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1. SOUHRN

Detekce bolestivych podnétli na periferii a jejich transdukce do CNS je
zprostiedkovdana nékterymi zdastupci teplotné citlivych transient receptor
potential (TRP) kandli, ktefi se exprimuji na volnych zakoncenich primérnich
aferentnich senzorickych neuronii nazyvanych nociceptory. Prostiednictvim
TRP kandlli nociceptory vnimaji nejen teplotni stimuly, ale také podnéty
mechanické a chemické. Ze sedmi v souCasnosti identifikovanych teplotné
citlivych TRP kanéli jsou za detekci bolestivych teplotnich podnéti zodpovédni
dva teplem aktivovani zdstupci vaniloidnich receptorii: TRPV1 (=42 °C),
TRPV2 (=52 °C) a jeden chladem aktivovany zdstupce ankyrinovych receptorti
TRPA1 (<17 °C). Tyto kanaly jsou typické slozitym a dosud nezndmym
mechanizmem pusobeni, jejichZ pozndni je nezbytné k pochopeni jejich
komplexnich funkci v organizmu a nasledné¢ pro navrhovani potencidlnich
analgetik. Nové poznatky, které jsou ndplni této studie, smétuji k objasnéni
mechanizmt pasobeni dvou vyse zminénych nociceptivnich receptort TRPV1 a
TRPAI, se zaméfenim na kafrovou a napét'ovou citlivost TRPV1 a vapnikovou
modulaci TRPAT receptoru.

Prvnim tématem, které je v této praci diskutovdno, je modulacni
mechanizmus kafru na TRPVI1 receptor. Kafr je uCinnou, v pfirodé se
vyskytujici latkou pouZivanou diky svym analgetickym d¢inklim od nepaméti.
Jeji mechanizmus puasobeni je vSak nezndmy. Kafr je zndm jako parcidlni
agonista TRPV1 receptoru, plny agonista TRPV3 receptoru, ale i1 jako inhibitor
sav¢iho receptoru TRPAT1. Piasobeni kafru bylo v rdmci této studie studovano
nejen na urovni vaniloidniho receptoru typu 1, ale 1 na urovni zmén vlastnosti
membrany v pfitomnosti této latky. Ukdzalo se, Ze kafr je schopen velmi rychle
aktivovat TRPV1 receptor, a to prostfednictvim konformacni zmény kréatkého
helixu, ktery je situovan uvnitt poru kandlu. Tento helix byl navrZzen 1 jako misto
interakce kafru s receptorem. Stejné¢ dobfe kafr méni distribuci dileZitého
modulétoru vaniloidniho receptoru fosfatidylinositolu-4,5-bisfosfatu na vnitinim
listu membrany, coZ muaze piredstavovat dulezity zpasob modulace
membranovych receptort.

Z. hlediska zdkladnich strukturdlné funkc¢nich vlastnosti byla u TRPV1
receptoru studovdna tloha intraceluldrni ¢4sti S4-S5 helixii a byla porovnéana
funkce odpovidajicich aminokyselin u dvou dalSich zdstupci vaniloidnich
receptori, TRPV2 a TRPV3. PiestoZe je studovand oblast mezi témito zdstupci
vysoce konzervovana, ukdzalo se, Ze nabitd rezidua v té€to oblasti maji mezi
jednotlivymi zastupci odlisSné funkce v jejich teplotni, napétové a chemické
citlivosti. Byla identifikovdna rezidua nezbytnd pro napétovou a teplotni
modulaci kapsaicinem aktivovaného TRPV1 kanélu.

ZavéreCnym tématem diskutovanym v rdmci této prace je uloha distalni
casti C-termindlntho konce TRPA1 receptoru v aktivaci vapenatymi ionty.



TRPA1 je iontovy kandl, jehoZ funkce je silné modulovand ionty Ca>*, ale
mechanizmus této modulace nebyl zatim uspokojivé objasnén. Na zakladé
naSich experimentalnich dat usuzujeme na funkci distdlni domény C-konce jako
vapnikového senzoru TRPA1 receptoru. Zaménami kyselych aminokyselin
v této oblasti byla prokdzdna tloha t&chto rezidui ve Ca**-indukované potenciaci
a inaktivaci tohoto kanalu. Vysledky této Casti piedlozené dizertaCni price
napomahaji k porozuméni funkce TRPA1 receptoru v chemické nocicepci.

2. UVOD

TRP kandly ptedstavuji jednu z nejvétSich a evoluéné plvodnich rodin
iontovych kandll, jejiZz zdstupci jsou exprimovani téméi ve vSech typech
zivoCiSnych  tkani. 'V primarnich senzorickych neuronech plni ulohu
transdukcnich molekul, které na nervovém zakonceni umoznuji detekovat celou
fadu vnéjSich podnétli, rozpoznat mezi nimi podnéty Skodlivé a neSkodné a
predat tuto informaci do centrdlni nervové soustavy. Ur€eni intenzity a modality
aktiva¢niho podnétu nezdvisi pouze na poctu exprimovanych receptorti, ale
pfedevsim na typu piitomnych TRP receptori. Polymodédlni TRPV1 a TRPA1
receptory jsou kliCovymi molekulami, které na primarnich senzorickych
neuronech zajistuji detekci podnétl, jez vyvoldvaji u Clovéka bolest a
pravdépodobné se uplatiiuji v mechanizmech chemické, tepelné a mechanické
nocicepce za fyziologickych i patofyziologickych podminek. Sedm z celkem 30
identifikovanych sav¢ich zdastupcii TRP kandli je aktivovdno pii piekroceni
urCitého teplotniho prahu. Vaniloidni zastupci TRPV1-4 prevadéji informaci
o zvySené (TRPV3 a TRPV4) az bolestivé (TRPV1 a TRPV?2) teploté okolniho
prostiedi (Caterina et al., 1999, Caterina et al., 1997, Peier et al., 2002, Xu et al.,
2002). Naproti tomu TRPMS, TRPC5 a TRPAI1 kandly jsou aktivovany mirnym
chladem, nebo chladem vyvolavajicim bolest (McKemy et al., 2002, Peier et al.,
2002, Story et al., 2003, Zimmermann et al., 2011).

V souCasné dobé je vynakldddno velké usili na vyvoj antagonistl
piedevsim TRPV1 a TRPAI1 receptorti, nebot’ blokatory téchto kandlti mohou
predstavovat terapeutické vyuZiti jako analgetika. U€innou alternativou
ve vyvoji novych analgetik muiZe byt fizeni modulace iontovych kandli
zanétlivymi medidtory, nebot’ prdh teplotni aktivace TRPV1 i TRPAI1 je
modulovan extracelularnimi medidtory poskozeni tkdné ¢i zdnétu (napf.
bradykinin, prostaglandiny, rlstové faktory). K celkovému porozuméni
fyziologické funkce TRP receptorii dosud brani neznalost detailni struktury,
nedostateCnd informace o mistech funkéni exprese a nedostateCnd selektivita
jejich aktivatort a inhibitorti. Udaje z dosavadnich studii potvrzujf, Ze funkéni
TRP kandl je tetramerem, jehoz kazda zpodjednotek je tvofena Sesti
transmembrdnovymi priniky (S1-S6) spojenymi extra- a intraceluldrmi
klickami, z karboxylového a aminového konce sméfujicimi do cytoplazmy
(Clapham, 2003). Mezi S5 a S6 doménou je lokalizovdna kritkd hydrofobni
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klicka (,,P-loop*), kterd spolecné s identickymi ¢astmi dalSich tfi podjednotek
vytvari selektivni filtr a centrdlni por kandlu, jimz ve sméru elektrochemického
gradientu prochazeji kationty (L1 et al., 2011, Owsianik et al., 2006). TRPV1 je
aktivovan celou fadou podnétii chemické a fyzikdlni povahy, endogenniho
i exogenniho pitivodu, sloudeninami piirodnimi i syntetickymi. Rada z t&chto
podnéti, jako napiiklad teplo (> 43 °C), pH < 6, latky uvolnéné v misté poranéni
¢1 zéanétu, jsou prostiednictvim aktivace TRPV1 zdrojem bolestivého vjemu,
ktery chrdni dany organizmus za normdlniho i1 patologického stavu. Mezi
aktivatory rostliného piivodu s analgetickym udcinkem patii kafr, ktery byl
charakterizovan jako Castecny agonista TRPV1 receptoru, ktery je schopen jeho
aktivace nezavisle na vazebném misté pro vaniloidni latky (Xu et al., 2005).
Tato latka je diky svym analgetickym ucinkim béZné pouzivana, ale jeji
molekuldrni mechanizmus plisobeni zndm neni.

Vyznamnym moduldatorem TRPV1 receptoru je fosfatidylinositol-4,5-
bisfosfat (PIP,). Vysledky studii zabyvajicich se uinkem PIP, na TRPV1 jsou
vSak Casto kontroverzni. Z dosavadnich studii vyplyv4, Ze tento kysely
fosfolipid je schopen inhibice 1 senzitizace TRPV1 receptoru, a to
pravdépodobné prostfednictvim piimych a/nebo nepiimych mechanizmii
v zavislosti na koncentraci agonisty (Lukacs et al., 2007). Pii saturujici
koncentraci kapsaicinu (10 uM) a v pfitomnosti extracelularniho vapniku PIP,
aktivuje TRPV1 receptor, nebot’ po jeho depleci vyvolané aktivaci PLC receptor
desenzitizuje. Naopak, piinizké koncentraci kapsaicinu (1 nM) prevlada
inhibi¢ni efekt PIP,. V souladu s jinymi studiemi autofi této publikace tvrdi, Ze
PIP;, je agonistou TRPV1 receptoru, jehoz aplikaci na vytrzené terCiky je mozné
vyvolat aktivaci iontového kandlu (Klein et al., 2008, Klein et al., 2008, Klein et
al., 2011, Lukacs et al., 2007, Stein et al., 2006).

TRPV1 kandl je ve srovnéni s nap&tim aktivovanymi K™ kandly jen slabé
napétoveé zdvisly. Aktivace depolarizujicim napétim je charakterizovdna
hodnotou polovi¢niho tG¢inného napéti V;, ~ +154 mV (Boukalova et al., 2010).
Hodnota V,, je siln€ zdvisld na teploté. Pti vySsi teploté se prdh napctové
citlivosti TRPV1 vyrazné posouvé k vice negativnim potencidlim (Nilius et al.,
2005, Voets et al., 2004). To znamend, Ze citlivost tohoto teplotniho senzoru je
zavisld na membranovém potencidlu a lze tedy ocekavat, Ze se bude liSit
u riiznych typa excitabilnich bun¢k. Napétova zavislost TRPV1 receptoru se
meéni také v pritomnosti dalSich aktivatorii. Naptiklad TRPV1 je pfi pokojové
teploté aktivovan depolarizujicim napétim, ale v pfitomnosti kapsaicinu je
aktivovan vice piihyperpolarizatnim potencidlu. Kiivka pravdépodobnosti
otevieni vs. koncentrace kapsaicinu ma vSechny znaky kooperativniho
aktivatniho mechanizmu (Oseguera et al., 2007). Pifedpoklada se tedy, ze
aktivacni draha kapsaicinu je alostericky spojena s drdhou napétovou a teplotni.

