, ugymint PI 3-kinazok, 4-, illetve 5-foszfatdzok alkalmazasa (Sasaki és mtsai, 2009).
Vélasztasunk a IV-es tipustt foszfoinozitid 5-foszfatdzra esett, ugyanis errél az enzimrdl
egyrészt elég sok irodalmi adat allt rendelkezésre (Kisseleva és mtsai, 2000; Kong és mtsai,
2000), masrészt ugy itéltik meg, hogy a reakcid kovetkeztében bekovetkezd PtdIns(4)P
emelkedés az, ami legkevésbé zavarja meg a sejtek nyugalmi inozitol haztartasat. (Ebbol a
szempontbol nem jott széba példaul a PLC enzim valamelyik tipusa, hiszen az InsP;-t
general, ami szdmos jelpalya aktivalodast vonja maga utan.) A I'V-es tipusu foszfoinozitid 5-
foszfatazrol tudott volt, hogy az enzim endogén membran lokalizacidval rendelkezik, amit a
volt, hogy az enzim N-terminalis darabja (1-213 aminosavak) csokkenti az 5-foszfatdz
aktivitast. A teljes hosszlisagu, és az N-terminalis darabot nem tartalmazo6 5-foszfatdz domén
(214-vég aminosavak) felhasznalasa tehat lehetévé tette, hogy kiilonbdzd mértékben aktiv
konstrukciokat tervezziink, amelyek az FKBP12-t és a fluoreszcens fehérjét is tartalmazzak. A
konstrukciok felépitését a 28. abra A panelje mutatja, mig a B panelen a rapamicines rendszer
miikodésének elvét szemléltettem. Ennek 1ényege, hogy rapamicin adasat kovetden az addig
citoplazmatikus FKBP-5-foszfataz fizios fehérje a plazmamembranhoz transzlokalodik, és ott
a PtdInsP,-bdl az 5-6s szénatomon 1évo foszfatcsoport eltdvolitasaval abbol PtdIns(4)P-t
készit.

A rendszer muikodésének tesztelésére a konstrukcidkat kodolé DNS-ekkel COS-7
sejteket transzfektaltunk. A plazmamembran PtdInsP, szintjének kimutatdsira a sejtekben
ugyancsak tranziensen expresszalt fluoreszcensen jelzett PLCOPH szondat hasznaltuk, a

sejteket konfokalis mikroszkoppal vizsgaltuk. A rendszer optimalis miikodése esetén az
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varhatd, hogy a dimerizacié aktivalasat kovetdéen az enzim megjelenik a plazmamembranon,

bontja a PtdInsP,-t, amit a PH domén plazmamembranrdl valé levalasa jelez.

Targeling constructs
linkers:
FRE

~ L1: DPTRSANSGAGAGAGAILSR
BHH ] PM-FRB-CFP L2: TSYPYDVPDYAPVATL
L3: SGLASRSAAAGAGGAARAA

B HEl  crvremAre L4: ARGAAAGAGGAGR

L1 L2
PN targeting:

. MLCCMRRTEQVEKNDDDQKI

Cytosolic construcis
FKBP12

- mRFP-FKER-only

Type-1\ b-plase

e *|  mRAFP-FKEP-5-ptase-FL
BT e ek splase-dom

L3 L4
mutated CAAX
Ptdins(4,5)P; Ptdins(4.5)P; —— Ptdins4P
FRB
5-ptass O FKBP12
[
L]
CFP .
FKBE12 + rapamycin
mRFP

28. ABRA A sejtmembrin PtdInsP, szintjének valtoztatasara alkalmas rendszer miikodéséhez sziikséges
fehérje konstrukciok és a miikodés elvének sematikus abrazolasa

A: A rendszer két részbol all: egyrészt a GAP43 fehérje iranyito szekvencijat (1-20 aminosavak) N-terminalisan
tartalmazé és fluoreszcensen jelolt (CFP vagy mRFP) FRB doménbdl (targeting constructs), masrészt az
FKBP12-hez fuzionalt és fluoreszcensen is jelolt (mRFP) 5-foszfataz aktivitasa fehérjébdl (cytosolic constructs).
Ez utobbit két formaban készitettik el: a teljes hosszisagi enzimet (5-ptase-FL), illetve a nagyobb
enzimaktivitassal rendelkezd, csak a foszfataz aktivitasért felelés domént (5-ptase-dom) hasznaltuk, mindkét
esetben roncsolva az enzim endogén plazmamembran lokalizacidjaért felelés C-termindlis CAAX domént
(C641A mutacio). Az FKBP12-es konstrukciobdl kontrollvizsgalatok céljara elkészitettiik a foszfatdzt nem
tartalmaz6 fuziés fehérjét is (FKBP only). B: Rapamicin hatasara az FRB domén és FKBP12 fehérje kozott nagy
affinitast kapcsolat jon létre, minek kovetkeztében a citoplazmatikusan elhelyezkedd 5-foszfatiaz aktivitassal
rendelkezé konstrukcié a plazmamembranhoz transzlokalodik. Ennek kovetkezménye a plazmamembranban
1év6 PtdInsP, atalakulasa PtdIns(4)P-ta. (Varnai és mtsai, 2006 alapjan)
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Rapamicin adésa el6tt a PLCS;PH-GFP szonda plazmamembranhoz kotott allapotban
volt, ami alapvetden fontos informacid, hiszen azt mutatja, hogy a citoplazmatikus 5-foszfataz
aktivitds nem befolyasolta a membran PtdInsP, szintjét (29. dbra A panel felsé sor).
Rapamicin (100 nM) adésa utdn 30 masodperccel, az enzim latvanyos plazmamembran
lokalizaciojat megelézve, a PLCO,PH-GFP megjelent a citoplazmaban (29. dbra A panel
kozEépsd sor), ami azt jelenti, hogy igen kevés enzim (ebben a kisérletben a nagyobb aktivitasu
verziot hasznaltuk) transzlokécioja mar elegendd a plazmamembran PtdInsP, mennyiségének
csokkentéséhez. Harom perc elteltével az enzim plazmamembran lokalizacioja is
egyértelmiiveé valt (29. dbra A panel als6 sor).

A PtdInsP, mennyiség valtozas kinetikdjanak és mértékének pontosabb kovetése
érdekében a PH domén mozgasat a 4.1 fejezetben mar ismertetett szuszpenziés FRET
technika alkalmazasaval is elvégeztiik. Ebben az esetben a PtdlnsP, kimutatisara a
rapamicines rendszer két eleme mellett PLCSPH-CFP és PLCS,PH-YFP szondéakat is
expresszaltunk a sejtekben. A PtdInsP, szint esését a FRET hanyados csokkenése mutatta. A
teljes PtdInsP, depléciot a kisérlet végén 10 uM ionomicin adasaval hoztuk létre. Amint az a
29. ébra B részén latszik, 100 nM rapamicin egy percen beliil hatalmas PtdInsP, koncentracio
esést eredményezett, a PtdInsP, szint ionomcin adasaval mér csak minimalisan volt tovabb
csokkenthetd. 10 nM rapamicin lassabban ugyan, de szintén jelentds PtdInsP, depléciot
alakitott ki, mig 1 nM rapamicin esetén a PtdInsP, szint valtozasa éppen csak kimutathato
volt. A tovabbiakban 100 nM rapamicint hasznaltunk a kisérletekben. Amennyiben az eddig
hasznalt 5-foszfatdz domén helyett a teljes hosszisagi enzimet tartalmazd konstrukciot
expresszaltuk a sejtekben, a kisebb enzimaktivitdsnak megfelelden kisebb mértékii PtdInsP,
depléciot kaptunk (29. abra C panel piros gorbe), mig 5-foszfatdz hianyaban a rapamicin
teljesen hatastalannak bizonyult (29. abra C panel fekete gorbe). A tovabbiakban rutinszeriien

az aktivabb verziot hasznaltuk.

4.4.2 A plazmamembran PtdInsP; deplécidjanak hatdsa a Ca2+'-szigndlra

Ezek utan olyan sejtfunkciokat kerestiink, amelyekben a plazmamembran PtdInsP, szint
valtozasanak jelentSséget tulajdonitanak. Ilyen példaul a Ca**-mobilizalé agonistdk hatasara
kialakulo Ca**-szignal, ahol egyrészt az InsP; szintézisében fontos a plazmamembran
PtdInsP, mennyisége, masrész a fenntartott fazis kialakitasaért felelés kapacitativ Ca® -aram

esetleges PtdInsP, érzékenysége is felmertil.
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29. ABRA A rapamicin hatésa a plazmamembran PtdInsP, szintjének valtozasara

A: A COS-7 sejtekben a PtdInsP, deplécids rendszer mellett (PM-FRB-CFP - nincs mutatva és mRFP-FKBP-5-
ptase-dom - k6zéps6 oszlop), a plazmamembranban 1évé PtdInsP, szint kimutatasara alkalmas, fluoreszcensen
jelzett PLC1PH domént is expresszaltuk (PLCS,PH-GFP - bal oldali oszlop). A 100 nM rapamicin hatasat
konfokalis mikroszkoppal kovettiik. 30 masodperccel a rapamicin adasa utdn az mRFP-FKBP-5-ptase-dom
membranhoz torténd lokalizacidja még alig lathato, ugyanakkor a PLCSPH-GFP mar levalt a membranrol, ami
a PtdInsP, szint csokkenésének egyértelmii jele. 3 perccel az ingerlés utan mar az FKBP-s konstrukcid
membranlokalizacidja is jol latszik. B: A plazmamembran PtdInsP, szintjének kvantitativ mérésére a PLCo,PH
mozgast CFP-vel ¢és YFP-vel jelolt PH domének alkalmazasaval, FRET technikaval végeztiik,
sejtszuszpenzidoban. A modszert részletesen ismertettem a 4.1.4 fejezetben, illetve a 10. abran. A teljes PtdInsP,
depléciot 10 uM ionomicin addséaval hoztuk 1étre. A rapamicin 1 nM-os koncentracidban mar mérheté PtdInsP,
depléciot eredményez, 10 nM esetén hatasa jelentds, azonban lassi. 100 nM rapamicinnel 1percen beliil kozel
maximalis PtdInsP, deplécié hozhatd 1étre. C: A kisebb enzimaktivitasnak megfelelden a teljes hosszasagl 5-
foszfataz enzimet tartalmazo konstrukcid hatasa jelentésen kisebb (piros gorbe) a csak enzimaktivitasért felelos
domént tartalmazo konstrukcio hatasanal (kék gorbe). Foszfataz aktivitas hidnya esetén a rapamicin adasara nem
valtozik a PtdInsP, szint (fekete gorbe). Ezekben a mérésekben 100 nM rapamicint alkalmaztunk. Felhivom a
figyelmet arra, hogy a kék gorbe mar a kiindulasi helyzetben a fekete alatt van. Ez a kis kiilonbség valamennyi
mérés esetén megfigyelhetd volt, és azt mutatja, hogy a nagyobb 5-foszfataz aktivitassal rendelkez6 konstrukcio
citoplazmatikus formajaban is képes kifejteni némi hatast a plazmamembran PtdInsP, szintjére. (Varnai és mtsai,
2006 alapjan)
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A méréseket Fura-2 fluoreszeens festékkel toltott COS-7 sejteken végeztiik, a Ca'-
szignalt a 4.3-as fejezetben targyalt modon, 50 uM ATP-vel hoztuk létre. A rapamicin
keriilt sor, a fenntartott fazis szakaszaban. A mérés 10 uM LPA adasaval zarult, mely a
kontroll sejtekben (30. dbra A panel fekete gorbe) ismételt Ca®*-felszabadulast valtott ki.
Rapamicin hatasara a fenntartott fazis azonnali csokkenését tapasztaltuk, és elmaradt az LPA
adast koveté Ca’'-valasz is (30. dbra A panel piros gorbe). Kontrollként olyan méréseket
végeztiink, amelyekben az FKBP-s konstrukci6 nem tartalmazta az 5-foszfatdz enzimet.
Ezekben a rapamicinnek semmilyen hatdsa nem volt a sejtekre, tehat a kisérletekben kapott
valtozas valdéban a PtdInsP, deplécidé kdvetkezménye volt (30. dbra B panel). A kisebb 5-
foszfataz aktivitasti konstrukci6é alkalmazédsakor a fenntartott fazis gatldsa megtortént,
azonban a nagyobb 5-foszfatdz aktivitassal bir6 konstrukcié esetén latottaktol eltérden, LPA-
val lehetséges volt ujabb Ca® jel kivaltasa.

Annak eldontésére, hogy a fenntartott fazis gatldsa a kapacitativ csatorndra gyakorolt
hatas vagy az InsP; keletkezés hianyaban a raktarak Ca®'-mal val6 toltédése kovetkeztében
jon létre, a Ca®'-raktarakat thapsigargin adasaval tritettiik, és igy aktivaltuk a kapacitativ
Ca*"-aramot. A 30. dbra D panel alapjan ilyen koriilmények kozott a rapamicin adasnak, azaz
a plazmamembran PtdlnsP, szint csokkentésének nem volt kimutathatdo hatdsa a
citoplazmatikus [Ca*"]-ra. Azt, hogy a PtdInsP, deplécio valoban bekovetkezett, ATP
ingerléssel ellendriztiik. Ez a megfigyelés tehat azt jelenti, hogy a kapacitativ Ca*"-aramot a
plazmamembran PtdInsP, mennyisége nem befolyasolja, a kapott hatasokért az InsP;
keletkezés hianya a felelés. A kapacitativ Ca®"-aramért felelés mechanizmus foszoinozitid

fiiggésének vizsgalatardl a 4.5 fejezetben részletesebben lesz sz0.

4.4.3 A plazmamembran PtdInsP, deplécidjanak hatdsa a Trp M8 csatorndra

Ismert, hogy a plazmamembran PtdInsP, mennyisége szamos ioncsatorna esetében a mitkodés
meghatarozo tényezdje (Suh és Hille, 2008). Annak tesztelésére, hogy a kidolgozott PtdInsP,
deplécios rendszer alkalmazhato-e ioncsatornak miikodésének vizsgalatira, egy Ca®'-
szelektiv csatorna, a Trp M8 csatorna miikodését vizsgaltuk. Kollaboracié keretében egyrészt
patch-clamp technikdval mértiik a csatornan keresztiili ionaramot, masrészt Ca*'-méréseket
végeztem, ahol a Ca’’-bedramlasra a citoplazmatikus [Ca’] véltozds mérésébdl
kovetkeztettiink. A Trp M8 csatornat a rapamicines rendszer miikodéséhez sziikséges két

fehérjével egyiitt COS-7 sejtekben expresszaltuk, majd a csatornat specifikus ligandjaval, 500
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uM mentol adéasaval aktivaltuk. A csatorna expresszidjara a mentol hatasara bekdvetkezo
citoplazmatikus [Ca*"] emelkedésbél, a rapamicines rendszer jelenlétére pedig a sejtek
fluoreszcencidjanak mérésébdl kovetkeztettiink. Megallapitottuk, hogy azokban a sejtekben,
amelyek tartalmaztdk az 5S-foszfatdz konstrukcidt, a rapamicin hatdsara bekovetkezd
plazmamembran PtdInsP, deplécio kovetkezményeként a Ca**-vélasz mintegy felére csokkent
(31. é&bra piros gorbék). Kontrollként az 5-foszfatdzt nem tartalmazé mRFP-FKBP
konstrukciot hasznaltuk. Ezekben a sejtekben a mentolos ingerlésre kialakul6 megemelkedett
[Ca’*]-ban a rapamicin addsa nem okozott valtozast (31. 4bra fekete gorbe). Az
elektrofiziologia mérések ezzel a megfigyeléssel 1ényegében egyezd eredményt adtak (Varnai
¢s mtsai, 2006), alatdmasztva, hogy a rendszer alkalmazhat6 ioncsatorndk PtdInsP;

fliggésének vizsgalatara.
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30. ABRA A plazmamembran PtdInsP, depléciéjanak hatisa a Ca’*-mobilizalo agonistaval és
thapsigarginnal kivaltott citoplazmatikus [Ca®'] valtozasra

A méréseket Fura-2 Ca**-érzékeny fluoreszcens festékkel toltott COS-7 sejteken végeztiik digitalis képalkoto
eljaras alkalmazasaval. A rapamicinnel aktivalhaté PtdInsP, deplécidés rendszer FRB-s eleme valamennyi
esetben az PM-FRB-CFP konstrukcio volt, mig az FKBP-s tagot az abrak fo6lott mutatom. Ezeket tranziensen
transzfekcioval fejeztiik ki a sejtekben. Ingerként 50 uM ATP-t, 100 nM rapamicint, 10 uM LPA-t és 200 nM
thapsigargint (Tg) alkalmaztunk. A citoplazmatikus [Ca®'] valtozasat a Fura-2 hanyados idSbeli véltozasanak
abrazolasaval mutatom. A fekete gorbék a nem transzfektalodott sejtek valaszanak atlagat mutatjak. A PtdInsP,
deplécios rendszert expresszald sejtek esetében a hatast mutatdo atlag szamolasaba (piros gorbék) az
Osszehasonlitas érdekében csak olyan sejteket vettem be, amelyek az mRFP-vel jelzett FKBP-s konstrukcidkat
kozel azonos mértékben expresszaltak. Ennek értéke a kdvetkezo volt (fluoreszcencia egység = S.E.M.): A:
1705150 (n=44), B: 18274295 (n=18), C: 18274217 (n=22) és D: 21174276 (n=44). A gorbék szoérasa kisebb
volt 5%-nal, a jobb lathatésdg érdekében a szorast nem abrazoltam. Az adatok harom fliggetlen
sejtpreparatumbol késziiltek. (Varnai és mtsai, 2006 alapjan)
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A méréseket Fura-2 Ca**-érzékeny fluoreszcens festékkel toltott COS-7 sejteken végeztiik digitalis képalkoto
eljaras alkalmazasaval. A rapamicinnel aktivalhaté PtdInsP, deplécids rendszer részein kiviil (PM-FRB-CFP és
mRFP-FKBP-5-ptase-dom vagy mRFP-FKBP only) a sejtek a TrpM8 csatornat is expresszaltak. Ingerként 500
uM mentolt, és 100 nM rapamicint alkalmaztunk. A csatorna aktivitdsra a citoplazmatikus [Ca®"] valtozassal
aranyos Fura-2 hanyados mérésébol kovetkeztettiink. A bal grafikon az egyedi sejtek valaszdnak atlagat és az
atlag hibajat mutatja (fekete gorbe mRFP-FKBP-only n=79, piros gérbe mRFP-FKBP-5-ptase-dom n=76), mig a
jobb oldalon néhany egyedi sejt valasza lathato. (Varnai és mtsai, 2006 alapjan)

4.4.4 A plazmamembran PtdInsP, deplécidjanak hatdsa a transzferrin és az EGF receptor
endocitozisdara

A klatrin medialt endocitézisban szamos olyan fehérje vesz részt, amely képes PtdInsP,
kotésre (arresztin-2, dinamin, klatrin, adaptor protein-2, epszin stb.); érthetd tehat, hogy a
folyamat szabdlyozasaban a plazmamembran PtdInsP, szintjének véltozasa, mint lehetséges
tényez6 mar sokakban felmeriilt. Tekintettel arra, hogy korabban nem volt olyan eljaras, ami
lehetévé tette a plazmamembran PtdInsP, mennyiségének megbizhatdo csokkentését, az
elképzelést tobbnyire indirekt adatokkal probaltdk igazolni (Jost és mtsai, 1998). A
rapamicines rendszer létrehozasaval azonban megnyilt az Gt az endocitdzis lipid fliggésének
vizsgélatara.

Elsoként a sejtekben 1évé endogén transzferrin receptor endocitozisat vizsgaltuk. Az
endocitozist Alexa Fluor 488 fluorokrémmal jelzett transzferrin felhasznaldsaval tettiik
lathatéva. Az endocitozis mértékére a sejtekben felhalmozodott fluoreszcencia konfokalis
mikroszképpal, vagy a szamszerli kifejezésre még megfelelobb folyadékaramlasos
citometriaval végzett mérésekbodl kovetkeztettiink. Amint azt a 32. dbra mutatja, mindkét
modszer alkalmazasaval azt kaptuk, hogy a plazmamembran PtdInsP; szintjének csokkentése
a transzferrin receptor endocitézisanak gatlasat eredményezi. Kontrollként egyrészt 5-
foszfatazt nem tartalmazo konstrukcidt hasznaltunk, masrészt rapamicin elokezelés nélkiil is
vizsgaltuk a sejtek transzferrin felvételét. Hatast azonban kizarolag a PtdInsP, deplécio esetén

tapasztaltunk.
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32. ABRA A plazmamembrin PtdInsP, deplécidjanak hatisa a transzferrin receptor endocitézisara

A: A méréseket COS-7 sejteken végeztiik, melyekben expresszaltuk a rapamicinnel aktivalhato PtdInsP,
deplécios rendszer részeit (PM-FRB-CFP és mRFP-FKBP-5-ptase-dom vagy mRFP-FKBP only). A transzferrin
receptor endocitozisanak kimutatasara Alexa Fluor 488-cal jelzett transzferrint (Invitrogen) hasznaltunk. A
konfokalis mérések soran egyrészt a jelzett transzferrin felvételét (els6 oszlop), masrészt a rapamicines rendszer
jelenétére utald mRFP fluoreszcenciat vizsgaltuk (kozépsé oszlop). A kisérlet 100 nM rapamicin adasaval
kezdodott. A PtdInsP, szint csdkkenésére 3 percet hagytunk, majd kovetkezett a receptorok endocitdzisanak
aktivalasa a jelzett transzferrin adasaval (5 pg/ml). A kisérleteket 33 °C-on végeztiik, a képeket a transzferrin
adasa utan 10 perccel készitettik. Az endocitézis mértékére a felhalmozodott transzferrin mennyiségébol
kovetkeztettiink. A nyilak azokat a sejteket jelzik, amelyek expresszaljak a PtdInsP, deplécios rendszert. Jol
lathato, hogy ezek a sejtek rapamicin elékezelés hidnyaban (w/o rapamycin) felvették a transzferrint, rapamicin
kezelés utdn azonban nem. 5-foszfatdz enzim hidnydban a sejtek transzferrin felvételét nem befolyasolta a
rapamicin (legfelsé sor). B: a folyamat szdmszert jellemzése érdekében COS-7 sejteket az A panelen leirtaknak
megfelelden kezeltiink, majd a képkészitésnek megfeleld iddpontban fixaltunk. A mintakat (minden csoportbdl
alkalmanként 20 ezer sejtet) aramlasos citométerrel mértik meg. Az utblagos analizis soran a piros, azaz a
PtdInsP, deplécios rendszert tartalmazo sejteket szeparaltuk, és az ezekhez tartozo z6ld intenzitas értéket, tehat a
felvett transzferrin mennyiségét szamoltuk. Az abra ezeknek az értékeknek a statisztikailag feldolgozott
eredményét mutatja (atlag + S.E.M, n=3). Transzferrin felvétel csokkenést egyetlen esetben, az S-foszfataz
enzim jelenléte és rapamicines kezelés, azaz a plazmamembran PtdInsP, szintjének csokkentésekor tapasztaltuk.
(Varnai és mtsai, 2006 alapjan)
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Igen hasonld6 modon, Alexa Fluor 488-cal jelzett EGF felhasznalasaval az EGF
receptor endocitdzisanak PtdInsP, fliggését is megvizsgaltuk. Tekintettel arra, hogy ebben az
esetben a ligand nem halmozodik fel a sejtekben, és a receptorok szama is sokkal kevesebb, a
folyamat soran a sejtekben mérhetd fluoreszcencia nem érte el azt a szintet, hogy aramlasos
citométerrel vizsgalni lehessen; igy a folyamatot csak konfokalis mikroszkdppal tudtuk
kovetni. A mérések soran egyértelmlien az a kép alakult ki, hogy az EGF receptor

internalizacioja is érzékeny a PtdInsP, deplécidra (33. abra).

mRFP-FKBP
Alexa 488-EGF only merged

rapa

mRFP-FKBP-
Alexa 488-EGF 5-ptase-dom merged
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33. ABRA A plazmamembrin PtdInsP; deplécidjanak hatisa az EGF receptor endocitézisara

A mérés koriilményei a 32. adbran leirtakkal megegyeztek, az egyetlen kiilonbség, hogy Alexa Fluor 488-
transzferrin helyett 400 ng/ml Alexa Fluor 488-EGF-et hasznaltunk (Invitrogen). A nyilak azokat a sejteket
jelzik, amelyek expresszaljak a heterodimerizacids rendszert (k6zépso oszlop). Mig a jelzett EGF-fel lathatova
tett receptor sejten beliili megjelenése a sejtek tobbségében egyértelmii (bal oldali oszlop), azokban a sejtekben,
melyekben az 5-foszfatdz (mRFP-FKBP-5-ptase-dom) transzlokalddott a plazmamembranhoz az intracellularis
granulumok szama sokkal kevesebb. (Varnai és mtsai, 2006 alapjan)

4.4.5 A PtdInsP; deplécios modszer széles korii felhaszndldsa, a rendszer tovabbi fejlesztése
A plazmamembran PtdInsP, szintjének akut csokkentését lehetdvé tévo konstrukcidkat a
rendszer kozlését megel6zden elkiildtiik néhany laboratériumba, ahol kollaboréaci6 keretében
vizsgalatokba kezdtek veliik. Ezekbdl kideriilt kideriilt, hogy az éltalunk kifejlesztett rendszer
szamos sejttipusban miikodik, alkalmazéasaval jelentds 0j eredmények sziilettek. A rendszer
egyarant hasznalhatonak bizonyult kiilonboz6 folyamatok PtdIns(4,5)P, fiiggdségének, illetve

PtdIns(4,5)P, altali szabalyozottsdganak kimutatasara. Az eldbbire példa a connexin 43
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PtdInsP, fliggésének leirasa (van Zeijl és mtsai, 2007), az utdbbi pedig a Trp V1 csatorna
kettds PtdInsP, regulacidja (Lukacs és mtsai, 2007). A PtdInsP, deplécios rendszert jelenleg
is szamos laboratoriumban hasznaljdk, a kapott eredmények minden bizonnyal tovéabbi
elorelépést fognak jelenteni a plazmamembranban taldlhatdé PtdInsP, hatasainak

feltérképezésében.

A rapamicines heterodimerizacié elvének felhaszndldsaval, és megfeleld tervezéssel
sikeriilt olyan konstrukciokat késziteniink, amelyek alkalmasak a plazmamembran PtdInsP,
szintjének csokkentésére. Ez dnmagaban fontos eldrelépés az inozitol lipid kutatés teriiletén,
azonban a kidolgozott mddszer f0 jelentdsége az, hogy az FRB-t tartalmazé konstrukcié mas
membranokba irdnyitdsaval, illetve az FKBP-s konstrukciokba kiilonféle tipust és
ligandspecificitdsu enzim beépitésével, elvileg barmely membran barmely inozitol lipidjének
mennyiségét valtoztathatjuk. Néhany feltételnek viszont teljesiilnie kell: sziikséges, hogy az
FKBP-enzim konstrukcié kezdetben citoplazmatikus legyen, ebben a forméjaban ne hasson az
adott inozitol lipidre, rapamicin hatdsira transzlokalédjon az adott membrianhoz, és a
membrannal hatdsosan fejtse ki enzimatikus aktivitasat. Az elmult évek szamos
probéalkozasanak {6 tanulsaga, hogy ezeknek a feltételnek bizony nem konnyti eleget tenni.
Ugyanakkor jelentds sikereket is értlink el: a TGN38-as molekula és a Sacl 4-foszfataz
(Nemoto és mtsai, 2000) felhasznalasaval példaul sikeriilt megvaldsitanunk a Golgi membran
PtdIns(4)P tartalmanak akut csokkentését, ami lehetové tette e foszfoinozitid frakcid
szerepének vizsgalatat (kozlés alatt). Végezetil meg kell emliteni, hogy veliink
parhuzamosan, hasonlé molekuléris rendszer fejlesztésével mas munkacsoportok is sikerrel
probalkoztak, ami a rendszer széles korben torténd hasznalhatosdganak tovabbi bizonyitéka

(Fili és mtsai, 2006; Suh és mtsai, 2006).
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4.5 A kapacitativ Ca’*-bearamlas molekularis mechanizmusanak vizsgalata

A Ca*"-mobilizalé hormonok, neurotranszmitterek hatasara aktivalodo jelpalyak vizsgalataval
foglalkozo kutatok érdeklddési korébe, igy a mienkbe is a Ca**-szignal és az inozitol lipidek
egyarant beletartoznak. Adddik ez abbdl a torténelmi hagyatékbol, miszerint hosszu ideig a
foszfoinozitidek biologiai jelentdségét abban lattuk, hogy a PtdInsP, eléanyagként szolgél az
InsP; és DAG szintézis soran. Ezen tulmenden két tovabbi tényezd jatszott szerepet abban,
hogy a Ca®"-szignal kialakulasaval, azon beliil a fenntartott fazisért felel6s kapacitativ Ca**-
bearamlas vizsgalataval részletesen foglalkoztunk: 1.) régédta ismert, hogy a wortmannin,
amely az értekezés 4.2-es fejezetében mar széba keriilt mint a PI 3-kindzok gétldszere
mikromolos koncentracioban a Ca®"-szignal fenntartott fazisanak teljes hianyat okozza (Balla
¢s mtsai, 2007). Ebben a magas koncentracioban a wortmannin a PtdInsP, keletkezésében
alapvetd Ill-as tipusu PI 4-kindzokat is gatolja, ami felveti a PtdInsP, szerepét a gatlas
kialakuldsédban, de a pontos mechanizmust nem sikeriilt tisztdznunk. 2.) abban az idében,
amikor a STIMI fehérjét, mint az endoplazmas retikulum [Ca*"] szenzort leirtdk éppen
lezartuk az InsP; receptor aktivaciora vonatkozo, 4.3-as fejezetben ismertetett kutatast.
Bizonyitottuk ugyan a Ca’'-raktirak Ca®-tartalmanak csokkenését, de csak indirekt
megfigyelések révén. Mivel a STIMI fehérje az ER Ca®'-raktarak iiriilését jellegzetes
morfologiai valtozassal jelzi (lasd késébb), ugy gondoltuk, alkalmazhatd lesz az InsP;

receptorok aktivalodasa kovetkeztében kialakuld raktariiriilés kozvetlen kimutatasara.

4.5.1 A fluoreszcensen jelolt STIMI molekula expressziojanak és sejten beliili
lokalizacidjanak kapcsolata

A fluoreszcensen jelolt STIM1 molekula elkészitésekor a fluoreszcens fehérjét kodolo DNS
szekvenciat ugy épitettiik be, hogy az N-terminalis targetald szekvenciat (1-22) kovetden
jelenjen meg a fehérjében. Mivel az irdnyitd szekvencia a transzlacidt kovetden lehasad a
molekularol, végsé soron a fluoreszcens fehérje a STIM1 molekula luminélis végén jelenik
meg. A YFP-STIMI fuzios fehérje vizsgalata mar az elsé konfokalis kisérletet alkalméval
nagy izgalmat jelentett. A vart ER lokalizaciot ugyanis csak a fehérjét igen kis mértékben
expresszalo, alig észrevehetd sejtekben lattuk. A vizsgélatra hasznalt COS-7 sejtek dontd
tobbségében furcsa, foltos képet kaptunk, ami semmilyen addig latott sejtalkotéra sem
hasonlitott (34. abra). Késébb kideriilt, hogy ez a foltos jelenség az ER és a plazmamembran
kozott kialakuld nagy kiterjedésii kapcsolatnak felel meg, ami bizonyos koriilmények kozott

jelenik meg a sejtekben, amilyen példaul a jelentds STIM1 fehérje expresszio. A foltok
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kialakulasdban feltehetéen a STIM1 molekula plazmamembranba vald kijutasa jatszik
szerepet (Hauser és Tsien, 2007). Béar ennek a jelenségnek a vizsgélata is érdekes lett volna,
elsé6 megkozelitésben tigy gondoltuk, az ER-ban taldlhatéo STIM1-gyel foglalkozunk. Az a
tény, hogy ehhez nagyon kis expresszioju sejteket kell vizsgalnunk komoly nehézséget
jelentett a konfokalis kisérletekben, de megfelelt annak az altalanos torekvésnek, hogy a
kisérletekben toreked;jiink a vizsgalt fehérjék expressziojanak csokkentésére elkeriilve ezzel a
tulprodukcio esetleges nemkivanatos kovetkezményeit. E célbol a YFP-STIM1 fuzids fehérjét
koédold plazmidban a promotert kicseréltiik, és az altaldnosan hasznalt citomegalovirus
(CMV) prométer helyére a joval kisebb transzkripcidt eredményezd timidin-kinaz promotert

épitettiik be. Ezt a konstrukcidokban TK-val jeloltiik.

