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1. UVOD

Jednim z vyznamnych objevi, jez v poslednim desetileti ovlivnily nové sméry
vyzkumu mechanizmi nocicepce a bolesti, byla molekularni identifikace vaniloidniho
receptoru TRPV1. Tento membranovy protein je pfevazné exprimovan na perifernich
zakoncenich nékterych nemyelinizovanych a slabé myelinizovanych primarnich
aferentnich vlédken, vjejichz plazmatickych membranach vytvaii neselektivni
kationtové  kandly, které lze specificky aktivovat kapsaicinem, zvySenim teploty
piekracujici fyziologicky prah 43 °C a slabymi kyselinami. Aktivita TRPV1 receptoru,
jehoz fyziologick4 tiloha byla prokézdna ptedevsim v souvislosti se vznikem tepelné
hyperalgezie, se vyznamné zvySuje v pfitomnosti mediatori zanétu (bradykinin,
serotonin, prostaglandin aj.). Pfestoze je molekularni struktura TRPV1 zndma jiz od
roku 1997, jsou v souCasné dob¢ zatim popsany jen nckteré mechanizmy, které se
uplatiiuji v procesech jeho aktivace a senzitizace. Tyto poznatky zatim vedly k vyvoji
sofistikovanych ligandi strukturdlné piibuznych kapsaicinu, latky, kterd je jiz
odnepaméti vyuzivana k 1é¢bé nekterych bolestivych stavi.

Usili, s jakym byly v uplynulém desetileti analyzovany funkéni vlastnosti TRPV 1
receptoru a jejich souvislost s molekularni strukturou, nema v dé&jinach biologickych a
l1ékatskych véd obdoby (Nilius et al., 2007). Vyzkum, jenz byl pfedev§im motivovan
snahou nalézt nové u¢innéjsi latky pro 1é¢bu bolesti, vedl k objevu dalSich receptort,
které¢ se podobné jako TRPV1 mohou uplatiiovat v procesech spojenych s pifenosem
bolestivych podnéti na primdrnich nociceptivnich neuronech savct.

Pii souCasném stavu poznani je vSak obtizné predvidat, kolik odlisnych
receptorové fizenych iontovych kandld se podili na nocicepci a na vzniku chronické
bolesti. Je vSak ziejmé, Ze tyto receptory, jeZ jsou soucasti plazmatickych membran
primarnich polymodalnich nociceptorti, jsou aktivovany podnéty riznych modalit, které
vyvolavaji bolest u lidi. Vyfazeni jejich funkéniho genu u experimentalnich zvitat vede
ke snizenému vnimani tepelnych a chemickych podnétt.

Predlozena dizertaéni prace se zabyva mechanizmy, které se uplatiuji pfi
modulaci aktivity TRPV1 receptoru, shrnuje dil¢i poznatky o vztahu struktury a funkce
TRPV1 iontového kandlu, uvadi nové vysledky, tykajici se desenzitizace TRPVI
zavislé na véapniku a pokousi se uvést tyto poznatky do souvislosti se strukturalné-

funk¢énimi vlastnostmi jinych TRP receptorti homolognich k TRPV1 receptoru.
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2. LITERARNI PREHLED

2.1 Vaniloidni (kapsaicinovy) receptor - iontovy kanal aktivovany

podnéty, jeZ vyvolavaji u ¢lovéka bolest

Mechanizmy zajist'ujici vnimani bolesti jsou spolu s dal§imi organy smyslového
Citi soucasti senzorického systému, ktery informuje zivo€ichy o aktudlnim stavu
zevniho prostiedi a umoziuje jim tak celit pfipadnému nebezpeci v jejich okoli. Na
mnoha experimentalnich modelech bylo prokazano, ze obranné reakce podobné tém,
kter¢ jsou u cCloveéka provazeny bolesti, vykazuji vSichni Zzivo¢ichové vcetné
bezobratlych, jako jsou napt. hmyz nebo Cervi. Jde zfejmé o vyvojové nejstarSi obranny
mechanizmus, ktery hraje nezastupitelnou tlohu z hlediska zachovani Zivota a integrity
vnitiniho prostfedi zivo¢ichl. Bolest mize ¢loveék vnimat riznou mérou, ale vzdy jde o
nepiijemny pocit, ktery snizuje kvalitu zivota nebo je s nim dokonce neslucitelny.
Odpradavna je proto vynakladano velké usili porozumét nervovym mechanizmim
pfenosu podnéti, které vyvolavaji u clovéka bolest, zejména z hlediska vyhleddvani
novych farmakologickych pfistupi, kterymi by bylo mozné 1é€it bolestivé stavy.

Mnoho cennych informaci o mechanizmech pifenosu bolestivych podnéti bylo
v prib¢hu druhé poloviny 20. stoleti ziskano na neuronech izolovanych z ganglii
zadnich kofeni miSnich (DRG neuronil) a trigeminalnich ganglii (pro piehled viz.
(Szallasi et al., 1999)). Postupné se prokazalo, Ze citlivost ke kapsaicinu je zvlastni
vlastnosti neuront vykazujicich nocicepcni charakteristiku a také se dalo predpokladat,
ze pro tuto exogenni latku existuji specifické receptory. Ukézalo se, ze citlivost ke
kapsaicinu a dalSim palivym vaniloidim souvisi s citlivosti neuront k fad¢ dalSich
algogennich latek (Vyklicky et al., 1998) a k teplotam piesahujicim fyziologické
hodnoty (Cesare and McNaughton, 1996).

Jednim z vyznamnych objevll, jez vyrazn¢ poznamenaly nejnovejsi smeéry
vyzkumu mechanizmi nocicepce a bolesti, byla molekularni identifikace vaniloidniho
(kapsaicinového) receptoru (Caterina et al., 1997). Molekularné genetickymi metodami
zalozenymi na principu PCR (polymerazové fetézové reakce) se z rozsahlé knihovny
komplementarni DNA (cDNA) izolované z neuront ganglii zadnich kofenii miSnich

podafilo identifikovat cDNA kodujici kapsaicinovy receptor na zdkladé jeho



charakteristické vysoké propustnosti pro vapnik. Bunky transfekované jednotlivymi
klony ¢cDNA byly oznaceny fluorescencné a jako pozitivni byl vybran klon, ktery pii
aplikaci kapsaicinu vyvolal vyrazné zvySeni koncentrace véapniku uvnitt buiky.
Naklonovany receptor byl oznacen jako vaniloidni receptor podtypu 1 (VR1). Izolace
genu vaniloidniho receptoru a jeho transfekce do nedrazdivych bunék, jako jsou napf.
oocyty drapatky (Xenopus laevis) nebo bunky izolované z ledvin lidskych embryi
(HEK293) péstované v podminkach tkanovych kultur, umoznila ziskavat nové poznatky

o struktufe a fyziologické funkci tohoto receptoru.

2.1.1 Distribuce TRPV1 receptoru

Pivodni vazebné studie vyuzivajici radioaktivné znaleny reziniferatoxin
prokézaly ptitomnost TRPV1 receptoru pouze na DRG neuronech a na neuronech
trigemindlnich ganglii (Szallasi et al., 1999). Pozdé&ji se podafilo dostatecné citlivymi
detekénimi metodami prokazat, ze pomérné velka distribuce TRPV1 muze existovat v
mozkové kiife, mozecku 1 riznych subkortikalnich strukturdch, preoptické casti
hypotalamu, retikularni formaci a ventralnim talamu (Acs et al., 1996) (Mezey et al.,
2000). Velky vyznam pro pochopeni fyziologické ulohy TRPV1 receptoru mély studie
na mySich, u nichz byl genetickou manipulaci vyfazen funkéni gen pro koédovani
TRPVI receptoru (Caterina et al., 2000; Davis et al., 2000). Tato ,,knock out* zvifata
(TRPV 1)) zcela ztratila citlivost ke kapsaicinu a nevyvinula se u nich precitlivélost na
tepelné podnéty pfi experimentdlné navozeném mistnim zanétu (tepelna hyperalgezie).
Reakce na bolestivé mechanické podnéty byly vSak nezménény, coz naznacilo, Ze
TRPV1 na primarnich nociceptorech nehraje tlohu mechanosenzitivniho iontového
kandlu. Z uvedenych studii vSak bylo také zfejmé, Ze ,knock out“ si zachoval
piekvapivé normalni reakci zvifat na nocicepéni teplo,coz znamena, zZe musi existovat
jeste jiné iontové kandly, které se ucastni nocicep¢niho pienosu teplotni signalizace.

Imunohistochemickymi a autoradiografickymi vazebnymi studiemi
porovnavajicimi kontrolni zvifata a experimentdlni mysi s vyfazenym funk¢énim genem
pro TRPV1 receptor byla jednoznacné prokazana exprese funkénich TRPV1 receptorii
napf. na télech a dendritech neurontl, astrocytech a perivaskuldrnich strukturadch uvnitf
mozku (Roberts et al., 2004) (Toth et al., 2004) (Cristino et al., 2008). Je zajimavé, ze v
mozku byl prokazan vyskyt TRPVI1 receptoru spolecné s TRPV2 receptory, a to v
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daleko vyss$i mife neZ na DRG neuronech (Liapi and Wood, 2005). Skute¢nost, ze
rozlozeni TRPV1 receptorii v mozku je ve srovnani s DRG neurony slabsi (az 28 krat),
ziejm¢ vedla k dlouhodobému podcenéni jeho fyziologické ulohy v CNS. Hledéani
endogennich ligandii TRPV1 receptoru vedlo pozdéji ke zjisténi, Ze n¢které endogenni
lipidy strukturdlné ptibuzné vaniloidiim, jez jsou produkovany v mozku a mohou
aktivovat TRPV1 receptor, patii souasné mezi agonisty kanabinoidnich receptort CB1
(anandamid a N-arachidonoyl-dopamin) (De Petrocellis and Di Marzo, 2005). Tyto
metabotropni receptory jsou exprimovany spolecné s TRPV1 receptory v nékterych
mozkovych strukturach. Neni v§ak pravdépodobné, ze by v mozku dochazelo k aktivaci
TRPV1 receptort vyssimi teplotami (>43°C) nebo snizenim pH, a proto se predpoklada,
ze se tonickd aktivace TRPVI1 receptori, vyvoland plsobenim endogennich
kanabinoidl, podili na regulaci télesné teploty (Marsch et al., 2007), souvisi se
zménami Vv lokomoci a chovani a podili se na zménach synaptické plasticity v
hipokampu (Gibson et al., 2008).

Vysoké hustota TRPV1 receptorii byla také zjist€na na centralnich vlaknech DRG
neurontl, kterd konc¢i v zadnich rozich michy v oblasti lamina I a II, kde byly také
detekovany TRPV1 na télech astrocyta (Spicarova and Palecek, 2008). Je zajimavé, ze
hustota a rozmisténi TRPV1 receptorti v miSe se méni béhem vyvoje. Novorozeni nebo
nckolik dni stafi potkani vykazuji az tiikrat vyssi expresi TRPV1 nez dospéli jedinci,
avsak receptory se nachdzeji pouze v lamina I a jen velmi slabé v lamina II, ve které
byly zaznamenany az s pribyvajicimi dny po narozeni. Potkani stafi zhruba 30 dni maji
rozmisténi a hustotu TRPV1 v miSe srovnatelnou s vyskytem u dospélych jedinct.
Postupné ptibyvaji ditkazy naznacujici, ze TRPV1 receptory nachdzejici se v zadnich
rozich michy hraji diilezitou modula¢ni ulohu v pfenosu bolesti. Je nutno, aby bylo blize
urCeno, do jaké miry je tato tloha dualezitd u zdravych jedinct a pfi rtuznych

chronickych bolestivych stavech.

2.1.2 Vyznam studia funkce TRPV1 receptoru ve vztahu k jeho strukture

Molekularni identifikace vaniloidniho receptoru TRPV1 v riiznych Zivocisnych
druzich umoznila nejen zajimavy evolu¢ni pohled na moznou fyziologickou ulohu

tohoto receptoru. Porovnani primarnich struktur ortolognich receptori umoznilo rovnéz



ziskat velmi dilezitou informaci o funkéné vyznamnych oblastech uplatitujicich se
v detekci vnéjsich podnéth riznych modalit (obr. 1).

Ukazalo se, ze odlisna citlivost riznych zivocisnych druhti ke kapsaicinu je dana
strukturalnimi rozdily mezi vazebnymi misty, zatimco rozdily v teplotni citlivosti
mohou byt odrazem odlisné struktury cytoplazmatického C konce (Vlachova et al.,

2003).
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kralik (AAR34458)
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-[ mys$ (CAF05661)
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774 1 1 I 1 1 1 | 1
500 200100 50 20 10 5 2 1 0
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Obrazek 1. Fylogeneticky strom piibuznosti TRPV1 receptoru pro rizné zivocisné
druhy. Identifika¢ni koédy jednotlivych ortologii odpovidaji primarnim sekvencim
uvedenych v databazi NCBI (http:/www.ncbi.nlm.nih.gov/Entrez/). Pro porovnani
sekvenci je pouzita Jotun Heinova metoda v programu Megalign, DNASTAR, ¢lovek
(Hayes et al., 2000), kuie (Jordt and Julius, 2002), kralik (Gavva et al., 2004), potkan
(Caterina, 2007), morce (Savidge et al., 2002), mys (Correll et al., 2004), pes (Phelps et
al., 2005).

2.2 TRP receptory

2.2.1 Vaniloidni TRPV1 receptor v kontextu s ostatnimi TRP kanaly

Vaniloidni receptor byl poprvé vyklonovan z neuront ganglii zadnich kotfent
misnich potkana funk¢ni vyhledavaci metodou pro rizné klony komplementarni DNA
(Caterina et al., 1997). Byl nazvan vaniloidnim receptorem podtypu 1 (VR1) podle
charakteristické skupiny latek - vaniloidd, které jej specificky aktivuji. Na zakladé

primarni struktury byl zatfazen do vaniloidni skupiny tzv. TRP (transient receptor



potential) iontovych kanal. Typickd molekularni struktura TRP receptort je tvoiena
Sesti transmembranovymi segmenty (S1-S6), jednou krat$i hydrofobni klickou mezi S5
a S6 (tzv. P-loop) a intracelularné lokalizovanymi N- a C-konci (obr. 4). Kromé popisu
krystalové struktury ankyrinové ¢asti N-konci TRPV1 a TRPV2 receptort (Jin et al.,
2006; Lishko et al., 2007) a atypické kinazové domény N-konce TRPM7 receptoru
(Yamaguchi et al., 2001) nemame dosud k dispozici ptimé strukturalni tdaje o zddném
z TRP kanalt. Proto soucasné piedstavy o mechanizmech aktivace TRP receptorti

vychazeji ze strukturné-funkénich studii a pfedev§im zpodobnosti jejich

membranového uspofadani a vzdalené homologie snapétoveé aktivovanymi

draslikovymi kanaly (Doyle et al., 1998; Ferrer-Montiel et al., 2004; Voets et al., 2004a;
Owsianik et al., 2005; Owsianik et al., 2006; Susankova et al., 2007).
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: : i1 ] -
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hTRPPS < \\ ,/ £~ hTRPC6
hTRPP3 ~ \ // e
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< e
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HTRPM3 hTRPAL
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Obrazek 2. Fylogeneticky strom TRP iontovych kanalt (upraveno
podle (Nilius et al., 2007)).

2.2.2 Rozdéleni TRP kanali podle homologie primarni struktury

Na rozdil od tradi¢niho ¢lenéni ostatnich iontovych kanalii zalozeném na funkci,

specifickych ligandech nebo selektivité, jsou TRP kandly klasifikovany podle
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homologie primarnich aminokyselinovych sekvenci. Pfi¢inou je nejen ruznorodost
jejich biofyzikalnich vlastnosti a komplexnost aktivacnich a regula¢nich mechanizmd,
ale pfedevs§im skuteCnost, ze fyziologicka uloha téchto receptorti dosud neni cCasto
znama, a pouze se predpoklada, ze jejich strukturalni podobnost je podkladem existence
spolecnych mechanizmu aktivace a modulace.

Podle soucasné nomenklatury jsou TRP kandly fazeny do dvou hlavnich skupin na
zakladé¢ homologie primarni struktury (Montell et al., 2002; Clapham et al., 2003;
Clapham et al., 2005): Do prvni skupiny patii receptory podtypu: TRPM 1-8
(melastatinové), TRPC 1-7 (klasické, kanonické), TRPV 1-6 (vaniloidni), TRPA1
(ankyrinové). Do druhé skupiny jsou zatazeny iontové kanaly TRPP 23,5
(polycystinové) a TRPML (mukolipinové), jez navic obsahuji velkou extraceluldrni
klicku mezi prvni a druhou transmembranovou doménou.

S vyjimkou nékterych polycystini (TRPP1, (Hanaoka et al., 2000)) je struktura
TRP kanalti tvofena c¢tyfmi podjednotkami, pii¢emz hydrofobni klicky mezi
transmembranovymi segmenty S5 a S6 se podileji na vytvofeni centralniho poru
iontového kandlu. Soucasti poru je selektivni filtr, jenz v zavislosti na typu receptoru
propousti jednomocné nebo dvojmocné kationty, casto vSak kationty obou valenci.
Modul péru iontového kanalu patii mezi nejvice konzervované oblasti, coz nasvédcuje
tomu, Ze pro tyto iontové kandly existuji spolecné principy selektivity, propustnosti a
blokujicich €inkli né€kterych nekompetitivnich inhibitort (ruteniové cervené nebo
lanthanidii). Naproti tomu hydrofilni N- a C-koncové ¢asti jsou u vSech TRP receptorti
nejméné konzervovaneé, a proto se piedpoklada, ze obsahuji funkéni domény, jez urcuji
specifické vlastnosti jednotlivych podtypi receptorti (obr. 2).

Na zaklad¢ fylogenetické analyzy a porovnanim primarni struktury TRP receptorti
u riznych zivocisnych druhti (obr. 3) se zda pravdépodobné, ze béhem evolucniho
vyvoje doslo k pozoruhodné specializaci téchto bilkovinnych komplext tak, ze mohou
meénit svou konformaci vlivem riznych chemickych i1 fyzikdlnich podnétl: svétlem,
zménami tlaku nebo osmolarity, teplem nebo chladem. TRP receptory nachazime jiz u
vnéjSiho prostredi, hlistice (Caenorhabditis elegans) se vyhybaji Skodlivym chemickym
latkadm a octomilky (Drosophila melanogaster) reaguji na svételné podnéty (pro piehled
viz (Clapham, 2003) (Montell, 2005)). Savci prostfednictvim TRP receptorii

rozpoznavaji sladké a hotké chuté, teploty vrozsahu fyziologickych i
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patofyziologickych hodnot a chemické latky, které u clovéka vyvolavaji bolest nebo ji
zhorSuji.

Ve snaze porozumét mechanizmim aktivace a fyziologické funkci téchto
iontovych kanald jsou vyhledavany funkcni, strukturdlni a evoluéni souvislosti mezi
TRP receptory raznych podskupin. Devét zastupcth TRP tiidy iontovych kanali, mezi
néZ patii 1 vaniloidni receptor podtypu 1, mize byt aktivovano zménami okolni teploty
a pro né€které z nich jiZ bylo prokdzano, Ze hraji ulohu teplotnich senzort: TRPV1-4,
TRPM2, 4 a 5 a TRPAI. Existuji dikazy o tom, Ze mechanizmy teplotni citlivosti se
v pribéhu evoluce obratlovct ménily zavisle na prostiedi, a proto porovnanim primarni
struktury homolognich receptorit bychom mohli ziskat pfedstavu o molekularni podstaté

teplotni aktivace (Latorre et al., 2007) (Saito and Shingai, 2006).

TRPV1/2, TRPV3, TRPV4, TRPM2
TRPM4, TRPM5, TRPM8 a TRPA1

+ duplikace TRPV1/2
- ztrdta TRPV3 a TRPM8 :
+ duplikace TRPV1/2, ™~y

TRPM4 a TRPA1 v

- ztrdta TRPM5
+ duplikace a diverzifikace

TRPV4 a TRPM8
- ztrdta TRPM4

a TRPAla - ztréta

4+ TRPV1/2b
+ duplikace
TRPM4

- ztrdta
TRPM4
"

La P
- > T of X
ryba fugu danio pruhované drdpatka kure savci

Obrazek 3. Predpokladané evolu¢ni procesy (genové duplikace a genové ztraty)
zahrnujici teplotné citlivé TRP receptory. Alternativni hypotéza o duplikaci genu
TRPV1/2 je vyznacena teCkované (podle Sato a Shingai, 2006).

Je znamo, ze TRP kandly jsou neselektivni kationtové kanaly propustné pro
jednomocné i dvojmocné ionty s vyjimkou TRPM4 a TRPMS, které propoustéji pouze

jednomocné kationty. VEtSina je pouze slabé selektivni pro véapnik s propustnosti
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Pca/Pna v rozmezi od 0,3 do 10. Vyjimku tvoii kanaly TRPVS5 a TRPV6, které jsou pro
vapnik vysoce propustné (Pc./Pna > 100). TRP kandly jsou aktivovany mnoha riznymi
podnéty, které zahrnuji vazbu intra- a extraceluldrnich posli, teplotni zmény, chemické
nebo mechanické stimuly. Uvazuje se také o tom, ze nekteré TRP kandly jsou stale
oteviené, kdezto jiné se oteviraji v dusledku vycCerpani intracelularnich zasob vapniku.
Ptedpoklada se, ze nc¢kter¢ TRP kandly jsou soucdsti membran nékterych bunéénych
organel, ze kterych uvoliuji vapnik (napf. TRPP2 je soucésti endoplazmatického

retikula).

2.2.3 Fyziologicka uloha TRP iontovych kanala

TRP kandly hraji dilezitou ulohu polymodalnich bunécnych senzort, které jsou
exprimovany na mnoha buiikéch a tkédnich lidského t€la a Gcastni se regulace riiznych
bunécnych funkci. Zasadnim zpisobem pfispivaji ke zménam intraceluldrni koncentrace
vapniku, ktery se podili na mnoha bunéénych procesech, jako jsou naptiklad bunééna
signalizace, kontrakce svalli, uvolilovani pfenasect, bunécna proliferace nebo bunécna
smrt. TRP kanaly umoznuji nejen pfimy vstup vépniku do buiky z extracelularniho
prostiedi, ale podili se 1 na uvoliovani vapniku z intracelularnich zasob. Diky
moznostem vyuziti expresnich systémut byl umoznén i intenzivni vyzkum TRP kanalt
zamétfeny na vztahy mezi jejich funkcemi a lidskymi nemocemi. Obecné je dnes zndmo,
ze poruchy funkci iontovych kanali zplsobené chybami v genetickém kodovani
(kanalopatie) jsou pfi¢inou rtiznych nemoci. Dosud bylo identifikovano pét typl
kanalopatii, u kterych byl defekt TRP gend hlavni pfi¢inou bunéénych dysfunkci. K
podezieni, ze se n¢které TRP kanaly podileji také na vzniku dédi¢nych chorob, ptispélo
zjisténi TRP genl v Castech chromozomi, které podléhaji riznym mutacim (napf.
translokace, bodové zlomy, polymorfismus). Také prokdzana patologicka ptitomnost
jednotlivych typti TRP kanalii spolu se symptomy konkrétnich nemoci naznacuje, ze by
se tyto kanaly mohly podilet na vzniku nékterych chorob. Poruchy funkci TRP kanalt
vedou k zdsadnim zménam ve vapnikové signalizaci, pfenosu informace o vstupu iontil
do bunky, modulovani elektrické aktivity vzrusivych bun€k v mozku a srdci, poruchdm
ve zpétném vstiebavani iontdl, funkci organel a chybam v proliferaci a ristu bunék.
Bohuzel zatim nejsou znamy vSechny mozné mechanizmy fyziologického plsobeni

TRP kanalt. Jejich vyzkum je komplikovan tim, Ze chemické latky produkované
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v prub¢hu urcitych nemoci mohou zdsadnim zptisobem ovliviiovat funkci jinych typa
iontovych kanali.

Pii studiu TRP kandll v souvislosti s konkrétni nemoci jde zpravidla o pochopeni
jejich zékladni ulohy a nalezeni piistupi k vyvoji novych 1€kt zabranujicich
patologickym ucinkam jejich aktivity. Zatim vSak bylo objeveno pouze malé mnozstvi
ucinnych prostfedkli se specifickymi Uc¢inky. V tomto sméru se pokrocilo pouze u
jediného c¢lena ze skupiny TRPV kanalli — vaniloidniho TRPV1 receptoru. PouZivani
jeho antagonistt a latek s rychlym desenzitizujicim Gi¢inkem se vyuziva v 1é€bé bolesti a

nemoci moc¢ového méchyie a gastrointestinalniho traktu (Nilius et al., 2007).

2.2.4 Zakladni charakteristiky TRP kanala

Podobnost nekterych strukturdlnich a funkénich vlastnosti jednotlivych podskupin
TRP receptorit v porovndni s vaniloidnim TRPV1 receptorem a nékteré spolené
mechanizmy jejich regulace vedou k ziskdni cennych poznatkli o moznych novych
fyziologickych funkcich tohoto receptoru, a proto zde uvadime podrobny piehled

struktury a funkce jednotlivych TRP kanal (Nilius et al., 2007).

Prvni skupina TRP kanala

TRPC podskupina

TRPC kanaly se strukturou nejvice podobaji kanaltim octomilky rodu Drosophila
melanogaster, které byly identifikovany jako prvni zastupci TRP skupiny iontovych
kanalt. U jednotlivych zéstupcti této skupiny se vyznamné li$i mira propustnosti pro
vapnik. Vyznamnou soucésti jejich C konce je tzv. TRP box s konzervovanou sekvenci
aminokyselin EWKFAR, ktera se ucastni tetramerizace podjednotek. Na N konci se
nachazi ankyrinové oblasti s mensi variabilitou v poctu (3 - 4) u jednotlivych zastupct.
Uvazuje se, ze by TRPC kanaly mohly byt aktivovany pfedevs§im stimulaci fosfolipazy
C (PLC), avsSak tento mechanizmus zatim ziistdva sporny. Bylo napf. prokazéano, Ze
TRPCI je pfimo aktivovan mechanickymi zménami plazmatické membrany bez Gcasti

fosfolipazy C (Maroto et al., 2005).
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TRPC3
TRPC7
TRPC6

I—TRI’C4

—TRPCS

TRPCI

TRPC2

TRPCs

elm ¢<Cle

PDZ

homer

ankyrin binding repeat
TRP box

PKA, PKC, CaMK
PI3K-SH3
(TRPC3,5,6,7)

calmodulin, IP iR, CIRIF
(TRPC34,5,6)

TRPC4.5

TRP
kanal

Vyskyt

Propustnost
PCa/PNa

Vodivost
pS

Mechanizmus
aktivace

Vazebni
partneri

TRPC1

srdce,
mozek,
varlata,
ovaria

neselektivni

16

PLC, OAG, mechanicky
(tlak),

TRPC4,
TRPCS,
TRPP1, TRPC3
(embryo), Ca*'-
ATPaza, CaM,
IP;R, enkurin,
homer,
caveolin-1,
STIM1

TRPC2

vomerona-
zalni orgén,
varlata

2,7

42

PLC, DAG

CaM, IPs,
enkurin,
junctate

TRPC3

mozek

1,6

66

PLC, DAG, OAG, Src,
IP5, intracelularni Ca®"

TRPC6,
TRPC7, CaM,
IP;R, RyR,
TrkB, NCX1,
caveolin-1

TRPC4

mozek,
endotel,
nadledviny,
sitnice,
varlata,

1,1-7,7

30 -41

PLC, GTPyS, microLa’"

TRPCI1,
TRPCS, CaM,
IP;R, NHERF2,
70-1

TRPC5

mozek

1,8-9,0

38 - 64

PLC, GTPyS,
lysophosphatidylcholin
(LPO), microLa® a Gd*",
vycerpani
extracelularniho Ca®" 2,
mirné zvyseni
intracelularniho Ca*",
PIP5K, Rac, PI3K,
MLCK

TRPCI,
TRPC4, NCS-
1, CaM,
NHERF,
enkurin,
junctate,
stathmin 2,
synaptotagmin,
MLCK, EBP50
(NHERF1),
calbindin-28K

TRPC6

plice,
mozek

28 -37

PLC, DAG, OAG, src
TK, 20-HETE, AIFM
flufenamate

TRPC3,
TRPC7, CaM,
FKBP12, Fyn,
MxA
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TRPC7 | o¢i, srdce, |2 75 PLC, DAG, OAG, 20- TRPC3,
plice HETE TRPC6, CaM,
FKBP12

Tabulka 1. Piehled vyskytu, hlavnich biofyzikalnich charakteristik, mechanizmi
aktivace a né€kterych vazebnych partnerii TRPC receptori (vysvétlivky v seznamu
zkratek), pfevzato z (Nilius et al., 2007).

TRPM podskupina

Zastupce této skupiny bychom mohli jesté¢ dale rozdélit do tfi podskupin:
TRPM1/3, TRPM4/5 a TRPM6/7, pticemz TRPM2 a TRPMS8 maji jesté¢ sva dalsi
specifika.

TRPM kandly se velmi odliSuji nejen svou propustnosti pro rtizné ionty, ale i riznymi
mechanizmy své aktivace. Tyto kanaly neobsahuji na svych N koncich ankyrinové
domény. Tii ¢lenové této skupiny obsahuji na svych C koncich zajimavé domény:
TRPM2 ma funkéni doménu NUDT9 a TRPM6 a TRPM?7 obsahuji a-kindzovou

doménu (obsahuje serin a threonin).

TRPMs
o-kinase (TRPM6,7)
'E TRPMI ADP-ribose hydrolase
TRPM3 (RRER
_ETRPMIS B TRPbox
- TRPM7 0 PKA,PKC
—TRPMS5 ¢ PIBK-SH3
(TRPM2,7)
= TRPM4 .
calmodulin
——TRPM2 I (TRPM4,5)
TRPMS @ PDZ(TRPM2)7)
@® WalkerB
TRP Vyskyt Propustnost | Vodivost | Mechanizmus Vazebni partneii
kanal Pc./Pna pS Aktivace
TRPM1 | oci neurceno neur¢eno | translokace, TRPMI1 — kratky
exprese vyvolana transkript
MITF
TRPM2 | mozek 0,5-1,6 52 -80 ADP-riboza, CaM
cADPR, NAD,
teplo, H,0,,
inhibice vyvolana
PARP-1
TRPM3 | lid. ledviny, 1,6 -2,0 65 -130 | otok bun¢k, D- neurceno
mys$i mozek erythrosphingosine
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TRPM4

prostata,
tlusté stievo,
srdce, ledviny

jednomocné
ionty

25

zvysena hladina
intracelularniho
Ca®", ATP, PKC,
decavanadate,
zména napéti,
teplo, PI1(4,5)P,,
BTP2

TRPMS, CaM

TRPMS

tenké stfevo,
jatra, plice,
chut'ové b.

jednomocné
ionty

16 - 25

zvysena hladina
intracelularniho
Ca%, zména napéti,
teplo, P1(4,5)P,

TRPM4

TRPM6

ledviny,
tenké stfevo

Ppg/Pra ~ 6

neurc¢eno

snizeni
intracelularniho
M g2+

2-APB

TRPM7

TRPM?7

ledviny, srdce

40 - 105

sniZeni
intracelularniho

M g2+’

PI(4,5)P,, cAMP, G
proteiny, smykové
napéti, translokace
membrany

TRPMS6, ptima
interakce s PLC

TRPMS

prostata, TG,
DRG

83

depolarizace, chlad
(8 —28°C), mentol,
icilin, Ca*", zvyseni
intracelularniho
pH, P1(4,5)P,

fosfatazy,
defosforylace
zprosttedkovana
PKC, PPI

Tabulka 2. Piehled vyskytu, hlavnich biofyzikdlnich charakteristik, mechanizmu
aktivace a nckterych vazebnych partneri TRPM receptorti (vysvétlivky v seznamu

zkratek), pfevzato z (Nilius et al., 2007).

TRPA podskupina

Lidsky TRPA1 kandl je zatim jedinym molekularné identifikovanym ¢lenem této

podskupiny. Jeho N konec obsahuje 14 ankyrinovych domén, diky kterym se tento

iontovy kanal ziejmé uplatiiuje jako mechanosenzor (Nagata et al., 2005) (Lee et al.,

2006). Byla zjisténa jeho aktivace bolestivym chladem (Story et al., 2003) (Sawada et

al., 2007), tato vlastnost je vSak dosud predmétem diskuze a ani studie na ,,knockout*

mySich nedokazala tuto domnénku potvrdit.
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TRPAs

. ankyrin binding repeat

TRPAI
TRP Vyskyt Propustnost | Vodivost | Mechanizmus Vazebni
kanal Pca/Pna pS aktivace partneri
TRPAI1 | DRG, 0,8-14 40 - 105 | isothiokyanaty, alicin, TRPML2
TG, tetrahydrocannabinol (THC), TRPML3
vlaskové cinnamaldehyd, bolestivé teplo?, | CYCL
bunky mechanicky tlak, zména napéti, | TRPV1

OAG a arachidonova kyselina,
receptorem zprostiedkovana
aktivace PLC

Tabulka 3. Ptehled vyskytu, hlavnich biofyzikalnich charakteristik, mechanizmu
aktivace a nckterych vazebnych partneri TRPAI receptorit (vysvétlivky v seznamu
zkratek), prevzato z (Nilius et al., 2007).

TRPYV podskupina

Prvni ¢len TRPV podskupiny TRP iontovych kandlii byl ziskdn z cCerva
Caenorhabditis elegans (Colbert et al., 1997) a nazvan Osm-9 podle své citlivosti
k osmotickym podnétiim, hmyzi ortolog byl nazvan Nanchung (Nan, Drosophila)
(Caterina et al., 1997). TRPV skupina obsahuje 6 savCich cleni: TRPV1-6. Tyto
receptory na N konci obsahuji rizny pocet (3 — 6) ankyrinovych domén. TRPV1-4
kanaly jsou kationtové kandly slab&é propustné pro vapnik (Pc./Pn, 0.3-10). Plsobi jako
chemosenzory pro Sirokou skupinu endogennich i exogennich ligandl. Kromé aktivace
riznymi chemickymi latkami jsou aktivovany teplem s riznou prahovou hodnotou a
nekteré jsou aktivovany i mechanickymi podnéty (tlak). V patologickych podminkach

pusobi TRPVI1-4 iontové kandly jako tzv. multimodélni signalni integratory: napf.
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TRPV1 receptor je pti zanétu aktivovan chemickymi a tepelnymi podnéty a ptfispiva tak

k tomu, Ze ¢loveék vnima i lehce zvySenou teplotu bolestive.

TRPVs
TRPV] @ ankyrin binding repeat
- no TRP box
TRPV2 <> PKA, PKC,
e TRPV4 & PIBK-SH3
L (TRPC5,6)
l_ TRPVS l calmodulin
L TRPVe6 . PDZ
TRPV3 ¥ PIK
@ PIP(TRPVI)
TRP Vyskyt Propust | Vodivost Mechanizmus Vazebni
kanal nost pS aktivace partneri
PCa/ PNa
TRPV1 | TG, DRG, ~10 35-80 depolarizace, TRPALI,
mocovy (proud teplo (= 43°C), TRPV3?,
méchyt, vyvolany nizké pH, CaM,
struktury kapsaicin endovaniloidy, PKC,
mozku, glie, | em) PKC, anandamid, | PLC-TrkA,
keratinocyty | ~4 12-(S)-HPETE, PP2B,
jatra, zirné (proud 15-(S)-HPETE, calcineurin/cyklo
buiky, vyvolany 5-(S)-HETE, sporin,
nekteré teplem) leukotrien B4, synaptotagmin,
krevni bunky spermin, 2-APB, | synaptogamin,
OEA, PKA, FAF1
snizeni P1(4,5)P,
TRPV2 | DRG, hibetni | 1-3 neuréeno bolestivé teplo PKA,
micha, (>53°C), RGA,
slezina, mechanicky (tah, | ACDB3 (PAR?7),
stfeva, cévni otok), ristovy dystrofinovy
myocyty faktor, IGF-1 glykoproteinovy
HA, 2-APB komplex
TRPV3 | DRG, TG, 2,6 190 teplo (23-29°C), | TRPV1?
keratinocyty, kafr, 2-APB,
uzliny, zména napéti
hibetni
micha,
mozek
TRPV4 | ledviny, 6-10 90 mirné teplo CaM, MAP7,
plice, slezina, (>24°C), otok NHERF2, SGK1,
varlata, bun¢k, smykové | SGK3, BKCa,
endotel, jatra, napéti, PKC, membranova
srdce, DRG, anandamid, inserce
keratinocyty epoxyeikosatrien | regulovana
ova kyselina, 40- | glykosylaci?,

18




PDD, forboly CFTR,
aquaporin 5,
Pacsin 3
TRPVS5 | ledviny, >100 75 (pro nizka hladina TRPV6,
tenké stfevo, jednomocné Ca®, CaM,
slinivka kationy) hyperpolarizace, | S100A10,
bfisni, napét'ove zavisla | annexin II,
placenta, blokada hof¢ikem | NHERF4,
prostata calbindin
TRPV6 | tenké stievo, | > 100 40-70 nizka hladina TRPVS,
slinivka (jednomocné Ca®", CaM,
brisni, kationy) hyperpolarizace, | S100A10,
placenta, napétove zavisla | annexin II
prostata blokada hoic¢ikem

Tabulka 4. Piehled vyskytu, hlavnich biofyzikalnich charakteristik, mechanizml
aktivace a né¢kterych vazebnych partnert TRPV receptori (vysvétlivky v seznamu
zkratek), ptevzato z (Nilius et al., 2007).

TRPVS a TRPV6 kandly se odliSuji od ostatnich ¢lenil této podskupiny vysokou
propustnosti pro vapnik (Pca/Pnxa >100). Diky svym vlastnostem hraji klicovou tlohu
v prenosu vapniku v epiteliich a v nékterych nedrazdivych bunkéach. Oproti ostatnim
kanalim TRPV skupiny jsou tyto receptory malo citlivé na tepelné podnéty (Nilius,
2007).

Druhé skupina TRP kanalua

TRPML skupina

Tuto mélo pocetnou skupinu tvoii tii savéi zastupcei, jejichz primarni struktura
obsahuje méné€ nez 600 aminokyselinovych zbytkii. Extraceluldrni klicka mezi prvni a
druhou transmembranovou doménou obsahuje lipdzovou doménu, jejiz funkce zatim
neni presné¢ znama, ale mohla by byt enzymaticky aktivnim mistem, nebo vazebnym
mistem pro lipidy, které by se mohly uplatinovat v regulaci funkce téchto kanali. O
TRPML1 obsazeném v lysozomech se uvazuje jako o H' kandlu, ktery reguluje
mnozstvi vodikovych iontl uvnitt organely a zabranuje tak piekyseleni nitrobunééného

prostoru. O funkci TRPML2 a 3 zatim neni mnoho znamo.

19



TRPMLs

TRPML3 @ lipase domain
[ late endosomalllysosomal
TRPML2 targeting signal
0 nuclear localization signal
TRPMLI1
TRP Vyskyt Propustnost Vodivost | Mechanizmus Vazebni
kanal Pca/Pna pS aktivace partneri
TRPML1 | mozek, ~1,H" 46 - 83 zvysena hladina neuréeno
srdce, intracelularniho Ca*",
kosterni inhibice proteolytickym
svalovina Stépenim
TRPML?2 | neurCeno | neurceno neur¢eno | neurceno TRPAI
TRPML3 | vlaskové | neurceno neurceno | neuréeno TRPA1
bunky
hlemyzd¢

Tabulka 5. Piehled vyskytu, hlavnich biofyzikdlnich charakteristik, mechanizmu
aktivace a nékterych vazebnych partneri TRPML receptorii (vysvétlivky v seznamu
zkratek), pfevzato z (Nilius et al., 2007).

TRPP podskupina

Tato skupina kanalil je velice nehomogenni a podle strukturalniho hlediska miize
byt dale rozdélena na dvé skupiny: TRPP1-like (diive PKD1-like) a TRPP2-like (dfive
PKD2-like) kanaly. Mezi TRPPI1-like kandly patii: TRPP1 (dfive PKD1), PKDREJ,
PKDIL1, PKD1L2 a PKDI1L3. Jejich zafazeni mezi TRP kanaly je zatim predbézné a je
predmétem dalSich studii. TRPP1 kanal je vytvafen 11 transmembranovymi doménami
a velmi dlouhym N koncem uloZzenym extracelularné, ktery obsahuje né€kolik domén
podilejicich se pravdépodobné na mezibunéénych interakcich. Extracelularni klicka
TRPP1-like kanalii obsahuje konzervované polycystinové motivy, jejichz funkce neni
znama a je umisténa mezi Sestou a sedmou doménou, coz je homologni s extracelularni
klickou TRPP2-like kanaly. TRPP2-like kandly maji zdkladni molekuldrni strukturu

shodnou s ostatnimi TRP kandly (tj. 6 transmembranovych domén, intracelulédrné
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orientované N a C konce). Patti sem: TRPP2 (dfive PKD2), TRPP3 (dfive PKD2L1) a
TRPPS (diive PKD2L2). VSichni zastupci této skupiny maji na svém C konci coiled-
coil strukturu a vytvareji polymodalni multiproteinové komplexy iontovych kanalt
(Delmas, 2005). TRPP2 a TRPP3 maji na svém C konci EF-hand motiv (strukturalné
vazebnd doména pro Ca’"), ale zatim neni jasné, zda diky nému uplatiiuje vapnik sviij
regulaéni vliv na TRPP2. V heterolognich systémech vytvaieji TRPP2 a TRPP3

selektivni kationtové kanaly s vysokou vodivosti.

