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1. Zusammenfassung

Der Bradykinin B Rezeptor (BR) gehsrt zur Familie der ®roteingekoppelten Rezeptoren (GPCRs,
G proteincoupled receptorsilie mit fast 1000 Vertretern die gr$8te Famdier Membranrezeptoren
darstellen GPCRs interagieren nach der Aktivierung mit heterotrimerd?rd®einen undnduzieren

bei ihnenden Austausch von GDP zu GTP. Die aktiviertefPi®tein Untereinheiten (GGTP und
G"#) k3nnen anschlie§end mit Effektorproteineechselwirkenund so verschiedenste VorgSnge der
Zellphysiologie reguliererDer B;R wird nach der GProteirAktivierung durch G-Proteirgekoppelte
Rezeptorkinasen (GRKsS)nd dsecond messengétiDasen phosphoryliert und interagiert mit-
Arrestinen, was die weitere-Brotein Anlagerung verhindert und die Internalisierung des Rezeptors
YbersogenanntéClathrin-coatedpitsOeinleitet Strukturellwerden fYrden B,R, wiefYralle GPCRs,
sieben TransmembrdamSnen,drei extrazellulSre und drei intrazellulSre Schleifmwie ein
intrazellulSr  lokalisierter Terminus postuliert (Abb.1) Neben den sieben heliklen
TransmembrandomSnexistiertnoch eine weiteré-Helix (Helix 8), die im Anschluss an die siebte
TransmembrasiomSnezytosolischundparallel zur Plasmamembran angeordnet ist und einen Teil des
C-Terminus darstellt (Abb.1).

In der vorliegenden Arbeit konntemir zeigen, dasslie Stdrung der SekundSrstruktder Helix 8
durch Deletion des Terminus oder durch die Mutation eineentralenAminosSure(Lys-315) zu
einem Prolin (Helixbrecher) zu einer starken Abnahme der OberflSchenexpressioR d¢brB. Der
fehlerhafte Transort des Rezeptors zur Zellmembrakonnte durch die Zugabe eines
membrangSngige dsmaltmolecul® B,R Antagonisten(JSM10292 korrigiet werden Folglich
Ybernimmt die Helix 8 eine wichtige Aufgabei der Stablisierung der fYr den Transport an die
Plasmamembramotwendigen Rezeptorkonformation, die durch einen entsprechenden Antagonisten
Ybernommen werden kanim der vorliegenden Arbeit wirdu§erdenmgezeigt dass die strukturelle
IntegritSt der Helix 8 und nichivie bisher allgemein angenommeror allem derC-Terminus(mit
denPhosphorylierungsstellfiyr die Internalisierung des;B undseinerinteraktion mit GRK2/3 und
"-Arrestin2unerlSsslichist. Der G-Terminus ist jedoch fYr die stabile Interakticon " -Arrestinl mit
dem BR erforderlich.Obwohl die GProteirAktivierung nach unseren Ergebnissen anscheinend auch
Yberdie Helix 8 vermittelt wird, konnten wir durch efidanine-screeningder drei intrazellulSren
Schleifen belegen dasswie erwartet vor allemhier die RezeptordomSnen liegedie fYr eine
produktive Interaktion mit de G-Proteiren entscheidend sindFYr den Prozess der Rezeptor
Internalisierungist der Beitragder intrazellulSren Schleifeim Gegensatz zuRolle derHelix 8
vermutlichnur von untergeordneter Bedeutung

Zusamnenfassend zeigedie Ergebnisseder Arbeit erstmalig dass die Helix 8 eine strukturelle
Einheit darstellt, deren IntegritSt netibrer Funktion fYden Transport de8,Rs zur Plasmamembran
eine entscheidende Rolle fYr die Aktivierung und Bikrutierungvon intrazellulSren Proteinen
spielt die an der Signaltradaktion und der Internalisierundes Rezeptorsbeteiligt sind. Durch die

Generierung von RezeptorchimSren aw® Bnd anderen GPCRs konnten warYber hinaugeigen,



dass dieHelix 8 auch bei arderen GPCRseine entsprechenttagende Funktion bei Transport,

Signaltransduktion und Internalisierung hat.

2. Summary

The bradykinin B2 Receptor §R) belongs to the family of G proteaoupled receptors (GPCRS),
which comprises the largest class of membnaweptors (approx. 1000 members). Upon activation
GPCRs bind to heterotrimeric G proteins and cause their exchange of GDP for GTP. The activated G
protein subunits (G-GTP und G#) can then interact with downstream effectors to modulate various
aspects ofcellular signaling. Subsequent to G protein activation thie Becomes phosphorylated
through G proteircoupled receptor kinases (GRKs) and second messenger kinases and interacts with
"-arrestins, thereby preventing further G protein binding and promogicgptor internerlization via
clathrin-coatedpits. Like all other GPCRs, the;B exhibits a seven transmembrane helix topology,
with three extracellular and three intracellular loops as well as a cytostdiorhus. Moreover, the

B,R shows an intracellar ! -helix (Helix 8) that is linked to transmembrane helix 7 and placed
parallel to the plasmamembrane being a part of teri@inus.

We show here that disruption of helix 8 in thgrBoy either Gterminal deletion or just by mutation of

a central aminoacid (lys315) to a helixoreaking proline resulted in strong reduction of surface
expression. Interestingly, this malfunction could be overcome by addition of the merpkramsable

B,R antagonist JISM10292, suggesting that helix 8 has a general ralenformational stabilization

that can be accounted for by an appropriate antagonist. Intriguingly, an intact helix 8, but not the C
terminus with its phosphorylation sites, was indispensable for receptor internalization and for
interaction of the BR with GRK2/3 and'-arrestin2. Recruitment dfarrestinl, however, required the
presence of the ®rminus. Although G protein activation is mediated in part through the action of
helix 8 we could also show the special importance of the intracellular loopsidoproductive
interaction with G proteins by using an alansweening approach. However, in contrast to helix 8 the
intracellular loops are obviously not essential for receptor internalization.

Taken together, our results demonstrate for the first tiiraehelix 8 of the BR plays a crucial role not

only in efficient trafficking to the plasma membrane but also for the interaction and activation of
intracellular proteins that promote signaling and internalization. Additional data obtained with chimera

of B,R with other GPCRs suggest that helix 8 might have similar functions in other GPCRs, too.



3. Grundlegendes zurStruktur und molekularen Regulation von GPCRs am Beispiel des,B
Bradykinin Rezeptors
G-ProteingekoppelteRezeptoren (GPCRstellen mit fast 1000 Vertretern die gr$8te Familaer
Membranrezeptoren dar und sinda8geblich an der Regulatiovon vielen zellphysiologischen
VorgSngen beteiligtStrukturell zeichnen sich GPCRs durch sieben Transmembranhelices-{JM 1
aus, die durch drei exwuallulSre (ECL 13; extracellular loops) undrei intrazellulSre (ICL 43;
intracellular loops) Schleifen miteinander verbunden gjRdlczewskiet al, 200Q (Abb.1). Die
AufkiSrung der Struktur mehrerer GPCRs hat ergeben, dass noch eine Wditeliz (Helix 8)
existiert die im Anschluss an diehoch konservierte NPXX ! -Sequenz der siebte
Transmembranhelix (TM7) parallel zur Plasmamembran angeordnetnisteinen Teil des €
Terminus darstell{Huynh et al, 2009 (Abb.1). Diese! -Helix zeichnet sich allgemein durch einen
ausgeprSgt amphipathischen Charakter aus, wobei der hydrophobe Teil der lipophilen Zellmembran
zugewandt ist und die hydrophile Seite in Richtung Zgtaeigt. Bei vielen GPCRs, so auch inRB
wird die Helix 8 an ihrem Ende durcicylierte Cysteinein der Membran verankefz.B. durch
PalmitinsSure)und sanit in Position gehalten (Abb.1)Bei SSugetieren unterscheidet man drei
verschieden&amilienvon G-Proteingekoppelten RezeptoreA,(B und C), die sich hauptsSchlich in
der LSnge einzelneDomSnen (Schleifen, -Nund GTerminus) sowie in der speziesYbergreifenden

Konservierung einzelner AminosSuren untersche{@ether, 200D

H,N Abb.1 Schematische Darstellung
der Struktur eines typischen -G
ECL1 ECL 2 ECL 3 Proteingekoppelten Rezeptors

(Familie A). Dargestellt sind die
sieben TransmembrandomSnesv)1
sowie die drei extrazellulSren (ECL
1-3) und drei intrazellulSren
/] 5 Palmitinsiure Schleifen (ICL 13). Die Helix 8
liegt horizontal zur Plasmamembran
. _ und wird durch mit PalmitinsSure
Intrazellular v (schwarze Balken) acylierte Cysteine
ICL1 IcL2 ICL3 - in der Plasmamembran fixiert. Am
Ende von TM 3 und TM 7 befinden
sich die hoch konservierte DRY
HOOC bzw. NPxxY-Sequenz

Extrazellular

Der B, Bradykinin Rezeptor (BR) gehsrt zur Familie A deiGPCRs und wird ubiquitSr in
verschiedenenZellen (z.B. Endothelzellen, glatte Muskelzellen, Fibroblasten, Nervenzelied
verschiedenen Tumorzellen) exprimiefteebLundberg et al, 2005. Er ist ein wesentlicher
Bestandteil des Kallikreiinin-Systemsund dabei insbesondere an der Regulation vaskulSrer und
inflammatorischer Prozesse beteiligtallikreine sind Serinproteasedie aus ihrem Substratien
Kininogeren die von der Leber synthetisiert dnin den Blutkreislauf sezerniert werdesurch

limitierte Proteolyse die Kinine @radykinin (BK) und Kallidin (KD) freisetzen. Kallidin

“X: eine beliebige proteinogene AminosSure
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unterscheidet sich vorNonapeptidBradykinin lediglich durch ein zusStzlichesté&minales Lysin
weswegen eguchals LysBK bezeichnet wird. Diese beiden Peptide binden spezifisctieanB
Rezeptor und 18sen in den Zielzellen die entsprechenden biologischen Effalkte ¢.B.

GefS8erweiterung, Erhdhung der GefS§permeabilitSt und Schmerzweiteyleitung

Nach der Akivierung durch Hormone(z.B. Bradykinin beim BR), Neurotransmitter oder
physikalischen Reizen wird bei GPCBisie KonformationsSnderung ausgeldé zur intrazellulSren
Bindung von heterotrimeren @roteinen fYhrt. Aktivierte GPCRs sind GuanirNukleotic-
Austauschfaktoren fYr die!@Jntereinheit der @roteine undbewirken bei diesen deAustausch
von GDP zu GTRAbD. 2 Aktivierung & Signaltransduktion was zu ihrer Aktivierung fYhrDie
aktiven G-Protein Untereinheiten (GGTP und G#) kSnnen anschliefhd mit Effektorproteinen (z.B.
Adenylatzyklase oder Phospholipasen) interagieremnd so verschiedenste VorgSnge der

Zellphysiologie modulieren.

Ligandenaktivierte GPCRs binden neben-RBoteinen auch sogenannte-Peoteirgekoppelte
Rezeptorkinasen (GRKs)nd werdenvon diesen phosphoryliert (Reiter et al, 2009. Es sind
insgesamt sieben verschiedene Subtypen von GRKs bekannt (GRKdie in verschiedenen
Geweben exprimiert werden und unterschiedliPnSferenzefYr bestimmte GPRs aufwésen. Die
Phosphorylierung von GPCRs durch GRX&rtzu einer verstSrkten Interakt mit Arrestinen- eine
Gruppe von GerYstproteineriArrestin +4), die ebenfallsin verschiedenen Geweben exprimiert
werden Die im Gegensatz zu Arrestinl und 4 (nur intheutzellenubiquitSr auftretenden Arrestine
2 und 3 werden auchals "-Arrestin 1 und 2 bezeichnet, weil ihre Funktion arsils im
Zusammenhang mit dénAdrenergen Rezeptoren aufgekISrt wutdeFolgenden soll ausschlie§lich
die letztere Bezeichnungerwendung finden

Die Interaktion von GPCRs mit-Arrestinen verhinderzum einendie weitere Anlagerungund
Aktivierung von GProteinen und fYhrzum anderenbei vielen GPCRszu einer "-Arrestin
vermitelten Internalisierung (Abb.)2les Rzeptorin sogeannteréidathrin-coatedpitsO(Reiteret al,
2006. Dieser Prozesder SignalabschwSchunder auchals Desensiisierung bezeichnet wird, spielt
eine wichtige Rolle bei ddfeinregulation dektivitSt von GPCRsForschungsergebnisse der letzten
Jahre zeigen, dass die vom Rezeptor rekrutiér@rrestine nebenihrer Funktion als Adaptorproteine
fYr die Internalisierung des Rezeptors auch als GerYstprotei® zur Aktivierung G-Protein
unabhSngiger Signalwege wie zddm MAP-KinaseWeg (MAP, mitogeractivated proteinjlienen.
Nach der Internalisierungerden dieRezeptorproteine entweder in den Lysosomen der Zbliebaut
(Degradation) oder zurYck an die ZelloberflSche transpouiererneutfYr (weiterd Stimulationen
zur VerfYgmg zu stehen (Recycling) (Abb).2Wie dies genau gesteuert wird und wodurch das

weitere Schicksal eines Rezeptors entschieden wird, ist im Detdil nichtgekISrt.
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Abb2. Klassischer Regulationsmechanismus von GPCRs, der so auch fYs Beadfkinin Rezeptor ¥ltig ist

PIP,/PIP;: Phosphatidylinositolbisphosphdtisphosphat; AR2: Adaptorproteir?2 (modifiziert nach(Moore et
al., 200%).

3.1. Die Rolle der intrazellulSren DomSnen fYr die Regulation des,Bradykinin Rezeptors
Obwohl die gundlegenden Mechanismen der Signaltransduktima der Regulation des,B
weitestgehend untersuchwurden, ist die Information zu den molekularen und strukturellen
Wechselwirkungen zwischen Rezeptor uten intrazellulSren Kopplungsproteinaoch ziemlich
begrenzt. Welche intrazellulSren Elememtes BR (ICLs, Helix 8, GTerminus) hierbei eine
SchlYsselrolla@ls Interaktionspartner fie G-Proteire, die GRKs und di&-Arrestine einnehmenist

noch nicht gekiSrt.

3.1.1. Die Funktion der Helix 8 fYr die Rezeptor-OberflSchenexpression

FYr Rhodopsin sowie fYr den muskariniscida AcetylcholinRezeptorkonnten als Folg der
Aktivierung KonformationsSnderueg mit eing deutlichen rSumliche Verschiebungder Helix 8
gezeigtwerden(Altenbachet al, 200% Li et al, 2007. Diese Ergebnisse legen den Schluss nahe,
dassdiese Helixein m3glichesSchlYsselelemerivr dieWeiterleitung var Informationen in die Zelle

ist. Um die genaue Funktion desT@rminusaberinsbesondere der Helix 8 fYr die Regulation des
B,R zu entschlYsseln (Publikation A) wurdenRahmen der DoktorarbeitehrereRezeptormutanten
mit sukzessiv verkYrztem-Terminusin HEK (human embryonic kidney293 Zellen exprimiert.
ZusStzlich generierten wir eindutante bei der die strukturelle IntegritSt der Helix 8 gestsrt wurde,
indem eine zentrale AminosSuigys-315) innerhalb der Helix -8equenzgegen derHelixbrecher



Prolin ausgetauscht wurddlithilfe des gelb fluoreszierenden ProteinéFP, yellow fluorescat
protein) das erstmalig am-Rerminus des R angefYgt wurdeum die Funktion des -CTerminus
nicht zu beeintrSchtigetkonnte gezeigt werden dass alle Mutatiome oder Deletionenwelche die
Struktur der Helix 8(zerstdrten, zu einer starken intrazellulSren Akkumulationr dé&FP-B,R-
FusionslonstruktefYhrter. Gleichzeitig wurden diese Mutantewr unvollstSndig glykosyliertwas
vermutlich fYr ihr Verbleiben imendoplasmatischen Retikulum (ERjrantwortlich ist Die
ZurYckhaltung von GPCRs durdas QualitStskontrollsystem des ER naditation oder Deletion
der entsprechenderHelix 8-Sequenzenkann entweder durch die unkorrekte Faltung des
RezeptorproteingThielen et al, 2005 Yasudaet al, 2009 oder dasFehlen von spezifischen
SequenzmotiveriBermaket al, 200) ausgelSst werdenNir konntenzeigen, dass dererminderte
Transport an die Plasmamembran durch die Anwendiumgs membrangSngige@smallmolecule
B.R Antagonsten(JSM10292 korrigiert werden konntéDaher gehen wir davon aus dadig, Helix 8
eine wichtige AufgabéYr die Stabilisierungder fYr den Transport an die Zellmembratwendigen
Rezeptorkonformatiorhat Die Stabilisierung diesekonformation kann offensichtlich auch durch
einen entsprechenden Antagonistdar dabei alsogenanntedpharmakologisches ChaperonO wirkt,

Ybernommemerden.