34. ABRA A fluoreszcensen jelolt STIM1 molekula sejten beliili lokalizaciéjanak vizsgalata

A human STIM1 fehérjét N-termindlisan YFP-vel jeloltik. A fazids fehérjét COS-7 sejtekben tranziensen
expresszaltuk, sejten beliili elhelyezkedését konfokalis mikroszkdoppal vizsgaltuk. A fehérje lokalizacioja az
expresszid novelésével (balrol jobbra haladva) jelentdsen valtozott. Mig kis expresszio esetén a fehérje
els6sorban az endoplazmas retikulumot rajzolta ki, expressziojanak novelésével a retikularis lokalizacio mellett
foltok jelentek meg, extrém nagy expresszio esetén pedig mar ezek a szinte dsszefiiggd foltok uraltak a képet.
Harom dimenzios analizissel egyértelmtien megallapithatd, hogy ezek a foltok a sejt felszinén helyezkednek el, a
plazmamembran és az ER membran dsszefekvésének megfeleld teriileten. (Varnai és mtsai, 2007 alapjan)

4.5.2 A fluoreszcensen jelolt STIM1 molekula reverzibilisen jelzi az endoplazmadas
retikulum [\ Ca2+] valtozasat

COS-7 sejtekben, konfokalis mikroszkoppal vizsgalva, a YFP-STIM1 molekula jellegzetes
valtozast mutatott. A nyugalomban egyenletes ER rajzolat az ATP ingerlést kdvetden
megvaltozott, kis csomok jelentek meg, ami a fehérje oligomerizacidjanak kovetkezménye. A
hormonalis ingerlésre a jelenség foként a periférids ER-ra terjedt ki. Thapsigargin adasa utan,

J4 r . . 17 + JORY4 J4 JSI4 "1z
amely az ER rendszer egészére kiterjedd Ca®'-depléciot eredményez, a csomoképzédés
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mértéke jelentdésen erdsodott (35. dbra A panel). A molekula viselkedése megfelelt a mas
munkacsoportok altal is latott képnek, ami azt jelenti, hogy a konstrukcié miikodéképesnek

bizonyult.
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35. ABRA Az intracellularis Ca’*-raktarak iiritésének hatasa a STIM1 molekula lokaliziciéjara

A YFP-vel jelolt STIM1 fehérjét COS-7 sejtekben tranziensen expresszaltuk. A sejteket konfokalis (A és C
panelek) vagy a sejtfelszini megjelenést kimutaté TIRF mikroszkdppal szobahdémérsékleten vizsgaltuk (B panel).
50 uM ATP adasat kovetden jellegzetes csomodsodast tapasztaltunk, ami a STIM1 molekuldk
oligomerizacidjanak kdvetkezménye. A jelenség tovabbi 200 nM thapsigargin (Tg) adasara igen kifejezetté valt
(A és C). Az oligomerizacioval egyiitt a STIM1 molekuldk a sejtfelszinhez vandoroltak, amit a TIRF intenzitas
emelkedése mutat (atlag + S.E.M. n=8) (B). A folyamat reverzibilitdsanak kimutatasara az ATP-t apiraz adasaval
lebontottuk. Az inger megsziinése az oligomerizacid és a szubplazmalemmaris lokalizacié csokkenését
eredményezte (B és C panelek). Az abrakon feltiintetett csikok 10 um-nek felelnek meg. (Varnai és mtsai, 2007
alapjan)

Mivel az oligomerizdcioval parhuzamosan a STIM1 molekuldk az ER
plazmamembran kozeli részébe vandorolnak, ez a mozgasuk remekiil kovetheté a
szubplazmalemmaris térben 1évd fluoreszcencia kimutatdsara alkalmas TIRF technikéval. A
modszer tovabbi eldnye, hogy az intenzitasvaltozas jol szdmszerisithetd. A 35. dbra B

paneljén jol latszik, hogy ATP ¢és thapsigargin adasat kovetéen novekedett a
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szubplazmalemmaris fluoreszcencia, ami megfelel a STIM1 molekuldk plazmamembranhoz
vandorldsanak. Mivel az irodalomban nem volt adat a folyamat reverzibilitdsara vonatkozodan,
megvizsgaltuk az inger megsziintetésének kovetkezményét. Ehhez az ingerként alkalmazott
extracellularis ATP-t apirdz enzim adasaval lebontottuk. Mint lathatd, a STIM1 molekulak
azonnal eltiintek egyrészt a plazmamembran kozelébdl (35. dbra B panel), masrészt az
oligomerizaci6 is nagymértékben csokkent (35. dbra C panel), tehat a STIM1 molekula

aktivéaciojanak folyamata reverzibilis.

4.5.3 A STIM1 molekula mozgdsa nem fiigg a plagmamembran PtdInsP; szintjétol

A bevezetdben emlitettem, hogy az irodalmi és a sajat megfigyelések alapjan felmeriilt, hogy
a plazmamembran PtdInsP, szintje szerepet jatszik a kapacitativ Ca®’-bearamlés
szabalyozasaban, azonban a molekularis részletekrdl nem allt rendelkezésre informacio.
Erdemes volt tehat megvizsgalni, vajon a STIMI molekula aktivaciojat befolyasolja-e a
plazmamembréanban 1évo PtdInsP, valtozasa. Ehhez a 4.4-es fejezetben ismertetett PtdInsP,
deplécios rendszert hasznéltuk. Mivel a TIRF rendszer alkalmas volt két kiilonb6zd
fluoreszcens fehérje kimutatdsara, ez lehetdvé tette a YFP-vel jelolt STIM1 és a mRFP-vel
jelolt 5-foszfatdz enzim parhuzamos kimutatasat (36. abra). ATP hatdsara, amint az el6z6
abran bemutattam, a STIM1 molekula megjelent a szubplazmalemmaris térben. Ugyanakkor
az ATP ingerlés az FKBP-5-foszfataz konstrukciéo (mRFP-FKBP-5-ptase-dom) mozgasat nem
befolyasolta. Amint az a 36. abra A részén lathato, rapamicin addsat kovetden bekovetkezett
az enzim transzlokécioja, és ezzel parhuzamosan a STIMI1 aktivacidé megsziint, viszont
thapsigarginnal ismét aktivalhatd volt. Ez a megfigyelés azt jelenti, hogy a PtdInsP, szint
csokkenés kapcsolatban van ugyan a STIM1 mozgasaval, de a gatldé hatds nem kozvetleniil
érvényesiil a molekulan. Abban az esetben, ha a mérést Ca®’-mentes médiumban végezziik, a
PtdInsP, deplécié dnmagaban nem gatolta az ATP adasaval kivaltott STIM1 aktivaciot, a
gatlas csak az extracellularis [Ca®"] normalizalasat kdveten jelent meg (36. dbra B panel).
Mindez arra utal, hogy az aktivacié csokkenésében nem a PtdInsP, deplécionak, hanem a
Ca®"-raktarak telddésének van szerepe. A plazmamembran PtdInsP, szint csokkentése az
InsPs keletkezés korlatozasan keresztiil eldsegiti a raktarak telédését, azaz a STIM1 aktivacio

ingerének megsziinését.

4.5.4 A STIM1 és Orail molekulak expressziojanak hatdsa a Ca2+-szigndlra
Tobb munkacsoport kimutatta, hogy a STIM1 ¢és az Orail molekula egyiittes expresszidja a

Ca**-szignal fenntartott fazisanak jelentés novekedéséhez vezet (Mercer és mtsai, 2006;
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Soboloff és mtsai, 2006), amibél arra kdvetkeztettek, hogy e két fehérje elegendsé a Ca®'-
bearamlasért felelés komplex kialakitdsdhoz. Megerdsitve ezeket az eredményeket, Fura-2
fluoreszcens festékkel toltott COS-7 sejtekben azt tapasztaltuk, hogy a thapsigarginnal vagy
az ATP-vel torténd ingerlés hatisara bekovetkezd Ca’'-vélaszt a YFP-STIMI és Orail

egyiittes jelenléte valoban jelentdés mértékben fokozta (37. abra).
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36. ABRA A plazmamembrin PtdInsP; szint csokkentésének hatisa a STIM1 molekula mozgasara

A YFP-vel jelolt STIMI1 fehérjét, illetve a rapamicines PtdInsP, deplécids rendszer konstrukcidit COS-7
sejtekben tranziensen expresszaltuk, a sejteket kétcsatornds TIRF mikroszkdppal szobahdmérsékleten vizsgaltuk.
Az egyik csatornaban a YFP-STIM1 fuzios fehérje raktariiritésre (50 uM ATP, 200 nM thapsigargin (Tg)), a
masikban pedig az mRFP-vel és FKBP-vel jelolt 5-foszfataz enzim (mRFP-FKBP-5-ptase-dom) rapamicin
adasara bekovetkezd, szubplazmalemmaris megjelenését regisztraltuk. A méréseket normal extracellularis
[Ca®]-ju (A panel) vagy Ca*-mentes (100 uM EGTA) mérdoldatban végeztiik (B panel). Ez utobbi esetén a
mérés folyaman a mérSoldat [Ca®']-jat 2,2 mM CaCl, adasaval éllitottuk helyre. A plazmamembran PtdInsP,
deplécioja a Ca®’-mentes kozegben nem hatott a STIMI mozgasara, ami azt mutatja, hogy nem kdzvetlen
hatasrél van sz6, hanem arrél, hogy PtdInsP, hianyéban gatolt az InsPs szintézis, ami a Ca’'-raktarak t6lt6désén
keresztiil vezet a STIM1 aktivalodasanak csokkenéséhez (atlag = S.E.M. n=11 (A) és 10 (B). (Varnai és mtsai,
2007 alapjan)
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37. ABRA A YFP-STIM1 és Orail molekulik expresszidjanak hatasa a Ca’*-szignalra

A méréseket Fura-2 Ca**-érzékeny fluoreszcens festékkel toltott COS-7 sejteken végeztiik digitalis képalkoto
eljaras alkalmazasaval. A sejtek a YFP-STIMI és fluoreszcensen nem jeldlt Orail molekuldkat tranziensen
expresszaltik. A citoplazmatikus [Ca*'] véltozasat 200 nM thapsigargin (Tg) (A panel) vagy 50 uM ATP (B
panel) adasaval idéztiik el6. A Fura-2 intenzitds mérésével parhuzamosan a sejtek YFP fluoreszcenciajat, azaz az
expresszalt YFP-STIM1 fehérje mennyiségét is kovettiik. A fekete gorbék a nem transzfektalodott, kontrollnak
tekintett sejtek valaszat mutatjak (atlag = S.E.M., n=20). A szines gorbék az egyedi valaszoknak felelnek meg
nagyobb (kék) és még éppen kimutathatd (piros) YFP-STIM1 expresszid esetén. A megkiilonboztetést az ATP-
re adott valaszok egyértelmii kiilonbsége indokolta. (Varnai és mtsai, 2007 alapjan)

Az egysejtes méréstechnikanak kodszonhetéen észrevettiik, hogy mig a thapsigargin
ingerlés abbol a szempontbol okozott jelentds kiilonbséget a sejtek kozott, hogy mekkora
késéssel jelenik meg a Ca**-bearamlasért felelés mechanizmus aktivalodasa (37. abra A panel
kék gorbék), az ATP esetében a valasz jellegének expresszio-fliggd valtozasa volt feltiind. A
konstrukciok kismértékii expresszidja mellett latott egyszeri Ca*"-jel névekedés (37. abra B
panel piros gorbék) nagyobb expresszidju sejteknél oszcillalo jellegli valaszba ment at (37.

dbra B panel kék gorbék). Erdekes modon az ATP utan adott thapsigargin hatasara az egyedi
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sejtek valasza kozotti kiilonbség nagymértékben csokkent. Annak tisztazasara, hogy mibdl
adodik a thapsigargin ingerlés sordn megfigyelhetd, sejtek kozotti kiilonbség, a
citoplazmatikus [Ca*"] méréseket a STIM1 mozgas kovetésével kombinaltuk. Mivel ezeket a
vizsgalatokat TIRF mikroszkopiaval végeztiik, a [Ca®] mérésére Fura-2 helyett a GFP-hez
hasonlitd spektralis karakterisztikaval rendelkezé Fluo-4 festéket alkalmaztuk. A STIM1
mozgas kovetésére pedig a fehérje mRFP-vel jelolt verzidjat hasznaltuk. Amint az a 38. abran
megfigyelhetd, thapsigargin hatdsara a STIM1 transzlokécioban is jelentds kiillonbség alakult
ki a sejtek kozott (A panel), azonban a STIM1 mozgas az egyedi sejtekben parhuzamosan
valtozott a Ca’**-jel emelkedésével (B panel). A kiilonbség oka tehat a STIM1 vandorlas

egyedi sejtekben valo eltérésébol adodott.
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38. ABRA A thapsigargin hatasara bekovetkezé STIM1 mozgas a citoplazmatikus [Ca’'] emelkedéssel
parhuzamosan valtozik

A méréseket Fluo-4 Ca*"-érzékeny fluoreszcens festékkel toltott, fluoreszcensen jelolt STIMI és fluoreszcensen
nem jelolt Orail molekuldkat tranziensen expresszalo COS-7 sejtekeben, szobahdmérsékleten végeztiik
kétcsatornas TIRF mikroszkoppal. Az egyik csatornaban a Fluo-4 intenzitas valtozasat, a masikban a YFP-
STIM1 fuziés fehérje megjelenését rogzitettiik. A STIM1 molekula 200 nM thapsigargin (Tg) hatasara
bekovetkezd szubplazmalemmaris megjelenését egyedi sejtekben mutatom (A panel). A jobb attekinthetdség
érdekében a parhuzamosan mért citoplazmatikus [Ca®'] véltozast harom sejt esetében hasonlitottuk 6ssze (B
panel). Jol lathatd, hogy azokban a sejtekben, amelyeknél a STIM1 transzlokacido hosszabb ideig tartott, a

citoplazmatikus Ca*'-szignal fenntartott fazisnak megfeleld része ugyancsak késébb alakult ki. (Varnai és mtsai,
2007 alapjan)
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4.5.5 A plagzmamembran és az endoplazmas retikulum kozotti mesterséges kapcsolat, a
wrapa-folt” kialakitisa

A 4.4-es fejezetben leirtam, miként alkalmaztuk a rapamicin aktivalta heterodimerizacios
rendszert egyes citoplazmatikus fehérjék plazmamembranhoz iranyitdsara. A munka soran
felvetodott, vajon megvaldsithatd lenne-e két membran kozotti kapcesolat 1étrehozasa hasonld
elven. Ehhez a rendszer mindkét tagjat, tehat az FRB domént és az FKBP12 fehérjét,
membranok felszinére kell irdnyitani figyelembe véve azt, hogy kolcsonhatdsuk soran az
FKBP12 C-terminalis vége és az FRB domén mindkét vége azonos iranyba mutat (Choi és
mtsai, 1996). A kapacitativ Ca’*’-bearamlasért felelés komplex vizsgalatahoz a
plazmamembrén és az ER kozotti kapcsolat valtoztatasara volt sziikség, ezért az FKBP12-t a
plazmamembranhoz, az FRB-t pedig az ER felszinére irdnyitottuk. A plazmamembranhoz
iranyitast ebben az esetben is egy N-terminalis target szekvencia segitségével értiik el, ami
azonban a Lyn fehérjébdl szarmazott (1-20 aminosavak) (Inoue és mtsai, 2005), de a
targetdlas mechanizmusanak szempontjabdl (palmitoilacid €és mirisztoilacié) a korabban
hasznalt szekvencidval egyezett. Az ER targetdldshoz szintén egy madsik fehérje, az ER
rezidens Sacl foszfataz C-termindlis irdnyit6 szekvenciajat (521-587 aminosavak) hasznaltuk
(Nemoto és mtsai, 2000), amit az FRB domén C-terminalis végéhez kotottiink. Kimutatasuk
¢s vizsgalhatosdguk érdekében mindkét fehérjét fluoreszcens fehérjével is jeldltem, tehat
végiil is a kovetkezd két konstrukceio jott 1étre: PM-FKBP-mRFP és CFP-FRB-ER.

A konstrukciokat COS-7 sejtekben kifejezve, és konfokalis mikroszkdpban vizsgalva,
azok a sajat iranyitdé szekvencidjuknak megfeleld lokalizaciot mutattak, tehat a PM-FKBP-
mRFP konstrukciéo a plazmamembran, a CFP-FRB-ER konstrukcio pedig ER lokalizaciot
mutatott (39. dbra A panel a-c képek). Rapamicin (100 nM) adésat kdvetden mindkét
konstrukcio lokalizacidja megvaltozott. Perceken beliil kolokalizaldé pontok jelentek meg,
amelyek folyamatosan ndvekedtek, és tovabbra is tokéletes kolokalizaciot adtak (39. abra A
panel d-i képek). A kialakult morfologiai kép nagyon hasonlitott ahhoz, amit a jelentds
STIM1 expresszi6 esetén tapasztaltunk (34. abra). Ugy gondoljuk, hogy a folyamat azokban a
pontokban kezdddik, ahol a plazmamembran és az ER kozo6tt nyugalomban is van kapcsolat
(plazmamembran-ER kontakt pontok), majd wjabb ¢s ujabb fehérjék megjelenésével és a
rapamicin-medialta kapcsolatok kialakuldsaval a két membran kozotti kapcsolat egyre
nagyobb feliiletre terjedt ki. A mesterségesen 0sszekapcsolt plazmamembran-ER teriileteket
»rapa-folt”-nak neveztiik el. Fontos megjegyezni, hogy a ,rapa-folt” kialakuldasa az ER

centralis struktarajat alapvetéen nem befolyasolta (39. abra B panel).
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39. ABRA A plazmamembran és az endoplazmas retikulum kozotti mesterséges kapcsolat, a ,,rapa-folt”
kialakulasa

COS-7 sejteket a plazmamembranhoz iranyitott és fluoreszcens fehérjével jelolt FKBP-t (PM-FKBP-mRFP) és
az ER citoplazmatikus felsziné¢hez iranyitott, ugyancsak fluoreszcensen jelolt FRB domént (CFP-FRB-ER)
kodolo DNS-sel transzfektaltuk. A mindkét fehérjét expresszald sejteket szobahdmérsékleten konfokalis
mikroszkoppal vizsgaltuk. A képek, amelyeket a fluoreszcens fehérjéknek megfeleld csatornakban rogzitettiink,
a sejtek tapadasi felszinének rétegében késziiltek. A konstrukciok a mérések elején az iranyitasuknak megfeleld
lokalizaciot mutattak, azaz a CFP-szignal az ER-nak (panel A, b kép), az mRFP-szignal pedig a
plazmamembrannak felelt meg (panel A, a kép). Rapamicin (100 nM) hatasara a konstrukciok 1-2 percen beliil
jellegzetes morfologiai valtozason mentek at, egymassal tokéletes fedést mutato, foltszerti strukturak jelentek
meg, melyeket ,,rapa-folt”-nak neveztiink el (A panel, d-i képek). Felhivom a figyelmet a nagymértékii STIM1
expresszio esetén latott strukturdkkal vald hasonlésagra (34. ébra). Az ER struktira egyidejii kimutatasaval
(FRB-t nem tartalmazé GFP-ER konstrukci6é koexpresszid) a ,,rapa-folt” kialakuldsa ellenére az ER retikularis
strukturdja alapvetden intakt maradt (B panel). Az egyesitett képeken a z6ld szin a CFP-vel vagy GFP-vel, a
piros szin az mRFP-vel jelolt konstrukciét mutatja. Az abrakon feltiintetett csikok 10 um-nek felelnek meg.
(Varnai és mtsai, 2007 alapjan)

4.5.6 A ,rapa-folt” hatisa a STIM1 molekula lokalizdcidjara

A STIM1 molekula nyugalmi ER-lokalizacidjanak megfelelden, kialakitva a ,,rapa-folt”-okat,
azt tapasztaltuk, hogy azok tartalmazzdk a YFP-STIMI fehérjét is (40. dbra a-c képek). Az
alkalmazott gyors és erbteljes Ca*"-raktar iirités (ATP és thapsigargin egyiittes adasaval) a
,rapa-folt”-okat nem befolyasolta, viszont a STIM1 aktivalodas jeleként bekovetkezett a

fehérje oligomerizacidja, és megjelentek a STIM1 csomok (40. abra d-i). Az egyesitett
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képeken, kiilondsen a nagyitott felvételen (40. abra 1 kép) jol latszik, hogy a STIM1 csomok
nem véletlenszerlien jelentek meg, hanem szigortian a foltok szélénél helyezkedtek el.
Forditott esetben, vagyis amikor elészor a STIM1-et aktivaltuk, és rapamicin adasaval ezt
kovetéen hoztuk 1étre a ,,rapa-folt”-okat, ismételten a szoros kapcsolat jeleit tapasztaltuk, de
itt a foltok a STIM1 csomokbol kiindulva, kivételesen azokat korbevéve jottek 1étre (41.

abra).

merge

after rapa

ATP/Tg 2 min

high magnification

40. ABRA A ,rapa-folt” meghatirozza az aktivalédott STIM1 molekulak lokalizaciojat

COS-7 sejteket a ,rapa-folt” kialakitasdhoz sziikséges PM-FKBP-mRFP-t és CFP-FRB-ER-t, illetve a
csokkentett expressszioji TK-YFP-STIM1 molekulat kodolé DNS-sel transzfektaltuk, majd konfokalis
mikroszkoppal vizsgaltuk. A mérés soran elsd 1épésként 100 nM-os rapamicin ingerléssel létrehoztuk a
jellegzetes ,rapa-folt”-okat. A STIM1 ER lokaliz4ciojanak megfeleléen a YFP-STIM1 ilyenkor megjelent a
,rapa-folt”-ban (felsé sor). A Ca*"-raktarak intenziv iiritésének hatisara (50 uM ATP és 200 nM thapsigargin
(Tg) egyiittes adasa) a STIMI oligomerizacié kdvetkeztében megjelentek a jellegzetes csomodk, amelyek
szigoruan a ,,rapa-folt”-ok szélénél helyezkedtek el (f és nagyobb nagyitasban az i kép). Az egyesitett képeken a
z061d szin a YFP-vel, a piros szin az mRFP-vel jelolt konstrukciot mutatja. Az abrakon feltiintetett csikok 10 pm-
nek felelnek meg. (Varnai és mtsai, 2007 alapjan)

4.5.7 A fluoreszcens fehérjével jelolt Orail molekula mitkédésének jellemzése

A STIM1 molekuldk az oligomerizaciot és a plazmamembranhoz jutdsukat kovetden
kapcsolatba 1ép a kapacitativ Ca**-csatorna Orail-gyel. A STIM1 molekula és a ,,rapa-folt”
kozott kialakuld sajatos kapcsolat felfedezése utan fontos volt megvizsgalni, vajon a ,,rapa-
folt” befolyasolja-e, ¢és ha igen, akkor miként az Orail molekulat. Ehhez azonban ez utobbit is
lathatova kellett tenniink, ezért a C-terminalis végén fluoreszcens fehérjével jeldltiik. Tanulva
a korabbi tapasztalatokbol, miszerint mindig olyan szinli konstrukcié lenne a legidealisabb,

ami még éppen nincs, a CFP-vel, YFP-vel és mRFP-vel jelolt Orail-t is elkészitettem. Amint
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azt a 42. dbra mutatja, a molekula ugy viselkedett, ahogy az irodalmi adatok alapjan varhato
volt: a plazmamembranban helyezkedett el (A panel), a STIMI-gyel egyiitt expresszalva
fokozta a thapsigarginnal kivaltott Ca*"-jelet (B panel), és megjelent a Ca* -raktarak tiritését
kovetéen kialakult STIM1 csomodkban (C panel). Az Orail-t onmagaban expresszalva ez
utobbi morfologiai valtozast nem tudtunk kimutatni (42. dbra D panel), feltehetéen az igen

alacsony endogén STIM1 expresszié miatt.

PM-FKEP-mRFP

TK-YFP-5TIM1 merge

rapa 3 min

high magnification

41. ABRA A plazmamembrinhoz vindorolt STIM1 oligomer meghatirozza a ,,rapa-folt” kialakulasat
COS-7 sejteket a ,rapa-folt” kialakitasahoz sziikséges PM-FKBP-mRFP és CFP-FRB-ER konstrukcidkat,
valamint a csokkentett expresszioji TK-YFP-STIMI1 molekulat kodolé DNS-sel transzfektaltuk. A fehérjéket
expresszald sejteket szobahdémérsékleten konfokalis mikroszkoppal vizsgaltuk (TK-YFP-STIMI1 és PM-FKBP-
mRFP). A mérés soran elsé 1épésként a Ca’'-raktarakat 200 nM-os thapsigargin ingerléssel iiritettiik, minek
kovetkeztében kialakultak a jellegzetes STIM1 csomdk (a kép). Ez a beavatkozds a PM-FKBP-mRFP
plazmamembran lokalizacidjat nem befolyasolta. Ezutan kovetkezett a ,rapa-folt”-ok kialakitdsa 100 nM
rapamicin adasaval. Harom perc elteltével a foltok mar szépen kialakultak. A STIM1 oligomerekkel vald
kapcsolat ebben az esetben is egyértelmi (f és nagyobb nagyitasban az i kép). Kiilonbséget legfeljebb annyiban
tapasztaltunk, hogy helyenként a ,rapa-folt” lényegében korbevett egy STIM1 csomét (nyilak). Az egyesitett
képeken a zold szin a YFP-vel, a piros szin az mRFP-vel jelolt konstrukciot mutatja. Az abrakon feltiintetett
csikok 10 pm-nek felelnek meg. (Varnai és mtsai, 2007 alapjan)

4.5.8 A ,rapa-folt” hatasa az Orail molekula lokalizacidjara

A ,rapa-folt”-ok kialakitasa a fluoreszcens fehérjével jelolt Orail molekula plazmamembran
elhelyezkedését jelentésen megvaltoztatta. A molekula tovabbra is a plazmamembranban
maradt, azonban a ,,rapa-folt” teriiletérdl eltlint (43. dbra A panel). Ilyen koriilmények kozott

a raktarak Uritésének hatasara az Orail molekula STIMI expresszidé nélkill is mutatta a
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csomoképzddést a foltok szélénél (43. abra B panel), a jelenség azonban STIMI1 egyiittes
expresszigjaval jelentdsen fokozhatdé volt (43. abra C panel). Az észlelt morfologiai
valtozasok magyardzatara azt feltételeztiik, hogy abban elsddleges az Orail molekuldk
kiszoruldsa a mesterséges kapcsolat, azaz a ,,rapa-folt”-ok teriiletérol, és minden mas jelenség
(STIM1 csomok elhelyezkedése a folt szélénél, endogén STIM1 ,,bekoncentralodas™ és ebbol

adodoan az Orail csomdk megjelenése) ennek tulajdonithato.

A Orai1mRFP B

C YEP-STIM1

ATPITg

D Orail-YFP

control Tg 3 min Tg 5 min

42. ABRA A fluoreszcens fehérjével jelolt Orail jellemzése

A human Orail molekulat C-terminalisan fluoreszcens fehérjével jeloltiik. A kapott fazids fehérjét COS-7
sejtekben expresszalva, és konfokalis mikroszkdppal vizsgalva, szép plazmamembran lokalizaciot kaptunk (A
panel). Annak ellendrzésére, hogy a konstrukcié funkcioképes Ca”'-csatornaként miikodik, Fura-2-vel toltott
COS-7 sejtekben YFP-STIM1 molekulaval koexpresszaltuk, és vizsgaltuk a 200 nM thapsigargin (Tg) adasara
bekovetkezd citoplazma [Ca*'] (B panel) és a konstrukciok lokalizaciojanak (C panel) valtozasat. Az STIM1 és
Orail konstrukciokat egyarant expresszald sejtekben a kontroll sejtekhez képest (fekete gorbe) hatalmas
citoplazmatikus [Ca®'] ndvekedést kaptunk, ami a csatorna mitkodésének egyértelmii jele (piros gorbék), illetve
konfokalis mikroszkoppal nézve a sejteket, egyértelmi volt az Orail molekula megjelenése a STIMI1
csomokban. Erdekes modon ez utobbi jelenség abban az esetben, ha a sejtek az Orai-YFP-t Gnmagukban
expresszaltak, nem volt megfigyelhetd (D panel). Az egyesitett képeken a zold szin a CFP-vel, a piros szin a
YFP-vel jelolt konstrukciot mutatja. Az abran feltiintetett csik 10 pm-nek felel meg. (Varnai és mtsai, 2007
alapjan)

76



Jelatviteli folyamatok vizsgalata

PM-FEBP-CFP .
A + CFP-FRE-ER Orai1-YFP merge

after rapa

after rapa

o

Orail-YFP

PM-FKBP-mRFP

ATP/Tg 7 min

PM-FKBP-CFP
+ CFP-FRB-ER

TK-YFP-5TIM1 Orai1-mRFP merge

M

rapa 3 min
+Tg 7 min

43. ABRA A ,rapa-folt” kialakitasa befolyasolja az Orail molekulik membrinon beliili elhelyezkedését
COS-7 sejteket a ,,rapa-folt” kialakitasahoz sziikséges PM-FKBP-CFP és CFP-FRB-ER konstrukciokat, valamint
az Orail-YFP molekulat kodold DNS-sel transzfektaltuk. A fehérjéket expresszalod sejteket szobahdmérsékleten
konfokalis mikroszkoppal vizsgaltuk (Orail-YFP és ,rapa-folt”). A jellegzetes ,rapa-folt”-okat 100 nM
rapamicin adasaval hoztuk létre (A panel, a kép). A plazmamembran azon részeirdl, ahol a ,,rapa-folt” létrejott,
az Orail-YFP eltlint (A panel, b kép). Kiilondsen jol latszik ez a két csatorna egymasra vetitett képén, ahol a
piros szin felel meg a ,,rapa-folt”-nak, mig a zold az Orail-nek (A panel, ¢ kép). Ilyen koriilmények kozott a
Ca”-raktirak ATP/Tg koktéllal torténd iiritése esetén mér kimutathaté az Orail molekulik csomokban vald
megjelenése, melyek ebben az esetben is jellegzetesen a ,,rapa-folt”-ok sz€lénél helyezkedtek el (B panel). A
jelenség jelent6sen fokozhaté a STIMI fehérje koexpresszidjaval (TK-YFP-STIM1) (C panel). Az abrakon
feltiintetett csikok 10 pm-nek felelnek meg. (Varnai és mtsai, 2007 alapjan)

Eddigi megfigyeléseket 6sszefoglalva megallapithatjuk, Ggy tlinik, az Orail molekula
tul nagy, egyszerlien nem fér el a két membran kozotti résben. Felmeriilt, hogy az Orail
méretnovekedése nem a fluoreszcens fehérjével valo jelolés miatt kdvetkezett-e be. Mivel
azonban a STIMI1 molekula kiszoruldsat a ,rapa-folt”-bol azokban a kisérletekben is
¢észleltiik, ahol a rapas rendszer fehérjéi mellett csak a YFP-STIM1-et expresszaltak a sejtek
(az tehat kizarolag az endogén Orail molekulaval 1éphetett kdlcsonhatasba), ezt a feltételezést

kizarhatjuk (40. abra). Ha azonban a membranok kozotti réstavolsag novelésével az Orail
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molekula kiszorulasat képesek lennénk megakaddlyozni, az komoly érv lenne a nem jelolt

Orail méretére is vononatkoz6é megéllapitasok helyessége mellett.

PM-LL-FKBP-CFP .
A + CEP-FRB-LL.ER Orail-YFP merge

after rapa

PM-LL-FKBP-CFP

+ CFP-FRB-LL-ER mRFP-STIMI

merge

after rapa

ATP/Tg 2 min

PM-LL-FKBP-CFP .
+ CFP-FRELL-ER mRFP-5TIM1 Orail-YFP merge

rapa 3 min m

+Tg 4 min

PM-LL-FKBP-CFP
+CFP-FRB-LL-ER TKYFP-STIMI

rapa 3 min
+Tg 10 min

44. ABRA A plazmamembran és endoplazmas retikulum kozotti réstavolsag novelésének hatasa a STIM1
és Orail molekulidkra

A réstavolsag noveléséhez az FKBP-s konstrukcioba a plazmamembranhoz iranyité szekvencia és az FKBP
fehérje kozé, az FRB-s konstrukcidba pedig az ER-hoz iranyitd szekvencia és az FRB domén kozé egy-egy
helikalis linkert (9 x EAAAR) épitettiink be (PM-LL-FKBP-CFP és CFP-FRB-LL-ER). COS-7 sejteket a ,,rapa-
folt” kialakitasdhoz sziikséges FKBP-s és FRB-s konstrukciokat, valamint az Orail-YFP és bizonyos esetekben
(B és C panel) fluoreszcensen jelzett STIM1 molekulat kodolo DNS-sel transzfektaltuk. A fehérjéket expresszalo
sejteket szobahdmérsékleten konfokalis mikroszkoppal vizsgaltuk. (Orail-YFP és ,rapa-folt”). A jellegzetes
»rapa-folt”-okat 100 nM rapamicin adasaval hoztuk Iétre (A panel, a kép). Nagyobb réstavolsag esetén a
plazmamembran azon részeirdl, ahol a ,,rapa-folt” 1étrejott, az Orail-YFP mar nem tiint el (A panel, b kép). Ilyen
koriilmények kozott a Ca®'-raktarak ATP/Tg koktéllal torténd iiritése esetén az Orail fehérje megjelent a ,,rapa-
folt”-ban, és kolokalizalt a STIM1-gyel (B panel). A jelenség az id6 elérehaladtaval egyre kifejezettebba valt (C
panel). A nagyobb réstavolsag esetén a STIM1 molekula oligomerizacioja elmaradt. Az abrakon feltiintetett
csikok 10 pm-nek felelnek meg. (Varnai és mtsai, 2007 alapjan)
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4.5.9 A plazmamembran és endoplazmas retikulum kozotti réstavolsag novelésének hatdsa
a STIM1 és Orail molekuldikra

A membranok kozotti réstdvolsag novelésére az FRB-s és FKBP-s konstrukciokat
modositottuk, és egy-egy 45 aminosavbol allo linkert épitettiink be a targetszekvencidk mellé.
A linkert Gigy terveztiik meg, hogy az 9 darab olyan aminosavbdl allo egységet tartalmazott
(EAAAR), amelyek feltételezhetden helikalis mdsodlagos szerkezetet alakitottak ki és
képesek voltak az FRB domén és az FKBP fehérje membranoktdl valo eltdvolitasara.
Amennyiben a ,,rapa-folt”’-okat ezekkel az 0j konstrukcidkkal hoztuk 1étre (PM-LL-FKBP-
CFP és CFP-FRB-LL-ER — az LL jelzi a hosszt linkert), az Orail-YFP molekula nem szorult
ki a ,,rapa-folt”-bol (44. abra A panel), s6t a STIM1/Orail rendszer aktivalasat kvetéen (ATP
és thapsigargin egylittes adasa) az Orail molekuldk a ,rapa-folt”-ok teriiletére
koncentralodtak (44. abra B és C panelek). Ilyen koriilmények kozott sem a STIMI, sem az
Orail esetében nem lattuk jelét a csomdok megjelenésének, ami azt jelenti, hogy ebben a
specialis esetben a két molekula kozotti kdlesonhatas kialakulasa a STIM1 oligomerizacioja

nélkil bekovetkezett.