Aktivita TRPA1 kandlu je vyznamnym zpisobem modulovana
vapenatymi ionty. Kromé nédboje, ktery s sebou pfi prichodu kandlem nesou, je
to predevsim jejich schopnost aktivace a nasledné inhibice proudové odpovédi
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na chemicky podnét. Ca®* jonty uréuji miru aktivace TRPA1 tim, Ze ovliviiuji
jednotkovou vodivost a pravdépodobnost otevieni kanalu (Nagata et al., 2005).
Viépenaté ionty mohou interagovat s TRPA1 prostfednictvim vazebné domény
tzv. ,,EF hand‘“ na aminovém konci receptoru (Doerner et al., 2007, Zurborg et
al., 2007). Kromé piimé aktivace maji Ca** ionty zdsadni dlohu v modulaci
aktivity ankyrinového receptoru. Jejich ucinek spoCiva v potenciaci a nasledné
inhibici odpovédi vyvolané agonistou, pficemZz oba dé€je jsou pravdépodobné
na sob¢ nezavislé (Sura et al., 2012, Wang et al., 2008).

3. HYPOTEZY A CILE PRACE

Mechanizmus uc¢inku kafru na TRPV1 kanal

Kafr je parcidlnim agonistou TRPV1 receptoru, jehoz mechanizmus
ucinku je nezdvisly na vazebném misté¢ pro vaniloidni slou€eniny. Na zaklad¢
zjisténi, ze kinetika kafrovych odpovédi TRPV1 receptoru je rychld, jsme
predpokladali, ze se jednd o piimou interakci s receptorem, pravdépodobné
z extracelularni strany. Kafr je mimo jiné lipofilni latkou pouZzivanou
ve vysokych koncentracich a nelze proto opomenout ani moznost jeho
nepiimého ucinku na receptor prostrednictvim vyznamného moduldtoru TRPV1
receptoru PIP;.

Cile:

A) Pomoci elektrofyziologickych experimentd popsat zdkladni kinetické
charakteristiky kafrovych odpovédi TRPV1 a porovnat je s odpovéd'mi
klasického agonisty kapsaicinu.

B)  Popsat kafrovou modulaci TRPV1 membranovych proudi vyvolanych
charakteristickymi aktivétory, jako jsou kapsaicin, teplo, depolarizacni
napéti a protony.

C) Navrhnout mozny mechanizmus kafrové modulace TRPV1 receptoru,
popiipad¢ navrhnout misto interakce kafru s receptorem.

D) Na zédkladé FRET experimentii popsat dynamiku molekul PIP,
v membran¢ v pfitomnosti kafru a porovnat ji se zménou distribuce tohoto
fosfolipidu v pfitomnosti kapsaicinu. Navrhnout funkci PIP, v kafrové
modulaci TRPVI.

Funk¢ni a strukturdlni iloha S4-S5 oblasti u teplem aktivovanych
TRPV kandlt

Intracelularni ¢ast S4-S5 helixi pfedstavuje mezi teplotné citlivymi
vaniloidnimi zdstupci (TRPV1, TRPV2 a TRPV3) TRP receptori vysoce
konzervovanou oblast s nabitymi rezidui, kterd by mohla byt vyznamna pro
funkci téchto receptori a stejné jako u piibuzného TRPMS kandlu ptredstavovat
soucast jeho napétového senzoru.



Cile:

A)  Piipravit mutantni receptory s neutralizujicimi zdménami postupné vSech
nabitych aminokyselin v S4-S5 oblasti TRPVI1. Elektrofyziologicky
charakterizovat jejich citlivost na depolarizani napéti a chemickou
citlivost na kapsaicin. U rezidui, které budou mit rozdilny fenotyp na
sledovany podnét od divokého typu receptoru, navrhnout jejich funkcéni a
strukturalni vyznam.

Uloha C-terminélniho konce TRPA1 kan4lu ve Ca®" aktivaci

Distalni ¢ast karboxylového konce TRPA1 obsahuje oblast bohatou
na z4porn¢ nabité aminokyseliny, kterd by mohla predstavovat potencidlni misto
pro jeho vapnikovou modulaci.

Cile:

A)  Funkénim testovdnim konstruktt TRPAI1 receptoru se zkrdcenymi
C-konci zjistit vyznam této Casti receptoru v jeho funkci.

B) Priprava a funkCni testovdni jednotlivych mutaci v oblasti distalniho
C-konce TRPA1 bohaté na zaporné nabitd rezidua (E'"IISETEDDD'*?).
Urceni fenotypu jednotlivych mutantd TRPA1 receptoru testovanych
na citlivost k depolarizacnimu napéti, cinamalu a vapnikovou potenciaci a
inhibici cinamalem vyvolané odpovédi.

C) S vyuzitim homologniho modelovéni a molekularné dynamické simulace
oveétit mozné interakce testovanych rezidui s ionty vapniku.

4. MATERIAL A METODIKA

Expresni systém a konstrukty

V experimentech byla pouzivana krysi (poskytnuta od David Julius, USA)
a lidska varianta divokého TRPV1 receptoru (Origene Technologies, USA),
lidska varianta TRPV2 (Origene Technologies, USA), TRPV3 (poskytnuta od
Ardem Patapoutian, USA) a TRPAI receptoru (Origene Technologies, USA) a
jejich mutantni varianty ptipravené pomoci kitu QuikChange II XL Site-
Directed mutagenesis kit (Agilent Technologies, USA). Déle chiméra krysiho
TRPV1 receptoru s TRPV?2 receptorem (TRPV1-A15:627-634). K dispozici byla
1 kontrolni varianta této chiméry s deleci 15 aminokyselin (TRPV1-A15). Klony
byly poskytnuty laboratofi doktora Feng Qin v Buffalu (Ryu et al.,, 2007).
Ke studiu zmén distribuce PIP, v membriané pomoci FRET techniky bylo
vyuzito dvojice CFP- (modry fluorescen¢ni protein) a YFP- (Zluty fluorescencni
protein) znacenych PH (,,pleckstrin homology*) domén, které specificky vazou
molekulu PIP, (PH_CFP a PH_YFP) (poskytnuty od Tamas Balla, USA).

Jako expresni systém byly vyuZivany lidské embryonélni ledvinné bunky
HEK293T (ATCC, USA). Bunky byly péstoviany v médiu OPTI-MEM (Life
Technologies, USA) obohaceném 5% fetdlnim telecim sérem (PAN Biotech
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GmbH, Aidenbach, Némecko) v inkubdtoru pii teploté 37 °C, 5% koncentraci
CO,. Plazmidy (200-600 ng), byly ptechodné transfekovany do HEK293T
bunék pomoci magnetickych nanopartikuli MATra-A Reagent a silného
magnetu (IBA GmbH, Némecko). Transfekované buniky byly v rozmezi 24-48
hodin pouZity kexperimentim. Pro rozezndni bunék exprimujicich
rekombinantni receptory od bun€k netransfekovanych byla pouzivdna
kotransfekce receptortii se zelenym fluorescencnim proteinem GFP (150 ng).

Elektrofyziologickd méieni

Membranové proudy z HEK293T bunék byly snimdny pomoci
elektrofyziologické techniky terCikového zdmku (,.patch clamp*). Proudy byly
méfeny z celych bunék zesilovacem Axopatch 200B (Axon Instruments, USA) a
programem pCLAMP 10 (Molecular Devices, USA). Snimaci pipety byly
vytazeny z borosilikatovych kapilar o vnéjSim primérem 1.65 mm pomoci
tahace (P-97, Sutter Instrument, CA). Snimaci pipety byly naplnéné
intracelularnim roztokem o pH=7.3 a osmolarit¢ 290 mmol/kg obsahujici:
125 mM glukono-d-lakton, 15 mM CsCl, 5mM EGTA, 10 mM HEPES,
0.5mMCaCl, a 2mM ATP (Mg™* stl). Veskeré experimenty mimo
experimenty s teplotni stimulaci probihaly pii pokojové teploté (23-25°C) a
membranovy potencidl bunék (pokud neni uvedeno jinak) byl udrzovén
na -70 mV. Sériovy odpor byl u vSech bunék kompenzovian minimaln€ na 70 %.
V piipad¢ méfeni mutantnich receptort byl vzdy stejnymi roztoky a protokolem
otestovan 1 divoky typ receptoru (WT) na buinikdch stejné pasdze. Pro dany typ
experimentu byly provedeny nejméné Ctyfi nezavislé transfekce. Na kazdy
pokus bylo pouzito vZdy nové kryci sklicko s bunikami. Transfekované bunky
byly vizualizovany pomoci invertovaného fluorescenéniho mikroskopu
Olympus IX-81 (Olympus, Japonsko) excitaci GFP pii 475 + 10 nm a snimanim
emise pii vlnovych délkach > 510 nm. Pro definovanou aplikaci chemickych
latek byl pouzivan aplika¢ni systém WASO02 s moznosti rychlé vymény az sedmi
roztokli v ¢ase kratSim nez 130 ms. Toto aplikacni zafizeni bylo rozsiteno
o moznost presného fizeni teploty roztoku (Dittert et al., 2006, Dittert et al.,
1998). V pribchu fluorescenCnich a elektrofyziologickych experimentl byly
buniky omyvény extraceluldrnim roztokem o pH = 7.3 a osmolarité 325 mmol/kg
obsahujici: 160 mM NaCl, 10 mM glukosy, 10 mM HEPES, 2.5 mM KClI,
I mM CaCl, a 2 mM MgCl,.

Fluorescencéni méieni

K monitorovani dynamiky PIP, jsme vyuzili metody zaloZené
na rezonan¢nim pienosu energie mezi dvéma fluorofory (,Forster resonance
energy transfer” - FRET). Princip této metody je podrobné& popsan v publikaci
(van der Wal et al., 2001). CFP byl excitovan pii 436 £ 10 nm a jeho emise
snimdna pfi 480 £ 15 nm. Emisni spektrum CFP se piekryva s excita¢nim
spektrem YFP, jehoZ emise byla detekovana pfi 535 + 20 nm (Aexcitace = 470 +



10 nm). Fluorescen¢ni pokusy byly zaznamenédvany pomoci programu Cell*R a
invertovaného mikroskopu Olympus IX-81 (Olympus, Tokyo, Japonsko)
vybaveného specidlnim zafizenim pro soucasné snimani emise pii dvou riznych
vlnovych délkach (Dual-View Optical Insights, LLC, USA). Nezbytnou soucast
aparatury tvoftil polychromator (Polychrome V, Till Photonics, Némecko), ktery
je schopen rychle ménit vlnové délky excitace, a citlivda CCD kamera
(Hamamatsu Orca ER; Japonsko). K vyhodnoceni fluorescen¢nich experiment
byl vyuzit program Image] v kombinaci s programem SigmaPlot 10.0 (Systat
Software GmbH, Né&émecko). Ke grafické prezentaci vysledkli byl pouZit
CorelDRAW 12 (Corel Corporation, Kanada).