3.1.2. Die Helix 8 als Vermittlerin der Rezeptorlnternalisierung

Wie oben bereits erwShnterden GPCRspezifisch von ®CR Kinasen (BKs) phosphoryliertEin
wesentliche UnterschiedzwischenGRKs und andererKinasen istdie Tatsachedassersterekeine
genau definierterKonsensussequenzen erkennen, jedoch unmittelbar vom Funktionszustand des
Rezeptors abhSngig sind: GRKshosphorylieren ausschlie§lich ligandaktivierte Rezeptoren.
Obwohl die ZielsequenzdiYr die Phosphorylierung (Serine und Threonine KfieBminus)beim B,R
bereits identifiziert wurden(Blaukat et al, 2001, war bisher noch nichts Yberie anderen
Rezeptointeraktionstellen fYr GRKs unihre SpezifitSt fYr den R bekannt.

Um die SpezifitSt der verschiedenen GRKs fYr deR Bu idertifizieren, untersuchterwir den
Einfluss der tberexpression von GRK&2auf die Hemmunges MARKinaseSignalwegesERK1/2
Phosphorylierungnach Stimulation mit dem Agonisten Bradykinin. Die ERK1/2 Phosphorylierung
konnte nur durch tberexpression von GRK2 und GRK3 signifikant gehemmt weGK1 und
GRK7 wurdenhierbeinicht untersucht, da sie ausschlie§liciNietzhautzellervorkommen und dzer
keine physiologische Relevanz fYr die Regulation d&st®sitzen Neben der SpezifitSt desRBfYr
GRK2 und 3 konnten wir durciEo-lmmunoprSzipitatiorzeigen, dass die Interaktiomit diesen
GRKs hauptsSchliclvon der Helix 8 und nicht vom €erminusund dessen Phosphorylierungsstellen
bestimmt wird

Die spezifische Phosphorylierung desRBgalt bisher als wesentliche Voraussetzung fYr die
Interaktion mit den "-Arrestinen und die anschlie§endezeptorinternalisierungAu8erhalb der

Netzhautgibt eszwei verschiedené-Arrestin Subtypen!(-Arrestinl und 2 FYr den BR wurden

! (



bisherjedochkeine funktionellen Unterschiede dieser beiden Forbremthriebenin der vorliegenden
Arbeit konntegezeigt werdendas die RezeptorinternalisierungunabhSngigon derPrSsenz des-C
Terminus Il: subtypspezifisch durcHh -Arrestin2 undlll: ma8geblich durch did¢lelix 8 vermittelt
wird. "-Arrestinl kann unter bestimmten UmstSndertl{erexpression, siRNAnockdown von"-
Arrestin2)die Funktionvon " -Arrestin2 fYr die Internalisierurdes BR Ybernehmerspieltaber unter
Aquasiphysiologische® Bedingungen in HEK293 Zellen eine untergeordnete Roll&/r diesen
Prozess.Anders alsfYr "-Arrestin2 erfordert diestabile Bindungvon "-Arrestinl an d&n BR
zwingend die Phosphorylierung desT@rminus.

Mithilfe verschiedener RezeptorchimSrbastehend aus demMB und der Helix &ind/oderdem G
Terminus verschiedener GPCHRAR 2, " ,-AR, AT:R, BlR)z, konnten wirau8erdenzeigen, dass die
Helix 8 nur in ihrer Rezeptorspezifischea Umgebung die Funktion als Vermittlen der
RezeptorinternalisierungerfYllen kann Der restliche C-Terminus hingegen war in diesem
Zusammenhangeliebig austauschbar und funktioneeduch unabhSngig von seinengegitlichen

RezeptorGrundgerYst.

3.1.3. Die Funktion der intrazellulSren DomSnen fYr die GProtein Aktivierung

Die Tatsache, dasdle Helix 8Mutantenin der Lage waren das-Brotein zu aktiviereryvenngleich
mit einer starken Erhshung der E@Nerte bestStigte unsere Ergebnisse, dasgh andere
intrazellulSre Bereich@u8erhalbder Helix 8 als Interaktionsstellen fYr das-RBotein fungieren
Mithilfe eines ddanine-screeningO der drei intrazellulSren Schleiferfz.T. als Gruppen von -3
AminosSuren, z.T als Punktmutationen)und durch die anschlie§ende Bestimmung der
InositolphosphafFreisetzung(als Ma§ fYr die @roteinAktivierung) konnten wir entsprechende
Bereicheidentifizieren (Publikation B) Hierbei warenbestimmteSequenzemler dritten Schlée fYr
die Aufrechterhaltung des inaktiven Grundzustands des Rezepiolgig, da die entsprechenden
Alanin-Mutationen einesemiaktiveO Konformation induzierte, die auch durch die Zugabe von
neutralen Antagonisten aktiviert werden konnte. Mutationemnnerhalb der zweiten Schleife
verursachten eine Abnahme drositolphosphaFreisetzung un@rwiesen sicldeshalbals wichtige
DeterminanterfYr die produktive Interaktion mit dem-Brotein.Im Gegensatz zur Helix ®&ar die
Bedeutung der inazellulSrenSchleifen fYr den Prozess der Rezefnternalisierungallerdings
gering.

Die hoch konservierte DR'8equenzdesB;R (sieheAbb.1), die sich durch alle Klassen der GPCRs
zieht spielt eine wichtige Rolle fYr die Aufrechterhaltung dexktiven Rezeptorasiands(Rovati et
al.,, 2007. Vermutlich koordiniert sie intramolekulare Bindungendie nach Ligandenbinghg
aufgebrochen werdemm eine entsprechend€ nderungzur aktivenKonformation zu ermsglichen

Eine von uns generierte Alanbreifachmutante (DRY AAA), wurde nicht an der OberflSche

"IPAR 2, Proteasaktivierter Rezeptor 2;',-AR, ",-Adrenerger RezeptorAT;R, Angiotensin Il Typ 1
RezeptorB;R, Bradykinin B Rezeptor.
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exprimiert, weshalb ihre FunktiofiYr die GProteinrKopplungnicht weiter untersucht werden konnte.
Durch eine fYr die vorliegende Arbeit etablidbteglykosg/lierungs und ImmunoblotMethodekonnte
gezeigt werden, dass diese Mutante zumindedK 293 ZellenunvollstSndig glykosyliert wird und
wahrscheinlich deshalb von der QualitStskontroll€ERzurYckgehaltewird.

Die Interpretationaller Datenlegt einen Mechanismusahe bei demdie KonformationsSnderunges
B-R nach Bindung eines Agonistarine Beweging der Helix 8einschlie§t die zu einer Freilegung
von intrazellulSre RezeptorelementefiYhrt, die dem @rotein vor der Aktivierung noch nicht
ausreichend zugSnglich sinBie vor kurzem aufgeklSrte Struktur einaivierten" ,-Adrenergen
Rezeptors migebundenem @rotein G s zeigt alerdings keinerlei BerYhrurmyvischen deHelix 8
des Rezeptorand dem GProtein(Rasmussemt al, 2017. Da diese Struktur aber gewisserma8en
den Endzustand darstellt, schlie§t dies eine Interaktion der beiden Elemente wShrend des

Aktivierungsprozesses nicht unbediagts.

Zusanmenfassend zeigen unsere Ergebnisse, dass die Helix 8 eine strukturelle Einheit darstellt, deren
IntegritSt neben dem Transport des Rezeptorproteins zur Plasmamembran eine entscheidende Rolle fYr
die Aktivierung und die Bindung vomtrazellulSren Proteém spielt die an der Signaltransduktion

und der Sequestrierung degRBbeteiligt sind. Ob die Helix 8 hierbei als direkter Interaktionspartner

fYr die angesprochenen Proteine dienhdbder indirekt Yber die Stabilisierung der
Gesamtrezeptorkonformatiomirkt, muss durch zukYnftige ExperimerdgekiSrt werden. Durch die
Generierung von RezeptorchimSren aus def Bnd verschiedenerGPCRs knnten wir jedoch

zeigen, dass entsprecherfélenktionen der Helix 8 ad¥r anderécGPCRsgelten

4. Medizinische Bedeutungder Arbeit

Derzeit entfaltenca. 50% aller auf dem Markt befindlichen Arzneistoffe ihre Wirkung direler od
indirekt Yber GPCRsDennoch sind unsere Kenntnisser molekularen Grundlagen fYr die
Regulation von GPCRsmmer noch begrenzt. Um pharmakologischnoch gezieler in die
Signaltransduktion und damit in die Zellfunktion eingreifen zu k3nbedarf es der AufkiSrungpn
Unterschieden und Gemeinsamkeiten der molekul&egulationsrachanismen dieser wichég
Klasse von Membranrezeptoren/on besondere Bedeutung ist dabei die Beteiligung der
verschiedenenGRK- und ArrestinSubtypen, die diese Unterschiede mitbestimm&enauere
Informationen zu den molekularen Interaktionsstellen und Sequenzmotiven des Reziptoech
der Ligandenstimulation als Ktaktstelle fYr das ®roteinoder derGRKs und"-Arrestine dienen
wSren von groSenNutzen. Die BedeutungentsprechendeErkenntnisse zur Entwicklung neuer
Arzneistoffklassen fYr GPCR=eigt sich darindassinsbesonderelie GRKs und"-Arrestinean der
Regulation der Anzahl von RezeptormolekYie an der ZelloberflSche durch Prozesse wie
Internalisierung, DowsRegulation und Recyclingeteiligt sindund damitwesentlichYberdie Dauer

und StSrke der Signaltransdukti@mtscheiden Die Idee verschiegne Signalwege gezielt, d. h.

| *



unabhSngig voneinandepharmakologisch beeinflusseru k3nnen,fYhrte in denletzten Jahren
verstSrkt zuBemYhungenRezeptofantiagonisten (dbiase@ntiagonistsO) zu entwickeln, diezielt

den GProteinr oder den"-Arrestin-vermittelten Signalweg(MAP-KinaseWeg) aktivieren oder
inhibieren(Reiteret al, 2012.

Im Zusammenhang mit den hier prSsentierten Ergebnissen ist es von gro§em Intereg¥agsiass
kleine chemische MolekYle identifiziert wurden, die an die Helix 8 binden amallosterischdie
Regulation von GPCRs und deren physiologische Funktionen beeinflussen K&mueawset al,

2008 Dowal et al, 2011). SolcheMolekYle k3nnten neben den klassischen orthosterischen Liganden

einenneuen Ansatz zur Entwicklurgpezifischesr Arzneistoffedarstellen.

Die Inaktivierung bzw. der Abbauon Bradykininerfolgt Yber dag\ngiotensinconverting enzyme
(ACE), wodurch das KallikreirKinin-System mit demReninAngiotensinAldosteron System
(RAAS) vernetzt ist Urspr¥nglich wurden die kardiaund renoprotektiven Wirkungen der ACE
Hemmer (z.B. Captopril, Ramipril) v.a. mit der Hemmung der UmwandlumgArgiotensin | zum
stark vasokonstriktorisch und damit blutdrucksteigernd wirkenden Angiotensin Il erkiSrt. Mittlerweile
ist bekannt, dass diese Effekte auch durch den verminderten Abbau von Bradykinin und der damit
verbundenen GefS§entlastung mitbestimmatden(Alhenc-Gelaset al, 2011). Die den Kininenhier
zugeschriebenen kaod und renoprotektiven EffektstellendarYber hinausinenvielversprechenden
Ansatzpunkt fYr die Entwicklung spezifischer ,RB Agonisten zur Behandlung von
Herzkreislauferkrankuren und Diabetedar Um solche Arzneistoffe in die klinische Entwicklung
bringen sind genauere Knntnisge Yber dieFeinabstimmung deB,R Regulationnotwendig die u.a.

wie in der vorliegenden Arbeit gezeigmhand vorin-vitro Zellmodelengewonnen werden kSnnen

Das hereditSre Angiosdem, eine seltene Erbkrankidi&, mit einer plstzlich auftretenden
Bradykininvermittelten lebensbedrohlichen Erweiterung der BlutgefS§e einhergeht, besits
durch Anwendung eines spezifischegRBAntagaisten (Icatibant) behandelvas die medizinische

Relevanz des besprochenen ThemengebietStzlichverdeutlicht(Greveet al, 2011).



5. Literaturverzeichnis

AlhencGelas F, Bouby N, Richer C, Potier L, Roussel R, Marre M (2011). Kinins as
therapeutic agents in cardiovascular and renal disgasasPharm Desl7(25). 26542662.

Altenbach C, KleirSeetharaman J, Cai K, Khorana HG, Hubbell WL (2001). Struahade
function in rhodopsin: mapping liglitependent changes in distance between residue 316 in
helix 8 and residues in the sequence/60covering the cytoplasmic end of helices TM1 and
TM2 and their connection loop CLBiochemistryd0(51): 1549315500.

Andrews G, Jones C, Wreggett KA (2008). An intracellular allosteric site for a specific class
of antagonists of the CC chemokine G protemipled receptors CCR4 and CCRm®I
Pharmacol73(3): 855867.

Bermak JC, Li M, Bullock C, Zhou QY (2001). Regulation of transport of the dopamine D1
receptor by a new membranassociated ER proteillat Cell Biol3(5): 492-498.

Blaukat A, Pizard A, Breit A, Wernstedt C, Alhe@elas F, MulleiEsterl W et al.(2001).
Determination of bradykinin B2 receptor in vivo phosphorylation sites and their role in
receptor functiond Biol Chen27644). 4043140440.

Dowal L, Sim DS, Dilks JR, Blair P, Beaudry S, Denker Bal.(2011). Identification of
an antithrombtc allosteric modulator that acts through helix 8 of PAR®Dc Natl Acad Sci
U S A10§(7): 29512956.

Gether U (2000). Uncovering molecular mechanisms involved in activation of G protein
coupled receptor&Endocr Re21(1): 90-113.

Greve J, Hoffmann TKSchuler P, Lang S, Chaker A, Bas M (2011). Successfultkmg
treatment with the bradykinin B2 receptor antagonist icatibant in a patient with hereditary
angioedemant J Dermatol50(10): 12941295.

Huynh J, Thomas WG, Aguilar MI, Pattenden LK (20@R¢le of helix 8 in G protein
coupled receptors based on structiumgction studies on the type 1 angiotensin recepof.
Cell Endocrinol302(2): 118127.

LeebLundberg LM, Marceau F, MulleEsterl W, Pettibone DJ, Zuraw BL (2005).
International uniorof pharmacology. XLV. Classification of the kinin receptor family: from
molecular mechanisms to pathophysiological consequeRbasmacol Re®7(1). 27-77.

Li JH, Han SJ, Hamdan FF, Kim SK, Jacobson KA, Bloodworth eial.(2007). Distinct
structural banges in a G proteitoupled receptor caused by different classes of agonist
ligands.J Biol Chen282(36). 2628426293.

Moore CA, Milano SK, Benovic JL (2007). Regulation of receptor trafficking by GRKs and
arrestinsAnnu Rev Physi@9: 451-482.

Palcawski K, Kumasaka T, Hori T, Behnke CA, Motoshima H, Fox B#al.(2000).
Crystal structure of rhodopsin: A G protaioupled receptoiScience2895480) 739745.

! %



Rasmussen SG, DeVree BT, Zou Y, Kruse AC, Chung KY, KobilkeeT8l.(2011). Crystal
structure of the beta2 adrenergic recefitar protein complexNature4777366) 549-555.

Reiter E, Ahn S, Shukla AK, Lefkowitz RJ (2012). Molecular mechanism ofdvetatin
biased agonism at sev&mansmembrane receptofmnu Rev Pharmacol Toxicb: 179
197.

Reiter E, Lefkowitz RJ (2006). GRKs and bataestins: roles in receptor silencing,
trafficking and signalingTrends Endocrinol Metah7(4): 159-165.

Rovati GE, Capra V, Neubig RR (2007). The highly conserved DRY motif of class A G
proteincoupled receptors: beyond the ground stistel. Pharmacol71(4): 959964.

Thielen A, Oueslati M, Hermosilla R, Krause G, Oksche A, Rosenthalal.(2005). The
hydrophobic amino acid residues in the membiamoximal C tail of the G protetooupled
vasopressin V2 receptor are necessary for transparpetent receptor foldinGEBS Lett

57923). 522#5235.

Yasuda D, Okuno T, Yokomizo T, Hori T, HteoN, Hashidate ,Tet al.(2009). Helix 8 of
leukotriene B4 type receptor is required for the folding to pass the quality control in the
endoplasmic reticulunkaseb 223(5): 14761481.



6. Liste aller Publikationen und PrSsentationen

Faussner A, Wennerberg G, SebMér S,Feierler J, Seidl C, Jochum M, et al. (2009). Alanine
screening of the intracellular loops of the human bradykinin B2 recegffects on receptor
maintenance, G protein activation and internalizatiahs J276(13): 34943503.

Feierler J, Wirth M, Welte B, Sch3sler S, Jochum M, Faussner A (2011). Helix 8 plays a crucial role
in bradykinin B2 receptor trafficking and signalirgBiol Chem286(50): 4328203

Leschner J, Ring LFeierler J, Dinkel K, Jochum M, Faussner A (2011). Felike temperature
modificationdifferentially affects in vitro signaling of bradykinin B(1) and B(2) receptBisl Chem
392(11): 10211029.

Nagler DK, Kraus SFeierler J, Mentele R, Lottspeich F, Jochum M, et al. (2010). A cystgipe
carboxypeptidase, cathepsin X, generatesigepeceptor agonists. Int Immunopharmacol 10(1)-134
139.