4.5.10 A kapacitativ Ca’*-bedramlisért felelos molekularis komplex felépitésének modellje
A plazmamembran ¢és az ER kozotti mesterséges kapcesolat kialakitasa a STIM1 és az Orail
molekulak jellegzetes lokalizcidjat eredményezte. A lokalizacid jellegzetessége, hogy a
STIM1 és Orail kozotti kapcsolat kialakuldsakor a molekuldk kizardlag a membranok
Osszefekvése mentén voltak talalhatok, ami az Orail kiszoruldsanak kovetkezménye. Mivel az
Orail molekula mérete oGnmagaban ezt nem indokolja, magyarazatként feltételezziik, hogy az
Orail egy feltehetden tobb molekulabol all6 komplex részeként helyezkedik el a
plazmamembranban. A membranok kozotti kapcsolatot kialakitd fehérjék méretének
becslésébol ugy gondoljuk, hogy a komplex mérete biztosan meghaladja az 5 nm-t (45. dbra
bal oldali rajz). Tekintettel arra, hogy a réstavolsag novelésével képesek voltunk olyan
allapotot létrehozni, melynél az Orail-t tartalmaz6 fehérjekomplex mar elfért a résben, a
komplex méretére feliilrdl is tudunk becslést adni. Eszerint a komplex mérete a 12-14 nm-t

nem haladja meg (45. abra jobb oldali rajz).

4.5.11 A plazmamembranban talalhato PtdIns(4)P hatisa a STIM1/Orail-medidlta Ca**-
bedramladsra
Egy masik kisérletsorozatban Fura-2-vel t5lt6tt COS-7 sejtek citoplazmatikus [Ca*]-

janak mérése soran azt talaltuk, hogy a PtdInsP, deplécié ugyan nem befolyasolta az ATP és
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thapsigargin (50 uM és 200 nM) egyiittes adasaval kivéltott kapacitativ Ca®"-bearamlast, de a
PI 4-kinaz gatlasa 300 uM LY294002-vel, a Ca®"-jel fenntartott fazisat gatolta. Ez a kisérlet
Iényegében azt az el6z6 megfigyelésemet erdsitette meg, miszerint az 1-es tipusu angiotenzin
IT receptort stabilan expresszald sejtekben a thapsigargin hatasara megemelkedett
citoplazmatikus [Ca*"] emelkedés PtdInsP, deplécioval nem, viszont angiotenzin II adasaval
gatolhat6 volt. Mivel mindkét felallasban csokkent a plazmamembran PtdIns(4)P szintje, az
eredmények Onmagukban felvetik a kapacitativ Ca®"-bedramlas PtdIns(4)P foszfat
érzékenységének lehetdségét, amit a tovabbi vizsgalatok egyértelmiien igazoltak is
(Korzeniowski és mtsai, 2009). A kozlemény tartalmazza ugyan az eredeti megfigyelésemet,
és az altalam készitett konstrukciok felhasznalasaval késziilt, mivel azonban a kisérleteket

masok végezték, részletes ismertetése nem része a jelen értekezésnek.
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45. ABRA A Kkapacitativ Ca’*-bearamlasért felelés molekularis komplex felépitésének modellje

A bal oldali rajz azt az allapotot mutatja, amikor a mesterségeses plazmamembran és endoplazmas retikulum
kapcsolat (,,rapa-folt”) kdvetkezményeként az Orail molekula kiszorul a foltok szélére, és ennek kovetkeztében
a STIM1 és Orail komplex is kizardlag a széleken tud kialakulni. A réstdvolsadg ndvelésekor (jobb oldali rajz) az
Orail molekula elfér a résben, a STIM1-Orail kolcsonhatas a résen beliil megvalosul. Mivel az Orail molekula
intracellularis része nem haladja meg sem az FRB vagy FKBP konstrukciok, sem a STIMI1 molekula
intracellularis darabjanak méretét, feltételezzilk, hogy egy nagyobb komplex részekén van jelen a
plazmamembranban. A réstavolsagok méretébdl szamolva a komplex mérete biztosan meghaladja a 6-7 nm-t, de
nem nagyobb 12-14 nm-nél. (Varnai és mtsai, 2007 alapjan)
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5. Az uj tudomanyos eredmények osszefoglalasa

1. Kimutattuk, hogy a foszfolipdz C enzim PH doménjének PtdIns(4,5)P, kotése sziikséges,
de nem elégséges feltétele a domén és a plazmamembran kozotti kdlcsonhatés
kialakulasanak. Megallapitottuk, hogy a PH domén 36 és B7 redok kozotti része, az inozitol

lipid kotésétdl fiiggetlentil szerepet jatszik a kdlcsonhatasban.

2. Kimutattuk, hogy PtdIns(3,4,5)P; kotésére képes PH domének funkciondlisan eltérd
tulajdonsdgokkal rendelkeznek. Az Akt és a GRP1 fehérjék PH doménjében pontmutansok
1étrehozasaval bizonyitottuk, hogy az eltérés hatterében az inozitol lipid kdtést nem érintd
kolcsonhatasok allnak. A GRP1 PH doménjének esetében kimutattuk a kozte és az Arf6

fehérje kozotti kapesolatot.

3. Megallapitottuk, hogy az endoplazmas retikulum citoplazmatikus felszinére iranyitott
human 1-es tipusu InsP; receptor N-terminalis, ligandkotésért felelés doménje az endogén
InsP; receptorokkal kdlcsonhatva, azok aktivalasara képes. Ugyancsak kimutattuk, hogy a

hatasért a ligandkoté domén C-termindlis, helikalis szerkezetii része felelOs.

4. A rapamicinnel aktivalhatdo heterodimerizacidés rendszer felhasznalasdval molekularis
rendszert fejlesztettiink ki, amely alkalmas €16 sejtben a plazmamembran PtdIns(4,5)P,
szintjének akut csokkentésére. A rendszer alkalmazasaval kimutattuk a Ca*"-mobilizal6
hormonnal 1étrehozott Ca**-szignal, a Trp M8 ioncsatorna, valamint a transzferrin és az

EGF receptor endocitozisanak PtdInsP, érzékenységét.

5. Kimutattuk, hogy a fluoreszcens fehérjével jelolt human STIM1 molekula Ca**-mobilizalé
hormon hatasara bekovetkezd oligomerizacioja és plazmamembranhoz jutisa reverzibilis
folyamat. A rapamicinnel aktivalhaté heterodimerizaciés rendszer felhasznélasaval
molekularis rendszert fejlesztettiink ki, amely alkalmas €16 sejtben a plazmamembran és az
endoplazmas retikulum kozott mesterséges kapcesolat kialakitdsara. Megallapitottuk, hogy a
kapacitativ Ca”"-bearamlasért egy olyan molekulakomplex felelés, amely a STIM1-en és

Orail fehérjéken kiviil mas fehérjé(ke)t is tartalmaz.
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6. A Kkutatas jelentosége

Az értekezésben bemutatott kutatémunka alapkutatas, melynek célja az inozitol lipidekbdl
kiindul6, illetve ennek részeként a citoplazmatikus Ca®" koncentracié emelésén keresztiil
foly6 jelatalakitasi folyamatok jellemzése, a résztvevd molekuldk, illetve a molekuldk kozott
kialakul6 kolcsonhatasok azonositdsa. A kapott eredmények a sejtek miikodésére vonatkozd
ismereteinket bovitik, jelentdségiiket csak évek, évtizedek tavlatabol lehet megitélni. Kivétel
ez alol a rapamicinnel indukdlhat6é heterodimerizécios rendszerrel kapcsolatos tevékenység,
mivel e rendszer felhasznalasaval alapvetden 0j, molekularis eszkoztarakat hoztunk 1étre. Bar
a PtdInsP, depléciés rendszer €s a mesterséges membrankapcsolat kidolgozasaval célunk
elsésorban a sajat kutatdsi teriiletlink jobb megismerése volt, azonban e technikdk a
jelatalakitasi folyamatok szamos, altalunk nem vizsgalt teriiletén is alkalmazhatok, illetve

fejlesztésiik akar biotechnoldgiai innovacioként is elképzelhetd.
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The relationship between the ability of isolated pleck-
strin homology (PH) domains to bind inositol lipids or
soluble inositol phosphates in vitro and to localize to
cellular membranes in live cells was examined by com-
paring the PH domains of phospholipase Cé, (PLC4,)
and the recently cloned PLC-like protein p130 fused to
the green fluorescent protein (GFP). The prominent
membrane localization of PLC3,PH-GFP was paralleled
with high affinity binding to inositol 1,4,5-trisphosphate
(InsP3) as well as to phosphatidylinositol 4,5-bisphos-
phate-containing lipid vesicles or nitrocellulose mem-
brane strips. In contrast, no membrane localization was
observed with p130PH-GFP despite its InsP; and phos-
phatidylinositol 4,5-bisphosphate-binding properties
being comparable with those of PLC§,PH-GFP. The N-
terminal ligand binding domain of the type I InsP; re-
ceptor also failed to localize to the plasma membrane
despite its 5-fold higher affinity to InsP; than the PH
domains. By using a chimeric approach and cassette
mutagenesis, the C-terminal a-helix and the short loop
between the B6-pB7 sheets of the PLC§,PH domain, in
addition to its InsP;-binding region, were identified as
critical components for membrane localization in intact
cells. These data indicate that binding to the inositol
phosphate head group is necessary but may not be suf-
ficient for membrane localization of the PLC§,PH-GFP
fusion protein, and motifs located within the C-terminal
half of the PH domain provide auxiliary contacts with
additional membrane components.

Phosphatidylinositol 4,5-bisphosphate (PI(4,5)P,),! a minor
phospholipid component of the plasma membrane, is a key
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regulator of several cellular processes. PI(4,5)P, is a precursor
of important second messengers, such as the diffusible InsP5,
which regulates Ca®" release from intracellular Ca®" stores,
and the protein kinase C activator, diacylglycerol (1, 2).
PI(4,5)P, is also phosphorylated by class I PI 3-kinases to form
PI(3,4,5)P;, which controls membrane recruitment and the
functions of several important signaling proteins (3). PI(4,5)P,,
itself is a regulator of a great variety of target molecules,
including ion channels (4, 5) and several proteins that regulate
actin polymerization and the cytoskeleton (see Ref. 6), provid-
ing a link between the plasma membrane and the cortical
cytoskeleton (7). P1(4,5)P, has been implicated in several forms
of membrane remodeling events, including the fusion of secre-
tory vesicles with the plasma membrane (8), clathrin-mediated
endocytosis (9-11), and membrane recovery by endocytosis
during neurotransmitter release (12) (also see Ref. 13 for a
review). Such diverse functions must rely upon interaction of
the lipid with a large number of regulatory molecules. Most
proteins that bind PI(4,5)P, contain a sequence composed of
basic residues that provide electrostatic interaction with the
phosphate groups of the inositol ring (6). Recent advances
revealing the three-dimensional structures of several protein
motifs that bind phosphoinositides offer a deeper insight into
their molecular recognition (14). One of the first protein mod-
ules capable of binding membrane PI(4,5)P, was identified in
pleckstrin, the major protein kinase C substrate in platelets
(15). Pleckstrin homology (PH) domains have since been de-
scribed in a large number of signaling proteins, and they show
remarkable specificity in recognizing various forms of inosi-
tides. It is generally believed that at least one of the functions
of PH domains is to provide proper localization of proteins via
interactions with inositol phospholipids. However, some PH
domains have also been shown to bind proteins (16-18), and
their protein binding together with lipid binding may act in
concert to regulate the localization and/or the function of those
proteins. In addition to PH domains, additional motifs, such as
FYVE domains (19, 20) and the PX domains (21, 22), have been
shown to bind phosphoinositides, namely the lipid product of
the class III PI 3-kinases.

Because recognition of inositol lipids by PH domains is based
on the specific interaction of key surface residues with the
phosphate groups of the inositide head group (23), it is not

lipase C 8;; PH domain, pleckstrin homology domain; GFP, green fluores-
cent protein; YFP, yellow fluorescent protein; PIP, phosphatidylinositol-
phosphate; NTA, nitrilotriacetic acid; FRET, fluorescence resonance energy
transfer.
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surprising that many (although not all) PH domains also bind
to the soluble inositol phosphate counterpart of their lipid
binding partner, a feature that is widely utilized to study their
binding properties (24). It is also known that hydrophobic in-
teractions also contribute to the membrane localization of PH
domains (25). In the case of several PH domains it is not quite
clear whether membrane localization via lipid binding or bind-
ing to soluble inositol phosphates is more important for their
regulation. For example, the membrane localization of PLCS§,
via its PH domain and hence its activity is regulated by InsP5
levels (26). Rapid and large InsP; increases can translocate a
PLC§,PH-GFP fusion protein from the membrane to the cy-
tosol (27, 28). Also, the PH domain of the InsP,-binding protein,
GAP1™“EF is believed to be the target of InsP, (29), but it also
anchors the protein to the membrane via phosphoinositide
binding (30). These data prompted us to investigate the ques-
tion of whether binding to the inositol phosphate head group
(such as to InsP;) or to the lipid, PI(4,5)P,, is sufficient to
localize a PH domain to the cell membrane. While creating
protein domains with high InsPg binding affinity, we also ex-
plored the possibility whether such molecules could be used as
research tools to alter Ca?" signaling by sequestering InsPj.

Here we used the PH domains of PLC8; and the recently
cloned PLC-like protein, p130, as well as the InsP; binding
domain of the type I InsP; receptor to demonstrate that high
affinity binding to InsP; or even to P1(4,5)P, is not sufficient to
recruit these proteins to the plasma membrane. We also pro-
pose that regions other than those participating in recognition
of the inositide head group are important for the membrane
recruitment of the PLCS; PH domain and perhaps of other
similar protein modules.

EXPERIMENTAL PROCEDURES

Materials—Angiotensin II (human) was purchased from Peninsula
Laboratories. Ionomycin, 1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-
tetraacetic acid, InsP,, InsP,, and InsP4 were obtained from Calbio-
chem. Phosphatidylinositol, phosphatidylserine, and phosphatidylcho-
line were all from Sigma. diC4-PI(4,5P, and the PIP strips were
purchased from Echelon (Salt Lake City, UT). myo-[*H]Inositol (68
Ci/mmol) and [*H]InsP, (48 Ci/mmol) were from Amersham Bio-
sciences. All other chemicals were of high performance liquid chroma-
tography or analytical grade.

DNA Constructs—The PH domain of human PLC-§; (GenBank ac-
cession number U09117) (residues 1-170), its mutant R40L, as well as
its truncated version (residues 1-135) has been described previously
(31). The PH domain of the p130 protein (GenBank accession number
D45920) (residues 95-233) was amplified from rat brain ¢cDNA (Quick-
clone, CLONTECH, Palo Alto, CA) using the primers 5'-ACAGA AT-
TCA CCATG GTGTC TTTCA GCAGC ATGCC ATC-3' and 5'-CAGTG
GATCC ATAAA GTCAA GTGGT TGCTT ACTGC GAG-3'. After diges-
tion with EcoRI and BamHI the product was ligated into the pEGFP-N1
plasmid (CLONTECH) digested with the same enzymes. p130PH was
also cloned into the pEGFP-C1 plasmid (CLONTECH) after amplifica-
tion with the following primer pairs: 5-CTTCCTCGAGT GTCTT
TCAGC AGCAT GCCA-3’' and 5-TAAGA ATTCA CATAA AGTCA
AGTGG TTGCT-3' and digestion with Xhol and EcoRI. Chimeric PH
domains were created by introducing an EcoRV site to PLC§,PH-GFP
at residues 71-72 (silent) or at 111-112 (L110I) and to p130PH-GFP at
residues 163-164 (A163D) or 204-205 (1.204I) for swapping the C-
terminal sequences (starting from either the B5 or the B7 strands,
respectively) between the two molecules. These conservative mutations
alone did not alter the cellular localization of the proteins. The short
8-amino acid loop located between the 86 and B7 strands of PLC§,PH-
GFP was substituted for the same segment in p130PH-GFP with the
following primers: 5'-ctc ttc aag gac caa cgc aac act ctg gac cta gttge-3’
and 5'-gtc cag agt gtt geg ttg gte ctt gaa gag tat gga ga-3'. All mutations
were verified with dideoxy sequencing.

The InsP; binding domain (residues 1-610) of the human type I
InsP, receptor (GenBank accession number D26070) was amplified
from human brain ¢cDNA (Quickclone, CLONTECH) with the following
primer pairs: 5'-GCAAC AGAGT GCCTG ACCCA GGTCA G-3' and
5'-CTTTC GCACC AGGCT GACAA ATGTG TC-3'. The PCR product
was subcloned into the pGEM-Easy T/A cloning plasmid (Promega,
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Madison, WI). After sequencing, two clones were identified, one con-
taining (SII+) and the other lacking (SII—), the linker region located
between the two domains involved in InsP; binding (32). By using the
SII+ splice variant as template, the InsP, binding domain (residues
224-605) was amplified with nested primers containing Xhol and
EcoRI restriction sites, and the PCR product was subcloned into the
pEGFP-C1 vector. All constructs were sequenced with dideoxy sequenc-
ing. The integrity and expression levels of the fusion proteins were
assessed by Western blot analysis from cells lysates prepared from
COS-7 or NIH 3T3 cells transfected with the constructs, using a poly-
clonal antibody against GFP (CLONTECH).

Transfection of Cells for Confocal Microscopy—Cells were plated onto
polylysine-coated 30-mm diameter circular glass coverslips at a density
of 5 X 10* cells/35-mm dish and cultured for 3 days before transfection
with plasmid DNAs (1 pg/ml) using the LipofectAMINE reagent (10
ug/ml, Invitrogen) and Opti-MEM (Invitrogen). One day after transfec-
tion, cells were washed twice with a modified Krebs-Ringer buffer (120
mM NaCl, 4.7 mm KCl, 1.2 mm CaCl,, 0.7 mm MgSO,, 10 mM glucose,
Na-Hepes 10 mm, pH 7.4), and the coverslip was placed into a chamber
that was mounted on a heated stage with the medium temperature kept
at 33 °C. Cells were incubated in 1 ml of the Krebs-Ringer buffer, and
stimuli were added in 0.5 ml of prewarmed buffer after removing 0.5 ml
of medium from the cells. Cells were examined in an inverted micro-
scope under a 40X oil immersion objective (Nikon) and a Bio-Rad laser
confocal microscope system (MRC-1024) with the Lasersharp acquisi-
tion software (Bio-Rad).

Recombinant Proteins and InsPx Binding Assays—For bacterial ex-
pression of the GFP-fused protein domains, the coding sequences were
amplified from the T/A cloning plasmids (see above) and were subcloned
into the pET-23b bacterial expression vector (Novagen) using the Xhol/
EcoRI (for p130PH-GFP and PLCd,PH-GFP) and the Ncol/EcoRI re-
striction sites (for the GFP-InsP;R-(224-605) construct). The resulting
plasmids were used to transform the BL-21-DE3 strain of Escherichia
coli (Novagen). Bacterial cells were grown to Ag,, 0.6 at 37 °C and
induced with 300 uM isopropyl-1-thio-B-D-galactopyranoside at 18—
20 °C for 7 h. Bacterial lysates were prepared by sonication in lysis
buffer (20 mm NaCl and 20 mMm Tris, pH 8.0) followed by centrifugation
at 10,000 X g for 30 min at 4 °C. The supernatant was incubated with
Ni%2*-NTA-agarose beads (Qiagen) in the presence of 5 mm imidazole for
1 h at 4 °C. The beads were washed three times with lysis buffer, and
the recombinant proteins were eluted with the same buffer containing
1 M imidazole. Protein samples were concentrated and stored in phos-
phate-buffered saline containing 5 mm dithiothreitol and 20% glycerol
at —20 °C. The concentration of recombinant proteins was assessed by
quantifying the bands of Coomassie Blue-stained SDS gel containing
the recombinant proteins and bovine serum albumin as a standard.

The incubation buffer of the in vitro InsP, binding assay contained 50
mM Na-Hepes, pH 7.4, 50 mMm KCI, 0.5 mm MgCl,, and 0.01 mm CaCl,.
About 0.2 ug of soluble recombinant proteins was incubated in 50 ul of
this buffer with 0.74 kBq (0.5 nm) [*H]Ins(1,4,5)P, and the various
unlabeled inositol phosphates or short side-chained inositol lipids for 10
min on ice. The binding reaction was terminated by adding 5 ul of
human vy-globulin (10 mg/ml) and 50 ul of polyethylene glycol 6000
(30%) (24). Tubes were left on ice for 5 min and were centrifuged at
10,000 X g for 10 min. The precipitates were dissolved in 0.1 ml of 2%
SDS, and the radioactivity was counted in a liquid scintillation counter.
Binding assays were also performed on proteins still bound to Ni**-
NTA beads, where separation of the protein-bound ligand (on the beads)
from unbound ligand was achieved by adding 100 ul of a mixture of
bis(3,5,5-trimethylhexyl)-phthalate and dimethyl phthalate (density,
1.010 g/ml) and centrifugation at 15,000 X g at 4 °C for 5 min.

For binding of recombinant proteins to lipids on PIP strip mem-
branes (33), 100 pmol of recombinant protein was incubated in 5 ml of
binding buffer (10 mm Tris, pH 7.5, 150 mm NaCl, 3% bovine serum
albumin (lipid-free), 2 mm sodium pyrophosphate, and 0.1% Tween 20)
overnight at 4 °C, after blocking the strips with the same buffer for 90
min at room temperature. After washing, GFP was visualized by West-
ern blotting using the polyclonal anti-GFP antibody from CLONTECH
essentially as described previously (34).

Analysis of Cytosolic Ca®" Responses in Individual COS-7 Cells—
COS-7 cells were plated onto polylysine-coated coverslips and cultured
for 3 days prior to experiments. Cells were transfected with plasmid
DNAs (see above) and were loaded with the fluorescent Ca®?* indicator,
fura-2, 24—48 h after transfection. Loading was achieved by incubating
cells with 5 um fura-2/AM for 25-30 min at room temperature in a
medium containing 121 mm NaCl, 5 mm NaHCO,, 4.7 mm KCl, 1.2 mMm
KH,PO,, 1.2 mm MgSO,, 2 mMm CaCl,, 10 mM glucose, 10 mm Na-Hepes,
pH 7.4, and 2% bovine serum albumin supplemented with 0.003%
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FiG. 1. Cellular localization of protein modules that bind InsP, (A) and their effect on angiotensin II-stimulated InsP production
(B). The PH domains of PLC$; or of the PLC-related protein, p130, were fused to the N terminus of enhanced GFP, whereas the InsP; binding
domain of the type I InsP; receptor was fused to the C terminus of enhanced GFP. The resulting constructs were transfected into NIH 3T3 cells,
and the cells were examined by confocal microscopy. The same constructs, tagged with a Hisg tag at their C terminus, were also created for
expression in E. coli, and the expressed proteins were purified on Ni>*-NTA columns (see “Experimental Procedures” for details). The recombinant
fluorescent proteins retained their fluorescence after SDS-PAGE (without boiling) and could be analyzed in a PhosphorImager (lanes 1-4 represent
pl130PH-GFP, PLC§,PH-GFP, R40LPLC8,PH-GFP, and GFP-IP;R-(224—-605), respectively). B, inositol phosphate production was assessed in
[®Hlinositol-labeled COS-7 cells transiently expressing the AT,, angiotensin receptor and the indicated GFP proteins. Labeled cells were
stimulated with angiotensin II for 30 min after a 30-min preincubation with 10 mm LiCl (37). InsP, and InsP,, fractions obtained from Dowex AG
1-X8 columns were combined. Values are expressed as percent of the control response (2-3-fold), and the results are the means = S.E. of 4-5
experiments performed in duplicate.

pluronic acid and sulfinpyrazone (200 um). After loading, cells were  IX70 inverted microscope coupled to a high quantum efficiency cooled
washed with the same medium containing 0.25% bovine serum albumin  CCD camera driven by a customized computer program that also con-
supplemented with sulfinpyrazone but without fura-2/AM. Coverslips  trolled a scanning monochromator (DeltaRAM, PTI) to select multiple
were then mounted on the thermostated stage (35 °C) of an Olympus  excitation wavelengths (35). Fura-2 fluorescence was measured (340
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Fic. 2. Inositol phosphate binding characteristics of recombi-
nant InsP; binding domains fused to GFP. Proteins were expressed
in E. coli and were purified by Ni?*-NTA chromatography (see Fig. 1,
panel d). Binding assays were performed using [*H]InsP; in the pres-
ence of the indicated concentrations of the respective unlabeled ligand
(InsPs, filled circles), (InsP,, filled triangles), and (InsPy, inverted filled
triangles) as detailed under “Experimental Procedures.” The specific
binding (100%) was between 3000 and 6000 cpm in these experiments.
Means = S.E. of 4-5 experiments performed in duplicate are shown.

and 380 nm excitations) simultaneously with enhanced GFP fluores-
cence (490 nm excitation) using a 510-nm long pass dichroic mirror and
a 520-nm long pass emission filter. Cells were stimulated with 50 um
ATP, which evokes a Ca®?" signal via the endogenous P, receptor of
COS-7 cells. Fluorescence signals were calculated for the total area of
individual cells, and the background fluorescence obtained over cell-free
regions of each image was subtracted prior to calculation of the fluo-
rescence ratios. Recordings obtained from all transfected cells on the
field were averaged for comparison in each experiment. Experiments
were performed on 3-4 separate cell transfections.

Analysis of Inositol Phosphates—Inositol phosphates were analyzed
from COS-7 cells transfected with cDNA encoding the rat AT,, angio-
tensin receptor, together with selected GFP-PH domain fusion con-
structs as described previously (36). One day after transfection, cells
were labeled with myo-[*Hlinositol for 24 h. After washing with inositol-
free M199 and 30 min of preincubation in the presence of 10 mm LiCl,
cells were stimulated with Ang IT (1 um) for 30 min. Reactions were then
terminated, and ®*H-labeled inositol phosphates were extracted and
separated by Dowex minicolumns as described previously (37).

Measurements of Binding to PI(4,5)P, Containing Lipid Vesicles—
Phospholipid binding was performed with mixed lipid vesicles. 110 ug
of PI(4,5)P, (Roche Molecular Biochemicals) and 1.4 mg of phosphati-
dylethanolamine (bovine liver; Avanti) were mixed and dried under a
nitrogen stream followed by high vacuum, and the dried mixtures were
suspended to a final total lipid concentration of 2 mM in 20 mMm Hepes,
pH 7.2, 100 mm NaCl, 2 mm EGTA, 0.1 ug/ml bovine serum albumin by
bath sonication. 5 pl of the purified GFP fusion protein (1 ug) and 5 ul
of inositol 1,4,5-trisphosphate stock solution were added to 90 ul of
phospholipid vesicles. As a precaution, proteins were subjected to ul-
tracentrifugation (85,000 X g for 20 min at 4 °C) prior to the assays to
remove possible protein aggregates, although protein preparations
were used freshly when they had no significant aggregation. The reac-
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tion mixture was incubated at 30 °C for 10 min followed by ultracen-
trifugation at 85,000 rpm for 20 min at 4 °C. The 100-ul supernatant
was mixed with 30 ul of 5X Laemmli buffer, and the pellet was resus-
pended in 100 ul of incubation buffer followed by the addition of 30 ul
of 5X Laemmli buffer. After vortexing, 40 ul of each fraction was loaded
onto a 12% Tris glycine gel without boiling and separated by SDS-PAGE
at 4 °C. After electrophoresis, gels were analyzed in a Storm 860 (Am-
ersham Biosciences) PhosphorImager using blue fluorescence screening
for quantitation of the GFP fusion protein band on the gel. Western blot
analysis was also performed on parallel samples using the purified
polyclonal antibody against GFP (CLONTECH).

FRET Measurements—To have a quantitative measure of membrane
localization of the various constructs, the CFP and YFP variants of all
fusion proteins have been created. These were co-transfected into
COS-7 cells that were cultured in 10-cm culture dishes. One day after
transfection, cells were removed from the dishes by mild trypsinization,
washed, and centrifuged. Cells (about 3-5 million) were then resus-
pended in 2 ml of the Krebs-Ringer solution described above and placed
in the thermostated cuvette holder of a fluorescence spectrophotometer
used for ratiometric Ca®* measurements. Recordings were made using
an excitation of 425 nm and calculating a ratio from the emissions
detected at 525 and 475 nm (20 nm bandwidth each). Ionomycin (10 pm)
was used to activate endogenous phospholipase C to hydrolyze the
phospholipids, and the decrease in the 525:475 ratio was taken as an
index of translocation of the domains from the membrane to the cytosol
(see Refs. 28 and 31 for details concerning the FRET approach and
ionomycin manipulation, respectively).

RESULTS

Cellular Distribution of Protein Domains Capable of Binding
Ins(1,4,5)P;—The PH domain of PLC§, binds PI(4,5)P, of the
plasma membrane and has been used as a tool to visualize
changes in the level of this lipid in living cells in the form of a
GFP fusion protein (31, 38). However, it has also been noted
that PLC8,PH-GFP does not bind to other intracellular mem-
branes despite extensive biochemical and immunocytochemical
(using anti-PI(4,5)P, antibodies) evidence that P1(4,5)P, is also
present in other cellular membranes such as the Golgi and the
nucleus (39-41). These observations prompted us to investi-
gate whether additional PH domains found in related proteins
could recognize PI(4,5)P, in other cellular compartments. Dur-
ing these efforts we isolated the PH domain (residues 95-233)
of the recently described PLC-like protein, p130, which was
initially described as an InsPs-binding protein with binding
features very similar to those of PLCS, (42). We also isolated
the InsP5-binding region of the type I InsPg receptor (residues
224-605) to examine whether its high affinity binding to InsP;
also allows it to bind to membrane PI1(4,5)P,,.

As shown in Fig. 1A, neither p130PH-GFP nor GFP-IP;R-
(224-605) showed membrane localization when expressed in
NIH 3T3 cells. This was in contrast to the well documented
membrane localization of PLC8,PH-GFP. Expression of the
constructs in a variety of mammalian cells (COS-7, Madin-
Darby canine kidney, and HEK-293) yielded no membrane
localization of either of the two proteins (not shown). The lack
of binding of p130PH-GFP to membrane PI(4,5)P, in COS-7
cells was also confirmed by analysis of inositol phosphate pro-
duction in response to Ang II stimulation. As documented pre-
viously, expression of PLC8,PH-GFP interferes with PLC acti-
vation, a property that closely correlates with the ability of the
protein to bind PI(4,5)P, of the plasma membrane (31). As
shown in Fig. 1B, expression of p130PH-GFP had no inhibitory
effect on the Ang II-stimulated InsP response, and if anything,
it slightly enhanced the response.

InsPy and PI(4,5)P, Binding to Recombinant Protein Do-
mains—To investigate the inositol lipid and inositol phosphate-
binding properties of these proteins, we created the same con-
structs for bacterial expression. Proteins were purified on NiZ*
columns, and in vitro binding assays were performed using
[PH]InsP, as the tracer. As shown in Fig. 2 and Table I,
p130PH-GFP was able to bind InsP; with an affinity that was
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TABLE I
IC;, values (in nM) for the displacement of [*H][Ins(1,4,5)P, from the various GFP-tagged Ins(1,4,5)P, binding domains and for the ability of
Ins(1,4,5)P, to inhibit their association with PI(4,5)P,-containing lipid vesicles

Means = S.E. are shown with the number of observations in parentheses. ND, not determined.

PLC6,PH-GFP p130PH-GFP GFP-IP,R (224-605)

[*HlIns(1,4,5)P; binding displaced by

Ins(1,4,5)P, 17 = 0.4 (8) 22 = 8(9) 4+ 2(6)

Ins(1,3,4,5)P, 219 = 60 (4) 308 = 88(3) 868 = 496 (2)

InsPg 528 = 276 (4) 764 = 422 (3) ND

Di(Cy)PI(4,5)P, 91 + 24 (4) 91 + 17 (4) ND
Binding to PI(4,5)P, displaced by

Ins(1,4,5)P, 1000 + <50 (6) 300 = <15 (6) ND
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FiG. 3. Inositol lipid binding of recombinant InsP,; binding
domains fused to GFP. Proteins were expressed in E. coli and puri-
fied by Ni?"-NTA chromatography. A, [*H]InsP, binding was examined
in the presence of increasing concentrations of water-soluble forms of
PI(4,5)P, (diC4-PI(4,5)P,). B, binding of recombinant proteins to lipid
vesicles containing PI(4,5)P, in the presence of increasing concentra-
tions of InsP;. S and P represent the soluble (unbound) and pellet-
associated (bound) GFP fusion protein, respectively, analyzed by a
PhosphorImager after SDS-PAGE. Lower panel shows the summary of
six similar experiments (mean = S.E.).

indistinguishable from that of PLC§,PH-GFP. Mutant forms of
either proteins (R40L-PLC§,PH-GFP and R134L-p130PH-
GFP) showed no [*H]InsP; binding, indicating that InsP; bind-
ing was specific to the recombinant wild-type proteins and not
to any impurities present in the preparations (not shown). The

GFP-IP;R-(224-605) protein showed higher affinity to InsPg
than either of the two PH domains, and its affinity was com-
parable with that of the intact InsP; receptor or with a similar
binding domain produced in E. coli as a GST fusion protein
(43). All three proteins discriminated between InsP; and InsP,,
but the receptor was significantly more selective in this re-
spect. InsPg was almost as effective as InsP, in displacing
[3H]InsP3 from both p130PH-GFP and PLC§,PH-GFP, indicat-
ing that the inositol phosphate binding characteristics of the
two PH domains are very similar. These findings suggested
that the inability of p130PH-GFP or GFP-IP;R-(224-605) to
localize to cellular membranes in intact cells is not due to their
inability to recognize the inositol phosphate head group.

