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ABSTRAKT

TRPV1 a TRPV3 receptory jsou teplocitlivé iontové kandly patfici do rodiny
vaniloidnich TRP receptorii. TRPV1 receptor, jenz je specificky exprimovan v nociceptivnich
neuronech, ptredstavuje klicovou molekulu v transdukéni draze bolestivych podnéta, véetné
nociceptivniho tepla. Vyznam TRPV3 receptorii ve vnimani tepelnych podnétl je prozatim
sporny, dobfe prokézana je vSak jeho uloha v regulaci proliferace a diferenciace keratinocytt.
TRP receptory, podobné jako napét'ové ovladané draslikové kandly (K), jsou tvofeny Ctyfmi
podjednotkami, jez kazda obsahuje Sest transmembranovych segmentti (S1-S6).

V prvni Casti své dizertacni prace jsem se zaméfila na ulohu S1 transmembranové
oblasti ve funkCnich vlastnostech TRPV1 receptoru. Z nasich vysledkt vyplyva, ze ¢ast S1
sméfujici do extracelularniho prostfedi hraje vyznamnou tlohu ve vratkovani iontového
kanalu. Konzervativni mutace kladné nabitého rezidua v dané oblasti (R455K mutace) vedla
ke vzniku TRPV1 iontovych kandli se zvySenou aktivitou, jez vsSak nebyly citlivé
ke stimula¢nimu pasobeni snizeného pH prostfedi. Naopak, zvySend koncentrace protonu
v extracelularnim prostiedi vedla ke stabilizaci zavieného stavu mutantniho iontového kanalu.
Velmi podobné fenotypické vlastnosti jako u R455K konstruktu jsme pozorovali i u dalSich
mutantil se zaménou v S4/S4-S5 oblasti a v pérovém helixu. Extracelularni ¢ast S1 je u K,
kanalti v pfimém kontaktu s pérovym helixem a zajist'uje efektivni prenos aktiva¢niho signalu
z domény napétového senzoru na pdérovou doménu (Lee et al., 2009). Nase vysledky
naznacuji, ze by obdobnd interakce mezi S1 a pdérovym helixem mohla byt kli¢ova
pro spravné vratkovani TRPV1 receptoru.

Druha ¢ast mé dizertacni prace je zaméfena na stanoveni ucinku epidermalniho
ristového faktoru (EGF) na aktivitu TRPV3 receptorti endogenné exprimovanych v linii
imortalizovanych lidskych keratinocytt — HaCaT. V elektrofyziologickych pokusech
provadénych na HaCaT bunkach se nam podafilo zaznamenat specifickou aktivitu TRPV3
receptord vyvolanou aplikaci chemickych agonist. Jiz kratkodoba stimulace bunék EGF
vedla k vyraznému zvySeni citlivosti TRPV3 iontovych kanalt. Pfi soucasné inkubaci bunék
s inhibitory MAPK (mitogenem aktivovana protein kindza) drahy byly u¢inky EGF potlaceny.
Stimula¢ni vliv EGF na ¢innost TRPV3 receptoru je tudiz pravdépodobné zprostiedkovan
aktivaci MAPK dréhy.



ABSTRACT

TRPV1 and TRPV3 are thermosensitive ion channels from the vanilloid subfamily
of TRP receptors. TRPV1, which is primarily expressed in nociceptive sensory neurons, is
an important transducer of painful stimuli and is also involved in the detection of noxious heat.
TRPV3 is expressed mainly in the skin where it regulates proliferation and differentiation
of keratinocytes. Similarly to voltage-dependent potassium (Ky) channels, TRP receptors are
comprised of four subunits, each with six transmembrane segments (S1-S6).

Using mutational approach, we tried to elucidate the role of S1 in TRPV1 functioning.
Our results indicate that the extracellular portion of S1 plays a crucial role in TRPV1 gating.
TRPVI1 channels with a conservative mutation of positively charged residue in this region
(R455K substitution) were overactive. However, they were neither activated nor potentiated
by low pH; on the contrary, protons stabilized the closed conformation of this mutant channel.
Very similar phenotypic properties were found in other TRPV1 mutants with substitution
in S4/S5-S5 region and in the pore helix. In K, channels, extracelular portion of S1 forms
asmall contact surface with the pore helix, which allows efficient transmission
of conformational changes from the voltage sensor domain to the pore’s gate (Lee et al.,
2009). We hypothesize that analogous interaction between S1 and the pore helix might be
valid for TRPV1 channel gating.

The second part of this thesis focuses on the modulation of the activity of TRPV3
receptors endogenously expressed in immortalized human keratinocyte cell line (HaCaT)
induced by epidermal growth factor (EGF). In patch-clamp experiments, we were able
to detect TRPV3-mediated currents in HaCaT cells in response to application of TRPV3
agonists. Short-time incubation of cells in the presence of EGF led to marked increase
in TRPV3 sensitivity, which was prevented by addition of MAPK (mitogen-activated protein
kinase) inhibitors to the culture medium. Our results indicate that the sensitizing effect
of EGF on the activity of TRPV3 is mediated by stimulation of MAPK pathway.



1 Uvod

TRP (,transient receptor potential®) receptory jsou iontové kanaly propustné pro
kationty, které zastavaji dilezitou funkéni ulohu u Zivogicht. Rada znich se ucastni
transdukce senzorickych stimuli a zprostfedkovava tak vnimani svételnych, chemickych
1 mechanickych podnéti pisobicich na organizmus (Damann et al., 2008). V neddvné dobé
bylo objeveno nékolik TRP iontovych kandlt, jez specificky reaguji na zménu teploty
prostiedi. Tyto takzvané teplocitlivé TRP receptory, mezi které patii i TRPV1 a TRPV3
iontové kanaly, jsou charakteristické tim, Ze mohou byt aktivovany nejen tepelnymi, ale také
mechanickymi podnéty a fadou chemickych sloucenin. Navic je jejich ¢innost modulovana
napétim. Diky polymodéalnimu zptisobu aktivace je mechanizmus vratkovani TRP receptort
velmi komplexni (Nieto-Posadas et al., 2011).

Molekularni struktura TRP receptort je pfibuzna napétoveé ovladanym draslikovym
(Ky) a sodikovym kanaliim (Nay). Kazdé ze ¢tyt podjednotek TRP iontového kanalu obsahuje
6 transmembranovych usektl (S1-S6) a ma N- a C-konce umistény intracelularné. S5 a S6
spolu s klickou, kteréd je spojuje, vytvaieji dohromady centraln€ uloZzenou pérovou doménu,
jez zajistuje vodivé propojeni mezi intracelularnim a extraceluldrnim prostorem.
Konformacni zmény v ramci této domény jsou podkladem vritkovani iontovych kanali.
Porovou doménu obklopuji Ctyfi periferni domény tvorené S1-S4 segmenty. Intracelularni
klicka mezi S4 a S5 segmenty propojuje periferni doménu s pérovou oblasti a je dilezita
pro spravny pienos aktivac¢niho signalu na vratka TRP receptorti (Boukalova et al., 2010).

U K, iontovych kanali bylo vneddvné dobé objeveno druhé kontaktni misto
zajistujici funkéni interakci periferni domény s poérovou doménou (Lee et al., 2009). Tato
sty¢na plocha obou domén je tvofena Casti S1 segmentu sméfujici do extracelularniho
prostoru a porovym helixem umisténym v klicce mezi S5 a S6 sousedni podjednotky
a pravdépodobné tvoii dilezity opérny bod potiebny pro U¢innou transdukci signélu
od napétove citlivé periferni domény na vratka K, kanali. Funkéni vyznam S1 segmentu
ve vratkovani TRP receptorti vSak dosud nebyl studovan.

TRPV1 iontovy kanal byl objeven vroce 1997 pfi hledani molekularni podstaty
citlivosti nociceptivnich neuronti ke kapsaicinu — palivé slozce paprik (Caterina et al., 1997).
Tento iontovy kandl je exprimovan v nociceptivnich C a Ad nervovych vlaknech, kde slouzi
jako receptor pro nejriznéjsi bolestivé stimuly. Mezi endogenni agonisty TRPV1 receptoru se
fadi produkty lipoxygenaz, které hraji dulezitou tlohu pti vzniku zanétlivé bolesti (Hwang et
al., 2000). Mimo kapsaicin jsou TRPVI1 receptory pifimo stimulovany tadou dalSich
ptirodnich drazdivych a toxickych latek, naptiklad alicinem z Cesneku a cibule ¢i nékterymi
komponentami pavoucich jedii (Macpherson et al., 2005; Siemens et al., 2006). TRPV1
receptory lze také aktivovat zvySenim teploty prostiedi (> 42 °C) ¢i snizenim pH
extracelularniho prostoru (Caterina et al., 1997; Tominaga et al., 1998).

Protony jsou fyziologicky vyznamnymi agonisty TRPV1 receptoru. K otevieni
iontovych kanali dochazi pfi silném poklesu pH prostiedi (< 6). Mimné okyseleni
extracelularniho roztoku, které neni schopno aktivovat TRPV1 receptor samostatné, vede
k potenciaci odpovédi na kapsaicin i tepelné podnéty a zdroven snizuje aktivacni prah
pro dané stimuly (Tominaga et al., 1998). Pti analyze aktivity jednotlivych TRPV1 receptort
bylo zjisténo, Ze zvySena koncentrace protonl vyrazné zvySuje pravdépodobnost otevieni
iontového kandlu, zaroven vSak snizuje vodivost (Baumann and Martenson, 2000).
Mechanizmus u¢inku snizeného pH je zprostfedkovan elektrostatickou interakci protont
s n¢kolika zaporn¢ nabitymi aminokyselinovymi zbytky S5-S6 klicky, jez je vystavena
extracelularnimu prostiedi (Jordt et al., 2000; Liu et al., 2009).

TRPV3 receptor je dal$im zastupcem skupiny vaniloidnich TRP receptorti, jehoz
aktivita je siln¢ zavisla na teploté okolniho prostfedi. S TRPV1 receptorem, jehoZ primarni



sekvence se shoduje se sekvenci TRPV3 iontového kandlu ze 43 %, sdili strukturni a n¢které
funkéni charakteristiky. TRPV3 receptor je stimulovan jiz za fyziologickych teplot (> 33 °C)
a jeho aktivita stoupa se vzrustajici teplotou prostiedi (Peier et al., 2002; Smith et al., 2002).
Mezi agonisty TRPV3 receptoru se fadi n¢které ptirodni latky, které pti konzumaci navozuji
pocit tepla a pfi kontaktu s pokozkou mohou pisobit jako alergeny. Znamé aktivatory TRPV3
iontového kandlu, jako jsou karvakrol, eugenol, thymol a kafr, jsou izolovany z rostlin
uzivanych jako kofeni — dobromysli, hiebicku, tymianu a rozmarynu (Mogrich et al., 2005;
Xu et al., 2006). 2-aminoetoxydifenylborat (2-APB), synteticka latka, kterd inhibuje IP;
receptory a nckteré TRP iontové kandly, je spoleénym aktivatorem TRPV1 a TRPV3
receptort (Hu et al.,, 2004; Chung et al., 2004). Jedinym doposud zndmym endogennim
agonistou TRPV3 iontového kanalu je farnesylpyrofosfat, jeden z meziprodukti syntetické
dréhy cholesterolu (Bang et al., 2010).

TRPV3 receptory jsou pfevazné exprimovany v keratinocytech kize a v buitkidch
obklopujicich vlasovy folikul (Peier et al., 2002). Tyto iontové kandly reguluji proliferaci
a diferenciaci keratinocytd a jsou dulezité pro spravnou morfogenezi chlupi (Cheng et al.,
2010). Nespravna c¢innost TRPV3 receptorii se projevuje rliznymi koznimi defekty jak
u hlodavct, tak u lidi (Asakawa et al., 2005; Asakawa et al., 2006; Lin et al., 2012).
V nedavné dobé bylo prokdzdno, ze TRPV3 receptor tvoii kliCovy clanek signalizacni
kaskady spousténé stimulaci bunék pomoci epidermalniho riastového faktoru (EGF)
a transformujiciho rastového faktoru-o (TGF-a) (Cheng et al., 2010). U kultivovanych
primarnich keratinocytli je aktivita TRPV3 iontovych kanalii posilovana pii aktivaci EGF
receptoru. Piesny mechanizmus, jakym jsou TRPV3 a EGF receptory funkéné propojeny,
vSak nebyl pIn¢ objasnén.