Faussner A, SchYssler Beierler J, Sasso MB, Wolber G, Jochum M, Tradler T, and Gibson C.
Binding characteristics of 3[H]JJSM10292: a new cell membi@areneant nonpeptide bradykinin B2
receptorantagonistBr J of Pharmacal(Publikation angenommen)

VortrSge
25" Winter SchoolProteinases and their Inhibitors, Tiers, Italy, March 2008

Feierler, J., Schwab, B., Seidl, C., Sch¥Yssler S., Jochum M. and Fausstaanfification of critical
residues involved in ligand binding of the Bradykinin receptor

26" Winter School:Proteinases and their Inhibitof@ers, Italy, March 2009
Feierler, J., Wennerberg, G., Seidl, C., Jochum, M., and FaussneFafe of the B bradykinin
receptor afteprolonged agonist exposure

27" Winter SchoolProteinases and their Inhibitors, Tiers, Italy, March 2010
Feierler, J., Wirth, M., Welte, B., Sch&sler, S., Jochum, M., and Faussner, A: Functional role of
helix 8 in the sequestration of the humarbBadykinin receptor

Poster PrSsentationen

Kinin Conference2™ International Conference on Exploring the Future of Vascular and Inflammatory
Mediators, Berlin, Germany, May 2007

Feierler J, Seidl C, Schremmedbanninger E, Jochum M, Faussner, l8entification of residues
involved in ligand binding through expression and characterisation of wild type, mutant and chimeric
kinin receptors from different species.

Gordon Research Conferentégand Recognition & Molecular Gatirentura, USA March 208
Feierler J, Schwab, B, Seidl C, Sck¥er S, Jochum M, Faussner, A: Identification of critical residues
involved in ligand binding of the B1 bradykinin receptor.

Keystone Symposids ProteirCoupled Receptor8reckenridge, USA, April 2010
Feierler J, Wirth M, Welte B, SchYssler S, Jochum M, Faussner, A: Functional role of helix 8 in the
sequestration of the human B2 bradykinin receptor.

! %1



7. Lebenslauf

! %S¢



8. Publikationen zur kumulativen Dissertation (A und B)

8.1. Helix 8 plays a crucial role in bradykinin B, receptor trafficking and signaling (A)

8.2. Alanine screening of the intracellular loops of the human bradykinin B receptor B

effects on receptor maintenance, G protein activation and internalization (B)

! %!






Supplemental Material can be found at:
http://www.jbc.org/content/suppl/2011/10/20/M111.256909.DC1.html

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 50, pp. 43282043293, December 16, 20
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Helix 8 Plays a Crucial Role in Bradykinin BReceptor
Trafficking and Signaling®

Received for publication, May 2, 2011, and in revised form, October 1&@blished, JBC Papers in Press, October 20, 2011, DOI 10.1074/jbc.M111.256909

Jens Feierler, Markus Wirth, Benjamin Welte, Steffen Sch¥ssler, Marianne Jochum, and Alexander Faussher

From the Abteilung fYr Klinische Chemie und Klinische Biochemie, Ludwig-Maximilians-UniversitSt, Nussbaumstrasse 20,
D-80336 MYnchen, Germany

Upon activation the human bradykinin B , receptor (B,R) acts nona-peptide bradykinin (BK), or of kallidin (Lys-BK), the R
as guanine nucleotide exchange factor for the G proteins Gy;;  undergoes conformational changes that turn it into a guanine
and G;. Thereafter, it gets phosphorylated by G protein-coupled  nucleotide exchange factor for the G proteins {3, and G, thus
receptor kinases (GRKs) and recruits! -arrestins, which block  leading to the activation of G protein-dependent signaling cas-
further G protein activation and promote B ,R internalization  cades. Among other events, this results in phosphatidylinositol
via clathrin-coated pits. As for most G protein-coupled recep-  hydrolysis and activation of MAPK pathways. As reported for
tors of family A, an intracellular helix 8 after transmembrane  many GPCRs, desensitization of the,B comes along with
domain 7 is also predicted for the B,R. We show here that dis- phosphorylation of serine/threonine residues in its C terminus
ruption of helix 8 in the B ;R by either C-terminal truncationor by G protein-coupled receptor kinases (GRKs) or second mes-
just by mutation of a central amino acid (Lys-315) to a helix-  senger kinases as well as recruitment bfarrestins and ends
breaking proline resulted in strong reduction of surface expres-  with the sequestration of the receptor into intracellular com-
sion. Interestingly, this malfunction could be overcome by partments (1). Upon short term stimulation the receptor gets
the addition of the membrane-permeable B,R antagonist recycled to the plasma membrane, whereas long term stimula-
JSM10292, suggesting that helix 8 has a general role for confor-  tion leads to the down-regulation of the receptor (3D5). Cur-
mational stabilization that can be accounted for by an appropri-  rently, only limited information is available on the molecular
ate antagonist. Intriguingly, an intact helix 8, but notthe C ter-  regulation of the B,R interactions with the G proteins, GRKs, or
minus with its phosphorylation sites, was indispensable for arrestins. Thus, it is not clear whether the same or different
receptor sequestration and for interaction of the B,R with  domains of the BR convey the active state of the receptor and
GRK2/3 and ! -arrestin2 as shown by co-immunoprecipitation.  are involved in coupling of the various signaling proteins.
Recruitment of ! -arrestin1, however, required the presence of  As a typical GPCR of family A, the ER contains the NEXXY
the C terminus. Taken together, our results demonstrate that  sequence at the end of helix 7 and most likely the intracellular
helix 8 of the B,R plays a crucial role not only in efficient traf-  helix 8, linked at the N terminus to the NBXXY sequence by a
ficking to the plasma membrane or the activation of G proteins  four-amino acid spacer and anchored at its C terminus through
butalso for the interaction of the B ;R with GRK2/3and ! -arres-  palmitoylated cysteines to the inner leaflet of the plasma mem-
tins. Additional data obtained with chimera of B ;R withother G prane. Helix 8 was first identified in the crystal structure of
protein-coupled receptors of family A suggest that helix 8 might  hovine rhodopsin (6) and later, with the exception of CXCR4,
have similar functions in other GPCRs as well. (7) also in the other resolved structures of GPCRs (8). It lies
perpendicular to the seven-transmembrane domain bundle of
GPCRs and has been reported to move significantly upon

The human bradykinin B, receptor (B,R)* belongs to the receptor activation (9, 10). Therefore, helix 8 is an excellent
family A (rhodopsin/! -adrenergic-like) of G protein-coupled candidate for the agonist-induced recognition of and interac-
receptors (GPCRs). The R is ubiquitously expressed in many tion with cytosolic binding partners and has been studied
cells and tissues, and its activation results in a variety of physiextensively in several GPCRs. Studies have not only shown the
ological effects that range from vasodilatation and increasednvolvement of helix 8 in G protein activation (11D15) but also
vascular permeability to hyperalgesia and natriuresis (1)identified hydrophobic residues in helix 8 as essential for the
Recent studies with BR knock-out mice also pointto a protec- surface expression of the GPCRs investigated (11, 16, 17). In
tive role of the B,R in the process of aging and in diabetes (2).addition, it has been published only recently that mutation of
After extracellular binding of its endogenous agonists, of the positively charged residues in helix 8 of the thyrotropin releas-
ing hormone receptor prevented GRK-mediated receptor
's The on-line version of this article (available at http://www.jbc.org) contains Phosphorylation (18).

supplemental Figs. S1 and S2. As demonstrated by our research group, mutation of Tyr7.53

1 To whom correspondence should be addressed. Tel.: 498951602602; Fax: ; ; [
498951604740; E-mail: alexander.faussner@med.uni-muenchen.de. (Ba”eSterOS/WemStem nomenclature (19)) to an alanine in the

2The abbreviations used are: R, bradykinin B receptor; BK, bradykinin; NPXXY sequence resulted in constitutive receptor phosphoryl-
GPCR, G protein-coupled receptor, GRK, G protein-coupled receptaation and internalization (20). Homology modeling indicated

kinase; R,;,, minimal promoter; DSP, dithiobis[succinimidylpropionate]; IP, ; ; i ;
inosito] ;Tr'wno sphate: PAR?, protease-activated receptori2ADR ! »adre- that Tyr7.53 in the B,R exerts an aromatic stacking interaction

nergic receptor; eYFP, enhanced yellow fluorescent protein; ANOVA, anaWith the highly conserved phenylalgnine Phe7.60 in helix 8.
ysis of variance; LDS, lithium dodecyl sulfate. Thus, we speculated that the properties of mutant Tyr7.53 are
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caused by a modified interaction with GRKs and arrestinsterminus by a single hemagglutinin tag (MGYPYDVPDYAGS)
involving helix 8. Further studies using chimera of the B with  with the last two amino acids (Gly-Ser) of the tag being gener-
the non-sequestering bradykinin Breceptor also suggested ated by the insertion of a BamHI site. For the N-terminal eYFP
that helix 8 might be involved directly or indirectly inthe inter-  (enhanced_yellow fluorescent protein) fusion constructs, the
action of the B,R with GRKs and! -arrestins (21). receptors were preceded by the signal sequence of the human
Consequently, we investigated in the present study not onlyfrizzled receptor 4 followed by the coding sequence for the
the function of helix 8 in the B,R with regard to surface expres eYFP and the HA tag.
sion and G protein activation but also assessed its role in the Cell Culture and TransfectiofNFor stable expression of the
desensitization process involving the interaction with GRKs constructs in HEK 293 cells we used the Flp-In system from
and! -arrestins. Our results clearly demonstrate that helix 8 is Invitrogen as described previously (24). For transient transfec-
involved in all of the before-mentioned receptor-dependent tion cells were seeded into 24 wells (80% confluency) and trans-
processes, however, to a different degree and with differenfected using 0.2' g of DNA and 0.4" | of EcoTransfect. Expres-
requirements for the receptor microenvironment comprising sion was induced with 0.5" g/ml tetracycline 56 h after

helix 8. transfection and 16 h before the respective assay. Fearrestin
knockdown, monolayers (50% confluent) in 24 wells were
EXPERIMENTAL PROCEDURES treated with 125 ng of SiRNA/1.5"| of HiPerFect 72 h before

MaterialsNFIp-In ™ TREx-293 (HEK 293) cells, and Opti- the experiment.
MEM | serum-free medium were obtained from Invitrogen.  Equilibrium Binding Experiments at 4 8 The dissociation
[2,3-Prolyl-3,43H]bradykinin (80 Ci/mmol) and myo-2-[*H]i- constant K ) was determined with fH]BK as described previ
nositol (22 Ci/mmol) were from PerkinElmer Life Sciences. ously (24). In brief, cells were incubated for 90 min on ice in
Vectors harboring the genes of GRK2D 6 were kindly providedincubation buffer (40 mv Pipes, 109 mn NaCl, 5 mv KCI, 0.1%
by Dr. A. de Blasi (University of Rome), and a vector comprisingglucose, 0.05% BSA, 2wCaCl, 1 mm MgCl,, pH 7.4) contain
the gene of the humarl ,-adrenergic receptor was provided by ing increasing concentrations of up to 30m [*H]BK. Surface-
Dr. M. J. Lohse (University of WYrzburg). All other receptor bound [PH]BK (" 95% of totally bound radioactivity) was disso
sequences were obtained from the Missouri S&T cDNA ciated by a 10-min incubation with 0.2 ml of an ice-cold
Resource Center. Bradykinin was purchased from Bachendissociation solution (0.5v NaCl, 0.2m acetic acid, pH 2.7),
(Weil am Rhein, Germany). The ER antagonist JSM10292 wastransferred to a scintillation vial, and counted in d -counter
a generous gift from the Jerini AG (Berlin, Germany). Rocheafter the addition of scintillation fluid.
Applied Science delivered FUGENE HD, complete mini EDTA- Determination of Inositol Phosphate (IP) Rele&#zhos-
free protease inhibitor tablets, and the rat monoclonal anti- phatidylinositol hydrolysis was measured as previously
hemagglutinin (HA)-peroxidase high affinity antibody (3F10). described (24). In brief, confluent cell monolayers (24 wells)
EcoTransfect was purchased from OzBiosciences (Marseilleyere incubated overnight in 0.5 ml of complete medium con-
France). EZview red anti-HA affinity gel was bought from taining 1 " Ci [H]inositol/ml. The cells were preincubated for
Sigma. Cell culture reagents were obtained from PAA Labora-90 min on ice in incubation buffer supplemented with 50 m
tories (CSlbe, Germany). Monoclonal mouse anti-arrestinl  LiCl with or without the addition of increasing concentrations
antibody and polyclonal rabbit anti! -arrestin2 antibody were of BK. Stimulation was started by placing the cells in a water
from BD Transduction Laboratories and Millipore (Billerica, bath at 37 jC. After 30 min IP accumulation was stopped by
MA), respectively. Rabbit polyclonal anti-GRK3 antibody (sc- exchanging the medium for 1.5 ml of ice-cold 20 m formic
563; C-14) was from Santa Cruz Biotechnology, Inc. (Heidel-acid solution. After 1 h on ice andapplication of the superna-
berg, Germany). Two sets of siRNAs from Qiagen (Hilden, Ger-tant to AG 1-X8 columns, total FH]IP was determined as
many) were used. The first set was predesigned HP-validatedescribed before (24).
FlexiTube !-arrestin siRNAs: !-arrestinl (catalog no. [*H]BK InternalizationNInternalization of [°H]BK was
S102776921, BCGACGUUCUGCAAGGUCUATT-3!) and determined as described recently (24). Cells on multiwell plates
I -arrestin2 (catalog no. SI02776928,!'EGAACAAGAU-  (24/48 wells) were incubated with the indicated®H]BK con-
GACCAGGUATT-3!). The second set was published siRNAscentration in incubation buffer for 60 min on ice to obtain equi-
(22): !-arrestinl (3-AGCCUUCUGCGCGGAGAAUTT-3) librium binding. [*H]BK internalization was started by placing
and ! -arrestin2 (3-GGACCGCAAAGUGUUUGUGTT-3!). the plates in a water bath at 37 jC for the indicated times and
HiPerFect transfection reagent was acquired from Qiagen. Thestopped by putting them back on ice. Surface-boundH]BK
cross-linking agent dithiobis[succinimidylpropionate] (DSP) was dissociated by incubating the cells for 10 min with 02
was purchased from Pierce. acetic acid, 0.51 NaCl, pH 2.7. Thereafter, internalized®H]BK

Gene Mutagenesis and Expression of Constrii@tandard was determined by lysing the cell monolayer with NaOH (0.3
PCR techniques with appropriate primers were used to gener-m). [*H]BK in both samples was measured inla-counter after
ate mutants of the BR, of GRK3, and the receptor chimeras. the addition of scintillation fluid. Internalization was expressed
Coding sequences of the R and the respective mutants started as the amount of internalized fH]BK in the percentage of the
with the third encoded methionine (23). Receptor constructs, combined amounts of internalized and surface-boundHl]BK.
GRK3,! -arrestinl, and! -arrestin2 genes were all cloned into  For the determination of intrinsic receptor internalization
the Hindlll and the Xhol sites of the pcDNAS/FRT/TO vector properties (widely unaffected by high receptor expression
(Invitrogen). The receptor sequences were preceded at the Nand/or limited availability of endogenously expressed interac-
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tion partners) we used IH]BK concentrations! 1 nm (25). To deglycosylation buffer (PBS, 20mEDTA, 1% SDS, 5% Triton
detect endogenous factors that might limit the proces®.g. X-100, 10% 2-mercaptoethanol) was added to #bof clear cell
"-arrestins) we used 5 m or higher concentrations as lysate and denatured at 80 jC for 10 min. After the addition of 1
indicated. unit of N-glycosidase F, the samples were incubated foh at
Receptor Down-regulatidiMonolayers (48-well) were 37 jC without agitation and mixed with 1 LDS sample buffer
incubated with or without 1 #m unlabeled BKin 0.5 ml of Opti- (0.1m DTT). HA-tagged receptors were visualized aftd h of
MEM [ for the indicated times at 37 jC. Thereafter, plates were blocking in 5% milk powder at room temperature followed by
rinsed with ice-cold PBS and incubated on ice for 10 min with 1 h of incubation with a monoclonal HRP-linked anti-HA high
0.2 ml of dissociation solution to remove all unlabeled extracel- affinity antibody (1:2000) diluted in fresh blocking buffer.
lular ligand. The cells were washed again with ice-cold PBS, and  Surface BiotinylatiorNCells stably expressing receptor con-
specific binding was determined with 2 m [*H]BK at 4 {C by  structs were plated on 6 well and incubated f& h at 37 {C in
subtracting nonspecific binding (determined in the presence of Opti-MEM | containing ligand or vehicle. Subsequently, cells
5 #w unlabeled BK) from total surface binding. were washed with ice-cold PBS and incubated on ice for 30 min
Co-immunoprecipitatiorNConfluent monolayers of cells with a solution of 0.3 mg/ml thiol-cleavable sulfo-NHS-SS-bi-
stably expressing HA-tagged receptor constructs on 10-Cmotin (Pierce) dissolved in PBS. After cell lysis, biotinylated
dishes were transfected with 5¢g of plasmld harboring the receptors were precipitated and run on a SDS-PAGE as
respective constructs and 1&I of EcoTransfect 36 h before described above. Dissociation of precipitated receptors was §
co-immunoprecipitation. Cells were washed twice with PBS, performed in DTT-free Laemmli buffer to avoid cleavage of the
warmed up to 37 iC in a water bath, and subsequently stimu-pjotin linker. After blotting, the receptors were detected with
lated with 1#m BK for the indicated times in 4.8 ml of PBS. The e Vectastain ABC Kit (Vector Laboratories, Burlingame, CA)
stimulation was stopped by the addition of 0.2 ml of 25 m according to the manufacturer®s instructions.
cross-linking agent (DSP, dissolved in DMSO) to obtain 1im Rk 1/2 PhosphorylatioNCells stably expressing GRKs 2D 6
final concentration. After incubation for 20 min at room tem-  \yere plated on 24 wells and transfected with the,Bwt,,. After
perature, cells were rinsed 3 times with quenching solution (5015 p, the culture medium was changed for DMEM containing
mm Trjs-HCI, pH 7.4) and solubilized in 1 ml of .Iysis buffer (10 (equced FCS (0.5%) and 0&g/m tetracycline to induce gene
mu Tris-HCI, 25 mm KCI, 150 mv NaCl, 0.1% Triton X-100, pH - gy pression. Another 36 h later the cells were washed with ice-
7.4) including protease inhibitors for 15 min at 4 {C with gentle .4 PBS and incubated on ice in 0.15-ml incubation buffer