To investigate the relative affinities of these proteins to
inositol lipids rather than inositol phosphates, we used three
different approaches. First, a water soluble, short side-chain
analogue of PI(4,5)P, (diC4-PI(4,5)P,) was used as a competitor
in the [Q’H]InsP3 binding assays. No difference was found be-
tween the affinities of PLC§,PH-GFP and pl130PH-GFP to
diCg-PI(4,5)P,, in these experiments (Fig. 3A and Table I). Both
proteins showed significantly lower affinities to the soluble
lipid derivatives than to InsP;. Second, the binding of
PLC8,PH-GFP and p130PH-GFP to lipid vesicles containing
PI(4,5)P, was compared. Both proteins were able to bind to
such vesicles in this assay; however, a larger fraction of the
PLC38,PH-GFP was found vesicle-bound, and higher concentra-
tions of InsP; were needed to displace it from the vesicles than
in the case of the p130PH-GFP (Fig. 3B). The R40L mutant of
PLC§,PH-GFP showed no specific localization to lipid vesicles
that would be displaced by InsP; (data not shown). A third
approach to compare the lipid binding of these proteins was to
study the binding of the recombinant proteins to lipids spotted
on nitrocellulose membranes as described previously (33, 34).
As shown in Fig. 4, PLC§,PH-GFP and p130PH-GFP showed
very similar inositol-lipid binding specificity and p130PH-GFP
only a slightly lower affinity to P1(4,5)P, based on these assays.
The R40L mutant PLC8, PH-GFP showed no binding under the
same conditions (Fig. 4).

Protein Domains That Bind Ins(1,4,5)P5 Can Interfere with
Agonist-induced Ca®* Signaling—Whereas the in vitro binding
data clearly showed that the proteins made in bacteria are able
to bind InsP; and PI(4,5)P, in vitro, we also wanted to examine
whether their InsP; binding is manifested in intact cells. For
this, we used COS-7 cells in which the various GFP fusion
proteins were expressed. Expression of a protein that binds
InsP; with high enough affinity is expected to buffer InsPg
increases with consequences on Ca?* signaling when cells are
stimulated by an agonist that stimulates phospholipase C. To
test this, we used ATP to stimulate the endogenous P, recep-
tors of COS-7 cells expressing the various constructs. As shown
in Fig. 5, expression of both p130PH-GFP and GFP-IP;R-(224—
605), but not GFP alone, had a marked effect on the ATP-
evoked Ca®* signal in the COS-7 cells. The most prominent
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A

Fic. 4. Binding of recombinant
PLC§,PH-GFP and pl30PH-GFP to
various phosphoinositides. Proteins
were expressed in E. coli and purified by
Ni?"-NTA chromatography. PIP strips
were incubated with 100 pmol of the re-
combinant proteins overnight at 4 °C as
detailed under “Experimental Procedures.”
After washing, GFP was visualized by
Western blotting using the polyclonal anti-
GFP antibody from CLONTECH essen-
tially as described previously (34). A shows
binding of the recombinant proteins to the
various lipids (300 pmol/spot) and the spec-
ificity of both PH domains to PI(4,5)P,. B
shows binding of the recombinant proteins
to decreasing amounts (in pmol/spot) of the
lipids, revealing very similar affinities of
PLC§,PH-GFP and pl30PH-GFP to
PI(4,5)P,.

PI
PI(3)P
PI(4)P
PI(5)P

PI4.5)P,
PIBAP,
PI(3.4.5)P,

effect was an increase in the lag time (the time that is required
to reach half-maximal Ca®* response) from the time of ATP
addition. Because expression of p130PH-GFP did not inhibit
agonist-induced PLC activation (and presumably InsP; produc-
tion, see above), the increased lag time was consistent with the
buffering of InsPg by the expressed domains. Under these con-
ditions, after stimulation of the P, receptors by ATP, it takes
a longer time to reach the level of InsP; where the coordinated
action of InsP, and Ca®" triggers Ca®" release (44). This assay
was sensitive enough to detect the InsP; affinity difference
between the constructs, because GFP-IP;R-(224—-605) had a
significantly bigger effect on the lag time than p130PH-GFP
(Fig. 5, lower panel).
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Analysis of Cellular Distribution of Chimeric Proteins Con-
structed from the PH Domains of PLC8; and p130—Together
these data indicated that although p130PH is capable of bind-
ing InsP; as well as PI(4,5)P,, this binding is not sufficient to
recruit the protein to the plasma membrane. Given the level of
similarity between the two amino acid sequences (Fig. 6), we
decided to create chimeras from the two proteins to investigate
which part of the PLC§,PH accounts for its ability to localize to
the plasma membrane. Because most of the contacts with InsPg
in PLC§,PH are found within the N-terminal part of the mol-
ecule (containing the B1-£4 sheets) (45) (see also Fig. 6), first
we designed a chimera in which the N-terminal halves of the
PH domains were exchanged between the two proteins. These
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Fic. 5. Inhibition of agonist-induced Ca®* signaling by expressed InsP,-binding modules fused to GFP. COS-7 cells were transfected
with the indicated GFP fusion constructs, and their cytosolic Ca®* responses were analyzed by ratiometric Ca®>* imaging using fura2. The lag time
of the Ca?* response was defined as the time it took for a cell to reach half-maximum of its Ca®>" peak after addition of 50 um ATP. Upper panel
shows the average Ca®" signals calculated from the number of recordings obtained from transfected cells expressing either p130PH-GFP or GFP.
Lower panel contains the average lag times calculated for the cells expressing the indicated fusion protein. The number of cells recorded within

the individual groups and their average fluorescence are also indicated.

chimeras were then expressed in either NIH 3T3 or COS-7
cells, and their cellular distribution was observed. No plasma
membrane localization was observed with the chimera contain-
ing the N-terminal InsP;-binding half of PLC8,PH fused to the
C terminus of the pl30PH-GFP (PLC61-(1-71)/p130-(166—
233)-GFP) (Fig. 7). In contrast, the inverse chimera (p130-(95—
164)/PLC81-(71-170)-GFP) showed clear membrane localiza-
tion, although this was significantly less than that of the
original PLC3,PH-GFP (Fig. 7). In both cases the expressed
chimeras showed some intracellular “precipitates” in a number
of cells, especially in those expressing high amounts of the
protein. In our experience this indicates limited solubility or
folding problems of the proteins. Similar phenomena were ob-
served with other fluorescent proteins of limited solubility, for
example with the PLC§,PH-BFP protein, but in the latter case
the membrane localization of the protein could still be observed
(not shown).

These data suggested that the C-terminal half of PLC§,PH
contains additional determinant(s) for membrane localization
and also showed that the InsPs-binding region of p130PH can
substitute to some extent for the corresponding part of
PLC§,PH to support membrane localization. Therefore, addi-

tional chimeras were created in which the C-terminal helices
that follow the B7 strands were exchanged between the two PH
domains. These experiments showed that a p130PH-GFP con-
taining the C-terminal helix of PLC§,PH still failed to localize
to the membrane. Surprisingly, the PLC8,PH domain with the
C-terminal helix of p130PH showed no membrane association
(not shown). Because the PLC§,PH domain used in these ex-
periments was 35 amino acids longer at its C terminus than
pl30PH, we examined whether this extra stretch of amino
acids makes a difference in membrane targeting. Truncation of
PLC§,PH to the length corresponding to that of our p130PH
construct (PLC8,PH-(1-135), which still contains the full PH
domain), showed membrane localization comparable with that
of the longer form (not shown). From these data we concluded
that the C-terminal helix contributes to intra- or intermolecu-
lar interaction(s) that contribute to membrane localization.
Next we created a p130PH-GFP in which the short loop be-
tween the 6 and B7 strands of PLC§,PH was inserted in place
of the corresponding region in the p130PH wild-type sequence.
This loop is in a position that could come in contact with the
inositide head group or some other component of the membrane
(Fig. 6). As shown in Fig. 7, this protein chimera showed clearly
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A

FiG. 6. Sequence homology between
the PH domains of PLC8, and p130
and ribbon diagram showing the
crystal structure of PLC6,PH. A
shows the ribbon diagram based on the
crystal structure of PLCS,PH (23) gener-
ated by Molscript (62). The two different
shades of green represent the two halves
of the PH domain where the chimeric con-
structs were joined, and the red indicates
the regions that were also exchanged be-
tween the two proteins. B shows the ho-
mology between the two primary se-
quences. Green arrows show the locations

of the B-sheets. Red and blue letters indi- PLC34 (22)

cate identical residues and conservative p130 (116)

substitutions, respectively, and the basic

residues coordinating the phosphates of

InsP, are highlighted with yellow.
PLC31
p130
PLC&1
p130

detectable membrane localization, although it was less pro-
nounced than that of (p130-(95-164)/PLC81-(71-170)-GFP).

Localization of the chimeras to the plasma membrane was
also assessed by FRET analysis. As shown previously, CFP-
and YFP-tagged versions of the PH domains could transfer
energy when found in molecular proximity at the membrane
(28). We used this approach to assess the extent of membrane
localization of the various chimeras. For this, COS-7 cells ex-
pressing both the CFP- and YFP-tagged PH domains were
examined in suspension using a fluorescence spectrophotome-
ter with excitation of 425 nm and emissions recorded at 475
and 525 nm to form the 525:475 ratio. In addition to FRET
taking place in the plasma membrane, the absolute value of
this ratio depends on several factors, including the relative
expression levels of YFP-PH and CFP-PH and FRET that oc-
curs in compartments other than the plasma membrane (e.g. in
the nucleus). Because ionomycin induces a PLC-mediated
breakdown of PI(4,5)P, in the plasma membrane and elimi-
nates membrane localization, the amplitude of the ionomycin-
induced decrease in the 525:475 ratio was taken as an index of
FRET due to localization of the probes to membrane PI1(4,5)P,,
(see Ref. 28 for details). These experiments showed that all of
the domains that were able to localize to the plasma membrane
(but none of those unable to bind) showed the characteristic
decrease in 525:475 ratio in response to PLC activation, indi-
cating their binding to the plasma membrane PI(4,5)P, pools
prior to ionomycin addition (Fig. 7). The magnitude of changes
upon Ca®?"-induced translocation showed a good correlation
with the extent of PH domain localization reflected by the
confocal images. It is noteworthy that the rate of re-association
of the domains with the membranes during PI(4,5)P, resynthe-
sis also mirrored the apparent affinity differences by which the
various PH domains bound to the membrane.
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DISCUSSION

There is increasing interest to understand the principles that
govern regulation of many cellular functions by the highly
compartmentalized changes in the levels of inositol phospho-
lipids. An important aspect of this research is the character-
ization of structural features of the protein modules that inter-
act with the inositide head group of inositides in the
membrane. Several recent studies have analyzed the structural
basis of the specific recognition of 3-phosphorylated inositides
by PH domains and have pointed to the significance of the short
variable loops between the B1-B2 and B3—B4 strands of such
domains (46, 47). Similarly, the structural features determin-
ing the binding of FYVE domains (19, 20, 48) and PX domains
to PI(3)P have been recently revealed (21, 49). To test specific-
ity and compare relative affinities, it is convenient to analyze
the binding properties of PH and other protein domains using
soluble inositol phosphates and inositol lipids in vitro. How-
ever, it is equally important to test these interactions within
the intact cell, because it is not possible to mimic in the test
tube the exact conditions that prevail at cellular membranes.

Our interest in characterizing PH domains is originated from
the need to understand and evaluate their usefulness in imag-
ing inositide dynamics in living cells (31). The interpretation of
the results of such imaging studies clearly depends on the
molecular recognition properties of the protein domains. Sev-
eral data suggest that various inositide binding domains inter-
act only with a certain subset of the inositide pools (31). The
restricted recognition of PI(4,5)P, by the PLC6,PH-GFP only
within the plasma membrane prompted us to investigate other
related PH domains for their PI(4,5)P, recognition properties.
The PH domain of the p130 protein was one of our choices due
to its similarity to PLC,PH. The p130 protein has been orig-
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inally described as an InsP5-binding protein that was purified
on an InsP, affinity matrix (42). Subsequent cloning of the
protein revealed that it is a PLC homologue lacking PLC en-
zymatic activity and showing the greatest similarity to the
yeast protein PLC1, the Drosophila NorpA, and mammalian
PLC3 (50). Similarly to PLCS,, p130 possesses a PH domain
that is responsible for the ability of the protein to bind InsP;.
Interestingly, despite its InsP; binding, the GFP-tagged p130
protein was found not to localize to membranes (51), and al-
though wild-type p130 was reported to be associated with mem-
branes when expressed in COS-7 cells, this association was not
mediated by the PH domain (52). However, consistent with its
InsP, binding, the ability of p130 to bind the second messenger
InsP; has been demonstrated in intact cells because its over-
expression altered both Ca®" signaling and InsP; metabolism
(51). The physiological function of this protein is still unknown,
but it has been speculated that it might be important as a
buffer of InsP; (51).

The present study clearly showed that InsP; binding even
with high affinity, such as that of the type I InsP; receptor, is
not sufficient to localize a protein to the membranes of intact
cells through simple binding to the head group of PI(4,5P),.
However, these experiments also show that even binding to the
lipid PI(4,5)P, does not necessarily lead to membrane associa-
tion. The small difference found between the PI1(4,5)P,-binding
properties of isolated p130PH and PLC&,PH in vitro does not
easily explain the striking difference between the abilities of
the two domains to localize to the plasma membrane. The PH
domain of PLC§, was found to associate with cellular mem-
branes with binding to PI(4,5)P, containing liposomes similar
to that of p130PH-GFP.2 Our data obtained with chimeras
constructed from the PH domains of PLCS; and p130 showed
that the regions primarily responsible for InsP; binding (local-
ized within the N-terminal half of the PH domain) are to some
extent interchangeable between the two PH domains, consist-
ent with their almost identical InsPg binding affinities. It is the
C-terminal half of the PLC§; PH domain that seems to contain
additional feature(s) that are needed for membrane localiza-
tion. Within this half of the molecule, we were able to identify
the short loop between the B6—p7 strands of PLC§,PH as a
sequence that aides membrane localization. However, the sur-
prising loss of membrane localization of the PLC§,PH when
containing the C-terminal helix of p130 also indicates impor-
tant contributions from the helical tail. Further attempts to
pinpoint single amino acids that determine membrane localiza-
tion failed to produce conclusive results.

It is not clear at present how the C-terminal helix could
affect membrane localization. However, it has been reported
that binding of PLC§,PH to PI(4,5)P,-containing lipid vesicles
(but not to soluble Ins(1,4,5)P,;) was increased by Ca?" when
the C-terminally adjacent EF-hand motifs were added to the
PH domain (53). This indicates a conformational change that
affects lipid binding and that is initiated via the C-terminal
sequences. It has also been reported that a point mutation
within the PH domain of PLC§, greatly increased the catalytic
activity of the enzyme (54), further suggesting a reciprocal
communication between the various domains of the PLCS§,;
protein. It is also possible that a putative interacting protein
contributes to the membrane localization of the PLC§,PH do-
main. Further studies will be needed to clarify these questions
and to identify a possible protein-binding partner. Several PH
domains have been shown to bind By subunits of heterotrimeric
G-proteins (16, 18) including several PLC isoforms and even
PLC§,PH itself (55, 56). In the few cases where their sites of
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interaction were mapped, the determinants to bind inositides
and those with By subunits did not completely overlap, the
latter mostly being found toward the C-terminal end of the PH
domain (56, 57). Intriguingly, a recent detailed study (58) lo-
calized some key residues important for By binding of GRK2 to
the C-terminal helix of its PH domain. Therefore, By subunits
are possible candidates to interact with PLC§,PH to aid its
membrane localization. However, overexpression of a construct
containing the By-binding region of B-adrenergic receptor ki-
nase (59) to sequester By-subunits did not significantly affect
the membrane localization of PLC§,PH-GFP.3

In a recent study, the p130PH-GFP fusion protein (but not
the full-length p130-GFP) was found to localize to the mem-
branes in Madin-Darby canine kidney cells (51). The p130PH
domain used in those studies was fused to the C terminus of
GFP as opposed to our initial construct in which it was in the
N terminus of GFP. This prompted us to create the same
GFP-p130PH protein that was used in the studies of Takeuchi
et al. (51) and to use additional cells types, including Madin-
Darby canine kidney cells, to test the distribution of the pro-
tein. None of the p130PH domain constructs showed membrane
localization in our studies in any of the cells tested, and we
have no explanation for the discrepancy between our findings
and those of Takeuchi et al. (51). However, it is important to
note that the lack of membrane localization in our experiments
was observed with the same construct that showed InsP; as
well as PI(4,5)P, binding comparable with those observed with
PLCs,PH-GFP.

Finally, our results also demonstrate that it is possible to use
isolated protein domains to manipulate the level of inositol
phosphates within intact cells with clearly detectable conse-
quences on Ca?" signaling. Such an approach has been re-
ported recently (60) and will be very useful for the analysis of
InsP;-mediated signaling and to give estimates on the free
InsP, levels that are present in intact cells. These data also
point to the importance of InsP; buffering inside the cells and
may explain why the estimated InsP; concentrations (based on
total mass measurements) have been found so high (even in
resting cells) that they would saturate the InsP; receptor (61).
Therefore, these novel tools to manipulate InsP; changes could
add to our understanding on the physiology of this second
messenger.

In summary, using the PH domains of PLC81 and the p130
protein, as well as the InsP; binding domain of the type I InsP;
receptor, we demonstrate that binding to the inositol phos-
phate head group of PI(4,5)P, by the PLCS, PH domain is
necessary but may not be sufficient to localize this protein to
cellular membranes. Additional regions within the C-terminal
half of the PH domain, namely the loop between the 86 and B7
sheets and the C-terminal a-helix, are needed for this function.
Exploration of the structural features that determine PH do-
main interaction with InsPg, PI(4,5)P,, and with the intact cell
membrane could yield valuable information on the regulation
of the PLCS enzymes and help to facilitate the development of
strategies for selective inhibition of various inositide-based
regulatory processes.
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Summary

Several pleckstrin-homology (PH) domains with the ability
to bind phosphatidylinositol  (3,4,5)-trisphosphate
[PtdIns(3,4,5)P3, PIP;] were expressed as green fluorescent
protein (GFP) fusion proteins to determine their effects on
various cellular responses known to be activated by PIP;.
These proteins comprised the PH domains of Akt, ARNO,
Btk or GRP1, and were found to show growth-factor-
stimulated and wortmannin-sensitive translocation from
the cytosol to the plasma membrane in several cell types,
indicating their ability to recognize PIP;. Remarkably,
although overexpressed Akt-PH-GFP and Btk-PH-GFP
were quite potent in antagonizing the PIP3;-mediated
activation of the Akt protein kinase, such inhibition was not
observed with the other PH domains. By contrast,
expression of the PH domains of GRP1 and ARNO, but not
of Akt or Btk, inhibited the attachment and spreading of
freshly seeded cells to culture dishes. Activation of PLCy
by epidermal growth factor (EGF) was attenuated by the
PH domains of GRP1, ARNO and Akt, but was

significantly enhanced by the Btk PH domain. By following
the Kinetics of expression of the various GFP-fused PH
domains for several days, only the PH domain of Akt
showed a lipid-binding-dependent self-elimination,
consistent with its interference with the anti-apoptotic Akt
signaling pathway. Mutations of selective residues that do
not directly participate in PIP; binding in the GRP1-PH
and Akt-PH domain were able to reduce the dominant-
negative effects of these constructs yet retain their lipid
binding. These data suggest that interaction with and
sequestration of PIP; may not be the sole mechanism by
which PH domains interfere with cellular responses and
that their interaction with other membrane components,
most probably with proteins, allows a more specific
participation in the regulation of specific signaling
pathways.

Key words: PH domain, PI 3-kinase, PtdIns(3,4,5)P3, PIP3, Akt
kinase, Cell adhesion, GFP

Introduction

Pleckstrin-homology (PH) domains are protein modules with
a characteristic fold that have gained a great deal of interest as
a result of their ability to bind phosphoinositides (Harlan et al.,
1994; Lemmon et al., 1997; Lemmon, 2003). PH domains are
present in a large variety of signaling molecules such as
tyrosine or serine/threonine kinases, guanine nucleotide
exchange factors and  GTPase-activating  proteins,
phospholipases and a number of adaptor proteins (Lemmon,
2003). Some PH domains display high affinity and specificity
towards specific isomers of inositol lipids, whereas others have
lower affinity and show no clear preference for a particular
phosphoinositide species (Yu et al., 2004). Several PH domains
have been shown to be the main determinant of the recruitment
of proteins to specific membrane compartments in a lipid-
dependent manner, leading to the idea that PH domains serve
as localization signals responding to local formation of inositol
phospholipids (Lemmon and Ferguson, 2000). On the basis of
these ideas, several PH domains, notably those of PLC81, Akt,

Btk and GRPI have been utilized successfully to monitor
phosphoinositide changes in single living cells (Odorizzi et al.,
2000; Balla and Varnai, 2002; Cozier et al., 2004).

Several observations suggest that PH domains might
function in a more complex manner. In many proteins, such as
in dynamin, the PH domain alone does not have high enough
affinity to phosphoinositides to determine solely the
localization of the protein, yet the protein shows clear
regulation by inositol lipids (Artalejo et al., 1997; Szaszak et
al., 2002; Yu et al., 2004). Moreover, using in vitro assay
systems, it has been shown that the PH domains of Btk and
PLC381 could transmit regulatory effects by the respective lipid,
suggesting that PH domains might have conformational
regulatory roles (Saito et al., 2001; Lomasney et al., 1996).
Third, several PH domains are also capable of protein-protein
interactions and in most cases the protein interaction surface
does not overlap with the lipid-binding region within the PH
domain (Carman et al., 2000; Lodowski et al., 2003). Also, in
spite of their great success in providing invaluable spatial and
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temporal information on inositide dynamics, the PH-GFP
fusion proteins have certain limitations, mainly that they do not
always report on the entire lipid pool that they are supposed to
recognize (Balla et al., 2000; Irvine, 2004).

These observations prompted us to evaluate the principles of
interactions of PH domains with the plasma membrane within
the intact cells. We have chosen four PH domains with known
ability to interact with membrane phosphatidylinositol (3,4,5)-
trisphosphate [PtdIns(3.,4,5)P3;, PIP3;] to determine whether
their overexpression would affect selected PIP;-regulated
cellular functions in a similar manner. Our data show that the
PH domains have distinctive inhibitory profiles on specific
PIPs-regulated pathways indicating that, in addition to binding
to inositol lipids, these small protein modules could sequester
additional specific protein components of particular signaling
pathways.

Materials and Methods
Materials

Recombinant human EGF and platelet-derived growth factor (PDGF)
were obtained from Life Technologies. Wortmannin and LY 294002
were purchased from Calbiochem. Myo-[*H]inositol (68 Ci/mmol)
was from Amersham-Pharmacia Biotech, and [*H]inositol (1,3,4.5)-
tetrakisphosphate (InsP4; 22 Ci/mmol) was from Perkin Elmer. All
other chemicals were of HPLC or analytical grade.

DNA constructs

The PH domains of Btk and Akt, as wells as their mutants, have been
described previously (Varnai et al., 1999; Servant et al., 2000). The
human EGF receptor cDNA was subcloned from the SPER-7 plasmid,
kindly provided by A. Clark and I. Pastan, NIH, Bethesda, MD, USA
(Clark et al., 1986), into the pCDNA3.1(-) plasmid (Invitrogen) with
Xbal and HindlIll restriction enzymes. The ARNO (239-399) and
GRP1 (267-399 and 245-399) PH domains were amplified from
marathon-ready human brain cDNAs (Clontech). The amplified DNA
encoding the GRP1 PH domain was cloned between the Bg/Il/EcoRI
sites and the ARNO PH domain between the EcoRl/BamHI sites of
the pEGFP-C1 plasmid. Mutations within the PH domains were
generated by the Quikclone mutagenesis kit (Stratagene). All
constructs were confirmed by dideoxy sequencing. Recombinant PH
domains were created by subcloning the exact same constructs used
for the mammalian expression studies (including the mutants) into the
pET-23b plasmids containing the 6 XHis residues at the C-terminus.

Akt activity measurements

COS-7 cells were seeded onto 35 mm culture dishes and transfected
with HA-Akt (Bondeva et al., 1998) and the indicated plasmid DNA
constructs (1 pg each) at 60% confluency using the lipofectamine
2000 reagent. 24-36 hours after transfection, cells were lysed in 1 ml
lysis buffer containing 50 mM Tris/Hcl, pH 7.5, 150 mM NaCl, 1 mM
Na-pyrophosphate, 1% NP-40, 20 mM B-glycerophosphate, 10%
glycerol and protease inhibitors (0.1 mM NazVOy, 25 mM NaF, 1
rg/ml aprotinin, 0.02 mM leupeptin, 0.02 mM pepstatin and 100 uM
AEBMSF) and 1 mM DTT freshly added prior to use. Lysates were
cleared by centrifugation and 200 wl was incubated with 1 pg of anti-
HA monoclonal antibody (Covance) for 1-2 hours at 4°C before the
addition of 15 pl protein G-sepharose prewashed in lysis buffer for
an additional incubation at 30 minutes. Immunoprecipitates were
washed twice with lysis buffer, once with 100 mM Tris/0.5 M LiCl
pH 7.5, and finally with the kinase reaction buffer without ATP. Beads
were then resuspended in 50 pl kinase buffer (20 mM Hepes, pH 7.5,
10 mM MgCl,, 1 mM DTT) containing 2 p.Ci y-[*?P]ATP, 10 pM

ATP and 30 M crosstide peptide. Reactions were run for 30 minutes
at 30°C and terminated by rapid centrifugation (9000 g/5 minutes) and
transfer of 40 wl reaction product to a Whatman P81 phosphocellulose
paper. Filters were washed four times with 75 mM phosphoric acid
and once in acetone before drying and scintillation counting.
Expression levels of the various components were tested in each
experiment from the lysates by western blot analysis. In later
experiments, endogenous Akt activation was measured by western
blotting using the phospho-Akt (Ser473) antibody (Cell Signaling)
and the data were analyzed with densitometry.

Transfection of cells for confocal microscopy

Cells were plated onto 25 mm diameter circular glass cover slips at a
density of 3X103 cells/dish and were transfected the next day with
plasmid DNAs (2 pg/ml) using the Lipofectamine 2000 reagent and
OPTI-MEM (Life Technologies). 24-36 hours after transfection, cells
were washed twice with a modified Krebs-Ringer buffer, containing
120 mM NaCl, 4.7 mM KCI, 1.2 mM CaCl,, 0.7 mM MgSO,, 10 mM
glucose, 10 mM Na-Hepes, pH 7.4, and the coverslip was placed into
a chamber that was mounted on a heated stage with the medium
temperature kept at 33°C. Cells were incubated in 1 ml of the Krebs-
Ringer buffer and stimuli were added in 0.5 ml prewarmed buffer after
removing 0.5 ml medium from the cells. Cells were examined in an
inverted microscope under a 40X oil-immersion objective (Nikon)
and a BioRad laser confocal microscope system (MRC-1024) with the
Lasersharp aquisition software (BioRad) or in a Zeiss LSM510 laser
confocal microscope.

Cell attachment assay

COS-7 cells (2X10% were plated onto 10 cm culture dishes and
transfected the next day using Lipofectamine 2000 (5 g DNA /dish).
After 24-36 hours, cells were removed from the plates by gentle
trypsinization and divided into three aliquots. One aliquot was
centrifuged and the cells were immediately lysed in Laemmli buffer.
The other two aliquots were plated into 35 mm culture dishes and the
cells were allowed to attach for 30 minutes. After this, the medium
was removed and the cells were washed twice with 2 ml of ice-cold
Dulbecco’s phosphate-buffered saline (PBS) before lysis in the same
volume of Laemmli buffer that was added to the first aliquot of cells.
Samples were then sonicated (but not boiled) and loaded onto a 8-
16% Tris/glicine gel and separated by SDS-PAGE. Electrophoresis
gels were analyzed in a Storm 860 Phosphorimager (Molecular
Dynamics) using the blue fluorescent laser for quantitation of the GFP
fusion protein band in the gel. The fraction of GFP signal found in
the attached cells relative to the total amount of cells seeded was
calculated for each construct as well as GFP alone, which served as
a control.

Cell spreading on fibronectin

Glass coverslips were coated with fibronectin (20 pg/ml) for 2 hours
at 37°C, and washed twice with PBS to remove any unbound
fibronectin. To block any remaining binding sites, coverslips were
then incubated with 1 mg/ml fatty acid free bovine serum albumin
(BSA) for 1 hour at 37°C. COS-7 cells expressing the different PH
domain constructs (24 hours after transfection) were prepared for
plating by trypsinization. After pelleting, cells were treated with 0.3
mg/ml soybean trypsin inhibitor in DMEM for 10 minutes at 37°C
followed by incubation in 0.5% BSA in DMEM for an additional 1
hour to allow cell recovery. Cells were then plated onto the
fibronectin-coated coverslips and fixed by 4% paraformaldehyde 10
minutes after plating. Fixed cells were permeabilized by 0.2% Triton
X-100 in PBS for 5 minutes followed by phalloidin staining (0.1
pg/ml  TRITC-phalloidin in PBS for 20 minutes). Cells
overexpressing the GFP fusion proteins were identified by fluorescent
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microscopy without knowing the treatment regimen and were
classified into three groups: unspread (adherent with no projections),
partially spread (adherent with limited lamellipodia), and fully spread.
The percent of fully spread cells was then calculated for each group
of cells expressing the GFP fusion proteins.

Analysis of expression kinetics

To transfect COS-7 cells in 96-well plates (black with clear bottom)
1 pg DNA in 25 pl OPTI-MEM/well was mixed with 0.5 pl
Lipofectamine-2000 in 25 pl OPTI-MEM/well and incubated for 30
minutes in the well. Freshly trypsinized COS-7 cells (4.5X10*100 wl
OPTI-MEM/well) were then added to the wells and the plate was
incubated in a CO, incubator. After 6-10 hours, 150 pl/well DMEM
containing 10% FBS was added. GFP fluorescence was measured at
the indicated times wusing a plate reader (Ascent FL,
ThermoLabsystems; or Mithras LB940, Berthold). To determine the
PIP;-dependent component of the effects of the expressed PH
domains on the balance of proliferation/apoptosis, the ratios of the
fluorescence of cells expressing the wild-type PH domains were
calculated using the mutant forms of the same domain incapable of
lipid binding as a control at each time point for each PH domain.

Analysis of inositol phosphates

Inositol phosphates were analyzed from COS-7 cells transfected with
c¢DNA encoding the human EGF receptor, together with selected PH-
GFP fusion constructs as described previously (Varnai et al., 1999).
One day after transfection, cells were labeled with myo-[*H]inositol
for 24 hours and after 30 minutes stimulation in the presence of 10
mM LiCl, [*H]-labeled inositol phosphates were separated by Dowex
minicolumns, and measured by liquid scintillation counting as
described elsewhere (Hunyady et al., 1994). The relatively small
activation of PLCvy by EGF in these cells did not permit direct analysis
of the 1,4,5-isomer of InsP; and the pooled InsP; and InsP, samples
were used as an indicator of overall PLC activity.

Protein purification and InsP4 or PIP3 binding

Recombinant PH-GFP proteins were produced in BL-21 cells
(Invitrogen). Overnight cultures were grown to OD600: 0.6-0.9 and
induced with 200 uM isopropyl-B-D-thiogalactopyranoside (IPTG)

Btk-PH

Akt-PH

control

PDGF 5 min
50 ng/ml

wm 10 min
300 nM

GRP1-PH
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for 7 hours at room temperature. Proteins were purified from the
bacterial lysates by Ni-NTA columns (Spin Kit, Qiagen) following the
manufacturers instruction. InsP4 binding was performed as described
previously (Varnai et al., 2002), using 1.1 nCi (1 nM) [*H]InsP, and
200 ng proteins in the 50 pl incubation volume. Binding to PIPs-
coated agarose beads (Echelon) was performed following the
manufacturer’s protocol with minor modifications. To elute the
proteins bound to the beads, after centrifugation and washing, beads
were incubated at room temperature for 30 minutes instead of boiling
to preserve fluorescence. The amounts of bound and free proteins
were assessed by phosphoimager analysis of the samples resolved by
SDS PAGE.