2 Cile prace

e Svyuzitim bodovych mutaci oziejmit ulohu S1 transmembranové oblasti
v aktivacnich vlastnostech TRPV1 iontového kandlu.

e Stanovit funk¢ni vlastnosti mutantnich TRPV1 iontovych kanali vzhledem k pH
citlivosti

e Charakterizovat TRPV3 receptory pfirozené¢ exprimované v bunécné linii lidskych
keratinocytti HaCaT pomoci elektrofyziologickych metod.

e Prozkoumat mozné intracelularni signalizacni drahy, které by mohly modulovat funkci
TRPV3 iontovych kanald.

3 Material a metodika

3.1 Bunécné kultury a priprava mutantnich TRPV1 konstruktu

HEK293T buiky (ATCC) byly kultivovany v 5% roztoku fetdlniho teleciho séra
(FTS) vmédiu OPTI-MEM (Invitrogen). Buiky byly transfekovany cDNA plazmidy
kédujicimi prirozenou formu a mutantni formy potkaniho podtypu TRPV1 receptoru spolu
s plazmidy nesoucimi DNA pro zeleny fluorescencni protein (enhanced GFP) pomoci metody
MATra (IBA GmbH). Mutantni TRPV1 konstrukty byly pfipraveny s vyuzitim chemické
soupravy QuikChange XL Site Directed Mutagenesis Kit (Stratagene). Pokusy byly
provadény 24—48 hodin po transfekei.

HaCaT bunky (CLS) byly kultivovany v 10% roztoku FTS v médiu D-MEM
(Invitrogen).



3.2 Elektrofyziologicka snimani a experimentalni roztoky

Veskera elektrofyziologickd méfeni byla provedena s vyuzitim metody tercikového
zamku v konfiguraci méteni z celé buiiky a v rezimu napétového zdmku. Pokud neni uvedeno
jinak, byla data pofizena pfi membranovém potencidlu -70 mV. Sumarni proudy tekouci pies
membranu buiiky byly zaznamendvany pomoci zesilovace Axopatch 1-D ovladaného
programem pCLAMP 10 (Molecular Devices).

Slozeni extracelularniho roztoku (mM): NaCl 160, HEPES 10, glukéza 10, KCI 2,5,
MgCl; 2, CaCl; 1, pH jsme upravovali pomoci NaOH na hodnotu 7,34. V experimentech, kdy
byly pokusné bunky stimulovany chemickymi agonisty TRPV1 a TRPV3 receptort, byl
pouzit roztok bez pfidanych vapenatych ionti (CaCl, byl nahrazen 1 mM EGTA). U roztokt
s pH < 6 byl misto HEPES pouzit MES. Osmolarita extracelularniho roztoku byla 330 mOsm.

Slozeni intracelularniho roztoku pro HEK293T buniky (mM): Cs-glukono-o-lakton 125,
CsCl 15, EGTA 5, HEPES 10, CaCl, 0,5, MgATP 2, osmolarita 279 mOsm. Slozeni
intracelularniho roztoku pro HaCaT buniky (mM): Cs-glukono-d-lakton 125, CsCl 14, EGTA
5, HEPES 10, MgCl, 1, CaCl, 0,5, MgATP 2, NaGTP 0,3, osmolarita 291 mOsm. pH
intracelularnich roztokl jsme upravovali pomoci CsOH na hodnotu 7,28.

Veskeré chemikalie byly zakoupeny u spole¢nosti Sigma-Aldrich kromé U0126, jenz
byl zakoupen u spolecnosti Cell Signaling.

3.3 Analyza dat

Veskera data byla analyzovana pomoci programu pCLAMP 10 a SigmaPlot 10 (Systat
Software). Pro zhodnoceni rychlosti nastupu odpovédi TRPV1 receptoru vyvolanych aplikaci
kapsaicinu jsme casovy pribéh membranového proudu prokladali exponencidlni funkci
popisujici rychlou a pomalou komponentu odpovédi: 1(t)=A4,-e™'" +4,-e”"'™ +C, kde
1(?) je okamzita hodnota proudu v Case t; 4; a A; jsou amplitudy rychlé a pomalé¢ komponenty
proudové odpovédi; C je maximalni dosazitelnd amplituda; 1; a 1, jsou ¢asové konstanty pro
rychlou a pomalou komponentu. Rychlost deaktivace kapsaicinové odpovédi jsme hodnotili
pomoci parametru T'sy, ktery vyjadiuje ¢as potfebny ke snizeni amplitudy proudu na polovinu.

Aktivace pfirozenych i mutantnich forem TRPV1 receptoru vyvoland depolarizaénim
napétim byla studovana pomoci protokolu, sestavajiciho z napétovych skokl, kazdy
aplikovany po dobu 100 ms, s minimalni a maximalni hodnotou membranového potencialu -
120 mV a + 200 mV. Rozdil mezi jednotlivymi skoky byl 20 mV. Velikost membranového
proudu jsme odecitali vzdy na konci pulzu, kdy uz bylo dosaZzeno rovnovazného stavu.
Zavislost vodivosti buiiky na napéti jsme ziskali po vydéleni takto ziskanych proudovych
amplitud pfislusnou hodnotou membranového potencidlu zmensenou o hodnotu reverzniho
potencialu. Danou zéavislost jsme prokladali Boltzmannovou funkci:

G _ Gmax - Gmin

F
1+ exp— (;T (V - V1/2)j

kde G je maximalni dosazitelna vodivost builky; G, je minimalni dosazitelna
vodivost; z je vratkovaci naboj (anglicky gating charge); F pfedstavuje Faradayovu konstantu;
V je napéti; V., predstavuje napéti, pti kterém vodivost dosahuje polovi¢ni hodnoty svého
maxima; R zastupuje univerzalni plynovou konstantu a 7 je absolutni teplota.

Ptesna regulace teploty experimentélnich roztokl aplikovanych na méfené bunky nam
umoznila stanovit teplotni citlivost TRPV1 konstrukti. Teplota roztoki byla linedrné
zvySovana z pokojové teploty az do maximalni hodnoty 48 °C. Maximalni pfirtistek byl
14 °C/s. Teplotni zavislost jednotlivych konstruktl jsme porovnavali pomoci hodnoty
teplotniho koeficientu Qy, ktery jsme urcili dle vztahu:

+G

min



kde A; a A>jsou amplitudy proudovych odpovédi pfi teplotach 7; a 7. Pro nase ucely
jsme zvolili 7; = 42 °C (teplotni prah pro TRPV1 receptory) a 7> = 45 °C. Q,y pfedstavuje
teoretickou miru vzristu proudové odpovédi pii zvyseni teploty o 10 °C. Cim vyssi je
hodnota O, tim vyssi je teplotni citlivost sledovaného jevu.

Pro jednotlivé skupiny dat byla nejprve urcena statistickd vyznamnost pomoci analyzy
rozptylu (ANOVA). Pokud jsme nalezli signifikantni rozdil (P < 0,05), porovnavali jsme
jednotlivé skupiny pomoci #-testu ¢i testu Mann-Whitney. Veskera data uvedena v této praci
jsou vyjadiena ve formé& primérna hodnota + stiedni chyba priméru. V grafech jsou
signifikantné odlisné hodnoty oznac¢eny symboly *P < 0,001; #P < 0,01; +P < 0,05.

4 Vysledky

4.1 Uloha S1 transmembranové oblasti ve funkénich vilastnostech
TRPV1 iontového kanalu

Za Gcelem stanoveni vyznamu S1 oblasti ve funkénich vlastnostech TRPV1 iontového
kandlu jsme studovali ucinek bodovych mutaci zavadénych jednotlivé po celé délce
transmembranového useku (rezidua F439 az R455). Abychom ur¢ili orientaci jednotlivych
rezidui vzhledem ke zbytku TRPV1 proteinového komplexu, provadéli jsme bodové zamény
za tryptofan, objemnou hydrofobni aminokyselinu. Aromatické aminokyselinové zbytky S1
oblasti jsme naopak zameénovali za rezidua bez aromatického kruhu, abychom oslabili
piipadné interakce s lipidy ¢i sjinymi aminokyselinovymi zbytky TRPV1 proteinového
komplexu.

Funk¢ni vlastnosti mutantnich TRPV1 receptorti jsme urcovali pomoci meéieni
membranovych proudd buné€k, které byly pfechodné transfekovany TRPV1 konstrukty se
zminénymi bodovymi zdménami a které byly stimulovany aplikaci kapsaicinu ¢i zvySenim
koncentrace protont v extraceluldrnim prostiedi (pH 5,5). Vysledky jsou shrnuty v obrazku 1.

Sest ze sedmnécti nami pfipravenych konstruktl bylo plné nefunkénich. Buiiky
exprimujici TRPV1 iontové kanaly s bodovou zdménou F439A, Y441S, Y444S, M445W,
A452W a R455W nevykazovaly zadné proudové odpovédi pfi stimulaci chemickymi agonisty,
a to ani v kombinaci se silnym depolarizaénim napétim, kdy u pfirozené formy TRPV1
receptoru dochézi k né€kolikandsobnému zvySeni vodivosti buiiky. U konstruktu T449W jsme
pozorovali pouze malé proudové odpoveédi vyvolané kapsaicinem a to zisadné jen
na pozitivnich potencialech.

V dalSich experimentech jsme se zaméfili na arginin na extracelularnim konci S1
transmembranové oblasti (R455), jehoz zaména za tryptofan vedla ke vzniku plné
nefunkcéniho konstruktu. Pii zdméné R455 za alanin nedoslo k obnoveni funkénich vlastnosti
TRPV1 iontového kandlu, coz ukazuje na strukturni vyznam postranniho fetézce na dané
pozici. Mutantni receptory se zdménou argininu za jiné kladné nabité reziduum — lysin —
vykazovaly proudové odpovédi pii aplikaci 1 uM kapsaicinu, jejichz amplituda se
signifikantné neliSila od hodnot charakteristickych pro pfirozeny typ TRPV1 iontového
kanalu. U R455K konstruktu se vSak odpovédi pii prvni aplikaci kapsaicinu vyznacovaly
vyrazn¢ pomalejsi rychlosti ndstupu. Po odmyti kapsaicinu nedoslo u mutantniho receptoru
ke snizeni membranového proudu na klidovou hodnotu. PIné deaktivace bylo piekvapivé
dosazeno az po aplikaci extraceluldrniho roztoku s mirn€ snizenym pH (pH 6,8). R455K
konstrukt byl také pIlné€ necitlivy ke stimula¢nimu ptisobeni protont (pH 5,5) (Obrazek 2).
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Obriazek 1. Mutacni analyza S1 transmembranové oblasti TRPV1 receptoru. (A) Ukazky membranovych
proudt bunék exprimujicich pfirozenou a vybrané mutantni formy TRPV1 receptoru vyvolané snizenim pH
extracelularniho roztoku (pH 5,5) a kapsaicinem. Pred aplikaci roztoku o pH 5,5 jsme buiiky 20 s omyvali
extracelularnim roztokem o pH 6,8, abychom vyvolali desenzitizaci iontovych kanali citlivych na pH pfirozené
exprimovanych v HEK293 bunkach (Gunthorpe et al., 2001). (B) Predpokladana a-helikalni topologie S1
segmentu. Zelené symboly oznacuji pozice aminokyselin, jejichz zaména nevedla k postizeni aktivacnich
vlastnosti TRPV1 receptoru. Oranzovymi symboly jsou zaznamenany pozice zamén u mutantli s poSkozenou
funkci. Cervené symboly zastupuji pIné nefunkéni konstrukty (NF). (C) Primérné velikost proudovych odpovédi
vyvolanych aplikaci 1 uM kapsaicinu pro jednotlivé konstrukty (n = 4-31). (D) Velikost odpovéedi vyvolanych
snizenim pH extracelularniho prostfedi (pH 5,5) vztazené k amplitudé odpovédi vyvolané 1 uM kapsaicinem
(n =4-12). BO znaci konstrukt, u kterého bylo mozné vyvolat proudovou odpoveéd’ pouze kombinaci chemické
a napétové stimulace.