Statistické vyhodnoceni

Elektrofyziologickd data byla analyzovdna programem pCLAMP 10
(Molecular Devices GmbH, Némecko) a kiivky byly proklddany a statisticky
analyzovany v programu SigmaPlot 10 a SigmaStat 3.5 (Systat Software Inc.,
USA). Ziskané vysledky jsou uvedeny jako primér + stfedni chyba nebo
odchylka priméru (S.E. nebo SD), statistickd vyznamnost byla vypoctena
pomoci t-testu. Za statisticky vyznamné byly povazovany rozdily s hladinou
vyznamnosti P < 0.05.

5. VYSLEDKY

Mechanizmus uc¢inku kafru na TRPV1 kanal

Pti charakterizaci kafrovych odpovédi jsme zjistili, Ze kafr aktivuje
TRPVI1 receptor koncentraéné zdavislym zptisobem s hodnotou ECs5)~5 mM
na membranovém potencidlu +70 mV. Rychld kinetika aktivace, deaktivace
kafrovych odpovédi TRPV1 receptoru a tplné vratnost kafrem zprostredkované
potenciace kapsaicinovych odpovédi (obr. 1) podporuje hypotézu, Ze kafr
aktivuje TRPV1 kandl prostiednictvim piimé interakce. Opakovatelna
potenciace kapsaicinem vyvolanych odpovédi kafrem je stavové zavisla resp.
dochézi k ni pouze pokud je TRPV1 receptor obsazen molekulami kapsaicinu.
Utinek kafru na TRPV1 vyrazné vzroste synergistickym ptisobenim dalsich
modalit, jako je teplo, kapsaicin ¢i depolarizacni napéti. Membranové proudy
zprostiedkované TRPV1 kandly vyvolané nizkym pH (pH =6.8) jsou vSak
kafrem potencovany jen mirn¢.

kafr 5 mM

kapsaicin
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Obr. 1: Kafrem vyvoland stavové zdvisld potenciace kapsaicinové odpovédi TRPVI.
Reprezentativni zdznam proudovych odpovédi z celé bunky (HEK293T), exprimujici TRPV1
kandly, udriované na membrdnovém potencidlu -70 mV. Prerusovand cdra predstavuje
nulovou tiroven proudu. Aplikace roztokit s 1 a 10 uM kapsaicinem (bilé obdélniky; a, d),
5 mM kafrem (cerné obdélniky, c, g) ci jejich kombinace (b,e,f,h,i) odhaluji, Ze kafr potencuje
kapsainem vyvolané odpovédi mnohem efektivnéji, pokud je receptor obsazen kapsaicinem,
nez v pripadeé zaviené formy receptoru (b, e, f, h vs. i), a to i v pripade, Ze kafr sam jiz Zddnou
odpoved nevyvold (c, g).

Ov¢érovali jsme proto hypotézu, ze by aktivacni drdha pro kafr mohla byt
castecné spolecné s drdhou pro protony. Zdmeénou threoninu 633 - nezbytného
pro aktivaci TRPVI1 protony - zaalanin, jsme ziskali mutantni receptor,
u kterého se amplituda kafrem vyvolané proudové odpovédi na membranovém
potencidlu -70 mV snizila 0 94 % (obr. 2A,B). Mutant mél soucasn€ v plném
rozsahu zachovanu citlivost na kapsaicin. Tento vysledek nds vedl k hypotéze,
ze T633 je nezbytny nejen pro aktivaci TRPV1 protony, ale uplatiiuje se také pii
prevodu signélu interakce receptoru s kafrem. Abychom zjistili vyznam celého
porového helixu obsahujici T633 pro ptevod kafrové signalizace, pouzili jsme
chiméru TRPV1 receptoru (Ryu et al., 2007), ktera méla oblast pérového helixu
(Y627-C634) vyménénu za odpovidajici ¢ast TRPV2 receptoru, ktery je na kafr
necitlivy. U této chiméry (TRPV1-A15:627-634) doslo k uplné ztraté citlivosti
na kafr (obr. 2C), coZ je silnym dikazem toho, Ze zaménénd oblast je nezbytna
pro zprosttedkovéani kafrové odpovédi. Chiméra se kromé vyménéné porové
casti receptoru od divokého typu receptoru liSila deleci patnédcti (A15:T612-
S626) nekonzervovanych aminokyselin v klicce spojujici S5 doménu s pérovym
helixem. Z tohoto divodu jsme také testovali kontrolni chiméru s deleci
zminénych patnicti aminokyselin (TRPV1-A15) a experimentalné jsme vyvratili
moznost, Ze by tato Cast méla néjakou funkci v kafrové citlivosti TRPV1
receptoru, ¢i Ze by se chiméra funk&né odliSovala od TRPV1-A15:627-634
chiméry (obr. 2D). Ve shod¢ s predeslou studii (Ryu et al., 2007) naSe vysledky
ukdzaly, Ze elektrofyziologickd odpovéd’ zminované chiméry (TRPV1-A15:627-
634) je typickd zpomalenou aktivacni a deaktivacni kinetikou, avSak plné
zachovidva maximdlni amplitudu kapsaicinové odpovédi. Nelze tedy fici, Ze by
pozorovany fenotyp chiméry byl odrazem nefunk¢niho kandlu. Zjistili jsme, Ze
chimericky typ kandlu je necitlivy nejen na kyselé pH (pH = 6.8), jak jiz bylo
popséno diive (Ryu et al., 2007), ale predevSim na kafr a na rozdil od mutantu
T633A prekvapivé 1 na depolarizujici napéti. Tyto udaje podporuji hypotézu
o uloze porového helixu jako spoleCného elementu pro otevirdni a zavirani
iontového kandlu v pfitomnosti riznych aktiva¢nich modalit (Myers et al.,
2008).
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Obr. 2: Porovy helix hraje klicovou ulohu v kafrové citlivosti TRPVI receptoru.
A, Substituce threoninu 633 za alanin vyznamné redukuje kafrem vyvolané odpovedi. B,
Kvantifikace proudové hustoty v maximdlni amplitudé vyvolané roztokem 10 mM kafru pro
WT a T633A mutant. C, TRPVI chiméra je kompletné necitlivd na kafr, kafr u ni neni schopen
vyvolat ani potenciaci kapsaicinové odpovédi, chiméra je charakteristickda pomalym ndstupem
aktivace i deaktivace kapsaicinové odpovedi. D, Delece 15 nekonzervovanych rezidui pred
porovym helixem (Al5), které chybi u mérené chiméry, nemaji vliv na kafrovou citlivost
TRPVI. Bunky byly udriovdny na membrdnovém potencidlu -70 mV; Ccisla v zdvorkdch
zndzornuji pocet namérenych bunék; v pripadé B data predstavuji primérné hodnoty
+SD.

Dokovaci experimenty ukédzaly na dv€ pravdépodobnd mista interakce
kafru s receptorem: oblast pérového helixu mezi S5-S6 (obr. 3B; L638, L648 a
F639) a intracelularni oblast mezi S1-S2 helixy (obr. 3A; W427, K432, Y487,
R491, F490 a F496). Prvni predikované misto - vnéj$i por iontového kandlu - je

v souladu s funkénim testovanim této oblasti (viz chiméra) a predstavuje tak
pravdépodobné misto interakce kafru s TRPV1 receptorem.

A

Obr. 3: Predikce vazebného mista pro kafr na TRPVI receptoru. A, Prvni predikci urcené
vazebné misto pro kafr je lokalizované na rozhrani lipidové vrstvy a intraceluldrni cdsti S1 a
S2 domény, strukturni odchylka modelu byla uréena v rozmezi RMSD hodnot 1.513 A-2.592
A. B, Druhé pravdépodobné misto interakce kafru s TRPVI je uvniti selektivniho filtru
tvoreno interakcemi rezidui porového helixu s postranimi zbytky aminokyselin 7 S6 domény,
strukturni odchylka modelu byla uréena hodnotami RMSD 0.965 A-2.529 A; jako templdt byl
pouZit model lidské varianty TRPVI (Fernandez-Ballester and Ferrer-Montiel, 2008).
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Fluorescen¢ni pokusy ukdzaly, Ze kafr na intracelularni strané plazmatické
membrany vyvolava zménu v distribuci PIP,. Tato zména v rozloZeni PIP, je
opacnd (zvyseni dostupnosti) ve srovnani s efektem typického agonisty TRPV1
kapsaicinem (St€peni PIP,) (obr. 4). Kafr indukuje koncentracné zavisly, rychly,
vratny a opakovatelny nartast FRET signdlu nezdvisle na pfitomnosti receptorti a
aktivité fosfolipazy C (PLC).

kapsaicin
A kafr 10mM 1puM 10 pM B
—— — —
1.2 7
2.1 kapsaicin
TuM 10 uM TuUM 1 uM
1.0 — — s | — —
i &20
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& E
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1.8
0.6
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Obr. 4: Kafr ve srovndni s kapsaicinem vyvoldvd opacné zmény ve FRET signdlu 7 buné¢k
exprimujicich TRPV1 receptor. A, Aplikace kafru vyvoldvd vratné zvyseni FRET signdlu mezi
CFP- a YFP- znacenymi PH doménami, naopak aplikace kapsaicinu vyvold pokles signdlu
korespondujici s aktivaci PLC Ca’* resp. s iibytkem PIP, v membrdné, ktery je ndsledovdn
resyntézou novych molekul PIP; a tim i ndrustem FRET signdlu; aplikace 10 uM kapsaicinu
vyvolala vyrazny pokles interakci mezi PIP; a PH doménami. B, Kafr je schopen cdstecné
navysit FRET signdl, ktery byl predtim sniZen v diisledku deplece molekul PIP; po aplikaci
kapsaicinu. Uvedené zdznamy byly porizeny z nezdvislych HEK293T bunék exprimujici
TRPVI receptor, PH_CFP a PH_YFP doménu.