agitation. After centrifugation at 17000 gfor 15 minat4iC, qniaining 14w BK. After 30 min, the plates were putina 37 iC

gn e Bioroglmmm woly papeojum

20#] ofthe supernatant was mixed with an equalamountof2 o water bath for the indicated times. Subsequently the cells &
LI.DS sample buffer co_ntammg 0.2 DTT and incubated for 10 were solubilized in 0.2 ml of lysis buffer, and proteins were &
min at 95 jC; the residual supernatant was added to 200f o5 ate by SDS-PAGE as described above. After electro-2
EZview rgd "fmt"HA ?ﬁ'n'ty gel and mcubatgd for1h 'under blotting and blocking with 5% milk powder in TBST, phospho- g’
gentle agltgtlon a.t 4,'C' Thereqfter, the anti-HA matrix was ERK1/2 and total-ERK1/2 were detected with phospho-p44/42 §
washed 3 times Wlth. |ge-cold lysis buffer, then 38l of 1! . LDS MAPK (E10) and a p44/42 MAP kinase (3A7) mouse monoclo- &
sample butfer contaln!ng 0'.1" DTT was gdded, and the mmu= a antibody (Cell Signaling, Frankfurt, Germany), respectively. ‘5'3
nocomplexes were d|ssoc(|)ated at 95 C for 1.0 min. Samples Epifluorescence Microscofifells stably expressing eYFP- S
were separated on a4E?12 % SDS-polyacrylamide gej and tran|$e'c<-:‘ptor fusion proteins were seeded on glass coverslips. TheZ
ferred to a 0.45#m nitrocellulose membrane, which was cell culture medium was changed to Opti-MEM | medium 2
blockeq falhat room tempera’;ure with milk powder dis- before incubation with 1#v BK or 1 #m JSM10292. Images S
solved in TBST (Tris-buffered saline, pH 7.5, 0.1% Tween 20). ere taken with a Olympus IX70 fluorescence microscope §
Subsequently the membrane was incubated overnight at 4 iC,W ' N

Data AnalysisNAIl experiments were performed at least
three timesin duplicate or triplicate, and results are given as the
mean" S.E. unless otherwise indicated. Data analysis was car-
ried out using GraphPad Prism for Macintosh, Version 4.0c
(GraphPad Software, Inc.).

with anti- " -arrestin2 antibody (1:1000) or fol h atroom tem-
perature with anti-"-arrestinl- or anti-GRK3 antibody, each
diluted 1:1000 in blocking buffer. Thereafter, the membrane
was washed with TBST and incubated with HRP-linked goat
anti-rabbit IgG diluted 1:2000 in blocking solution. For the rec-
ognition of the primary mouse anti-' -arrestinl antibody, the
peroxidase-labeled anti-mouse true blot secondary antibod)}QESULTS .
(1:2000) (eBioscience, San Diego, CA) was used. Antibody Helix 8 Requirement for High BR Cell Surface Expressibh
binding was detected using ECL solution according to the To investigate the importance of helix 8 for the function of the
instructions of the manufacturer. B,R, we generated several constructs with increased trunca
ImmunoblottingNConfluent monolayers in 6-well trays were tions of the C terminus up to the center of helix 8 (Fig. A).
washed 3 times with ice-cold PBS and solubilized in 3@0of Moreover, to disturb the structure of helix 8 by a single point
lysis buffer and cleared by centrifugation as described abovemutation, leaving the BR C terminus otherwise unchanged, we
Aliguots of the supernatant were mixed with equal amounts of mutated Lys-315, located in the center of helix 8, to proline
2! LDS sample buffer (0.2 DTT) and incubated for 10 minat (construct K315P), a known helix breaker (FigA). As a control
95 ;C, and proteins were electrophoresed, electroblotted, andhat altered properties observed in K315P are not caused by
detected as described above. For deglycosylatior®f 10! Lys-315 being an important residug@er se e.g.as a target for
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C-terminus

GVCQKGGCRSEPIQMENSMGTLRTSISVERQIHKLODWAGSRQ
GVCQKGGCRSEPIQMENSMGTLRTSISVERQIHKLODWAGSRQ
GVCQKGGCRSEPIQMENSMGTLRTSISVERQIHKLODWAGSRQ
GVCQKG*

G*

B,Rwt _I_-

G327stop
G322stop

Y320stop +—

V319stop —,

K315P

K315A - m—

FIGURE B,R constructs and their expression levels in HEK 293 cells. A, shown is a schematic representation of the C-terminal amino acid sequences of the

 —

C—I1CMV promoter
I P, promoter

F—

0

5

10 15

Bmax [pmol'mg protein"]

20

human B,Rwt and the mutant receptor constructs. Alignment starts after the conserved MR/ motif after transmembrane helix 7. The predicted helix 8 is
framed, and the point mutations (K315P, K315A) abeld and underlined the C-terminal serine/threonine phosphorylation sites are ibold. B, maximal
numbers of binding sites were determined with 30 m [?H]BK Open columnsexpression of constructs under the control of the CMV promotditled columns
expression of constructs under the weaker R, promoter. C, cells stably expressing HA-tagged,Bwt and mutants (inferior H and L for high and low
expression) were lysed and separated by SDS-PAGE followed by Western blotting and detection with a monoclonal HA-antibipghe ¢ pane). Aliquots of the
same lysates were incubated with 1 units df-glycosidase F as described under OExperimental ProceduresO but otherwise treated identmatly pane). 5/ g
protein was applied for constructs marked irbold, and 15! g of protein was applied for the remaining constructsNumbers on the leftepresent relative

molecular masses (in kDa).

ubiquitination or for the overall receptor structure, mutant were similar to those determined for mutants, which exhibit
K315A was generated as well.
Employing the Flp-In system (Invitrogen), all N-terminally promoter, i.e.constructs Y320*, V319*, and K315P.

HA-tagged receptor constructs became stably integrated at an Immunoblot analysis of the expressed constructs using the
identical unique locus in the genome of the HEK 293 host cell N-terminal HA tag revealed several bands between 45 and 75

low levels despite being under the control of the strong CMV

line under the control of the strong cytomegalovirus (CMV) kDa as well as prominent double bands below 40 kDa (Fig:, 1
promoter. Construct G327* (G327stop), displayed with aboutupper pane). All truncations made proximal to Cys-324

18 pmolmg' * protein' * similar maximal surface receptor (G322* Y320* Y319*) displayed a weaker pattern of bands

numbers (B,,,,) as the wild-type BR (B,Rwt) (Fig. B, Table ). between 40 and 75 kDa but very strong double bands. Pretreat-

However, truncations of the C terminus proximal to Cys-324 ment of protein lysates withN-glycosidase F resulted for all

resulted in progressively reduced surface expression down t@amples in the appearance of one additional major lower band

2b3 pmolmg' * protein' *. Lower surface receptor numbers and more intense double bands (FigCl lower pane}, demon-

were also observed for mutant K315P (5.3 pmioig' * protein)
but not for mutant K315A (* 16 pmolmg' * protein) (Fig. 1B;

strating that the different bands reflect different glycosylation

Table 1). These results demonstrate that the distal C terminusprotein and not degradation products. These results point to a
ofthe B,Ris notrequired for high surface expression but that an role of helix 8 in the B,R in stabilizing a proper conformation
intact helix 8 contributes to it as being reported for other that allows for full glycosylation and efficient trafficking to the
GPCRs (11, 16,17, 26). To be able to directly compare the propplasma membrane.

erties of the different constructs without having to considerthe  Reduced G Protein Activation of Helix 8 MutaniéTo deter-
potential influence of the highly different surface expression mine the participation of helix 8 in G protein activation, we
levels, we also generated cell lines, where the normally highlyneasured the accumulation of total IPs in the respective cell
expressed constructs (Rwt, G327*, G322*, K315A) were lines after stimulation with increasing concentrations of BK for
expressed at distinctly lower levels under the control of the 30 min at 37 {C. Mutant G327*, lacking the whole C terminus,

weaker P

> .» promoter (Fig. 1B; Table 1, constructs were exhibited an almost 30-fold lower EC, value than BRwt and

denoted with inferior L or H for low and high expression, also elevated levels' (2D3-fold as compared with ERwt) of
respectively). These distinctly lower surface expression levelbasal IP accumulation (Fig. 2; Table 1).

DECEMBER 16, 20MM_UME 286 ¥NUMBER 50 YASEMB\

JOURNAL OF BIOLOGICAL CHEMIS28%

‘JT Aey uo ‘ulapeyssolo jayiolgig INgN e Blo agl mmm woly papeojumoq

Z¢10¢e

states and that also the double bands represent intact receptor


http://www.jbc.org/

Role of Helix 8 in Bradykinin BR

TABLE 1

[3H]BK binding data and BK-induced IP accumulation

Number of experiments are given in parentheses. ND, not determined. Significance was determined by one-way ANOVA using DunnettOs multiple comparison test.
*, position of the stop codon in each truncated receptor.

[®H]BK binding IP accumulation

Receptor construct® Bmax® Ky (41) Basaf Maximal effect® EC,°

pmol/mg protein nm nm
B,Rwt, 15.1" 0.7 (6) 2.90' 0.32(19) 2.02 0.13(10) 12.55 1.00 0.83' 0.22(6)
B,Rwt, 45" 0.4(6)
K315k, 5.3" 0.4 (6) 6.61' 0.58 (5) 1.78 0.16 (4) 8.28 0.02 5.96' 0.73 (4%
K315A, 15.6" 1.1(3) 7.14' 1.35(4) 2.28 0.17(3) 9.66 1.52 0.28' 0.07(3)
K315A 3.6" 0.4(3)
G327, 17.9" 0.7 (3) 4.83' 0.84(9) 8.8T' 1.60(4) 13.58 1.22 0.03' 0.01(5)
G327*% 3.3" 04(3)
G322%, 7.4" 0.3(3) 3.42° 0.73(5) ND ND ND
G322*% 1.4" 0.1(3)
Y320%, 1.7" 0.2 (6) 2.63' 0.52(9) 1.61' 0.31(6) 11.08 1.48 2.27" 0.95(3)
V319*%, 2.6" 0.2(6) 2.99' 0.70 (7) 1.64' 0.08(7) 7.75 0.89 6.01" 1.26 (47
K315*%, 3.2" 0.4(3) 3.79' 0.22 (3) 1.67 0.16 (3) 9.39° 1.08 10.63 1.54 (4%
R313%, 2.7" 0.2(3) 6.51' 1.13(3) 1.78 0.09 (3) 3.98 0.13 ND

2 Receptor constructs were isogenically and stably expressed under the control of the strong CMV promoter or the wegkgrgfomoter. Expression levels are indicated

with inferior H for high and L for low. o
b Estimated with 30 m [3H]BK on ice. g
¢Total IP accumulation after 30 min of incubation in buffer with inhibitors and 50 mu LiCl at 37 jC without (basal) and with (maximal effect) 1m BK, expressed as the -fold =1
increase of initial total IP content {# 0 min). 8
d Calculated from incubations in duplicates with 19*201¢ M BK for 30 min at 37 C in the presence of 50 m LiCl. 3
°p %0.01. =%
100 g
| A

100 g |- B,Rwt g
§E @0 8 80 z
= c —4+— K315A =
3£ e $ oo 8
Ew 8 -o- G327 a
8E 40 S 40 8
- g = -+ Y320* S
& 201 E 20 0 =z
o+ y —— K315P o}
0 =X
12 A1 10 -9 -8 -7 -6 0 5 10 15 20 25 30 S
log BK [M] Time [min] %
FIGURE Rose-dependent IP release.HEK 293 cells stably expressing®wt B 2 §
or the mutants were stimulated with the indicated concentrations of BK for 30 ;g —&— K315P a
min at 37 jC. Total inositol phosphate accumulations are shown as represent- £ - V319" 2
ative sigmoidal dose-response curves, normalized for maximal response ﬁ 3 ®
100%). 0 = —— Y320* S

(100%) S £ ;
58 —— G322% 8

(7]
. . : , . 206 -+ G327 5
In contrast, all mutants with a defective helix 8 (including £ o <
K315P) displayed 3P 8-fold lower G protein-coupling effi- g —o— K315A I~
ciencies, whereas the maximal responses were comparable for e - B,Rwt, S
; 0 T T T T T =
all constructs (Fig. 2; Table 1)Mutant K315A behaved very "o 1 2 3 4 5 N
much like B,Rwt, demonstrating that a positive charge in this pesi Time [h]

tionis notrequired for G PrOt?'” a_Lctlvatlon. T(_’g‘?th‘?r' a_” mutants FIGURE $H]BK internalization and long term down-regulation. ~ A, HEK
showed robust phosphatidylinositol hydrolysis, indicating that the 293 cells stably expressing &wt and the shown constructs were preincu

overall receptor structure is largely unaffected by the mutations. bated with 1 nu [*H]BK for 60 min on ice and subsequently warmed up to
37 jCto startinternalization. At the indicated times surface-bound and inter-

BUt_ he'_ix 8 must directly or indirectly participate in t_he G prOte_in nalized PH]BK were determined as described under OExperimental Proce
activation of the BR as the EG, values of the helix 8-defective dures.O Internalization is given as a percentage of total bouri[BK (surface

; plus internalized PH]BK)B, HEK 293 cells expressing®wt or mutants were
mutants Clearly differed from that of QRWL incubated in the presence of I mBK at 37 jC for the indicated times. Subse-

Requirement of an Intact Helix 8 for BR-mediated PH]BK  quently cells were treated with NaCl/acetic acid solution to remove all unla-
InternalizationNAfter stimulation with BK, the B,R becomes beledagonist. Remaining surface binding was determined with 21{°H]BK at
rapidly sequestered o compartments within the cel. To inves- &1521915 ven napercentago o onto) (ot reted with B, Constcts
tigate the role of helix 8 for receptor sequestration, we exam-control of the P,,;, promoter.
ined the capability of the receptor constructs to internalize
[®H]BK. As a consequence of the lacking C terminus, constructlack of the receptor C terminus with the phosphorylation sites
G327+ displayed strongly reduced internalization 8fH]BK as  only reduces rapid receptor sequestration, whereas a defective
compared with the BRwt (Fig. 3A). Mutants with a disturbed helix 8 prevents it almost completely as best demonstrated with
helix 8 were not capable of internalizing®H]BK at all, whereas K315P, a construct still comprising the complete C terminus

construct K315A behaved like BRwt. These results show that with all phosphorylation sites (Fig. 8).
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Requirement of an Intact Helix 8 for Sequestration upon Longchange to an immunoblot pattern that resembled that of the
Term StimulationNWe next investigated how the mutations B,Rwt (Fig. 4). These results suggest that the saigB antage
affect the outcome of long term stimulation by treating the cells nist can correct the trafficking to the plasma membrane, ham-
with a saturating concentration of BK (1! m) for up to 5 h at pered by the disturbed helix 8.