Zamg¢fiili jsme se na hledani moznych interakénich partnerti argininu 455. Dle
homologniho modelu TRPV1 iontového kandlu se v blizkosti R455 vyskytuji dvé zaporné
nabitd rezidua — E458 na tfeti pozici za argininem a E478 umistény pravdépodobné
v extracelularni ¢asti S2 transmembranového tseku stejné podjednotky (Brauchi et al., 2007).
Abychom odstranili pfipadné elektrostatické interakce mezi témito aminokyselinovymi
zbytky a argininem 455, pfipravili jsme TRPV1 konstrukty, u nichz byl zéporny naboj
nahrazen pozitivnim (E458K) ¢i neutralizovan (E478A). Pii  elektrofyziologickych
experimentech jsme u téchto konstrukt nepozorovali Zadné signifikantni zmény ve velikosti
odpovédi vyvolanych kapsaicinem ¢i snizenym pH v porovnani s pfirozenou formou TRPV1
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iontového kanalu (Obrazek 2). Tyto vysledky naznacuji, ze ptipadné elektrostatické interakce
mezi R455 a E458 ¢i E478 nemaji kliCovy vyznam ve funkci TRPV1 receptoru.
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Obrazek 2. Konstrukty TRPV1-R455K a T633A jsou necitlivé k aktivaénim ucinkim protoni.
(A) Reprezentativni zdznamy odpovédi bunc¢k exprimujicich pfirozené a mutantni formy TRPVI1 receptoru
vyvolané aplikaci roztoku o pH 5,5 a 1uM kapsaicinem. (B) Primérné amplitudy kapsaicinovych odpovédi
(oranzové sloupce) a relativni amplitudy proudovych odpovédi pii stimulaci snizenym pH (Sedé sloupce)
pro jednotlivé konstrukty (n = 3-31).

Bodova zdména R455K vedla k odstranéni proudovych odpovédi pii stimulaci
roztokem o nizkém pH, amplituda kapsaicinovych odpovédi vSak nebyla signifikantné
snizena. Obdobny fenotyp byl popsdn u TRPV1 konstruktii se zaménami V538L a T633A
(Ryu et al., 2007). Pfedpoklada se, ze tato dvé€ rezidua hraji vyznamnou ulohu pfi transdukci
signalu od vazebného mista pro protony k vratkim TRPV1 iontového kanalu. Abychom
porovnali u¢inek R455K mutace s V538L a T633A zdménami, piipravili jsme zminéné
TRPV1 konstrukty a studovali jsme jejich aktivacni vlastnosti pomoci stejného protokolu,
jaky jsme pouzili v pfedchozich experimentech.

Jak jiz bylo dfive ukézano, mutace V538L a T633A postihuji citlivost TRPVI
receptoru ke snizenému pH, kapsaicinové odpovédi vSak zlstavaji zachovany (Obrazek 2). U
T633A konstruktu jsme pozorovali vaznéjsi postizeni aktivaénich vlastnosti s velmi
podobnymi projevy jako u R455K mutantniho receptoru, véetné pomalého nastupu odpovédi
pii prvni stimulaci kapsaicinem, netplné deaktivace po odmyti agonisty a inhibi¢niho
pusobeni protonti (Obrazek 2A). Obdobny fenotyp R455K a T633A konstruktl je ptekvapivy,
vezmeme-li v ivahu vzdalenost porového helixu, kde se vyskytuje reziduum T633, od S1
transmembranového segmentu v rdmci podjednotky TRPV1 iontového kanalu.
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4.2 Inhibicni pusobeni protont u spontanné aktivnich TRPV1
konstruktu

Ve své diplomové préci jsem se zabyvala tlohou konzervovanych aminokyselinovych
zbytkli v S4 transmembranovém segmentu a S4-S5 klicce vaniloidnich TRP receptori.
Jednim z vysledkl projektu byl objev mutaci, které zplsobuji zvySenou aktivitu TRPV1I
iontového kanalu (Boukalova et al., 2010). U R557K a G563S mutantti jsme pozorovali
vyrazné zvysSenou citlivost k napétové stimulaci, G563S konstrukt dokonce vykazoval
zietelnou spontdnni aktivitu 1 na negativnich potencidlech. Oba konstrukty se dale
vyznacovaly ndpadné zpomalenym néastupem prvni odpovédi na kapsaicin a neuplnou
deaktivaci po odmyti agonisty (Obrazek 3), citlivost ke snizenému pH vS§ak testovana nebyla.

V dalSich experimentech jsme se zaméfili na stanoveni aktivaénich vlastnosti R557K
a G563S konstruktii vzhledem k citlivosti k protontim (Obrazek 3). Aplikace roztoku o pH 5,5
nevyvolala zadné zvySeni proudovych odpovédi u R557K i G563S mutantnich iontovych
kanalt, naopak uz mirné snizeni pH extracelularniho roztoku (pH 6,8) se projevilo snizenim
klidového proudu. Inhibi¢ni plsobeni protonti bylo jasné patrné po stimulaci iontovych
kanalt kapsaicinem, kdy pokles pH extracelularniho prostedi vedl k deaktivaci zbytkového
proudu. Podobné jako u R455K a T633A konstrukti byl uc¢inek protonii nevratny.
Pii pfepnuti do standardniho extracelularniho roztoku o pH 7,3 nedoSlo k vyznamnému
zvySeni aktivity mutantnich iontovych kanali. Naopak byl nastup nasledné odpovédi
na kapsaicin opét zpomalen (Obrazek 3A).

A B

= pHG68 wmpH55 =Kaps1uM

.
- %)
s 5 38
0 0
4 O
==
* %
1

Obriazek 3. Pusobeni protonid na aktivitu R557K a G563S konstrukti. (A) Reprezentativni zaznamy
proudovych odpovédi bunck exprimujicich pfirozené a mutantni formy TRPV1 receptoru se zvysenou aktivitou
pfi stimulaci kapsaicinem a protony. (B) Primérmné amplitudy kapsaicinovych odpovédi (oranzové sloupce)
a amplitudy proudovych odpovédi pii stimulaci snizenym pH normalizované vici amplitudé odpoveédi
na 1pM kapsaicin (Sedé sloupce; n = 6-13).
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Z dosavadnich zjisténi vyplyva, Ze mutace na ruznych pozicich v ramci
transmembranové oblasti TRPV1 podjednotky, jako jsou extracelularni ¢ast S1 segmentu
(R455K), spojovaci klicka mezi S3 a S4 (V538L), S4/S4-S5 oblast (R557K a G563S)
a porovy helix (T633A), mohou zplsobit vazné postizeni pH citlivosti TRPV1 iontového
kanalu pfi zachovani normalni velikosti odpovédi vyvolanych kapsaicinem. Abychom zjistili,
do jaké miry jsou funkéni projevy téchto mutantd shodné, provedli jsme sérii méfeni
zaméfenou na riizné aspekty aktivace TRPV1 iontového kanalu.

(1) Rychlost nastupu proudové odpovédi pti stimulaci kapsaicinem (data nejsou ukazana):

Jednotlivé TRPV1 konstrukty jsme stimulovali pomoci dvou po sobé nésledujicich
aplikaci 1 uM kapsaicinu a hodnotili miru zastoupeni pomalé a rychlé komponenty nastupu
kapsaicinové odpovédi a jejich rychlost vyjadienou ¢asovou konstantou 7. U ptirozené formy
TRPV1 receptoru byla pomald komponenta nastupu prvni kapsaicinové odpovédi zastoupena
7 26,9 £ 5,3 % a u nasledné odpoveédi z 8,6 + 2,7 % (n = 34). U R557K a G563S konstruktt
doslo kuplnému vymizeni rychlé komponenty nastupu prvni odpovédi na kapsaicin
(4,=100 %) a u druhé odpovédi bylo zastoupeni pomalé¢ komponenty signifikantné zvyseno
(na 37,1 £ 14,3 % a 49,2 + 7,8 %; n = 8 a 9). Kinetika odpovédi na prvni aplikaci kapsaicinu
uR455K a T633A konstrukti byla zpomalena diky zvySeni hodnoty Casové konstanty
charakteristické pro pomalou komponentu néstupu (z = 77,1 £ 19,8 s a 73,7 + 8,8 s oproti 22,4
+ 4,2 su pfirozen¢ho typu TRPV1 receptoru; n = 5-18). Mutace V538L se na kinetice
kapsaicinovych odpovédi neprojevila.

(i1) Deaktivacni faze kapsaicinové odpovédi (data nejsou ukazana):

Mutace R455K, R557K, G563S a T633A se projevuji signifikantné¢ prodluzenou
deaktivacni fazi kapsaicinovych odpovédi (750 = 10,9 £ 1,4 s; 23,4 +£4,35s;23,5+1,5sa 12,6
+ 4,4 soproti 4,4 = 0,6 su pfirozen¢ho typu TRPV1 iontového kanélu; n = 9-30) a také
znemozinuji plnou deaktivaci proudové odpovédi po odmyti agonisty. Zbytkovy membranovy
proud dosahoval v priméru 0,04 + 0,01 nA pro ptirozeny typ TRPV1 (n = 19); 0,52 + 0,21
nA pro R455K (n = 18); 1,79 + 0,65 nA pro R557K (n = 9); 2,34 + 0,61 nA pro G563S
(n=24)a0,98 £ 0,35 nA pro T633A konstrukt (» = 13). Po aplikaci roztoku se snizenym pH
(pH 6,8) se u zminénych mutantt zbytkovy proud vyrazné zmensil (na 42 + 6 % pro R455K,
43 + 14 % pro R557K, 28 = 4 % pro G563S a 44 + 15 % pro T633 A konstrukt; n = 9-24).

(ii1))  Klidovy membranovy proud (data nejsou ukazéana):

Buiikky exprimujici konstrukty R455K, R557K, G563S a T633A se vyznacuji
zvySenym klidovym membranovym proudem jeSté pied jakoukoli stimulaci (Jyw =
56,0 = 13,5 pA; 32,5 + 6,9 pA; 78,9 + 21,4 pA a 46,5 + 7,4 oproti 13,1 £ 1,5 pro piirozenou
formu TRPV1 kanalu; n = 23-81). Klidovy membranovy proud je u téchto TRPV1 mutantt
inhibovan aplikaci extracelularniho roztoku se snizenym pH (na 63 £ 9 %; 77 £ 10 %;
67+4 % a 81 = 13 %; n = 3-21). Naopak u pfirozené formy TRPV1 iontového kanalu vede
aplikace roztoku o pH 6,8 k potenciaci klidového membranového proudu (na 221 + 39 %;
n=10).

(iv)  Depolarizaci vyvolana aktivace TRPV1 konstrukt (Obrazek 4)

Napétovou zavislost TRPV1 iontového kanélu jsme studovali s vyuzitim protokolu
sestavajiciho ze série napétovych skokli s minimalni a maximélni hodnotou membranového
potencialu -120 a +200 mV. U pfirozené¢ formy TRPV1 receptoru €inila primérna hodnota
membranového potencialu, pii kterém dosahuje vodivost buiiky poloviny svého maxima (V)
174 £ 2 mV (n = 58). U konstrukti R455K, R557K, G563S a T633A jsme pozorovali
zvySenou napétovou zavislost, coz se projevilo posunem hodnoty V;, do oblasti mensi
depolarizace (V;,=132+4 mV;95+£2mV; 72+ 2 mV a 129 + 3 mV; n = 25-40).
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Obrazek 4. Napétova citlivost TRPV1 konstrukti. (A) Protokol pouzity pro napétovou stimulaci
experimentalnich bunék a ukazky membranovych proudii pro pfirozenou formu TRPVI receptoru, R455K ¢i
G563S mutanty. (B) Primérna vodivost bun¢k vyjadiena v zavislosti na ménicim se napéti. U R455K a G563S
konstruktu doslo k posunuti zavislosti smérem k niz§im hodnotdm membranového potencidlu (n = 24-58).
(C) Primérné hodnoty membranového potencidlu, pii kterém dosahuje vodivost builky poloviny svého maxima
(V12) pro jednotlivé konstrukty (n = 7-58).

v) Teplotni zavislost TRPV1 konstruktt (data nejsou ukdzana):

Specifickou aktivaci TRPV1 iontovych kandlt Ize vyvolat i zvySenim teploty prostiedi
nad 42 °C. Builky exprimujici TRPV1 receptory vykazuji pfi teplotni stimulaci proudové
odpovédi, jejichz amplituda a teplotni zavislost charakterizovana teplotnim koeficientem Q;y
je mnohem vys$i nez u nespecifickych odpoveédi bun€k bez teplocitivych iontovych kanala
na membrané. V nasich podminkach jsme urcili hodnotu Q;y pro pfirozenou formu TRPV1
receptoru na 7,6 £ 0,9 (n = 29). U R455K, R557K, G563S a T633A konstruktl byla teplotni
zavislost silné postiZzena, coz se projevilo snizenim hodnoty teplotniho koeficientu (Q;p =
23+0,3;2,1+0,5 14 £0,1 a20=0,3; n=9-23). Citlivost na tepelné podnéty V538L
konstruktu se signifikantné nelisila od nemutované formy TRPV1 (Q;9=9,2 + 3,3; n = 10).