Funk¢ni a strukturdlni dloha S4-S5 oblasti u teplem aktivovanych
TRPV kanali

Systematickym mutovanim jednotlivych nabitych aminokyselin jsme
identifikovali dva aminokyselinové zbytky R557 v S4 helixu a D576 v S4-S5
klicce, které by mohly byt soufdsti napétového senzoru TRPVI1 receptoru.
Zaménou naboje (R557E a D576R) ¢i neutralizaci (R557A, R557L a D576N)
téchto dvou zbytkli jsme ziskali fenotyp receptorii s naruSenou napét’ovou
citlivosti (obr. 5). Napétovou zdvislost TRPV1 receptorli jsme charakterizovali
hodnotami membranového potencidlu, pfi kterych bylo dosazeno polovicni
hodnoty maximdlni vodivosti kandlti vyvolané depolarizujicim napétim (V).
Pro R557A, R557L, D576R, D576N mutanty nebylo technicky moZné
odhadnout hodnoty V,,,, protoze rozsah méfici aparatury neumoziuje regulovat
membranovy potencidl nad hodnoty vyssi nez = 200 mV. Piekvapivé bylo, Ze se
v ptitomnosti saturujici koncentrace kapsaicinu hodnoty V,, uvedenych
mutantnich variant TRPV1 neliSily od hodnoty WT (obr. 5). Tyto vysledky

13



mohou znamenat, Ze napétova citlivost v pfitomnosti navdzaného kapsaicinu je
zprostfedkovdna jinymi rezidui nez ve stavu bez navizaného kapsaicinu.
Z hodnot V;, mutanti argininu v pozici 557, ktery je jedinym reziduem
s pozitivnim ndbojem v S4 a je povazovdn za hlavni soucdst napétového
senzoru, je patrné, ze lokalizace kladného ndboje v této oblasti neni
v pfitomnosti kapsaicinu nutnd (hodnoty V;, u R557A, R557K jsou shodné
s divokym typem receptoru). Na zdklad¢ téchto vysledkl je tedy patrné, Ze
arginin 557 nemiiZe byt jedinym reziduem, ktery tvoii napétovy senzor TRPV1.
Déle se ndm podafilo prokédzat funkéni interakce mezi dvojicemi aminokyselin
R557-E570 a D576-R579, které se podili na pfevodu kapsaicinového signélu
k péru TRPV1 kanalu.

A B — kontrola

mm kaps 10 uM
kontrola kaps 10 pM

+200 mV +140 mV

i L |~

“A20mV -TOmV -120 mV =70 mV

WT

|5 nA
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E570R
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Obr. 5: Napétovd zdvislost TRPVI mutantu. A, Reprezentativni zdznamy membrdnovych
proudit 7 celych bunék transfekovanych WT TRPVI receptoru vyvolanych aplikaci 100 ms
napeétovych skokii v rozmezi membrdnového potencidlu od -120 do +200 mV (horni zdznam)
v nepritomnosti (bilé kolecko, kontrola) c¢i od -120 do +140 mV v pritomnosti 10 uM
kapsaicinu (cerné kolecko). Mezi pokusy byly bunky udriovdny na potencidlu -70 mV. B,
Prumérné hodnoty napéti, pri kterych vodivosti mutantnich forem TRPV1 dosahuji poloviny
jejich maxima (Vi) v kontrolnich podminkdch extraceluldrniho roztoku (bilé sloupce) a
v pritomnosti 10 uM kapsaicinu (cerné sloupce). KaZdy sloupec reprezentuje priimérnou
hodnotu + S.E. vypoctenou nejméné ze ctyr nezdvislych bunék; hvezdicka znaci vyznamny
rozdil v hodnotdch mezi WT a danym mutantem receptoru.

Uloha C-terminalniho konce TRPA1 kanalu ve Ca*" aktivaci

Zkracenim karboxylového konce TRPAI receptoru o 20 aminokyselin
(A20) jsme ziskali konstrukt s pomalejsi inaktivaci zavisejici na extracelularnim
Ca® (obr. 6B). Druhy konstrukt zkriceny o dalsich $est aminokyselin (A26) jiZ
nevedl k funkéni expresi kandli a nebyly pozorovany proudové odpovédi ani
na jeden z testovanych podnétl (depolarizaéni napéti, 100 uM cinamal a roztok
obsahujici 2 mM Ca**; obr. 6C).
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Obr. 6: Zkrdceni C-konce TRPAI odhalilo misto ticastnici se Ca**-zavislé inaktivace.
A, Casovy zdznam proudovych odpovédi z celé buiiky exprimujici WT lidského TRPAI
receptoru merené na potencidlech +80 a -80 mV, nad proudovymi odpovédmi je vyznacena
délka aplikace 100 uM cinamalu (Cin, hnédd cdra) v nepiitomnosti extraceluldrniho Ca’*
s ndslednou aplikaci extraceluldrniho roztoku obsahujici 2 mM Ca’* (zelend cdra). Shodny
protokol jako v pripadé A, byl pouZit i pro mutantni varianty TRPAI receptoru se zkrdcenymi
C-konci. B, Po zkrdceni C-konce receptoru o 20 aminokyselin (hTRPAIA20) doslo ke
zpomaleni Ca**-zdvislé inaktivace kandlu, a to bez zmeny v aktivaci cinamalem ¢i v mire Ca**
potenciace. C, Konstrukt receptoru se zkrdacenym C-koncem o 26 rezidui (A26) neodpovidal
na testované stimuly. D, Sekvence distdlni cdsti C-konce lidské varianty WT TRPAI s predikci
sekunddrni struktury, v sekvenci jsou obsaZeny tri helixy (H4, H5 a H6, Zluté obdélniky),
oblast bohatd na kyseld rezidua je zvyraznéna zelene, niiZky zndzornuji mista zkrdceni
C-konce konstrukti.

Funkénim testovdinim TRPA1 mutanti se zdménami rezidui v oblasti
distalntho C-konce (E'”IISETEDDD'®?) se ukazalo, Ze pfitomnost zdporné
nabitych rezidui E1077 a D1080 (obr. 7A) je nezbytna pro spradvnou miru
vapnikové potenciace odpovédi vyvolanych cinamalem.

Dva aminokyselinové zbytky aspartaitu D1080 a D1082 byly na zdkladé
homologniho modelu (obr. 7B) a pocitaCové simulace vazby vapniku do oblasti
kyselych aminokyselin karboxylového konce navrZzeny jako mista interakce
TRPAT receptoru s ionty vapniku.
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Obr. 7: Neutralizace kyselych rezidui poskozuje Ca’*-potenciaci odpovédi vyvolanych
cinamalem. A, potenciace cinamalem vyvolanych odpovédi vynesena jako ndrist amplitud
proudovych odpovédi + S.E. indukovand 2 mM Ca** roztokem, hvézdicka znaci vyznamné
rozdily mezi hodnotami ziskanymi pro WT a mutantnim receptorem. B, Horni obrdzek:
Sekvencni porovndni Ca’*-vdzajici domény draselného BK receptoru (hSlo) s C-koncovou
doménou lidského TRPAI receptoru, nejvice konzervované aminokyseliny jsou oznaceny
hvézdickou. Dolni obrdzek: Homologni model Ca’*-vdzajiciho mista TRPAI receptoru
na zdklade struktury BK receptoru jako templdtu (BK/TRPAI chiméra).

6. DISKUZE

Mechanizmus uc¢inku kafru na TRPV1 kanal

Nase vysledky podpoftily hypotézu o pusobeni kafru prostfednictvim
porového helixu z extracelularni strany. Tuto ptedstavu podporuje i predikce
vazebného mista pro kafr metodou pocitaového modelovéni. Jedno ze dvou
nejpravdépodobnéjSich mist vazby kafru na TRPVI byla pravé oblast
selektivniho filtru (638 a F639) s leucinem v poloze 648 na sousedni klicce
mezi porovym helixem a S6 doménou (obr. 3B). Uvedené vysledky
z dokovaciho experimentu byly ziskdny s vyuZitim lidské varianty receptoru
jako templatu (Fernandez-Ballester et al., 2008), nebot’ je to v soucasnosti
nejpiesnéj$i model struktury vaniloidniho receptoru. Shodnych vysledkt bylo
vSak dosazeno 1 pfi pouziti krysi varianty receptoru (Brauchi et al., 2007).
Dokovaci experimenty tak poskytly podplrné informace o tom, Ze by se kafr
mohl pfimo vazat do oblasti selektivniho filtru kandlu. Tuto pfedstavu podporuje
1 ¢asteCné blokujici efekt kafru, ktery byl pozorovatelny na elektrofyziologickém
zdznamu jako CasteCny ndvrat proudu po odmyti kafru (obr. Ib zndzornéné
Sipkou). Druhé ze dvou nejpravdépodobnéjSich predikovanych mist vazby
molekuly kafru na receptor je lokalizovdno na intraceluldrni strané rozhrani
receptoru s lipidy, a to prostfednictvim interakci aminokyselin na S1 (W427 a

16



K432) a S2 helixu (Y487, F490, R491 a F496) (obr. 3A). Tuto variantu
vazebného mista jsme déle experimentdlné neoverovali a je oteviena pro dalsi
studie.

Ve srovnani s jinymi agonisty TRPV1 receptoru ma kafr nizsi lipofilicitu
(logP = 2.2 vs. kapsaicin logP = 3.8) a lze tedy predpokladat i pomalejsi rychlost
difize do membrany (Ursu et al., 2010). Na urovni receptoru se vSak uCinek
kafru projevuje rychlym nastupem aktivace, deaktivace a potenciace receptoru.
Z tohoto diivodu nelze predpokladat, Ze modulace TRPV1 kandlu je odrazem
bezprosttednich zmén fyzikalnich vlastnosti plazmatické membréany, ale
pfedev§Sim vysledkem specifickych interakci této latky s receptorem.
Pozorované zmény na urovni membrany (piiblizeni PIP, molekul) mohou vSak
zdsadnim zplsobem souviset se strukturni zménou receptoru po aktivaci
iontového kandlu.

Predmétem studia tfady laboratofi je otdzka odliSné kafrové citlivosti
uTRP ortolog. VetSina dat uvedenych vnasi publikaci byla ziskéna
experimenty na krysi variant¢ TRPV1, u které byl kafr popsan jako CasteCny
agonista (Xu et al., 2005) (nase data ~ 30 % maximélni odpovédi na 10 uM
kapsaicin). S prekvapenim jsme zjistili, Ze kafr témét neaktivuje lidsky ortolog
TRPVI1 receptoru (~ 1,3 % z maximalni odpovédi na 10 uM kapsaicin). Stejné
jako u krysi varianty je vSak schopen potencovat a deaktivovat kapsaicinem
vyvolané odpovédi. Jednim z dalSich popsanych ucinki (a kontroverzi) je
schopnost kafru inhibovat lidskou variantu a aktivovat hmyzi varianty TRPAI
receptoru (Kohno et al., 2010). Kromé citlivosti na kafr se tyto rizné varianty
TRPAI receptoru 1isi také v teplotni citlivosti. Na rozdil od chladem aktivované
sav¢i varianty je hmyzi forma receptoru aktivovand teplem (>34 °C).
Nepochybné jsou tedy determinanty TRP receptorti urcujici kafrovou citlivost,
ale 1 citlivost teplotni, evolu¢né konzervované.

Vysledky ptedloZené dizertacni prace prokazuji dileZitou tlohu vné&jsi
porové domény v fizeni vratkovani TRPV1 iontového kandlu kafrem. Ziskana
data navic podporuji sou€asnou predstavu o tom, ze poérova helikdlni doména
predstavuje univerzalni vratkovaci element TRPV 1 pro dalsi aktivaéni modality,
jako jsou napéti a protony. Vysledky naSich experimentli naznacuji, Ze kafr
muzZe navic ptimo interagovat s vratkovacim mechanizmem TRPV1 kanélu.