Results
Recognition of PIPz by the PH domains in NIH 3T3 cells

Four PH domains known to interact with PIP; were chosen for
this study: Btk-PH, Akt-PH, GRP1-PH and ARNO-PH. Since
the ARNO-PH domain has two splice variants, differing only
in a single glycine in the loop between the B1- and B2-strands
(Klarlund et al., 2000; Lietzke et al., 2000) that changes the
lipid binding specificity of the domain, we also included the
3G variant (ARNO-3G) in these studies. As documented by
several studies, all of these proteins show a PIP;-dependent
translocation to the plasma membrane in many cell types after
agonist stimulation (Venkateswarlu et al., 1998; Oatey et al.,
1999; Varnai et al., 1999; Watton and Downward, 1999). As
shown in Fig. 1, clear differences are found in the distributions
of these proteins in quiescent NIH 3T3 cells, namely the
prominent nuclear localization of GRP1-PH and ARNO-PH,
which was much less pronounced with Btk-PH and very little
with Akt-PH. Also, a small extent of plasma membrane
localization was observed with Akt-PH, in quiescent cells but
not with the other PH domains. However, all of the chimeras
showed a robust translocation to the plasma membrane after
PDGF stimulation that was completely reversed by
wortmannin in the case of Btk-PH, GRP1-PH and ARNO-PH,
and was largely, but not completely, eliminated in the case of
Akt-PH-GFP. The ARNO-PH domain variant containing three

ARNO-PH

ARNO-PH (3G)

Fig. 1. Localization and wortmannin-sensitive translocation of expressed PH-GFP chimeras that recognize PIP;in NIH 3T3 cells. NIH 3T3
cells were transfected with the indicated PH-GFP constructs and live cells were examined by confocal microscopy after 1 day of transfection.
Note the recruitment of the PH domains (except that of the 3G variant ARNO) to the plasma membrane after PDGF stimulation, and the

reversal of this by the PI 3-kinase inhibitor wortmannin.
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glycines showed little basal localization and a barely detectable
translocation response. These data together demonstrated that
the selected PH domains are able to recognize PIP; in the
plasma membrane with sufficiently high affinity.

Inhibition of Akt activation by the overexpressed PH
domains

One of the best known and most studied downstream targets
of PIP; [and phosphatidylinositol (3,4)-bisphosphate,
PtdIns(3,4)P,] is the serine/threonine kinase Akt. Therefore,
first we decided to study the inhibitory effects of the expressed
PH domains on Akt activation in COS-7 cells. In order to
investigate the Akt response of only the transfected cells, an
epitope-tagged Akt (HA-Akt) was transfected together with the
selected PH-GFP constructs and also with a membrane-
targeted form of phosphoinositide 3-kinase vy (PI3Ky-CAAX)
(Bondeva et al., 1998), to generate PIP;. After 24 hours of
transfection, Akt was immunoprecipitated from the cell lysates
and its activity was determined using **P-ATP and crosstide as

PI3Ky-CAAX ——g«_-ﬁ--“!ﬁ WB: anti-PI3Ky
HA-Akt G=HJ-“1& WB: anti-HA.11
3 WB: anti-GFP
——— -
oo T o o
rrrzaQ¥Ea 9
CO <« a4
oo >
c o
T I 5 C 5
oo < %
x x
& @ &

120 +

100
80

wm 300 nM

60
40

20

Akt activity relative to PI3Ky-CAAX (%)

HA-Akt

PIBKy-CAAX

Fig. 2. Inhibition of PIP3;-dependent Akt activation by the various PH
domains. COS-7 cells were transfected with a HA-tagged full-length
Akt construct with or without a construct encoding a plasma-
membrane-targeted PI 3-kinase y (PI3Ky-CAAX) and the indicated
PH-GFP constructs. One day after transfection and after 6-8 hours of
serum deprivation, cells were lysed and the activity of HA-Akt was
measured after immunoprecipitation as detailed under Materials and
Methods. Equal expression of HA-Akt, as well as the other expressed
proteins, was ensured by keeping the total transfected DNA equal by
complementing with the respective empty plasmid DNAs during
transfection and were determined from the total cell lysates. In each
experiment, the Akt activities were normalized to the level observed
with PI3Ky-CAAX in the presence of GFP alone, which gave an
average of tenfold increase over the basal. Mean+s.e.m. of three
similar observations are shown.

substrates (Bondeva et al., 1998). As shown in Fig. 2,
membrane-targeted PI3Ky strongly stimulated Akt activity and
both Akt-PH and Btk-PH were able to inhibit this activation
(P<0.05). By contrast, GRP1-PH and ARNO-PH had no effect.
Mutant Btk-PH (R28C), which is unable to bind the lipid, was
also without effect, indicating the need for lipid binding to
exert an inhibitory effect.

Inhibition of cell attachment and spreading by the
various PH domains

To test a PIPs-regulated process that is linked to the function of
the GRP1/ARNO family of GTP-binding protein exchange
factors, we chose two simple assays that rely upon inside-out
signaling. Cell adhesion and spreading have both been shown
to be PIPs;-regulated processes in which integrins and small
GTP-binding proteins have been implicated (Kinashi et al.,
1995; Heraud et al., 1998; Yamboliev et al., 2001; Hawadle et
al., 2002). COS-7 cells were transfected with the various GFP
fusion constructs and were removed from the culture plates with
Versene. Aliquots of the transfected cells were then reseeded
onto small culture dishes and incubated for the indicated times
(usually 30 minutes). Non-attached cells were then washed
away and the attached cells were subjected to SDS page
analysis along with the sample of the total amount of cells
seeded, so that the fraction of transfected cells attached could
be calculated after quantification of the GFP fluorescence in a
Phosphorimager. This method allowed monitoring of the
attachment efficiency of only the population of transfected cells.
As shown in Fig. 3, the PH domains of GRP1 and ARNO were
found to inhibit the attachment of cells (P<0.05), whereas the
PH domains of Akt and Btk were without effect in this assay.

To examine the effect on cell spreading, transfected cells
were also seeded on fibronectin-coated cover slips and
incubated for 10 minutes before fixation and staining with
TRITC-phalloidin. Cells were then examined under a wide-
field fluorescence microscope and scored for the presence of
spreading and/or lamellopodia. These data also showed that
both GRP1-PH and ARNO-PH, but not Btk-PH or Akt-PH,
exerted a strong effect on cell spreading (P<0.05, Fig. 4).
Interestingly, ARNO-3G was also effective in these assays,
although less so than the 2G variant.

Effect of PH domain expression on PLCy-mediated
inositol phosphate production

It has been well documented that PLCy activation is partially
dependent on PIP; formation (Falasca et al., 1998; Bae et al.,
1998). Therefore, we investigated whether the overexpressed PH
domains exert an inhibitory effect on EGF-stimulated inositol
phosphate production. COS-7 cells were transfected with the
EGF receptor along with the various PH-GFP chimeras and were
prelabeled with myo-[*H]inositol. EGF-stimulated inositol
phosphate production was then tested in the presence of lithium
to capture PLCy-generated inositol phosphates. As shown in
Fig. 5, about 40% of the EGF-stimulated InsP response (which
was about twofold on average) was wortmannin sensitive. The
EGF-induced response was also inhibited by the GRPI1- and
ARNO-PH domains, and to a lesser degree by the Akt-PH
(P<0.05 in all cases). However, Btk-PH had a significant positive
effect on this response that was reversed by wortmannin
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treatment and was dependent on PIP; interaction, since the R28C
mutant did not show this response. This positive regulatory effect
of Btk also observed in B cells (Saito et al., 2003) was pursued
in another set of experiments (P.V., T. Bondeva, G. Csordas, G.
Hajnoczky and T. Balla, unpublished observations) and will not
be further discussed in the present study. However, these
experiments showed again that the various PH domains show an
inhibitory pattern that is distinctively different depending on the
cellular response being examined.

A GFP
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Fig. 3. Inhibition of cell attachment by overexpressed PH-GFP
chimeras in COS-7 cells. COS-7 cells were transfected with the
indicated PH-GFP constructs for 1 day. Cells were removed by mild
trypsinization and divided into three aliquots. One aliquot was
centrifuged and the cells were immediately lysed in Laemmli buffer
(labeled c). The other two aliquots were plated into 35mm culture
dishes and the cells were allowed to attach for 30 minutes (labeled
a). After this, the medium was removed and the cells were washed
twice with 2 ml of ice-cold Dulbecco’s PBS before lysis in the same
volume of Laemmli buffer that was added to the first aliquot of cells.
Samples were then sonicated (but not boiled) before separation by
SDS-PAGE. Electrophoresis gels were analyzed in a Storm 860
Phosphorimager (Molecular Dynamics) using the blue fluorescent
laser for quantitation of the GFP fusion protein band in the gel. The
fraction of GFP signal found in the attached cells relative to the total
amount of cells seeded was calculated for each construct including
GFP alone, which served as a control. Representative gel samples are
shown in (A), and the mean+s.e.m. from five experiments performed
in duplicates are shown in (B).
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Inhibition by PH domain overexpression of complex
cellular responses

In subsequent experiments, we investigated the abilities of the
various PH domains to influence more-complex cellular
responses such as proliferation and apoptosis. These responses
rely upon a number of signal transduction events and therefore
are more difficult to interpret in terms of the specific
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Fig. 4. Inhibition of cell spreading by overexpressed PH domain
chimeras in COS-7 cells. COS-7 cells transfected with the indicated
PH-GFP constructs for 24 hours were removed from the culture
dishes with gentle trypsinization and re-plated onto fibronectin-
coated glass cover slips as detailed under Materials and Methods.
After 10 minutes, cells were fixed and stained with TRITC-
phalloidin. Cells overexpressing the GFP fusion proteins were
identified by fluorescent microscopy and were classified into three
groups: unspread (adherent with no projections), partially spread
(adherent with limited lamellipodia) and fully spread. The percentage
of fully spread cells was then calculated for each group of cells
expressing the GFP fusion proteins and related to the untransfected
controls. When added, the PI 3-kinase inhibitor, LY 424002 (Ly) was
added 10 minutes before plating on fibronectin. Mean+s.e.m. of 3-6
experiments are shown.
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Fig. 5. Inhibition of EGF-stimulated InsP formation by
overexpressed PH domain chimeras in COS-7 cells. COS-7 cells
were transfected with cDNA encoding the human EGF receptor,
together with selected GFP-PH domain fusion constructs as
described under Materials and Methods. One day after transfection,
cells were labeled with myo—[3H]in0sitol for 24 hours. Cells were
stimulated by EGF for 30 minutes in the presence of 10 mM LiCl,
and [*H]-labeled inositol phosphates were separated by Dowex
minicolumns and measured by liquid scintillation counting. The
relatively small activation of PLC by EGF in these cells did not
permit direct analysis of the 1,4,5-isomer of InsP; and the pooled
InsP; and InsP;, samples were used as an indicator of overall PLC
activity. The InsP response of the cells was normalized to the value
observed after EGF stimulation of cells expressing only GFP, which
was about a twofold increase in average. The PI 3-kinase inhibitor
wortmannin (wm) was added 10 minutes before EGF treatment.
Meanzts.e.m. of 3-5 experiments are shown performed in duplicate
(except for Akt-PH, where n=2).

InsP, + InsP5 (% of EGF-stimulated)

biochemical event being targeted; nevertheless, they could
reveal significant phenotypic changes caused by the
expression of PH domains. Therefore, we studied how the
expression of the fluorescent PH domain changes in time for
the individual constructs. Although the expression kinetic of
any given protein can vary as a result of multiple factors within
the cells, a difference between the expression dynamics of
wild-type and mutant forms (that do not bind
phosphoinositides) of the PH domains would indicate the
involvement of a PIPs;-dependent process. For example, any
positive effect of the PH domain protein on apoptosis would
be expected to eliminate the transfected cells more rapidly and
hence rapidly decrease the population of fluorescent cells after
the construct is expressed. As shown in Fig. 6, the various
constructs showed significant variations in their expression
patterns. When the data were expressed as fluorescence of
wild-type version relative to the mutant version of the same
PH domain, the only remarkable difference was observed with
the Akt-PH domain, which clearly showed a lipid-binding-
dependent self-elimination.

Mutagenesis of Akt-PH and GRP1-PH domains

The specific inhibitory effect of the PH domains on selected
cellular responses raised the possibility that these domains might
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Fig. 6. The dymanics of expression of various PH-GFP chimeras in
COS-7 cells. COS-7 cells were transfected with the indicated PH-
GFP constructs and the GFP fluorescence was monitored as a
function of time using a fluorescence plate reader. Fluorescence
values were normalized to the first reading in each group (20 hours
after transfection) as shown for a representative experiment in (A).
To determine the PIPs-dependent component of the effects of the
expressed PH domains on the balance of proliferation/apoptosis, the
ratios of the fluorescence of cells expressing the wild-type PH
domains were calculated using the mutant forms of the same domain,
which are incapable of lipid binding, as a control at each time point
for each PH domain (B). Meanzs.e.m., n=3.

interact with protein-binding partners in addition to binding
PIP;. The putative binding partners would have to interact with
a surface on the PH domain that is distinct from that involved in
lipid binding. It has been previously reported that Thr34 of the
Akt-PH domain is phosphorylated by PKC{ and this
phosphorylation prevents Akt membrane recruitment and
activation (Powell et al., 2003). This Thr residue is located on
the surface of the Akt-PH domains that is not directly involved
in PIP; binding and which corresponds to the [v-binding
interface of the GRK2-PH domain (Lodowski et al., 2003).
Therefore, we generated a series of Thr34 mutants with various
substitutions (T34A, T34S, T34P, T34D, T34L and T34F) within
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the Akt-PH-GFP construct and determined their
ability to bind PIPs, localize to membranes in
intact cells, and exert inhibition on Akt
activation. Of these mutants, T34A and T34S
behaved as the wild-type version, whereas T34P
showed no membrane localization or binding to
lipids (not shown). However, T34D, T34L and
T34F displayed quite interesting features. As
shown in Fig. 7, these mutants all showed
prominent membrane localization in stimulated
COS-7 cells or in HEK 293 cells, and only T34F
showed a somewhat impaired membrane
recruitment (Fig. 7A). This was in good
agreement with the PIP; binding data, which
showed that binding of these mutant
recombinant proteins to PIP; beads was only
slightly impaired (Fig. 7B). However, in spite of
their PIP; binding and membrane localization,
these mutants showed no inhibition on Akt
activation compared with the R25C mutant that
is unable to bind the lipids and localize to the
membrane (Fig. 7C). Similarly, none of the Akt-
PH mutants showed self-elimination in the assay
monitoring the kinetics of expression of the
domains as a function of time, in fact the T34F
mutant showed better expression than the R25C
mutant (panel D). These data clearly suggested
that membrane localization is necessary but may
not be sufficient for the construct to interfere
with the signaling of the endogenous Akt
protein, and the latter is related to a feature of the
PH domain consistent with additional
interaction(s).

Similar experiments were designed with the
GRP1-PH domain. Here, two mutants were
generated at residues located on the same
surface probed with the Akt-PH domain, away
from the lipid-binding site. The two mutants,
I307E and K340L, were chosen because of
their size and side chain orientation. As shown
in Fig. 8, these mutations failed to affect the
binding of the domain to PIP; beads (Fig. 8B);
however, they did impair the abilities of the
constructs to localize to the membranes of
HEK 293 cells, although still showed
localization in peroxyvanadate-stimulated
COS-7 cells (Fig. 8A). Because of their
somewhat impaired cellular localization, the
InsP4-binding affinity of these constructs was
also determined (Fig. 8C). These data showed
no significant difference between the domains
confirming that their PIP3/InsP, affinities are
not affected by the mutations. Importantly,
neither mutant showed the inhibitory effect on
cell spreading that was observed with the wild-
type GRP1-PH domain, and their effect was
less or equal to the R284C mutant unable to
bind PIP; or localize to the membrane. These
data also indicated that the dominant-negative
effect of the GRPI1-PH domain requires
interactions other than with the lipid PIPs.
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Fig. 7. The effects of Akt-PH-GFP mutations on PIP; binding, cellular localization
and inhibition of cellular responses. (A) COS-7 (upper) and HEK 293 cells (lower)
were transfected with the indicated mutant Akt-PH-GFP construct and examined by
confocal microscopy without stimulation (HEK 293 cells) or after stimulation with
peroxyvanadate (30 wM peroxide, 100 wM ortho-vanadate) for 5-10 minutes (COS-7
cells). (B) Binding of recombinant Akt-PH-GFP mutants to PIP3 conjugated to
agarose beads (sn, unbound fraction in the supernatant; pellet, bound fraction
associated with the beads); bars represent the % bound fraction determined by
Phosphorimager analysis from three separate experiments (+s.e.m.), one of which is
shown as a representative. (C) Inhibition of endogenous Akt activation by Akt-
PH-GFP mutants expressed in COS-7 cells. After 24 hours of transfection, cells
were stimulated by EGF (100 ng/ml) for 5 minutes. Total cell lysates were analysed
by SDS PAGE followed by western blotting using an anti-phospho-Akt antibody and
densitometric analysis. In (B) and (C), the R25C mutant, unable to bind the lipid, is
indicated by darker columns. (D) Expression kinetics of the various Akt-PH-GFP
mutants in COS-7 cells as described in Fig. 6. Fluorescence values were related to
those of the non-binding R25C mutant at each time points (meanzs.e.m., n=3).

(E) The position of the mutated residue (Thr34) within the Akt-PH domain relative to
the PIP; binding site in the crystal structure of Akt-PH (1H10).
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Discussion

There is hardly a cellular process that is not regulated by
phosphoinositides, and PI 3-kinases have been shown to affect
a great variety of cellular responses. This notion has generated
enormous interest in the downstream effectors of the 3-
phosphorylated lipid product, PIP3, leading to the identification
of numerous proteins that possess PH domains with specific
PIP; recognition properties (Klarlund et al., 1997; Welch et al.,
2002). Although many of these PH domains bind PIP; with
high enough affinity that is sufficient to recruit them to the
plasma membrane upon activation of PI 3-kinases, a number
of observations suggest that they also interact with protein
components. For example, the Btk- and GRK2-PH domains
were shown to bind By subunits of heterotrimeric G proteins
(Tsukada et al., 1994; Carman et al., 2000), and Btk-PH also
binds the C1 domain of PKC (Yao et al., 1994), whereas its
PH/Tec-homology (TH) domain binds the mouse PIP 5-kinase
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type-Ip3 (Saito et al., 2003). Similarly, the Akt-PH was reported
to interact with the myosin II isoform (Tanaka et al., 1999),
although it is not clear whether this protein interaction
contributes to the physiological regulation of the Akt protein
kinase. Several other PH domains show relatively low
specificity in their inositol lipid binding in vitro, yet appear to
be regulated more specifically by the lipids within the cell (Yu
et al.,, 2004). Therefore, an increasing body of evidence
indicates that PH domains might serve as more complex
molecular modules with both lipid and protein recognition.
The present experiments were designed to investigate
whether PH domains that recognize the same phosphoinositide
species, namely PIP3, exert similar inhibitory effect on distinct
cellular processes known to be regulated by this critically
important phosphoinositide. We reasoned that if PH domains
solely interacted with the membrane lipids, their inhibitory
potencies should follow an identical rank order determined by
their relative lipid affinities regardless of the PIPs-
dependent regulatory pathway examined. Our data clearly
demonstrate that, of the selected PH domains with PIP;
recognition, some can quite specifically inhibit one PIP3-
regulated process without significantly affecting another.
For example, expression of the GRP1-PH domain was
effective at inhibiting cell adhesion and spreading, but had
no effect on Akt activation, whereas the Akt-PH domain
behaved the opposite way, i.e. showing a strong inhibitory
effect on Akt activation but no effect on the cell spreading
process. These findings cannot be simply explained by
sequestration of the lipids by the PH domains. In fact,
inhibition by lipid sequestration may not be as easily
achieved since production of the lipid can simply make up
for the PH-domain-bound fraction in any given PIPs-
mediated process. However, if PH domains also bind to
protein partners that are important for a specific
downstream signaling process, sequestration of this protein
will not be easily compensated for, thereby explaining the

Fig. 8. The effects of GRP1-PH-GFP mutations on PIP; or InsP,
binding, cellular localization and inhibition of cellular spreading
in COS-7 cells. (A) COS-7 (upper) and HEK 293 cells (lower)
were transfected with the indicated mutant GRP1-PH-GFP
construct and examined by confocal microscopy without
stimulation (HEK 293 cells) or after stimulation with
peroxyvanadate (30 wM peroxide, 100 wM ortho-vanadate) for
5-10 minutes (COS-7 cells). (B) Binding of recombinant GRP1-
PH-GFP mutants to PIP; conjugated to agarose beads (sn,
unbound fraction in the supernatant; pellet, bound fraction
associated with the beads); bars represent the % bound fraction
determined by Phosphorimager analysis from two separate
experiments (mean+range), one of which is shown as a
representative. (C) Binding of InsP4 to GRP1-PH-GFP mutants.
Recombinant proteins were incubated with [*H]InsPy in the
presence of increasing concentration of unlabeled InsP, for 10
minutes. Protein-bound radioactivity was determined as
described under Materials and Methods and expressed as % By
(meanszs.e.m., n=3). (D) Inhibition of cell spreading by the
various GRP1-PH-GFP constructs as described in Fig. 4.
(meanzs.e.m., n=3). In (B) and (D), the R284C mutant, unable to
bind the lipid, is indicated by darker columns. (E) The position
of the mutated residues (1307 and K340) within the GRP1-PH
domain relative to the PIP; binding site in the crystal structure of
GRP1-PH (1FHX).
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selective inhibition of a particular
overexpressed PH domain.

Thus, mutations generated on a surface within the Akt-PH
and GRP1-PH domains that is not directly involved in lipid
binding can abrogate the inhibitory effects of the constructs
without affecting lipid binding. This finding is also consistent
with interaction of the domains with additional binding
partners, most probably with other proteins. Also, a putative
protein interaction with the PH domain might indirectly affect
the membrane localization of the construct. This was seen more
prominently with the GRPI1-PH domain, which showed
impaired membrane localization in spite of an unchanged lipid-
binding affinity, whereas the selected Akt-PH domain mutants
still localized to the membrane. It is worth pointing out that C2
ceramide has been reported to eliminate the binding of both
Akt-PH-GFP and GRP1-PH-GFP after PDGF stimulation
(Stratford et al., 2001), an affect attributed to the PKC(-
mediated phosphorylation of T34 in the case of the Akt-PH
domain (Powell et al., 2003). In the present study, the T34D
substitution failed to mimic the phosphorylation effect on
membrane localization, but this could be due to the much larger
charge of the phosphate residue in this position.

It is important to note that the selectivity of the PH domains
was not absolute, for example, the Btk-PH also inhibited Akt
activation and all but Btk-PH was able to inhibit EGF-induced
InsP; formation. Whether this reflects a similarity between the
domains in regard to the protein interacting partner, or the
multiple components through which InsP; generation can be
affected in the latter case, remains to be elucidated. It is also
important to emphasize that, in the case of responses regulated
by more complex regulatory networks, such as the growth of
the transfected cells, multiple effects could determine the final
outcome. For example, although Btk-PH inhibited Akt
activation similarly to that of Akt-PH, the two domains affected
the EGF-mediated InsP; response differently, Akt-PH having an
inhibitory effect, and Btk-PH having a strong stimulatory effect.
As a result, only Akt-PH caused a selective elimination of the
cells in which it was expressed; by contrast, in the case of Btk,
the two opposing effects seem to have balanced one another and
hence, Btk-PH had no prominent effect on cell elimination.

These findings have important implications regarding
inositol lipid regulation of effectors containing PH domains. It
is conceivable that, upon lipid binding, the PH domain
undergoes a conformational change that will affect its
interaction with a protein-binding partner. This partner could
be either another regulatory protein or another domain within
the same protein forming an intramolecular interaction. A
conformational change upon binding of InsP, to the Akt-PH
has been described recently (Milburn et al., 2003) but not many
other studies are available in which this question has been
examined at the structural level. By contrast, there are several
examples of PH domains regulating the functions of proteins;
this has been observed even in vitro, where PIP;-mediated
membrane recruitment cannot be responsible for the observed
effects of the lipid. For example, Btk kinase activity in vitro
was found to be stimulated by PIP; (Saito et al., 2001).
Recently, the PH domain of the ELMO protein (which,
together with Dock180, functions as a bipartite Rac guanine-
nucleotide exchange factor) was shown to be essential for the
binding and regulation of the Rac-Dockl80 complex
independent of membrane targeting (Lu et al., 2004). Similarly,
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in several guanine nucleotide exchange factors with tandem
Dbl-homology (DH) and PH domains, the PH domain may
cooperate with the DH domain in promoting nucleotide
exchange (Rossman et al, 2002; Soisson et al., 1998;
Worthylake et al., 2004), although this may not be regulated
by inositides in vitro (Snyder et al., 2001). Conversely, the
inositol lipid binding of the nucleotide exchange factor Trio
was found to be influenced by the binding of RhoG
(Skowronek et al., 2004), providing additional support to the
idea that the lipid and protein binding of PH domains might
regulate one another.

In summary, the present studies demonstrate that
overexpression of isolated PH domains can act as inhibitors of
PIPs-regulated cellular pathways and show a degree of
specificity that was unexpected given their inositol lipid
recognition properties. Selected mutations that do not affect
their lipid recognition are able to prevent the inhibitory effects,
suggesting that PH domains might also interact with proteins.
PH domains, therefore, could serve as molecular switches
regulated by phosphoinositides. This type of regulation could
explain the parallel and specific control of multiple effectors
by the membrane phospholipids. More studies will be needed
to validate this concept and to identify the protein regulatory
partners that participate in the process.
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Virtually all functions of a cell are influenced by cytoplasmic [Ca2*]
increases. Inositol 1,4,5-trisphosphate receptor (IP3R) channels,
located in the endoplasmic reticulum (ER), release Ca2* in response
to binding of the second messenger, IPs. IP3Rs thus are part of the
information chain interpreting external signals and transforming
them into cytoplasmic Ca2* transients. IPsRs function as tetramers,
each unit comprising an N-terminal ligand-binding domain (LBD)
and a C-terminal channel domain linked by a long regulatory
region. It is not yet understood how the binding of IP; to the LBD
regulates the gating properties of the channel. Here, we use the
expression of IP3 binding protein domains tethered to the surface
of the endoplasmic reticulum (ER) to show that the all-helical
domain of the IPsR LBD is capable of depleting the ER Ca2* pools
by opening the endogenous IP3Rs, even without IP; binding. This
effect requires the domain to be within 50 A of the ER membrane
and is impaired by the presence of the N-terminal inhibitory
segment on the LBD. These findings raise the possibility that the
helical domain of the LBD functions as an effector module possibly
interacting with the channel domain, thereby being part of the
gating mechanisms by which the IPs-induced conformational
change within the LBD regulates Ca?* release.

Ca2* channel | endoplasmic reticulum | red fluorescent protein

he intracellular second messenger, inositol 1,4,5-trisphos-

phate (IP3) is generated upon stimulation of cell-surface
receptors linked to phospholipase C (PLC) activation (1). IP;
rapidly binds to an intracellular receptor and releases Ca?* from
intracellular Ca?* stores; hence, both IP; and its receptor (IP;R)
are key components of the signal transduction mechanism that
links cell-surface receptors to calcium-regulated intracellular
responses (2). All three isoforms of the IP;R (types I, II, and IIT)
function as intracellular Ca’* channels that work as homotet-
ramers or heterotetramers (3). Each receptor subunit has a
channel portion containing six transmembrane helices and a
pore domain located between TMS and TM6, close to the C
terminus of the protein (4-6). The ligand-binding domain
(LBD) of the receptor is located at the N terminus (7) and is
separated from the channel domain by a long intervening
regulatory region facing the cytoplasm (3, 7). IP; binding leads
to rapid activation of the channel, but Ca?>"-induced Ca?*
release, similar to that characteristic of the related ryanodine
receptors (RyRs), has also been recognized as an important
regulatory feature of IP3Rs (8). Because of this complex, and
often subtype-specific, regulation of IP; channels, cells can
display complex Ca?" wave patterns and oscillations after ago-
nist stimulation, the shape and frequency of which can have
unique importance in the selective regulation of downstream
effectors (9-11).

Despite intense studies, little is known about the manner in which
the binding of IP5 to the N-terminal LBD affects the channel gating
properties of the molecule. Upon IP5 binding, the LBD undergoes
a significant conformational change as evidenced by the IPs-

www.pnas.org/cgi/doi/10.1073/pnas.0407535102

induced alteration of its migration on a size-exclusion column (7)
and by its suitability as a FRET-based sensor of IP5; binding (12).
As shown recently, the C-terminal channel domain, isolated from
the rest of the receptor, is constitutively active, and the presence of
the regulatory domain is required to maintain the suppression of
channel activity (13, 14). Moreover, elegant cross-linking experi-
ments have shown that the N-terminal domain of the receptor is in
juxtaposition with the C-terminal channel domain (15). These data
together raised the possibility that the proximity of the LBD to the
channel domain may be an important aspect of IP3;R regulation
after binding of IPs. The present study was designed to investigate
whether the LBD of the IP3R acts as a tethered regulatory module
that regulates the channel activity via IPs-induced conformational
changes. For this purpose, we used a molecular approach by which
the isolated LBD of type I IP3R or its components was tethered to
the cytoplasmic surface of the endoplasmic reticulum (ER), and the
effects of their expression on Ca®" signaling was compared with
those of the same constructs expressed in the cytoplasm. These
experiments revealed that the all-helical domain of the LBD is
capable of opening the IP;R and suggest that the IPs-induced
conformational change may involve the unmasking of this domain
for interaction with other portions of the molecule, possibly with the
channel domain.

Materials and Methods

DNA Constructs. The construction of rat p130PH and the LBD of
human type 1 IP3R (224-605) fused to the C-terminal of GFP
have been described (16). The same constructs were also created
fused to monomeric red fluorescent protein (mRFP) by exchang-
ing the GFP coding sequence with that of mRFP (17). Mutant
forms of the constructs (p130PH R134L and IP;R-224-605
K508A were generated by using the QuikChange mutagenesis kit
(Stratagene). For ER tethering, the C-terminal ER localization
sequence (MVYIGIAIFLFVGLFMK) of the yeast UBC6 pro-
tein (X73234, residues 233-250) was fused to the C termini of the
constructs through a short linker (NSRV). The long rigid helical
linker built between the ER localization sequence and the LBD
contained 9x(EAAAR) residues and was synthesized as double-
stranded DNA with EcoRI restriction sites at both ends (Blue
Heron Biotechnology, Bothell, WA). The ER lumen-targeted
protein coded by the pEF/Myc/ER/GFP vector (Invitrogen)
was used to visualize the ER. The design, production, and
purification of recombinant proteins, as well as the IP3 binding
assays performed on them, have been described (16).
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Cytoplasmic Ca?* Measurements. COS-7 cells were cultured on
glass coverslips (3 X 10° cells per 35-mm dish) and transfected
with the various constructs (2 pg per dish) by using Lipo-
fectamine 2000 for 24 h as described in ref. 16. For calcium
measurements, cells were loaded with Fura-2/AM (2 pM, 45
min; Molecular Probes). DT40 cells [wild-type or triple knockout
(TKO)] were transfected with plasmid DNA (15 ug) by using
electroporation [107 cells per 0.5 ml of OPTI-MEM (Invitrogen)
290V, 28 ms]| with a BTX (San Diego) T 820 electroporator. One
day after transfection, cells were transferred to glass coverslips
precoated with Cell-Tak (Collaborative BioMedical Products,
Bedford, MA) and loaded with Fura-2/AM (2 uM, 30 min).
Single-cell calcium measurements were performed at room
temperature in a modified Krebs—Ringer buffer containing 120
mM NaCl, 4.7 mM KCl, 1.2 mM CaCl,, 0.7 mM MgSOy, 10 mM
glucose, and 10 mM Na-Hepes at pH 7.4. An Olympus (Melville,
NY) IX70 inverted microscope equipped with a Lambda DG-4
(Sutter Instruments, Novato, CA) illuminator and an ORCA-ER
(Hamamatsu, Hamamatsu City, Japan) or MicroMAX:1024BFT
(Princeton Instruments, Trenton, NJ) digital camera and the
appropriate filter sets were used for Ca?* analysis. Data acqui-
sition and processing were performed by using METAFLUOR
software (Universal Imaging, Downington, PA). Calcium mea-
surement in populations of DT40 cells (10° cells per ml) was
performed in a fluorescence spectrophotometer (DeltaScan,
PTI, Lawrenceville, NJ) after loading with Fura-2/AM (2 uM,
45 min). The localization of the ER-tethered constructs was
determined by confocal microscopy as detailed elsewhere (16).

Mn2* Quench Experiments. COS-7 cells cultured on glass coverslips
were loaded with Fura-2/AM (5 pM, 120 min) at room tem-
perature. Cells were permeabilized with 15 pg/ml digitonin for
10 min in an intracellular medium [10 mM NaCl, 120 mM KClI,
2.2 mM MgCl,, 1 mM KHPOy, 20 mM Hepes (pH 7.2), and Ca?*
depleted by Chelex 100 (Bio-Rad) treatment] supplemented
with 2 mM ATP, 10 mM phosphocreatine, and 20 units/ml
creatine phosphokinase. Single-cell fluorescence measurements
were performed at room temperature in the above microscope
system by using 360 nm as the excitation wavelength.