V dalSich pokusech jsme se zaméfili na objasiiovdni mechanizmu, jakym zvySena
koncentrace protonlii v extracelularnim prostfedi umoznuje stabilizaci zaviené¢ho stavu
iontovych kanalti s mutacemi R455K, R557K, G563S a T633A. Inhibi¢ni G€inky sniZené¢ho
pH se projevuji velmi rychle, tudiz jsme ptedpokladali, ze protony ptisobi pfimo na TRPV1
iontovy kanal. Formulovali jsme dvé hypotézy:

(i) Protonace glutamatovych aminokyselinovych zbytki E600 a E648 stimuluje zvySeni
aktivity pfirozené formy TRPV1 receptoru (Jordt et al., 2000), plsobi vSak opacnym
zpiisobem na aktivitu mutantnich iontovych kanalt.
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(i1) Interakce protonii s kyselymi aminokyselinovymi zbytky v pérové oblasti (E636 a D646)
vede ke snizeni vodivosti TRPV1 iontového kandlu (Liu et al., 2009) a mohla by byt
podkladem i inhibi¢niho plisobeni snizeného pH u mutovanych TRPV1 konstruktt.

Za ucelem ovéteni prvni hypotézy jsme piipravili konstrukty s dvojitou bodovou
zaménou R455K/E600A a R455K/E648A. U téchto TRPV1 mutanth je odstranén negativni
naboj glutamatovych zbytkd, ¢imz je funkéné napodoben protonovany stav TRPV1 iontového
kanalu (Jordt et al.,, 2000). Stejné¢ jako u R455K konstruktu, iontové kandly se
zminénymi dvojitymi zaménami se vyznaCovaly vyrazné¢ zpomalenym nastupem prvni
odpovédi na kapsaicin a neuplnou deaktivaci po odmyti agonisty. Vystaveni bun¢k roztoku
opH 6,8 vedlo k inhibici zbytkového proudu minimélné¢ do stejné miry jako u TRPV1
receptortt s R455K mutaci (Obrazek 5). Z téchto vysledkt vyplyva, Ze inhibicni pisobeni
snizeného pH neni zavislé na protonaci glutamatovych rezidui na pozicich 600 a 648.
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Obrazek 5. Inhibi¢ni u¢inek protont neni ovlivnén neutralizaci aminokyselinovych zbytkia E600 a E648.
(A) Reprezentativni zdznamy proudovych odpoveédi bunc¢k exprimujicich pfirozenou formu TRPVI,
R455K/E600A a R455K/E648A konstrukty stimulovanych 1uM kapsaicinem a pfi nasledné aplikaci roztoku se
snizenym pH. (B) Primérné hodnoty amplitud zbytkového proudu po odmyti kapsaicinu (spodni graf, zelena
Sipka v A) a zhodnoceni piisobeni snizeného pH na zbytkovy proud (horni ¢ast grafu, Seda Sipka v A) (n = 3-24).
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Dal$im zndmym interakénim mistem protond v ramci TRPV1 receptoru je poérova
oblast. Protonace zaporné nabitych aminokyselinovych zbytkli E636 a D646 v oblasti poru
vede ke snizeni vodivosti TRPV1 iontového kanalu (Liu et al., 2009). Tento inhibi¢ni efekt je
u piirozené¢ formy TRPV1 receptoru maskovan silnymi aktivacnimi G¢inky sniZzeného pH.
Ulohu E636 a D646 v inhibi¢nim pisobeni protonti pozorovaném u nami popsanych
konstruktli jsme se pokusili stanovit pomoci TRPV1 receptorti s dvojitymi zdménami
R557K/E636Q, R557K/D646N, G563S/E636Q a G563S/D646N. E636Q a D646N mutace
vedou samy o sob¢ k postizeni vratkovani iontového kanalu a jejich kombinace s R557K
a G563S zaménami vedla ke vzniku receptort se siln€ poskozenymi vratkovacimi vlastnostmi,
jez jsme nebyli schopni fadné analyzovat.

4.3 Desenzitiza¢ni ptisobeni protonu na aktivitu TRPV1 receptoru

V pribéhu nasich pokusli zaméfenych na stanoveni citlivosti k chemickym agonistim
jsme u ptirozené formy TRPV1 receptoru ¢asto pozorovali zpomaleni néastupu odpovédi
na kapsaicin po vystaveni piisobeni snizeného pH. Pro statistické zhodnoceni zminéného
efektu jsme bunky exprimujici TRPV1 receptor stiidavé stimulovali 1uM kapsaicinem
a extracelularnim roztokem se silné kyselym pH (Obrazek 6). Aplikace roztoku o pH 4,0
vedla k prodlouzeni casové konstanty nastupu nasledné odpovédi na kapsaicin o vice jak
jeden tad. Kinetika nastupu kapsaicinovych odpovédi po vystaveni plsobeni silné¢ kyselého
pH tedy pfipomina projevy mutantnich receptorti popsanych vyse.
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Obrazek 6. Desenzitizacni Gcinky sniZzeného pH na aktivitu TRPV1 receptoru. (A) Typicka odpovéd bunky
exprimujici pfirozenou formu TRPV1 receptoru pfi stimulaci kapsaicinem a roztokem se snizenym pH (pH 4,0).
(B) Casova konstanta nastupu odpovédi na kapsaicin pied a po vystaveni plisobeni roztoku o pH 4,0 (n = 7).

4.4 Modulac¢ni uc¢inky epidermalniho rustového faktoru na aktivitu
TRPV3 receptoru endogenné exprimovanych v HaCaT burnkach

Pro zhodnoceni u€inku epidermalniho rastového faktoru na aktivitu endogennich
TRPV3 receptorti jsme porovnavali velikosti proudovych odpovédi HaCaT bunék vyvolanych
smési agonisti pred a v priab¢hu aplikace EGF (Obrazek 7). Jiz po dvanacti minutdch
inkubace vroztoku s20 ng/ml EGF se primérnd amplituda odpovédi normalizovanych
k velikosti maximalni odpovédi zvysila z 0,35 + 0,02 na 0,72 + 0,06 (rn = 6). K dalsimu
zvySeni pfi delsi inkubaci jiZ nedoslo. V kontrolnich podminkéach, kdy EGF nebyl pfitomen,
se relativni amplituda odpovédi pti opakované stimulaci zvysila na 0,46 = 0,03 (n = 5), coZ je
vSak signifikantné méné, nez u bunék vystavenych pisobeni EGF. Z téchto vysledki vyplyva,
ze EGF zptsobuje senzitizaci TRPV3 receptoru jiz pii kratkodobé stimulaci.
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Obrazek 7. EGF pusobi senzitizaéné na aktivitu TRPV3 receptori. (A) Reprezentativni zaznamy
proudovych odpovédi HaCaT bun¢k vyvolané chemickou stimulaci v kontrolnich podminkéch (horni zaznam)
a v ptitomnosti EGF (spodni zaznam). (B) Amplituda odpovédi vyvolana aplikaci 75uM 2-APB v kombinaci
s 112,5uM karvakrolem normalizovanad vu¢i maximalni odpovédi vyvolané saturacni koncentraci agonisti
(200 uM 2-APB s 250 uM karvakrolu)(n > 5).

Fyziologické ucinky epidermalniho rtstového faktoru jsou zprostiedkovany vazbou
na specificky receptor spojeny s tyrosinkinasovou aktivitou (EGFR) umistény na membrané
cilovych bunék, jehoz aktivace vede ke spusténi kaskady intracelularnich signaliza¢nich d&jt.
Jednou z hlavnich signaliza¢nich drah napojenych na EGFR je MAPK (mitogeny aktivovana
protein kinaza) draha, jejimz koncovym efektorem je fosforylovand ERK, ktera muze
ovlivitovat funkci velkého mnozstvi proteinti v buiice.

Abychom stanovili vyznam MAPK drahy v senzitizaci TRPV3 receptoru vyvolané
EGF, zopakovali jsme méfeni za podminek, kdy byla tato draha inhibovéna. Mezi znamé
inhibitory MAPK drahy patii latky U0126 a PD98059 blokujici funkci proteini MEK1
a MEK2 (mitogeny aktivovana proteinkinaza kindza 1 a 2), jejichz hlavni tlohou je
fosforylovat ERK. Pfi stimulaci HaCaT bunék pomoci EGF za souasné aplikace 10 pM
U0126 nebo 30 uM PD98059 nedoslo k signifikantni senzitizaci odpovédi vyvolanych smési
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agonisti v porovnani s kontrolnimi podminkami (Obrazek 8). Senzitizacni ucinky
epidermalniho ristového faktoru tedy byly potlaceny inhibici MAPK drahy.

2-APB 200 uM + karvakrol 250 uM
2-APB 75 uM + karvakrol 112,5 uM
EGF 20 ng/ml
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Obriazek 8. Inhibice MAPK drahy vede k potlaceni senzitiza¢niho pusobeni EGF. (A) Ukazkovy zaznam
proudovych odpovédi HaCaT buiky pii stimulaci EGF za soucasné aplikace inhibitoru U0126. (B) Rozdil
relativnich amplitud vyvolanych aplikaci 75 pM 2-APB s 112,5 uM karvakrolu na zacatku méteni a po 12
minutach inkubace v ptfitomnosti EGF. K naristu velikosti odpovédi nedoslo pfi inkubaci bunék s inhibitory
MAPK drahy — U0126 (10 uM) ¢i PD98059 (30 uM)(n = 4-7).

5 Diskuze

5.1 Mutacni studie zamérena na transmembranovou doménu
TRPV1 receptoru

Prvni cast dizertani prace byla zaméfena na stanoveni funkéniho vyznamu S1
transmembranové domény u TRPV1 receptori. Uloha jednotlivych aminokyselin v dané
oblasti byla zkoumana pomoci bodovych zdmén za tryptofan, vklddanych jednotlivé po celé
délce S1 segmentu (rezidua V439 az R455). Dilezitost aromatickych rezidui jsme stanovili
prostfednictvim substituci za aminokyselinové zbytky bez aromatického kruhu. Sest ze
sedmnacti nami piipravenych konstruktii se ukazalo byt pln¢ nefunkéni — nebylo mozné
unich vyvolat proudovou odpovéd pfi stimulaci chemickymi agonisty, depolarizaci ani
zvysenou teplotou prostiedi. V intracelularni ¢asti S1 jsme nezaznamenali zddnou zietelnou
pravidelnost ve vyskytu nefunkénich mutantl, naproti tomu v extracelularni c¢éasti Sl
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segmentu se mutace vyrazné postihujici funkci TRPV1 receptoru vyskytuji na kazdé treti
pozici (T449, A452, R455), coz je periodicita charakteristicka pro a-helikalni struktury. Tato
oblast transmembranové domény pravdépodobné slouzi jako dilezité interak¢éni misto S1
s jinou casti iontového kandlu. Konzervativni mutace argininu na pozici 455 za lysin vedla
k silnému poskozeni funk¢nich vlastnosti v riznych aspektech aktivace TRPV1 receptoru, coz
poukazuje na klicovy vyznam dané oblasti ve vratkovani TRPV1 receptoru.

Moznost funkéné¢ vyznamné interakce R455 sblizkymi zéporné nabitymi
aminokyselinovymi zbytky stejné podjednotky (E458 a E478) jsme vyvratili pokusy
na mutovanych iontovych kanalech, u kterych byl negativni naboj odstranén. E458K i E478A
konstrukty se funkéné nijak neliSily od pfirozené formy TRPV1, coz vyluc€uje dileZitou tilohu
zapornych naboji na dané pozici.