V souhrnu, vysledky této ¢asti dizertaéni prace mohou pftispét k bliz§imu
objasnéni molekuldrnich mechanizmii, kterymi kafr moduluje teplotni citlivosti
u lidi a mize pomoci odhalit kritické determinanty pro nesporné pozitivni
ucinky této piirodni latky.

Funk¢ni a strukturdlni tiloha S4-S5 oblasti u teplem aktivovanych
TRPV kandlt

Pii hleddni napétového senzoru TRPVI1 receptoru jsme se zabyvali
otdzkou, do jaké miry by mohl byt mechanizmus transdukce napétového
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podnétu analogicky se strukturné pifbuznymi K* kandly, ukterych se
piedpoklada, ze napétovy senzor je vytvaren kladné nabitymi rezidui uvniti S1-
S4 modulu. Pro K™ a Na" iontové kandly bylo prokdzano, Ze konforma¢ni zmény
v oblasti napé€tového senzoru vyvolané zménou membranového potencidlu se
uplatiiuji prostiednictvim S4-S5 oblasti, jeZ bezprostiedné pieddva signdl
do pérové oblasti S6 domény, ktera tidi vratkovani iontového kandlu (Bezanilla,
2008, Villalba-Galea et al., 2008).

V nasi studii jsme se zaméfili na intraceluldrni oblast S4-S5 helix1, ktera
je mezi vaniloidnimi zastupci TRP receptorti bohatd na konzervované pozitivné
nabité aminokyseliny. Kladng nabitd rezidua v této oblasti byla v nedavné studii
identifikovana jako souc¢dst napétového senzoru u TRPMS receptoru (Voets et
al., 2007). S4-S5 oblast je vSak také hlavni soucasti vratkovactho mechanizmu
fady homolognich napétim aktivovanych kandlti a ziejmé také TRPMS kandlu
(Catterall, 2010, Voets et al., 2007), coZ znemoZnuje experimentaln¢ odd¢lit od
sebe mista dileZitd jako napétovy senzor od obecné duleZitych domén, jako je
soucast vratkovaciho systému a vazebné misto pro agonistu (Boukalova et al.,
2010, Voets et al., 2007). Napéti je vyznamnym modulitorem teplotné citlivych
TRP kandll, ktery sim o sob& vSak neni schopen maximdlni aktivace téchto
kanalti (Matta and Ahern, 2007). Na rozdil od relativné dobfe prozkoumaného
mechanizmu nap&tové aktivace u napétim fizenych K*, Ca®* a Na' kanld,
u TRP kandlll je otomto mechanizmu aktivace zndmo jen velmi madlo. Jako
klasicky napétovy senzor K*, Ca®* a Na* kandll je povaZovana oblast S1-S4
helixii kazdé ze c¢tyt homolognich podjednotek resp. zde ptitomné nabité
aminokyselinové zbytky, které reaguji na zménu membrdnového napéti svym
preorientovanim. Zména ve strukturnim uspofadani aminokyselinovych zbytki
je prevedena S4-S5 klickou az k vratkiim kandlu. V rdmci S1-S4 modulu jsou
strukturné oddélena kyseld (S1-S3 helix) a bazicka rezidua (S4 helix), pfi¢emz
v ramci S4 helixu jsou bazickd rezidua (R a K) mezi sebou oddé€lena dvéma
hydrofobnimi rezidui (Bezanilla, 2008). Tento tzv. S4 typ napétového senzoru
u TRPV receptorii neni ptfitomen, nebot” v S4 helixu je pfitomen pouze jeden
kladn¢ nabity aminokyselinovy zbytek R557.

Uloha C-terminalniho konce TRPA1 kanalu ve Ca** aktivaci

Jako jediné dosud identifikované misto interakce vdapenatych iontl
s TRPA1 receptorem, které je zodpovédné za jeho aktivaci, bylo nalezeno
na jeho N-konci, a to v ramci Ca2+—Vézajicﬂ10 EF-hand motivu (Doerner et al.,
2007, Zurborg et al., 2007). Na zdkladé¢ nejnov¢jsi elektronové kryo-
mikroskopické struktury TRPA1 kanélu je pravdépodobnym mistem dostupnym
pro Ca* jonty prochdzejici pérem také karboxylovy konec receptoru, ktery
v homotetramerickém uspofddani vytvaii strukturu paralelni k plazmatické
membrané a pomahd utvaret vnitini vestibul kandlu (Cvetkov et al., 2011).
Na mozny vyznam proximélniho karboxylového konce ve vriatkovani TRPAI1
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upozornily jiz diive publikované prace nasi laboratofe (Benedikt et al., 2009,
Samad et al., 2011). V ramci disertacni prace se ndm podafilo potvrdit vyznam
distalni ¢asti C-konce, respektive roli poslednich 20 aminokyselin tvoticich H6
helix jako nezbytné souédsti Ca**-zdvislého inaktivaéniho mechanizmu
ankyrinového receptoru.

Veérohodnost ziskaného modelu, ukazujici mozné misto interakce
vapenatych iontll do oblasti C-konce receptoru, podporuje skutecnost, Ze jsme
u elektrofyziologickych odpovédi jednotlivych mutant E1073, E1077, D1080,
D1081 a D1082 nepozorovali zménu odpovédi na cinamal, ale rezidua se
ukdzala byt mnohem duleZit&j3{ pfi modulaci Ca*.

Predkladana disertacni prace tak ptispéla k identifikaci specifické oblasti
nezbytné pro spravnou modulaci TRPA1 kandlu fizenou Ca®* ionty a rovnéz
jako pravdépodobné misto vazby Ca** ionti.

7. ZAVER

Mechanizmus uc¢inku kafru na TRPV1 kanal

Potvrdili jsme vychozi hypotézu, ze kafr je CasteCnym agonistou TRPV1
receptoru, jehoZ mechanizmus pisobeni je nezdvisly na vazebném misté
pro vaniloidy. Kafrovd modulace TRPV1 je zprosttedkovana rychlou
konformacni zménou extraceluldrniho porového helixu, kterd ovliviiuje
rovnovdhu aktivace iontového kandlu mezi otevienym a zavienym stavem.
Porovy helix predstavuje pravdépodobné 1 misto interakce kafru s receptorem.
DalSim moznym mistem interakce byla navrZzena intraceluldrni oblast mezi S1 a
S2 doménami. Na modulaci kafrovych odpovédi TRPV1 se mulze také podilet
zvySena dostupnost PIP,, kterd byla v pfitomnosti kafru experimentilné
pozorovéna.

Zavérem lze ftici, Ze se ndm podatilo navrhnout molekuldrni mechanizmus
aktivace TRPV1 kandlu latkou s analgetickym uc¢inkem, kterou predstavuje kafr.
Ziskané poznatky o strukturni modulaci TRPV1 kanéalu mohou pfispét k poznani
mechanizmu, jakym kafr moduluje teplotni citlivost in vivo.

Funk¢ni a strukturdlni dloha S4-S5 oblasti u teplem aktivovanych
TRPV kanali

Funk¢énim testovdnim nabitych aminokyselin v oblasti S4-S5 byly
identifikovany Ctyfi nabit€ aminokyseliny (R557, ES70, D576 a R579), které se
Ucastni napétové a chemické aktivace TRPVI1 kandlu. Navzdory vysoké
konzervovanosti S4-S5 oblasti mezi TRPV1, TRPV2 a TRPV3 receptory neni
vyznam jejich homolognich aminokyselin pro funkci téchto kandld shodny.
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Uloha C-terminélniho konce TRPA1 kan4lu ve Ca®" aktivaci

Podafilo se nam potvrdit vychozi hypotézu, Ze tusek Kkyselych
aminokyselin v distalni ¢asti karboxylového konce TRPAI receptoru se ucastni
jeho vapnikové modulace a pfedstavuje mozné misto interakce receptoru
s vapenatymi 1ionty. Zjistili jsme, ze oblast poslednich 20 aminokyselin
karboxylového konce TRPA1 je nezbytnd pro komplexni pribéh inaktivace
cinamalem vyvolanych proudovych odpovédi zavislé na vapenatych iontech.
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1. SUMMARY

Detection of painful stimuli in the periphery is mediated by temperature-
sensitive transient receptor potential (TRP) channels which are expressed in
primary afferent endings of free sensory neurons called nociceptors. TRP
channels in nociceptors are involved in the detection of thermal, but also
mechanical and chemical stimuli. Out of seven known types of temperature-
sensitive TRP channels, three are responsible for detecting painful temperatures:
vanilloid receptors TRPV1 (> 42 °C) and TRPV2 (> 52 °C) detect noxious heat,
and ankyrin receptor TRPA1 detects noxious cold (< 17 °C). Better knowledge
of TRP channel mechanisms of action is essential for understanding TRP
channel functions and ultimately for the design of potential analgesics. New
findings presented in this thesis clarify mechanisms of action of TRPV1 and
TRPAI1 receptors, focusing on camphor and voltage sensitivity of TRPVI
channels and calcium modulation of TRPA1 channels.

The first topic discussed in this thesis is the mechanism of camphor
sensitivity of TRPV1 receptor. Camphor is a naturally occurring substance
known since time immemorial for its effective analgesic properties, yet its
mechanism of action is not understood. Camphor is known to be a partial
agonist of TRPVI1 channel, a full agonist of TRPV3 channel, but also
an inhibitor of TRPAI1 channel. Inthis study we investigated the effects
of camphor on TRPV1 activity, as well as camphor-induced changes in
the properties of plasma membrane. We found that camphor is able to quickly
activate TRPV1 channels through conformational changes in a short helix
located inside the channel pore. This helix is proposed as the site of camphor
interaction with the receptor. Moreover, camphor induced changes
in the distribution ~ of  phosphatidylinositol-4,5-bisphosphate, a  minor
phospholipid component of the plasma membrane and an important TRPV1
modulator. This mechanism of action can be also important for camphor-
induced modulation of other PIP,-sensitive membrane receptors.

In addition to camphor sensitivity of TRPVI, we have studied
the function of the S4-S5 region of TRPV1. The results were compared with
the function of corresponding amino acids in two other vanilloid channels,
TRPV2 and TRPV3. Although the residues within the S4-S5 region are strongly
conserved among TRPV channels, some of the conserved charged residues serve
distinct functions in thermal, voltage, and chemical sensitivity of the different
members of the TRPV family.

The final topic discussed in this thesis is the role of the distal part of
the C-terminal end of the TRPAI1 channel in calcium-dependent modulation.
TRPALI is an ion channel whose function is strongly modulated by Ca** ions, but
the mechanism of this modulation has not been identified. Our experimental data
suggest that the C terminus of the TRPA1 receptor serves as a calcium sensor.
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Amino acid substitutions in this area have demonstrated the role of these
residues in Ca**-induced potentiation and inactivation. These results contribute
to a better understanding of TRPA1 channel function in chemical nociception.

