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Abstrakt

Tranzientni receptorové potencidlové receptory (TRP) jsou
kationtové kanaly propustné pro jednomocné i dvojmocné ionty.
Specialni skupina oznaCovand jako termoTRP zahrnuje TRP kanaly
aktivované ptimo zmeénou teploty. TRPV3, vaniloidni termoTRP kanal
typu 3, hojn€ exprimovany v keratinocytech, je zapojen do regulace kozni
homeostazy, detekce tepla, nocicepce a rozvoje pruritu. Vysledky
predlozené dizertacni prace prokazuji dilezitou ulohu oblasti
cytoplazmatického rozhrani, nachdzejiciho se mezi podjednotkami,
v teplotni aktivaci TRPV3. Vzhledem k vyrazné strukturni podobnosti
vaniloidnich receptorti vyslovujeme hypotézu, Ze identifikovana oblast je
dilezita pro teplotni citlivost i ostatnich vaniloidnich termoTRP receptorti
(TRPV1, TRPV2 a TRPV4). Podafilo se prokazat, ze TRPV3 miiZze byt
substratem  pro  ERK1/2  proteinkindzy  (kindzy  regulované
mimobunéénym signalem 1 a 2) a identifikovat fosforylaéni mista
TRPV3, ktera jsou cilem ERKI1/2. Z nich byl klicovym fosforylacnim
mistem pro senzitizaci zprostfedkovanou ERK kindzou urcen threonin
264. Toto misto miZe mit fyziologicky/patofyziologicky vyznam
v procesech senzitizace TRPV3 v lidskych  keratinocytech
prostiednictvim MAPK signalni kaskady. Tranzientni receptorovy
potencialovy kanal ankyrinového typu 1 (TRPAT1) je polymodalni senzor
chladu, endogennich metabolitti produkovanych pfi zanétu a infekci a
drazdivych latek exogenniho pivodu. V ramci dizertacni prace jsme urcili
podminky, za jakych miZze specificka oblast cytoplazmatického C-konce
lidského TRPA1 receptoru (L992-P1034) pfimo interagovat
s fosfatidylinositol-4,5-bisfosfatem (PIP,). Na zaklad¢ naSich vysledkt
byl navrZzen mechanizmus, kterym PIP, mize ovliviiovat aktivitu TRPA1
v nociceptivnich neuronech. Potenciace TRPA1 zavisla na vapniku je
ovlivnéna pfitomnosti dvou specifickych peptidit o sekvenci identické
s lidskym TRPA1 voblasti 1992-P1034. Mutace konzervovaného
fenylalaninu 1020 v této oblasti vyznamné snizuje aktivaci receptoru pfi
negativnim membranovém potencidlu. Prokazali jsme, ze PIP, zvySuje
aktivitu TRPA1 receptoru v bunééném modelu senzorickych neuront.



Abstract

The transient receptor potential (TRP) are cation channels mostly
permeable to both monovalent and divalent cations. ThermoTRP is a
specific group of directly thermally activated TRP channels. The
vanilloid transient receptor potential 3 (TRPV3) is an ion channel widely
expressed in keratinocytes, that is implicated in the regulation of skin
homeostasis, thermo-sensing, nociception and development of itch
sensation. Our results show the importance of the cytoplasmic inter-
subunit interface in the heat sensitivity of TRPV3. As there is a structural
analogy within the vanilloid receptors, our hypothesis of the identified
important region is supposed to be valid also for other thermally activated
TRPV receptors (TRPV1, TRPV2 and TRPV4). We have proved that
TRPV3 is a substrate for ERK1/2 protein kinase (kinase regulated by
extracellular signal 1 and 2) and we have identified TRPV3
phosphorylation sites that may be direct targets for ERK1/2. Of these
residues, threonine 264 has been shown to be the main phosphorylation
site responsible for TRPV3 sensitization mediated by ERK kinase. In
human keratinocytes, the phosphorylation might be physiologically and
pathophysiologically important in processes of TRPV3 sensitization
mediated by MAPK signaling pathway. The transient receptor potential
ankyrin 1 (TRPA1) channel is a polymodal sensor of cold, endogenous
proalgesic agents and environmental irritant compounds. TRPA1 is
involved in various pain conditions. In the thesis, we have determined the
conditions for the interaction of the cytoplasmic C-terminal of human
TRPA1 (L992-P1034) with phosphatidylinositol-4,5-bisphosphate (PIP;)
and we have proposed the mechanism of TRPA1 regulation by PIP; in
native neurons. Calcium-dependent potentiation was strongly impacted
by the presence of two specific TRPA1-derived peptides. Mutation of a
conserved residue within the interaction region significantly decreased
the activation of the channels at negative membrane potentials. In the
cellular model ofsensory neurons, PIP; positively regulated the activity of
TRPAL receptor.



1. Uvod

Transientni Receptorové Potentialové (TRP) je rodina neselektivnich
kationtovych kanalti propoustnych pro monovalentni i bivalentni ionty.
TRP iontové kanaly se vyskytuji téméf u vSech organizmi, v kazdé tkani
a bunécéném typu, a s evoluci se nekteré z nich jen pozvolna ménily (1, 2).
U savci jsou TRP kanaly kodované 28 geny a tadi se podle strukturni
homologie do 6 podrodin: TRPC (kanonické, klasické¢), TRPM
(melastatinové), TRPV (vaniloidni), TRPA (ankyrinové), TRPP
(polycystinové), TRPML (mukolipinové) (3). Mnoho z nich se uplatiiuje
v transdukci riznych chemickych, teplotnich, svételnych a mechanickych
podnéti, a plni tak klicovou tlohu molekularnich detektorti. Jsou tvofeny
Ctyimi symetricky usporfadanymi podjednotkami vytvarejicimi centralni
por. Podjednotky tetrameru mohou byt shodné (homotetramer), nebo
odlisné (heterotetramer). Kazdd podjednotka je tvofena Sesti
transmembranovymi segmenty (S1-S6), porotvornou klickou mezi
segmenty S5 a S6 a intracelularnimi N- a C-konci. Na N-koncové oblasti
se u TRPV, TRPC a TRPA kanali nachédzeji ankyrinové repetice (AR),
které mohou plnit dtlohu vazebnych mist pro rizné ligandy, nebo
zajiStovat kontakt proteini s cytoskeletem (4). TRP kanaly, které lze
pfimo aktivovat zménami teploty, se oznacuji termoTRP. Dosud je mezi
termoTRP zafazeno nejméné 10 kanali z celkového pocétu 27 TRP
proteind vyskytujicich se u ¢lovéka (2, 5-7). Molekularni mechanizmus
teplotni aktivace termoTRP kanali zatim neni jednoznaéné objasnén a
zUstava tématem odbornych diskuzi. Charakteristickou vlastnosti teplotné
aktivovanych TRP kanall je polymodalita, tj. schopnost aktivace mnoha
podnéty riznych modalit. TermoTRP kanaly se vyznamné uplatiiuji
v bun&ené signalizaci vapenatymi ionty (Ca®").

TRPA1 je polymodalni termoTRP kanal zapojeny v procesech
nocicepce, zanétlivé a neuropatické bolesti, zejména zanétlivé chladové a
mechanické hyperalgezie (8-11). Jeho aktivita TRPA1 je vyznamné
ovlivitovana Ca®", tato regulace je bimodéalniho charakteru v zavislosti na
intracelularni koncentraci Ca®": pii nizké koncentraci je aktivita kandlu
senzitizovana, naopak v piitomnosti zvySené koncentrace Ca”" je kanal
inaktivovan (12). Na molekularni urovni je tento proces fizen
prostiednictvim kalmodulinu, ktery interaguje s karboxylovym koncem
TRPA1 v oblasti L992-N1008 (13). Bylo prokazano, ze PIP, moduluje



aktivitu vétSiny termoTRP kanald, obecné je desenzitizace TRP kanalt
fizena hladinou membranového PIP,, avSak uloha PIP, v regulaci TRPA1
vsak zatim neni dostate¢né prozkoumana (14, 15).

TRPV3 je nejvyznamnéj$im vaniloidnim termoTRP kanalem
z hlediska fyziologie a patofyziologie kiize (16). Nedavné studie ukazaly,
ze pii selektivni inhibici TRPV3 forsythosidem B dochazi ke zmirnéni
pruritu (17), pfi aplikaci ostholu dochéazi ke zmirnéni projevt atopické
dermatitidy (18). TRPV3 je aktivovan teplotami vysoce piekracujicimi
nocicepéni prah (> 50 °C) a az pii opakované, nebo déletrvajici aplikaci
je teplotni prah snizen k hodnotam 33-39 °C. Projevem funkéné zavislé
aktivace je hystereze otvirani a zavirani iontového kanalu (vratkovani) pfi
aktivaci teplem nebo agonistou (19). Vedle funkéné zavislé aktivace
vykazuje TRPV3 unikatni vlastnost senzitizace, tzn. ze zvySuje svou
aktivitu pii opakované stimulaci. TRPV3 tvoii komplex s receptorem
pro epidermalni rustovy faktor (EGF), jehoz aktivace vede k senzitizaci
TRPV3 kanalu skrze signaliza¢ni drahy (20).

2. Cile prace

1. Charakterizovat parametry teplotni aktivace rekombinantniho
lidského TRPV3 receptoru a uréit podminky, za kterych dochazi
k funkéné zavislé senzitizaci. Na zakladé porovnani primarnich
sekvenci a dostupnych struktur TRPV1 a TRPV3 identifikovat oblast
TRPV3 receptoru, kterda by mohla byt zodpovédna za funkéné
zavislou senzitizaci pii aktivaci teplem. Popsat funkcni ulohu této
oblasti pomoci elektrofyziologickych technik a wurcit mozny
molekuldrni mechanizmus senzitizace.

2. Zjistit, zda epidermdlni rustovy faktor (EGF) senzitizuje nativni
TRPV3 v lidskych keratinocytech a do jaké miry je tato senzitizace
zprostfedkovdna signalni kaskddou MAPK (drédha mitogenem
aktivovanych kinaz). Urcit, zda TRPV3 mlZe byt substratovym
proteinem pro ERKI1/2 proteinkindzy (kindzy regulované
mimobunéénym signdlem 1 a 2). Identifikovat potencidlni
fosforylaéni misto TRPV3, které by mohlo byt hlavnim cilem
ERK1/2.

3. Urdcit, zda a pfipadné za jakych podminek miize specifickd oblast
cytoplazmatického C-konce lidského TRPA1 receptoru (L992-



P1034) ptimo interagovat s fosfatidylinositol-4,5-bisfosfatem (PIP;).
Na zakladé¢ biofyzikalnich, biochemickych, strukturnich a
elektrofyziologickych  experimentd  se  pokusit  navrhnout
mechanizmus, kterym PIP, mize ovlivilovat aktivitu TRPAI1
v nociceptivnich neuronech.

3. Material a metodika

3.1 Chemikalie

Pro pfipravu roztokti a pii pokusech provadénych v laboratofi na
oddéleni buné&éné neurofyziologie Akademie véd CR byla pouzivana
upravena deionizovana voda (H,O) ze stanice Purelab Flex, ELGA (UK) o
vysledném odporu 18.2 MQ.cm.

Pepton, agar6za a kvasni¢ni extrakt byly pofizeny od SERVA
(Némecko), Nutrient agar ¢. 2 od Biolife (Italie) a TBS 10x od Boston
Bioproducts (USA). Oligonukleotidy pro cilenou mutagenezi byly
syntetizovany spolecnosti Merck (Némecko). Peptidy byly komeréné
syntetizovany spolecnosti Biomatik (Kanada). Lipidy byly pofizeny od
Avanti Polar Lipids (USA). Zbylé chemikalie byly pofizeny od Sigma
(Ceska republika).

3.2 Mutageneze, bunécné linie a transfekce

Za Ttucelem cilené bodové mutageneze byla pouzita komeréné
dodavana sada QuikChange II XL Site-Directed Mutagenesis Kit (Agilent
Technologies, Santa Clara, Kalifornie, USA). Pro kazdou mutaci byla
natvrzena dvojice primert (Merck, Némecko). Expresni plasmidy nesouci
nemutované typy lidskych TRPV3 a TRPA1 receptort byly vyuzity jako
templaty pro cilenou mutagenezi. Ovéfeny produkt PCR reakce byl
tranformovén do ultrakompetentnich bakterii kmene XL10-Gold E. Coli a
z oznacenych kolonii byla vyizolovana plazmidova DNA pomoci High-
Speed Plasmid Mini (GeneAid, Taiwan) a osekvenovany spolecnésti
Eurofins Genomics (Némecko).

Pro pokusy v rozsahu ptedkladané dizertacni prace byly vyuzity tfi
typy buné¢nych linii: lidské embryonalni ledvinové buiiky (angl. Human
embryonic  kidney, HEK293T; ATCC, USA), diferencované
imortalizované lidské kozni keratinocyty (HaCaT; CLS GmbH, Némecko)
a hybridni somatické buiiky potkanich embryonalnich ganglii zadnich
misnich kofenti (angl. Dorsal root ganglia, DRG) s mySimi



neuroblastomovymi bunéénymi liniemi (F11; ECACC, Velka Britanie).
Bunééné linie byly steriln¢ kultivovany v inkubatoru pii teploté 37 °C
pod atmosférou s obsahem 5% CO,, kazdé 2-3 dny byly pii konfluentnim
naristu kultury pasazovany a pro potfeby elektrofyziologického méfeni
nasazovany na 24 jamkové desticky se dnem upravenym kolagenem a
poly-L-lysinem. Po 1-2 dnech od nasazeni bun€k na 24 jamkovou desticku
prokryly buiikky z80% konfluentné dno jamek a byly pfipraveny
k transfekci pomoci MATra (IBA GmbH, Némecko) nebo Lipofectamin
2000 (Invitrogen, USA).

3.3 Elektrofyziologické méreni metodou tercikového zamku

Elektrofyziologickd méfeni byla provadénd metodou teréikového
zamku v usporadani méfeni z celé bunky (angl. whole cell patch-clamp) v
rezimu napétového zamku, kdy byl zaznamenavan proud tekouci skrz
membranu snimané bunky pfi ur¢eném membranovém potencialu.
Aparatura sloZend z invertovaného fluorescen¢niho mikroskopu Axiovert
135 (Zeiss, Némecko) umisténého na antivibracnim stole TMC (Technical
Manufacturing), vybaveného manipulatorem MP-225 (Sutter Instrument,
USA), aplikacnim systémem s termoclankem vyvinutym v nasi laboratofi
(21, 22), zesilovatem Axopatch 200B (Molecular Devices, USA),
pfevodnikem pro digitalitaci analogovych dat AD/DA Digidata 1440A
(Molecular Devices, USA) a pocitace s programem pCLAMP 10
(Molecular Devices, USA) slouzila k zdznamu elektrofyziolockych dat.

Meéftici  mikroelektrody byly pfipraveny bezprosttedné pied
experimentem na horizontalnim tahac¢i P-1000 (Sutter Instrument, USA)
z tlustosténych trubicek z borosilikatového skla o vnéj§im pruméru 1.5 mm
typu GB150F-8P (Science products, Némecko). Hroty mikroelektrod byly
tepeln€ otaveny na vysledny odpor 3-5 MQ.

Sklenéné pipety byly plnény intracelularnim roztokem volenym dle
bunécné linie a typu experimentu. Pro méfeni byly vybirany samostatné
vitalné€ vypadajici bunky exprimujici zeleny fluorescencni protein.

3.4 Vyhodnoceni Q) teplotni aktivace

Systém pro rychlé¢ a presné ohfati aplikovanych extracelularnich
roztokl na buniky umoznil stanovit teplotni citlivost TRPV3 konstrukti.
Teplota aplikovanych roztokl se linearné¢ zvysovala z 25 °C az k 60 °C
s maximalni rychlosti ohfevu 30-50 °C.s”. Proudové odpovédi byly



v prvnim kroku zprimérovany v teplotnim rozsahu 0.25 °C a poté
zlogaritmovany. Hodnoty logaritmu primérné proudové odpovédi log(/)
byly vyneseny do grafu proti pfevracené hodnoté termodynamické teploty
1/T a z grafu byly vyhodnoceny parametry linearni oblasti zavislosti nad
teplotnim prahem jednotlivych konstruktu.