U napétové ovladdanych draslikovych kanalt (K,), které jsou strukturné¢ vzdalené
pribuzné TRP receptoriim, bylo v nedavné dobé poukazano na klicovy vyznam interakce mezi
extracelularni ¢asti S1 a pérovym helixem sousedni podjednotky (Lee et al., 2009). Autofi
zminéné prace predpokladaji, ze tento kontakt vytvari opé€rny bod mezi napétovym senzorem
(doména S1-S4) apodrovou doménou, ktery umoZziiuje ucinngjSi transdukci signalu
od pohyblivého S4 segmentu, pies S4-S5 klicku az po vratka K, kanali tvofenych S6
transmembranovym usekem. Analogickd interakce S1 segmentu a poérové oblasti by se
iuTRPV1 receptoru mohla podilet na mechanizmu vratkovani. Tuto hypotézu podporu;ji
nejen vysledky nasi mutacni analyzy S1 segmentu, ale také skuteCnost, ze funk¢ni projevy
mutace R455K jsou velmi podobné projeviim mutace treoninu v poérovém helixu za alanin
(T633A). Oba konstrukty se vyznaCovaly mirné¢ zvysenou klidovou aktivitou spojenou se
zesilenou napétovou citlivosti. U R455K 1 T633A mutantli jsme zaznamenali poskozeni
teplotni zévislosti a zpomaleni nastupu prvni odpovédi na kapsaicin. Po odmyti agonisty
nedoslo k plné deaktivaci membranového proudu. Charakteristickou vlastnosti obou
konstruktlh je také necitlivost k aktivatnim u€inkim protonti. Jiz mirné¢ snizené pH
extracelularniho roztoku (pH 6,8) naopak vedlo ke snizeni bazélniho proudu i zbytkového
membranového proudu po odmyti kapsaicinu.

Jiz vna$i pfedchozi studii zaméfené na stanoveni ulohy S4/S4-S5 oblasti
v aktivacnich vlastnostech vaniloidnich TRP receptori jsme zaznamenali zpomaleni nastupu
prvni kapsaicinové odpovédi, neuplnou deaktivaci po odmyti agonisty, posileni napétové
zéavislosti 1 zvySenou bazalni aktivitu u dvou konstruktdh TRPV1 receptoru — R557K a G563S.
Abychom porovnali fenotyp téchto mutaci s R455K a T633A konstrukty, testovali jsme jejich
citlivost k protontim. Snizeni pH extraceluldrniho prostfedi nevyvolalo u R557K a G563S
konstruktii zadné¢ zvySeni membranového proudu, naopak doslo k poklesu amplitudy
bazélniho proudu. Také velikost membranového proudu, ktery zistaval po odmyti kapsaicinu
roztokem o standardnim pH 7,3, byla mirnym poklesem pH o vice jak 50 % sniZena.
U R455K, R557K, G563S 1 T633A mutantnich receptorti byly také postizeny proudové
odpovédi vyvolané tepelnymi stimuly. Z nasich vysledkll vyplyva, Ze mutace v navzijem
vzdalenych Castech transmembranové domény TRPV1 receptoru, jako jsou extraceluldrni Cast
S1 segmentu, S4/S4-S5 oblast a pérovy helix, se na funkénich vlastnostech iontového kanalu
projevuji velmi podobnym zplsobem a narusuji vSechny aspekty polymodalni aktivace
TRPVI.

Inhibice aktivity vyvoland zvySenim koncentrace protont v extracelularnim prostiedi
je jednim z vyznacnych rysti ndmi popsanych spontanné aktivnich konstruktd. Je znamo, ze
u ptirozené formy TRPV1 receptoru vazba protonil na negativné nabita rezidua v oblasti poru
(E636 a D646) vede ke snizeni vodivosti iontového kandlu, coz se pfi métfeni z celé¢ bunky
projevi pouze zmensenim amplitudy membranového proudu vyvolaného poklesem pH (Liu et
al., 2009). SniZeni aktivity R455K, R557K, G563S a T633A konstruktll navozené protony
vSak nelze vyhradné pficist blokujicim u¢inkim vodikovych iontli, nebot pii nasledném
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zvyseni pH extracelularniho roztoku nedoslo k vyraznému zvyseni amplitudy membranového
proudu. Zda se, ze pokles pH spiSe podnécuje stabilni zménu konformace mutantnich TRPV1
receptord, kterd pretrva i po aplikaci roztoku s kontrolnim pH. Tato domnénka je dale
podporovana skutecnosti, Ze u bunc¢k exprimujicich spontdnné aktivni iontové kandly, které
jiz byly stimulovéany kapsaicinem, je po aplikaci snizeného pH odpovéd’ na kapsaicin opét
vyrazné zpomalena.

Abychom zjistili, zda je tato konformacni zména vyvolana interakci vodikovych iont
s porovou oblasti, zamysleli jsme charakterizovat fenotyp spontdnné aktivnich konstruktl
u nichz by byly E636 a D646 neutralizovany, ¢imz by byl napodoben protonovany stav poru.
Zamény E636Q a D646N snizuji vodivosti TRPV1 iontového kandlu, poskozuji vSak
i vratkovani (Welch et al., 2000). Jejich kombinace se zdménami navozujicimi spontanni
aktivitu vedla ke vzniku konstruktd se silné¢ poSkozenymi funkénimi vlastnostmi, které jsme
nebyli schopni tadné analyzovat. Hypotézu, Ze je inhibi¢ni piasobeni snizeného pH
u spontanné aktivnich konstruktii zprostfedkovano vazbou protonti do oblasti péru, tudiz
nemuzeme nasimi vysledky potvrdit ani vyvratit.

Funkéni  charakterizaci  konstruktd s dvojitymi  zdménami  R455K/E600A
a R455K/E648A jsme prokazali, ze pfinegjmensim u R455K mutantniho receptoru neni
inhibi¢ni G¢inek protond zévisly na pfitomnosti extraceluldrnich senzori sniZené¢ho pH.
Neutralizace zaporné nabitych aminokyselinovych zbytkli E600 a E648, jejichz protonace
stimuluje aktivitu pfirozené formy TRPV1 receptoru (Jordt et al., 2000), nevedla k oslabeni
inhibi¢niho ucinku zvySené koncentrace protont v extracelularnim prostfedi. Pro odhaleni
mechanizmu, jakym protony stabilizuji zavieny stav spontanné¢ aktivnich TRPV1 receptora,
tedy bude potieba provést dalsi sérii experimentd.

U nami popsanych konstrukti se zvySenou aktivitou jsme pozorovali zpomaleni
nastupu odpovédi pfi prvni aplikaci kapsaicinu. Rychlost nastupu odpovédi pii druhé
stimulaci kapsaicinem jiz byla u zminénych mutantli srovnatelnd ¢i dokonce vyssi nez
u pfirozené¢ formy TRPVI1. Skutecnost, ze fenotyp vétSiny konstrukti s prodlouzenym
nastupem prvni kapsaicinové odpoveédi je charakterizovan také pomalejsi deaktivaci pii
odmyvani agonisty, naznacuje, Ze vazba kapsaicinu zpisobuje destabilizaci zavieného stavu
iontového kanalu, kterd pfetrvava i po odstranéni agonisty. Tato konformacni zména se
u spontanné aktivnich konstrukti v SI, S4/S4-S5 a u T633A konstruktu projevuje také
vyraznym zvySenim klidového proudu po odmyti kapsaicinu.

Z naSich vysledki vyplyva, Ze vratkovaci vlastnosti i citlivost ke kapsaicinu TRPV1
konstruktlh s mutaci v extracelularni ¢asti S1 segmentu, S4—S4/S5 oblasti a porovém helixu,
jsou ovliviiovany ptedchozi aktiva¢ni historii. Zda se, ze mutantni receptory mohou existovat
ve dvou antagonistickych stavech, kdy je zaviend konformace iontového kanalu bud’
stabilizovéna ¢i destabilizovana. Pfechod mezi obéma stavy je stimulovan aplikaci snizené¢ho
pH (stabilizace zavieného stavu) nebo kapsaicinem (destabilizace zaviené¢ho stavu). Otazkou
je, zda jsou tyto konformacéni zmény dusledkem aminokyselinovych zamén, ¢i zda poskozeni
vratkovacich vlastnosti zptisobené mutacemi umoznuje 1épe tyto funkcéni ptechody pozorovat.
Druh4 moznost je podporovana skutecnosti, Ze i u pfirozené formy TRPV1 iontového kandlu
za podminek, kdy nejsou v extracelularnim prostiedi pfitomny vapenaté ionty, je pomald
komponenta nastupu odpovédi na kapsaicin vétsi mirou zastoupena pfti prvni aplikaci agonisty.
Pti druhé stimulaci kapsaicinem se pomald komponenta podili na odpovédi jiz jen minimalné.
Zpomaleni nastupu odpovédi na kapsaicin u pfirozené formy TRPV1 bylo jasné patrné tehdy,
kdyz vlastni aplikaci kapsaicinu pfedchazela stimulace roztokem o siln¢ kyselém pH (pH 4,0).
Tyto desenzitiza¢ni ucinky protonii nebyly doposud nikde popsany ani vysvétleny.

Konformacni zmény TRPV1 iontového kandlu zéavislé na koncentraci kapsaicinu
a délce jeho aplikace byly diskutovany jiz dfive. Pfi déletrvajici stimulaci kapsaicinem
dochazi u TRPV1 receptoru ke zméndm v relativni propustnosti pro monovalentni
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a divalentni ionty, coz je interpretovano jako projev postupné dilatace poru. Bylo prokazano,
Ze zmeény v propustnosti jsou provazeny konformaéni zménou selektivniho filtru (Chung et al.,
2008). Mutace v porové oblasti také ovliviuji citlivost TRPV1 receptoru ke kapsaicinu, i kdyz
se tato ¢ast iontového kandlu na vazbé kapsaicinu nepodili (Welch et al., 2000). Hystereze
vratkovani u R455K, R557K, G563S i T633A mutantnich receptord by tudiz mohla odrazet
dynamické zmény ve struktuie poérové oblasti. Tato hypotéza je podporovédna umisténim
mutaci zminénych konstruktt, které poukazuje na jejich moznou diilezitou tlohu pfi ptenosu
signalu z periferni domény iontového kanalu na pérovou doménu (Obrazek 9).

Obrazek 9. Schematicka struktura podjednotky TRPV1 receptoru se zobrazenymi postrannimi fetézci
aminokyselin, jejichz mutace vede k postizeni citlivosti TRPV1 receptoru ke snizenému pH. Dle nasi hypotézy
by funkéni vyznam R455 a A452 rezidui mohl spocivat v interakci extracelularni ¢asti S1 s pérovym helixem
sousedni podjednotky. Barevné jsou vyznacena predpokladand vazebna mista pro vodikové ionty — Cervené jsou
zobrazena rezidua, jejichz protonace vede k aktivaci (E648) ¢i potenciaci (E600) TRPV1 receptoru; modie jsou
znazornény aminokyselinové zbytky zodpovidajici za blokujici u€inky protont (E636 a D646).

5.2 Aktivace a modulace endogennich TRPV3 receptorti
exprimovanych v keratinocytech

Druhd cast mé dizertaéni prace byla zaméfena na stanoveni akutniho uc¢inku
epidermalniho ristového faktoru na aktivitu TRPV3 receptorti. Pokusy jsme provadéli
na bunkach linie imortalizovanych lidskych keratinocytti HaCaT. Tyto buiiky maji zachovany
specifické vlastnosti keratinocyti vcetné exprese TRPV3 iontovych kandli na bunécné
membran¢ (Boukamp et al., 1988; Sherkheli et al., 2009). Nasimi experimenty jsme prokazali,
ze jiz pii kratkodobé stimulaci HaCaT bunc¢k pomoci EGF dochazi k vyraznému zvySeni
citlivosti TRPV3 receptorti. Pozorovany uc¢inek EGF byl odstranén, pokud byly bunky
inkubovéany v roztoku obsahujicim inhibitory MAPK drdhy, jez je jednou z hlavnich
signaliza¢nich drah napojenou na EGF receptor. Pro stanoveni pfesného mechanizmu, jakym
aktivace MAPK drahy vede k senzitizaci TRPV3 receptori, bude potfeba provést dalsi
experimenty. Jednim z moznych zplisobi je piima fosforylace TRPV3 receptoru ERK
kindzou, mezi jejiz substraty se fadi i nékteré iontové kandly (Schrader et al., 2006; Shen et al.,
2011).

