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Pouzité zkratky a upresnéni poymu

BCR:
BMMC:
DIG:

DRM:
FAK:
FcaR (I):

Receptor lymfocyti B (B cell receptor)

Zirné butiky odvozené z kostni diené (Bone marrow-derived mast cells)
Membrany obohacené o glykosfingolipidy a nerozpustné v Tritonu
(Detergent-insoluble glycosphingolipid-enriched membranes)
Membrany rezistentni k detergentu (Detergent-resistant membranes)
Kinaza fokélnich adhezi (Focal adhesion kinase)

Receptor imunoglobulinu A, typ |

FeyR (1, 11, TIT): Receptor imunoglobulinu G, typ I, 11, 111
FceR (1, I1): Receptor imunoglobulinu E, typ I, 11

FGF:
FRET:

GPI:
GM-CSF

Ig:

IFN:
IL:
ITAM:
ITIM:
MAPK:

MAPKK:

MIRR:

NGF:
PI3K:
PLC:
RBL:
SCF:
Tc:
TCR:
TGF:
Th:
TIFF:

TLR:
TNF:

TReg:

Rustovy faktor fibroblastl (Fibroblast growth factor)

Ptenos energie fluorescencni rezonanci (Fluorescence resonance
energy transfer)

Glykozylfosfatidylinozitol, glykozylfosfatidylinozitolovy
Faktor stimulujici kolonie granulocytl a makrofagi
(Granulocyte-macrophage colony stimulating factor)
Imunoglobulin

Interferon

Interleukin

Imunoreceptorovy tyrozinovy aktivacni motiv
Imunoreceptorovy tyrozinovy inhibi¢ni motiv

Mitogenem aktivovana proteinkiniza

Kinaza mitogenem aktivované proteinkinazy (Mitogene-activated
protein kinase-kinase)

Vicefetézcovy rozpoznavaci imunoreceptor (Multichain immune
recognition receptor

Nervovy rastovy faktor (Nerve growth factor)
Fosfatidylinozitol-3 kinaza

Fosfolipaza C

Krysi bazofilni leukemie (Rat basophilic leukemia)

Faktor kmenovych bunék (Stem cell factor)

Cytotoxicky lymfocyt T

Receptor lymfocyti T (T cell receptor)

Transformujici rastovy faktor (Transforming growth factor)
Pomocny lymfocyt T

Plovouci frakce nerozpustna v Tritonu (Triton-insoluble
floating fraction)

Receptor podobny molekule Toll (Toll-like receptor)

Faktor nekrozy nador (Tumor necrosis factor)

Regulacni lymfocyt T

Zkratky a upresnéni pojmit



(Ostatni netradi¢ni shluky pismen, a¢ ptivodné vznikly vétSinou rovnéz jako zkratky,
pouzivam jako vzité odborné terminy a tedy je zde neuvadim.)

Kolokalizace (vztazeno k plazmatické membran¢) — minén preferencni vyskyt
jednoho antigenu v oblasti vyskytu antigenu druhého, nikoliv nahodny vyskyt obou

na tomtéz miste.

Neadherentni buiiky — nepfisedajici béhem svého riistu ke dnu kultiva¢nich nadob

uréenych pro tkanové kultury.

Zkratky a upresnéni pojmit



Uvod

I) Organizace plazmatické membrany

Plazmaticka membrana slouzi jako vicetucelové biologické rozhrani zasadni
dulezitosti, které urcuje a aktivné udrzuje slozeni vnitrobunééného prostredi a
zprostiedkovava dialog mezi burikou a okolim. Tato informaéni funkce plazmatické
membrany je jiz fadu let pfedmétem intenzivniho vyzkumu, ktery pomalu odkryva
strukturni a funkéni pozadi transmembranové komunikace. Ukazuje se, ze v téchto
procesech nejsou mozna klicové ani tak samy proteiny, jako jejich spoluprace

s lokalnim lipidickym prostfedim - fenomén spjaty s pojmem , lipidové rafty*.

Puvodni prredstava o lipidovych raftech

Kdyz v roce 1972 Singer a Nicolson publikovali ,,model tekuté mozaiky*
tykajici se organizace plazmatické membrany, kladli diiraz na lateralni mobilitu
jednotlivych proteinl v ramci dvojrozmérné lipidické faze. Plazmatickd membrana
se jevila viceméné€ jako rovinny orientovany roztok amfipatickych proteini
v lipidové dvojvrstveé (Singer a Nicolson, 1972). Postupné se vSak zacal prosazovat
model, ve kterém lipidy plazmatické membrany na zakladé rozdilnych vlastnosti
svych hydrofobnich fetézci bocné segreguji a spontanné tak tvoti soustavu
membranovych domén (Klausner a kol., 1980; Karnovsky a kol., 1982). Pozornost
ptitahovaly zejména shluky sfingolipidli s vmezetenym cholesterolem, o nichz se
predpokladalo, ze tvoti jakési relativné rigidni ostrivky, lipidové rafty, které pluji
jako kry v okolnim fluidnim prostiedi plazmatické membrany tvoieném fosfolipidy
S nenasycenymi acylovymi fetézci. Vyznam téchto raftd byl spatiovan v transportu
urcitych samovolng vyttidénych proteinti do konkrétni oblasti plazmaticke
membrany nebo ptislusnych organel, a byla jim téz ptfisouzena duilezita signalizacni
role (Brown a Rose, 1992; Simons a Ikonen, 1997; Simons a Toomre, 2000; Dykstra
akol., 2003).

Podle této hypotézy ptisobi lipidové rafty v roviné plazmatické membrany
jako specifické kompartmenty sdruzujici zejména molekuly, které obsahuji nasycené
lipidické fetézce nebo fetézce s dvojnou vazbou v konfiguraci trans, tedy napiiklad
palmitylované proteiny a extracelularni proteiny zakotvené pomoci glykozylfosfati-
dylinozitolu (GPI), uplatiiuji se vSak téZ interakce aminokyselin proteinového
fetézce s lipidickymi slozkami raftt (Obr. 1). Imunoreceptory skupiny MIRR
(,,vicetetézcové rozpoznavaci imunoreceptory*), jako TCR lymfocytia T, BCR
lymfocytt B nebo FceRI Zirnych bungk, s lipidovymi rafty v klidovém stavu téméf
neasociuji, ale agregace téchto proteinti, ktera iniciuje pfenos signalu pies
plazmatickou membréanu a nasledné signalizacni kaskady, zplisobuje soucasné
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stabilizaci jejich kontaktu s raftovymi kompartmenty. Podle tohoto modelu se v
lipidovych raftech nachazeji aktivatory a substraty signalozomt imunoreceptort
skupiny MIRR (kinazy rodiny Src, palmitylované transmembranové adaptorové
proteiny), zatimco negativni regulatory jsou vyloudeny.” Raft miize byt téz funk&nim
pojitkem mezi extracelularnimi receptory zakotvenymi ptes GPI a signaliza¢nimi
molekulami asociovanymi s intracelularnim listem plazmatické membrany (Langlet
a kol., 2000; Dykstra a kol., 2003; Horejsi a kol., 1999).

Na pocatku konceptu lipidovych rafti staly studie provadéné na umélych
membranach, které provétily zakladni teze hypotézy o segregaci molekul v ramci
planarni orientované lipidické smési (Klausner a kol., 1980; Sankaram a Thompson,
1990a; Sankaram a Thompson, 1990b; Sankaram a Thompson, 1991; Sankaram a
kol., 1992; Mclintosh a kol., 1992; Dietrich a kol., 2001). Vysledky z téchto
modelovych systémi ale nelze ptimo aplikovat na popis chovani skutecné
plazmatické membrany, tedy soustavy proteinti a lipidi 0 mnohem vétsi komplexité,
kde rovnéz podstatnou roli mohou hrat napiiklad interakce s podmembranovym
cytoskeletem.

Siroce pouzivanym metodickym piistupem studia lipidovych rafti se stala
izolace tak zvanych DRM — membranové frakce vykazujici zvySenou rezistenci
k puisobeni neiontovych detergenti (Brown a Rose, 1992). Kolem pojmu DRM
(,,membrany rezistentni k detergentu*) vznikly terminologické zmatky, které ostatné
provazi celou hypotézu lipidovych raftd. V obecném vyznamu DRM predstavuji
membranovy izolat vznikly ¢aste¢nou 1yzou bunky neiontovym detergentem, a je
proto zapotiebi specifikovat podminky (druh detergentu, jeho koncentraci, teplotu),
za kterych byl preparat ziskan. Casto viak byva tento termin omezovan na
membranové izolaty ptipravené pomoci Tritonu X-100 pii 4°C, pak byvaji
oznacovany téz TIFF (,,plovouci frakce nerozpustna v Tritonu). DRM nelze
zamenovat S lipidovymi rafty, nebot’ jsou produktem izolace, zatimco rafty
piedpokladame jako redlné struktury plazmatické membrany. Ptesto se tak casto
délo a terminy DIG (,,membrany nerozpustné v detergentu a obohacené o
glykosfingolipidy*) nebo GEM (,,membrany obohacené o glykosfingolipidy*)
byvaly rovnéz ztotoznovany jak s lipidovymi rafty, tak s DRM. Vychodiskem
z terminologické krize je pojimat lipidové rafty jako membranové domény bohaté na
cholesterol a sfingolipidy a izolovatelné v podobé DRM (Langlet a kol., 2000;
London a Brown, 2000; Brown a London, 2000).

Extrakce frakci plazmatické membrany pomoci detergentu je bezesporu
uziteCnym piistupem, ktery poskytuje informace o rozdilné tendenci piislusnych
membranovych proteini asociovat s ur¢itym lipidickym prosttedim, a ziskané

vvvvvv

regulator signalizace ptes MIRR, se raftt spise strani, coz koreluje se snizenou aktivitou jejich
substratl — kinaz rodiny Src, které rafty preferuji. Za jistych okolnosti je CD45 kinazam rodiny Src i
negativnim regulatorem. Podstatna je optimalni mira kontaktu téchto tyrozinkinaz s CD45 a ostatnimi
komponentami signalni kaskady v dynamickém vyvazeném procesu. (Rodgers a Rose, 1996; Montixi
a kol., 1998; Penninger a kol., 2001; Zhang a kol., 2005 ).
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vysledky plné€ zapadaji do konceptu lipidovych raftl, nepiedstavuji v§ak samy o
sob¢ dostate¢ny dikaz jejich realné existence, nebot” aplikace detergentu je
vyraznym zasahem do biofyzikalnich vlastnosti plazmatické membrany (Mayor a
Maxfield, 1995; Heerklotz, 2002). Pomoci metody FRET (,,pfenos energie
fluorescenéni rezonanci*) se nicméné podaftilo prokazat i v plazmatické membrané
zivych bungk tvorbu proteinovych agregati, které zavisely na piitomnosti
cholesterolu a na GPI kotvé, nikoliv na samotném bilkovinném fetézci. Praimeér
téchto domén byl méné nez 70 nm (Varma a Mayor, 1998). Podobné zavéry
vyplynuly z experimentu s kovalentnim spojovanim tésné asociovanych proteinti
zakotvenych pies GPI (Friedrichson a Kurzchalia, 1998). Také charakteristiky
lokalni difiize membranovych proteinti potvrdily, ze pfitomnost cholesterolu vede
K tvorbé relativné stabilnich domén o pruméru ptiblizné 13-40 nm, v nichz jsou
obsazeny predpokladané raftové proteiny, zatimco ostatni proteiny difunduji v méné
viskoznim prostiedi (Pralle a kol., 2000). Ukotveni pomoci moduld myristyl-
palmityl nebo palmityl-palmityl vede k agregaci v zavislosti na cholesterolu, ale
prenylované proteiny agreguji za tvorby domén odlisnych a na cholesterolu
nezavislych (Zacharias a kol., 2002).

Pomoci fluorescenc¢nich derivati lipida s nasycenymi nebo nenasycenymi
fetézci bylo mozné sledovat rozlozeni rigidnéjSich ostritvkt i fluidnich oblasti
plazmatické membrany jak v detailu, tak v ramci celé bunky. Organizované lipidické
oblasti nedifundovaly volng, ale ur¢itym smérem, a jejich ptilezitostny vznik nebo
zanik se odehraval na konkrétnich mistech, pravdépodobné ve vztahu k vazbé
cytoskeletu. VEtsi zastoupeni téchto domén vykazovaly oblasti adheze,
mezibunéénych kontakt a panozek (Schiitz a kol., 2000; Gaus a kol., 2003).

Zda se, ze existence lipidickych heterogenit raftového typu neni omezena jen
na zZivociSné bunky, ale ze analogicky strukturné-funkéni mechanismus vyuzivaji i
rostliny a houby, byt’ s drobnymi odli§nostmi spjatymi s rozdily v lipidickym slozeni
a v pomeru sterolii a sfingolipidii k membranovym proteinim (Xu a kol., 2001;
Bagnat a Simons, 2002; Martin a kol., 2005, Bhat a Panstruga, 2005; Opekarova a
kol., 2005).
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Obr. 1: Nékteré z tak zvanych ,,markeri lipidovych rafti“ a jejich zakotveni
Vv plazmatické membrané.

A) Lyn, Fyn, Lck, podjednotka o G proteinu, raftlin. B) GAP-43/B-50. C) H-ras, N-
ras. D) NAP-22. E) Kaveolin, flotilin (reggie). Pocet palmityld a myristyld je u této
skupiny variabilni. F) LAT, NTAL (LAB, LAT2), PAG (Cbp), LIME.

G) MAL/VIP17, BENE, plazmolipin, hemaglutinin, prominin. Pro tuto skupinu jsou
podstatné specifické interakce mezi transmembranovou doménou a molekulami
tvoricimi rafty. V piipadé hemaglutininu navic troji palmitylace (nevyznaceno).

H) CD14, CD16, CD48, CD55, CD59, Thy-1 (CD90). Povaha GPI jednotek se
muze lisit.

(Cinek a Horejsi, 1992, Resh, 1994; Pérez a kol., 1997, Scheiffele a kol., 1997; Arni
a kol., 1998; Frank a kol., 1998; Corbeil a kol., 2001; Dunphy a kol., 2001; Epand a
kol., 2001; Chatterjee a Mayor, 2001; Dykstra a kol., 2003; Saeki a kol., 2003; Pike,
2004; Pizzo a Viola, 2004; Navarro a kol., 2004; Roy a kol., 2005; Langhorst a kol.,
2005)
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Nové pojeti lipidovvch rafta

Navzdory tomu, ze se podafilo i v plazmatické membrané zivych bunék
dokézat existenci domén o vlastnostech ptipisovanych lipidovym raftim (viz vyse),
vyskytly se téz obdobné prikazné studie, které jejich vyznamnéjsi zastoupeni
Vv klidové membran¢ (bez vyvolané agregace) zpochybiiuji nebo dokladaji jejich
prekvapivé malé rozméry (Kenworthy a Edidin, 1998; Kenworthy a kol., 2000;
Vrljic a kol., 2002; Glebov a Nichols, 2004; Kenworthy a kol., 2004; Sharma a kol.,
2004). Postupné¢ se zacal formovat model, ktery byl souc¢asné alternativou i
prohloubenim ptivodni hypotézy lipidovych rafti. Predpoklada existenci
kondenzovanych komplexti cholesterolu a sfingolipidd, které se stavaji zakladnimi
stavebnimi kameny raftd, a pfisuzuje proteinim podstatnou roli pfi organizaci
lipidickych struktur.

I kdyz byl koncept kondenzovanych komplexi zalozen na pozorovani
chovani smési cholesterolu a sfingolipidi v umélych membranach, stal se dobrym
vychodiskem k vysvétleni struktury a dynamiky organizovanych domén plazmatické
membrany (Radhakrishnan a McConnell, 1999; Radhakrishnan a kol., 2000;
Anderson a McConnell, 2001; Anderson a McConnell, 2002; Anderson a Jacobson,
2002). Kondenzované lipidické komplexy mohou byt v plazmatické membrané
ptitomny jako individualni entity obsahujici pouhych 15-30 molekul, které jsou v§ak
schopny za uréitych podminek snadno vytvotit separovanou fazi. Lipidové rafty tak
mohou vznikat nahlou¢enim pftislusnych membranovych proteinti komunikujicich
s okolni membranou prostrednictvim lipidického plasté tvofeného kondenzovanymi
komplexy. Oplasténi raftovych proteini v klidovém stavu vSak samo o sob¢
pravdépodobné podléha dynamickému procesu asociace a disociace (Anderson a
Jacobson, 2002).

Plsobeni extracelularniho vazebného elementu (protilatky, ligandu) na
raftotvorné molekuly vyvolava vznik stabilizovanych domén vyclenénych z okolni
fluidni faze. Tyto domény mohou sdruzovat téz intracelularni komponenty
asociované diky preferenci stejného lipidického prostiedi a vazat se na cytoskelet
(Hammond a kol., 2005; Mayor a kol., 1994; Thomas a kol., 1994; Harder a kol.,
1998; Suzuki a Sheetz, 2001). Zatimco rafty klidové membrany predstavuji ziejmé
drobné a nestabilni struktury, které vznikaji a zanikaji v fadu nanosekund, vazba
stabilizatoru pravdépodobné zptisobi redukci tepelného pohybu, ¢imz umozni
asociaci dalSich molekul. Tyto sekundarni raftové struktury se od primarnich
nestabilnich rafti zasadné 1isi komplexitou (jak vyssi pocet molekul, tak i jejich
druhti), dobou trvani (v fadu minut) i velikosti (desitky nanometrii nebo i vice) a
zpravidla plni specifické signaliza¢ni funkce (Subczynski a Kusumi, 2003; Kusumi a
kol., 2004; Kusumi a kol., 2005) (Obr. 2). V $irsim slova smyslu Ize za podskupinu
stabilizovanych rafti povaZovat i kaveoly nebo flotilinové domény, jejichZ strukturu
zpeviuji agregaty specialnich membranovych proteint (Navarro a kol., 2004;
Langhorst a kol., 2005; Bauer a Pelkmans, 2006).
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Podle modelu heterogenity rafti vyvolané indukovanym pfizptisobenim
(,,The induced-fit model of raft heterogeneity*) vede rozdilna tendence raftovych
proteinll interagovat s raftovymi lipidy k plastickému zformovani takové
membranové domény, jejiz struktura a obsah vychéazi z optimalniho uspotadani
souboru jednotlivych konstituentli. Agregaci vice proto-raftii tak mtize vzniknout
raft o rozdilnych vlastnostech, nez mély jeho prekurzory, naptiklad vyloucenim
nékterych molekul a zahrnutim jinych, coz ve svém disledku muize vést k dalsim
prestavbam dané domény (Pike, 2004). Tento teoreticky koncept ptinasi moznou
odpovéd’ na otazku, pro¢ naptiklad rozdilné proteiny zakotvené ptes GPI mohou
formovat rozdilné raftové utvary (Madore a kol., 1999; Wang a kol., 2002) — i mala
odlisnost v kotvicim modulu nebo ve sterickém piisobeni proteinovych jednotek by
mohla k tomu byt dostate¢nym impulzem.

Ukazuje se, zZe pro specifickou lokalizaci GPI proteinti v ramci plazmatické
membrany je podstatna také jejich glykozylace (Pang a kol., 2004; Ermini a kol.,
2005). Prinasi to dalsi rozmér do moznych mechanismu regulace lipidovych raftu,
jako doplnéni ke vlivim modifikaci lipidické kotvy (reverzibilni palmitylace,
odstépeni proteinu od GPI), lipidického slozeni (modulace podilu cholesterolu a
ostatnich lipid v plazmatické membran¢), spektra membranovych proteind
(rozdilna exprese) a vnéjsich vlivli (mezibunécné kontakty, vazba volnych ligandi).
Stabilita téchto domén také mize zaviset na kovalentnich i nekovalentnich
proteinovych interakcich, ke kterym dojde jiz v Golgiho aparatu (Paladino a kol.,
2004). V nékterych pfipadech mtze podstatnou roli pfi asociaci proteinu s raftovymi
lipidy ¢i jinymi doménami plazmatické membrany hrat i spoluptisobeni
regulovatelnych lipidickych modifikaci a alosterickych efekti v rdmci proteinové
jednotky (Hancock, 2003; Rotblat a kol., 2004; Roy a kol., 2005).

Postupné je tedy odkryvan komplexni organizaéni a signalizacni systém
plazmatické membrany, v némz znac¢nou (ale nikoliv jedinou) roli hraji dynamické
domény proteind a lipidit oznacované ze setrva¢nosti jako lipidové rafty. Protoze ale
je vzajemné pusobeni proteint a lipidd v procesu formovani raftii oboustranné a
vzajemné podminujici, je v soucasné dob€ pojem ,,lipidové rafty* stale vice
nahrazovan vyrazem ,,membranové rafty,* ktery bychom vSak neméli zaménovat
S obecngj$im terminem ,,membranové mikrodomény.“ V roce 2006 byla na
sympoziu ve Steamboat Springs pfijata pracovni definice membranovych rafti:
~Membranové rafty jsou malé (10-200 nm), heterogenni, vysoce dynamické domény.
Jsou obohacené” o steroly a sfingolipidy a kompartmentalizuji bunécné procesy.
Malé rafty nékdy mohou byt stabilizovany do rozsahlejsich platforem pomoci
interakci proteinu s proteiny i s lipidy.« (Pike, 2006). Jedna se vSak pouze o pokus
pieklenout terminologické rozpory. Pfiroda neznd hranice mezi uméle zavedenymi
kategoriemi a fenomén dynamickych heterogenit plazmatické membrany nebyl
dosud zcela vysvétlen, proto se 1ze nadit jesté dalSich zvrati v jeho pojeti.

“Vhodné&jsi termin by byl bohaté.
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Obr. 2: Schematicky pohled na rovinu plazmatické membrany podle
reformovaného modelu lipidovych rafti.

Ve fluidni fazi membranovych lipidt (a) se nachazeji proteiny, které toto prostiedi
preferuji (b), avSak také takové, které se z né¢j v dynamickém procesu vydéluji
pomoci interakci s kondenzovanymi komplexy lipidi za tvorby prechodnych
nestabilnich lipidovych rafta (c). Uginkem ligandu dochazi ke stabilizaci lipidového
raftu (d), na jehoz periferii vznika pifechodna zéna nestabilné asociovanych proteint
a lipida (e).

(Anderson a Jacobson, 2002; Subczynski a Kusumi, 2003)
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I1) Zirné buiiky jako model pfenosu signalu

pres plazmatickou membranu

Zirné buiiky (mastocyty) patii mezi modelové bun&éné typy, na nichz jsou
zkoumany mechanismy pfenosu signalu pfes plazmatickou membranu savc¢ich
bungk. Tato obliba odrazi jak jejich roli v patologii atopickych alergii, které se
stavaji vaznym celospoleenskym problémem, tak moznost sledovat dobie pozoro-
vatelné reakce na definovany vnéjsi podnét, a to v horizontu sekund, minut i hodin.

Role Zirnych bunék v organizmu

Zirné buiiky vznikaji postupnou diferenciaci krvetvornych kmenovych
bunék, jako nezralé prekurzory putuji krevnim fe¢istém a sviij vyvoj dokoncuji
Vv cilovych tkénich pod vlivem specifického prosttedi. Tento proces neni dosud
uspokojivé objasnén, stejn¢ jako vztah zirnych bunek k bazofilnim granulocytiim,
které Casto byvaji oznaCovany za jejich cirkulujici obdobu. V mysi sleziné se
podarilo identifikovat bunéény typ myeloidniho ptivodu, Z néhoz bylo mozné
vypéstovat jak mastocyty, tak bazofilni granulocyty a u ¢lovéka byl prokazan
spole¢ny specificky prekurzor mastocytii a monocytil, nicméné stale neni vylouceno,
ze se zirné bunky vyvijeji také z multipotentnich progenitort mimo myeloidni linii
(Arinobu a kol., 2005; Kirshenbaum a kol., 1999; Chen a kol., 2005; Sonoda a kol.,
1983). Pokusy in vitro ukazaly, ze proliferace a diferenciace zirnych bun¢k zavisi na
spoluptisobeni cytokini SCF, I1L-3 (a n€¢kdy téz IL-4) za podpory IL-9 a IL-10,
zatimco GM-CSF a IFN-y diferenciaci mastocytti inhibuji a TGF-3 ptisobi proti
jejich proliferaci. Také dalsi cytokiny (TNF-a, IL-6, NGF aj.) se mohou podilet na
tvorbé podminek, které smétuji k vyvoji rozdilnych typi Zirnych bunék. SCF neni
pro zirné bunky jen ristovym a diferencia¢nim faktorem, ale téz jednim z
chemoatraktantt a stimulatorem jejich aktivniho zakotveni ve tkanich (Metcalfe a
kol., 1997; Okayama a Kawakami, 2006).

Zda se, Ze rozdily v lokélnim prostiedi na jednotlivych mistech organismu
vedou ke vzniku mnoha specializovanych populaci zirnych bunék liSicich se ve své
morfologii i funkci. Pfi nejhrubsim déleni byvaji ale obvykle rozliSovany jen dva
zékladni typy mastocytli — pojivové a slizni¢ni — popsané u hlodavcti, ale majici své
analogie i v lidském organismu. Pojivové mastocyty z mysi peritonealni dutiny
dosahuji velikosti 10-20 um a jejich vyvoj piimo nezavisi na lymfocytech T. Oproti
tomu mysi slizni¢ni mastocyty z tenkého stfeva dosahuji velikosti pouze 5-10 um,
na lymfocytech T jsou zavislé a od pojivovych se odliSuji téZz obsahem sekreénich
granuli (jiny typ chymazy a proteoglykanti, o f4d mén¢ histaminu, zato pfitomen
leukotrien C4). Lidska obdoba pojivovych mastocyti (tzv. typ tryptazovy-
chymazovy sekretujici vice rozdilnych neutrélnich peptidaz) se vyskytuje pfedevsim
v kiizi, zatimco obdoba mysSich slizlizni¢nich mastocyti (tzv. typ tryptazovy) obyva
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zejména tkan plicnich alveoll a tenkého stieva (Metcalfe a kol., 1997). Sama
peritonealni dutina u ¢lovéka ale za normalnich okolnosti zirné buniky neobsahuje.
Prostorova a funk¢ni organizace mastocytarniho systému hlodavci a lidi je rozdilna
a poznatky ziskané pomoci jednoho modelu nelze proto automaticky aplikovat na
druhy. Mysi zirné bunky se naptiklad v mnoha ohledech vic nez lidskym
mastocytiim blizi lidskym bazofiliim (Bischoff, 2007; Falcone a kol., 2006).

Nejznamé;jsi roli zirnych bunék je obrana télnich povrchi proti bakteriim a
mnohobunéénym parazitim (Obr. 3). Vazba antigenu (alergenu) na specifické
molekuly imunoglobulinu E asociované s membranovym receptorem FceRI vede
k vyliti obsahu cytoplazmatickych vackia do extracelularniho prostiedi (k degra-
nulaci). Uvolnéné proteazy ptimo ¢i neptimo poskozuji povrch parazita a rozkladaji
komponenty mezibunéné hmoty, zvysuji permeabilitu cév, stimuluji produkci slizu
a ovliviyji aktivitu nékterych cytokinti, hormont a nervovych ptisobki; ve
spolupraci s heparinem maji vliv na srazeni krve. Zirné buiiky mohou také
stimulovat buné¢nou adhezi, pozitivné piisobit na eozinofily i na proliferaci
epitelovych bunék a fibroblastli. Sekretovany histamin zptsobuje lokalni stahy
hladké svaloviny dychaciho a traviciho traktu (¢imz pfispiva k vypuzeni
nezadouciho cizorodého organismu) a ovliviwuje prisvit cév; peptidy
kathelicidinového typu maji antimikrobialni Gi¢inky. Stimulované Zirné bunky
vzapéti pomoci arachidonovych metabolitl a spektra cytokint vytvaii prostiedi
alergického zanétu. Diky receptorim TLR mastocyty reaguji na patogeny i bez
zavislosti na mechanismech adaptivni imunity. Lze je oznacit za ptfedsunuté hlidky,
které v sob¢ spojuji bezprostiedni aktivni obranu ohrozen¢ tkané s organizovanim
nasledné komplexni ochrany. S touto roli souvisi i udrzovani integrity télnich
povrchi podporou hojeni ran a angiogeneze (Metcalfe a kol., 1997; Marshal, 2004).

Zirné buiiky jsou dilezitymi modulatory imunitnich reakci. Sekreci cytokint
IL-3, IL-4, IL-5, IL-9, IL-13, IL-15 a IL-16 podporuji lymfocyty T2 a B, tedy
tvorbu protilatek, rovnéz vsak mohou produkci IFN-y, IL-12 a IL-18 ptisobit
pozitivné na lymfocyty TH1 a tim na zanétlivou imunitni odpovéd’. Vedle
zanétlivych mediatorti (TNF-a, IL-1B) uvolnuji protizanétlivé (IL-10, TGF- B),
pomoci chemoatraktanti rovnéz lakaji jak lymfocyty Trl (IL-8), tak Tn2 (CCLS5).
Konkreétni priubéh reakce zjevné zavisi na okolnostech jejiho vzniku a na pfedchozim
specifickém vyvoji dané populace mastocytii. Zirné buiiky téz mohou slouZit jako
bunky prezentujici antigen a soucasné k této funkci pomahaji dendritickym bunkam.
Do mista alergického zanétu podle potieby lakaji neutrofily a eozinofily, umoznuji
jejich prostup cévni sténou a prodluzuji jejich zivotaschopnost, G€astni se téz boje
proti viram spolupraci s lymfocyty Tc. Tvoti vyznamny regula¢ni prisecik adaptivni
a vrozené imunity (Marshall, 2004; Frossi a kol., 2004; Galli a kol., 2005a; Galli a
kol., 2005b).

Ponékud kontroverzni je vztah Zirnych bunék k rakovinnému bujeni. Mysi se
snizenym mnozstvim mastocytll vykazuji rychlejsi rist implantovanych nédorii a
rovnéz tak pritomnost mastocyttl v lidském prsnim nadoru je spojena s dobrou

, 17
Uvod: Role Zirnych bunék v organismu



progndzou. Zda se vsak, ze naptiklad v ptipad¢ melanomu (¢lovek, pes),
venerickych nadort (pes) nebo karcinomu zaludku (¢lovek) zirné bunky spise skodi
diky své podpote angiogeneze novotvaru, je vsak predéasné vynaset definitivni
soud. Mnozstvi vysledku tykajicich se zirnych bunék a rakoviny je znacné, ale jejich
interpretace obtiznd, nebot’ Casto nardzi na nejasnosti v experimentalnim kontextu
studia nadort (Burtin a kol., 1985; Rajput a kol., 2007; Toth-Jakatics a kol., 2000;
Mukaratirwa a kol., 2006a; Mukaratirwa a kol., 2006b; Kondo a kol., 2006;
Ozdemir, 2006).

Ukazuje se, ze se mastocyty také ucastni dialogu mezi imunitnim a
nervovym systémem. Periferni nervova vldkna uvoliiuji mediatory, které mistné
pusobi na celou fadu koznich bunék (Zirné bunky, dendritické buiiky, keratinocyty,
buriky cévni vystelky aj.) a jsou jimi téZ zp&tné ovliviiovana. Zirné buiiky na
periferni neurony pisobi nejen pomoci svych neuropeptidi, ale naptiklad téz sekreci
TNF posiluji lokalni inervaci pokozky i skary a svymi protedzami moduluji ucinky
neuronalnich mediatorti na pribéh zanétu. Podobnou regula¢ni funkci na oblasti
praniku vlivi mistniho a nervového stresu plni také ve sliznicich gastrointestinalniho
a dychaciho traktu. Podafilo se téz prokazat ptfimy vliv mastocyti na centralni
nervovy systém. Patfi mezi nemnoho druhti krvinek, které pronikaji
hematoencefalickou bariérou i u zdravych jedinci a osidluji mozek. Svou
degranulaci mohou zptsobit aktivaci hormonalni drahy hypothalamus-hypofyza-
nadledvinky, pravdépodobné jako soucast obrany téla pifi expozici alergenu.
Soucasné predstavuji mechanismus docasné prestavby konkrétnich oblasti mozku
v odpovéd’ na humoralni podnéty, naptiklad béhem obdobi pareni, a to jak u savcu,
tak u ptakd. Zirné buiiky v tomto procesu slouZi jako mistné specificky
indukovatelny zdroj neuromodulatort, jejichz spektrum zavisi na daném zivoc¢isném
druhu. V neposledni fadé mastocyty ovliviiuji funkce cévniho systému mozku
(Scholzen a kol., 1998; Luger, 2002; Kakurai a kol., 2006; Van Nassauw a kol.,
2007; Dimitriadou a kol., 1994; Mawdsley a Rampton, 2005; Edvinsson a kol.,
1977; Silver a kol., 1996; Matsumoto a kol., 2001; Kovacs a Larson, 2006).

Vzhledem k mnohostrannému zapojeni zirnych bunék do regulac¢nich
mechanismi télesné imunity je pochopitelné, Ze neoptimalni nastaveni tohoto
systému muze mit dalekosahlé nasledky na zdravotni stav jedince, naptiklad vyustit
ve vazné piipady alergické ptecitlivélosti a astmatu. I kdyz 1ze vysledovat vliv
genetickych faktori na dispozice k alergickym onemocnénim, zda se, Ze mnohem
zasadngjsi je vklad nevhodného Zivotniho prostiedi. Pfechod od vesnického zplisobu
zivota k méstskému piesveédcive koreluje s nartistem alergii v geneticky shodné
populaci. Ve hie je zfejmé souhra absence expozice piirozenym antigenim vnéjSiho
prosttedi v détstvi S vystavenim plsobeni znecisténi (zplodiny nedokonalého
spalovani, prachové Castice vazajici rizikové alergeny) a stresu. Pfitom se zda, ze
samotné znec€iSténi Zivotniho prostfedi ve méstech ma na vznik alergické
precitlivélosti mensi vliv nez vysoka Zivotni uroven zkoumanych osob. Statisticky
vyznamnym rizikovym faktorem pro dité je také naptiklad rozvod rodi¢u, kupodivu
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narozdil od umrti v roding. Alergie jsou také podporovany estrogeny ze znecisténého
zivotniho prostiedi (Bateman a Jithoo, 2007; Martinez, 2007; Sozanska a kol., 2007;
van Ree a Yazdanbakhsh, 2007; Semic-Jusufagic a kol., 2006; Bockelbrink a kol.,
2006; Narita a kol., 2007).

Anafylakticky Sok zplsobeny nahlou systemickou degranulaci mastocytii a
bazofilnich granulocytii v odpovéd’ na alergeny nékterych hmyzich a hadich jedi
byval pricitan patologickému plisobeni téchto bun€k, nebot” se jedna o stav mnohdy
akutné ohrozujici zivot. Na mys$im modelu se vSak podafilo prokazat protektivni roli
takto masivné sekretovanych proteaz vici vlastnim G¢inktim toxini. Ve svém
disledku tak anafylakticky Sok ohrozoval mysi méné nez sam jed, mohlo by se tedy
jednat o specificky obranny mechanismus (Metz a kol., 2006). Tato zajimava
hypotéza vSak zatim nebyla potvrzena na lidském modelu.

mnohobunéény

bakterie parazit alergen

v,
a

epitel

baktericidni latky, |, kotrien Ca

proteazy prostaglandin D2 %
. TNF
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Obr. 3: Interakce Zirnych bunék p¥i obrané télnich povrchi.

Sekrece baktericidnich latek a proteaz, stimulace epitelu, podpora hojeni ran,
podpora peristaltiky, bronchokonstrikce, vytvareni bolestivych podnétt, zvyseni
prostupnosti cév a ovlivnéni srazlivosti krve, chemotaxe a aktivace bilych krvinek.
(Podrobné: Bischoff, 2007)
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Signalizac¢ni kaskady Zirnvch bunék

Draha receptoru KIT a reakce na cytokiny

KIT je ptikladem transmembranového receptoru s tyrozinkindzovou aktivitou
V oblasti cytoplazmatické domény. Vyzba cytokinu SCF (,,faktor kmenovych
bun¢k*) z extracelularniho prostiedi vede k dimerizaci a vzajemné mnohocetné
fosforylaci receptort KIT. Na fosforylovana mista mohou nasedat adaptorové
proteiny Shc a Grb2, fosfolipaza Cy, nebo fosfolipidova kinaza PI3K. Shc a Grb2
iniciuji kaskadu proteini RAS, RAF a mitogenem aktivovanych kinaz, coz, spolecné
s pusobenim kindzy PI3K, vede K transkripci gent fidicich bunéény rist,
diferenciaci, chemotaxi a produkci cytokini, k ¢emuz ptispiva i aktivace kinaz
rodiny JAK, které fosforyluji proteiny STAT. Tyto proteiny po fosforylaci
dimerizuji a translokuji do jadra, kde ptisobi jako transkripéni faktory. Stimulovany
receptor KIT také prostiednictvim tyrozinkinaz rodiny Src (zvlasté Fyn) fidi
reorganizaci cytoskeletu. Signalizace pies receptor KIT ma zasadni vyznam pro rist,
vyvoj a zrani zirnych buné¢k, soucasné ale téz posiluje jejich efektorové funkce
podporou kaskady zavislé na imunoglobulinu E (IgE)

(Obr. 4) (Tsai a kol., 1991; O Farrell a kol., 1996; Gilfillan a Tkaczyk, 2006;
Samayawardhena a kol., 2007).

Receptory interleukini IL-3 a IL-5 jsou tvofeny heterodimerem specifické
vazebné podjednotky a a spole¢né podjednotky B, ktera po stimulaci receptoru
asociuje s tyrozinkinazami rodin Src a JAK a je jimi fosforylovana, ¢imz poskytne
vazebna mista pro komponenty nasledné signalizace, které se rovnéz ti¢astni
proteiny STAT a probiha obdobnym zptuisobem, jako v piipadé receptoru KIT.
Podobné mechanismy butika vyuziva téZ pro ostatni cytokiny, s rozdily
Vv podjednotkové skladbé receptord, typu naslednych signaliza¢nich molekul
(zejména kinaz rodiny JAK a proteintt STAT) i ve vysledném G¢inku (Velazquez a
kol., 2000; Suzuki a kol., 2000; Ding a kol., 2003; Gilfillan a Tkaczyk, 2006).

Aktivace zprostiredkovand IgE

Vysokoafinitni receptor imunoglobulinu E, FceRlI, se sklada ze ctyf
transmembranovych podjednotek. Zatimco podjednotka a je orientovana
extracelularnim smérem a vaze konstantni konce molekul IgE, podjednotka 3 a
dimer podjednotek y ve svych intracelularnich doménach obsahuji fosforylovatelna
vazebna mista ITAM (,,imunoreceptorové tyrozinové aktiva¢ni motivy*). Narozdil
od receptoru KIT nema FceRI vlastni tyrozinkindzovou aktivitu a je odkézan na
asociaci kinaz rodiny Src, zejména Lyn a Fyn. Vazebnou specifitu viéi antigentim
proptijcuje receptoru teprve IgE, které svym zptsobem slouzi jako pata podjednotka
receptoru. Navazani tohoto imunoglobulinu na FceRI vSak neni jen pasivnim
senzitizaénim krokem, ale soucasn¢ stimulem, ktery vyvolava sekreci né¢kterych
cytokind, zvySenou zivotaschopnost buiiky a jeji adhezi k extracelularni matrix,
nékdy téz vede k degranulaci. Mechanismus u¢inku IgE neni dosud uspokojivé
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objasnén, ale zda se, ze pro zabranéni klasické aktivaci je dulezita role inozitolové
fosfatazy SHIP (Kinet, 1999; Kalesnikoff a kol., 2001; Lam a kol., 2003; Kitaura a
kol., 2003; Kawakami a kol., 2005).

Agregace FceRI pomoci interakce vazaného IgE a antigenu vede k fosforylaci
motivil ITAM v podjednotkach B a y tyrozinkinazami rodiny Src (Lyn, Fyn). Ziejmé
se jedna o spoluptisobeni kinaz ptisedlych k ¢astééné fosforylovanému receptoru a
téch, které s FceRI asociovaly mechanismem stabilizace lipidovych rafta.
Fosforylované podjednotka B, na kterou se vazi kinazy Lyn a Fyn, slouzi jako
dualezity amplifikator signalu, ale ma téz modulacni funkci, nebot’ Lyn pti nadmérné
stimulaci receptoru plsobi i jako negativni regulator. V soucasné dob¢ se ukazuje
také vyznam kindzy Hck a spoluptsobeni riznych ¢lenti rodiny Src v procesu
aktivace zirnych bun¢k (Xiao a kol., 2005; Hong a kol., 2007). Pro optimalni
signalizaci je rovnéZ podstatna souhra tyrozinovych kinaz s fosfatdzami, a tyto déje
jsou ovliviiovany reaktivnimi slou¢eninami kysliku, které se uvolnuji v prabéhu
mnoha imunitnich reakci (Heneberg a Draber, 2002; Heneberg a Drdber, 2005).
Fosforylované podjednotky y receptoru FceRI maji zasadni dtlezitost pro dalsi
prenos informace. Naseda na n¢ cytoplazmaticka tyrozinkinaza Syk, kterd vzapéti
fosforyluje transmembranové adaptorové proteiny LAT a NTAL nebo
cytoplazmaticky adaptor SLP76, ¢imz z nich vytvofi ohniska naslednych
signaliza¢nich kaskad, zahrnujicich napiiklad aktivaci fosfolipaz Cy, fosfolipidové
kinazy PI3K, proteinkindz C a A, kaskady proteinu Ras a mitogenem aktivovanych
kinaz aj. (Podrobné: Gilfillan a Tkaczyk, 2006; Kraft a Kinet, 2007; Simeoni a kol.,
2005). Vysledkem je degranulace, piestavba cytoskeletu, produkce arachidonovych
metabolitll a transkripce genti (naptiklad pro syntézu cytokini). Jedna se o
antigenné-adaptivni odnoz mastocytarnich efektorovych mechanismil.

Aktivace zprostredkovand Thy-1 a jinymi proteiny s GPI kotvou

Glykoprotein Thy-1 (CD90), zakotveny do plazmatické membrany pomoci
GPI, predstavuje dulezity prvek regulace fyzickych interakci rozliénych bunéénych
typt. Jeho pfirozenym ligandem (a soucasné receptorem) jsou nékteré integriny, ale
umeéld agregace Thy-1 pomoci specifické protilatky vyvolava u zirnych bunck déje
podobné aktivaci prostfednictvim FceRI. Dochézi k mobilizaci vapenatych iontt,
sekreci mediatori i k fosforylaci celé fady proteind, byt’ s niz$i intenzitou nez
Vv ptipad¢ stimulace FceRI. Ziejmée se jedna o proces, ve kterém zasadni roli hraje
stabilizace lipidovych raft sdruzujicich tyrozinkindzy rodiny Src a palmitylované
transmembranové adaptorové proteiny (Rege a Hagood, 2006, Draberova a Draber,
1993; Surviladze a kol., 2001). Podobny efekt ma na zirné bunky téz agregace jiného
proteinu zakotveného ptes GPI, Tec-21. Ukazuje se, ze dimerizace n¢kterych GPI
proteinti (Thy-1, Tec-21, CD48) vede k neapoptotické expozici fosfatidylserinu na
bunééném povrchu, zatimco u jinych (karcinoembryonalni antigen) tomu tak neni.
Tyto experimenty jsou ale zatim v pocatcich a fyziologicka relevance aktivace
mastocytl prostfednictvim GPI neni dosud objasnéna. Pfinejmensim v nékterych
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ptipadech se miize jednat o dulezity mechanismus, nebot’ napiiklad CD48 je jednim
Z receptort, pomoci nichz zirné bunky reaguji na kontakt bakterii (Hdalovd a kol.,
2002; Smrz a kol., 2007; Murioz a kol., 2003).