TRPPs
TRPP3 0 EF-hand
TRPPS . ER retention signal
0 coiled-coil
TRPP2
TRP Vyskyt Propustnost Vodivost | Mechanizmus Vazebni
kanal Pca/Pna pS aktivace partneri
TRPP2 | ledviny 1-5 40 - 177 | mechanické napéti, TRPP1, typ 1
(Siroce intracelularni Ca** IPsR, TRPV4?,
rozsiien) TRPCI
TRPP3 | ledviny, 4 137 intracelularni Ca*" neuréeno
srdce
TRPPS | varlata, 1-5 300 intracelularni Ca®* neuré¢eno
srdce

Tabulka 6. Prehled vyskytu, hlavnich biofyzikalnich charakteristik, mechanizmu
aktivace a nékterych vazebnych partneri TRPP receptorti (vysvétlivky v seznamu
zkratek), prevzato z (Nilius et al., 2007).
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2.3 Struktura TRPV1 receptoru

V této dizertacni praci byl studovan potkani TRPV1 receptor (rTRPV1 receptor).
Jde o protein o velikosti 95 kDa, ktery je kddovan komplementarni DNA (cDNA) o
velikosti 2 514 nukleotidi, coz pfedstavuje 838 aminokyselin, tvoficich Sest
transmembranovych domén (struktury a-helixu) a dva aminokyselinové konce ulozené
intracelularné. Funkéni domény TRPV1 receptoru, jejichz vyznam je v souc¢asné dobé
charakterizovan, jsou pifehledné¢ uvedeny v tabulce 7 a obrazku 4. Mezi patou a Sestou
doménou je kratsi hydrofobni klicka. Aminokyselinovy fetézec (N konec) je tvoren 400
aminokyselinovymi zbytky. Obsahuje oblasti bohaté na prolin a Sest ankyrinovych
domén, které ho spojuji scytoskeletem a pravdépodobné nékolika malymi
intracelularnimi peptidy, z nichz nejvyznamné;jsi tlohu hraje kalmodulin. Kratsi fetézec
s karboxylovou skupinou (C konec) je tvofen 154 aminokyselinami a obsahuje TRP
doménu v blizkosti Sesté transmembranové domény. Piedpoklada se, Ze vaniloidni
receptor TRPV1, podobné jako ostatni TRP kandly, je homotetramerem, v némz kratsi
hydrofobni klicky ¢tyt podjednotek vytvareji por predstavujici selektivni filtr iontového
kanalu (Clapham et al., 2001) (Jahnel et al., 2001; Kedei et al., 2001). Heteromery miize
TRPV1 receptor tvofit s TRPV3 receptorem (Smith et al., 2002) (Cheng et al., 2007)
nebo TRPV2 receptorem (Liapi and Wood, 2005) (Rutter et al., 2005).
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N- konec Membranové tiseky C- konec
Transmembranové I. R432 - Y453
domény II. F473 — Y495
1. Y511 - L1529
IV. V542 — 1564
V. C578 - D601
VL. 1660 — E684
Ankyrinové domény [. D113 -R138
II. C157 - K182
II1. T203 — V221
IV. P251 — Q269
V. T286 —L319
VI. P336 — E359
Vazba kapsaicinu R114 R491, Y511, S512, E761
M547, T550
Vazba kapsazepinu S481 — R550
PKA fosforylace S116, T144, T370 S774, S820
PKC fosforylace S502 T704, S800
CaMK II fosforylace 5502 T704
Vazba CaM F189 - E222 E767 - T801
Vazba ATP WalkerB doména WalkerA
171 - 185 doména
726 -F740
N glykozylace N604
pH aktivace E478, ES36, E600,
D601, E648
TRP doména E684 — R721
TRP box 1696 — R701
Mista spojena s E636, D646, E648,
propustnosti Y671
Vazba PIP, 777 - 820

Tabulka 7. Vyznamné funkéni domény rTRPV1 receptoru.

23




B

nfprTKGRPGFYmE

usb""wa

kapsaicinova citlivost QO  raor s s512 vazba kalmodulinu FVNA  F189 - E222, E767 - T801
. : E664 - R721 - .
asociacni domena REF¥N selektivita kanalu O E636, D646, E648, Y671
citlivost na kapsazepin 5481 - R550 TRP box 1696 - R701
fosforylagni mista S116, T144, Y199, T370, T408 (mys T407), o ) CD D113 - R138, C157 - G182, T203 - V221
I 502, T704, 5800 ankyrinové domeny P251 - Q269, T286 - L319, P336 - E359
glykosylacni mista O NB04

P sny Mgy TM1R432-Y453  TM4 V5421564
plsobeni protont O E600, E648 transmembranové domény TM2 F473-Y495  TM5 C578 - D601
TM3 Y511 -1529  TM6 1660 - E684

Obrazek 4. Molekuldrni  struktura TRPV1  receptoru s vyznacenim
strukturalné/funkéné vvznamnvch domén. nfevzato z orace (Latorre et al.. 2007).
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2.4 Sestiihové varianty TRPV1 receptoru

TRPV1 receptor se vyskytuje v nékolika sestfihovych variantach. 5’koncova
sestithova varianta TRPV1 (VR.5" sv) ma ve srovnani s vaniloidnim receptorem
odstranénu vétsi ¢ast N-konce a za¢ina az od jeho 588. aminokyseliny, jinak je s nim v
celém rozsahu shodnd. Zda se, Ze absence velké Casti N konce receptoru vyznamné
poznamenala jeho funkénost, nebot’ neni citlivy na zadny z typickych podnéti TRPV1,
jakymi jsou kapsaicin, nizké pH a bolestivé teplo. Tento protein se vyskytuje na DRG
neuronech, v mozku, lymfocytech a zirnych buiikdch (Schumacher et al., 2000a).

Dalsi sestfihovou variantou TRPV1 receptoru je SIC kanal (stretch inactivated
channel), ktery v porovnani s TRPV1 neobsahuje N-koncovou ¢ast receptoru a odlisuje
se 1 v oblasti C-konce. Sklada se z 563 aminokyselin, neni citlivy ke kapsaicinu ani
nizkému pH, je vSak aktivovan zvySenym osmotickym tlakem, takZe se pravdépodobné
mize uplatilovat jako mechanicky senzor. SIC se vyskytuje nejen v nervové tkani (DRG
neurony, mozek), ale i v somatickych buiikach (ledviny, jatra) (Suzuki et al., 1999;
Schumacher et al., 2000b) .

Velmi kratkou sestfihovou variantou TRPV1 receptoru je tzv. TRPV1yagr, ktery
obsahuje pouze 253 aminokyselin, a jenz byl izolovan z ledvinové papily potkana.
Interakci s vaniloidnim receptorem se pravdépodobné muize podilet na modulaci jeho
aktivity (Tian et al., 2006).

TRPV1b sestfihova varianta vaniloidniho receptoru tvofi funkcni iontovy kanal,
ktery se vSak od TRPV1 vyrazné odliSuje ve své aktivaci: je citlivy kteplu az
s prahovou hodnotou > 47 °C a nelze ho aktivovat ani kapsaicinem ani nizkym pH.
Urcity podil na téchto zménénych vlastnostech mize mit jeho o 60 aminokyselin
zkraceny N-konec (Lu et al., 2005; Vos et al., 2006).

U mysi byly popsany dvé sestfihové varianty TRPV1a a TRPV1B. TRPV1a se
sklada z 839 aminokyselin, vyskytuje se v mnoha tkanich a predstavuje funkéni iontovy
kanal, ktery lze aktivovat zndmymi aktivatory TRPV1 receptoru. Oproti tomu TRPV1f
je tvofen 829 aminokyselinami a byl nalezen pfevazné na DRG neuronech, kizi,
zaludku a tonsildch. Tato varianta neni funkéni a pokud je exprimovana spolu

s TRPV1a, dokonce tlumi jeji aktivitu. Piestoze se ob¢ varianty syntetizuji stejné
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rychle, bylo uvnit buné€k i na jejich povrchu nalezeno daleko méné¢ TRPV 1 variant,

coz dokazuje jeji vysokou nestabilitu (Wang et al., 2004a).

2.5 Mechanizmy aktivace TRPV1 receptoru

2.5.1 Chemické aktivatory

2.5.1.1 Exogenni aktivatory

Vaniloidy

Specifickymi exogennimi agonisty savCiho vaniloidniho receptoru jsou silné

lipofilni latky kapsaicin a reziniferatoxin.

Capsaicin

Resiniferatoxin

Obrazek 5. Strukturalni vzorec kapsaicinu a reziniferatoxinu

Kapsaicin (8-methyl-N-vanillyl-6-nonenamid) se nachéazi v uréitych druzich
palivych paprik. Aplikovan na korium nebo sliznici vyvolava u ¢loveka Stiplaveé palivé
pocity. Jeho tisickrat U€inngjSim analogem je reziniferatoxin (RTX), diterpenoid
izolovany ze sukulentu FEuphorbia resinifera, ktery ma s kapsaicinem shodnou
chemickou homovanillyl (3-methoxy 4-hydroxybenzyl) skupinu. Chemicka struktura
kapsaicinu obsahuje tfi funk¢ni Casti: aromatickou cast reprezentovanou homovanilyl
skupinou, spojovaci ¢ast tvofenou esterem a Cast predstavujici alifaticky fetézec o délce

zpravidla osmi az deseti atomd uhliku (Walpole et al., 1993a, 1993c; Walpole et al.,
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1993b). A a B casti obsahuji bipolarni skupiny (hydroxylovou a karboxylovou), diky
nimz jsou hydrofilni a vytvateji vodikové vazby. Alifaticky fetézec se na zéklad€ své
lipofilni povahy zfejmé¢ ucastni hydrofobnich interakci (Szallasi et al., 1999). Mezi
vaniloidni latky patfi také napt. zingeron, vytazek z hliz zdzvoru se Stiplavé palivym
ucinkem podobné jako ma kapsaicin, a olvanil, synteticky vyrobeny vysoce lipofilni
vaniloid bez palivého Gc¢inku (Liu and Simon, 1998).

Dlouho ptevladal nazor, ze se kapsaicin vaZze na TRPV1 receptor z intracelularni
strany bunéné membrany a ze k jeho u€innému navazani je zapotiebi jeho priichod
plazmatickou membranou z vné¢jSiho prostiedi (Oh et al., 1996) (Jordt and Julius, 2002),
ale soucasné poznatky dokazuji, ze k aktivaci receptoru je zapotiebi 1 jeho vazba
z extracelularni strany receptoru (Vyklicky et al., 2003; Gilbert et al., 2007). Na
chemické aktivaci TRPVI1 receptoru kapsaicinem se alostericky podili fada
intracelularnich domén, napt. hydrofobni klicka mezi 5. a 6. transmembranovym
segmentem (glutamat E636, asparagin N646 a glutamat E648; (Welch et al., 2000)) a
oba cytoplazmaticky orientované konce (Jung et al., 2002; Vlachova et al., 2003). Pfi
analyze mezidruhovych rozdili v homologii vaniloidniho receptoru kufete, ktery je
necitlivy ke kapsaicinu, a potkana, ktery je ke kapsaicinu citlivy, byl zjistén kliCovy
vyznam aromatického tyrozinu (Y511), ktery se v oblasti prvni intracelularni klicky
mezi druhou a tfeti transmembrdnovou doménou ucastni vazby s
aromatickou homovanillyl skupinou kapsaicinu. Ulohu pii této vazb& zfejm& hraji i
dal§i dva aminokyselinové zbytky serin (S512) a arginin (R491), jez vytvareji
s kapsaicinem vodikové mustky (Jordt and Julius, 2002).

Na zaklad€ vysledkt pokust, ve kterych byly postupné zkracovany N a C konce
vaniloidniho receptoru a konstruovany chiméry TRPV1 a TRPV2 receptorti (Jung et al.,
2002), bylo prokazano, ze pro rozpoznani ligandu je nezbytnd i pritomnost zaporné
nabitého glutamatu (E761) na C-konci receptoru a pozitivné nabitého argininu (R114)
na N-konci receptoru. Vazby kapsaicinu a reziniferatoxinu se ziejm¢ také ucastni dva
aminokyselinové zbytky ve ¢tvrté transmembranové doméné: polarni T550 a nepolarni
M547 (Gavva et al., 2004). Mezi potkanim a lidskym TRPVI1 receptorem existuji
farmakologické rozdily na nichz by se mohl podilet aminokyselinovy zbytek v pozici

547: methionin u potkana, kdezto leucin u ¢lovéka (Chou et al., 2004).
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Exogenni aktivdtory nepatiici mezi vaniloidy

Schopnost aktivovat TRPV1 receptor prokazaly také nckteré dalsi latky, které
strukturdlné nepatii k vaniloidim. Alicin aktivuje receptor pouze jako vytazek
z Cerstvého Cesneku a je zcela neucinny pokud byl Cesnek jakkoliv tepelné upraven
(Macpherson et al., 2005) (Salazar et al., 2008). Piperin, alkaloid z bobuli ¢erného pepie
Piper nigrum, méa niz8i afinitu, ale vyS$$i Ga¢innost k vaniloidnimu receptoru nez
kapsaicin (McNamara et al., 2005) (Szallasi, 2005). Kafr izolovany z kafrovniku
Cinnamonum camphora aktivuje TRPV1 receptor, avSak ve srovnani s kapsaicinem
v daleko vyssi koncentraci a zfejmé nezavisle na vazebném misté pro kapsaicin (Xu et
al., 2005). Syntetickym aktivatorem TRPV1 (ale také TRPV2 a TRPV3) receptoru je 2
aminoetoxydifenyl borat (2-APB), jehoz nizké koncentrace silné¢ potencuji ucinky
kapsaicinu, nizkého pH a tepla (Hu et al., 2004).

TRPVI1 receptor mize byt také aktivovan latkami typu rozpoustédel napf.
etanolem, jehoZ Ucinek se projevi jiz v koncentracich > 0.3 % (Trevisani et al., 2002)

(Benedikt et al., 2007).

Vanilotoxiny

Mezi aktivatory vaniloidniho receptoru se v nedavné dobé zatadily vanilotoxiny,
VaTx1, VaTx2 a VaTx3, jedovaté latky izolované z pavouka Psalmopoeus cambridgei
zijicitho v zapadni Indii. Jde o skupinu tfi pfibuznych peptidi, skladajicich se z 34 nebo
35 aminokyselinovych zbytkii a C konce. Svym aktivatnim uc¢inkem na TRPV1
receptor jsou vyjimecné nebot’ svou strukturou patii do skupiny tzv. ICK peptidi, které
pusobi jako inhibitory iontovych kandli (Siemens et al., 2006). ICK peptidy jsou
obsazeny v rtiznych kmenech zivocichl, rostlin 1 hub a predpoklada se, ze jsou

nejvyznamnéjsi slozkou jedl pavoukd, Skorpiont a moiskych plzl (Zhu et al., 2003).

2.5.1.2 Endogenni ligandy a aktivatory TRPV1 receptoru (endovaniloidy)

Intenzivni snaha poznat fyziologickou funkci TRPV1 receptoru vedla

k vyhledavani endogennich latek, které by se chemickou strukturou podobaly

exogennim vaniloidiim a mohly by hrat Glohu pfirozenych aktivatori na nociceptivnich
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neuronech. Piestoze byla pro nékteré latky skuteéné prokézana schopnost aktivovat
TRPV1 receptor prostfednictvim vazebného mista pro kapsaicin, jejich ucinnost je Casto
nizs8i, nez by se dalo ocekéavat od plného agonisty. Bylo vSak také postupné zjisténo, ze
maximalni aktivace TRPV1 iontového kandlu je dosazeno zpravidla spoleénym
synergickym piisobenim vice aktivatort: vaniloidi, protoni ¢i zvySené teploty
(Tominaga et al., 1998; Vlachova et al., 2001; Vlachova et al., 2002b). Z téchto
poznatkii bylo tedy ziejmé, Ze endogenni ligandy v koncentracich vyskytujicich se
pfirozené¢ v organizmu mohou aktivovat TRPV1 receptor in vivo, avSak ve vzdjemné

kombinaci a za souc¢asného ptisobeni zmén teploty v organizmu.

SniZené pH extracelularniho prostiedi

V mistech poranéné, zanicené nebo ischemické tkané dochazi ke snizeni pH. Tato
lokaln¢ zvySend koncentrace protont reguluje TRPV1 receptor dvéma odlisSnymi
mechanizmy. Pii nizSich koncentracich protoni (pH 7,0 — 6,0) jsou potencovany
membranové proudy vyvolané aktivaci TRPV1 receptorii kapsaicinem nebo teplem a
dochazi k posunu teplotniho prahu k niz§im hodnotdm (Caterina et al., 1997). Pii
vysSich koncentracich (pH < 5,9) extracelularni protony piimo aktivuji vaniloidni
receptor (Tominaga et al., 1998). Krom¢ aktiva¢nich a modulaénich G¢inkii mohou
protony piimo prochédzet pérem vaniloidniho receptoru a dochézi tak k acidéze neuronii
(Hellwig et al., 2004). Na zaklad¢ mutac¢nich analyz byly odhaleny dva zaporn¢ nabité
aminokyselinové glutamatové zbytky v oblasti poru iontového kanalu, které protony
svym kladnym nabojem neutralizuji, ¢imz dochéazi k aktivaci receptoru. Glutamat
v pozici 600 (E600) je dilezitym regulaénim mistem pro potenciaci proudovych
odpovédi vyvolanych kapsaicinem nebo teplem, kdezto glutamat v pozici 648 (E648)
se pfimo Ucastni aktivace (Jordt et al., 2000).

Lanthanidy reguluji aktivitu vaniloidniho receptoru podobné jako protony. Nase
studie prokézala, Ze trojmocné gadolinium (Gd*") interaguje s glutamatovymi zbytky
v poru kanalu. Glutamat E600 ma rozhodujici misto pro aktivaci receptoru, kdezto
glutamat 648 se uplatiuje pii potenciaci kapsaicinem vyvolanych membranovych
proudd. Pfi vysSich koncentracich (> 100 puM) lanthanidy TRPVI1 kanal blokuji
(Tousova et al., 2005).
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Piirozené polyaminy

Pfirozené polyaminy spermin (tetraamin), spermidin (triamin) a putrescin (diamin)
reprezentuji specifickou tfidu endogennich ligandi TRPV1 receptoru, které podobné
jako protony aktivuji TRPV1 receptor z vnéjsi strany plazmatické membrany. Hojné se
vyskytuji v lidském téle a jsou nezbytné predevSim pro proliferaci a rlst bunék. Jsou
dalezitymi endogennimi regulatory iontovych kanalli a pfi zdnétu se uplatiuji pii
pfenosu signalizace o bolestivém drazdéni (Zhang et al., 2000). Bylo prokadzano, ze
polyaminy svym kladnym nabojem neutralizuji aminokyselinové zbytky aspartat v
pozici 646 a glutamat v pozici 648, které jsou ulozené v poéru kanalu, ¢imz piimo

aktivuji iontovy kanal (Ahern et al., 2006).

Medidtory zanétu

Vaniloidni receptor je vyznamné aktivovan také vzajemnou kombinaci mediatori
zanétu, predevsSim bradykininu, serotoninu a prostaglandinu E2, které se uvolnuji do
okoli z poranéné tkané, kde je znacné¢ snizeno pH (z fyziologického pH 7.3 az na
hodnotu 5.5) (Vyklicky et al., 1998). V mnoha piipadech je u¢inek mediatorti zanétu na
TRPV1 receptorech zprostfedkovan nepiimo, aktivaci metabotropnich receptorii a

druhymi posly napt. EP,, EP4, NK; apod. (viz kapitola 2.6.1).

Anandamid

Prvni endogenni latkou, u které byly ktera spliiovala ptedpoklady, ze diky své
strukturalni podobnosti s kapsaicinem muze aktivovat TRPV1 receptor prostfednictvim
vazebného mista pro kapsaicin, je arachidonyletanolamid neboli anandamid (AEA),
bioaktivni lipid strukturdlné¢ podobny arachidonové kyseliné (Zygmunt et al., 1999).
Tato latka byla piivodné objevena jako prvni agonista kanabinoidnich receptori CB1 a
CB2 po té, co byla izolovana z prasec¢ich mozkt (Devane et al., 1992). Jeji biosyntéza

byla déle prokdzana na neuronech, makrofazich a mnoha dalsich tkanich.
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Lipoxygenazové produkty kyseliny arachidonové

Nékteré produkty kyseliny arachidonové jsou schopny aktivovat TRPV1 receptor,
coz bylo prokézano v pokusech na izolovanych teré¢icich DRG neuronti i v heterolognim
expresnim systému. Ve zvySené mife se nachazeji v zanicené tkani, podileji se na
procesech vedoucich k hyperalgezii a casto plni Ulohu intracelularnich  posli.
Nejucinn€j§i znich jsou: 12-(S)- a 15-(S)-HPETE (hydroperoxyeikosatetraenové
kyseliny), 5- a 15-HETE (hydroeikosatetraenové kyseliny) a leukotrien LB4 (Hwang et
al., 2000).

N-acyldopaminy

Podle podobnosti své chemické struktury (ptfitomnost katecholaminové skupiny
podobné homovanilyl skupiné vaniloidii) a uc¢innosti podobné kapsaicinu u savcl
(potkan a krava) byl jako prvni mezi endogenni agonisty TRPV1 receptoru zatazen N-
arachidonyldopamin (NADA). Podobné jako anandamid je také NADA aktivatorem
kanabinoidnich receptord typu CB1. Vyskytuje se ve vysoké koncentraci v nékterych
oblastech mozku (striatum, hipokampus, mozeCek) a vniz§i koncentraci téz
v neuronech zadnich kotenid misnich, kde ucinné pisobi v davkéach, jez jsou asi
desetkrat nizsi nez davky jinych endogennich agonistti (Huang et al., 2002). U¢innost N
arachidonyldopaminu se zvySuje je-li TRPV1 receptor fosforylovan (Premkumar et al.,
2004). Spole¢n¢ s N-arachidonyldopaminem se v savéim mozku vyskytuji dalsi
slouceniny, které piisobi na TRPV1 receptor. N-oleoyldopamin (OLDA) silné€ aktivuje
vaniloidni receptor vyskytujici se jak v perifernim tak v centralnim nervovém systému a
muze se podilet na vyvolani teplotni hyperalgezie (Chu et al., 2003; Szolcsanyi et al.,
2004). N-palmitoyldopamin (PALDA) a N-stearoyldopamin (STEARDA) sami o sobé&
neaktivuji (nebo velmi slabé aktivuji) TRPVI1 receptor, avSak potencuji ucinky
arachidonyldopaminu a anandamidu (Chu et al., 2003). V oblastech s nizkym pH (6.0 —
6.7) zvysuji hladinu intracelularniho vapniku. Témito tzv. ,,doprovodnymi‘ Gcinky se
tyto latky pravdépodobné podili na procesech zanétlivé a neuropatické bolesti (De
Petrocellis et al., 2004).

Dvéma novymi kandidaty endogennich aktivatorat TRPV1 receptoru jsou 3-HETE

(3-hydroxyeikosatetraenova kyselina), metabolit kyseliny arachidonové produkovany
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houbou Candida albicans, a 3-hydroxyanandamid (3-hydroxy-AEA) (Starowicz et al.,
2007).

Z publikovanych studii vyplyva, Zze by se endovaniloidy mohly podilet na
dilezitych fyziologickych a caste¢né i patologickych d&jich nejen v perifernim a
centralnim nervovém systému, ale i v ostatnich tkanich. Je diskutovan i mozny podil
TRPV1 receptoru a endovaniloidii v mozku v souvislosti se zprostiedkovanim pocitl

uzkosti a strachu (Marsch et al., 2007).

Omega-3-mastné kyseliny

Pro vlastni funkci neuronti ma ziejmé¢ zdsadni vyznam i skupina strukturdlné
odlisnych omega-3 nenasycenych mastnych kyselin (n-3 PUFAs), jejichz hlavnim
zdrojem je matetské mléko, rostlinné oleje (napt. fepkovy) a maso tuénych ryb. Jedna
se predevsim o kyselinu eikosapentaenovou (EPA), dokosahexaenovou (DHA) a
linolenovou (LNA), které maji krom¢ jinych ucink na lidské télo (napf.
obranyschopnost organizmu, prevence srde¢né-cévnich onemocnéni nebo prevence
Alzheimerovy choroby) také analgetické vlastnosti. Podstata jejich signaliza¢niho
mechanizmu neni dosud jasnd. DHA se podili predevs§im na tvorb¢ struktury bunéénych
membran (~50%) centralnich neuronti (Marszalek and Lodish, 2005) a pii jejim
nedostatku dochazi k neurologickym porucham ptedevsim v oblasti paméti, zrakového a
senzorického systému (Salem et al., 2001). Omega-3 nenasycené mastné kyseliny ptimo
aktivuji TRPV1 receptor v zavislosti na jeho fosforylaci prostiednictvim proteinkinazy

C a inhibuji membranové proudy vyvolané vaniloidy (Matta et al., 2007).

2.5.2 Fyzikalni aktivatory

2.5.2.1 Aktivace TRPV1 receptoru teplem

TRPV1 receptor byl prvnim iontovym kanalem, u kterého byla prokazana
schopnost pfimé aktivace zménami okolni teploty. Membranové proudy vyvolané
zvySenim teploty nad 43°C na malych DRG neuronech (Cesare and McNaughton, 1996)

a proudy zprostiedkované rekombinantnim vaniloidnim receptorem TRPV1 (Caterina et
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al., 1997) (Tominaga et al., 1998) jsou charakteristické vysokym teplotnim
koeficientem (~25) v teplotnim rozmezi 43-50°C (Vyklicky et al., 1999). Tato jedine¢na
biofyzikalni vlastnost proteinového komplexu TRPV1 kandlu vyvolala otazku zda
vysoka teplotni citlivost TRPV1 receptoru muize hrat fyziologickou ulohu na
nociceptorech v pfimém rozpoznavani teplot, které jsou c¢lovékem vnimany jako
bolestivé. Pozdéjsi studie prokéazaly, Ze TRPV1 receptor skute¢né hraje klicovou tlohu
v regulaci télesné teploty (Caterina et al., 2000; Davis et al., 2000) (Gavva et al., 2007),
neni v§ak nezbytny pro vniméni bolestivych teplot. Uk4zalo se rovnéz, Ze schopnost byt
aktivovan zménami teploty maji i n€kteti dalsi ¢lenové TRP skupiny iontovych kanali,
piicemz jednotlivé receptory jsou aktivovany s riiznym teplotnim prahem (viz pro
ptehled (Nilius, 2007)). Zatimco TRPV2, TRPV3 a TRPV4 jsou aktivované zvySenim
okolni teploty, TRPA1 a TRPMS kandly jsou aktivovany chladem (< 20 °C). Byla
vyslovena domnénka, Ze se termosenzitivni TRP receptory podileji na vnimani a
regulaci télesné teploty u savci (Cloveéka), pficemz prahova teplota pro vznik impulzni
aktivity je urCovana mirou jejich exprese (McKemy et al., 2002) (Caterina, 2007).
Neobvykle vysokd teplotni citlivost TRPV1 kanalu charakterizovana teplotnim
koeficientem Qj¢ > 25 (Q1o = pomérné zvyseni proudové odpovédi pti zvyseni teploty
podnétu o 10°C) je odrazem vyznamnych konformac¢nich zmén zahrnujicich ziejmé
alosterickou interakci podjednotek proteinového komplexu (Vyklicky et al., 1999).
Vazba ligandu na receptor snizuje jeho aktivacni energii natolik, Ze se uvedeny
mechanizmus teplotni aktivace jiz neuplatiluje, coz se projevi na vice nez
desetindsobném snizeni teplotniho koeficientu Qjp ~ 2 (Matta and Ahern, 2007).
Teplotni prah TRPV1 receptoru je ziejm& regulovan distalni ¢asti jeho karboxylového
konce (Prescott and Julius, 2003; Vlachova et al., 2003) a mtize byt také nevratné snizen
vlivem Casteéné denaturace, je-li protein vystaven teplotam piesahujicim 53°C

(Lyfenko et al., 2002).

2.5.2.2 Aktivace TRPV1 receptoru depolarizaci membranového potencialu

Charakteristickou vlastnosti TRPV1 kanalu (ale také fady dalSich TRP iontovych
kanalii) je jeho schopnost byt aktivovan zménami membrdnového napéti bez
ptitomnosti jakychkoliv agonistd (Chuang et al., 2001) (Vlachova et al., 2002b). Vztah

zavislosti membranovych proudd na ménicim se membranovém potencialu vyjadiuje
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kiivka s vyraznym usmérnénim membranovych prouddl na pozitivnich potencialech,
ktera je zplsobena tokem kladnych iontd ven zbuilkky (outward rectification) a
reverznim potencidlem blizkym 0 mV. Tato vlastnost vaniloidniho receptoru byla
studovana v nativnich podminkach u DRG neuroni (Piper et al., 1999) i na expresnim
syst¢tmu TRPV1 receptoru (Gunthorpe et al., 2000). Bylo prokdzano, Ze nizsi vodivost
na zapornych potencialech, na rozdil od nékterych jinych typt neselektivnich iontovych
kanalii (napt. NMDA), nevznika v disledku blokddy iontového kandlu kladnymi ionty
napf. extraceluldrniho baria, vapniku nebo hoiciku (Gunthorpe et al.,, 2000).
Membranové proudy vyvolané zménami membranového potencidlu jsou v pfitomnosti
agonisty zvyseny na pozitivnich i negativnich potencidlech (Brauchi et al., 2004; Nilius
et al., 2005). Na velikost membranovych proudii vyvolanych depolarizaci maji
rozhodujici podil typ agonisty, jeho koncentrace a fosforylovany stav TRPV1 kanalu.
Vzéajemné pusobeni agonisti a membranového napéti se zvySuje pfi zanétu, kdy je
pravdépodobné kanal fosforylovan (Ahern and Premkumar, 2002).

TRPV1 kandly jsou strukturalné podobné napétové aktivovanym draslikovym
kanalim, jez maji senzor pro napé¢ti lokalizovan v oblasti Ctvrté transmembranové
domény, tedy strukturaln¢ oddélen od poru. Napétova citlivost této domény je ziejmée
dana ptitomnosti pozitivné nabitych aminokyselinovych zbytkl (argininu) (Sands et al.,
2005). Podobny napétovy senzor byl hledan i v transmembrdnovych doménach TRP
kanalt. Tyto domény vSak obsahuji daleko méné pozitivné nabitych aminokyselinovych
zbytkl, coz je ziejmé pri¢inou slabsi napétové zavislosti (Pingle et al., 2007). Podle
nejnovejSich studii zabyvajicich se strukturdlnimi misty dalezitymi pro teplotni a
napétovou citlivost TRPV1 kandlu se zd4 byt pravdépodobné, Ze existuji molekularni
senzory, které jsou odliSné pro teplotu a membranové napéti (Latorre et al., 2007; Matta

and Ahern, 2007).

2.6 Mechanizmy inhibice TRPV1 receptoru

Skutecnost, ze vaniloidni receptor TRPV1 hraje vyznamnou fyziologickou tlohu
v zénétlivych bolestivych onemocnénich, ptfedevsim v tepelné hyperalgezii (Caterina et

al., 2000) (Davis et al.,, 2000), vedla k zintenzivnéni vyzkumu zaméfeného na
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vyhledavani latek, které by mohly selektivné blokovat aktivitu tohoto receptoru a byt
tak potencidlnimi analgetiky. Inhibitory TRPV1 receptoru Ize rozdélit podle
mechanizmu G¢inku na kompetitivni, které se vazou na stejné misto jako kapsaicin nebo
reziniferatoxin, a nekompetitivni, které pusobi prostiednictvim jiného interakéniho
mista. Z hlediska mozného klinického vyuziti inhibitord TRPV1 receptoru je z divodu
pfedpokladané vysoké specificnosti zaméfena pozornost predevS§im na skupinu

kompetitivnich inhibitora.

2.6.1 Kompetitivni inhibitory

Jedinym znadmym kompetitivnim antagonistou TRPV1 receptoru byl po dlouhou
dobu kapsazepin, prvni synteticky analog kapsaicinu, u n¢hoz byly inhibi¢ni ucinky
prokdzany na membranovych proudech vyvolanych vaniloidy na DRG neuronech
(Bevan et al., 1992). Na zvifecich modelech zanétlivé a neuropatické bolesti bylo
prokazano, ze kapsazepin tlumi hyperalgezii vyvolanou mechanickymi a tepelnymi
podnéty u morcat, pficemz piekvapivé nema tyto U¢inky u potkant ¢i myS$i. Tyto
rozdily mezi zivo€isSnymi druhy pozorované ,in vivo*“ = koreluji sjiz dfive
pozorovanymi vysledky ,,in vitro®“ (Walker et al., 2003). Pozd¢&ji bylo zjisténo, ze
kapsazepin inhibuje také napétove zavislé vapnikové kandly a acetylcholinové
receptory (Docherty et al., 1997; Liu and Simon, 1997), coz ponékud oslabilo ptedstavy
o specificnosti a vyuZitelnosti tohoto antagonisty. Pomoci prostiedkli kombinatorické
chemie a vyhleddvanim v databdzich organickych sloucenin proto stdle pokracuje
hledani novych ucinnych kompetitivnich antagonistt TRPV1 receptoru strukturalné
pribuznych kapsaicinu.

Vysoce U€innym kompetitivnim inhibitorem TRPV1 receptoru mize byt iodo-
reziniferatoxin (4-hydroxy-5-iodo-3-methoxy RTX), latka, ktera ve svych obou formach
(radioaktivni - '*I-RTX i neradioaktivni I-RTX) silné tlumi (aZ étyFicetkrat u¢inngji nez
kapsazepin) membranové proudy vyvolané vaniloidy, snizenym pH a teplem (Wahl et
al., 2001). Vysokou afinitu k TRPV1 receptoru prokazuje tato latka u r0znych
zivociSnych druht savet (Rigoni et al., 2003). Podobné jako agonisté reziniferatoxin a
kapsaicin, [-RTX pfi systémovém podani pasobi hypotermii a vykazuje caste¢né

aktivacni u¢inky (Shimizu et al., 2005).
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Latky syntetizované na bazi thiomocoviny

Inhibi¢nimi u¢inky na membranové proudy vyvolané kapsaicinem, nizkym pH a
teplem putisobi syntetické mocoviny SB-452533 (Rami et al., 2004) a SB-705498 (Lee et
al., 2003; Rami et al., 2006; Gunthorpe et al., 2007) (Lee et al., 2004). Z hlediska
chemické struktury lze do této skupiny také zatadit kapsazepin (konformacné omezeny
analog kapsaicinu na bdazi thiomocoviny). Silné inhibi¢ni wU€inky ve srovnani
s kapsazepinem (dvacetpétkrat az Sedesatkrat) maji syntetické¢ thiomocoviny KIM429
(N-(4-tert-butylbenzyl)-N'-[4-(methylsulfonylamino)benzyl]thiourea) a JYL1421 (N-(4-
tert-butylbenzyl)-N'-[ 3-fluoro-4-(methylsulfonylamino)benzyl]thiourea). KIM429 zcela
tlumi odpovédi vyvolané kapsaicinem, reziniferatoxinem, snizenym pH i teplem oproti
JYL1421, ktery naopak piisobi jako agonista pii pH < 5,5 (Wang et al., 2002).
Vlastnosti pusobit zCasti jako agonista a zCasti jako antagonista byly prokdzany i u
dalsich latek JYL1511 (N-(4-tert-butylbenzyl)-N'-[ 3-methoxy-4-
(methylsulfonylamino)benzyl]thio-urea) a JYL827 (N-[2-(3,4-dimethylbenzyl)-3-
(pivaloyloxy)propyl]-N'-[4-(methylsulfonyl-amin o)benzyl]thiourea) (Wang et al.,
2003). Pétkrat siln€jsim antagonistou nez kapsazepin je IBTU (N-(4-chlorobenzyl)-N'-
(4-hydroxy-3-iodo-5-methoxybenzyl)thiourea), ktery tlumi ucinky reziniferatoxinu
mnohem slabé&ji nez kapsaicinu. V podminkach nepfitomnosti extraceluldrniho vapniku
se jeho inhibic¢ni ucinek vitbec neprojevi na rozdil od opa¢ného ucinku jiného blokatoru,
iodo-reziniferatoxinu (Toth et al., 2004).

Vysoce selektivnim inhibitorem TRPV1 receptoru je A-425619 (1-isoquinolin-5-
yl-3-(4-trifluoromethyl-benzyl)-urea), latka, kterd je az padesatkrat ucinngj$i nez
kapsazepin a tlumi aktivaci receptoru vyvolanou jak aktivatory chemickymi tak i teplem
(El Kouhen et al., 2005). Podrobné studie prokazaly, Ze tato latka zmirfiuje akutni a
chronickou zanétlivou a pooperacni bolest (Honore et al., 2005).

Na TRPV1 receptorech v centralni nervové soustavé (CNS) byly studovany
ucinky dvou antagonistl s odliSnou schopnosti priniku v CNS: A-784168 (1-[3-
(trifluoromethyl)pyridin-2-yl]-N-[4-(trifluoromethylsulfonyl)phenyl]-1,2,3,6-
tetrahydro-pyridine-4-carboxamide), latky ktera dobfe prostupuje do nervové tkéané, a
A-795614 (N-1H-indazol-4-yl-N'-[(1R)-5-piperidin-1-yl-2,3-dihydro- 1 H-inden-1-
yl]urea), latky se slabSi prostupnosti, jez patii mezi antagonisty odvozené od

thiomocoviny. Tato studie prokadzala, ze oba antagonist¢ u¢inn€ inhibuji centralni
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TRPV1 receptory na zvifecich modelech, pficemz mira jejich u¢innosti a penetrace do
nervové tkdné pozitivné koreluji. Toto zjiSténi podpofilo nazor, ze TRPV1 receptory
ulozené v centralni nervové soustavé mohou hrat vyznamnou ulohu v procesu vnimani

ruznych bolestivych podnétt (Abolish et al., 2006).

Latky syntetizované na bazi amidi

Latka  SB-366791  (N-(3-methoxyphenyl)-4-chlorocinnamide) je  oproti
kapsazepinu vysoce selektivni a ucinné tlumi aktivitu TRPV1 receptoru vyvolanou
kapsaicinem, snizenym pH i teplem (Gunthorpe et al., 2004). Sloucenina 9 (AMG 9810)
je dalsi latkou, kterd blokuje membranové proudy vyvolané jak chemickymi, tak
fyzikalnimi aktivatory a G¢inné zabranuje hyperalgezii (Gavva et al., 2005). Skupina
téchto inhibitorti byla dale rozsifena o slouceniny 49a a 49b (Doherty et al., 2005) a
slouceninu 46ad (2-piperazin-1-yl-1H-benzimidazoles) (Ognyanov et al., 2006), které
prokazovaly tlumivé ucinky v teplotni hyperalgezii u potkanti. Konforma¢ni zménou
trans formy slouceniny AMG 9810 [(E)-3-(4-t-butylphenyl)-N-(2,3-
dihydrobenzo[b][1,4]dioxin-6-yl)acrylamide] byla syntetizovana tada izosterickych
nahrad, z nichz nejucinnéjsi byly slouceniny v s-cis formé, které blokuji jak potkani tak
1 lidské TRPV1 receptory. Pyrimidin 74 uc¢inné blokuje hypotermicky ucinek vyvolany
aplikaci kapsaicinu na potkanim modelu (Norman et al., 2007).

Prostfednictvim metody calcium imaging (metody, ktera dovoluje métit casovy
prib&h zmén intraceluldrni koncentrace Ca>") byly na CHO buiikach (Chinese hamster
ovary cells) studovany derivaty thiazolu (Xi et al., 2005) a tfada 4-oxopyrimidint,
z nichz nejucinngjsi sloucenina 23 (AMG 517) byla studovana na zvifecim modelu
bolesti (hlodavci) v pribéhu zanétu a byla vybrana pro lidské klinické testy (Doherty et
al., 2007). Srovnatelnou se slouceninou 23 se zda byt i sloucenina 16p (AMG 628),
kterd je povazovédna za druhou generaci antagonistil s potencidlem klinického vyuziti
predevsim pii 1é¢bé chronické bolesti (Wang et al., 2007). Na zakladé studia inhibi¢nich
ucinkd latky BCTC (N-(4-tertiarybutylphenyl)-4-(3-cholorphyridin-2-
yDtetrahydropyrazine -1(2H)-carbox-amide) u zvifecich modelt byla prokdzana tloha
TRPV1 receptoru pii chronickych bolestech pii zanétu nebo v misté poranéné nervové

tkané (Pomonis et al., 2003).
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2.6.2 Nekompetitivni inhibitory

Jako blokator vSech TRP iontovych kanall je pouzivana rutheniova Cerveil (Dray
et al., 1990), jejiz t€inky jsou vSak znacné nespecifické, zpravidla jen ¢aste¢né vratné a
mechanizmus plsobeni neni piesné vymezen (Szallasi and Blumberg, 1999). Pfirozené
se vyskytujicim specifickym antagonistou TRPV1 receptoru je thapsigargin, latka
izolovana z rostliny Tapsia garganica a uzivana v tradi¢ni mediciné¢ Evropanti a Arabti
k 1éCeni revmatické bolesti. Ve velmi nizkych koncentracich (nM) thapsigargin tlumi
¢innost ATPazy, kterd se podili na transportu vapniku do sarkoplazmatického retikula,
coz se projevi pfechodnym zvySenim volného vapniku uvniti buiiky (Toth et al., 2002).
Inhibi¢ni ucinky maji také prirodni toxiny z pavouka Agelenopsis aperta. Jde o
polyaminy AG489 a AGS505, kter¢ blokuji por vaniloidniho iontového kanalu
z extracelularni strany (Kitaguchi and Swartz, 2005). Nekompetitivnimi inhibitory se
slibnym antinociceptivnim u¢inkem jsou peptidy tvofené Sesti pozitivné nabitymi
aminokyselinami (pfirodni neuropeptid dynorfin A) a od nich odvozené netoxické a
metabolicky stabilni peptoidy, které s vysokou afinitou (< 1 umol I') blokuji TRPV1
iontovy kandl napétové zavislym zplUsobem (Planells-Cases et al., 2000) (Garcia-
Martinez et al., 2002).