Teplotni zavislost studovanych konstruktit TRPV3 byla uréena pomoci
hodnoty Q teplotniho koeficientu, ktery je definovan vztahem (1), kde 4,
a A, jsou amplitudy proudtt naméfenych pii teplotach 7 a 7. Teplotni
koeficient byl uréen pomoci hodnoty aktivacni energie E, (kJ.mol™)
vypoétené ze smérnice linearni oblasti grafu v rozsahu 7' a 75.

10
Qo = (i_j)(Tz_Tl) (1
3.5 Studium interakce peptidu s lipidy

Pro studium interakce peptidd s lipidy a jeji charakterizace byly
vyuzity metody plazmonova vlnovodna rezonance (PWR), mikrofluidni
difizni dimenzovani (MDS), infraCervena spektrometrie typu pATR-
FTIR, fluorescencni analyza membranové integrity lipozomd a cirkularni
dichroizmus (CD). Detailni popis metod je uveden v dizerta¢ni praci Ci
ptislusnych publikacich.

3.6 Statistické zpracovani a sdruzovani priiméri dat

Statistické vyhodnoceni dat bylo provedeno pomoci programu
SigmaPlot 10.0 (Systat Software, USA). U jednotlivych skupin dat bylo
metodou jednofaktorové analyzy rozptylu (ANOVA) urceno, zda existuji
rozdily v primérnych hodnotach. Pokud se skupiny liSily, porovnavaly se
pomoci t-testu ¢i testu Mann-Whitney.

Pro porovnani primérnych teplotnich prahii jednotlivych konstrukt
TRPV3 byl navrzen postup sdruzovani priméri dat. Proudové odpovéedi
byly nejprve zprimérovany v intervalech 0.25 °C, poté byly
znormalizovany na hodnotu praméru proudové odpovédi pii teploté 26 °C.
Takto ziskana data byla rozfazena do 35 intervall napfic¢ teplotami a
zaroven napii¢ normalizovanymi proudy. Rozfazena data byla poté zpétné
sdruzena a pro kazdy bod byly urCeny odchylky teploty i odchylky
normalizovaného proudu. Tento postup umoznil vyhodnotit teplotni prah
kontrukti i ptes jejich znacnou variabilitu.



4. Vysledky a diskuse
4.1 Cytoplazmatické rozhrani mezi podjednotkami urcuje
charakteristiku teplotni aktivace TRPV3

Ve fazi navrhu studie byla znama pouze krystalova struktura ¢asti
intracelularniho N-konce mySiho TRPV3 (23). Tato oblast receptoru
obsahujici ankyrinové repetice se napadné 1isi od TRPV1 v konformaci
smycky mezi tfeti (AR3) a Ctvrtou (AR4) ankyrinovou repetici, tzv. tieti
smycky. TRPV3 ma v porovnani s TRPV1 vyssi teplotni prah pro aktivaci
a vykazuje silnou funk¢éné zavislou senzitizaci, tj. pfi opakované aktivaci
zvysuje pravdépodobnost otevieni, zatimco TRPV1 pfi opakované aktivaci
desenzitizuje. Protoze primarni sekvence N251-E257 v tieti smycce je
siln€ proménliva v ramci teplotné citlivych TRPV receptorli, zaméfili jsme
se na tuto oblast s cilem zjistit, jaka je jeji tloha v aktivaci teplem.

Pro ovéteni funkéni dillezitosti nekonzervované ¢asti tieti smycky byl
pristupem cilené mutageneze vytvoren chiméricky kanal TRPV3 s
nahrazenou nekonzervovanou oblasti N251-E257 za odpovidajici sekvenci
potkaniho TRPVI1. Teplotni citlivost chiméry byla testovana
elektrofyziologickou technikou patch-clamp v uspofddani méteni z celé
buiky.

4.1.1 Teplotni aktivace TRPV3 je funkcné zavisla

Jiz diive bylo ukazano, Ze inicialni aktivace mySiho TRPV3 receptoru
vyzaduje teploty piesahujici 50 °C a aktivacni prah spolu s citlivosti
(smérnici) teplotni zavislosti klesd pii opakované stimulaci (6). Pro
potvrzeni funkéni zavislosti teplotni aktivace lidského ortologu TRPV3
heterologné transfekovaného pomoci MATra do HEK293T bun€k byla
pouzita metoda patch-clamp. Pomoci teplotniho stimulatoru (21) byl na
buiiky aplikovan kontrolni extracelularni roztok (150 mM NaCl, 5 mM
EGTA, 10 mM HEPES), jehoz teplota byla linearné zvysovana z 25 °C az
k 60°C v 3s intervalech s maximalni rychlosti ohfevu 35 °C.s™.
Intracelularni roztok obsahoval 140 mM CsCl, 10 mM HEPES, 1 mM
EGTA. V prvnim kroku byly métfeny proudové odpovédi na tii opakované
teplotni pulzy od 25 °C do teploty bud’ nedosahujici 50 °C (Obr. 1 vlevo),
nebo presahujici 50 °C (Obr. 1 vpravo). Pro urceni maximalni aktivacni
kapacity kanalu byly v obou piipadech buiiky nasledné stimulovany tfemi



teplotnimi pulzy v pfitomnosti smési dvou aktivatort TRPV3, 2-APB (100
uM) a karvakrolu (100 uM).

TRPV3 <50°C
G50
=40 \

= P N N A A

20
100 M 2-APB + 100 pM karvakrol

-70mVv

ZnAL
2s

Obr.1: Pocateéni aktivace lidského TRPV3 vyZaduje teploty
presahujici 50 °C. Reprezentativni proudové odpovédi TRPV3 vyvolané

teplotnimi stimuly ziskané technikou patch-clamp v uspofadani méfeni z
celé buitkky TRPV3 pfirozeného typu pii napéti -70 mV v absenci ¢i
pritomnosti smési agonistti (100 uM 2-APB + 100 uM karvakrol). Vlevo,
teploty pod 50 °C. Vpravo, teploty nad 50 °C.

Pii opakované stimulaci TRPV3 kanall pfirozeného typu teplotnimi
linedrnimi pulzy dosahujicimi ~48 °C byly vyvolany pouze velmi malé
proudové odpovédi (154 + 21 pA; n = 9) se slabou teplotni zavislosti v
rozsahu 45-48 °C (Qio, teplotni koeficient 2.8 £ 0.3) (Obr. 1 vlevo).
Naproti tomu smés agonistll vyvolala velké proudy jiz pii teploté 25 °C
(5.3 £ 0.3 nA; n=9), které byly pii ~40 °C saturovany (9.8 = 1.7 nA). Po
odmyti agonisty se hladina membranového proudu vratila na bazilni
uroven. Dalsi teplotni stimulace v kontrolnim roztoku vyvolala opét jen
malé odpovédi. Pokud vSak pocatecni aktivacni teplota ptesdhla 50 °C,
proudové odpoveédi meély odlisSny charakter, prvni teplotni odpovéd
dosahovala primérné amplitudy 1.7 £ 0.6nA (n = 25). Zatimco
maximalni proudové odpovédi se pii opakované teplotni stimulaci
zvySovaly, prah pro aktivaci teplem se snizoval. Z téchto vysledkt bylo
ziejmé, ze vysokd teplota ptesahujici 50 °C aktivuje lidsky TRPV3
specificky a robustné. Pii proloZeni linearni Casti proudové-teplotni
zavislosti (Arrhenitiv graf) pfimkou dosahoval median prvni teplotni
odpovédi maximalniho teplotniho koeficientu Oy 22.2 (prvni a tieti kvartil
11.7 a 33.9) v intervalu teplot 51.7 = 1.2 °C az 53.9 = 1.1 °C. Hodnota
medianu Q¢ nasledujici odpovédi se statisticky vyznamné snizila na 10.6



(prvni a tieti kvartil 7.2 a 12.6; n = 14; P = 0.004, parovy t-test) beze
zmény v teplotnim rozsahu aktivace (od 52.5 + 1.1 °C do 55.7 + 1.2 °C).
V linearni oblasti nizsich teplot (25.9 + 0.4 °C az 344 + 1.2 °C) se
primérna hodnota Qj, prvni teplotni odpovédi (1.8 + 0.1) statisticky
vyznamng¢ neli§ila od druhé teplotni odpovédi (1.6 £0.1; P = 0.222).

navic prokazuji, ze také lidsky TRPV3 je aktivovan vysokymi teplotami,
jejichz inicidlni aktivaéni prah piesahuje 50 °C. Podobné jako mysi
TRPV3, lidsky ortolog pii opakované aktivaci silné senzitizuje funkéné
zavislym zpisobem.

4.1.2 Treti smycka ankyrinové domény urcuje funkcni zavislost teplotni
senzitizace TRPV3

V dal8im kroku jsme zkonstruovali mutantni formy lidského TRPV3
(hTRPV3), vnichz byla soucasn¢, nebo individudlné nahrazena rezidua
v nekonzervované oblasti tieti smycky ankyrinové domény analogickymi
rezidui potkaniho ortologu TRPV1 (rTRPV1). Nejprve jsme vygenerovali
pln€¢ chiméricky kandl se sedmi zdménami TRPV3/V1(251-257), ve
kterém byla nahrazena sekvence NPKYQHE sekvenci KKTKGRP a tento
konstrukt byl funkéné charakterizovan protokolem s teplotnimi line4drnimi
pulzy od 25°C do teplot pfesahujicich 50 °C. Teplotn¢ vyvolané
membranové proudy zprostfedkované chimérickymi TRPV3 kandly
vykazovaly tonickou aktivitu pfi teploté 25 °C a senzitizovaly jiz pfi prvni
teplotni stimulaci. Grafy primérné normalizované zavislosti proudu na
teploté vykazovaly v porovnani s pfirozenym typem TRPV3 strméjsi sklon
pfi teplotach okolo 40 °C a pozvolny sklon pii teplotach vyssich.

Abychom upftesnili misto, které se rozhodujicim zpisobem podili na
senzitizovaném fenotypu kanalu, vytvofili jsme v dal§im kroku dva
chimérické konstrukty TRPV3, ve kterych byly zaménény oblasti
receptoru N251-Y254 a Q255-G257. Zatimco se mutace TRPV3/V1(255-
257) nelisila od TRPV3 ptirozeného typu, TRPV3/V1(251-254) vykazoval
senzitizovany fenotyp. Maximalni proudova odpovéd vyvoland prvni
teplotni aplikaci v kontrolnim extracelularnim roztoku se neliSila od
proudové odpovédi vyvolané aplikaci smési agonistt pti 25 °C (P = 0.200,
parovy t-test; n = 13), zatimco u pfirozeného typu TRPV3 wvzrostla
proudova odpovéd v pfitomnosti smési agonistil priblizné 16-krat (n = 15).



Hodnota maximalniho teplotniho koeficientu Q) prvni teplotni odpovédi
se statisticky vyznamné neliSila od hodnoty maximalniho teplotniho
koeficientu Qj nasledujicich teplotnich odpovédi (hodnoty medianu 14.5
a 15.5; P = 0.804, parovy t-test; n = 13).

Analyza rozptylu jednoduchého tfidéni, one-way  ANOVA,
jednoznaéné potvrdila rozdily mezi konstrukty. Maximalni hodnota Q) a
teplotni prah specifické aktivace chimerniho receptoru byly statisticky
vyznamn¢  snizeny u TRPV3/V1(251-257) a  trojmutantniho
TRPV3/V1(251-254) kanalu (P < 0.001), nikoliv u TRPV3/V1(255-257).
Z toho diivodu se naSe pozornost dale zamétila na rezidua z oblasti 251-
254.

V dalsi fazi projektu byla prozkoumana funkcni tloha aminokyselin
N251, P252, K253 a Y254 v teplotni aktivaci TRPV3. Vysledky ukézaly,
7e v oblasti tfeti smycky je pro funkci receptoru rozhodujici velikost a
flexibilita aminokyseliny v poloze 252, v mens§im rozsahu 253.

Abychom podrobngji zjistili mechanizmus, kterym identifikovana
oblast tfeti smycky pfispiva k teplotni aktivaci TRPV3 kandlu, dvojice
rezidui lezici dle dostupného struktniho modelu (23) v tésné blizkosti jsme
nahradili cysteiny: P252C/E257C a K246C/E263C.

Dvojmutace P252C/E257C statisticky vyznamné (P = 0.004 ; n = 5)
snizila sklon teplotni zavislosti proudovych odpovédi (na 12.3 + 1.5),
zatimco proudy vyvolané kandly s jednocysteinovymi zaménami P252C a
E257C nebyly statisticky odli$né od kanalu ptirozeného typu.

Pro ucely porovnani miry senzitizace a teplotniho prahu specifické
aktivace kanali byly vyhodnoceny maximalni teplotni koeficienty Qo a
prislusné teplotni intervaly, ve kterych byla Arrheniova zavislost linearni
(korelaéni koeficient r* 0.98-0.99).

Statistické porovnani hodnot maximalnich teplotnich koeficientd Q¢ a
prislusnych rozsaht teplot pro vSechny testované konstrukty TRPV3 a pro
potkani TRPV1 je na obrazku 2.
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Obr.2: Statistické vyhodnoceni @y, a prislusnych teplotnich intervali
pro mutace ze tieti smycky. Vlevo, souhrnné maximalni teplotni
koeficienty pro vSechny testované chiméry a mutace ve srovnani s lidskym
TRPV3 a potkanim TRPV1 pfirozeného typu. PferuSovana ¢ara vyznacuje
maximalni Q;y TRPV3 pfirozeného typu. Vpravo, primérné rozsahy
teploty, za kterych byla Arrheniova zavislost linearni (korelacni koeficient
r* 0.98-0.99) a které byly pouzity pro vypo&et maximalniho Q. Sedd zona
ohrani¢uje spodni a horni limity teplotnich rozsahi pro TRPV3
prirozeného typu.

Vysledky naSich experimenti ukazaly, Ze nekonzervovana oblast tieti
smycky ankyrinové domény je oblasti silné ovliviiyjici vlastnosti, teplotni
prah i charakter teplotni zavislosti TRPV3 receptoru. Intramolekularni
kontakty ve tieti smycce jsou jen Castecné zodpoveédné ze senzitizovany
fenotyp kandlu. Vzhledem ktomu, Ze konstrukty P252C a P252G
vykazovaly stejny fenotyp jako TRPV3 kanal pfirozeného typu,
senzitizovany fenotyp kanalu je dan spiSe zménou velikosti rezidua na
pozici 252 nezli zménou lokalni flexibility.

4.1.3 Cytoplazmatickeé rozhrani mezi podjednotkami 7idi vratkovani
TRPV3

Dostupné struktury TRPV kanalt (24-30) odhaluji blizkost centralni
¢asti tieti smycky ankyrinové domény s B skladanym listem tvofenym [3
vlasenkou N-koncové membranové proximalni domény (MPD) a C-
koncovou smyckou, ktery se obtaci okolo B vlasenky a vytvati B skladany
list (24, 25).

Z porovnani struktur (24) mysiho TRPV3 kandlu v otevieném a v
zavieném stavu je patrny posuv sousednich podjednotek na rozhrani mezi



tieti smyckou ankyrinové domény a P skladanym listem vedlejsi
podjednotky. Nejvyrazngj$i zmény vzdalenosti Ca.  atomtl na rozhrani
podjednotek byly pozorovany mezi F259 a Y382 (otevieny 8.3 A, zavieny
9.6 A), F259 a V385 (otevieny 6.6 A, zavieny 7.3 A) a H256 a E736
(otevieny 7.3 A, zavieny 8.1 A). Publikovana struktura otevieného stavu
kanalu byla ziskana v pfitomnosti agonisty 2-APB, a proto jsme si polozili
otazku, zda k podobnému posunu podjednotek mutize dojit i pii aktivaci
teplem.

Pripravili jsme proto konstrukty, ve kterych byly prostorové blizké
aminokyselinové  zbytky = nahrazeny  cysteiny  (F259C/Y382C,
F259C/V385C, H256C/E736C a P252C/Y382C/W380C) s cilem umoznit
tvorbu disulfidickych mustkd, a testovali jsme vlastnosti teplotni aktivace
konstrukta.