Nedavno byla popséna dulezitd tloha TRPV3 receptoru v signaliza¢ni draze EGF
a TGF-a, ktera ma zasadni vyznam pro spravnou funkci bunék pokozky (Cheng et al., 2010).
Nase vysledky pftispivaji k objasnéni, jakymi mechanizmy jsou EGF receptor a TRPV3
iontovy kanal funk¢éné propojeny.
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6 Zavéry
L Muta¢nimi pokusy jsme prokazali, Ze extracelularni ¢ast S1 segmentu TRPV1

receptoru zastavd vyznamnou ulohu ve vratkovéani iontového kanalu. Pro ¢innost TRPV1
iontového kanalu je klicova ptitomnost kladné nabitého rezidua na pozici 455.

L Fenotyp TRPVI receptor s mutaci R455K v extracelularni casti S1 a T633A
v porovém helixu je podobny fenotypu spontanné aktivnich mutanti se zaménou v S4/S4-S5
oblasti (R557K a G563S konstrukty). VSechny zminéné mutace naruSuji rovnovédhu mezi
otevienym a zavienym stavem iontového kanalu. Zavieny stav R455K, T633A, R557K
1 G563S konstruktli je stabilizovan snizenim pH extraceluldrniho prostfedi. Pozorované
inhibi¢ni ptsobeni zvysSené koncentrace protont neni zavislé na pfitomnosti extracelularnich
pH senzortt TRPV1 receptoru — glutamatd na pozicich 600 a 648.

J Protony stabilizuji zavieny stav iontového kandlu i u pfirozené formy TRPV1
receptoru, coz doposud nebylo nikde popsano. Domnivame se, Ze u ptirozené formy TRPV1
i mutantnich receptori je mechanizmus inhibi¢éniho pisobeni snizeného pH shodny.
U konstrukti se zvySenou aktivitou jsou vSak desenzitizacni uCinky protond 1épe
pozorovatelné, nebot’ je jejich citlivost k aktivaénim uc€inklim snizeného pH odstranéna.

. Kratkodoba stimulace HaCaT bun¢k epidermalnim ristovym faktorem (EGF) vede
k senzitizaci endogennich TRPV3 receptorii. Piisobeni 20 ng/ml EGF po dvanacti minutach
inkubace zvySuje relativni primérnou amplitudu odpovédi zprostiedkovanych TRPV3
receptorem na dvojnasobek.

o Modulaéni plisobeni EGF je zavislé na aktivit¢ MAPK drahy. Senzitizace odpovédi
zprostfedkovanych TRPV3 receptorem EGF je blokovédna inhibitory MAPK drahy, U0126
a PD98059, latkami blokujicimi funkci proteini MEK1 a MEKZ2, jejichz hlavni ulohou je
fosforylovat ERK.
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1 Introduction

Transient receptor potential (TRP) receptors are non-selective cation channels, which are
almost ubiquitously expressed in animal tissues, serving a variety of functions. Many of these
channels are involved in transduction of sensory stimuli and mediate sensations of light, touch
and taste (Damann et al., 2008). Recently, it has been shown that several TRP channels are
specifically activated by changes in temperature. These so-called thermosensitive TRP
channels are responsible for transduction of heat or cold but they also respond to a diverse
types of chemical and mechanical stimuli. In addition, their activity is modulated by voltage.
Due to this polymodal nature, the gating mechanisms of the thermosensitive TRP channels are
very complex (Nieto-Posadas et al., 2011).

The overall structure of TRP receptors is similar to voltage-gated potassium (K,) and
sodium (Nay) channels. They consist of four subunits, each with 6 transmembrane segments
(S1-S6) and intracellularly located N- and C-termini. S5 and S6 segments together with
the P-loop connecting them form the pore-lining domain located centrally. The pore domain is
surrounded by four peripheral domains formed by S1-S4 segments. The intracellular linker
between S4 and S5 connects the peripheral domain with the pore region and is important
for transmission of activation signal to the gate of TRP channels (Boukalova et al., 2010).

In Kv channels, a second contact region between peripheral domain (called
voltage-sensing domain) and the pore domain formed by extracellular portion of S1 and the
pore helix located in the P-loop of adjacent subunit is required for channel functioning (Lee et
al., 2009). This interface probably acts as an anchor point between the voltage sensing domain
and the pore necessary for an efficient transmission of conformational changes to the gate.
In TRP receptors, the role of S1 in channel gating has not yet been studied.

The first thermosensitive TRP channel — TRPV1 — was identified in 1997 as a receptor
for capsaicin, the pungent compound of chilli peppers (Caterina et al., 1997). TRPV1 is
expressed in nociceptive C and Ad nerve fibres and serves as an integrator of various painful
stimuli. In addition to capsaicin, TRPV1 receptor is activated by other natural irritants such as
allicin from garlic or by spider toxins (Macpherson et al., 2005; Siemens et al., 2006).
Endogenous agonists of TRPV1 are some products of lipoxygenases, which are involved
in development of inflammatory pain (Hwang et al., 2000). TRPV1 is also activated by
increased temperature (> 42 °C) and by acidic pH (Caterina et al., 1997; Tominaga et al.,
1998).

Protons are physiologically important agonists of TRPV1 receptor. At room temperature,
TRPV1 is activated by severe acidification of extracellular solution (< 6). Additionaly, mildly
acidic pH potentiates responses of TRPVI to both capsaicin and heat and also lowers
the threshold temperature for activation (Tominaga et al., 1998). Analysis of single-channel
activity revealed that elevated concentration of protons increases the probability of opening
of the TRPV1 channel but also reduces channel conductance (Baumann and Martenson, 2000).
The effects of low pH are mediated by electrostatic interactions of protons with several
negatively charged residues in the P-loop, which face the extracellular space (Jordt et al.,
2000; Liu et al., 2009).

TRPV3 is another member of the vanilloid receptor family which activity is modulated
by temperature. In heterologous expression system, TRPV3 is activated by moderate
temperatures with threshold of approximately 33 °C and its activity increases with increasing
temperature (Peier et al., 2002; Smith et al., 2002). Some natural compounds which evoke
sensations of warmth — carvacrol from oregano, eugenol from clove, thymol from thyme and
camphor from rosemary — are agonists of TRPV3 (Mogqrich et al., 2005; Xu et al., 2006).
2-aminoethoxydiphenyl borate, a synthetic compound which inhibits IP; receptors, is
a common activator of TRPV1 and TRPV3 (Hu et al., 2004; Chung et al., 2004). So far, the
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only known endogenous agonist of TRPV3 is farnesyl pyrophosphate, an intermediate
in the cholesterol synthesis pathway (Bang et al., 2010).

TRPV3 receptors are mainly expressed in skin keratinocytes and hair follicles (Peier et al.,
2002). They are important for hair morphogenesis and act as regulators of keratinocyte
proliferation and differentiation (Cheng et al., 2010). The impaired functioning of the TRPV3
channels can result into miscellaneous skin defects, either in rodents or in humans (Asakawa
et al., 2005; Asakawa et al., 2006; Lin et al., 2012). Recently it has been demonstrated that
TRPV3 is a key element in the signalling pathway of growth factors — epidermal growth
factor (EGF) and transforming growth factor-o (TGF-a)(Cheng et al., 2010). In cultured
primary keratinocytes the activity of TRPV3 channels is enhanced by stimulation of EGF
receptors. The exact mechanism how TRPV3 channels and EGF receptors are functionally
coupled is unknown.

2 Aims of the study

e FElucidate the role of individual residues in the S1 transmembrane region in activation
properties of TRPV1 ion channels.

e Examine the pH sensitivity of the mutant TRPV1 ion channels.

e Electrophysiologically characterize TRPV3 ion channels endogenously expressed
in immortalized human keratinocyte cell line HaCaT.

e Examine the possible intracellular signalling pathways which could modulate
the function of TRPV3 receptors.

3 Materials and methods

3.1 Cell culture and preparation of TRPV1 constructs

HEK293T cells (ATCC) were cultured in OPTI-MEM medium (Invitrogen)
supplemented with 5% fetal bovine serum (FBS). Cells were transiently transfected with
a cDNA plasmid encoding wild-type or mutant TRPV1 (rat subtype) and enhanced green
fluorescent protein (eGFP) using MATra method (Magnet-assisted Transfection; IBA GmbH).
The TRPV1 constructs were generated using a QuikChange XL Site-directed Mutagenesis kit
(Stratagene). Experiments were performed 2448 h after transfection.

HaCaT cells (CLS) were cultured in D-MEM (Invitrogen) supplemented with 10% FBS.

3.2 Electrophysiological recordings and experimental solutions

Experiments were performed using patch clamp method, in whole-cell voltage clamp
mode. If not stated otherwise, the data were obtained at membrane potential -70 mV.
Membrane currents were recorded with Axopatch 1-D amplifier controlled by pCLAMP 10
software (Molecular Devices).

Composition of extracellular solution (mM): NaCl 160, HEPES 10, glucose 10, KCI 2.5,
MgCl, 2, CaCl, 1, adjusted to pH 7.34 with NaOH. In order to prevent desensitization, the
chemical-induced activity of TRPV1 was studied in Ca®'-free solution, in which CaCl, was
replaced with 1 mM EGTA. In solutions of pH < 6, MES buffer was used instead of HEPES.
Osmolarity of the extracellular solution was 330 mOsm.

Composition of intracellular solution used in experiments with HEK293T cells (mM):
cesium gluconate 125, CsCl 15, EGTA 5, HEPES 10, CaCl, 0.5, MgATP 2, osmolarity
279 mOsm. Composition of intracellular solution used in experiments with HaCaT cells
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(mM): cesium gluconate 125, CsCl 14, EGTA 5, HEPES 10, MgCl, 0.5, CaCl, 0.5, MgATP 2,
NaGTP 0.3, osmolarity 291 mOsm. pH of intracellular solutions was adjusted with CsOH
to 7.28.

All chemicals were purchased from Sigma-Aldrich, except for U0126 (Cell Signaling).

3.3 Data analysis

All data were analyzed using pCLAMP 10 and SigmaPlot 10 (Systat Software).
To evaluate the kinetics of capsaicin-induced responses, the onset phase of currents evoked by

capsaicin was fitted to double exponential function: I(t)= 4, -e™"'" + 4, -e”'™ + C, where

1(?) is the amplitude of the current in time #; 4; and A, represent amplitudes of slow and fast
component of the current response; C is maximal amplitude; 7; and 7, are time constants
for slow and fast component. The kinetics of capsaicin washout was determined as the time
taken for the current to decrease to 50% of its level before removing the agonist.

Voltage-induced activation of TRPV1 was studied using a protocol consisting of
100 ms voltage steps from -120 mV to 200 mV. The difference between each step was 20 mV.
The amplitude of the current was determined at the end of each pulse when a steady state was
reached. The conductance-voltage relationship was fitted to the Boltzmann equation:

G — Gmax Gmin + G

F
1+exp—[;(V—m)j

where G, 1S maximal whole-cell conductance; G, 1s minimal whole-cell
conductance; z represents gating charge; F is Faraday constant; V' is voltage; V. is the
half-activation voltage; R is gas constant and 7 is absolute temperature.

The temperature sensitivity of TRPVI1 constructs was determined using precise
regulation of the temperature of experimental solutions applied on a cell, which was linearly
increased from room temperature up to 48 °C. Temperature coefficients for each construct
were estimated using the formula:

4 10/(7,-1,)
S
(4]

where A; and A, are the current amplitudes obtained at temperature 7; (42 °C,
the temperature threshold for TRPV1 receptors) and 7> (45 °C). Qo represents the theoretical
value of current response augmentation when there is a 10 °C rise in temperature. The higher
is the value of Q;y, the higher is the temperature sensitivity of ion channel.