Mezi testovanymi analgetiky prokazuje inhibi¢ni Gi¢inek adenosin, jehoz zvySena
koncentrace se vyskytuje v oblastech nadmérné neurondlni aktivity v perifernim
nervovém systému a v miSe. Tato latka interaguje s vaniloidnim receptorem piimo a
alostericky jej moduluje (Puntambekar et al, 2004). Jako specificky typ
nekompetitivniho inhibitoru TRPV1 receptoru muzeme oznacit i komplex médi
s fenantrolinem (Cu(Il)-phenantrolin), ktery pfedstavuje velkou, siln¢ pozitivné nabitou
molekulu, jez napét'ové zavislym zplisobem a s vysokou afinitou reverzibilné blokuje

TRPV1 iontovy kanal v otevieném stavu (Tousova et al., 2004).
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2.7 Modulace TRPV1 receptoru

2.7.1 Mechanizmy senzitizace a fosforylace: PKC, PKA, CaMKII

Vaniloidni receptor TRPV1 mutize byt aktivovan jiz pii pokojové teploté (25°C) v
pritomnosti medidtor zanétu uvolnujicich se v oblastech poSkozené nebo zanicené
tkan¢ (prostaglandinu PGE,, bradykininu, serotoninu 5-HT, adenosintrifosfatu nebo
histaminu), neurotrofickych faktorii (napt. NGF) a neuropeptidu (substance P, CGRP).
Tyto medidtory aktivuji specifické metabotropni receptory, které jsou sprazeny
s heterotrimernimi G proteiny rizného typu (Gs, Gq, Gi). Jejich aktivaci jsou spustény
signalizani kaskady, které vedou k fosforylaci cilového receptoru prostfednictvim
ruznych proteinkindz. Napiiklad proces senzitizace/desenzitizace TRPV1 receptoru
muze byt pfimym disledkem fosforylace/defosforylace proteinkinazou A, ktera je
aktivovana prostiednictvim prostanoidnich receptor EP; spojenych s G proteiny. Je
zfejmé, Zze G proteiny vykazuji urCitou specifitu nejen k receptorim, ale také k
efektorovym proteinim. Kazdy metabotropni receptor vaze jeden typ G proteinu, ktery
vSak mize aktivovat vice typl efektorovych proteind. Dusledkem této skutecnosti je, Ze
aktivace rtiznych signalnich molekul vede k ovlivnéni mnoha receptorti (Casto 1 sebe
sama) a naopak, aktivace rtznych specifickych receptori spousti stejné signalni
kaskady (Vlachova et al., 2002a).

Aktivita TRPV1 receptoru mize byt ovlivnéna fosforylaci kalcium/kalmodulin-
dependentni proteinkinazou II (CaMKII), proteinkinazou C (PKC), cAMP-dependentni
proteinkindzou A (PKA), nebo tyrozinkindzou Src. Samotna fosforylace proteinu
vétSinou nezplsobi otevieni iontového kandlu, ale alostericky moduluje jeho citlivost
ke specifickym aktivatorim, zpravidla tim, Ze snizuje prdh pro jeho aktivaci.
Strukturalné funkcéni studie v poslednich letech charakterizovaly specifické fosforylacni
mista TRPV1 receptoru pro jednotlivé proteinkinazy (obr. 4), ale stanovit jejich ulohu
in vivo je obtizné. Mezi hlavni PKA fosforyla¢ni mista TRPV1 receptoru patii seriny na
pozicich 502 (S502) a 116 (S116) (Rathee et al., 2002) (Bhave et al., 2002), threonin
144 (T144), threonin 370 (T370), serin 774 (S774) a serin 820 (S820) (Mohapatra et al.,
2003). Citlivost receptoru je ovlivilovana rtiznymi izoformami PKC: PKCa (Olah et al.,

2002), PKCe (Premkumar and Ahern, 2000) (Numazaki et al., 2002) a PKCpu (Wang et

39



al., 2004b). TRPV1 receptor obsahuje 16 potencialnich fosforylacnich mist pro PKC,
znichz za funkéné vyznamné jsou povazovany tii aminokyselinové zbytky: serin 800
(S800), serin 502 (S502) (Numazaki et al., 2002) (Premkumar et al., 2004) a threonin
704 (T704) (Bhave et al., 2003). TRPV1 receptor ztraci svou afinitu k vaniloidnim
ligandiim, jestlize neni fosforylovano alespoil jedno ze dvou konzervovanych
fosforylaénich mist kalmodulin-zavislou proteinkinazou CaMK II: serin 502 na
intraceluldrni klicce mezi 2. a 3. transmembrdanovym segmentem a threonin 704
v proximalni ¢asti karboxylového konce (Jung et al., 2004). Zda se, ze fosforylace rizné
kindzy tidi aktivitu TRPVI1 receptoru dynamickou rovnovahou mezi fosforylaci a
defosforylaci. Tyto mechanizmy se pravdépodobné odehravaji hlavné prostiednictvim
serinu 502, ktery je fosforylovan tfemi riznymi proteinkindzami.

Kromé& mechanizmi farmakologické senzitizace/desenzitizace je aktivita TRPV1
receptoru dlouhodobé regulovana fadou dalSich mechanizmti pfedevsim téch, které
ovlivituji pocet funkénich kanalti v membranach nociceptivnich neuronti. Za vyznamny
regulator aktivity TRPV1 je povaZovan nervovy rustovy faktor (NGF), ktery zvySuje
expresi receptorti na povrchu bunék prostiednictvim MAPK (p-38 mitogen activated
protein kinase) a pisobenim Src kinazy, jejiz prostfednictvim je fosforylovan tyrozin

Y200 (Zhang et al., 2005).

2.7.2 Modulace membranovym lipidem PIP,

Aktivace metabotropnich receptorti (napt. bradykininovy receptor B2, TrkA
receptor pro nervovy rustovy faktor) mize prostfednictvim signalnich kaskad vést k
aktivaci fosfolipazy C (PLC) s néslednou hydrolyzou membranového fosfolipidu
fosfatidylinozitol-4,5-bisfosfatu (PIP,). PIP, prostfednictvim charakteristické domény
TRP receptorti nachazejici se v proximalni ¢asti karboxylového konce, tzv. TRP boxu,
stimuluje aktivitu nékterych z TRP kanali: TRPVS, TRPMS, TRPM8 (Rohacs et al.,
2005) a TRPM7 (Runnels et al., 2002). O pusobeni PIP, na TRPV1 receptor zatim
existuji dvé odlisné hypotézy. Bylo prokazano, ze PIP, tonicky snizuje aktivitu TRPV1
kanalu pti¢emz hydrolyza PIP,, kterd je vysledkem aktivace metabotropnich receptori a
nasledné aktivace PLC, uvolnuje receptor z konstitutivni inhibice a vede k senzitizaci
TRPV1 (Chuang et al., 2001) (Prescott and Julius, 2003). Tento inhibi¢ni mechanizmus

se ovSem uplatiiuje jen pii nizkych koncentracich agonisty a je ziejmé nepiimy, nebot’
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neni pozorovan ve vytrzenych membranovych tercicich (Stein et al., 2006). Inhibice
PLC specifickym inhibitorem U73122, dialyza PIP, nebo prekurzorem PIP naproti tomu
snizuje desenzitizaci TRPV1 receptoru zavislou na Ca*" a PIP, miize aktivovat TRPV1

receptor i nezavisle na bunééném kontextu (Lukacs et al., 2007).

2.7.3 Mozné mechanizmy vzniku desenzitizace TRPV1 receptoru

Jednim zvelmi dilezitych poznatki na cesté¢ kobjasnéni mechanizmi
desenzitizace TRPV1 a tulohy intracelularniho vapniku v tomto procesu se v nedavné
dobé stal popis krystalové struktury ankyrinové ¢€asti cytoplazmatického N-konce
TRPV1 receptoru. Na zdkladé vazebnych a funkénich studii bylo v oblasti
ankyrinovych domén 1-2 identifikovano vazebné misto pro ATP (senzitizujici ucinek),
na né€Z se kompetitivnim zplsobem vaze komplex véapnik-CaM (inhibi¢ni U€inek)
(Lishko et al., 2007).

K antinociceptivnimu putsobeni kapsaicinu dochdzi zejména vlivem specifické
aktivace vaniloidnich receptort, jez vede k tfad¢ bunécnych procesi, predevSim ke
vstupu véapniku kationtovymi TRPV1 kandly do bunky. ZvySend koncentrace
intracelularniho vépniku ovliviiuje funkci dalSich receptori a enzymdi, vede mj.
k desenzitizaci samotného vaniloidniho receptoru a mize mit neurotoxické az
apoptotick¢ ucinky. V soucasné¢ dobé jsou ovéfovany tfi hypotézy o bunécnych
mechanizmech, jez mohou byt pfi¢inou analgetickych uc¢inkd topické aplikace
kapsaicinu.

Mezi nejlépe prostudované mechanizmy, o jejichz souvislosti s desenzitizaci
TRPV1 receptoru neni pochyb, patii procesy fosforylace/defosforylace zprostiedkované
proteinkinazami A, C, Ca**/kalmodulin-dependentni proteinkinazou II a fosfatizami,
znichz asi nejvyznamnéjsi je kalcineurin (fosfataza 2B) (Docherty et al., 1996).
Metodami molekularni biologie se podafilo identifikovat fadu kritickych fosforyla¢nich
mist, jez se uplatiiuji v alosterické modulaci TRPV1 receptoru (obr. 4) a mohou byt
pfi¢inou snizené citlivosti nociceptori pii opakované nebo dlouhodobé aplikaci
kapsaicinu (Koplas et al., 1997) (Mandadi et al., 2006) (Tominaga and Tominaga,
2005). Druhé hypotéza vysvétlujici vznik desenzitizace (obr. 6) na molekularni Grovni
vychéazi ze soucasnych poznatkii o strukturdlni interakci TRPV1 receptoru s jinymi

intraceluldrnimi proteiny, pfedevS§im kalmodulinem (CaM) (Numazaki et al., 2003)
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(Rosenbaum et al., 2004), ktery hraje vyznamnou roli v metabolizmu intracelularniho
Ca®". Tieti hypotéza vzniku akutni desenzitizace vaniloidniho TRPV1 receptoru
predpoklada, ze dochazi ke zménam v interakci karboxylového konce kanalu s lipidy
plazmatické membrany. Tato hypotéza se opird o experimentalni dikaz, ze navrat
iontového kanalu z desenzitizovaného do ptivodniho (aktivovatelného) stavu je spojen s
resyntézou membranového lipidu fostatidylinozitolu-4,5-bisfostatu (PIP,), jenz je v

disledku priniku vapniku do bunky hydrolyzovan (Liu et al., 2005).
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Obrazek 6. Model mechanizmu desenzitizace vaniloidniho receptoru TRPV1: vapenaté
ionty se po pruchodu pérem otevieného iontového kanalu vazou na kalmodulin (CaM) a
komplex CaM-Ca®" kompetuje o vazebné misto pro adenosin trifosfat (ATP).
Konforma¢ni zména zpisobena vazbou CaM-Ca®" na N-konec receptoru oslabi
interakci proximalni ¢asti C-konce s membranovym lipidem PIP, , coZ vede ke snizeni
afinity receptoru pro vaniloidy (Lishko et al., 2007; Novakova-Tousova et al., 2007).

Uvedené hypotézy o mechanizmech vzniku akutni desenzitizace nociceptorti jsou
v soucasné¢ dobé studovany na molekularni urovni, ptfevazné technikami
elektrofyziologického snimani aktivity rekombinantnich TRPV1 receptorti v kombinaci
se studiem dynamickych zmén intracelularni koncentrace véapniku a metodami
molekularni biologie, jez umoziuji zjistit vyznam jednotlivych aminokyselinovych
zbytkll pro funkci proteinového komplexu iontového kanalu. Ukazuje se, ze existuji
slozité zpétnovazebni mechanizmy, jez se uplatiuji v zavislosti na mnozstvi vapniku
proniknuvsiho péry iontovych kandall a ze ,,spravna* funkce TRPV1 receptoru miize byt
ur¢ovana jedinym aminokyselinovym zbytkem jeho primérni struktury. Ziskdni vSech
novych poznatkii o funkci vaniloidniho receptoru by mohlo v budoucnu pomoci ve
vyvoji novych analgetik a pfi vybéru klinickych stavii vhodnych pro tento alternativni

zpisob 1écby (Tousova et al., 2007).
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3. CILE PRACE

Predlozena dizertaéni prace si klade za cil prispét k objasnéni nékterych
mechanizmil, jejichz prostfednictvim je aktivovan a modulovan vaniloidni receptor
TRPV1 nocicepcnimi podnéty. Prace uvadi nové vysledky tykajici se molekularni
podstaty desenzitizace TRPV1 receptoru zavislé na vapniku a pokousi se uvést tyto
poznatky do souvislosti se sou¢asnymi predstavami o plisobeni vaniloidnich latek na

polymodalnich nociceptorech.
Dizertacni prace se zabyva objasnénim nasledujicich experimentalnich otazek:

1. Jaky je molekularni mechanizmus, jehoz prostiednictvim dochdzi k akutni
desenzitizaci vaniloidniho receptoru TRPV1? Jaka je uloha extracelularniho
vapniku v tomto procesu a k jakym konformacnim zméndm proteinového
komplexu TRPV1 dochazi v pfitomnosti kapsaicinu? Jaky vyznam mohou

mit poznatky tykajici se akutni desenzitizace?

2. Je aktivita vaniloidniho receptoru ovlivnéna v oxida¢nim ¢i redukénim
prostiedi? Jakym molekuldrnim mechanizmem pisobi redox-aktivni latky na
aktivitu vaniloidniho receptoru? Jaky fyziologicky vyznam muiize mit tento

typ modulace v nocicepci?

3. Lze predpokladat, ze je aktivita TRPV1 receptoru ovlivnéna blokatorem
iontovych kanalti gadoliniem (Gd*>") podobng, jako je tomu u n&kterych
pribuznych mechanosenzitivnich TRP iontovych kanali? Pokud ano, jaky je

. o It +
mechanizmus ptisobeni Gd*" na tento receptor?
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4. MATERIAL A METODY

Tkanové kultury a transfekce

V této dizertani praci byly pouzity jako material tkanové kultury lidskych
embryonalnich ledvinnych bunék 293T (HEK 293T) ptipadné v nékterych pokusech
také neurony zadnich kotfenti miSnich (DRG neurony). HEK 293T byly kultivovany v
mediu OPTI-MEM (Life Technologies, USA), které bylo doplnéno 5% fetalnim
hovézim sérem, na miskach pokrytych poly-L-lyzinem s hustotou piiblizn¢ 180 000
bundk/cm®.

HEK 293T bunky byly pifechodné transfekovany rekombinantni cDNA potkaniho
vaniloidniho receptoru (rTRPV1) ve vektoru pcDNA3 v koncentraci zhruba 300-400 ng
na misku, ktery slouzil jako wild type ve vSech pokusech a déle byl pouzit Lipofectamin
2000. Proto, aby mohly byt pozitivné transfekované builky identifikovany pfi
elektrofyziologickych méfenich, byly soucasné transfekovany zelenym fluorescenénim
proteinem nesenym ve vektoru pQBI 25, a to vkoncentraci 400 ng/misku.
Transfekované buniky byly rozmistény na sklicka pokryta poly-L-lyzinem (tfi sklicka o
priméru 12 mm na jedné misce o priméru 35 mm). Kromé uvedeného TRPV1
receptoru byly studovany i jiné TRP receptory: lidsky TRPV3 neseny vektorem
pcDNAS/FRT, TRPMS8 neseny IRES-EGFP vektorem. V nékterych studiich byly
mefeny mutanty (konstrukty) TRPV1 receptoru, které byly pfipraveny molekularné-
biologickymi technikami bodovych mutaci, jejichz pfesny popis je uveden
v konkrétnich publikacich, které jsou soucasti této dizertacni prace a jejich seznam je

uveden na konci této dizertacni prace.
Elektrofyziologicka technika patch clamp

Elektrické proudy z povrchu celych bunék (konfigurace whole-cell) byly snimany
elektrofyziologickou technikou patch clamp obvykle 24 az 48 h po transfekci. Pro
kazdou skupinu pokusi bylo studovéno 5 az 8 pozitivnich bun¢k na kazdém sklicku z
nejméné tii nezavislych transfekci. Whole-cell proudy byly snimdny zesilovacem
Axopatch 1-D s pouzitim programu pCLAMPS. K méteni byly pouzity elektrody

z borosilikatového skla (o priméru 1.5 mm) naplnéné intracelularnim roztokem, které
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po naplnéni vykazovaly odpor v rozmezi od 4 do 6 MQ. Sériovy odpor byl obvykle
mensi nez 10 MQ a byl kompenzovan na 80%. Pro rychlou aplikaci chemickych a
teplotnich podnéti byl pouzit aplikaéni systém umoznujici pfesné fizeni teploty
aplikovanych roztoki prochéazejicich vzdy jednou ze sedmi silikonovych kapilar
napojenych na spole¢né Usti vyrobené ze sklenéné kapilary, okolo které je omotan
izolovany médény dratek (o priméru 20 um) ohtivajici roztoky aplikované na bunky
(Dittert et al., 1998) (Dittert et al., 2006). Teplota protékajicich roztokd byla métena
malym termoclankem umisténym do usti kapilary, které bylo vzdalené ptiblizn¢ 100 pm

od buiiky, na niz byly aplikovany roztoky.

Roztoky

Kontrolni extracelularni roztok obsahoval (mM): NaCl (160), KCI (2.5), CaCl, (1-
2), MgCl, (2), HEPES (10), glukéza (10), pH bylo upravovano pomoci NaOH na
hodnotu 7.3. Osmolarita extracelularniho byla 320 mOsm. Pro plnéni elektrod byl
pouzit intracelularni roztok, ktery obsahoval (mM): Cs-glukonat (125), CsCl (15),
EGTA (5), HEPES (10), CaCl, (0.5), ATP (2), pH bylo upravovano pomoci CsOH na
hodnotu 7.3. Osmolarita intracelularniho roztoku byla 290 mOsm.

Agonista TRPV1 receptoru, kapsaicin, byl pfipravovan z 0.1 M zasobniho roztoku
v etanolu a skladovan pii teplot¢ —20 °C. Konec¢na koncentrace etanolu byla < 0.001 %.
Ostatni experimentalni roztoky konkrétniho slozeni jsou pfesné rozepsany v ptislusnych

publikacich, jejichZ seznam je uveden na konci dizertacni prace.
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5. VYSLEDKY A DISKUZE

5.1 Mechanizmy akutni desenzitizace TRPV1 receptoru

Desenzitizace je jednou z charakteristickych vlastnosti ligandem aktivovanych
receptor, kterd se projevuje postupnym snizovanim odpoveédi receptoru pii
pretrvavajicim ptsobeni agonisty. V ptipad¢ iontovych kanali je tento d¢j disledkem
konformac¢nich zmén bilkovinnych molekul receptorti tvotficich komplex iontového
kandlu. Akutni desenzitizace TRPV1 receptoru zplisobena kapsaicinem je slozitym
procesem s ménicimi se kinetickymi komponentami, které jsou zdvislé na vstupu

vapniku timto iontovym kanalem do burnky.

Pfi studiu mechanizmii akutni desenzitizace jsme si dali za cil zodpovédét tyto
otazky:

e Definovat akutni desenzitizaci TRPV1 a stanovit vliv zvySené teploty (z
25°C na 35°C) na tento dg;.

e Objasnit zda mize byt desenzitizace pfi¢inou snizené afinity receptoru k
jeho agonistovi.

e Objasnit, zda mize byt defosforylace dvou kli¢ovych fosforyla¢nich mist,
serinu 502 a threoninu 704, prostiednictvim kalmodulin dependentni
kinazy II (CaMKII) pfi¢inou desenzitizace TRPV1 nebo spiSe jejim
doprovodnym jevem.

e MiiZe mit interakce membranového PIP, s aminokyselinami z oblasti TRP
boxu TRPV1 vliv na desenzitizaci TRPV1 a pokud ano, do jaké miry se na

tom podili arginin 701 leZici v blizkosti klicového threoninu 704?

5.1.1 Vliv teploty na rychlost akutni desenzitizace zavislé na vapniku

Pti akutni desenzitizaci TRPV1 kanalu dochézi v pfitomnosti extracelularniho

vapniku k rychlému snizeni membranovych proudii béhem prvni aplikace kapsaicinu.
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Molekularni podstata tohoto déje neni dosud plné objasnéna a kinetické parametry,
které jej popisuji, jsou v literatufe ¢asto velmi odlisné.

V nasi studii jsme se proto nejdiive zaméfili na charakterizaci ¢asového pribéhu
membranovych proudii béhem definovaného intervalu 20 sekund prvni aplikace 1 pM
kapsaicinu. HEK 293T bunky transfekované TRPV1 kanadlem byly stimulovany
v pfitomnosti 2 mM vapniku dvéma po sobé jdoucimi aplikacemi 1 uM kapsaicinu,
pficemz doba pulsobeni a interval mezi jednotlivymi aplikacemi byl vzdy 20 s.
Z kazdého experimentalniho sklicka obsahujiciho velké mnozstvi bunék, které je mozno
m¢éfit, byla pouzita vzdy jen jedna buiika a poté bylo sklicko vyménéno, abychom si
byli jisti, ze zaznamy jsou potfizeny z bunék, které nebyly ovlivnény zddnou piedchozi
aplikaci kapsaicinu. Méfili jsme kinetické parametry prvnich odpovédi na kapsaicin pii
dvou raznych teplotach. Pii pokojové teploté (25 °C) byla primérna rychlost aktivace
receptori a amplituda odpovédi nizsi nez pti teploté 35 °C. Takovou zavislost Ize na
zaklad¢ termodynamickych zakonl ocekavat a zdalo by se, ze tato informace nepfinasi
nic nového. Podrobnym zkoumdnim rychlosti desenzitizace se vSak podatilo odlisit
casové konstanty desenzitizace, které jsou pfi teploté 25 °C velmi heterogenni (od 2.8 s
do vice nez 20 s) a zvySenim teploty o 10 °C (z 25 °C na 35 °C) se natolik zrychli, zZe je
Jiz mozné stanovit primérnou ¢asovou konstantu akutni desenzitizace pomérné piesné

(44+£05s;n=10).

5.1.2 Akutni desenzitizace sniZuje afinitu vazebného mista pro kapsaicin

V porovnani s rychlym nastupem prvni kapsaicinové odpovédi byla casova
konstanta druhé kapsaicinové odpovedi snimané o 20 s pozdéji o fad pomalejsi (ton =
3.6svs. 0.5s). Tuto zménu v nastupu aktivace lze vysvétlit snizenou afinitou
desenzitizované¢ho receptoru ke kapsaicinu. Takovy mechanizmus je v souladu
s piedchozimi publikovanymi nalezy, Ze reziniferatoxin ([HJRTX) se nevaze
k desenzitizovanému TRPV1 receptoru (Jung et al., 2004). Abychom otestovali tuto
hypotézu, aplikovali jsme kapsaicin ve vysoké koncentraci (30 uM), po té, co byl
receptor desenzitizovan prvni aplikaci 1 pM kapsaicinu. To mélo za nasledek okamzité
a plné obnoveni maximalni aktivity kandlu s niz§im stupném akutni desenzitizace nez
ten, ktery jsme pozorovali pti aplikaci 1 uM kapsaicinu. Polozili jsme si proto otdzku,

zda mechanizmus, ktery zodpovida za vznik akutni desenzitizace, mlze souviset
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s poctem receptorovych podjednotek vytvaiejicich iontovy kanal. Da se predpoklédat,
ze v piipad¢ kapsaicinu sta¢i k maximélni aktivaci kanalu navazéni dvou molekul
agonisty na dvé podjednotky kanalu (Hilliv koeficient je ~2), kdezto v piipadé¢
piperinu, jiného agonisty TRPV1 s vySsim stupném kooperativity (Hilliv koeficient
je ~4), je k aktivaci kanalu zapotiebi navazani maximalniho poc¢tu 4 molekul agonisty
tak, aby byla vSechna Ctyfi receptorovd mista kanalu obsazena (McNamara et al., 2005).
Podobné jako v ptfipadé kapsaicinu jsme zjistili, ze kanal desenzitizovany piperinem
(30 uM) byl schopen dosdhnout maximalni miry aktivace pii aplikaci vysoké
koncentrace piperinu (100 pM).

Z diive publikovanych studii je zndmo, Ze k desenzitizaci TRPV1 kandlu
nedochézi pfi aplikaci agonisty v roztoku bez vépniku a Ze takto aktivované kandly se
deaktivuji s velmi pomalou ¢asovou konstantou (Docherty et al., 1996; Koplas et al.,
1997; Mohapatra et al., 2003). Vysvétlujeme to tim, ze kanal setrvava relativné dlouho
v nékterém z otevienych stavii a méné Casto se uzavira, coz mize byt také odrazem jeho
vysoké afinity pro agonistu. V naSich pokusech jsme se presvédcili o tom, Ze se
nedesenzitizované kandly v kontrolnim roztoku bez véapniku skute¢né velice dlouho
deaktivuji (Tso = 7.4 = 1.0s) oproti kanalim, které byly pfedtim desenzitizovany
aplikaci kapsaicinu v roztoku s vapnikem (Tso=2.0+ 0.4 s;n=11).

Vyse uvedena data naznacuji, Ze akutni desenzitizace TRPV1 kandlu souvisi
s dynamikou vtoku vépenatych iontd do builky a vedou k jeho uzavieni a naopak
bezprostiedné po odstranéni vapniku zroztoku, se desenzitizované kanaly rychleji
reaktivuji. Dale pfinaSime tfi dikazy o tom, ze desenzitizace TRPV1 kanalu muze byt
funkénim odrazem snizené afinity kandlu k ligandu. Zaprvé, desenzitizované kanaly
jsou aktivovany s daleko pomalejsi rychlostni konstantou nez nedesenzitizované kanaly.
Jinymi slovy: rychlost nastupu aktivace (otevirdni) je u desenzitizovanych kanalt
daleko niz8i nez u nedesenzitizovanych kandlt. Zadruhé, po ukonceni aplikace
kapsaicinu se desenzitizované kandly uzaviraji daleko rychleji nez nedesenzitizované
kanaly, neboli rychlost deaktivace (uzavirani) je u desenzitizovanych kandlti daleko
vys$si (zhruba 4x) nez u nedesenzitizovanych kanalii. Zatieti, skoro uplna desenzitizace
muze byt do ur¢ité miry prfekonana vysokymi koncentracemi agonisty. Tato posledni
zminéna vlastnost TRPV1 kanélu jej zdsadné odliSuje od vétSiny jinych zndmych

iontovych kanald, jakymi jsou P2X, NMDA, AMPA, GABA4, ACh nebo ASIC, u
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kterych vede vysoka koncentrace ligandu vzdy k vy$Simu stupni desenzitizace (Kardos

and Nyikos, 2001; Dilger, 2002).

5.1.3 Defosforylace S502 a T704 neni pri¢inou akutni desenzitizace

Snizenad schopnost TRPV1 receptoru vazat vaniloidy byla difive studovéana jako
jedna z moznych pficin desenzitizace TRPV1 receptoru a tento proces byl spojovan se
soucasnou defosforylaci dvou fosforylacnich mist pro CaMKII (Jung et al., 2004).
Nebylo vsak jasné, zda je defosforylace pfi¢inou desenzitizace, nebo spiSe
doprovodnym jevem aktivace receptoru. Proto jsme se touto problematikou zabyvali
hloubé&ji. Metodou bodovych mutaci jsme pfipravili dva dvojndsobné mutanty
potkaniho TRPV1 receptoru, ve kterych byly zaménény aminokyseliny, které jsou
prokdzanymi fosforylacnimi misty pro CaMKII, serin v pozici 502 (S502) a threonin
v pozici 704 (T704), za neutralni aminokyseliny alanin a isoleucin (S502A/T7041 a
S502A/T704A). Méfenim membranovych proudd jsme zjistili, ze mutantni kanal
S502A/T7041 vykazuje znacné zmény funkce ve srovnani s wild typem: zcela ztratil
citlivost na kapsaicin, ale citlivost k nizkému pH a k teplotnim stimulim byla
zachovana. Mutantni kanal S502A/T704A zachoval citlivost ke vSem aktivatorim:
kapsaicinu, snizenému pH a bolestivému teplu. Tento mutant desenzitizoval podobné
jako wild type. Mutanty, ve kterych byly nahrazeny bud’ serin 502 za alanin (S502A)
nebo threonin 704 za isoleucin (T704I), vykazovaly normalni odpovédi na vSechny
podnéty jako kontrolni wild type. Z téchto vysledkd vyplyva, ze pro spravnou funkci
kanalu je nutnd interakce minimaln€ dvou odlisnych oblasti TRPV1 kanalu. Kromé toho
se zda, Ze threonin 704 lezi v kritické oblasti receptoru, nejen pokud jde o vazbu
agonisty, ale také co se tye samotného otevirdni kandlu. NaSe vysledky, prokazujici
funkénost S502A/T704A mutantu, tak byly v rozporu s diive publikovanou hypotézou
zalozenou na predstave, ze za ztratu schopnosti TRPV1 receptoru vazat vaniloidy je
zodpovédna soucasna defosforylace obou fosforylacnich mist (Jung et al., 2004).
Navzdory jasnym u€inkim mutantu S502A/T7041 ve vazb& vaniloidl, vSak neni
pravdépodobné, ze by T704, ktery je soucasti tzv.TRP domény, tvofil ¢ast vazebného
mista (Jordt and Julius, 2002; Gavva et al., 2004; Chou et al., 2004). Nase data
naznacuji, ze mutant T7041 funk¢né “rozpoznava“ specifické misto S502, nebo naopak

mutant S502A rozliSuje mezi specifickymi mutacemi na pozici T704.
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5.1.4 Kli¢ova uloha argininu na pozici 701 v regulaci aktivity TRPV1

Na zéklad¢ statistickych analyz casti sekvenci TRPV1 kandlu, které lze
fosforylovat, byl arginin na pozici 701 definovdn jako specificky urcujici faktor
fosforylace threoninu 704 prostfednictvim CaMKII. Celé fosforylacni misto lezi na
proximalnim C konci tzv. TRP domény sousedici s distalni ¢asti 6. transmembranové
domény TRPV1 receptoru vytvarejici vnitini ¢ast poéru iontového kanalu. Tato oblast
obsahuje n¢kolik konzervovanych pozitivné nabitych aminokyselinovych zbytki, které
mohou interagovat s negativné nabitymi membranovymi fosfolipidy, jako je PIP;
(Rohacs et al., 2005; Qin, 2007). V nedavné dobé bylo zjisténo, ze aktivace TRPV1
receptoru vede k vyCerpani zasob membranového PIP; a pravdépodobné existuje vztah
mezi stupném desenzitizace TRPV1 receptoru a hladinou membranového PIP, (Liu et
al., 2005). NasSe data ukazuji, Ze rizné mutace threoninu na pozici 704 ovliviiuji
funkénost TRPV1 kandlu, a uvazovali jsme o tom, zda strukturdlni zmény
aminokyselinovych zbytkil v jeho bezprostiednim okoli mohou byt podstatou oslabené
interakce PIP, s TRPV1 receptorem a zpusobit tak desenzitizaci kandlu. Abychom
otestovali tuto moznost, pfipravili jsme tii mutanty (K698A, R701A a K710A), ve
kterych jsme nahradili pozitivné nabité aminokyseliny K698, R701 a K710 za neutralni
aminokyselinu alanin. Tyto aminokyseliny jsou analogické vuci K995, R998 a R1008 u
piibuzného TRPMS kandlu, ktery prostfednictvim téchto aminokyselin interaguje s
PIP,. Mutant R701A vykazoval pozménénou teplotni a chemickou citlivost
(zpomalenou rychlost kapsaicinové disociace), ale napétova citlivost zistala
nezménéna. Mutanty K698A a K710A byly ve své citlivosti ke kapsaicinu, nizkému pH
a bolestivému teplu funkéné velmi podobné wild typu. Uloha R701 v regulaci aktivity
TRPV1 receptoru je z téchto vysledki ziejmé a proto jsme chtéli zjistit, zda by se mohla
uskutecniovat prostfednictvim interakci s membranovym PIP,. HEK 293T buiky jsme
transfekovali TRPV1 kanalem spole¢né s Kir2.1 draslikovym kanalem, jehoz aktivita
zavisi na ptitomnosti PIP, v plazmatické membrané bunck (Zhang et al., 1999).
Membranové proudy vyvolané 20s trvajici aplikaci kapsaicinu (1 a 30 uM)
v kontrolnim extracelularnim roztoku s 2 mM vapnikem desenzitizovaly. Pozorovali
jsme vyrazné snizeni membranovych proudi nesenych Kir2.1 kanaly (o> 95 %), coz
svédc¢ilo o vycCerpani zasob membranového PIP,. Pfiblizné¢ za 2 minuty po odmyti

kapsaicinu se aktivita Kir2.1 kanald plné obnovila (coz Ize vysvétlit tim, Ze se za tuto
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dobu stacil resyntetizovat PIP, v bunééné membran¢), avSak TRPV1 kandly zlstaly
desenzitizovany. Ve shodé¢ s pfedchozi publikaci (Liu et al., 2005) lze fici, ze aktivita
TRPV1 kanall ovlivituje hladinu membranového PIP; a je tedy mozné, Ze desenzitizace
muze byt funkénim odrazem nedostatku PIP, v membrané. Nase vysledky navic
prokézaly, ze obnova samotného PIP; v plazmatické membrané nestaci k tomu, aby byl
TRPV1 kanal navracen z desenzitizace. Vyslovili jsme hypotézu, ze arginin 701, ktery
je siln€é konzervovan mezi piibuznymi kandly tzv. TRP skupiny (TRPM, TRPC a
TRPV1-3) je klicovym aminokyselinovym zbytkem v interakcich mezi TRPV1 kanalem
a membranovym PIP,. Na zaklad¢ zjisténych vysledkd se domnivame, ze arginin 701
muze hrat dalezitou ulohu v desenzitizaci TRPV1 kanalu zavislé na vapniku. Zaprvé,
nachdzi se ve vysoce konzervované TRP doméné, kterd je strategicky lokalizovana
blizko vchodu do poéru kandlu a vyznamné se podili na modulaci otevirani kanalu.
Zadruhé, vzhledem k tomu, ze je ¢ast sekvence pro CaMKII a PKC fosforylaci v oblasti
zahrnujici T704, mtze arginin 701 regulovat procesy fosforylace a defosforylace kanéalu
na tomto misté. Zatteti, oblast okolo R701 je pravdépodobné lokalizovdna na povrchu
proximalni ¢asti C-konce a postranni fetézec tohoto aminokyselinového zbytku muze
tedy elektrostaticky interagovat sjinou casti kanalu nebo s negativné nabitymi
fosfolipidy, které jsou pravdépodobné zahrnuty v desenzitizaci zavislé na vapniku (tato
hypotéza byla vneddvné dobé podpofena jinou laboratofi (Brauchi et al., 2007)).
Zactvrté, mutace argininu v pozici 701 (R701A) vyznamné ovliviiuje rychlost disociace
kapsaicinu z kanalu, coz naznacuje, ze tento zbytek mize piimo ovliviiovat vazbu

agonisty na TRPV1 receptor.

51



Neuroscience 149 (2007) 144-154

FUNCTIONAL CHANGES IN THE VANILLOID RECEPTOR SUBTYPE 1
CHANNEL DURING AND AFTER ACUTE DESENSITIZATION
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Abstract—Agonist-induced desensitization of the transient
receptor potential vanilloid receptor-1 (TRPV1) is one of the
key strategies that offer a way to alleviate neuropathic and
inflammatory pain. This process is initiated by TRPV1 recep-
tor activation and the subsequent entry of extracellular Ca%*
through the channel into sensory neurones. One of the prom-
inent mechanisms responsible for TRPV1 desensitization is
dephosphorylation of the TRPV1 protein by the Ca%*/calmod-
ulin-dependent enzyme, phosphatase 2B (calcineurin). Of
several consensus phosphorylation sites identified so far,
the most notable are two sites for Ca?*/calmodulin depen-
dent kinase Il (CaMKIl) at which the dynamic equilibrium
between the phosphorylated and dephosphorylated states
presumably regulates agonist binding. We examined the
mechanisms of acute Ca?*-dependent desensitization using
whole-cell patch-clamp techniques in human embryonic kid-
ney (HEK) 293T cells expressing the wild type or CaMKIl
phosphorylation site mutants of rat TRPV1. The nonphos-
phorylatable mutant S502A/T7041 was capsaicin-insensitive
but the S502A/T704A construct was fully functional, indicat-
ing a requirement for a specific residue at position 704. A
point mutation at the nearby conserved residue R701
strongly affected the heat, capsaicin and pH-evoked currents.
As this residue constitutes a stringent CaMKIl consensus site
but is also predicted to be involved in the interaction with
membrane phosphatidylinositol 4,5-bisphosphate (PIP,),
these data suggest that in addition to dephosphorylation, or
as its consequence, a short C-terminal juxtamembrane seg-
ment adjacent to the transient receptor potential box com-
posed of R701 and T704 might be involved in the decelerated
gating kinetics of the desensitized TRPV1 channel. © 2007
IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: capsaicin, vanilloid receptor, TRP channels,

structure-function relationship, desensitization.

The vanilloid receptor TRPV1 (transient receptor potential
vanilloid receptor-1) is a nonselective cation channel that is

*Corresponding author. Tel: +420-29644-2711; fax: +420-29644-2488.
E-mail address: vlachova@biomed.cas.cz (V. Vlachova).

Abbreviations: CaMKII, Ca?*/calmodulin-dependent kinase Il; GFP,
green fluorescent protein; HEK, human embryonic kidney; -V, cur-
rent—voltage; PIP,, phosphatidylinositol 4,5-bisphosphate; PKA, pro-
tein kinase A; PKC, protein kinase C; TRP, transient receptor potential;
TRPV1, transient receptor potential vanilloid receptor-1.

predominantly expressed by nociceptive primary sensory
neurons. This channel can be activated by vanilloid com-
pounds like capsaicin or resiniferatoxin, low pH (<6.5),
noxious heat (>43 °C), phorbol esters (Premkumar and
Ahern, 2000; Bhave et al., 2003), and depolarizing volt-
ages (see Planells-Cases et al., 2005; Tominaga and To-
minaga, 2005; Szallasi et al., 2006; Pingle et al., 2007 for
recent reviews). Upon activation, TRPV1 can regulate cel-
lular Ca®* levels via direct permeation (Pc,/Pn. ~10),
which concomitantly down-regulates its own activity.
Among the Ca®*-activated enzymes that are believed to
play pivotal roles in this TRPV1 acute desensitization pro-
cess is the Ca?*/calmodulin-dependent Ser/Thr phospha-
tase 2B, calcineurin (Docherty et al., 1996; Mohapatra and
Nau, 2005), which dephosphorylates TRPV1 receptors.
Conversely, phosphorylations at several consensus sites
for protein kinase C (PKC) (Numazaki et al., 2002; Bhave
et al., 2003; Mandadi et al., 2004, 2006) and cAMP-de-
pendent protein kinase A (PKA) (Bhave et al., 2002; Mo-
hapatra and Nau, 2003) are able to reduce the Ca®*-
mediated desensitization of TRPV1. Thus, it seems that
the desensitization of TRPV1 is mostly a functional reflec-
tion of the dynamic balance between the Ca®*-dependent
phosphorylation and dephosphorylation of the TRPV1 pro-
tein. In addition, the processes known to accompany acute
Ca2*-dependent TRPV1 desensitization are: 1) a pro-
found change in voltage dependence (Piper et al., 1999;
Gunthorpe et al., 2000), 2) loss of capsaicin binding (Jung
et al., 2004), and 3) depletion of membrane phosphatidyl-
inositol 4,5-bisphosphate (PIP,) (Liu et al., 2005). In fact, it
is not presently clear which of these processes is primarily
the cause of desensitization rather than consequences of
TRPV1 activation.

Recently, it was reported that TRPV1 must be phos-
phorylated by Ca?*/calmodulin dependent kinase Il (CaMKIl) at
at least one of the two consensus sites, S502 and T704,
before it can be activated by capsaicin (Jung et al., 2004).
Since the former site is a rather non-specific target se-
quence for both PKC and PKA, it has become evident that
T704 might play a more specific role in the regulation of
capsaicin-induced activity. This residue has been identified
as an in vitro PKC phosphorylation site, and has also been
reported to be critically involved in the activation of TRPV1
by phorbol esters (Bhave et al., 2003).

We examined the dynamics of Ca?"-dependent cap-
saicin-induced desensitization in the wild type and CaMKII
phosphorylation site mutants of the rat TRPV1 channel.
We identified a single conserved residue located within the
transient receptor potential (TRP) box as an important
regulator of TRPV1 channel activity. Since this residue not
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only constitutes a stringent CaMKII consensus site, but
might also be involved in TRPV1-PIP, interaction, we
hypothesize that acute desensitization could alter the
Ca?*-dependent allosteric coupling between the capsaicin
binding site and the PIP,-sensitive gating apparatus of the
TRPV1 channel.

EXPERIMENTAL PROCEDURES
Cell culture and transfection

Human embryonic kidney (HEK) 293T cells (S.D. 3515; ATCC,
Manassas, VA, USA) were cultured in OPTI-MEM | medium (In-
vitrogen, Gaithersburg, MD, USA) supplemented with 5% FBS
(fetal bovine serum). Cells were plated onto dishes coated with
collagen at a density of ~180,000 cells cm~2. 293T Cells were
transiently transfected with 300—400 ng/dish of recombinant plas-
mid cDNA encoding wild-type or mutant rat TRPV1 (wild type in
the pcDNAS3.1 vector kindly provided by Dr. D. Julius, San Fran-
cisco, CA, USA) and/or mouse Kir2.1 (in pcDNA1/Amp; kindly
provided by Dr. Lily Jan, University of California, San Francisco,
CA, USA) using either the Lipofectamine 2000 (Invitrogen, Pais-
ley, UK) or magnet-assisted transfection method (IBA GmbH,
Géttingen, Germany) according to the manufacturer’s protocols.
To identify the transfected cells in electrophysiological experi-
ments, a cDNA plasmid encoding green fluorescent protein (GFP)
in the pQBI 25 vector (TaKaRa, Shiga, Japan) was co-transfected
at a concentration of 400 ng/dish. Transfected cells were replated
onto glass coverslips (three 12 mm coverslips per 35 mm dish)
coated with collagen and poly-L-lysine. Electrophysiological ex-
periments were performed 24—48 h after transfection. The wild-
type channel was regularly tested in the same batch as the
mutants. When compared visually, the intensity of the GFP was
similar for all of the constructs tested.

Construction of mutants of TRPV1

The rat TRPV1 mutants were constructed by PCR amplification
using rat TRPV1-specific overlapping primer pairs synthesized to
contain a point mutation converting the respective nucleotides to
alanine. The QuikChange XL Site Directed Mutagenesis Kit (Strat-
agene, La Jolla, CA, USA) was used according to the manufac-
turer’s protocol to perform point mutations in TRPV1. All PCR-
generated constructs were subjected to DNA sequencing (ABI
PRISM 3100, Applied Biosystems, Foster City, CA, USA) for
potential errors generated by Tag polymerase.