Bunky exprimujici F259C/V385C nebo F259/Y382C vykazovaly
vysoky klidovy proud pii teploté 25 °C na membranovém potencialu -70
mV, jez byl zcela blokovatelny nespecifickym blokatorem TRP kanala
rutheniovou cerveni (10 pM). Teplotni odpovédi zprostfedkované
F259C/V385C a v mensi mife F259/Y382C byly senzitizovany, coz
podpofilo nasi hypotézu, ze kanal mize byt stabilizovan v otevieném stavu
disulfidickymi mistky vytvafenymi mezi blizkymi rezidui na rozhrani
podjednotek. Naproti tomu mutace H256C/E736C byla rezistentni
k teplotnim podnétim tak, Ze vysoké teploty ~60°C vyvolavaly jen malé
proudové odpovédi. E736C se statisticky vyznamné neliSil od
H256C/E736C, coz vyloudilo hypotézu funkéné vyznamné tvorby
disulfidickych mistkii mezi témito dvéma rezidui. Naproti tomu F259C,
V385C a Y382A se lisily od cysteinovych dvojmutantli a nevykazovaly
bazalni aktivitu pii teplot¢ 25°C. To nasveédCuje tvorbé disulfidickych
mustkl mezi blizkymi rezidui a podporuje nasi hypotézu o vyznamu ve
stabilizaci otevieného stavu kandlu. Abychom ové&fili existenci
disulfidickych mustkti mezi rezidui F259C a V385C, kultura HEK293T
bunék exprimujicich F259C/V385C konstrukt byla inkubovana
v kultivacnim médiu s obsahem 5 mM redukéniho c¢inidla dithiothreitol
(DTT) podobu 16 minut. Bunky byly nasledné -elektrofyziologicky
testovany standardnim protokolem. Inkubaci dvojcysteinové mutace v
DTT byl potlacen bazilni proud a navracena vysoka teplotni citlivost
kanalu (Obr. 3).
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Obr.3: Reprezentativni proudové odpovédi TRPV3 s vnesenymi
zaménami v pozicich F259C/V385C vyvolané teplotnimi podnéty, snimané
technikou patch-clamp z HEK293T bunék pii membranovém
potencialu -70 mV. Vlevo, konstrukt F259C/V385C vykazoval vyraznou
bazalni aktivitu, kterda byla zcela blokovatelna nespecifickym blokatorem
rutheniovou cerveni (10 mM). Vpravo, bazalni aktivita F259C/V385C
konstruktu byla potla¢ena inkubaci 16 min v 5 mM DTT.

4.1.4 Modelovani molekularni dynamiky TRPV3

Na zaklad¢ ziskanych vysedkt jsme se pokusili navrhnout hypotézu o
moZzném mechanizmu, kterym by signal o teplotnim podnétu mohl byt ze
tieti smycky ankyrinové domény pfevadén do vratek receptoru a tam
ovlivnit vratkovani kandlu. Vyuzili jsme simulace molekularni dynamiky
proteind (viz kapitola 3.13 Simulace molekularni dynamiky). Struktura
zavieného TRPV3 kanalu (PDB ID: 6DVW) byla podrobena molekularné
dynamické simulaci pii teplotach 300 K (~27 °C), 330 K (~57 °C) a 400 K
(~127 °C). Trajektorie molekul ze simulaci v délce 50 ns byly
vyhodnoceny a vyobrazeny ve formé stuzkového diagramu stfednich
kvadratickych odchylek (RMSD).

Z diagramu je patrné, Ze pii zahtati molekuly se silné¢ zvysi flexibilita
smycky 3 a smycky 4 ankyrinové domény, zatimco oblast -skladaného
listu, membranova proximalni doména a TRP-helix zlstavaji pomérné
rigidni. Z toho plyne, ze rigidni oblast by mohla pfendSet teplotni signal ze
tieti smycky ankyrinové oblasti na rozhrani sousednich podjednotek do
vratek kanalu.

4.1.5 Diskuze

Nase vysledky prokazuji strukturni blizkost oblasti kolem F259
z cytoplazmatického  N-konce TRPV3  receptoru s membranovou
proximalni doménou vedlejsi podjednotky (rezidua V385 a Y382). Pomoci



zameén aminokyselinovych rezidui za cysteiny jsme ukézali, Ze propojeni
pozic C259 s C385 nebo C382 disulfidickymi mistky stabilizuje iontovy
kanal v otevieném stavu a dramaticky snizi jeho charakteristiku teplotni
zavislosti. Na zaklad¢ porovnani publikovanych struktur mysiho TRPV3
v zaviené a oteviené konformaci byla diive vyslovena hypotéza, ze se
oblasti tvofici rozhrani mezi podjednotkami pii aktivaci chemickym
agonistou 2-APB vzajemné posunuji (24). Nase vysledky tuto hypotézu
podporuji a navic ukazuji, Ze k podobnym konformaénim zménadm muiize
dochéazet i1 pii aktivaci teplem. Zjistili jsme navic, ze jedind mutace
v oblasti rozhrani (E736C) mlze naopak zvysit aktivacni energii kanalu
natolik, Ze prah pro aktivaci teplem ptevysi 60 °C a soucasné se snizi
zjevna afinita pro agonisty. Jedind mutace tak pravdépodobné muize
stabilizovat kanal v uzavieném stavu. Tyto vysledky jsou siln¢ podpofeny
nedavnou publikaci (31) ve které byly identifikovany interakce mezi
rezidui podjednotkového rozhrani, které jsou zavislé na chemicky (2-APB)
aktivovaném stavu kanalu (Q313, W739, W742, K743 a K169, E751 a
D752).

Jak mize byt pfevadéna informace o teplotnich zméndch prostiedi z
cytoplazmatického rozhrani TRPV3 a ovlivnit tak funkci vratkovani
kanalu? A jak mohou zamény v centralni Casti tfeti smycky ankyrinové
domény ovlivnit senzitizovany stav kanalu? Je znamo, Ze pro spravné
sbaleni ankyrinovych repetic jsou nutné dvé az tii konsensualni sekvence a
pfi poruSeni sekvence muze dojit ke zméné vedeni signalu v ramci
ankyrinové domény jako celku (30, 32). Funkéni zmény zplsobené
mutacemi v naSem piipadé pravdépodobné nejsou zplsobeny narusenim
sbaleni ankyrinovych repetic, jelikoz tfeti smycka je siln€ proménlivou
flexibilni oblasti. U strukturné pfibuzného teplotné aktivovaného TRPV1
receptoru byly v poslednich letech intenzivné studovany molekularni
mechanizmy teplotni aktivace (33-37) a bylo odhaleno n€kolik domén
podléhajicich konformac¢nim zménam vlivem teplotni stimulace. Bylo
navrzeno n¢kolik moznych mechanizmi teplotni aktivace. Podle jedné
z teorii (35) je kanal teplotné otevien poté, co se série konformacnich zmén
vyvolanych teplotnim plsobenim pienese z perifernich casti receptoru az
do oblasti poru kanalu. Predpovidané pohyby sméiujici z C-koncové
oblasti pfes TRP-doménu, membranovou proximalni doménu az po
raménka transmembranové oblasti, které by mohly byt univerzalni pro



TRPV rodinu, jsou patrné i z porovnani nedavno publikovanych struktur
kanalu v otevieném a zavieném stavu (24, 37-39). Zodpovédna rezidua
jsou u mysiho a lidského TRPV3 konzervovana a odpovidaji reziduim
E334-R375, R363-L373 a E364-T378. Signaly z tfeti smycky ankyrinové
domény by mohly byt pfendSeny do vratek praveé témito kontakty v ramcei
jedné podjednotky, obdobné jako je tomu u TRPVI1, nekonzervovana
klicka tieti smycky TRPV3 je vSak velmi flexibilni a je s MPD propojena
velmi flexibilni oblasti ¢tvrté a paté smycky ARD. Jak ukazuji nase
simulace molekularni dynamiky, signal by mohl byt pfenasen
prostfednictvim rozhrani sousednich podjednotek z tfeti smycky ARD na
B-skladany list slozeny ze tfech vlaken vedlejsi podjednotky. Tento
kontakt by mohl posilovat senzitizovany stav receptoru a prevadét signal
na MPD doménu zodpovédnou za teplotni citlivost, dale na S2-S3
raménko, TRP doménu a potencidlné¢ az do vratek. Disledkem mutaci
analyzovanych vramci naSi studie by mohlo byt naruseni schopnosti
vzéjemného posuvu v oblasti rozhrani a pfevodu signdlu do vratek
(disledek mutace F259C/V385C). Krom¢ toho miize mit vliv na stabilitu
konformace kanalu v jeho vodivém stavu také hydratace poru (21, 35).

Kromé vysledkii se zaménami aminokyselinovych zbytkll za
cysteiny byly pozorovany zmény v rovnovazném stavu mezi otevienym a
zavienym stavem kanalu i u chiméry TRPV3 s TRPV1 sekvenci (251-
254), u jednobodovych zamén P252K, K253T a jejich kombinaci s
mutaci D414A, lokalizované v MPD. Tato doména byla diive
identifikovana jako hlavni Cinitel funkéné zéavislé senzitizace TRPV3 (6),
nase vysledky vSak nenasvédCuji pfimé interakci centrdlni casti tieti
smycky s MPD.

4.2 Funkéni regulace TRPV3 kanalu fosforylaci

Na TRPV3 kanalech exprimovanych endogenné v HaCaT bunécnych
liniich byly metodou patch-clamp snimadny membranové proudy v
pfitomnosti epidermdlniho rastového faktoru (EGF) a selektivnich
inhibitori mitogenem aktivovanych proteinkinaz (ERK). Potvrdili jsme, Ze
lidsky TRPV3 je regulovan receptorem pro epidermalni rustovy faktor
(EGFR) prostiednictvim mitogenem aktivovanych proteinkinazovych drah
(MAPK) a urcili potencidlni fosforylaéni mista v oblasti N-terminalni
ankyrinové domény.



4.2.1 Predikce a testovani potencialnich fosforylacnich mist

Za pouziti kombinace ruznych predikénich serveri (Predikin,
KinasePhos2, ScanSite, PPSP, GPS 3.0, Musite, NetPhorest, Disphos,
PKIS) byla vyhledana potencialni fosforylacni mista lidského TRPV3 pro
ERK kinazu. Celkem bylo na N-konci TRPV3 vyhledano 8 ERK 1/2
konsensualnich mist o sekvenci (PX(S/T)P), ¢tyfi z nich obsahujici PXSP
motiv: Seréo, Serss, Sersg, Ser'” a ¢tyfi s PXTP motivem: Thr35, Thr%,
Thr*®, Thr'®.

Za pouziti pfistupu cilené mutageneze byla vSechna navrZena
potencialni  fosforylatni mista individudlné nahrazena kyselinou
asparagovou (Asp, D) s umyslem vnést do vybranych fosforyla¢nich mist
zaporny naboj. Takto pfipravené konstrukty plazmidi kodujicich mutantni
TRPV3 kandly byly individudln€ tranzientné transfekovany do HaCaT
bun¢k a podrobeny elektrofyziologickému méteni. Na bunky byl étytikrat
po dobu 30 s aplikovan agonista 2-APB o koncentraci 50 pM, po kazdé
aplikaci nasledovalo odmyti trvajici 30 s. Na zavér méfeni byla po dobu
10 s aplikovana smés agonistll o saturujici koncentraci (200 uM 2-APB a
150 uM karvakrol). Proudova odpoveéd vyvoland smési agonistl byla
povaZovana za maximalni proudovou odpovéd’ saturovanych kanala a byla
pouzivana jako referen¢ni hodnota. Konstrukt T264D vykazoval statisticky
signifikantné vyssi amplitudy proudovych odpovédi na prvni aplikaci
agonisty nez piirozeny typ TRPV3. T264D a T343D nebyly senzitizovany
pii opakované stimulaci 50 uM 2-APB. Prvni proudova odpovéd’ mutantu
T264D se statisticky neliSila od ¢tvrté odpovédi a dosahovala asi 7%
proudové odpovédi vyvolané aplikaci smési agonistii o saturujici
koncentraci. Na rozdil od receptoru pfirozeného typu, mutant T264D
vétsinou dosahl stabilni trovné jiz béhem 30 s proudové odpovédi, ktera se
dale nezvysovala. Proudy vyvolané opakovanou stimulaci 2-APB u kanala
s mutaci na pozici T343D byly obtizné detekovatelné a statisticky
signifikantné mensi v porovnani s ostatnimi konstrukty. Ctvrta proudova
odpovéd’ vyvolana agonistou byla stejné velka jako prvni a dosahovala
pouze 0.3 % proudové odpovédi vyvolané smési agonistli o saturujici
koncentraci. Také mutant T35D vykazoval signifikantné mensi inicialni
proudovou odpovéd v porovnani s TRPV3 pfirozeného typu, ale
senzitizoval ve srovnatelné mife jako kandly pfirozeného typu, proto na n¢j
nebyla soustiedéna dal§i pozornost pii hledani hlavniho fosforyla¢niho



mista. AZ na vyjimku konstruktu S85D byly hodnoty proudovych
odpovédi vyvolanych aplikaci smési agonistli o saturujici koncentraci
srovnatelné mezi mutantnimi kanaly a kanaly pfirozeného typu TRPV3.
Fosfomimikujici mutace T264D senzitizovala kandl beze zmény ve
velikosti maximalni proudové odpovédi vyvolané saturujici koncentraci
smési agonistll, jak jsme ocekavali v ptipadé potenciace kanalu MEK
kindzou. Z toho divodu bylo reziduum T264 vybrano za hlavniho
kandidata na fosforyla¢ni misto pro fosforylaci ERK 1/2 kinazou a zvoleno
klicovym aminokyselinovym zbytkem pro dal§i experimenty vedouci
k objasnéni jeho role ve funkci TRPV3 receptoru.

4.2.2 Regulace TRPV3 pomoci ERK fosforylace

Dalsi ¢ast experimentil byla provadéna na tranzientné transfekovanych
HEK293T bunéénych liniich. Ke zméné expresniho systému bylo
pristoupeno z diivodu, aby se potvrdil fenotyp mutace T264 nezavisle na
expresnim systému a v neposledni fadé aby bylo zamezeno interferenci s
endogenné exprimovanymi TRPV3 kanaly v HaCaT bunéénych liniich.

Pro méteni proudovych odpovédi z kanalii nesoucich mutaci na pozici
T264 byl pouzit analogicky protokol jako pii stimulaci HaCaT bunck.
Testovany byly kandly TRPV3 pfirozeného typu, mutace T264D, a také
nove pripravené kanaly s fosfomimikujici mutaci T264E a mutaci T264A,
u které jsme predpokladali, ze zamezi fosforylaci. VSeobecny charakter
proudovych odpovédi pfirozeného typu TRPV3 a T264D se shodoval
s experimenty na HaCaT buikach. Proudové odpovédi vyvolané prvni
aplikaci agonisty 2-APB u T264D byly statisticky vyznamné vyssi
v porovnani s TRPV3. Pii opakované stimulaci nesenzitizoval T264D ani
T264E, jejich prvni a ctvrté proudové odpovédi se statisticky vyznamné
nelisily. Zatimco proudové odpovédi kanalti pfirozeného typu dosahovaly
pii Ctvrté aplikaci trojnasobku velikosti odpovédi inicidlni, u mutace
T264A vzrostly dvakrat. Prvni az ¢tvrtd proudova odpovéd T264D byla
statisticky vyznamné vyssi v porovnani s kanaly pfirozeného typu, zatimco
velikosti proudovych odpovédi vyvolanych saturujici koncentraci smési
agonisti nebyly u zadnych mutaci signifikantné rozdilné od kandlu
pfirozeného typu. Tyto vysledky podporuji nasi hypotézu, ze T264 je
potencidlnim fosforyla¢nim mistem TRPV3 receptoru.



4.2.3 Nadmerna exprese ERK1 podporuje specifickou fosforylaci Thr264

V dalsim kroku byly TRPV3 pfirozeného typu a kanaly s mutaci
T264A koexprimovany s ERK1 kinazou v HEK293T buiikach za Gcelem
objasnit, zda ERK kindza funkéné ovliviiuje TRPV3 kanal. ZvySena
exprese ERK1 méla za nasledek velky nartst proudovych odpovédi
vyvolanych 2-APB v buiikdch exprimujicich pfirozeny typ TRPV3, které
pii opakované stimulaci nesenzitizovaly a podobaly se svym fenotypem
fosfomimikujicim mutacim T264D a T264E. Proudové odpovédi
konstruktu T264A se naproti tomu nezménily. Primémé aplitudy
proudovych odpovédi vyvolanych saturujici koncentraci smési agonistil se
pti zvySené expresi ERK1 v obou pfipadech statisticky nelisily (P =
0.230).  Vysledky naznacuji, ze threonin 264 je moznym mistem
fosforylace TRPV3 receptoru zprostfedkované ERK1 kindzou.