Adhezivni receptory

Exprese specifickych sad adhezivnich molekul mé zasadni dulezitost pro
uchyceni zirnych bun¢k v cilovych tkanich v zavislosti na procesu diferenciace a
maturace. Tyto molekuly rovnéz obecné slouzi jako receptory, které mastocytim
poskytuji kostimula¢ni signaly pro aktivaci. Jejich expozice na bunééném povrchu je
regulovana spektrem cytokind, a dochazi k ni téZ v odpovéd’ na stimulaci kaskad
vedoucich k aktivaci efektorovych funkcei zirnych bun¢k. Nekteré adhezivni
molekuly se uplatiiuji pii vazbé extracelularni matrix (VLA-4 = integrin asfp1, VLA-
5 = integrin asP1, vitronektinovy receptor = integrin avfs, v kuzi téz VLA-3 =
integrin asp1), jiné v mezibunécnych kontaktech (ICAM-1, ICAM-2, leukosialin,
LFA-1, LFA-3, u nezralych zirnych bunék integrin asf7). Mezi adhezivni molekuly
patii i vySe uvedeny glykoprotein Thy-1 kontaktujici integriny, nebo KIT, ktery
muze vazat membranovou formu cytokinu SCF. Ukotveni zirné bunky pomoci
adhezivnich receptorti vyusti v reorganizaci cytoskeletu, fosforylaci nékterych
signaliza¢nich molekul, redistribuci cytoplazmatickych sekretorickych vacki a
piipravu k degranulaci. Téchto déju se Gcastni paxilin a kinaza fokalnich adhezi
FAK (Hamawy a kol., 1994; Smith a Weis, 1996; Okayama, 2000).

Jiné receptory Zirnych bunék

Pro roli zirnych bun€k v neadaptivni imunité jsou velice diilezité receptory
rodiny TLR (,, Toll-like receptors®), které reaguji na mikrobidlni a virové
komponenty, jako jsou lipopeptidy (rozpoznavané TLR1), peptidoglykan (TLR2,
TLR6), dvoufetézcova RNA (TLR3), lipopolysacharidy a F-protein respiratorniho
syncitialniho viru (TLR4). Heterodimerizace receptori TLR1 a TLR6 s TLR2
poskytuje bunice rozsiteni reakénich moznosti. V lidskych mastocytech byl popsan
také TLR7, ktery rozpoznava jednotetézcovou virovou RNA, a TLR9, odpovidajici
na bakterialni DNA. Agregace receptorit TLR ligandem je spojena s procesem
stabilizace lipidovych rafti. Cytokinové prostiedi miize zménit expresi jednotlivych
receptortit TLR a naopak stimulace TLR vyvolavéa sekreci specifickych cytokint,
které smetuji k obrané téla vii¢i mikroorganismiim nebo virim, nejednd se vSak o
degranulaci. Podobnou reakci vyvola kontakt patogena obaleného slozkami
komplementové kaskady (C3b, C4b) s prislusnymi receptory komplementu nebo
agregace molekul IgG vazanych na receptory Fcy, v téchto ptipadech vSak dochézi
téz k degranulaci a uvolnéni proteaz a histaminu (Marshal, 2004; Dolganiuc a kol.,
2006).

Neurotransmitery, chemokiny a chemotaktické fragmenty komplementu zirna
burika rozpoznava pomoci receptort z rodiny heterotrimerickych G-proteint. Stejny
systém vyuziva i na detekci adenozinu a sfingozin 1-fosfatu. Vazba ligandu vede
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k disociaci podjednotky G, od receptorového komplegu Gg,. Tato podjednotka poté
prostfednictvim fosfolipazy Cp stimuluje kaskady vedouci k sekreci nékterych
cytokind a podporujici (nebo téz vyvolavajici) degranulaci. Exprese chemokinovych
receptorti se méni v zavislosti na stupni maturace mastocytu a naopak jejich ligandy
vyvoj zirnych bunék ovliviuji (Forsythe a Befus, 2003; Marshal, 2004; Gilfillan a
Tkaczyk, 2006).

Zirné buiiky (na rozdil od bazofilii) exprimuji nejen vyse uvedeny
vysokoafinitni (FceR1I ), ale také homotrimericky nizkoafinitni receptor pro IgE
(FceRlIlI, CD23), jehoz role je vSak u nich dosud nejasna. Studie na jinych bunéénych
typech naznacuji, ze by se mohl ucastnit naptiklad prezentace antigenu, neni to ale
zatim vic nez jen domnénka (MacGlashan a kol., 1999; Montagnac a kol., 2005;
Getahun a kol., 2005). Mastocyty také mohou vazat IgG, a to pomoci riznych
receptord Fcy, jejichz zastoupeni zavisi na bunééném typu a daném organismu.
Nizkoafinitni receptory FcyRIIIA, FcyRIIA, FcyRIIB a FcyRIIC pro uc¢innou vazbu
potiebuji agregaci ligandu, exprese vysokoafinitniho receptoru FcyRI je v lidskych
zirnych bunkach indukovatelna, v mysich popsan nebyl. Nékteré z receptort Fey
(FcyRIIA, FeyRIIC, FeyRI, FeyRII) diky aktivaénim motivim ITAM, pfitomnym
Vv cytoplazmatickych doménach svych podjednotek, signalizaci stimuluji podobnym
zpusobem, jako FceRI, oproti tomu FcyRIIB diky inhibi¢nim motiviim ITIM vaze
inozitolovou fosfatazu SHIP a signalizaci tlumi. Tato supresivni funkce FcyRIIB ale
zavisi na spolupraci aktivacnich receptort (Malbec a Daéron, 2007; Bruhns a kol.,
2005). Receptor imunoglobulinu A, FcaRI, miize zirné butice poskytnout tlumivé
signaly, 1 kdyZ obsahuje aktivacni motiv ITAM. Ziejmé se tak déje vazbou fosfatazy
SHP1. U fady inhibi¢nich receptorii (PIRB, MAFA, LIR1, MAIR1, LMIRI1 aj.)
mechanismus ucinku nebo fyziologicka role dosud vyjasnény nejsou (Kraft a Kinet,
2007).
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Obr. 4: Zjednoduseny model souhry aktivace Zirnych bunék drahami receptoru
KIT a FceRI.

Fosforylace agregovanych receptortt FceRI (tyrozinkinazou Lyn nebo Fyn) a KIT
(autofosforylace) vede k vytvofeni signaliza¢nich ohnisek iniciujicich specifickou
transkripci gent. Na rozdil od kaskéady receptoru FceRI, kaskada vedouci od KIT
neposkytuje dobré podminky pro degranulaci, avSak podporuje ji.

(Gilfillan a Tkaczyk, 2006; Kraft a Kinet, 2007)
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Cile

Zamérem této prace bylo piispét k upiesnéni piedstavy o funkéni organizaci
plazmatické membrany leukocytii S uZitim topografickych pristupii na modelu
Zirnych bunék, coz soucasn¢ znamenalo obohaceni znalosti o samotnych zirnych
buiikach a prohloubeni metodického aparatu. Soustiedil jsem se na feSeni téchto
dil¢ich otazek:

- Jak izolovat listy plazmatické membrany 7 neadherentnich Zirnych bunék
BMMC?

Zavedenou metodu izolace (a znac¢eni) membranovych listti z adherentnich bunék
(Sanan a Anderson, 1991) 1ze dobfe aplikovat na leukemickou linii Zirnych bunék
RBL, ale ne na netransformované neadherentni zirn¢ buitky BMMC. Vzhledem

k tomu, Ze topografie signaliza¢nich molekul na membranovych listech
netransformovanych mastocytti nebyla znama, bylo vhodné vyvinout metodu izolace
téchto listll z neadherentnich bunék.

(Reseno v ¢lanku E.)

- Jakd je povaha signalizacnich ohnisek agregovaného receptoru FceRI?

Na bunikach RBL byl popsan model signalizace Zirnych bun¢k zahrnujici tvorbu
rozsahlych (priblizné 200 nm) domén receptoru FceRI (Wilson a kol., 2002).
Otéazkou vsak zlstavalo, zda je tvorba téchto domén jednou z podminek dostatecné
aktivace zirnych buné¢k, nebo spise jevem druhotnym. Odpovéd’ mohla

prinést analyza buné¢k aktivovanych dimerizaci FceRI, nebo jiného typu mastocyti.
(Reseno v ¢lancich A, E.)

- Jak je na plazmatické membrané distribuovdin adaptorovy protein NTAL a jaky
Je jeho topograficky vztah k adaptoru LAT, receptoru FceRI a glykoproteinu
Thy-1?

Analyza vzajemné topografie adaptorovych proteini LAT a NTAL, které patii spolu
s Thy-1 mezi typické markery lipidovych raftd, a porovnani jejich lokalizace vici
agregovanému FceRI a Thy-1, mohla mnohé vypovidat nejen o pienosu signalu
mezi receptory zirnych bunék a adaptorovymi proteiny, ale i o povaze systému
lipidovych raft v plazmatické membrané.

(Reseno v ¢lancich B, C, E.)

- Nevede zména exprese proteinu NTAL K tvorbé atypickych struktur

V plazmatické membrané?

Vysledky spoluautort ukazaly, ze NTAL ptisobi jako negativni regulator aktivace
zirnych bunék. Bylo tedy vhodné védét, zda se nadmérna nebo snizend exprese
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tohoto proteinu neprojevi v plazmatické membrané netypickou lokalizaci
signaliza¢nich molekul.
(Reseno v ¢lanku D.)

- Jakd je povaha domén glykoproteinu Thy-1?

Rozli¢na data naznacovala znacnou nezavislost markert lipidovych raftt

V plazmatické membran¢ a hovofila proti pfedstaveé téchto domén jako spontannich
koagregatli vice druhti signaliza¢nich molekul. Vzajemna lokalizace dvou strukturné
vysoce podobnych izoforem proteinu Thy-1 (Thy-1.1 a Thy-1.2) mohla naznadit,
jakym zptisobem jsou Vv plazmatické membrané organizovany domény Thy-1.
(Reseno v ¢lanku C.)
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Metody

Stézejnim pristupem K dosazeni vyty¢enych cilt se stala analyza topografie
signaliza¢nich molekul na izolovanych listech plazmatické membrany pomoci
transmisni elektronové mikroskopie. Tomu pfedchézely predbézné experimenty
(nepublikovano) zahrnujici purifikaci protilatek, ovéfeni jejich specifity a reaktivity
V zéavislosti na pouzitém fixativu a prvni piiblizeni topografickym zménam na
plazmatické membrané pti aktivaci zirnych bunék za rozliseni fluorescenéni
mikroskopie. Na tomto misté uvadim jen struény piehled téch ptistupi, které jsem
pouzival sam. Pro detailni informace o jednotlivych technikédch odkazuji ¢tenare na
metodické oddily ptilozenych ¢lankd.

- Kultivace zirnych bunék
(Kultivovana krysi leukemicka linie RBL-2H3 a zirné bunky BMMC odvozené
z kostni dfené.)

- Méfeni urovné degranulace zirnych bunék
(Detekce sekretované B-glukuronidazy.)

- Purifikace protilatek; pfiprava bunéénvch lyzati; immunoblotting; fluorescencni

mikroskopie

(Krali¢i polyklonalni protilatka anti-NTAL izolovana imunoafinitné na

rekombinantnim proteinu NTAL.)

- Ptiprava a znaceni izolovanych listh plazmatické membrany; elektronova
mikroskopie; digitalizace dat; statistické vyhodnoceni
(Soutadnice imunoznacek prevedeny do digitalni formy pomoci programu
Ellipse [ViDiTo; Kosice, SR] a statisticky zpracovany programem GOLD nebo
algoritmy skupiny Bridget Wilson z University of New Mexico s vyuzitim
systétmu MATLAB [MathWorks; Natick, USA].)
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Signaling assemblies formed in mast cells
activated via Fce receptor | dimers

Lubica Draberové, Pavel Lebduska, lvana Halova, Pavel Tolar, Jitka Stokrova, Helena
Tolarova, Jan Korb and Petr Draber

Department of Signal Transduction, Institute of Molecular Genetics, Academy of Sciences of the
Czech Republic, Prague, Czech Republic

Although aggregation of the Fce receptor | (FceRl) is necessary for Ag-mediated mast cell
triggering, the relationship between the extent of the FceRl aggregation and subsequent bio-
chemical and topographical events is incompletely understood. In this study, we analyzed
the activation events induced by FceRI dimers, elicited by binding of anti-FceRl mAb to rat
basophilic leukemia cells. We found that, in contrast to extensively aggregated FceRl, recep-
tor dimers (1) induced a less extensive association of FceRl with detergent-resistant mem-
branes, (2) delayed the tyrosine phosphorylation and membrane recruitment of several sig-
naling molecules, (3) triggered a slower but more sustained increase in concentration of free
cytoplasmic calcium, (4) induced degranulation which was not inhibited at higher concentra-
tions of the cross-linking mAb, and (5) failed to produce clusters of FceRlI, Syk kinase and
Grb2 adapter in osmiophilic membranes, as detected by immunogold electron microscopy
on membrane sheets. Despite striking differences in the topography of FceRl dimers and
multimers, biochemical differences were less pronounced. The combined data suggest that
FceRl-activated mast cells propagate signals from small signaling domains formed around
dimerized/oligomerized FceRl; formation of large FceRl aggregates in osmiophilic mem-
branes seems to promote both strong receptor triggering and rapid termination of the signal-

ing responses.

Key words: Mast cell / IgE receptor / Protein kinase / Receptor topography

1 Introduction

The aggregation of Fce receptor | (FceRl) on mast cells
and basophils by multivalent Ag initiates a signaling cas-
cade that results in degranulation. The first recognized
biochemical event of the cytoplasmic signal transduction
cascade is tyrosine phosphorylation of FceRl B and
¥ subunits by Lyn kinase. Phosphorylation of the FceRI
¥ subunits allows the protein tyrosine kinase Syk to
associate with the receptor via its two Src homology
(SH)2 domains. This recruitment and consequent activa-
tion of Syk leads to further downstream signaling, includ-
ing tyrosine phosphorylation of LAT, Gab2 and Grb2

[DOI 10.1002/€ji.200322663]

Abbreviations: [CGa?];: Concentration of free cytoplasmic
Ca** DRM: Detergent-resistant membranes F-actin: Fila-
mentous actin FeeRI: Fcereceptor | HRP: Horseradish per-
oxidase MBCD: Methyl-f-cyclodextrin PCF: Pair correla-
tion function PCCF: Pair cross-correlation function PLC:
Phospholipase C PI3K: Phosphatidyinositol  3-kinase
PIP3: Phosphatidylinositol 3,4,5-trisphosphate RBL: Rat
basophilic leukemia SH: Src homology
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adapters. These proteins contribute to the formation of
multicomponent signaling complexes on the plasma
membrane containing phospholipase C (PLC)y, phos-
phatidyinositol 3-kinase (PI3K), phosphatase SHP-2,
and others (reviewed in [1, 2]).

We have previously found that Lyn in rat basophilic leu-
kemia (RBL) cells is associated with detergent-resistant
membranes (DRM) containing also the glycosyl-
phosphatidylinositol-anchored proteins Thy-1 and TEC-
21 [, 4]. Further analysis indicated that FceRIl was only
weakly associated with DRM in resting cells and that this
association increased upon FceRI aggregation [5]. Con-
focal microscopy with green fluorescence-labeled cyto-
plasmic probes proved that aggregated FceRI colocal-
ized with Lyn and Syk [6, 7]. Although the presence of an
SH2 domain was not important for localization of Lyn in
DRM, only SH2-containing Lyn constructs colocalized
with aggregated FceRl, pointing to an important role of
SH2-mediated interactions in this process [6]. Surpris-
ingly, EM showed that Lyn and Syk in activated cells
appeared in topographically distinct membrane micro-
domains. In resting cells, FceRIl was distributed to dis-
persed small aggregates that often were loosely colocal-
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ized with small Lyn aggregates. After aggregation, FceRl
redistributed to membrane microdomains that stained
more intensely with osmium than the bulk membrane.
Because these osmiophilic membranes accumulated
several other signaling molecules, including Syk, PLCy2,
PIBK, Gab2 and Grb2, Wilson et al. suggested that they
represent the primary signaling domains that function as
sites of signaling from cross-linked FceRI to downstream
responses [2, 8]. This hypothesis was supported by data
indicating that FceRl dimers that did not localize in osmi-
ophilic patches were capable of inducing tyrosine phos-
phorylation of FcgRI subunits, but not Syk activation and
other more distant signaling events [9]. Interestingly, full
activation response could be restored after induced
aggregation of the FceRI dimers. This process correlated
with the redistribution of FcegRI aggregates into osmio-
philic regions of the plasma membrane.

Although FceR| aggregation is necessary for FceRl-
mediated mast cell triggering [10, 11], the relationship
between the extent of aggregation and subsequent bio-
chemical and topographical events is incompletely
understood. In this study, we analyzed the early activa-
tion events in RBL cells triggered by FceRIl dimers
formed after binding of anti-FceRl mAb and compared
them with those induced by FceRl multimers produced
by aggregation of FceRI-IgE complexes by means of
multivalent Ag or anti-IgE Ab.

2 Results

2.1 Differences in degranulation, calcium
response and DRM recruitment between
cells activated via FceRI dimers and
multimers

Using divalent anti-FceRl mAb, it has been shown that
the minimal unit capable of inducing FceRIl-coupled
responses was the FceRIl dimer [11]. As these mAb
reportedly failed to induce any detectable FceRI aggre-
gation [12], we first tested their capability to induce the
association of FcegRl with DRM and correlated these
changes with degranulation and calcium responses. We
used two mAb, clones 5.14 and H10, which differ in their
efficacy for cell activation (Fig. 1A, B). Both mAb induced
degranulation at a relatively low concentration (0.02 pg/
ml), which reached a maximum using 1 pg/ml and
remained high at up to 10 ug/ml (not shown). At low con-
centrations, the H10 mAb was more potent than the
5.14 mAb. Both mAb also induced a dose-dependent
increase in concentration of free cytoplasmic Ca’*
([Ca*1), and again clone H10 was superior to clone 5.14
(Fig. 1C, D).

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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To test how the extent of aggregation of FceRlI correlates
with association of the receptors with DRM, cells were
exposed to 'I-labeled 5.14 or H10 mAb for 5 min and
solubilized in ice-cold 0.06% Triton X-100; this solubili-
zation procedure preserves the association of aggre-
gated FceRI with DRM [5, 6]. In control cells exposed to
2%-|gE instead of anti-FceRl Ab, most of the ™°l-IgE-
FceRl complexes (94+8%; mean + SD, n=4) were found
in the high-density fractions of the sucrose gradient
(fractions 11-22), and only a small portion (5.8+2.2%)
was found in the low-density fractions (fractions 1-10;
Fig. 1E, F). When the receptors were dimerized with anti-
FceRl Ab, a significant portion moved into the low-
density fractions. Interestingly, association of FceRl
dimers with these fractions was induced by relatively low
mAb concentrations and exhibited a broad density pro-
file on the sucrose gradient. Two peaks were observed at
0.05 pg/ml, one in fractions 4 and 5 and the other one in
fraction 9. A 20-fold increase in mAb concentration
slightly enhanced recruitment of dimerized FceRIl into
DRM, and the peak in fraction 9 became dominant. Only
a small portion of dimerized receptors was found in the
high-density fractions (fractions 23-25).

For comparison, we also examined the properties of
cells with extensively aggregated FceR| after exposure of
FceRI-IgE complexes to anti-IgE Ab or Ag. Data pre-
sented in Fig. 2A indicate that the secretion of B-
glucuronidase increases with rising concentration of
anti-IgE Ab up to a maximum observed at 1 ug/ml. At 5
and 10 pg/ml anti-IgE Ab, the secretory response was
inhibited by ~20% and ~45%, respectively, compared
to the maximum. In contrast, the calcium response
reached its top increase in cells activated with the high-
est concentration of anti-IgE Ab tested (10 pg/ml). The
rapid increase in [Ca®"], was followed by its fast decline.
Lower concentrations of anti-IgE Ab led to a slower
onset, but also a longer-lasting Ca** response (Fig. 2B).
Sucrose density gradient profiles are shown in Fig. 2C.
When '®|-IgE-FceRl complexes were aggregated with
0.1 ug/ml anti-IgE Ab, 17.3+1.8% (n=3) of total FceRl
was associated with DRM. A further increase in anti-IgE
Ab concentration resulted in more FceRI being associ-
ated with DRM (30.1+2.8% at 1 pg/ml, 58.4+1.5% at
5 ug/ml and 63.8+2.2% at 10 ug/ml). Extensive aggrega-
tion of FceRI-IgE complexes induced their higher recruit-
ment not only into DRM, but also into the high-density
fractions (fractions 23-25). Such high-density complexes
were also observed in cells solubilized with 0.5%
Triton X-100, i.e. after treatment that prevented the asso-
ciation of aggregated FceR| with DRM (not shown), sug-
gesting that they represent complexes of FceRl with the
cytoskeleton [5, 10]. Pretreatment of the IgE-sensitized
cells for 40 min with 10 mM methyl-B-cyclodextrin
(MBCD) before adding anti-IgE Ab or anti-FceRl mAb
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resulted, in accordance with previous results [13], in
complete inhibition of the induced association of aggre-
gated FceRl with DRM (not shown). These data suggest
that the formation of complexes of aggregated FceRl
with DRM is dependent on cholesterol.

2.2 Tyrosine phosphorylation of FceRIl, Syk and
LAT

In further experiments, we examined whether there are
any biochemical differences between cells activated via
dimerized or extensively aggregated FcegRl. Data pre-
sented in Fig. 1G and H indicate that the two anti-FceRI
mAb induced a concentration-dependent increase in
phosphorylation of the FcgRl B and y subunits, Syk, and
LAT; at low mAb concentrations, the H10 mAb was again
superior. In cells stimulated with anti-IgE Ab at supraop-
timal doses (6 and 10 pg/ml), phosphorylation of Syk,

@ 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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« Fig. 1. Early activation events induced by anti-FceRI mAb,

5.14 or H10. (A, B) Secretory response. RBL cells were acti-
vated with varying concentrations (0.02-1.0 pg/ml) of mAb,
and B-glucuronidase released into the supernatant was
determined after various time intervals. Means + SD of three
independent experiments performed in duplicates or tripli-
cates are shown. (C, D) Calcium response. Cells were
labeled with FURA-2/AM, transferred into a cuvette kept at
37°C in aluminescence spectrometer and activated by add-
ing mAb at rising concentrations {arrow). [Ca®*); was deter-
mined as described in Sect. 4. A typical experiment from
three performed is shown. (E, F) Recruitment of FceRl
dimers into DRM. Cells were stimulated with ™%|-labeled
5.14 or H10mAb at concentrations of 0.02 pa/ml (empty
diamonds), 0.05 pg/ml (empty triangles) or 1.0 pg/ml (empty
circles). Cells exposed to ®5|-IgE (N, filled circles) served as
negative control. After 5 minat 37°C, cells were lysed in ice-
cold lysis buffer containing 0.06% Triton X-100. Total cell
lysates were loaded into the 40% sucrose fraction of a
sucrose step gradient and fractionated by ultracentrifuga-
tion. Points show the percentage of total dpm in individual
fractions {left axis). Sucrose concentrations in individual
fractions are also indicated (filled triangles; right axis). One
typical experiment from three to four performed is shown.
(G, H) Tyrosine phosphorylation of FcgRI, Syk and LAT. Cells
were stimulated with various concentrations of mAb and
after 5 min lysed in the appropriate lysis buffer (see Sect. 4).
FcgRI, Syk or LAT were immunoprecipitated and analyzed by
immunoblotting with PY-20-HRP conjugates and protein-
specific Ab, followed by densitometry. Densitometry data
were normalized for each component analyzed by dividing
the absorbance at a given mAb concentration by the absor-
bance of the sample showing the maximum in the given
experiment; the amount of individual proteins immunopre-
cipitated was also taken into account. Means + SD of three
to four experiments are shown.

LAT and the FceRI subunits was higher than in cells stim-
ulated with doses optimal for degranulation (1 pg/ml;
Fig. 2D).

2.3 Formation of signaling assemblies

In previous publications, we described a simple method
for estimation of the formation of signaling assemblies in
the course of FceRI-mediated activation [14, 15]. This
method is based on permeabilization of cells with the
cholesterol-sequestering reagent saponin, followed by
removal of free cytoplasmic components by washing,
complete solubilization of membrane components
including DRM by means of Triton X-100, and isolation of
selected signaling molecules by immunoprecipitation.
Using this method, which accentuates changes in sub-
cellular localization of signaling molecules, we first
examined in more detail the reported changes in Gab2
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adapter distribution, which in FceRl-activated cells
translocated from the cytosol to the plasma membrane
[16]. Immunoblotting analyses showed a rapid associa-
tion of Gab2 with macromolecular complexes in
5.14 mAb-activated cells (Fig. 3). Compared to cells acti-
vated with anti-IgE Ab, this association was lower at
0.5 min (1.6-fold versus 6.4-fold increase), but analo-
gous at later time points. Gab2 immunoprecipitates
comprised numerous tyrosine-phosphorylated proteins,
as detected by immunoblotting with PY-20 mAb. At the
earliest time point (0.5 min), more tyrosine-phos-
phorylated proteins were observed in anti-lgE Ab-
activated cells than in 5.14 mAb-triggered cells. How-
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« Fig. 2 Early activation events induced in IgE-sensitized cells

by anti-IgE. (A) Secretory response. Cells were sensitized
with IgE (1 pg/ml), activated by exposure to anti-IgE Ab at
concentrations of 01, 1, 5 or 10pug/ml, and B-
glucuronidase amounts were determined (for details see
Fig. 1). (B) Calcium response. Cells were sensitized with IgE,
loaded with FURA-2/AM, activated by adding anti-IgE Ab at
various concentrations {arrow), and [Ca®*]; was determined.
{C) Recruitment of aggregated FcgRl in DRM. Cells were
incubated for 30 min at 37°C with "|-labeled IgE (1 pg/ml).
Unbound IgE was washed out and the cells were exposed to
anti-IgE Ab at concentrations of 0.1 pg/ml (empty dia-
monds), 1 wg/ml {empty squares), 5 pa/ml {empty triangles)
or 10 mg/ml (empty circles) or medium alone (filled circles).
After 5 min at 37°C, the cells were lysed and analyzed by
sucrose density gradient centrifugation. (D) Tyrosine phos-
phorylation of FceRI, Syk and LAT. IgE-sensitized cells were
stimulated with various concentrations of anti-IgE Ab, then
lysed and analyzed for tyrosine phosphorylation as
described in Fig. 1G and H.

ever, this situation was reversed later (2 and 5 min). One
of the proteins in Gab2 precipitates was the SHP-2
phosphatase, and its amount in 5.14-activated cells was
again lower only shortly after activation (0.5 min).

These studies were extended to another adapter protein,
Grb2, which binds via its SH2 and SH3 domains to
numerous signaling molecules including LAT adapter
and PI3K [17] and undergoes significant changes in
topography after FceRl triggering [2]. Immunoblotting
indicated that the amount of Grb2 bound to saponin-
permeabilized cellular ghosts was increased during
FceRl-mediated signaling (Fig. 4). Grb2 immunoprecipi-
tates harbored a number of tyrosine-phosphorylated
proteins, including LAT and PI3K, and in most cases, this
association was more pronounced in 5.14 mAb- than in
anti-Ige Ab-stimulated cells, especially after longer time
intervals.

Dramatic changes in the distribution of signaling mole-
cules induced by FceRl dimers were reflected in func-
tional assays assessing the activity of PI3K Fig. 5). In the
course of 5.14 mAb-induced activation, the amount of
PI3K immunoprecipitated from permeabilized cells
increased (2.0-fold at 5 min). The changes were accom-
panied by a dramatic rise in PI3K enzymatic activity 0.8-
fold at 5 min). A significant increase in PI3K activity was
also observed in Gab2 and Grb2 immunoprecipitates. At
the earliest time point (0.5 min), the PI3K activity in PI3K
and Gab2 immunocomplexes was lower in cells acti-
vated via FceRl dimers than via multimers. However,
these differences almost disappeared later, and higher
PI3K activity in Gab2 immunoprecipitates was reproduc-
ibly observed in 5.14 mAb-activated cells.
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Fig. 8 Tyrosine phosphorylation and cytoplasmic localiza-
tion of Gab2 and associated proteins. Cells were activated
through FcgRl dimers (5.14) or multimers {@-lgE), using the
Ab at 1 pg/ml concentration. At the indicated time intervals,
the cells were spun down, resuspended in permeabilization
buffer containing 0.1% saponin, washed, and cellular ghosts
were extracted with lysis buffer containing 1% Triton X-100.
Gab2 immunoprecipitates were analyzed by immunoblotting
with PY-20-HRP, anti-Gab2 and anti-SHP-2 Ab. Relative
amounts of Gab2 and SHP-2 and Gab2 tyrosine phosphory-
lation were determined by densitometry and normalized to
non-activated cells. Arrows on the right and numbers on the
left indicate the positions of the corresponding proteins and
molecular weight standards, respectively. A typical result
from four experiments performed is shown.

The increased activity of PI3K in 5.14 mAb-stimulated
cells was confirmed by an analysis of phosphatidylinosi-
tol 3,4,5-trisphosphate (PIP3), an in vivo PISK metabolite.
Enhanced levels of PIP3 were observed after both time
intervals used (2 and 5 min) and were only slightly lower
in cells activated via FceRl dimers than via multimers
{Fig. 6A, B). Higher activity of PI3K was also reflected in
an enhanced translocation of Akt kinase into signaling
assemblies and especially in an increased Akt tyrosine
phosphorylation {Fig. 6C). Interestingly, any of the two
criteria showed FceRl dimers as more potent than multi-
mers, especialy after longer time intervals.

2.4 Actin polymerization

Actin microfilaments seem to regulate the interaction
between aggregated FceRI and signal transduction mol-
ecules [18]. To quantify the levels of filamentous actin (F-
actiny we measured the binding of FITC-labeled phalloi-
din to permeabilized cells by FCM. An exposure of RBL
cells to the 5.14 mAb at a concentration of 0.1 pg/ml
caused a rapid increase in the level of F-actin, which
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Fig. 4. Tyrosine phosphorylation and cytoplasmic localiza-
tion of Grb2 and associated proteins. Cells were activated
and solubilized with saponin/Triton X-100 as described in
Fig. 3. Grb2 was immunoprecipitated and analyzed by
immunoblotting with PY-20-HRP, anti-Grb2, anti-LAT and
anti-PIBK p85 subunit Ab. Relative amounts of the proteins
and Grb2 tyrosine phosphorylation were determined by den-
sitometry of the corresponding immunoblots and normalized
to non-activated cells. A typical result from three experi-
ments performed is shown.

peaked at 5 min after cell triggering and then slowly
declined (Fig. 7A). Higher concentration of 5.14 mAb
(1 pg/ml) induced a swifter increase in the amount of F-
actin, which remained enhanced at all time intervals.
Extensive aggregation of FceRl in IgE-sensitized cells
achieved by adding anti-IgE Ab (1 pg/ml) induced a more
rapid and extensive increase in F-actin (Fig. 7B). An
increase of the anti-IgE Ab dose to 10 pg/ml caused a
still quicker rise in actin polymerization peaking at 3 min,
but also its rapid decline.

2.5 Electron microscopy

To throw more light on the topography of signaling mole-
cules in cells activated through FceRI dimers, we iso-
lated membrane sheets from both resting and activated
cells and determined the distribution of the FceRlI § sub-
units, Grb2 and Syk by immunogold EM. We could con-
firm previous data [2, 8] that FceRl B subunits in resting
cells are found homogeneously distributed as singlets
and small dispersed clusters mostly containing two to
five gold particles. In 5.14 mAb-activated cells, the FceRl
B subunits remained homogeneously distributed, occa-
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Fig. 5. PI3K enzymatic activity. Cells were activated as
described in Fig. 3. PI3K, Gab2 and Grb2 were immunopre-
cipitated and subjected to PI3K assay. *P]Phosphatidylino-
sitol phosphate (PIP) was guantified as described in Sect. 4
and normalized to unstimulated cells. The relative amount of
PIBK in the post-nuclear supernatant was determined by
immunoblotting with anti-p85 PI3K Ab and densitometry
and normalized to unstimulated cells. Arrows indicate the
positions of PIP and PI3K. Representative experiments from
at least three performed in each group are shown.

sionally associated with Syk (Fig. 8A). In confrast, Ag-
mediated aggregation of FceRl resulted in an accumula-
tion of FceRIl B subunits in osmiophilic regions of the
plasma membrane together with Syk (Fig. 8B; see also
[8., 19]). Asimilar picture was obtained when the topogra-
phy of Grb2 marked with gold particles was analyzed.
Grb2 gold particles were relatively sparse on membrane
sheets from untreated and IgE-sensitized cells {Fig. 9A,
C), whereas in 5.14 mAb-activated cells, the amount of
particles increased (see below), although they did not
associate with osmiophilic regions of the plasma mem-
brane (Fig. 9B). FceRIl multimers led to an accumulation
of Grb2 in osmiophilic regions, together with FceRI
B subunits (Fig. 9D). Counting the gold particles specific
for Grb2 indicated that resting cells contained 6.8+0.9
{mean = SD, n=8) gold particles per 1 pn? of plasma
membrane. Similar counts were obtained in IgE-
sensitized cells (6.9+1.1). In cells activated for 2 min with
the 5.14 mAb or a multivalent Ag, the total number of
Grb2-marking particles increased to 99+02 and
14.3+3 4, respectively. Quantitative analysis of particle
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Fig. 6. PIP3 levels and properties of Akt. (A) PIP3 levels were
determined in [FPlorthophosphate-labeled cells before
{0 min) or following stimulation with 5.14 mAb or anti-IgE Ab.
The TLC separation pattern was estimated using phosphoi-
nositide standards, phosphatidylinositol monophosphate
{PIP1), phosphatidylinositol 4,5-bisphosphate (PIP2) and
PIP3. A representative TLC from three performed is shown.
(B) Quantitative measurements of PIP3 levels normalized to
nonstimulated control cells (means + SD, n=3). (C) Cells
were activated and solubilized with saponin/Triton X-100.
Post-nuclear supernatants were analyzed by immunoblot-
ting with anti-phospho-Akt (pAkt) and anti-Akt, followed by
densitometry analysis as described in Fig. 3. A typical result
from two experiments is shown.
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Fig. 7. FceRl-mediated actin polymerization. FcgRl were
dimerized by 5.14 mAb (0.1 or 1 ug/ml; A), or extensively
aggregated by adding anti-lgE Ab (1 or 10 pg/ml) to IgE-
sensitized cells (B). After various time intervals, the levels of
F-actin were quantified by FCM and expressed relative to
the level in non-activated cells. Means + SD of three deter-
minations are shown.
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Fig. 8 Membrane topography of FceRI f subunits and Syk in activated cells. Nonsensitized (A) or IgE-sensitized (B) cells were
activated by exposure to 5.14 mAb (1 pg/ml) or DNP-BSA (1 pg/ml), respectively. Membrane sheets prepared from these cells
were double-labeled from the inside for FceRI B subunits (10-nm gold particles, arrows) and Syk (5-nm gold particles, arrow-

heads).

clustering, using the pair correlation function (PCF), and
of colocalization of gold particles marking FceRI B sub-
units and Grb2, using the pair cross-correlation function
{PCCF), confirmed that only Ag-activated cells exhibited
an enhanced formation of FceRl clusters with increased
colocalization of FceRl and Grb2 (Fig. 10). Independent
experiments confirmed that under the conditions of the
EM analysis, the cells activated with 5.14 mAb or multi-
meric Ag released a comparable amount of B-
glucuronidase (not shown). Taken together, these results
demonstrate that a full secretory response is attained in
cells activated through FceRI dimers in the absence of
formation of large clusters of FceRI, Grb2 and Syk in
osmiophilic membranes.

3 Discussion

The data presented here indicate that receptor dimers
formed by anti-FceRl mAb induced cell signaling events
that were generally comparable to those induced by
FceRI multimers and resulting from aggregation of FceRI-
IgE complexes by anti-IgE Ab or Ag. However, certain
signaling events were disparate. First, under optimal
conditions, anti-FceRl mAb induced degranulation equal
to that induced by optimal doses of anti-IgE Ab or AQ.
Yet, tenfold higher doses of anti-FceRl mAb failed to
inhibit the secretory response, whereas supraoptimal
doses of anti-IgE Ab or Ag were inhibitory. It should be
stressed that supraoptimal doses of anti-IgE Ab induced
enhanced tyrosine phosphorylation of FceRI, Syk and
LAT, suggesting that early activation events were not
inhibited but rather potentiated by extensively aggre-
gated FceRIl. Second, FceRI dimers triggered a dose-
dependent increase in [Ca®]; that was slower in onset
and more protracted than in cells activated via FceRI

@ 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

multimers. Supraoptimal doses of anti-IgE Ab caused a
faster but more transient increase in [Ca®']; than anti-IgE
Ab at optimal doses; this could explain the decreased
secretory responses. Third, anti-FceRl mAb induced
association of a fraction of FceRl with DRM within a
broad range of densities as determined by sucrose gra-
dient ultracentrifugation. Interestingly, a significant por-
tion of FceRI remained in the detergent-soluble fractions,
and only a small part was found associated with the
high-density fractions confaining the cytoskeleton/
nuclear remnants. In contrast, FceRl multimers showed a
dose-dependent distribution to low-density fractions,
and a significant amount of them (22% at 10 pg/ml anti-
IgE Ab) remained associated with the high-density insol-
uble remnants. Fourth, FceRI dimers usually triggered a
slower but more sustained redistribution of several sig-
naling molecules (Gab2, Grb2 and PI3K) from the cyto-
plasm to the newly forming signaling complexes, as evi-
denced by their capture in saponin-permeabilized cells.
These changes were related to a slower enhancement in
tyrosine phosphorylation of several substrates as well as
a lower enzymatic activity of PI3K. However, at later
stages of activation, tyrosine phosphorylation and/or
activity of signaling molecules induced by FceRI dimers
were similar or even exceeded those elicited by FcegRI
multimers. Fifth, FGeRI dimers triggered slower and less
extensive actin polymerization in cells activated with
optimal concenfrations of cross-linking agents. Further
increases in 5.14 mAb concentration had no effect on
actin polymerization, whereas excessive doses of anti-
IgE Ab resulted in accelerated actin polymerization, but
also a faster return to baseline levels. Finally, the most
remarkable difference between FceRl dimers and multi-
mers was in their effect on the topographical distribution
of signaling molecules. Immunogold EM analysis of
membrane sheets confirmed previous data [2, 8, 19]
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Fig. 9. Membrane topography of FcgRl B subunits and Grb2. Nonsensitized (A, B) or IgE-sensitized (C, D) cells were incubated
for 2 min with no addition (A, C), 5.14 mAb (B; 1 pg/ml) or DNP-BSA (D; 1 ug/ml). Membrane sheets prepared from these cells

were double-labeled from the inside for FcgRI B subunits (1
heads).

on the dispersed distribution of FceRl § subunits as indi-
vidual molecules, dimers or small clusters in non-
activated cells and anti-FceRl mAb-triggered cells.
Detailed analysis of gold-labeled Grb2 showed a small
increase in the total number of Grb2 particles in
5.14 mAb-activated cells, but no significant colocaliza-
tion of Grb2 with FceRl p subunits in osmiophilic mem-
branes. Similarly, there was no dramatic clustering of
Syk with FceRI B subunits in osmiophilic membranes in
5.14 mAb-activated cells. In contrast, Ag activation
brought about the accumulation of FceRI B subunits in
easily detectable clusters that colocalized with Grb2 and
Syk in osmiophilic membranes.

@ 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

0-nm gold particles, arrows) and Grb2 (5-nm gold particles, arrow-

Ortega et al. reported that the H10 mAb initiated signal-
ing through Lyn activation and FceRI subunit phosphory-
lation, but caused only a modest activation of Syk and a
slight increase in [Ca®*; and secretion, compared to sev-
eral other FcgRI-dimerizing mAb [12]. In the present
study the H10 mAb was found comparable to, or even
more potent than, the 5.14 mAb with regard to its ability
fo induce early cell activation events. Because we used a
different subclone of RBL cells and different cell culture
conditions, diversities in the composition and properties
of plasma membrane lipids may account for the
observed discrepancies. Alternatively, an increased sig-
naling capacity could be attributed to the presence of
aggregates of mAb in the batch of H10 mAb used in this
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Fig. 10. Analysis of FceRI B subunit and Grb2 clusters. Dis-
tribution of FcgRI B subunits and Grb2 on membrane sheets
was determined as described in Fig. 9. PCF and PCCF val-
ues, sorted by 5-nm intervals, were determined from three
independent experiments as described in Sect. 4.

study. Although the likelihood of this possibility seems to
be strengthened by data showing that the aggregated
H10 mAb induced activation comparable in extent to
multivalent AQ [9], our own unpublished data render this
explanation unlikely because the removal of aggregates
by ultracentrifugation did not alter the properties of the
mAb. Furthermore, confocal microscopy revealed an
almost homogeneous distribution of the H10 mAb on
cells incubated with the Ab for 5 min before fixation and
staining (hot shown). Finally, the H10 mAb-FceRIl com-
plexes induced activation events typical for dimerizing
mADb, including degranulation, calcium response and
density distribution on a sucrose gradient {Fig. 1).

Previous EM studies on IgE-sensitized cells showed that
addition of cross-linking agents (multivalent Ag or anti-
IgE Ab) induced a striking redistribution of receptor
aggregates to distinct regions of the plasma membrane
that are characterized by their dark staining with
osmium, adjacency of coated pits, and accumulation of
several signaling proteins including Syk, PLCy2, PI3K,
Gab2 and Grb2 [2, 8]. It has been suggested that these
regions are the primary sites of active signaling to down-
stream pathways. However, because strong FceRI sig-
naling is also observed in anti-FceRl mAb-activated cells
without formation of large receptor clusters associated
with osmiophilic membranes, itis likely that genuine sig-
naling domains are much smaller, formed around recep-
tor dimers/oligomers, and that the large signaling com-
plexes might have some other function. We favor the
hypothesis that large signaling assemblies function as
sites that facilitate both a rapid receptor-mediated cell
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riggering and an increased degradation of FceRl com-
plexes.

The combined data indicate that FceRI dimers/oligomers
rigger formation of signaling complexes that are small in
size but possess all components necessary for signal
propagation. These complexes are relatively stable and
are not rapidly internalized, as suggested by the absence
of an increased amount of clathrin-coated pits in the
vicinity of FceRl dimers/oligomers (see also [9]). How
these small complexes are internalized remains to be
solved. On the other hand, when IgE receptors are
extensively aggregated, large signaling assemblies are
formed that must be regulated to avert strong sustained
signaling, which could lead to cell death by overstimula-
tion. Rapid association of the signaling assemblies with
osmiophilic membranes in the vicinity of clathrin-coated
pits suggests that regulation of these signaling domains
is mediated by receptor internalization. This is supported
by previous data showing that the extent of receptor
aggregation corresponded to the extent of receptor
internalization [10]. Alternatively, extensively aggregated
signaling complexes could attract inhibitory molecules,
such as phosphatases, which could shorten the life span
of the signals or down-modulate their strength.

Current models of immunoreceptor signaling envisage
the formation of signaling assemblies, in which lipid and
protein modifications allow the appearance of plasma
membrane complexes capable of further propagating
the activation signal. Initially, it was thought that these
assemblies were large and involved extensive immuno-
receptor clustering. For example, it has been suggested
that the immunological synapse that forms between the
T cell and the Ag-presenting cell facilitates T cell recep-
tor signaling by clustering the receptor and other signal-
ing molecules [20]. Recent studies indicated, however,
that initiation of T cell receptor-mediated signaling could
ocour early and could largely precede the formation of
the mature immunological synapse [21, 22]. Further-
more, recent in vitro and in sifico experiments suggest
that the immunological synapse acts as a type of adap-
tive controller that boosts both strong receptor triggering
and increased TCR degradation [23]. Thus, both aggre-
gated TCR and FceRI could regulate their signal trans-
duction pathways by similar mechanisms.