Overall statistical significance was determined by the analysis of variance (ANOVA)
for each data group. When significance was found (P < 0.05), statistical comparisons were
performed using ¢ test or the Mann-Whitney U test for individual groups. All data are
expressed as mean + standard error of the mean. Significant differences are marked by
*P <0.001; #P < 0.01; +P < 0.05.

4 Results

min

4.1 The role of S1 transmembrane segment in functional properties
of TRPV1 ion channel

In order to determine the role of S1 in TRPV1 functioning, we studied the effects
of point mutations in this region (residues F439 to R455). The residues were substituted, one
by one, with bulky hydrophobic amino acid — tryptophan. The aromatic residues were
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replaced by non-aromatic amino acid side chains to impair their potential interactions with
lipids or with other residues in TRPV1 protein complex.

To assess the functional role of mutant ion channels, we measured the membrane
currents of HEK293T cells transfected with TRPV1 constructs in response to application
of capsaicin or low pH (pH 5.5). The results of the mutagenesis analysis of S1 are
summarized in figure 1.
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Figure 1. Mutational analysis of S1 transmembrane region of TRPV1 receptor. (A) Representative
whole-cell current responses of HEK293T cells expressing wild-type TRPV1, V440W and A451W mutants
evoked by pH 5.5 and 1 pM capsaicin. To desensitize endogenous acid-sensing ion channels, we applied
a solution of pH 6.8 prior to applying the solution of pH 5.5 (Gunthorpe et al., 2001). (B) Putative a-helical
topology of S1 transmembrane segment of TRPV1. Green symbols indicate positions which are insensitive to
mutagenesis. Orange symbols represent position of residues which, when mutated, strongly affect TRPV1
channel functionality. Red symbols indicate non-functional (NF) mutants. (C) Mean whole-cell current
amplitudes of responses evoked by 1 pM capsaicin (n = 4-31). (D) Mean amplitudes of responses evoked by pH
5.5 normalized to responses elicited by application of 1 pM capsaicin (n = 4-12). NR marks mutant TRPV1
receptor in which we only observed measurable capsaicin responses at positive membrane potentials. Holding
potential -70 mV.

Six out of seventeen constructs were non-functional. Cells expressing TRPV1 ion
channels with point mutation F439A, Y441S, Y444S, M445W, A452W and R455W did not
respond to chemical stimulation, either alone or in combination with depolarizing voltage,
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which in wild-type TRPV1 induces marked increase in cell conductance. In T449W construct,
we observed only small currents at positive membrane potentials.

In follow-up experiments, we focused on arginine at the extracellular end of Sl
transmembrane region (R455). Substitution of this residue with tryptophan led to a complete
loss of function. R455A construct was also non-functional, which indicate that the side chain
at this position is structurally important. Charge conserving mutation R455K did not affect
the magnitude of capsaicin-evoked responses but the kinetics of the first capsaicin response
was markedly slowed down and the deactivation after capsaicin washout was incomplete.
Surprisingly, the R455K construct was insensitive to stimulatory effects of low pH (pH 5.5),
on the contrary, even mild acidification of extracellular solution (pH 6.8) induced a rapid
deactivation of the current remaining after capsaicin washout (Figure 2).

We searched for possible interaction partners of arginine 455. According to
the homology model of TRPV1, two glutamate side chains are located near the arginine 455 —
E458 located three amino acid residues upstream from R455, and E478 in the putative upper
part of S2 transmembrane segment of the same TRPV1 subunit (Brauchi et al., 2007). To
eliminate possible electrostatic interactions with R455, we introduced charge-reversing
(E458K) or charge-neutralizing (E478A) mutations at these two positions and assessed
the functional properties of the constructs. The responses of E458K and E478A mutants
evoked by low-pH or capsaicin were not significantly different from wild-type TRPV1
(Figure 2). These results indicate that the possible electrostatic interactions between R455
and E458 or E478 are not important for TRPV1 function.
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Figure 2. TRPV1-R455K and T633A constructs are insensitive to stimulatory effects of protons.
(A) Representative current responses of cells expressing wild-type and mutant ion channels to application
of solution of pH 5.5 and 1 uM capsaicin. (B) Mean amplitudes of capsaicin responses (orange columns)
and relative amplitudes of low pH-evoked responses (grey columns) for each construct (n = 3-31).

27



R455K mutation eliminated low pH-induced current responses; on the contrary,
the mean amplitude of capsaicin-evoked responses was not significantly different between
R455K construct and wild-type TRPV1. Similar phenotype has been previously reported for
the V538L and T633A mutants of rat TRPV1 (Ryu et al., 2007). It was proposed that the two
residues are involved in the transduction of the protonation signal into channel opening.
In order to compare the activation properties of R455K mutant with that of V538L and T633A
constructs, we characterized the current responses mediated by the latter two mutants evoked
by low pH and capsaicin.

We confirmed that V538L and T633A substitutions impair the sensitivity of TRPV1
to low pH while preserving the maximum capsaicin-evoked responses (Figure 2). In T633A
construct, we observed similar phenotypic properties as in R455K mutant, including slowed
kinetics of the first capsaicin response, incomplete deactivation after capsaicin washout
and inhibitory effect of protons (Figure 2A). Threonine at position 633 is located in the pore
helix of the P-loop distant from the S1 helix of the same subunit. The similar phenotype
of T633A and R455K mutants is therefore surprising.

4.2 The overactive TRPV1 mutants are inhibited by protons

In my master thesis I described two overactive TRPV1 constructs with mutation in
the fourth transmembrane segment and the S4-S5 linker (R557K and G563S). In R557K
and G563S mutants, we observed increased voltage dependence; in addition, the G563S
construct displayed elevated basal activity at negative potentials. Furthermore, the kinetics
of capsaicin-evoked responses of the two mutants was markedly slowed down and
the deactivation after capsaicin washout was incomplete (Figure 3)(Boukalova et al., 2010).
However, the sensitivity of R557K and G563S to low pH has not been examined.

In further experiments, we determined the functional properties of R557K and G563S
mutants in regard to proton-mediated activity (Figure 3). Application of a solution of pH 5.5
did not evoke any increase in current mediated by R557K and G563S mutant ion channels;
on the contrary, even mildly acidic pH (pH 6.8) induced deactivation of the basal current. The
inhibitory effect was apparent after capsaicin stimulation when the reduction of pH led
to decrease in the remaining current after capsaicin washout. This inhibitory effect of protons
was not readily reversible, so that no currents were induced after washing out the acidic
solution, and subsequent application of 1 uM capsaicin exhibited slowed activation kinetics,
indicating that protons do not inhibit TRPV1 mutants by a simple pore blocking mechanism.

Our results indicate that mutations at different positions in the transmembrane region
of TRPV1 subunit such as extracellular portion of S1 (R455K), S3—-S4 linker (V538L),
S4/S4-S5 region (R557K and G563S) and the pore helix (T633A) may impair pH sensitivity
of TRPV1 ion channel while preserving the maximum capsaicin-induced responses. In order
to compare the phenotype of these mutants, we performed a series of experiments examining
the different aspects of TRPV1 activation.
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Figure 3. The effect of protons on the activity of R557K and G563S constructs. (A) Representative
recordings of current responses of the cells expressing wild-type and overactive mutant TRPV1 channels
in response to application of capsaicin and low pH. (B) Mean amplitudes of capsaicin responses (orange
columns) and normalized amplitudes of pH 5.5-evoked responses (grey columns; n = 6—13).

(1) The onset rate of capsaicin-induced responses (data not shown).

We stimulated the TRPV1 constructs with two consecutive applications of 1 uM
capsaicin. A two-exponential fit of the time course of current activation was performed to
accurately describe the combination of the fast and slow component of the onset of the first
and second capsaicin response. In wild-type TRPV1, the slow component of the first
capsaicin response represented 26.9 + 5.3 % of the whole inward current and in second
response 8.6 £ 2.7 % (n = 34). In R557K and G563S, the fast component of the first capsaicin
response was completely eliminated (4, = 100 %) and in second response the slow component
was significantly increased (to 37.1 + 14.3 % and 49.2 + 7.8 %, respectively; n = 8 and 9).
The kinetics of the onset of the first capsaicin response was slowed in R455K and T633A
constructs due to the prolongation of time constant of the slow component (zr = 77.1 + 19.8 s
and 73.7 + 8.8 s versus 22.4 = 4.2 s for wild-type TRPV1; n = 5-18). V538L mutation did not
affect the kinetics of capsaicin-induced responses.

(i)  Kinetics of capsaicin-evoked response offset (data not shown).

Substitutions R455K, R557K, G563S and T633A led to prolonged offset phase of
capsaicin-induced responses (750 = 10.9 £ 1.4 s; 23.4 £ 4.3 s; 23.5 £ 1.5 s and 12.6 + 4.4,
respectively; n = 9-30) compared to wild-type TRPV1 (750 = 44 £ 0.6 s; n = 32)
and prevented the deactivation after washout of agonist. The mean amplitude of the current
remaining after capsaicin washout was 0.52 + 0.21 nA in R455K (n = 18), 1.79 + 0.65 nA in
R557K (n =9), 2.34 = 0.61 nA in G563S (n = 24) and 0.98 £+ 0.35 nA in T633A construct
(n=13) compared to 0.04 = 0.01 nA in wild-type TRPV1 (n = 19). This remaining current
was partially blocked by lowering the pH of the extracellular solution from pH 7.3 to 6.8.
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An acidic solution diminished the inward steady-state current after capsaicin washout to
42 +6 % in R455K, 43 + 14 % in R557K, 28 £ 4 % in G563S and 44 £+ 15 % in T633A
construct (n = 9-24).

(ii1))  Basal activity of TRPV1 mutants (data not shown):

To analyze the extent of basal activity in the low-pH-insensitive mutants, we measured
the inward current amplitudes at -70 mV before the application of any agonist. The amplitude
of the basal current was enhanced in cells expressing R455K, R557K, G563S and T633A
mutants (lpeser = 56.0 £ 13.5 pA; 32.5 = 6.9 pA; 789 £ 21.4 pA and 46.5 + 7.4 pA,
respectively, compared to 13.1 = 1.5 pA in wild-type TRPV1; n = 23-81). The application of
an acidic solution of pH 6.8 potentiated the basal currents in wild-type TRPV1 to 221 + 39 %
(n = 10). However, it significantly inhibited R455K (to 63 + 9 %, n = 3), R557K
(to 77 £ 10 %; n=8), G563S (to 67 =4 %; n=21) and T633A (to 81 £ 13 %; n = §) mediated
currents, suggesting that protons change the basal open—closed equilibrium by promoting
the closed state of these mutant channels.

(iv)  Voltage sensitivity of TRPV1 constructs (Figure 4):

An overactive mutant ion channel is expected to have an already shifted voltage
dependence because of the altered equilibrium between the opened and closed state. Indeed,
we found that the conductance-to-voltage relationships were dramatically shifted towards less
depolarizing potential in R455K (by 42.4 + 3.7 mV; n = 25), in R557K (by 79.0 £ 2.3 mV;
n=40), in G563S (by 101.5 £2.2 mV; n=25) and in T633A (by 45.1 £2.9 mV; n = 28).
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Figure 4. Voltage dependence of TRPV1 mutants. (A) Representative current traces in response to family
of 100 ms voltage steps from -120 mV to 200 mV for wild-type TRPV1 and indicated mutants. (B) Normalized
conductance-voltage relationship for wild-type TRPV1, R455K and G563S mutants (n = 24-58). The voltage
dependence of R455K and G563S is shifted towards less depolarizing potentials. (C) Half activation voltage
(V15) for wild-type TRPV1 and indicated mutants (n = 7-58).
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v) Temperature sensitivity of TRPV1 mutants (data not shown):

Increasing the temperature of extracellular solution above 42 °C activates TRPV1 ion
channels. We determined the value of temperature coefficient (Q;y) for wild-type and mutant
TRPV1 from current responses evoked by application of 25-48 °C heat ramps. In R455K,
R557K, G563S and T633A the steep temperature-dependence was abolished (Q;p = 2.3 £ 0.3;
2.1 £ 0.5; 1.4 £ 0.1 and 2.0 = 0.3, respectively; n = 9-23). The temperature sensitivity
of V538L construct (Q;p = 9.2 £ 3.2; n = 10) was not significantly different from wild-type
TRPV1 (Q]() =76+ 09, n= 29)

We performed additional experiments aimed at elucidating the mechanism by which
the increased concentration of protons in the extracellular solution stabilize the closed
conformation of ion channels with R455K, R557K, G563S and T633A mutations.
Considering the rapid onset of the inhibitory effect of low pH, we presumed that protons act
directly on TRPV1. We formulated two hypotheses:

(1) Protonation of two glutamate residues E600 and E648 stimulate increased activity
in wild-type TRPV1 (Jordt et al., 2000) but it has an opposite effect on mutant ion
channels.