Results and Discussion

Cytoplasmic Expression of IP; Binding Domains Alters Agonist-Induced
Ca?* Signaling. The N-terminal IP3 binding region (224-605) of
the type I IP3R or the pleckstrin homology (PH) domain of the
phospholipase C (PLC)-like p130 protein (18) was fused to the
mRFP for expression in COS-7 cells. The latter was used as a
control, because it also binds IP3, although with somewhat
lower affinity, but bears no structural homology to the IP;R
LBD (16). Fusion of these domains to fluorescent proteins
allowed monitoring of both the expression levels and the
localization of the proteins simultaneously with cytoplasmic
Ca?* measurements with Fura-2. As shown in Fig. 14, con-
sistent with earlier studies (18, 19), cytoplasmic expression of
either the ligand-binding segment of IP3R (224-605) (IP3R
LBD) or p130PH caused a dose-dependent delay in the onset
and the peak of the cytoplasmic Ca?" increase in response to
stimulation of the endogenous P, purinergic receptors by
ATP. When the Ca®" peak delays were plotted against the
fluorescence intensities for each individual cell expressing one
of the two IP3-binding proteins, the different IP5 affinities of
the two domains were clearly reflected in their efficacies in
delaying the Ca?* responses (Fig. 1B). The delayed and less
“synchronized” Ca?" increases appeared as a blunted Ca’*
response in the averaged Ca" traces, which also show that
mutant forms of either domain (R134L of p130PH or K508A
of IP;R LBD) that did not bind IP3 had no significant effect
on the Ca?* responses (Fig. 1 B and C). These data were all
consistent with the ability of these domains to bind IP3 within
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Fig. 1. Inhibition of agonist-induced Ca2* signaling by overexpressed IPs-

binding domains. (A) COS-7 cells were transfected with IPsR LBD (224-605)
fused to the C terminus of mRFP. After 24 h, cells were loaded with Fura-2 and
stimulated by 50 uM ATP at time 0. The cytoplasmic [Ca2*] responses of the
individual cells from a visual field containing cells expressing various levels of
IP3R LBD are shown (Upper) as assessed by mRFP fluorescence (shown Lower
Left). The kinetics of the [Ca2*] responses of the individual cells (color-coded
red, blue, green, and pink to reflect increasing expression levels) are shown
Lower Right. cyto, Cytoplasmic. (B) The peak of the cytoplasmic [CaZ*] re-
sponse is delayed as a function of the expression level of the indicated IP3
binding domain. Cells without a measurable [Ca2*] response within 4 min are
plotted at the top (no resp). Blue dots indicate cells expressing mutant
constructs incapable of IP3 binding. Note the difference between the poten-
cies of the IPsR LBD and p130PH proteins (slopes of the fitted data, 18.3 X 103
and 7.7 X 1073; r2 = 0.467 and r2 = 0.261, respectively; P < 0.001 in both cases)
reflecting the difference in their IP; affinities (16). (C) Summary of Ca2*
responses after averaging the individual responses shown in B and using the
same color-coding. The Ca?* response of untransfected cells is shown by the
black traces.

its physiological concentration range and buffer IP; increases
with the expected consequences on Ca?* signaling.

ER-Tethered IP3R LBD Impairs Ca2* Signaling by Depleting the ER Ca?+
Stores Independent of IP; Binding. Next, the same domains were
tethered to the outer surface of the ER by the addition of a short
hydrophobic C-terminal ER-targeting sequence from the yeast
UBC6 protein (20) (Fig. 24). Expression of the pl130PH-ER
construct exerted effects on Ca?* signaling that were very to
similar to those of its cytosolic version and required the construct
to bind IP; (Fig. 2B Right). In contrast, although the IP;R
LBD-ER construct also exerted a strong inhibition on the
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Fig. 2. Expression of ER-tethered IP; binding domains and their effects on
Ca?* signaling. (A) Colocalization of mRFP p130PH tethered to the surface of
the ER with a luminally ER-targeted GFP. (B) Averaged Ca2* responses of cells
expressing similar levels of the ER-tethered domains (red traces) or their
mutant forms (blue traces) and the untransfected cells (black traces). Note that
in the case of the IPsR LBD-ER (Left), the [Ca2*] response is greatly affected
even when the mutant form is expressed, whereas, in the case of the
p130PH-ER protein (Right), only the wild-type with IP3 binding exerts an
effect. (C) Although there is no delay in the peak [Ca2*] response with the
mutant IP3R LBD-ER, the amplitude of the response is reduced in the case of
both the wild-type (red dots) and the mutant (blue dots) IP3R LBD-ER protein
as a function of expression level, whereas the mutant p130PH-ER (green
triangles) is without effect.

ATP-induced Ca?* increase, its mutant form was as effective as
the wild-type to inhibit the Ca" signal, except that, in the case
of the mutant, the smaller Ca?* response was not associated with
a delay (Fig. 2B Lefr). The amount of Ca?>" released by the
agonist was progressively decreased by increasing the expression
of either the wild-type or the KSO8A mutant of the IPsR LBD
ER but not of the mutant p130PH-ER construct (Fig. 2C) (note
that the fluorescence intensity range is narrower with the
ER-tethered constructs). This finding raised the possibility that
the ER Ca?* pools are depleted in the cells expressing these
constructs. To determine the extent of store depletion, the ability
of the sarco(endo)plasmic reticulum Ca?* ATPase (SERCA)
inhibitor thapsigargin (Tg) to empty the I[Ps-sensitive Ca?" stores
(21) was examined. As shown in Fig. 34, the cytoplasmic Ca?*
increase evoked by Tg was greatly diminished in cells expressing
the ER-targeted IPsR LBD. Importantly, again, the mutant form
of IP;3R LBD ER, unable to bind IP;, was as effective as the
wild-type form in emptying the ER Ca?* stores (Fig. 34 Left).
Neither the wild-type nor the mutant IP;R LBD affected the
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Tg-induced Ca?* response when expressed in the cytosol (Fig.
3A4 Center), and the ER-targeted p130PH was also without effect
(Fig. 34 Right). Similar results were obtained when the Ca?*
stores were emptied in Ca?*-free medium either with the Ca?*
ionophore, ionomycin, or Tg (Fig. 3B Center and Right, respec-
tively). The Ca?* response to the IP;-sensitizing agent, thimer-
osal, was also largely diminished by the ER-targeted IPsR LBD
(Fig. 3B Left).

If the Ca?" stores are depleted, cells should display an
increased Ca?* influx due to the activation of the store-operated
Ca?* entry pathway (22). Therefore, the response of cells to the
extracellular addition of Ca?* after a short Ca?*-free incubation
was examined. As shown in Fig. 3C, cells expressing the ER-
tethered IP;R LBD construct, but not its cytosolic form or the
p130PH-ER construct, showed enhanced Ca?* increase after
Ca?* addition, consistent with the activated Ca?" entry pathway
secondary to depleted Ca?* stores. This enhanced Ca>* entry
was similar to, although more transient than, that observed in
normal cells after depleting the Ca?* stores with Tg (Fig. 3B
Right). The effects of an activated capacitative Ca®" entry
pathway were also reflected in the elevated basal Ca?" levels in
the cells expressing the ER-tethered IP3;R LBD in the presence
of Ca?* (Figs. 2B Left and 34 Left) and its decrease in the
absence of external Ca?* (Fig. 3B Center and Right). This Ca?*
elevation, however, was relatively moderate compared with that
observed after an acute emptying of the Ca>* stores, which
probably reflects the activation of compensatory mechanism(s)
to protect the cells from flooding with Ca?* as has been observed
when Ca?" stores were emptied by the expression of leaky IP;R
channels (14).

To assess the conductivity of the IPsR more directly, we used
the Mn?"-quench method in single permeabilized COS-7 cells
(23). In this method the cells are loaded with Fura-2 under
conditions that favor the loading of the probe into the organelles,
and, after permeabilizing and washing out the cytosolic compo-
nent of Fura-2, the addition of Mn?* quenches the luminal
fluorescence partially by entering through IP3Rs (24). As shown
in Fig. 3D, the addition of Mn?* to permeabilized COS-7 cells
caused a gradual decrease in the Fura-2 fluorescence (measured
by exciting at the Ca?" insensitive wavelength of 360 nm) that was
similar in naive cells and in the cells expressing the p130PH-ER
construct. In both cases this basal rate of quenching was rapidly
increased upon addition of 3 uM IP; to the cells. In contrast, the
rate of initial Mn?* quench was significantly larger, and there
was no effect of IP5 in the cells expressing the IP3R LBD K508A
ER (or the wild-type form; data not shown). These data were
also consistent with the open state of the IPsR in the COS-7 cells
expressing the ER-targeted IPsR LBD.

ER-Tethered IP3R LBD Depletes the ER Ca2* Stores via Endogenous IP3
Receptors. To determine further whether the tethered construct
exerted its effect via opening of the endogenous IP;Rs, we
performed experiments on DT40 cells in which all three forms
of the IP3R had been eliminated by homologous recombination
(25). As shown in Fig. 44, wild-type cells showed a cytoplasmic
Ca?* response to B cell receptor stimulation that acts via
phospholipase C y (PLCvy) and IP3, whereas the TKO cells failed
to respond to the same stimulation with a Ca?* increase. Both
wild-type and TKO cells showed a large Ca?* increase to Tg but
only a very small increase after the addition of caffeine (5-10
mM), the latter response being somewhat bigger in TKO cells
(Fig. 4A4). The Ca?* response of transfected cells was studied in
individual cells. Transfection of wild-type DT40 cells with the
IP;R LBD-ER construct has proven to be extremely toxic, with
most cells undergoing apoptosis and only a very small fraction of
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Fig.3. Effect of ER-tethered IP; binding domains on the Ca2* content of the intracellular Ca2* pools. (A) Fura-2-loaded COS-7 cells transfected with the cytosolic
(-cyto) or ER-tethered (-ER) forms of the indicated IP3 binding domains (red) or their IP3 binding deficient mutant forms (blue) were stimulated with 200 nM Tg
and subsequently with 50 uM ATP. The average Ca2* responses of cells expressing these constructs compared with those of untransfected cells (black) in the same
fields are shown. (Left) Note that only the ER-tethered IP3R LBD ER affects the amount of Ca2* released by Tg and that IP3 binding is not required for this effect.
(B) Effects of expression of the ER-tethered IP3R LBD on the response of cells to the IP3-sensitizing agent, thimerosal (Left), or to a small concentration (100 nM)
of ionomycin (Center) or Tg (Right) in the absence of external Ca?*. The lack of response in cells expressing wild-type or mutant IP3R LBD ER indicates that the
Ca2* pools are empty. Readdition of Ca2* induces a large cytoplasmic [Ca2*] increase reflecting the activation of the capacitative Ca2* entry pathways. (C) Cells
expressing the indicated constructs were incubated in Ca2*-free medium (no added Ca2* with 100 uM EGTA) for 8 min before readdition of 2.2 mM Ca?* to the
medium. The Ca2* response of cells expressing the ER-targeted IP3R LBD (K508A) (blue) was greatly increased, but cells expressing the cytosolic form of the IP3R
LBD (K508A) (red) or the ER-targeted p130PH (green) did not show increased Ca?* entry. (D) Addition of Mn2* to permeabilized cells quenched organelle-
associated Fura-2 fluorescence at a significantly higher rate in cells expressing the ER-targeted IP3R LBD than in control cells or in cells expressing the p130PH-ER
construct. The former cells, unlike the latter, showed no further increase in response to IP3, indicating the open state of the IP3Rs.

transfected cells showing sufficient Fura-2 loading.? As observed
in COS-7 cells, the Tg-induced Ca?"-response was greatly im-
paired in these transfected cells (Fig. 4B Left). In contrast, many
more of the TKO cells showed reasonable expression of the same
construct, and the Tg-induced Ca®* release in the transfected
cells did not differ from that of their nontransfected counterparts
(Fig. 4B Right). These data indicated that the IP;R LBD-ER
construct exerted its effect in the presence of endogenous IP3Rs.

The All-Helical Fragment of the IPsR LBD Is Sufficient to Open the IPsR
Channels. The recent solving of the crystal structure of the type
I IPsR LBD has revealed that it consists of an N-terminal

50ur explanation for the toxicity of the IP3R LBD-ER construct in the wild-type cells is that
its Ca2*-releasing ability in the wild-type cells initiates an apoptotic program, whereas this
effect is not manifested in the TKO cells because of the lack of IP3Rs. However, the validity
of this assumption was not pursued further in the present work.
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B-domain forming a B-trefoil fold, hinged to an all-helical
C-terminal domain containing three armadillo-repeat-like struc-
tures (26) (Fig. 54). To determine whether these subdomains
could still exert an effect, they were expressed separately and
targeted to the outer surface of the ER. As shown in Fig. 5B, the
ER-targeted N-terminal fragment containing only the B-sheets
(224-423) had no effect on the Tg or ATP responses, whereas
the effect of the C-terminal all-helical domain (427-605) was
indistinguishable from that of the full-length LBD. Neither of
these fragments had any effect when expressed in the cytosol,
consistent with their inability to bind IP3 (data not shown). Next,
the IP;R LBD was extended to include the N-terminal inhibitory
sequences [IP3R (1-605)]. The IP; binding affinity of this protein
was significantly decreased (Fig. 5C), as noted by earlier reports
(27). To determine the ability of this extended construct to
impair agonist-induced Ca?" signaling, its K508A mutant form

Varnai et al.
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Fig.4. Effect of ER-tethered IP; binding domains on the Ca* content of the
intracellular Ca2* pools in DT40 cells. Cytoplasmic Ca2* responses of wild-type
and TKO DT40 cells (lacking all three IP3R isoforms) were studied in suspension
(A) or as individual cells attached to glass coverslips (B). (A) Wild-type, but not
TKO, cells showed a [CaZ"] increase in response to B cell receptor stimulation
(IgM), and both cells showed a large [Ca2*] response to Tg, but only a very
moderate [Ca2*] rise after caffeine (10 mM) treatment. The scale was chosen
to accommodate the small caffeine responses, and, therefore, the Tg re-
sponses that reached a plateau at around a ratio of 6.5 in the cell suspension
have been truncated. Wild-type and TKO DT40 cells were transfected with the
wild-type (red) or mutant (blue) form of the IP3R LBD ER by electroporation,
and the individual cytoplasmic Ca2* responses of transfected or untransfected
(black) cells were measured after Tg treatment. (B Right) Note the lack of
effect of the constructs in the TKO cells.

was used to prevent its IPs-induced conformational change. As
show in Fig. 5C, the potency of this N-terminally extended
construct to empty the intracellular stores was significantly
smaller than that of the shorter original construct when ex-
pressed at a similar level. Next we examined whether increasing
the distance between the ER surface and the IP;R LBD would
affect the ability of the domain to exert its effect on the Ca?*
pools. As shown in Fig. 5D, including a rigid helical linker with
nine turns almost completely abolished the Ca?*-releasing effect
of the construct despite its prominent ER localization, suggest-
ing that the domain has to be within 50-60 A (and probably even
closer) to the ER surface to be active.
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Fig. 5. The all-helical domain, but not the p-domain, of the IPsR LBD is
sufficient to empty the intracellular Ca2* stores when tethered close to the
surface of the ER. (A) The structure of the IP3R LBD showing the p-domain
(brown) and the all-helical armadillo-repeat-like domain (green) and sche-
matic representation of the constructs used in these experiments. (B) Aver-
aged Ca?* responses of cells expressing the ER-tethered forms of the two
isolated domains separately. Note the inhibitory effect of the all-helical
domain, but not the B-domain, on Ca2* release by ATP (Upper) or Tg (Lower).
Also, the lack of delay in the peak [Ca2*] responses to ATP was consistent with
the lack of IP3 binding of the separated domains. (C) Effects of N-terminal
extension of the IPsR LBD (1-605) on the [3H]IP; binding affinity of the
recombinant proteins (Left), and effects of the expression of the K508A
mutant of the N-terminally extended construct on the cytoplasmic [Ca2*]
responses of COS-7 cells stimulated with ATP (Right). For comparison, the
effects of the two constructs on the Ca2* responses (=SEM) were calculated
from cells that fell in the same range of expression (between 2,000 and 8,000
fluorescence arbitrary units) with an average of 4,222 (n = 116) and 4,516 (n =
80) for the 224-605 and 1-605 constructs, respectively. Note that the N-
terminally extended LBD ER exerted a significantly smaller effect. (D) Exten-
sion of the distance of the IP3R LBD from the ER surface by a rigid helical linker
9x(EAAAR) rendered the domain inactive in depleting the Ca2* pools despite
its ER localization (Left) and retained ability to interfere with the ATP-induced
Ca2* signal through IP3 binding.

Together, these experiments demonstrated the ability of the
all-helical region of the IPsR LBD to increase the activity of the
IP;Rs when brought into its proximity by tethering to the surface
of the ER. Without this tethering, even at the highest level of
expression, no such effect could be observed, and even increasing
its distance from the ER surface rendered the domain inactive. This
effect did not require IP; binding and was greatly reduced by the
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addition of the N-terminal 1-223 sequence to the LBD. The small
N-terminal fragment (1-223) has been shown to inhibit IP3 binding
(27), probably because of an interaction with the LBD and stabi-
lization of its unliganded conformation. Our data also show that in
this latter conformation the LBD is less capable of inducing release
of Ca?* from the ER. Together with reports demonstrating the
proximity and physical interaction of the LBD with the IP;R
channel domain (15), the present observations may have implica-
tions for the possible gating mechanism of the IPsR by its LBD (28).
The truncated receptor containing only the transmembrane seg-
ments, i.e., the channel domain, was reported to be constitutively
active, and deletion studies led to the conclusion that the channel
is kept closed by the regulatory region that lies between the channel
and the LBD (14). Current views suggest that IP3 binding initiates
a conformational change within the LBD that relieves the inhibitory
effect of a yet unidentified segment of the regulatory region on the
C-terminal tail of the protein that is considered to be the “gate-
keeper” of the channel domain (28, 29). Our data suggest that
unmasking of the all-helical segment of the LBD by IP5 (probably
with the concerted action of Ca®") could be part of the activation
process.

We cannot rule out the possibility that expression of the LBD
exerts its effect without direct interaction with the IPsR itself,
through interference with other proteins that regulate the endog-
enous IPsRs. Binding of most of the known IPs;R interacting
partners have been localized to regions other than the LBD, but two
proteins have been shown to interact with the LBD. One of them,
IRBIT (IP5R binding protein released by IP3), binds to the LBD,
but its binding is abolished by the KS08A mutation (30). In our
experiments, the KSO8A mutant was as potent as the wild-type in
emptying the Ca?* stores, making it unlikely that IRBIT seques-
tration would be responsible for the observed effects. The other
protein(s) [calcium binding protein (CaBP)/caldendrin] belong to
the family of small Ca?>*-binding proteins and have been shown to
confer Ca?* regulation to the receptor even without increases in IP;
(31). Because these CaBPs are small soluble proteins, their binding
to the expressed LBD would be expected to be similar whether the
LBD is expressed in the cytosol or targeted to various distances
from the ER surface. The strong steric requirements for the effect
of LBD on channel opening makes it quite unlikely that the current
observations would be the consequence of CaBP sequestration
from the endogenous IPsRs and points to an interaction that needs

—_

. Berridge, M. J. & Irvine, R. F. (1984) Nature 312, 315-321.

2. Berridge, M. J., Lipp, P. & Bootman, M. D. (2002) Nat. Rev. Mol. Cell Biol. 1,
11-21.

. Mikoshiba, K. (1993) Trends Pharmacol. Sci. 14, 86—89.

4. Galvan, D. L., Borrego-Diaz, E., Perez, P. J. & Mignery, G. A. (1999) J. Biol.
Chem. 274, 29483-29492.

. Maeda, N., Kawasaki, T., Nakade, S., Yokota, N., Taguchi, T., Kasai, M. &
Mikoshiba, K. (1991) J. Biol. Chem. 266, 1109-1116.

. Patel, S., Joseph, S. K. & Thomas, A. P. (1999) Cell Calcium 25, 247-264.

. Mignery, G. A. & Sudhof, T. C. (1990) EMBO J. 9, 3893-3898.

. Taylor, C. W. & Laude, A. J. (2002) Cell Calcium 32, 321-334.

. Hajnoczky, G., Robb-Gaspers, L. D., Seitz, M. B. & Thomas, A. P. (1995) Cell

82, 415-424.

10. Li, W., Llopis, J., Whitney, M., Zlokarnik, G. & Tsien, R. Y. (1998) Nature 392,
936-941.

11. Lewis, R. S. (2003) Biochem. Soc. Trans. 31, Pt. 5, 925-929.

12. Tanimura, A., Nezu, A., Morita, T., Turner, R. J. & Tojyo, Y. (2004) J. Biol.
Chem. 279, 38095-38098.

13. Ramos-Franco, J., Galvan, D., Mignery, G. A. & Fill, M. (1999) J. Gen. Physiol.
114, 243-250.

14. Nakayama, T., Hattori, M., Uchida, K., Nakamura, T., Tateishi, Y., Bannai, H.,
Iwai, M., Michikawa, T., Inoue, T. & Mikoshiba, K. (2004) Biochem. J. 377,
299-307.

15. Boehning, D. & Joseph, S. K. (2000) EMBO J. 19, 5450-5459.

16. Varnai, P., Lin, X., Lee, S. B., Tuymetova, G., Bondeva, T., Spat, A., Rhee,
S. G., Hajnoczky, G. & Balla, T. (2002) J. Biol. Chem. 277, 27412-27422.

17. Campbell, R. E., Tour, O., Palmer, A. E., Steinbach, P. A., Baird, G. S., Zacharias,

D. A. & Tsien, R. Y. (2002) Proc. Natl. Acad. Sci. USA 99, 7877-7882.

w

wn

O 0N

7864 | www.pnas.org/cgi/doi/10.1073/pnas.0407535102

to be very close to the surface of the ER, such as the channel
domain itself.

The minimally active domain identified in the present study is
the all-helical part of the LBD, which largely overlaps with the
sequence identified in the Conserved Domain Architecture
Retrieval Tool (CDART) database (www.ncbi.nlm.nih.gov/
Structure/lexington/lexington.cgi) as the RIH domain
(pfam01365) (RyR and IP3R homology). Interestingly, two such
domains are present in each subunit of the IP;Rs and the RyRs,
but only the IPsRs contain a suitable trefoil domain adjacent to
their first RIH domain that supports IP3 binding. The presence
of two RIH domains in both the RyRs and IP3;Rs suggests that
the observations presented in this study might be relevant to both
of these closely related channel families, and our preliminary
studies indicate that the RyR1 receptor RIH domain is also
capable of emptying the Ca?" stores when targeted to the ER.
Although TKO DT40 cells have been reported to possess RyRs
(32), their small caffeine response in this study indicates that they
are not abundant in these cells. Therefore, the present studies
could not conclusively answer the question of whether the IP;R
LBD could interact with RyRs. More studies will be needed to
clarify these questions and to identify the exact mechanism by
which the LBD may regulate the IP3R channel domain. Never-
theless, the current experiments provide an experimental ap-
proach for further studies to better understand the gating
mechanisms of this important Ca?* channel family.
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Rapidly inducible changes in phosphatidylinositol
4,5-bisphosphate levels influence multiple regulatory
functions of the lipid in intact living cells
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apamycin (rapa)-induced heterodimerization of the

FRB domain of the mammalian target of rapa and

FKBP12 was used to translocate a phosphoinositide
5-phosphatase (5-ptase) enzyme to the plasma membrane
(PM) to evoke rapid changes in phosphatidylinositol 4,5-
bisphosphate (PtdIns(4,5)P,) levels. Rapa-induced PM re-
cruitment of a truncated type IV 5-ptase containing only
the 5-ptase domain fused to FKBP12 rapidly decreased
PM PtdIns(4,5)P, as monitored by the PLC31PH-GFP fu-
sion construct. This decrease was paralleled by rapid ter-
mination of the ATP-induced Ca?* signal and the prompt

Introduction

Phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P,) is the
major phosphoinositide species in mammalian cells and has
been associated with numerous molecular events critical for
cellular signaling. PtdIns(4,5)P, is hydrolyzed by PLC enzymes
to generate diacylglycerol and inositol 1,4,5-triphosphate, two
pivotal second messengers (Berridge, 1993), and it is also con-
verted by class I phosphoinositol 3-kinases to PtdIns(3,4,5)P;
(Toker and Cantley, 1997). PtdIns(4,5)P, directly interacts with
several ion channels, transporters (Fuster et al., 2004; Suh and
Hille, 2005), and actin binding proteins (Hilpela et al., 2004)
and regulates enzymes such as PLC and PLD (Liscovitch et al.,
1994; Lomasney et al., 1996). Several molecules within the re-
ceptor internalization machinery also contain inositide binding
domains, but the exact lipid species that regulates them in the
cell has not been firmly established (Itoh et al., 2001). It is a
major challenge to understand how a single type of molecule is

Correspondence to Tamas Balla: ballat@mail.nih.gov

Abbreviations used in this paper: [Ca?’]; cytoplasmic Ca?*; HEK, human
embryonic kidney; mRFP, monomeric red fluorescent protein; mTOR, mamma-
lian target of rapamycin; PM, plasma membrane; Ptdins(4,5)P,, phosphati-
dylinositol 4,5-bisphosphate; 5-ptase, phosphoinositide 5-phosphatase; rapa,
rapamycin; Tf, transferrin; Tg, thapsigargin; TRPM8, transient receptor potential
melastatin 8.
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inactivation of menthol-activated transient receptor po-
tential melastatin 8 (TRPM8) channels. Depletion of PM
Ptdins(4,5)P, was associated with a complete blockade of
transferrin uptake and inhibition of epidermal growth fac-
tor internalization. None of these changes were observed
upon rapa-induced translocation of an mRFP-FKBP12 fu-
sion protein that was used as a control. These data dem-
onstrate that rapid inducible depletion of PM Ptdins(4,5)P;
is a powerful tool to study the multiple regulatory roles of
this phospholipid and to study differential sensitivities of
various processes to PtdIns(4,5)P, depletion.

able to regulate so many processes simultaneously and perhaps
independently within the plasma membrane (PM).

Part of the problem in studying the multiple functions of
PtdIns(4,5)P, is that it is difficult to manipulate phosphoinositide
levels within the cells. For example, most data on channel
regulation rely upon the addition of phospholipids to excised
patches and the use of inhibitors such as high concentrations of
wortmannin to inhibit PtdIns(4,5)P, formation (Suh and Hille,
2002; Rohacs et al., 2005). Several attempts have been made to
alter the level of PtdIns(4,5)P, in intact cells by expressing either
phosphatidylinositol 4-phosphate 5-kinase or 5-phosphatase
(5-ptase) enzymes (Ono et al., 2004; Chen et al., 2006). However,
prolonged changes in PtdIns(4,5)P, levels initiate several traf-
ficking and signaling events that will alter the disposition of the
cells by the time the effects are analyzed (Brown et al., 2001).
This makes it difficult to draw firm conclusions regarding direct
effect of the lipid on any single process.

To overcome this problem, we developed a strategy to
promptly regulate membrane PtdIns(4,5)P, levels by a drug-
inducible membrane targeting of a type IV 5-ptase enzyme
(Kisseleva et al., 2000; Kong et al., 2000) based on the het-
erodimerization of the FRB (fragment of mammalian target of
rapamycin [mTOR] that binds FKBP12) and FKBP12 (FK506
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Figure 1. Rapa-induced translocation of the type IV 5-ptase domain to
the PM. (A) Outline of the constructs used in the present study. The asterisk
shows the C641A mutation that eliminates membrane localization of the
5-ptase. (B) Heterodimerization of the PM-argeted FRB fragment of
mTOR with the cytosolic 5-ptase fused to FKBP12 upon rapa addition
causes PM recruitment of the enzyme and rapid dephosphorylation of

PtdIns(4,5)P,.

binding protein 12; Muthuswamy et al., 1999). In this approach,
the phosphatase is fused to the FKBP12 protein, and upon ad-
dition of rapamycin (rapa; or an analogue that does not interact
with endogenous mTOR protein) the enzyme rapidly translo-
cates to the membrane where its binding partner, the FRB do-
main, is targeted. This method has been successfully used to
manipulate small GTP binding proteins at the PM (Inoue et al.,
2005) and to study the effects of 3-arrestin membrane recruit-
ment (Terrillon and Bouvier, 2004). In the present study we
show the use of this approach to manipulate PM PtdIns(4,5)P,
levels and demonstrate how these manipulations affect selected
processes that are regulated by this phosphoinositide species.

Fig. 1 shows the concept and the constructs used for rapa-
induced targeting of the type IV 5-ptase to the PM. For membrane
targeting of the FRB domain of mTOR, the palmitoylation se-
quence of the human GAP43 protein was used (Tanimura et al.,
2004). To follow their localization, the FRB protein was also
tagged with either CFP or monomeric red fluorescent protein
(mRFP). The 5-ptase (either full-length or only the 5-ptase
domain) was mutated (C641A) to eliminate its C-terminal lipid
modification and membrane targeting and was fused to FKBP12

mRFP-FKBP-
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A pLcsPH-GFP merged

control
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3min

B FKBP-5-ptase-dom C FKBP constructs
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Figure 2. Changes in Ptdins(4,5)P, levels after rapa-induced membrane
targeting of the 5-ptase. (A) COS-7 cells were transfected with the PLC31PH-
GFP plasmid to monitor Ptdins(4,5)P; in the PM along with the membrane-
targeted FRB-CFP (CFP channel is not shown) and the mRFP—FKBP —5-ptase
domain constructs. Addition of 100 nM rapa induces translocation of the
5-ptase to the membrane, causing a complete loss of PLC81PH-GFP local-
ization. Even partial localization of the enzyme (at 30 s) is sufficient to
eliminate PtdIns(4,5)P,. (B) FRET analysis of the PLC31PH domain translo-
cation in cell suspensions. COS-7 cells were transfected with the CFP- and
YFP-tagged forms of the PLC31PH domains together with the membrane-
targeted FRB and the FKBP—5-ptase both tagged with mRFP. Cells were
trypsinized and analyzed in suspension in a spectrofluorometer as described
in Materials and methods. Addition of rapa at the indicated concentrations
induces PtdIns(4,5)P, depletion resulting in a decreased membrane local-
ization of the PH domain reflected in the decreased FRET signal. 10 pM
jonomycin (iono) was used to completely eliminate PtdIns(4,5)P, (Varnai
and Balla, 1998). (C) Similar experiment as in B except that the FKBP
construct did not contain the phosphatase (FKBP only; black trace) or
contained the full-length 5-ptase (5-ptase—FL; red trace). Representative
data are shown from two identical observations.

and also tagged with mRFP (Fig. 1). A mutant form of FRB
(T2098L of mTOR) that can be heterodimerized with FKBP
with a rapa analogue (AP21967; rapalogue) that does not bind
to endogenous mTOR has been recommended. However, be-
cause of its easier availability and faster action, we mostly
used rapa and the wild-type FRB protein in the present studies.
Nevertheless, the mutant FRB and the rapalogue have also been
tested and their use is recommended for applications where rapa
itself could affect the process being investigated.

To monitor the effects of the 5-ptase on PtdIns(4,5)P, lev-
els in the PM, these constructs were transfected together with
the PLC31PH-GFP construct in COS-7 cells. Expression of either
5-ptase constructs in the cytosol at a broad range of expression lev-
els caused no apparent change in the localization of the PLC31PH-
GFP, probably because the cytosolic phosphatase is inefficient
to hydrolyze the lipid in the membrane and because cells
can make adjustments to maintain their PtdIns(4,5)P, levels.
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However, a small number of cells expressing high levels of the
truncated 5-ptase domain showed no PLC81PH-GFP localiza-
tion, indicating that high concentrations of the truncated en-
zyme could decrease lipid levels even without membrane
targeting. 100 nM rapa caused rapid translocation of the fusion
protein containing the 5-ptase domain to the PM causing a
prompt and complete loss of PLC31PH-GFP localization in
most cells (Fig. 2 A). Using the full-length phosphatase, how-
ever, caused only incomplete translocation of the PLC81PH-
GFP reporter to the cytosol in some of the cells, and many cells
showed no detectable change in PLC81PH-GFP localization in
spite of efficient enzyme recruitment to the membrane (unpub-
lished data). This important finding is consistent with the no-
tion that a full-length enzyme contains regulatory regions that
keep the enzyme activity under control. No changes were ob-
served in PLC81PH-GFP distribution upon rapa-induced trans-
location of the mRFP-FKBP fusion protein that did not contain
the 5-ptase. FRET measurements between the CFP- and YFP-
tagged PLC81PH domain (van Der Wal et al., 2001) used either
in single cells (not shown) or in a population of COS-7 cells
(Fig. 2 B) have clearly demonstrated the lipid changes evoked
by this approach.

Decreasing PM Ptdins(4,5)P; levels
rapidly terminates Ca®*
ATP stimulation

Next, we examined the effects of PtdIns(4,5)P, depletion on
Ca’" signaling evoked via the endogenous P,y receptors in
COS-7 cells. Cells were transfected with the PM-targeted FRB-
CFP (or -mRFP) together with either the full-length or truncated
5-ptase mRFP-FKBP fusion construct for 1 d. The expression

as well as the movements of the 5-ptase were monitored in the

influx during

red channel simultaneously with single-cell cytoplasmic Ca®*
([Ca®"];) measurements with fura-2. Addition of 50 uM ATP
evoked a Ca’" signal in many cells expressing the 5-ptase in
the cytosol, but several cells expressing a high level of the phos-
phatase showed impaired response to ATP. Fig. 3 shows averaged
Ca®" recordings from single cells where the truncated 5-ptase
domain was expressed and the cells showed a response to ATP.
Here, administration of rapa promptly terminated the plateau
phase of [Ca®*]; increase with kinetics similar to those of the
PtdIns(4,5)P, decrease. Notably, these cells failed to respond to
a subsequent stimulation with another Ca?*-mobilizing agonist,
lysophosphatidic acid.