4 Materials and methods

4.1 Cells and Ab

RBL cells were maintained in culture as described [3]. The
subclone RBL-2H3c80 was selected for increased secretory
response. The origing of mAb specific for Syk kinase (Syk-
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01/Pr), FceRl B subunits (JRK), TNP (IgE; IGEL b4 1),
phospho-tyrosine (PY-20) conjugated to horseradish peroxi-
dase (HRP), as well as goat anti-mouse IgG conjugated to
HRP, and rabbit Ab specific for Syk, LAT and IgE have been
described [6]. Anti-FceRI a subunit mAb, clones 5.14 and
H10, have been described [11, 24]. Other Ab used in this
study: rabbit anti-Grb2, anti-Gab2 and anti-SHP-2 (Santa
Cruz Biotechnology, Santa Cruz, CA), rabbit anti-p85 sub-
unit of PI3K (Upstate Biotechnology, Lake Placid, NY), and
goat anti-mouse |gG and anti-rabbit 19G conjugated to col-
loidal gold particles of 10 nm and 5 nm in diameter, respec-
tively (Amersham Pharmacia Biotech, Piscataway, NJ).

4.2 Cell activation, immunoprecipitation and
immunoblotting

Cells were harvested, resuspended in culture medium at a
concentration of 5x10° cells/ml and were sensitized or not
with IgE mAb. After incubation at 37°C for 30 min in a CO,
incubator, the cells were washed twice in BSS (20 mM
HEPES pH 7.4, 135 mM NaCl, 5 mM KCI, 1.8 mM CacCl,,
1 mM MgCl,, 5.6 mM glucose), supplemented with 0.1%
BSA, and activated at 37°C by exposure to various concen-
trations of anti-IgE or anti-FceRI Ab, as specified in Sect. 2.
In some experiments, cells were pretreated with MBCD as
described [13]. Towards the end of the activation period,
cells were briefly centrifuged and the supernatants used for
determination of -glucuronidase amounts. Cell pellets were
resuspended in ice-cold lysis buffer containing 10 mM Tris-
HCI pH 8.0, 50 mM NaCl, 10 mM EDTA, 1 mM NayVO,,
10 mM glycerophosphate, 1 mM PMSF, aprotinin (10 pug/ml),
leupeptin (10 pg/ml), and 0.2% Triton X-100. For LAT immu-
noprecipitation, the cells were lysed in a buffer containing
5 mM NaH,PO, pH 7.2, 25 mM NaCl, 25 mM NaF, PMSF,
aprotinin, leupeptin, 1% Triton X-100, 0.1% SDS, and
0.25% sodium deoxycholate. In some experiments, the cells
were incubated for 5 min on ice in PBS containing 0.1%
saponin, 5 mM MgCl,, and 1 mM Nas;VO,, washed in PBS
and then extracted for 15 min on ice in lysis buffer supple-
mented with 1% Triton X-100. For immunoprecipitation, cell
lysates were incubated for 2 h at 4°C with Ab, followed by
1.5 h of incubation with either UltraLink-immobilized pro-
tein A or protein G (Pierce, Rockford, IL). Immunoprecipi-
tated proteins were resolved on 10% SDS polyacrylamide
gels and analyzed by immunoblotting as described [15].
Immunoblots were quantified by Luminescent Image Ana-
lyzer LAS-3000 (Fuji Photo Film Co., Tokyo).

4.3 Electron microscopy

Cells were settled overnight on 15-mm round-glass cover-
slips in the presence or absence of anti-dinitropheny! (DNP)
IgE (1 ug/ml). IgE-primed cells were activated by DNP-BSA
(1 pg/mi), whereas nonsensitized cells were activated by the
514 mAb (1 pg/ml). Plasma membrane sheets were
obtained and processed as described [19]. FceRI § sub-

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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units, Syk and Grb2 were labeled by sequential incubation
with the corresponding primary Ab [JRK (3 pg/ml), anti-Syk
(ascites diluted 1:500) and anti-Grb2 (8 pg/ml)], followed by
gold-conjugated secondary reagents diluted 1:20 from com-
mercial stocks. Samples were post-fixed in 2% glutaralde-
hyde in PBS, washed in PBS and then stained with 1%
osmium in cacodylate buffer, 1% tannic acid and 1% uranyl
acetate. Finally, samples were washed twice with water for
1 min, air-dried and observed with a JEOL JEM 1200EX
electron microscope operating at 60 kV. Gold particle clus-
ters and their colocalizations were analyzed using the com-
puter program GOLD [25]. Clusters of particles of the same
type were analyzed using PCF, which is a ratio of the density
of gold particles at a given distance from a typical particle to
the average density of these particles. To analyze the colo-
calization of particles, we used the PCCF, which is a ratio of
the density of particles of the first type (FceRI B subunits) at
the given distance from a typical particle of the second type
(Grb2) to the average density of the particles of the first type.
In each of three independent experiments, we analyzed
25-30 um? of plasma membranes from activated and resting
cells.

4.4 Other methods

Labeling of mAb with '#| by chloramine T method, sucrose
density gradient ultracentrifugation and F-actin assay, as
well as determination of B-glucuronidase, [Ca*], PIP3, and
PI3K activity have been described [6, 15]. **P-labeled lipids
were separated by thin layer chromatography (TLC), visual-
ized by autoradiography and quantified by Fuji Bio-Imaging
Analyzer Bas 5000.
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Abstract

Engagement of the Fce receptor I (FceRI) on mast cells and basophils initiates signaling path-
ways leading to degranulation. Barly activation events include tyrosine phosphorylation of two
transmembrane adaptor proteins, linker for activation of T cells (LAT) and non-T cell activa-
tion linker (NTAL; also called LAB; a product of Whsr5 gene). Previous studies showed that
the secretory response was partially inhibited in bone marrow—derived mast cells (BMMCs)
from LAT-deficient mice. To clarify the role of NTAL in mast cell degranulation, we com-
pared FceRI-mediated signaling events in BMMCs from NTAL-deficient and wild-type mice.
Although NTAL is structurally similar to LAT, antigen-mediated degranulation responses were
unexpectedly increased in NTAL-deficient mast cells. The earliest event affected was enhanced
tyrosine phosphorylation of LAT in antigen-activated cells. This was accompanied by en-
hanced tyrosine phosphorylation and enzymatic activity of phospholipase C +y1 and phospholi-
pase C 2, resulting in elevated levels of inositol 1,4,5-trisphosphate and free intracellular Co?".
NTAL-deficient BMMC:s also exhibited an enhanced activity of phosphatidylinositol 3-OH
kinase and Src homology 2 domain—containing protein tyrosine phosphatase-2. Although both
LAT and NTAL are considered to be localized in membrane rafts, immunogold electron mi-
croscopy on isolated membrane sheets demonstrated their independent clustering. The com-
bined data show that NTAL is functionally and topographically different from LAT.

Key words:  mast cell » signal transduction » Fce receptor + calcium mobilization «
adapter molecules

Introduction

Mast cells play a pivotal role in initiating acute inflamma-
tory and immediate allergic reactions. The binding of mul-
tivalent antigen (Ag) to receptor-bound IgE and subse-
quent aggregation of the Fce receptor I (FeceRI) provide
the trigger for mast cell activation, resulting in a release of
histamine, serotonin, and other preformed inflammatory
mediators, as well as de novo synthesis and subsequent se-

Address correspondence to Petr Driber, Institute of Molecular Genetics,
Academy of Sdiences of the Czech Republic, Videfiskd 1083, 142 20
Prague 4, Czech Republic. Phone: 420-241-062-468; Fax: 420-241-470-
339; email: draberpe@biomed.cas.cz; or Marie Malissen, Centre & Immunol-
ogie de Marseille-Luminy, INSERM—CNRS—Univ. Med., Parc Scienti-
fique de Luminy, 13288 Marseille Cedex 9, France. Phone: 33-491269402;
Fax: 33-491269430; email: malissen@ciml. univ-ms.fr

cretion of arachidonic acid metabolites and a variety of in-
flammatory cytokines. These signal transduction pathways
are initiated by the engagement of protein tyrosine kinases
of the Src and Syk families. Src family kinase Lyn phosphory-
lates immunoreceptor tyrosine-based activation motifs present
on FceRI B and v subunits. This leads to a recruitment and
subsequent activation of Syk kinase, which phosphorylates

Abbreviations used i this paper: Ag, antigen; BMMC, BM-derived mast
cell; BSS, buffered saline solution; [Ca®*],, concentration of free intracellular
calcium; ES, embryonic stem; FeeRI, Fes receptor I; HRP, horseradish
peroxidase; IP3, inositol 1,4,5-trisphosphate; LAT, linker for activation of
T cells; MAP, mitogen-activated protein; NTAL, non—T cell activation
linker; PI, phosphatidylinositol; PI3K, PI 3-OH kinase; PLC, phospholipase
C; PS, phosphatidylserine: SCF, stem cell factor; SH, Sr¢ homology.

1001 J. Exp. Med. © The Rockefeller University Press « 0022-1007/2004/10/1001/13 $8.00
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several downstream signaling molecules, including the
linker for activation of T cells (LAT). Phosphorylated LAT
recruits a number of signaling molecules containing Src ho-
mology (SH)2 domains, such as adaptor protein Grb2 and
phospholipase C (PLC)+y1 and PLCv2. An important inter-
mediate is phosphatidylinesitol (PI) 3-OH kinase (PI3K),
which catalyzes the synthesis of PI 3,4-bisphosphate and PI
3,4,5-trisphosphate. These phospholipids contribute to re-
cruitment to the plasma membrane of Akt and PLCy and
other molecules containing pleckstrin homology domains.
PLCry catalyzes the cleavage of the lipid substrate Pl 4,5-
bisphosphate into diacylglycerol, an activator of protein ki-
nase C, and inositol 1,4,5-trisphosphate (IP3), a ligand for
the IP3 receptor Ca®" channel in the ER. membrane that
initiates a rise in cytoplasmic Ca" levels. This is followed
by a more sustained influx of extracellular calcium through
Ca?t channels in the plasma membrane. Many of these
events rely on formation of multimolecular signaling com-
plexes that propagate the activation signal from aggregated
FeeRI (1).

Recently, we have found that mast cells express a LAT-
related transmembrane adaptor protein, the non—T cell ac-
tivation linker (NTAL) (2). NTAL, also called LAB (3),
was also found to be expressed in other cell types, such as B
lymphocytes, NK cells, and monocytes but not in T lym-
phocytes. NTAL resembles LAT in general organization,
consisting of a short extracellular domain, a single hydro-
phobic transmembrane domain, and a cytoplasmic tail with
multiple tyrosine phosphorylation sites and two potential
palmitoylation sites. The two acylation sites are likely re-
sponsible for partitioning of NTAL into detergent-resistant
membrane microdomains, also called lipid rafts (4). NTAL
is rapidly tyrosine phosphorylated upon engagement of
FeeRI, FeyRI, or B cell receptor (2, 3). Functional similar-
ity between LAT and NTAL was suggested by experiments
in which ectopically expressed NTAL could partially re-
store some aspects of T cell receptor signaling in LAT-defi-
cient cells (2). Furthermore, NTAL expressed in T cells
could in part rescue the T cell development in LAT/~
mice (3, 5). An important functional role of NTAL in im-
munoreceptor signaling was suggested by experiments in
which a diminution of NTAL expression by silencing
RINA oligonucleotides resulted in a reduction of B cell re-
ceptor-mediated activation of mitogen-activated protein
(MAP) kinase in A20 cell line (3), as well as in a reduced
degranulation in FeeRlI-activated human mast cells (6).

Using a genetic approach, Saitoh et al. showed that mast
cell effector functions were impaired but not completely
inhibited in BM-derived muast cells (BMMCs) from LAT-
deficient mice (7). Accordingly, low levels of PLCry activa-
tion and calcium response were detected in LAT-deficient
BMMCs, suggesting the existence of alternative pathways.
One alternative pathway independent of Lyn kinase and
LAT phosphorylation but dependent on Fyn kinase and
Gab2 adaptor has been described recently (8). In this study,
we analyzed the signaling events in BMMCs from NTAL-
deficient mice and compared them with those observed in

1002 NTAL in Mast Cell Signaling

WT mice or mice deficient in both NTAL and LAT link-
ers. Furthermore, we analyzed the respective topography of
NTAL and LAT on membrane sheets isolated from nonac-
tivated and activated mast cells.

Materials and Methods

Antibodies and Reagents.  The following mAbs have been used:
anti-Syk (9), anti-LAT (10), anti-FceRI (3 subunit (JRK) (11),
anti-NTAL (NAP-07) (2), TNP-specific IgE mAb (IGEL b4 1)
(12), and DNP-specific IgE mAb (13). Polyclonal antibodies spe-
cific for Syk, LAT, NTAL, and IgE have been prepared by com-
mon procedures after immunizing rabbits with the corresponding
proteins or their fragments (14). Polyclonal antibodies specific for
PLCvy1, PLCv2, ERK 1, phospho-ERK (specific for phosphory-
lated Tyr 204), Grb2, SH2-containing protein tyrosine phos-
phatase (SHP)-2, and horseradish peroxidase (HRP)—conjugated
donkey anti—goat IgG, goat anti-mouse IgG, and goat anti—rabbit
IgG were obtained from Santa Cruz Biotechnology, Inc. Rabbit
anti-PI3K p85 subunit antibody (a mixture of equal amounts of
antisera against the intact p85 subunit and the N-SH2 region of
PI3K) was obtained from Upstate Biotechnology. Phospho-Tyr—
specific mAb (PY-20) conjugated to HRP was purchased from
Transduction Laboratories. Biotinylated rat anti—mouse c-kit,
FITC-labeled rat anti-mouse IgE antibody, and phycoerythrin-
labeled streptavidin were from BD Biosciences. Goat anti-mouse
IgG and anti—rabbit IgG conjugated to colloidal gold particles of
10- and 5-nm were obtained from Amersham Biosciences. Fura-
2-AM and ¥*Ca (37 MBq; specific activity 566 MBq/mg Ca®")
were purchased from Molecular Probes and MP Biomedicals,
Inc., respectively. All other chemicals were obtained from Sigma-
Aldrich.

Vector Construction.  The targeting construct used for disrup-
tion of the Ntal gene is shown in Fig. 1 b. It should be noted that
the official name of the gene is Whser5. The 5' homologous se-
quences correspond to a gene segment encompassing nucleotide
positions 79680-81447 (sequence data available from GenBank/
EMBL/DDBJ under accession no. AF139987). The 3’ homolo-
gous sequences correspond to a gene segment encompassing nu-
cleotide positions 87023-91726 (sequence data available from
GenBank/EMBL/DDBJ under accession no. AF139987). In the
engineered vector, the sequence containing exons 2-9 of the Ntal
gene and coding for amino acids 1-121 of the NTAL protein was
replaced by a lox P—flanked neomycin-resistance gene (neo?). Fi-
nally, the targeting construct was abutted to a thymidine kinase
expression cassette and linearized.

Lolation of Recombinant Embryonic Stem Cell Clones and Produc-
tion of Mutant Mice.  After electroporation of CK35 129/CV em-
bryonic stem (ES) cells (15) and selection in G418 and gancyclovir,
colonies were screened for homologous recombination by South-
ern blot analysis. The 5’ single copy probe corresponded to a 400-bp
EcoRI-Xbal fragment. When tested on EcoRI-digested DNA, it
hybridized either to a 8-kb WT fragment or to a 2.5-kb re-
combinant fragment. The presence of an appropriate homolo-
gous recombination event at the 3" side was assessed using a 1051-
bp Xbal-EcoRI fragment, When tested on HindIII-digested DINA,
it hybridized either to a 3.5-kb WT fragment or to a 6.7-kb recom-
binant fragment. A neo probe was also used to ensure that adventi-
tious nonhomologous recombination events had not occurred in
the selected clones. Among the recombinant ES cell clones, one
was found capable of germline transmission. The resulting mutant
mouse line was first bred to Deleter mice (16) to eliminate the lox
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Figure 1. Generation and identification of Nral-
deficient mice. (a—d) Schematics of the Ntal knock-out
strategy. (a) Partial restriction map of the WT Nral
gene. Exons are shown as filled boxes. The restriction
sites are EcoRI (E) and Hind I1I (H). The exons con-
] taining the initiation (start) and the stop codon are
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specified. (b) Targeting vector used for the deletion of
exons 2-Y9. Shaded or open boxes correspond to the
thymidine kinase expression cassette (TK) and to the
lox P—flanked neo® cassette, respectively. Lox P sites are
shown as triangles. (c) Structure of the targeted allele
after homologous recombination. (d) Final structure of
the targeted allele after removal of the neo® gene via
cre-mediated recombination. The 5" and 3’ single
copy probes used to verify 5" and 3 targeting events
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are indicated, and the position of the PCR primers
used to genotype the resulting mice are indicated by
arrows. (¢) Southern blot analysis of three recombinant
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P—flanked neomycin cassette and intercrossed to produce homozy-
gous mutant mice. Screening of mice for the presence of the Nial-
null mutation was performed by PCR. using the followmg oligo-
nucleotides: a: 5'-CTACGGAGCTGAGTGTTCTCA-3", b:
5'-GAACGGCTAGAACTACACAGAG-3', o 5'-GAGAGGA-
GGATAAAGTGGACCTC-3". WT Nal allele is visualized as a
383-bp fragment using the a-b pair of oligonucleotides, whereas the
intended mutation is visualized as a 450-bp fragment using the a-c
pair of oligonucleotides. Production of LAT ™'~ mice has been de-
scribed (17). NTAL /" and LAT /" mice were bread to generate
the NTAL™"/LAT ™'~ strain. All mice were maintained and used
n accordance with the Institute of Molecular Genetics guidelines.

Cells,  BMMCs were 1solated from the femurs and tibias of
the 6—10-wk-old mice. The cells were mcubated for 4-8 wk mn
suspension cultures in freshly prepared culture media (RPMI-
1640 supplemented with 20 mM Hepes, pH 7.5, 100 U/ml pen-
icillin, 100 pg/ml streptomycin, 100 pM MEM nonessential
amino acids, 1 mM sodium pyruvate, 17% FCS, 41 pM 2-ME)
supplemented with 1L-3 (20 ng/ml; PeproTech EC) and stem
cell factor (SCTF; 40 ng/ml; PeproTech EC). No discermible dif-
ferences in growth properties and morphology were detected
among BMMCs derived from NTALY/ ", NTAL"~, NTAL ',
LAT /", and NTAL " /LAT ' mice. Before activation, BMMCs
were cultured for 16 h in culture medium without SCF, followed
by incubation for 3—4 h in SCF- and IL-3—free medium supple-
mented with anti-TINP IgE (1 pg/ml). The cells were then washed
in buffered saline solution (BSS) containing 20 mM Hepes, pH
7.4, 135 mM NaCl, 5 mM KCI, 1.8 mM CaCl,, 5.6 mM glu-
cose, T mM MgCl,, and 0.1% BSA (BSS-BSA), and challenged
with various concentrations of TNP-BSA.

1003 Volni et al.

ES cell clones including the one that gave germline
transmission (clone 1). DNA was digested as specified
and hybridized with the 5" or 3’ single copy probe.
(f) PCR genotyping of Nial-deficient and -proficient
littermates using primers indicated in panel d.

Flow Cytometry Analyses of FeeRIT and Phosphatidylserine Expres-
Flow cytometry analyses of FceRI in unfractioned freshly
ssolated peritoneal mast cells (c-kit positive) and BMMCs were
performed as described (18) except that in the first incubation step
the cells were exposed to TNP-specific Igh. To determine exter-
nalization of phosphatidylserine (PS), cells were exposed to FITC-
labeled annexin V (Alexis) and then analyzed using FACSCalibur
and CellQuest software (Beckton Dickinson) as described (19).

Passive Systemic Anaphylaxis and Degranulation.  Mice were sen-
sitized by 1v. tail vein injection of TNP-specific Igk (3 g/
mouse) and 24 h later challenged by 1.v. tail vein injection with
TNP-BSA (500 pg/mouse) or vehicle (PBS). After 1.5 min, the
animals were killed, blood samples were obtained by cervical
puncture, and serum was isolated. Serum histamine concentra-
tions were determined according to the manufacturer’s protocol
using a histamine radioimmunoassay kit (Immunotech). Statistical
significance of differences among particular groups was deter-
mined using Student’s i-test. The degree of degranulation was
determined by measuring the release of B-glucuronidase from
anti-TNP IgE-sensitized and TNP-BSA-activated cells as de-
scribed (20).

Tmmunoprecipitation and Immunoblotting,  Activated and control
cells were lysed in 1ce cold lysis buffer (50 mM Tris-HCI, pH 7.4,
150 mM NaCl, 2 mM EDTA, 10 mM [-glycerophosphate, 1
mM Na;VO,, 1 mM PMSF, 1 pg/ml aprotinin, 1 pg/ml leu-
peptin) supplemented with 1% NP-40 and 1% n-dodecyl B-p-
maltoside (for LAT, and NTAL immunoprecipitation or for
ERK immunoblotting) or 0.2% Triton X-100 (for FeeRI immu-
noprecipitation). In some experiments, association of the proteins
under study with large macromolecular complexes was analyzed

sion.
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m cells permeabilized with 0.1% saponin m PBS, thus releasing
free cytoplasmic components, and the cellular ghosts were ex-
tracted for 15 min on ice in a lysis bufter supplemented with 1%
Triton X-100 (21). Proteins in postnuclear supernatants were im-
munoprecipitated with the corresponding antibodies bound to
UltraLink-immobilized protein A (Pierce Chemical Co.) and an-
alyzed by immunoblotting as described (9). Some proteins were
analyzed by direct immunoblotting of SDS-PAGE—fractionated
cell lysates. Immunoblots were quantified by Luminescent Image
Analyzer LAS 3000 (Fuji Photo Film Co.).

Sucrose Gradients.  Cells were solubilized in lysis buffer con-
taining 1% Bry 96 and fractionated by sucrose density gradient
ultracentrifugation as described (20).

Measurements of Intracellslar Ca®" Concentrations and “Ca Up-
fake. Concentrations of free intracellular calcium [Ca?*], were
determined using Fura-2-AM as a reporter. BMMCs were sensi-
tized with anti-TNP IgE (1 pg/ml) at 37°C in culture medium
supplemented with 2% FCS but devoid of SCF and IL-3. After
3—4 h, the cells were washed and resuspended at a concentration
5 X 10°ml in BSS-BSA supplemented with Fura-2-AM and
probenecid at a final concentration of 1 pg/ml and 2.5 mM, re-
spectively. After 30 min, the cells were washed 1n BSS-BSA sup-
plemented with probenecid and immediately before measure-
ment briefly centrifuged and resuspended in BSS-BSA. Calcium
mobilization was determined using luminescence spectrometer
LS-508 (PerkinElmer). Uptake of extracellular calcium was de-
termined as before (22) except that the radicactivity was mea-
sured in 10 ml scintillation liquid (EcoLite; ICN Biomedicals) in
QuantaSmart TM counter.

Immune Complex PI3K, PLC+y and Syk Kinase Assays, and IP3
Determination.  PI3K and PLCry activities and IP3 concentrations
were determined as described previously (21). Syk kinase activity
was determined by in vitro kinase assay (9).

In-gel Phosphatase Assay.  SHP-2 immunoprecipitates were pre-
pared and analyzed by in-gel phosphatase assay as described (23).

Electron Migoscopy.  Cells were left overnight to settle on 15-mm
round-glass coverslips in the presence or absence of anti-DNP
IgE (1 pg/ml). IgE-sensitized cells were activated by DINP-BSA
(1 pg/ml), and membrane sheets were obtained and processed as
described (24). FeeRI, NTAL, and LAT were labeled by sequen-
tial ncubation with the corresponding primary antibodies fol-
lowed by gold-conjugated secondary reagents diluted 1:20 from
commercial stocks. Samples were postfixed in 2% glutaraldehyde
in PBS, washed in PBS, and then stained with 1% OsO,in 0.1 M
cacodylate buffer, 1% tannic acid, and 1% uranyl acetate. Samples
were examined using a Hitachi 600 transmission electron micro-
scope. Gold particles distribution was analyzed using software de-
veloped at the University of New Mexico (25). Clusters of parti-
cles of the same type were analyzed using the Hopkins and
Ripley’s statistics (25). In each of two independent experiments,
~30 pm? of plasma membranes from activated and resting cells
were analyzed.

Results

Enhanced Degranulation in NTAL™'~ Mast Cells.  To ex-
plore the role of NTAL in mast cell physiology, we gener-
ated knock-out mice with a lox P sequence that replaced a
central segment of the Nral gene containing exons 2-9 (Fig.
1). Mice homozygous for this mutation, Ntal~'~, were bomn
at the expected Mendelan frequencies and were deprived
of detectable NTAL protein (see next paragraph). First, we
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Figure 2. Enhanced passive systemic anaphylaxis in NTAL™", and
FeeR1 and NTAL expression in BMMCs. (A) WT, NTAL" ", and
NTAL™" mice were sensitized with TNP-specific IgE. challenged with
TNP-BSA (+) or with PBS alone (—). and the serum histamine levels
were determined. Numbers above the mean bars indicate the numbers of
mice in each group. The asterisk indicates a significant increase (P << 0.01) of
histamine levels in NTAL™/~ mice compared with WT mice. (B) BMMCs
from WT, NTAL"~, and NTAL /" mice were stained for surface
FeeR1 by sequential exposure to anti-TNP IgE (1 pug/ml, thick line) or
PBS alone (thin line) followed by anti-mouse [gG-FITC conjugate. The
samples were analyzed by flow cytometry. (C) NTAL expression levels in
Iysates from BMMCs were determined by immunoblotting (IB) using
anti-NTAL mAb followed by anti-mouse [gG-HRP conjugate. As a
control for protein loading the membrane was also developed with rabbit

anti-LAT followed by anti—rabbit [gG-HRP conjugate.

analyzed the effect of NTAL on passive anaphylactic reac-
tion in vivo. In controls, the basal level of serum histamine
was 1dentical in WT, NTAL" ~, and NTAL"~ mice (Fig.
2 A). After challenge with Ag, the serum histamine levels
were enhanced in all mice, although the levels were signifi-
cantly higher in NTAL™"~ mice. The observed increase in
serum histamine was not attributable to elevated numbers of
mast cells in NTAL™~ mice, as inferred from similar num-
bers of mast cells in peritoneal lavage of WT, NTAL'Y
and NTAL '~ mice (2.5% *= 1.1%, mean = SD, n = 9).
Furthermore, peritoneal mast cells (c-kit positive) from
NTAL™" and W'I' mice did not differ in the amount of
surface FeeRI as determined by flow cytometry (not de-
picted). These data suggested that the observed increase in
serum histamine levels in NTAL "~ cells could reflect nega-
tive regulation of mast cell signaling by NTAL.

To investigate the underlying mechanism responsible for
the enhanced degranulation response in NTAL ™'~ mice,
BMMCs from W', NTAL" ~, or NTAL '~ mice were
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obtained by growing BM cells for 4-8 wk in the presence
of IL-3 and SCF. The cells expressed comparable amount
of FeeRI (Fig. 2 B) and LAT (Fig. 2 C) and the expected
amount of NTAL (Fig. 2 C). The cells were sensitized with
TNP-specific IgE and activated with various doses of Ag.
Data presented in Fig. 3 A indicate that FeeRI-mediated
degranulation was significantly increased in NTAL ™ cells
compared with NTAL" "~ cells and WT cells, although the
total amount of B-glucuronidase present in the cells was
similar (not depicted). The most dramatic difference be-
tween WT and NTAL ™~ cells was observed at suboptimal
concentration of Ag (10 ng/ml). Under these conditions,
the NTAL™~ cells released 40 = 2% of the total B-glu-
curonidase (mean = SD, » = 12) compared with a maxi-
mum of 22 £ 2% (n = 12) in WT cells. These data were
confirmed in four independent BMMC isolates in each
group. Even at optimal (100 ng/ml) and supraoptimal (500
and 1,000 ng/ml) doses of Ag, the response in NTAL™~
BMMCs was significantly higher. When the cells were
stimulated with ionophore A23187, the differences be-
tween WT and NTAL ™~ cells disappeared (not depicted),
suggesting that N'TAL affects early receptor-specific activa-
tion events which precede the calcium response.

An important feature of the degranulation process in mast
cells is PS externalization (19). In nonstimulated cells, PS is
found almost exclusively in the inner leaflet of the plasma
membrane. FeceRI-dependent degranulation leads to an ex-
posure of PS on the plasma membrane, detectable by bind-
ing of FITC-labeled annexin V to intact cells. Cytofluoro-
metric analyses showed that the number of annexin V
binding sites increased in WT cells with a maximum
reached at 100 ng/ml (Fig. 3 C). Activated NTAL " cells
exhibited higher PS externalization than activated WT cells,
and again the most dramatic difference was observed at a
suboptimal dose of Ag (10 ng/ml). As expected (19), no PS
externalization in W' or NTAL ™/~ cells was observed in
the absence of extracellular Ca** (not depicted).

Tyrosine Phosphorylation of LAT Is Enhanced in NTAL '~
BMMCs. Next we assessed the tyrosine phosphorylation
of several proteins known to be involved in the initial stages
of FeeRlI signaling. When total lysates from Ag-activated
cells were analyzed by immunoblotting with PY-20 mAb,
the most significant difference between WT and NTAL "~
cells was the absence in NTAL ™" cells of a 30-kD phos-
phorylated protein corresponding in molecular weight to
NTAL (Fig. 3 D). Furthermore, NTAL cells exhibited
an increased tyrosine phosphorylation of a 38-kID protein,
corresponding to LAT (see end of this paragraph). If the IgE
receptor was immunoprecipitated from control and Ag-
activated cells, increased tyrosine phosphorylation of FeeR1
[3 and + subunits was observed in both WT and NTAL "~
cells after cell triggering, and no significant difference in the
extent and/or dynamics of tyrosine phosphorylation was
observed between these two groups (Fig. 4 A). Neither did
the Syk kinase immunoprecipitated from the whole cell ly-
sate exhibit any significant differences in amount, tyro-
sine phosphorylation, and kinase activity between W'T' and
NTAL /" cells (not depicted). However, when Syk was im-
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Figure 3. Enhanced degranulation, PS externalization, and tyrosine

phosphorylation in NTAL ™" cells. BMMCs were sensitized with anti-
TNP IgE (1 pg/ml) and then stimulated with Ag (TNP-BSA). (A and B)
B-Glucuronidase released nto supernatant from cells stmulated for 30 min
with various concentrations of Ag. Data represent mean * SD (# = 12 for
WT and NTAL ™/~ cells; n = 4 for NTAL?~ cells; n = 6 for LAT ™/~
and NTAL™ ~/LAT ™'~ cells). (C) Externalization of PS in WT and
NTAL™"~ BMMCs stimulated for 30 min with various concentrations of
Ag was determined by flow cytometry after surface staining of the cells
with FITC-labeled annexin V. Data were normalized to maximal values
in each assay and represent means * 8D (r = 3). (D) Cells were activated
with 100 ng/ml TNP-BSA for the indicated time intervals, solubilized in

1% NP-40 and 1% n-dodecyl-f-D-maltoside, and the postnuclear super-
natants were size fractionated by SDS-PAGE. The extent of tyrosine
phosphorylation was determined by immunoblotting with PY-20-HRP
conjugate. Positions of molecular weight standards, LAT and NTAL, are
indicated on the left and right. respectively. A typical experiment from
three performed is shown.

munoprecipitated from cells first permeabilized with sapo-
nin in order to release free cytoplasmic components and
then solubilized with Triton X-100, increased amounts of
Syk and its phosphorylated form were precipitated from ac-
tivated NTAL " cells relative to WT' cells. This difference,
which apparently reflects enhanced association of Syk with
as vet unidentified plasma membrane component(s), was
more pronounced at later stages (5 min) after FeeR1 trigger-
ing (Fig. 4 B). The most dramatic difference observed in
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Figure 4. Tyrosine phosphorylation of FeeRI, Syk, LAT, and ERK.
BMMCs from WT and NTAL " cells were sensitized with anti-TNP
IgE and stmulated with TNP-BSA (100 ng/ml) for the indicated time
intervals. The cells were solubilized in lysis buffer containing 0.2% Triton
X-100 (A), 1% NP-40, and 1% #-dodecyl-B-D-maltoside (C and D) or
by sequential treatment with 0.1% saponin and 1% Triton X-100 (B).
FeeRI (A), Syk (B), and LAT (C) were immunoprecipitated (IP) from
postnuclear supernatants with the corresponding antibodies. The immuno-
precipitates were resolved by SDS-PAGE and analyzed by immuncblotting
using PY-20-HRP conjugate (top). After stripping, the same membranes
were reblotted with protein-specific antibodies (bottom). Phosphorylated
ERK (pERK) and ERK were determined by immunoblotting in size-frac-
tionated whole cell lysates using anti-pERK antibody, followed by strip-
ping and immunoblotting with ERK-specific antibody (D). Fold induc-
tions of protein tyrosine phosphorylation, normalized to nonactivated
WT cells and corrected for the amount of the protein in each immuno-
precipitate, are also indicated. A typical result from two to four experi-
ments performed is presented.

NTAL /"~ cells was an increased tyrosine phosphorylation
of LAT at all time intervals analvzed (0.5-25 min; Fig. 4 C).
It should be noted, however, that we were unable to coim-
munoprecipitate Syk with LAT from either activated WT
or NTAL ™~ cells.

Next we examined whether NTAL is involved in
FeeRI-mediated Ras—=MAP kinase signaling pathway. Ac-
tivation of MAP kinases was detected in total cellular ly-
sates by immunoblotting with anti-phospho-ERK. Data in
Fig. 4 D show that FceRI-mediated tyrosine phosphoryla-
tion of the ERK was comparable in WT and NTAL "~
cell at early time intervals (0.5 and 5 min), but in NTAL
cells it exhibited a slower decline at later stages of activation
(15 and 25 min).

1006 NTAL in Mast Cell Signaling

NTAL Negatively Regulates the PI3K Activiry.  Early bio-
chemical events in FeeRlI-activated mast cells are depen-
dent on the activity ot PI3K, which functionally interacts
with Gab2 and several other signaling proteins (26, 27).
Therefore, we monitored the subcellular distribution and
enzymatic activity of PI3K in WT and NTAL™~ BMMCs,
PI3K was immunoprecipitated from saponin/Triton X-100—
solubilized cells, and its amount was quantified by immu-
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Figure 5. PI3K, SHP-2, and Grb2 immunocomplexes. BMMCs from
WT and NTAL™'" mice were activated with TNP-BSA (100 ng/ml) for
the indicated time intervals, solubilized with saponin/Triton X-100, and
PI3K, SHP-2, and Grb2 immunocomplexes were isolated by immuno-
precipitation with the corresponding antibodies. (A) PI3K immunopre-
cipitates were analyzed for (a) PI3K activity (PI3K a.) using PI as a sub-
strate and TLC (position of [**P]PI [PIP] is indicated by arrow) and (b)
the amount of immunoprecipitated PI3K by immunoblotting with anti—
PI3K-p85. (B) SHP-2 immunoprecipitates were analyzed for (a) SHP-2—
associated PI3K activity by PI3K assay, (b) the amount of SHP-2 by immu-
noblotting with anti—-SHP-2 antibody, and (¢) SHP-2 enzymatic activity by
in-gel phosphatase assay (SHP-2 a.). (C) Grb2 immunoprecipitates were
analyzed by immunoblotting for the presence of tyrosine-phosphorylated
proteins, NTAL and Grb2. Relative amounts of the immunoprecipitated
proteins, their tyrosine phosphorylations, and/or enzymatic activities
were normalized to nonactivated WT cells. Representative data from
two to four experiments performed are shown.
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noblotting. Enzymatic activity of PI3K in the immune
complexes was determined using PI as a substrate, and the
expected product [**P]|PI (PIP) was detected by autora-
diography. Similar to a previous study performed with
RBIL-2H3 cells (23), we observed an activation-induced
increase in recovery of PI3K from saponin-permeabilized
WT BMMCs (Fig. 5 A), consistent with translocation of
PI3K to the plasma membrane. The changes in the distri-
bution of PI3K were accompanied by an enhanced PI3K
enzymatic activity with peak at 2 min after FeeRI trigger-
ing. In nonactivated NTAL "~ cells, the enzymatic activity
of PI3K was slightly lower than in W'I" cells. However, 0.5
min after FceR1 triggering the PI3K activity was 2.5-fold
higher in NTAL "~ and remained higher at all time inter-
vals analyzed.

One of the proteins interacting with PI3K is the ubiqui-
tously expressed nonreceptor tyrosine phosphatase SHP-2
(28). Because SHP-2 regulates PI3K activity (29), we fur-
ther compared the SHP-2-associated PI3K activity in WT
and NTAL "~ cells. SHP-2 was immunoprecipitated from
saponin/Triton X-100-solubilized cells, and the enzymatic
activity of SHP-2—coprecipitated PI3K was determined.
Data presented in Fig. 5 B show that PI3K enzymatic activ-
ity was elevated after FceRlI triggering in both WI' and
NTAL™~ cells but was more rapidly down-regulated in
NTAL "~ cells at later time intervals (5 min). Total enzy-
matic activity of SHP-2 phosphatase, as detected by in-gel
assay, was higher in nonactivated NTAL ™~ than in WT
cells (2.8 = 0.3-fold increase, # = 3) and remained higher
after FeeR1 triggering at all time intervals analyzed.

NTAL Is a Major Tyrosine Phosphorylated Target of Grb2.
5 of the total 10 consensus tyrosine phosphorylation sites in
NTAL, and in LAT, are of the YXN type (where X is any
amino acid), and are thus potential binding sites for the
SH2 domain of the cytoplasmic adaptor Grb2. Anti-NTAL
immunoblotting of Grb2 immunoprecipitates showed an
enhanced association of NTAL and Grb2 after FeeRI en-
gagement in W1 BMMC:s (Fig. 5 C). Among the tyrosine-
phosphorylated proteins in activated WT cells, NTAL was
a major Grb2 target, as determined by PY-20 immunoblot-
ting. Interestingly, more tyrosine-phosphorylated protein
of 38 kD, presumably LAT, was bound to Gib2 in
NTAL "~ cells compared with WT cells.

Enhanced PLCy Activity and Calcium Response in NTAL ™~
BMMCs.  The observed increase in tyrosine phosphoryla-
tion of LAT implied elevated levels of PLCy activity in
NTAL "~ cells, and we therefore evaluated the properties
of immunoisolated PLCy. Data presented in Fig. 6 A indi-
cate that tyrosine phosphorylation of PLCy1 was indeed
enhanced; 2 and 5 min after Ag triggering the enhance-
ment was, respectively, 4.8- and 4-fold higher in NTAL
cells than in WT cells. Tyrosine phosphorylation of PLCy2
isolated from NTAL™~ cells was also enhanced (Fig. 6 B).
Next, we analyzed the PLCy enzymatic activity. PLCy2
was Immunoprecipitated, and its enzymatic activity, result-
ing in the production of [*H|IP3 from P[*H]IP2 substrate,
was determined. As shown in Fig. 6 C, PLCy activity in
FeeRlI-activated cells was significantly higher in NTAL /
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Figure 6. Tyrosine phosphorylation and enzymaric activity of PLCy.

BMMCs from WT and NTAL ™/~ mice were activated for the indicated
time intervals with TNP-BSA (100 ng/ml). (A and B) The cells were sol-
ubilized with saponin/Triton X-100, and PLCy1 (A) and PLCy2 (B}
were immunoprecipitated and analyzed by immunoblotting using phos-
photyrosine-specific PY-20-HRP conjugate (top). Subsequently, after
stripping the same membranes were reblotted with anti-PLCy1 (A) and
anti-PLCy2 (B) (bottom). Representative data from two experiments
performed are shown. (C) The cells were lysed in 1% Triton X-100, and
enzymatic activity of the immunoprecipitated PLCy2 was measured by
immune complex PLCw assay; the data were normalized to nonactivated
WT cells. (D) IP3 levels were determined by “H-radioreceptor assay kit as
described in Materials and Methods. Darta in C and D represent means +
SD (i = 3-4).

cells than in W cells. The enhanced PLCy activity in
NTAL " cells resulted in higher accumulation of IP3, the
critical PLCy metabolite (Fig. 6 D).

Since an enhanced activity of PLCy and production of
IP3 are prerequisites for FeeRI-mediated calcium responses,
we also estimated the [Ca?'], in WT and NTAL 7 cellks.
After an exposure of IgE-sensitized and Fura-2-loaded cells
to low concentrations of Ag (5 or 10 ng/ml) in the pres-
ence of extracellular Ca?*, only a small increase in [Ca®*|;
was observed in WT cells, whereas the response was mark-
edly enhanced in NTAL "~ cells (Fig. 7, A and B). At a
higher concentration of Ag (100 ng/ml), the difference be-
tween W1 and NTAL "~ cells was less dramatic, due to
enhanced calcium response in WT cells but remained sig-
nificant (Fig. 7 C). An elevated calcium response was also
observed in NTAL™~ cells activated in the absence of ex-
tracellular Ca>* (Fig. 7 D).

FeeRI-mediated increase in [Ca®"]; in the presence of
extracellular Ca®" reflects not only a transient release of in-
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Figure 7.  Ca’* mobilization and extracellular Ca uprake. (A-D) IgE-

sensitized BMMCs were loaded with Fura-2-AM and stimulated with
various concentrations of TNP-BSA (5 ng/ml [A], 10 ng/ml [B], or 100
ng/ml [C and D) added at the tdme point indicated by arrows, in the
presence (A—C) or absence (D) of 1.0 mM extracellular Ca®*. The Ca®*
mobilization was monitored by spectrofluorometry in WT and NTAL ™/
(A-D) and at a single concentration of TNP-BSA (100 ng/ml) also in
LAT ™~ and NTAL ' /LAT '~ (C) BMMCs. Representative data from
at least three to five experiments are shown. (E and F) Uptake of calcium
from extracellular medium was measured in IgE-sensitized WT and
NTAL ' cells activated in the presence of extracellular ¥Ca®" (1 mM)
for 5 min with various concentrations of TNP-BSA (E) or activated with
100 ng/ml of TNP-BSA for various time intervals (F). Data in E and F
represent means * SD (v = 3-6).

tracellularly stored Ca®" but also a more sustained influx of
Ca®* from the extracellular medium through incompletely
characterized store-operated channels in the plasma mem-
brane (30). To determine whether NTAL has any effect on
the influx of extracellular Ca®>*, we measured the uptake of
#Ca from the extracellular medium. In nonactivated cells,
the uptake of Ca was low and there was no difference be-
tween WT and NTAL™/~ cells. When the cells were ex-
posed to increasing concentrations of TNP-BSA, the ¥Ca
uptake rose in WT cells and even more so in NTAL™/~
cells. The enhancement of ¥*Ca uptake in NTAL™/~ cells
was observed at all concentrations of Ag used (up to 1 pg/
ml; Fig. 7 E) and at all ime intervals analyzed (up to 15
min; Fig. 7 F).

Impaired Secretory and Calcivm Responses in NTAL™~/
LAT™~ BMMCs.  Although LAT and NTAL are struc-
turally similar adaptor molecules, their absence has dramat-
ically different consequences on FeceRI-mediated events in

1008 NTAL in Mast Cell Signaling

BMMCs. In LAT/~ cells, the secretory and Ca’t re-
sponses are partially inhibited (7), whereas in NTAL™/~ the
same responses are potentiated (see Figs. 3-7). To deter-
mine the properties of cells defective simultaneously in both
these adaptor proteins, we prepared NTAL™/~/LAT/'~
mice and examined their BMMCs. When the cells were
solubilized and analyzed by immunoblotting, no proteins
reactive with anti-NTAL—- and anti-LAT—specific Abs
were detected (not depicted). The NTAL™/~/LAT™'~
BMMCs differed from the cells expressing both adaptor
proteins neither in their growth properties nor in their ex-
pression of surface FceR1. Data presented in Fig. 3 B indi-
cate that NTAL™/~/LAT™'~ cells exhibited lower secre-
tory response than LAT ™/~ cells. Similarly, calcium response
in NTAL™~/LAT ™'~ cells was lower than in LAT™'~ cells
(Fig. 7 C). It should be noted that although they were dra-
matically reduced, the secretory and calcium responses
were not completely inhibited. Furthermore, there was no
significant  difference in degranulation and calcium re-
sponses induced by the ionophore A23187 in WT, LAT
and NTAL™/~/LAT~/~ BMMCs (not depicted), demon-
strating that degranulation itself does not depend on the
presence of these linker proteins.