2. INTRODUCTION

TRP channels are expressed in almost all types of animal tissues.
In primary sensory neurons represent transduction molecules that in nerve
endings detect a wide range of external stimuli, recognize between harmful and
harmless stimuli and transduce this information to the central nervous system.
Polymodal TRPV1 and TRPAI1 channels are key molecules that provide
detection of stimuli evoke pain in humans and are likely to be involved in
the mechanisms of chemical, thermal and mechanical nociception under
physiological and pathophysiological conditions.

Camphor is an organic waxy substance used topically for its
counterirritant and analgesic properties (Green, 1990). This compound
modulates the activity of various thermosensitive ion channels from the TRP
channel family expressed in skin and neural tissues (Macpherson et al., 2006,
Vogt-Eisele et al., 2007). Camphor activates and strongly desensitizes the
capsaicin- and noxious heat-evoked TRPVI1 responses. This finding has
provided new insights and opened up new research ways toward understanding
why this naturally occurring monoterpene is widely used in human medicine for
its local counter-irritant, antipruritic, and anesthetic properties. However, the
molecular basis for camphor sensitivity remains mostly unknown. This thesis
attempts to explore the nature of the camphor modulation mechanism of TRPV1
channel and a putative binding site at TRPV1.

TRPV1 channel is a transducer of noxious thermal stimuli (more than
43°C) (Caterina et al., 1997). TRPV1 can be modulated by protons (pH <6.8),
which directly activate and potentiate the channel from the extracellular side
(Jordt et al., 2000, Ryu et al., 2007); temperatures greater than 43°C (Caterina et
al., 1997); and strongly depolarizing voltages (V,,~150 mV) (Matta et al., 2007,
Voets et al.,, 2004). In vanilloid members of TRP channels, the conserved
charged residues in the intracellular S4-S5 region have been proposed to
constitute part of a voltage sensor that acts in synergy with other stimuli to
regulate channel activation. The molecular basis of this gating event is poorly
understood. Based on the structural similarity to voltage-gated potassium
channels, the voltage-sensing domain in these channels is hypothesized to be
composed of positively charged amino acids distributed within the S1-S4
domain that reorient upon a change in the membrane potential (Bezanilla, 2008,
Villalba-Galea et al., 2008). This domain is predicted to be coupled through
the S4-S5 linker helices to the inner helices of the S6 segments which dilate
(open) and constrict (close) the pore entryway (Long et al., 2005).
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One of the ubiquitous and probably the most important physiological
activators of TRPA1 are calcium ions (Ca2+), which enter through the channel or
are released from internal stores and, depending on the activation state of the
channel, dynamically control its critical properties such as unitary conductance,
ion selectivity, channel opening probability (Nagata et al., 2005, Nilius et al.,
2011), and surface expression levels (Schmidt et al., 2009). At micromolar
concentrations, Ca®" ions activate the channel from the intracellular side
(Doerner et al., 2007, Zurborg et al., 2007) and strongly potentiate its chemically
and voltage-induced responses. This potentiation is followed by an almost
complete and irreversible inactivation, and both processes are accelerated
at higher intracellular concentrations of Ca®* (Wang et al., 2008). Although
physiologically extremely important, the molecular mechanisms of Ca**-
dependent activation and inactivation are still a matter of controversy.

3. AIMS OF THE STUDY

Mechanism of camphor sensitivity of TRPV1 channel

Camphor is a partial agonist of TRPV1, whose mechanism of action is
independent of the vanilloid binding site. Based on the finding that the kinetics
of camphor response is quick, we assumed that camphor directly interacts with
the receptor from the extracellular side. Camphor is among other lipophilic
substance used in high concentrations and can not therefore neglect
the possibility of an indirect effect of camphor via a TRPV1 significant receptor
modulator PIP;.

Aims:

A) By electrophysiological experiments describe the kinetic characteristics of
camphor responses of TRPV1 channel and compare them with
the responses of classical agonist capsaicin.

B)  Characterize camphor modulation of membrane currents mediated by
typical TRPV1 activators such as capsaicin, heat, protons and
depolarization voltage.

C) Suggest a possible mechanism by with camphor modulates TRPV1
channel and suggest a binding site for camphor at TRPV1.

D) Based on FRET experiments describe the dynamics of PIP, molecules
inthe membrane in the presence of camphor and compare it with
the redistribution of this phospholipid in the presence of capsaicin.
Suggest the possible rule of PIP, in camphor modulation of TRPV1
channel.
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Functional and structural role S4-S5 region in temperature activated
TRPV channels

Intracellular part of the S4-S5 domain of the temperature sensitive
vanilloid members (TRPV1, TRPV2 and TRPV3) of TRP channels represents
ahighly conserved region with charged residues that might be important for
the function of these receptors, as well as the relative TRPMS channel form part
of the voltage sensor.

Aims:

A) Prepare mutant channels by neutralizing all charged amino acids in
the S4-S5 region of TRPV1. Electrophysiologically characterize them by
measuring the sensitivity to depolaring voltage and chemical sensitivity to
capsaicin.

The role of the C terminus of TRPA1 channel in Ca’" activation

The distal part of the carboxy end of the TRPA1 channel contains a region
rich in negatively charged amino acids, which could represent a potential site for
its calcium modulation.

Aims:

A) By functional study of TRPAI constructs with a truncated C-terminus to
determine the importance of this part of the channel in its function.

B)  Preparation and functional testing of individual mutations in the distal
C-terminus of TRPAI1, rich in negatively charged residues
(E'"”IISETEDDD'®?). Determining the phenotype of the mutant
TRPAl1channel tested for sensitivity to depolarizing voltage, cinamal and
potentiation and inhibition of calcium-induced cinamal responses.

C) Using homology modeling and molecular dynamics simulations to
examine possible interaction of TRPA1 with calcium ions.

4. MATERIALS AND METHODS

Expression and constructs

HEK293T were cultured in OPTI-MEM I medium (Life Technologies,
USA) supplemented with 5% fetal calf serum. Cells were cotransfected
transiently with 200-600 ng complementary DNA plasmid encoding wild type or
mutant rat TRPV1 (kindly provided by David Julius, USA), human TRPV1
(Origene Technologies, USA), human TRPV2 (Origene Technologies, USA),
human TRPV3 (kindly provided by Ardem Patapoutian, USA) and human
TRPA1 channel (Origene Technologies, USA) with 150 ng green fluorescent
protein plasmid (TaKaRa, Japan) per 1.6 mm dish using the magnet-assisted
transfection (IBA, Germany) method. The mutants were generated by PCR
using the QuikChange II XL Site-directed Mutagenesis kit (Agilent
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Technologies, USA) and confirmed by DNA sequencing (ABI PRISM 3100,
Applied Biosystems). The chimeric (A15-TRPV1:Y627-C634) and the deletion
(A15-TRPV1) constructs of TRPV1 were provided by Feng Qin (Buffalo, USA).
For fluorescence resonance energy transfer (FRET) measurements, HEK293T
were transfected with cyan (CFP)- and yellow fluorescent protein (YFP)- tagged
pleckstrin homology (PH) domains of PLCd1 (provided by Tamas Balla,
Bethesda, USA). Cells were used 24-48 h after transfection. At least four
independent transfections were used for each experimental group. The wild type
channel was regularly tested in the same batch as the mutants.

Electrophysiology

Standard whole cell electrophysiology techniques were used. Whole cell
membrane currents were recorded by employing an Axopatch 200B amplifier
(Axon Intruments, USA) and pCLAMPI10 software (Molecular Devices). Series
resistance was compensated by at least 70% in all recordings. Experiments were
performed at room temperature (23°-25°C). Only one recording was performed
on any one coverslip of cells to ensure that recordings were made from cells not
previously exposed to chemical stimuli. A system for rapid superfusion of the
cultured cells was used for drug application (Dittert et al., 2006).
The extracellular control solution contained: 160 mM NacCl, 2.5 mM KCl, 1 mM
CaCl,, 2 mM MgCl,, 10 mM HEPES, 10 mM glucose; adjusted to pH 7.3 and
320 mOsm. In whole cell, patch clamp experiments, the pipette/intracellular
solution contained: 125 mM glucono-d-lactone, 15 mM CsCl, 5 mM EGTA, 10
mM HEPES, 0.5 mM CaCl,, 2 mM Mg-adenosine triphosphate; pH 7.3, 286
mOsm. All chemicals were purchased from Sigma—Aldrich (Prague, Czech
Republic).

FRET Measurements

For FRET measurements, we used the Cell'R imaging system based on
an Olympus IX-81 inverted microscope (Olympus, Japan) equipped with a dual-
emission setup (Dual-View Optical Insights, LLC; Santa Fe, NM).
The excitation wavelength was 436 nm, and emission was detected in parallel
at470 and 535 nm. The excitation light was generated with a Polychrome V
polychromator (Till Photonics, Germany), and the fluorescence emission was
detected with a Hamamatsu Orca-ER camera (Hamamatsu Photonics, Japan).
Data were collected using Cell'R software (Olympus), and the fluorescence
analysis was done using the program ImageJ (Bethesda, USA).

Statistical Analysis

The data were analyzed using pCLAMP 10 (Molecular Devices GmbH,
Germany), and curve fitting and statistical analyses were done in SigmaPlot 10
and SigmaStat 3.5 (Systat Software Inc., Chicago, IL). Significance levels were
determined by a two-tailed Student independent ¢ test. Data comparisons of three
or more groups were performed by one-way ANOVA followed by Dunnett’s
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post hoc comparison. Correlations were determined with the Spearman rank
order correlation test. Differences were considered significant at P < 0.05, unless
stated otherwise. All results are presented as mean + standard deviation (SD) or
as mean = standard error (SE).

5. RESULTS

Mechanism of camphor sensitivity of TRPV1 channel

Camphor activates TRPV1 in a dose-dependent manner with ECs)~5 mM
at the membrane potential +70 mV. Fast kinetics of activation, deactivation of
camphor-mediated TRPV1 responses and complete repetition of camphor
potentiation of capsaicin-evoked responses (fig. 1) support the hypothesis that
camphor activates TRPV1 channel through direct interaction. Repeated
camphor-induced potentiation of capsaicin responses is state-dependent, being
more effective on the capsaicin-occupied form of the channel. The efficacy of
camphor dramatically increases if other modalities, such as heat or voltage, act
on the TRPV1 synergistically. Camphor only slightly affects responses induced
by low pH The (pH = 6.8).

o kafr 5 mM
kapsaicin —

20s

Fig. 1: Camphor-induced potentiation of capsaicin responses in TRPVI channel. Sample
recording of whole cell current responses to consecutive applications of capsaicin (1 uM),
camphor (5 mM), their combination, and capsaicin 10 uM in TRPVI-expressing HEK293T
cell. Horizontal bars indicate the duration of capsaicin (whitebars) and camphor (black bars)
application. Dashed lines indicate zero current level. Holding potential -70 mV. Camphor
in combination with capsaicin, repeatedly potentiates TRPVI channels to their maximal
activation capacity (b, e, f, h). This camphor-induced potentiation is state-dependent, being
more effective on the capsaicin-occupied form than the closed (compare h with. i) form of the
channels.