37 iC. Remaining surface binding was determined with 21n  Together these results confirm that rapid receptor internal-
3[H]BK at 4 iC after removal of all unlabeled BK with NaCl/ ization is dependent on the presence of the C terminus. Yet
acetic acid solution. As receptor sequestration is considerablyslower sequestration can occur in a C terminus-independent
slowed downper seby high expression levels of constructs (25),way as well. For both processes, however, an intact helix 8 is
we used the stable cell lines expressing receptor genes under therucial.

control of the weaker R, promoter when available. Cell sur ~ C-terminal-independent BR Internalization Mediated by
face binding was reduced by more than 80% after 30 min for the” -Arrestin2NThe ubiquitously expressed” -arrestins1 and -2
B,Rwt, and remained at that level for atleast 5 h (FigB3. Even have been shown to target GPCRs to clathrin-coated pits
though receptor numbers decreased strikingly slower forthrough their interaction with clathrin and the adapter protein
G327*% than for B,Rwt, , they reached a similarly low level after AP-2, thereby promoting receptor internalization (28, 29). Fur-

5 h of BK treatment. The degree of receptor sequestration waghermore, Simaaret al. (30) have reported that in COS7 cells
progressively reduced with shortening the C terminus and was" -arrestin2 mediates BR internalization. To investigate
completely prevented in mutation V319*, indicating that an whether C-terminal-dependent and -independent receptor
intact helix 8 is crucial for the sequestration of the BR. This endocytosis have different requirements fof -arrestins, we
notion was strengthened by the result that mutant K315P alsoused siRNA technology to reduce the endogenous levels of
showed no reduction of surface binding within the 5-h time "-arrestinl and -2 in HEK 293 cells (Fig.B).

frame of stimulation with BK, whereas K315Abehaved like Single knockdown of"” -arrestinl had no significant impact
B,Rwt, . on B,Rwt internalization (Fig. 3\). Knockdown of " -arrestin2

Epifluorescence Microscopy with N-terminally eYFP-taggeteduced receptor endocytosis by 40%, which could be further
ConstructTo visualize the localization of selected receptor significantly decreased by an additional -arrestin1 knock-
variants without affecting the function of the C terminus, we down, indicating a partly compensatory effect df-arrestinl in
generated fusion proteins with eYFP joined to their N terminus. the case of diminished' -arrestin2 levels (Fig. B). The latter
To allow for proper extracellular expression, the eYFP effect did not turn significant with a second set of -arrestin
sequence was preceded by the signal sequence of the humaiRNAs Supplemental Fig. SR). Comparing the two different
frizzled 4 receptor as otherwise the fusion proteins weresets of sSiRNAs for their ability to reduce overexpressédarres-
trapped inside the cell. The integrity of the fusion constructs tinl and -2 levels, the first set proved to be much more efficient
was confirmed by Western blot analysis (not shown). Epifluo-than the second $upplemental Fig. SB). This might explain
rescence microscopy revealed a strongly dispersed intracellulavhy the additional effect of” -arrestinl was not observed with
localization of eYFP-V319* (not shown here) and of eYFP-the second siRNA set, asit can apparently be observed only with
K315P (Fig. &), whereas eYFP-RRwt (Fig. 4A) and eYFP- a highly efficient” -arrestin2 siRNA.

G327* (Fig. €) were almost exclusively located at the plasma Receptor internalization of stably transfected G327* in HEK
membrane. In these latter two cell lines, a strong redistribution 293 cells was monitored using Im[*H]BK for 15 min, as higher
of the receptors from the plasma membrane to intracellular concentrations made receptor endocytosis hardly detectable
vesicles after BK treatment became obvious, which proceedefor that mutant. Only knockdown of "-arrestin2, but not of
more rapidly for B,Rwt (shown after 30 min, Fig. B) than for " -arrestinl, significantly reduced internalization of G327* (Fig.
G327* (shown after 120 min, Fig.[@), in accordance with the 5A). Simultaneous knockdown of both”-arrestin isoforms
sequestration data given in Fig.B The fusion constructs of could not further lower receptor internalization, indicating a
V319* and K315P did not display any recognizable redistribu-subtype-specific role of’-arrestin2 for the C terminus-inde-
tion even upon prolonged stimulation (up to 5 h; not shown pendent internalization.

here). However, when these two constructs were treated for3h  We next examined fH]BK internalization of transiently
with the small molecule BR antagonist JSM10292 (27)they transfected BRwtin HEK 293 cells, which stably overexpressed
were found predominantly at the cell surface (shown here only " -arrestinl or “-arrestin2 (Fig. ). Only minor enhancing
for eYFP-K315P (Fig.B). effects of” -arrestin2 but not of " -arrestinl overexpression on

These results were confirmed by cell surface biotinylation [°H]BK internalization of B,Rwt were observed (Fig.G). How-
followed by immunoprecipitation. Whereas the number of ever, under certain circumstance$-arrestinl can also play a
biotinylated cell surface receptors was strongly reduced forrole in this process as'-arrestinl overexpression was able to
B,Rwt and mutant G327* after a 3-h incubation with BK, no rescue internalization that had been reduced by siRNA knock-
change was observed for mutant K315P (Figi# However, for down of endogenous' -arrestin2 (Fig. &). In contrast, overex-
the latter mutant a significantincrease was observed upon incu-pression of both” -arrestin subtypes strongly enhanced ligand-
bation with JISM10292 for 3 h (Fig. 45 andH). A 16-h incuba- induced internalization of G327*, with" -arrestin2 exhibiting a
tion of mutant K315P with this antagonist resulted even in a significantly larger impact (Fig. ).

Todirectly assess the interaction df-arrestins with receptor

S A. Faussner, S. Sch¥ssler, J. Feierler, M. Bermudez, J. Pfeifer, K. Schnatbﬁ@rﬂ,StTUCts’ we Performed co-ilmmunoprecipitation with the.
T. Tradler, M. Jochum, G. Wolber, and C. Gibson, submitted for publicatiorchemical cross-linker DSP using cells stably overexpressing
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FIGURE £Lellular distribution of B ,Rwt, G327* and K315P. ADFHEK 293 cells stably expressing eYFfRBt or eYFP-G327* were incubated at 37 jCinthe 7,

absence N7) or presence of 1" m BK for 30 min (e YFP-B2Rwt) or 120 min (eYFP-G327*). Mutant eYFP-K315P was treated 3 h with the small molecule antagoi®st
JSM10292. The eYFP fusion constructs were visualized by fluorescence micros@purface expression levels of receptor proteins were determined witha ™
membrane-impermeable biotinylated linker beforeNT) and after 3 h of treatment of BK or JSM10292 as described under OExperimental Proceduteshown

is quantification of biotin-reactive bands using Image J software. Receptor density is given as the meaB.E. of four different experiments in percentage of the
non-treated control. Significance was determined by one-way ANOVA using BonferroniOs multiple comparison tegi.**0,001., shown is a representative
immunoblot of K315P £ 15 " g protein) treated without or with JSM10292 for 16 h

B,Rwt, or G327%,. Each cell line was transiently transfected Regulation of BR-induced ERK1/2 Activation by GRK2 and
with either ! -arrestinl or ! -arrestin2. Both arrestins could be GRKINGRKs phosphorylate almost exclusively agonist-acti-
co-immunoprecipitated with the B,Rwt after 5 min of stimula  vated receptors, and consequently there must be molecular
tion (Fig. 5E). Mutant G327* still bound ! -arrestin2, but not determinants of the receptor that signal the agonist-bound sta-
!I'-arrestinl, upon BK treatment, albeit obviously to a lower tustothe GRKs. We hypothesized that helix 8 might function as
extent than the BRRwit. such a signaling determinant. Overexpression of the ubiqui-
These results suggest that internalization of G327* andtously expressed GRKs 2D 6 produced a different phosphoryla-
B,Rwt is largely mediated by the action df-arrestin2, although tion pattern of the B,R after stimulation (31); however, so far it
I -arrestinl is able to functionally compensate in part far-ar-  was not investigated whether this also results in different sig-
restin2 under certain circumstancese(g.such as overexpres- naling outcomes. Therefore, we first determined in our study
sion of ! -arrestinl or after! -arrestin2 knockdown). Further- how overexpression of GRKs 2D 6 in HEK 293 celsupple-
more, the C terminus of the BR is less important for the mental Fig. SA) affects ERK1/2 activation by the fR. Of all
interaction with ! -arrestin2 than for coupling of! -arrestinl.  here-examined GRKSs, only overexpression of GRK2 and -3 sig-
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2Rwt and G327*. A, HEK 293 cells stably expressingMut or G327* were

transfected with the indicated SiRNAs. 72 h later internalization was determined with & {FH]BK B,Rw) or 1 nv [*H]BK (327 after 5 min B,Rwi or 15 min

(B,RwY as described under OExperimental Procedur@shown is a representative immunoblot of endogenous-arrestin levels in HEK 293 cells silenced with

the indicated siRNAs and probed with a monoclonal -arrestinl antibody recognizing both subtypesC, HEK 293 cells stably expressirigarrestinl or

I -arrestin2 were transfected with BRwt or G327*, and internalization was determined after 48 h with 5u{H]BK (BRwt) or 1 rv [°H]BK G327 after 5 min

(B,Rw or 15 min G327) at 37 {C. Where indicated, cells were pretreated witharrestin2 siRNAD,shown is a representative immunoblot of cell lysates using
2" gof protein of cells overexpressing -arrestinl and -2. Statistical analysis was done with one-way ANOVA using BonferroniOs multiple comparison test. *@,

p" 0.001,**p" 0.01;*p" 0.05ctl, control.E HEK 293 cells stably expressing HA-taggedBvt, or G327%, were transiently transfected withl -arrestinl (eft)

or ! -arrestin2 (ight) and stimulated (or not) with 1" m BK for 5 min at 37 jC. After cross-linking with DSP and cell lysis, the protein complexes were precipitated
with anti-HA-matrix. Precipitates were separated by reducing SDS-PAGE,

transferred onto nitrocellulose membranes, and probéebfoestinl (eft) or

I'-arrestin2 (ight) (top paneld. Blots were stripped and re-probed to confirm receptor expressiommiddle panel}, and lysates were tested fof -arrestin

expression pottom panel. IP, immunoprecipitation; B immunoblot.

nificantly reduced the ERK1/2 signal during the determination
period of 30 min (supplemental Fig. SIB and C).
Promotion of Phosphorylation-independent Internalization

It has been shown that GRKs contain consensus clathrin-
binding motifs through which they are able to promote recep-
tor internalization (32, 33). To discriminate whether clathrin

by GRK3NAs GRK3 displayed the strongest effect, we chosebinding and/or kinase activity promotes internalization of

this kinase to investigate the importance of helix 8 for the inter-
action of the B,R with GRKs. Stimulation with BK resulted after
2 min in a stable interaction of GRK3 with the BRwt as well as
with G327*, which lasted for at least 30 min (Fig.A). Hence,

GRK3 interaction can occur independently of the C terminus,

G327*, we generated a GRK3 variant with a group mutation of
the clathrin binding motif to alanines (¢°3.LDCD>°? 3
49BAAAAA 502 GRK3-5A) in addition to a kinase activity-defi
cient mutant GRK3-K220R (Fig. 6). Overexpression of
GRK3-5A or GRK3-K220R did not increase significantly the

its substrate, raising the question of whether there are otherinternalization of G327* (Fig. 8). Thus, the capability of GRK3
functions of GRKs besides the mere phosphorylation of theto promote B,R endocytosis independently of the C-terminal
receptor C terminus. Overexpression of GRK2 or -3 resulted inphosphorylation sites still requires its kinase activity and the

minor, but significant increases in the internalization of the

B,Rwt (not shown). However, also the internalization of G327*
(lacking the C terminus with all the phosphorylation sites) was
significantly increased by overexpression of GRK3 (Fif)6
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FIGURE & terminus-independent GRK interaction and rescue of K315P internalization. A, HEK 293 cells stably expressing HA-taggegRBvt or G327* “z
were transiently transfected with GRK3 and stimulated (or not) with"Iv BK for 2 or 30 min at 37 jC. After cross-linking with DSP and cell lysis, the protein 5
complexes were precipitated with anti-HA matrix. Precipitates were separated by reducing SDS-PAGE, transferred onto nitrocellulose membranes, and prob§j

for GRK3tbp pane). Blots were stripped and re-probed to confirm receptor expressiom{ddle pane), and lysates were probed for GRK expressidio{tom <
pane). IP, immunoprecipitation; IB immunoblot. B, cells stably expressing GRK3wt, GRK3-5A, or GRK3-K220R were transiently transfected with G327+, dd
internalization was monitored with 1 v [*H]BK for 15 min at 37 jC. Significance was determined by one-way ANOVA using BonferroniOs multiple comparisqg
test. *** p# 0.001.C arepresentative immunoblot of cell lysates using 2 " g protein of cells (over)expressing GRK3wt, GRK3-K220R, and GRK3-5A is sho

D and E,HEK 293 cells stably (over)expressing the indicateehrrestin subtypes or GRKS3 constructs were transiently transfected with either K315P or K315P+
G327*. Internalization was monitored for 15 min at 37 jC with IvPH. Significance was determined by one-way ANOVA using BonferroniOs multiple compar
ison test. *** p# 0.001

would be able to rescue the internalization of mutant K315P, is strongly dependent on the presence of the intact C terminus
which had a disturbed helix 8 but otherwise an intact C termi- or an intact helix 8.

nus. Overexpression of GRK3 resulted in a strong increase of Requirement of a Specific Microenvironment for Proper Func-
ligand-induced internalization of K315P more than 2-fold, tion of Helix 8NFinally, to test whether C-terminal sequences
whereas that of the kinase-dead mutant GRK3-K220R did not,and/or helices 8 of different GPCRs of family A are functionally
indicating the requirement of phosphorylation for the internal- transferable to the BR, we generated various chimeras of the
ization process (Fig. B). Internalization of K315P could also be B,R with the C termini/helices 8 of the protease-activated
rescued by -arrestin overexpression independently of the sub- receptor-2, the! ,-adrenergic receptor, the angiotensin Il type
type, albeit to a smaller extent as compared with GRK3 (Fig1 receptor, and the B bradykinin receptor. Except B brady-
6D). In contrast, in HEK 293 cells expressing the receptorkinin receptor, all these receptors become phosphorylated and
mutant K315P-G327* (which combined the defective helix 8 internalized after agonist stimulation (34D37).

with the lack of the distal C terminus) neither overexpression of  All chimeric constructs (Fig. A) were robustly expressed on

I -arrestins nor GRK3 could significantly re-induce internaliza- the cell surface { 5910 pmolmg" *protein” ) as determined
tion (Fig. 6E), suggesting that the rescue by GRK3 brarrestins by radioligand binding assays witi?H]BK. The chimeras with
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A Helix 7 Helix 8 C-terminus
B,Rwt NPLVY | VIVG | KRFRKKSWEVYQ | GVCQKGGCRSEPIQMENSMGTLRTSISVERQIHKLODWAGSRQ
B,YAT1 NPLVY | GFLG | KKFKRYFLOLLK | --Y IPPKAKSHSNLSTKMSTLSYRPSDNVSSSTKKPAPCFEVE
B,YPAR2 NPLVY | YFVS | HDFRDHAKNALL | - ~-CRSVRTVKQMQVSLTSKKHSRKSSSYSSSSTTVKTSY
B,CPAR2 NPLVY | VIVG | KRFRKKSWEVYQ | GVCRSVRTVKOMOVSLTSKKHSRKSSSYSSSSTTVKTSY
B,YADR2 NPLVY | CRSP | -DFRIAFQELL- | -~-CLRRSSLKAYGNGYSSNGNTGEQSGYHVEQEKENK..DSLL
B,YADR2CB, NPLVY|CRSP|-DFRIAFQELL-|--COKGGCRSEPIQMENSMGTLRTSISVERQIHKLQDWAGSRQ
B,CADR2 NPLVY | VIVG | KRFRKKSWEVYQ | GVCLRRSSLKAYGNGYSSNGNTGEQSGYHVEQEKENK..DSLL
B,CB, NPVIY|VIVG|KRFRKKSWEVYQ|GVCTPKSLAPISSSHRKEIFQLFWRN
B C
BYAT| = B,YAT1
BZCADRZ% 9 ¥ B,CADR2
B,CPAR M- . basal § —e— B,CPAR2
B,CB, J 1uMBK g —— B,CB,
B,YADR2CB, g 5 B,YADR2CB,
Q
B,YPAR2 E -6 B,YPAR2
B,YADR2 - B,YADR2

0 2 4 6 8 10 12 14 16
Inositolphosphate accumulation Time [min]
(fold basal (t=0 min))
FIGURE Tnternalization and signaling of chimeric constructs. A, alignment of the C-terminal residues of the human JRwt swapped with sequences of
various other GPCRs (marked bold). Sequences were exchanged directly after the MR motif of transmembrane helix 7 or after the proximal Cys-324,
respectively. The predicted helix 8 is frame@, inositol phosphate release of BRwt and chimeras, stably expressed in HEK 293 cells, was determined witin1l

BK as described under OExperimental Procedures.O The results are presented as -fold increase over the IP content of identically treated control cells thatha

remained on ice C, internalization of BRwt and chimeras stably expressed in HEK 293 cells was determined as described under OExperimental Procedure

transfer of the C termini distal to helix 8 (BCPAR2, BCADR2, seemsto be animportantrole of helix 8 in stabilizing the recep-
B,CB,) showed strong phosphatidylinositol hydrolysis (Fig. tor in a conformation that supports trafficking to the plasma
7B). For the other chimeras with transfer of helix 8 either with membrane. In this respect it has been reported for several
or without the distal C terminus phosphatidylinositol hydroly- GPCRs that truncation of the C terminus up into the region of
sis apparently depended on the source of helix 8. When helix 8nelix 8 results in a strong loss of receptor surface expression (11,
was derived from another G protein G, ;-coupled GPCR (pre 16, 17, 26). Our results with the receptor chimeras and in par-
tease-activated receptor-2, angiotensin Il type 1 receptor), theticular with the helix 8 point mutant K315P of the BR suggest
chimeras displayed robust signaling, whereas there was no sighat for the presumably stabilizing effect of helix 8, its specific
naling when helix 8 was taken from the ,ADR (constructs  amino acid composition is less important than maintaining its
B,YADR2, B,YADRZCB,) that couples to G protein G overall helical structure; all our chimeric constructs with com-
Determination of receptor internalization showed a fast pjete transfers of helix 8 from one receptor to another were
uptake of PH]BK in all chimeras with C terminus exchanges robustly expressed, but disturbance of helix 8 in the,R (point
distal of helix 8 (Fig. T). Solely, when the C terminus was 1, ;tant K315P) resulted in much lower surface binding than
derived from the non-internalizing B bradykinin receptor observed for the BRwt,, accompanied by strong intracellular
(construct BACB1), a quite slow and low uptake was Observedmcalization (Fig. £).
When helix 8 was substituted in addition, only the angiotensin As published recently, for the leukotriene B4 type 2 receptor