Different Membrane Topography of NTAL and LAT in Rest-
ing and Activated Cells.  Both NTAL and LAT partition
into lipid rafts, as can be inferred from their detergent resis-
tance and association with buoyant density fractions of su-
crose gradient (2). However, a direct comparison of the
distribution of these two adaptors in sucrose gradients has
not been reported. Data presented in Fig. 8 indicate that in
WT cells both LAT and NTAL are located predominantly
in low density fractions of sucrose gradient (fractions 1—4).
In Ag-activated cells, the amount of LAT in these fractions
was decreased, and tyrosine-phosphorylated LAT was found

WT Control Ag activated
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Figure 8. Distributon of NTAL and LA'T in sucrose gradients. BMMCs
from W or NTAL™"" mice were sensitized with TNP-specific IgE and
activated or not with TNP-BSA (100 ng/ml) for 5 min. The cells were
solubilized in a lysis buffer containing 1% Brij 96, and the whole cell lysates
were fractionated by sucrose density gradient ultracentrifugation. Individual
fractions were collected and analyzed by immunoblotting for the presence of
NTAL and LAT and their phosphorylated torms (PY-20). Percentage of
NTAL and LAT and their phosphorylated forms in low density fractions
(fraction 1-4) is indicated by numbers under fractions.
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predominantly in high density fractions. Although the amount
of NTAL in low density fractions also decreased in acti-
vated cells (from 74.3 to 47.8%), most of the tyrosine-
phosphorylated NTAL was found in lipid rafts fractions
(69.5%). Compared with WT cells, NTAL /" cells exhib-
ited higher amount of LAT in low density fractions in both
nonactivated and activated cells. This difference was even
more pronounced when the distribution of tyrosine-phos-
phorylated LAT was analyzed (38.9 versus 66.6%). These
data suggested that at least a fraction of LAT and NTAL
could associate with different lipid-containing structures in
plasma membrane.

To throw more light on the topography of LAT and
NTAL, we isolated membrane sheets from an adherent
mast cell line, RBL-2H3, which also possesses the two
adaptor proteins (unpublished data), and analyzed their to-
pography by immunogold electron microscopy. In resting
cells, both NTAL and LAT were found in small clusters
that distributed independently of FceRI 3 subunits (Fig. 9,
A and C). Based on the Hopkins test, these clusters were
significantly different from random patterns. After FceRI
aggregation, the FceRI 3 subunits accumulated predomi-
nantly in osmiophilic regions of the plasma membrane, thus
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confirming previously published data (24, 31). Clusters of
both NTAL and LAT were often found in the vicinity of
aggregated FceRI, without forming mixed aggregates with
them (Fig. 9, B and D).

Finally, we attempted to find out whether NTAL and
LAT form mixed aggregates before and/or after FceR1I ag-
gregation. To this end, we double labeled membrane sheets
for LAT and NTAL, using combinations of 5- and 10-nm
gold particles (Fig. 10). The labeling with 5-nm gold parti-
cles was consistently more abundant, regardless of whether
the target was LAT or NTAL. This difference reflects tech-
nical aspects of the assay, since smaller gold particles more
efficiently label target molecules than large gold particles.
In nonactivated cells, LAT and NTAL each formed small
clusters which did not mix. The visual observations that
LAT and NTAL fail to mix were confirmed using the Rip-
ley’s statistical test (not depicted). Importantly, clusters of
these transmembrane adaptors can often be seen in or near
osmiophilic patches of activated membranes, but again no
mixing of NTAL and LAT molecules was observed. Thus,
NTAL and LAT are located in distinct, nonoverlapping re-
gions of the plasma membrane in both nonactivated and
activated cells.

Activated

Figure 9. Membrane topogra-
phy of NTAL, LAT, and FceRI
B subunit in nonactivated and
Ag-activated  cells. Membrane
sheets were prepared from IgE-
sensitized RBL-2H3 cells exposed
for 2 min to PBS alone (A and C)
or DNP-BSA in PBS (1 pg/ml;
B and D), and double labeled
from the cytoplasmic side of the
plasma membrane for FceRI B
subunit (10-nm gold particles,
arrows; A-D), NTAL (5-nm
gold particles, arrowheads: A and
B), or LAT (5-nm gold particles,
arrowheads; C and D).
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Discussion

The structural similarity of NTAL and LAT suggested
that those two proteins could have similar functions. This
notion was supported by their expression pattern. Whereas
NTAL is expressed in B cells, which lack LAT, the reverse
is true for LAT. Studies with LAT-deficient mice revealed
a complete block in T cell development (17, 32), and LAT-
negative T' cell lines showed a complete block in TCR sig-
naling (33, 34). Importantly, transfection of NTAL into
LAT-deficient cells or mice partially restored the defects (2,
3, 5). Mast cells express both these proteins, and LAT defi-
ciency had no effect either on mast cell development in
vivo or maturation of mast cells in vitro (7). However,
BMMCs from LAT '~ mice exhibited defects in pathways
known to be downstream of Lyn and Syk kinase activation.
These included FeceRI-mediated tyrosine phosphorylation
of PLCY, production of IP3, release of Ca’" from internal
stores, and degranulation. Importantly, though the mast cell
effector functions were impaired, they were not completely
inhibited (7). These data together with enhanced tyrosine
phosphorylation of NTAL in FeeRI-activated mast cells (2)
and normal development of NTAL /"~ mast cells under in
vivo and in vitro conditions (this study) suggested that
NTAL could be the missing adaptor protein responsible for
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Activated

Figure 10. Different localiza-
tion of NTAL and LAT clusters.
Membrane sheets were prepared
from nonactivated (A and C) and
DNP-BSA-activated (1 pg/ml:
B and D) RBL-2H3 cells and
double-labeled from the inside
for LAT (arrows), marked with
10-nm (A and B) or 5-nm (C
and D) gold particles, and NTAL
(arrowheads) marked with 5-nm
(A and B) or 10-nm (C and D)
gold particles.

the remaining signaling activity noted in LAT-deficient
cells. However, several lines of evidence presented in this
study indicate that NTAL, unlike LAT, has a negative reg-
ulatory role in FceRI-mediated activation in mouse mast
cells. First, NTAL™'~ mice compared with WT mice ex-
hibited an enhanced passive anaphylactic response. This sys-
temic reaction reflects the activity of mast cells and was
found reduced in LAT '~ cells (7). Second, BMMC:s from
NTAL /" mice exhibited an enhanced degranulation. Third,
several proteins in FeeRlI-activated NTAL ™~ cells exhib-
ited an enhanced tyrosine phosphorylation and/or modified
subcellular distribution. These proteins included Syk kinase,
LAT, ERK, and PLCy. Fourth, FceRI-activated NTAL ™~
cells exhibited an enhanced activity of PLCy and PI3K,
producing increased levels of IP3 and PI 3,4,5-trisphos-
phate, respectively. Finally, NTAL '~ phenotype was asso-
ciated with a dramatic increase in calcium response in Ag-
activated cells. This enhancement was mostly pronounced
at suboptimal concentrations of the Ag and was observed
even in the absence of extracellular calcium, suggesting that
the enhanced release of calcium from intracellular stores
contributes at least in part to this phenomenon. Thus, the
conclusion based on our data seems to indicate that FceRI-
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mediated signaling events in BMMCs are negatively regu-
lated by NTAL.

How could NTAL be involved in negative regulation of
PLCv and downstream signaling pathways? We propose
that the inhibitory role of NTAL could result from its
competition with LAT in lipid rafts. Furthermore, it should
be noted that a major difference between LAT and NTAL
is in the absence of the tyrosine residue responsible for in-
teraction with PLCwvy in the latter. In the absence of
NTAL, more LAT is located in lipid rafts (Fig. 8) and is ty-
rosine phosphorylated (Fig. 4 C), resulting in (a) an in-
creased recruitment of PLCy into complexes formed
around aggregated FceRI, (b) enhanced tyrosine phos-
phorylation and enzymatic activities of PLCry, (c) elevated
production of IP3 and [Ca®"];, and (d) more potent de-
granulation. Alternatively, NTAL could have a negative
regulatory role in FeeRlI signaling by indirect binding of
phosphatases. In T cells, TCR ligation induces binding of
Grb2 with SHP-2, and this interaction presumably brings
the phosphatase into juxtaposition to its potential substrates
(35). In stimulated mast cells, phosphorylated NTAL is a
major binder of Grb2 (Fig. 5 C), and therefore, it is possi-
ble that in the absence of NTAL Grb2—phosphatase com-
plexes are not properly targeted, and down-regulating sig-
naling pathways are less effective. It should be mentioned
that these two hypotheses are not mutually exclusive: in
the absence of NTAL, more tyrosine-phosphorylated LAT
in lipid rafts (Fig. 8) could better serve as a substrate for sig-
naling molecules, and at the same time the signaling mole-
cules could be more active due to the absence on NTAL-
bound protein tyrosine phosphatases.

Our experiments with BMMCs defective in both adaptor
proteins, NTAL and LAT, surprisingly reveal that NTAL,
besides its negative regulatory role, may potentially also
have a positive role in FcsRI signaling. Clearly, NTAL in
the absence of LAT cannot play the above described inhibi-
tory (competitive) role and it may take over, albeit with
lower efficiency, some of the functions of LAT, just as it
was observed in T cells (2, 3, 5). Which of these two func-
tions would prevail could possibly depend on qualitative
and/or quantitative differences in the compaosition of the
signaling assemblies induced by FceRI aggregation. These
differences could explain why a diminution of NTAL ex-
pression by silencing RINA oligonuclectides in human mast
cells resulted in an opposite phenotype (reduction of FceRI-
mediated secretory and calcium responses [6]) compared
with that observed in NTAL™~ BMMCs (this study). In
this context, it should be noted that profiles of tyrosine-
phosphorylated proteins in human and mouse mast cells are
very different (6). Furthermore, the influence of different
tissue origins and cell culture conditions used for growth of
human and mouse mast cells could also play a role.

Mast cell degranulation involves two signaling pathways
proximal to FceRI. Lyn-dependent pathway, which in-
volves transmembrane adaptor LAT, serves as both kinetic
accelerator and negative regulator of signaling, whereas Fyn-
dependent pathway is essential for degranulation (8). Experi-
ments with human mast cells suggested that NTAL could
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represent the transmembrane adaptor involved in the Fyn-
dependent pathway (6). However, our findings that NTAL
in mouse BMMCUCs is not essential for degranulation (Fig. 3)
and that tyrosine phosphorylation of NTAL is not depen-
dent on Fyn kinase activity but at least partially depends on
Lyn kinase activity (unpublished data) suggest that NTAL is
not involved in the Fyn-dependent pathway. Rather, NTAL
could contribute in part to the complexity of Lyn-dependent
regulatory mechanisms of mast cell signaling.

Although both NTAL and LAT are structurally similar
molecules partitioning into lipid rafts in detergent-solubi-
lized cells, a detailed analysis of their distribution on sucrose
gradients indicate that they differ in physical properties,
particularly in activated cells. Thus, ~60% of tyrosine-
phosphorylated LAT was found in high density fractions of
sucrose gradient, whereas a larger fraction (~~70%) of phos-
phorylated NTAL was found in low density fractions (Fig.
8). These data suggest that the two molecules do not oc-
cupy the same regions of the plasma membrane. This was
confirmed by electron microscopy analysis on membrane
sheets. Previously, it has been shown that LAT in resting
cells is found in clusters which do not mix with dispersed
clusters of FceRI B subunits (24, 31). We have confirmed
these results and demonstrated that N'TAL was also found
in clusters that were similar in size to LAT clusters. Inter-
estingly, NTAL clusters were topographically separated
from LAT clusters. Aggregation of FceRlI induced a redis-
tribution of the receptor into distinct areas of the plasma
membrane that are characterized by their dark staining with
osmium, proximity of clathrin-coated pits, and accumula-
tion of several signaling molecules (24, 31). Although
NTAL and LAT were often found in the vicinity of these
aggregates, they did not form mixed aggregates.

In conclusion, our data indicate that at least in murine
mast cells, NTAL mostly negatively regulates the activation
through FceRI. Therefore, it can be speculated that the ab-
sence, reduced expression, or mutations in this adaptor
protein might be a contributing factor in an increased sen-
sitivity to allergens.
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Topography of plasma membrane microdomains and its
consequences for mast cell signaling
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Thy-1 (CD90) is a glycoprotein bound to the plasma membrane by a GPI anchor.
Aggregation of Thy-1 in mast cells and basophils induces activation events independent
of the expression of Fce receptor I (FceRI). Although we and others have previously
suggested that plasma membrane microdomains called lipid rafts are implicated in both
Thy-1 and FeegRI signaling, properties of these microdomains are still poorly
understood. In this study we used rat basophilic leukemia cells and their transfectants
expressing both endogenous Thy-1.1 and exogenous Thy-1.2 genes and analyzed
topography of the Thy-1 isoforms and Thy-1-induced signaling events. Light microscopy
showed that both Thy-1 isoforms were in the plasma membrane distributed randomly
and independently. Electron microscopy on isolated membrane sheets and fluorescence
resonance energy transfer analysis indicated cross-talk between Thy-1 isoforms and
between Thy-1 and FceRI. This cross-talk was dependent on actin filaments. Thy-1
aggregates colocalized with two transmembrane adaptor proteins, non-T cell activation
linker (NTAL) and linker for activation of T cells (LAT), which had been shown to inhabit
different membrane microdomains. Thy-1 aggregation led to tyrosine phosphorylation
of these two adaptors. The combined data indicate that aggregated GPI-anchored
proteins can attract different membrane proteins in different clusters and thus can
trigger different signaling pathways.
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Introduction expression of Fce receptor I (FegRI) [3]. It has been
suggested that this activation is caused by an association
of the GPI-anchored Thy-1 with sterol- and sphingolipid-
enriched membrane microdomains called lipid rafts.
Microdomains of this composition can be isolated by
sucrose density gradient ultracentrifugation after solu-

bilization of cells with Triton X-100 or other nonionic

Aggregation of the Thy-1 gp (CD90) induces activation
of mast cells [1, 2], which is independent of the surface
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detergents [4, 5]. Biochemical studies of isolated
detergent-resistant membranes (DRM) showed that
they are rich not only in GPI-anchored proteins, but
also in palmitoylated Src family protein tyrosine kinases
[6, 7] and palmitoylated transmembrane adaptor
proteins, including linker for activation of T cells
(LAT) [8] and non-T cell activation linker (NTAL) [9].
Importantly, in nonactivated mast cells, the FceRI is
excluded from DRM, whereas in FceRI-activated cells
most of the receptor is associated with DRM in a
cholesterol-dependent manner [10-12]. These findings
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suggested that FceRI-mediated activation is initiated
through association of the aggregated FceRI with
membrane microdomains possessing signal transduc-
tion machinery. However, solubilization of the cells with
detergents could produce artifacts and misleading
results [13]. Other approaches are therefore required
to understand the fundamental mechanism by which
clustering of membrane receptors initiates tyrosine
phosphorylation of numerous substrates.

In an attempt to understand topography of plasma
membrane (PM) components, EM on isolated PM sheets
has been used. These studies showed that aggregated
FceRI accumulate in osmiophilic membrane regions
together with several signaling molecules but with no
preference for colocalization with Thy-1 or other
proteins considered to be localized in lipid rafts [14,
15]. Based on these results, Wilson and co-authors
suggested that the observed FceRI aggregates could
represent the true signal transduction organizing units
[14]. However, we recently found that mAb-mediated
FceRI dimerization induces strong cell activation
response in the absence of formation of the large
signaling assemblies around FceRI aggregates [12].
Thus, FceRI signal transduction units could be much
smaller than previously thought [14, 16], and their
molecular topography and changes during the course of
mast cell activation remain enigmatic.

In this study we used rat basophilic leukemia (RBL)
cells and their transfectants expressing both the
endogenous Thy-1.1 and transfected Thy-1.2 genes to
analyze the topography of Thy-1 isoforms and some
other signaling proteins. The techniques included light
microscopy, fluorescence resonance energy transfer
(FRET) and EM on isolated PM sheets. The role of
filamentous actin (F-actin) in Thy-1-mediated signaling
and in cross-talk between Thy-1, FceRI and the adaptor
proteins LAT and NTAL was also investigated.

Results

Clusters of Thy-1 isoforms move independently in
the plasma membrane

We previously isolated RBL-derived cells, RBL-gT1.2/1,
expressing the murine Thy-1.2 gene [2]. FACS analysis
showed that all RBL-gT1.2/1 cells express FceRI and
both Thy-1.1 and Thy-1.2 (Fig. 1A). Immunoblotting
examination revealed that RBL-gT1.2/1 cells express
less Thy-1.1 gp than RBL cells (Fig. 1B), implying a
mechanism regulating the amount of total Thy-1
produced. Using RBL-gT1.2/1 cells we analyzed topo-
graphy of Thy-1.1 and Thy-1.2 by three different
approaches. In the first series of experiments using
immunofluorescence microscopy on cells fixed with 4%
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paraformaldehyde before staining, both Thy-1.1 and
Thy-1.2 were found homogenously distributed over the
cell surface (Fig. 1Ca—c). Aggregation of Thy-1.1 by OX7
Ab and FITC-conjugated goat anti-mouse (GaM) IgG
induced formation of patches (after 10 min at 37°C,
Fig. 1Cd) and caps (after 60 min at 37°C; Fig. 1Gj) of
Thy-1.1, whereas Thy-1.2 remained diffusely distributed
over the cell surface (Fig. 1Ce, k). Similarly, in the
reverse experiment, cells with patches and caps of cross-
linked Thy-1.2 (Fig. 1Ch, n) exhibited diffuse staining of
Thy-1.1 (Fig. 1Cg, m). These results suggest that Thy-1.1
and Thy-1.2 gp move in the plane of the PM
independently.

Next we examined topography of Thy-1 isoforms
using EM on immunogold-labeled PM sheets isolated
from RBL-gT1.2/1 cells. As the isolation of membrane
sheets is not compatible with strong fixation, we fixed
the cells with 2% paraformaldehyde, allowing effective
isolation of membrane sheets but unlikely to completely
inhibit the formation of small Thy-1 aggregates. Under
these conditions we found that both Thy-1.1 and Thy-1.2
were localized mostly in small autonomous clusters
(Fig. 2 and 3). When Thy-1.1 was aggregated with OX7
mAb and 10 nm gold-labeled GeM IgG (GaM-gold-
10 nm) followed by fixation with 2% paraformaldehyde
and blocking remaining free IgG-binding sites, Thy-1.2
showed significant colocalization with Thy-1.1 at
distances larger than ~40 nm as detected by bivariate
Ripley's analysis (BRA; Fig. 2B). Importantly, under the
same experimental conditions, much stronger Thy-1.1
homoassociation was detected (Fig. 2C). Interestingly,
although the size of Thy-1 clusters was smaller in
prefixed cells than in cells fixed after Thy-1 labeling, the
distance between individual gold labels in the clusters
remained unchanged (Fig. 3A-D). Furthermore, we
confirmed recent data [15] that aggregation of Thy-1
does not lead to its enhanced colocalization with FceRI
(Fig. 3E, F). These EM data support the concept that
aggregated Thy-1 isoforms can move relatively inde-
pendently in the plane of the PM and are localized in
membrane regions with no preference for FceRI.

Finally, we studied the topography of Thy-1 isoforms
by measuring FRET efficiency. When Thy-1.1 and Thy-
1.2 were labeled, respectively, with OX7-FITC and 1aG4-
tetramethylrhodamine isothiocyanate (TRITC), we ob-
served intense energy transfer leading to a decrease in
relative fluorescence intensity (RFI} of 1aG4-TRITC by
—26.51+0.45% (Fig. 4A). Interestingly, when both Thy-
1.1-OX7-FITC and Thy-1.2-1aG4-TRITC complexes were
aggregated by rabbit anti-mouse (ReM) IgG, only a
small decrease of RFI (-1.06+0.47%) was observed,
suggesting existence of the preformed clusters. Further-
more, when the Thy-1.2 on the cells was labeled with
1aG4-FITC and 1aG4-TRITC at a ratio 5:1, the RFI
remained the same after aggregation of the Thy-1-Ab
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complexes with ReM IgG (+1.57+3.05%). These data
strengthen the results of EM studies indicating that the
short-range distances between Thy-1 in its clusters do
not dramatically change during the course of Ab-
induced Thy-1 aggregation.

In the above experiments, we used whole IgG class
mAb capable of dimerizing the target antigens. The
observed FRET between Thy-1.1 and Thy-1.2 could thus
reflect small changes in topography of the target
molecules induced by their dimerization and movement
into the same clusters, a situation that has been observed
in another system [17]. In order to determine whether
Ab-induced dimerization does indeed contribute to
FRET, we labeled Thy-1.1 with either monovalent
OX7(Fab)-FITC or dimerizing OX7(IgG,)-FITC probes.
Thy-1.2 was labeled with 1aG4({IgG;)-TRITC, and FRET

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Phase contrast

Figure 1. Properties of RBLand RBL-gT'1.2/1
cells and independent movement of Thy-
1.1 and Thy-1.2 as detected by light
microscopy. (&) FACS analysis of surface
Thy-1.1 (0X7), Thy-1.2 (1aG4) and FceRL
(IgE). (B) Immunoblotting (IB) analysis of
Thy-1.1 (0X7), Thy-1.2 (1aG4) and LAT
(loading control). (C) Thy-1.1 and Thy-1.2
visualized by indirect immunofluores-
cence on RBL-gT1.2/1 cells. The micro-
graphs show staining for Thy-1.1 (left),
Thy-1.2 (middle) and phase contrast of the
corresponding fields (right). (a—c) Cells
were fixed and then stained to visualize
Thy-1.1 and Thy-1.2. (d-i) Cells were
incubated for 10 min to induce patches of
Thy-1.1 {d-f) or Thy-1.2(g-1) and then fixed
and stained for Thy-1.2 or Thy-1.1. (j-0)
Cells were incubated for 60 min to induce
caps of Thy-1.1 (j-1) or Thy-1.2 (m-o0) and
then fixed and stained for Thy-1.2 or Thy-
1.1 (bar represents 10 pm).

was analyzed by flow cytometry (Fig. 4B). At the time
indicated by an arrow in Fig. 4B, Thy-1.2-1aG4-TRITC
complexes were aggregated with nonlabeled isotype-
specific anti-IgGs. Monomeric Thy-1.1, labeled with
OX7(Fab)-FITC, remained scattered throughout the
whole cell surface after Thy-1.2 aggregation (not
shown), which resulted in significantly enhanced RFI
of 1aG4-TRITC (Fig. 4B, thick line), reflecting decreased
FRET. However, dimeric Thy-1.1, labeled with
OX7(I1gG1)-FITC, was dragged into Thy-1.2 clusters,
resulting in decreased RFI values of TRITC-labeled 1aG4
(Fig. 4B, thin line). These data indicate that dimeriza-
tion of Thy-1.1 results in its enhanced association with
Thy-1.2 aggregates.
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Figure 2. Topography of Thy-1.1 and Thy-1.2 as detected by EM.
{A) Thy-1.1 in RBL-gT1.2/1was aggregated with OX7 mAb and
GuM-gold-10 nm (arrows). The cells were fixed, free IgG
binding sites were blocked with mouse IgG, and Thy-1.2 was
labeled with biotinylated 1aG4 mAb followed by streptavidin-
gold-5 nm (inside ellipses). (B) BRA of Thy-1.2 colocalization
with aggregated Thy-1.1. (C) As a positive control, BRA is also
shown for colocalization of the aggregated Thy-1.1 (labeled as
above) with the remaining free Thy-1.11in fixed cells (detected
with biotinylated OX7 and streptavidin-gold-5 nm). Significant
colocalization (p<0.01) of the proteinsis shown as the position
of the L-value curve (solid line) above boundaries (dashed lines)
predicted for the random distribution of gold-labeled particles
at a corresponding distance. Each graph represents approxi-
mately 35 pm? of the RBL PM from two independent experi-
ments.

Thy-1 topography is regulated by F-actin
Distribution of PM components is regulated at least in

part by submembraneous cytoskeleton [18]. In further
experiments we therefore examined by means of FRET
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the changes in Thy-1 distribution in cells pretreated with
inhibitors of actin polymerization, latrunculin B or
cytochalasin D. Preincubation of RBL-gT1.2/1 cells with
latrunculin for 15 min resulted in a significant increase
in energy transfer between Thy-1.2-1aG4-TRITC and
Thy-1.2-1aG4-FITC (Fig. 5A, column 2). These data
probably reflect the formation of small Ab-Thy-1 clusters
after F-actin fence removal. The homo-FRET values
obtained in latrunculin-pretreated cells did not further
increase by aggregation of Ab-dimerized Thy-1 with
RoM IgG (Fig. SA, column 3), suggesting that the
intermolecular distances between Thy-1 remain con-
stant even after extensive Thy-1 aggregation.

However, when Thy-1.2 was labeled with 1aG4-
TRITC and Thy-1.1 with OX7-biotin-FITC, latrunculin
and cytochalasin caused a decrease in the energy
transfer (Fig. 5B, columns 2 and 3), which could be
explained by more diffuse distribution of Thy-1.1 and
Thy-1.2 dimers after F-actin fence removal. Aggregation
of the Thy-1.1-OX7-biotin-FITC complexes with strepta-
vidin caused a small but significant decrease in FRET
efficiency between Thy-1.1 and Thy-1.2 (Fig. 5B, column
4). Interestingly, aggregation of Thy-1.1-OX7-biotin-
FITC by streptavidin completely abolished the effect of
both latrunculin and cytochalasin described above and
caused, in fact, significant increase of FRET values
compared to control cells (Fig. 5B, columns 5 and 6).
Thus, the formation of large Thy-1.1 aggregates in cells
lacking F-actin fence caused co-clustering of Thy-1.1 and
Thy-1.2.

Cross-talk between Thy-1 and FesRI

Biochemical studies with detergent-solubilized cells
implied that FceRI-mediated activation is initiated by
coalescence of aggregated FeeRI with DRM [10, 12] and
that F-actin is involved in this process [19, 20]. However,
EM observations failed to discern any significant
increase in association between Thy-1 and aggregated
FeeRI [12, 15]. To elucidate these discrepancies, we
further investigated the topography of Thy-1 and FeeRI
by means of FRET, a method with 1-10 nm resolution.
When FceRI was dimerized by 5.14 mAb, enhanced FRET
efficiency between Thy-1.1-OX7-FITC and FceRI-IgE-
TRITC complexes was observed (Fig. 6A, column 2). An
even higher increase in FRET was determined after
aggregation of FeeRI-IgE-TRITC complexes with multi-
valent antigen (TNP-BSA; Fig. 6A, column 3). These data
confirm the results of biochemical studies documenting
that FceRI aggregation is indeed accompanied by
movement of FceRI aggregates into Thy-1-enriched
domains [19]. As the pretreatment of cells with actin
polymerization inhibitors enhanced FRET efficiency
between Thy-1 and FceRI even in control cells with
nonaggregated FceRI (Fig. 6A, columns 4 and 7), F-actin
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could serve as a possible fence in confining FegRI and
Thy-1 in distinct membrane microdomains. Dimeriza-
tion of FceRI by 5.14 mAb in the presence of both
inhibitors led to enhanced FRET between Thy-1 and
FceRI (Fig. 6A, columns 5 and 8). However, because
latrunculin alone enhanced FRET efficiency by 10%, the
observed difference (Fig. 6A, columns 4 and 5) was
insignificant. After aggregation of FceRI with TNP-BSA,
there was even higher FRET efficiency in latrunculin-
pretreated cells (Fig. 6A, columns 5 and 6, p<0.01),
whereas in cytochalasin-pretreated cells, no further
increase was observed (Fig. 6A, columns 8 and 9).
Because Thy-1 and FceRI triggerings induce some
common early activation events [21], it was important to
determine whether Thy-1 aggregation has any effect on
FeeRI homoassociation and whether F-actin is involved
in this process. TNP-specific IgE was covalently modified
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either with TRITC or FITC, and the cells were labeled
with both these FeeRI probes at a molar ratio 1:1. Then
the cells were activated or not with dimerizing X7 mAb
or by extensive Thy-1 aggregation with Thy-1-OX7-
biotin-streptavidin complexes. Data presented in Fig. 6B
indicate that Thy-1 dimerization results in a small but
significant enhancement of FRET, reflecting homoasso-
ciation of the FeeRI (Fig. 6B, column 2). Extensive Thy-1
aggregation had smaller effect (Fig. 6B, column 3).
Pretreatment of the cells with latrunculin significantly
enhanced FceRI homo-FRET efficiency (Fig. 6B,
column 4). Dimerization of Thy-1.1 and, namely,
extensive Thy-1.1 aggregation in the presence of
latrunculin resulted in further enhancement of IgE
homoassociations (Fig. 6B, columns 5 and 6). Similar
enhancement of FRET efficiencies was observed in cells
pretreated with cytochalasin, except that extensive
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Figure 4.FRET between Thy-1.1 and Thy-1.2. (A) Representative
RFI measured in RBL-gT1.2/1 cells by flow cytometry after
binding of 1aG4-TRITC alone or 1aG4-TRITC and OX7-FITC. (B)
Dimerization of Thy-1.1 results in its enhanced association
with Thy-1.2 aggregates. Thy-1.1 was labeled either with Fab
fragments of OX7-FITC or the whole OX7-FITC. Thy-1.2 was
labeled with 1aG4-TRITC, and RFI were determined at various
time intervals after aggregation of the Thy-1.2-1aG4-TRITC
complexes with isotype-specific anti-IgG;. Typical experiment
from three performed is shown.
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Figure 5. Different regulation of Thy-1homo-FRET and hetero-
FRET by F-actin. (A) Homo-FRET between Thy-1.2-1aG4-TRITC
and Thy-1.2-1aG4-FITC. (B) Hetero-FRET between Thy-
1.2-1aG4-TRITC and Thy-1.1-OX7-biotin-FITC. The cells were
pretreated with latrunculin (La; 0.5 pM), cytochalasin B (Cy; 4
M) or vehicle (C; 0.2% DMSOQ). In some experiments Thy-1
aggregation was induced by RuM IgG (R) or streptavidin (S). Data
were normalized to vehicle-pretreated cells in column 1
{"p<0.05, **p<0.01, **p<0.001).

aggregation of Thy-1 was less potent (Fig. 6B, columns
7-9). These data indicate that Thy-1 aggregation as well
as actin polymerization affect the topography of FeeRI.
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Figure 6. F-actin is involved in FRET cross-talk between Thy-1
and FceRL (A) FRET between Thy-1.1-0X7-FITC and FczRI-IgE-
TRITC was analyzed in RBL cells preincubated for 15 min with
latrunculin (La; 0.5 pM), cytochalasin (Cy; 4 uM) or vehicle (C;
0.2% DMSO). IgE-TRITC-sensitized cells were nonactivated (1, 4,
7) or activated with 5.14 mAb (2, 5,8) or TNP-BSA (3, 6, 9) for
2 min, and the RFI was immediately evaluated by FACS. (B) RBL
cells were either untreated or treated with latrunculin or
cytochalasin and subsequently labeled with IgE-TRITC and IgE-
FITC. Then the cells were either nonactivated (1, 4, 7) or
activated for 5 min by Thy-1 dimerization with biotinylated
OX7 (10 pg/mlL; 2, 5, 8) or by extensive Thy-1 aggregation
through biotinylated OX7-streptavidin complexes (3, 6, 9)
('p<0.05), *p<0.01, **p<0.001).

Cross-talk between Thy-1 and the adaptor
proteins LAT and NTAL

EM on PM sheets showed that LAT and NTAL are located
in distinct regions of the PM [22] and that aggregated
Thy-1 colocalizes with LAT [15]. To determine whether
Thy-1 also colocalizes with NTAL, we used RBL cells
fixed before or after Thy-1 labeling with OX7 mAb and
GoM-IgG-gold-10 nm (Fig. 7 and 8). Colocalization of
Thy-1 with both LAT and NTAL was occasionally
observed in cells fixed before Thy-1 staining (Fig. 7A,
C and 8A, C), in which NTAL and LAT are distributed in
separate domains (Fig. 8E). Colocalization of both
adaptors with Thy-1 was strongly enhanced after Thy-1
aggregation (Fig. 7B, D and 8B, D). Under these
conditions colocalization of LAT and NTAL was observed
only at distances larger than the size of LAT/NTAL
clusters (Fig. 8F).

The observed colocalization of Thy-1 with NTAL and
LAT could have functional consequences for initial
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stages of Thy-1-induced cell activation. We therefore
examined protein tyrosine phosphorylation in control
and Thy-1-activated cells. The cells were lysed in 0.5%
Triton X-100 and fractionated by sucrose density
gradient ultracentrifugation. In nonactivated cells the
major tyrosine phosphorylated protein found in DRM
(fractions 1-5) is Lyn kinase, forming a typical 53/
55 kDa double band (Fig. 9A, Control). Exposure of the
cells to latrunculin alone resulted in weak tyrosine
phosphorylation of a protein in DRM with Mr of 38 kDa,
corresponding to LAT, and several other proteins in non-
DRM high density fractions of the sucrose gradient
(Fig. 9A, 0/La, fractions 6-9). After Thy-1-mediated
activation induced by biotinylated OX7-streptavidin
complexes, enhanced tyrosine phosphorylation in
DRM was observed in proteins with Mr of NTAL
(30 kDa) and LAT (Fig. 9A, OX7/0/5tr). Aggregation
of Thy-1 in the presence of latrunculin further enhanced
tyrosine phosphorylation of both NTAL- and LAT-like
proteins (Fig. 9A, OX7/La/Str). Further analysis showed
that Syk kinase was excluded from DRM, whereas Lyn,
LAT, NTAL and Thy-1 were included, as expected. Direct
evidence that both NTAL and LAT are phosphorylated in
Thy-1-activated cells was obtained by immunoprecipita-
tion experiments. Thy-1 dimerization by OX7 alone
induced 3.6- and 2.9-fold increases in tyrosine phos-
phorylation of LAT and NTAL, respectively (Fig. 9B, C).
The extent of tyrosine phosphorylation was further
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Figure 7. Colocalization of LAT and
NTAL adaptors with Thy-1 clusters.
Membrane topography of Thy-1.1
and adaptor proteins LAT (A, B) or
NTAL (C, D) was determined in cells
stained with OX7 Ab and GuM-gold-
10 nm after fixation with 2% paraf-
ormaldehyde (A, C) or before fixation
to induce formation of Thy-1 aggre-
gates (B, D). Adaptors were detected
with the corresponding mAb and
GuM-gold-5 nm. Arrows indicate
Thy-1.1; arrowheads mark LAT (A, B)
or NTAL (C, D).

enhanced by more extensive Thy-1 aggregation and rose
even more after inhibition of actin polymerization by
latrunculin. Immunoprecipitation experiments showed
that latrunculin alone induced modest but reproducible
dose-dependent tyrosine phosphorylation of LAT, NTAL
and Syk, with peak effect at a concentration 0.5 uM
(Fig. 9D).

Discussion

RBL-¢T1.2/1 cells expressing both the endogenous Thy-
1.1 and the transfected Thy-1.2 were used to analyze the
topography of Thy-1 isoforms with three methods
differing in their resolution power. Although both rat
Thy-1.1 and mouse Thy-1.2 are anchored to PM through
the GPI anchor and differ only in a limited number of
aminoacids (82% identity), immunofluorescence micro-
scopy showed that both isoforms are distributed in the
PM randomly and are aggregated independently. These
data suggest that Thy-1 domains are very small, under
the resolution limit of light microscopy, and/or that
forces that keep GPI-anchored molecules in the putative
domains are weaker than forces leading to their
antibody-mediated aggregation. Using EM on immuno-
gold-labeled PM sheets isolated from cells fixed before
labeling, we confirmed previous data [15] that Thy-1 is
distributed in small clusters independently of FceRL
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However, based on these results, we cannot exclude the
possibility that these clusters are induced, or that their
size is enhanced, by the antibodies used for Thy-1
detection because isolation of PM sheets is incompatible
with strong fixing conditions that ensure complete
blocking of GPI-anchored protein movement. Antibody-
induced aggregation of Thy-1 resulted in coalescence of
smaller Thy-1 clusters into larger domains, as expected,
yet the density of gold label in Thy-1 clusters was not
enhanced; this suggests that distances between indivi-
dual molecules were kept constant.

In an attempt to understand protein-protein inter-
actions in the PM of living cells, we employed FRET-
based analyses between one type of molecules (homo-
FRET) or different molecules (hetero-FRET). FRET is
unique in generating fluorescence signals sensitive to
molecular conformations, associations and intermole-
cular distances in the range of 1-10 nm [23]. We found

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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with nonaggregated (E) or aggregated
{F) Thy-1.

no dramatic changes in FRET efficiencies between
immunolabeled Thy-1.2 and Thy-1.1 dimers after their
aggregation with anti-IgG Ab. This implies that inter-
molecular distances do not dramatically change in the
course of Thy-1 aggregation and in this sense support
the results obtained by EM showing that density of gold-
labeled Thy-1 in clusters is similar in cells with
extensively aggregated Thy-1 (fixed after labeling)
and cells fixed before Thy-1 labeling.

Previous studies suggested that segregation of lipid
microdomains might be regulated by submembraneous
cytoskeleton [19, 24]. Our data indicate that F-actin is
involved in formation of Thy-1 clusters in PM. When
polymerization of F-actin was disrupted with latruncu-
lin, both Thy-1 isoforms distributed more randomly, as
reflected in lower energy transfer between immunola-
beled Thy-1.1 and Thy-1.2. These effects were almost
abolished if biotinylated Thy-1.1 was crosslinked with
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streptavidin, suggesting that under these conditions
cluster formation is driven by the crosslinking antibodies
rather than F-actin. Thus, F-actin is crucial for the spatial
distribution of Thy-1 in membrane microdomains,
whereas external agents take the helm in activated cells.

Inhibition of actin polymerization leads to significant
enhancement of the secretory response induced through
FceRI [25] or Thy-1 [20]. Cur finding that inhibitors of
actin polymerization enhance FRET efficiency between
FceRI and Thy-1.1 suggests that the decreased level of

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

each group is shown.

F-actin leads to loss of exclusion of the FeeRI from Thy-1
in nonactivated cells. Thus, F-actin could be the main
regulator responsible for physical separation of signal
transduction PM molecules. We noticed a significant
difference in the effects of two inhibitors of actin
polymerization, latrunculin B and cytochalasin D, which
are distinct in their mode of action [26]. Latrunculin
sequesters actin monomers by preventing actin poly-
merization and effectively disrupts both actin stress
fibers and cortical actin filaments. In contrast, cytocha-
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Figure 10. Schematic model of Thy-1 aggregation and interaction with transmembrane adaptors. In resting cells, both Thy-1.1 and
Thy-1.2 reside scattered as single molecules or small patches of several molecules. After Thy-1.1 dimerization, Thy-1.2 remains
scattered mostly independently of Thy-1.1. After Thy-1.1 multimerization, most of Thy-1.2 remains randomly scattered. However,
aggregated Thy-1.1 forms large patches, recruiting transmembrane adaptors LAT and NTAL, occupying different membrane

regions.

lasin binds to the barbed (growing) ends of actin
filaments and prevents their elongation. Stronger
inhibition of actin polymerization by latrunculin could
explain why it was more potent in experiments
measuring FRET efficiencies in this study.

By FACS analysis we found significantly increased
FRET efficiency between Thy-1 and FceRI after antigen-
mediated FeeRI aggregation. Based on these data, we
propose that at least a fraction of Thy-1 must edge
towards FeeRI. However, the observed photobleaching
(9.38%) after 1 min activation of the cells suggests that
only a fraction of the Thy-1 was closer to aggregated
FceRI in activated cells. This finding is consistent with
the results obtained by EM demonstrating that Thy-1 is
not completely excluded from electron-dense patches
where aggregated FceRI accumulate [14].

Aggregated Thy-1 colocalizes with another lipid raft
marker, LAT [15], which is structurally and functionally
similar to NTAL. Surprisingly, LAT and NTAL are
localized in different membrane microdomains in both
nonactivated and activated cells [22]. Using EM we
found that both LAT and NTAL colocalize with Thy-1
clusters, even though these adaptors did not form mixed
clusters. Interestingly, extensive Thy-1 aggregation led
to closer proximity of LAT and NTAL clusters. A
schematic model of the distribution of Thy-1 isoforms,
NTAL and LAT in nonactivated and Thy-1-activated cells
is shown in Fig. 10. Because the two adaptors could be
involved in different signaling pathways [27], our data
suggest that these pathways could be affected by Thy-1
aggregation. Here we present evidence that Thy-1
aggregation induces tyrosine phosphorylation of the
two adaptor proteins. Although pretreatment with
latrunculin did not affect association of several signaling
proteins (Lyn, LAT, NTAL and Thy-1) with DRM, it
enhanced tyrosine phosphorylation of LAT, NTAL and
even Syk, which is not considered to be associated with
lipid rafts. It should be noted, however, that Syk could be
recruited to lipid rafts through its binding to lipid raft-
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residing molecules such as Lyn [28] or aggregated FceRI
[10, 12]. The combined data support the notion that
actin cytoskeleton is involved in setting the threshold for
activation of mast cells through various pathways.

Materials and methods

Cells, antibodies and reagents

The origin and culture conditions for RBL cells (subclone 2H3}
and Thy-1.2 transfectants (RBL-gT1.2/1) have been described
[2]. The following mAb were used: MRC OX7 (0X7; IgGy)
recognizing Thy-1.1, F7D5 (IgM)} and 1aG4 (IgG;) directed
against Thy-1.2 (their origins have been described [7])} and
5.14 (IgG,) directed to the FceRle subunit [29]. The origins of
IGEL b4 1 (IgE} recognizing TNP, JRK specific for the FceRIB
subunit and antibodies against NTAL, LAT and Syk have been
described [22]. GeM IgG-FITC and GoR IgM-LRSC (lissamine-
rhodamine sulfonyl chloride} were obtained from Jackson
Laboratories (West Grove, PA}. HRP-conjugated anti-phos-
photyrosine antibody PY20, ReM IgG and isotype-specific GaM
IgG; were purchased from Sigma (St. Louis, MO}. GaM-gold-
10 nm and GaM-gold-5 nm were obtained from Amersham
Biosciences (Uppsala, Sweden}, and streptavidin-gold-5 nm
was from Pelco International (Redding, CA}. Fab fragments
were prepared using ImmunoPure Fab Preparation Kit (Pierce,
Rockford, IL}. Fluorescence dyes FITC or TRITC (both from
Sigma} were dissolved in DMSO at a concentration 10 mg/mL
and then mixed with mAb (1:10 vol:vol}. Reaction mix (1 mL
containing ~2 mg antibody} was incubated for 1 h at room
temperature and stopped by adding 0.1 mL 1.5 M hydro-
xylamine, pH 8.5. The conjugate was dialyzed against PBS and
stored at —20°C. Some antibodies were biotinylated with
ImmunoPure NHS-LC-biotin (Pierce} according to the man-
ufacturer's instructions. All other reagents used were from
Sigma.