Translocation of the full-length 5-ptase with 100 nM rapa
also caused a rapid inhibition of the ATP-induced Ca** signal.
However, these cells still showed a transient [Ca®"]; response to
lysophosphatidic acid, indicating that maintenance of the Ca?*
signal is more sensitive to small depletion of the PtdIns(4,5)P,
levels than the initial response of Ca** mobilization (Fig. 3 C).
Because activation of P,y receptors leads to InsP; production
and Ca*" release form ER stores, hence activating capacitative
Ca’* influx, we wanted to determine whether capacitative Ca’t
influx itself requires PtdIns(4,5)P, in the membrane (Broad
et al., 2001). To do this, the effect of lipid depletion on thapsi-
gargin (Tg)-induced Ca*" response was examined. Tg depletes
Ca®" stores by inhibition of the sarcoplasmic and ER Ca®*
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Figure 3. [Ca?*]; changes in single COS-7 cells after stimulation of the
endogenous P,y receptors with ATP or inhibition of the sarcoplasmic and
ER Ca?* ATPase with Tg. Cells were transfected with the membrane-
targeted FRB-CFP plasmid together with the mRFP-FKBP fused to the isolated
5-ptase domain (A and D) or the fulllength 5-ptase (C) or not containing
the 5-ptase (B). Cells were loaded with fura-2/AM and examined at room
temperature. Only cells that showed a response to ATP (50 wM) were in-
cluded in the analysis in A—C. The effects of the constructs on the Ca?* re-
sponses were calculated from cells that fell in the same range of FKBP
construct expression (red traces) with a mean fluorescence of (in arbitrary
units + SEM) 1705 = 150 (n = 44), 1827 = 295 (n = 18), 1827 + 217
(n=22),and 2117 = 276 (n = 44) for A, B, C, and D, respectively. The
black traces are from untransfected cells in the same field (n = 120, 68,
120, and 38 for A, B, C, and D, respectively). Note the lack of effect of
rapa on the 200 nM Tg-induced Ca?* elevation (D) in contrast to the
strong effect on the ATP-induced Ca?* plateau (A). Error bars (<5%) have
been omitted for better clarity. These data were reproduced at least in
three different cell preparations.

ATPase that keeps Ca’" stores filled and therefore activates
Ca”" influx without the need for InsP;. Fig. 3 D shows that the
sustained [Ca®"]; increase after Tg treatment was not affected
by the same manipulations of PtdIns(4,5)P, levels that elimi-
nated the ATP-induced sustained Ca®" elevations. This finding
suggests that PtdIns(4,5)P, depletion interferes with the sus-
tained generation of InsP; rather than with the capacitative Ca®*
influx mechanism itself. A more detailed analysis of the rela-
tionship between these mechanisms is currently under way.
Several controls were used to rule out that the observed
effects are caused by rapa itself or by the transfected constructs
and/or their translocation to the membrane. First, the response
of cells in the same field of view not expressing the phosphatase
were monitored and found to show no change in response to
rapa. Second, the Ca®* response of cells expressing both the tar-
geting construct and mRFP-FKBP12 without the 5-ptase also
showed no change in response to rapa addition (Fig. 3 B).

Decreasing PM Ptdins(4,5)P; levels affects
the activity of transient receptor potential
melastatin 8 (TRPM8) channels

TRPMS is one of the Ca?>* conductive channels that has been
shown to require PtdIns(4,5)P, for its activity (Liu and Qin,
2005; Rohacs et al., 2005). Therefore, we chose these channels
to study their PtdIns(4,5)P, dependence by monitoring either
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Figure 4. Electrophysiological recordings in HEK293 cells and [Ca?*];
changes in single COS-7 cells expressing TRPM8 channels. Cells were also
transfected with the membrane-targeted FRB-CFP plasmid and either the
mRFP-FKBP—fused isolated 5-ptase domain or mRFP-FKBP only. (A) Current
recording measured in the whole-cell configuration, using the ramp proto-
col described in Materials and methods. The currents at +100 (top curves)
and —100 mV (bottom curves) are shown. The averaged responses to
rapa from 14 and 4 recordings for 5-ptase and FKBP-only expressing cells,
respectively, measured at +100 mV are shown in the bottom histogram.
(B) Averaged [Ca?*]; responses from cells expressing the mRFP—FKBP—
5-ptase domain (left, red) or mRFP-FKBP only (left, black) domain (means +
SEM from 79 and 76 cells, respectively). Representative single-cell [Ca?*];
responses from cells expressing the mRFP—FKBP—5-ptase domain are shown
at the right (means = SEM from 79 and 76 cells, respectively). Elimination
of PtdIns(4,5)P, rapidly inhibits the whole cell current and reduces the
Ca?* signal stimulated by 500 uM menthol.

their activity in patch-clamp recordings using the whole-cell
configuration or by following the [Ca*"]; signal evoked via
their activation by menthol. Fig. 4 A shows that human embry-
onic kidney 293 (HEK293) cells expressing TRPMS channels
respond to menthol stimulation with a large increase in an
outwardly rectifying current. TRPMS channel activation by
menthol is also reflected in the rapid and sustained [Ca**); ele-
vation observed in transfected COS-7 (Fig. 4 B) or HEK293
cells (not depicted). In cells also expressing the truncated
FKBP12—5-ptase construct together with the PM-targeted FRB
domain, addition of 100 nM rapa caused a prompt decrease in
the menthol-induced current (Fig. 4 A). A rapid drop in [Ca®*];
was also observed in COS-7 cells (Fig. 4 B) and HEK293 cells
(not depicted). None of these changes were observed when rapa
was added to cells expressing the PM-targeted FRB and the
FKBP12 construct without the phosphatase (Fig. 4, A and B).
These results clearly showed that TRPMS8 channels require
PtdIns(4,5)P, for their activity and can report on rapid changes
in the level of this lipid in intact cells. Interestingly, in spite of

JCB « VOLUME 175 « NUMBER 3 « 2006

the apparently complete inhibition of the menthol-induced
membrane conductance, [Ca>*];
rapa addition. This remaining [Ca

did not return to baseline after
2*]; elevation observed in both
cell types could be explained by a stimulated store-operated
Ca”" entry pathway if functional TRPMS channels in the ER
release ER Ca’* in response to menthol, as suggested by a re-
cent study (Thebault et al., 2005). This and other possibilities
will require further analysis, as do questions on the role of the
lipid in determining the menthol sensitivity and gating behavior

of these channels.

PM Ptdins(4,5)P; is needed

for receptor internalization

We next examined how PtdIns(4,5)P, depletion affects internal-
ization of the transferrin (Tf) and EGF receptors. It is generally
believed that PtdIns(4,5)P, regulates the recruitment of numer-
ous proteins to the PM that are required for receptor endocytosis
(Wenk and De Camilli, 2004). To follow endocytosis, we used
fluorescent analogues of Tf and EGF and incubated the cells
with or without PtdIns(4,5)P, depletion. We also determined the
uptake of the fluorescent analogues in cells in which rapa in-
duced the translocation of an mRFP-FKBP12 construct without
the phosphatase. As shown in Fig. 5, both Tf and EGF appeared
in intracellular vesicular compartments in all cells regardless of
their transfection with the constructs. This compartment corre-
sponds to early and recycling endosomes in the case of Tf and to
the multivesicular body/late endosomal compartment in the case
of EGF (van Dam et al., 2002; Minogue et al., 2006). Elimination
of PtdIns(4,5)P, with rapa addition completely prevented the
uptake of either fluorescent cargo into the cells. These effects
were not observed in rapa-treated cells that expressed the same
constructs without the 5-ptase domain. A more quantitative as-
sessment of this process was obtained by FACS analysis in the
case of Tf. Here, the mean green fluorescent intensity of the
cells (a measure of internalized Tf) in the population of cells
expressing the red (5-ptase) construct showed the changes ob-
served in the confocal pictures (Fig. 5 B). These data suggested
that Tf receptors will not internalize when PtdIns(4,5)P;, is not
available in the PM.

Collectively, these data clearly demonstrate that changes in
membrane PtdIns(4,5)P, levels by themselves without the gen-
eration of second messengers can have multiple consequences
on a wide range of cellular processes. In a similar manner, modu-
lation of phosphoinositides in defined membrane compartments
can be achieved by recruiting other enzymes (phosphatases and
kinases) to the PM or to other cellular membrane compartments
to analyze the role of PtdIns(4,5)P, or other inositol lipids in
specific cellular processes. Although this approach has con-
siderable potential, caution and the use of appropriate controls
are essential to avoid possible artifacts. Numerous cellular pro-
cesses are based on FKBP12 interactions, and overexpression
of an FKBP12 construct could alter their properties. Similarly,
rapa is an inhibitor of mTOR that can exert several effects on
its own. This problem is alleviated with the use of the rapalogue
that does not bind to the endogenous protein. Lastly, the targeting
of the FRB by itself can have its own effects on selected cel-
lular functions. However, if these possibilities are kept in mind
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Figure 5. Internalization of Alexa 488—Tf or Alexa 488—EGF in COS-7
cells transfected with the membrane-targeted FRB and the indicated FKBP
constructs. Where indicated, fluorescent ligand was added after 3-min pre-
treatment with 100 nM rapa. Confocal pictures were taken at 10 min after
the addition of the ligand (Alexa 488—Tf in A and B and Alexa 488 —EGF
in C) and affer removing and washing of the unbound protein. Note that
the lack of internalization of Tf in cells expressing the 5-ptase domain was
evident only after rapa addition (arrows). (B) FACS analysis of COS-7 cells
expressing the membrane-targeted FRB-CFP plasmid and the indicated
FKBP fusion protein affer 5- or 10-min uptake of Alexa 488—Tf after treat-
ment with solvent or rapa. Cells showing mRFP expression in the red chan-
nel were selected and their mean green signal intensities were calculated.
Means + SEM of three experiments.

this technique can permit further exploration of the complex
regulatory features of phosphoinositides.

Materials

AP21967 was obtained from Ariad Pharmaceuticals. Rapa and Tg were
purchased from Calbiochem. Alexa 488—Tf and Alexa 488—EGF were
obtained from Invitrogen. All other chemicals were purchased from Sigma-
Aldrich and were of highest analytical grade.

DNA constructs

The PLC31PH-GFP construct and its color variants have been previously
described (Varnai and Balla, 1998; van Der Wal et al., 2001). For PM tether-
ing, the N-terminal localization sequence (MLCCMRRTKQVEKNDDDQXI)
of the human GAPA43 (residues 1-20) was fused to the N terminus of the
FRB domain of human mTOR1 (residues 2019-2114 amplified from a
human EST available from GenBank/EMBL/DDBJ under accession no.
5495577) through a short linker. To visualize the fusion protein, the con-
struct was tagged with CFP or mRFP (mRFP provided by R.Y. Tsien, University
of California, San Diego, San Diego, CA). The T2098L mutant version of
FRB was generated by exchanging the FRB portion from the plasmid ob-
tained from the Argent heterodimerization kit (Ariad Pharmaceuticals).
Three constructs were designed that contained FKBP12 (amplified from a
human EST available from GenBank/EMBL/DDBJ under accession no.
3504715). All of them contained mRFP fused to the N terminus of FKBP12.
The human type IV 5-ptase enzyme (available from GenBank/EMBL/DDBJ
under accession no. NM_019892; provided by P.W. Majerus, Washington
University, St. Louis, MO) was then fused to the C terminus of the FKBP12
either as the full-length protein or only its 5-ptase domain (residues
214-644). In both cases, the C641A mutation was introduced to destroy
the C-erminal CAAX domain. A construct containing a stop codon at the
end of the FKBP12 was also created (FKBP only).

Confocal analysis of single cells and [Ca?*]; measurements

COS-7 cells were cultured on glass coverslips (3 X 10° cells/35-mm dish)
and transfected with the various constructs (2 g of total DNA/dish) using
Lipofectamine 2000 for 24 h as described elsewhere (Varnai et al., 2005).
For Ca?" measurements, cells were loaded with 3 uM fura-2/AM (45 min,
room temperature). Ca?* measurements were performed at room tempera-
ture in a modified Krebs-Ringer buffer containing 120 mM NaCl, 4.7 mM
KCI, 1.2 mM CaCl,, 0.7 mM MgSQOy4, 10 mM glucose, and 10 mM
Na-Hepes, pH 7.4. An inverted microscope (IX70; Olympus) equipped
with an illuminator (Lambda-DG4; Sutter Instrument Co.) and a digital
camera (MicroMAX-1024BFT; Roper Scientific) and the appropriate filter sets
were used for Ca?" analysis. Data acquisition and processing was per-
formed by the MetaFluor software (Molecular Devices). Confocal analysis
was performed in the same solution at 35°C using a confocal microscope
(LSM 510-META; Carl Zeiss Microlmaging, Inc.).

Patch-clamp recordings

Patchclamp experiments were performed on HEK293 cells after 2 d of
transfection with the respective DNA constructs. Recordings were made
using an amplifier (Axopatch 200B; Axon Instruments, Inc.) in an extracellular
solution containing 137 mM NaCl, 5 mM KCI, 1T mM MgCl,, 10 mM
Hepes, and 10 mM glucose, pH 7.4. The pipette solution contained 135 mM
K gluconate, 5 mM KCl, T mM MgCl,, 5 mM EGTA, 10 mM Hepes, and
2 mM ATP (Na),, pH 7.2. To assess TRPM8 channel activity, voltage ramps
were applied from —100 to +100 mV every second. The current values
measured at the +100 and —100 mV potential are shown in the
recordings. Menthol was used at a concentration of 500 uM and rapa

at 100 nM.

Cell suspension FRET measurements

COS-7 cells were cultured in 10-cm dishes (3 X 10° cells) and transfected
with equal amounts of PLC31PH-CFP and -YFP, as well as the mRFP version
of the appropriate FRB and FKBP constructs (10 ng of total DNA/dish)
using Lipofectamine 2000 for 24 h. Cells were then trypsinized, centri-
fuged, and resuspended in the same modified Krebs-Ringer solution used
in the Ca®* experiments. Measurements were performed at 35°C using a
Deltascan fluorometer (PTI Technologies, Inc.) with excitation of 425 nm.
To monitor the FRET signal, the ratio of the 525- and 475-nm emission
was calculated.

INDUCIBLE CHANGES IN MEMBRANE PHOSPHOINOSITIDES
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FACS measurements

COS-7 cells were cultured in 10-cm dishes (3 < 10° cells) and trans-
fected with equal amounts of the appropriate FRB and FKBP constructs
(10 pg of total DNA/dish) using Lipofectamine 2000 for 24 h. Cells
were then trypsinized, centrifuged, and resuspended in the same solution
that was used in the Ca?" experiments (10 cells/ml). After treating the
cells with rapa (3 min) and then with fluorescent transferrin (5 min) they
were fixed with 2% PFA. FACS measurements were performed using a
FACScan instrument (Becton Dickinson). To monitor the internalization
in the transfected cell populations, the red channel was set to analyze
the transfected cells and the mean green fluorescence of these cells
was calculated.

We are grateful to Dr. Roger Y. Tsien for the mRFP and to Dr. Philip W. Majerus
for the human type IV 5-ptase clone. The confocal imaging was performed at
the Microscopy & Imaging Core of the National Institute of Child Health and
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kind assistance of Drs. Vincent Schram and James T. Russell. The invaluable
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Note added in proof. While this paper was under review, Suh et al.
(Suh, B.C., T. Inoue, T. Meyer, and B. Hille. 2006. Science. 10.1126/
science.1131163) described a similar approach to chemically manipulate
PidIns(4, 5P, levels and KCNQ potassium channels.
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STIM1I, arecently identified endoplasmic reticulum (ER) pro-
tein, rapidly translocates to a plasma membrane-adjacent ER
compartment upon depletion of the ER Ca>* stores. Here we use
a novel means, namely a chemically inducible bridge formation
between the plasma and ER membranes, to highlight the plasma
membrane-adjacent ER compartment and show that this is the
site where STIM1 and its Ca®>* channel partner, Orail, form a
productive interaction upon store depletion. By changing the
length of the linkers connecting the plasma and ER membranes,
we show that Orail requires a larger space than STIM1 between
the two membranes. This finding suggests that Orail is part ofa
larger macromolecular cluster with an estimated 11-14-nm
protrusion to the cytoplasm, whereas the cytoplasmic domain of
STIML1 fits in a space calculated to be less than 6 nm. We finally
show that agonist-induced translocation of STIM1 is rapidly
reversible and only partially affects STIM1 in the juxtanuclear
ER compartment. These studies are the first to detect juxta-
posed areas between the ER and the plasma membrane in live
cells, revealing novel details of STIM1-Orail interactions.

It has long been known that Ca®>*-mobilizing agonists acti-
vate a Ca®* entry pathway subsequent to their mobilization of
intracellular Ca®" stores by a mechanism that has eluded iden-
tification until most recently. In 1986, Putney (1) had postu-
lated that enhanced Ca®" entry is a consequence of the deple-
tion of the intracellular Ca®>" stores, introducing the term
capacitative Ca?* entry or store-operated Ca?* entry pathway

* This work was supported in part by the Intramural Research Program of the
National Institute of Child Health and Human Development of the National
Institutes of Health (to B. T., P.V.,,and T. B.) and by an appointment of PV to
the Senior Fellowship Program at the NIH. This latter program is adminis-
tered by the Oak Ridge Institute for Science and Education through an
interagency agreement between the U.S. Department of Energy and the
National Institutes of Health. The costs of publication of this article were
defrayed in part by the payment of page charges. This article must there-
fore be hereby marked “advertisement” in accordance with 18 U.S.C. Sec-
tion 1734 solely to indicate this fact.

* This article was selected as a Paper of the Week.

I The on-line version of this article (available at http://www.jbc.org) contains
three supplemental figures and three movies.

' A Bolyai Fellow of the Hungarian Academy of Science. Supported by the
Hungarian Scientific Research fund (Grant OTKA NF-68563) and the Medi-
cal Research Council (Grant ETT 440/2006).

2To whom correspondence should be addressed: National Institutes of
Health, Bldg. 49, Rm.6A35, 49 Convent Dr., Bethesda, MD 20892-4510. Tel.:
301-496-2136; Fax: 301-480-8010; E-mail: ballat@mail.nih.gov.

29678 JOURNAL OF BIOLOGICAL CHEMISTRY

(SOCE).? Most recent developments began to shed light on the
molecular details underlying the SOCE phenomenon. Screen-
ing with libraries of RNA interference, two groups have identi-
fied proteins, previously known as stromal-interacting mole-
cule (STIM) 1 and -2 (2, 3), as essential components of SOCE
(4-6). STIM1 and STIM?2 are ER-resident proteins that con-
tain a single membrane-spanning domain and an EF hand motif
in the luminal side of the ER that serves as a Ca®>" sensor.
Remarkably, STIM1 shows rapid translocation to a plasma
membrane (PM)-adjacent region of the ER upon depletion of
the ER luminal Ca*™" (4, 5, 7), but it does not have the structural
hallmarks of an ion channel. In parallel studies, another protein
necessary for SOCE and with a channel-like structure has been
identified and named Orail (8) or CRACMI1 (9). Although
overexpression of STIM1 alone is a poor enhancer of SOCE,
together with Orail, it dramatically enhances store-operated
Ca®" entry consistent with the hypothesis that STIM and Orai
form a functional complex, (10, 11). Finally, three groups have
recently provided strong evidence that Orail indeed is the
molecular entity forming the channel pore through which Ca*
enters the cells upon store depletion (12—14). These studies
have laid the groundwork for the molecular definition of the
capacitative Ca>" entry process.

Several questions have been raised concerning the move-
ments of STIM1 within the ER and between the ER and the PM
upon store depletion. Since STIM1 can be glycosylated and is
also found in the PM, it was of great importance to determine
whether the rapid appearance of STIM1 in the form of numer-
ous puncta at the PM upon store depletion represents a trans-
location of the protein within the ER from the reticulo-tubular
to a membrane-adjacent region or whether it also involves the
incorporation of the molecule into the PM. Some studies sug-
gested that ER depletion increases the amount of STIM1 in the
PM (5) and that the increased Ca>" entry could be blocked by
STIM1 antibodies acting from the outside of the cells (7). In

3 The abbreviations used are: SOCE, store-operated Ca®* entry pathway; ER,
endoplasmic reticulum; PM, plasma membrane; FRB, fragment of mTOR
that binds FKBP12; mTOR, mammalian target of rapamycin; PtdIns(4,5)P,,
phosphatidylinositol 4,5-bisphosphate; InsP;, inositol 1,4,5-trisphosphate;
STIM, stromal interaction molecule; Tg, thapsigargin; YFP, yellow fluores-
cent protein; GFP, green fluorescent protein; mRFP, monomeric red fluo-
rescent protein; CFP, cyan fluorescent protein; TIRF, total internal reflection
fluorescence microscope; TK, thymidine kinase; FKBP, FK506-binding
protein.
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contrast, other studies found no evidence that significant
amounts of STIM1 would be incorporated into the PM upon
store depletion (10, 15, 16). Elegant recent experiments have
concluded that STIM1 translocation is a rapid process that
slightly precedes and correlates with the increased Ca®* influx
upon store depletion and that there is a sub-PM pool of the ER
to which the majority of STIM1 translocates (17). This, how-
ever, does not rule out that STIM1 in the PM plays additional
roles related to some forms of Ca>" entry process (18) or that it
can cluster at the PM after store depletion (19).

The functional importance of the fraction of ER positioned
closely to the PM has been recognized long before the STIM1-
Orail movements were described. Co-purification of the InsP,
receptor located in the ER with PM has been described more
than 20 years ago (20, 21), and the importance of the PM-asso-
ciated fraction of the ER in phospholipid synthesis and transfer
in both metazoan cells and yeast have been well documented
(22, 23). The newly recognized significance of this compart-
ment in Ca”" signaling and its suspected role in phosphatidyl-
inositol (PtdIns) synthesis and transfer to the PM prompted us
to find new means to visualize and possibly functionally mod-
ulate this ER compartment. To this end, in the present study, we
describe a novel chemically inducible heterodimerization
approach to detect points of proximity between the ER and the
PM and apply this technique to study the relationship between
this compartment and the movements of the STIM1 and Orail
proteins during Ca®>" depletion of the ER. Highlighting of this
ER compartment in COS-7 cells allowed us to show that this is
the region where STIM1 and Orail form a rapidly reversible
complex upon Ca>" store depletion. Manipulation of the dis-
tance between the PM and the ER permitted determination of
the spatial requirements of both STIM1 and Orail, unexpect-
edly revealing that Orail requires a significantly larger gap than
STIM1 between the PM and ER, a difference not justified by the
sizes of their respective predicted cytoplasmic sequences. This
suggests that Orail is part of a large macromolecular complex
with a sizeable (11-14-nm) protrusion into the cytoplasm.

EXPERIMENTAL PROCEDURES

Materials—Rapamycin and thapsigargin were purchased
from Calbiochem. Apyrase and ATP were obtained from
Sigma. All other chemicals were of the highest analytical grade.

DNA Constructs—YFP- and mRFP-STIM1 plasmids were made
by inserting the fluorescent proteins after the signal sequence,
starting at residue 23 with a linker (KLGAGAGAGAILNS) placed
between the C terminus of the fluorescent protein and the
rest of the human STIMI1 sequence (obtained as an
expressed sequence tag clone: CSODI067Y]J06 from Invitro-
gen). The whole cDNA of this construct was inserted within
the Nhel and the Kpnl restriction sites of the pEGFP-C1
(Clontech) vector.

The human Orail was obtained as an expressed sequence tag
clone (id: 3914595, Open Biosystems) and was tagged with CEP,
YFP, or mRFP at its C terminus with a linker (AGAN-
SGAGAGAGAILSRGAAAGAAGPVAT) inserted between
Orail and the fluorescent protein based on the pEGFP-N1 vec-
tor in which the starting Met of GFP was changed to Leu. The
cytomegalovirus promoter in some of the STIM1 and Orail
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constructs was replaced by the thymidine kinase (TK) pro-
moter amplified from the pRL-TK vector of Promega (nucleo-
tides 7-1029) using the Vspl and Nhel restriction sites.

For PM targeting, the N-terminal palmitoylation/myris-
toylation signal of the Lyn protein (MGCIKSKGKDSAGA)
was used (24), and it was fused to the N terminus of the
human FKBP12 protein either through a short linker
(DPTRSANSGAGAGAGAILSR) or through a longer helical
linker (DPTRSANS(EAAAR),NSGAGAGAGAILSR). This
fusion protein was tagged with CFP or mRFP using the
pEGFP-N1 plasmid backbone.

For targeting of the FRB protein to the cytoplasmic surface of
the ER, the C-terminal localization sequence (residues 521-
587) of the human Sacl phosphatase (obtained as an expressed
sequence tag clone: 3049075 from Open Biosystems) was added
to the C terminus of the FRB fragment with a linker of
GSGAGAGAGAILNSRV between the two proteins. This
sequence was placed behind CFP, mRFP, or GFP using the
pEGFP-C1 plasmid backbone. A construct in which a longer
helical linker of GSGAGAGAGAILNS(EAAAR),NSRV was
inserted between the FRB and the ER targeting sequence was
also created.

The plasmids designed for the rapamycin-induced PM
recruitment of the type-IV 5-phosphatase domain have been
described elsewhere (25). All constructs have been sequenced.

Confocal Analysis, Cytoplasmic Ca®", and TIRF Measure-
ments of Single Cells—COS-7 cells were cultured on glass cov-
erslips (3 X 10° cells/35-mm dish) and transfected with the
indicated constructs (2 ug of DNA total/dish) using Lipo-
fectamine 2000 for 24 h as described previously (25). Confocal
measurements were performed at 35 °C in a modified Krebs-
Ringer buffer containing (in mm) 120 NaCl, 4.7 KCI, 1.2 CaCl,,
0.7 MgSO,, 10 glucose, 10 sodium Hepes, pH 7.4, using a Zeiss
LSM 510-META scanning confocal microscope and a X63/1.4
objective. Data were acquired with the multitrack mode with
scanning in frame mode using the 405, 488, and 543 nm laser
excitation of CFP, YFP (or GFP), and mRFP, respectively. The
three channels were recorded with the following emission fil-
ters (CFP, 420 — 490 when together with GFP or 420 —-505 when
together with YFP; GFP or YFP, 505-545, mRFP, 560LP). Post-
acquisition picture analysis was performed using the Photo-
Shop (Adobe) software to expand to the full dynamic range, but
only linear changes were allowed.

TIRF analysis was performed at room temperature (24 °C) in
an Olympus through the lens TIRF microscope system equipped
with a Hammamatsu EM-CCD camera and a PlanApo X60/1.45
objective. Excitation with 488 or 568 nm lasers was used for
the YFP or Fluo4 and mRFP, respectively, and scans were
performed at every 10 s. For data acquisition the Openlab
Software (Improvision) was used, and the pictures were
exported as TIFF files for processing with the Metamorph soft-
ware (Molecular Devices). Quantitation of the membrane
intensities was determined after defining the regions of individ-
ual cells and thresholding. Due to the large variations of the
intensities of individual cells because of the different footprint
size and translocation responses, these responses were normal-
ized, taking their maximal thapsigargin (Tg)-induced translo-
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literature for STIM studies. When
using these cells, we noted that
overexpression of STIM1 has
grossly altered the ER architecture
and produced large sheets of ER
contacting the PM (supplemental
Fig. 1). This important observation
may have significant relevance to
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the role of STIM1 in shaping the ER
and, therefore, is currently under
further investigation. In the mean-
time, to make STIM1 studies possi-
ble in COS-7 cells, we generated
STIM constructs designed for low
expression levels. For this purpose,
we replaced the cytomegalovirus
promoter in the STIM1 (and in
some other constructs) with the
herpes simplex virus TK promoter.
Expression of this construct yielded
moderate expression levels with fea-
tures of STIM1 distribution observed

0 5 10 15
Time (min)

control apyrase

FIGURE 1. Agonist-induced changes in STIM1 distribution in COS-7 cells. COS-7 cells were transfected with
a luminally YFP-tagged STIM1 construct driven by the thymidine kinase promoter (TK-YFP-STIM1). After 24 h,
live cells were examined in a confocal microscope (A and C) or were analyzed by TIRF microscopy (B). The
addition of ATP (50 uMm) causes a partial clustering of STIM1 at the subplasmalemmal ER when compared with
the full response to Tg (200 nm) (see also supplemental Movie 1). This translocation response is rapidly revers-
ible when extracellular ATP is hydrolyzed by the addition of potato apyrase (5 units/ml), although the reversal
is not complete. The subsequent addition of Tg fully translocates STIM1 to the same membrane-adjacent
regions. In the TIRF analysis, we show the means = S.E. from n = 8 cells where the responses of the individual
cells were normalized to the maximum intensity after Tg treatment (see “Experimental Procedures” for more

details). Bars shown are 10 um.

cation as 100%. These recordings were then averaged, and their
S.E. was calculated and plotted against time.

For calcium measurements, cells were loaded with fura2/AM
or (Fluo4/AM in the TIRF analysis) (3 uMm, 45 min, room tem-
perature). Calcium measurements with Fura2 were also per-
formed at room temperature in the same solution supple-
mented with 200 um sulfin-pyrazone. An Olympus 1X70
inverted microscope equipped with a Lamda-DG4 illuminator
and a MicroMAX-1024BFT digital camera and the appropriate
filter sets was used. The MetaFluor (Molecular Devices) soft-
ware was used for data acquisition.

RESULTS

Characterization of STIMI1 Movements in COS-7 Cells—
COS-7 cells can provide a better spatial resolution of the ER-PM
compartment, yet they have not been used in the published
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in other cells. Unless otherwise noted,
all STIM1 constructs referred to in
this study are driven by the TK
promoter.

The movements of STIM1 were
followed in live cells after the
expression of a YFP-STIM1 (or
mRFP-STIM1) fusion construct
containing the fluorescent protein
in the luminal side of the ER
between the signal sequence and the
EF hand essentially as described in
Ref. 4. As shown in Fig. 14 (and sup-
plemental Movie 1), STIM1 appears
mostly in the tubular ER and in the
nuclear envelope as observed by
previous studies. Activation of
endogenously expressed Ca*>*-mo-
bilizing P2Y receptors of the cells
with ATP caused the rapid appear-
ance of distinct STIM1 puncta in the periphery of the cells, but
the localization of STIM1 in the nuclear envelope was only par-
tially affected in most cells. However, the addition of Tg, the
sarcoendoplasmic reticulum Ca® " -ATPase blocker, led to the
disappearance of STIM1 from the deeper ER structures with a
simultaneous enhancement of the peripheral puncta (Fig. 1 and
supplemental Movie 1). These data suggested that the depletion
of the ER Ca?" is not uniform after agonist stimulation and that
it affects the peripheral ER pools before reaching the jux-
tanuclear compartments. However, the difference in response
to ATP and Tg may just reflect the fact that activation of endog-
enous P2Y receptors generates a relatively low level of InsP, in
COS-7 cells, thus limiting the Ca*>*-mobilizing action of this
messenger.

To determine the reversibility of the STIM1 translocation
process, two approaches were used. First, the agonist action of
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ATP was terminated by the addition of the enzyme apyrase, an
ecto-ATPase that rapidly degrades extracellular ATP. Second,
the agonist-induced response was terminated by the rapid
removal of the PM pool of PtdIns(4,5)P, by the use of our
recently developed chemically induced translocation of the
type-IV phosphoinositide 5-phosphatase enzyme to this com-
partment (25). The process of STIM1 translocation was fol-
lowed by TIRF analysis where the translocation of STIM1 to
the membrane compartment attached to the coverslips can
be monitored and quantified (16, 17). As shown in Fig. 1B,
the addition of apyrase to cells in which STIM1 had been
translocated to the peripheral puncta by ATP application
rapidly reversed the process, and STIM1 quickly relocated
into the tubular ER compartment. The subsequent addition
of Tg to such cells still could evoke a massive translocation of
STIM1.

Similar results were obtained when the agonist effect was
terminated by eliminating PtdIns(4,5)P, by the rapamycin-in-
duced PM recruitment of the 5-phosphatase (25). Here the
localization response of YFP-STIM1 was simultaneously mon-
itored with the recruitment of the mRFP-FKBP-5-phosphatase
by TIRF analysis. ATP-induced localization of STIM1 was rap-
idly reversed as the 5-phosphatase was recruited to the mem-
brane after rapamycin addition, but Tg was still able to evoke
STIM1 translocation even without PtdIns(4,5)P, in the PM
(Fig. 2A). The relocalization of STIM1 clearly required the
refilling of the Ca®" stores as neither apyrase (not shown) nor
the termination of InsP, generation by the membrane-translo-
cated 5-phosphatase failed to remove STIM1 from the cell
periphery unless Ca>" was present in the medium (Fig. 2B).
These data clearly demonstrated the usefulness of COS-7 cells
for these studies and that STIM1 not only translocates to the
peripheral ER compartments quickly upon store depletion but
that this process is readily reversible upon refilling of the intra-
cellular Ca®" stores.