Within the pore helix, a single residue, T633, is crucial for direct
activation by acidic pH (Ryu et al., 2007). We found that camphor evoked
currents through the T633A mutant were statistically significantly smaller than
those induced in wild-type channels (fig. 2A,B). The results from these
experiments identified T633 as a residue involved in camphor activation and
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suggest that the activation pathways are partly shared between camphor and
protons. In an attempt to narrow the critical region for camphor modulation, we
tested camphor sensitivity in a TRPV1 chimera (TRPV1-A15: 627-634) that
lacked the stretch of 15 nonconserved residues between the turret and selectivity
filter (T612-S626) and in which the pore helix (Y627-C634) was replaced with
the counterpart from TRPV2, a camphor-insensitive homolog. As described
previously (Ryu et al., 2007), this construct exhibited a markedly slower onset
and offset of capsaicin responses (fig. 2C) and was completely insensitive to low
pH. We found that, in contrast to T633A, the pore helix chimera was completely
insensitive to depolarizing voltages. Most importantly, in this chimera, 10 mM
camphor neither induced measurable currents nor potentiated capsaicin-induced
currents (fig. 2C). The control deletion mutant with a minimal pore lacking
the 15-residue stretch had the same sensitivity to camphor as the wild type (fig.
2D). These results strongly indicate that the pore helix mediates the camphor
sensitivity of TRPVI.

These data also support the hypothesis that the pore helix domain

represents a universal gating element common to various distinct modalities
(Myers et al., 2008).

A B C D
40+ TRPV1-A15: 627-634 TRPV1-A15
T633A £ 2 kafr 10 mM
kafr 10 mM 2 kapsaicin 1 M 10 uM 10 M 1uM kafr 10 mM
— — % 20 — ) [ =] 000
= \
o
L 101 \
g
__120pA o-
10s WT T633A _Josna |1na
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Fig. 2: The pore-helix domain plays a critical role in camphor sensitivity of TRPVI.
A, Alanine substitution of pore-helix threonine 633 (T633A) caused significant reduction
in camphor-evoked responsiveness. B, Quantification of maximal peak current density at -70
mV for camphor evoked currents in wild type (WT) and in T633A mutant. Data represent
mean * SD. Number of cells is in parentheses. C, The TRPV1 chimera (TRPVI-Al15: Y627-
C634) lacked the stretch of 15 nonconserved residues between the turret and selectivity filter
(T612-5626), and the pore helix (Y627-C634) was replaced with the counterpart from TRPV2,
a camphor-insensitive homolog. TRPVI chimera (TRPVI-Al15: Y627-C634) is completely
insensitive to camphor. Camphor neither induced any detectable currents nor potentiated its
capsaicin-evoked responses. This construct was reported previously to uncouple proton
activation from other TRPVI activation stimuli and exhibit a slow onset and offset of
capsaicin responses. D, Control deletion mutant of TRPVI that lacked 15 nonconserved
residues between T612-5626 responded to camphor normally.

The docking experiment proposed two possible docking sites for camphor
at TRPV1 receptor: the pore domain between S5-S6 (fig. 3B, L638, L648 and
F639) and the area at the interface helices S1-S2 (fig. 3A, W427, K432, Y487,
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R491 , F490 and F496). The first docking pose - the outer pore of ion channel -
1s in agreement with our functional testing (the experiments with chimera).

Fig. 3: Prediction of binding site for camphor and TRPVI channel. A, Representative
conformation of first predicted docking site facing lipid-exposed intracellular part of
transmembrane domains 1 and 2 of human TRPVI, taken from most populated cluster of
lowest energy docking sites. Main interactions stabilizing the putative complex between
camphor and TRPVI are WA427, K432 in SI and F496, F490, R491, Y487 in S2.
The structural deviation for this binding mode was 1.513 A for the lower bound root-mean-
square deviation (RMSD) value and 2.592 A for the upper bound RMSD. The affinity was -5.6
kcal/mol. B, Second docking site within the selective filter of TRPVI1. The main interactions
stabilizing the putative complex between camphor and TRPVI are: L638 and F639 in the
pore-helix domain (P) and L648 in the external linker between the pore-helix and S6. The
structural deviation for this binding mode was 0.965 A for the lower bound RMSD value and
2.529 A for the upper bound RMSD. The affinity was -4.6 kcal/mol. The docking experiments
are based on the model of human TRPVI (Fernandez-Ballester et al., 2008). Similar docking
predictions were obtained with the docking template based on the homology model of rat
TRPVI (Brauchi et al., 2007).

Fluorescence experiments showed that camphor on the intracellular side
of the plasma membrane causes a change in the distribution of PIP, (fig. 4). We
observed significant increase in the FRET signal upon 15-20 s of exposure to
10 mM camphor and a slower and delayed decrease in FRET in response to
capsaicin. This latter, slower process exhibited a time course corresponding to
the TRPV1-mediated, Ca**-dependent hydrolysis of PIP, and was followed by
a slow and incomplete recovery upon washing, most likely corresponding to
the replenishment of PIP, levels through the action of phosphatidylinositol
phosphate kinases (Lukacs et al., 2007, Qin, 2007). In contrast, the camphor-
induced increases in FRET, which were found to be independent of TRPVI,
were rapidly reversible upon washout.
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Fig. 4: Comparison of FRET responses to camphor and capsaicin in HEK293T cells
expressing TRPVI channel and CFP- and YFP-tagged PH domains of PLC61. The time
course of corrected FRET ratio, assessed as the ratio of fluorescence intensities (Fypp/Fcrp).
Horizontal bars indicate the duration of the indicated drug applications. A, Camphor-induced
increases in FRET ratio, assessed as ratio of Fypp over Fcpp. We observed a statistically
significant increase in the FRET signal upon 15-20 s of exposure to 10 mM camphor and
a slower and delayed decrease in FRET in response to 1 uM or 10 uM capsaicin. B, The trace
shows the recording of changes in FRET ratio. Note the extent to which camphor temporarily
recovers the FRET ratio that had been decreased previously by PIP, depletion as
a consequence of TRPV1 activation by 1 uM capsaicin.

Functional and structural role S4-S5 region temperature activated
TRPV channels

We individually substituted all charged amino acid residues in
the transmembrane segment S4 and the S4-S5 linker of rat TRPV1 and
characterized the phenotypes of mutants using whole cell patch clamp
recordings from transiently transfected HEK293T cells. Previously published
homology models for TRPV1 (Brauchi et al., 2007, Fernandez-Ballester et al.,
2008), based on the crystal structure of Kv1.2, predict an interaction of R557
with E570, and, another electrostatic interaction within the S4-S5 segment can
be inferred for the pair of the two oppositely charged residues spaced about one
helix turn apart, D576 and R579. We thus also tested the functional properties of
three charge-swapping double mutants, R557E/E570R, D576R/R579D, and
D576R/R579E. We hypothesized that if specific interactions between opposite
charges are required for proper functioning, the charge-reversing double mutants
might functionally rescue the channel. Voltage-dependent activation properties
were initially assessed from the steady-state conductances at different test
potentials using 20 mV voltage steps from -120 mV up to +200 mV, first in the
extracellular control solution and then in the maintained presence of a saturating
(10 uM) concentration of capsaicin. Voltage dependence of TRPV1 channel was
characterized by values of a half-maximal activation voltage (V,,,).
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We identified two amino acids: R557 in S4 helix and D576 in S4-S5 loop,
which could be a part of the voltage sensor of TRPV1. By replacing charge
(R557E and D576R) or neutralization (R557A, R557L and D576N) of these
residues we got channel phenotypes with impaired voltage sensitivity (fig. 5B).
For R557A, R557L, D576R, D576N mutants was not technically possible to
estimate the values of V,,, because the range of the measuring apparatus does
not regulate membrane potential of V;, values greater than + 200 mV. R557E
construct was loss of function. Surprising was that in the presence of saturating
concentrations of capsaicin V;, value of the TRPV1 mutant variants did not
differ from the value of the wild-type receptor (fig. 5). These results may
indicate that the voltage sensitivity in the presence of bound capsaicin is
mediated by other residues than in the state without capsaicin. The V,,, values of
R557 mutants, which is the only positively charged residue in the S4 helix and is
considered a main component of the voltage sensor, it is obvious that the
localization of the positive charge in this region is not necessary in the presence
of capsaicin (value of V,, for R557A, R557K are identical to the WT). Based on
these results it is evident that arginine 557 can not be the only residue that forms
a voltage sensor of TRPV1.

A B

kontrola  kaps 10 M

— kontrola
mm kaps 10 uM

+200 mV +140 mV

: L -

“120mV -TOmY -120mV 70 mV

.
WT

@]
-

|5 nA

Y555F
RS5TA
R&57L
R557TK
Q560H
Q561H
G563S
ES70A
E570Q
E570R
K571E
R575A
D576N
D576R
R579A
R&579D
M581T
R557E/
E570R
D576R/
R579D
DS76R/
R579E

Fig. 5: Voltage dependence of TRPVI mutants. A, Representative whole cell patch clamp
current traces in response to a family of voltage steps in HEK293T cells transfected with
wild-type TRPV1 in the absence (open symbols) or presence of 10 uM capsaicin (filled
symbols). B, Vi, for wild-type TRPVI and indicated mutants in the absence (open bars) or
presence of 10 uM capsaicin (filled bars). The asterisks indicate significance level. Under
control conditions, some mutants did not reach half-maximal activation at voltages up to 200
mV. Each bar is the mean + S.E.