Immunofluorescence microscopy

Cells were grown on coverslips to semiconfluence. The
coverslips were transferred on ice, and all procedures were
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performed at 0°C unless stated otherwise. For antibody
dilution and cell washing, ice-cold PBS and culture medium
containing 10% FCS (5:1) was used. To visualize Thy-1, the
cells were incubated for 30 min with antigen-specific antibody
(1:100 diluted OX7 or F7D5), washed and incubated for
30 min with the class-specific secondary reagents GaM IgG-
FITC or GoM IgM-LRSC (lissamine-rhodamine sulfonyl
chloride), washed and incubated at 37°C for 10 or 60 min
to induce patching or capping of the target gp. Then the cells
were washed in PBS, pH 7.4, fixed in 4% paraformaldehyde in
PBS for 20 min at 23°C, washed sequentially with 0.1 M
glycine in PBS, PBS, and culture medium containing 10% FCS
and then stained for a second antigen, using the two-step
procedure as described above. In some experiments, the cells
were first fixed and then stained on ice with the primary
antibodies (OX7 and F7D5) followed by a mixture of the class-
specific secondary antibodies. After staining, the cells were
fixed once more in 4% paraformaldehyde for 10 min, washed,
mounted in 0.1% p-phenylendiamine in 50% glycerol in PBS
pH 8.0 and examined with an Orthoplan (Zeiss) fluorescence
microscope.

Electron microscopy

PM sheets were isolated, labeled and analyzed by EM as
described [12, 15]. For labeling of both Thy-1 isoforms on the
same membrane sheets, the cells were grown on coverslips and
incubated for 15 min at room temperature with OX7 mAb
(1 pg/mlL) followed by 10 min incubation at 37°C with GeM-
gold-10 nm; antibodies were diluted in buffered salt solution
(BSS: 20 mM Hepes pH 7.4, 135 mM NaCl, 5 mM KCl, 1.8 mM
CaCl,, 5.6 mM glucose, 1 mM MgCl,) supplemented with
0.1% BSA. Then the cells were fixed for 7 min in 2%
paraformaldehyde in PBS at room temperature, and the
remaining free I1gG binding sites were blocked for 5 min in
BSS-0.1% BSA with 5% normal mouse serum. Thy-1.2 gp (or
Thy-1.1 gp) was detected by 15 min incubation with
biotinylated 1aG4 (or OX7) in PBS-5% mouse serum. After
a final 10 min incubation with streptavidin-gold-5 nm, the PM
sheets were isolated and further processed.

FRET

The cells (10%) were incubated in 1 mL BSS-0.1% BSA with
fluorescently tagged antibodies at saturating concentration for
30 min in the dark. Unbound antibodies were removed by
washing the cells twice in BSS-0.1% BSA, and the cells were
measured immediately by FACSCalibur (Becton Dickinson) to
determine FRET efficiency between FITC- and TRITC-con-
jugated antibodies as described [30]. Donor fluorescence of
double-labeled samples was compared with that of samples
where the acceptor antibody was replaced by non-labeled
antibody to compensate for any competition between the
donor and acceptor antibodies. FRET efficiency was calculated
from the fractional decrease of the donor fluorescence in the
presence of the acceptor. Forward and side angle light
scattering were used to gate out debris and dead cells.
Calculated values for FRET efficiency were expressed as the
ratio of the number of excited donor molecules, tunneling their
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excitation energy to the acceptor, to the number of all excited
molecules.

Cell activation, sucrose gradients and immunoblotting

RBL cells were harvested, resuspended in BSS-0.1% BSA and
sensitized with biotinylated OX7 at a final concentration
10 mg/mL for 30 min at 37°C. After washing the cells were
activated for 5 min at 37°C with streptavidin (10 mg/mL). In
some experiments the cells were exposed for 15 min before
activation to latrunculin (0.5 mM). Activated and control cells
were lysed in ice-cold lysis buffer containing 0.5% Triton X-100
and fractionated by sucrose density gradient. Individual
fractions from the gradient were analyzed by SDS-PAGE
followed by immunoblotting as described [5]. In some
experiments the cells were activated as specified in the
Results, and LAT and NTAL were immunoprecipitated and
analyzed as described [22].

Statistical analysis

Statistical analysis of colocalization of antigens on PM sheets
was evaluated by BRA using the L(r)-r function as described
[15]. L(r)-r function maps the expected value of the Ripley's
K function defined similarly to the univariate function to
radius r and to 0. Unless further specified, FRET data represent
mean + SD from at least three independent experiments.
Statistical significance of inter-group differences was calcu-
lated by the unpaired Student's t-test.
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Abstract

Engagement of the FceRI in mast cells and basophils leads to a rapid tyrosine
phosphorylation of the transmembrane adaptors LAT (linker for activation of T cells)
and NTAL (non-T cell activation linker, also called LAB or LAT2). NTAL regulates
activation of mast cells by a mechanism, which is incompletely understood. Here we
report propertics of rat basophilic leukemia cells with enhanced or reduced NTAL
expression. Overexpression of NTAL led to changes in cell morphology, enhanced
formation of actin filaments and inhibition of the FceRI-induced tyrosine
phosphorylation of the FegRI subunits, Syk kinase and LAT and all downstream
activation events, including calcium and secretory responses. In contrast, reduced
expression of NTAL had little effect on early FceRI-induced signaling events but
inhibited calcium mobilization and secretory response. Calcium response was also
repressed in Ag-activated cells defective in Grb2, a major target of phosphorylated
NTAL. Unexpectedly, in cells stimulated with thapsigargin, an inhibitor of the
endoplasmic reticulum Ca®" ATPase, the amount of cellular NTAL directly correlated
with the uptake of extracellular calcium even though no enhanced tyrosine
phosphorylation of NTAL was observed. The combined data indicate that NTAL
regulates FeeRI-mediated signaling at multiple steps and by different mechanisms. At
early stages NTAL interferes with tyrosine phosphorylation of several substrates and
formation of signaling assemblies, whereas at later stages it regulates the activity of
store-operated calcium channels through a distinct mechanism independent of

enhanced NTAL tyrosine phosphorylation.

70
Vysledky: Publikace D



Introduction

Aggregation of FceRI in mast cells and basophils triggers numerous signaling steps,
which eventually lead to degranulation and cytokine production. Early signaling events
involve sequential activation of Src family protein tyrosine kinases Lyn and Fyn, and
Syk/Zap family kinase Syk (1-4). The kinases phosphorylate several substrates, including
and 7y subunits of the FceRI and transmembrane adaptor protein LAT (linker for activation
of T cells). Phosphorylated LAT becomes a docking site for phospholipase C (PLC)7y1 and
PLCY2 and some other Src homology 2 (SH2) domain-containing signaling proteins, namely
Grb2 adaptor (5, 6). Recently two groups have identified in mast cells another
transmembrane adaptor protein called NTAL (non-T cell activation linker) or LAB (linker
for activation of B cells) (7, 8), a product of the Williams-Beuren syndrome gene, WbscrS5.
This protein, also expressed in B cells and NK cells but not in resting T cells, resembles
LAT in possessing a short extracellular domain, a single transmembrane region, and a
cytoplasmic tail with two palmitoylation cysteine residues and evolutionary conserved
motifs containing tyrosine residues. Five of these motifs are of the YXN type (where X is
any amino acid), and thus are potential binding sites for the SH2 domain of the cytosolic
adaptor protein Grb2. However, unlike LAT, NTAL does not possess a consensus binding
motif for PLCyl and PLCY2 (7-9).

An important role of NTAL in immunoreceptor signaling was inferred from
experiments in which diminution of NTAL expression by silencing RNA oligonucleotides
resulted in reduced B cell receptor-mediated activation of MAPK in A20 cell line (8), as
well as impaired degranulation in FceRI-activated human mast cells (9). Unexpectedly,
bone marrow-derived mast cells (BMMCs) isolated from NTAL-deficient mice were

hyperresponsive to stimulation via the FceRI, as evidenced by enhanced tyrosine
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phosphorylation of several substrates, calcium response, degranulation and cytokine
production. However, BMMCs obtained from mice lacking both LAT and NTAL had a
more severe block in FeeRI-mediated signaling than BMMCs deficient in LAT alone (10,
11), suggesting that under certain circumstances NTAL may exert a positive signaling role
even in BMMC.

Positive regulatory role of NTAL in immunoreceptor signaling was also observed in
studies with immature chicken B-cell line, DT40 (12). In these cells, Grb2 negatively
regulates the Ca®* response through its binding to so far unidentified suppressor. It has been
shown that SH2-mediated binding of Grb2 to tyrosine phosphorylated NTAL resulted in
sequestering of the Grb2 inhibitory complex away from the cytosol, enhancing thus the
calcium response. However, the role of NTAL in Ca™ signaling is more complex as
indicated by previous studies describing enhanced calcium responses in NTAL-deficient
BMMCs (10, 11).

To enlighten the role of NTAL in FeeRI signaling we investigated by genetic and
biochemical approaches the properties of rat basophilic leukemia (RBL) cells with enhanced
or reduced expression of NTAL, and cells defective in Grb2 alone or in combination with
NTAL. Our data indicate multiple regulatory roles of NTAL in FceRI signaling in mast cells
and document for the first time that activity of the store-operated Ca>* (SOC) channels could

be regulated by NTAL even in the absence of its enhanced tyrosine phosphorylation.
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Materials and Methods

Antibodies, reagents, and cell cultures

The following mAbs were used: anti-Syk (13), anti-Lyn (14), anti-LAT (15), anti-
FceRI B subunit (JRK) (16), TNP-specific IgE mAb (IGEL b4 1) (17), DNP-specific IgE
(18), and anti-NTAL (NAP-07; Exbio, Prague, Czech Republic). Phospho-Tyr-specific mAb
(PY-20), conjugated to HRP, was purchased from Transduction Laboratories (Lexington,
KY). Rabbit polyclonal Ab specific for Syk, Lyn, LAT, and NTAL, were prepared by
immunization with recombinant fragments of Syk (13), Lyn (14), LAT (15) or rat NTAL (aa
30-196; GenBank accession no. Q8CGL?2), respectively. Rabbit anti-IgE was prepared by
immunization with whole IGEL b4 1. Polyclonal Abs specific for PLCy1, PLCY2, Erk1,
phospho-Erk (specific for phosphorylated Tyr*®), Grb2, Aktl, phospho-Aktl (specific for

phosphorylated Ser*”

) and HRP-conjugated donkey anti-goat IgG, goat anti-mouse IgG and
goat anti-rabbit IgG, were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Rabbit anti-PI3K p85 subunit Ab (a mixture of equal amounts of antisera against the intact
p85 subunit and the N-SH2 region of PI3K) was obtained from Upstate Biotechnology
(Lake Placid, NY). Goat anti-mouse IgG and anti-rabbit IgG conjugated to colloidal gold
particles of 10- or 5-nm were obtained from Amersham Pharmacia Biotech (Piscataway,
NJ). Fura-2-AM and “Ca (sp. act. 566 MBg/mg Ca2+) were purchased, respectively, from

Molecular Probes (Eugene, OR) and MP Biomedicals (Irvine, CA ). Origin of RBL cells

(clone 2H3) and their culture conditions have been described (19).

Cloning of rat NTAL ¢DNA and its sequencing
Based on the nucleotide sequence of human Whscr5 (GenBank accession no.

AF045555) and mouse Whscr5 (AF139987) we used 5' primer 5'-
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AAAGAATTCGTCAGTGGTGTTGGCATCAGC-3' (EcoRI site underlined) and 3' primer
5'-AAAAAGCTTGGGCTTCCAGTCAGCACAGTC-3' (HindIII site underlined) to amplify
the NTAL ¢cDNA from RBL cells by RT-PCR as described (20). The PCR product was
digested with EcoRI and HindIII and ligated into pGEM3Z vector (Promega, Madison, WI).
The plasmid was amplified and the sequence of the insert was verified by DNA sequencing.
All primers used in this study were obtained from Generi Biotech (Hradec Kralové, Czech

Republic).

Construction of plasmid vectors and isolation of cell lines with changes in expression of
NTAL and/or Grb2

Mouse NTAL cDNA was obtained from V. Hofejsi and cloned into EcoRI site of
pcDNA3.1/Zeo vector (Invitrogen, Carlsbad, CA). The plasmid, pZeo-NTAL-1, was
isolated and its sequence confirmed by sequencing. The plasmid or empty pcDNA3.1/Zeo
vector (negative control) were transfected into RBL cells by electroporation (250 V and 750
uF) using Gene Pulser (Bio-Rad, Hercules, CA). Colonies resistant to zeocin (300 pg/ml)
were then isolated, and clones with enhanced expression of NTAL were selected.

For production of NTAL- and Grb2-specific RNA silencing vectors, two sets of
oligonucleotides, 5'-TTT GAA CTCCTA CGAGAATGTGCTCGGAAGCTTGCGAGCA
CATTCTCGTAGGAGTTTTTTT-3' and 5'-CTAGAAAAAAACTCCTACGAGAATGTG
CTCGCAAGCTTCCGAGCACATTCTCGTAGGAGTT-3' (for NTAL), and 5'-TTTGAA
TAGATTACCACAGATCAACATAAGCTTTTGTTGATCTGTGGTAATCTATTTTTTT-
3'and 5-CTAGAAAAAAATAGATTACCACAGATCAACAAAAGCTTATGTTGATCT
GTGGTAATCTATT-3' (for Grb2) were annealed and cloned into mU6pro vector as
described (21). These sequences upon expression form hairpins using the loops in the middle
of the sequences (underlined). The plasmids, pU6/siNTAL and pU6/siGrb2 were amplified,

the sequences of the inserts were verified by DNA sequencing, and co-transfected at a ratio
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10:1 with pstNeoB vector (22) into RBL cells by electroporation. In some experiments RBL,
cells were transfected with a mix of plasmids, pU6/siGrb2, pU6/siNTAL and pSTneoB at a
ratio 5:5:1. Negative controls included empty mU6pro vector or mU6pro vector with the
annealed NTAL insert as above except that 2 mismatches were introduced at positions 30
and 50 (pU6/NTAL-30/50). Clones resistant to antibiotic G418 (0.4 mg/ml) were isolated

and analyzed by immunoblotting for NTAL and/or Grb2 expression.

Cell activation, immunoprecipitation, immunoblotting

Cells were harvested, resuspended in culture medium at a concentration 10x10°
cells/ml and sensitized with IgE (IGEL b4 1; ascites diluted 1:1000). After 30 min at 37°C
the cells were washed in buffered saline solution (BSS) containing 20 mM HEPES (pH 7.4),
135 mM NaCl, 5 mM KCl, 1.8 mM CaCl,, 1 mM MgCl,, 5.6 mM glucose and 0.1% BSA,
and challenged with Ag (TNP-BSA) for different time intervals. When the cells were
activated with thapsigargin, the sensitization step was omitted. Towards the end of the
activation period the cells were briefly centrifuged, and B-glucuronidase released into
supernatant was determined as described (23) using 4-methylumbelliferyl B-D-glucuronide
(Sigma-Aldrich, St. Louis, MO) as a substrate. The cell pellets were lysed in an ice-cold
lysis buffer containing 50 mM Tris-HCI1 (pH 7.4), 150 mM NaCl, 2 mM EDTA, 10 mM f3-
glycerophosphate, 1 mM Naz;VO,, 1 mM PMSF, 1 ug/ml aprotinin, 1 pg/ml leupeptin, and
supplemented with 1% Nonidet-P40 (NP40) (for Lyn, Syk, Erk) , 0.2% Brij 96 (for FceRI)
or 1% NP40 plus 1% n-dodecyl B-D-maltoside (for NTAL and LAT). In experiments
analyzing the association of proteins with large signaling assemblies, the activated or non-
activated cells were resuspended in ice-cold PBS supplemented with 0.1% saponin, 5 mM
MgCl, and 1 mM Na3VOy (permeabilization buffer). After 5 min incubation on ice, the cells

were spun down and extracted for 15 min in a lysis buffer containing 1% Triton X-100.
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Postnuclear supernatants were immunoprecipitated with corresponding Abs prebound to
UltraLink-immobilized protein A or G (Pierce, Rockford, IL), size-fractionated by SDS-
PAGE and immunoblotted with PY-20-HRP-conjugate or with protein-specific Abs
followed by an appropriate second stage HRP-conjugated anti-mouse or anti-rabbit IgG.
HRP signal was detected by the ECL reagent (Amersham, Little Chalfont, GB). Tyrosine-
phosphorylated Erk and Akt were determined by direct immunoblotting with
phosphospecific antibodies. Immunoblots were quantified by Luminescent Image Analyzer
LAS 3000 (Fuji Photo Film Co, Tokyo, Japan) and further analyzed by AIDA image
analyzer software (Raytest GmbH, Straubenhardt, Germany). The amount of tyrosine
phosphorylated proteins was corrected for the amount of proteins immunoprecipitated as
determined by densitometry of immunoblots after stripping of the membranes, followed by

development with the corresponding Abs.

Flow cytofluorometry analysis of FceRI and F-actin

To determine the surface FceRI, cells were exposed to 1 pg/ml anti-TNP IgE
followed by FITC-conjugated anti-mouse IgG cross-reacting with mouse IgE, and probed by
flow cytofluorometry using a FACSCalibur (Becton Dickinson, Mountain View, CA). The
total amount of polymeric actin was measured as previously described (24, 25). Briefly, 10°
cells in 200 pul BSS-BSA were sensitized with IgE and stimulated or not with Ag for various
time intervals. The reaction was terminated by adding 300 pul of PBS containing 50 pg of
lysophosphatidylcholine, 6% formaldehyde and 0.125 pg/ml FITC-phalloidin (Sigma-
Aldrich). After 10 min incubation at 37°C, the cells were centrifuged and resuspended in 1
ml of PBS before flow cytofluorometry analysis. The geometric mean fluorescence intensity
was determined for each sample and data points were plotted relative to the mean

fluorescence intensity of nonactivated control cells.
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Cytokine detection
Quantitative measurements of rat TNF-a was performed using murine TNF-a ELISA
development kit (cross-reacting with rat TNF-a; PeproTech Inc. Rocky Hill, NJ) according

to the manufacturer's instructions.

Lyn kinase assay

In vitro Lyn kinase assay was performed as previously described (27). Briefly, Lyn
was immunoprecipitated from cells lysed by sequential treatment with 0.1% saponin and 1%
Triton X-100. Saponin/Triton-extracted material was incubated with rabbit anti-Lyn Ab and
the immunocomplexes were collected on protein A beads. The kinase reaction was carried
out for 30 min at 37°C in kinase buffer (25 mM HEPES, pH 7.2, 3 mM MnCl,, 0.1% NP-40,
100 mM NazVO,, 20 mM MgCl,) containing 1 uCi [y->P] ATP (Amersham Pharmacia
Biotech), 100 uM cold ATP and 0.5 pg/ul denatured enolase as exogenous substrate. The
kinase reaction products were resolved by SDS-PAGE, transferred to nitrocellulose,

visualized by autoradiography and quantified by Fuji Bio-Imaging Analyzer Bas 5000.

Electron microscopy
Plasma membrane sheets were prepared from nonactivated or activated cells and

examined by electron microscopy as described (28) with some modifications (29).

Immune complex PI3K and PLC yassay

PI3K and PLCy enzymatic activity was measured as previously described (25).
Briefly, FceRI-activated or control cells (2x106) were solubilized in lysis buffer
supplemented with 1% Triton-X100. PI3K in postnuclear supernatant was

immunoprecipitated with anti-PI3K p85 subunit Ab and immunocomplexes were collected
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on UltraLink-immobilized protein A. PI3K assay was initiated by addition of 25 ul of kinase
buffer [20 mM HEPES (pH 7.4), 20 mM MgCl, and 0.25 mM EGTA] containing 10 pg of
sonicated phosphatidylinositol (Sigma-Aldrich) and 37 kBq [y-32P]ATP. After 30 min at
25°C, the reaction was terminated and lipids were separated on TLC Silica gel-60 plate
(Merck, Darmstadt, Germany) in a mixture of chloroform/methanol/4M ammonium
hydroxide (9:7:2, v/v/v) for 1 h. 32p_labeled materials were visualized by autoradiography
and quantified by Fuji Bio-Imaging analyzer Bas 5000.

To determine the PL.Cy enzymatic activity, postnuclear supernatants from non-
activated or activated cells were immunoprecipitated with anti-PL.Cy1 and
immunocomplexes were collected on beads of Ultralink-immobilized protein A. The beads
were washed and resuspended in 25 ul of reaction buffer followed by addition of 10 pl
substrate solution [25 mM sodium phosphate, pH 6.8, 50 mM KCl, 2.5% Triton X-100, 6 ug
of phosphatidylinositol 4,5-bisphosphate (PIP2)] supplemented with 1.1 kBq of P[*H]IP2
(PerkinElmer Life Sciences, Boston, MA). After 30 min at 37°C, the reaction was stopped
by adding 300 pl of ice-cold 0.5% BSA in PBS. The samples were centrifuged and 300 pl
aliquots of the supernatant were mixed with 100 pl of ice-cold 25% (w/v) TCA. Precipitates
were removed by centrifugation and supernatants were collected for quantification of

released [*H]inositol 1,4,5-trisphosphate (IP3) by liquid scintillation counting,

IP3 determination

The procedure used a commercially available [PH]IP3 radioreceptor assay kit and
followed the manufacturer’s protocol (PerkinElmer Life Sciences). Briefly, IgE-sensitized
cells (6x10%) were stimulated or not with TNP-BSA (500 ng/ml) in 500 ul BSS-BSA. At
various time intervals the reactions were terminated by adding 100 ul of ice-cold 100% TCA
and the tubes were incubated on ice for 15 min. After centrifugation, supernatants were

incubated for 15 min at room temperature and then mixed with a mixture of 1,1,2-trichloro-

10
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1,2,2,-trifluoroethane-trioctylamin (3:1). The tubes were vortexed, centrifuged, and water

phase was used for determination the radioactivity bound to IP3-binding protein.

Measurement of intracellular Ca®* concentrations

Changes in the concentration of free intracellular Ca** [Ca®'|; were determined using
Fura-2/AM as a probe as previously described (23). IgE-sensitized and control cells were
resuspended in BSS-BSA supplemented with 2.5 mM probenecid and 2 uM Fura-2/AM.
After 40 min at 37°C, the cells were washed with BSS-BSA-probenecid and immediately
before measurement briefly centrifuged and resuspended in BSS-BSA. The levels of [Ca2+]i
were monitored using luminescence spectrometer L.S-50B (PerkinElmer, Buckinghamshire,
GB) with excitation wavelengths 340 and 380 nm, and with constant emission at 510 nm.
The values were calculated using ICBC Calibration PerkinElmer Fluorescence WinLab

software (PerkinElmer Life Sciences).

Uptake of extracellular calcium

Calcium uptake was determined by a modified previously described procedure (30).
Briefly, the cells (2X106) were resuspended in 100 pul BSS-BSA with 1 mM Ca”, mixed
with 100 ul of BSS-BSA supplemented with **Ca®" and various concentrations of
thapsigargin, and incubated for 5 min at 37°C. The reaction was terminated by placing the
tubes on ice followed by suspending 100 pl aliquots on the wall of the microtest tube
separated by air space from the 12% BSA in PBS (300 pl) at the bottom. Cells with bound
*3Ca were separated from free **Ca’" by centrifugation at 1200 x g for 15 min at 4°C through
12% BSA. The cell pellets were recovered by freezing the tubes, slicing off the tube bottom,
and solubilized with 1 ml of 1% Triton X-100. The radioactivity was measured in 10 ml
scintillation liquid (EcoLite ™ ICN Biomedicals, Inc) in a scintillation counter with

QuantaSmart software (PerkinElmer). The efflux of calcium was determined in cells loaded
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with ¥Ca®" after 2 uM thapsigargin-induced **Ca?" influx for 15 min at 37°C. The cells were
then washed and incubated in BSS-BSA containing 1 mM Ca®" for different time intervals.
The amount of cell-associated **Ca®" was determined after removing free extracellular

45~ 2+ ;
Ca™ as described above.
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Results
Generation and initial characterization of mast cell lines with enhanced or reduced
expression of NTAL

To prepare RNA silencing probes specific for rat NTAL, we first cloned rat NTAL
(Wbscr3) cDNA (GenBank accession no. AY170849). As shown in Fig. 14, the predicted
amino acid sequence of rat NTAL (204 aa) is one amino acid longer than its mouse ortholog
(GenBank accession no. NM_020044). All tyrosine motifs as well as a potential
palmitoylation site (CxxC motif) are conserved in rat and mouse NTAL sequence,
suggesting identical functions.

Next, we transfected RBL cells with pZeo-NTAL-1 vector containing mouse NTAL
¢DNA or empty pcDNA3.1/Zeo vector, and isolated stable cell lines resistant to zeocin. We
also isolated RBL cells transfected with pU6/siNTAL-1, encoding rat NTAL-specific
hairpin siRNA, and pstNeoB, and isolated G418-resistant stable cell lines. As controls,
G418-resistant cells after transfection with pU6/NTAL-30/50 and pstNeoB were also
isolated. The expression levels of NTAL in individual clones are shown in Fig. 1B.
Compared to control RBL cells, there was an up to 7.4-fold increase in the expression of
NTAL in cells after transfection with pZeo-NTAL-1, and almost no detectable endogenous
NTAL in cells transfected with pU6/siNTAL-1 (>95% inhibition). Lyn (Fig. 18) and several
other signaling proteins (see below) were not affected by the transfection and knock-down
procedure. Cells transfected with empty pcDNA3.1/Zeo, pU6/NTAL-30/50 or pstNeoB
vector did not differ in NTAL expression and their secretory response from untransfected
RBL cells; only control RBL cells are therefore presented in Fig. 1B and other figures.

After stimulation of RBL cells with Ag, NTAL was phosphorylated on tyrosine

residues as detected by immunoblotting with PY-20-HRP conjugate (Fig. 1C; top). We
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confirmed previous data (7, 8, 10-12) that phosphorylated NTAL bound the Grb2 adaptor
(Fig. 1C; middle); the amount of bound Grb2 correlated with that of phosphorylated NTAL
present.

The relationship between the amount of NTAL and FeeRI-mediated degranulation
was estimated by the production of B-glucuronidase in individual cell lines at various time
intervals after triggering with Ag (Fig. 1D and E). In cells expressing high levels of NTAL
(3B/18, 3B/17 and 2A/4), the secretory response was reduced to ~50% of that found in
control RBL cells or cells transfected with empty vector (not shown). In the cell line with
lower level of exogenous NTAL expression (1A/1), the secretory response was inhibited
less, indicating a correlation between the inhibitory effect and the extent of NTAL
overexpression. The secretory response of 2A/4 cells was reduced at all concentrations of
Ag used; two other clones with high NTAL levels (3B/18 and 3B/17) exhibited similar
properties. To simplify the presentation, only data from clone 2A/4 (NTAL+) are included in
Fig. 1F and other figures. The secretory response was also inhibited in all cell lines with
decreased amount of NTAL (Fig. 1E) at all concentrations of Ag used; only data from clone
C4 (NTAL-) are shown in Fig. 1F and other figures. The finding that FceRI-mediated
secretory response was inhibited in both NTAL+ and NTAL- cells was unexpected and
induced further experiments.

Using IgE-sensitized cells and fluorescently labeled anti-IgE we found that all cell
lines differing in NTAL expression exhibited comparable amount of FceRI as detected by
flow cytometry (Fig. 24). Light microscopy of cultured NTAL+ cells (Fig. 2B) and other
NTAL overexpressors (not shown) revealed decreased adhesion to the substrate, a more
rounded morphology and less developed processes when compared to RBL cells. In
contrast, NTAL- cells had fewer but more developed processes (Fig. 2B). The observed

changes in morphology in NTAL- cells were probably related to an enhanced amount of F-
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actin observed in nonactivated cells (Fig. 2C). After FceRI-triggering, the amount of F-actin
rose as described before (26, 31) and remained higher in NTAL- cells than RBL cells. In
contrast, in NTAL+ cells activation-induced increase in F-actin was less pronounced (Fig.
20).

Electron microscopy on membrane sheets isolated from nonactivated NTAL+ cells
showed NTAL distributed in clusters, which resembled NTAL clusters present in RBL cells
(Fig. 2D, a and b; 5-nm gold particles). However, the average cluster size was higher in
NTAL+ cells (94.0 = 24.8 nm; mean + SD, n = 3) than in RBL cells (48.0 = 8.1 nm, n = 3).
As expected, the density of NTAL-bound gold particles was elevated in NTAL+ cells (68.7
+23.4/pm’) compared to RBL cells (35.9 + 13.0/ um?). For control we also assessed the
distribution of gold particles in NTAL- cells, where only background levels were found (Fig.
2D, ¢); the numbers of FceRI B subunit were comparable in RBL., NTAL+ and NTAL- cells
(Fig. 2D, a-c; 10-nm gold particles). In Ag-activated cells, FceRI formed clusters within
osmiophilic regions, which were often associated, but not intermixed, with NTAL clusters;
the NTAL average cluster sizes and label densities were analogous to those in nonactivated
cells. Ag-induced formation of FceRI clusters in osmiophilic regions of the plasma
membrane was not affected by enhanced or reduced NTAL expression (Fig. 2D, d-f),

suggesting that the expression of NTAL does not interfere with receptor aggregation.

NTAL overexpression inhibits the Fc€RI-induced tyrosine phosphorylation of Fc&RI
subunits, Syk and LAT

Next we assessed the tyrosine phosphorylation of several proteins known to be
pivotal for initial phases of FceRI signaling. When total cell lysates from nonactivated or
Ag-activated cells were analyzed by SDS-PAGE and immunoblotting with phosphotyrosine-

specific mAb, NTAL+ cells, compared to the control RBL cells, exhibited significantly
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reduced tyrosine phosphorylation of several proteins (~38 kDa, ~55 kDa, ~70 kDa, ~97 kDa
and ~115 kDa) and enhanced phosphoryvlation of some other proteins, including a protein of
~30 kDa, presumably NTAL (Fig. 34). On the other hand, NTAL- cells showed a
phosphorylation pattern more similar to that in control RBL cells; some proteins (e.g. ~40
kDa and 50 kDa) showed an increase, other [~30 kDa (presumably NTAL) and ~70 kDa] a
decrease in phosphorylation.

To analyze individual molecules, we first immunoprecipitated FceRI, Syk and LAT
from control and Ag-activated cells and found decreased tyrosine phosphorylation of all of
those proteins during activation of NTAL+ cells, compared to RBL cells (Fig. 3B-G). In
NTAL- cells, phosphorylation of FceRI 8 and 7y subunit, Syk and LAT was comparable to
that in RBL cells. Phosphorylation of these proteins depends on Lyn kinase activity (3); we
therefore also examined the binding of Lyn to FceR], the first well defined intermolecular
interaction step in FceRI signaling (32), and the enzymatic activity of Lyn.
Immunoprecipitation studies showed a clear activation-dependent association of Lyn with
FceRI in both control RBL and NTAL- cells (Fig. 3B, bottom). In contrast, no Lyn was
coprecipitated with FceRI in NTAL+ cells. To elucidate the molecular basis of this
difference we assessed Lyn kinase enzymatic activity in immunocomplex kinase assay in
vitro (Fig. 3H). Surprisingly, Lyn kinase autophosphorylation and phosphorylation of the
Lyn substrate, enolase, was higher in NTAL+ cells than in control RBL or NTAL- cells.
Thus, the observed inhibition of phosphorylation of FceRI and several other proteins is not

caused by suppressed Lyn kinase activity.

Properties of signaling assemblies depend on NTAL expression levels
To examine signaling assemblies during FceRI-induced activation, the cells were

first permeabilized with cholesterol-sequestering reagent saponin to release free cytoplasmic
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components. All membrane components, including those residing in lipid rafts and
otherwise insoluble in nonionic detergents, were then efficiently solubilized with Triton X-
100. In our previous study, we have found that this two-step solubilization procedure allows
better estimation of formation of signaling assemblies in the course of cell activation (25).
Using this two-step solubilization procedure we compared the signaling assemblies formed
by Grb2, which is the major adaptor protein bound to tyrosine phosphorylated NTAL (7, 8).
Immunoblotting analyses of Grb2 immunoprecipitates with PY-20 mAb showed that the
amount of Grb2-associated and tyrosine phosphorylated proteins increased during Ag-
mediated activation (Fig. 44). One of the participating tyrosine phosphorylated proteins was
LAT, as determined by its molecular weight (~38 kDa) and immunoblotting with LAT-
specific antibodies (Fig. 44, B and D). Consistent with previous data (Fig. 3), the amount of
phosphorylated LAT bound to Grb2 was reduced in NTAL+ cells and enhanced in NTAL-
cells. There was only an insignificant decrease in the amount of LAT in Grb2
immunocomplexes from NTAL+ cells, compared to RBL cells (Fig. 4D), suggesting that
reduced LAT phosphorylation did not remove all Grb2 binding sites. Another of the tyrosine
phosphorylated proteins was NTAL, as determined by its molecular weight (~30 kDa) and
immunoblotting with NTAL-specific antibodies (Fig. 44, C and E). As expected, the amount
of Grb2-associated NTAL was enhanced in NTAL+ cells and undetectable in NTAL- cells.
Recently we and others have found that Grb2 immunocomplexes from Ag-activated
RBL cells possess PI3K activity (29, 33, 34). To determine whether NTAL has any effect on
the formation of these complexes, we measured PI3K activity in Grb2 immunoprecipitates.
Data in Fig. 4F indicate that in resting cells the activity of PI3K in Grb2 immunoprecipitates
was higher in NTAL- cells than in RBL and NTAL+ cells. After FceRI triggering, higher
activity of PI3K in Grb2 immunocomplexes was observed at all time intervals analyzed in
RBL cells and even more in NTAL- cells, whereas in NTAL+ cells only a transient increase

(2.1-fold after 0.5 min) was seen. When PI3K was directly immunoprecipitated and the
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immunocomplexes were tested for PI3K activity, all cell lines showed enhanced activity in
response to FceRI-mediated activation, and the dramatic differences between NTAL+ and
NTAL- cells were less pronounced (Fig. 4G). Nevertheless, even under these conditions,
PI3K activity associated with large signaling assemblies was higher in NTAL- cells than in
RBL or NTAL+ cells. When NTAL was immunoprecipitated from RBL or NTAL+ cells, no
PI3K activity was detected in immunoprecipitates from either nonactivated or FceRI-
activated cells (not shown). Thus, NTAL does not form complexes possessing PI3K activity,
but inhibits the formation of functional PI3K-Grb2 complexes.

Enzymatic activity of PI3K results in the production of phosphatidylinositol 3,4,5-
trisphosphate (PIP3). PIP3 and phosphatidylinositol 3,4-bisphosphate recruit Akt to the
plasma membrane, where it is phosphorylated and activated. Phosphorylation of Akt was
enhanced after FceRI triggering in RBL cells (Fig. 54). In nonactivated NTAL+ cells the
amount of Akt and phospho-Akt associated with saponin-permeabilized cells was higher,
but the changes faded out 2 and 5 min after FceRI triggering. In accordance with the
enhanced activity of PI3K in NTAL- cells (Fig. 4G), phosphorylation of Akt was also
enhanced. These data support the concept that NTAL negatively regulates the formation of

signaling assemblies containing PI3K and Akt.

Overexpression of NTAL inhibits MAPK pathway

The interaction of NTAL with Grb2/Sos/She could play a role in the regulation of
cytokines production (7, 8). It has actually been reported that phosphorylation of Erk and
production of several cytokines is enhanced in BMMC from NTAL" mice (10, 11).
Therefore, we examined the phosphorylation of Erk and secretion of TNF-o in cells with
enhanced or impaired expression of NTAL. Immunoblotting experiments showed that the

amount of phosphorylated Erk in Ag-activated RBL cells was increased, reaching the peak 2
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min after triggering (Fig. 5B). NTAL overexpression resulted in an impaired
phosphorylation of Erk. In contrast, the onset of Erk phosphorylation in NTAL- cells was
faster and remained higher at all time intervals tested. Inhibition of Erk phosphorylation in
NTAL-+ cells correlated with an inhibition of TNF-a secretion from cells activated by two
different doses of Ag (Fig. 5C). In NTAL- cells, Ag-induced secretion of TNF-ot was
reduced only at lower Ag concentration (100 ng/ml), whereas no inhibition was observed at

500 ng/ml.

Expression levels of NTAL modulate activity of PLCy

Immunoblotting analyses of PLCy1 and PLCY2 immunoprecipitates from
saponin/Triton X-100 solubilized cells showed that the amount of tyrosine phosphorylated
PLCyl1 associated with signaling assemblies decreased in both NTAL+ cells and NTAL-
activated cells (Fig. 64). Recruitment of PLCY2 and degree of its phosphorylation were
comparable in all cell lines (Fig. 6B). Enzymatic activity of PLCy was detected by
immunocomplex PL.Cy assay, determining the production of [*H]IP3 from P[*H|IP2
substrate. In nonstimulated cells the activity of PLCy was comparable in RBL, NTAL+ and
NTAL- cells (Fig. 6C). After FceRI triggering, PLCy activity rapidly increased in all cell
lines; however, in NTAL- cells, and especially in NTAL+ cells the increase was lower than
in RBL cells. These findings were corroborated by direct measurements of IP3 levels (Fig.
6D). In nonactivated cells IP3 concentrations were similar in all cell lines under study, but in
FeeRlI-activated cells IP3 reached higher levels in RBL cells compared to NTAL- cells, and

especially to NTAL+ cells.

Intracellular Ca®* mobilization and uptake of extracellular Ca™* are affected by NTAL

expression level
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Enhanced levels of IP3 induce a release of calcium from intracellular stores, followed by
calcium influx through SOC channels in the plasma membrane (37). To determine the role
of NTAL in both these steps we followed the calcium response in cells under different
conditions. NTAL- cells activated with Ag in the presence of extracellular Ca’*showed a
lower calcium response than control cells, but identical initial kinetics. In contrast, NTAL+
cells exhibited a delay in calcium response and a slower decline to baseline levels (Fig. 74).
Activation of the cells by Ag in the absence of extracellular calcium resulted in ~30%
inhibition of the calcium response in NTAL- cells relative to RBL cells, whereas in NTAL+
cells this response was dramatically inhibited and delayed (Fig. 7B). After increasing the
concentration of extracellular Ca®", both RBL and NTAL- cells showed rapid increase in
[Caz"]i, with faster return to initial levels in NTAL- cells, whereas NTAL+ cells showed
only a week response to addition of extracellular Ca* (Fig. 7B).

The observed dramatic decrease in calcium response in Ag-activated NTAL+ cells
could be related to decreased activity of PLCy and impaired production of IP3 (Fig. 6C and
D), and/or to negative regulatory role of NTAL in Ca®* mobilization at later stages. To
explore the role of NTAL on Ca®* mobilization independently of its effect on activity of
PLCY, cells were activated by thapsigargin, an agent that induces the release of Ca® from
intracellular stores by inhibiting the endoplasmic reticulum ATPase (38). In the absence of
extracellular Ca®*, thapsigargin induced a small increase in [Ca2+]i in all cell lines,
suggesting that NTAL does not interfere with the transport of thapsigargin to its target and
release of Ca®* from cytoplasmic stores. Interestingly, when the extracellular Ca” level was
restored, 5 independent experiments showed that the maximum [Ca®)iin NTAL+ cells was
higher (750 + 80 nM; mean = SD) than in RBL cells (620 = 54 nM) and NTAL- cells (580 =
37). Furthermore, [Ca’"]; reverted to baseline level more rapidly in NTAL- cells than in

RBL and NTAL+ cells (Fig. 7C).
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These data suggested that NTAL could regulate the transport of extracellular Cca®
through the plasma membrane. To test this we measured the *3Ca uptake in thapsigargin-
stimulated cells. A direct correlation was found between the amount of NTAL expressed and
calcium uptake; it was high in NTAL+ cells, medium in RBL cells and low in NTAL- cells
(Fig. 7D). The observed correlation could imply not just an important role of NTAL in
regulating Ca® uptake but also an inhibitory effect of NTAL on the release of Ca®" from the
cells. Next we therefore labeled the cells with **Ca?*, washed them and measured the
radioactivity retained within the cells at different time intervals. Results presented in Fig. 7E
show that all cell lines exhibited the same kinetics of **Ca”" efflux. Together with previous
findings on Ca®" uptake, these data indicate that NTAL positively regulates Ca® uptake
rather than Ca’" efflux.

Experiments with DT40 chicken B cells suggested that phosphorylated NTAL could
regulate the Ca®" uptake by a mechanism involving its binding with Grb2, a negative
regulator of Ca™ signaling (12). We therefore attempted to find out whether or not NTAL is
phosphorylated in thapsigargin-activated cells. NTAL was immunoprecipitated from
nonactivated or thapsigargin-activated RBL or NTAL+ cells and its phosphorylation was
assessed by immunoblotting with PY-20-HRP. Data presented in Fig. 7F indicate that
thapsigargin had no effect on NTAL tyrosine phosphorylation in either RBL or NTAL+
cells. To determine whether Grb2 could function as a negative regulator of Ca”' response in
RBL cells, we transfected the cells with pU6/siGrb2 plus pSTneoB and selected G418-
resistant clones, G1 and (69, with decreased amount of Grb2 (Fig. 84). We also isolated
RBL-derived cells with decreased amounts of both NTAL and Grb2 after transfection with
pU6/siNTAL and pUé/siGrb2 and pSTneoB (Fig. 8B, clones NG2 and NG10). It should be
noted that the amount of LAT was not affected in any transfectant (Fig. 84 and B),
confirming the specificity of the knock-down procedure. Detailed analysis showed that Ag-

activated RBL cells with decreased amount of Grb2 exhibited lower increase in [Ca®"]; than
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RBL cells transfected with empty vector (Fig. 8C). When the expression of both NTAL and
Grb2 was reduced, an even deeper decrease in [Ca2+]i was observed (Fig. 8D). These data

indicate that Grb2 functions as a positive regulator of Ca™" response in RBL cells.
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Discussion

Variation of NTAL expression levels is shown to have multiple effects on FceRI-
mediated activation events in RBL cells. Permanent cell lines with low expression were
isolated after transfection with U6-based expression vector producing NTAL siRNA. In
contrast to previous studies in which the transfected RNA reduced the expression levels by
~70% (9). hairpin siRNA strategy lowered it by >95%. Stable cell lines with enhanced
NTAL expression were obtained after transfection of mouse NTAL ¢DNA under
cytomegalovirus promoter. We expected that NTAL overexpression would uncover
additional signaling pathways undetectable in NTAL-deficient cells if they acted
downstream of the early regulatory effects of NTAL.

Initial characterization revealed that cells with different expression levels of NTAL
exhibited restricted secretory response after FeeRI triggering, unrelated to differences in
surface expression of FceRI and evident at all concentrations of Ag used. NTAL levels also
affected morphology of the cells; NTAL+ cells being less adherent to substrate and NTAL-
cells having longer processes. The observed changes in cell morphology could be related to
the amount of F-actin and its formation during FceRI signaling. Thus, NTAL- cells had
more F-actin than parental RBL and NTAL+ cells, and only a weak increase in F-actin
formation was induced by activation of both NTAL+ and NTAL- cells .

Previously we have examined the distribution of NTAL and LAT by electron
microscopy of membrane sheets. NTAL in resting RBL cells was localized in small clusters,
topographically separated from clusters of LAT and FceRI (10), but not Thy-1(39). When
membrane sheets were isolated from NTAL overexpressors, no difference in the distribution
of FceRI and NTAL was observed except that the average cluster size and density of NTAL-

bound gold particles was higher in NTAL+ than control cells. Importantly, the absence of
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NTAL from the FceRI aggregates is not confined just to control RBL cells, as reported
previously (10), but applies also to NTAL+ cells (this study). Together with our finding of
normal redistribution of aggregated FceRI into osmiophilic regions in NTAL+ cells, these
data suggest that the initial FceRI aggregation step induced by multivalent Ag is not
changed in NTAL overexpressors.

Immunochemical studies showed that overexpression of NTAL inhibited the tyrosine
phosphorylation of FceRI B and vy subunits, Syk and LAT in Ag-activated cells.
Consequently, recruitment of PLCy to signaling assemblies and its tyrosine phosphorylation
and activation were inhibited. Reduced production of PLCY metabolite IP3 led to a reduction
in both the release of Ca®* from intracellular stores and the uptake of extracellular Ca®
through SOC channels. This could explain the inhibition of the secretory response in
antigen-activated cells. The MAP kinase signaling pathway was also inhibited in NTAL+
cells as reflected in the impaired tyrosine phosphorylation of Erk and subsequent low
secretion of TNF-a.