Electrophysiology

Whole cell membrane currents were recorded by employing an
Axopatch-1D amplifier and pCLAMP9 software (Molecular De-
vices, Sunnyvale, CA, USA). Electrodes were pulled from boro-
silicate glass and had a resistance of 4—6 MQ after filing. The
series resistance was usually less than 10 MQ and was compen-
sated to ~80%. A system for fast superfusion of the cultured cells
was used for drug application and thermal stimulation (Dittert et
al., 2006). Briefly, experimental solutions were driven by gravity
from seven different barrels through automatically controlled
valves to a manifold that consisted of fused silica tubes connected
to a common outlet glass capillary. The upper section of the outlet
capillary passed the solutions through a heat exchanger con-
nected to a miniature Peltier device that preconditioned the tem-
perature (precooling or preheating). The lower part of the capillary
was wrapped with densely coiled copper wire that heated the
solution to a chosen final temperature. The temperature of the
superfusing solution was measured by a miniature thermocouple
inserted into the outlet capillary near to its orifice, which was
placed less than 100 um from the cell under investigation.

Reagents and solutions

The cells were superfused with an extracellular control solution
with the following composition (mM): NaCl, 160; KCl, 2.5; CaCl,,
2; MgCl,, 2; Hepes, 10; glucose, 10; the pH was adjusted to 7.3
with NaOH. In the Ca?*-free solution, 1 mM EGTA was added to
chelate residual Ca2". The intracellular pipette solution (ICS)
contained (mM): Cs-gluconate, 125; CsCl, 15; EGTA, 5; Hepes,
10; CaCl,, 0.5; MgATP, 2; the pH was adjusted to 7.3 with CsOH.
The osmolarities of the extracellular and intracellular solutions
were 320 and 286 mOsm. Unless otherwise specified, all chemi-
cals and reagents were purchased from the Sigma-Aldrich Cor-
poration (St. Louis, MO, USA). Capsaicin solution was prepared
from a 0.1 M stock solution in ethanol, stored at —20 °C. The final
concentration of ethanol was <0.01%.

Statistical analysis

Data were routinely discarded if the leak exceeded 5% of the
maximum amplitude. Current-voltage (/-V) relationships were ob-
tained from steady state whole-cell currents measured at the end
of 60-ms voltage steps from —140 to +100 mV. The heat-evoked
whole cell currents sampled during the rising phase of the tem-
perature ramp were pooled for every 0.25 °C. All data are pre-
sented as mean+S.E.M. Statistical significance was determined
by Student’s t-test and Pearson product-moment correlation anal-
ysis using SigmaPlot 9 software (Systat Software Inc., San Jose,
CA, USA). Differences were considered significant at P<<0.05. For
kinetic modeling, the current responses were normalized to the
peak amplitude and fitted using Gepasi 3.3 (Mendes, 1993, 1997;
Mendes and Kell, 1998).

RESULTS

Temperature dependence of acute desensitization
points to one essential or predominant
Ca?*-dependent mechanism

The desensitization of the TRPV1 receptor to capsaicin
has been proposed to be a complex process with varying
kinetic components, some of which depend on calcium
influx through the channel. Because the most prominent
Ca®*-dependent diminution of whole-cell responses oc-
curs within the first few seconds after capsaicin is applied
to a cell for the first time, we initially sought to kinetically
describe the time course of the responses induced by a
desensitizing concentration of capsaicin within the first
20 s of exposure. HEK 293T cells transiently expressing
TRPV1 channels were stimulated by two sequential appli-
cations of 1 uM capsaicin (20 s) in the presence of 2 mM
extracellular Ca?* using an interpulse interval of 20 s (Fig.
1). Only one recording was performed on any coverslip of
cells to ensure that recordings were made from cells not
previously exposed to capsaicin. At 25 °C, the TRPV1-
mediated inward currents initially reached their peak of
5.6+0.6 nA 2.7+0.3 s after the beginning of activation and
then declined with a half-decay time varying from 2.8 s to
more than 20 s (median 7.1 s; n=17). Due to the high
degree of kinetic heterogeneity among capsaicin-induced
currents also reported by others (Docherty et al., 1996;
Koplas et al., 1997; Piper et al., 1999), the currents could
not be fitted consistently with the sum of up to five expo-
nential functions. The most frequently encountered expo-
nential component had a tau of 0.52+0.07 s (n=11) char-
acterizing the onset of activation. We expected that some



146 K. Novakova-Tousova et al. / Neuroscience 149 (2007) 144-154

A 25 °C

Capsaicin 1 yM

35 °C

Capsaicin 1 uM

C 35°C

%, k. B
R — RA—RAA—O
K. K., o

kell ke
D

k,=6.3+16s"
k,=0.05+0.02s"
=6

B

Normalized current

Normalized current

D 100 7

Desensitization (%)

10 20 50 100
Maximum rise slope (-pA/ms)

Fig. 1. Temperature dependence of acute Ca®*-mediated desensitization of capsaicin-activated currents recorded from TRPV1-transfected HEK293T
cells. (A) Representative whole-cell recordings illustrating the design of the experiment used to examine the effect of temperature on capsaicin-gated
currents at 25 °C (upper panel) and at 35 °C (lower panel). Current responses were evoked by two sequential 20 s applications of 1 uM capsaicin
in Ca?*-containing (2 mM) extracellular solution. Bars indicate duration of drug application. Dashed lines indicate zero current level. Holding potential
—70 mV. (B) Representative traces of responses to the first capsaicin application normalized to the peak amplitude obtained from currents evoked
in experiments as described in A. (C) The normalized responses obtained at 35 °C were fitted to the kinetic scheme using Gepasi 3.3 (Mendes and
Kell, 1998). The averaged estimated rate constants for capsaicin association (k,) and dissociation (k_,) were 1.9+0.6 uM~ "' s " and 2.2+0.8 s
(n=6). The channel opening and closing rate constants were 8 (156.5+19.6 s~ ") and « (495.3=71.2 s™ "), respectively. The forward (k) and backward
(k_p) rate constants for desensitization are indicated. (D) Correlation at 35 °C (filled circles) and a lack of correlation at 25 °C (crosses) between the
maximum slope of current rise and the degree of acute desensitization assessed as the area under the current response over a time of 20 s normalized
to the area under an idealized, nondesensitizing current of the same size (Mohapatra and Nau, 2003).
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of the above components might be distinguished by their
differing sensitivity to temperature. Indeed, when cells
were exposed to 1 uM capsaicin at 35 °C, the mean
half-decay time decreased to 4.4+0.5 s and currents
peaked 1.7+£0.4 s after the beginning of activation at
6.2+0.9 nA (n=10). These currents were well fitted to a
sequential kinetic model with forward and backward de-
sensitization rate constants of 6.3=1.6 s~ ', and 0.05+
0.02 s~ " respectively (n=6; Fig. 1C), suggesting that the
channels remain largely trapped in the desensitized state.
At 25 °C, we found no good correlation (r=0.26; n=18,
P=0.31) between the peak current amplitude and the de-
gree of acute desensitization, assessed as the area under
the current response over a time of 20 s normalized to the
area under an idealized, nondesensitizing current of the
same size (Mohapatra and Nau, 2003). On the other hand,
at 35 °C there was a clear positive correlation between the
maximum slope of current rise and degree of desensitiza-
tion (Fig. 1D; r=0.86; n=10, P=0.001), indicating that the
dynamics of the initial current phase is an important pa-
rameter for this process. These data also suggest that
acute desensitization of the TRPV1 channel might be sim-
ply explained by a sequential model in which the current-
flux (i.e. Ca®"-flux) through the open channel immediately
leads to the closed state.

The apparent affinity for capsaicin is decreased in a
desensitized TRPV1 channel

In contrast to the fast onset of the first capsaicin response
recorded in a 2 mM Ca?*-containing bath solution, the
time constant characterizing the activation of a subsequent
response recorded 20 s later was slower by about one
order of magnitude (Fig. 2C; 7,,=3.6=0.5 s; n=12). We
suspected that the change in the onset rate might have
been the result of a decreased apparent affinity of desen-
sitized TRPV1 receptors for capsaicin. Such a mechanism
would be consistent with the previous finding that [PH]RTX
does not specifically bind to desensitized TRPV1 (Jung et
al., 2004). To test this hypothesis, we first applied a high
concentration of capsaicin (30 uM) to TRPV1 channels
that had been previously desensitized by 1 uM capsaicin.
This immediately resulted in a fast and full restoration of
maximal channel activity with a much lower degree of
acute desensitization than that observed at 1 uM concen-
tration (Fig. 2B). The channels then remained in their
completely desensitized state relative to 1 uM but were still
always able to respond to 30 uM capsaicin.

Consistent with several previous studies (Docherty et
al.,, 1996; Koplas et al., 1997; Mohapatra et al., 2003),
TRPV1-mediated currents decayed very little when 1 uM
capsaicin was applied for the first time to a cell in the
absence of Ca®" (Fig. 2A). Notably, in this case, the
deactivation rate was extremely slow (T5;,=7.4*1 s; Fig.
2D) and the current at the offset of capsaicin application
had a clearly sigmoidal shape, suggesting that the channel
spends relatively more time in transitions among open
states, but less time in the final closing step. In contrast,
when the channels were desensitized by 1 uM capsaicin
applied for 20 s in the presence of Ca?*, the half-decay

time of the deactivation measured in the absence of Ca?*
was strongly reduced (to T5,=2.0+0.4 s; n=11; P<0.01,
paired t-test).

The TRPV1 channel can bind a maximum of four ag-
onist molecules, but with capsaicin two molecules are
likely sufficient to activate the channel (Hui et al., 2003).
Piperine, another TRPV1 receptor agonist has a higher
degree of cooperativity (Hill coefficient ~4) and a clear
propensity to cause greater desensitization than capsaicin
(McNamara et al., 2005). We wondered if the mechanism
underlying acute desensitization is linked to a fraction of
the ligand-occupied conformations of the receptor sub-
units. It then became important to determine whether pip-
erine would also be able to overcome desensitization by
utilizing a supersaturating concentration. As with capsa-
icin, piperine-activated currents at 30 uM exhibited a sub-
stantial Ca®*-dependent desensitization that was com-
pletely reactivated by a 100 uM concentration of piperine
(Fig. 2F). These findings again suggest that the decreased
responsiveness of the desensitized TRPV1 channel to
capsaicin or piperine might reflect a reduced apparent
affinity for the agonist. The low-affinity state seems to
depend on the extracellular calcium because, upon the
removal of Ca®* from the extracellular medium, already-
desensitized channels appear to open more readily (Fig.
2A, E).

Nonphosphorylatable double mutants S502A/T704I
and S502A/T704A

The Ca2"-dependent desensitization of TRPV1 leads to a
reduced ligand binding ability and the same defect is seen
in receptors where two putative consensus sites for
CaMKIl have been simultaneously replaced with nonphos-
phorylatable residues (Jung et al., 2004). It is not clear,
however, whether Ca?*/calmodulin-dependent dephos-
phorylation is primarily a cause of the desensitization or
rather an accompanying process of TRPV1 activation. For
the sake of comparison, we repeated the same experi-
ments described in Jung et al., 2004 on a double mutant of
TRPV1, in which the two CaMKII consensus sites, S502
and T704, were substituted with alanine and isoleucine,
respectively (S502A/T7041). As described previously (Jung
et al., 2004) (Fig. 3A), the mutant channel was insensitive
to 1 uM capsaicin but retained its sensitivity to low pH. We
found that this mutant also responded to heat stimuli, but
with a shallower temperature-response profile than cells
expressing the wild-type channel and with a slight anti-
clockwise hysteresis in response to heating and cooling
between 25 °C and 35 °C (Fig. 3D). We hypothesized that
if the constitutively dephosphorylated state of the receptor
mimics its desensitized conformation, then this desensiti-
zation might be overcome by a high concentration of cap-
saicin or by the removal of extracellular Ca®*, as in the
wild-type channel. In contrast, we found that this was not
the case, since the S502A/T704I channel was completely
insensitive to up to 30 wM capsaicin applied over the
temperature range 25-50 °C.

To determine the specificity of the effects of isoleucine
substitution at position 704, we further generated a double
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Fig. 2. Acute Ca’‘-mediated desensitization of TRPV1 slows the onset of capsaicin activation and accelerates the rate of deactivation of
capsaicin-induced currents. (A) Sample recording of whole-cell current responses to consecutive applications of capsaicin (1 uM) in Ca?*-free and
in Ca?*-containing bath solution. Bars above the records indicate duration of capsaicin and Ca®*-free bath solution application. Dashed lines indicate
zero current level. Holding potential —70 mV. The reduction in the magnitude of desensitized TRPV1-mediated currents was at least partially reversible
in Ca®*-free conditions. (B) Capsaicin applied at high concentration (30 M) reactivates TRPV1 channels that had already been desensitized to 1 uM
capsaicin in Ca?*-containing bath solution. (C) Time course of TRPV1-mediated whole-cell currents before (1) and after (2) acute desensitization
evoked by 1 uM capsaicin in two independent experiments (a, b) as described in A. Peak currents were normalized to the maximal value. (D) Time
course of the deactivation currents evoked by 1 uM capsaicin in the absence of Ca®" in nondesensitized (solid lines) channels and in the channels
that were previously desensitized by 1 uM capsaicin applied for 20 s in the presence of Ca?* (dotted lines and symbols). Representative traces were
normalized to the amplitude measured before removing the capsaicin. Note that the deactivation currents had a clearly sigmoidal shape in the
nondesensitized channels. (E) As for capsaicin, currents evoked by 30 uM piperine exhibited a substantial Ca®"-dependent desensitization.
(F) TRPV1 channels pre-desensitized by 30 uM piperine were completely reactivated by a higher (100 M) concentration of the same agonist.

mutant S502A/T704A in which both putative consensus type (Fig. 3B-D). Receptors containing a singly substituted
sites for CaMKIl were replaced by alanine. This construct alanine at position 502 or isoleucine or alanine at position
retained its specific sensitivity to all stimuli, including cap- 704 had normal currents in response to capsaicin, pH and

saicin, protons and heat, and desensitized like the wild heat (data not shown). Thus, these results together with
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Fig. 3. Substitution S502A/T704A does not affect activation of TRPV1 by capsaicin, pH 5 and heat, whereas mutation S502A/T704I leads to loss of
capsaicin-induced responsiveness. (A) Functional changes produced by a double mutation S502A/T7041 at the two putative phosphorylation sites for
CaMKII. Bath temperature plotted above, final temperature ~48 °C. Bars above the records indicate duration of capsaicin application. Dashed lines
indicate zero current level. Holding potential —70 mV. (B) The S502A/T704A construct retained its specific sensitivity to all stimuli and, (C) it
desensitized like the wild type. Note the decreased amplitude of the heat-evoked responses (a, b, ¢). (D) Averaged current-temperature relationships
constructed from responses obtained from five independent recordings such as shown in A and B, normalized at 45 °C. Note a small overshoot upon
cooling a representative cell expressing S502A/T704| (dotted line).

those obtained by (Jung et al., 2004) suggest that a coop-
erative interaction between at least two distinct regions
within the TRPV1 channel complex is required for its

proper functioning. In addition, T704 seems to lie at a
location critical not only in terms of the effective binding of
an agonist, but also in terms of channel gating per se.
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Charge-neutralizing mutations within the TRP
domain identify R701 as an important regulatory site
for TRPV1

According to predictions based on statistical analyses of
known phosphorylatable sequence fragments, arginine at
position 701 is the specificity-determining factor for
CaMKIl-dependent phosphorylation at T704. The whole
consensus phosphorylation site lies in the proximal C-
terminal TRP domain adjacent to the inner pore helix S6.
This region, among others, contains several conserved
cationic residues that may interact with negatively charged
membrane phospholipids such as PIP,, since charge-neu-
tralizing mutations at homologous positions markedly re-
duced the ability to bind PIP, in some other TRP family
members (Rohacs et al., 2005; Qin, 2007). It has been
recently reported that the activation of TRPV1 leads to a
depletion of PIP, and that there must exist a correlation
between the degree of Ca®*-dependent TRPV1 desensi-
tization and the level of membrane PIP,, (Liu et al., 2005).
Since our data show that various mutations at T704 affect
TRPV1 functionality in different ways, we wondered
whether changes in local structure in the vicinity of this
residue might underlie a weakened PIP,—TRPV1 channel
interaction and thus cause a desensitization of the chan-
nel. To test this possibility, we constructed three TRPV1
mutants in which positively charged residues at positions
K698, R701 and K710 were individually replaced with a
neutral amino acid, alanine. These residues are at analo-
gous positions to K995, R998 and R1008, through which
the related TRPM8 channel interacts with PIP, (Rohacs et
al., 2005).

The charge-neutralizing mutations were found to have
particularly pronounced effects on the capsaicin-induced
currents through the TRPV1-R701A channel (Fig. 4). This
mutation slowed the rate of capsaicin dissociation and the
activation/deactivation kinetics dramatically at both depo-
larized and hyperpolarized potentials (Fig. 4A). To quan-
titate the rates of activation and deactivation, which
were not well described by a single exponential time
constant, we measured the times to half-activation (16.3+
3.0 s and 4.4+0.6 s) and half-deactivation (18.4+5.8 s
and 18.0£3.9 s) for 1 uM and 30 uM capsaicin, respec-
tively (n=12 and 7). R701A only exhibited small re-
sponses to heat with a shallow temperature dependence
and, upon removal of external Ca?*, did not exhibit any
sensitivity to 1 uM capsaicin within the time frame of
20 s. This mutation rendered the channel completely
irresponsive to pH 5 without eliminating the ability of
protons to potentiate responses to capsaicin (Fig. 4C).
The K698A and K710A mutants were functionally very
similar to the wild-type TRPV1 channel with respect to
their sensitivity to capsaicin, low pH and Ca?*-mediated
desensitization (data not shown). Interestingly, at steady
state the voltage-activated currents through all of the
mutant channels tested resembled those of wild-type
TRPV1 (Fig. 4D).

Replenishment of PIP, is not sufficient to rescue the
TRPV1 channel from desensitization

The above results indicate that R701 may play a structural
and/or functional role in regulating TRPV1 activity. One
possibility is that it does so through interaction with mem-
brane PIP,. We therefore further examined the dynamics of
PIP, in the plasma membrane during the Ca®*-dependent
desensitization of TRPV1-mediated responses evoked by
1 ©M and 30 uM capsaicin. We coexpressed the wild-type
TRPV1 channel with the inward rectifier ion channel Kir2.1,
the activity of which depends on membrane PIP, (Zhang et
al., 1999). This approach was inspired by Liu et al. (2005),
who demonstrated a temporal correlation of TRPV1 and
Kir2.1 responses. In our experiments (with the pipette
solution containing 2 mM ATP), the Kir2.1-mediated re-
sponses evoked by repeated exposure to a high-K™ solu-
tion (140 mM) exhibited large, sustained and remarkably
stable currents for several minutes under control condi-
tions (data not shown). In cells coexpressing the Kir2.1 and
TRPV1 channels, 1 uM and 30 uM capsaicin were applied
for 20 s in the extracellular solution containing 2 mM Ca®*.
The TRPV1-mediated currents desensitized, and this was
associated with a subsequent decrease in the Kir2.1-me-
diated currents (by >95%; n=5 cells), indicative of PIP,
depletion (Fig. 5). Whereas the activity of Kir2.1 fully re-
covered within ~2 min after the removal of capsaicin,
TRPV1 remained desensitized, suggesting that the replen-
ishment of PIP, alone is not sufficient to rescue the chan-
nels from Ca?*-dependent desensitization. In agreement
with the previous report (Liu et al.,, 2005), these data
confirm that the activity of the TRPV1 channel influences
the levels of membrane PIP,, and thus it is possible that
this desensitization might be a functional reflection of the
PIP, depletion. More speculatively, it is possible that the
side chain of the positively charged arginine residue at
position 701 (that is strongly conserved in TRPM, TRPC
and in TRPV1-3 channels) is a crucial residue in the inter-
action of the TRPV1 channel with membrane PIP.,.

DISCUSSION

TRPV1-activating stimuli, when applied alone, produce
only submaximal activation, whereas the ceiling for maxi-
mal response can only be reached by their synergistic
interaction at the TRPV1 receptor (Tominaga et al., 1998;
Vlachova et al., 2001). In general, this unique polymodal
activation property of TRPV1 hampers attempts to under-
stand the intricacies underlying desensitization mecha-
nisms, since the activation itself is an extremely complex
and dynamic process involving multiple, interrelated and
stimulus-dependent pathways. Over the past decade, a
combination of molecular, biochemical, electrophysiologi-
cal and pharmacological techniques has helped to identify
some of these mechanisms. It has become apparent that
TRPV1 desensitization, in both native and overexpression
contexts, involves a predominant fast (acute) component
that strongly depends on Ca?* influx through the channel
(Koplas et al., 1997; Piper et al., 1999; Mohapatra and
Nau, 2003; Numazaki et al., 2003; Rosenbaum et al.,
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Fig. 4. Whole-cell recordings from HEK 293T cells transiently expressing TRPV1-R701A. (A) (Upper trace) Sample recording of whole-cell current
responses to consecutive applications of a heat ramp (from 25 °C to 50 °C in 2 s) and capsaicin (1 uM) with a Ca®*-containing or Ca?*-free bath
solution, and 30 uM capsaicin. After 4 min, the same cell was exposed to the heat ramp with 30 uM capsaicin and then with standard bath solution.
Bars above the records indicate duration of application. Dashed lines indicate zero current level. Holding potential —70 mV. (A) (Lower trace)
Responses of TRPV1-R701A to 1 uM and 30 uM capsaicin in the control Ca?*-containing extracellular bath solution obtained at a holding potential
of =70 mV and at +40 mV. (B) Averaged current-temperature relationship constructed from the first heat-induced response obtained for each cell
(n=9) in control extracellular solution, normalized at 45 °C. (C) The mutation R701A rendered the channel insensitive to pH 5 without eliminating the
ability of protons to potentiate responses to 30 uM capsaicin. Holding potential =70 mV. (D) Voltage-induced responses of the charge-neutralizing
mutants K698A, K710A and R701A compared with wild-type TRPV1. /-V relationships were obtained from steady state whole-cell currents measured
at the end of 60-ms voltage steps from —140 to +100 mV. /-V graphs were constructed from four to five independent recordings obtained from
wild-type TRPV1 (open circles), K698A (filled circles), K710A (filled squares) and R701A (filled triangles). The voltage protocol and a representative

series of traces from R701A are shown in the inset. Error bars show the S.E.M.

2004), the phosphorylation status of the TRPV1 protein
(Bhave et al., 2002, 2003; Numazaki et al., 2002; Moha-
patra and Nau, 2003, 2005; Jung et al., 2004), internal
Ca®* concentration (Koplas et al., 1997), and the mem-
brane potential of the cell (Piper et al., 1999; Gunthorpe et
al., 2000). A role for the aromatic tyrosine at position 671
within the internal pore of the TRPV1 channel has also
been recently proposed by Mohapatra et al. (2003).

The present study provides evidence that acute Ca®*-
dependent desensitization of the TRPV1 channel can be
kinetically described by a sequential model in which the
current influx through the open channel immediately leads
to the closed (desensitized) state. Increasing the temper-
ature from 25 °C to 35 °C speeds up the desensitization/
resensitization rates so that the time course for equilibra-
tion can be captured within the time frame of the first 20 s

of capsaicin application. Several lines of evidence also
contribute to the conclusion that desensitization might be a
functional reflection of a decreased apparent affinity of the
TRPV1 receptor for the ligand. First, the onset rate of the
1 uM capsaicin currents after desensitization was slower
than that before the channels become desensitized, pre-
sumably reflecting a decreased association rate with the
TRPV1 vanilloid-binding site. Second, in the desensitized
channels, the current relaxation kinetics after the removal
of capsaicin was strongly accelerated (approximately four-
fold). Third, almost complete desensitization was at least
partially overcome by higher concentrations of agonist.
During the 20 s period of 30 uM capsaicin (100 uM piper-
ine) application, the TRPV1-mediated currents measured
in the Ca?*-containing bath solution declined to a lesser
degree than those induced by 1 uM capsaicin (30 uM
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-70 mV

Fig. 5. Activation of TRPV1 leads to a depletion of membrane PIP,, however, its replenishment does not rescue the channels from acute
Ca?*-dependent desensitization. The inward rectifier Kir2.1 channel was coexpressed with TRPV1 to monitor the dynamics of PIP, in the plasma
membrane. Kir2.1-mediated responses were evoked by repeated exposure to high-K* solution (140 mM). Currents elicited in response to 1 uM and
30 uM capsaicin were recorded in the extracellular solution containing 2 mM Ca?*. Bars above the records indicate duration of capsaicin application.
Dashed lines indicate zero current level. Holding potential —70 mV. Similar observations were obtained in five other cells.

piperine). To the best of our knowledge, this property of
TRPV1 is unique and distinguishes this channel from pre-
viously described ligand-gated ion channels, like P2X,
NMDA, AMPA, GABA,, ACh or ASIC channels, in which a
higher concentration of ligand usually leads to a higher
degree of desensitization (Kardos and Nyikos, 2001;
Dilger, 2002).

A reduced ability to bind vanilloids has been previously
proposed to be the underlying cause of TRPV1 desensiti-
zation, and this process has been linked to a coincident
dephosphorylation at the two putative consensus sites for
CaMKIl (Jung et al., 2004). However, our data on the
nonphosphorylatable TRPV1-S502A/T704A mutant do
not support this notion. Despite the clear effect of the
double mutation of S502A/T704I1 on vanilloid binding, the
threonine at position 704, which lies in the proximal region
of the C-terminus (the TRP domain), does not seem to
form part of the binding site (Jordt and Julius, 2002; Chou
et al., 2004; Gavva et al., 2004). Our data suggest that the
TRPV1-T7041 channel recognizes the state of the specific
serine S502, or, vice versa, the TRPV1-S502A channel
distinguishes among specific mutations at T704. The func-
tion of this latter channel was considerably impaired upon
the substitution of T704 by isoleucine but not by alanine,
although neither of these two mutations is likely to affect
the local structure around T704 (according to our compar-
ative molecular modeling of the putative 3D structure of the
TRPV1 C-terminal tail, based on the FHIT crystal structure
published previously; Vlachova et al., 2003).

Generally, threonines are common in protein functional
centers and their hydroxyl groups are quite reactive, being
able to form hydrogen bonds with a variety of polar sub-
strates. On the other hand, the alanine and isoleucine side
chains are highly unreactive, and are thus rarely directly
involved in protein function. The threonine to isoleucine
substitution T704I introduces an additional hydrophobic
residue among the three other neighboring hydrophobic

residues 1703, 1705 and L706. Thus it seems that the
changes in the overall hydrophobicity of this region, rather
than (de)phosphorylation, hydrogen bonding or bulkiness
of the amino acid side chain, are important for the proper
functioning of the TRPV1-S502A (but not the wild-type)
channel. In particular, the short stretch of hydrophobic
amino acids IXIL could be involved in the binding/recogni-
tion of hydrophobic ligands such as lipids.

Structurally, like other members of the TRP channel
superfamily, TRPV1 channels are homotetramers assem-
bled with fourfold symmetry around a centrally located
aqueous pore (for a review, see Owsianik et al., 2006).
Each subunit contains six transmembrane spanning do-
mains (S1-S6) with a pore-lining P region linking the S5
and S6 domains. Although the atomic-resolution structure
is not yet available for any of the TRP channels, it is
generally assumed that their transmembrane topology is
potentially analogous to the molecular architecture of the
voltage-gated potassium channels: S1-S4 are putatively
located on or close to the lipid-facing periphery of the
tetrameric channel complex, whereas the S5 and S6 do-
mains are positioned closer to the pore-forming channel
core. The capsaicin molecule binds to the TRPV1 receptor
at the channel-lipid interface between S3 and S4 and
interacts with the residues around Tyr 511, not far from the
“universal” phosphorylation site S502, positioned at the
cytoplasmic loop linking S2 and S3. Our data suggesting
that the roles of T704 and S502 are intimately linked
indicate that these regions might also be located relatively
close to one another.

The new findings of this study provide essential evi-
dence in favor of an important functional role of the posi-
tively charged arginine residue at position 701 (R701) in
regulating the activity of the TRPV1 channel. When mu-
tated, this residue affects the chemical and thermal, but not
the voltage sensitivity of the channel. There are several
reasons to suppose that R701 might be involved in the



K. Novakova-Tousova et al. / Neuroscience 149 (2007) 144-154 153

Ca?*-dependent desensitization. First, lying in the highly
conserved TRP domain, which is strategically located
close to the putative inner pore vestibule of the channel,
this site seems to be generally important in modulating the
gating of the channel. Second, being a part of the consen-
sus sequence for CaMKIl and PKC phosphorylation at
T704, the basic R701 residue might regulate the Ca®"-
dependent phosphorylation/dephosphorylation of the pro-
tein at this site. Third, the region around R701 is likely to be
exposed to the surface of the cytosolic C-terminal tail and
thus the side chain of this residue may electrostatically
interact with another part of the protein, or with the nega-
tively-charged phospholipids which are likely involved in
the Ca®"-dependent desensitization of TRPV1. Fourth, the
R701A mutation affects significantly the rate of dissocia-
tion of capsaicin from the channel (see Fig. 4A, C), which
indicates that this residue is involved in agonist binding at
TRPV1.

It is particularly important to relate our results to the
finding of Bhave et al. (2003) that the threonine residue at
position 704 is critical for the activation of TRPV1 by phor-
bol esters. Such compounds might well be acting as co-
agonists by interacting directly with the channel and so
allosterically contribute to its gating. Our observation that
high concentrations of capsaicin are able to fully reverse
the activity of desensitized channels may reflect changes
in bilayer elasticity or in the bilayer’s hydrophobic thickness
(Lundbaek et al., 2005). This mechanism of activation/
inactivation also may explain why camphor at high con-
centrations activates and strongly desensitizes TRPV1 in a
Ca®*-independent manner (Xu et al., 2005). Taken to-
gether, these results suggest that it is the hydrophobic
burial within the region around T704 that could account for
the alterations in the chemical and thermal sensitivity of the
TRPV1 channel when it is dephosphorylated at S502.
Positively charged R701 appears to be critical in this
process.
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5.2 Mechanizmy piisobeni oxida¢nich a reduk¢nich latek na TRPV1

receptor

Studiem mechanizmii piisobeni oxidacnich a reduk¢nich latek na TRPV1 receptor
jsme navazali na jiz publikované vysledky nasi laboratote, ve kterych byly podrobné
analyzovany Uuc¢inky redukéni latky dithiotreitolu (DTT) na TRPVI1 receptor.
V pokusech s piirozené¢ se vyskytujicim TRPV1 receptorem na neuronech ganglii
zadnich kofenii miSnich (DRG neuronech) a rekombinantnim TRPVI1 sytému na
lidskych embryonalnich ledvinnych bunikach (HEK buniky) jsme zjistili, ze DTT
v milimolarnich  koncentracich siln¢ zvySuje membranové proudy vyvolané
kapsaicinem a bolestivym teplem (> 43 °C) (Vyklicky et al., 2002). Také dalsi studie
potvrdila, Ze jsou oxida¢ni a redukéni latky (redox latky) skuteéné schopné modulovat
aktivitu TRPV1 receptoru (Jin et al., 2004). Nicméné ziistalo nejisté, zda jsou tyto
ucinky zpisobeny pifimou modulaci S-H skupin proteini TRPV1 kandlu. Pomoci
radioligandii bylo prokazano, ze redox latky mohou snizovat afinitu a pozitivni
kooperativitu vazby ligandu (H]reziniferatoxinu) na kanal (Szallasi and Blumberg,
1993; Szallasi et al., 1993) a Zze mira kooperativity mezi jednotlivymi podjednotkami

TRPV1 receptoru aspon ¢asteéné podléha modulaci téchto latek.

Studiem mechanizmil piisobeni oxidacnich a reduk¢nich latek na TRPV1 receptor

jsme chtéli objasnit nésledujici otazky:

e Je aktivita TRPV1 receptoru ovlivnéna ptsobenim redukénich latek a pokud
ano, jakym mechanizmem tyto latky ptsobi a jakou ulohu zde hraji
extracelularni cysteiny z oblasti péru TRPV1?

e Bude TRPVI1 stejn¢ modulovan plisobenim jiné redukcni latky, glutathionu
(GSH), ktera je slabsi a neprochazi membranou na rozdil od DTT?

e Jsou ucinky redukénich latek pfimé nebo se na nich podili signalni kaskady
proteinkindz uvnitt bunky?

e Jaké jsou ucinky oxidacnich latek na TRPV1 a jsou uzce specifické na
extracelularni cysteiny nachazejici se v oblasti poru kanalu?

e Jaky je ucinek alkyla¢niho ¢inidla N-ethylmaleimidu (NEM)?
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e Jaky vyznam ma studium oxida¢né-redukéniho stavu TRPV1 z hlediska pienosu
bolesti?

e Jakym zplisobem bude komplex médi s 1.10-fenantrolinem (CuPhe) modifikovat
TRPV1 a bude to zprostiedkovano extraceluldrnimi cysteiny z oblasti péru

kanalu?

5.2.1 Pusobeni redukénich latek

Z naSich méteni (Vyklicky et al., 2002) bylo ziejmé, Ze mira aktivace TRPV1
kanadlu zavisi na oxida¢né-redukénim stavu jeho cysteint. Pokud jsou cysteiny
redukovany, poskytuji jejich volné S-H skupiny vysokou vodivost a zvySuji
pravdépodobnost otevieni kandlu. Naopak, cysteiny v oxidovaném stavu jsou
kovalentné spojeny S-S mustky a tato konformace mulze pro otevieni kandlu
predstavovat uritou bariéru. Zjistili jsme, ze U¢inky DTT byly téméf okamzité,
koncentracné zavislé a vratné, a proto jsme testovali hypotézu, ze tato latka plisobi
prostiednictvim tfech extracelularnich cysteinii, C616, C621 a C634, jeZ jsou soucasti
poru iontového kanalu.

Zajimalo nas, jakou ulohu hraji tyto cysteiny v DTT potenciaci TRPV1 receptoru
a ptipadné ktery z nich ma klicovou tlohu v tomto procesu. Proto jsme pftipravili
molekularné biologickymi technikami 4 mutanty. Ve tfech z nich byl vZdy jeden cystein
zaménén za glycin (C616G, C621G a C634G). Ve ctvrtém mutantu byly zaménény za
glycin vSechny tfi cysteiny najednou (3CYYS). Zjistili jsme, Ze u vSech mutantd vyvolala
aplikace 10 mM DTT potenciaci membranovych proudii vyvolanych teplem, avSak u
C621G a 3CYS byly odpovédi vyrazné mensi ve srovnani s C616G a C634G a wild
typem TRPVI receptoru, a rovnéz u nich doslo k posunu teplotniho prahu k niz§im
hodnotam. Piekvapilo nas, ze potenciace byla vice snizena u C621G nez u 3CYS, coz
odhalilo klic¢ovou ulohu cysteinu 621 v DTT potenciaci odpovédi na teplo.

Dale jsme se zabyvali otdzkou zda a do jaké miry cysteinové mutace TRPV1
kanalu ovliviiuji vlastnosti jednotlivych mutantii pii jejich aktivaci skokovymi zménami
membranového napéti, o némz je znamo, ze aktivuje TRPV1 receptor bez pritomnosti
dalsiho agonisty i pfi pokojové teplot€¢ a normalnim pH (pH 7.3) (Vlachova et al.,
2003), (Voets et al., 2004b). Zjistili jsme, ze pii aplikaci depolariza¢niho napéti z — 140
mV na +80 mV vykazoval 3CYS oproti wild typu rychlejsi aktivacni kinetiku (Casova
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konstanta 1,, = 11.6 ms u 3CYS a 1, = 21 ms u wild typu), pfi aplikaci repolariza¢niho
napéti z +80 mV na -70 mV vykazoval i rychlejsi deaktivacni kinetiku (to,= 1.7 ms u
3CYS a 1o = 2.5 ms pro wild type). V téchto pokusech jsme pozorovali i posun stfedni
hodnoty napétové aktivace (= Vi) z64.8 mV u wild typu na 95.5 mV u 3CYS. Pii
srovnani aktivacni a deaktivacni kinetiky cysteinovych mutanti C616G, C621G a
C634G s wild typem, nebyly pozorovany zadné vyznamné rozdily v casovych
konstantach. Z téchto dat vyplyva, ze zdména vSech tii extracelularnich cysteinii v poru
TRPV1 kanalu za glycin u 3CYS mutantu pozménila jeho funk¢nost.

Utinky DTT jsme porovnavali i s jinou redukéni latkou, glutathionem (GSH),
ktery je ve srovnani s DTT slabS§i a navic neprochazi plazmatickou membranou.
Aplikace GSH (10 mM) méla u wild typu velmi podobny potencia¢ni u¢inek jako mél
DTT (10 mM) na membranové proudy vyvolané teplem nebo zménami membranového
napéti. AvSak na rozdil od DTT byl potenciacni €inek GSH u 3CYS zcela zrusen. Na
zéaklad¢ tohoto pozorovani lze predpokladat, Ze redukcni latky moduluji TRPV1 kanal
prostfednictvim cysteinli lokalizovanych na extraceluldrni stran€ plazmatické
membrany. Zachovalou, ale slabou potenciaci vyvolanou DTT u 3CYS lIze vysvétlit
tim, ze by DTT mohl mit pietrvavajici nespecifické ucinky, které nemusi souviset s jeho
ptisobenim na S-H skupiny cysteind.

Vysledky nékterych studii o NMDA a GABA, receptorech ukazuji, Ze by vratné
ucinky DTT mohly byt zptsobeny chelataci zbytkového mnozstvi divalentnich kationd.
Proto jsme provedli pokusy s wild typem a 3CYS mutantem, u nichz jsme aplikovali
DTT (10 mM) v roztoku bez divalentnich iontii (DVF roztok). AvsSak 1 u téchto pokusu
jsme zaznamenali potenciacni U€inek DTT na membranové proudy vyvolané teplem. Je
proto ziejmé, Ze chelatace divalentnich iontli neni hlavni pficinou pietrvavajici
potenciace dithiotreitolem.

Diky tomu, Ze je DTT membrénové propustny, uvazovali jsme i 0 moznosti, ze
ovliviiuje TRPV1 receptor z intracelularni strany a plsobi i na dal$i cysteiny, které
TRPV1 receptor obsahuje. Tato hypotéza se zdd vSak méné pravdépodobnd, protoze
uvniti bunky se nachazi velké mnozstvi GSH (> 10 mM v neuronu), diky kterému musi
byt vétSina bunécénych proteint v redukovaném stavu.

Uvniti bunky se vSak také nachdzeji serinové a threoninové aminokyselinové
zbytky, které podléhaji fosforylaci proteinkindzami A, C nebo CaMKII, ¢imz lze
vyznamné ovliviiovat aktivitu TRPV1 receptoru. Serin v pozici 502 (S502) podléha
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ptsobeni vSech tfi uvedenych proteinkindz (Bhave et al., 2002), (Rathee et al., 2002),
(Jung et al, 2004) a spolecné¢ se serinem v pozici 800 (S800) jsou klicovymi
aminokyselinami v procesu fosforylace plisobenim proteinkinazy C (Numazaki et al.,
2002). Abychom zjistili, zda DTT ovliviiuje fosforylacni kaskadu nékteré z uvedenych
proteinkindz, ptipravili jsme mutant, ve kterych jsme nahradili S502 a S800 alaninem
(S502A/S800A). Aplikace DTT (10 mM) na tento mutant rovnéz potencovala
membranové proudy vyvolané teplem, coz znamenalo, Ze potenciacni €¢inek DTT neni

zprostfedkovan signalnimi kaskddami uvedenych proteinkinaz.

5.2.2 Pusobeni oxidac¢nich latek

Na zéklad¢ vysledkli o ptisobeni redukénich latek na TRPV1 receptor nas dale
zajimalo, do jaké miry mohou ovliviiovat jeho funkci oxidacni latky a zda by mohly mit
opacné ucinky nez redukcni latky. Je znamo, ze mald oxidacni latka diamid snadno
difunduje plazmatickou membranou do bunék, kde oxiduje S-H skupiny glutathionu a
ovlivituje tak rovnovahu mezi oxida¢nimi a redukénimi procesy (Kosower et al., 1969).
V nasich pokusech jsme po kratké aplikaci (< 1 s) ImM diamidu zaznamenali vyraznou
potenciaci proudovych odpovédi vyvolanych bolestivym teplem i1 zménami
membranového napéti vcetné posunu prahu teplotni aktivace k niz§im hodnotam.
V pokusech s cysteinovymi mutanty TRPV1 receptoru (C616G, C621G, C634G a
3CYYS) zustal jeho potenciacni tcinek také zachovan, z ¢ehoz vyplynulo, Ze jeho Gc¢inek
neni pravdépodobné zprostfedkovan extracelularnimi cysteiny.

Abychom podrobn¢ objasnili mechanizmus modulace TRPV1 receptoru
oxida¢nimi latkami, testovali jsme oxidacni latku chloramin-T (Ch-T), ktery kromé
cysteinll prednostné oxiduje methioniny na methioninsulfoxidy (Schlief et al., 1996).
Methionin na pozici 644 (M644) je u TRPVI receptoru funkéné velice dulezity
z hlediska propustnosti iontového kanalu (Garcia-Martinez et al., 2000), (Ferrer-Montiel
et al., 2004), nebot’ lezi uprostted selektivniho filtru poru TRPV1 kanalu a zda se, Ze je
nejvice vystaven extracelularnimu prostfedi. Technikou bodové mutace jsme proto
pfipravili mutant, u n¢hoz byl methionin 644 nahrazen alaninem (M644A). Zjistili jsme,
ze aplikace ImM chloraminu-T, podobné¢ jako u wild typu, silné a nevratné

senzitizovala membranové proudy vyvolané teplem nejen u M644A, ale i 3CYS
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mutantu. Z téchto vysledki by se dalo usuzovat, Ze se zddny ze tfi extracelularnich
cysteind ani methionin 644 nepodili na Gc¢incich chloraminu-T.

Abychom ovéfili, do jaké miry jsou ucinky oxidacnich latek pro cysteiny
specifické, zvolili jsme pro svd méfeni i oxidacni latky, které pisobi na cysteiny
specificky: membranové propustny peroxid vodiku (H,O,, 10 mM) a membranové
nepropustnou 5,5 dithiobis-2-nitrobenzoovou kyselinu (DTNB, 0,5 mM). Zjistili jsme,
ze peroxid vodiku (10 mM) potencoval membranové proudy vyvolané teplem. Tento
ucinek byl vratny. Pisobeni DTNB nemélo z&dny ucinek na membranové proudy
vyvolané bolestivym teplem, coz naznacuje, Ze cysteiny umisténé na povrchu receptoru
se bud’ neucastni modulace oxida¢nimi latkami, nebo se jiz vyskytuji v oxidovaném

stavu, a nemohou tedy dal$i oxidaci podléhat.