The role of the C terminus of TRPA1 channel in Ca>" activation

At first we tested the overall structural requirements of the distal
C terminus for channel activation, we introduced stop codons at E1094 and
N1100, resulting in two C-terminal truncation mutants, TRPA1A20 and
TRPA1A26. The conservation of the primary structure of this region and the
residues chosen for mutagenesis are summarized and depicted in fig. 6D.
Mutation TRPA1A26 did not produce measurable currents in response to any of
the stimuli tested, thus preventing further evaluation (fig. 6C). In contrast,

30



functional channels were obtained with the TRPA1A20 truncation mutant (fig.
6B). Compared with wild-type TRPAI1, this mutant exhibited slower
inactivation upon the addition of 2 mM Ca®*. In other respects, this truncation
mutant exhibited a normal degree of Ca**-induced potentiation and a normal
responsiveness to voltage and Cin (fig. 6B). The finding that truncation of the
C terminus by a further six residues was deleterious indicates an important
functional role for the distal part of the C terminus, particularly a likely
structural role of the predicted H5 helix. These initial screenings identified
the distal C terminus as a critical modulatory domain of TRPAI involved in its
Ca2+-dependent inactivation, and we therefore further examined whether the
acidic region preceding this H5 helix could play its presumed role of a high
affinity Ca™ sensing site.
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Cin 2 mM Ca* . Cin  2mM Ca” Cin  2mM Ca™
Cin, Cin, o il
4 +80 mV 4
4
=2 +80 mV = -2
< < < +80 mV
B 1 B OO = 1 L R . =g ﬂmmmmgdwv
- m
-80 mV
2 -80 mV 2
-4
-4 -4
0 100 200 0 100 200 0 ' 1(IJD 200
&as (s) cas (s) &as (s)
[ Fid b———————{ HWs  }—{ He }———
1040 1050 1060 1070 1080 1090 1100 1110
hTRPA1 WT LEMEILKQKYRLKDLTFLLEKQHELIKLIIQKMEIISETEDDDS-HCSFQDRF EEQMJQ NSRWNTVLRAVKAKTHHLEP————
o X l}_x
hTRPA1 A26 — L hTRPA1 A20

Fig. 6: Truncations in C terminus reveal region involved in Ca**-dependent inactivation.
A, Time course of representative whole cell currents through WT human TRPA1 measured at
-80 mV and +80 mV as marked. The application of 100 uM Cin and subsequent addition of
2 mM Ca’* are indicated above. B and C, voltage-ramp protocol as in A used for truncation
mutants. Note the obviously slower inactivation of the TRPAIA20 truncation mutant upon
the addition of 2mM Ca’* to the bath solution compared with WT in A. C, TRPAIA26
truncation mutant did not produce measurable currents in response to any of the stimuli
tested. D, The predicted secondary structure for hTRPAI is indicated above the alignment.
The region of interest is boxed. The residues in human TRPAI that were mutated in this study
are indicated in bold type.

We found out that the kinetics of the Ca**-dependent potentiation were
dramatically decreased in two out of the six charge-neutralized mutants:
E1077A and D1080A. In five of ten D1080A-expressing cells that were treated
with 2 mM Ca®. These results indicate that the negatively charged residues in
1077 and 1080 (fig. 7A) is necessary for the natural extent of calcium
potentiation of cinamal induced responses.
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Molecular dynamics simulations indicate that C-terminal acidic cluster is
capable of playing role of high affinity Ca®*-binding site. The observations that
D1080 indeed contributes to the Ca**-dependent modulation of TRPA1, together
with the fact that substitutions at E1077 produced sensitized phenotypes, further
supports the idea that the whole region containing the cluster of negative
residues is structurally important and involved in the Ca**-dependent modulation
of TRPA1. The results of computational experiment confirm that the calcium
ion is bound in the structure and thus prove the ability of the acidic cluster from
the TRPA1 C terminus to form a Ca**-binding domain (fig. 7B).
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Fig. 7: A, Calcium-induced potentiation was measured as the fold increase in current,
measured at +80 mV + S.E., following the addition of 2 mM extracellular Ca’**. The asterisks
indicate significant differences between mutant and wild-type TRPAI. *, p<0.05, unpaired
t test. B, Up: alignment of Ca’*-binding domain of potassium (BK) channel with C-terminal
acidic region from human TRPAI. Below: Illustration of calcium-binding site in hSlol-
TRPAI chimera with surrounding structures. Residues from the TRPAI protein are shown in
ball and stick representation.

6. DISCUSSION

Mechanism of camphor sensitivity of TRPV1 channel

The outer pore domain represent the camphor-activation pathway
in TRPV1 channel, particularly T633, a specific residue located in the middle of
the pore helix that is also critical for direct activation of TRPV1 by protons (Ryu
et al., 2007). Replacing T633 with alanine reduced camphor activation of the
channel, while retaining the capsaicin responses. The TRPV1 chimera in which
the N-terminal portion of the pore helix (Y627-C634) was replaced with its
counterpart from TRPV?2 was completely insensitive to camphor. This construct
also lacked the stretch of nonconserved 15 amino acid residues between
the turret and selectivity filter (T612-S626), and we show here that this region is
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not important for camphor sensitivity, as has also been shown for other stimuli
(capsaicin, protons, and heat). Our findings, together with the previous
observations that the chimeric channel cannot be activated by protons and
exhibits a markedly slower onset and offset of capsaicin responses, extend
the proposal that the pore-helix domain represents a universal gating element
common to various distinct activation modalities (Myers et al., 2008). The idea
that the pore helix forms a movable barrier to ion flux that, depending on
the protonation state of the channel, ultimately regulates channel opening is also
supported by our observation that the chimeric channel was completely
insensitive to depolarizing voltages. Our data showing that camphor occludes
the potentiating effect of protons are consistent with the idea that it interacts
with the proton-activation pathway directly (i.e., the channel pore domain from
the extracellular side). In addition, the experiments reported here demonstrate
that the camphor activation/deactivation kinetics are remarkably fast and
the potentiating effects are readily reversible, indicating adirect and
extracellular site of action. To assess the potential mechanism of camphor
interaction at TRPV1 and search for possible binding sites at TRPV1, we carried
out a series of ligand docking experiments using two previously published
homology models of the rat and human TRPV1 channel. Generally, the docking
results proposed several possible docking sites for camphor. The first was
predicted to be close to the intracellular part of the lipid-exposed face of
transmembrane segments S1 and S2. The second docking pose was predicted to
be in the pore loop region, close to the selectivity filter of TRPV1. These results
increase the possibility that camphor directly binds TRPVI1. In this regard,
the existence of an extracellular interaction site is also supported by our
observations that camphor exhibited a direct blocking effect, as could be seen
from the partial current recovery upon washout.

Functional and structural role S4-S5 region in temperature activated
TRPV channels

The intrinsic mechanism by which thermosensitive TRPV channels are
gated by voltage is not clear. Given that the S4-S5 domain is strongly conserved
among TRPV channels, in particular, the positively charged residue in S4 is
completely conserved across TRPV proteins, the new information obtained for
TRPV1 may be important in understanding the structure-function relationships
in related channels. On the other hand, to date, definitive proof that the S4-S5
region contributes to voltage- dependent gating has been only achieved for
the TRPMS8 channel (Voets et al., 2007), but now it appears that analogous
mutations do not have the same effects in other, related TRP channels.

We identified two charged residues within the S4-S5 region, RS557 and
D576, that are involved in the voltage-dependent gating of TRPVI1. These
residues, together with ES570 and R579, also contribute to the voltage
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modulation of the -capsaicin-induced currents. In E570Q and R579D,
the voltages causing half-maximal activation (Vy,) were identical to the wild
type, but their voltage-independent components of capsaicin-induced activation
were distinct and different from the wild type. This might indicate that these two
mutations at least partially uncouple voltage from chemical sensitivity.
Consistent with these findings, a very recent study, comparing the energetics of
thermal gating in absence and presence of membrane depolarization or chemical
agonists, demonstrated that the activation of voltage sensors is not necessary for
TRPV1 channel gating (Yao et al., 2010).

Our experiments on systematically replacing R579 with alanine,
glutamate, or aspartate, and the partial functional recovery of the double mutant
D576R/R579E, indicate that the local charge distribution around these two
residues is critical for the voltage modulation of the capsaicin-activated states of
the channel. Other interesting features arise from our data: a leftward shift in V,,
and strong changes in the capsaicin-induced activation/ deactivation kinetics that
was found for three distinct mutations distant in sequence: R557K, G563S, and
for the previously reported gain-of-function mutant M581T (Myers et al., 2008),
might support the proposed role of the S4-S5 segment as a modular domain that,
depending on the stimulus context, mediates the channel activation and/or
deactivation.

The role of the C terminus of TRPA1 channel in Ca’" activation

We identify the residues within the distal C-terminal domain of the human
TRPAI that when mutated affect the Ca**- and voltage-dependent gating of
channel. The first key finding of our study is that truncation of the C-terminal
domain by 20 amino acids reduces the inactivation of the TRPAI channel
without altering its activation by the thiol-reactive compound cinnamaldehyde
or the degree of Ca®-dependent potentiation. This result provides further
support for the previous suggestion that the inactivation mechanism of TRPAI1
is not coupled to activation/potentiation (Wang et al., 2008).

Together with our results, it appears that specific charged residues within
the entire region between helices H4 and H5 may comprise an important
functional unit which, depending on Ca* binding, transmits a chemical signal
from the N terminus to the gate. The recent 16 A resolution structure of TRPA1
indicates that covalent modifications within the N termini might bridge adjacent
monomers and induce conformational changes in the cytoplasmic domains of
TRPAT that lead to channel gating (Cvetkov et al., 2011). By looking at this
structure, it is tempting to speculate that the C-terminal helices forming
a symmetrical structure parallel to the membrane plane might be stabilized by
interactions between the positively charged region K988—-R1011 and the acidic
cluster of the adjacent subunit. Upon Ca®* binding, this interaction is disrupted,
which might result in the opening of the channel.
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The next finding of this study provides essential evidence that the cluster
of acidic residues in the TRPAT1 cytosolic C terminus plays an important role in
Ca**-dependent modulation and may represent a candidate region for the site of
Ca”* binding. This portion of the TRPA1 protein does not possess a “classical”
Ca**-binding motif; thus our homology model cannot lend any direct structural
support for identifying the Ca**- binding site. However, this model does fit
the requirements for the '*IISETEDDDS'® motif being a Ca**-binding loop; it
provides a basis for additional structural insights into the possible receptor-Ca”*
contacts and in general is consistent with our experimental results. According to
our simulations, the two residues D1080 and D1082 are predicted to be crucial
for binding calcium, whereas the side chains of 11074 and E1077 are in contact
with the calcium ion using their main chain carbonyl oxygen atoms.

7. CONCLUSIONS

Mechanism of camphor sensitivity of TRPV1 channel

Camphor modulates TRPV1 channel through the outer pore helix domain
by affecting its overall gating equilibrium. In addition, camphor, which
generally is known to decrease the fluidity of cell plasma membranes, may also
regulate the activity of TRPV1 by inducing changes in the spatial distribution of
PIP, on the inner leaflet of the plasma membrane. The findings of this study
provide novel insights into the structural basis for the modulation of TRPV1 by
camphor and may provide an explanation for the mechanism by which camphor
modulates thermal sensation in vivo.

Functional and structural role S4-S5 region in temperature activated
TRPV channels

The charged residues in S4-S5 region contribute to voltage and capsaicin
sensing in TRPV1 channel and, despite their highly conserved nature, regulate
the temperature and chemical gating in the various vanilloid channels in
different ways.

The role of the C terminus of TRPA1 channel in Ca>" activation

The C-terminal acidic cluster is involved in the Ca**-induced potentiation
and inactivation of TRPA1. The conserved acidic motif in the C terminus is
actively involved in TRPAI regulation by Ca’*. Identification of the Ca*-
dependent domain is important for understanding the role of TRPAT in chemical
nociception.
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