4.2.4 Snizeni miry potenciace indukované EGF u mutace T264A

Abychom ovéfili ulohu threoninu 264 v podminkach blizkych
nativnimu prostiedi, porovnavali jsme odpovédi TRPV3 ptirozeného typu
a T264A piechodn¢ exprimovanych v HaCaT bunkach. Buiky byly
opakované¢ stimulovany nizkou koncentraci (50 pM) 2-APB. Aplikace
agonisty trvala pokazdé 10 s (nasledovana omyvanim extracelularnim
roztokem s intervalem 30 sekund mezi aplikacemi agonisty). Po Ctyfech
opakovénich byly buiiky inkubovany 1 min v EGF (20 ng.ml™") a po
skonceni inkubace byly opét standardné stimulovany nizkou koncentraci 2-
APB. Na zavér méfeni byla aplikovand po dobu 10 s smés agonistil o
saturujici koncentraci 200 uM 2-APB a 150 uM karvakrol. V porovnani
s amplitudou prvni odpovédi TRPV3 na 2-APB, vzrostla 8. odpovéd
Sestkrat, zatimco u T264A pouze &tyfikrat. Ctvrta odpovéd’ na 2-APB po
inkubaci bun¢k v EGF dosahla 11 % odpovédi na saturujici koncentraci
smeési agonistll v piipad€ ptirozeného typu kandlu, ale jen 2 % v pfipadé¢
kanalu s mutaci T264A.

V souhrnu nase vysledky potvrzuji klicovy vyznam rezidua T264
v potenciaci TRPV3 ptisobenim EGF.

4.2.5 Diskuze
Studie, ve které jsme urcovali hlavni fosforylacni misto TRPV3 pro
ERK1/2 kinazu, vychazela z pivodniho pozorovani Cheng a kol. (20),



kteti odhalili regulacni mechanizmus aktivace TRPV3 prostfednictvim
EGFR receptoru v keratinocytech u mysi. Podafilo se nam potvrdit
podobna pozorovani i pro TRPV3 exprimované v buinkach HaCaT,
odvozenych z lidskych keratinocytli. Autofi v piivodni studii navrhli, ze
aktivace EGFR prostiednictvim signaliza¢nich drah PLC a caste¢né
MAPK zvySuje aktivitu TRPV3. V naSich pokusech jsme potvrdili
zapojeni téchto signalizacnich drah v potenciaci TRPV3 v HaCaT buiikach
inkubovanych v EGF aplikaci inhibitort MEK (U0126, PD98059), ktera je
soucasti MAPK kaskady. Dale se nam podafilo ukazat, Ze v prostiedi
prostém Ca”" tyto inhibitory zcela brani potenciaci vyvolané EGF, to by
naznacovalo, Ze senzitizace TRPV3 by mohla byt fizena MAPK
signaliza¢ni drdhou nezévisle na PLC signaliza¢ni draze.

Pii bliz§im zkoumani fosforylacnich mist se ndm v rdmci dalsi studie
podafilo odhalit hlavni aminokyselinovy zbytek threonin 264, ktery je
lokalizovan na N-konci teti smycky ankyrinové domény. Threonin 264 je
hlavnim fosforylanim mistem TRPV3 v senzitizaci zprostiedkované
ERKI1 kin4dzou. Z porovnani sekvenci ankyrinovych domén pro znamé
TRPV kandly je zfejmé, Ze threonin 264 se nachazi v oblasti konzervované
jen v ramci TRPV3 proteint (23), regulace prostiednictvim tohoto rezidua
je nejspiSe specificka pro TRPV3.

Autofi krystalové struktury ARD domény TRPV3 (23) publikovali
atypickou konformaci teti smycky, ktera je sklopena ptes druhou smycku
a je interakcemi s AR3 v této pozici stabilizovana. Nejnovéjsi struktury
celého receptoru zvetejnéné v nedavné dobé (24, 25) vsak tuto konformaci
nezaznamenavaji a zda se, Ze ptivodné urcena atypicka konformace je bud’
krystalizacnim artefaktem, nebo se méni v dusledku piitomnosti vedlejsi
podjednotky. Autorim atypického usporadani (23) se vsSak také podatilo
funk¢né dokazat, Ze porusenim hydrofobnich interakci stabilizujicich tuto
atypickou konformaci dojde k vaznému poSkozeni citlivosti TRPV3
k agonistovi 2-APB. Threonin 264 piimo sousedi se stabilizacni oblasti
tieti smycky, je tedy mozné, Ze interakci threoninu 264 s ERK1 se méni
konformace smycky, a Ze tato strukturni zména vyznamné ovliviiuje
funk¢énost celého kanalu. Blizkost T264 a asparaginu N242, odkud je
TRPV3 U¢inné regulovan prolyl hydroxylaci (40), jesté vice podporuje
nasi predstavu o souvislostech bunéénych signaliza¢nich drah zapojenych
v udrzeni kozni homeostaze.



4.3 Oblast TRPAI1 receptoru interagujici s membranovymi
fosfolipidy reguluje aktivaci TRPA1 na fyziologickych
membranovych potenciilech

Tato Cast pfedlozené prace navazuje na predchozi studie laboratote, ve
kterych se podatilo prokazat ovlivnéni funkce TRPA1 kanalu interakei s
membranovymi fosfolipidy. Byla identifikovana fada pozitivné nabitych
aminokyselin v oblasti C-konce, ktera interaguji s membranovymi
fosfolipidy (41) a zjisténa vysoka afinita peptidu o sekvenci odpovidajici
oblasti 1964-1.992 TRP-like domény k membranovému PIP, (42).
Z pozdgji publikované struktury TRPA1 vyplynulo, ze PIP, kromé této
oblasti miZe interagovat s receptorem také v prostoru mezi podjednotkami,
v misté¢ postranni fenestrace, tj. intracelularni oblasti rozhrani mezi
podjednotkami, vytvatejici prostor pro kontakt receptorti s membranovymi
lipidy (43). Pomoci serveru AntiBP
(http://crdd.osdd.net/raghava/antibp/index.html) byla na zakladé primarni
sekvence urCena oblast proximalniho C-konce TRPA1 jako oblast
s antibakteridlni aktivitou, tedy potencialn¢ interagujici s PIP, Dostupna
cryo-EM struktura receptoru (PDB 3J9P) v maximalnim rozlideni 4.24 A
ma $patné rozliSenou oblast klicky Y1006-Q1031. Pro dalsi analyzu byly
navrzeny  peptidy na  zdkladé dvou  vybranych  sekvenci
dosahujicich vysokého skore pravdépodobnosti antibakterialni aktivity a
tedy potencidlni interakce s membranovymi fosfolipidy: prvni sekvence
odpovidajici oblasti strukturné nerozliSené casti receptoru T1003-P1034,
druhd L992-N1008 odpovidajici ¢asti TRPA1 vazajici kalmodulin (13),
prekryvajici ¢astecné C-konec prvni sekvence. Cilem studie bylo objasnit,
zda navrzené peptidy mohou interagovat s PIP,, zda se vazebné misto
pro PIP, ¢i jiné membranové fosfolipidy muize piekryvat s vazebnym
mistem pro kalmodulin a o toto vazebné misto U¢inné kompetovat pii
aktivaci receptort.

4.3.1 Povrchova vazba peptidii k membranovym fosfolipidiim s PIP,
Abychom zjistili, zda navrzené peptidy mohou interagovat
s membranovymi  fosfolipidy, vyuzili jsme kombinaci riznych
biofyzikalnich pfistupii ve spolupraci s pracovistém Dr. Isabely Alves v
Bordeaux. V piipadé¢ modelové membrany slozené z Cist¢ého POPC nebyly
zaznamenany za4dné zmény v posunu pozic rezonanci, tedy nedochazelo
k interakci mezi plandrni membranou a peptidy pii zvySujicich se



koncentracich az do 10 uM. V ptfipadé modelové membrany s obsahem
5 % PIP, dochazelo se zvysujici se koncentraci peptidii ke zménam v s- a
p- rezonancich. Pfestoze bylo mozné kiivky prolozit teoretickou
hyperbolickou satura¢ni kiivkou, vzhledem k rozliSovaci schopnosti
pfistroje (<5 mdeg) nebylo mozné wurCit rovnovaznou disociaéni
konstrantu Kp mezi peptidy a lipidy. V pfitomnost 20% PIP, a 80% POPC
v modelové membrané nedoslo v dalsimu navyseni amplitudy rezonance.

Pro ur¢eni Kp byla vyuzita technika MDS, kdy je sledovana zména
velikosti SMALP v navaznosti na insterakci s peptidy. Data jsou
konzistentni s PWR, peptidy se nevazaly ke SMALP slozenych pouze
zPOPC. V piipadé SMALP o slozeni POPC/PIP, (9/1 mol.mol™") byla
prokazana vazba obou peptida s afinitami v rozmezi 300 — 700 nM (Obr.
4, Tab. 1).
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Obr.4: Interakce peptidi L[992-N1008 a T1003-P1034 se SMALP
slozenymi z POPC (trojuhleniky a ¢tverce) nebo smési POPC/PIP, 9/1
mol.mol-1 (kolecka) méifené metodou MDS. Pramérny hydrodynamicky
radius pfi titraci peptidu SMALP zaznamenany po kazdém navySeni
koncentrace lipidi. Chybové usecky znaci SD, byly provedeny 3 opakovani
pro kazdy typ experimentu.

Nasledné byl pomoci stejné techniky pozorovan vliv pfitomnosti
vapenatych ionti (2 mM Ca®") na afinitu interakce mezi SMALP o sloZeni
POPC/PIP, (9/1 mol.mol')a ob&ma peptidy (Tab. 1). P¥tomnost
vapenatych iontd v pufru snizila afinitu obou peptidi ke SMALP
s obsahem PIP;.



Tab.1: Vazebné afinity (uvedené v nM Koncentracich) ziskané
pomoci MDS pro peptidy L992-N1008 a T1003-P1034 ke SMALP
sloZenych z POPC a smési POPC/ PIP, v prostiedi prostém vapenatych
ionti a v jejich pritomnosti. Data jsou uvedena jako stfedni hodnota + SD (n

=3).
LIPID/PEPTID L992-N1008 T1003-P1034
POPC bez vazby bez vazby
POPC/PIP, (9/1 mol.mol™) bez Ca** 330 + 68 685 + 114

POPC/PIP, (9/1 mol.mol) s 2 mM Ca®" 425+ 95 720 + 123

Peptid L992-N1008 vykazoval vyssi afinitu nez T1003-P1034, coz je
ziejmé déno vyS$im nabojem (2 pro L992-N1008, 1 pro T1003-P1034), a
tedy siln€j$imi elektrostatickymi interakcemi mezi peptidem a negativné
nabitym fosfolipidem.

Pro potvrzeni vazby k lipidim a ve snaze urcit sekundarni strukturu
peptidu s vyssi afinitou (L992-N1008) byla pouzita technika pATR-FTIR.
Peptid vykazoval podobné pozice vazeb a dichroicky pomér CH,
valenénich vibraci symetrickych (2852 cm™) a antisymetrickych
(2923 cm™) v obou polaritach . Signaly pro amid I (1640 cm™) a amid II
(1535 cm™) pozorované po inkubaci se po odmyti sniZily na uroven
detek¢niho limitu metody, proto nemohla byt tato metoda vyuzita k urceni
sekundarni struktury a orientace peptidu L992-N1008.

V dal$im kroku byla testovana mira naruseni integrity LUV s obsahem
PIP, ptfitomnosti peptidi L992-N1008 a T1003-P1034 metodou
fluorescencni  analyzy meéfenim  fluorescence  internalizovaného
sulforhodaminu B. Slaba pertubace membrany byla potvrzena i vysledky
pATR-FTIR a PWR, kdy dalsi zvySovani obsahu PIP, v modelové
membrané nezvysilo signal, ani nezménilo rezonanci. Nebyl pozorovan
zadny unik sulforhodaminu B z lipozomid ani pii nejvySSim pouZzitém
poméru peptid/lipid (P/L) 1/10.

Z nasich vysledki vyplyva, ze kinterakci mezi peptidy a lipidy
dochazi pouze v pfitomnosti PIP, a vazba je pouze povrchova,
nejpravdépodobngji  dochazi  k elektrostatickym  interakcim  mezi
anionaktivnimi lipidy a kladn€ nabitymi peptidy.



4.3.2 Domneéle interagujici oblast TRPAI s PIP, kompetuje o misto s
komplexem Ca’"/kalmodulin

V nedavné dob& bylo ukézéano, Ze komplex Ca”'/kalmodulin se vaze
na TRPA1 voblasti 1992-L1008 a zvySuje aktivaci kanalu
pti fyziologickych membranovych potencialech (13). Jaka je uloha PIP,
v nociceptivnich neuronech za fyziologickych podminek je stale
predmétem intenzivniho studia. Je znamo, ze PIP, reguluje aktivitu mnoha
receptort véetné TRPV1, ktery je exprimovan spoleéné¢ s TRPA1 (14).
Testovali jsme moznost, ze PIP, se mlize za nativnich podminek vazat na
stejné misto TRPA1 receptoru, ze kterého je komplex Ca"/kalmodulin
uvolnén v zavislosti na hlading intracelularni koncentrace Ca”" .

Pro zachovani podminek blizkych nativnimu prosttedi byla
elektrofyziologick4d méfeni provadéna na F11 buné¢nych liniich, které jsou
hybridnimi somatickymi bunkami embryonalnich potkanich zadnich
kofenti miSnich a mysich neuroblastomtl. Predpokladali jsme, Ze pokud
Ca®'/kalmodulin kompetuje s PIP, o stejné vazebné misto, méla by
nitrobunéénd perfuze specifickymi peptidy (L992-L1008 nebo T1003-
P1034) prokazovat dominantné negativni G¢inek na aktivitu TRPAI, t;.
vazat se na receptor a snizit tak G&innost nejen Ca>"/kalmodulinu (13), ale
také na PIP,. U¢inek zvyseni intracelularniho mnoZstvi peptidi by mél byt
zavisly na nitrobun&éné koncentraci Ca”".

Proudové odpovédi snimané bezprostiedné (30-50 s) po protrzeni
membrany mély zfeteln¢ pomalejsi aktivacni fazi nez odpoveédi bunék, u
kterych byla dodrzena doba 5-6 min perfiize intracelularnim roztokem. Na
konci 10s aplikace byla amplituda odpoveédi na karvakrol statisticky
vyznamné€ niz§i u kontrolnich bunék (median 8.5 pA/pF; n= 12) oproti
buitkam snimanym s intracelularnim roztokem obsahujicim peptid T1003-
P1034 (median 18.7 pA/pF; n= 6, P = 0.044). Pfidani 500 pM Ca®" do
extracelularniho roztoku zvySilo piiblizné 8-krat odpovéd snimanou
30-50 spo protrzeni bunky. Nebyla nalezena Zzadna korelace mezi
amplitudami proudovych odpovédi a potenciaci vyvolanou piitomnosti
vapenatych iontll (Spearmantiv korelacni koeficient -0.0979, P = 0.749; n
= 12). Pritomnost peptidu T1003-P1034 v intracelularnim roztoku
statisticky vyznamné (P = 0.028, n=6) snizil miru potenciace TRPA1
vyvolané vapenatymi ionty, obdobné jako bylo jiz diive popsano u peptidu
L992-N1008 (13).



Tyto vysledky naznacuji, ze sekvence L992-N1008 a T1003-P1034
jsou dulezitou oblasti TRPA1 receptoru uplatilujici se v potenciaci
vapenatymi ionty. Vysledky rovnéz podporuji hypotézu, ze komplex
Ca’"/kalmodulin miZe u&inn& kompetovat o stejné (nebo &astetnd se
prekryvajici) vazebné misto s PIP,.

4.3.3 Zmeny ve strukture receptoru vyvolané pritomnosti PIP,

Dostupna struktura TRPA1 receptoru neni doposud zcela rozliSena
v oblasti Y1006-Q1031. Pomoci serveru PSIPRED (44) byla predikovana
sekundarni struktura této Casti receptoru. Predikce s vysokou jistotou urcila
helikalni charakter oblasti F1017-L1023 peptidu T1003-P1034.
Z Coulombovy hustoty prolozené strukturou TRPA1 ziskanou pomoci
kryoelektronové mikroskopie je patrné, ze nerozliSena Cast receptoru
obsahuje ve flexibilni oblasti T1003-P1034 raménka sekundarni strukturu
obsahujici helix. Je zfejmé, Ze struktura nerozliSené Casti receptoru by
mohla byt s PIP, v kontaktu. Jejich vzajemné strukturni ovlivnéni bylo
pfedmétem dalSich expetimentd.