Decreased tyrosine phosphorylation of FceRI subunits in NTAL+ cells suggested
that the activity of Lyn Kinase is inhibited. However, immunocomplex kinase assays showed
Lyn kinase activity in NTAL+ cells is undiminished, implying that NTAL interferes with the
accessibility of Lyn to FceRI. This possibility is strengthened by data indicating that the
amount of Lyn coprecipitated with FceRI was higher in activated RBL cells than in NTAL+
cells. Because Lyn, like NTAL, seems to be localized in lipid rafts (7, 40), it is possible that
direct or indirect interaction of Lyn with NTAL precludes the interaction between Lyn and
FceRI subunits. Although immunoprecipitation and immunocomplex kinase assays failed to
show NTAL-Lyn interactions (L.D., unpublished), it is possible that procedures used to

isolate NTAL immunocomplexes destroyed these interactions.
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Our results indicate that the signaling assemblies formed in NTAL+ cells are
different from those formed in control or NTAL- cells. Indeed, in NTAL+ cells, more NTAL
and less LAT is bound to Grb2, supporting the concept of competition between NTAL and
LAT for Grb2 as a substrate (10). In contrast, in Ag-activated NTAL- cells phosphorylation
of FceRI subunits, Syk and LAT was not inhibited. However, association of PLCy with
insoluble complexes, its phosphorylation and its enzymatic activity were less efficient and
resulted in a partial inhibition of downstream events. The impaired function of PLCy could
reflect involvement of NTAL in the formation of signaling assemblies required for PLCY
enzymatic activity (35, 36, 41). As previously shown (10, 42, 43), Grb2 forms complexes
with SHP-2 phosphatase, and these complexes could bind to NTAL to regulate early
signaling events. Alternatively, if PLCy somehow interacts with NTAL, its enzymatic
activity would be inhibited in NTAL- cells even though the early FceRI-activation events
proceed normally. Although we were unable to coprecipitate PL.Cy with NTAL (1.D.,
unpublished), it remains possible that these interaction are sensitive to the solubilization and
immunoprecipitation procedures.

If IP3 signal generated by FceRI aggregation is bypassed by thapsigargin, NTAL+
cells show a higher uptake of extracellular Ca®" than control RBL cells. This suggests that
NTAL could have a positive regulatory role in Ca’" uptake. This is corroborated by
complementary studies in which thapsigargin-activated NTAL- cells showed a lower Ca®*
uptake. The role of NTAL in uptake of extracellular Ca”" is unclear but could be related to
NTAL-dependent Ca®-regulating signal circuit recently described in DT40 B lymphocytes
(12). In these cells, Grb2 plays a negative regulatory role in Ca”" uptake, which appears to
be climinated upon binding to NTAL. However, several pieces of evidence indicate that in
rodent mast cells NTAL plays a different role in Ca®" response. First, no inhibition in [Ca®' )i

was observed in Ag-activated BMMC from NTAL" mice; rather, there was an enhancement

25

93
Vysledky: Publikace D



of the Ca”" response (10, 11). Second, Ag-activated NTAL” BMMC showed no decrease,
but rather an increase in the uptake of extracellular **Ca®*; this could be related to enhanced
activity of PLCY (10, 11). Third, there was a higher Ca¥ response to FceRI triggering in
NTAL- cells than in NTAL+ cells. It should be emphasized that the highest Ca”" response
was observed in control RBL cells, suggesting that an optimal concentration and/or
topography of NTAL is required for maximum ca® response. Different expression levels of
NTAL and differences in its interaction with other signaling molecules could in part explain
why, under varying conditions, NTAL has a negative (10, 11) or positive (8, 9) regulatory
roles. Fourth, after activation by Ag in the absence of extracellular Ca®" and restoration of
Ca* level later on, there was no dramatic difference between control and NTAL- cells in
initial Ca®* uptake. In contrast, the response in NTAL+ was markedly inhibited. This
inhibition reflected low levels of Ca** released from intracellular stores and consequently
low Ca® influx through the SOC channels. Finally, [Ca®']; in cells activated with
thapsigargin in the absence of extracellular Ca” was not dependent on NTAL. However,
when Ca®" was replenished, a significant increase in [Ca®"]; occurred in the following
sequence: NTAL+ > control RBL > NTAL- cells. These data suggest that NTAL could play
a positive role in regulating the Ga’ uptake at the level of SOC channels. Our finding of
correlation between **Ca” uptake and the amount of NTAL in thapsigargin-activated cells
supports the notion. The possibility that NTAL modulated Ca’" efflux rather then its influx
was excluded by experiments measuring the kinetics of calcium release from activated
15Ca® -labeled cells. Interestingly, no increase in tyrosine phosphorylation of NTAL was
observed in thapsigargin-triggered cells. Thus, our data indicate that NTAL could have a
novel regulatory role in Ca” uptake independent of de novo NTAL tyrosine
phosphorylation. Possible regulatory functions of NTAL at different phases of FceRI

signaling are shown in Fig. 9. At early stages of activation (Phase I) NTAL serves as a
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substrate for protein tyrosine kinases and thus interferes with phosphorylation of FceRI and
LAT by a competitive mechanism. Furthermore, phosphorylated NTAL binds Grb2 and
other signaling molecules, which could modulate the activity of various enzymes, including
PI3K and PLCy. At later stages of activation (Phase II). NTAL could affect the function of
SOC channels, reflecting its direct or indirect interactions with channel-forming proteins
and/or their regulators such as Oral and/or Stim1 (44-47). This function of NTAL is not
dependent on its enhanced tyrosine phosphorylation.

In summary, NTAL overexpression suppresses early FeeRI-induced activation
events, but has a positive effect on the uptake of extracellular Ca®" in thapsigargin-
stimulated cells. Accordingly, inhibition of NTAL expression has no inhibitory effect on
early signaling pathways but does suppress the late ones, including the uptake of
extracellular Ca®*. Expression levels of NTAL may thus regulate mast cells activation at
multiple steps. In mast cells with wild-type levels of NTAL, the appropriate balance
between the inhibitory and stimulatory effects of NTAL is critical for setting the thresholds
for FceRI-induced degranulation and cytokine response. This balance may be affected by
numerous factors, including activity of c-kit and other receptors (48). This could explain
why down-regulation of NTAL expression either inhibited (9) or enhanced (10, 11) FeeRI-

induced secretory response in different mast cell types.
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Figure legends

FIGURE 1. Rat NTAL cDNA sequence and initial characterization of RBL-derived cell lines
with either enhanced or reduced NTAL expression. 4, Comparison of predicted amino acid
sequence of rat NTAL (upper line) and mouse NTAL (lower line; only the different amino
acids are shown). In rat NTAL, the putative transmembrane region is boxed, and potential
palmitoylation sequence (CVQC) and tyrosine-containing motifs are underlined and in bold.
B, RBL cells were transfected with vector pZeo-NTAL-1 or pU6/siNTAL-1, and stable
clones with, respectively, enhanced or reduced NTAL expression were selected. Total cell
lysates were analyzed by immunoblotting (IB) with anti-NTAL or anti-Lyn mAbs and
amounts of the corresponding proteins were quantified by densitometry. NTAL expression
was normalized to control RBL cells and to the amount of Lyn in individual samples (Fold).
C, IgE-sensitized control RBL cells or individual transfectants with enhanced expression of
NTAL were activated for 5 min by Ag (TNP-BSA, 100 ng/ml; +) or incubated with BSS-
BSA alone (-). Lysates from 107 cells were immunoprecipitated (IP) with anti-NTAL mAb,
and analyzed by immunoblotting with anti-pTyr-HRP conjugate (PY-20), anti-Grb2 and anti-
NTAL antibodies. D and E, IgE-sensitized control RBL cells or cells with enhanced (D) or
decreased (F) expression of NTAL were stimulated for the indicated time intervals (0 - 30
min) with Ag (100 ng/ml) and release of B-glucuronidase was determined in individual
clones. F, IgE-sensitized control RBL cells, or cells with enhanced [clone 2A/4 (NTAL+)] or
decreased [clone C4 cells (NTAL-)] expression of NTAL were stimulated for 30 min with
different concentrations of Ag and release of B-glucuronidase was determined. Data in D-F

represent the average of 3-4 separate experiments, and are expressed as the mean + SD.
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FIGURE 2. Expression of FceRI, cell morphology, actin polymerization and topography of
NTAL on plasma membrane sheets. A, The cells were stained for surface FceRI by
sequential exposure to TNP-specific IgE (thick line, 1 pg/ml) or PBS alone (negative
control; thin line) followed by anti-mouse IgE-FITC conjugate. The samples were analyzed
by flow cytometry. B, Phase contrast images of cells cultured for 48 h under standard
conditions. Bar, 10 um. C, Actin polymerization in nonactivated or Ag-activated cells. The
cells were sensitized with TNP-specific IgE (1 pg/ml) and then activated by Ag (TNP-BSA;
100 ng/ml) for the indicated time intervals. The amount of F-actin was determined by flow
cytometry. Means + SD were calculated from 3 independent experiments. D, Membrane
sheets were prepared from resting cells (a-c) or from Ag-activated cells (DNP-BSA, 1
ug/ml, 2 min; d-f), and double-labeled from the cytoplasmic side of the plasma membrane
for FeeRI P subunit (10-nm gold particles, arrows) and NTAL (5-nm gold particles,

arrowheads). Bar, 100 nm.

FIGURE 3. Overexpression of NTAL inhibits tyrosine phosphorylation of FceRI, Syk and
LAT but enhances enzymatic activity of Lyn kinase. IgE-sensitized cells were stimulated
with Ag (TNP-BSA, 500 ng/ml) for the indicated time intervals. 4, Cells were lysed in 1%
NP40-containing lysis buffer and total cell lysates were analyzed for protein tyrosine
phosphorylation by immunoblotting with PY-20-HRP conjugate. Numbers on the right
indicate positions of molecular weight standards (in kDa). B-D, Cells were solubilized and
the target proteins were immunoprecipitated with the corresponding antibodies and analyzed
by immunoblotting with PY-20-HRP conjugate. After stripping the membranes were
reblotted with protein-specific antibodies as indicated. E-G, Densitometry analysis of

phosphotyrosine immunoblots (as in B-D) normalized to the amount of the proteins
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immunoprecipitated and to their phosphorylation in nonactivated RBL cells. H, Lyn was
immunoprecipitated and its enzymatic activity was determined by in vitro kinase assay using
32P_yATP and enolase as a substrate. The kinase reaction products were quantified by
autoradiography and after stripping off the membranes the amount of Lyn was determined by
immunoblotting. Kinase activity of Lyn, as determined by autoradiography of **P-labeled
Lyn and enolase, normalized to the parameters in nonactivated RBL cells and corrected for
the amount of Lyn in each immunoprecipitate is also indicated. Means = SD in E-H were

calculated from 3 experiments.

FIGURE 4. Changes in Grb2 signaling assemblies. Cells were activated as in Fig. 3,
solubilized with saponin/Triton X-100 procedure and Grb2 immunocomplexes were isolated
by precipitation with anti-Grb2 Ab. 4, Grb2 immunocomplexes were analyzed by
immunoblotting for the presence of total tyrosine-phosphorylated proteins (PY-20), LAT,
NTAL and Grb2. B-E, Densitometry analysis of tyrosine phosphorylated (PY) LAT (B) and
NTAL (C), and total amount of LAT (D) and NTAL (£) in Grb2 immunocomplexes. Means
+ SD in B-E were calculated from 3-4 experiments. F, PI3K activity associated with Grb2
immunocomplexes was estimated using **P-yATP and phosphatidylinositol as a substrate in
PI3K assay (PI3K a.). Positions of [32P]PI (PIP) and start (S) are indicated by arrows. G,
PI3K immunoprecipitates were analyzed in parallel for PI3K enzymatic activity by PI3K
assay and for the amount of immunoprecipitated PI3K by immunoblotting with anti-p85
subunit of PI3K. Enzymatic activity of PI3K normalized to its levels in nonactivated RBL
cells and corrected for the amount of PI3K-p85 subunit precipitated is also indicated.

Representative data from 3 experiments performed are shown.
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FIGURE 5. Changes in tyrosine phosphorylation of Akt and Erk, and TNF-a production. 4
and B, Cells were activated as in Fig. 3 and then solubilized with saponin/Triton X-100
procedure (4) or 1% Triton X-100 (B). Total cell lysates were analyzed by immunoblotting
with anti-phospho-Akt (4) or anti-phospho-Erk (B) antibodies, followed by stripping and
immunoblotting with protein-specific antibodies. Relative amounts of proteins were
normalized to nonactivated RBL cells. A typical result from 3 experiments is shown. (C) IgE-
sensitized cells were activated with different concentrations of Ag for 3 h and the amount of
TNF-a released into supematant was determined by ELISA. Data represent means + SD from

3 experiments performed in triplicates.

FIGURE 6. Changes in the properties of PLCyl and PLCY2. 4 and B, Cells were activated
as in Fig. 3, solubilized with saponin/Triton X-100 procedure, and PLCy1 (4) and PLCY2 (B)
were immunoprecipitated and analyzed by immunoblotting with PY-20-HRP conjugate. After
stripping the same membrane was reblotted with protein-specific antibodies. Relative
amounts of proteins were normalized to nonactivated cells. Data from representative
experiments from at least 3 performed are shown. C, Cells were lysed in 1% Triton X-100,
and enzymatic activity of the immunoprecipitated PLCy1 was measured by immune complex
PLCy assay. D, Cellular IP3 levels were determined by 3H-radioreceptor assay kit. Data in C

and D represent means + SD from 3-4 experiments.

FIGURE 7. Intracellular Ca® mobilization, extracellular **Ca uptake and calcium release
from the cells. 4-C, Calcium responses in Fura-2 loaded RBL, NTAL+ and NTAL- cells. 4,
The cells were sensitized with IgE and stimulated in the presence of 1 mM extracellular
calcium with TNP-BSA (500 ng/ml; arrow, Ag). Calcium levels were determined by

spectrophotometry. B, Cells were stimulated with Ag in the absence of extracellular calcium

37

] 105
Vysledky: Publikace D



(arrow, Ag) and ImM Ca’* was added after Ca® calcium levels returned to original values
(arrow, Ca*"). C, Cells were exposed to thapsigargin (1uM; arrow, Th) in the absence of
extracellular calcium and 1mM Ca®* was added later on (arrow, Caz*). D, The cells were
activated with various concentrations of thapsigargin in the presence of extracellular **Ca® (1
mM). After 5 min cells were centrifuged through 12% BSA in BSS and cell-bound
radioactivity was determined. E, The cells were loaded with **Ca”" during 15-min activation
with thapsigargin, unbound **Ca®* was washed out and calcium efflux was determined at
different time intervals. F, The cells were activated with thapsigargin (2 pM) for different
time intervals and solubilized in lysis buffer containing 1% NP40 plus 1% n-dodecyl B-D-
maltoside. NTAL was immunoprecipitated from postnuclear supernatant and analyzed by
immunoblotting with PY-20-HRP conjugate. After stripping, the membrane was reblotted
with NTAL-specific Ab. Data in 4-C and F are representative experiments from,
respectively, 3 and 2 performed. Data in D and E represent means + SD from 4 experiments

performed in duplicates or triplicates.

FIGURE 8. Positive regulatory role of Grb2 in Ag-induced Ca®" signaling. 4, B,
Immunoblotting analysis of Grb2- or Grb2/NTAL-deficient cells. RBL cells transfected with
empty vector (RBL-C), pU6/siGrb2 vector (clones G1 and G9) or both pU6/siNTAL-1 and
pU6/siGrb2 (clones NG2 and NG10) were lysed and postnuclear supernatants were analyzed
by immunoblotting for the presence of Grb2, LAT and NTAL. Relative amounts of Grb2
and NTAL were normalized to the amount of LAT in each sample. C and D, Calcium
response in Fura-2-loaded control and transfected cells. The cells were sensitized with IgE
and stimulated in the presence of 1 mM extracellular Ca®" with TNP-BSA (500 ng/ml,
arrow, Ag). Calcium levels were determined by spectrophotometry. Data are representative

of at least 2 experiments performed.
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FIGURE 9. A model of NTAL function in FceRI-mediated Ca®* signaling. At early stages
after FceRI aggregation (Phase I), NTAL is rapidly tyrosine phosphorylated, competing with
phosphorylation of FceRI and LAT. Phosphorylated NTAL binds Grb2 complexes and
interferes with the activity of PI3K and several other signaling molecules. NTAL affects
activity of PLCy and in this way the generation of IP3 followed by release of Ca®" from
internal stores. At later stages of activation (Phase II), extracellular Ca* flows into the
cytoplasm through SOC channels. Activity of these channels could be modulated by direct
or indirect interaction of NTAL with SOC channel proteins and/or regulators of their

activity. However, this effect is independent of enhanced NTAL tyrosine phosphorylation.
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FIGURE 3
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FIGURE 5
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FIGURE 6
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Abstract

Immunolabeling of isolated plasma membrane (PM) sheets combined with the
high-resolution electron microscopy is a powerful technique for understanding the
topography of PM-bound signaling molecules. However, this technique has been
mostly confined to analysis of membrane sheets from adherent cells. Here we present a
rapid, simple and versatile method for isolation of PM sheets from nonadherent cells,
and show its use for examination of the topography of Fce receptor I (FceRI) and
transmembrane adaptors LAT (linker for activation of T cells) and NTAL (non-T cell
activation linker) in mouse bone marrow-derived mast cells (BMMC). The data were
compared with those obtained with widely used but tumor-derived rat basophilic
leukemia (RBL) cells. In nonactivated cells, FceRI was distributed either individually
or in small clusters of comparable size in both cell types. In multivalent antigen-
activated BMMC as well as RBL cells, FceRI was internalized to similar extent, but,
strikingly, internalization in BMMC was not preceded by formation of large (~200 nm)
aggregates of FceRI, which had been previously described in activated RBL cells. On
the other hand, downstream adaptor proteins LAT and NTAL were localized in
independent domains in both BMMC and RBL cells before as well as after FceRI
triggering. The combined data demonstrate unexpected properties of FeeRI signaling
assemblies in BMMC and emphasise the importance of studies of PM sheets isolated

from nontumor cells.

Key words: Plasma membrane - Electron microscopy - Inmunolabeling -

Leukocytes . Mast cells
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1. Introduction

Plasma membrane (PM) is an important cellular organelle accommodating
numerous proteins involved in various functions. Although it is known that
immunoreceptors and other signaling molecules interact within the PM, their
topographical changes in the course of cell activation are still poorly understood.
Various methods, such as fluorescence energy transfer, immunofluorescence
microscopy and electron microscopy (EM) have been used to locate PM-associated
molecules (Lagerholm et al., 2005). Regarding resolution, EM represents a bridge
between fluorescence resonance energy transfer, working at distances under 10 nm, and
fluorescence microscopy with a hundred nm-scale resolution. Transmission EM on
ultrathin sections allows visualizing the PM components in the context of the whole
cell. To provide a horizontal view, examination of PM sheets is the method of choice.

PM sheets from cells growing on glass coverslips have been isolated by
attaching dorsal side of the cells to poly-L-lysine (PLL)-coated film on EM grids,
followed by separation of PM sheets connected to the EM grid from the rest of the cell.
Components in the extracellular and intracellular leaflets of the PM can be labeled
before or after membrane sheets isolation, respectively. As the cells must be attached to
glass coverslip prior to isolation of the PM sheets, the studies were confined mainly to
adherent cells as fibroblasts, cultured neurons, Chinese hamster ovary cells, rat
basophilic leukemia (RBL) cells and baby hamster kidney cells (Sanan and Anderson,
1991; Wilson et al., 2000; Wyse et al., 2003; Choy et al., 2006). Nonadherent
leukocytes have been either excluded from such studies or they had to be attached to a
substrate by PLL or streptavidin in procedures taking about 45-60 min (Schade and

Levine, 2002; Lillemeier et al., 2006), which itself could induce cell activation.
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Mast cells, the effectors of allergic reactions, have been extensively used for
studies of activation events induced by aggregation of the Fce receptor I (FceRI)
(Metcalfe et al., 1997, Gilfillan and Tkaczyk, 2006). Although FceRI and numerous
other signaling molecules involved in antigen-mediated mast cell activation have been
identified, sequenced and characterized, their topography in the PM at nm-scale
resolution remained almost unknown until experiments performed by Bridget Wilson’s
group on PM sheets isolated from adherent RBL cells (Wilson et al., 2000; Lara et al.,
2001; Wilson et al., 2002; Wilson et al., 2004). These authors proposed a model of
primary and secondary signaling domains formed in PM after FceRI triggering. The
primary domains consist of FceRI patches with diameter of ~200 nm, rich in Syk
kinase, phospholipase C (PLC)y2, cytoplasmic adaptors Grb2, Gab2 and other
signaling proteins. Interestingly, Lyn kinase, which phosphorylates FceRI, was
excluded from these domains. The primary signaling domains were proposed to pass
the signal onto the secondary signaling domains represented by aggregates of the
transmembrane adaptor LAT (linker for activation of T cells) and containing PLCyl.

EM studies on PM sheets from RBL cells also contributed to understanding the
topography of molecules thought to be localized predominantly in cholesterol- and
sphingolipid-rich microdomains called lipid rafts or membrane rafts (Simons and
Toomre, 2000; Pike, 2006). Some molecules considered to be associated with lipid
rafts, such as glycosylphosphatidylinositol (GPI)-anchored glycoprotein Thy-1 and
glycosphingolipid GM1, turned out to be localized independently in PM (Wilson et al.,
2004). On the other hand, Thy-1 showed clear colocalization with palmitoylated
adaptor proteins LAT and NTAL (non-T cell activation linker) (Wilson et al., 2004;
Heneberg et al., 2006), even though these adaptors were found in different

nonoverlapping patches in both resting and activated RBL cells (Volna et al., 2004;
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Heneberg et al., 2006). RBL cells are, however, of tumor origin, and it is therefore
possible that the topography of signaling molecules in these cells differs from that
found in normal mast cells.

In this study we describe a new rapid, simple and versatile technique for
isolation of PM sheets from nonadherent cells, and show its use for determination of
topography of selected plasma membrane signaling molecules in murine bone marrow-
derived mast cells (BMMC). Although these cells are more useful for analysis of
signaling processes, compared to widely used tumor-derived RBL cells, BMMC had
been excluded from such studies because of their growth in suspension. Direct
comparison of topography of several signaling molecules in BMMC and RBL cells
revealed a substantial difference in formation of FceRI signaling spots, whereas the
downstream signaling domains possessing adaptor proteins LAT and NTAL showed

analogous distribution in both cell types.

2. Material and methods

2.1. Antibodies and reagents

The following mouse monoclonal antibodies were used: anti-FceRI-f subunit
(JRK, Rivera et al., 1988), anti-NTAL (Brdicka et al., 2002), anti-LAT (Exbio; Czech
Republic) and dinitrophenyl (DNP)-specific immunoglobulin E (IgE) (Liu et al., 1980).
Rabbit polyclonal antibodies included anti-LAT (Upstate Biotechnology; NY, USA),
anti-NTAL, and anti-IgE (Volna et al., 2004). DNP-BSA (bovine serum albumin) was
purchased from Molecular Probes (OR, USA), goat anti-mouse and anti-rabbit
secondary antibodies conjugated to 5 nm or 10 nm gold particles (diluted 1:25 for

intracellular and 1:5 for extracellular labeling) were from Amersham Biosciences
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(Sweden), fluorescein isothiocyanate (FITC)-conjugated donkey anti-mouse Ig was
from Jackson ImmunoResearch Laboratories (PA, USA). Nickel EM grids (300
MESH), OsO4 and pioloform were obtained from Christine Gropl
Elektronemikroskopie (Austria), and stem cell factor (SCF) and interleukin 3 (IL-3)
were from PeproTech EC Ltd (UK). Poly-L-lysine (MW 300 000), fibronectin and

other chemicals were purchased from Sigma (MO, USA).

2.2. Cells

RBL-2H3 cells were cultured as described (Draberova et al., 1991). 16-18 hours
before experiment, the cells were transferred into fresh complete medium containing
DNP-specific IgE (1 pg/ml) and allowed to settle on an ultraclean glass coverslip (the
coverslips had been thoroughly washed in a detergent, deionized water, kept overnight
in concentrated HCl, thoroughly washed in deionized water and finally with ethanol,
and kept in ethanol until use).

BMMC were isolated from mouse femurs and tibias and cultivated in Iscove’s
medium containing 10% fetal calf serum (FCS), SCF (40 ng/ml) and IL-3 (20 ng/ml).
16-18 hours before the experiment the cells were transferred into Iscove’s medium
without SCF, but with FCS, IL-3 and DNP-specific IgE (1pg/ml), and incubated either
in suspension, or on glass coverslips covered with fibronectin [50 pg/ml in phosphate
buffered saline (PBS) for 1 h at 37°C, followed by washing with PBS].

Mouse T cells were isolated from peripheral blood as described (SmrZ et al.,

2007).

2.3. Isolation and staining of PM sheets
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2.3.1. Preparation of EM grids. On the day of the experiment, EM grids covered
with pioloform and coated with carbon were glow-discharged for 45-60 s by 300 V,
then incubated with 1 mg/ml PLL in H,O for 30 min, washed once for 5 s in H,O and
dried. Immediately before the PM sheet isolation, a round nitrocellulose membrane
filter (Millipore; pores, 0.45 um) was placed onto a drop of HEPES [N-(2-
hydroxyethyl)piperazine-N'-(2-cthanesulfonic acid)] buffer (25 mM HEPES, pH 7.0, 25
mM KCl, 2.5 mM magnesium acetate) on ice-cold glass support. The filter had to be
fully wetted, but no liquid should appear on its upper side. Two EM grids were placed

with the PLL-side up onto the filter (Fig. 1A, B).

2.3.2. Cells. RBL cells cultured as adherent on glass coverslips, or BMMC
bound to glass coverslips covered with fibronectin (as described above), were washed
with PBS and, when indicated, activated by DNP-BSA in buffered salt solution (BSS;
20 mM HEPES pH 7.4, 5 mM KCl, 135 mM NaCl, 1.8 mM CaCl,2H,0, 1mM MgCl,,
5.6 mM glucose) at 37°C. In some experiments the cells were fixed for 7 min by 2%
paraformaldehyde in PBS at room temperature, washed and incubated for 10-15 min
with antibodies in PBS supplemented with 0.1% BSA (washing with PBS). Cells
cultured in suspension were washed twice with BSS supplemented with 0.1% BSA and
transferred to BSS without BSA. A 100 ul aliquot of the suspension (~10° cells/ml) was
applied onto ultraclean glass coverslip (15 mm in diameter) for 1 min and, when
indicated, processed for activation (by DNP-BSA in BSS, 37°C) and/or extracellular

labeling (as described above). Alternatively, the cells were activated in suspension.

2.3.3. Isolation of PM sheets: Coverslips with adherent RBL cells or

fibronectin-bound BMMC (Fig. 1A, left) as well as with glass-bound BMMC (Fig. 1A,

_ 124
Vysledky: Publikace E



right) were rinsed twice in PBS and once in ice-cold HEPES buffer and, using a rubber
stopper, pressed face-down to EM grids by a firm finger pressure for 10 seconds (Fig.
1C); a drop of ice-cold HEPES buffer was applied to the edge of the coverslip to
maintain moisture in the following step. The coverslip was quickly side-lifted, exposing
the cells to shearing forces (Fig. 1D), and the grids with attached PM sheets were
immediately placed face-down onto ice-cold HEPES buffer (Fig. 1E). After 5-10 s the
grids were transferred onto ice-cold 2% paraformaldehyde in HEPES buffer for 10 min.
The grids were then floated on PBS for 5-30 min. Alternatively, if PM sheets were
isolated from cells in suspension, 10 pl aliquots of cells suspended in BSS buffer
(without BSA) were loaded onto each EM grid, then covered with an ultraclean glass

coverslip (Fig. 1B), pressed and processed as described above (Fig. 1C-E).

2.3.4. Intracellular leaflet labeling and contrasting the specimen. The labeling
of intracellular leaflet was performed by 30 min incubation on drops of PBS
supplemented with 0.1% BSA and antibodies, followed by three 5 min washes with
PBS. Samples were post-fixed with 2% glutaraldehyde in PBS for 10 min and then
washed with PBS for 10 min. The specimens were further stained for 10 min with 1%
0Os0y4 in cacodylate buffer, washed thrice for 5 min in H,O, incubated for 10 min with
1% aqueous tannic acid, washed thrice for 5 min in H,O, and finally stained for 10 min
with 1% aqueous uranyl acetate. After 1 min wash in H>O, the samples were air-dried

and examined by electron microscope (JEOL JEM 1200EX operating at 60kV).

2.4. Confocal microscopy and flow cytometry analysis
IgE-primed BMMC and RBL cells were fixed by 4% paraformaldehyde in PBS

at various stages of their activation. Subsequently, they were washed with PBS and
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immunolabeled with FITC-conjugated anti-mouse Ig. Samples were analyzed using
confocal microscope Leica TCS SP with 100x oil objective or FACSCalibur™ (Becton

Dickinson).

2.5. Statistics

The GOLD computer programme was used for statistical evaluation of
clustering and colocalization of immunogold markers. It maps the distribution of gold
particles by pair correlation function (PCF; analysis of clustering) or pair cross-
correlation function (PCCF; analysis of colocalization). PCF is a ratio of the density of
gold particles at a given distance from a typical particle to the average density of these
particles. PCCF is a ratio of the density of particles of the first type at a given distance
from a typical particle of the second type to the average density of the particles of the
first type (Philimonenko et al., 2000). Data shown are means + SD unless stated

otherwise.

3. Results

3.1. New procedures for isolation of PM sheets from nonadherent cells

In pilot experiments we found that leukocytes, such as BMMC or T cells, which
do not adhere to glass surface in media or buffers supplemented with serum, bound
rapidly to ultraclean glass surfaces in protein-free buffer, and that this property could be
used for isolation of PM sheets. The binding of cells to ultraclean glass surface occurs
rapidly (within ~1 min) at room temperature and it is not dependent on actin

cytoskeleton, as PM sheets were isolated with comparable efficiency from cells
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pretreated with an inhibitor of actin polymerization latrunculin B (20 upM, 90 min,
37°C) as from latrunculin B-nontreated cells. Importantly, attachment of BMMC to
ultraclean glass did not cause spontaneous degranulation of the cells (not shown). To
claborate this procedure for isolation of PM sheets (Fig. 1A, right) we compared it with
two other methods that we developed for isolation of membrane sheets from BMMC.
The first (Fig. 1A, left) makes use of the finding that BMMC at certain conditions
adhere to fibronectin, a component of mast cell environment (Lam et al., 2003), thus
providing relatively physiological conditions for cell adhesion. The second (Fig. 1B) is
based on pressing the cells suspended in protein-free buffer to PLL-coated EM grids by
ultraclean glass coverslip, thus reducing the length of attachment as much as possible.
Further steps were identical in all isolation procedures used, and consisted in pressing
the sandwich formed by the glass coverslip, cells and EM grid (Fig. 1C), followed by
side-lifting the glass coverslip (Fig. 1D) and washing the membrane sheets attached to
EM grids by floating on ice-cold HEPES buffer (Fig. 1E).

PM sheets isolated from BMMC after their binding to fibronectin (Fig. 2A),
ultraclean glass (Fig. 2B) or pressing directly to PLL-covered EM grids (Fig. 2C)
showed comparable distribution of the FceRI-p subunit as detected by EM after
intracellular leaflet double-step immunolabeling. Furthermore, no difference in the
amount of the receptor or in the PM structure was noticed. When PM sheets were
isolated 2 min after exposure to antigen (DNP-BSA), a comparable decrease in the
amount of FceRI-f subunit in PM was observed by all the three procedures (Fig. 2D).
Therefore, we further used only the method based on cell adsorption to ultraclean glass.

As the density of FceRI-f subunits on PM sheets was approximately twice
higher on RBL cells (prepared by the technique of Sanan and Anderson, 1991) than on

BMMC (Fig. 2E), we checked whether this difference is attributable to spreading of
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RBL cells on glass surface, and thus possibly exposing the FceRI on dorsal membrane.
PM sheets isolated from RBL cells in suspension by the same procedure as from
BMMC (1 min adhesion to ultraclean glass coverslips, without spreading) showed an
amount of detectable FeeRI-B (24.91 = 2.97 particles/ um®, n=3, 60 um?) comparable to

that detected on PM sheets of glass-grown RBL cells (23.96 + 2.66 particles/ um?, n=3,

60 pm?).

3.2. Topography of FceRI in the course of IgE-dependent BMMC activation

Aggregation of FceRI by IgE and multivalent antigen leads to FceRI
internalization by a dynamin-dependent mechanism in RBL cells (Fattakhova et al.,
2006). We found that both RBL cells and BMMC show analogous decrease in
detectable FceRI on PM sheets when stimulated by DNP-BSA at concentrations
optimal for degranulation (1 pg/ml for RBL; 0.1 pg/ml for BMMC). No obvious
difference was observed in the amount of detectable FeeRI on BMMC stimulated by
either 1 or 0.1 pg/ml DNP-BSA (Fig. 2E).

It has been reported that activation of RBL cells by multivalent antigen leads to
formation of FceRI patches with several hundreds of nm in size (Wilson et al., 2000).
To find out whether similar patches are also formed in BMMC, we analyzed the
topography of FceRI in resting and activated cells. To detect both FceRI-o and FeeRI-
subunits on the same PM sheets, the IgE bound to FeeRI-a was detected by double-step
immunolabeling from extracellular side, PM sheets were isolated, and FceRI-f was
labeled from the intracellular side. As expected, in resting cells both immunogold
markers colocalized in the PM and were distributed in small clusters (Fig. 3A, C).
Surprisingly, in antigen (DNP-BS A)-activated BMMC, no dramatic changes in FceRI

topography were observed and no large patches of FceRI in osmiophilic regions were
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formed. In fact, the number of FceRI clusters in activated BMMC was lower than in
resting cells; this was probably caused by internalization of aggregated FceRI. The
clusters that remained on PM after BMMC activation were slightly smaller than the
ones before activation (Fig. 3A-D). As expected, analogous treatment of RBL cells led
to formation of large (~200 nm) FceRI aggregates (Fig. 3E-H). FceRI clusters were of
comparable size on resting BMMC and RBL cells, but they were more numerous in
RBL cells, thus the difference in FeeRI content of BMMC and RBL cell PM reflects
difference in number of FceRI domains, but not in FceRI content of the individual
domains.

Further experiments showed that no large FceRI patches were formed at any
time interval after BMMC triggering, neither with low (0.1 pg/ml; Fig. 4A) nor high (1
ng/ml; Fig. 4B) concentration of antigen. When RBL cells were analyzed under
comparable conditions, formation of large FceRI aggregates was clearly observed 2 min
after triggering (Fig. 4C). Thus, although FceRI aggregates in BMMC are internalized
to the same extent as in RBL cells (Fig. 2E), large patches of aggregated FceRI are
observed only in RBL cells.

For an independent view on formation of FceRI aggregates and their
internalization we also checked the topography and amount of FceRI by confocal
microscopy and flow cytometry. IgE-primed BMMC and RBL cells were fixed in
resting state or after their activation with DNP-BSA, and surface IgE was labeled with
FITC-conjugated goat anti-mouse Ig. Confocal microscopy confirmed that resting
BMMC and RBL cells both showed a similar distribution of FceRI (Fig. 5A, D).
Antigen-mediated activation of BMMC resulted in only slightly different pattern of
surface FceRI distribution, reflecting rather a loss of some fraction of the receptor from

cell surface than its aggregation (Fig. SA-C). Conversely, activation of RBL cells led to
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a more pronounced speckled pattern of surface FceRI (Fig. 5D-F). These results support
the data obtained by EM that BMMC and RBL cells differ in the size of FceRI patches
formed after FceRI triggering. It should be noted, however, that patches of FITC-
marked FceRI detected by confocal microscopy do not directly correspond to
aggregates of immunogold-labeled FceRI observed by EM, which are much smaller and
below the detection limit of light microscopy.

Quantitative changes in the total amount of PM FceRI in the course of
activation were detected by flow cytometry. Data in Fig. 5G show that both BMMC
and RBL cells internalized FceRI during DNP-mediated stimulation rapidly
(approximately 40% internalized within 2 min) and to a comparable extent, and that
there was no significant difference between BMMC activated by 0.1 and 1 pg/ml DNP-
BSA. These results are in agreement with data obtained by EM on PM sheets.

In all previous experiments cells were activated at 37°C. It has been shown that
decreasing temperature to 4°C delays all signaling events including internalization, and
preserves the formation of larger signaling assemblies (Holowka et al., 2000). Next, we
therefore assessed the formation of FceRI patches in cells activated at 4°C (Fig. 6A, B).
Under these conditions, enhanced FceRI clustering in a time-dependent was found in

both RBL cells and BMMC.

3.3. Independent distribution of LAT and NTAL in BMMC

We have reported previously that the transmembrane adaptor proteins LAT and
NTAL are localized in independent regions of the PM sheets isolated from resting RBL
cells as well as after activation via FceRI or Thy-1 (Volna et al., 2004; Heneberg et al.,
2006). This was unexpected finding because LAT and NTAL exhibit structural

similarities, including submembrane localization of their palmitoylation sites and
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association with detergent-resistant membranes. To exclude the possibility that the
observed independent distribution of the adaptors is connected with tumor origin of
RBL cells or their adhesive properties, we analyzed topography of LAT and NTAL in
PM sheets isolated from BMMC. In initial control experiments LAT (Fig. 7A, D) or
NTAL (Fig. 7B, E) were labeled with two different antibodies directed against the same
target antigen. This resulted, as anticipated, in colocalization of the immunogold
markers on PM in both BMMC and RBL cells, and was reflected in enhanced values of
pair cross-correlation function (PCCF; Fig. 8A, B, black squares and black diamonds).
This is an important control excluding the possibility that localization of various
proteins in different domains is caused by seggregating activity of the antibodies. In
contrast, when LAT and NTAL were labeled on the same membrane, both proteins
were accumulated in separate domains not only in RBL cells but also in BMMC
(Fig.7C, F). Analysis of colocalization confirmed the topographical independence of
LAT and NTAL in the PM sheets isolated from resting or activated BMMC (Fig. 8A)
and RBL cells (Fig. 8B). These data prove that LAT and NTAL are clustered in

different domains in normal mast cells.

4. Discussion

Examination of isolated PM sheets by high-resolution EM is an established and
powerful method for topographical analyses of various PM molecules. Originally, this
method was developed for studies of cells growing as adherent to glass surface in the
presence of culture media (Sanan and Anderson, 1991); such cells are, however, rare

among nontransformed leukocytes. Later, the method was modified to allow isolation
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of PM sheets from nonadherent T cells (Schade and Levine, 2002; Lillemeier et al.,
2006). The cells were attached to glass surface by interaction with immobilized
immuno-ligands or by binding to PLL at 37°C or 4°C. Alternatively, biotinylated T
cells were bound to glass coverslips covered with streptavidin. In these methods, the
immobilization step itself was lengthy (45 — 60 min). Here we report a new procedure
for isolation of PM sheet from nonadherent leukocytes that is based on nonspecific
adhesion of cells to ultraclean glass in protein-free buffer. Compared to previously
described methods of membrane sheets isolation from nonadherent cells, this new one
has several advantages. First, it is very rapid, requiring only ~1 min for settling the cells
to ultraclean glass coverslips. This reduces the risk of artificial rearrangement of PM
components during interaction of the cell with substrate. Second, it is independent of
binding of the cells to PLL, which has per se been reported to cause mast cell activation
(Benyon et al., 1987). It should be noted that mere binding of BMMC to ultraclean
glass did not cause their degranulation. Third, it does not require preincubation of the
cells at low temperature, which causes changes in organization of the PM (Magee et
al., 2005). The only step required to be done at 4°C before paraformaldehyde fixation
takes no more than several seconds and is almost identical with the one of the well-
established procedure of plasma membrane sheets isolation from adherent cells (Sanan
and Anderson, 1991; Wilson et al., 2000). Fourth, the method can be performed in the
presence of actin polymerization inhibitors such as latrunculin B, because it does not
require active cytoskeleton-driven adsorption. This will facilitate future studies on the
role of cytoskeletal components in topography of various PM molecules.

In control experiments we analyzed PM sheets prepared from BMMC bound to
fibronectin-coated surfaces, which is a process dependent on cell sensitisation.

Alternatively, PM sheets were isolated from suspended cells pressed directly on PLL-
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covered EM grids. As the topography of FceRI and quality of the isolated PM sheets
did not differ among these two controls and the cells adsorbed to ultraclean glass, we
were using in subsequent studies the technique based on adsorption to glass. It is fast,
can be universally used, and enables high effectivity even of extracellular leaflet
labeling.

Changes in topography of PM signaling molecules in the course of FceRI-
mediated activation have previously been examined by the high-resolution EM almost
exclusively in RBL cells (Wilson et al., 2000; Lara et al., 2001; Wilson et al., 2002;
Wilson et al., 2004; Draberova et al., 2004; Heneberg ct al., 2006). Based on their
findings Wilson and co-authors proposed the existence of primary signaling domains,
possessing aggregated FceRI in ~200 nm patches, and secondary signaling domains,
enriched with the transmembrane adaptor protein LAT (Wilson et al., 2002). Here we
present for the first time the topography of FceRI and downstream adaptors in PM
sheets isolated from BMMC. In resting BMMC the FceRI was distributed in small
clusters of comparable size to those observed on RBL cells, but the clusters were less
numerous than on RBL cells. The overall amount of FceRI-B subunit per um? was
reduced almost to a half in BMMC compared to RBL cell. The possibility that the
enhanced amount of FceRI-f in RBL cell is caused by transfer of the receptor from the
ventral to the dorsal side during adhesive growth of the cells was excluded by
experiments in which the membrane sheets from RBL cells were isolated in the same
way as from BMMC and the difference was still retained.

Unexpectedly, activation of IgE-sensitized BMMC with DNP-BSA at
concentrations which are either optimal (0.1 pg/ml) or supraoptimal (1 pg/ml) for
degranulation did not lead to formation of large FceRI signaling domains. This

treatment caused, however, a decrease in the amount of detectable FceRI-p on the
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cytoplasmic side of the membrane sheets isolated from both BMMC and RBL cells.
The observed decrease was probably caused by receptor internalization as shown using
flow cytometry, which demonstrated an activation-dependent loss of cell surface FceRI.
The combined data indicate that activation of BMMC by multivalent antigen-IgE
complexes leads to a rapid FceRI internalization from multiple small patches of FceRI
aggregates. Thus, formation of large receptor aggregates, comparable in size to those
formed in RBL cells activated under similar conditions, are not required for initiation of
BMMC signaling events. The observed difference in size of the antigen-induced FceRI
patches between the both mast cell types is likely to reflect different local dynamics,
favorizing formation of more numerous but smaller signaling domains in BMMC
compared to RBL cells. When FeeRI triggering occured at 4°C, the differences
between the two cell types disappeared. These data, together with our previous results
that RBL cells can be activated by monoclonal antibody-mediated dimerization of the
FceRI without formation of detectable receptor clusters (Draberova et al., 2004),
suggest that primary signaling domains are much smaller than previously thought; their
size in BMMC is comparable to that of FceRI clusters observed in the PM isolated from
resting cells. This calls for reconsidering the view of initiation of mast cell signaling,
thereby stressing subtle and dynamic processes, as well as importance of further studies
on other mast cell types.