\llllﬁieprzalsrterfs?Jtt?]:a(;hclmr?wr:r:sziibll(; tZ(;ur?g:ld(Tn gl%.tﬂh;amf an intact helix 8 is required for the receptor to pass the quality
play y P~ control process in the endoplasmic reticulum (17). In line with

k Il. . :
take ata this report, Western blot analysis of our constructs showed that

Taken together, these results indicate that G protein activa—mo t of the newl nthesized helix 8-defective recentor bro-
tion might require only a helix 8 of a OdonorO receptor that S y sy S ptorp

couples to the same G protein, whereas with regard to receptor_te'nS are apparently insufficiently glycosylated and trapped

internalization the structural requirements are much more spe- "Side the CE”' The observation that the helix 8-truncated con-
cific for a helix 8 to function properly in a different receptor struct V319* as well as construct K315P reached the surface

environment. In contrast, the C terminus distal to helix 8 can When & membrane-permeable antagonist was added (Fif) 4
apparently function to a great extent independently from the suggests that the receptor molecule in the absence of a func-

receptor core in the internalization process. tional helix 8can bt_'—: s_tabilized by other_ means,gan appropri-
ate antagonist. A similar pharmacological chaperone effect was
DISCUSSION also reported for helix 8-defective mutants of the leukotriene

Helix 8 and Surface Expressit{The existence of an intra- B4 type 2 receptor (17) and for the muscarinic Mreceptor (14),
cellularly located 8th helix has been predicted for some GPCRd$mplying a potential therapeutic approach to rescue respective
(for review, see Ref. 38) and then confirmed with the resolutiondefective receptors.
of the first structure of a GPCR, the inactive rhodopsin (6). Al Helix 8 and G Protein ActivatiorNStructural data and exper-
the following structures also displayed this helix 8 (8) with the imental approaches suggested that after binding an agonist on
exception of CXCR4 (7). One reason for this high conservationthe extracellular site, helix 8 might be one of the key elements
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for transferring the information into the cell through becoming truncation (mutant K315P-G327*) completely abrogates recep-
accessible for recruitment and activation of intracellular signal- tor endocytosis and prevents even any rescue attempts by over-
ing proteins (9, 39, 40). There is now substantial experimentalexpression of! -arrestins. These data indicate that helix 8 is
evidence for the involvement of helix 8 (11913, 41D 44) in thecrucial to preferably recruit! -arrestin2 to the activated recep-
process of G protein activatione.g.for several GPCRs it has tor and that preceding phosphorylation of the ER C terminus
been reported that truncation or deletion of helix 8 results in might ensure high affinity! -arrestin2 binding but is not abso-
reduced activation (11D13, 44). Moreover, earlier studies havéutely required for a productive interaction. In contrast/ -ar-
demonstrated that peptides derived from the helix 8 of rhodop- restinl is likewise strictly dependent on the R C terminus, as
sin (41) or the angiotensin Il receptor (42, 43) can directly inter- it does not associate notably with construct G327*, at least not
act with the respective G proteins. It has also recently beenunder the conditions applied (Fig. B). However, it may substi-
reported that the modified C terminus of the G protein subunit tute for ! -arrestin2 in the sequestration of the ER and even of
G, can be cross-linked to several helix 8 residues of the muscaG327* when! -arrestin2 levels are markedly reduced (siRNA
rinic M3 receptor (45). Pointing in the same direction of adirect knockdown) or with ! -arrestinl being strongly overexpressed
involvement of helix 8 in the interaction with the G proteins, all (Fig. 5C). Our observed subtype-specific differences are in good
our B,R mutants with a disturbed helix 8 displayed a distinct agreement with a report by Zhanget al. (46, 47), who have
increase in the EG, values for phosphatidylinositol hydrolysis previously shown that the phosphorylation-independent inter-
as compared with the BRwt. nalization of the "-opioid receptor is regulated vid -arrestin2,

Helix 8 and B,R-GRK InteractiotN\Whereas the publications but not via ! -arrestin 1, which exclusively promotes the phos-
so far have focused almost exclusively on a role of helix 8 irphorylation-dependent internalization.
receptor expression or in G protein activation, it was just Conclusion8lOur data support the following models for the
recently reported that helix 8 might also play a role in receptor activation of the B,R. Subsequent to an agonist-induced change
phosphorylation and, therefore, in the interaction with GRKs in the overall receptor conformation, helix 8 becomes accessi-
(18). Mutation of basic residues in the helix 8 of the thyrotropin ble as an interaction site not only for G proteins but also for
releasing hormone receptor resulted in reduced receptor inter- GRK2/3 and for ! -arrestin2, yet less for! -arrestinl. With
nalization and phosphorylation that could be rescued partly by regard to receptor internalization of the BR, helix 8 is appar
overexpression of GRK2 or -3 and fully by overexpression ofently more important than the remaining C terminus with its
GRKS5 or -6. We have shown here that disturbance of helix 8 inphosphorylation sites, as ligand-induced receptor internaliza-
the B,R by truncation or mutation of a central residue to a tion was still functional in the absence of the C terminus but
proline (construct K315P) strongly diminished ligand-induced completely abrogated when helix 8 was disturbed by a proline
receptor internalization. For K315P, this effect could in part be point mutation. Alternatively, helix 8 does not function as a
overcome through overexpression of GRK3 (or GRK2, data notdirect interaction site for G proteins, GRKs, or arrestins but
shown here) but not of the kinase-inactive variant GRK3- indirectly as a key player in stabilizing receptor conformations
K220R (or of GRK5 or GRKG6; data not shown). Therefore, wethat result in these interactions after binding of an agonist.
suggest that helix 8 of the ER participates directly or indirectly Finally, recent reports have shown that helix 8 can serve as an
in specific high affinity binding of GRK3 (or GRK2). Accord- allosteric binding site for small molecule compounds (48, 49).
ingly, low affinity binding due to a defective helix 8 can be com- Given the fact that the various functions of GPCRs are differ-
pensated for by GRK3 overexpression, which presumablyentially affected by manipulations of helix 8, as demonstrated
results in normal phosphorylation of serine/threonine residues by our group and other researchers, targeting helix 8 as an allos-
in the B,R C terminus if present, thus rescuing receptor inter teric regulatory binding site appears to be an interesting
nalization. In agreement with this proposal, rescue by GRK3approach in the quest for more specific GPCR-related drugs.
was not possible for construct K315P-G327*, having a defective
helix 8 and lacking the C terminus (Fig.[B). On the other hand, AcknowledgmentsNThe experttechnical assistance of C. Seidl and H.
the reduced internalization observed for the JR truncation Grondinger is gratefully acknowledged.
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The human bradykinin B, receptor (Bo,R) mediatesthe
effectsof the nonapeptide bradykinin (BK) and of kal-
lidin (lysyl-BK). B,R has beenreported to play a role
in a number of physiological and pathophysiological
situations. Its activation causesvasodilation and hypo-

Abbreviations

The bradykinin B, receptor is coupled to G protein G4u1 and becomes
sequesterednto intracellular compartments after activation. To more clo-
sely debPnethe receptor sequencesinvolved in these processesand their
functions, we systematically mutated all three intracellular loops (ICLS),

either as point mutations or in groups of three to Pve amino acidsto Ala,

obtaining a total of 14 mutants. All constructs were stably expressedin

HEK 293 cells and, with the exception of triple mutant DRY b AAA,

retained the ability to specibcallybind [°H]bradykinin. The binding afbni-
tiesat 4 or 37 !C of severalmutants differed considerablyfrom those deter-
mined for the wild-type receptor, indicating an allosteric connection
betweenthe conformation of the binding site and that of the ICLs. Muta-

tions in ICL-1 strongly reducedsurfaceexpressionwithout affecting G pro-

tein signaling or [*H]bradykinin internalization. Two cluster mutants in the
middle of ICL-2 containing basic residuesdisplayed considerably reduced
potencies,whereastwo mutations in ICL-3 resulted in receptor conforma-
tions that were consideredto be semi-active,basedon the observation that

they responded with phosphoinositide hydrolysis to compounds normally

consideredto be antagonists. This, and the fact that a cluster mutant at
the C-terminal end of ICL-3 was signaling incompetent, hint at the involve-
ment of ICL-2 and ICL-3 in Gqqu1 activation, albeit with different func-
tions. None of the mutants displayed reduced ligand-induced receptor
internalization, indicating that the loops are not essentialfor this process.
No conclusion could be drawn, however, with regard to the role of

the DRY sequence,as the corresponding triplet mutation lacked binding

capability.

tension, increasedvascular permeability and edema,or
generation of pain via C Pbers [1]. B5R, which is
expressedconstitutively in many tissuesand cultured
cells,is a prototypical memberof family A (rhodopsinU
b-adrenergic-like receptors) of the membrane-bound

B,Rwt, bradykinin B, receptor wild-type; BK, bradykinin; CMV, cytomegalovirus; ECso half-maximal effective concentration; GPCR,G
protein-coupled receptor; GRK, G protein-coupled receptor kinase; HA, hemagglutinin; HEK 293, human embryonic kidney cells; ICL-1, ICL-2,
ICL-3, Prst, second and third intracellular loops; IP, inositol phosphate; PAO, phenylarsine oxide.
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G protein-coupled receptors (GPCRs), and has been
shown to be coupled preferably to G protein Gquaa.

Following activation, the receptor is rapidly desensi-
tized by phosphorylation of Ser(Thr residuesin its
C-terminus via the actions of protein kinase C and lr

G protein-coupled receptor kinases (GRKs) [2]. This
leads to recruitment of arrestins and sequestration of

the receptor either via clathrin-coated pits or caveolae
[3,4]. Which path is actually taken may dependon the
cell type and the receptor expressionlevels. Although

the processesof signaling and regulation of human
B.R are, in general, fairly well understood, the knowl-

edgeof the molecular basisof theseeventsat the struc-
tural level of the receptor is still very limited. For

example, it is not known which determinants in the
intracellular loops (ICLs) of the receptor are responsi-
ble for self-maintenance,for the recruitment and acti-

vation of the G protein, or for the initiation of the
desensitizationprocess(i.e. for relaying the information

to GRKs and arrestins that the receptor is in an ago-
nist-bound state and therefore is a target or a potential

interaction partner). For other family A GPCRs, all

three ICLs have beenshown to participate, in one way
or another, in either G protein activation or receptor
sequestration[5,6]. Basic and hydrophobic residuesin

the secondand third ICLs (ICL-2 and ICL-3, respec-
tively) of the muscarinic receptor were identibed as
functionally important for G protein coupling [7,8].
ICL-1 and ICL-3 play a role in the interaction of the
d-opioid receptor with Gaig [9]. A highly conserved
ProWla, found in ICL-2 of most family A GPCRs,
was demonstrated, by gain- and loss-of-function stud-
ies, to be a coupling site for arrestins [10]. Given that

this Pro is not conservedin B,R, however, other resi-
dues must play a role in the internalization processof

this receptor. For thesereasons,we decidedto system-
atically perform Ala screeningof all three ICLs of the
human B,R in order to avoid any bias with regard to

which loops or residuesmight be crucial. This unbiased
approach was also basedon the high degreeof conser-
vation of B,R sequencesn the ICLs among species,
which suggestsstructural or functional importance.

We mutated single amino acids, or clustersof three
to Pve amino acids, in all three ICLs to Ala and
expressedthe resulting 14 mutants stably and isogeni-
cally (i.e. stable integration of the receptor genesat the
same unique genelocus) in HEK 293 (human embry-
onic kidney) cells. All cloneswere examinedfor recep-
tor self-maintenance (surface expression levels),
conformation of the binding site (equilibrium dissocia-
tion constants at 4 and 37!C), signal transduction
[half-maximal effective concentration (ECsg) and maxi-
mal effect of inositol phosphate (IP) accumulation]

A. Faussner et al.

and agonist-induced receptor internalization. Our
results indicate a different function for the loops in G
protein activation: stretches in ICL-2 seem to be
responsiblefor the binding of G protein G4, and, in
ICL-3, for keepingthe receptorin an inactive state, i.e.
blocking Wegulating the productive interaction with
Gqu1 All expressedmutants were sequesteredapidly
after activation, suggestinglittle or no involvement of
the loops in the interaction with arrestins or kinases.
One possible interaction site with arrestins remains,
however, as mutation of the DRY sequenceto triple
Ala resulted in a complete loss of surface binding
activity, preventing any further investigation.

Results

Ala scanning of the ICLs of B,R

In order to identify single residuesor sequencesn the
ICLs of human B,R that play a role in receptor signal-
ing and regulation, we made systematic substitutions
of amino acidsfor Ala, either as point mutations or in
clustersof three to bveresidues,as indicated in Fig. 1.
In the prstloop (ICL-1), two group mutations (termed
constructs 11 and 1) and one point mutation
(E66A) were made. In the secondloop (ICL-2), bve
group mutations (termed constructs 2UD2AB) were
produced. In the third loop (ICL-3), Pve group muta-
tions (termed constructs 3UD3%) and one point muta-
tion (T242A) located at the C-terminal end were
generated. The amino acids mutated to Ala are listed
in Table 1 and their numbering is given in Fig. 2A. In
accordancewith Hess et al. [11], sequencenumbering
starts at the third encodedMet residue.

ICL-1 and sequences at the N-terminus of ICL-2
and at the C-terminus of ICL-3 are crucial for
receptor surface expression

All receptor constructs were stably and isogenically
expressedn HEK 293 cells. Employing the Flp-In sys-
tem (Invitrogen, Groningen, the Netherlands), the con-
structs becomeintegrated at an identical unique locus
in the genomeof the host cell. If this does not occur,
the cellsacquire no resistanceto the selectionantibiotic
hygromycin. Despite their isogenicexpression,the max-
imal receptor numbers (Bmax) Of the various constructs
differed markedly, and several receptor mutants were
expressedat signibcantly lower levels than the wild-
type B,R (termed B,Rwty = 11.0+ 0.7 pmol@ng
protein)’ 1], eventhough their expressionwas under the
control of the samecytomegalovirus (CMV) promoter
(Fig. 2A, Table 1). For this reason, we also used the
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Fig. 1. Mutated sequences in human B;R. The sequences of the ICLs, parts of the transmembrane segments (IBVIl)and the proximal C-ter-
minus containing the putative helix VIII and the palmitoylated Cys are depicted. The clusters of amino acid residues that have been mutated
to Ala are depicted as black octagons or white octagons with a black edge with the respective construct name next to them. The point
mutations E66A in the Prst loop and T242A at the end of the third loop are also indicated. The two-dimensional structure of B,R, with the
membrane border, the cytosolic extensions of the helical transmembrane domains Ill and VI, and the additional cytosolic helix VIII, is drawn
after the structure published for inactive bovine rhodopsin [25].

Table 1. [*H] binding data, and basal and BK-induced IP accumulation (NA, not applicable).

[*H]BK binding IP accumulation
Receptor Bmax> [fmol@ng K4(PAO(B7 IC) Ky(PAOW IC) Ky ratio Maximal
construct protein) 1] (nm) (nm) 37@IC  BasaP effect® ECso® (NM)
BoRwt 11.0+ 0.7 10.42 + 1.56(4) 281+ 0.7 3.7 2.02 £ 0.13(8) 12.55 + 1.00 0.79 + 0.34(4)
BoRwt, 24+03 8.05+ 1.10(5)  2.02 + 0.22 4.0 169+ 0.09(4) 1211+ 122  0.67 + 0.22(3)
1 U(CLHK) 2.3+ 03 10.18 + 0.21(3)  2.25 + 0.37 45 176+ 0.17(6)  14.18+ 1.44  1.04 + 0.21(5)
1(2(SSCT) 09+0.1 321+ 031(3) 079+ 011 41 161+ 0054) 558+009  0.43% 0.08(6)
EG66A 0.7+ 04 3.77 £ 0.67(3) 0.94 + 0.29 4.0 1.81 + 0.11(6) 6.77 £ 1.25 0.37 £ 0.07(3)
2 L'1(DRY) < 0.02 NA NA NA NA NA NA
2 (2(LALV) 53+ 0.2 2.96+ 0.74(3) 1.80+ 0.36 16 188+ 0.13(5) 10.19+ 150  2.96 + 0.28(4)
2 (B(KTMSM) 95+ 0.7 9.22+ 1.50(3)  2.80 + 0.49 3.3 149 + 007(3) 817+ 072  11.66 + 1.94(6)
2 B(GRMR) 102+ 0.3 14.19 + 1.36(3)  3.64 + 0.17 3.9 140 + 0.11(6)  9.90+ 220  11.56 + 3.02(5)
2 (B(GVR) 103+ 0.6 12.99 + 0.78(4)  4.43 + 0.57 2.9 159 + 0.14(8) 1446+ 1.10  1.33 + 0.22(5)
3W(MQVLR) 50+ 0.6 345+ 0.53(5) 1.87 + 0.45 18 172+ 0.18(5) 691+ 122  3.17+ 0.45(3)
3(NNEMQ)  11.0+ 13 9.54+ 0.90(3) 5.37+ 1.38 18 155+ 012(5)  7.37+0.86  3.12 + 0.42(5)
3(3(KFK) 4.3+ 0.7 7.93 £ 1.27(3) 2.18 + 0.37 3.6 2.05 + 0.17(4) 10.09 = 1.14 3.78 £ 0.64(4)
3UEIQ) 13.7+ 0.8 8.52+ 1.74(4) 524+ 1.07 1.6 1.87 £ 0.33(3) 1053+ 325  1.49 + 0.18(4)
3B(TERR) 0.7+ 0.0 1.63+ 0.50(3) 0.86+ 0.29 1.9 154+ 016(5) 2.07+038 NA
T242A 127+ 06 6.70 + 0.93(3)  3.38 + 0.60 2.0 193+ 007(3) 11.37+0.72 0.7 £ 0.27(4)

2 Estimated from at least three different clones in 24 wells after incubation with 200 I L of 30 nm [°H]BK on ice. ® Total IP accumulation after
30 min of incubation in buffer with inhibitors and 50 mm LiCl at 37 !C with (maximal effect) and without (basal)1 | m BK, expressed as the
fold increase of initial total IP production (t = 0 min). The results represent the mean + SEM of the number of experiments (given in paren-
theses) performed in triplicate. © Calculated from incubations in duplicate with 10’ *2910° m BK for 30 min at 37 !C in the presence of
50 mm LiCl. Results are the mean + SEM of independent experiments (number indicated in parentheses).