Se zamérem potvrdit sekundarni strukturu nerozlisené ¢asti receptoru a
objasnit jeji zmény v piitomnosti PIP, byly peptidy podrobeny
spektroskopickym experimentim cirkularniho dichroizmu. Ze ziskanych
dat lze usoudit, Ze oba peptidy jsou vysoce nestrukturované se
zastoupenim [-skladaného listu. U peptidu L992-N1008 bylo prokazano
také zastoupeni helikalni struktury. Z dat vyplyva, ze pii interakci
nedochézi ke zménam pfi prechodu peptidd z prostiedi slozeného z POPC
do POPC/PIP, (5% a 20% PIP,) v pomérech v rozsahu 1/50 az 1/10 P/L.
Pomoci BeStSel algoritmu (45) bylo vypocteno zatoupeni sekundarnich
struktur s obsahem 0.8-6.9 % o-helixu, 26.2-34.2 % antiparalelniho B-
skladaného listu, 15.3-17 % otocky a 47.7-54.1 % neuspoiadané struktury.

4.3.4 Konzervovany F1020 prispiva ke stabilizaci vratek TRPAI

Z porovnani sekvenci oblasti proximalniho C-konce TRPA1 proteinu
65 ruznych druhti obratloved je patrnd vysokda konzervovanost
fenylalaninu F1020. Tento aminokyselinovy zbytek je situovan v centralni
¢asti uréeného kratkého helikalniho tseku, ktery je v tésné (~5 A) blizkosti
funkéné dulezitych oblasti receptoru: paté transmembranové domény
(R875) a S2-S3 klicky (F800 a M801). Konzervovany fenylalanin F1020
byl nahrazen glycinem s cilem narusit predikovanou helikalni strukturu.



Ptirozeny TRPA1 a mutace F1020G byly tranzientné transfekovany do
HEK293T bunék za pomoci MATra (magnetem asistovana transfekce)
¢astic a nasledné funkéné testovan pomoci elektrofyziologické techniky
patch-clamp v rezimu snimani z celé buiiky. Byly snimany membranové
proudy vyvolané parcidlnim agonistou cinnamaldehydem (100 uM)
aplikovanym v extracelularnim roztoku bez vapenatych iontli a poté byl
aplikovén extracelularni roztok obsahujici 2 mM Ca®" (Obr. 5). Na buiiky
byl soucasné aplikovan frekvenci 1Hz napétovy pulz jdouci linearné
od -80mV na +80 mV rychlosti 1V.s'. Mutace F1020G oproti
ptirozenému TRPA1 (WT) vedla k silnému umisténi proudi méfenych bez
piitomnosti Ca*” na zépornych potencidlech, jak je patrné z proudové-
napétové charakteristiky vyhodnocené po 30 sod pocatku aplikace
agonisty . U konstruktu F1020G dosahoval primérny proud na zapornych
membranovych potencidlech tfetinové hodnoty proudu oproti kanalu
pfirozeného typu (-1.0 = 0.1 nA oproti -2.9 £ 0.5 nA pro WT, P <0.001; n
= 13 a 10). V extracelularnim roztoku obsahujicim 2 mM Ca®" se
amplitudy proudd F1020G nelisily od proudi zprostiedkovanych kanaly
ptirozeného typu (-4.0 £ 0.5 nA oproti -4.4 £ 0.5 nA pii napéti -80 mV; P
=0.554;a5.6+ 0.7 oproti 6.1 = 0.8 nA pfi napéti +80 mV; P =0.637; n=
13 a 10).
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Obr.5: Mutace F1020G ovliviiuje aktivaci TRPA1 vyvolanou chemicky a
napétim. A, Primérné proudy vyvolané 100 uM cinnamaldehydem snimané
vrezimu z celé bunky technikou patch-clamp z HEK293T exprimujicich
TRPAI v prosttedi bez Ca’" a poté v2mM Ca’’, méfené pii linearnd
rostoucim napéti od -80 do +80 mV rychlosti 1 V.s”. SEM jsou vyznadeny
jako Sedé vertikalni ¢ary, n je pocet bunék. Vlevo, primérné proudy
zprostfedkované pfirozenym typem TRPA1 (WT). Vpravo, primérné proudy
snimané zbundk exprimujicich mutantni konstrukt F1020G. Sedou
prerusovanou carou je podkreslen primér proudii snimanych z TRPAI1
prirozeného typu. B, Proudové-napétova charakteristika vynesend v Casech
vyznacenych Sipkami v A (¢erna pro WT vlevo, zelené F1020G vpravo).

Z vysledkl je patrné, ze F1020 je soucasti oblasti proximalniho C-
konce, ktera prispiva k aktivaci TRPA1 na =zapornych (tedy
fyziologickych) membranovych potencidlech zejména v podminkach slabé
aktivovanych stavli receptoru (tj. napiiklad v pfitomnosti subsaturujici
koncentrace agonistil, nebo pii zménach redukéni/oxidacni rovnovahy).
4.3.5 Diskuze

Prestoze literatura zabyvajici se ur¢enim tlohy PIP, v regulaci TRPA1
je rozsahla, neni dosud jednotny nazor, zda fosfoinositidy jsou pro funkci
TRPA1 nezbytné (46), zda je TRPA1 fosfoinositidy inhibovan (14, 47,
48), aktivovan (49) ¢i jimi neni vibec regulovan (50).



Obecné je znamo, ze fosfoinositidy se k proteinim vaZou pomoci
elektrostatickych interakci mezi svym kladné nabitym fetézcem a
partnerem se zapornym nabojem. Na TRPA1l bylo navrZzeno mnoho
moznych interakénich mist pro fosfoinositidy (41, 42, 49, 51). Konkrétné
pro vazbu PIP, byly navrzeny prototypické sekvence, tzv. pleckstrin
homologni domény, nalezené na aminovém konci (R46-K56, K443-K448,
K592-R605) a na distalnim karboxylovém konci (K1092-R1097) (49).
Podle funkénich studii provedenych v minulosti nasim tymem (41, 52) a z
dostupnych strukturnich studii (43) se z tohoto hlediska jevi C-konec jako
velmi pravdépodobna regulacni oblast TRPA1l. Witschas a kol. (42)
zmapovali C-konec TRPA1 proteinu za pouziti specialniho
bioinformatického ptistupu, serveru AntiBP. Pomoci serveru AntiBP byla
s nejvyssim skore piekvapiveé predpovézena sekvence F1017-Q1031, ktera
obsahuje jen jednu bazickou aminokyselinu. Dle aminokyselinového
sloZeni nenabité sekvence F1017-Q1031 interagujici domény usuzujeme,
ze interakce s fosfoinositidy by mohla byt usnadnéna hydrofobnimi a/nebo
aromatickymi aminokyselinami. Moznym kandidatem hlavniho rezidua je
fenylalanin F1020, ktery je siln¢ konzervovany u vice nez 65 TRPAI
proteind savcu.

V ramci studie se nam podafilo dokazat, Ze pro interakci sekvenci
L992-N1008 a T1003-P1034 s membranovymi fosfolipidy je nezbytna
pritomnost PIP,. Podafilo se nam ukazat, Ze vazba je silna, avSak pouze
povrchova a pfi interakci dochazi jen k minimalnimu naruSeni
membranové intergrity.

Nami studované sekvence se prekryvaji s vazebnym mistem pro
Ca*/kalmodulin, které bylo u TRPAl kandlu v nedavné dobé
identifikovano (13). Je znamé, ze ¢astym mechanizmem regulace kanalt je
kompetice PIP, a kalmodulinu, ke kterému dochazi u TRPV1 (53) nebo
jinych iontovych kanalli, jako u draslikovych napétové zavislych kanali
typu Kv7 (54). V ramci experimenti se ndm podatilo ukazat, ze sekvence
odpovidajici kalmodulin vazebnému mistu (L992-N1008) i sekvence
castecné se s nim prekryvajici (T1003-P1034) jsou schopné vazat PIP; s
klesajici afinitou v pfitomnosti vapenatych iontii Ca**. Bylo prokazano, Ze
aktivita TRPA1 kanalu je zvySovana nizkymi koncetracemi Ca®" a naopak
snizovéana vysokymi koncentracemi Ca>" (13, 50) a oba procesy zavisi na
vazbé Ca’’/kalmodulinu. Nase vysledky ukazuji, e pii sniZeni



koncentrace Ca”” pod bazalni uroveii se zvySuje zjevna afinita kanalu
k neelektrofilnimu agonistovi karvakrolu. Usuzujeme, ze PIP, by na
TRPA1 mohl za bazalnich koncentraci Ca®* kompetovat o vazebné misto
pro Ca®/kalmodulin. V této souvislosti je zajimavé skuteGnost, Ze mezi
pacienty trpicimi astmatem byl identifikovan polymorfizmus na pozici
histidinu 1018 (H1018R), ktery se naléza jen dvé mista od F1020. Za
jakych fyziologickych stavli by mohla byt regulace TRPA1 pomoci PIP,
relevantni? V nasich experimentech (55) zdména histidinu 1018 za arginin
zvySila afinitu TRPA1 kandlu k PIP, a méla za nasledek pozménéné
vratkovani kanalu na fyziologickych membranovych potencialech.

TRPA1 je aktivovan velkym mnozstvim chemicky rozmanitych
pronociceptivnich agonistli generovanych za riznych patologickych
bolestivych stavl. Lze proto ptedpokladat, Zze cilené ovlivnéni TRPAI
antagonisty bude ucinnéjsi, nez mnoho jinych IéCiv zaméfenych na
jednotlivé nociceptivni signalni drahy. Existuji studie, které prokazuji, Ze
farmakologické nebo genetické blokovani TRPA1 ucinné a bez
vyznamnych vedlejSich Uc¢inkli zmiriiuje mechanickou a chladovou
ptecitlivélost v rlznych experimentdlnich modelech patofyziologické
bolesti. Potencialni antagonist¢t TRPA1 pulsobici periferné budou
pravdépodobné optimalni pro zmirnéni primarni hyperalgezie (jako je
zanét vyvolany senzitizaci perifernich nervovych zakonceni), zatimco
centralné pasobici antagonisté mohou byt vhodné pro zmirnéni bolestivych
stavii souvisejicich s centralni senzitizaci (jako jsou sekundarni
hyperalgezie a taktilni alodynie zpiisobené riiznymi typy perifernich
poranéni). Bylo prokdzéano, Ze analgetické a protizanétlivé Gc¢inky jednoho
znejvice vyuZzivanych analgetik ibuprofenu jsou zprostiedkovany
metabolitem ibuprofen-acyl glukuronidem, ktery pisobi antagonisticky na
TRPAI1 receptor (56). Také metabolit nejcastéji pouzivaného analgetika
paracetamolu N-acetyl-p-benzochinonimin, NAPQI, aktivuje a nasledné
funkéné desenzibilizuje TRPA1 (57). Vyhledavani specifickych
antagonistt TRPA1 je vSak jen jednou ze soucasnych cest
farmakologického vyzkumu.

Utinni antagonisté teplotn& citlivych TRP kanalii nejen blokuji
nadmérnou aktivitu receptorti, ale také brani plnéni jejich pfirozené
(obranné) fyziologické ulohy. Zna¢na pozornost se proto v souc¢asné dobé
zamétuje také na vyhledavani moznosti, jak ovlivnit specifickou modalitu



aktivace receptort, a to jen tu, kterd je disledkem patofyziologickych
podminek. Nase vysledky potvrzuji, Ze procesy fosforylace, nebo regulace
membranovymi lipidy mohou byt jednim z budoucich smérti vyzkumu.

5. Zavéry

Soudasny rozvoj pokroCilych metod kryoelektronové mikroskopie
umoznil bliz§i poznani molekularni podstaty aktivace a modulace TRP
receptorti ve vztahu k jejich struktufe. Objasnéni mechanizmd, kterymi se
mohou tyto iontové kanaly podilet na vzniku fady zavaznych chronickych
zanétlivych a bolestivych onemocnéni, je nezbytnym piedpokladem pro
vyhledavani novych pfistupii a moznosti jejich farmakologického
ovlivnéni.

Studie zaméfené na pozndni molekuldrni podstaty teplotni aktivace
lidského TRPV3 a jeho regulace signalnimi drahami upfesiuji funkéni
ulohu rozhrani mezi podjednotkami kanalu a umoziuji bliz§i urceni
chemické struktury latek s moznym blokujicim tucéinkem. Vysledky
predlozené dizertacni prace piispivaji k vysvétleni nezadoucich dusledki
lokalniho putsobeni tepla, které mohou doprovéazet stavy po popaleni.
Cilené potladeni procesu funkéné zavislé senzitizace TRPV3, kterym je
zvySovana aktivita receptoru aZ o n¢kolik fada, by mohlo v klinické praxi
predstavovat vyznamny zptsob 1é¢by chronickych zanétlivych koznich
onemocnéni véetné atopické dermatitidy.

Z vysledki dizertacni prace vyplyva, ze pro aktivitu TRPA1 receptoru
je dulezité spravné slozeni bunééné membrany a je-li poruseno, receptor
miZze byt senzitizovan, coz je d¢&j, ktery se uplatiuje pii
n¢kterych neurogennich bolestivych a zanétlivych onemocnénich. Tento
iontovy kanal predstavuje nejen molekuldrni detektor pro vnéj$i podnéty
na nervovych zakoncenich peptidergnich senzorickych neuront. Je také
citlivym senzorem reaktivnich forem kysliku v endotelidlnich bunkach
uplatilujicim se ve vazodilataci mozkovych tepen. Aktivace TRPAI
v keratinocytech, epitelu rohovky a riznych typech fibroblasti stimuluje
vylev zanétlivych mediatorti. Specificka uloha TRPA1 byla prokazéana také
v procesech spojenych s patogennimi infekcemi, v jejichz disledku
vznikaji toxické bakterialni produkty.

Soucasné poznatky o funkci a struktute teplotné aktivovanych TRP
kanalli prokazuji, ze krom¢ vyhledavani latek s pfimym plisobenim je
nutné vzit v ivahu i dal§i moznosti, kterymi by bylo mozné aktivitu téchto



receptort specificky ovlivnit. Hlavnim cilem zékladniho vyzkumu v tomto
sméru je nejen presné urCeni funkénich domén a poznani mechanizmi
aktivace, ale také identifikace dilezitych interakénich proteini a
membranovych lipida, které jsou pro spravnou funkci téchto iontovych
kanalii nezbytné.
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1. Introduction

The transient receptor potential (TRP) superfamily consists of a large
number of cation channels that are mostly permeable to both monovalent
and divalent cations. TRPs are expressed in almost every organism, tissue
and cell type. Some of the TRP channels were only slightly changing
with evolution (1, 2). The 28 mammalian TRP channels can be
subdivided into six main subfamilies: the TRPC (canonical), TRPV
(vanilloid), TRPM (melastatin), TRPP (polycystin), TRPML (mucolipin),
and the TRPA (ankyrin) groups (3).

TRPs transduct various stimuli including chemical, thermal, light and
mechanical ones. TRPs play critical roles of molecular detectors. The
channels are formed by a tetramer of a pore-forming subunits that can be
identical (homotetramer) or they can differ (heterotetramer). Each subunit
consists of six transmembrane segments (S1-S6), pore-forming loop
between segments S5 and S6 and intracellular N- and C-termini. At the
N-terminus in TRPV, TRPC and TRPA, there is an ankyrin repeat
domain (ARD) which can serve as a ligand binding domain or enables
interation of proteins with cytoskeleton (4). ThermoTRP is a specific
group of directly thermaly activated TRP channels. Up to date, at least 10
out of 27 human TRP proteins are recognized to be a thermoTRP (2, 5-
7). Clearly, there is still no definitive answer as to whether thermally
activated channels use a local, domain-based, mechanism for sensing the
temperature, or whether a global response, distributed over the channel
structure, is underlying their strong thermal sensitivity, and is a hot topic
of many discusions.

Polymodality, the ability to be activated by stimuli of various
modalities, is a characteristic property for thermoTRP channels. They
play a crucial role in calcium cell signalization.

The transient receptor potential ankyrin 1 (TRPA1) channel is a
polymodal sensor involved in nociception, inflammatory and neuropatic
pain, specifically in inflammatory cold and mechanical hyperalgesia (8-
11). Cytosolic calcium modulates the activity of TRPA1 in a bimodal
manner so that Ca®" activates or potentiates the channel at low
concentrations and inactivates it at higher concentrations (12). The
proposed molecular mechanism involves Ca’’-sensing calmodulin that
preassociates with the C-terminal region of TRPA1 (L992-N1008) and



enables the channel to distinctly respond to diverse Ca®" signals (13). The

level of membrane PIP, modulates the activity of thermoTRPs,

nevetheless the role of PIP, in TRPA1 regulation is not fully understood

(14, 15).