FceRI-mediated activation leads to rapid phosphorylation of the transmembrane
adaptor proteins LAT and NTAL that serve as scaffolds for downstream signaling. Both
adaptors are very similar in structure, including two acylation sites which are likely to
cause enhanced resistance to solubilization in nonionic detergents. Our previous EM
studies on isolated PM sheets revealed that LAT and NTAL were localized in

nonoverlapping separate domains from both nonactivated and FceRI-activated RBL
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cells. When the GPI-anchored protein Thy-1 (whose aggregation causes mast cell
degranulation) had been labeled in fixed state or aggregated by monoclonal antibody,
both adaptors colocalized with the clustered Thy-1, but again, no mixed adaptor
clusters were formed (Volna et al., 2004; Heneberg et al., 2006). Experiments with
BMMC from knock-out mice revealed that LAT and NTAL had different functions
(Volna et al., 2004; Zhu et al., 2004). Because the topography of these adaptors in
BMMC has not yet been studied, we made use of the above described method of PM
sheets isolation to address this issue. To exclude the objection that separation of both
adaptors may be induced secondarily by antibodies used for detection, each of the
adaptor protein was labeled with different (rabbit and mouse) antibodies together. This
resulted in strong colocalization of both markers, indicating that the antibodies are not
by themselves responsible for separation of the proteins. However, when the same
antibodies were used for simultaneous detection of LAT and NTAL, they clearly
showed different domains of both adaptors not only in RBL cells, but also in BMMC.
Thus, sequestration of LAT and NTAL does not seem to be an artifact observed only in
immortalized RBL cell line, or reflecting experimental procedures.

Why should these two structurally similar proteins form separate domains in
PM? Perhaps, differences in aminoacid sequence of their transmembrane domains
could cause association with different lipids within the membrane rafts. Alternatively,
cytoplasmic domains may interact with different proteins leading to formation of
variant signalosomes. The latter possibility is supported by findings that in T cells LAT
associates with CD2 coreceptor and tyrosine kinase Lck in discrete PM regions, which
depend on protein-protein interactions mediated through LAT phosphorylation sites but
not on interactions with lipid rafts (Douglass and Vale, 2005). As the repertoir of LAT

and NTAL cytoplasmic docking sites is not identical (Brdicka et al., 2002), the specific
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protein-protein network might result in separation of both adaptors. However, the
finding that NTAL and LAT are sequestered into discrete domains even before cell
triggering and therefore in the absence of their tyrosine phosphorylation, suggests that
other mechanisms are also involved.

Although restricted to fixed specimen, high-resolution EM combined with
immunogold labeling is a powerful technique that has brought about important findings
on PM organization (Wilson et al., 2002; Prior et al., 2003; Wilson et al., 2004,
Heneberg et al., 2006; Lillemeier et al., 2006). Extension of the method to rapid and
simple isolation of PM sheets from nonadherent cells will contribute to its wider use
and thus to better understanding of signaling events in various immune system cells

which are mostly nonadherent.
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Figure legends

Figure 1. Schematic drawing of procedures used to isolate PM sheets. (A) Glass
coverslip with cells growing as adherent or attached via fibronectin (left) or ultraclean
glass coverslip with cells adsorbed in protein-free buffer (right) was placed face-down
onto PLL-coated EM grids laid on nitrocellulose (NC) filter wetted with HEPES buffer
and kept on ice-cold basis. (B) Alternatively, cells in suspension were dropped onto
individual EM grids and covered with an ultraclean glass coverslip. (C) A sandwich
formed by glass coverslip, cells and EM grid was pressed by an ice-cold rubber stopper.
(D) The coverslip was quickly side-lifted, leaving the dorsal PM sheets bound to EM
grid. (E) The EM grid with attached PM sheets was immediately transferred face-down
onto ice-cold HEPES buffer surface for several seconds and further processed (fixation,
immunolabeling and contrasting steps). Schematic transversal view at high

magnification of PM sheets isolation procedures is shown at the bottom of C-E.

Figure 2. Properties of PM sheets isolated by various procedures. (A-C) Examples of
PM sheets isolated from resting BMMC by adhesion to fibronectin (A), adsorption to

ultraclean glass coverslips (B), or direct pressing in suspension to EM grids (C). FceRI-
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[ subunit was labeled on cytoplasmic side with JRK monoclonal antibody followed by
goat anti-mouse IgG-10 nm gold conjugate. (D) Density of 10 nm gold immuno-labeled
FceRI-B on plasma membrane sheets isolated from resting or activated (2 min, 37°C,
0.1 ng/ml DNP-BSA) BMMC by adhesion to fibronectin (f), adsorption to ultraclean
glass coverslips (g), or pressing in suspension to EM grids (s). (E) Density of 10 nm
gold immuno-labeled FceRI-p on PM sheets isolated from adherent RBL cells or
ultraclean glass-adsorbed BMMC in the course of their activation with DNP-BSA at
37°C. Means and SD from 3 independent experiments are shown; each experiment

covers approximately 30 pm? of the PM.

Figure 3. Different topography of FceRI in activated BMMC and RBL cells. (A, B)
Topography of intracellularly labeled FceRI-B subunit (10 nm gold particles) and
FceRI-a subunit-associated extracellular IgE (5 nm gold particles, indicated by arrows)
in PM sheets isolated from resting (A) or activated (B; 2 min; 37°C; 0.1 ug/ml DNP-
BSA) BMMC. (C, D) Clustering of IgE (triangles) and FceRI- (squares) in resting (C)
and activated (D) BMMC. Clustering is indicated at respective distance from a typical
particle, when the pair correlation function (PCF) exceeds 1. Ideal random distribution
of gold markers (PCF = 1) is pointed out by a solid line. The distance at which the peak
of PCF value falls to 1 indicates size of the immunolabeled aggregates of respective
membrane antigen (the real aggregates are, however, smaller, as the size of antibody
sandwiches must be taken into consideration). The hight of the peak indirectly reflects
density of these aggregates in PM (the higher number of distinct aggregates within
certain area, the lower PCF peak) but it also reflects saturation of labeling within the
aggregates (5 nm immunogold label provides more intense signal than 10 nm

immunogold label). Each graph represents data from two independent experiments

26

_ 143
Vysledky: Publikace E



covering approximately 60 pm? (E, F) As a control, topography of FeeRI-B subunit
and FceRI-o subunit-associated extracellular IgE in resting (E) and activated (F) RBL
cells is shown. (G, H) Clustering of IgE (triangles) and FceRI-f (squares) in resting (G)

and activated (H) RBL cells was calculated as above.

Figure 4. Clustering of 10 nm-immunogold-labeled FceRI-B in the course of BMMC
and RBL cell activation. BMMC were stimulated with 0.1 pg/ml (A) or 1 pg/ml (B),
RBL cells with 1 pg/ml (C) DNP-BSA at 37°C. Clustering is plotted as described in
Fig. 3. Each graph represents data from two independent experiments covering

approximately 60 um?.

Figure 5. Changes in topography and expression of FceRI in the course of BMMC and
RBL cell activation as detected by confocal microscopy and flow cytometry. (A-F)
Distribution of IgE on the PM of BMMC (A-C) and RBL cells (D-F) in resting cells (A,
D) or cells activated by DNP-BSA for 2 min (B, E) or 5 min (C, F). IgE was detected
by FITC-conjugated donkey anti-mouse Ig on fixed cells. (G) Relative concentration of
surface FceRI on BMMC and RBL cells in the course of their activation by DNP-BSA
as detected by flow cytometry. IgE was labeled by FITC-conjugated donkey anti-mouse
Ig on fixed resting or activated cells. Means + SD from 3 independent experiments are

shown.

Figure 6. Enhanced FceRI clustering in BMMC stimulated at low temperature. IgE-
sensitized BMMC (A) or RBL cells (B) were incubated for 10 min on ice and FceRI

was then triggered for 2 or 5 min with DNP-BSA on ice. PM sheets were isolated and
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FceRI-B was labeled with JRK monoclonal antibody followed by goat anti-mouse IgG-
10 nm gold conjugate. Clustering is plotted as described at Fig. 3. Each graph

represents data from two independent experiments covering approximately 60 um?.

Figure 7. Topography of LAT and NTAL on the PM sheets from resting cells. PM
sheets were isolated from BMMC (A-C) or RBL cells (D-F). LAT (A, D) or NTAL (B,
E) were labeled by two different antibodies or they were labeled together on the same

membrane (C, F). Clusters of 5 nm gold are circled.

Figure 8. Quantitative analysis of topographical relationship between LAT and NTAL.
Distribution of gold particles on PM sheets isolated from BMMC (A) or RBL cells (B)
was mapped by pair cross-correlation function (PCCF). Colocalization is indicated at
respective distance from a typical particle when the PCCF exceeds 1. Ideal independent
distribution of both gold markers (PCCF = 1) is pointed out by a solid line. The
maximal width of the peak above value 1 reflects distance at which both antigens are
selectively closer to each other than it would be in the case of random distribution. The
hight of the peak corresponds to tendency of both antigens to colocalize and it is
reduced when overall label density is higher. The black squares and black diamonds
show LAT or NTAL simultancously labeled with rabbit and mouse antibodies against
the same adaptor (positive controls). Other markers show PCCF for LAT and NTAL
labeled together on resting or DNP-BS A-activated cell as indicated. Each graph

represents data from two independent experiments covering approximately 60 pm?.
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Diskuse

Na pocatku té aktivace zirnych bunék, ktera je zavisla na IgE a vede ke
spusténi efektorovych mechanizmt alergickych reakci, stoji agregace receptoru
FceRI. Biochemickymi pfistupy (¢astecnou lyzou neiontovym detergentem a
Imunoprecipitaci) je mozné analyzovat fadu molekul, které se v tomto procesu
ucastni pienosu signalu ptes plazmatickou membranu, a fluorescencni mikroskopie
nebo skenovaci elektronova mikroskopie poskytuji data umoziujici ramcovou
predstavu o organizaci ohnisek téchto signalizacnich kaskad, jak doklada rada praci
(Field a kol., 1995; Kihara a Siraganian, 1994; Saitoh a kol., 2000; Holowka a kol.,
2000; Barker a kol., 1998; Stump a kol., 1988). Detailni pohled na rovinu
plazmatické membrany zirnych bun¢k vSak ptinesla az aplikace metody izolace
membranovych listl zkoumatelnych pomoci transmisni elektronové mikroskopie
(Wilson a kol., 2000). Ziskané vysledky vypovidaly o tom, Ze aplikace antigenu vede
u zirnych buné¢k linie RBL k vytvoreni pomérné rozsahlych priméarnich
signaliza¢nich domén (o pruméru az n€kolik set nm), na jejichz periferii se nachazeji
sekundarni signalizac¢ni domény, které informaci ptebiraji a predavaji dal. Primarni
domény mimo jiné zahrnuji agregaty receptoru FceRI, asociovanou
cytoplazmatickou kinazu Syk, adaptory Grb2 a Gab2, komponenty klathrinového
endocytického aparatu nebo fosfolipazu Cy2. Jejich tvorbu provazi disociace
tyrozinkinazy Lyn od receptorového komplexu. Sekundéarni signalizacni domény
tvofi agregaty transmembranového adaptorového proteinu LAT a obsahuji naptiklad
fosfolipazu Cy1. Fosfolipidova kinaza PI3K se vyskytuje v obou typech domén
(Wilson a kol., 2000; Wilson a kol., 2002).

Pouzil jsem metodu izolace a imunospecifického znac¢eni membranovych listi
k tomu, abych porovnal signaliza¢ni ohniska vznikla po dimerizaci receptoru FceRI
se strukturami tvofenymi po multimerizaci FceRI zprosttedkované antigenem. Jak
bylo mozno ocekavat, aplikace antigenu vedla ke vzniku rozsahlych (obvykle
piiblizné 200 nm) agregati receptoru, kolokalizujicich s tyrozinkindzou Syk a
adaptorem Grb2, tedy struktur odpovidajicich dfive popsanym primarnim
signalizaénim doménam. Dimerizace receptoru monoklonalni protilatkou 5.14 se
oproti tomu na dané detek¢ni Grovni na topografii signaliza¢nich molekul nijak
neprojevila — jejich distribuce odpovidala situaci na neaktivovanych bunkach.
Nebyla pozorovana kolokalizace FceRI a Grb2, avSak koncentrace Grb2 na
plazmatické membrané¢ signifikantné vzrostla, byt méné, nez v ptipad¢ aktivace
antigenem (clanek A). Také asociace receptoru s komponentami lipidovych rafti po
jeho dimerizaci vzrostla, podobné¢ jako fosforylace signalizac¢nich proteint,
mobilizace vapenatych iontt a sekrece obsahu cytoplazmatickych vacka. Tyto
procesy sice opét byly méné€ vyrazné nez v piipad¢ multimerizace receptoru, piesto
vSak fadove srovnatelné (c¢lanek A, spoluautori). Nepomér mezi topografickymi
zmeénami membranovych molekul a vyslednymi aktivaénimi ucinky byl ziejmy a
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stavél rozsahlé receptorové agregaty do pozice struktur postradatelnych pro vlastni
efektorové funkce zirnych bunék a odrazejicich snad spise proces utlumu a odklizeni
signaliza¢nich komponent jako odpovéd’ na multimerizaci receptoru FceRI. Bylo to
v souladu se skutecnosti, ze nadmérna koncentrace antigenu pfi aktivaci zirnych
bunék RBL koreluje se snizenim intenzity degranulace a vede k tvorbé rozsahlych
domén FceRI v zavislosti na aktinovém cytoskeletu (Seagrave a kol., 1991). Zda se,
ze roli zpétnovazebného regulatoru reagujiciho na ptilisné nahlouceni a stimulaci
receptoru FceRI by mohla hrat fosfolipidova fosfataza SHIP (Gimborn a kol., 2005)
a ubiquitinova ligaza Cbhl, ktera byla vizualizovana jako soucast rozsahlych
primarnich signaliza¢nich domén FceRI (Gustin a kol., 2006; Wilson a kol., 2002).

Otazkou zistavalo, zda k formovani takto vyraznych aktivacné-inhibi¢nich
domén dochazi na zirnych bunkach pii multimerizaci receptoru FceRI obecné, nebo
zda se jedna o jev specificky pro nadorovou linii RBL. Tato linie sice diky svému
adherentnimu rustu poskytuje dobré podminky pro izolaci membranovych listi, ale
jako modelovy ptedstavitel zirnych buné€k je zna¢n¢ diskutabilni. Problém relevance
vysledku topografickych analyz na plazmatické membrané buné¢k RBL vyzadoval
zahrnout do studii ptirozenéjsi reprezentanty zirnych bunék — primarni izolaty nebo
kratkodobé kultivaty. Aplikaci klasické metody preparace membranovych listi
(Sanan a Anderson, 1991) vsak v piipad¢ téchto bun¢k branila jejich neadherentnost,
proto bylo zapotiebi metodu zdokonalit.

Na zaklad€ empirickych poznatkl z détskych let o schopnosti vazby
zivocisSnych bunék na sklenéné povrchy jsem se rozhodl blize zkoumat moznosti
uziti ¢istého skla pfi izolaci membranovych listd z Zirnych bunék BMMC,
kultivovanych z kostni diené. Zjistil jsem, Ze za urcitych podminek (vhodnym
zpusobem vycisténa a skladovana sklicka, bunky v pufru 0 nulovém nebo nizkém
obsahu proteintl) také neadherentni leukocyty pfilnou ke sklenénému povrchu tak
efektivné, Ze je mozné z nich snadno ziskat membranové listy a provadét
topografické studie takového rozsahu, jako v pripadé studii vyuzivajicich klasickou
metodu Sanana a Andesona (Sanan a Anderson, 1991) zalozenou na adhezivnim
ristu bunék. Tim bylo mozné vyhnout se potencidlné riskantnim imobiliza¢nim
kroktm (jako je dlouhodoba inkubace s polylyzinem, dlouhodoba expozice nizkym
teplotam) zavedenym jinymi autory pro izolaci membranovych listi
z neadherentnich lymfocyta T (Schade a Levine, 2002; Lillemeier a kol., 2006).
Adsorpce bunék BMMC na sklo méla fadu vyhod. Byla rychla (1 min.), jednoducha,
nezpusobovala arteficielni degranulaci, nevyzadovala chlazeni bun¢€k ani funk¢énost
aktinového cytoskeletu. Abych provéfil vlastnosti takto izolovanych membrén,
zavedl jsem jiné dva postupy piipravy membranovych listi z neadherentnich bun¢k,
které vSak slouZily jen jako kontrola, nebot’ byly méné praktické nez metoda
zalozZena na adsorpci ke sklu. Prvni ptistup spoc¢ival ve vazbé zirnych bun¢k na
komponenty extracelularni matrix, ke které dochazelo po senzitizaci bun€k pomoci
IgE (zaloZeno na poznatku Lam a kol., 2003), tedy vyuzival specifického
mechanismu, druhy pfistup redukoval adsorp¢ni krok na minimum, nebot” spocival
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v pouhém pfitlaceni suspendovanych bunék na mikroskopickou sitku. Jelikoz jsem
mezi membranovymi listy pfipravenymi vySe uvedenymi zptusoby neshledal zadné
rozdily v morfologii membrén ani v topografickych zménach receptoru FceRI

Vv prib&hu bunécné aktivace, vyuzil jsem metodu zaloZzenou na adsorpci ke sklu

Kk rutinnimu zkoumani topografie signaliza¢nich molekul zirnych bunék BMMC
(¢lanek E).

Zjistil jsem, ze denzita receptoru FceRI na plazmatické membrané bunék
BMMC je vici bunkam RBL ptiblizné poloviéni (¢lanek E). To by mohlo
vysvétlovat skutecnost, ze optimalni degranulace bunék BMMC je zptisobovana
niz8i koncentraci antigenu nez v piipadé bunék RBL (clanek B, spoluautori; ¢lanek
A, spoluautori). Proto jsem k aktivaci bunék BMMC pouzival jak koncentraci
optimalni pro buitky BMMC, tak tu optimalni pro RBL, aby srovnani
topografickych zmeén receptoru FceRI na obou bunéénych typech mélo vyssi
vypovidaci hodnotu. Ob¢ koncentrace kupodivu zptisobily u bunék BMMC
srovnatelnou internalizaci receptoru, ktera odpovidala internalizaci na bunikach RBL.
O to ptekvapivejsi bylo zjisténi, ze multimerizace receptoru FceRI na buiikach
BMMC, na rozdil od linie RBL, nevyvolava tvorbu jeho rozsahlych nahloucenin.
Na neaktivovanych buitkach obou bunéénych typti bylo mozné FceRI detekovat jako
Klastry o srovnatelné velikosti, které vsak v ptipadé bun¢k RBL internalizovaly za
prechodné tvorby vyraznych agregatt, zatimco domény FceRI na BMMC
endocytovaly bez viditelného nartstu velikosti. Celkova mira internalizace byla u
obou typt srovnatelna, ale lokalni dynamika se zdsadné¢ lisila, nebot’ buiky BMMC
preferovaly vice drobnych ohnisek, zatimco buniky RBL ohniska vétsi, ale mensiho
poctu (clanek E). Ukéazalo se tedy, ze vZzita piedstava o primarnich signaliza¢nich
doménach zirnych bunék jako rozsahlych agregatech receptoru FceRI, zaloZzend na
leukemické linii RBL (Wilson a kol., 2001; Wilson a kol., 2002), nepiedstavuje
obecny jev a moznd nemusi odpovidat fyziologické realité. Primarni signalizacni
ohniska bun¢k BMMC jsou mnohem mensi a doménam FceRI na bunikach RBL se
podobaji az v pfipad€, Ze multimerizace receptoru probéhne za stavu podchlazeni
(4°C) (clanek E).

Sekundarni signaliza¢ni domény zirnych bun¢k byly popsany jako agregaty
transmembranového adaptoru LAT, poskytujici strukturni a funkéni zaklad pro
pienos signalu do nitra bunky (Wilson a kol., 2001; Wilson a kol., 2002). Velice
podobnym adaptorovym proteinem Zirnych buné¢k se ukazal byt NTAL (Brdicka a
kol., 2002), jehoz topografie na urovni elektronové mikroskopie byla dosud
nezndma. Analyzoval jsem membranové listy bun€k RBL a prokazal, ze NTAL je na
plazmatické membrané distribuovan v klastrech o stejné morfologii jako vykazuji
domény proteinu LAT a (rovnéz podobné jako LAT) je mozno jej nalézt pti okrajich
rozsahlych agregatii receptoru FceRI. Jak na neaktivovanych, tak na aktivovanych
buiik4ch vSak proteiny LAT a NTAL tvotily separatni neptekryvajici se domény
(¢ldanek B). To bylo ponékud piekvapivé zjisténi, nebot’ se jednalo o strukturné
velice podobné palmitylované proteiny patiici mezi tak zvané markery lipidovych
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roce ale byla publikovana studie dokumentujici zna¢nou topologickou nezavislost
nékterych markert lipidovych rafti v plazmatické membrané bunék RBL (Wilson a
kol., 2004) a pohled na lipidové rafty se zac¢al ménit.

Rozhodl jsem se provefit, zda separace adaptort LAT a NTAL neni specificka
pro linii RBL a soucasn¢ zda nemuze byt disledkem vazby detekénich protilatek.
Ukazalo se, Ze oba adaptory tvoii neptekryvajici se domény i v buitkich BMMC a
Ze tento jev neni artefaktem procedury znaceni antigent (¢lanek E). Pokud tedy
palmitylace proptjcuje molekulam LAT a NTAL tendenci kontaktovat spolecné
organizované lipidické prostfedi, musi existovat mechanismus, ktery tento ucinek
prevazi a jejich agregaty separuje. Zda se, ze nejpravdépodobnéj$im vysvetlenim by
mohly byt meziproteinové interakce v ramci signalozomt formovanych v oblasti
cytoplazmatickych domén téchto adaptorti, nebot’ soubor a rozmisténi vazebnych
mist na molekulach LAT a NTAL se lisi (Brdicka a kol., 2002) a dulezZitost
meziproteinovych interakci pii tvorbé funkénich domén fosforylovaného proteinu
LAT byla dolozena v lymfocytech T (Schade a Levine, 2002). Tvorba a stabilizace
agregatl membranovych proteint také do zna¢né miry zavisi na vazbe cytoskeletu a
morfologie prislusné domény je vysledkem spolupiisobeni vazeb mezi proteiny
samymi a mezi proteiny a lipidy (Lillemeier a kol., 2006).

V zirnych bunikach NTAL ziejmé slouZzi jako negativni regulator signalizace
receptoru FceRI, avsak je téz schopen ¢aste¢né nahradit pozitivni roli adaptoru LAT
(Zhu a kol., 2004; clanek B, spoluautori). Nadmérna exprese proteinu NTAL ma téz,
kromé Gtlumu aktivace, vliv na morfologii zirnych bun€k zasazenim do procesu
polymerizace aktinu (clanek D, spoluautori). Proto bylo teoreticky mozné, ze se
inhibi¢ni u€inky nadmérného mnozstvi molekul NTAL projevi jiz v okamzZiku
tvorby agregatd receptoru FceRI. Zjistil jsem vSak, ze topografie receptoru FceRI
Vv prubehu aktivace zirnych bunék linie RBL exprimujicich obvyklé, zvySené nebo
snizené mnozstvi molekul NTAL se nelisi, stejné jako vzajemna lokalizace agregatl
NTAL a FceRI. NTAL také nevytvarel za stavu nadmérné exprese zadné neobvyklé
struktury, kromé¢ toho, ze jeho domény byly rozmérnéjsi (¢ldnek D). Inhibi¢ni ucinek
adaptoru NTAL na signalizaci zirnych bunék tedy zfejmée nespociva v ovlivnéni
tvorby signalizacnich ohnisek FceRI.

Navzdory vysledktim popisujicim topologickou nezavislost nékterych markert
lipidovych raft, pro pfitomnost lipidickych agregat v plazmatické membrané
svédci skutecnost, ze LAT, ktery postrada extracelularni doménu, kolokalizuje s
proteinem Thy-1 zakotvenym do membrany extracelularné ptes GPI (Wilson a kol.,
2004). Zajimalo mé, jestli se tolik podobny protein NTAL bude vici Thy-1 chovat
také tak, nebo zda, v souladu se svou separaci od domén proteinu LAT, s Thy-1
asociovat nebude. Ukazalo se, ze domény Thy-1 kolokalizuji jak se shluky proteinu
LAT, tak NTAL, a to zejména za podminek extenzivni agregace Thy-1, ale ani
V tomto piipade oba adaptory netvoftily spolecné ostritvky, pouze se vyskytovaly
Vv tésnéjsi blizkosti nez by odpovidalo nahodné distribuci (¢lanek C). Protoze oba
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adaptorové proteiny jsou po agregaci Thy-1 fosforylovany (clanek C, spoluautori),
domény Thy-1 vystupuji jako platformy, které stimuluji a sdruzuji nezavislé
agregaty dvou funk¢né piibuznych, ale do zna¢né miry antagonistickych
signaliza¢nich molekul, coz by mohl byt jeden ze zptisobi modulace signalu pomoci
lipidovych rafti.

Slibnym nastrojem pro analyzu struktury domén Thy-1 se stala transfekovana
linie bun€k RBL, ktera kromé¢ vlastni izoformy Thy-1.1 stabiln¢ exprimovala
vnesenou izoformu Thy-1.2, pficemz ob¢ varianty tohoto glykoproteinu bylo mozno
odlisit a agregovat specifickymi monoklonalnimi protilatkami. Shodny modul
zakotveni do plazmatické membrany a 82% sekven¢ni identita téchto izoform by
podle ocekavani mohly zptsobit jejich rovnocenné promichani ve spole¢nych
doménach, ale fluorescen¢ni mikroskopie naznacovala jejich nezavisly pohyb
(¢lanek C, spoluautori). Otazkou tedy zistavala vzajemna topografie obou izoforem
pii rozliseni poskytovaném elektronovou mikroskopii, a bylo vhodné zkoumat téz
miru soudrznosti molekul Thy-1.1 navzajem a soudrznosti s Thy-1.2. Na
membranovych listech molekuly Thy-1.1 agregované (a znacené) protilatkou silné
kolokalizovaly s molekulami téze izoformy zna¢enymi az dodate¢né po fixaci.
Pokud ale byla stejnym zptisobem po fixaci oznacena izoforma Thy-1.2, agregaty
Thy-1.1 s ni kolokalizovaly jen slab&, domény obou proteinii se pak nachazely sice
Casto v tésné blizkosti, ale zachovavaly si zna¢nou strukturni nezavislost (¢ldnek C).
Zda se tedy, Ze navzdory totozné membranové kotve a vysoké sekvenéni shode¢,
rozdilné izoformy Thy-1 vytvareji v plazmatické membrané rozdilné domény, které
mezi sebou vykazuji jistou slabou soudrznost, ale jinak vystupuji pomérné nezavisle.
Jak jiz bylo zminéno, na tvorb¢ proteinovych agregatt, které jsou ptitomné i
V plazmatické membran¢ neaktivovanych bunék, se ziejme podili aktinovy
cytoskelet (Lillemeier a kol., 2006). Na trovni vzdalenosti n€kolika nanometrt vede
dimerizace jedné z izoforem Thy-1 ke zvySené asociaci s agregaty druhé izoformy a
aktinovy cytoskelet jejich t€snéjsi kontakt podporuje. Soucasné vSak tento cytoskelet
hraje téz roli separatoru, braniciho pfilisSnému nahlouc¢eni molekul Thy-1 stejné
izoformy (c¢lanek C, spoluautori).

Lipidicke interakce tedy zfejmé hraji diilezitou roli pfi tvorbé zakladnich
stabilizovanych jednotek membranovych raftii (po dimerizaci), ale organizace téchto
jednotek do struktur vysSiho fadu je netrividlnim zpisobem ovliviiovana spolupraci s
aktinovym cytoskeletem. Tato dizertace dokumentuje, Ze rozdilné raftové molekuly,
byt Casto sekvenéné velice podobné, tihnou k tvorbé rozdilnych membranovych
domén. Vyjimkou je silné asociace intracelularné orientovanych transmembrano-
vych palmitylovanych proteinli LAT a NTAL s agregaty extracelularniho proteinu
Thy-1. Jednim z mechanismd, které by raftové proteiny do samostatnych domén
mohly odd€lovat, pravdépodobné bude tcinek specifickych vzajemnych interakci
proteinovych fetézci, v nekterych ptipadech ale 1ze uvazovat napiiklad i o roli
rozdilné glykozylace. Ukazuje se, ze tvorba signaliza¢nich ohnisek v plazmatické
membrané je organizovana systémem nejen zna¢né komplexnim, ale i vysoce
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dynamickym, a Ze n¢které konkrétni projevy tohoto procesu se mohou vyznamné
li$it mezi riznymi modelovymi zastupci daného bunééného typu. Prezentovana
metoda izolace membranovych listli z neadherentnich bunék by mohla vyzkum

V tomto oboru usnadnit. Je vSak tfeba pfipomenout, Ze plastického obrazu o pfenosu
signalu pfes plazmatickou membranu je mozno dosahnout jen souhrou fady
rozdilnych a vzajemné se doplitujicich ptistupa.
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Zavéry

Byly vytvoreny tfi zpisoby izolace membranovych listi z neadherentnich
Zirnych bunék BMMC. Jeden z nich, zaloZeny na adsorpci leukocyti

ke sklenénému povrchu, se ukazal byt zvlasté slibny a poskytl Fadu védeckych
dat (clanek E).

Aktivace Zirnych bunék RBL dimerizaci receptoru FceRI vedla k obohaceni
plazmatické membrany o adaptorovy protein Grb2, ktery vsak, na rozdil

od pripadu multimerizace receptoru, s FceRI signifikantné nekolokalizoval
a distribuce FceRI nebyla metodou imunoznac¢eni membranovych listu
odliitelna od distribuce na neaktivovanych buiikach (¢ldnek 4). Zirné buiiky
BMMC, na rozdil od bunék RBL, netvorily po multimerizaci receptoru vétsi
agregaty FceRlI, neZ buiiky neaktivované. Multimerizace receptoru FceRI vedla
u bunék BMMC a RBL k jeho internalizaci o srovnatelné intenzité i celkové
dynamice, ale lokalni redistribuce FceRI se u nich zasadné lisila (¢lanek E).
Vzity model rozsahlych (pfiblizné 200 nm) signaliza¢nich domén tohoto
receptoru byl zpochybnén.

Adaptorovy protein NTAL byl v plazmatické membrané distribuovan

Vv klastrech obdobnym zpiisobem jako adaptor LAT, a rovnéz jejich
topografické vztahy k receptoru FceRI a glykoproteinu Thy-1 byly obdobné.
Po multimerizaci FceRI se oba adaptory u bunék RBL prileZitostné nachazely
na periferii agregati tohoto receptoru, presto v§ak NTAL a LAT tvorily
oddélené domény jak v prubéhu aktivace bunék RBL, tak BMMC (cldnky B, E).
Oba adaptory vyrazné kolokalizovaly s agregovanym glykoproteinem Thy-1,
av§ak i za téchto podminek si uchovavaly charakter separatnich domén (¢ldnek
C). Tyto vysledky podporuji obraz membranovych rafti jako systému
tvoieného souhrou proteinovych a lipidickych interakci.

Nadmérna ani snizena exprese adaptoru NTAL, ktery je negativnim
reguliatorem signalizace Zirnych bunék, se na distribuci receptoru FceRI

Vv pribéhu aktivace bunék RBL neprojevila. Tyto zmény mnoZstvi molekul
NTAL v plazmatické membrané vyustily v odpovidajici zmény velikosti domén
tohoto adaptoru, ale charakter jeho distribuce zménén nebyl (¢ldnek D).

Izoformy Thy-1.1 a Thy-1.2 byly v plazmatické membrané distribuovany do
zna¢né miry nezavisle. Agregace Thy-1.1 vedla jen k slabé koagregaci Thy-1.2,

oproti tomu molekuly téze izoformy vykazovaly mnohem vyssi soudrznost
(¢ldanek C).
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List of abbreviations and specification of terms

BCR: B cell receptor

BMMC: Bone marrow-derived mast cells

DIG: Detergent-insoluble glycosphingolipid-enriched membranes
DRM: Detergent-resistant membranes

FAK: Focal adhesion kinase

FcaR (I): Immunoglobulin A receptor, type |

FeyR (1, 11, II): Immunoglobulin G receptor, type I, 11, I11
FceR (I, II):  Immunoglobulin E receptor, type I, 11

FGF: Fibroblast growth factor

FRET: Fluorescence resonance energy transfer
GM-CSF: Granulocyte-macrophage colony stimulating factor
GPI: Glycosylphosphatidylinositol

Ig: Immunoglobulin

IFN: Interferon

IL: Interleukin

ITAM: Immune-tyrosine activation motif

ITIM: Immune-tyrosine inhibition motif
MAPK: Mitogene-activated protein kinase
MAPKK: Mitogene-activated protein kinase-kinase
MIRR: Multichain immune-recognition receptor
NGF: Nerve growth factor

PI3K: Phosphatidylinositol-3 kinase

PLC: Phospholipase C

RBL.: Rat basophilic leukemia

SCF: Stem cell factor

Tc: Cytotoxic T cell

TCR: T cell receptor

TGF: Transforming growth factor

Th: Helper T cell

TIFF: Triton-insoluble floating fraction

TLR: Toll-like receptor

TNF: Tumor necrosis factor

TReg: Regulatory T cell

(1 use the other untraditional groups of characters, though usually of abbreviation origin, as
established terms, hence they are not indicated here.)

Colocalization (related to the plasma membrane) — meant as preferential location of one antigen
to the area of second antigen, not as accidental location of both antigens at one place.

Nonadherent cells — growing as unattached to the bottom of tissue culture
cultivation flask.
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Introduction

1) Organization of the plasma membrane

Plasma membrane serves as a multipurpose biological interface of fundamental importance that
determines and actively maintains the composition of intracellular milieu and mediates
communication between the cell and its environment. This information function of the plasma
membrane has been intensively studied for many years and the structural and functional background
of transmembrane communication is being revealed gradually. It turns out that in these processes
perhaps not only proteins themselves are crucial, but more likely their collaboration with local lipidic
milieu — a phenomenon associated with the term of , lipid rafts*.

Original hypothesis of lipid rafts

In 1972, when published their ,,fluid mosaic model of the structure of cell membranes®, Singer
and Nicolson accentuated lateral mobility of individual proteins in the field of two-dimensional
lipidic phase. Plasma membrane seemed to be more or less a planar oriented solution of amphipatic
proteins in lipid bilayer (Singer and Nicolson, 1972). Subsequently, however, a concept arose
postulating that the lipids of plasma membrane laterally segregate according to different features of
their hydrophobic chains and form spontaneously a system of membrane domains (Klausner et al.,
1980; Karnovsky et al., 1982). Especially clusters of sphingolipids with intercalated cholesterol
attracted the attention, being proposed as relatively rigid islets — lipid rafts — floating in surrounding
fluid plasma membrane milieu composed of phospholipids with unsaturated acyl chains. The function
of these rafts should consist in transport of certain autogenously sorted proteins to distinct areas of
plasma membrane or to respective organelles, and they have been also attributed with important
signaling role (Brown and Rose, 1992; Simons and lkonen, 1997; Simons and Toomre, 2000; Dykstra
et al., 2003).

According to this hypothesis lipid rafts serve as specific compartments in the field of the
plasma membrane. They are supposed to conjugate especially the molecules that contain unsaturated
lipid chains or the saturated chains with double bond of trans configuration, such as palmitoylated
proteins and glycosylphosphatidylinositol (GPI)-anchored proteins, but interactions of aminoacid
groups with lipidic components of the rafts are also involved (Fig. 1). Immunoreceptors of the MIRR
family (multichain immune-recognition receptors), including TCR (T cell receptor), BCR (B cell
receptor) or mast cell FceRI (Immunoglobulin E receptor, type I) practically do not interact with lipid
rafts in resting state. But aggregation of these proteins initiates signal transduction across the plasma
membrane (and subsequent signaling cascades), which is accompanied with stabilization of contact of
these proteins with lipid raft components. In the rough, according to this model, in lipid rafts, there
are localized activators and substrates of MIRR immunoreceptor signalosomes (such as Src family
kinases or palmitoylated transmembrane adaptor proteins), whereas the negative regulators are
excluded.” The raft can also be a functional connection between extracellular GPl-anchored receptors
and signaling molecules associated with the intracellular leaflet of the plasma membrane (Langlet et
al., 2000; Dykstra et al., 2003; Horejsi et al., 1999).

* In fact, it is much more complicated. For example tyrosine phosphatase CD45, an important positive
regulator of MIRR signaling, is rather absent from rafts, which correlates with decreased activity of
its substrates — the Src family kinases that do prefer raft residency. Under certain circumstances
CD45 serves also as a negative regulator of Src family kinases. The optimal dynamic and balanced
contact rate of these tyrosine kinases with CD45 is substantial (Rodgers and Rose, 1996; Montixi et
al., 1998; Penninger et al., 2001; Zhang et al., 2005 ).
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Experiments on artificial membranes stood at the beginning of lipid raft concept. They verified
the basic postulates regarding the hypothesis of segregation processes in planar oriented lipidic
mixtures (Klausner et al., 1980; Sankaram and Thompson, 1990a; Sankaram and Thompson, 1990b;
Sankaram and Thompson, 1991; Sankaram et al., 1992; Mclntosh et al., 1992; Dietrich et al., 2001).
The results from these model systems, however, cannot be directly applied to describe behavior of the
real plasma membrane, thus of much more complex protein-lipid system, where e.g. interactions with
submembrane cytoskeleton can have a substantial role.

Isolation of so called DRM (detergent-resistant membranes) — a fraction of the plasma
membrane with higher resistance to nonionic detergents — has become a widely used methodical
approach to study lipid rafts (Brown and Rose, 1992). The term DRM (as well as that of lipid rafts
themselves) is connected with terminological confusions. In general, DRM represent an extract
prepared by partial cell lysis using nonionic detergent, thus, it is important to specify the conditions
of extraction (type of detergent, its concentration, temperature) when speaking of respective DRM.
This term is often being confined to membrane fraction prepared by Triton X-100 at 4°C, than it is
also called TIFF (Triton-insoluble floating fraction). DRM, a product of isolation procedure, shall not
be confused with lipid rafts that are assumed as real entities within the plasma membrane.
Nonetheless, it often happened, and the names DIG (detergent-insoluble glycosphingolipid-enriched
membranes) or GEM (glycosphingolipid-enriched membranes) have been, unfortunately, used for
DRM as well as for lipid rafts. The solution of terminological crisis may be to consider lipid rafts as
cholesterol- and sphingolipid-rich membrane domains isolatable as DRM (Langlet et al., 2000;
London and Brown, 2000; Brown and London, 2000).

Doubtless, detergent-mediated extraction of plasma membrane fractions is an helpful approach
that provides information about different tendency of respective membrane proteins to associate with
certain lipidic milieu. The obtained results well fit to the concept of lipid rafts, however, they are not
a sufficient proof of their real existence, as application of detergent is a serious intervention into
biophysical properties of the plasma membrane (Mayor and Maxfield, 1995; Heerklotz, 2002).
Nevertheless, using FRET (fluorescence resonance energy transfer) technique, cholesterol- and GPI-
anchor-dependent protein aggregates have been demonstrated even in the plasma membrane of living
cells. The diameter of these domains was less than 70 nm and their formation was independent of the
protein chain (Varma and Mayor, 1998). Similar conclusions emerged from an experiment with
covalent cross-linking of closely associated GPl-anchored proteins (Friedrichson and Kurzchalia,
1998). Even local diffusion parameters of membrane proteins confirmed that presence of cholesterol
leads to formation of relatively stable domains taking 13-40 nm in diameter. They contain the
proposed lipid raft proteins, whereas the other proteins diffuse in less viscous environment (Pralle et
al., 2000). Myristate-palmitate or palmitate-palmitate anchoring leads to cholesterol-dependent
aggregation, but prenylated proteins aggregate creating different, cholesterol-independent domains
(Zacharias et al., 2002).

Using fluorescence derivates of lipids with saturated or unsaturated chains, it has been possible
to visualize distribution of relatively rigid or fluid areas of the plasma membrane both in detail and
within the frame of whole cell. Organized lipid domains did not diffused freely but in certain
direction, and their occasional origin or disappearance took place at particular places, probably with
respect to attachment of cytoskeleton. These domains were more numerous at areas of adhesion,
intercellular contacts and pseudopodia (Schiitz et al., 2000; Gaus et al., 2003).

It seems that existence of raft-like lipidic heterogeneities is not confined to animal cells, and
that analogous structurally-functional systems may be utilized by plants and fungi, however, with
small differences connected with divergence of lipidic composition and of sterol-sphingolipid :
membrane protein ratio (Xu et al., 2001; Bagnat and Simons, 2002; Martin et al., 2005; Bhat and
Panstruga, 2005; Opekarova et al., 2005).
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Fig. 1: Some of the so called ,,lipid raft markers* and their anchorage into the plasma
membrane.

A) Lyn, Fyn, Lck, G protein o subunit, raftlin. B) GAP-43/B-50. C) H-ras, N-ras. D) NAP-22.

E) Caveolin, flotillin (reggie). Number of palmitate and myristate units is variable within this group.
F) LAT, NTAL (LAB, LAT2), PAG (Cbp), LIME. G) MAL/VIP17, BENE, plasmolipin,
hemagglutinin, prominin. Specific interactions between transmembrane domain and lipid raft
constituents are important for members of this group. In case of hemagglutinin, moreover, triple
palmitoylation (not indicated). H) CD14, CD16, CD48, CD55, CD59, Thy-1 (CD90). A nature of
GPI units can differ.

(Cinek and Horejsi, 1992; Resh, 1994, Pérez et al., 1997; Scheiffele et al., 1997; Arni et al., 1998;
Frank et al., 1998; Corbeil et al., 2001; Dunphy et al., 2001; Epand et al., 2001; Chatterjee and
Mayor, 2001; Dykstra et al., 2003; Saeki et al., 2003; Pike, 2004; Pizzo and Viola, 2004; Navarro et
al., 2004; Roy et al., 2005; Langhorst et al., 2005)

Recent concept of lipid rafts

In spite of the fact that existence of plasma membrane domains having properties attributed to
lipid rafts has been demonstrated even in living cells (see above), there appeared comparably
conclusive studies that either dispute considerable presence of lipid rafts in resting membranes
(without induced aggregation) or bear evidence of their surprisingly small size (Kenworthy and
Edidin, 1998; Kenworthy et al., 2000; Vrljic et al., 2002; Glebov and Nichols, 2004; Kenworthy et
al., 2004; Sharma et al., 2004). Gradually, a model arose that has been both alternative and extension
of the original lipid raft hypothesis. It assumes formation of condensed complexes of cholesterol and
sphingolipids as precursors of lipid rafts and attributes proteins with crutial role in lipid raft
organization.

Although the concept of condensed complexes was based on behaviour of cholesterol and
sphingolipids in artificial membranes, it became a good basis to explain structure and dynamics of
plasma membrane organized domains (Radhakrishnan and McConnell, 1999; Radhakrishnan et al.,
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2000; Anderson and McConnell, 2001; Anderson and McConnell, 2002; Anderson and Jacobson,
2002). Condensed complexes can exist in the plasma membrane as individual entities containing
mere 15-30 molecules, but under certain conditions they can easily form a discrete phase. Lipid rafts
thus can arise by aggregation of respective proteins that communicate with neighbour membrane
milieu by lipidic coat composed of condensed complexes. In resting state, raft protein coating
probably undergoes a dynamic process of association and dissociation (Anderson and Jacobson,
2002).

Effect of extracellular binding element (antibody, ligand) on raft-forming molecules leads to
generation of stabilized domains sequestered from adjoining fluid phase. These domains can contain
also intracellular components associated due to preference for equal lipidic milieu and can bind
cytoskeleton (Hammond et al., 2005; Mayor et al., 1994; Thomas et al., 1994; Harder et al., 1998;
Suzuki and Sheetz, 2001). Whereas the rafts of resting membrane probably are tiny and unstable
structures appearing and disappearing within nanoseconds, stabilizer binding may cause reduction of
thermal motion whereby enabling association of further molecules. These secondary raft structures
differ substantially from the primary ones in complexity (both more molecules and their species),
lasting (scale of minutes) and size (tens of nanometres or even more) and they usually perform
specific signaling functions (Subczynski and Kusumi, 2003; Kusumi et al., 2004; Kusumi et al., 2005)
(Fig. 2). In a broad sense, caveolae or flotillin domains, whose structure is consolidated by aggregates
of specialized proteins, can be considered as subgroups of stabilized lipid rafts (Navarro et al., 2004;
Langhorst et al., 2005; Bauer and Pelkmans, 2006).