Flp-In systemwith a weaker promoter (Pn,,), consist-  to be antagonists, become partial agonists with high
ing of only the last 51 nucleotides of the CMV pro- BoRwt expression levels (A. Faussner et al., unpub-
moter, to obtain a distinctly lower expressionlevel lished results), indicating that high over-expression
[2.4+ 0.3pmol@ng protein) '] for B,Rwt (termed  might generatesomekind of artifact. To avoid this, we
BoRwt, ). For this construct, expressionwas similar to additionally generatedlower expressingcell lines under
that achievedfor the lower expressednutants. BoRwt_ the control of the P, promoter for some of the con-
also servedto estimatethe degreeto which the receptor  structs in ICL-3 (Fig. 2A, Plled bars) that otherwise,
expressionlevel might inBuencethe parametersunder  with the CMV promoter, displayed very high expres-
investigation. We have observedthat compounds such  sion levels(Fig. 2A, Table 1) and Oantagonist-inducible®
asicatibant and B9430, which are generally considered  signaling (not shown).
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Fig. 2. Construct expression levels. (A) Maximal surface binding of
[H]BK to conRuent monolayers of HEK 293 cells stably and isogen-
ically expressing the indicated constructs was estimated with
approximately 30 nv [°H]BK on ice, as described in Materials and
methods. The data shown are the mean + SEM of at least three
clones determined in duplicate. The positions of the amino acids
mutated to Ala are given in parentheses. Open columns, expres-
sion of the constructs under the control of the CMV promoter; Plled
columns, HA-tagged constructs under the control of the weaker
Pmin promoter. (B) Immunoblot of B,Rwt, mutant 21 and the N-
glycosylation-depcient mutant N3 12 (180H. HEK 293 cells stably
expressing high (B,Rwty) or low (B,Rwt,) amounts of HA-tagged
wild-type B,R, construct 2 or mutant N3 2 (180H were lysed in
RIPA buffer, as described in Materials and methods, and treated or
not with PNGase as indicated; 15 | g (only 5 | g of BoRwty) of pro-
tein was separated by SDSPPAGEand detected by western blot
using a monoclonal HA antibody. The relative molecular masses of
standard proteins are indicated on the left side in kilodaltons. The
blot shown is representative of two experiments.

Of the constructs with Ala substitution in the
sequence of ICL-1, cluster mutant 12 and point
mutant E66A displayed particularly low binding activ-
ity, with lessthan 7% of that obtained for B,Rwty
(Fig. 2A). Exchange of the highly conserved DRY
sequencelocated at the transition of the cytosolic
extensionof helix Il and the N-terminus of ICL-2 for
three Ala residuesresulted in a construct that did not

A. Faussner et al.

bind ligand. Figure 2B showsthe immunoblot of hem-

agglutinin (HA)-tagged mutant 21 in comparison with

those of BoRwty and BoRwt, . For both wild-type cell

lines, several bands were detected between 50 and

65 kDa with densitiesthat largely reRectedtheir rela-

tive expressionlevels,and two weaker bands at 42 and

39 kDa. Mutant 2U, in contrast, displayedonly strong

bands at 42 and 39 kDa and two weaker ones at 36

and 33 kDa. An unusual migration behavior has been
reported for BoR in SDSPPAGE[12,13]. Nevertheless,
the possibility remained that a lack of glycosylation

causedthe major bands of mutant 20 to run at, or

below, the massescalculated for the B,R amino acid

sequence (approximately 40kDa). However, as
observed for both the high- and low-expressedB,R

wild-types, the bands of mutant 2U still displayed a

clear shift to lower massesafter enzymatic deglycosyla-
tion treatment (Fig. 2B). After deglycosylation, the

major bands of construct 201 corresponded to the

mass of the N-glycosylation-debcient mutant

N3 (120180H. These results suggestthat this receptor
mutant is expressedand glycosylated, but nevertheless
is unable to reach the plasma membrane. In fact, a
fusion protein of construct 20 with enhanced green
Buorescent protein joined to the C-terminus demon-
strated strong intracellular expressionand also did not

display any specibc surface [°*H]BK binding activity

(not shown). All other constructs with mutations made
in ICL-2 were strongly expressed.The mutants made
in ICL-3 all revealedhigh expressionlevels, with the

exception of mutant 3, positioned at the C-terminus
of ICL-3, which displayed only 6% of that obtained

for BoRwty.

Theseresults demonstrate that the ICLs, in particu-
lar ICL-1, the conservedDRY sequenceat the N-ter-
minus of ICL-2 and the C-terminus of ICL-3, play a
crucial role in the self-maintenanceof the receptor,
and that small changesin amino acid composition of
the sequencescan signibcantly affect the number of
receptors reaching the cell surface. So far, however,
our data allow no conclusion to be drawn (except for
construct 211) on the causeof the different expression
levelsobserved.

Mutations in ICLs affect the receptor ligand
binding site

The receptor equilibrium binding afPnity (Kq) ref3ects
the conformation of the extracellular ligand binding
site. Differences in the afpnities displayed by the
expressednutant constructs may therefore indicate dif-
ferent preferencesin coupling to intracellular proteins,
such as G proteins, arrestins or receptor kinases,

FEBS Journal (2009) » 2009 The Authors Journal compilation » 2009 FEBS
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becausesuch interactions can also affect the overall

receptor conformation, including the binding site.

Most GPCRs respondto an agonist at higher tempera-
tures with receptor sequestration. As a consequence,
Kg values are usually determined either in intact cells
on ice or at a suitable temperature (4b37!C) in whole-

cell lysatesor membrane preparations. One disadvan-
tage of the former approach is that receptors barely

signal at 4 !'C. By contrast, a disadvantageof the latter

approach is that interacting proteins that become
recruited from the cytosol after receptor activation

may either be too diluted (whole-cell lysates)or be no

longer presentat all (membrane preparations). There-

fore, as an alternative, we have establisheda method

[14] whereby, through the inhibition of receptor

sequestrationby pretreatment of the cells with pheny-

larsine oxide (PAQO), we can determine the K4 value at

37!C (and at 4 !C) in whole intact cellswith all cyto-

solic proteins present.

At 37!1C, B,Rwt, displayed an afpnity for [°H]BK
of 8.05+ 1.10nm. This was increased to 2.02+
0.22nm (n = 5) when incubations were performed on
ice, corresponding to an approximately four-fold
increasein afbnity (Fig. 3, Table 1). A similar pattern
was seen for B,Rwty, although both afpnities were

Ala screening of intracellular loops of the B, receptor

respectively). Mutants 112 and E66A showed a higher
afbnity than B,Rwt, at 37!C (3.21+ 0.31 and
3.77+ 0.67 nm, respectively),but also showed a four-
fold shift to higher afpnity when incubated on ice
(0.79+ 0.11 and 0.94+ 0.29nm, respectively), thus
retaining their higher afPnity relative to B,Rwt at both
temperatures. In contrast, mutant 2(2 in ICL-2 dis-
played a high afbnity at 37 ! C, but exhibited almost no
shift to higher afPnity on ice (2.96+ 0.74nmat 37!C
versus 1.8+ 0.36nm at 4!C), suggestingthat this
mutant is in a high-afpnity state at 37 !C. The other
mutants in ICL-2 displayed afPnity increasesat 4 !C
relative to 37 !C that were similar to those observedfor
BoRwt (Fig. 3).

With the exception of mutant 33, all constructs
generated in ICL-3 displayed a binding behavior
clearly different from that of B,Rwt. Although the
mutations located in the middle of ICL-3 (constructs
32 and 34) and T242A showed afbnities at 37!C
that were similar to those determined for Bo,Rwt, they
did not respondto incubation at 4 !C with an increase
in afPnity as pronounced as that seenfor B,Rwt, dis-
playing a shift of lessthan two-fold. The constructs at
either the N-terminal (mutant 30) or C-terminal
(mutant 3U) end of ICL-3 exhibited a high afbnity at

slightly lower (10.42+ 1.56 and 2.81+ 0.7 nm, 37!C andat 4!C (Fig. 3, Table 1).
A B
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Fig. 3. Equilibrium dissociation constants Ky o
at 37 and 4 ! C. Binding of [°*H]BK (0.018 * v *ﬁ*
30 nm) to HEK 293 cells stably expressing 104 @ *% *g ns 2 * ns
the indicated constructs was determined at ] ¥ § § @ *
37 and 4 ! C after inhibition of receptor % E 5
sequestration by pretreatment of the cells = % % ns v i *%
with 100 | m PAO, as described in Materials A=) E A % E § I
and methods. Two representative binding 3 ¥ E E ns
curves are shown: (A) construct 1 ; (B) E E
construct 2 (2. (C) Ky values of all constructs
as mean + SEM of at least three experi- 14 I f
ments (results also given in Table 1). Open
symbols, Ky values at 37 ! C; blled symbols,
Kg values at 4 ! C. Note the logarithmic scale C

of the y-axis. Comparison between Ky val-
ues at 37 and 4 !C: *P < 0.05; ** P < 0.01;
*** P < 0.001; ns, not signibcant.
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Ala screening of intracellular loops of the B, receptor

As thesedifferencesin binding afPnity could not be
causedby a direct effect of the mutations on [°H]BK
binding, they must be induced allosterically through
changesin the overall structure of the receptor. Thus,
these data demonstrate the connection between the
structure of ICLs and that of the binding site, implying
reciprocally that changesat the binding site through
binding of an (inverse) agonist could also induce con-
formational changesin the ICLs, asrequired for signal
transduction.

Basal activity and stimulated accumulation of IPs

Stimulation of B,Rwt leadsto activation of phospho-
lipase C via G protein Gq 4, resulting in the releaseof
inositol trisphosphate.In order to determinethe effects
of the loop mutations on the interaction of the recep-
tor with Gqu1, we measuredthe accumulation of IPs
in the presenceof 50 mm LiCl with and without stimu-
lation by BK for 30 min. The fact that some of the
mutants did not show a strong differencein their afpn-
ities at 37 and 4!C (see Fig. 3) suggeststhat they

A. Faussner et al.

might be in a permanently higher afpnity state, i.e.
have a semi-active conformation. If so, they could
either exhibit a higher basal activity or display a strong
signal in responseto even poor partial agonists. As
mentioned previously, the pseudopeptides icatibant
(also known as Hoel40 or Je049) and B9430 were
partial agonistsat B,Rwty, but were not able to elicit
an IP responsewhen the receptorswere expressedat a
lower level, comparable with B,Rwt, (Fig. 4). Thus,
these drugs provide a tool for the identibcation of
semi-activemutants, provided that theseconstructs are
expressedat lower levels.To meetthis requirement, we
expressedthe constructs also under the control of the
weaker P, promoter, in casewe observeda response
to B9430and icatibant at expressionlevelshigher than
7 pmol receptor®@ng protein)’ X. As this was the case
for the constructs 312, 34 and T242A (data not
shown), we usedthem for IP experimentsat the lower
expressionlevels,as depictedin Fig. 2A.
The activation of most constructs by 11 m BK

induced an 8b15-fold increase over basal IP, deter-
mined as the amount of IP in cells kept on ice (Fig. 4,
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open columns; Table 1). In our experimental set-up,
there appears to be no direct linear correlation
between the induced accumulation of IPs and the
amount of expressedeceptors,as demonstratedby the
exampleof B,Rwt (seeTable 1), where an almost bve-
fold higher expressionof surfacereceptors[11.0 versus
2.4 pmol®mg protein)’ !] did not result in a signiP-
cantly higher IP response (12.55+ 1.00-fold versus
12.11+ 1.22-fold over the basal level). This suggests
that, at theselevels,the receptor number is not limiting
for the maximal response,and that most of the over-
expressedreceptors are not directly coupled to signal
transduction. To avoid an over-interpretation of the
data, we attempted only a semi-quantitative evaluation
of the IP data. Some results, however, require some
comment. For example, all mutants made in ICL-1
(14, 12, E66A) had an apparently strong signal rela-
tive to their expressionlevel, particularly mutant 12
and point mutant E66A. A similar signal, however,
was obtained when an inducible B,Rwt was expressed
at the samelow levelsusing the Flp-In U'rex expression
system (A. Faussner et al., unpublished results). In
contrast, mutant 3, which expressedat the samelow
levels, showed almost no responseat all, suggesting
a pivotal role for this sequence(or part of it) in the
coupling to andWr activation of Gquar

When stimulated with 11 m of the partial agonists
B9430 and icatibant, most of the mutants did not
respond with increasedIP accumulation. However, in
two mutants in ICL-3 (34 and T242A), exposure to
these compounds resulted in a signibPcant increasein
accumulated IPs (Fig. 4), suggestingthat these muta-
tions result in a semi-active receptor conformation

Ala screening of intracellular loops of the B, receptor

with regard to Gggui activation. The mutated
sequencestherefore apparently contribute to keeping
the receptor in an inactive state, but are not solely
responsiblefor regulating the activation state, as none
of these mutations resulted in increased basal, ago-
nist-independent activity of the receptor (Fig. 4,
Table 1).

ECso of IP accumulation

There was no signibcantdifference in the ECsq values
obtained with BoRwt expressedat two different levels,
demonstrating that, at these levels, the efpciency of
BK is independentof the number of receptors (Fig. 5,
Table 1). In all the mutants made in ICL-1, BK dis-
played efbcienciessimilar (1) or apparently even
higher (12, E66A) than those observedin B,Rwt, in
agreementwith their higher binding afpnitiesat 37!C
(seeFig. 3).

Of the constructs generatedin ICL-2, mutants 23
and 24 showed a strongly increased ECso value
(approximately 15-fold) when compared with B,Rwt
(Fig. 5, Table 1). As theseconstructsdisplayed maximal
responsessimilar to that of BoRwt (seeFig. 4), these
results indicate that constructs 2 and 24 display
weakercoupling of G4 4, but do not lack in generalthe
ability to fully activatethe G protein.

All cluster mutations of ICL-3, but not point muta-
tion T242A, exhibited a tendencyto reducedefbciency,
but this failed to achieve statistical signibPcance.These
results, combined with the lower maximal responses
(Fig. 4), suggestthat the sequencesat the N-terminus
and in the middle of ICL-3 may participate in the

WT

10

Fig. 5. EC50 values of IP accumulation.
Cells were treated and incubated as
described in the legend of Fig. 4 with
increasing concentrations of BK

(10 12p10 ° wm) for 30 min at 37 IC, and the
determination of total IPs was performed as T
described in Materials and methods. ECy is
given as the mean + SEM of the number of
experiments indicated in Table 1. Note the

=

i

01—+

Inositol phosphate accumulation
(ECsq [nM])

ICL-1 ICL-2

*kk

ICL-3

*kk

L

logarithmic scale of the y-axis. Comparison
with ECsq values of both high and low
B,Rwt: *** P < 0.001.

B,Rwt
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coupling and activation of G411. As a result of its lack
of activity, no ECsg value could be obtained for
mutant 3.

Internalization of [*H]BK

After stimulation, most GPCRs, including B,Rwt,

become sequesteredto compartments within the cell.
Recent publications have indicated that the ICLs of
GPCRs might not only be involved in the interaction
with their cognate G proteins, but may also serve,
together with (phosphorylated) Ser0hr residuesin the
C-terminal tail, as contact sites for arrestins and
GRKs. Thus, theseloops may also contribute to recep-
tor internalization [10,15]. In addition, diminished or
increased ability to interact with the cognate G pro-
tein(s), or a changedcapability to activate them, might
also affect this processthrough steric hindrance. There-
fore, we also examined the capabilities of the various
constructsto internalize [°H]BK. Having demonstrated
recently that the internalization decreaseswhen too

many receptorsare occupiedin cellswith high receptor
expression[16], we took careto usenonsaturating con-
centrations of lessthan 2 nm [°H]BK. Under thesecon-
ditions, none of the constructs exhibited signibcantly
slower internalization than that observed for B,Rwt

(Fig. 6). This suggeststhat the amino acid residues
involved are not of pivotal signibPcancefor internaliza-
tion. As a result of its lack of surface binding activity,

no results could be obtained for mutant 2, i.e. partic-

ipation of the highly conservedDRY sequencein the
internalization processcannot be excludedby our data.