5.2.3 Utinek alkyla¢niho ¢inidla N-ethylmaleimidu (NEM)

Alkylacni latku N-ethylmaleimid (NEM) jsme pouzili k bliz§imu objasnéni, zda
oxida¢ni a redukcni latky ptisobi na TRPV1 kanal pfimo modulaci jeho citlivych mist
nebo plsobi neptfimo tj. procesy, které nesouvisi s oxidaci a redukci. Zjistili jsme také,
ze NEM svou kovalentni vazbou na S-H skupiny cysteinti zplisobuje nevratné zmény ve
struktufe proteinu a tim znemoziuje jejich oxidaci nebo redukci. Zaznamenali jsme, Ze
aplikace NEMu (1 mM) snizila membranové proudy vyvolané bolestivym teplem a ze
doslo k posunu teplotniho prahu k niz§im hodnotam (~30 °C). Po né€kolika minutovém
promyti builky kontrolnim roztokem nedos$lo po aplikaci 10 mM DTT k potenciaci
membranovych proudii, kterou jsme pozorovali v piedchozich pokusech. Tim jsme
dokazali, ze NEM vyrazné ovlivituje funkci iontového kanalu, ziejmé zménami jeho
struktury. Jestlize vSak byly NEM a DTT aplikovany spolecné, doSlo k vyrazné
potenciaci membranovych proudt jak v kontrolnim roztoku, tak i pii aplikaci DTT, a k
posunu prahu teplotni aktivace (~ < 30 °C). Tyto vysledky naznacuji, ze alkylacni latka
NEM specificky a nevratné reaguje s volnymi S-H skupinami. Vzhledem k tomu, ze
tato modulace zavisi na pfedchozi aplikaci DTT, domnivame se, ze NEM zpusobil
alosterické a/nebo konformacni zmény TRPV1 kandlu, které se projevily ve zvysené
aktivit¢ kanalu a zménach jeho citlivosti viici DTT. Zda se proto velmi pravdépodobné,

ze oxidacni a redukéni latky piisobi na TRPV1 receptor piimo.
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5.2.4 Oxida¢ni latky sniZuji koncentraci aktivatori iontovych kanali

Oxidacni latky Hg”", DTNB, GSSH, H,0, a thimerosal snizuji u TRPV receptoru
membranové proudy vyvolané kapsaicinem (Jin et al, 2004). Vjiné studii bylo
publikovéno, ze chloramin-T také inhibuje membranové proudy vyvolané 2-APB
(100 uM), coz je spolecny aktivator TRPV1, TRPV2 a TRPV3 kanalt (Hu et al., 2004).
Ve shod¢ suvedenymi nalezy jsme zjistili, Ze pii spolecné aplikaci kapsaicinu a
chloraminu-T doS$lo témét na 100 % k inhibici membranovych proudd 1 u wild typu
TRPV1 a u 3CYS mutantu, C621G mutantu a M644A mutantu. To nas vedlo k
podezieni, Ze ucinky oxidacnich latek nemusi byt zptsobeny oxidaci S-H skupin, ale
oxidaci samotného ligandu. Nase domnénka se potvrdila méfenim vzorki 1 uM
kapsaicinu v pfitomnosti 1 mM diamidu a 1 mM chloraminu-T) vysokou¢innou
kapalinovou chromatografii (metoda HPLC), pfi niZ jsme zjistili, Ze koncentrace
kapsaicinu v pfitomnosti oxidacnich latek zna¢né klesd. V piipad¢ diamidu az o 35 % a
u chloraminu-T doslo dokonce ke 100 % vymizeni. Tyto vysledky dokazuji, Ze snizeni
membranovych proudi vyvolanych kapsaicinem po aplikaci oxida¢nich latek, je
zplsobeno snizenim jeho koncentrace v reakci a nikoliv oxidaci S-H skupin pfislusnych
aminokyselin TRPV1 receptoru. Ve fyziologickych podminkach je tedy mozné, Ze
ligandy vaniloidniho receptoru mohou byt oxidaénimi a redukénimi latkami
modifikovany in vivo. Z téchto divoda se zda byt vyhodnéjsi studovat ucinky redox
latek na membranovych proudech vyvolanych teplem (=42°C), kdy neni k otevieni

kanalu zapotiebi vazba zadného ligandu.

5.2.5 Oxidacni latka komplex kationi médi s 1.10-fenantrolinem (CuPhe) piisobi

jako blokator TRPV1 kanalu

Komplex kationtl médi s 1.10-fenantrolinem (komplex CuPhe) je znamou
oxidacni latkou a G¢innym katalyzatorem oxidaci S-H skupin glutathiond a cysteind na
aktivnich mistech nckterych enzymt (Kobashi, 1968). Proto nds zajimalo, jakym
zpusobem by mohl komplex CuPhe modifikovat aktivitu TRPV1 receptoru. Vytvotili
jsme hypotézu, Ze se komplex CuPhe miiZze podilet na zménach v otevirdni TRPV1

kanalu oxidaci S-H skupin a vytvarenim S-S mustkii mezi cysteiny v oblasti jeho poru a
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to v ramci jedné podjednotky, nebo mezi vice podjednotkami, které tvoii iontovy kanal
(Gordon et al., 1997), (Rosenbaum and Gordon, 2002), (Schulte et al., 1998).

Ve vychozich pokusech jsme zjistovali ucinky komplexu CuPhe v koncentraci
100:400 uM na membranové proudy vyvolané bolestivym teplem (> 47 °C), které byly
komplexem inhibovany na 20 % a aktivita TRPV1 receptoru se po odmyti kontrolnim
roztokem pomérn¢ snadno navracela do svého ptivodniho stavu. Aplikace samotné médi
(100 uM CuSO4) vyvolavala zvySeni membranovych proudii vyvolanych teplem
040 %, kdezto aplikace samotného 1.10-fenantrolinu (400 uM) neméla zadny
vyznamny ucinek. Komplex CuPhe (100:400 uM) blokoval i membranové proudy
vyvolané kapsaicinem (1 uM) pii pokojové teplot¢ na 10% a na rozdil od
membranovych prouddi vyvolanych bolestivym teplem byly odpovédi na kapsaicin
blokovany i samotnym 1.10-fenantrolinem (400 uM). Oproti ¢inkiim komplexu CuPhe
se po aplikaci samotného fenantrolinu navracely kapsaicinové odpovédi z blokady
rychle nasledkem zvySené teploty, coz naznacuje nizkou afinitu TRPV1 kandlu pro
fenantrolin (resp. pro nekomplexni formu). Aplikace nizkych koncentraci médi
(100 uM) nevykazovala zadné vyznamné U¢inky na membranové proudy vyvolané
kapsaicinem, avSak vyss§i koncentrace (200 uM) tyto proudy potencovaly na 170 %.

Abychom objasnili vyznam membranového napéti v mechanizmu ucinku
komplexu CuPhe na TRPVI1 receptor, charakterizovali jsme membranové proudy
vyvolané skokovymi zménami membranového napéti (velikost skoku byla 20 mV z
-80mV na +80 mV) za soucasné aplikace kapsaicinu (1 uM). Komplex CuPhe v
koncentraci 100:400 uM zcela blokoval tyto proudy v celém rozsahu membranového
potencialu, kdezto pii desetkrat nizs§i koncentraci 10:40 uM byl jeho blokujici ucinek
vétsi na negativnich potencialech ve srovnani s pozitivnimi, coZ naznacuje, Ze tato
blokada je napétové zavisla. Aplikace samotného fenantrolinu (400 uM) vyvolala
¢astecnou blokadu pouze na negativnich potencialech, coz opét svéd¢i o napetove
zavislé blokade.

Zjistili jsme, Ze pokud nechdme pusobit komplex CuPhe (100:400 uM) dostatecné
dlouho (~ 30 s) a pak jeho aplikaci ukon¢ime, neovlivni to nasledné odpovédi vyvolané
aplikaci nizkého pH. AvsSak aplikace CuPhe soucasn¢ s nizkym pH zpiisobi znac¢nou
blokddu membranovych proudil, kterda ma rozdilnou kinetiku nastupu v zavislosti na
membranovém napéti. Na negativnim potencidlu -70 mV je rychlost nastupu blokady

vysSi (Ton = 150 ms) kdezto na pozitivnim potencidlu +40 mV je podstatné nizsi (ton
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=750 ms), coz jednoznacn¢ prokazuje napétovou zavislost blokady. Bylo otazkou do
jaké miry je tato blokdda zplsobena nasledkem ucinkti volné médi nebo volného
fenantrolinu, a pouzili jsme proto jako kontroly roztoky pH 5 bud’ se samotnou médi
(100 uM), nebo s fenantrolinem (40 a 400 uM). Na membranové proudy vyvolané pH 5
samotna mé&d’ (CuSO4 100 uM) nepiisobila, kdezto samotny 1.10-fenantrolin (400 uM)
blokoval odpovédi jak na negativnich, tak na pozitivnich potencidlech (na =70 mV o
36 %). Na zaklad¢ kinetickych studii blokady protonovych odpovédi jsme prokazali, Ze
rychlost blokovani a odblokovani je napétové a koncentracné zavisld. Méfili jsme
nékolik koncentraci komplexu CuPhe pticemz byl vzdy zachovan pomér 1:4 mezi médi
a fenantrolinem (10:40, 100:400 a 500:2000 uM). Cim byla koncentrace komplexu
vyss§i, tim byl nastup blokddy rychlejsi (CuPhe 10:40 puM: 1,=2.2+0.2s5,
CuPhe 500:2000 uM: 1,, = 117 + 22 ms) a naopak navrat z této blokady pomale;jsi
(CuPhe 10:40 pM: 1,6=4.1 £0.5 s, CuPhe 500:2000 puM: togr = 10.0 £ 2.1 s). Z kiivky
koncentracni zavislosti jsme stanovili ICso = 5.2 uM (Cu:Phe = 5.2 : 20.8 uM) a Hillav
koeficient 1.1.

Testovanim ucinkt komplexu CuPhe (100:400 uM) na nativnich TRPV1 kanalech
ptitomnych na DRG neuronech jsme zjistili, ze komplex inhibuje membranové proudy
vyvolané bolestivym teplem (> 43 °C) 1 kapsaicinem (1 uM) stejnym zpusobem jako u
rekombinantniho expresniho syst¢ému TRPV1 na HEK buiikéach. Tyto blokujici u¢inky
byly v obou pfipadech téméf zcela vratné. CuPhe vyznamné neovliviioval proudové
odpovédi vyvolané skokovymi zménami membranového potencidlu. Tyto vysledky
ukazaly, ze komplex CuPhe blokuje jak rekombinantni, tak nativni TRPV1 kanaly.

Abychom zjistili, zda mechanizmus U¢inku CuPhe souvisi s pfitomnosti
extracelularnich cysteinit (C616, C621 a C634) v oblasti poru TRPV1 kanalu, pouzili
jsme mutant, u kterého byly tyto tfi cysteinové zbytky nahrazeny glycinem (3CYYS).
Komplex CuPhe (100:400 uM) blokoval u 3CYS mutantu membranové proudy
vyvolané 1 uM kapsaicinem (na 1 %) 1 bolestivym teplem (na ~ 30 %) stejné jako u
wild typu. Tyto nalezy vyloucily moznost, ze CuPhe blokuje TRPV1 kanal modifikaci
S-H skupin extracelularnich cysteind.

Zajimalo nés, zda 1 TRPMS8, chladovy kanal aktivovany mentolem a nizkymi
teplotami (McKemy et al., 2002), (Peier et al., 2002), ktery je vzdalené ptibuzny k
TRPV1, je blokovan komplexem CuPhe. Zjistili jsme, Ze membranové proudy vyvolané

specifickym agonistou TRPMS8 receptoru mentolem (100 uM) byly blokovany
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komplexem CuPhe (100:400 uM) vratn€ a v zavislosti na membranovém potencidlu. Z
téchto vysledki je patrné, ze péry TRPV1 a TRPMS iontovych kanalti maji podobné
vlastnosti z hlediska blokujicich u¢inkd CuPhe a c¢éaste¢né shodny ucinek lze
predpokléadat i u jinych TRP kanali.

Nase studie tak prokazala, ze komplex CuPhe blokuje TRPV1 kanal v otevieném
stavu koncentracné zavislym zplisobem. Blokujici u¢inek CuPhe je vratny a neni
zavisly na extracelularnich cysteinech. Téméf stejné u€inky byly pozorovany na malych
DRG neuronech aktivovanych kapsaicinem a bolestivym teplem. Vyloucili jsme také
moznost, ze by byl blokujici u¢inek CuPhe zptsoben oxidaci extracelularnich cysteini z
oblasti poru TRPV1 kanalu nebot’ jsme v pokusech s 3CYS mutantem nezaznamenali
oproti wild typu zadné vyrazné zmény v u€incich CuPhe na membranové proudy
vyvolané kapsaicinem, bolestivym teplem ani nizkym pH. Ptiklanime se spiSe k nazoru,
ze velka pozitivné nabita molekula komplexu CuPhe stericky blokuje usti iontového
kanalu. Podobny mechanizmus blokady byl v neddvné dobé popsan u sodikovych
kanalii (Popa and Lerche, 2006).

Uginky komplexu CuPhe nebyly zavislé na zpiisobu aktivace receptoru (kapsaicin,
nizké pH nebo bolestivé teplo). To dokazuje, ze CuPhe nebude pravdépodobné
kompetovat s kapsaicinem ¢i protony o vazebna mista nebo se vazat na doménach
odpovédnych za konformaéni zmény vedouci k aktivaci kanalu teplem.

Néami zjisténé rozdily mezi rychlou kinetikou blokddy a pomalou kinetikou
navratu z blokady pisobenim komplexu CuPhe (100:400 uM) na membranové proudy
vyvolané nizkym pH Ize vysvétlit tim, ze CuPhe co by velkéd pozitivni molekula bude
snadnéji vstupovat do kandlu je-li je otevien a obtizn€¢ ho bude opoustét kdyz je
zavieny. Bylo obtizné rozhodnout zda zbytkové proudy pozorované v piitomnosti
CuPhe mohou byt pfisuzovany aktivit¢ kanalu, nebo jsou tyto membranové proudy
nasledkem nespecifickych u¢inki zvySené teploty na kanalech, které¢ se nachdzeji v
plazmatickych membranach buné€k. Piesto byly ucinky CuPhe rychle vratné coz
naznacuje, ze zvySena teplota, ktera otevird kanal, pfispivd k rychlosti navratu z
blokady. Je tedy mozné, Zze krom¢ dnes jiz zndmych nekompetitivnich antagonistti
TRPV1 kanalu, mize byt komplex CuPhe povazovan za dals$i uCinny blokator
iontovych kanali potencionalné pouzitelny v dal§im studiu vztaht struktury a funkce

TRPV1 a zfejmé i jinych TRP kanalt.
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5.2.6 Vyznam oxida¢né-redukcéniho stavu TRPV1 z hlediska pienosu bolesti

Bylo prokazano, ze béhem evoluce dochazelo tvorbou disulfidickych mtistk
(S-S) ke zvySovani teplotni stability riznych proteinli, avSak vyskytly se i proteiny
snovymi disulfidickymi vazbami, u nichz byla teplotni stabilita naopak snizena
(Petersen et al., 1999). V piitomnosti oxidacnich i reduk¢nich latek je prah pro teplotni
aktivaci TRPV1 kandlu zna¢né snizen a blizi se fyziologickym hodnotam teploty
lidského téla, coz naznacuje, Zze ke svému fungovani ziejmé TRPV1 kanal vyzaduje
uréity optimalni oxidacéné-redukéni stav. Pii jeho porusSeni, ke kterému dochazi
v periferii pii riznych patofyziologickych podminkach (poSkozeni tkan€, metabolicky
stres a zanét), dochazi diky tomu i ke zménam fungovani TRPV1 kanalu a k senzitizaci
nociceptorti. Zda se tedy, ze zmény v oxida¢né-redukénim stavu TRPV1 kanalu by se
mohly vyznamné podilet na patogenezi akutnich a chronickych stavii bolesti. Uvedené
mechanizmy by mohly objasiiovat pficiny vzniku bolesti doprovazejici napt. docasny
arterialni uzavér. Klinicky je tento pfiznak zndm jako angina pectoris, jestlize jde o
srdecni sval, nebo claudicatio intermitens, jestlize jde o uzavér tepen dolnich koncetin,
s nimz se setkdvame u Blirgerovy choroby. Bolest se objevuje po ndmaze tj. v situacich,
kdy lze predpokladat zvysenou spotiebu kysliku. Pii znalosti zakladnich mechanizmi
aktivace TRPV1 receptoru se jevi moznymi dva zpusoby vzniku bolesti. Pfedné vznik
kyselého prostiedi vlivem zvySeni koncentrace kyseliny maselné v dasledku
anaerobniho rozkladu glykogenu, nebo piimym plsobenim anoxie na S-H skupiny
cysteind, jichz je vjedné podjednotce TRPVI receptoru 18 (znichz 3 jsou
v bezprostfednim kontaktu s extracelularnim prostfedim). Volné S-H skupiny cysteinti
v oxidovaném stavu vytvaieji disulfidické mustky (S-S), které se podileji na tvorbé
sekundérni 1 terciarni struktury bilkovin. Kovalentni vazba je zpravidla pevnd, ale lze ji

rozrusit v prostiedi, jeZ obsahuje nedostatek kysliku.
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ABSTRACT

We have previously reported that the reducing agent dithiothre-
itol (DTT) strongly increases thermally induced activity of the
transient receptor potential vanilloid receptor-1 (TRPV1) chan-
nel. Here, we show that exposure to oxidizing agents also
enhances the heat-induced activation of TRPV1. The actions of
sulfhydryl modifiers on heat-evoked whole-cell membrane cur-
rents were examined in TRPV1-transfected human embryonic
kidney 293T cells. The sensitizing effects of the membrane-
permeable oxidizing agents diamide (1 mM), chloramine-T (1
mM), and the copper-o-complex (100:400 uM) were not
reversed by washout, consistent with the stable nature of
covalently modified sulfhydryl groups. In contrast, the mem-
brane-impermeable cysteine-specific oxidant 5,5’-dithio-bis-
(2-nitrobenzoic acid) (0.5 mM) was ineffective. The alkylating
agent N-ethylmaleimide (1 mM) strongly and irreversibly af-

fected heat-evoked responses in a manner that depended on
DTT pretreatment. Extracellular application of the membrane-
impermeable reducing agent glutathione (10 mM) mimicked the
effects of 10 mM DTT in potentiating the heat-induced and
voltage-induced membrane currents. Using site-directed mu-
tagenesis, we identified Cys621 as the residue responsible for
the extracellular modulation of TRPV1 by reducing agents.
These data suggest that the vanilloid receptor is targeted by
redox-active substances that directly modulate channel activity
at sites located extracellularly as well as within the cytoplasmic
domains. The results obtained demonstrate that an optimal
redox state is crucial for the proper functioning of the TRPV1
channel and both its reduced and oxidized states can result in
an increase in responsiveness to thermal stimuli.

The capsaicin receptor transient receptor potential va-
nilloid receptor-1 (TRPV1) is a sensory neuron-specific ion
channel that plays an important role in thermal nociception
and inflammatory hyperalgesia (Caterina et al., 1997). This
channel can be activated by vanilloid compounds, low pH,
and noxious heat, and its function is modulated by a wide
range of endogenous and exogenous agents (for review, see
Planells-Cases et al., 2005). Among them, redox-active sub-
stances have recently been shown to modulate TRPV1 recep-
tor activity (Vyklicky et al., 2002; Jin et al., 2004); however,
it is not yet clear whether these effects are mediated through
the direct modification of sulfhydryl groups present in the
TRPV1 channel protein complex. As demonstrated by earlier
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radioligand binding studies, both the reducing and oxidizing
agents diminished the apparent affinity and positive cooper-
ativity characteristic of [*H]resiniferatoxin binding (Szallasi
and Blumberg, 1993; Szallasi et al., 1993). From these stud-
ies, it has become apparent that cooperation between the
TRPV1 subunits is, at least in part, subject to redox modu-
lation. Also, our earlier studies demonstrated that the sulf-
hydryl redox agent dithiothreitol (DTT) strongly potentiates
both the native and recombinant rat TRPV1 channel when
applied at millimolar concentrations to the external solution
under intact whole-cell conditions. Since the effects of DTT
were almost immediate, dose-dependent, and reversible, the
contribution of extracellular cysteine residues within the
putative pore-loop region of TRPV1, Cys616, Cys621, and
Cys634 has been proposed (Vyklicky et al., 2002). In an
attempt to identify the mechanisms involved in the redox
modulation of TRPV1 channel, the effects of an oxidizing
agent, copper-o-phenantroline [Cu(II)-1,10-phenantroline;
Cu:Phe], on heat-induced membrane currents were studied
in human embryonic kidney (HEK) 293T cells expressing rat

ABBREVIATIONS: TRPV1, transient receptor potential vanilloid receptor-1; DTT, dithiothreitol; Cu:Phe, copper-o-phenantroline [Cu(ll)-1,10-
phenantroline]; HEK, human embryonic kidney; PCR, polymerase chain reaction; DVF, divalent-free; GSH, reduced glutathione; DTNB, 5,5'-
dithio-bis-(2-nitrobenzoic acid); ECS, extracellular solution; NEM, N-ethylmaleimide; HPLC, high-performance liquid chromatography; Ch-T,

chloramine-T; WT, wild-type/wild type.

383



384

Susankova et al.

TRPV1. However, a detailed examination of these effects has
shown that this oxidant exerts its strong inhibitory effect
mainly through a steric block of the TRPV1 channel rather
than by redox modulation (Tousova et al., 2004). The recent
demonstration that oxidizing agents such as thimerosal de-
crease the capsaicin-induced TRPV1 activity by oxidation of
extracellular sulthydryl residues (Jin et al., 2004), namely,
the cysteine Cys621, seemed to be in line with this idea.
However, the results of the latter study were obtained with
oxidizing agents coapplied with capsaicin, which may cast
doubt as to whether these compounds may or may not affect
the capsaicin molecule directly, since the alkyl side chain of
capsaicin is considered to be susceptible to enzymatic oxida-
tion (Boersch et al., 1991). Therefore, it seems that a more
advantageous strategy could be to explore the effects of re-
dox-active substances on the heat-dependent mode of TRPV1
receptor activation.

The goal of this investigation was to characterize the ef-
fects of redox-active substances on the TRPV1 receptor and to
determine the mechanisms by which these reagents affect
the heat-induced activity of this channel. The results pre-
sented here indicate that both reducing and oxidizing agents
enhance the heat-evoked currents mediated by these chan-
nels. We also show that the effects of reducing agents are at
least partially attributable to modifications taking place at
specific thiol-sensitive sites on the extracellular side of the
TRPV1 receptor pore-forming loop.

Materials and Methods

Cell Culture and Transfection. HEK293T cells (SD 3515;
American Type Culture Collection, Manassas, VA) were cultured in
OPTI-MEM I (Invitrogen, Paisley, Scotland) supplemented with 5%
fetal bovine serum. Cells were plated on to dishes coated with colla-
gen at a density ~180,000 cells cm 2. 293T cells were transfected
transiently with 300 to 400 ng/dish recombinant plasmid DNA en-
coding wild-type or mutant rat TRPV1 in pcDNAS3 vector (wild type
kindly provided by D. Julius, San Francisco, CA) using either the
Lipofect AMINE 2000 (Invitrogen) or Magnet-assisted transfection
(IBA GmbH, Géttingen, Germany) method according to the manu-
facturers’ protocols. To identify the transfected cells in the electro-
physiological experiments, DNA plasmid encoding green fluorescent
protein (GFP) in pQBI 25 vector (TaKaRa, Kyoto, Japan) was co-
transfected at a concentration of 400 ng/dish. Transfected cells were
replated onto glass coverslips (three 12-mm coverslips per 35-mm
dish) coated with collagen and poly-L-lysine. Electrophysiological
experiments were performed 24 to 48 h after transfection. For each
experimental group, five to eight GFP-positive cells per coverslip
were studied from at least three different (independent) transfec-
tions.

Construction of C616G, C621G, C634G, and 3Cys Mutants of
TRPV1. Rat TRPV1 mutants were constructed by PCR amplification
using rat TRPV1-specific primers synthesized to contain a point
mutation converting the respective nucleotides at positions Cys616,
Cys621, and Cys634 to Gly616, Gly621, and Gly634. The Quik-
Change XL site-directed mutagenesis kit (Stratagene, La Jolla, CA)
was used according to manufacturer’s protocol to perform point mu-
tations in TRPV1. The overlapping primer pairs were as follows:
TRPV1-C616G, 5'-G TCC ACA CCA CAC AAG GGC CGG GGG TCT
GCC TGC AAG CC-3 (sense) and 5'-GCA GGC AGA CCC CCG GCC
CTT GTG TGG TGT GGA CTC C-3' (antisense); TRPV1-C621G,
5'-GC CGG GGG TCT GCC GGC AAG CCA GGT AAC TCT TAC
AAC-3' (sense) and 5'-GA GTT ACC TGG CTT GCC GGC AGA CCC
CCG GCA CTT GTG-3' (antisense); TRPV1-C634G, 5'-C AAC AGC
CTG TAT TCC ACA GGT CTG GAG CTG TTC AAG TTC-3' (sense)

and 5'-CTT GAA CAG CTC CAG ACC TGT GGA ATA CAG GCT
GTT GTA AG-3' (antisense). Using the TRPV1-C634G as a template,
the following primer pair was designed to mutate the remaining two
extracellularly located cysteines: TRPV1-3'CYS, 5'-G TCC ACA
CCA CAC AAG GGC CGG GGG TCT GCC GGC AAG CCA GGT
AAC TCT TAC-3' (sense; 52-mer) and 5'-GTA AGA GTT ACC TGG
CTT GCC GGC AGA CCC CCG GCC CTT GTG TGG TGT GGA C-3’
(antisense).

Construction of S502A/S800A and M644A Mutants of
TRPV1. Double mutant S502A/S800A was constructed by two PCR
reactions. In a first reaction, TRPV1-S800A, the following primer
pair was used with TRPV1 as a template: 5'-CTT CTG AGG GAT
GCA GCC ACT CGA GAT AGA CAT GC-3’ (sense) and 5’-GC ATG
TCT ATC TCG AGT GGC TGC ATC CCT CAG AAG-3’ (antisense).
In the second reaction, TRPV1-S800A was used as a template and
the overlapping primer pair was as follows: TRPV1-S502A/S800A,
5'-CTG CAG AGG CGA CCA GCC CTC AAG AGT TTG TTT G-3’
(sense) and 5'-C AAA CAA ACT CTT GAG GGC TGG TCG CCT CTG
CAG-3’ (antisense). To construct TRPV1-M644A mutant, the follow-
ing primer pair was used: 5'-C AAG TTC ACC ATC GGC GCG GGC
GAC CTG GAG TTC-3' (sense) and 5'-GAA CTC CAG GTC GCC
CGC GCC GAT GGT GAA CTT G-3' (antisense).

Base changes introducing glycine or alanine are in bold. All site-
directed mutated constructs were confirmed by DNA sequencing
using an automated sequencer (ABI PRISM 3100; Applied Biosys-
tems, Foster City, CA).

Electrophysiology. Whole-cell membrane currents were re-
corded by using an Axopatch-1D amplifier and the pCLAMPS8 and
pCLAMP9 software (Molecular Devices, Sunnyvale, CA). Electrodes
were pulled from borosilicate glass and after filling had a resistance
of 4 to 6 MQ). The series resistance was usually less than 10 MQ) and
was compensated to ~80%. A system for fast superfusion of the
cultured cells was used for drug and heat application. It consisted of
a manifold of seven fused silica capillaries connected to a common
outlet made from a glass capillary around which insulated copper
wire (20 wm in thickness) was coiled to pass direct current for
heating the solutions superfusing the cell under investigation (Dit-
tert et al., 2006). The temperature of the superfusing solution was
measured by a miniature thermocouple inserted into the outlet cap-
illary near to its orifice that was placed less than 100 um from the
cell under investigation.

Reagents and Solutions. Before and after the test solutions, the
cells were superfused with control extracellular solution of the fol-
lowing composition: 160 mM NaCl, 2.5 mM KCI, 1 mM CaCl,, 2 mM
MgCl,, 10 mM HEPES, and 10 mM glucose; pH was adjusted to 7.3
with NaOH. The divalent-free (DVF) extracellular solution con-
tained 160 mM NaCl, 10 mM HEPES, and 10 mM EDTA; pH was
adjusted to pH 7.4 with NaOH. The intracellular pipette solution
contained 125 mM Cs-gluconate, 15 mM CsCl, 5 mM EGTA, 10 mM
HEPES, 0.5 mM CaCl,, and 2 mM MgATP, pH was adjusted to 7.3
with CsOH. The osmolarities of the extracellular and the intracellu-
lar solution were 320 and 290 mOsM. Unless otherwise specified, all
chemicals and reagents were purchased from Sigma-Aldrich (St.
Louis, MO). Capsaicin solution was prepared from a 0.1 M stock
solution in ethanol, stored at —20°C. The final concentration of
ethanol was <0.001%. DTT, H,0,, glutathione (GSH), and diamide
were prepared from a stock solution of 1, 10, and 1 M, respectively,
in distilled water; the final dilutions were used for about 8 h. N-
Ethylmaleimide (NEM) was freshly prepared before each experiment
from a stock solution of 2 M in ethanol. The final concentration of
ethanol was <0.05%. DTNB was diluted directly into the bath solu-
tion to achieve the final concentration. The experimental extracellu-
lar solutions containing the redox reagents were prepared, and the
pH was adjusted immediately before use and checked after the
experiments.

Chromatographic Separation of Capsaicin. Chromatographic
separation of capsaicin was done on an HPLC-mass spectrometer
system (Agilent 1100; Agilent Technologies, Palo Alto, CA) equipped



with a mass spectrometric detector (quadrupole MSD). Separation
was done on Extend C18 (2.1 X 150 mm; 5 um) column at 46°C.
Elution was made by gradient between mobile phase A (water with
0.1% heptafluorbutyric acid) and B (acetonitrile with 0.085% hep-
tafluorbutyric acid). Gradient started with 5% B and reached 50% B
at 10 min, after next 30 min 100% B was achieved. Flow rate was
0.25 ml/min. Condition for mass spectrometric detection was set to
drying gas (N,) flow, 10 I/min; nebulizer pressure, 20 psig (138 kPa);
drying gas temperature, 350°C; capillary voltage, 4000 V; and frag-
mentor, 70 V (positive polarity, selective ion monitoring at 306 m/z).
Under these conditions, the retention time of capsaicin was 17.8 min.
Capsaicin concentration changes were quantified as the peak area
ratios between the analyte and the internal standards measured at
selective ion monitoring at 306 m/z.

Statistical Analysis. Heat-evoked currents sampled at the rising
phase of the temperature ramp were pooled every 0.5°C. Data were
routinely discarded if the leak exceeded 5% of the maximum heat
induced currents, but for all the data in the DTT experiments, the
leak currents were less than 1% of the maximum current; therefore,
no leak subtraction was used. Voltage dependence of the open prob-
ability, P,, was estimated according to the Boltzmann equation (Ni-
lius et al., 2005): I, = I,../(1 + exp(—zF(V — V,,)/RT)); P, =
I i/ ox, Where z is valence of the gating charge; V,,, is the half-
activation voltage; I, is the extrapolated maximum tail current;
and F, R, and T have their usual thermodynamic meaning. Boltz-
mann fits were achieved with Clampfit 9 (Axon Instruments) soft-
ware. All data are expressed as the mean + S.E.M. Overall statisti-
cal significance was determined by analysis of variance, if not stated
otherwise. In case of significance (+p < 0.05 or #+#p < 0.001), sta-
tistical comparisons were performed by Student’s ¢ test for individual
groups.

Results

Mutation of Cys621 in TRPV1 Reduces DTT-Induced
Potentiation of Heat-Activated Ionic Currents. We have
recently demonstrated that the external application of 10
mM DTT to native and recombinant rat TRPV1 receptors
markedly potentiates the heat and capsaicin-induced mem-
brane currents (Vyklicky et al., 2002). Because the TRPV1
receptor contains three extracellular cysteine residues
(Cys616, Cys621, and Cys634) that could potentially be in-
volved in redox modulation, we substituted these residues
with glycine either individually or as a triple mutant (3CYS)
and tested the effects of redox-active substances on the
whole-cell membrane currents induced by heat. Heat-acti-
vated inward currents were induced by 3-s ramps of increas-
ing temperature from 24-48°C at —70 mV in an extracellular
control solution and in the presence of 10 mM DTT (10 s). The
cells were then washed with bath solution, and the revers-
ibility of the observed effects was determined 1 min later
(Fig. 1A). The heat-induced responses of the mutant channels
were indistinguishable from those of the wild-type controls.
In the presence of DTT, heat-activated currents were poten-
tiated in all constructs over the temperature range of 37—
47°C; however, this effect was significantly reduced in the
C621G and 3CYS mutants (¥, p < 0.05). As shown in Fig. 1B,
wild-type TRPV1, C616G, and C634G were potentiated by
2.2 +04,28 +£0.6,and 1.8 + 0.1 at 45°C (n = 13,7, and 9,
respectively), which was greater than the 1.2 = 0.1 and 1.4 +
0.1 potentiation produced by DTT in the C621G and TRPV1-
3CYS mutants (+, p < 0.05; n = 11 and 16).

In the wild type, C616G, and C634G, DTT shifted the
threshold for heat activation so that 38°C was sufficient to
induce 23 = 7, 17 = 7, and 20 * 3%, respectively, of the
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maximal response induced at 47°C in the control extracellu-
lar solution. Unexpectedly, the reduction in DTT-induced
potentiation of the heat-induced responses was highest in the
C621G mutant, not in 3CYS-TRPV1 (¥, p < 0.05). These
findings suggest that the cysteine residue at position 621 is
indeed involved in the modulation of the TRPV1 channel by
DTT on the extracellular side. Furthermore, the data indi-
cate that the triple mutation of all extracellular cysteine
residues (3CYS) has a noticeable impact on TRPV1 function-
ality, and this could account for the observation that DTT
affects the 3CYS channel slightly more than the C621G
mutant.

Voltage-Dependent Activation of Mutant Channels
C616G, C621G, C634G, and 3CYS-TRPVI1. Since the in-
terpretation of mutagenesis studies may be confounded by
functional changes induced by the mutations themselves, we
investigated the overall function of the cysteine mutant con-
structs. The expression levels of the mutants were assessed
by comparison of current densities pA/pF of the initial heat
response measured at a holding potential of —70 mV and at
44-45°C. Although quite variable, the median inward cur-
rent densities obtained in cells overexpressing the cysteine
mutants (—83 pA/pF, n = 13; —48 pA/pF, n = 10; —61 pA/pF,
n = 19; —69 pA/pF, n = 10 in C616G, C621G, C634G, and
3CYS, respectively) were not significantly different from
those seen in cells transfected with wild-type TRPV1 (=50
PA/PF; n = 22; *, p = 0.75). Cells transfected with either of
the mutant receptors gave responses to heat stimuli that
were indistinguishable from those of the wild-type channels
(Fig. 1A). Given the high degree of cell-to-cell variability in
TRPV1 expression and in the magnitudes of capsaicin-
evoked currents within each experimental group, we were
also unable to detect any obvious changes in the kinetics of
the membrane currents induced by capsaicin (1 uM; data not
shown). At room temperature and normal pH (7.3), the rat-
cloned TRPV1 can be activated by depolarizing voltages in
the absence of any agonists (Vlachova et al., 2003; Voets et
al., 2004), and this mode of activation is linked to conforma-
tional changes associated with the temperature-dependent
gating of the TRPV1 channel (Voets et al., 2004; Nilius et al.,
2005). We therefore examined the voltage-dependent gating
properties of the mutant channels by recording whole-cell
membrane currents induced by a sequentially applied series
of 100-ms voltage steps ranging from —140 to +80 mV, in
+20-mV increments.

In the wild-type and 3CYS-TRPV1 channels, depolarizing
voltage steps elicited large outward membrane currents with
a maximum amplitude of 4.4 + 0.9 nA (n = 13) and 3.9 + 0.7
nA (n = 16) at +80 mV (#, p = 0.653). The activation kinetics
of wild-type TRPV1-mediated currents elicited by a depolar-
izing step from —140 to +80 mV was described by a single
exponential function (7 = 21.0 = 2.0 ms). As shown in Fig. 1,
C and D, the 3CYS mutation produced a channel with sig-
nificantly faster voltage-dependent gating kinetics (7 =
11.6 = 1.2 ms; #*+%, p < 0.001).

Repolarization to the holding membrane potential (=70
mV) produced pronounced inward “tail currents”. Detailed
analysis of wild-type TRPV1 deactivation kinetics revealed a
fast (2.5 = 0.2 ms) and a slow (15.8 * 2.7 ms) time constant
with a relative contribution of 74 = 5% for the fast deacti-
vating component. Again, 3CYS-TRPV1 exhibited signifi-
cantly faster deactivation rates than those of the wild type
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channels (1.7 = 0.1 ms; 76 = 3%; *+%, p < 0.001), whereas the
slow time constant was not significantly changed (14.6 = 1.2
ms; *, p = 0.677). We further examined to what extent the
individual mutations could be responsible for the functional
changes observed in the 3CYS-TRPV1 construct. A compar-
ison of the outwardly rectifying currents induced by the de-
polarizing voltage steps to +80 mV in the wild type and in
the C616G, C621G, and C634G constructs showed that none
of the cysteine mutants exhibited significantly different ac-
tivation and relaxation kinetics from the wild type at the 0.05
level (one-way analysis of variance). Neither were any signif-
icant differences found among the wild-type, C616G, C621G,
and C634G constructs in the time constants of tail currents
induced by repolarization from +80 to —70 mV. To further
substantiate these findings, we quantified the open probabil-
ity of the wild-type, C621G, and 3CYS mutants from the tail
currents plotted against activation voltage (Fig. 1E). These
plots were fitted to Boltzmann relationships, and the mea-
sured tail current amplitudes were normalized to the esti-
mated maximal current amplitude to obtain the voltage de-
pendence of the open probability. By comparing the averaged
data, it seemed that substitution of all three cysteines caused

a shift in the midpoint of voltage activation (V;,,) from 64.8 =
7.2 mV (wild-type TRPV1; n = 12) to 95.5 = 7.5 mV (n = 13)
in the 3CYS mutant, whereas V;,, was unchanged in C621G
(69.7 £ 9.5 mV; n = 9; %, p = 0.686). These findings indicate
that mutating all three extracellular cysteines together re-
sults in measurable functional changes in the voltage-in-
duced activation of TRPV1 channel.

Does DTT Act on TRPV1 Channel Molecule Di-
rectly? During whole-cell recordings, extracellular applica-
tion of the membrane-impermeable physiological reducing
agent GSH (10 mM) mimicked the effects of 10 mM DTT in
potentiating the heat-induced and voltage-induced mem-
brane currents (Fig. 2, A-C). The effects of GSH on the
heat-evoked responses seemed weaker than those of DTT,
which could be explained by its smaller redox potential (Scott
et al.,, 1963). These data indicate that sulfhydryl groups
facing toward the extracellular side of the membrane are
indeed involved in regulating the activity of the TRPV1
channel.

That the redox-active substance DTT slightly (but still
significantly) potentiates the mutant lacking the three extra-
cellular cysteine residues indicates that DTT may have re-
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Fig. 1. DTT-induced potentiation of heat-evoked currents reduced in C621G and 3CYS mutants of heterologously expressed rat TRPV1. A,
representative families of whole-cell currents evoked in wild-type, C621G, and 3CYS mutants by 3-s ramps of heated solutions from 24-48°C in
extracellular control solution, in the presence of 10 mM DTT, and recovery 1 min later. Heat-activated currents recovered completely upon washout.
Temperatures of superfusing solutions measured by a thermocouple inserted into common outlet capillary of drug application system are indicated
above each trace. Dashed lines represent zero current level. Bars above the records indicate duration of drug application. B, averaged currents
normalized to currents evoked at 47°C in extracellular control solution shown with error bars representing S.E.M. Heat-activated inward currents
were induced by 3-s ramps of increasing temperature from 24-48°C. Holding potential, —70 mV. One-way analysis of variance did not reveal
significant differences among wild type and mutants in the extent of recovery over the temperature range of 44—47°C (+, p = 0.399 at 44°C; %, p =
0.192 at 47°C). C, effects of mutation of all three extracellularly located cysteines (3CYS; dotted line) on currents elicited by voltage steps (protocol
shown, top) in extracellular control solution. Currents were normalized to maximal current produced at +80 mV. D, activation rates calculated for WT
(n = 11), C621G (n = 7), and 3CYS (n = 13) from activation time constants of current traces elicited at +80 mV. E, voltage dependence of open
probability of wild-type, C621G, and 3CYS-TRPV1 channels at 24°C. Solid lines are fits with the Boltzmann equation: V,,, = 64.8 mV, z = 0.71 (wild
type); Vi, = 69.7 mV, z = 0.65 (C621G); and V,,, = 95.5 mV, z = 0.63 (3CYS). Note shift in V,,, toward more positive potentials in 3CYS mutant.



maining “nonspecific” effects unrelated to thiol-disulfide ex-
change at TRPV1 (Alliegro, 2000). Previous studies on NR1/
NR2A (Choi et al., 2001) and GABA, (Wilkins and Smart,
2002) receptors demonstrated that the reversible effects of
DTT might be caused by the chelation of trace amounts of
divalent cations rather than by redox-based mechanisms. We
therefore further examined the extent to which 10 mM DTT,
applied in the absence of divalent cations, affects the heat-
induced currents mediated through wild-type and cysteine-
mutated TRPV1 channels. As illustrated in Fig. 3, A and B,
the presence of DVF extracellular solution elicited significant
inward currents in both wild-type and 3CYS-TRPV1-trans-
fected HEK293T cells at room temperature. In both cases,
the extracellular application of 10 mM DTT in DVF solution
resulted in a marked potentiation of the heat-induced mem-
brane currents, which indicated that the chelation of divalent
cations is not the underlying cause of the remaining DTT-
induced potentiation of the heat-evoked membrane currents
in TRPV1.