The Effects of Tg on Ca”" Influx and STIM1 Translocation
Can Be Significantly Delayed, Showing Considerable Variations
between Individual Cells—Next we examined the effect of
simultaneous expression of Orail and STIM1 on the Ca>"
response of COS-7 cells stimulated either by ATP or by Tg. It
has been shown recently that simultaneous expression of these
two proteins causes a large capacitative Ca>" influx response
upon store depletion in other cell types (10, 11). Here we com-
pared the Ca®>* responses to application of an agonist or Tg.
The addition of Tg alone led to a relatively rapid and small
increase in [Ca®*], reflecting the rapid Ca®* release from the
ER, followed by a significantly delayed large Ca®" increase indi-
cating the opening of the capacitative Ca*>" entry pathway (Fig.
3A, blue traces). This delay showed large cell-to-cell variations
but was not observed if Tg was added after the agonist, ATP
(Fig. 3B). The addition of ATP to cells expressing both STIM1
and Orail evoked an immediate, large Ca>" response that
exceeded the increases observed in control cells and showed a
significantly enhanced plateau phase. These Ca®" responses
showed two kinds of patterns; in cells that showed moder-
ately enhanced Ca®" peaks and a steady sustained Ca>" pla-
teau, the subsequent Tg-induced increase was also moder-
ately enhanced (Fig. 3B, red traces). In contrast, many cells
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FIGURE 2. Refilling of the ER Ca>" stores rapidly redistributes STIM1
from the subplasmalemmal ER compartment. COS-7 cells were trans-
fected with TK-YFP-STIM1 as well as the PM-targeted FRB-CFP and mRFP-
FKBP-5-phosphatase domain construct described in Ref. 25. This system
allows the rapid rapamycin (rapa)-inducible recruitment of the cytosolic
type-IV phosphoinositide 5-phosphatase enzyme (5-ptase) to eliminate
PtdIns(4,5)P, and terminate the production of InsP; during ATP stimula-
tion (25). A, analysis of the membrane-adjacent appearance of YFP-STIM1
(upper trace) and the 5-phosphatase (lower trace) recorded simultaneously
by TIRF microscopy. ATP (50 um) causes the recruitment of STIM1 to the
membrane-adjacent ER, but it rapidly moves back to the deeper ER com-
partments upon termination of the response by the rapamycin-induced
membrane recruitment of the 5-phosphatase. Tg can still evoke a
response despite the PtdIns(4,5)P, depletion. B, the same protocol was
performed as in panel A, except that the cells were incubated in Ca®" free
medium (containing 100 um EGTA) prior to ATP addition. Under these
conditions, ATP evokes a similar translocation of STIM1, but the termina-
tion of the InsP; production by the rapamycin-induced recruitment of the
5-phosphatase is not associated with its redistribution unless Ca™ (2 mm)
is added back so that the ER pools can be refilled. (Means = S.E.of n = 11
and n = 10 for A and B, respectively.)

showed large oscillatory Ca®>* waves, and in these cells, the
subsequent Tg response was also greatly enhanced (Fig. 3B,
blue traces).

To determine whether STIM1 translocation also shows a
comparable delay after Tg treatment, cells expressing STIM1

JOURNAL OF BIOLOGICAL CHEMISTRY 29681

2002 ‘ST 1940100 U0 [DIAIN 40 AINN SIIMTINNTS ¥e B10°ogl-mmm woly papeojumod


http://www.jbc.org

The Journal of Biological Chemistry

e

STIM1 Clustering

A 1.6 1

~ 144 Tg
€

S 12

3

S 1.0 1

<

© 0.8

o

=061

@

0.4 1

240
Time (s)

0 120

Ratio (340/380nm)

Time (s)

FIGURE 3. Cytoplasmic Ca®* responses of COS-7 cells transfected with
TK-YFP-STIM1 and untagged Orail1. COS-7 cells were transfected with
TK-YFP-STIM1 and an untagged Orail construct. After 24 h, cells were
loaded with 3 um Fura2/AM for 45 min at room temperature. Cells were
then washed twice, and their single cell Ca®>* responses were monitored
and their YFP signal was also determined, indicating the expression of the
proteins (see “Experimental Procedures” for further details). A, [Ca®™],
responses of the individual YFP-STIM1-expressing cells (blue traces) to 200
nm Tg are plotted against the averaged responses of non-transfected cells
(n = 28) recorded in the same field (black trace). Note the large variations
in the onset of the huge Ca®" influx response relative to the relatively
uniform onset of Ca®™ release. B, [Ca® "], responses of cells stimulated with
ATP (50 um). The ATP responses of cells expressing YFP-STIM1 fell into two
relatively well distinguishable groups. Some cells showed an increased
peak and a sustained and elevated steady plateau increase of [Ca®" ], after
ATP stimulation, and these had a moderate Ca" response to a subse-
quent Tg challenge (red traces). In contrast, many cells displayed large
oscillatory Ca?* waves, and these also showed a large response to subse-
quent Tg stimulation (blue traces). These differences probably reflect
the different extent of STIM1-Orail expression. The black trace shows the
averaged responses of non-transfected cells (n = 20) recorded in the same
field.
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were examined by TIRF analysis. As shown in Fig. 44, STIM1
translocation in response to Tg showed similar cell-to-cell vari-
ations and was significantly delayed when compared with the
rapid effects of ATP (shown in Figs. 1 and 2). When the Fluo4
(to monitor Ca*") and TIRF analysis were done simulta-
neously, there was a good correlation between the delays of the
two responses (Fig. 4B). These results suggested that the Tg-
induced store depletion has to reach a certain level before it
results in the movement of STIM1 to the cell periphery to acti-
vate Ca®" influx, and the variability of the delay is probably due
to the different ER Ca®* leak activity of the individual cells.

Visualization of the ER Compartment Making Contacts with
the Plasma-Membrane— After establishing the COS-7 cell sys-
tem as a model, we wanted to determine whether there are
pre-existing ER compartments beneath the PM that would be
preferential sites of STIM1 translocation. To visualize such a
compartment, we used a chemically inducible molecular bridge
formation strategy. The FRB fragment of the mTOR protein
was targeted to the cytoplasmic surface of ER in the form of a
CFP fusion protein, whereas the FKBP-12 protein fused to
mRFP was targeted to the inner surface of the PM as described
under “Experimental Procedures.” The addition of rapamycin
causes heterodimerization of the FKBP and FRB modules (24),
and we reasoned that a molecular bridge can only be formed at
sites where the ER membrane and the PM are at close proximity
since both of these proteins are retained in their respective
membranes. It was also expected that once such a contact zone
had been established, it would be extended as more molecules
are recruited to this region. Fig. 54 shows that the two respec-
tive constructs show a characteristic PM and ER localization
when co-expressed in COS-7 cells. After the addition of rapa-
mycin, both constructs rapidly started to concentrate in small
flat areas at the cell surface where they showed tight co-local-
ization. This process could be detected as early as 15-30 s after
rapamycin addition. The conjoining areas developed into a rel-
atively stable steady state within 5 min, after which the struc-
tures were stable and showed only very slow expansion (see also
supplemental Movie 2).

These results indicated that the FRB and FKBP fusion pro-
teins with high lateral mobility within the PM and ER mem-
branes became trapped within their respective membranes at
the areas of juxtaposition upon heterodimerization. Although
this process also extends the area beyond the initial contact
points, it will still pinpoint the sites where the two membranes
had been at their closest proximity. To determine the extent to
which the ER itself is reorganized during the development of
these membrane contacts, several markers that visualize the ER
were used. These included the type-11InsP; receptor in the form
of a YFP fusion protein, a GFP construct targeted to the ER-
lumen, and the GFP-fused C-terminal targeting signal of the
inositide phosphatase, Sacl. In all of these cases, we could
observe the flattening of a fraction of the peripheral tubular ER
compartment at the sites of FRB-FKBP interaction. Fig. 5B
shows an example with the GFP-ER(Sacl) protein. However,
this manipulation hardly affected the deeper juxtanuclear ER
compartments (Fig. 5B), indicating that only the peripheral
portion of the ER is subject to the changes induced by the rapa-
mycin-induced PM attachment.
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FIGURE 4. STIM1 recruitment to the subplasmalemmal ER shows variable
delays after thapsigargin treatment. COS-7 cells were co-transfected with
TK-mRFP-STIM1 and untagged Orai1 constructs for 1 day, and in some cases,
loaded with the Ca®" probe Fluo4/AM (3 um) for 45 min. After washes, TIRF
recordings were made using a detection of STIM1 in the red channel, and when
applicable, a simultaneous monitoring of Fluo4 fluorescence in the green chan-
nel. A, the appearance of STIM1 close to the PM shows a delay with large varia-
tions (compare these responses with those observed after ATP in Fig. 3). B, simul-
taneous Ca®" recordings from selected cells show that the initial Ca** release
does not differ between cells, but the secondary Ca®* rise due to Ca*" influx
through the Orai1 channels shows variations and correlates with the STIM1 trans-
location process. Note that the relative magnitude of the initial rise of Ca>* (due
to release) appears bigger in these recordings when compared with those
obtained with Fura-2 due to the higher Ca** affinity of Fluo4 and that the Ca**
changes appear transient, but this is due to the photobleaching of the probe as it
is not used in a ratiometric mode. The continuous lines, the dotted lines, and the
dashed lines identify corresponding calcium and translocation responses of indi-
vidual cells.

The Site of STIM1 Translocation Corresponds to the PM-ER
Contact Sites—Next we examined whether STIM1 transloca-
tion to the peripheral ER sites upon store depletion corre-
sponds to the sites that can be established by chemical cross-
bridging. COS-7 cells were co-transfected with the YFP-fused
form of STIM1 in addition to the PM-targeted mRFP-FKBP
and the ER-targeted CFP-FRB fusion proteins (in some cases,
both constructs were tagged with CFP). Such cells were then
treated with Tg to translocate STIM1 into the peripheral ER
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FIGURE 5. Visualization of PM-ER contact regions by chemical cross-
bridging of subplasmalemmal ER with the PM. A, COS-7 cells were trans-
fected with a PM-targeted FKBP-mRFP construct and a CFP-FRB construct
targeted to the cytoplasmic face of the ER. These constructs show their
respective membrane localization (panels aand b). Due to the recording close
to the cell surface, the ER architecture is somewhat fuzzy (panel b). The addi-
tion of rapamycin (rapa, 100 nm) results in the concentration of both proteins
in small patchy areas where they show tight co-localization (panels d-i, see
also supplemental Movie 2). B, cells were transfected with the PM-targeted
FKBP-mRFP and CFP-FRB-ER constructs plus a GFP construct targeted to the
ER by the same targeting sequence as in panel A but without FRB. This latter
construct is not expected to participate in the cross-bridging and is used to
monitor the overall changes in ER morphology during the cross-bridging
process. The CFP channel is not shown for clarity. Although the tubular ER
network is largely preserved after rapamycin addition, there are flattened ER
areas (panel e) that correspond to the patchy regions formed by the ER and
PM contacts (panel d). Bars shown are 10 um.

and form the subplasmalemmal puncta (Fig. 6A4). Tg treatment
did not alter the localization of either the PM (Fig. 6A, panel a)
or the ER-targeted (not shown) fusion proteins. The addition of
rapamycin to Tg-treated cells rapidly established the PM-ER
contact patches, and importantly, these were always initiated
from the sites of STIM1 localization (Fig. 6A, panels d—i). These
results suggested that the appearance and expansion of these
membrane contacts upon chemical cross-bridging indeed orig-
inate from the contact points between the ER and the PM and
that STIM1 defines this compartment in a store-depleted state.
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FIGURE 6. PM-ER contact regions correlate with the location of STIM1 in
thapsigargin-treated cells. A, COS-7 cells were transfected with the PM-tar-
geted FKBP-mRFP and CFP-FRB-ER constructs together with TK-YFP-STIM1. Cells
were treated with Tg (200 nm) until STIM1 appeared in the juxtamembrane ER
compartment (panel b). At this point, the PM-FKBP-mRFP is found at the PM
(panel a), whereas the CFP-FRB-ER protein is in the ER (not shown in the figure).
The addition of rapamycin (100 nm) results in the rapid formation of ER-PM junc-
tions (indicated by the PM-FKBP-mRFP signal shown in panel d), and these
develop at sites that correspond to the localization of STIM1 (panels e-i). Remark-
ably, during this process, the YFP-STIM1 reorganizes into small puncta that are
always located at the periphery but attached to the cross-bridged ER-PM areas
(panels g—-i) but occasionally were trapped within those (two examples are indi-
cated in panels g and i by the arrows). In this latter case, their negative imprint is
clearly visible in the red channel (panel g). B, cells were transfected with the same
three constructs as in panel A, but here rapamycin was added first before Tg. The
addition of rapamycin leads to the development of ER-PM junctions (panel a),
and STIM1 is also located in these flattened ER areas (panel b). The addition of Tg
results in the movement of STIM1 from these areas to their periphery, where it
forms intense puncta attached to the areas of PM-ER junctions (panels e
and h) (see also supplemental Movie 2). Bars shown are 10 um.

A remarkable finding of these experiments was that the STIM1
puncta were almost always pushed to the periphery of the
PM-ER junctional zones. Only in a few cases were there STIM1
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puncta trapped within theses contact zones (Fig. 6A, panel i,
arrows). These data raised the possibility that STIM1 might be
part of a larger molecular complex that is excluded from the
narrow gap between the PM and ER membranes as enforced by
the chemical cross-bridge.

STIM1 Forms Clusters within the Subplasmalemmal ER
Compartment upon Store Depletion—To further investigate
the movements of STIM1 during ER Ca*>* depletion in relation-
ship to the rapamycin-induced PM-ER junctions, similar
experiments were performed as described above, but the order
of addition was reversed. First, the PM-ER contacts were estab-
lished by the addition of rapamycin followed by Ca®" depletion
by Tg. In quiescent cells, the three proteins (the YFP-fused form
of STIM1, the PM-targeted mRFP(or CFP)-FKBP, and the ER-
targeted CFP-FRB) showed their characteristic localization.
The addition of rapamycin caused the formation of the PM-ER
contact sites, and STIM1 (found in the ER close to the periph-
ery) was also present in this flattened ER compartment (Fig.
6B). These changes were consistent with the rapamycin-in-
duced recruitment and juxtapositioning of the peripheral tubu-
lar ER in which STIM1 is already localized. When Tg was added
to such cells to deplete the ER Ca?* stores, a striking movement
of STIMI from the patchy areas into discrete puncta anchored
to the perimeter of the patches occurred (Fig. 6B and supple-
mental Movie 3). Similar changes were observed when ATP was
used instead of Tg (supplemental Fig. 2). This very prominent
ATP-induced clustering was rapidly reversible upon termina-
tion of the response by apyrase addition (supplemental Fig. 2).
This clustering together with the moving of STIM1 out to the
periphery of the PM-ER junctions strongly suggested that
although the cytosolic segment of the STIM1 molecule fits
within the tight space formed by the cross-bridged PM-ER
junctions in control cells, upon store depletion, STIM1 inter-
acts with a protein that is larger than the space between the
chemically cross-bridged membranes, and this interaction
occurs in discrete contact sites.

Orail in the PM Becomes Part of the STIM1 Clusters upon
Store Depletion—Next we investigated the distribution of Orail
during these manipulations. For this, Orail was tagged at its C
terminus with YFP, CFP, or mRFP with different linkers
between the two proteins. Expression of these fusion proteins
showed mostly PM localization (Fig. 7A), but in a small percent-
age of cells, they were also seen in the Golgi and even in tubular
ER structures, probably reflecting the different stages as the
protein made its way to the PM (not shown). The Orail protein
fused to the fluorophores with a short linker was found to be
active based on Ca®>" measurements and elicited large Ca®"
influx responses in the cells when expressed together with TK-
YFP-STIM1 (Fig. 7B). In cells co-expressing YFP-STIM1 and
Orail-mRFP (or -CFP), the two constructs showed their
respective localizations, Orail in the PM and STIM1 in the ER
(Fig. 7C). However, in some cells, STIM1 was already localized
to membrane-adjacent ER areas, and Orail was also enriched in
the same locations of the PM (not shown). The addition of Tg
(together with ATP to speed up the ER Ca®>* depletion process)
caused the rapid concentration of PM Orail in the same areas
where the STIM1 puncta appeared (Fig. 7C). Importantly, in
cells transfected with Orail-mRFP (or -CFP or -YFP) with-
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FIGURE 7. Orai1 localizes to the PM and forms clusters with STIM1 after
depletion of the ER Ca®* pools. A, Orai1-mRFP localizes to the PM when
expressed in COS-7 cells. B, Orai1 tagged with the fluorophores is func-
tionally intact as shown by the Ca®™ traces. Red traces show responses of
individual cells expressing TK-YFP-STIM1 and Orai1-mRFP in this example
when compared with the averaged untransfected cells in the same dish
(black trace). C, COS-7 cells were transfected with TK-YFP-STIM1 and Orai1
tagged at its C terminus with CFP with a short linker placed in between
(see “Experimental Procedures” for details). The two proteins show ER and
PM localization, respectively (panel a and b). The addition of Tg (together
with ATP to speed up the effects of Tg) causes the movement of STIM1 to
the subplasmalemmal ER, and Orai1l in the PMis also drawn to these areas,
showing close co-localization of the two proteins. D, depletion of the ER
Ca®* pools in cells expressing fluorescent Orail without STIM1 induces
hardly detectable clustering of Orai1, probably due to the low level of
endogenous STIM1 in these cells. Such clustering is somewhat better
observed in cells that express low levels of Orai1, as shown in this case
with a TK-driven Orai1-YFP construct. Bars shown are 10 um.

out STIM]1, Orai clustering in the PM after Tg treatment was
hardly detectable and only in a small fraction of cells (Fig.
7D) and, therefore, could be easily overlooked in good agree-
ment with a recent report (16). This response was somewhat
better detected when Orail-YFP was expressed when com-
pared with Orail-mRFP.

To determine the localization of Orail in cells where the
PM-ER junctions are enforced with chemical cross-linking,
cells were transfected with the ER-targeted-FRB and the PM-
targeted FKBP together with Orail-YFP. The addition of rapa-
mycin to such cells induced the formation of PM-ER junctions,
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and strikingly, the Orail protein was excluded from these areas
(Fig. 84). This finding suggested that the Orail protein is part of
a molecular complex with a cytoplasmic portion that is too
large to fit within the space available when the PM and ER are
tightly conjoined by the FKBP-FRB complex (estimated to be
~4—6 nm, see Fig. 10). The addition of ATP/Tg to such cells
induced some Orail-YFP clustered at areas that touched the
hollow patches corresponding to the area of tight PM-ER con-
nections (Fig. 8B).

To examine the movements of both STIM1 and Orail simul-
taneously and to determine their relative positions to the
PM-ER junctions, the ER-targeted FRB and the PM-targeted
FKBP (both tagged with CFP in this case) were expressed
together with TK-YFP-STIM1 and Orail-mRFP. The addition
of rapamycin to such cells induced the formation of the PM-ER
junctions with the peripheral STIM1 localized in them, but
Orail was prominently excluded from these areas (shown only
after the Tg addition in Fig. 8C). Application of Tg induced the
movement of both of these proteins into prominent clusters
always at the periphery of the membrane patches where they
showed almost perfect co-localization (Fig. 8C). This involved
the movement of STIM1 out of the membrane patches as
described above. These data suggested that the two proteins
formed a complex at the border of the PM-ER zones. For this to
happen, STIM1 retained in the ER had to move to the periphery
of the PM-ER zones to meet Orail of the PM that was excluded
from these areas.

Size Estimates of the Orail Complex—To determine the min-
imal size of the gap between the two membranes that would
accommodate the Orail complex, the constructs used for
chemical cross-bridging were modified. A long helical linker
constructed with a (EAAAR), sequence was placed between the
localization signals and the FKBP (or FRB) molecule (see Fig.
10). First, we expressed either one of the partners containing
the extended linker with the original “short” binding partner
(which would extend the intermembrane space to ~9 nm). The
formation of rapamycin-induced ER-PM junctions in this case
still excluded Orail-YFP (or -mRFP) from the junctions (not
shown). However, when the extended versions of both the PM-
targeted and the ER-targeted constructs were used (allowing a
calculated intermembrane space up to ~14 nm), Orail-YFP (or
-mRFP) was no more forced out from the rapamycin-induced
PM-ER junctions (Fig. 94). When the localization of mRFP-
STIM1 and Orail-YFP was simultaneously followed in such
cells after establishing ER-PM contact zones, STIM1 was found
within these zones, whereas Orail showed its characteristic
even PM localization (Fig. 9B, upper row). The addition of
ATP/Tg rapidly induced the movement of Orail into the same
contact zones within the PM, indicating its interaction with
STIM1 (Fig. 9B, lower row). The co-localization of STIM1 and
Orail at these PM-ER sites is clearly observed even upon pro-
longed incubations, and unlike in the case of the short linkers, it
did not yield clusters at the periphery of the contact zones but
rather an even co-localization with them (Fig. 9C). These data
suggested that the molecular complex containing Orail can be
accommodated into a space that has to be larger than ~9 but
smaller than ~14 nm, and in such contact zones, Orail can
form a complex with STIM1.
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FIGURE 8. Orai1 is excluded from the rapamycin (rapa)-induced cross-bridged PM-ER junctions. A, COS-7
cells were transfected with the indicated constructs for 24 h. The addition of rapamycin induces the PM-ER
junctions (shown in panel a), and Orai1-YFP is absent from these junctions (panel b). B, at higher magnifications,
itis noticeable that ATP/Tg treatment causes clustering of Orai1 in the periphery of the hollow regions in some
of the cells (panel d). The lower panel shows an enlarged area demonstrating the reciprocal localization of the
PM-ER junctions and Orai1 and the position of the Orail puncta at the periphery of the junctions in ATP/Tg-
treated cells. C, COS-7 cells were transfected with the indicated four constructs for 24 h. Cells were treated with
rapamycin for 3 min to develop the PM-ER junctions and subsequently stimulated with Tg to generate clusters
that contain Orai1 and STIM1. Note the co-localization of Orai1-mRFP and YFP-STIM1 in the periphery of the
rapamycin-induced PM-ER junctions that exclude Orail. Bars shown are 10 um.

DISCUSSION

The present study was designed to investigate the features of
the ER compartment that is closely apposed to the PM.
Although the functional significance of such an ER compart-
ment has been postulated before, its importance became high-
lighted by the recent discovery of the STIM1 protein and its
association with the PM-localized Orail Ca®" channel in
response to depletion of the ER Ca®™" stores (4—12). To localize
and visualize this compartment of the ER, we developed a new
approach based on the rapamycin-induced dimerization of the
FRB fragment of mTOR and FKBP-12 (26). By targeting the
FKBP and FRB proteins to the cytoplasmic surface of the PM
and ER, respectively, rapamycin-induced binding of the two
proteins can take place, but only where the two membranes are
within a certain distance. One can assume that the PM-ER con-
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tact sites are very dynamic in intact
cells, only providing cells with
transient juxtapositions that are
formed and depart rapidly. How-
ever, by adding the dimerizer,
these contact zones are stabilized,
and the two membranes are tightly
held together with little gap
between them, mimicking the proc-
ess that takes place when the Orail
and STIM1 proteins form a com-
plex during ER Ca®" store deple-
tion. By altering the length of the
linkers, the size of the gap between
the two membranes can be changed,
and we observed that the shortest
linkers yielded larger ER-PM areas
relatively quickly, developing after
dimerization. However, when using
the longer linkers, the ER-PM areas
were more reminiscent of those
developing with STIM1 after pool
depletion (i.e. they did not expand
to large sizes quickly). Interestingly,
the formation of the artificial con-
tacts (whether with the short orlong
linkers) had no obvious functional
consequence for the capacitative
Ca?" influx pathway, as we did not
observe a cytosolic Ca®>" increase
after cross-bridging or any obvious
difference between the lag times or
magnitudes of the Tg-induced cyto-
plasmic Ca®" signals in such cells
when compared with controls (sup-
plemental Fig. 3). This was surpris-
ing as these contact sites do contain
a fraction of the expressed STIM1
protein. In this context, it is impor-
tant to emphasize that STIM1 can
appear in the ER compartment that
is juxtaposed to the PM without
being active, i.e. leading to the open-
ing of the Orail channel. This patchy distribution that can be
almost indistinguishable from the STIM1 clusters evoked by
store depletion is observed in quiescent cells expressing slightly
higher levels of STIM1 (see supplemental Fig. 1) or in cells
where the peripheral ER is brought to the PM with the chemical
cross-bridging. None of these situations yielded increased
Orail activity (as judged by cytosolic Ca®" increases), suggest-
ing that without the conformational change imposed by store
depletion and probably the consequential oligomerization (27),
simple juxtaposition of STIM1 with the PM is not sufficient to
induce Ca*" influx.

This new approach has revealed several novel details of the
STIM1-Orail interaction process at the PM-ER junctions.
First, the artificially generated contact sites tightly coincided
with those generated by store depletion regardless of whether
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FIGURE 9. Orai1 is not excluded from rapamycin (rapa)-induced cross-bridged PM-ER junctions when the
space is extended between the two membranes. A, COS-7 cells were transfected with the indicated con-
structs where a long helical linker (LL) was inserted between the targeting signals and the dimerization
domains so that the two membranes are kept at a larger distance after chemical cross-bridging with rapamycin.
The juxtapositioned areas are shown in the CFP channel in panel a, and Orai1-YFP is now not excluded from these
areas (compare with Fig. 8A). B, when cells were also expressing mRFP-STIM1, it is localized in the ER areas that are
cross-bridged to the PM (panel b), but Orai1 is evenly distributed within the PM (panel c). The addition of ATP/Tg to
empty the ER Ca®" pools induces no striking change in STIM1 distribution (unlike in Fig. 6B or supplemental Movie
3), but Orai1-YFP rapidly moves into the same areas in the PM (panel g), indicating its interaction with STIM1 within
the same area where the two membranes are held together with the rapamycin-induced cross-bridging. C, the
co-localization of all of these constructs can be better seen after a longer time of incubation when the areas of the
conjoined membranes are larger. These results show that the Orai1 complex is not excluded from and can freely
move into the conjoined areas if the two membranes are kept at a distance calculated to be 12-14 nm. Bars shown
are 10 um.

STIM1 Clustering

Orail proteins regulated by store
depletion in the plane of the mem-
brane and clearly showed again that
a simple juxtaposition of these pro-
teins is not sufficient for their inter-
action. This interaction requires
depletion of ER Ca** stores, causing
prominent clustering of the two
proteins but only at the perimeter of
tight PM-ER junctions. The fact
that these contacts were formed in
discrete puncta suggests the exist-
ence of preferential sites where this
interaction takes place; otherwise,
these proteins would be expected to
assemble evenly around the contact
zones. The finding that STIM1 must
travel to the periphery of the PM-ER
junctions to form puncta even when
Orail is not expressed indicates that
endogenous Orail is also excluded
from these junctions and that exclu-
sion of the fluorescently tagged
Orail protein is not simply caused
by the added fluorescent protein
tag.

Itis noteworthy that STIM1 was
not excluded from even the tight-
est contact zones; in fact, it
seemed to move freely within
them. This discrepancy between
the space requirements of Orail and
STIM1 is not easily explained by the
length of their putative cytoplasmic
portions. Therefore, we assume that
Orail is associated with a larger
protein complex. The existence of
additional molecular participants in
the capacitative entry process is also
indicated by several observations.
First, the stoichiometry between
these components has important
bearings on the process. Expression
of Orail alone is inhibitory rather
than stimulatory on the Ca®>* entry
process, suggesting that it seques-
ters a component important for the
SOCE. However, together with
STIMLI, it causes large Ca®" influx,
indicating that under these condi-

they were formed before or after store depletion. The tightest
artificial PM-ER junctions also flatten the peripheral portion of
the ER and contain a significant fraction of the expressed
STIM1 protein, but surprisingly, exclude the expressed Orail
protein. This suggests that the gap between the membranes in
this case is narrower than the natural contacts formed by
STIM1-Orail interaction. This feature, however, allowed the
monitoring of the reversible interaction of the STIM1 and

OCTOBER 5, 2007 «VOLUME 282+NUMBER 40

tions, STIML1 is the limiting factor. In contrast, STIM1 expres-
sion alone only marginally enhances Ca®>* influx upon store
depletion (28, 29), suggesting that now the amount of Orail is
limited. However, the ER morphology is extremely sensitive to
STIM1 overexpression, causing juxtapositioning of large ER
sheets with the PM (see supplemental Fig. 1). This may be indic-
ative of STIM1 interacting with an abundant protein in the PM
that cannot be Orail as this morphological change is not asso-
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FIGURE 10. Schematic representation of the spatial arrangement and the calculations concerning
the space requirements of Orai1 and STIM1. A, rapamycin-induced dimerization of the FRB and FKBP12
(FKBP) modules tagged with the indicated fluorophores and targeted to the ER and PM, respectively,
causes the two membranes to be clamped together. The narrow space still allows STIM1 to be localized
and move within this membrane area. Orai1, on the other hand is excluded from this space, and upon store
depletion, STIM1 has to move to the periphery of these areas, where it can interact with Orai1. B, intro-
duction of longer linkers allows a space between the cross-bridged membranes that allows the free
movements and the interaction of STIM1 and Orail. This finding suggests that Orail interacts with a
protein complex that bulges significantly to the cytoplasm. This putative protein(s) can be a membrane
protein as well as a soluble protein and may mediate the interaction between STIM1 and Orai1.

ciated with large Ca®" increases after store depletion. The find-
ing that overexpressed STIM1 is forced to the periphery of the
cross-bridged PM-ER junctions after store depletion even with-
out Orail expression (i.e. with limited Orail available) is also
consistent with the idea that the putative large protein is in
higher abundance in the PM.

29688 JOURNAL OF BIOLOGICAL CHEMISTRY

Orai1 Recent cross-linking experiments
have also indicated that Orail is
recovered in a large molecular
weight complex regardless of store
depletion and that STIMI is not
part of this complex under any of
the various detergent conditions
used in that study (30). Immunopre-
cipitation of STIM1 with Orail is
also controversial, being found
independent of store depletion (12),
increased after store depletion (14),
or not demonstrable (30), perhaps
indicating an indirect interaction
and its dependence on the stoichi-
ometry and state of putative addi-
tional components.

Titration of the length of the
linkers to accommodate the Orail
protein in the rapamycin-induced
ER-PM junction allowed rough esti-
mates of the size of the complex,
indicating that it has to be larger
than 8-9 nm but smaller than
12-14 nm (Fig. 10). This is in good
agreement with recent electron
microscopic analysis of the gaps
within the naturally occurring
ER-PM contacts formed by store
depletion (10-25 nm with an aver-
age of 17 nm) (17).

While characterizing the move-
ments of Orail and STIM1 and the
resulting Ca®" responses in the
larger COS-7 cells, we made sev-
eral important observations. First,
a rapid reversal of the STIMI1
translocation process to the jux-
tamembrane ER was found when
the agonist effect was terminated.
Although it has been known that the
capacitative Ca®" entry pathway
rapidly shuts down upon refilling
of the ER Ca*>" pools, it was not
clear whether this was due to a
change in the conductivity of the
Orail channel still complexed
with STIM1 or the dissociation of
the STIM1-Orai complex and relo-
calization of STIM1 away from the
PM. Although the current results do
not rule out that the termination
process involves Orail channel closure before the relocaliza-
tion of STIM1, they certainly show that the two processes fol-
low very similar time scales.

The rapid change of STIM1 localization upon store depletion
could simply be caused by the association of the STIM1 protein
with Orail at the PM in the Ca®?" depleted state. However, the
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rapid return of STIM1 to the deeper ER also suggests that
STIM1 associates with a yet to be identified ER-resident protein
in the Ca®" replete state. The PM recruitment process is very
reminiscent of the movement of the ER-localized FRB protein
to the PM contact points after the addition of the dimerizer to
interact with the PM-targeted FKBP (especially with the longer
linkers in place), but this latter process cannot be rapidly
reversed with our current methods.

Another notable finding of the present study was the clear
dissociation of the translocation of STIM1 and activation of the
Ca®" influx pathway from the initial Ca®" release after Tgaddi-
tion. The delay was caused at the level of STIM1 translocation
as the translocation and Ca>* rise showed good correlation in
agreement with findings of a recent report (15). This delay
showed big cell-to-cell variations, raising the possibility that
cells are different in their leak currents, taking more time to
achieve the same decrease in the intralumenal Ca*>* concen-
tration in some cells. Alternatively, cells are different in the
Ca®* threshold, at which point STIM1 changes conforma-
tion. A similar delay in SOCE relative to Ca®* release in
Tg-treated rat basophilic leukemia cells has already been
described, and it was attributed to the release of Ca>™ first
from an ER store related to protein synthesis but irrelevant
to STIM1 movements (31). This could also be the case in the
COS-7 cells. However, the finding that agonist addition, leading
to InsP; formation, eliminates this delay shows that once ER
depletion is rapidly achieved, the time difference between these
events becomes minimal. The difference between the STIM1
response to agonists and Tg was also displayed in experiments
showing that agonist affected only the peripheral ER pool of
STIM1, whereas Tgalso mobilized STIM1 from the deeper jux-
tanuclear compartments. Similar findings were recently
reported in human pancreatic acinar duct cells with a low con-
centration of Tg (32). A more prominent difference was the
appearance of large oscillatory Ca>" responses to ATP stimu-
lation observed in some cells overexpressing Orail and STIM1
that was not observed with Tg. Because these large Ca**
changes are due to Ca>* influx, we assume that the Orail chan-
nel might undergo some rapid feedback regulation by Ca*>* ora
Ca®"-induced depolarization of cells. Although these observa-
tions need to be followed up with more detailed studies on the
channels, it is worth noting that recent studies showed roles
of STIM1 and Orail in agonist-stimulated oscillatory Ca>"
responses (33).

In summary, the present studies show that juxtamembrane
compartments of the ER can be visualized in living cells and that
such sites are formed and get stabilized by STIM1 and Orail
when the luminal ER Ca®>* concentration is decreased. The
formation of such contacts per se does not appreciably affect
Ca?" signaling. Using a chemically controlled juxtapositioning
of the ER and PM membranes with variable size gaps, we dem-
onstrate that Orail requires a larger space (11-14 nm) than
STIM1 (4-6 nm) between the two membranes. This finding
suggests that Orail is part of a larger molecular complex. Our
data also highlight important spatial and kinetic differences
between the effects of Tg and agonists in the process of activat-
ing Ca’>* entry.
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