Discussion

The goal of the presentstudy was to identify residues
and regionsin the intracellular domains of human B,R
that play a major role in its signal transduction and
sequestration processesb specibcally, regions that are
involved in interactions with G proteins, receptor kin-
asesor arrestins. To this end, and in order to avoid
any bias by focusing only on highly conservedresi-
dues, we set out to systematically mutate all three
ICLs. To reducethe amount of constructs, we started
with the generation of 12 cluster mutations (three to
bve amino acids) and two point mutants. Our use
of the FIp-In system (Invitrogen) guaranteed stable
isogenic expression,and thus allowed direct compari-
son of the expressionlevels of the various constructs
without having to take into account a possible differ-
ent insertion into the genome of the host cell line
affecting the expressionlevel per se In total, only one
mutant (construct 21) of the 14 constructs displayed
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Fig. 6. Internalization of [°H]BK. Cells expressing B,Rwt or the indi-
cated receptor constructs were preincubated with 2 nm [°H]BK for
90 min on ice. Internalization was started by warming the plates to
37 !IC in a water bath. At the given time points, surface-bound and
internalized [°H]BK were determined by acetic acid treatment, as
described in Materials and methods. Internalization is given as a
percentage of total bound [?H]BK (surface plus internalized [°H]BK).
Data points represent the mean + SEM of at least three experi-
ments performed in duplicate or triplicate.

no binding activity at all; severalothers exhibited low
expression,but still signaledwell, and only one mutant
(construct 3U) did not signal at all, despite detectable
binding.
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All mutations in ICL-1 resultedin a strong decrease
in binding without affecting either receptor signaling
or sequestration. These results are in agreementwith
reports on rat B,R [17] as well as rhodopsin [18],
indicating that ICL-1 forms a tight bend, the distur-
bance of which strongly affects the receptor expression
level. Thus, ICL-1 is important for the maintenanceof
the overall receptor structure and stability, but is
apparently of no functional importance otherwise.
Regionsin ICL-2 and ICL-3 appearto play a substan-
tial role in the correct processingand trafpcking of the
receptor, as demonstrated by the overall lower surface
expression levels of the mutants generated in these
loops. Constructs 30 and 2U, in particular, displayed
little or no surfacebinding, respectively.Each of these
two regions includes negatively and positively charged
amino acids that might be crucial for correct folding.
Of particular interest are the two residues R128 in
sequence2 and E238 in sequence3 (Figs 1 and 7)
that are highly conservedin many family A GPCRs. It
has beenpostulated that they form an OQionidockOthat
upholds the inactive state of the receptor by stabilizing
it [19]. A similar stabilizing role in B,R might explain
why mutation of the regions containing theseresidues
strongly affects surface expression.

Our results indicate that ICL-2 and ICL-3 are
strongly involved in the interaction with Gqai, but in
different ways. Mutations in ICL-2 resultedin a clear
reduction in signaling potency (more than 10-fold), but
not in a signibcantly reduced maximal response,sug-
gesting that the sequencesmutated participate in the
coupling to G but not in its activation. The notion
of impaired coupling of ICL-2 mutants is also sup-
ported by the fact that, despite their high expression
levels, mutants 2BD2% could not be activated by
B9430 or icatibant, in contrast with BoRwty. In addi-
tion, they also displayed the lowest basal activities of
all constructs, hinting at an inverse agonistic effect of
thesemutations regarding the activation of Gq1. The
cluster mutation 3@ and point mutation T242A in
ICL-3, in contrast, resulted in semi-active receptor
conformations, as these expressedconstructs gave a
clear responseto theseotherwise poor partial agonists.
Our observation that semi-activeconformations do not
necessarily result in increased basal activity (Fig. 4)
has also been reported for bovine rhodopsin, where
the mutation of Tyr to Ala in the highly conserved
NPXXY sequencedid not result in increased basal
activity, but turned a poor agonist into a potent one
[20].

Looking at the afpnities of the mutants at 37 and
41C, only three constructs (11, 23 and 33) showed
binding characteristicscomparable with those observed
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for BoRwt. All other mutants differed signibcantly at
either 4 or 37!C, demonstrating that mutations in
ICLs also affect the conformation of the extracellular
binding site. Whether these different Ky values are
inherent properties of the mutants causedby a change
in the overall receptor conformation, or ref3ect modi-
Ped interactions with cytosolic proteins stabilizing
certain receptor conformers, will require further study.
A strong reduction in the afbnity shift [Kq(37!C)U
Kq(4 'C) £ 2] apparently points to a semi-activerecep-
tor conformation, astwo constructs with a weak afPn-
ity shift (34 and T242A; Fig. 3, Table 1) responded
well to poor partial agonistswith the accumulation of
IPs (Fig. 4). This indicates a role for the respective
sequencesin maintaining the receptor in an inactive
state and preventing unwanted interaction and activa-
tion of Ggqua. Intriguingly, homology modeling of
B,Rwt using the Expasy Proteomics Server software
deep view, employing the structure of inactive rhodop-
sin (Protein Data Bank accesscode PDB 1U19) as a
template, resulted in a three-dimensionalstructure that
displayed the regions relevant for semi-activity clearly
separated from those related to potency reduction
(Fig. 7). Theselatter sequenceypes, such as the muta-
tions in constructs 24 and 2, apparently contribute
to the coupling of the receptorto G protein Gqai. A
look at the acidic, negatively chargedsurfaceof G pro-
tein heterotrimers [21] might explain these results.
These regions contain positively charged residues
(K134 in 28 and R1400R142 in 24), whereas one
mutation resulting in a semi-active conformation is
missing a negative charge (E234 in 34) that might
serve to repel, to a certain degree, the negatively
chargedG proteins in the inactive state.

Although a role of ICLs in receptor internalization
has been reported for other family A GPCRs [10,22],
no signibcant differences were observed between
Bo,Rwt and the loop mutants regarding their internali-
zation of [*H]BK. Theseresults are consistentwith our
previous observation that the intracellular C-terminus
is crucial for ligand-induced receptor internalization
[23]. Swapping the C-terminal tails betweenB;R and
B.R was sufbcientto transfer the capability to undergo
rapid ligand-induced receptor internalization to B;R, a
receptor which, in its wild-type state, doesnot become
internalized in responseto agonist stimulation [24].
However, we cannot exclude the possibility that the
effects of the mutations on interactions with either
receptor kinases or arrestins were not sufbciently
strong to be detectedunder the conditions used. Alter-
natively, it is possiblethat the region pivotal for these
interactions is the DRY sequencethat could not be
investigatedin this regard, becauseof a lack of surface
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binding of the triple mutant. Results with the CXCR5
receptor do, indeed, suggestbinding of arrestinsto the
region of the DRY sequence[15]. The fact that con-
struct 3B has minimal capacity to stimulate Gqu1
(Fig. 4), but nevertheless becomes sequestered as
quickly as B,Rwt (Fig. 6), indicates that G protein
activation and receptor internalization are two inde-
pendent processes,i.e. sequestration of the receptor
is not a consequenceof a prior activation of the G
protein.

In summary, our results show that changesin ICL-1
strongly affect receptor surface expression, but not
receptor signaling or receptor sequestration. Even
more important for receptor maintenance are the
DRY sequenceat the N-terminus of ICL-2 and the
TERR sequenceat the C-terminus of ICL-3, as cluster
mutations here complete abolish (construct 2) or
strongly reduce (construct 3) surfacereceptor expres-
sion. Both ICL-2 and ICL-3 are involved in the inter-
action with G protein Gquq, but in different ways.
Sequencesn ICL-2 apparently contribute more to the
coupling, and regions in ICL-3 preferentially to the
activation, of Gqui. None of the three ICLs appears
to have a crucial function in the sequestrationprocess,
i.e. in the interaction with receptor kinases andr
arrestins, with the caveat that, as a result of experi-
mental reasons, no conclusion can yet be drawn on
the role of the highly conservedDRY sequenceat the
N-terminus of ICL-2. Our results obtained with the
cluster mutations indicate that certain sequenceseed
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Fig. 7. Position of mutations and annotation
of their effects in a computational model of
B.R as seen from the cytosol. The structure
was generated with SWISS-model [26]
based on the crystal structure of bovine rho-
dopsin in its inactive form (PDB 1U19A
[27]). Dark blue, cytosolic ends of the seven
transmembrane helices IBVIland cytosolic
helix VIII; point and cluster mutants are
depicted in black and white, as also shown
in Fig. 1 (only a-carbon chain, no side-chains
shown, with the exception of R128 in blue
and E238 in red); grey, amino acids not
mutated outside of helices; green boxes,
effect of indicated mutations on receptor
properties.

to be investigatedin more detail, and will therefore be
targeted in future studies for the generation of point
mutants.

Materials and methods
Materials
Flp-In!  TREx-293 (HEK 293) cells were obtained from

Invitrogen. [2,3-Prolyl-3,4°H]BK (2.96 TBq@mol %) and
myo-[2-H]inositol (0.81 TBq&mol *) were obtained from
PerkinElmer Life Sciences(Boston, MA, USA). BK was
purchasedfrom Bachem (Heidelberg, Germany). B9430and
icatibant were generousgifts from J. Stewart (Denver, CO,
USA) and Jerini (Berlin, Germany), respectively. Roche
(Mannheim, Germany) delivered Fugene. Poly-d-lysine,
captopril, 1,10-phenanthroline and bacitracin were pur-
chased from Aldrich (Taufkirchen, Germany). Fetal calf
serum, culture media, hygromycin B and penicillin trepto-
mycin were obtained from PAA Laboratories (Cotbe,
Germany). Primers were synthesized by Invitrogen and
delivered desaltedand lyophilized.

Gene mutagenesis, expression and cell culture

Standard PCR techniques with primers designed accord-
ingly and the B,Rwt geneastemplate were usedto generate
point- or cluster-mutated versions of B,Rwt. In each case,
successfulmutation was veribed by sequencing(Medigeno-
mix, Martinsried, Germany). The coding sequences of
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B-oRwt and all mutants started with the third encodedMet
[11], and were cloned into the Hindlll and Xhol sitesof the
pcDNAS5 FRT vector (Invitrogen). Most of the receptor
sequencewvere precededat the N-terminus by a double tag
(MGRSHHHHHHGYPYDVPDYAGS), with the last two
amino acids (Gly-Ser) of the tag being generated by the
insertion of a BamHI site. A few constructs were tagged
with a single HA tag (MGYPYDVPDYAGS) wherever
indicated. The nature of the tags did not inBuencethe phar-
macological properties of the constructs. For stable expres-
sion of the constructs, we used the Flp-In system from
Invitrogen, in which the vector containing the geneof inter-
estis inserted at a unique locus into the genomeof the spe-
cial host cell line Flp-In! TREx-293 (HEK 293) through
the transient concomitant expression of the recombinase
pOG44. HEK 293 cells, cultivated in DMEM  supplemented
with 10% fetal calf serumand penicillin treptomycin, were
transfected using the transfection reagent Fugene (Roche)
following the instructions of the manufacturer. Single stably
expressingclones resulted after selectionwith 2501 g@nlL) *
hygromycin B. For experimentsrequiring repeated rinsing
of the cells, poly-d-lysine-treated (0.01% in NaCl ) cell
culture disheswere usedto ensureadherence.

Equilibrium binding experiments at 37 and 4 "C

For the determination of the equilibrium binding afpnity
constant K4 at 4"C and, in particular, at 37"C, receptor
sequestration was inhibited by pretreatment of the cell
monolayers in 48 wells with 1001 m PAO in incubation
buffer (40 mm Pipes, 109 mm NaCl, 5 mm KCI, 0.1% glu-
cose, 0.05% BSA, 2 mm CaCl,, 1 mm MgCl,, pH 7.4) for
5 min at 37 "C, as published previously [14]. Thereafter, the
cells were rinsed three times with ice-cold NaCl ®;, 0.2 mL
of incubation buffer with degradation inhibitors (2 mm baci-
tracin, 0.8 mm 1,10-phenanthroline and 1001 m captopril)
containing increasing concentrations of [°H]BK (from
approximately 0.01to 30 nm) was added and the cells were
immediately warmed to 37"C in a water bath. For the
determination of the afpnitiesat 37 "C, the incubation was
stopped after 30 min by placing the trays on ice and rinsing
the cells four times with ice-cold NaCl WP,. Surface-bound
[PHIBK (> 95% of totally bound radioactivity in cells pre-
treated with PAO) was dissociatedby a 10 min incubation
with 0.2 mL of an ice-cold dissociation solution (0.2 m ace-
tic acidb0.5m NaCl, pH 2.7), transferred to a scintillation
vial and counted in a b-counter after the addition of scintil-
lation Ruid. For determination of the afPnitiesat 4 "C, the
initial 30 min incubation at 37 "C was followed by an addi-
tional incubation on ice. After 90 min, thesecells were also
rinsed with ice-cold NaCl P; and [°H]BK binding was mea-
sured as described above. Nonspecibc binding was deter-
mined in the presence of 51 m of unlabeled BK and
subtracted from the total binding determined with [°H]BK
alone to calculate the specibcbinding.
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Determination of total IP release

Monolayers of stably transfectedHEK 293 cellson 12 wells
were incubated overnight with 0.5mL complete medium
containing 1 | Ci [*HJinositol@L’ . The cells were washed
twice with NaCl P, and pre-incubated for 90 min on ice in
incubation buffer supplementedwith 50 mm LiCl with or
without the addition of increasing concentrations (10’ D
10 ® m) of BK. Stimulation was started by placing the cells
in a water bath at 37"C and continued for 30 min. The
accumulation of total IPs was terminated by exchanging
the buffer for 0.75mL of ice-cold 20 mm formic acid solu-
tion. After 30 min on ice, another 0.75mL of formic acid
solution, followed by 0.2 mL of a 3% ammonium hydrox-
ide solution, were added. The mixture was applied to AG
1-X8 anion exchangecolumns (Biorad, Munich, Germany;
2 mL volume). The columns were washed with 1 mL of
1.8% ammonium hydroxide and 9 mL of 60 mm sodium
formate B mm tetraborate buffer, followed by 0.5mL of
4 m ammonium formate .2 m formic acid. Total IPs were
Pnally eluted in 2 mL of the latter buffer and counted in a
b-counter after the addition of scintillation liquid.

Immunoblotting

Monolayers in six-well trays were washedthree times with
NaCl P, and solubilized in RIPA buffer (50 mm Tris UHCI,
150 mm NacCl, 1% Nonidet P-40, 0.5% sodium deoxycho-
late, 0.1% SDS,2 mm EDTA, pH 7.5)including 0.5 mm Pe-
fabloc SC and 10| m eachof 1,10-phenathroline,aprotinin,
leupeptin and pepstatin A for 30 min at 4 "C with gentle
agitation. The lysatewas centrifuged at 6240g for 15 min at
4 "C. The supernatant (protein concentration, ! 1 mg@nL’ %)
was treated with PNGase (Roche, Mannheim, Germany)
for 2 h at 37"C as indicated, mixed with Laemmli buffer
and incubated for 10 min at 70 "C. Following electrophore-
sis (! 151 g total protein per lane unless stated otherwise)
on 4D12% SDSbpolyacrylamidegels, the fractionated pro-
teins were electroblotted onto 0.451 m nitrocellulose. The
membranewas blocked for 1 h at 4 "C with 5% milk pow-
der in washing buffer (Tris-buffered saline, pH 7.5, 0.1%
Tween 20), and incubated overnight with primary anti-HA
high-afpnity IgG (1 : 2000) added in fresh blocking buffer.
After washing the membrane three times, each for 10 min,
the secondary peroxidase-labeledanti-rat Ig (1 : 2000) was
added for 1 h at room temperature in blocking buffer.
Finally, the membrane was washedagain three times, each
for 10 min, before antibody binding was detectedusing wes-
tern blot ChemiluminescenceReagent Plus (Perkin-Elmer
Life SciencesBoston, MA, USA).

[*H]BK internalization

Cells on multiwell plates (24 well48 well) were rinsed
three times with NaCl P, and incubated with 0.2mL of
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approximately 2 nm [*H]BK in incubation buffer for
90 min on ice in order to obtain equilibrium binding.
[*H]BK internalization was started by placing the plates in
a water bath at 37!C. The internalization process was
stopped at the indicated times by putting the plates back
on ice and washing the cells four times with ice-cold
NaCl (.. Subsequently,surface-bound [*H]BK was dissoci-
ated by incubating the cell monolayers for 10 min with
0.2mL of ice-cold dissociation solution. The remaining
monolayer with internalized [°*H]BK was lysedin 0.2 mL of
0.3m NaOH and transferred with another 0.2 mL water to
a scintillation vial. The radioactivity of both sampleswas
determinedin a b-counter after the addition of scintillation
Buid. Nonreceptor-mediated [*H]BK surface binding and
internalization were determined in the presenceof 51m
unlabeled BK and subtracted from total binding to calcu-
late the specibcvalues. Internalization was expressedas the
amount of internalized [°*H]BK as a percentageof the com-
bined amounts of internalized and surface-bound[*H]BK.

Protein determination

Total protein was quantiPed with the Micro BCA Protein
assayreagent kit from Pierce (Rockford, IL, USA) using
BSA as standard.

Data analysis

All data analysiswas performed using graphpad prism for
Macintosh, Version 4.0c (GraphPad Software, Inc., San
Diego, CA, USA). Data were assessethy appropriate analy-
sis of variance (ANOVA), with subsequentpost hoc analysis
using the StudentbNewmanbKeulsest. Alternatively, paired
t-testswere usedasindicated.
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