Another mechanism that contributes to the potentiation of
heat-induced currents might involve the second messenger
pathways associated with protein kinases A, C, or calcium/
calmodulin-activated protein kinase II (Humphries et al.,
2005). Recent functional studies have identified several
serine/threonine residues that are substrates for the direct
phosphorylation of TRPV1. Among them, S502 seems to be
involved in the potentiation of TRPV1 activity by all three
types of kinases (Bhave et al., 2002; Rathee et al., 2002; Jung
et al., 2004), and together with another serine, S800, is
critically involved in protein kinase C-mediated phosphory-
lation (Numazaki et al., 2002). To explore the possibility that
DTT partially affects some of the protein kinase cascades and
thus phosphorylation of TRPV1, we mutated two serine res-
idues, S502 and S800, to alanine and measured the effects of
10 mM DTT on the heat-induced membrane currents. Simi-
larly to wild-type TRPV1, the mutant S502A/S800A was po-
tentiated by the extracellular application of 10 mM DTT as
illustrated in Fig. 3C. Together, the results obtained with
DTT imply that its dominant effect on the TRPV1 channel is
caused by a thiol-disulfide interchange process that involves
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the extracellular cysteine residue Cys621. The minor nonspe-
cific effects of DTT do not seem to involve chelation of diva-
lent cations or protein kinase C (and perhaps also PKA or
calcium/calmodulin-activated protein kinase II) signaling
pathways.

Thiol Alkylating Agent N-Ethylmaleimide Modulates
TRPV1 Channel in a Manner That Depends on the
Preceding Treatment with DTT. To further substantiate
the notion that the actions of reducing agents are mediated
through the modulation of redox-sensitive site(s) and not by
some other nonredox-related mechanism, we used the irre-
versible thiol alkylating agent NEM. NEM forms covalent
bonds with cysteine residues and therefore should prevent
further chemical oxidation or reduction of these sites. In the
first series of experiments, illustrated in Fig. 4, A and B,
HEK293T cells expressing wild-type TRPV1 were stimulated
with superfusing extracellular solution heated up to 48°C
before, during, and 1 to 2 min after a 40-s application of 1 mM
NEM. We found that the amplitude and temperature course
of the heat-evoked currents were markedly reduced in the
presence of NEM and that the threshold for heat activation
was shifted toward lower temperatures (less than ~30°C).
The NEM-induced changes were irreversible after >3 min of
washout and not reversed by DTT as expected for an alkyla-
tion of thiol groups.

In a separate set of experiments, we sought to generate the
maximum number of free sulfhydryl groups that can be al-
kylated with NEM. Cells were therefore initially exposed to
10 mM DTT together with 1 mM NEM followed by the ap-
plication of NEM alone, each for a duration of 15 s. We were
unable to increase either exposure time or NEM concentra-
tion without causing cell damage. In contrast to the results
obtained in the experiments shown in Fig. 4A, NEM mark-
edly increased the amplitude of the heat-evoked currents,
whereas the slope of the temperature-response relationship
remained unaltered. Unexpectedly, NEM-treated cells were
substantially more susceptible to the subsequent application
of DTT compared with the effects of DTT before the addition
of NEM (Fig. 4C). The threshold for heat activation was
shifted toward lower temperatures (less than ~30°C; Fig.
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Fig. 2. Reducing agent GSH mimics effects of DTT. A, GSH-potentiated whole-cell currents evoked by temperature ramps (final temperature,
46—48°C) in wild-type TRPV1. Current values normalized to currents evoked at 46°C in extracellular control solution. Averaged currents shown with
error bars representing S.E.M. B, GSH failed to affect 3CYS mutant. Averaged currents from three 3CYS-TRPV1-transfected HEK293T cells exposed
to GSH normalized with respect to control response evoked at 46°C. C, effects of DTT and GSH on currents elicited by voltage steps in wild-type TRPV1
(protocol as in Fig. 1C; holding potential, —70 mV; voltage steps from —140 to +80 mV, increments 20 mV). Current-voltage relationships constructed
from steady-state currents obtained in control conditions (closed symbols) and in the presence of DTT or GSH (open symbols).
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4D) in the presence of DTT, and this effect was irreversible
after >3 min of washout. NEM and DTT further increased
the heat-evoked responses, although less effectively than
before.

Together, the data strongly suggest that NEM specifically
reacts with free sulfhydryl groups, which, in a manner that
depends on the preceding treatment with DTT, results in
irreversible changes in the gating of the TRPV1 channel.
NEM is an alkylating agent of lower molecular mass and

with substantial membrane permeability; it thus seems
highly probable that the TRPV1 receptor is modified on the
intracellular side. Regardless, the irreversible shift in the
activation threshold indicates that the increased channel
activity and susceptibility to DTT may result from allosteric
and/or conformational changes in TRPV1 induced by NEM.

Oxidizing Agent Diamide Irreversibly Sensitizes
TRPV1-Mediated Membrane Currents Induced by
Voltage and Noxious Heat. Diamide is a small thiol oxi-
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Fig. 3. Effects of DTT do not seem to involve chelation of divalent cations or protein kinase signaling pathways. A, left, WT-TRPV1 channels activated
by ramps of heated solutions in extracellular control solution (a), in the presence of DVF extracellular solution (b), and during 8-s exposure to 10 mM
DTT in DVF solution (c). The presence of DTT resulted in a potentiation of heat-induced membrane currents. Right, current-temperature plot for
currents shown in the left panel. B, effect of DTT in DVF extracellular solution on heat-evoked responses in HEK293T cell expressing 3CYS-TRPV1.
C, left, representative traces of DTT-induced increase of heat-activated currents in transfected HEK293T cells expressing double mutant S502A/
S800A. Right, temperature-response profiles of heat-activated currents obtained from traces a and b. The traces shown in A, B, and C are
representative of three to five similar experiments.
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Fig. 4. Thiol-alkylating reagent NEM (1 mM) irreversibly and state dependently modifies heat-induced currents in HEK293T cells expressing
WT-TRPV1 channels. A, TRPV1 channels activated by superfusing extracellular solution heated up to 48°C before (a), during (b), and 3 min after 40-s
application of NEM (c). DTT (10 mM applied for 30 s) exerted no effect when applied ~2 min after NEM washout. Holding potential, —70 mV. B,
current-temperature plot for currents, shown in A, before (a) and after (¢) 1 mM NEM treatment. Amplitudes normalized to maximal response obtained
at 46°C. C, representative traces of heat-induced responses in TRPV1-expressing HEK cell in control extracellular solution (a), during application of
DTT (10 mM) (b), and wash (c), subsequently exposed to DTT together with NEM (1 mM) (d) followed by application of NEM alone (e), each for duration
of 15 s. Effects of 10 mM DTT (f) and wash (g) 1 min later. D, current-temperature plot for currents shown in C, recorded in extracellular control
solution (c¢), in the presence of 1 mM NEM together with 10 mM DTT (d), and in the presence of DTT applied after NEM (f). Amplitudes were
normalized to maximal response obtained at 44°C. Similar results were obtained in five independent experiments for each type of application protocol.



dant that has been shown to rapidly react with GSH, oxidiz-
ing it to glutathione disulfide (Kosower and Kosower, 1995).
It can cross the membrane readily by diffusion and perturbs
the redox balance of cells by oxidizing intracellular GSH. To
study the effects of diamide on the heat-dependent and volt-
age-dependent mode of TRPV1 activation, either inward cur-
rents were induced by 3-s ramps of increasing temperature
from 24-48°C, or outward currents were elicited with depo-
larizing voltage steps (60-ms duration; from —140 to +80 mV
in 20-mV increments) in control solution and in the presence
of 1 mM diamide. The cells were then washed with bath
solution for 1 min, and the reversibility of the observed ef-
fects was determined (Fig. 5). A short application of diamide
(<10 s) was sufficient to induce marked alterations in the
TRPV1-mediated currents: diamide produced a shift in the
threshold of the heat-evoked responses to lower tempera-
tures (Fig. 5B) and increased the onset rate (from 16.7 + 2.6
to 9.8 = 1.4 ms) and the maximum amplitude of outward
currents at +80 mV (2.9 = 0.5-fold; n = 4; Fig. 5C). The
effects of diamide were partially reversed by the application
of 10 mM DTT for a period of 1 min (data not shown).
Frequently, significant (0.4 + 0.2 nA; n = 5), slowly rising,
and irreversible inward currents developed upon 8- to 10-s
application of 1 mM diamide at room temperature. The heat-
induced currents through the 3CYS-TRPV1, C616G, C621G,
and C634G mutant channels were sensitized by diamide to a
similar extent to the wild type (Fig. 5D), indicating that
neither of the three extracellular cysteine residues are in-
volved in diamide-induced sensitization.

Effects of Oxidizing Agent Cu:Phe on TRPV1-Medi-
ated Heat-Induced Currents. We have previously re-
ported that the oxidizing reagent Cu:Phe (100:400 uM)
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blocks membrane currents induced by noxious heat in native
and recombinant TRPV1 channels (Tousova et al., 2004).
Although the amplitudes of the heat-evoked responses sub-
stantially recovered after Cu:Phe blockage by washing the
cells for 1 min in extracellular control solution, a more de-
tailed quantitative reexamination of the recovered heat-
evoked currents indicated that after the application of Cu:
Phe (8 s), the threshold for heat activation was frequently
shifted to lower temperatures in the triple mutant 3CYS (Fig.
6A). Moreover, subsequent extracellular application of 10
mM DTT (twice for 8 s) restored the threshold for heat
activation (Fig. 6B). These data provide additional evidence
that membrane-permeable oxidizing agents can modulate
the thermal sensitivity of TRPV1 channel, probably from the
intracellular side.

Chloramine-T Irreversibly Sensitizes TRPV1-Medi-
ated Membrane Currents Induced by Noxious Heat. To
further elucidate the mechanisms underlying the modulation
of TRPV1 by oxidizing agents, we explored the effects of
chloramine-T (Ch-T) on the TRPV1-mediated, heat-evoked
currents. Ch-T is an oxidizing agent that, apart from cys-
teines, preferentially oxidizes methionine to methionine sul-
foxide (Vogt, 1995; Schlief et al., 1996). Thus, other possible
targets for redox modulation are the methionine residues in
TRPV1, of which Met644, a critical residue for TRPV1 chan-
nel permeability (Garcia-Martinez et al., 2000; Ferrer-Mon-
tiel et al., 2004) located at the center of a putative selectivity
filter, seems to be the most exposed to the extracellular
environment. The responses induced by 3-s ramps of increas-
ing temperature from 24-48°C in wild-type TRPV1 were
markedly and irreversibly sensitized by the presence of 1 mM
Ch-T (Fig. 7, A-D). Ch-T irreversibly sensitized the heat-

Fig. 5. Oxidizing agent diamide irre-
versibly potentiates TRPV1-mediated
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= Diamide 1 mM sponses in HEK293T cell expressing

WT-TRPV1. Temperature protocol
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zero membrane current in all records.
B, summary of effects of diamide
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TRPV1. Currents normalized to cur-
rent obtained at 45°C before applica-
tion of diamide, and normalized val-
ues represent means = S.E.M. C,
effect of 1 mM diamide on currents
elicited by voltage steps (protocol
shown in b, inset). b, time course of
onset of current traces, shown in a,
elicited at +80 mV before (O), in the
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D, representative heat-induced re-
sponses recorded from HEK293T cell
transiently transfected with 3CYS
mutant of TRPV1. Similar results ob-
tained in five cells. Exposure of cell to
diamide resulted in increase in rest-
ing membrane current in this cell.
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induced currents through 3CYS and M644A mutant chan- fully reversed within 50 s. In this respect, the potentiating
nels to a similar extent to the wild type, indicating that effect of H,O, was qualitatively different from that of other
neither of the three extracellular cysteine residues nor me- oxidizing agents (Fig. 8, A and B). The membrane-imperme-
thionine at position 644 is involved in the Ch-T-induced able oxidant DTNB was completely ineffective (Fig. 8, C and
sensitization of TRPV1. Similar to the effects of diamide, D) in all cells tested (n = 6), which suggests that surface-
significant inward currents developed in most of the cells exposed cysteine residues either do not contribute to TRPV1
examined upon an 8- to 10-s application of 1 mM Ch-T at modulation by oxidizing agents or are closer to the fully
room temperature (182 = 80 pA,n = 9; 314 = 74 pA, n = 5; oxidized than the fully reduced state under steady-state con-
and 190 = 70 pA, n = 5 for WT, 3CYS, and M644A, respec- ditions. In contrast, H,O, is freely membrane permeant and
tively). These currents had a slow onset (7 ~ 2 s) and were the sulfhydryl groups available to react with H,O, include
irreversible over the time of recording, consistent with the both hydrophilic and hydrophobic sites. Thus, these data
hypothesis that Ch-T has to cross the plasma membrane suggest that H,O, can interact with sulfhydryl groups dis-
before reaching the target of its activity. After several heat tinct from those exposed to the surface.
applications, the Ch-T-induced currents frequently devel- Concentration of Capsaicin Reduced in the Pres-
oped into a deteriorating membrane leak. ence of Oxidizing Compounds. The sulfthydryl-oxidizing
Effects of Sulfhydryl-Specific Oxidizing Agents Hy- agents Hg®>", DTNB, GSSH, H,0,, and thimerosal have been
drogen Peroxide and DTNB on TRPV1-Mediated Heat- reported to reduce the capsaicin-evoked currents in TRPV1-
Induced Currents. To explore further to what extent the transfected HEK293T cells (Jin et al., 2004). Consistent with
effects of oxidizing agents are specific to cysteines, we used these findings, we found that the coapplication of capsaicin (1
the cysteine-selective oxidants H,O, and DTNB (0.5 mM) uM) and Ch-T (1 mM) reversibly inhibited the capsaicin-
and tested their effects on the heat-induced membrane cur- evoked responses in wild-type TRPV1 at room temperature
rents mediated by wild-type TRPV1 channels (Fig. 8). The (by 95 * 4%; n = 5; Fig. 9A). However, we subsequently
membrane currents evoked by heat were potentiated by 10 found that Ch-T equally inhibits the capsaicin-evoked cur-
mM H,0, (by 28% at 45°C). Notably, this potentiation was rents in the TRPV1 mutant lacking extracellular cysteines,
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Fig. 6. Oxidizing agent Cu:Phe irreversibly reduces threshold for heat activation of TRPV1. A, representative effects of Cu:Phe and DTT on
heat-evoked currents obtained from 3CYS-TRPV1-transfected HEK cell in extracellular control solution (a), in the presence of Cu:Phe (b), upon wash
(c and d), followed by two applications of 10 mM DTT (e and f), and after 30-s washing with control extracellular solution (g). Holding potential, —70
mV. Data are representative traces, typical of n = 7. B, superimposed current-temperature plots for responses shown in A, recorded in extracellular
control solution (a), after Cu:Phe (¢), and after DTT (g). Currents normalized to the maximal response obtained at 48°C.
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3CYS (Fig. 9B). Moreover, since Ch-T is known to oxidize
both cysteine and methionine residues, we evaluated the
effects of this oxidizing agent on the mutant TRPV1-M644A
and found that the capsaicin-evoked responses were again
inhibited to the same extent as in the wild type (Fig. 9C). To
a lesser degree (by 50 *+ 15%; n = 5), Ch-T also inhibited the
inward currents induced by 100 uM 2-aminoethoxydiphenyl
borate (data not shown), a compound that is a common acti-
vator of TRPV1, TRPV2, and TRPV3 channels (Hu et al.,
2004).

These observations led us to suspect that the effects of
oxidizing agents on capsaicin-evoked currents did not reflect
the thiol-disulfide exchange at TRPV1 since the above-men-
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tioned effects were determined by coapplication with capsa-
icin. Based on the results from the study of Jin et al. (2004)
mentioned above, in which an extracellular cysteine at posi-
tion 621 has been identified as the site for redox modulation,
we next examined the effects of diamide on the capsaicin-
induced currents in the C621G mutant of TRPV1. Also, the
coapplication of 1 mM diamide on this construct reversibly
inhibited the currents evoked by 1 uM capsaicin over the
temperature range 23—48°C as illustrated in Fig. 9D. There-
fore, we were interested to learn whether the oxidizers might
influence the effective concentrations of capsaicin in general.
Chromatographic separation of the equilibrium mixture of 1
1M capsaicin and 1 mM diamide or 1 mM chloramine-T on an
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Fig. 8. Effects of hydrogen peroxide
and DTNB on TRPV1-mediated heat-
induced currents. A, representative
traces showing whole-cell patch-
clamp recordings from HEK293T cell
transiently transfected with wild-type
TRPV1. Bar above the records indi-
cate 40-s period of drug application.
Holding potential, —70 mV. B, sum-
mary of effects of H,0, on heat-
evoked currents derived from four
cells expressing WT-TRPV1. Currents
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45°C before application of H,0,, and
normalized values represent means *+
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HPLC-mass spectrometer system revealed that the capsaicin
concentration decreased by 35% in the presence of diamide,
and, in the case of chloramine-T, it was below the detection
level of the system. These data strongly suggest that the
effects of oxidizing agents on capsaicin-activated TRPV1
channels are caused by a reduction in the concentration of
capsaicin rather than by a redox-based mechanism.

Discussion

In this study, we demonstrate that the chemical modifica-
tion of TRPV1 by both reducing and oxidizing agents leads to
an increased response to heat and involves both extracellular
and intracellular mechanisms. In addition, we show that the
extracellularly located cysteine at position 621 contributes
to the DTT-induced potentiation of heat-activated ionic
currents mediated by TRPV1. On the intracellular side,
the heat-induced activity of TRPV1 is modulated by the
membrane-permeable oxidizing agents diamide, Cu:Phe,
and chloramine-T.

Potentiation of TRPV1 Channel by Reducing Agents.
The tetrameric TRPV1 channel possesses 18 cysteine and 20
methionine residues in each subunit. Of these residues, three
cysteines (Cys616, Cys621, and Cys634) and three methioni-
nes (Met541, Met609, and Met644) can theoretically undergo
reduction or oxidation on the extracellular side of the plasma
membrane. Additional state-dependent sites of redox modu-
lation may be represented by the methionine residues located
at pore-lining segments S5 (Met581) and S6 (Met677 and
Met682), but in this case, further studies may actually be
complicated by mutations within this critical region fre-
quently giving rise to nonfunctional channels (Kuzhikan-
dathil et al., 2001).

In our present study, the mutation of the three extracellu-
lar cysteines (3CYS) fully abrogated the effects of the mem-
brane-impermeable reducing agent GSH (10 mM) on heat-
evoked responses. However, the 3CYS mutation did not fully
abolish the potentiating effects induced by DTT, a compound
that readily permeates cell membranes (Lauriault and
O’Brien, 1991). We excluded the possibility that some effects
of DTT on 3CYS might be caused by chelation of trace
amounts of divalent cations and we also made an attempt to
exclude the involvement of protein kinase activation by DTT.
The prevailing view is that, on the cytoplasmic side, high
concentrations of the most abundant thiol GSH (above 10
mM in neuronal cells; Slivka et al., 1987) keep proteins in the
reduced state. Therefore, one would expect that DTT, once
passed through the cell membrane, should not affect protein
sulfhydryls on the intracellular side. The remaining sensitiv-
ity of 3CYS to DTT observed in our experiments could thus be
unrelated to thiol-disulfide exchange (Alliegro, 2000).

Modulation of TRPV1 by Oxidizing Agents. Whereas
extracellular Cys621 seems to be essential for the redox-
mediated modulation of TRPV1, the precise structural com-
ponents that contribute to this type of modulation on the
intracellular side remain to be identified. Our results dem-
onstrate that oxidizing compounds such as diamide, Cu:Phe,
chloramine-T, and H,O, strongly potentiate the heat-evoked
activity of TRPV1. The 3CYS mutation did not influence the
effects of membrane-permeable diamide, Cu:Phe, or Ch-T,
whereas the membrane-impermeable cysteine-specific oxi-
dizing agent DTNB had no effect on wild-type TRPV1-medi-

ated heat-induced currents. These results together strongly
suggest that there are no oxidizable residues exposed to the
surface that may contribute to TRPV1 function. We cannot
rule out that the effects of the membrane-permeable oxidiz-
ing agents might be a result of alterations in the activity of a
protein putatively associated with TRPV1 or the involvement
of second messenger signaling cascades. However, in the
present study, we demonstrate that there are state-depen-
dent irreversible changes in TRPV1 functionality after NEM
treatment. We found that a 40-s application of NEM, an
alkylating agent, rendered TRPV1 channel insensitive to
subsequent DTT modulation. In contrast, TRPV1-mediated
heat-evoked responses were strongly sensitized by DTT fol-
lowing the coapplication of NEM and DTT (Fig. 4). Thus,
thiol-reactive agents seem to modulate the gating of TRPV1
channels by an action directly on the TRPV1 protein or
associated protein.

Redox-Active Substances Reduce Effective Concen-
tration of Capsaicin. In this study, we examined the effects
of redox-active substances on the heat-induced membrane
currents, because increasing the temperature above ~42°C
activates the channels directly (Tominaga et al., 1998). This
experimental approach has the advantage that no ligand
binding to the receptor is needed to gate the channels; thus,
potential ambiguities arising from direct modification of the
ligand molecule by redox-active substances can be avoided.
That ligands themselves can be modified by redox reagents
should be taken into consideration when defining the role of
endogenous reducing and oxidizing agents on TRPV1 func-
tionality. Our data indicate that capsaicin concentration is
radically altered by the presence of oxidizing agents. More
generally, the redox-active substances can substantially af-
fect the activity of TRPV1 channels by influencing their mod-
ulators or coactivators.

Thermal Threshold for TRPV1 Activation Depends
on Cellular Redox State. It is widely thought that disulfide
bonds have been added during evolution to enhance the ther-
mal stability of those proteins that play their biological roles
in an oxidizing extracellular environment. The formation of
disulfide bonds, however, does not necessarily lead to en-
hanced protein stability. On the contrary, a decreased ther-
modynamic stability has been observed in some of the pro-
teins in which novel disulfides have been introduced
(Matsumura et al., 1989; Betz, 1993; Petersen et al., 1999).
That both reducing and oxidizing conditions lead to a shift in
the temperature activation threshold toward cooler temper-
atures in TRPV1 channels suggests that their functionality
may require an optimal redox state. This is consistent with
the hypothesis that the thiol redox state may serve as a
critical tuner for the thermal threshold of TRPV1 ion chan-
nels and thus sensory neurons.

In spite of the uncertainties in our present knowledge
concerning the specific molecular mechanisms involved, it
seems likely that changes in the redox state of TRPV1 chan-
nels could play an important role in the pathogenesis of acute
or chronic pain states. We demonstrate that in the presence
of redox compounds, the temperature threshold for TRPV1
activation is substantially reduced such that normal body
temperature is capable of activating TRPV1. Therefore, dis-
turbances in the redox state in peripheral tissues under a
variety of pathophysiological conditions, including tissue
damage, metabolic stress, ischemia, and inflammation, may



contribute directly to regulating activity of TRPV1 channel
and thus to nociceptor sensitization. A potential physiological
role for redox agents in the modulation of pain sensation has
also been recently proposed by Todorovic et al. (Todorovic et
al., 2001; Nelson et al., 2005). Their results provide evidence
that redox agents selectively modulate T-type Ca®* channels
in rat peripheral nociceptors, whereas the currents through
other voltage-gated (Na™, K™, high-voltage—activated, or
Ca?") and ligand-gated channels (capsaicin, low pH, or ATP)
are not influenced. Although these authors indicate that DTT
is ineffective in modulating capsaicin-gated and heat-gated
currents in sensory neurones even at severalfold higher
concentrations than those affecting T-type Ca®* channels,
in the present report, we demonstrate that redox-active sub-
stances regulate the heat-induced activity of recom-
binant TRPV1 receptor channels. The changes induced by
membrane-permeable oxidizing agents are irreversible and
robust enough to significantly lower the threshold for heat
activation.

Structural Implications of Our Findings. Our studies
using various sulfhydryl reagents may help to clarify the
multiple mechanisms involved in the modulation of TRPV1
by changes in redox potential. By using the alkylating agent
NEM, we demonstrated that the threshold for heat activation
can be irreversibly modified when NEM is concurrently ap-
plied with DTT during heat stimulation. This is consistent
with the possibility that the target residues of the redox
modulation lie directly within the TRPV1 receptor channel
protein and undergo state-dependent changes in accessibility
(Fig. 4). Recently, structural information on the architecture
of numerous channels has been gathered by substituted cys-
teine scanning mutagenesis studies (for review, see Karlin
and Akabas, 1998). Thus, precise knowledge of the properties
of endogenous cysteines is essential.

To obtain a more complete picture of the molecular basis of
redox modulation, we submitted the TRPV1 protein amino
acid sequence from V596 to D654 to the predictive software
program DiANNA (DiAminoacid Neural Network Applica-
tion) that incorporates a neural network-based predictor
trained to distinguish the bonding states of cysteine in pro-
teins (Ferre and Clote, 2005). The results from the cysteine
oxidation state prediction module yielded a half-cystine for
Cys621, which was in agreement with our observation that
Cys621 is involved in the modulation of the TRPV1 channel
by extracellular DTT. Based on this prediction software, it is
also likely that there are no intramolecular disulfide bonds
within the TRPV1 receptor protein. The process of reduction
and oxidation of Cys621, therefore, may involve an interac-
tion of two adjacent TRPV1 subunits. Of 13 cysteine residues
in the cytoplasmic N-terminal (10) and C-terminal regions
(three) of TRPV1, two are predicted to be oxidized at the
N-tail outside of the ankyrin repeat domain (Cys21 and
Cys63). It can be imagined that these intracellular cysteines
can participate in the formation of interior intramolecular
disulfide cross-links, similar to those reported for homotet-
rameric cyclic nucleotide-gated channels (Gordon et al., 1997)
and voltage-gated Shaker potassium channels (Schulteis et
al., 1996).

Earlier radioligand binding studies (Szallasi et al., 1993)
showed that reducing and oxidizing agents diminish both
the positive cooperativity and apparent binding affinity of
[®*Hlresiniferatoxin to the vanilloid receptor. Our present
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findings extend these results to the temperature-dependent
mode of TRPV1 activation and support the interpretation
that cooperation between TRPV1 subunits may be, at least in
part, subject to redox modulation.

Conclusions

In summary, our results provide evidence that at least
some of the actions of the redox-active substances are likely
to be mediated by the reduction or oxidation of specific sites
on the TRPV1 channel molecule. This specific oxidation and
chemical reduction may have substantial consequences for
TRPV1 channel functionality and may constitute a mecha-
nism for the regulation of TRPV1 activity under both physi-
ological and pathological conditions.
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Oxidizing reagent copper-o-phenanthroline is an open channel
blocker of the vanilloid receptor TRPV1
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Abstract

The TRPV1 channel plays an important role in generating nociceptive signals in mammalian primary sensory neurons. It con-
sists of 838 amino acids with six transmembrane segments (TM1-TM6), a pore-forming loop between TMS5 and TM6 and N- and
C- terminals located intracellularly. It is a homotetramer and forms a nonselective cationic channel that can be opened by capsai-
cin, weak acids and noxious heat. There are 18 cysteines (Cys), three of which are located on the extracellular side of the receptor
in and around the region of the pore-forming loop. We report that the TRPV1 channel in transfected HEK293T cells and in cul-
tured rat DRG neurons is blocked in the open state by an oxidizing agent Cu-o-phenanthroline complex (Cu:Phe). The effects of
Cu:Phe are concentration dependent (ICsp = 5.2 : 20.8 pM) and fully reversible. Cu:Phe applied immediately before exposure to
an acidic solution, capsaicin or noxious heat is without effect. Substitutions of the extracellular Cys residues (616, 621, 634) by
glycine individually or together do not alter the blocking effects of Cu:Phe suggesting that disulfide cross-linking does not rep-
resent the underlying mechanism. It is suggested that the complex Cu:Phe, a bulky, positively charged molecule, represents a very

effective and reversible open channel blocker of TRPVI.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: Vanilloid receptor; Thiol reagents; TRP channels; Redox; Capsaicin; Open-channel block

1. Introduction

The TRPVI1 channel plays a role of the polymodal
detector of nociceptive stimuli in a subset of small and
medium sized primary sensory neurons in mammals. It
can be activated by capsaicin, the pungent agent of red
peppers (Bevan and Docherty, 1993; Wood and
Docherty, 1997), weak acids (Bevan and Yeats, 1991)
and noxious heat (Cesare and McNaughton, 1996); all
these agents produce burning pain in humans. The mol-
ecular structure of TRPV1 was identified by (Caterina
et al., 1997) as a protein consisting of 838 amino acids
with six transmembrane segments, a pore-forming loop
between TMS and TM6 and with the N- and C- term-
inals located intracellularly. Apparently four identical
subunits form the functional nonselective cation channel

* Corresponding author. Tel.: +420-29-644-2711; fax: +420-29-644-
2488.
E-mail address. vlachova@biomed.cas.cz (V. Vlachova).

0028-3908/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
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(Jahnel et al., 2001; Kedei et al., 2001; Kuzhikandathil
et al., 2001). TRPV1 receptor contains a number of dis-
tinct domains from which the channel can be regulated,
including several consensus phosphorylation sites for
cyclic AMP—dependent protein kinase A (Bhave et al.,
2002; Rathee et al., 2002) and Ca®"-independent protein
kinase C (Cesare et al., 1999; Cesare and McNaughton,
1996; Numazaki et al., 2002).

TRPV1 contains 18 cysteine residues of which three
C616, C621 and C634 are located on the extracellular
side of the receptor, in the pore-forming loop and the
region flanking it. The finding that the reducing agent
dithiothreitol (DTT) robustly increases the responses
induced by capsaicin and noxious heat in small DRG
neurons and in heterologously expressed TRPVI
(Vyklicky et al., 2002) suggests that the reduced state
of sulfhydryl groups of the cysteine residues in TRPV1
underlies the enhancing effects of DTT. On the con-
trary, oxidation of closely placed cysteine thiols to a
disulfide bridge might be an important factor of
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Cu:1,10-Phenanthroline
pKa=5

9.5A
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Fig. 1. Chemical structure of Cu(Il)-1,10 phenanthroline. Size of the
complex molecule (5.75 x 9.5 A) has been determined from the struc-
ture by SwissPdbViewer (Glaxo Welcome Experimental research;
Guex and Peitsch, 1997). The molecule of Cu(II)-1,10-phenanthroline
contains two positive charges.

physiological relevance for regulating the function of
TRPVI.

In this study, we investigated whether the o-phenan-
throline copper complex (Fig. 1) that is an effective
catalyst for the oxidation of the —SH groups of glu-
tathione and cysteine residues at the active sites of sev-
eral enzymes (Kobashi, 1968) can modify the activity
of TRPVI receptor. We hypothesized that Cu:Phe
could change the gating properties of this channel by
forming intra- or intersubunit bonds between the sulf-
hydryl groups of cysteines as has been shown for a
number of ion channels in previous studies (Gordon
et al., 1997; Rosenbaum and Gordon, 2002; Schulte
et al., 1998). We report that Cu:Phe strongly inhibits
membrane currents induced by noxious heat, capsaicin
and acids and that this effect is not due to the disulfide
formation linking extracellularly located cysteines but
by blocking the channels in open state.

2. Methods

2.1. Construction of cysteine substitution mutants
of TRPVI

The cDNA coding rat TRPV1 was used to create
mutants by PCR amplification using rat TRPV1-spe-
cific primers synthesized to contain a point mutation

converting the cysteine at positions C616, C621 and
C634 to glycine. The QuikChange XL Site Directed
Mutagenesis Kit (Stratagene, La Jolla, CA, USA) was
used according to manufacturer’s protocol to perform
point mutations in TRPVI. The overlapping primer
pairs were as follows: TRPV1-C616, 5-G TCC ACA
CCA CAC AAG GGC CGG GGG TCT GCC TGC
AAG CC-3 (sense) and 5-GCA GGC AGA CCC
CCG GCC CTIT GTG TGG TGT GGA CTC C -3
(antisense); TRPV1-C621, 5-GC CGG GGG TCT
GCC GGC AAG CCA GGT AAC TCT TAC AAC -3
(sense) and 5-GA GTT ACC TGG CTT GCC GGC
AGA CCC CCG GCA CTT GTG -3 (antisense);
TRPVI-C634, 5-C AAC AGC CTG TAT TCC
ACA GGT CTG GAG CTG TTC AAG TTC -3
(sense) and 5-CTT GAA CAG CTC CAG ACC
TGT GGA ATA CAG GCT GTT GTA AG -3
(antisense). Using the TRPV1-C634 as a template,
the following primer pair was designed to mutate all
the three extracellularly located cysteines: 5-G TCC
ACA CCA CAC AAG GGC CGG GGG TCT GCC
GGC AAG CCA GGT AAC TCT TAC -3 (sense;
52-mer) and 5-GTA AGA GTT ACC TGG CTT
GCC GGC AGA CCC CCG GCC CTT GTG TGG
TGT GGA C -3 (antisense). Base changes introdu-
cing the mutation are in bold-italic. All site-directed
mutated constructs were confirmed by DNA sequen-
cing using an automated sequencer (ABI PRISM
3100, Applied Biosystems, USA).

2.2. Cell culture and expression of cDNAs

All experiments were performed in compliance with
the European Community’s Council Directive and with
approval of the Institutional Animal Care and Use
Committee. Primary cultures of DRG neurons were
prepared from new-born rats (24 d) that were killed
by decapitation as previously described (Vyklicky et al.,
1999). Nerve growth factor (mNGF 7S, Alomone,
Israel) (30 ng/ml) was added to the nutrient media.
Only small DRG neurons (<20 pum in diameter) were
selected for recording. cDNA of rat TRPVI in
pcDNA3 vector (kindly provided by Dr. David Julius,
University of California, San Francisco, CA) or cDNA
of rat TRPMS8 in bicistronic IRES-EGFP vector
(kindly provided by Dr. David Julius, University of
California, San Francisco, CA and by Elvira de Ila
Pena, Universidad Miguel Hernandez, Alicante, Spain)
were transfected into HEK 293T cells (SD 3515;
ATCC, USA) by Lipofectamine2000 (Invitrogen, Pais-
ley, UK) according to the manufacturer’s protocol.
Green fluorescent protein (GFP) in pQBI 25 vector
(TaKaRa; Tokyo, Japan) was used for cotransfection
with TRPVI1 to mark the cells. Twenty-four to forty-
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eight hours after transfection, the HEK 293T cells were
used for measurements.

2.3. Electrophysiology

Whole cell membrane currents were recorded by
means of an Axopatch-1D amplifier, and pCLAMPS8
programs (Axon Instruments, USA). Electrodes were
pulled from borosilicate glass and had a resistance of
2-4 MQ after fire polishing and filling. The series
resistance was usually less than 10 MQ and was com-
pensated to ~80%. For drug application, a system for
fast superfusion of the neurons was used. It consisted
of a manifold of seven fused silica capillaries connected
to a common outlet made from a glass capillary
around which an isolated copper wire (20 pm) was
coiled to apply a d.c. current for heating (Dittert et al.,
1998). The temperature of the superfusing solution was
measured by a miniature thermocouple inserted into
the outlet capillary near to its orifice. Before and after
the test solutions were applied, the cells were super-
fused with the control extracellular solution (ECS) of
the following composition (mM): NaCl, 160; KCI, 2.5;
CaCl,, 1; MgCl,, 2; HEPES, 10; glucose, 10; the pH
was adjusted to 7.3 with NaOH. The intracellular pip-
ette solution (ICS) contained (mM): Cs-gluconate, 125;
CsCl, 15; EGTA, 5; HEPES, 10; MgATP, 2; NaCl, 2;
CaCl,, 0.5; the pH was adjusted to 7.3 with CsOH.
Capsaicin was dissolved in DMSO 100 pl and diluted
with 0.9 ml of distilled water to make a stock solution
of 1 mM. The oxidizing reagent, Cu(II)-1,10-phenan-
throline, was freshly prepared prior to each experiment
and used within 4 h at room temperature. CuSQO4 was
solubilized in H,O (200 mM stock solution) and mixed
with 1,10-phenanthroline (Sigma; 200 mM stock sol-
ution in ethanol). The final concentrations of copper
and 1,10-phenanthroline in the bathing solution were
mixed in a molar ratio of 1:4 (CuSOy:1,10-phenanthro-
line).

Data are expressed as means £S.E.M. For statistical
comparisons, Student’s f-tests or the ANOVA and
Dunnett’s test were performed where appropriate. Sig-
nificant differences were accepted at p < 0.05.

3. Results

3.1. Effects of Cu-o-phenanthroline on heat-induced
membrane currents in wild type TRPVI expressed
in 293T cells

In HEK 293T cells transfected with wild type
TRPVI1, capsaicin, acid pH and noxious heat-induced
membrane currents similar to those observed in small
and medium size cultured DRG neurons isolated from
mammals (Caterina et al., 1997; Tominaga et al.,

1998). We tested the effects of extracellular application
of Cu:Phe (100:400 uM) on the membrane currents
induced by 3 s heat ramps which increased the tem-
perature to 47 “C (Iygat) (Fig. 2). We found that
Cu:Phe (100:400 uM) produced a profound inhibition
of IygaT to 19.2 +4.6% (n = 8). The control response
to a 3 s ramp of increasing temperature produced a
typical Iypat With the threshold at ~43 °C and a steep
increase with further elevation of the temperature that
was nearly completely blocked by the presence of
Cu:Phe (Fig. 2B). There was always a substantial
recovery (77.8 £ 6.6%; n = 7) after washing the cell for
1 min. four hundred micromolar o-phenanthroline
alone did not have a significant effect on Iygat
(102.8 £ 7.5%; n = 5), while CuSO,4 at a concentration
of 100 uM invariably increased Iygat by 44.6 £ 12.0%
at 46 °C (Fig. 2C; n = 8).

3.2. Effects of Cu-o-phenanthroline on capsaicin-induced
responses in wild type TRPV1

The responses to 1 uM capsaicin at room tempera-
ture were also effectively blocked by Cu:Phe (100:400 uM)
(Fig. 3; 12.2+4+3.1%; n=13) and this effect was
reversible within 30 s (67.4 £ 6.0%; n = 12). The block-
ing effect of the capsaicin response by Cu:Phe was
almost completely independent of temperature over the
range 24-48 °C (Fig. 3A(b)). Unlike the heat evoked
membrane currents, capsaicin responses were inhibited
by o-phenanthroline itself (400 uM) at a membrane
potential of —70 mV (Fig. 3B). In contrast to the
effects of Cu:Phe, the responses rapidly recovered from
o-phenanthroline inhibition by increasing temperature,
suggesting a relatively low-affinity for the uncomplexed
form. Hundred micromolar CuSO, applied together
with 1 uM capsaicin did not exhibit significant effects
on capsaicin-induced currents at steady state, only at
higher concentrations, CuSQO,4 potentiated capsaicin
responses in a majority of HEK cells expressing
TRPV1 (167 £ 53% at 200 uM; n = 6).

To determine whether the blocking action of Cu:Phe
was voltage dependent, we used a voltage-ramp proto-
col consisting of a sustained period at —70 mV fol-
lowed by a ramp to +80 mV and back to —70 mV
applied at 0.19 mV/ms (Fig. 4A and B). Using this
protocol, the effects of Cu:Phe 100:400 uM on the
current—voltage relationships of the capsaicin (1 pM)-
induced currents were determined and averaged
(Fig. 4C). At this concentration of Cu:Phe, the cap-
saicin responses were completely inhibited over the
whole voltage range. However, when lower concen-
tration of Cu:Phe (10:40 uM) was used, the Cu:Phe
blocking effect on the capsaicin-induced currents was
voltage dependent (Fig. 4D and E). In an attempt to
distinguish between the effects of the complexed and
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Fig. 2. Complex Cu-o-phenanthroline blocks membrane currents induced by noxious heat in TRPV1 transfected HEK 293T cells. (A) Whole cell
membrane currents induced by 3 s ramps of heated solutions to 47 °C. (a) control, (b) in the presence of 100 uM CuSO,, (c) wash, (d) in o-phe-
nanthroline 400 uM, (e) wash, (f) in Cu-o-phenanthroline 100:400 pM, (g) wash. The upper row of the records shows the temperature of the
superfusing solutions measured with a thermocouple inserted in the common outlet capillary of the drug application system. Dashed line repre-
sents zero current level. The bars above the records indicate the duration of the drug application. (B) Relationship of the membrane current and
the temperature in control ECS and in the presence of Cu-o-phenanthroline 100:400 uM. (C) Normalized currents (% of the control response
measured at 47 °C) in the presence of 100 pM Cu2™ o-phenanthroline 400 uM, Cu-o-phenanthroline 100:400 pM and wash. Numbers of cells

examined are indicated above the columns.

the uncomplexed form, we used 400 pM o-phenanthro-
line with 1 uM capsaicin and the depolarizing voltage
protocol as above. We found that o-phenanthroline
caused partial inhibition of the inward currents evoked
by capsaicin at negative potentials (by 48.4 + 12.9% at
—70 mV; n="7), while this inhibition was completely
removed at positive potentials (Fig. 4C).

The current-voltage relationship determined in the
control solution preceding the application of capsaicin
exhibited a pronounced outward rectification and this
current was not blocked by Cu:Phe. This outward-rec-
tifying current likely reflects a basal chemical or volt-
age-induced activity of TRPV1 channels overexpressed
in HEK 293T cells (Ahern and Premkumar, 2002;
Chuang et al., 2001; Vlachova et al., 2003). Since
Cu:Phe fails to inhibit the same fraction of the chan-
nels that are activated at positive potentials in control
conditions, the latter mechanism (i.e. intrinsic voltage
sensitivity) seems to be more probable.

3.3. Blockade of currents activated by acidic pH
by Cu:Phe

Acidic pH is a well-recognized agonist of the TRPV1
receptor (Jordt et al., 2000; Tominaga et al., 1998). In
contrast to capsaicin, the responses induced by low pH
have a fast onset and exhibit less desensitization upon
repeated application. We found that prolonged pre-
exposure (~30 s) to Cu:Phe 100:400 did not affect
responses induced by pH (Fig. 5A); however, it pro-
duced a profound inhibition of the membrane currents
during application of pH 5 solution (Fig. 5B). Upon
rapid removal of Cu:Phe, the currents induced by low
pH recovered monoexponentially. The time constant of
the inhibition of the low pH-induced currents by
Cu:Phe was substantially longer at the positive
membrane potential +40 mV (Fig. 5C) (ton, = 746+
113 ms) compared to that at —70 mV (7o, = 146+
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Fig. 3. The effects of Cu:Phe on capsaicin-induced responses in HEK 293T cells transfected with the wild type TRPVL. (A) (a) Whole cell mem-
brane current induced by a 3 s ramp of heated solution to 47 °C. (b) The effects of Cu-o-phenanthroline 100:400 uM on the capsaicin-induced
response at room temperature and during the 3 s ramp of elevated temperature to 47 °C. (c) Increase of the heat-induced membrane current in the
presence of 1 pM capsaicin recorded 30 s later. The bars above the records show the duration of the drug application. The upper row of the
records indicates the temperature of the superfusing solutions. (B) The effects of o-phenanthroline 400 uM on the capsaicin-induced response.
Compare the effect of elevated temperature to the upper panel Ab and notice the fast recovery from inhibition. (C) Normalized steady-state
responses induced by 1 pM capsaicin at room temperature in the absence and in the presence of Cu:Phe 100:400 uM (n = 13).