According to the induced-fit model of raft heterogeneity, different tendency of raft proteins to
interact with raft lipids leads to plastic forming of such a membrane domain whose structure and
content emanates from optimal collocation of its constituents. Aggregation of proto-rafts thus can
lead to formation of lipid raft that has different properties than were those of the precursors, e.g. by
exclusion of some molecules and inclusion of others, which, consequently, could lead to further re-
building the domain (Pike, 2004). This theoretical concept might resolve the question why for
example different GPI-anchored proteins can form different raft structures (Madore et al., 1999;
Wang et al., 2002) — even a small variance in anchoring module or in steric effects of the protein units
may be a sufficient impulse for domain separation.

It turns out that, for specific location of GPI-proteins, also appropriate glycosylation is
important (Pang et al., 2004; Ermini et al., 2005). It brings a further dimension to possible
mechanisms of lipid raft regulation, supplementing the effect of lipid anchor modification (reversible
palmitoylation, cutting a protein from GPI), changes of lipidic composition (e.g. modulation of
cholesterol content) or protein spectra (different gene expression) and the effect of external stimuli
(intercellular contacts, binding of soluble ligands). Stability of these domains can also depend on
covalent and noncovalent interactions that occur already in Golgi apparatus (Paladino et al., 2004). In
some cases, an interplay between controllable lipid modifications and allosteric effects within the
protein unit can have a substantial role in targeting the protein to or out of lipid rafts or other plasma
membrane domains (Hancock, 2003; Rotblat et al., 2004; Roy et al., 2005).

Step by step, thus, a complex system of plasma membrane organization and signaling is being
revealed. Dynamic protein-lipid domains, traditionally denotated as lipid rafts, play a substantial (but
not the only) role in this mechanism. As the interactions between proteins and lipids in the process of
raft forming are mutual and bilaterally conditional, recently the term ,,lipid rafts* has been more and
more often replaced by ,,membrane rafts, which, however, should not be confused with a wider term
»membrane microdomains.* In 2006, at the symposium in Steamboat Springs, a working definition of
membrane rafts was submitted: ,,Membrane rafts are small (10-200 nm), heterogeneous, highly
dynamic, sterol- and sphingolipid-enriched” domains that compartmentalize cellular processes. Small
rafts can sometimes be stabilized to form larger platforms through protein-protein and protein-lipid
interactions.* (Pike, 2006). It is but only an attempt to bridge terminological inconsistencies. The

* Better may be rich.
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nature does not know divider lines between artificially introduced categories, and the phenomenon of
dynamic heterogeneities within the plasma membrane has not been fully explained yet, so one can
expect further changes of its concept.

A
7% protein {CA)ZD unstable I stabilized
" lipid raft v lipid raft
condensed
A complex of lipids

<x\§ ligand

Fig. 2: Schematic view of the plasma membrane plane according to the reformed model of
lipid rafts.

Within fluid phase of membrane lipids (a) there are localized proteins that prefer this milieu (b), but
also such proteins that are dynamically being detached by interactions with lipidic condensed
complexes, forming unstable lipid rafts (c). By effect of ligand, a lipid raft is being stabilized (d), and
at its periphery there arises an intermediary zone of unstably-associated proteins and lipids (e).
(Anderson and Jacobson, 2002; Subczynski and Kusumi, 2003)
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1) Mast cells as a model of signal transduction
across the plasma membrane

Mast cells belong to model cell types which have been extensively used for investigation of signal
transduction mechanisms that occur at the plasma membrane of mammalian cells. Popularity of mast
cells reflects their role in pathology of atopic allergies, that are becoming a serious all-society
problem, as well as possibility to study well-observable reactions to defined external stimuli within
scales of seconds, minutes and hours.

Roles of mast cells in organism

Mast cells originate by gradual differentiation of stem cells, and as immature precursors they
migrate through blood system to target tissues where they complete their development affected by
specific environment. This process has not been fully elucidated, as well as the relation of mast cells
to basophilic granulocytes, which have often been called as their circulatory analogues. In mouse
spleen, there has been identified a myeloid cell type that could generate both mast cells and basophils.
Similarly, a human common specific precursor of mast cells and monocytes has been discovered, but
still it cannot be excluded that mast cells evolve also from multipotent progenitors out of myeloid line
(Arinobu et al., 2005; Kirshenbaum et al., 1999; Chen et al., 2005; Sonoda et al., 1983). In vitro
experiments showed that mast cell proliferation and differenciation depends on interaction of
cytokines SCF, IL-3 (sometimes also 1L-4) supported with IL-9 and IL-10, whereas GM-CSF and
IFN-y inhibit mast cell differentiation and TGF-p acts against their proliferation. Also other cytokines
(TNF-a, IL-6, NGF etc.) can participate in formation of conditions leading to development of
different mast cell types. For mast cells, SCF is not only a growth and differentiation factor, but it is
also one of their chemoattractants and tissue settling stimulator (Metcalfe et al., 1997; Okayama and
Kawakami, 2006).

It seems that differences in local environments at particular places in the body lead to
origination of many specialized population of mast cells, which are variant in morphology and
function. Roughly divided, however, usually only two basic types are distinguished — the connective
and mucosal — described in rodents but having analogies even in human organism. Connective mast
cells from murine peritoneal cavity span 10-20 um and their development is not dependent on T cells.
By contrast, murine mucosal mast cells span only 5-10 um, they are T cell dependent and from the
connective ones they also differ in content of secretion granules (another types of chymase and
proteoglycans; one place value less of histamine; leukotriene C. is present). Human analogues of
connective mast cells (so called tryptase-chymase type, secreting more kinds of neutral peptidases),
occur mainly in skin, whereas the analogues of murine mucosal mast cells (so called tryptase type)
inhabit mostly lung alveolar tissue and small intestine (Metcalfe et al., 1997). Human peritoneal
cavity itself, however, under normal circumstances does not contain mast cells. Spatial and functional
organization of mastocytal system differs between humans and rodents, thus the results obtained
using one of the models cannot be directly applied to the other one. For example, murine mast cells in
many aspects resemble to human basophils rather than to human mast cells (Bischoff, 2007; Falcone
et al., 2006).

The most widely known role of mast cells is the defence of body surfaces against bacteria and
multicellular parasites (Fig. 3). Binding of antigen (allergen) to specific immunoglobulin E molecules
associated with membrane receptor FceRI leads to release of cytoplasmic vesicles content (to
degranulation). The secreted proteases directly or indirectly damage surface of the parasite, degrade
components of extracellular matrix, enhance blood vessel wall permeability, stimulate production of
mucus and influence activity of some cytokines, hormones and nerve mediators; cooperating with
heparin they affect blood coagulation. Mast cells also can stimulate cell adhesion, they positively act
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on eosinophils and on epithelial cell and fibroblast proliferation. The secreted histamine causes local
contractions of respiratory and gastrointestinal tract smooth muscles (contributing to expulsion the
undesirable allochtonous organism) and affects vessel calibre; cathelicidin-type peptides have
antimicrobial effects. Stimulated mast cells subsequently create allergic inflammation environment by
arachidonic metabolites and spectrum of cytokines. Due to Toll-like receptors (TLR) they react to
pathogens even without dependence on mechanisms of adaptive immunity. Mast cells can be termed
as sentinels with functions both in proximate guarding and in organization of subsequent complex
defence. These roles are connected also with maintaining body surface integrity by supporting wound
healing and angiogenesis (Metcalfe et al., 1997; Marshal, 2004).

Mast cells are important modulators of immune reactions. Secreting cytokines I1L-3, IL-4, IL-5,
IL-9, IL-13, IL-15 and IL-16 they support Tn2 and B cells, thus production of antibodies, but they
can also positively affect Tyl cells, and hence the inflammatory response, by production of IFN-y,
IL-12 and IL-18. Besides pro-inflammatory mediators (TNF-a, IL-1p) they can release the anti-
inflammatory ones (IL-10, TGF- B), similarly, they attract both Tul cells (by IL-8) and Tw2 cells (by
CCLD5). The particular course of immune reaction evidently depends on circumstances of its origin
and on previous specific development of given mast cell population. Mast cells can serve as antigen-
presenting cells and, as well, they help dendritic cells to this function. When needed, they attract
neutrophils or eosinophils into the atopic inflammation place, enable their transmission through blood
vessel wall and prolong their viability. They also participate anti-viral defence by cooperation with T¢
cells. Mast cells represent an important regulatory intersection of adaptive and innate immunity
(Marshall, 2004; Frossi et al., 2004; Galli et al., 2005a; Galli et al., 2005b).

Relation of mast cells to cancers is rather controversial. Mice with decreased number of mast
cells show faster growth of implanted tumors, and, similarly, presence of mast cells in human breast
cancer is connected with good prognosis. It seems, however, that for example in case of melanomas
(man, dog), veneric carcinomas (dog) or gastric cancer (man) mast cells, instead, disserve to the
organism due to their support to tumor angiogenesis, but it is preliminary to adjudigate them. Number
of results regarding mast cells and cancers is quite high, but their interpretation is difficult, on
account of unclarities in experimental context of cancer research (Burtin et al., 1985; Rajput et al.,
2007; Toth-Jakatics et al., 2000; Mukaratirwa et al., 2006a; Mukaratirwa et al., 2006b; Kondo et al.,
2006; Ozdemir, 2006).

It turns out that mast cells also participate in cross-talk between immune and nervous system.
Peripheral neural fibres release mediators that locally influence many types of skin cells (mast cells,
dendritic cells, keratinocytes, blood vessel endothelial cells etc.) and they are influenced by them in
return. Mast cells affect peripheral neurons not only by neuropeptides, but they e.g. support topical
inervation of epidermis and dermis by secretion of TNF and, by secreted proteases, they modulate
effects of neuronal mediators on inflammation process. Similar regulatory function at intersection of
local and nervous stress they perform also in gastrointestinal and respiratory tract mucosa. Direct
effect of mast cells on central nervous system has also been demonstrated. They belong to the few of
blood cells that penetrate across haemato-encephalic barrier even of healthy individuals and settle the
brain. By degranulation they can cause activation of hypothalamus-pituitary-adrenal axis, probably as
a part of defence mechanism upon allergen challenge. Likewise, they represent a system of transient
remodelling of certain brain areas in response to humoral stimuli, e.g. during breeding period of
mammals and birds. In this process mast cells serve as site-specific inducible source of
neuromodulators whose spectra depend on respective animal species. Last but not least, mast cells
influence functions of vascular system in brain (Scholzen et al., 1998; Luger, 2002; Kakurai et al.,
2006; Van Nassauw et al., 2007; Dimitriadou et al., 1994; Mawdsley and Rampton, 2005; Edvinsson
etal., 1977; Silver et al., 1996; Matsumoto et al., 2001; Kovacs and Larson, 2006).

With regard to multilateral engagement of mast cells in regulatory mechanisms of somatic
immunity, it is inferrable that suboptimal adjustment of this system can have far-reaching
consequences to individual health, e.g. it can result in severe forms of allergic hypersensitivity and
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asthma. Although there have been revealed genetic dispositions to allergic diseases, it seems that the
effect of improper environment is much more important, as conversion from rural to urban living
style convincingly correlates with rising incidence of allergies in genetically equivalent population.
There is probably involved absence to natural antigens of external environment during childhood,
combined with exposition to pollution products of incomplete combustion, to dust particles binding
hazardous allergens) and to psychical stress. Nevertheless, it seems that the polluted city environment
itself has smaller effect on development of allergic hypersensitization than the high living style of the
examined people has. A divorce of parents, but surprisingly not a death in family, is for a child a
statistically significant risk factor of allergy development as well. The allergies are also supported by
estrogens from contaminated environment (Bateman and Jithoo, 2007; Martinez, 2007; Sozanska et
al., 2007; van Ree and Yazdanbakhsh, 2007; Semic-Jusufagic et al., 2006; Bockelbrink et al., 2006;
Narita et al., 2007).

Anaphylactic shock caused by sudden systemic degranulation of mast cells and basophils in
response to allergens of some snake or insect venoms has been attributed to pathological activity of
these cells, because it is a life-threatening state. In mice, however, a protective role of proteases,
massively secreted during this process, against the toxins themselves has been demonstrated. In
consequence, the anaphylactic shock represented smaller danger to the mice than the toxin, thus, it
could be a specific protective mechanism (Metz et al., 2006). This interesting hypothesis but has not
been confirmed on human model yet.
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Fig. 3: Mast cell interactions in defence of cell surfaces.

Secretion of bactericidal substances and proteases, stimulation of epithelium, support of wound
healing, peristalsis, bronchoconstriction, induction of pain, enhancement of vascular permeability,
effects on coagulation, chemotaxis and activation of leukocytes.

(In detail: Bischoff, 2007)
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Mast cell signaling cascades

KIT receptor pathway and reactions to cytokines

KIT is an example of transmembrane receptor with tyrosine kinase activity in cytoplasmic
domain. Stem cell factor (SCF) binding at the extracellular side of the plasma membrane leads to
dimerization and multiple phosphorylation of KIT receptor. The phosphorylated sites can serve as
anchor for adaptor proteins Shc and Grb2, phospholipase Cy, or phospholipid kinase PI13K. Shc and
Grb2 initiate cascade of RAS, RAF and mitogen-activated kinases, which, together with action of
PI3K, leads to transcription of genes governing cell growth, differenciation, chemotaxis and cytokine
production, supported by activation of JAK-family kinases that phosphorylate STAT proteins. These
proteins subsequently dimerize and translocate to nucleus where they act as transcription factors. By
Src-family tyrosine kinases (mainly Fyn), stimulated KIT also directs cytoskeleton reorganization.
Kit receptor signaling has fundamental role in mast cell growth, development and maturation, and it
also strengthens their effector functions by support of immunoglobulin E (IgE)-dependent cascade
(Fig. 4). (Tsai et al., 1991; O Farrell et al., 1996; Gilfillan and Tkaczyk, 2006; Samayawardhena et
al., 2007).

Receptors for IL-3 and IL-5 are composed of heterodimerized specific binding a-subunit and
common B-subunit that associates, upon receptor stimulation, with Src- and JAK-family kinases and
is phosphorylated by them, whereby providing binding sites for components of subsequent signaling
cascades, when STAT proteins again participate, as in the case of KIT-mediated pathways. The cell
uses similar mechanisms also for other cytokines sensing, with differences in subunit composition of
receptors, in types of downstream signaling molecules (especially JAK kinases and STAT proteins)
and in final effect (Velazquez et al., 2000; Suzuki et al., 2000; Ding et al., 2003; Gilfillan and
Tkaczyk, 2006).

IgE-mediated activation

FceR1, the high-affinity IgE receptor, is composed of four transmembrane subunits. Whereas
the a-subunit is extracellularly oriented and binds constant termini of IgE molecules, the B-subunit
and the y-subunit dimer contain phosphorylatable ITAM (immune-tyrosine activation motives) sites
in their intracellular domains. Unlike KIT receptor, FceRI does not possess intrinsic tyrosine kinase
activity and it is dependent on Src-family kinases association, mainly on Lyn and Fyn. Antigen-
binding specificity is provided to the FceRI by IgE, which, in a way, serves as fifth subunit of the
receptor. IgE binding, however, is not only a passive sensitization step, but it is also a stimulus, that
induces secretion of some cytokines, sustained cell viability and increased adhesiveness to
extracellular matrix, sometimes it leads also to degranulation. The mechanism of IgE effect has not
been satisfactorily elucidated yet, but it seems that inositol phosphatase SHIP plays an important role
in prevention of the effector-way activation after IgE binding (Kinet, 1999; Kalesnikoff et al., 2001;
Lam et al., 2003; Kitaura et al., 2003; Kawakami et al., 2005).

In response to antigen binding, aggregation of IgE-FceRI complexes leads to phosphorylation
of B- and y-subunit ITAM sites by Src-family tyrosine kinases (Lyn, Fyn). There probably take place
kinases attached to partially phosphorylated receptor and the kinases that associated with FceRI by
stabilization of lipid rafts. Phosphorylated B-subunit (binding Lyn and Fyn) serves as important signal
amplifier, but it has also modulator function, as Lyn can serve as negative regulator after excessive
stimulation. Recently, importance of Hck kinase and collaboration of various members of Src family
kinases for mast cell activation has been revealed (Xiao et al., 2005; Hong et al., 2007). For optimal
signaling, a teamwork of tyrosine kinases and phosphatases is also important, and this mechanism is
influenced by reactive oxygen substances that are produced during many immune processes
(Heneberg and Drdber, 2002, Heneberg and Draber, 2005). Phosphorylated FceRI y-subunits are
crutial for further signal transmission. They are contacted by cytoplasmic tyrosine kinase Syk, which
subsequently phosphorylates transmembrane adaptor proteins LAT and NTAL or cytoplasmic
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adaptor SLP76, therethrough organizing downstream signaling cascades, including e.g. activation of
phospholipases Cy, phospholipid kinase PI3K, protein kinases C and A, cascades of Ras protein and
mitogen-activated kinases etc. (in detail: Gilfillan and Tkaczyk, 2006; Kraft and Kinet, 2007; Simeoni
et al., 2005). These pathways result in degranulation, cytoskeleton remodelling, production of
arachidonic metabolites and gene transcription (e.g. synthesis of cytokines). It is an antigen-adaptive
branch of mast cell effector mechanisms.

Activation mediated by Thy-1 and other GPI-anchored proteins

Thy-1 glycoprotein (CD90), anchored to the plasma membrane by GPI, represents an important
regulation element of physical interactions among various cell types. Its natural ligands (and
receptors) are certain integrins, but artificial aggregation of Thy-1 by specific antibody invokes in
mast cells processes similar to those induced upon FceRI-dependent activation — calcium ions are
mobilized, mediators secreted and many proteins are phosphorylated, though less intensively than in
case of FceRI stimulation. In these processes stabilization of lipid rafts conjugating Src-family
kinases and palmitoylated transmembrane adaptor proteins probably plays crutial role (Rege and
Hagood, 2006; Draberova and Drdber, 1993, Surviladze et al., 2001). Also aggregation of Tec-21,
another protein anchored by GPI, has similar effect on mast cells. It turns out that dimerization of
some GPl-anchored proteins (Thy-1, Tec-21, CD48) leads to nonapoptotic exposure of
phosphatidylserine on cell surface, whereas some other (carcinoembryonic antigen) do not cause it.
These experiments, however, are still at the beginning, and physiological relevance of mast cell
activation via GPI-anchored proteins has not been much elucidated yet. At least in some cases it may
be an important mechanism, as e.g. CD48 belongs to the receptors that serve mast cell to sense
bacteria (Hdlova et al., 2002; Smrz et al., 2007, Murioz et al., 2003).

Adhesive receptors

Expression of specific sets of adhesion molecules has fundamental importance for mast cell
colonization of target tissues depending upon differenciation and maturation process. These
molecules generally also serve as receptors that provide mast cells with costimulatory signals for
activation. Their exposition on cell surface is regulated by cytokines, and occurs also in response to
stimulation of cascades that lead to activation of mast cell effector mechanisms. Some adhesive
molecules serve to binding extracellular matrix (VLA-4 = asf; integrin, VLA-5 = asP; integrin,
vitronectin receptor = awfs integrin, in skin also VLA-3 = asf; integrin), other in intercellular contacts
(ICAM-1, ICAM-2, leukosialin, LFA-1, LFA-3, in immature mast cells asf integrin). Even the Thy-
1 glycoprotein mentioned above (contacting integrins) belongs among adhesive molecules, as well as
KIT, which can bind membrane form of SCF cytokine. Mast cell anchoring by adhesion receptors
results in cytoskeleton reorganization, phosphorylation of some signaling molecules, redistribution of
cytoplasmic secretory vesicles and preparation to degranulation. In these processes, paxillin and focal
adhesion kinase (FAK) participate (Hamawy et al., 1994; Smith and Weis, 1996; Okayama, 2000).

Some other mast cell receptors

For mast cell role in nonadaptive immunity, Toll-like receptors (TLR) are very important. They
respond to microbial and viral components, such as lipopeptides (recognized by TLR1),
peptidoglycan (TLR2, TLR6), doublestrand RNA (TLR3), lipopolysaccharides, and F-protein of
respiratory syncytial virus (TLR4). Heterodimerization of TLR1 a TLR6 with TLR2 receptors affords
to the cell perfection of reaction scope. In human mast cells also TLR7 (recognizing viral singlestrand
RNA) and TLR9 (responding to bacterial DNA) have been described. Aggregation of TLR by ligand
is connected with process of lipid raft stabilization. Cytokine environment can change expression of
respective TLR receptors and, vice versa, TLR stimulation invokes secretion of specific cytokines
that lead to body defence against microorganisms and viruses, but not by degranulation. Similar
response is induced by contact of pathogen covered with compounds of complement cascade (C3b,
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C4b) with respective complement receptors, or by aggregation of IgG molecules bound to Fcy
receptors. In these examples, however, also degranulation and release of proteases and histamine
occurs (Marshal, 2004; Dolganiuc et al., 2006).

Neurotransmitters, chemokines and chemotactic fragments of complement are recognized by
mast cell receptors of heterotrimeric G-protein family. Mast cell utilizes the same system for
detection of adenosine and also sphingosine 1-phosphate. Ligand binding leads to dissociation of G,
subunit from receptor complex Gg,. Through phospholipase CB, G, stimulates cascades leading to
secretion of certain cytokines and supporting (or promoting) degranulation. Expression of chemokine
receptors depends on maturation stage and, vice versa, their ligands affect mast cell development
(Forsythe and Befus, 2003; Marshal, 2004; Gilfillan and Tkaczyk, 2006).

Unlike basophils, mast cells express not only the above mentioned high-affinity FceRI, but also
homotrimeric low-affinity IgE receptor (FceRII, CD23), however, its role is still unclear. Studies on
other cell types suggest that it might act e.g. in antigen presentation, it is but not more than a
hypothesis (MacGlashan a kol., 1999; Montagnac a kol., 2005; Getahun a kol., 2005). Mast cells can
also bind 1gG by various Fcy receptors. Their content depends on cell type and respective organism.
The low-affinity FcyRIIIA, FcyRIIA, FeyRIIB and FeyRIIC receptors need aggregated ligand for its
effective binding. Expression of the high-affinity FcyRI is inducible in human mast cells and it has
not been described in murine ones. Some of Fcy receptors (FcyRIIA, FeyRIIC, FeyRI, FeyRIID)
stimulate mast cell signaling similar to the FceRI-mediated, due to activation (ITAM) motives within
intracellular domains of their subunits. By contrast, FcyRIIB, due to inhibition (IT1M) motives, binds
inositol phosphatase SHIP and suppresses the signaling. This inhibition function of FcyRIIB,
however, depends on cooperation of activation receptors (Malbec a Daéron, 2007, Bruhns a kol.,
2005). Immunoglobulin A receptor, FcoRI, can afford to mast cell suppressive signals, although
containing activation ITAM motive, probably by binding SHP1 phosphatase. The physiological role
or function mechanism of many mast cell inhibition receptors (such as PIRB, MAFA, LIR1, MAIR1,
LMIR1) has not been sufficiently elucidated yet (Kraft a Kinet, 2007).
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Fig. 4: Simplified model of KIT and FceRI cooperation during mast cell activation.

Phosphorylation of aggregated FceRI (by tyrosine kinases Lyn or Fyn) and KIT
(autophosphorylation) leads to formation of signaling spots initiating specific gene transcription.
Unlike FceR1, the KIT receptor cascade itself does not provide good conditions for degranulation, but

supports it.
(Gilfillan and Tkaczyk, 2006; Kraft and Kinet, 2007)
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Aims

Aim of this thesis has been to contribute to elucidation of functional organization of leukocyte
plasma membrane by utilizing topographical approaches on mast cell model. It also led to
enrichment of knowledge about mast cells themselves and widening of methodical device. | have
focused on these partial questions:

- How to isolate plasma membrane sheets from nonadherent BMMC mast cells?

The established approach of plasma membrane sheet isolation (and labeling) from adherent cells
(Sanan and Anderson, 1991) could be successfully applied on tumor RBL mast cell line, but not on
nontransformed nonadherent BMMC mast cells. As the topography of signaling molecules on the
plasma membrane sheets of nontransformed mast cells had not been known, it was advisable to
develop method of plasma membrane sheet isolation from these nonadherent cells.

(Analyzed in article E.)

- What is the nature of signaling assemblies of aggregated FceRI receptor?

A model of mast cell signaling that included formation of large (approximately 200 nm) FceRI
domains has been described on RBL cells (Wilson et al., 2002). A question, however, remained
whether assembly of these domains is one of requirements of sufficient mast cell activation, or rather
an accessory feature. The answer might be achieved by examination of the cells activated by FceRI
dimerization, or of another mast cell type.

(Analyzed in articles A, E.)

- How is NTAL adaptor protein distributed in the plasma membrane and what is its topographic
relation to LAT adaptor, FceR| receptor and Thy-1 glycoprotein?

Analysis of relative topography of LAT and NTAL adaptor proteins, which belong together with
Thy-1 among typical lipid raft markers, and comparison of their localization regarding aggregated
FceRI and Thy-1, could reveal many things not only about signal transduction between mast cell
receptors and adaptor proteins, but also about nature of lipid raft system in the plasma membrane.
(Analyzed in articles B, C, E.)

- Does a change in NTAL expression lead to formation of atypical structures in the plasma
membrane?

Results of coauthors showed that NTAL serves as a negative regulator of mast cell activation. It was
thus convenient to know whether excessive or decreased expression of this protein would reflect in
atypical localization of plasma membrane signaling molecules.

(Analyzed in article D.)

- What is the nature of Thy-1 glycoprotein domains?

Various data suggested substantial independence of many markers of lipid rafts within the plasma
membrane and evidenced against the view that considered these domains as spontaneous
coaggregates of heterogeneous signaling molecules. Relative localization of two structurally very
similar Thy-1 isoforms (Thy-1.1 and Thy-1.2) could indicate how are in the plasma membrane
organized Thy-1 domains.

(Analyzed in article C.)
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Methods

Analysis of topography of signaling molecules on isolated plasma membrane sheets, performed by
electron microscopy, has become the crutial approach to achieve aims of this dissertation. However,
pilot experiments (unpublished) had to be done, including purification and confirming specificity of
antibodies and confirming their reactivity depending on fixation procedures, as well as first
approximation to topographical changes within the plasma membrane during mast cell activation at
fluorescence microscopy level. In this section, | extract brief list of the approaches that | performed
myself. For details of respective techniques, reader is referred to methodic paragraphs of publications
enclosed.

Mast cell culturing
(Cultured rat leukemic line RBL-2H3 and mast cells BMMC derived from bone marrow.)

Measuring of mast cell degranulation extent
(Detected secreted p-glucuronidase.)

Purification of antibodies; preparation of cell lysates; immunoblotting; fluorescence microscopy
(Rabbit polyclonal antibody anti-NTAL was isolated immunoaffinitly by recombinant NTAL
protein.)

Preparation and labeling of plasma membrane sheets; electron microscopy: digitalization of data;
statistical evaluation

(Coordinates of immunolabels were digitalized by programme Ellipse [ViDiTo; Kosice, SR] and
statistically elaborated by programme GOLD or by algorithms of Bridget Wilson’s group,
University of New Mexico, utilizing MATLAB system [MathWorks; Natick, USA].)
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Results

Summarized in following articles:

(A) Signaling assemblies formed in mast cells activated via Fce receptor I
dimers.
Eur. J. Immunol. 2004, 34: 2209-2219. page 29

(B) Negative regulation of mast cell signaling and function
by the adaptor LAB/NTAL.
J. Exp. Med., 2004, 200: 1001-1013. page 41

(C) Topography of plasma membrane microdomains
and its consequences for mast cell signaling.
Eur. J. Immunol, 2006, 36: 2795-2806. page 55

(D) Regulation of Ca?* signaling in mast cells by tyrosine-phosphorylated
and unphosphorylated non-T cell activation linker, NTAL.
Journal of Immunology, submitted (May 2007). page 68

(E) Topography of signaling molecules as detected by electron microscopy
on plasma membrane sheets isolated from nonadherent mast cells.

Journal of Immunological Methods, submitted (May 2006). page 117

These articles are cited throughout as ,.article A, B, C, D, E“. The results presented in sections
Discussion and Conclusions pertain to the author of this dissetation, unless stated otherwise.

Results
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Discussion

Aggregation of FceRI receptor is the initial step of IgE-dependent mast cell signaling that leads
to activation of allergic effector mechanisms. Biochemical approaches (such as partial lysis by
nonionic detergents and immunoprecipitation) have been extensively used for analysis of a wide
range of molecules participating in this process of signal transduction across the plasma membrane.
Similarly, fluorescence microscopy or scanning electron microscopy provided data that gave basic
knowledge on organization of signaling assemblies (Field et al., 1995; Kihara and Siraganian, 1994;
Saitoh et al., 2000; Holowka et al., 2000; Barker et al., 1998; Stump et al., 1988). Detail view on the
plane of mast cell plasma membrane, however, had not been performed before introduction of
method of plasma membrane sheet isolation and examination under transmission electron microscope
(Wilson et al., 2000). The obtained results documented that in RBL mast cell line, application of
antigen induces formation of quite large (hundreds nm in diametre) primary signaling domains. At
their periphery there are localized secondary signaling domains, which take on and transmit the
signal. Primary domains are composed typically of FceRI aggregates, associated cytoplasmic Syk
tyrosine kinase, Grb2 and Gab2 adaptors, components of clathrin endocytic apparatus or
phospholipase Cy2 and their formation is accompanied by dissociation of Lyn tyrosine kinase from
the receptor complex. Secondary signaling domains contain aggregates of transmembrane adaptor
protein LAT or phospholipase Cy1. PI3K phospholipid kinase can be found in both types of domains
(Wilson et al., 2000; Wilson et al., 2002).

To analyze the topography of mast cell signaling assemblies after FceRI dimerization and to
compare them with those formed after antigen-mediated FceRI multimerization, | performed the
method of isolation and immunolabeling of plasma membrane sheets. As expected, application of
antigen led to formation of large (usually approximately 200 nm) receptor aggregates that colocalized
with Syk tyrosine kinase and Grb2 adaptor. These structures thus corresponded to previously reported
primary domains. By contrast, at given detection level, receptor dimerization by 5.14 monoclonal
antibody had no effect on topography of signaling molecules whose distribution corresponded to the
situation on nonactivated cells. No colocalization of FceRI and Grb2 was observed, but the Grb2
concentration on the plasma membrane significantly increased, though less than in case of antigen-
mediated activation (article A). Likewise, association of the receptor with components of lipid rafts,
phosphorylation of signaling proteins, mobilization of calcium ions and secretion of content of
cytoplasmic granules increased after receptor dimerization. These processes were, however, again
less intense than in case of receptor multimerization, but they were still generally comparable (article
A, coauthors). There was thus obvious disproportion between topographical changes of membrane
molecules and resulting activation effects. The large aggregates of FceRI turned out to be structures
dispensable for mast cell effector functions and reflecting possibly rather process of attenuation and
silencing of the signaling components in response to FceRI multimerization. It was compatible with
the fact that excessive concentration of antigen correlates with decrease intensity of degranulation
during mast cell activation and leads to actin cytoskeleton-dependent formation of extensive FceRI1
domains (Seagrave et al., 1991). It seems that the role of feedback regulator responding to effusive
FceRI accumulation and stimulation could be played by phospholipid phosphatase SHIP (Gimborn et
al., 2005) and ubiquitin ligase Cbl, which has been visualized as a component of large primary
signaling domains of FceRI (Gustin et al., 2006; Wilson et al., 2002).

There remained, however, an opened question whether such pronounced activation-inhibitory
domains are formed during mast cell FceRI multimerization generally, or whether it is a feature
specific to RBL cell line. This tumor line provides good conditions for membrane sheet isolation due
to ability of adhesive growth but it is quite disputable as a model of mast cells. Relevance of results
of topographical analyses obtained by RBL cell plasma membranes should have been confirmed by
examining more natural mast cell representatives, such as isolated or short-term cultivated cells. As

) ] 181
Discussion



these cells, because of their nonadherence, could not have been processed by the classical method of
membrane sheet preparation (Sanan and Anderson, 1991), the method had to be improved.

Based on my childhood empiric findings on affinity of animal cells to glass surfaces, | decided
to examine usage of clean glass to isolate plasma membrane sheets from bone marrow-derived mast
cells (BMMC). | found that under certain conditions (appropriately cleaned and stored glass
coverslips, cells in buffer of no or low protein content) even nonadherent leukocytes adhered to glass
surface so strongly that they could be easily processed to membrane sheet isolation. The obtained
membrane sheets were usable for topographical studies of extent comparable to studies employing the
classical technique by Sanan and Anderson (Sanan and Anderson, 1991) based on adhesive cell
growth. It was thus possible to avoid the potentially risky immobilization steps (such as long-term
incubation with polylysine, long-term exposition to low temperatures) introduced by other authors to
isolate membrane sheets from nonadherent T cells (Schade and Levine, 2002; Lillemeier et al., 2006).
Adsorption of BMMC to glass had several advantages. It was quick (1 min.) and simple, it did not
cause artificial degranulation and did not need cooling of cells nor functional actin cytoskeleton. To
check properties of plasma membranes isolated in this way, | have introduced two other approaches
of membrane sheet isolation from nonadherent cells. These approaches, however, served only as
controls, for they were less practical than the method based on adsorption to glass. The first approach
consisted in active binding of mast cells to components of extracellular matrix in response to priming
by IgE (based on finding of Lam et al., 2003), it thus make use of a specific mechanism; the second
control technique reduced the adsorption step to minimum, for consisted in mere pressing suspended
cells to electron microscopy grid. As | did not find any difference in membrane morphology nor in
topographical changes of FceRI in the course of mast cell activation between plasma membrane
sheets prepared by all the three techniques, I further used only the method based on adsorption to
glass for routine examination of topography of BMMC signaling molecules (article E).

| found that the density of FceRI on the plasma membrane of BMMC was roughly twice lower
than on RBL cell plasma membrane (article E), which might possibly explain the fact that optimal
BMMC degranulation was caused by lower concentration of antigen than in case of RBL cells
(article B, coauthors; article A, coauthors). To activate BMMC, hence | was using both the antigen
concentration optimal for BMMC and for RBL cells, to make comparison of FceRI topography on
both cell types more predicative. Interestingly, the both concentrations induced comparable
internalization of FceR1 in BMMC, corresponding to internalization in RBL cells. The finding
indicating that FceRI multimerization on BMMC did not lead to formation of large FceRI aggregates
was all the more striking. On nonactivated BMMC and RBL cells, FceRI could be detected as clusters
of comparable size, but these clusters internalized forming temporary pronounced aggregates in RBL
cells, whereas in BMMC, the FceRI domains endocytosed without observable increase in their size.
The overall extent of internalization was comparable in both cell types, but the local dynamics
markedly differed, as BMMC preferred higher number of small spots, whereas RBL cells preferred
larger platforms but of lower number (article E). Thus, the established view describing mast cell
primary signaling domains as large aggregates of FceRI, based on leukemic RBL cell line (Wilson et
al., 2001; Wilson et al., 2002), may not correspond to physiological reality and does not represent a
general phenomenon. Primary signaling spots of BMMC are far smaller and they resemble the large
FceRI domains of RBL cells when the receptor is aggregated at low temperature (4°C) but not at
normal conditions (article E).

Secondary signaling domains of mast cells were described as aggregates of transmembrane
adaptor protein LAT that provides structural and functional support for signal transduction into the
cell interior (Wilson et al., 2001; Wilson et al., 2002). NTAL turned out to be an adaptor protein very
similar to LAT (Brdicka et al., 2002), but its topography at elelectron microscopy level was
unknown. | thus analysed RBL cell membrane sheets and demonstrated that in the plasma membrane,
NTAL is distributed in clusters of the same morphology that is shown by LAT, and (again similarly
to LAT) NTAL can be found at periphery of large FceRI aggregates. However, LAT and NTAL were
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forming nonoverlapping domains both in activated and nonactivated cells (article B). This was a
rather surprising finding, as the both structurally similar palmitoylated proteins belonged to the so
called lipid raft markers and it could be thus supposed that they would share common lipidic milieu.
In the same year, however, a study has been published documenting substantial topographical
independence of some lipid raft markers in RBL cell plasma membrane (Wilson et al., 2004) and the
view of lipid rafts started to be changed.

I decided to check whether the separation of LAT and NTAL adaptors is specific to RBL cell
line and whether the phenomenon could artificially result from binding of detection antibodies. It
turned out that the both adaptors formed nonoverlapping domains even in BMMC and that this effect
was not caused by labeling procedure (article E). Provided that palmitoylation is responsible for
tendency of LAT and NTAL to contact common organized lipidic milieu, there must exist a
mechanism that outweighs this effect and separates their aggregates. It seems that the most probable
explanation could be protein-protein interactions within signalosomes formed around cytoplasmic
domains of these adaptors, as the content and distribution of LAT and NTAL binding sites differs
(Brdicka et al., 2002) and importance of protein-protein interactions in the process of forming
functional domains of phosphorylated LAT has been demonstrated in T cells (Schade and Levine,
2002). Establishment and stabilization of membrane protein aggregates, to a large extent also depends
on cytoskeleton binding, and the morphology of respective domain is a result of both protein-protein
and protein-lipid interactions (Lillemeier et al., 2006).

In mast cells, NTAL serves as a negative regulator of FceRI signaling, but it is also able to
compensate for positive role of LAT adaptor (Zhu et al., 2004; article B, coauthors). Excessive
NTAL expression has also (besides supressing the activation) effect on mast cell morphology, which
is caused by affecting actin polymerization (article D, coauthors). Hence, it was possible that the
inhibitory effects of over-expressed NTAL could display already in the moment of FceRI aggregate
formation. However, | found that FceRI topography in the course of RBL cell activation and
localization of NTAL regarding FceRI did not differ between cells expressing normal, higher or
lower amount of NTAL. Over-expressed NTAL itself also did not form any unusual structures,
except the fact that its domains were larger (article D). Inhibitory effect of NTAL on mast cell
activation thus probably does not consist in affecting formation of FceRI signaling assemblies.

In spite of results describing topographical independence of some lipid raft markers, presence
of lipidic aggregates within the plasma membrane is supported by the fact that LAT, which lacks
extracellular domain, colocalizes with Thy-1 glycoprotein, which is extracellularly anchored to the
plasma membrane via GPI anchor (Wilson et al., 2004). | was interested whether so similar NTAL
protein would have similar close topographical relationship to Thy-1 as LAT had, or whether these
proteins would be separated in concordance with independent localization of LAT and NTAL. It
turned out that Thy-1 domains colocalized with both LAT and NTAL clusters, especially after
extensive aggregation of Thy-1, and that even under these conditions the both adaptors were not
forming common islets. However, they were localized closer to each other than it would be in case of
random distribution (article C). Because both adaptor proteins were phosphorylated upon Thy-1
aggregation (article C, coauthors), domains of Thy-1 seem to serve as platforms that stimulate and
conjugate independent aggregates of two functionally related but to a large extent antagonistic
signaling molecules, which could be one of mechanisms of lipid raft-mediated signal modulation.

As a suitable tool for analysis of Thy-1 domain structure, an RBL transfectant expressing not
only endogenous Thy-1.1 but also allochtonous Thy-1.2 isoform was used. The both Thy-1 variants
could be distinguished and aggregated by specific monoclonal antibodies. The same anchoring
module of Thy-1.1 and Thy-1.2, as well as 82% amino acid identity of these isoforms could possibly
cause their mixing in common domains. Fluorescence microscopy, however, suggested their
independent movement (article C, coauthors). The question remained topography of both proteins at
resolution of electron microscopy and also the also intensity of coherence between Thy-1.1 molecules
and between Thy-1.1 and Thy-1.2 should be analyzed. On plasma membrane sheets, antibody-
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induced (and labeled) Thy-1.1 aggregates strongly colocalized with molecules of the same isoform
labeled additionally after fixation. Under the same conditions, labeled after fixation, however, Thy-
1.2 isoform colocalized only weakly with Thy-1.1 aggregates — in this case domains of both proteins
were often localized in close vicinity, but they kept considerable structural independence (article C).
It seems thus that despite equal membrane anchor and high sequence identity, different Thy-1
isoforms form different domains in the plasma membrane. Between these domains certain weak
coherence may exist, but they seem to be relatively independent. As already mentioned, formation of
protein aggregates, that are present even in the plasma membrane of nonactivated cells, is apparently
affected by actin cytoskeleton (Lillemeier et al., 2006). Within scale of several nanometres,
dimerization of one of Thy-1 isoforms leads to increased association with aggregates of the other
isoform, and actin cytoskeleton supports their contact. By contrast, this cytoskeleton serves as spacer
preserving molecules of one isoform from excessive packing (article C, coauthors).

Taken together, lipidic interactions seem to play important role in establishment of basic
stabilized lipid raft units (after dimerization), but organization of these elementary structures into
higher-order domains is affected by cooperation with actin cytoskeleton in an ambiguous process.
This dissertation documents that different raft-residing molecules, although often of very similar
sequence, tend to formation of different membrane domains. An exception is strong colocalization of
intracellularly oriented palmitoylated transmembrane adaptor proteins LAT and NTAL with
aggregates of extracellular protein Thy-1. One of the mechanisms separating raft proteins to distinct
domains probably may be effect of specific protein-protein interactions, in some cases for example
also variant glycosylation might play a role. It turns out that formation of signaling spots in the
plasma membrane is organized not only by considerably complex, but also highly dynamic system,
and that some particular features accompanying this process can substantially differ between various
model exemplars of a given cell type. The presented technique of plasma membrane sheet preparation
from nonadherent cells may facilitate research in this field. It must be, however, mentioned that a
plastic view of signal transduction across the plasma membrane can be achieved only by combination
of various mutually complementary approaches.
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Conclusions

Three techniques of isolation of plasma membrane sheets from nonadherent BMMC mast cells
have been developed. One of them, based on adsorption of leukocytes to glass surface, turned
out to be very promising and provided many scientific data (article E).

Activation of RBL mast cells by FceRI receptor dimerization led to increase of Grb2 adaptor
content in the plasma membrane. However, by contrast to the case of receptor multimerization,
this Grb2 did not significantly colocalize with FceRI, and, by immunolabeling of membrane
sheets, distribution of FceRI was not distinguishable from the distribution on nonactivated cells
(article A). BMMC, in contrast to RBL cells, after multimerization of FceRI did not form larger
aggregates of this receptor than nonactivated cells did. FeeRI multimerization led to its
internalization of comparable intensity and overall dynamics in BMMC and RBL cells, but
local redistribution of FceRI fundamentally differed between these two cell types (article E).
Established model of large (approximately 200 nm) signaling domains of FceRI receptor has
been challenged.

NTAL adaptor protein has been clustered in the plasma membrane and distributed analogously
to LAT adaptor, and also their topographic relations to FceRI receptor and Thy-1 glycoprotein
were analogous. In RBL cells, after FeeRI multimerization, both adaptors were occasionally
localized at the periphery of FceRI aggregates; despite it, however, LAT and NTAL were
organized in distinct domains in the course of BMMC as well as RBL cell activation (articles B,
E). Both adaptors strongly colocalized with aggregated Thy-1 glycoprotein, but even under
these conditions they preserved their distribution in separate domains (article C). These results
support the view of membrane rafts as a system constituted by interplay of lipidic and protein
interactions.

Neither excessive, nor decreased expression of NTAL adaptor, which is a negative regulator of
mast cell signaling, affected FceRI distribution in the course of RBL cell activation. These
changes in amount of NTAL molecules in the plasma membrane caused corresponding changes
of NTAL domain size, but the character of NTAL distribution was not changed (article D).

Thy-1.1 and Thy-1.2 isoforms were localized to a great extent independently within the plasma
membrane. Aggregation of Thy-1.1 lead to only weak coaggregation of Thy-1.2. By contrast,
molecules of identical isoform showed much higher coherence (article C).
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