Transient receptor potential vanilloid 3 (TRPV3) is the most
important vanilloid TRP channel related to the physiology and
pathophysiology of skin (16). The application of a selective inhibitor of
TRPV3 forsythoside B leads to a moderation of pruritus (17), and osthole
diminishes the manifestation of atopic dermatitis (18). TRPV3 is
activated by temperatures exceeding the nociceptive threshold (>50 °C)
and by repeated stimulation shifts the activation threshold to
physiological temperatures 33-39 °C. Manifestation of use-dependence of
activation is the hysteresis of gating by thermal stimuli or agonists (19).
TRPV3 has aunique intrinsic property of sensitization; it is strongly
upregulated byits own activityy TRPV3 forms acomplex with
an epidermal growth factor (EGF) receptor whose activation sensitizes
TRPV3’s responses via signaling pathways (20).

2. Aims of the study

1. To characterize the parameters of the thermal activation of a
recombinant human TRPV3 receptor and to determine the conditions
under which the activation process is use-dependent. Based on the
comparison between TRPV1 and TRPV3, to identify the region of the
channel that can be responsible for the use-dependent senzitization.
Using electrophysiological techniques, to describe functional role of
the identified region and to propose a possible molecular mechanism
of sensitization.

2. To explore whether epidermal growth factor (EGF) sensitizes native
TRPV3 in human keratinocytes and to characterize the extent to which
the sensitization is mediated via MAPK (mitogen activated protein
kinases) signaling pathway. To determine if TRPV3 can be a
substrate protein for ERK1/2 protein kinase (kinases regulated by
extracellular signal 1 and 2). To identify potential phosphorylation site
of TRPV3, that can be the main target for ERK1/2.

3. To determine under what conditions the specific C-terminal part of
human TRPA1 receptor (L992-P1034) can directly interact with
phosphatidylinositol-4,5-bisphosphate ~ (PIP,).  Using  various



biophysical, biochemical, structural and -electrophysiological
approaches, to attempt to propose a mechanism of how PIP,
influences the activity of TRPA1 in nociceptive neurons.

3. Material and methods

3.1 Chemicals

Deionized water from the station Purelab Flex (ELGA UK) with a
final resistance of 18.2 MQ.cm was used for solution preparations and
experiments at the department of cellular neurophysiology CAS.

Peptone, agarose and yeasr extract were purchased from SERVA
(Germany), nutrient agar no#2 was from Biolige (Italy) and TBS 10x from
Boston Bioproducts (USA). Oligonucleotides were synthetized by Merck
(Germamy), peptides by Biomatik (Canada). Lipids were purchased from
Avanti Polar Lipids (USA). All other chemicals were purchased from
Sigma (Czech repuiblic).

3.2 Mutagenesis, cell lines a transfection

The mutants were generated by a QuikChange II XL Site-Directed
Mutagenesis Kit (Agilent Technologies Santa Clara, California, USA). For
each mutation, a pair of primers was designed and ordered (Merck,
Germany). Verified PCR product was tranformed into ultracompotent E.
coli XL10-Gold. DNA plasmids were isolated using High-Speed Plasmid
Mini (GeneAid, Taiwan) and verified by sequencing (Eurofins Genomics,
Germany).

Three cell lines were used for the experiments in this thesis: Human
embryonic kidney HEK293T (ATCC, USA), human keratinocytes HaCaT
(CLS GmbH, Némecko) a somatic hybrid of rat dorsal root ganglia with
mouse neuroblastoma cells F11 (ECACC, United Kingdom). Cell lines
were cultured in Opti-MEM I medium (Invitrogen) supplemented with
fetal bovine serum (FBS) in a thermostat under atmosphere of 5 % CO, at
37 °C, the cells were pasaged every 2-3 days and the day before
transfection, cells were plated in 24-well plates in 0.5 ml of medium and
became confluent on the day of transfection. The cells were then
transiently transfected using the magnet-assisted transfection technique
(IBA GmbH, Goettingen, Germany) or Lipofectamine 2000 (Invitrogen,
USA).



3.3 Patch-clamp electrophysiology

Electrophysiology technique patch-clamp was perfomed in a whole-
cell arrangement under mode of a voltage clamp employing an inverted
fluorescent microscope Axiovert 135 (Zeiss, Germany), antivibration table
TMC (Technical Manufacturing), manipulator MP-255 (Sutter instrument,
USA), application system for rapid superfusion, thermal stimulation and
drug application developed in our laboratory (21, 22), Axopatch 1-D
amplifier (Molecular Devices, USA), digitizer of analog data AD/DA
Digidata 1440A (Molecular Devices, USA) and pCLAMP10 software
(Molecular Devices).

Patch electrodes were pulled immediately before the experiment from
borosilicate glass capillary with a 1.5-mm outer diameter (Science
Products GmbH, Hofheim, Germany) on a horizontal puller P-1000 (Sutter
Instrument, USA). The tip of the pipette was heat-polished to a final
resistance between 3 and 5 MQ. The experiments were performed at
25 °C. Glass pipettes were filled with the intracellular solution selected
according to the cell line and type of the experiment. The currents were
recorded from single vital cells expressing green fluorescent protein.

3.4 Determination of maximum apparent temperature coefficients Q

A system for rapid superfusion enabled us to heat up accurately and
quickly the extracellular solutions from 25 to 60 °C to cells and apply at a
maximum speed of about 35°C/s at 3 sintervals. The temperature
sensitivity of TRPV3 constructs was then evaluated. The heat-evoked
whole cell currents sampled during the rising phase of temperature ramp
were pooled at intervals of 0.25 °C. The maximum apparent temperature
coefficients O,y and the thermal thresholds were determined from the slope
of Arrhenius plot (absolute values of inward currents plotted on a
logarithmic scale, against the reciprocal of the absolute temperature). (58,
59).

0O10’s were determined by using the formula (1), where R is the gas
constant, AT = 10 Kelvin, E, is an apparent activation energy estimated
from the slope of Arrhenius plot between absolute temperatures 71 and 72.
The lower and upper limits for Qy estimation were defined as the
temperatures at which the fit of the Arrhenius plot declined significantly
from a straight line (* < 0.98).

O10=exp(AT E/(R T1 T2)) (1)



3.5 Study of the interaction between lipids and peptides

For the purpose of characterization of the interaction of lipids with
peptides various techniques were used: plasmon waveguide resonance
(PWR), microfluidic difusional sizing (MDS), infrared spectrometry
PpATR-FTIR, fluorescent analysis of liposomal leakage and circular
dichroism (CD). The methods are described in details in the theses and in
the publications.

3.6 Statistics and data pooling

Statistical evaluation was performed with SigmaPlot 10.0 (Systat
Software, USA). Each data group was statisticaly evaluated using the
function of one-way analysis o variance (ANOVA) if there exists a
variance in mean values. If the groups differed, Student’s #-test or Mann-
Whitney test were implemented for comparison.

The heat-evoked whole cell currents sampled during the rising phase
of temperature ramp were pooled for every 0.25 °C. For synoptic
comparisons between wild-type and mutant channels, initial heat-induced
responses were subtracted by currents produced at 26 °C, normalized to
their maximum value and pooled across x-axis (26—64 °C) and y-axis (0-1)
for each experimental group into 35 intervals from at least three
independent transfections. The categorized data were remerged and for
each data point the error bars were determined across both the temperature
as well as the normalized current.

4. Results and Discussion

4.1 Cytoplasmic inter-subunit interface controls use-dependence of
thermal activation of TRPV3 channel

In the time of the study designing, only the cryo-EM stucture of
intracellular N-terminal part of mouse TRPV3 was known (23). When
compared with TRPV1 cryo-EM structure, the conformation of the finger
3, the loop between ankyrin repeat 3 (AR3) and AR4 of the ankyrin repeat
domain, differed. The thermal threshold of TRPV3 is higher than
TRPV1’s and TRPV3 is strongly use-dependent which means that the
probability of opening is increasing with repetitive activation, while
TRPV1 is desensitizing upon repetitive stimulation. When comparing the
primary sequences of TRPV3 with other vanilloid receptors, TRPV3
differs in the highly conserved residues N251-E257 in the finger 3 region.



So we focused of this region with the aim to find its role in the thermal
activation.

To verify the importance of the finger 3, the non-conserved residues
from TRPV3 were chimerically exchanged by corresponding ones from rat
TRPV1 in the region N251-E257. The whole-cell patch-clamp
electrophysiology approach was used for testing the temperature sensitivity
of the chimeric channels.

4.1.1 Heat activation of wild-type human TRPV3 is strongly use-
dependent

Previous studies have shown that the initial activation of mouse
TRPV3, under certain experimental conditions, requires temperatures
above 50 °C and the activation threshold and the slope sensitivity of the
temperature dependence decrease upon repeated stimulation (6). To
confirm this characteristic activation pattern for human TRPV3, HEK293T
cells were transiently transfected with plasmid encoding the channel using
the magnet-assisted transfection technic and then tested using patch-clamp.
The control extracellular solution (150 mM NaCl, 5 mM EGTA, 10 mM
HEPES) was applied to cells using a system for rapid superfusion (22)
serving for both the thermal stimulation and drug application. The
intracellular solution consisted of 140 mM CsCl, 10 mM HEPES and 1
mM EGTA. We first measured heat responses in control bath solution
using three repetitive temperature ramps from 25 °C to either below (Fig. 1
left) or above 50 °C (Fig. 1 right), applied at a maximum speed of about
35°C.s™ at 3s intervals.
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Fig. 1: Initial activation of human TRPV3 requires temperatures above
50 °C. Representative whole-cell currents evoked by heat stimuli below (left)
or above (right) 50 °C, applied at -70 mV in wild-type TRPV3, in the absence
or presence of mixed agonists (100 uM 2-APB + 100 pM carvacrol).



In extracellular control bath solution, repeated stimulation to ~48 °C
produced only very small currents (154 £ 21 pA; n = 9) with weak
temperature dependence over the range of 45-48 °C (Q,9, temperature
coefficient of 2.8 + 0.3) (Fig. 1 left). In contrast, the agonists produced
robust currents at 25°C (5.3 £ 0.3 nA at 25 °C; n = 9) that became
saturated at ~40 °C (9.8 £ 1.7 nA) and after washout and cessation of the
heat stimulus decayed to the basal level. Subsequent reapplication of heat
in control bath solution produced again only small responses. When the
maximum value of the initial temperature stimulus was raised above
~50 °C, the activation pattern was quite different (Fig. 1 right). The initial
TRPV3-mediated heat responses reached peak amplitudes of 1.7 £ 0.6 nA
(n = 25) and, upon repeated exposure to heat, the threshold for activation
decreased while the maximum amplitude of currents increased, indicating
that high temperatures above 50 °C activated the channels specifically and
robustly. By fitting the Arrhenius plot of the current-temperature
relationships, the initial heat-induced responses exhibited the median Q
value of 22.2 (first and third quartile of 17.1 and 33.9) over the
temperature range from 51.7 = 1.2 °C to 53.9 = 1.1 °C. The median Qo
value of the subsequent heat response was lowered significantly to 10.6
(first and third quartile of 7.2 and 12.6; n = 14; p = 0.004, paired t-test)
without changes in the temperature range for activation (from 52.5 + 1.1 to
55.7 £ 1.2 °C). Over the low temperature range (25.9 £ 0.4 to 34.4 £ 1.2
°C), the average O, of initial heat responses was 1.8 + 0.1 and this value
was not different from Q) of the second response (1.6 = 0.1; p = 0.222).

Together, these data corroborate previous findings (6) on mouse
TRPV3. Human TRPV3 is activated at high noxious temperatures, its
initial activation threshold exceeds 50 °C, and the channel is strongly use-
dependent as well as its mouse ortholog.

4.1.2 Finger 3 defines TRPV3 temperature dependence

In the next step using a chimeric approach, we replaced the residues
within the tip of the finger 3 of human TRPV3, either individually or in
combinations, by cognate residues from rat TRPV1.We generated one
septuplet mutant TRPV3/V1(251-257) in which the sequence NPKYQHE
was replaced with KKTKGRP and we examined the temperature
sensitivity of the construct by comparing its initial heat response. It was



initially sensitized and exhibited tonic activity at 25 °C. The plot of the
normalized current—temperature relationship of the heat responses
exhibited a steeper slope at temperatures around 40 °C and a shallower
slope at higher temperatures.

To identify the residue responsible fot this phenotype, two chimeric
triplet mutants in which the residues over the regions 251-254 and 255—
257 were replaced by those of TRPV1. The currents through the triple
mutant TRPV3/V1(255-257) were not different from wild-type channels,
while the TRPV3/V1(251-254) triple mutant exhibited a clearly sensitized
phenotype so that the maximum amplitude of the initial heat responses
measured in control extracellular solution (10.1 £ 1.3 nA) were not
different from those recorded in the presence of the combination of
agonists (11.2 = 1.1 nA; p = 0.200, paired t-test; n = 13). This was in
apparent contrast with the maximum heat responses of wild-type channels
that increased from 1.9 + 0.5 to 10.3 + 0.9 nA in the presence of agonists
(p <0.001, paired t-test; n = 19). In contrast to wild-type channels, the Qy
values of the initial heat responses were not significantly different from
Q105 of the subsequent heat responses (median values of 14.5 and 15.5;
p = 0.804, paired t-test; n = 11).

One-way ANOVA clearly confirmed a highly significant (p < 0.001)
decrease in maximum Q) values and activation thresholds of currents
through the septuplet mutant and the chimeric triple mutant over the
positions 251-254, but not of the currents through the triple mutant over
the positions 255-257. Therefore, we focused on the residues at positions
251-254.

The individual substitutions of residues N251, P252, K253, and Y254
further indicated that the strong impact of the septuplet mutation on the
activation threshold was primarily due to changes in the size or flexibility
of proline at position 252 and, to a lesser extent, lysine at position 253.

To further investigate the mechanism and the role of finger 3 in
TRPV3 thermal activation, we introduced pairs of cysteine residues at
positions that are structurally predicted to be in close proximity (24). The
double mutation P252C/E257C significantly reduced the maximum
steepness of the temperature dependence (Q;o; p = 0.004; n = 5), whereas
K246C/E263C lowered the temperature range of the steepest slope (p =
0.04; n = 4). Currents produced by single cysteine mutations P252C and



E257C were not statistically different from wild-type TRPV3, indicating
that intra-subunit interactions within the finger 3 loop are only partly
responsible for the sensitized phenotype of TRPV3.

To compare the sensitization propensity and the threshold for specific
activation among all the mutants, we evaluated the maximum Q;, and the
temperature range over which the Arrhenius plot was nearly perfectly
linear (correlation coeffcient r* of 0.98-0.99). In figure 2, there is the
statistical evaluation of maximum apparent Qiy and the estimated
temperature thresholds for all tested constructs and rat TRPV 1.
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Fig. 2: Statistical evaluation of maximum apparent Q;, and the estimated
temperature thresholds. Left, Summary of the maximum temperature
coeffcient Q;, values for all the measured chimeras and mutants, compared
with wild-type TRPV3 and rat TRPV1. The horizontal dotted line indicates
average maximum Q;, of wild-type TRPV3. Right, Average temperature
ranges over which Arrhenius plot of the heat-induced currents was linear and
used for the estimation of the maximum Q). Horizontal grey area indicates the
upper and lower limits of the temperature range for wild-type channels.

These data point to the tip of the finger 3 as a region with a great deal

of influence over the TRPV3 temperature dependence characteristics,
including the threshold for activation and the steepness of heat responses.
Intra-subunit interactions within the finger 3 loop are only partly
responsible for the sensitized phenotype of TRPV3. Because the P252G
and P252C mutants exhibited the wild-type phenotype, the size and/or
flexibility of the residue at this position seem to be crucial for maintaining
normal functioning of the channel.

4.1.3 Inter-subunit interface controls TRPV3 gating
Several recent structures of full-length TRPV channels (24-30) reveal
that finger 3 contributes to the inter-subunit interface between the ARD



and the three-stranded [-sheet composed of a B-hairpin from the N-
terminal MPD linker and a C-terminal B-strand, both from the adjacent
subunit (24, 25).