27 ms; n = 3; p < 0.05; Student’s pair z-test) indicating
a pronounced voltage dependence of the channel block.

In order to eliminate the possibility that the inhi-
bition could be due to the effects of free copper (II) or
the uncomplexed form of o-phenanthroline, control
experiments were performed using acidic solution (pH
5) applied with CuSO4 (100 uM) or o-phenanthroline
(40 or 400 uM). At —70 mV, CuSO, alone had no
significant effects on pH 5-induced responses
(99.7 £ 3.0%; Student’s paired -test; n = 13). At a con-
centration of 400 uM, o-phenanthroline itself slightly
inhibited responses elicited by pH 5 (by 36 + 11% when
measured after 10 s of pH 5 application together with
400 pM; n = 6); however, at —70 mV, this inhibition
had an observed rate of 20.5+12.2 and 13.6 £5.6 s
for Phe 40 and 400 uM, respectively (n = 6), i.e. one
order of magnitude slower than the onset rate derived
for the complexed form (Fig. 5D). At +40 mV, the
onset rate of inhibition was 28.9 £ 9.3 and 21.8 £8.2 s
for 40 and 400 uM Phe, respectively (n = 5).

Both the onset and the offset of Cu:Phe-induced
inhibition measured at —70 mV were concentration
dependent (Fig. 6A and B). At a concentration of
10:40 pM, the estimated time constants were 2.2 + (.2
and 4.1 £ 0.5 s for the onset and offset (n = 4). The time
constant of the inhibition decreased to 117 422 ms
and the time constant of unblocking increased to
10.0 2.1 s at Cu:Phe 500:2000 uM (n = 5).

To assess the concentration dependence of the inhi-
bition of the responses elicited by pH 5, we tested sev-
eral concentrations of Cu:Phe at a constant molar ratio
of 1:4 (CuSOy4:1,10-phenanthroline; 1:4, 10:40, 100:400
and 500:2000 pM). The current data were normalized
to the currents evoked by pH 5 immediately before
application of Cu:Phe. At concentrations of 100:400
and 500:2000 pM, the degree of inhibition was over
95%. A nonlinear least-squares fit of the Hill equation
to the concentration-response data yielded an apparent
ICso value of 5.2 uM (Cu : Phe = 5.2 : 20.8 uM) and a
Hill coefficient 1.1 (Fig. 6C).
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Fig. 4. Voltage dependence of capsaicin-induced responses to Cu:Phe block in HEK 293T cells transfected with wild type TRPV1. (A) Whole
cell responses to 1 s voltage ramp from —70 to 80 mV (upper row) in the control extracellular solution (ECS) and in the presence of 1 uM capsai-
cin. (B) The voltage ramps were applied in the control ECS, in the presence of 1 pM capsaicin and in the presence of capsaicin together with
Cu-o-phenanthroline 100:400 pM. (C) I/V plot of the responses in the control (dashed line), in the presence of capsaicin (open circles), in the pres-
ence of capsaicin and Cu-o-phenanthroline 100:400 uM (filled circles) and in the presence of capsaicin with 400 uM o-phenanthroline (open trian-
gles). The inset shows outward rectification of the ratio of the capsaicin-induced responses in the absence and in the presence of Cu:Phe (n = 5).
Responses were normalized to current evoked by capsaicin at +40 mV. (D) Voltage ramps were applied in the control ECS, in the presence of
1 uM capsaicin and in the presence of capsaicin together with Cu-o-phenanthroline 10:40 pM. (E) I/V plot of the responses in the control (solid
line), in the presence of capsaicin (open circles) and in the presence of capsaicin with Cu-o-phenanthroline 10:40 pM (filled circles). The inset
shows the fraction of unblocked capsaicin response as a function of the applied voltage (n = 6).

3.4. Cu-o-phenanthroline blocks the native capsaicin
and heat-gated ion channels in DRG neurons

To assess whether the inhibitory effects of Cu:Phe
on the recombinant TRPV1 homomers are similar to
those on native channels, we tested the ability of
Cu:Phe 100:400 uM to block the whole cell currents
induced by noxious heat (49 °C) and 1 pM capsaicin
in cultured DRG neurons isolated from the rat
(Fig. 7A and B). We found that Cu:Phe blocked the
capsaicin- and heat-induced responses to a similar
extent as in the TRPV1-293T cells. The current

amplitudes evoked by 1 uM capsaicin at 24 “C were
reduced to 14.3 +4.9% of the control (n = 6) and the
heat-induced currents at 45 °C were reduced to
21.2+5.1% (n=28). The blocking effects of Cu:Phe
were nearly completely reversible upon washout
(74.6 + 10% and 93.5 4+ 11.7% of the control capsaicin
and heat responses). Cu:Phe did not significantly
affect the voltage-gated currents induced by 20 mV
voltage steps from —80 to +60 mV in capsaicin-sensi-
tive DRG neurons (Fig. 7C). These results indicate
that the Cu:Phe complex blocks both the native and
the recombinant TRPV1 receptor.
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Fig. 5. The effects of Cu:Phe on the membrane currents induced by pH 5 in HEK 293T cells expressing wild type TRPV1. (A) Cu-o-phenanthro-
line 100:400 uM applied for a prolonged period (23 s) before pH 5 solution did not affect peak amplitude of the pH 5 response. (B) Responses to
application of pH 5. Cu-o-phenanthroline 100:400 uM applied immediately before pH 5 solution did not affect the response; however, it inhibited
the low pH-induced membrane current nearly completely. The cell was clamped at —70 mV. (C) The effects of Cu-o-phenanthroline 100:400 pM in
another cell at —70 and +40 mV. Note the outward rectification of the membrane current induced by pH 5 and the longer time constant of the
onset of the inhibition produced by Cu:Phe on the positive membrane potential. The bars above the records indicate the time of drug application.
(D) Whole cell membrane currents induced by low pH were only slightly inhibited by 400 uM phenanthroline during the recording period of at

least 10-15s.

3.5. Inhibition of TRPVI receptor by Cu-o-
phenanthroline is not due to reaction with endogenous
extracellularly located cysteines

Although the results clearly demonstrate that Cu:Phe
blocks the TRPVI1 channel in an open state, there are
two possible blocking mechanisms that have to be con-
sidered. First, Cu:Phe as an oxidizing reagent could
interact with the intramolecular or intermolecular sulf-
hydryl groups of the cysteine residues around the pore-
forming loop. Second, Cu:Phe as a bulky, positive
charged molecule, could block the channel by interact-
ing with the negatively charged amino acids in the
mouth of the channel. To decide between these two
alternatives, we replaced all three putative extra-
cellularly located cysteines (i.e. C616, C621 and C634)
with glycine either individually or all together. The

mutants yielded functional channels with apparently
normal gating behavior. The currents induced by cap-
saicin and heat were blocked by Cu:Phe (100:400 pM)
similarly to wild type TRPV1. Representative responses
of the TRPV1 mutant with all three cysteines replaced
by glycine are shown in Fig. 8. The heat-induced mem-
brane currents were inhibited by Cu:Phe 100:400 uM to
26.0 +11.2% of the control value at 47 °C (n=3)
(Fig. 8A and B), while Cu:Phe blocked the currents
evoked by 1 puM capsaicin to 0.9 £0.3% (n=15) at
room temperature (Fig. 8D and E). Again, the block-
ing effects were reversible after return to control sol-
ution (110.7 +14.3% and 90.6 £+ 23.5% for heat and
capsaicin). These findings, together with an almost
complete reversibility of the Cu:Phe blocking effects,
excluded the alternative that Cu:Phe inhibits the
TRPVI1 channel by modifying the SH groups of the



280 K. Tousova et al. /| Neuropharmacology 47 (2004) 273-285

(A) Cu:Phe 10:40 uM

Cu:Phe 100:400 pM

TRPV1-HEK293T
Cu:Phe 500:2000 pM

pH 5 pH 5 pH 5
Toff
Ty e
5
70 mV s
(B) (C)
1 Tot
()
10000 O/Q/Q 100 -
1000 - 2 75 Hill = 1.14
2 . % ] IC, = 5.2 uM
. ] " T %07 ©)
o 4
100 - 5 :
3 X 25
10 ]lll] T T T Illlll T T T IIIIII O i T I!|HH] T IIHlIll T T TTITm
10 100 1000 01 1 10 100 1000
[Cu:Phe] [Cu:Phe]

Fig. 6. The effects of Cu-o-phenanthroline are concentration dependent. (A) The effects of Cu:Phe at the concentrations 10:40, 100:400 and
500:2000 uM on the membrane currents induced by pH 5 recorded from one HEK 293T cell transfected with TRPV1. The bars above the records
indicate the time of drug application. (B) Plots of the time constants of the onset (filled symbols) and the offset (open symbols) of the inhibition
produced by Cu:Phe on the responses induced by pH 5. (C) Dose response curve of the inhibition of the membrane currents induced by pH 5 pro-

duced by Cu:Phe at —70 mV. The number of cells is indicated in brackets.

cysteine residues on the extracellular side of the
TRPVI receptor.

3.6. Cu-o-phenanthroline blocks menthol-induced
responses in HEK 293T cells expressing wild type
TRPMS

The voltage dependent blockade of TRPV1 by Cu-o-
phenanthroline and a Hill coefficient of ~1 suggest that
the complex binds close to the permeation pathway of
the channel. Given the similarity of TRPV1 molecular
architecture to other TRP family members, we tested
whether TRPMS, a distant relative of vanilloid recep-
tor family, can be blocked by Cu-o-phenanthroline. In
heterologous expression systems, this channel has been
shown to be activated by cool temperatures and men-
thol, a compound used for its cooling effects (McKemy
et al., 2002; Peier et al., 2002). We examined the effects
of Cu:Phe on menthol-induced currents in HEK293T
cells transfected with TRPMS. As illustrated in Fig. 9A,

100 uM (—)-menthol elicited rapidly activating mem-
brane currents that were reversibly blocked by 100:
400 uM Cu-o-phenanthroline. At —70 mV, Cu:Phe
blocked the menthol activated inward currents by
86.4 +0.2% at room temperature (23 °C) but had a
smaller effect on outward currents at +40 mV (41 £ 8%;
n = 3). The effects of Cu:Phe 100:400 M on the men-
thol (100 pM) -induced currents were further analyzed
by using the voltage-ramp protocol from —90 to +80
mV (Fig. 9B and C). Comparing the current-voltage
relationship of the TRPMS& mediated currents with that
induced by capsaicin in TRPVI-expressing HEK293T
cells, a stronger voltage dependence of the Cu:Phe block
is evident.

4. Discussion

Our results demonstrate that the complex Cu-o-phe-
nanthroline blocks the TRPV1 channel in an open state
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the inset). The left-hand and the right-hand records are controls and in the middle Cu-o-phenanthroline 100:400 uM was applied.

in a concentration dependent manner. The blocking
effect of Cu:Phe is reversible and does not involve
extracellularly located cysteines. Similar blocking
effects were observed in small DRG neurons activated
by capsaicin or noxious heat.

Cu-o-phenanthroline complex, besides the specific
sulfhydryl reagents MTSEA (2-aminoethyl metha-
nethiosulfonate hydrobromide) and MTSET (2-(tri-
methylammonium)ethyl methanethiosulfonate bromide),
has been widely used to investigate the structure

281
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Fig. 8. The effects of Cu:Phe 100:400 uM on heat and capsaicin-induced responses in HEK 293T cells transfected with triple-mutant of TRPV1:

C616G/C621G/C634G. (A) Whole cell membrane currents induced by a 3 s ramp of heated solution to 47 °C in the control and in the presence
of Cu-o-phenanthroline 100:400 uM. (B) Plot of the current-temperature relationship in the control and in the presence of Cu:Phe. (C) Normal-
ized responses to heat in the presence of Cu:Phe and after wash (n = 3). (D) The effects of Cu-o-phenanthroline 100:400 pM on the response
induced by 1 pM capsaicin at the room temperature and during a ramp of increasing temperature to 47 “C (shown above the record). (E) The
effects of Cu:Phe on the membrane currents induced by 1 pM capsaicin at room temperature and the recovery in five cells. Currents were normal-
ized to the currents evoked by 1 pM capsaicin before application of Cu:Phe.

of channels in various functional states (Holmgren et al.,
1996; Karlin and Akabas, 1998). For example, at low
micromolar concentrations, Cu:Phe has been shown to
cause the opening of the cyclosporin A-sensitive chan-
nel in the inner mitochondrial membrane (Costantini
et al.,, 1996). By employing the substituted cysteine
accessibility method and Cu:Phe as an oxidizing agent,
evidence was provided that cysteine introduced at the
extracellular end of S4 of the Shaker K* channel
(L361C) forms an intersubunit disulfide bridge with its
counterpart in the neighboring subunit (Aziz et al.,
2002). In the voltage-activated K* channel, Cu:Phe at
low concentration (2:100 uM) was used to probe the
state-dependent accessibility of cysteines introduced in
the outer mouth of the channel (Liu et al., 1996). In
another type of potassium channel, K;;;.1 that underlies
K" secretion in kidney, Cu:Phe has been utilized to

study the pH-dependent gating mechanisms (Schulte
et al., 1998). Cu:Phe was also used to examine con-
formational changes in GABA, receptors (Horenstein
et al., 2001; Shan et al.,, 2002) and to analyze inter-
subunit contacts in cyclic nucleotide-gated ion channels
(Rosenbaum and Gordon, 2002).

The evidence that the reducing agent dithiothreitol
(DTT) markedly increases the responses to noxious
heat and capsaicin in rat DRG neurons and in TRPV1
transfected HEK 293 cells (Vyklicky et al., 2002) led us
to the idea that Cu:Phe might modify the redox state of
the cysteine residues located in and around the pore-
forming loop of the TRPVI channel. Indeed, our
results demonstrating that Cu:Phe strongly blocks the
opened TRPV1 channels expressed in transfected HEK
293T cells and in cultured DRG neurons seemed to be
compatible with this idea. However, our experiments in
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Fig. 9. The effects of Cu-o-phenanthroline 100:400 pM on menthol-induced currents in HEK 293T cells expressing wild type TRPMS. (A) Whole
cell membrane currents induced by 100 uM (—)-menthol were blocked by Cu:Phe 100:400 pM at room temperature (23 °C). (B) Voltage ramps
were applied in the control ECS, in the presence of 100 pM (—)-menthol and in the presence of menthol together with Cu-o-phenanthroline
100:400 uM. (C) 1/V plot of the responses in the control (thin solid line), in the presence of menthol (dashed line) and in the presence of menthol

and Cu-o-phenanthroline 100:400 uM (thick solid line).

which we substituted glycine for any of the cysteines
C616, C621 and C634 individually or for all of them
together excluded this possibility because no obvious
changes in the sensitivity to capsaicin, low pH or nox-
ious heat were observed in these mutated TRPV1chan-
nels, nevertheless Cu:Phe retained its effectiveness in
blocking the channels in open state. The effects of
Cu:Phe were not dependent on the mode of receptor
activation, i.e. whether the channels were activated by
capsaicin, low pH or noxious heat, indicating that
Cu:Phe does not interfere with binding of the agonist
to the receptor recognition sites or with the domain
responsible for the conformation changes leading to
InEeaT.

Although the concentration dependence of the effects
of Cu:Phe on TRPV1 channels is evident from our
results, the dose response curve in Fig. 6C has to be
interpreted cautiously because Cu®" alone (as CuSO,)
at 100 uM significantly increased responses induced by
noxious heat (Fig. 2A(b) and C). At high concentra-
tions (400 pM), o-phenanthroline alone inhibited
responses induced by capsaicin or low pH in some
experiments. These effects cannot be explained by che-

lation of trace amounts of Cu®" by o-phenanthroline in
the control ECS (see Kobashi, 1968) as o-phenanthro-
line alone did not inhibit responses induced by noxious
heat at all. The underlying mechanism for such effect
has to be further explored, however, pK, 5 of Cu:Phe
excludes the possibility that free Cu?" could be present
in a concentration sufficient to influence these effects
significantly. On the other hand, it is not completely
excluded that complexation of o-phenanthroline with
trace amounts of Cu®>" can contribute to the inhibitory
effects of o-phenanthroline alone on responses to cap-
saicin and low pH.

The apparent affinity of TRPV1 for Cu:Phe was
examined on channels opened by low pH because the
responses are fast and exhibit only a modest desensiti-
zation upon repeated application (Fig. 6). Our results
indicate that the process of blocking is fast and concen-
tration dependent, while the process of unblocking is
slow and less dependent on Cu:Phe concentration. The
pronounced difference between the fast kinetics of the
blocking and the slow kinetics of unblocking can be
well understood because the large positively charged
molecule of Cu:Phe can be expected to enter the chan-
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nel more easily in the open state than to leave it when
the channel is closed. The speed of the blocking effects
of Cu:Phe on TRPVI1 channels opened by capsaicin
was similar to that induced by low pH, however, the
evaluation of the process of unblocking was compli-
cated by desensitization of the receptor and by pro-
longed binding of capsaicin to the receptor.

Cu:Phe at a concentration of 100:400 uM strongly
inhibits the responses induced by ramps of increasing
temperature from 24 to 48 “C. We frequently found it
difficult to decide whether the remaining currents
observed in the presence of Cu:Phe could be attributed
to the activity of TRPV1 channels or whether it repre-
sented a leak current due to unspecific effects of
increased temperature on other channels present in the
plasma membrane of the cells. Nevertheless, the effects
of Cu:Phe were quickly reversible suggesting that the
increased temperature that opens the channel con-
tributes to the speed of unblocking.

Therefore, these findings and the fast kinetics of the
blocking effects on TRPV1 channel in an open state
makes it likely that the bulky, highly positively charged
complex of copper-o-phenanthroline enters the extra-
cellular mouth of the channel and blocks it at the
location where several negatively charged amino acid
residues control ion permeability of the channel and
exert energy to stick large positively charged molecules
that cannot pass through the channel. Our finding that
membrane currents induced by menthol in the cold
sensitive receptor TRPMS that is only distantly related
to TRPVI makes it likely that similar blocking effects
of Cu:Phe can be expected to occur in other TRP
channels.

In conclusion, our results demonstrate that copper-o-
phenanthroline, in addition to its well known effects as
an oxidizing reagent, acts as an open channel blocker
of the TRPVI channels expressed in HEK 293T cells
and of the native capsaicin receptors expressed in rat
DRG neurons. This suggests that besides ruthenium
red (Dray et al., 1990), arginine-rich peptides (Planells-
Cases et al., 2000) and trialkylglycines DD161515 and
DDI191515 (Garcia-Martinez et al., 2002) that act on
capsaicin receptor as noncompetitive antagonists,
Cu:Phe can be considered as an additional effective and
reversible open channel blocker potentially useful in
further investigation of structure—function relationship
of the TRPV and possibly other TRP channels.
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5.3 Modulace TRPV1 receptoru gadoliniem

Trojmocny kationt gadolinium (Gd®") patiici mezi lanthanidy ptisobi jednak jako
blokator mechanosenzitivnich kandlii, jednak jako blokator rtznych typti napétoveé
aktivovanych selektivnich (vapnikovych, draslikovych, sodikovych) i neselektivnich
kationtovych kanali. Blokujici ucinek gadolinia na kationtové kandly je casto
zprostiedkovan pfimou interakci s negativné nabitymi aminokyselinami (glutamatem
nebo aspartatem) v poru kanalu, protoze jeho iontovy polomér je téméf stejny jako u
jednomocného sodiku nebo dvojmocného vapniku, které jsou hlavnimi nosi¢i néboji.
V ptipadé¢ mechanosenzitivnich iontovych kanalii se uvazuje také o jiném mechanizmu
inhibice lanthanidy: vysoce afinitni kationt Gd®" vytvaii elektrostatické u¢inky na
okolni lipidové dvojvrstvé a nepifimo tak méni mechanickou citlivost iontovych kanald.
Stlaceni lipidl vyvolané gadoliniem miiZe pisobit laterdlnim tlakem na proteiny a tak
usnadiiovat nebo vyvoldvat konformacni zmény membranovych domén, jez vedou
k uzavieni iontového kandlu. Mechanosenzitivnimi iontovymi kandly, které jsou
blokovany lanthanidy, jsou napi. TRPA1 a TRPV4 patiici spolu s TRPV1 do skupiny
TRP kationtovych kandlii. Na zéklad¢ strukturdlni podobnosti a piibuznosti téchto
kanalt jsme v nasi studii chtéli objasnit, zda by také vaniloidni receptor TRPV1 mohl

byt citlivy na zmény tlaku okolni membrany zptisobené ptitomnosti gadolinia.

Pii studiu mechanizmi modulace TRPV1 gadoliniem jsme se zabyvali

zodpovézenim nasledujicich otazek:

e Jaké ucinky bude mit gadolinium na TRPV1 za riznych experimentdlnich
podminek a mohou byt ucinky kladné nabitého gadolinia zprostiedkovany
negativné nabitymi glutamaty E600 a E648?

e Da se fici, Ze gadolinium ptisobi podobnym mechanizmem jako protony?

e Lze ucinky gadolinia zobecnit pro iontové kanaly celé TRPV skupiny nebo jsou
uzce specifické pouze pro TRPV1 receptor?

e Jak se podili na ucincich gadolinia jeho atomova hmotnost a budou podobné

ptisobit i jiné kationy?
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Zjistili jsme, Ze gadolinium pii pokojové teplot¢ a klidovém membranovém
potencidlu aktivuje TRPV1 receptor koncentracné zdavislym zplsobem. Pro
charakterizaci tohoto ucinku jsme porovnavali membranové proudy vyvolané
gadoliniem s proudy vyvolanymi nizkym pH (pH 5). Polovicni maximalni aktivace
proudt (ECsp) bylo na negativhim membranovém potencialu —70 mV dosazeno pfi
koncentraci 260 uM, zatimco na pozitivhim membranovém potencidlu +40 mV byla
polovi¢ni maximalni u¢inna koncentrace niz§i (72 uM). 1 kdyz je TRPV1 receptor
aktivovan gadoliniem koncentracn¢ zavislym zptasobem, zaznamenali jsme, Zze
odpovédi byly pii vyssSich koncentracich (> 300 uM) blokovany a tato blokdda byla na
negativnich membranovych potencidlech vyssi. Ovéfovali jsme hypotézu, zda
mechanizmus, kterym gadolinium plsobi na TRPV1 kanal, mtze byt podobny
mechanizmu otevirani tohoto kanalu prostfednictvim protoni. Vzhledem ke zfejmym
podobnostem v aktivaéni kinetice TRPV1 receptoru ptisobenim gadolinia a protont,
jsme porovnavali u¢inek gadolinia na membranové proudy vyvolané rychlou zménou
teploty extracelularniho roztoku z25°C na 46 °C. Pfi pokojové teplot¢ 100 uM
gadolinium aktivovalo membranovy proud o velikosti 1.7 nA, pii nizSich teplotach
(< 35 °C) se proud linearn¢ zvétSoval se vzriistajici teplotou, avSak pii vyssich teplotach
(=35 °C) jiz dochazelo k rovnovaze mezi aktivaci a blokadou kandlu a k pfevaZeni
blokujiciho t¢inku nad aktivacnim. Pfi aplikaci 1 mM gadolinia vyrazné ptevazoval
blokujici ucinek, ktery byl jen Castecné vratny, a blokada ptetrvavala i po delSim
promyti bunky kontrolnim roztokem. Abychom mohli urcit, do jaké miry jsou tyto
ucinky gadolinia zavislé na pfitomnosti extracelularniho vapniku, aplikovali jsme 1 mM
gadolinium v extracelularnim roztoku, jenz neobsahoval véapenaté ionty. Teplem
vyvolané proudy byly i za téchto podminek gadoliniem prakticky blokovany, coz
dokazuje, Ze ptisobeni gadolinia neni zavislé na vapniku.

K tomu, abychom podrobnéji prozkoumali mista aktivace a mechanizmus, jakym
gadolinium aktivuje nebo moduluje TRPV1 kanal, méfili jsme amplitudy
membranovych  proudd  vyvolanych  zvySovanim  koncentrace  gadolinia
v extracelularnim  roztoku o pH 6. Maximalni hodnoty téchto proudi byly
normalizovany vzhledem k amplitudam proudii vyvolanych 100 pM gadoliniem
vroztoku o pH 7.3 na téze buiice. Vzhledem k privodni blokdd¢ pii vysSich

koncentracich nebylo mozné ziskat presnéjSi odhad ECsy a Hillova koeficientu pro
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Gd*", aviak z vysledki bylo patrné, Ze vlivem snizeného pH doslo ke zvyseni afinity
TRPV1 receptoru ke gadoliniu.

Na zéklad¢ téchto vysledkd jsme proto ovétovali hypotézu, Ze se gadolinium,
kromé& schopnosti aktivovat kanal, mize také podilet na senzitizaci kanalu podobnym
mechanizmem jako protony a interagovat s negativné nabitymi aminokyselinovymi
zbytky (glutamaty E600 a E648) v péru TRPV1 kandlu, o kterych je znamo, Ze jsou
klicoveé pro aktivaci a senzitizaci tohoto kanalu protony (Jordt et al., 2000). Zjistili jsme,
ze 100 uM gadolinium senzitizuje membranové proudy vyvolané kapsaicinem, pfi¢emz
toto zvySeni bylo vys$i, neZ soucet amplitud proudii vyvolanych kapsaicinem a
gadoliniem, které byly snimany po minutovém promyti. Gadolinium v koncentraci
I mM tyto proudy jiz siln¢ inhibovalo. Z téchto pokust bylo zfejmé, ze gadolinium
pusobi jednak jako pfimy aktivator, ale také jako blokator i u¢inny modulator TRPV1
kanalu.

Abychom dale ovéfili nasi hypotézu o ptisobeni gadolinia, studovali jsme jeho vliv
na dvou mutantech TRPVI1 receptoru, u kterych byly bodovou mutaci zaménény
glutamatové zbytky v pozicich 600 a 648 (E600 a E648) za neutrdlni aminokyselinu
alanin (E600A a E648A) (Jordt et al., 2000). Bunky transfekované konstruktem E600A
byly celkové méné citlivé a méné stabilni béhem méfeni, coz naznacovalo
potencionalné Skodlivy vliv mutace na zivotaschopnost bun¢k. Oba mutanty vykazovaly
odlisnou citlivost na protony (pH 5): u mutantu E648A byly vyznamné sniZeny
odpovédi aktivované pH 5, kdezto u mutantu E600A téméf vymizely. V porovnani
s kontrolnim wild typem (WT) mély také znacné snizené membranové odpovédi
vyvolané 1 uM kapsaicinem i bolestivym teplem (>43 °C). Pfi testovani ulohy
glutamatd E600 a E648 v aktivaci ¢i modulaci TRPV1 kandlu zprostiedkované
gadoliniem byly pozorovany vyznamné funk¢éni rozdily mezi WT a mutanty. U mutantu
E600A byla snizena amplituda prouda vyvolanych kapsaicinem v ptitomnosti 100 uM
gadolinia na 53 %. Gadolinium se neuplatnilo jako aktivator mutantu E600A a
v koncentracich 30 uM a 100 uM pouze blokovalo odpovédi vyvolané teplem. Naproti
tomu mutace na pozici 648 odstranila schopnost gadolinia senzitizovat proudy vyvolané
kapsaicinem, ale tento mutant si zachoval citlivost ke gadoliniu. U tohoto mutantu
E648A blokovalo gadolinium v koncentraci 1 mM membranové proudy vyvolané
kapsaicinem 1 bolestivym teplem. Tyto vysledky dokladaly, ze se oba glutamatové

zbytky pfimo Ucastni regulace citlivosti TRPV1 kanalu vic¢i gadoliniu: E600 je kriticky
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pro aktivaci 1 modulaci TRPV1 kanalu gadoliniem, kdezto E648 reguluje gadoliniem
zprostiedkovanou potenciaci proudii vyvolanych kapsaicinem. Mutant E648A je méné
citlivy ke gadoliniu.

Zajimalo nas, do jaké miry mohou byt G¢inky gadolinia podminény jeho velkou
atomovou hmotnosti (167.25), a proto jsme testovali uc¢inek hliniku, jenz je rovnéz
trivalentnim kationtem, ale méa daleko niz8i atomovou hmotnost (26.98) nez gadolinium
a nepatii mezi lanthanidy. Zjistili jsme, Ze na rozdil od gadolinia nevyvoldvala aplikace
hliniku (30 uM a 100 puM) zaddné membranové proudy a nebyl prokdzéan aktivacni ani
senzitiza¢ni u€inek. Hlinik blokoval TRPV1 receptor jiz v koncentracich 100 uM.

Polozili jsme si také otazku, zda jsou naSe vysledky o plsobeni gadolinia
specifické pouze pro TRPV1 receptor, nebo zda je lze ocekavat i u dalSich TRPV
receptorit z velké skupiny TRP kanalt. Uéinek gadolinia jsme proto testovali na
teplotné citlivém TRPV3 receptoru, jenz je strukturalné ptibuzny TRPV1. Porovnanim
sekvenci urcitych oblasti poru potkanitho TRPV1 a lidského TRPV3 bylo odhaleno, Ze
konzervované glutamatové zbytky na pozicich 610 a aspartatové na pozicich 643 u
TRPV3 odpovidaji glutamatovym zbytkiim 600 a 648 u TRPV1. Na rozdil od G¢inkt
gadolinia na TRPV1 receptor blokovalo gadolinium jiz ve velmi malych koncentracich
(£ 10 uM) u TRPV3 receptoru membranové proudy vyvolané jeho agonistou, 2-APB.
Shodné¢ s TRPV1 receptorem gadolinium v koncentraci 1 mM vyrazné blokovalo
membranové proudy vyvolané teplem. Tyto vysledky ukazaly, ze gadolinium neaktivuje
ani nesenzitizuje TRPV3 receptor, ale oba typy aktivace (chemickou i tepelnou)
blokuje.

V souhrnu lze fici, Ze gadolinium plsobi na TRPV1 receptor tfemi riznymi
ucinky: aktiva¢nim, senzitiza¢nim a inhibi¢nim. Aktivacni u¢inek gadolinia na TRPV1
receptor pi1 pokojové teploté 1ze jen obtizné farmakologicky charakterizovat na zakladé
koncentra¢ni zavislosti, pfedev§im z divodi jeho blokujiciho ucinku pii vysSich
koncentracich. Hodnota poloviéni maximalni €¢inné koncentrace protoni pro vyvolani
membranovych proudit (pHso) na TRPV1 kandlu exprimovaném na HEK buiikach byla
odhadnuta 5.4 pti 22 °C (Tominaga et al., 1998). Zjistili jsme, ze minimalni koncentrace
gadolinia pro aktivaci TRPV1 kanalu je pfi pokojové teploté¢ v rozsahu mezi 10 a
30 uM. Tato koncentrace je vice nez o fad vyS$i nez je nezbytné pro vytvoireni
podobného ucinku protony. Z téchto fakt vyplyva, ze bud’ ma receptor nizsi afinitu ke

gadoliniu nez k protonlim, nebo ze odhad polovi¢ni maximalni koncentrace byl hrubé
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zkresleny nasledkem blokady iontového kandlu gadoliniem. Druh4a moznost se zda byt
ale méné pravdépodobna, protoze Hilliv koeficient (= 2.4), jenz byl stanoven na
zakladé koncentra¢nich pokust, byl v rozumné shod¢ s hodnotami, které jsme ocekavali
pro aktivaci TRPV1 receptoru.

Zjisténi, ze hlinik neaktivuje ani nepotencuje membranové proudy prochézejici
TRPV1 kandlem, je v rozporu s mySlenkou, ze gadolinium plsobi podobné jako
protony. Rozdilné ucinky téchto dvou kationtli by mohly souviset s niz$i atomovou
hmotnosti hliniku (26.98) a tudiz vétsi hydrataci jeho obalu oproti gadoliniu, které tak
muze efektivnéji nez hlinik neutralizovat negativné nabité aminokyselinové zbytky na
vnéjsi strané kanalu. Ze stejnych divodu lze ocekavat, ze gadolinium bude reagovat
siln€ji s negativné nabitymi aminokyselinovymi zbytky nez vapnik, ktery pronika
kanalem a ma mnohem mensi atomovou vahu, ptiblizné 40.

Aktivaéni a modula¢ni G¢inek gadolinia na TRPV1 receptor je zprostfedkovan
pravdépodobné stejnymi specifickymi misty, na kterych se uplatiiuje ucinek protonti. Za
klicovy je v tomto mechanizmu povazovan glutamat E600. Tyto vysledky vSak musi byt
interpretovany opatrné a v kontextu primarnich sekvenci, protoze je u obou mutanti,
E600A a E648A, poskozena schopnost odpovidat na tepelné stimuly. U mutantu
E648A jsme zjistili snizené odpovedi vyvolané protony spolecné s dobfe zachovanou
potenciaci zprostfedkovanou protony, coz vedlo k zavérim, Ze tyto dva procesy jsou
oddélené a nezavislé (Jordt et al., 2000). Ackoliv jsme prokazali, ze teplem vyvolané
odpovédi jsou zvySené v pritomnosti gadolinia (dokud neptevazi jeho blokujici ucinek),
nelze rozhodnout, zda gadolinium potencuje teplotni odpovédi, nebo zda teplota zvySuje
gadoliniem vyvolanou aktivitu tohoto mutantu, nebot’ je t€zké od sebe oddélit tyto
alosterické efekty.

Blokujici ucinek gadolinia lze pozorovat i na jinych iontovych kanalech.
Predpoklada se, ze hlavni blokujici u¢inek lanthanida je zplisoben pfimym plisobenim
na negativné nabitd mista (glutamat a aspartat) v péru kanalu, ktery je ,,optimalizovan®
k prednostnimu propousténi kladné nabitych iontl. Vaniloidni receptor TRPV1 je
neselektivni kationtovy kanal s vysokou propustnosti pro vapnik (Caterina et al., 1997)
(Tominaga et al., 1998). Kysel¢ zbytky, E636 a D646, umisténé na vnitini sténé
selektivniho filtru nejpravdépodobnéji predstavuji body elektrostatickych interakei
s pozitivné nabitymi ionty, jez kanalem prochazeji (Ferrer-Montiel et al., 2004). Vazba

gadolinia na negativni mista v péru kandlu spolu s jeho vy$$i atomovou hmotnosti
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vysvétluji jak jeho blokujici acinek pti prichodu kanalem tak pomaly a ¢asteCny navrat

kanalu z této blokady.
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Gadolinium is a recognized blocker of many types of cation channels,
including several channels of the transient receptor potential (TRP)
superfamily. In this study, we demonstrate that Gd**, in addition to its
blocking effects, activates and potentiates the recombinant vanilloid
receptor TRPV1 expressed in HEK293T cells. Whole-cell currents
through TRPV1 were induced by Gd*" with a half-maximal activation
achieved at 72 pM at +40 mV. Gd*", at concentrations up to 100 puM,
lowered the threshold for heat activation and potentiated the currents
induced by capsaicin (1 pM) and low extracellular pH (6). Higher
concentrations of Gd** (>300 pM) blocked the TRPV1 channel.
Neutralizations of the two acidic residues, Glu600 and Glu648, which
are the key residues conferring the proton-sensitivity to TRPV1,
resulted in a loss of Gd*"-induced activation and/or a reduction in its
potentiating effects. A trivalent nonlanthanide, AP*, that possesses
much a smaller atomic mass than Gd** blocked but did not activate or
sensitize the TRPV1 channel. These findings indicate that Ga*
activates and potentiates the TRPV1 by neutralizing two specific
proton-sensitive sites on the extracellular side of the pore-forming loop.
© 2005 Elsevier Inc. All rights reserved.

Introduction

Gadolinium (Gd*"), a small lanthanide, has been used widely to
block various mechanosensitive ion channels (Hamill and McBride,
1996; Cho et al., 2002; Yang and Sachs, 1989). At submillimolar
concentrations, Gd** blocks also various types of calcium (Beedle et
al.,, 2002; Biagi and Enyeart, 1990; Lansman, 1990; Mlinar and
Enyeart, 1993), potassium (Elinder and Arhem, 1994; Hongo et al.,
1997), sodium (Babinski et al., 2000; Elinder and Arhem, 1994) and
nonselective cation (Hase et al., 1995; Cho et al., 2002) channels. The
general blocking effect of Gd** on these channels is presumed to
involve a direct interactions with negatively charged sites (Glu and/or
Asp) within the channel pore because the ionic radius of trivalent
gadolinium (0.938 A) is similar to monovalent sodium (0.97 A) and

* Corresponding author. Fax: +420 29644 2488.
E-mail address: vlachova@biomed.cas.cz (V. Vlachova).
Available online on ScienceDirect (www.sciencedirect.com).

1044-7431/$ - see front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.men.2005.07.004

divalent calcium (0.99 A) that represent the main current carriers in
this type of channels (Lansman, 1990; Mlinar and Enyeart, 1993;
Yang and Sachs, 1989). Also, another mechanism has been proposed
for inhibition by lanthanides that is based on compelling evidence
suggesting that Gd*', a high-affinity cation, does not block the
mechanosensitive channels directly, but instead alters the mechano-
sensitivity of these channels indirectly by electrostatic effects on the
surrounding lipid bilayer (Ermakov et al., 2001; Petersheim and Sun,
1989; Tanaka et al., 2002). The Gd*"-induced lipid condensation may
exert positive pressure on the proteins, thus favoring and/or inducing
the conformational transitions of the transmembrane domains toward
the closed state (Cantor, 1999).

Although the mechanosensitive channels are the most likely
proteins that are sensitive to these changes, it would be of interest to
establish also whether another class of lipid-embedded proteins, the
recently identified transduction channels from the TRPV subfamily
that are gated by changes in ambient temperature, might be
particularly susceptible to the Gd**-induced perturbations of the
surrounding membrane. We have therefore examined the effects of
Gd*>* on the vanilloid receptor TRPV1, which represents the best
characterized thermally-gated ion channel (Caterina et al., 1997;
Gunthorpe et al., 2002; Tominaga et al., 1998). This nonselective
cation channel belongs to one of the six protein subclasses
comprising the superfamily of transient receptor potential (TRP)
channels (TRPYV, vanilloid related; TRPC, canonical; TRPP, poly-
cystin, TRPM, melastatin, TRPML, mucolipins; TRPA, ankyrin-
repeat) (Bimbaumer et al., 2003; Clapham, 2003; Montell et al.,
2002a,b; Moran et al., 2004). Members of this large protein family
have been implicated in a wide variety of physiological processes,
ranging from regulation of intracellular Ca>* important for the most
vital functions to highly specialized detection of chemical, thermal,
mechanical and osmotic stimuli (for review see Benham et al., 2003;
Clapham, 2003; Moran et al., 2004). In the peripheral endings of
nonmyelinated and thinly myelinated mammalian primary afferents,
the TRPV1 channel is a polymodal molecular sensor that responds to
multiple pain stimuli including vanilloids, acids (pH <6) and noxious
heat (>43°C), the agents that produce burning pain in humans.

The structure of the TRPV1 consists of six putative trans-
membrane segments and a pore region between segments 5 and 6
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(Caterina et al., 1997), similar to other TRP channels. The
functional TRPV1 channel appears to be assembled from four
identical subunits (Jahnel et al., 2001; Kedei et al., 2001).
Structure—function studies have recently identified several key
domains that contribute to activation and modulation of the TRPV1
receptor (Gavva et al., 2004; Chou et al., 2004; Jordt and Julius,
2002). The cytosolic C-terminal region harbors domains respon-
sible for the interactions with important components of intracellular
regulatory processes including calmodulin and phosphatidylinosi-
tol-4,5-bisphosphate binding sites and phosphorylation sites for
various kinases (Bhave et al., 2003; Jung et al., 2004; Numazaki et
al., 2003; Numazaki et al., 2002; Prescott and Julius, 2003). The N-
terminal region resides within the cytosol and, typically, contains
three ankyrin repeats conserved throughout members of the
vanilloid TRPV channel subfamily. On the extracellular side of
the TRPV1, two negatively charged amino acid residues, E600 and
E648, have been identified to be critical for opening the channel
upon neutralization by protons (Jordt et al., 2000; Welch et al.,
2000).

The goal of this investigation was to characterize the effects of
Gd*" on the vanilloid receptor TRPV1 and to determine the
mechanisms by which Gd*' affects this channel. We present
evidence that, in addition to its well known blocking effects,
Gd*" activates and sensitizes the TRPV1 channel. We also
demonstrate that Gd*" appears to act at the same sites as protons
and that the specific glutamate residue E600 is particularly
important for both activation and potentiation of the TRPV1
channel by Gd*".

Results
Gd®" induces membrane currents in recombinant TRPVI receptor

The external application of gadolinium to HEK293T cells in
which the rat TRPV1 receptor was transiently expressed elicited
marked current responses at room temperature (Fig. 1A). These
were not observed in either the wild-type or in mock-transfected
HEK293T cells (Fig. 1E). Ruthenium red at a concentration of 10
UM almost completely blocked inward currents induced by 300
uM gadolinium at —70 mV and at 25°C (93 £ 1%; n = 4), while
capsazepine at a concentration of 10 uM inhibited these currents
only by 38 £ 3% (n = 3; Fig. 1D). To determine the full
effectiveness of gadolinium activation of the TRPV1 receptor, the
magnitudes of the Gd*"-induced current were related to those of
the proton-gated currents with an external pH of 5 (Figs. 1B and
C). At a holding potential of —70 mV, the currents induced by 10
uM Gd*" were well above threshold with a mean current density of
—3.5 £ 1.1 pA/pF (n = 14).

Whereas at a holding potential of +40 mV half-maximal
activation (ECsp) was achieved at 72 + 23 uM (Hill coefficient =
1.2 £0.2; n = 8), the ECs could not be accurately assessed at —70
mV because the Gd*"-induced currents were not saturated at higher
concentrations (n = 17). While gadolinium at concentrations of 10—
300 uM appeared to activate the TRPV1 receptor in a dose-
dependent manner, the responses at higher concentrations (>300
uM) of Gd®" were diminished. This diminution was substantially
reduced at positive potentials (Figs. 1B and C). Prolonged or
repeated activation of TRPV1 by higher concentrations of gadoli-
nium resulted in the desensitization of the whole-cell currents (Figs.
1Aa and Ab). The activation kinetics of the membrane currents

induced by pH 5 and 1 mM Gd*>* were similarly fast (Fig. 1Ac). The
time course of deactivation at 100 uM Gd upon washout was quite
reproducible with double exponential fits yielding two deactivation
time constants of 220 + 58 ms (56%) and 1.6 + 0.4 s (n = 7).
However, at higher concentrations (300 and 1000 uM) and upon
prolonged stimulation, the deactivation process was rather complex
and variable among the cells.