Structural comparisons of the recently published structures of mouse
TRPV3 (24) in the closed and open states indicate that the B sheet-ARD
finger 3 interface between neighboring subunits changes during gating -
the contacting regions ,slide” relative to each other upon channel
opening/closure. The selected residues pairs showed substantial differences
in distances between their C-atoms in the closed and open state structures:
F259/Y382 (8.3 A in the closed state and 9.6 A in the open state),
F259/V385 (6.6 A and 7.3 A), and H256/E736 (7.3 A and 8.1 A). As the
structure of the open channel (24) was obtained in the presence of TRPV3
agonist 2-APB, we asked whether the slide may occur while the channel is
activated by heat.

To explore the role of the inter-subunit interface in temperature
dependent activation, we exchanged the suspected pairs by cysteines and
measured heat-induced responses from the double cysteine mutants. The
cells expressing F259C/Y382C and F259C/V385C exhibited large
leakage-like inward currents at 25 °C at membrane potential -70 mV that
were fully blockable by ruthenium red (10 uM). Their almost linear
current-temperature relationships over the entire experimental temperature
range supports our hypothesis that the channel can be stabilized in its open
state by disulphide bond. In contrast, the double cysteine mutant
H256C/E736C showed very small current responses to temperatures near
~60 °C. The observed effects of the double cysteine substitution
H256C/E736C are most likely the result of the mutation of E736, therefore
the disulphide bond is not responsible for the observed phenotype. In
contrary, the individual cysteine substitutions F259C, Y382C and V385C
only mildly influenced the temperature dependence properties of the
channels and they did not exhibited leakage-like inward currents at 25 °C.
This supports the disulphide bond formation between these residues. To
further verify that the observed effects are indeed caused by disulfide bond
formation, we pretreated cells expressing the F259C/V385C construct with
the membrane permeable reducing agent dithiothreitol (DTT; 5 mM) for
16 min at 37 °C. The cells were then electrophysiologically tested. The
currents through the F259C/V385C channels were not tonically activated



after whole-cell formation and exhibited specific sensitivity to heat (Fig.

3).
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Fig. 3: Representative whole-cell currents recorded from HEK293T at -
70 mV, evoked by heat stimuli in F259C/V385C double cysteine mutant of
TRPV3. Left, The channels exhibited strongly sensitized phenotype and large
basal currents that were fully blocked by ruthenium red (10 uM). Right,
HEK293T cell were pretreated with 5 mM dithiothreitol (DTT) for 16 min by
which the basal currents were abolished.

4.1.4 TRPV3 molecular dynamics simulations

To evaluate impact of heat on the intersubunit interface and to suggest
a possible mechanism how the heat-induced changes are translated into the
gate, we subjected the mouse TRPV3 apo (closed) state structure (PDB ID:
6DVW) to molecular dynamics (MD) simulations at three temperatures,
300, 330 and 400 K. The root mean square deviation (RMSD) along the
50-ns MD trajectory were shown as a ribbon diagram. The results of MD
simulation experiments therefore strongly implicate the B sheet-finger 3
intersubunit interface into TRPV3 regulation by temperature and support
our mutagenesis experiments. Interestingly, the B-sheet, MPD and TRP
helix, which link the B sheet-finger 3 intersubunit interface to the channel
gate at the S6 bundle crossing, appear to be least flexible in our MD
simulations and more so at high temperatures. We therefore hypothesize
that these three domains form a rigid gating transmission element that
communicates changes at the intersubunit interface directly to the channel
gate.

4.1.5 Discussion

Our results indicate that the interaction of the ARD finger 3 tip (region
around H256-F259) with the neighboring subunit -sheet (residues Y382
and V385) is important for TRPV3 channel gating. Disulphide bonds in
C259 and C385 or C382 can lock the channel in its open state and abolish



its steep temperature dependence. Structural comparisons of the published
structures (24, 25) indicate that the key B-sheet-ARD finger 3 intersubunit
interface undergoes significant changes between the closed and 2-APB
agonist-activated open states (24) due to sliding of the contact regions
relative to each other. Our data broaden this hypothesis to the heat induced
sliding motion at this interface. On the other hand, mutation at the
conserved E736 in the B-sheet shifts the threshold for heat activation to
higher temperatures over 60 °C and decreases the affinity to the TRPV3
agonist 2-APB. Probably, this mutation stabilizes the channel in its closed
state. Our results are supported by a recent study (31) where interactions at
the interface were identified within residues Q313, W739, W742, K743,
K169, E751, D752 in the channel open state after chemical (2-APB)
activation.

How are the conformational changes within the tip of the finger 3 and
in the key residues at the intersubunit interface transmitted to the gate and
how the sensitized state is imposed on the channel? And how can the
changes within the central part of the finger 3 affect the channel sensitized
state? As it was previously shown, two to three consensus sequences are
necessary for the correct packing of the ankyrin repeats. When the packing
was disrupted, the signal can be transmitted by an altered path within the
ankyrin domain (30, 32). As the finger 3 is a highly flexible part of the
ankyrin repeats, the functional changes of our mutations are not probably
caused by the ARD disruption. Recent extensive studies on the TRPV3-
related TRPV1 channel revealed various key domains that undergo
conformational changes in response to the increased temperature (33-37).
These studies support several lines of experimental evidence that the
channel can be opened by temperature after a series of conformational
changes that propagate from the peripheral regions to the channel pore, the
signal is predicted to be transmitted from the distal C-terminus, via the
TRP helix, to the S5-S6 pore domain and could be universal for TRP
family (35). Similar motions are visible from the recently published
structures of TRPV channels in the closed apo and agonist-bound open
states (24, 37-39). The responsible residues correspond to E334-R375,
R363-L373 and E364-T378 in mouse and human TRPV3. The signal from
finger 3 could be transmitted within a single subunit to the gate, similarly
as in TRPV1, nevertheless non-conserved tip of the finger 3 is highly



flexible and is connected with MPD by flexible parts of AR4 and ARS.
Our MD simulation results show the signal could be transmitted within the
intersubunit interface from ARD finger 3 to the 3-stranded (-sheet of the
adjacent subunit and we propose that this direct interaction is responsible
for the TRPV3 sensitized phenotype. This contact could transmit the signal
to MPD, domain responsible for temperature sensitivity, followed by S2-
S3 domain, TRP-helix, and finally up to the gate. Our mutations
(especially F259C/V385C) lead to disruption of the subunit’s sliding
ability at the interface and the transmission of the signal to the gate.

Moreover, stability of the conductive conformation may further
depend on hydration of the channel pore (21, 35).

Apart from the cross-interface disulfide links, the strongest energetic
effects on the basal closed-to-open equilibrium were observed for
V3/V1(251-254), P252K, K253T and combinations of these mutations
with D414A. The region of the MPD harboring D414 was previously
implicated in use dependence of TRPV3 (6), nevertheless it seems there is
no direct interaction between MPD and finger 3.

4.2 Functional regulation of TRPV3 via phosphorylation
Whole-cell patch clamp was used for membrane current recordings

from TRPV3 channels endogenously expressed in an immortalized human
keratinocyte cell line (HaCaT) in the presence of epidermal growth factor
(EGF) and selective inhibitors of ERK, mitogen activated protein kinase
(MAPK). We proved human TRPV3 regulation by epidermal growth
factor receptor (EGRF) via MAPK pathways and we indicated potential
phosphorylation sites in N-terminal ankyrin repeat domain (ARD).

4.2.1 Prediction and testing of the potential phosphorylation sites
Combination of several prediction servers was used to assess human
TRPV3 potential phosphorylation sites for ERK (Predikin, KinasePhos2,
ScanSite, PPSP, GPS 3.0, Musite, NetPhorest, Disphos, PKIS). In total we
identified eight ERK1/2 consensus sites (PX(S/T)P) at the N terminus of
human TRPV3, four of them containing a PXSP motif (Ser60, Sergs, Sergg,
and Ser102) and the next four a PXTP motif (Thr35, Thr%, Thr264, and
Thr’**). We individually replaced all these serines and threonines with
aspartic acid to mimic the negative charge of the phosphate group. The



mutants were transiently transfected to HaCaT cells and assayed
electrophysiologically using repeated stimulations with a low
concentration of 2-APB (50 uM), applied four times for 30 s with 30-s
intervals and followed by a 10-s application of a combination of 2-APB
(200 uM) with carvacrol (150 pM) to obtain a reference saturating
response. The T264D mutant produced significantly larger first responses
than the wild-type channels. T264D and T343D did not exhibit any
sensitization upon repeated stimulation with 2-APB. In T264D, the first
response reached about 7% of the maximum response, which was not
significantly different from the fourth response. In contrast to the currents
through wild-type channels, the majority of T264D responses to 2-APB
apparently reached a plateau during 30 s of application. The 2-APB
currents through T343D were barely detectable, being significantly smaller
than those of wildtype channels and the other mutants. The fourth response
in T343D remained at the initial level of 0.3% of the maximum, indicating
functional rather than phosphorylation-mimicking effects. The T35D
construct yielded also a significantly smaller initial response to 2-APB but
exhibited sensitization comparable with wild-type channels, therefor our
focus was shifted towards other mutations. Apart from S85D, for all the
mutants tested, maximal inward currents elicited by the combination of
saturating agonists were not statistically different from wild-type channels.
Phosphomimicking mutation T264D sensitized the channel without
affecting its maximum responses, as would be expected for the
potentiating effect of MEK kinases. These findings identify threonine 264
as the most likely candidate to be a phosphorylation site for ERK1/2 and as
a key residue to assess its role in TRPV3 channel functionality.

4.2.2 TRPV3 Regulation by ERK phosphorylation

In further experiments, we used the HEK293T expression system to
avoid a possible contribution of endogenous TRPV3 channels that are
expressed in HaCaT cells, and to examine whether the effects of mutations
at Thr264 are independent of the expression system used.

We measured currents from the T264D mutant channels using an
analogous protocol to that described above. Moreover, we examined two
additional constructs: the alternative phosphomimetic mutation T264E and
the phosphonull mutation T264A. T264D and T264E exhibited an identical



phenotype to T264D in keratinocytes. In T264D, first 2-APB response was
significantly larger compared with wild-type TRPV3. In T264D and
T264E, the fourth response to 2-APB was not statistically different from
the initial response, whereas that for wild-type channels increased 3-fold
and T264A about 2-fold. There was no significant difference in the
maximum currents induced by a combination of saturating agonists
between the mutants and the wild-type channels. These results indicate that
threonine 264 is a potential TRPV3 phosphorylation site.

4.2.3 Overexpression of ERK1 supports the specific role of Thr264 in

TRPV3 phosphorylation

To further explore whether the ERK kinase may functionally affect
TRPV3, ERK1 was transfected to HEK293T cells together with the
wild-type TRPV3 channel. The presence of ERK1 in cells caused a strong
increase in 2-APB responses in cells expressing wild-type TRPV3 that do
not further sensitize, similar to those in the phosphomimetic mutants
T264D and T264E. The 2-APB currents through T264A co-expressed with
ERK1 exhibited amplitudes not significantly different from cells
transfected with T264A alone. Likewise with wild-type channels, the
maximum response induced by a saturating combination of agonists was
slightly, but not significantly smaller (p = 0.230). These results support a
possible role of Thr264 in the ERKI1-mediated phosphorylation of the
human TRPV3 channel.

4.2.4 T264A mutation results in a substantial decrease in EGF-mediated
potentiation
To further confirm the role of Thr264 in EGF-induced sensitization in

the native conditions, wild-type or T264A were transiently transfected to
HaCaT cells and assayed electrophysiologically wusing repeated
stimulations with a low concentration of 2-APB, applied four times for
10 s with 30-s intervals, first in the absence and then in the continuous
presence of EGF (20 ng.ml"). EGF was pre-applied for 1 min before the
fifth 2-APB application. At the end of the series, a combination of 2-APB
(200 uM) with carvacrol (150 uM) was applied for 10 s to obtain a
reference saturating response. Compared with the initial 2-APB response,
the 8" response increased about 6-fold in WT and 4-fold in T264A.



Whereas the fourth response through TRPV3 measured in the presence of
EGF reached 11% of the maximum response, the mutant channels
exhibited only 2% increase, thus supporting a key role of Thr264 in EGF-
induced potentiation.

4.2.5 Discussion

This study focused on determination of ERK1 phosphorylation sites in
TRPV3 was based on observation by Cheng et al. (20), who explored the
regulatory mechanisms of TRPV3 activity via the activation of the EGFR
receptor in mouse primary keratinocytes. For TRPV3 expressed in
immortalized human keratinocyte cell line (HaCaT), we obtained similar
observations and confirmed the wvalidity of the proposed regulatory
mechanisms of TRPV3. Authors of the original study proposed the
increased activity of TRPV3 by EGFR activation via PLC signaling
pathways and partly via MAPK. In our experiments, we proved the
contribution of the pathways in potention of TRPV3 by incubation cells in
EGF and by application of two different selective MEK, a part of MAPK
cascade, inhibitors (U0126 or PD98059). We demonstrate that in the
absence of Ca™, the inhibitors of MEK completely prevent the EGF-
induced potentiation of TRPV3 responses, suggesting that the MAPK
signaling pathway may contribute to TRPV3 sensitization independently of
the PLC signaling pathway.

In this study, we identify threonine 264 in the N-terminal ARD as the
main site for the ERK1-dependent modulation of TRPV3. This conserved
residue is located at the beginning of the inner helix of repeat 4, forming
part of the general conserved TPLA consensus sequence of the repeat.
Although the overall fold of TRPV3-ARD is shared with other TRPV
channels, the domain containing T264 is conserved only within TRPV3,
thus implying threonine 264 as a regulation site specific for TRPV3.

The authors of the ARD TRPV3 crystal structure (23) published an
atypical conformation of finger 3, the domain containing T264, that folds
over the finger 2 and that is stabilized by AR3 in this position. However,
recent structures of the complete receptor (24, 25) do not register this
conformation. It seems the original atypical conformation of finger 3 is a
crystalization artefact or alters due to the presence of an adjacent subunit.
Nevertheless, the authors of the atypical organization (23) functionally



demonstrated that disruption of hydrophobic bonds within finger 3 leads to
a serious damage of TRPV3 sensitivity to 2-APB. The close vicinity of
T264 residue from the structurally and functionally important region of
finger 3 enhances the possibility that phosphorylation of T264 by ERKI
alters the loop structure and functionality of the channel. Close proximity
of the threonine 264 to asparagine 242, through which the TRPV3 channel
can be effectively regulated by oxygen-dependent hydroxylation (40), adds
further complexity to the cellular signaling pathways involved in the
regulation of skin homeostasis via growth factor downstream signaling.

4.3 Putative interaction site for membrane phospholipids controls
activation of TRPA1 channel at physiological membrane potentials

This part of the thesis is based on the previous work of the laboratory
proving the functional role of interaction of C-terminal TRPA1 with
membrane phospholipids. Plenty of positively charged residues were
identified that are capable of interaction with membrane phospholipids
(41) and established high affinity to membrane PIP, of peptide with
sequence corresponding to 1964-L992 from TRPA1 TRP-like box (42).
This finding was supported by recent single-particle cryo-EM structure of
TRPA1 (43) in which the identified sequence corresponds to the o-helix
that runs parallel to the inner leaflet of the membrane. Here it could indeed
interact with PIP, and that further reveals possible interaction site at the
intersubunit side fenestration. Using the prediction server AntiBP Server,
we identify a proximal part of the C-terminus containing a sequence that
fulfills the criteria to be an interacting site for negatively charged
phosphoinositides. In the available cryo-EM model at 4.24 A resolution
(PDB 3J9P), there is a poorly resolved part Y1006-Q1036 that corresponds
to the high scored predictions, therefore, two specific peptides were
selected for the study. First, peptide corresponding to the sequence T1003-
P1034 of the poorly resolved structure, second, L992-N1008, previously
identified as the calmodulin binding site (13), partly overlapping with the
first one. For the purpose of biophysical experiments, the peptides of the
corresponding amino acid sequences were synthetized. The aim of the
study was to explore whether the peptides are capable of interacting with
PIP, and whether calmodulin may compete with PIP, for the latter site.