These findings, together with the close correlation between the
peak amplitudes of the responses induced by 1 mM Gd** and pH 5
(r =0.77; n = 10, P < 0.01, Spearman’s rank correlation), might
suggest that similar mechanisms are involved in gating the TRPV1
channel by low pH and Gd**. Further, the data suggest that, at
higher concentrations (>300 pM), gadolinium may block the
TRPV1 channel.

The effects of Gd>* on TRPVI-mediated membrane currents
induced by noxious heat

The TRPV1 channel can be activated by noxious heat with a
threshold of about 43°C (Caterina et al., 1997). Given the evident
parallels between Gd*" and proton-mediated activation of TRPV1,
we investigated the effects of gadolinium on the heat-induced
membrane currents induced by 3 s ramps of increasing temperature
to 46°C (Fig. 2). At room temperature, gadolinium (100 pM)
evoked a membrane current of 1.7 nA (Fig. 2Ab). In the innocuous
range <35°C, this current increased linearly with increasing
temperature. At higher temperatures, however, the slope of the
current-temperature relation decreased gradually suggesting the
presence of an equilibrium between the channel activation and
block (see graphs a and b of the current-temperature relationships
in Fig. 2B). The block of the heat-induced currents by Gd*" was
striking when the concentration was increased to 1 mM (Figs. 2Ad
and Bd). The effects of Gd*" were only partially reversible,
suggesting that a significant proportion of channels remained
blocked after washing the cell with control solution; nevertheless,
the heat sensitivity of the channels retained the typical nonlinear
characteristics (Figs. 2A and B, ¢ and e). When the control
responses induced by heat were normalized, there was either no
significant shift of the temperature threshold or the threshold was
reduced upon repetitive heat stimulation.

To determine the extent to which the observed effects of Gd**
on the heat responses depend on extracellular calcium, the Ca>"
was replaced by equimolar gadolinium during the heat stimula-
tion. Native and heterologously expressed TRPV1 channels are
spontaneously active in the extracellular solution which is
nominally free of calcium (Vyklicky et al., 1999) although the
underlying mechanism for such mode of activation has not been
fully elucidated. Application of nominally Ca**-free extracellular
solution at —70 mV produced a significant inward membrane
current (0.8 £ 0.3 nA; n = 8, measured after 5 s of application)
that increased linearly with an elevation of temperature (Fig.
2Ca). A substantial proportion of the elevated current remained at
a fairly stable plateau following a decrease in temperature to 25°C
until the control bath solution with 1 mM Ca?" was restored (Fig.
2Cb). In the Ca*'-free extracellular solution, gadolinium at a
concentration of 1 mM induced a rapidly activating current with a
mean peak amplitude of 2.4 £ 0.5 nA (n = 12) at room
temperature. This current decreased slightly when the temper-
ature was elevated from ~35°C to 47°C suggesting that the heat
induced current was virtually blocked by gadolinium (Figs. 2Cc
and Dc). After 1 min washout, the recovery from the gadolinium
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Fig. 1. Gadolinium activates TRPV1 at room temperature. (A) Whole-cell current responses were evoked by Gd*>* in HEK293T cells transiently expressing the
rat TRPV1 channel. The application protocols for Gd** are indicated below the current traces. (b) To compare current magnitudes, channels were first activated
for 2 to 4 s by acidic solution (pH 5; indicated by the bars above the records). Desensitization produced by repeated Gd>* application shifted the threshold for
Gd*" activation to higher concentrations. (a) In the first trial, 10 M Gd** was sufficient to induce a significant current, while a concentration of 30 tM was
needed to induce a similar response in the second trial (b). Dashed line indicates zero current level. (B) The effects of Gd** were concentration and voltage
dependent. The pulse protocols for Gd** and pH 5 are indicated above the current traces. (C) Dose—response curves for activation of TRPV1 by Gd** at
negative (—70 mV, solid circles) and positive (+40 mV, open circles) membrane potentials. Responses were normalized to the pH 5-activated steady state
currents. Each data point represents the mean + SEM with the number of cells from 10 to 17 for —70 mV and from 4 to 12 for +40 mV. (D) Ruthenium red (RR)
at a concentration of 10 pM blocked inward currents induced by 300 uM gadolinium, while capsazepine at a concentration of 10 uM inhibited these currents
only by 38%. (E) Mock-transfected HEK293T cells transfected with the pQBI 25-GFP vector did not respond to Gd** up to a concentration of 1 mM. A
significant proportion of the cells responded to extracellularly applied pH 5 with inactivating inward currents that were attributable to the endogenous proton-
gated conductance mediated by native ASIC channels (Gunthorpe et al., 2001). The fast inactivating currents induced by pH 5 were inhibited by a prolonged
extracellular application of pH 6.8. Note that a similar desensitization of ASIC-mediated currents was achieved also by application of gadolinium.

blockade was similarly incomplete when gadolinium was applied Interaction of Gd®" with protons and capsaicin

in the absence (37 + 11%; n = 5) or presence (54 + 9%; n = 7) of

external 1 mM Ca*" (¢ test, P = 0.272; Fig. 2E). Thus, it seems To investigate the site of action and the mechanisms by
likely that Gd*" does not utilize a calcium-dependent mechanism which gadolinium activates and/or modulates TRPV1 more

to block the TRPV1-mediated heat induced currents. closely, dose—response curves for Gd*' activation were gen-
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Fig. 2. Modulation of TRPV 1-mediated heat-induced currents by Gd**. (A) Whole-cell membrane currents induced by 3 s ramps of heated solutions to 47°C in (a)
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line represents zero current level. The bars above the records indicate the duration of the drug application. (B) Comparison of the temperature—current relationships
for control extracellular solution (a, ¢, e; solid lines) and for current induced by heat in the presence of 100 uM (open circles) and 1 mM Gd*" (open squares). (C)
The effects of | mM Gd** on the heat responses induced in nominally Ca**-free ECS. Solutions were applied either separately or in combinations as indicated. (D)
Superimposed current responses induced by heat in control ECS (solid line), in nominally Ca®*-free ECS (dashed line) and in the presence of 1 mM Gd*" (open
squares) are plotted against temperature. Note a marked hysteresis on cooling to 25°C (arrows, the trace b). (E) Percentage inhibition of the heat-induced inward
currents achieved by 1 mM Gd** measured at 47°C in control ECS and in nominally Ca®"-free ECS. The amplitudes of the responses recorded in control solution 1
min later were used as a measure of recovery from Gd** block (Wash). Numbers of cells examined are indicated in brackets.
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Fig. 3. Interaction of Gd** with proton-induced currents in TRPV1. (A) Whole-cell patch-clamp recordings from TRPV I-expressing HEK293T cell stimulated
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on the extent of TRPV1 desensitization and the proportion of the undesirable endogenous proton-gated conductance mediated by native ASIC channels, the
cells were exposed first to acidic solution (pH 6; indicated by the bars above the records) followed by consecutive applications of increasing concentrations of
Gd*" in combination with acidic solution (pH 6). (B) The dose—response curve for Gd** activation derived at pH 6 from 14 independent cells is compared with
the shape of the concentration—response curve obtained at pH 7.3. The peak amplitudes were normalized to the amplitudes of the currents induced by 100 uM
Gd*" recorded at pH 7.3 in the same cell.
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sensing ion channels (ASIC) channels expressed in the HEK293
cells (Gunthorpe et al., 2001) (see the last two responses to pH 6 in
Fig. 3A). In our experiments, the transient endogenous ASIC
currents were inhibited selectively by repeating the application of pH
6, followed by consecutive applications of increasing concentrations
of Gd*" in acidic solution (pH 6). The peak amplitudes were
normalized to the amplitudes of the currents induced by 100 uM
Gd*" recorded at pH 7.3 in the same cell. The dose—response curves
of 14 independent cells are compared with the concentration—
response curve obtained at pH 7.3 in Fig. 3B. Because of the
concomitant block by higher concentrations, we were unable to
obtain a more accurate estimate of the ECs, and Hill coefficient for
Gd*". However, at least qualitatively, the log(Gd*")—response curve
was strongly affected by reducing pH, which indicates that the
interactions of extracellular protons and Gd*" with the channel are
not mutually exclusive or independent.

Based on these results together with the above findings that low
concentrations (<100 pM) of Gd*" sensitize the membrane currents
induced by noxious heat, we hypothesized that gadolinium, apart
from activating the channel, might also be capable of sensitizing the
TRPV1 receptor in a manner analogous to proton-mediated
potentiation. This may be a consequence of the interaction of
Gd*" with the specific negatively charged amino acid residues on the
extracellular surface of the channel protein (Jordt et al., 2000). We
therefore examined the effects of Gd*" on capsaicin-induced
responses, and indeed, at a concentration of 100 uM, we found
that gadolinium strongly potentiated the responses induced by 1 pM
capsaicin (264 + 78%; n = 16). The increase in capsaicin response
produced by 100 pM Gd*" was greater than the additive currents
evoked by capsaicin and gadolinium 100 pM alone recorded before
the administration of capsaicin or after 1-min washout (Figs. 4A and
D). At a concentration of 1000 uM, Gd** inhibited the capsaicin-
induced responses to 36 + 6% in 8 cells investigated. From these
experiments, it is evident that Gd*" appears to serve as both a direct
activator and a potent modulator of TRPVI.

Lack of the facilitatory effects of Gd>* on TRPVI mutants E600A
and E6484

Two negatively charged amino acid residues located on the
extracellular side of the receptor, E600 and E648, have been shown
to determine the sensitivity of TRPV1 to acids (Jordt et al., 2000).
The results described above may indicate that gadolinium, as a
trivalent cation, could also neutralize these extracellular glutamate
residues similarly to protons. Having been prompted by the findings
of Jordt et al. (2000), we therefore sought to characterize the effects
of gadolinium in two proton-insensitive single point mutants of
TRPVI1 that contained the neutral amino acid alanine at either
position 600 or 648 (Figs. 4B—F). E600A-transfected cells were
generally much less responsive and less stable during the recordings
than the wild type, which indicates a potential deleterious effect of
the mutation on cell viability. Both mutant channels showed differing
sensitivities to protons. The proton (pH 5)-activated responses of the
E648A mutant were reduced significantly, while the responses were
practically abolished by the mutation of E600 to alanine. The mean
ratios of currents induced by pH 5 to currents activated by 1 uM
capsaicin were 26 + 5% for the E648A mutant (n = 21) and 101 +
14% (n = 8) for the wild-type channel. The responses of both mutant
channels to 1 uM capsaicin were decreased substantially as were also
the currents induced by heat (>43°C), when compared to wild-type
TRPVI (Fig. 4E). The differences between the responses of wild-

type, E600A and E648A to capsaicin, however, were not significant
when expressed in terms of current densities (one-way ANOVA at
the 0.05 level, P = 0.235; n = 15, 6 and 21 for WT, E600A and
E648A, respectively). In contrast, the reductions in heat responsive-
ness were highly significant (Fig. 4E, right bar graph, P < 0.001;
n = 6 for each channel phenotype, with two to four independent
transfections).

To test whether the glutamates at positions 600 and 648, as
replaced in the mutants, are indeed involved in Gd*'-mediated
activation and/or modulation of TRPV1 channel, a 5 s application of
1 uM capsaicin was followed by superfusion of the cells with
capsaicin together with Gd*" at concentrations of 100 and 1000 pM.
These concentrations and exposure durations were sufficient to
reveal the most striking functional differences between the wild-type
and mutant channels (see bar graph of Fig. 4D). In clear contrast to
the observations made for wild-type TRPV1 (see Fig. 4A), the
capsaicin-induced currents were reduced to 53 £ 5% by 100 pM
Gd®>* (n = 8) in the E600A mutant (Fig. 4B). Gadolinium did not
exhibit any agonistic activity for the E600A mutant channel and, at
concentrations from 30 pM to 1 mM, blocked the heat-induced
responses. On the other hand, mutation at the E648 site disrupted the
ability of Gd*" to sensitize the capsaicin-induced currents, yet this
mutant retained the ability to respond to Gd**. The capsaicin-
induced and heat-induced whole-cell currents were blocked by 1
mM gadolinium at —70 mV in this mutant channel phenotype (Fig.
4C). At room temperature, the capsaicin-induced currents were
blocked to 46 = 8% by 1 mM Gd*" (n = 5) in the E648A mutant,
which reduction was slightly but not significantly more than the
block of the wild type (31 £ 5%; n = 7, P = 0.146). These
observations led us to believe that both glutamate residues are
directly involved in regulating the sensitivity of TRPVI1 to
gadolinium. While the glutamate at position 600 is critical for both
activation and modulation of TRPV1 by Gd**, the glutamate in
E648 seems to regulate the Gd*'-mediated potentiation of the
capsaicin-evoked channel gating. This hypothesis was supported
further by the results of the dose—response experiments performed
on the E648A mutant channel (Fig. 4F). Using a protocol similar to
that in Fig. 1A, concentration—response data were constructed by
normalizing the Gd*"-induced responses to the responses induced by
pH 5 in the same cell. Thus, we were able to compare the Gd**
affinities for both the wild-type and E648A receptors. Replacing the
glutamate E648 shifted the position of the log(Gd*")—response curve
to the right (Fig. 4F) corresponding to a decrease in the apparent
affinity of the E648A mutant channel for Gd**.

AP" blocks but does not activate the TRPVI receptor channel

To determine the extent to which the atomic mass of
gadolinium is responsible for its effects on TRPV1 receptor, we
tested a nonlanthanide aluminium, a trivalent metal cation of much
lower atomic mass (26.98) than gadolinium (167.25). AI** (30 or
100 pM) did not produce any membrane currents when applied to
the recombinant TRPV1 receptor at room temperature (Fig. 5). At
30 uM, APP* did not exert a significant effect on the membrane
currents induced by 1 uM capsaicin (99 + 4%; n = 8); however, at
100 uM, it reversibly inhibited these responses to 40 + 6% at —70
mV (n = 8) and to 73 + 7% at +40 mV (n = 4) indicating a voltage
dependent block. These results suggest that the trivalent cation
AP** blocks the TRPV1 channel at concentrations comparable to
Gd*". In contrast to Gd**, the TRPV1 was neither activated nor
sensitized by AI*".
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Fig. 4. Mutations in E600 and E648 confer loss of Gd**-induced sensitization and/or activation of TRPV1. (A, a), Representative whole-cell responses recorded
from a HEK293T cell expressing the wild-type TRPV1 receptor induced by application of 1 uM capsaicin, followed by capsaicin together with 100 pM and 1
mM Gd*". (b) Responses to Gd** at 100 uM and 1 mM were recorded from the same cell 1 min later at a holding potential of —70 mV. (c) Application of
capsaicin (1 pM, 8 s) did not cause any significant change in the responsiveness of TRPV1 to Gd** 300 pM and 1 mM in another cell. Currents were recorded
at room temperature. (B) Effects of Gd*" on E600A mutant. Gd>* at 100 uM blocked the capsaicin-induced currents reversibly (left). In another two cells, Gd*"
at 30, 100, 300 and 1000 uM blocked the heat-induced responses without any activating effects (right). (C) Effects of Gd*" on E648A mutant. Gd**, applied in
combination with capsaicin, did not influence the capsaicin-induced responses at 100 uM significantly and blocked the currents at 1000 pM reversibly (left). At
100, 300 and 1000 uM, Gd*" activated inward currents in another cell expressing the E648A mutant channel and the responses were increased by increases in
temperature until the block at a high concentration of Gd** (1 mM) and at higher temperatures (>39°C) became predominant (right). (D) Bar graph showing the
average effects of 100 pM Gd** on capsaicin responses in wild-type, E600A and E648A channel. The reversibilities of the Gd*" effects are given for each
channel phenotype (CAPS). The numbers of cells are given in the legend. Asterisks indicate values significantly different from the amplitude of the preceding
capsaicin response, P < 0.05. For comparison, the average relative responses induced by 100 pM Gd** alone are shown for wild-type and for E648A mutant.
(E) Bar graphs showing average capsaicin-evoked (left) and heat-evoked currents (right) in wild-type, E600A and E648A mutants. Lower bars show average
absolute amplitudes of the currents. Upper bars show the mean current densities. The numbers above the bars represent the number of cells. Asterisks indicate
values significantly different from wild type, P < 0.01. (F) Dose—response curve for activation of E648A mutant by Gd** at negative (—70 mV) membrane
potential. Data are compared with the shape of the concentration—response curve obtained for the wild-type. Responses were normalized to pH S-activated
steady state currents recorded from the same cell. Each data point represents the mean = SEM derived from 10 independent cells.

TRPV3, the homologue of the vanilloid receptor subtype 1, is
blocked but not activated by gadolinium

Given the high degree of homology of the TRPV1 receptor to
other TRPV family members, we were interested in examining
gadolinium effects on a related thermosensitive channel TRPV3. A
comparison of the sequences for the putative pore regions of the rat
TRPV1 and the human TRPV3 revealed a conserved glutamate
residue at position 610 corresponding to E600 in TRPV1, while an

asparagine residue was found at position 643 corresponding to E648
(Fig. 6A). In HEK293T cells transiently transfected with human
TRPV3, we first examined the effects of 10 pM, 100 pM and 1 mM
gadolinium on inward currents induced by 100 pM 2-amino-
ethoxydiphenyl borate (2-APB), a compound that is a common
activator of TRPV1 and TRPV3 channels (Hu et al., 2004). At 25°C,
the 2-APB induced currents were blocked almost completely by
extracellular Gd** (by 92 + 2% at 1 mM Gd*"; n = 11) and
recovered rapidly after Gd*>* washout (Fig. 6B).
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Fig. 5. Aluminium neither activates TRPV1 receptor nor sensitizes responses to capsaicin. Representative currents recorded sequentially from a HEK293T cell
transiently expressing the wild-type TRPV1 receptor. The nonlanthanide trivalent metal cation aluminium (atomic mass 26.98) did not activate TRPV1. AI*" at

30 uM did not exert significant effects on the membrane currents induced by 1 pM capsaicin. At 100 pM, A

13" inhibited the capsaicin responses reversibly and

in a voltage-dependent manner. Capsaicin and AI*" were applied either separately or in combinations as indicated. Holding potential was —70 mV or +40 mV

(shown next to the records). All traces were recorded from the same cell.

Temperature is another common activator of TRPV1 and
TRPV3 channels; however, the TRPV3 is activated at lower
temperatures than TRPV1 (~33-39°C; Peier et al., 2002; Smith
et al., 2002; Xu et al., 2002). The thermally induced currents in
HEK cells expressing TRPV3 were influenced more strongly by the
presence of external Ca®" than those in TRPV I-transfected cells
(Peier et al., 2002). In the presence of 1 mM Ca®' in the
extracellular solution, the temperature gated currents have a slow
rise time and are generally of small amplitude (158 + 45 pA at —70
mV; n = 5). We therefore used a Ca**-free extracellular solution to
test the effects of Gd*" on the temperature gated membrane currents
which amplitudes were 4 to 5 times larger than those in the Ca*"
containing extracellular solution. To activate TRPV3, we applied
rapid step changes in temperature using the perfusion technique that
allows the application of temperature changes at maximum rates of
~60°C/s within a range of 5—60°C. At a holding potential of —70
mV, heating the control Ca**-free solution from 25°C to 49°C
activated an inward currents with the threshold of ~40°C (Figs. 6C
and D). This value was greater than the temperature threshold for
activation of TRPV3 reported by other authors (Peier et al., 2002;
Smith et al., 2002; Xu et al., 2002). Since our focus was on the
effect of gadolinium on TRPV3, we did not pursue any further study
on this interesting observation. The heat induced currents were
blocked reversibly in the presence of 1 mM Gd*".

These data indicate that gadolinium neither activates nor
sensitizes the TRPV3 receptor, but it blocks both the chemical
and thermal activation modes of this channel, similarly to many
previously described results on various other cationic channels.

Discussion

The results from this study demonstrate that gadolinium exerts
three distinct effects on the recombinant rat vanilloid TRPV1
receptor. First, Gd®" activates the channel by interacting with the
negatively charged amino acid residue E600 located on the

receptor extracellular side. Second, Gd** potentiates the TRPV1-
mediated responses induced by heat and capsaicin in a manner
similar to protons. The ability of Gd*" to potentiate the capsaicin
induced responses is regulated by a glutamate at position 648, a
second acidic extracellular residue which has been shown to play
an important role in regulating the sensitivity of TRPV1 to acids
(Jordt et al., 2000). Third, the results strongly suggest that Gd*"
blocks the TRPV1 channel when passing through the channel pore
as a charge carrier. The first two but not the latter effects can be
abolished completely by a point mutation E600A.

Activation of TRPV1

Gd*" activates the TRPV1 channel at room temperature but it is
difficult to characterize this activation pharmacologically based
upon dose response studies; this is apparently due to the
concomitant blocking effects at higher concentrations. The pHsq
for proton activation of the TRPV1 in HEK293 cells has been
estimated to be at 5.4 at 22°C (Tominaga et al., 1998). We found
that the minimum concentration of Gd*" to activate TRPV1 at
room temperature was between 10 and 30 uM. This concentration
is more than one order of magnitude higher than that necessary to
produce a similar effect by protons, which suggests that either the
receptor has a lower apparent affinity for gadolinium than for
protons or that the estimates of the half-maximal concentration
were biased due to the blocking action of Gd*".

The finding that another trivalent cation, APP™, neither activates
nor potentiates membrane currents in TRPV1 channel might seem
to be in disagreement with the simple idea that the three positive
charges of gadolinium may substitute for protons. A possible
explanation for the difference between the effects of AI*" and Gd**
might be their quite different atomic masses which are 26.98 and
157.25. Therefore, it can be expected that the hydration shell
of AI** may be larger than that of Gd*" (Hille, 2001) and
consequently, Gd®" may neutralize the negative amino acid
residues on the extracellular side of the receptor more effectively
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Fig. 6. Effects of Gd>* on TRPV3-mediated whole-cell currents induced by 2-APB and temperature. (A) Amino acid sequence alignment of the putative pore
region for the rat TRPV1 (GeneBank accession number AAC53398) and human TRPV3 (AAMS54027) channel. Glutamates at positions 600 and 648,
corresponding to glutamate and asparagine at positions 610 and 643 in TRPV3, are indicated by arrows. Gray shading; identical or similar amino acids. Similar
amino acids are in bold type. (B) TRPV3-expressing HEK293T cells were exposed to 100 uM 2-aminoethoxydiphenyl borate (2-APB) at room temperature.
The agonist 2-APB was applied either separately or in combination with 10 uM, 100 uM and 1 mM Gd*" as indicated. Holding potential was —70 mV. (C) The
effects of 1 mM Gd*" on thermal responses induced in nominally Ca**-free ECS. The upper row of the records shows the temperature of the superfusing
solutions. Dashed line represents zero current level. Left, right, Gd*" in Ca®"-free ECS. Middle, TRPV3 channels were activated in response to temperature
shifts from room temperature to 50°C in Ca®'-free solution. Note a marked reduction in the baseline noise and in the leakage after the application of Gd*" in
labels a and c. (D) Superimposed current responses induced by heat in control Ca>'-free ECS (b) and in the presence of 1 mM Gd*" (solid and dashed lines, a

and c) are plotted against temperature.

than does AI**. For the same reason, it can be expected that Gd**
interacts with the negatively charged amino acid residues in the
channel pore more strongly than does Ca®" which permeates
through TRPV1 and possesses a much smaller atomic mass, ~40.
The binding to the negatively charged residues in the pore and the
large size can also explain why Gd*" is prone to block the channel
when passing through it and predicts that Gd*" enters the channel
much faster than it is released. This may also explain why the
blocking effects of gadolinium are reversed only slowly and
partially (see Fig. 1).

Our results demonstrate clearly that the glutamate residue at
position 600 is the key negative amino acid responsible for the
activation and potentiation produced by Gd** at TRPV1 receptor.
However, these results must be interpreted cautiously and in the

context of the primary sequence, because the ability of both
mutants, E600A and E648A, to respond to thermal stimuli is
impaired (see Fig. 4E). The results for TRPV3, a vanilloid
receptor TRPV1 homologue that has been demonstrated previ-
ously to be insensitive to protons (Peier et al., 2002; Smith et al.,
2002; Xu et al., 2002), indicate that the presence of glutamate at
position 610, corresponding to E600 in TRPV1, is not sufficient
to confer the Gd** sensitivity to TRPV3 (see Fig. 6). Other study
(Suzuki et al., 1999) has demonstrated that the mechanorespon-
sive stretch-inhibitable channel, a TRPV1 receptor variant, is
insensitive to protons and is blocked only by Gd*" despite the
fact that this channel shares a common amino acid sequence with
TRPVI1 (from Y309 to V686) including an identical putative pore
region.
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Potentiation of TRPV1

Gd®" activates and modulates the TRPVI receptor probably
through the same specific sites as protons. The reduced proton-
evoked responses, together with the well preserved proton-
mediated potentiation of thermal responses found in the E648A
mutant, have led to the conclusion that these two processes are
separate and independent (Jordt et al., 2000). Although we
demonstrate here that thermal responses of the E648A mutant
are increased in the presence of Gd*" (until the blocking effect of
Gd** prevails), we cannot decide whether Gd*" potentiates the
thermal responses or whether temperature increases the Gd*'-
induced activity of this mutant since it is difficult to separate these
allosteric effects into components. In any case, the data unequiv-
ocally indicate that the glutamate residue at position 648 is
involved in potentiation of capsaicin-induced responses.

From our data, it seems likely that mutating the glutamate E648
also decreased the apparent affinity of the channel for Gd*" (see Fig.
4F). Furthermore, by normalizing the magnitudes of the inward
currents induced by increasing concentrations of Gd*' to the
preceding pH 5-induced response, we demonstrated a connection
between these two activation mechanisms. If gadolinium and protons
activated the channel independently, then the Gd*>*-induced currents
should be relatively bigger since the E648A mutant exhibits a strong
reduction in proton-activated currents (four times when compared
relative to capsaicin-induced responses). This is in contrast to what
was observed in our experiments.

Blockade of TRPVI by Gd**

Gadolinium, a small lanthanide, is a well recognized blocker of
many types of mechanosensitive cation channels. At submillimolar
concentrations, Gd>* blocks the nonselective mechano-gated
channels (see Hamill and McBride, 1996) and various Ca*"
permeable channels (Beedle et al., 2002; Biagi and Enyeart,
1990; Hille, 2001; Lansman, 1990; Mlinar and Enyeart, 1993).
According to the concentration range needed for complete
inhibition, gadolinium is also commonly used to differentiate
among the members of canonical transient receptor potential
(TRPC) channel subfamily (Halaszovich et al., 2000; Kamouchi et
al., 1999; Trebak et al.,, 2002; Zhu et al., 1998). The general
blocking effect of lanthanides is presumed to involve a direct
interaction with negatively charged sites (Glu and/or Asp) in the
channel pore that is inherently optimized to favor the entrance of
positively charged ions. The vanilloid receptor TRPV1 is a
nonselective cation channel with the highest permeability for
Ca*t (Caterina et al., 1997, Tominaga et al., 1998). The acidic
residues, E636 and D646, positioned at the inner wall of the
selectivity filter most likely represent the points of electrostatic
interaction with positively charged ions passing through the pore
(Ferrer-Montiel et al., 2004). This is also a likely explanation why
the trivalent cation Gd*" exerts an inhibitory effect on this channel.

The high affinity binding of lanthanides has been shown to
affect the physical properties of phospholipid bilayers strongly by
causing membrane rigidification, an increase of membrane tension
and a decrease of transversal compliance (Ermakov et al., 2001;
Verstraeten et al., 1997). Despite a close relationship of TRPV1 to
two osmotically activated ion channels, TRPV4 (Liedtke et al.,
2000) and SIC (Suzuki et al., 1999), this channel does not seem to
respond to mechanical stimuli (Cho et al., 2002; Liedtke et al.,
2000). In agreement with other studies (e.g. Dunina-Barkovskaya

et al., 2004), we frequently observed that application of Gd**
improved the gigaseal of the cell under study. Although we cannot
rule out completely some contribution of the membrane-borne
electrostatic effects, a direct interaction of Gd*" with negatively
charged sites in the TRPV1 channel pore is a more plausible
explanation for the blocking mechanism.

Effects of Gd®" on other TRP channels

Dual effects of lanthanides, potentiating and blocking, were
reported recently in two other members of the mammalian TRP
channel superfamily, TRPC4 and TRPCS; these receptors belong to
the canonical or classical (TRPC) channel subfamily, and the
currents carried through these channels have been shown to be
potentiated by submillimolar concentrations of La*" or Gd*>" (Jung
et al., 2003; Schaefer et al., 2000, 2002; Strubing et al., 2001),
whereas millimolar concentrations were inhibitory. Similar to our
present findings on TRPV1, neutralization of two negatively sites
situated close to the extracellular mouth of the TRPC5 channel
pore resulted in a loss of the potentiation (Jung et al., 2003). These
authors also found that Gd*>* competes with Ca®" for these two
sites (Glu543 and Glu595/Glu598), thus altering the potentiating
effect of Ca®". In contrast, our experiments on TRPV1 in which
Gd** replaced Ca®" in the extracellular solution, did not reveal
significant changes in the Gd*" inhibitory action on heat-evoked
responses, though more detailed biophysical studies will be needed
to elucidate the interaction of these two cations. The presence of
negatively charged residues around the extracellular mouth of the
channel pore appears to be a general mechanism that contributes to
the potentiating effects of lanthanides in some of the TRP channels.

Conclusion

In summary, our results demonstrate that gadolinium, in
addition to its well-known blocking effects on several TRP
channels, activates and potentiates the vanilloid TRPV1 channel
at low concentrations by direct interactions with two negatively
charged residues located on the extracellular pore loop region
containing the selectivity filter. Gadolinium interacts with TRPV1
at the same sites which are the targets for protonation. This finding
contributes to our knowledge on TRP receptors that play critical
roles in regulating the calcium entry vital to many physiological
functions.

Experimental methods
Cell culture and transfection

Human embryonic kidney (HEK) 293T cells (SD 3515; ATCC,
USA) were cultured in OPTI-MEM 1 (Life Technologies, USA)
supplemented with 5% FBS (fetal bovine serum). Cells were plated
on to dishes coated with poly-L-lysine at a density ~180,000 cells
em 2 293 T cells were transfected transiently with 300—400 ng/
dish recombinant plasmid DNA encoding wild-type or mutant rat
TRPV1 in pcDNA3 vector (wild type kindly provided by D. Julius,
San Francisco, CA, USA) or human TRPV3 in pcDNAS5/FRT
(kindly provided by A. Patapoutian, ICND, La Jolla, CA, USA)
using the Lipofectamine 2000 method according to the manufac-
turer’s protocol (Invitrogen, Life technologies, Scotland, UK). To
identify the transfected cells in the electrophysiological experi-
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ments, DNA plasmid encoding green fluorescent protein (GFP) in
pQBI 25 vector (TaKaRa, Japan) was co-transfected at a
concentration of 400 ng/dish. Transfected cells were replated onto
glass coverslips (three 12 mm coverslips per 35 mm dish) coated
with poly-L-lysine. Electrophysiological experiments were per-
formed 24-48 h after transfection. For each experimental group,
five to eight GFP positive cells per coverslip were studied from at
least three different (independent) transfections.

Construction of E6004 and E648A4 mutants of TRPV1

Rat TRPV1 mutants were constructed by PCR amplification
using rat TRPV1-specific primers synthesized to contain a point
mutation converting the respective nucleotides at positions E600
and E648 to A600 and A648. The QuikChange XL Site Directed
Mutagenesis Kit (Stratagene, La Jolla, CA, USA) was used
according to manufacturer’s protocol to perform point mutations
in TRPV1. The overlapping primer pairs were as follows: TRPV1-
E600A, 5-GTG GTG ACA CTG ATT GCG GAT GGG AAG
AAT AAC-3 (sense) and 5'-GTT ATT CTT CCC ATC CGC AAT
CAG TGT CAC CAC-3 (antisense); TRPV1-E648A, 5'-C GGC
ATG GGC GAC CTG GCG TTC ACT GAG AAC TAC G-3'
(sense) and 5-C GTA GTT CTC AGT GAA CGC CAG GTC
GCC CAT GCC G-3' (antisense). Base changes introducing
alanine are in bold type. All site-directed mutated constructs were
confirmed by DNA sequencing using an automated sequencer
(ABI PRISM 3100, Applied Biosystems, USA).

Electrophysiology

Whole-cell membrane currents were recorded by employing an
Axopatch-1D amplifier and the pCLAMPS software (Axon
Instruments, USA). Electrodes were pulled from borosilicate glass
and after filling had a resistance of 4—6 M(). The series resistance
was usually less than 10 M) and was compensated to ~80%. A
system for fast superfusion of the cultured cells was used for drug
and heat application. It consisted of a manifold of 7 fused silica
capillaries connected to a common outlet made from a glass
capillary around which insulated copper wire (20 pm thick) was
coiled to pass DC current for heating the solutions superfusing the
cell under investigation (Dittert et al., 1998). The temperature of
the superfusing solution was measured by a miniature thermocou-
ple inserted into the outlet capillary near to its orifice that was
placed less than 100 um from the cell under investigation. Before
and after the test solutions, the cells were superfused with control
extracellular solution (ECS) of the following composition (mM):
NaCl, 160; KCl, 2.5; CaCl,, 1; MgCl,, 2; HEPES, 10; glucose, 10;
pH was adjusted to 7.3 with NaOH. The intracellular pipette
solution (ICS) contained (mM): Cs-gluconate, 125; CsCl, 15;
EGTA, 5; HEPES, 10; NaCl, 2; CaCl,, 0.5; ATP, 2; pH was
adjusted to 7.3 with CsOH. The osmolarities of the extracellular
and the intracellular solution were 320 and 290 mOsm. Capsaicin
(Sigma) solution was prepared from a 0.1 M stock solution in
ethanol, stored at —20°C. The final concentration of ethanol was
<0.001%. Gadolinium solution was prepared from a stock solution
of 100 mM GdCls in distilled water.

Statistical analysis

All data are expressed as the mean = SEM. Overall statistical
significance was determined by analysis of variance, if not stated

otherwise. In case of significance (P < 0.05), statistical compar-
isons were performed by Student’s ¢ test for individual groups.
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6. ZAVER

* Vyslovili jsme hypotézu, Ze akutni desenzitizace TRPVI receptoru muze byt
funkénim odrazem jeho snizené afinity k ligandu. Prokazali jsme, ze desenzitizovany
TRPVI1 kanal ve srovnani s nedesenzitizovanym vykazuje v heterolognim expresnim
systému daleko pomalejs$i rychlost aktivace a naopak rychlejsi ¢asovou konstantu
deaktivace. Zjistili jsme, ze aktivita desenzitizovaného TRPV1 receptoru muze byt
navracena ke své ptivodni maximalni hodnoté aplikaci vysokych koncentraci agonistti
(kapsaicinu 1 piperinu), ¢imz se tento iontovy kanal zasadné odliSuje od jinych

chemicky aktivovanych kanala.

» Prokézali jsme, ze defosforylace serinu 502 a threoninu 704 neni pfi¢inou akutni
desenzitizace, jak se dosud piedpokladalo, ale Ze pro spravnou funkci TRPV1 kanalu je
s velikou pravdépodobnosti nutnd funkéni interakce téchto dvou aminokyselinovych
zbytkli. Nase vysledky podporuji hypotézu, Ze vapenaté ionty prochézejici porem
aktivované¢ho iontového kandlu vyvoldvaji rozsadhlé konformacni zmény TRPVI
proteinu zahrnujici oblast vazebného mista pro kapsaicin i oblast proximalniho
karboxylového konce. Interakce téchto dvou oblasti je zifejme vyznamné ovliviiovana

membranovym fosfolipidem PIP;.

* Charakterizovali jsme mechanizmy, kterymi oxidacni a reduk¢ni latky senzitizuji
membranové proudy zprostfedkované rekombinantim TRPV1 receptorem vyvolané
bolestivym teplem (>43°C). Prokazali jsme, Ze redukéni latky s nejvetsi
pravdépodobnosti plisobi piimo na TRPVI1 kandal. Oxidac¢ni latky mohou snizovat
koncentraci aktivatort TRPV1 kanalu. Extracelularni cystein 621 zaujima kli¢ové misto
v DTT potenciaci odpovédi na teplo. Na zakladé pokusiti s cysteinovymi mutanty
TRPV1 receptoru (C616G, C621G, C634G a 3CYS) jsme prokdzali, Ze potenciacni

ucinek oxidac¢nich latek neni zprostfedkovan extracelularnimi cysteiny.

 Zjistili jsme, ze oxidacni ¢inidlo komplex médi s 1.10-fenantrolinem blokuje TRPV 1
kanal koncentracné a napétové zavislym zplsobem. Blokujici ucinek neni
zprostfedkovan extraceluldrnimi cysteiny (C616, C621 a C634) lokalizovanymi v poru

iontového kandlu a nejde tedy o oxidaci.
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* Objasnili jsme mechanizmy plisobeni gadolinia na TRPV1 receptor. Zjistili jsme, Ze
gadolinium jako blokéator mnoha typt iontovych kanall plsobi tfemi riznymi G¢inky na
vaniloidni TRPV1 receptor: aktivaénim, senzitiza¢nim (modulacnim) a inhibi¢nim.
Gadolinium aktivuje TRPV1 kanal pfi pokojové teplot¢ koncentratné zavislym
zpusobem a jeho aktivani a senzitiza¢ni U¢inek na membranové proudy vyvolané
teplem 1 kapsaicinem je zprostiedkovan podobnym mechanizmem jako jsou ucinky
protontl, tj. interakci s negativné nabitymi glutamaty E600 a E648 umisténymi v
blizkosti poru iontového kanalu. Gadolinium pfi vysSich koncentracich (> 100 pM)

navic ptimo blokuje TRPV1 kanal tim, Ze prochazi jeho pérem jako nosi¢ naboje.

Piinos dizertacni prace v oblasti vyzkumu bolesti

Vysledky, které jsou soucasti této dizertacni prace pfispivaji k bliz§imu poznani
biofyzikalni a molekularni podstaty aktivace vaniloidniho receptoru ve vztahu k jeho
mozné fyziologické tUloze na polymodalnich nociceptorech a objasiiuji nékteré
mechanizmy, které se mohou podilet na vzniku nékterych chronickych bolestivych
stavil.

Nekteré dil¢i vysledky, které se tykaji molekuldrnich mechanizmt akutni
desenzitizace zavislé na vapniku, by mohly vbudoucnu piispét k vysvétleni
nezaddoucich uc¢inkd provazejicich klinické vyuziti vaniloidnich latek pii 1écbe
neuropatickych stavil, ptipadné byt podkladem pro vyvoj novych 1é¢ebnych postupt. Je
znamo, ze aktivita TRPV1 receptoru je vyznamné modulovana pfitomnosti mediatora
zanétu. Nové poznatky této dizertani prace prokazuji, Ze pro aktivitu receptoru je
dilezité také optimdlni oxidacné-redukéni prostiedi a je-li poruseno (smérem k vice
oxidovanémunebo vice redukovanému stavu) TRPV1 receptor je senzitizovan. Tento
mechanizmus modulace se muze uplatiovat napiiklad pii nékterych patologickych
stavech spojenych s neuropatickym onemocnénim. Studie zaméfené na poznani
molekularnich mechanizmt G¢inki gadolinia a oxida¢ni latky komplexu médi s
fenantrolinem pfispivaji k upfesnéni struktury vnéjsi oblasti poru TRPV1 iontového
kanalu a tim 1 k bliz§i specifikaci u¢inné chemické struktury latek s potencidlnim
blokujicim ucinkem, které by mohly byt pfedlohou pro vyvoj novych pitesné cilenych

analgetik.
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Postupné a cilené rozsifovani dosavadnich resp. ziskani novych znalosti o
struktufe a funkci TRPV1 receptoru mohou vést k odhaleni dosud neprozkoumanych
vztahli mezi TRPV1 receptorem, resp. dal§imi receptory z TRP skupiny, a rliznymi
patologickymi stavy, a ptispét tak ke zkvalithovani jiz existujicich a objevovani novych

1€kt ¢i 1écebnych postupi tiSicich bolest u lidi.
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9. SEZNAM ZKRATEK

AC adenylylcyklaza

AChR nikotinicky acetylcholinovy receptor

2-APB 2-aminoetoxydifenyl borat

ASIC acid-sensing ion channel, iontovy kanal aktivovany
kyselym prostfedim

ATP adenozintrifosfat

CaM kalmodulin

CaMKII kalcium/kalmodulin-dependentni proteinkinaza II

cAMP cyklicky adenozinmonofostat

Ch-T chloramin-T

DAG diacylglycerol

DRG dorsal root ganglion, ganglion zadnich kofenti

misnich, spindlni ganglion

DTNB 5,5’dithiobis-2-nitrobenzoova kyselina

DTT dithiothreitol

ER endoplazmatické retikulum

FSK forskolin

GABA kyselina gama-aminomaselna

GPCR G-protein coupled receptor, receptor sprazeny

s G-proteiny
GSH redukovana forma glutathionu,

gama-glutamylcysteinylglycin

GSSG oxidovana forma glutathionu

IP; inozitol-1,4,5-trisfosfat

kDa kilodalton

NADA N-arachidonyl dopamin

NEM N-ethylmaleimid

NGF nervovy rustovy faktor

NMDA N-metyl-D-aspartat

NompC no mechanoreceptor potential C, mechanosenzoricky

iontovy kanal u Drosophily melanogaster
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OLDA
P2XR
PKA
PIP,
PKC
PLA,
PLC
PMA
RTX
S1-S6
SIC

TRPV1

N-oleoyldopamin

purinergni receptor

proteinkindza A

fosfatidylinozitol-4,5-bisfosfat

proteinkindza C

fosfolipaza A,

fosfolipaza C

forbol-12-myristat-13-acetat

reziniferatoxin

1. az 6. transmembranova doména

strech-inhibitable channel, iontovy kanal aktivovany
zvySenym osmotickym tlakem

transient receptor potential vanilloid receptor-1, vanilodni

(kapsaicinovy) receptor
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