4.3.1 In the presence of PIP,, there are superficial contacts of the specific
peptides with membrane phospholipids

To explore the interaction of the designed peptides with membrane
phospholipids, combination of various biophysical approaches was used in
the laboratory of Dr. Isabel Alves in Bordeaux. No resonance shift was
recorded in case of a model membrane of pure POPC when incrementally
increasing the peptide concentration up to 10 mM. In a model membrane
containing 5% PIP,, there were shifts in s- and p- resonances when
increasing peptide concentrations. Nevertheless, PWR failed to provide
accurate affinities via dissociation constant Kp, although a hyperbolic
saturating curve was obtained for POPC/PIP, membranes, as the spectral
changes induced by peptide addition are quite small (£ 5 mdeg, at
saturating peptide concentrations whereas the instrument angular
resolution 2 0.5 mdeg). Increasing the PIP, content to 20% relative to
POPC did not increase the PWR signal amplitude.

MSD following the peptide binding to SMALPs was used to determine
the dissociation constant Kp. From MDS data it is evident that PIP, is
essential for lipid interaction as no binding was observed in the case of
pure POPC membranes. For POPC/PIP, membranes, observed for both
peptides with affinities ranging from about 300 to 700 nM for L992-N1008
and T1003-P1034 peptides, respectively (Fig. 4, Table 1).
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Fig. 4: Interaction of the T1003-P1034 and 1.992-N1008 peptides with
model membranes followed by MDS. Average radius of the indicated
peptides upon titration with increasing concentrations of SMALPs composed
of POPC (triangles and squares) and POPC/PIP; (9/1 mol/mol) (circles).

The presence of Ca® in the buffer decreased the affinity of both
peptides to POPC/PIP; lipid membranes as shown by MDS (Table 1).



Tab.1: Binding affinity (in nM) for the peptides 1.992-N1008 and T1003-
P1034 for SMALPs composed of POPC and POPC/PIP, (9/1 mol.mol™) in
the absence and presence of 2 mM Ca’" obtained by MDS. Data are
presented as £+ SD (n=3).

LIPID/PEPTIDE L992-N1008 T1003-P1034
POPC No binding  No binding
POPC/PIP, (9/1 mol.mol™) no Ca*" 330 + 68 685 + 114

POPC/PIP; (9/1 mol.mol™) in 2 mM Ca®>" 425+ 95 720 + 123

The peptide L992-N1008 showed stronger affinity than T1003-P1034.
This could be related to the difference in the net charge (2 for L992-N1008
and 1 for T1003-P1034) as the peptide L992-N1008 could establish
stronger electrostatic interactions with the negatively charged lipid.

pATR-FTIR was used to further support the binding of peptides to
lipids and for determine the secondary structure of the peptide with higher
affinity L992-N1008. The data showed no significant changes in the lipid
fatty acid as the peptide showed similar position and dichroic ratio for CH,
symmetric (at 2852 cm™) and antisymmetric (at 2923 cm’) stretching
bonds in both polarities. The amide I (1640 cm™) and the amide II
(1535 cm™) were observed before peptide rinsing but became extremely
small (detection limit) after rinsing the peptide. Therefore, ATR-FTIR data
deconvolution of the amide I and amide II region with the intention of
obtaining the peptide L992-N1008 secondary structure and orientation was
not performed here.

Peptide effect in sulphorhodamine B leakage from LUVs was tested to
determine if peptide interaction affects membrane integrity (e.g., pore
formation). No membrane leakage was observed even at peptide/lipid
ratios of 1/10.

Those findings suggest that peptide binding to lipid occurs if PIP, is
present and that the binding is superficial, most probably involving
electrostatic interactions between the anionic lipid and positive charges in
the peptide.

4.3.2 Specific peptides interfere with TRPAI calcium dependent
potentiation

It has been previously shown that Ca**/calmodulin complex binds to
TRPA1 within the region L992-N1008 and potentiates the channel under



resting conditions (13). In nociceptive neurons, the role of PIP, is
intensivelly studied under physiological conditions. In peptidergic
nociceptors, TRPA1 is extensively co-expressed with the structurally
related vanilloid receptor subtype 1 channel TRPV1 in which the
regulation by PIP, is known (14). Under native conditions, we tested if
PIP, binds at the same channel site where from the prebound
Ca*'/calmodulin complex is released as a result of intracellular Ca*"
concentration.

In order to explore the possible contribution of the putative PIP,-
interaction site (Y1006-Q1031) in TRPA1 regulation under close-to-native
conditions, we used neuronal F11 cells transfected with human TRPAI.
We supposed if Ca®*/calmodulin and PIP, compete for the same binding
site, then intracellular perfussion of specific peptides (L992-N1008 and
T1003-P1034) should have a dominant negative effect on TRPA1 activity
and be dependent on intracellular Ca®* concentration.

Initial TRPA1-mediated carvacrol responses recorded in nominal
0 Ca®" 30-50 s after whole-cell formation had a much slower onset than
responses measured from cells perfused for 5—6 min with internal solution
with or without the peptide. As an apparent consequence, the carvacrol-
induced current densities measured at the end of 10s application were
significantly smaller in nonperfused cells (median 18.7 pA/pF vs. 8.5
pA/pF for the T1003-P1034 peptide; n =12 and 6; P = 0.044). Intriguingly,
Ca®" potentiation was strongly (8.3 + 1.6 fold) enhanced in the cells
recorded within 30-50 s after whole-cell formation and there were no
correlation between the peak current amplitudes and the extent of
Ca**-induced potentiation (correlation coefficient -0.0979, P = 0.749;
n=12). Inclusion of the T1003-P1034 peptide in the pipette solution
significantly (P = 0.028; n = 6) prevented Ca’’-dependent potentiation
similarly as previously seen with L992-N1008 peptide.

Our results indicate that the important sequences of TRPA1 receptor
L992-N1008 and T1003-P1034 are employed in potentiation by calcium
ions. These results support hypothyses Ca>*/calmodulin complex may
compete for the same or overlapping binding site with PIP,.

4.3.3 Structural differences in the presence of PIP;

The available TRPA1 cryo-EM structure is poorly resolved at the
region Y1006-Q1031. Using PSIPRED server (44), we predicted the



secondary structure of this region with high confidence. The predition
determined helical character of the subregion F1017-P1023. From the
available density map, it seems that this part forms a flexible loop, possibly
with an o-helical secondary structure, and PIP, may contact the loop. To
reveal their mutual structural interference, conformational changes under
different lipidic environment were studied by the circular dichroism
experiments.

In terms of the peptide secondary structure, CD data indicate that both
peptides are highly nonstructured (random coil), with a certain degree of
antiparallel B-sheet. The peptide 1L992-N1008 also presents a certain
degree of helical content. The data suggest no significant peptide
conformational changes from a buffer system and upon interaction with
POPC or POPC/PIP, (9.5/0.5 and 8/2 mol.mol™) at 1/50 to 1/10 P/L ratios.
Secondary structure content has been calculated using BeStSel software
(45) reaching 0.8 - 6.9 % of the a-helix, 26.2-34.2 % of the antiparallel (3-
sheet, 15.3-17 % of the turn and 47.7-54.1 % of the random coil for both
the peptides.

4.3.4 Conserved F1020 contributes to stabilization of TRPA1 channel gate

Based on the multiple sequence alignment from 65 sequences of
vertebrate TRPA1 proteins over the flexible linker region, the most
conserved residue within the putative short a-helix is the central
phenylalanine 1020. The residue is situated in the middle of the predicted
short helix adjacent (5 A) to functionally important receptor regions: fifth
transmembrane domain (R875) and intracellular S2—-S3 linker (F800 and
MS801). We substituted this residue with glycine to disrupt the predicted
helical structure and measured agonist-induced responses from transfected
HEK293T cells using whole-cell patch-clamp electrophysiology.
Cinnamaldehyde, a partial electrophilic agonist of TRPA1, was sufficient
to activate the mutant channels at a concentration of 100 pM. We used a
previously established protocol in which currents were first induced by the
electrophilic agonist in the absence of external Ca>". The agonist was then
washed out for 10 s, and 2 mM Ca”" was added to the extracellular solution
to assess the allosteric effects of permeating calcium ions (Fig. 5).

The membrane potential was linearly ramped up each second from -80 to
+80 mV (1 V.s™). Compared to wild-type channels, mutation F1020G



produced a strong outward rectification of currents measured in the
absence of Ca’" as was visible from the current—voltage relationships
obtained after 30 s application of agonist and from the time course of
rectification ratio measured at -80 mV and at +80 mV. At negative
membrane potentials, the average peak inward currents through F1020G
channels were almost three times smaller (-1.0 £ 0.1 nA vs. -2.9 + 0.5 nA
for wild-type; P £ 0.001; n = 13 and 10). The F1020G mediated currents
were not significantly different when external calcium was added
(-4.0+0.5nA vs. 4.4 £ 0.5nA at -80 mV; P =0.554; and 5.6 + 0.7 nA vs.
6.1 £ 0.8 nA at +80 mV; P =10.637; n = 13 and 10).

A WT F1020G
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Fig. 5: F1020G mutation affects both chemical and voltage activation of
TRPALI. A, Average whole-cell currents induced by 100 uM cinnamaldehyde
in Ca**-free solution and then exposed to 2 mM Ca*", measured at +80 and 80
mV in wild-type TRPA1 (WT) (left) and F1020G mutant channels (right),
where the average current for the WT is overlaid as a gray dashed line for
comparison. The membrane potential was linearly ramped up each second
from -80 to +80 mV (1 V.s™) (inset). Gray bars indicate SEM (number of
cells; n=10). In some cases, the error bars are smaller than the symbol. B,
Current—voltage relationships of traces measured at times indicated by arrows
in panels A for wildtype (black arrow) and indicated mutant (green arrow).



The mutation of conserved F1020G thus produced strongly rectified
currents at negative (physiological) membrane potentials and affected
primarily the voltage dependence of the channel under weakly activated
conditions (e. g. under subsaturating concentration of agonist or disruption
of redox equilibrium).

4.3.5 Discussion

Although TRPA1 does not necessarily require PIP, for function (46), a
number of studies have shown that phosphoinositides are involved in
TRPA1 regulation under different conditions (14, 48, 49) or not at all (50).

Generally, proteins bind phosphoinositides mainly through
electrostatic interactions of their positively charged residues and
contributing nearby hydrophobic residues. In TRPA1, a number putative
sites of interaction have been proposed (41, 42, 49, 51). Previous
predictions for mouse TRPA1 protein sequence pointed to several
prototypical PIP,-interacting (pleckstrin homology) domains located in the
N-terminus (R46-K56, K443-K448, K592-R605) and the distal C-terminus
(K1092-R1097)(49); based on later structural (43) and mutagenesis (41,
52) studies, the latter region cannot be excluded. Structural studies (43),
together with our results, support the possibility that PIP, can regulate
TRPA1 either from the inner vestibule of the S1-S4 sensor domain or
through a lateral fenestration between two adjacent subunits. Another
bioinformatics approach was used by Witschas et al. (42) who mapped the
C-terminus of human TRPA1 for prediction of antibacterial activity with
AntiBP Server (http://crdd.osdd.net/raghava/antibp/index.html).
Antibacterial peptides are capable of distinguishing bacterial from
mammalian cells based on the differences in plasma membrane
composition due to their significant affinity for negatively charged
phospholipids (60, 61). Prediction results identified a high propensity for
membrane-active region within the most proximal C-terminal region (later
recognized as TRP-like domain) and subsequent biophysical studies indeed
confirmed a strong interaction of the corresponding peptide 1964-1.992
with membranes containing anionic lipids (42).

The mapping of antibacterial peptides within the C-terminus predicted
also another sequence, with even the highest score: F1017-Q1031. This
region has a net charge of zero and contains only one basic residue. Thus,


http://crdd.osdd.net/raghava/antibp/index.html

the predicted interaction with phosphoinositides should be predominantly
facilitated by hydrophobic/aromatic residues. In this context, it is
noteworthy that a missense mutation of a histidine residue two amino acids
upstream of F1020 that is highly conserved among 65 vertebrate TRPAI.

We demonstrate that PIP; is essential for the interaction of the peptide
comprising the above region (L992-N1008 and T1003-P1034) with
membrane lipids. The binding is strong and superficial, inducing only
small perturbation in the lipid ordering.

Recently, the critical and dual role of Ca**-calmodulin was revealed in
the regulation of TRPA1 (13). Moreover, competition of PIP, and
calmodulin is a known mechanism of regulation of TRPV1 (53) or the
voltage-gated potassium channel Kv7 (54). Our data demonstrate that the
peptides corresponding to the calmodulin binding site (L992-N1008) and a
partly overlaping region (T1003-P1034) are capable of binding PIP, and
their affinity is decreased in the presence of Ca®". It can thus be imagined
that PIP, competes with calmodulin for binding at TRPA1. The Ca®'-
calmodulin complex primes the channel for activation under weakly
activating conditions and inactivates it at higher Ca®" concentrations (13,
50) and the process is dependent on Ca*"-calmodulin binding. Our results
show that the apparent affinity of the non-electrophilic agonist carvacrol to
TRPAL increases with decreasing Ca®" concentration. It seems that under
basal concentration of Ca>", PIP, competes with Ca”"-calmodulin for their
binding sites. It is noteworthy that a missense mutation of a histidine
residue H1018 two amino acids upstream of F1020 was recently found to
be associated with childhood asthma. Under which physiological
conditions is the regulation of TRPAl by PIP, relevant? In our
experiments, the exchange of histidine 1018 to arginine altered the channel
gating at physiological membrane potentials (55).

In latest publications, the analgetic and antiflogistic effect of ibuprofen
wes linked to a metabolite ibuprofen-acyl glucuronide that antagonises
TRPAI receptor (56). Recently, it was shown that an active metabolite of
paracetamol N-acetyl-p-benzochinone (NAPQI) activates TRPA1 (57). It
seems that in after 100 years from the discovery of paracetamol, we are
even closer to the elucidation of the mechanisms of action of this
frequently used analgesics.



Better knowledge of molecular regulatory mechanisms of TRPA1 may
help to develop new therapeutic strategies.

5. Conclusion

Results of the thesis reveal important role of cytoplasmic intersubunit
interface in thermal activation of human TRPV3. As there is a high
resemblance among the structures of vanilloid TRP channels, our
hypothesis is that the identified region is important for heat sensitivity also
in other TRPV receptors (TRPV1, TRPV2, TRPV4). Cytoplasmic
intersubunit interface in TRPV3 receptor in the region of membrane
proximal domain and finger 3 from the adjacent subunit controls gating
equilibrium between the open and closed state in thermal activation.
Mutations within the finger 3 shift the thermal threshold to lower
temperatures and decrease the thermal dependence of TRPV3. From the
intersubunit interface, the heat-induced changes may be translated via 3
sheet, MPD and TRP helix, that are forming a rigid structure with
increasing temperature, to the gate.

We succeeded to prove that TRPV3 can be a protein substrate for
ERK1/2 protein kinase (kinase regulated by the extracellular signal 1 and
2). Moreover,we identified a potential TRPV3 phosphorylation site that is
the main target for ERK1/2. This site may have a physiological and/or
pathophysiological role in sensitization of TRPV3 expressed in human
keratinocytes via MAPK signalling cascade. In keratinocytes, TRPV3
currents are potentiated by EGF, this potentiation can be abolished by
MAP kinase inhibitors. MAPK pathway may contribute to TRPV3
sensitization  independently of the PLC signaling pathway.
Phosphomimetic mutations at T264 (T264D and T264E) promote the
activityof TRPV3 both in keratinocytes and in HEK293T cells. On the
contrary, the unphosphorylatable T264A mutant exhibits lower responses
to the subsaturating agonist. The overexpression of ERK1 with TRPV3
increases 2-APB responses, prevents TRPV3 sensitization upon repeated
stimulation; ERK1 does not affect the nonphosphorylatable T264A mutant.
Therefor, T264 is a prime target for ERK-mediated phosphorylation of
TRPV3.

We established the conditions under which the specific region 1L.992-
P1034 from C-terminal human TRPA1 directly interacts with



phosphatidylinositol-4,5,-bisphosphate (PIP,). Based on our results, the
mechanism of regulation by PIP, of TRPA1 in nociceptive neurons was
suggested. The specific peptides corresponding to calmodulin-binding site
have a dominant negative effect on TRPA1 activity. The peptides
corresponding the proximal C-terminus binding Ca®"- calmodulin form
superficitial contacts with model membrane only in presence of PIP,; the
secondary structure of the peptide is not affected by the presence of PIP,.
Both our peptides interfere with TRPA1 calcium-dependent potentiation.
The mutation of the conserved F1020G in the region of a potential
TRPA1-PIP, interaction statistically decreate the receptor activation at
negative membrane potentials. In the model of sensoric neurons, PIP,
regulates TRPA1 receptor activity in a positive way.
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