(i1) Interaction of protons with acidic residues in the pore region (E636 and D646) leads to
decreased conductance of wild-type TRPV1 (Liu et al., 2009) and could possibly result
in the inhibition of increased activity of mutant TRPV1 constructs.

In order to verify the first hypothesis, we prepared TRPV1 constructs with double
mutations R455K/E600A and R455K/E648A in which the negative charge of glutamate
residues is removed, and thus mimicking the protonated state of TRPV1 ion channel (Jordt et
al., 2000). As in R455K single mutant, the two double mutants displayed slowed onset rate of
the first capsaicin response and incomplete deactivation after capsaicin washout. Application
of acidic pH resulted in the inhibition of the remaining current at least to the same extent as
in TRPV1 channels with R455K mutation (Figure 5). These data indicate that the inhibitory
effect of protons on the activity of the gain-of-function mutants is mediated by other pathways
than the low-pH-induced stimulatory effects observed in wild-type TRPV1.
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Figure 5. Acid sensors of TRPV1, E600 and E648, are not involved in proton-induced inhibitory effect.
(A) Representative whole-cell current traces taken from HEK293T cell expressing wild-type TRPV1 or
R455K/E600A and R455K/E648A double mutants in response to 1 pM capsaicin and pH 6.8. (B) Quantification
of inward current amplitudes after capsaicin washout (lower plot; time point is indicated by green arrow in panel
A) and normalized current after application of pH 6.8 extracellular solution (upper plot; grey arrow in panel A;
data were normalized to amplitudes after capsaicin washout)(n = 3-24).

Protons are known to interact with the pore region of TRPV1. Protonation of two amino
acid residues E636 and D646 in the pore mouth leads to decreased conductance of TRPV1 ion
channel (Liu et al., 2009). In wild-type TRPV1, this inhibitory action of protons is masked by
strong stimulatory effect of low pH on the activity of ion channel. We tried to elucidate the
role of E636 and D646 in the inhibitory effect of protons observed in gain-of-function
mutants using TRPV1 receptors with double mutations R557K/E636Q, R557K/D646N,
G563S/E636Q and G563S/D646N. Unfortunately, E636 and D646N not only influenced
conductance, but also gating properties (Liu et al., 2009) and their cooperation with
gain-of-function mutations resulted in a severely disrupted TRPV1 phenotype, which we were
not able to properly examine.
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4.3 Desensitization effect of protons on the activity of TRPV1

In the course of our experiments we noticed that in wild-type TRPV1 the application
of solution of low pH affects the kinetics of a subsequent capsaicin response — after
stimulation with pH 5.5, the slow component of capsaicin-induced response was more
prominent. In order to statistically evaluate the observed effect, we compared the onset rate of
capsaicin responses before and after application of highly acidic extracellular solution
(pH 4.0). After exposure to pH 4.0, the onset of capsaicin-evoked responses was markedly
decelerated. However, subsequent capsaicin response was again much quicker (Figure 6).
Thus, in wild-type TRPVI, the kinetics of capsaicin-induced responses after low pH
stimulation is reminiscent of the phenotype of the gain-of-function mutants described above.
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Figure 6. Low pH desensitizes wild-type TRPV1 ion channels. (A) Representative current responses of
HEK293T cells expressing wild-type TRPV1 in response to 1 pM capsaicin and low pH (pH 4.0). (B) Average
time constants obtained from monoexponential fit of the onset of the capsaicin response before and after
application of solution of pH 4.0 (n = 7).
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4.4 The effect of epidermal growth factor on the activity of TRPV3
ion channels endogenously expressed in HaCaT cells

In order to evaluate the effect of epidermal growth factor on the activity of endogenous
TRPV3 receptors, we compared the relative amplitudes of current responses of HaCaT cells
stimulated by a mixture of TRPV3 agonists before and after application of EGF (Figure 7).
After twelve minutes of incubation in 20 ng/ml EGF, the mean amplitude of agonist-evoked
responses normalized to the maximal response was increased from 0.35 + 0.02 to 0.72 + 0.06
(n = 6). The prolonged incubation (27 minutes) did not lead to further increase in current
amplitudes. In control experiments, when EGF was not added to the extracellular solution, the
relative amplitude of responses increased with repeated application to 0.46 + 0.03 (n = 5),
which is significantly less than in HaCaT cells exposed to EGF. Our results indicate that
short-term stimulation of HaCaT cells with EGF leads to sensitization of TRPV3 receptors.
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Figure 7. EGF sensitizes TRPV3 receptors endogenously expressed in HaCaT cells. (A) Sample recordings
of the current responses of HaCaT cells evoked by chemical stimulation in control conditions (upper trace)
and in the presence of EGF (lower trace). (B) Average amplitudes of responses induced by 75 uM 2-APB in
combination with 112.5 uM carvacrol normalized to maximal response evoked by saturating concentration of
agonists (200 uM 2-APB + 250 uM carvacrol)(n > 5).
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The physiological effects of EGF are mediated by specific receptor with tyrosine
kinase activity (EGFR) expressed on the membrane of target cells. Activation of EGFR
triggers many signalling pathways, including mitogen-activated protein kinase (MAPK)
cascade. Stimulation of MAPK pathway results in activation of extracellular signal-regulated
kinase (ERK), which can phosphorylate and thus modulate the activity of many proteins in the
cell.

To asses the role of MAPK pathway in EGF-mediated sensitization of TRPV3, we
simultaneously applied EGF and inhibitors of this pathway — U0126 and PD98059 — on
HaCaT cells. The two compounds block the function of mitogen-activated protein kinase
kinase 1 and 2 (MEK1/2), which phosphorylate tyrosine and threonine residues on ERK
required for activation. Addition of 10 pM U0126 or 30 uM PD98059 to the extracellular
solution eliminated the potentiating effect of EGF on TRPV3-mediated responses (Figure 8).
The sensitizing effect of EGF is thus suppressed by inhibition of MAPK pathway.

== 2-APB 200 pM + carvacrol 250 uM
A = 2-APB 75 uM + carvacrol 112,5 yM
== EGF 20 ng/ml
== U0126 10 uM
s | e}
J 100 pA
U0126 10 uM EGF 20 ng/ml -
2 min
#
B 8 04
c
o
)
= J
S 0.3
)
E
= 0.21
[N
S
o 0.14
=
©
)
x 0-
AN
& ((/é‘ Q'\q'b %qu
9
s N 3§
& X
< &

Figure 8. The sensitizing effect of EGF is suppressed by inhibition of MAPK pathway. (A) Representative
recording of current responses of HaCaT cell stimulated by EGF in the presence of U0126 — inhibitor of
MEK1/2. (B) Relative amplitude differences of responses elicited by 75 uM 2-APB in combination with
112.5 uM carvacrol at the beginning of recording and after 12 minutes of incubation in the presence of EGF. The
normalized amplitudes of responses did not significantly increase in the presence of MAPK inhibitors — U0126
(10 uM) or PD98059 (30 uM)(n = 4-7).
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5 Discussion

5.1 Mutational analysis of the transmembrane region of the TRPV1
receptor

The aim of the first part of my Ph.D. thesis was to elucidate the importance of Sl
transmembrane domain in TRPVI function. We performed a systemic tryptophan-
perturbation scan in this region to probe the orientation and structural basis of the ability to
affect the activation kinetics of the channel. We identified six out of seventeen mutants that
failed to generate currents in response to capsaicin, depolarizing voltage and low pH,
indicating that the environment surrounding S1 is likely to have a significant impact on
TRPV1 functioning. While we did not detect any clear periodicity in response to the mutant
scan within the lower part of S1 (F439-1446), the effects of tryptophan mutations or other
aromatic side-chain perturbation in the upper part of S1 (1447-R455) were clearly periodic,
supporting the helical character of S1 and indicating that the face containing the affected
residues is exposed to one environment more than the other and, presumably, involved in tight
protein-protein interactions. A conservative mutation of arginine 455 in the upper part of Sl
altered the functional properties of TRPV1 indicating the important role of this region in ion
channel gating. In our search for possible interaction candidates, we looked at the negatively
charged residues most likely to interact with R455 and excluded E458 and E478, located in
the same TRPV1 subunit.

In K, channels, the extracellular extent of S1 encompasses co-evolved residues that
make physical contact with the pore helix over a small area near the extracellular membrane
surface. It is believed that this interface may act as anchor point between the voltage sensor
(S1-S4 domain) and the pore important for efficient transmission of conformational changes
to the pore’s gate (formed by S6)(Lee et al., 2009). Our results concerning the functional role
of S1 indicate that analogous interaction between S1 and pore helix might serve to stabilize
conformations associated with TRPV1 channel gating. Moreover, this hypothesis is supported
by the fact that the functional properties of R455K mutation are strikingly similar to the
phenotype of pore helix mutant T633A. Both mutants displayed slightly increased basal
activity, enhanced voltage dependence and decreased temperature sensitivity. The responses
of R455K and T633A to the first application of capsaicin were markedly slowed down and the
deactivation after agonist washout was incomplete. Both mutants could not be activated by
low pH; on the contrary, proton induced a rapid current deactivation.

In a recent study by ourselves, we described two overactive mutant TRPV1 ion
channels with substitution in the fourth transmembrane segment and the S4—S5 linker (R557K
and G563S), which were characterized by slowed kinetics of capsaicin-induced responses,
incomplete deactivation after capsaicin washout and enhanced voltage sensitivity. To compare
the phenotype of these mutants with that of R455K and G563S, we examined their sensitivity
to low pH. The acidification of extracellular solution did not evoke any current increase in
R557K and G563S constructs; on the contrary, the amplitude of the basal current was
decreased. Similar to R455K and T633A mutants, the current remaining after capsaicin
washout was in R557K and G563S constructs inhibited by mildly acidic pH. Our results
indicate that mutations in distant areas of the TRPV1, such as extracellular part of S1, S4/S4—
S5 region and pore helix, affect the functional properties of the ion channel in a similar way
and disrupt all aspects of polymodal activation of TRPV1.

In the R455K, R557K, G563S and T633A gain-of-function mutants, the elimination of
the stimulatory effect of protons could unmask the blocking effect of protons. Indeed, in these
mutants, we observed a low pH-induced diminution of current amplitudes. Most
pronouncedly, mildly acidic pH (pH 6.8) was able to reduce the elevated basal current of the
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mutant ion channels after capsaicin washout by more than 50 %, which was accompanied by
a decrease in signal noise. This effect was not readily reversible after restoring normal pH,
indicating that the ion channels do not simply switch between the protonated and
deprotonated conformation.

To test the hypothesis that the observed current deactivation is mediated by the same
mechanism as the proton-induced decrease in unitary conductance, we wanted to investigate
the functional properties of a triple-mutant TRPV1 with a combination of a gain-of-function
mutation and the E636QQ/D646N double mutation. Unfortunately, E636Q and D646N not only
influenced conductance, but also gating properties (Welch et al., 2000; Liu et al., 2009) and
their cooperation with the gain-of-function mutations resulted in a severely disrupted TRPV1
phenotype, which we were not able to properly examine.

Stimulatory effect of acidic solution on the activity of wild-type TRPV1 is mediated by
protonation of two glutamate residues in the pore loop — E600 and E648 (Jordt et al., 2000).
To examine the role of the two residues in the inhibitory effect of low pH, we determined the
functional properties of double mutants R455K/E600A and R455K/E648A. Both constructs
were characterized by incomplete deactivation after capsaicin washout. Application of acidic
solution resulted in the inhibition of the remaining current at least to the same extent as in
TRPV1 channels with R455K mutation, suggesting that the proton dependent inhibition of the
constitutive activating mutation R455K does not depend on E600 and E648. Thus further
experiments are needed to elucidate the mechanism of the inhibitory effect of protons on the
activity of the gain-of-function TRPV1 mutants.

In R455K, R557K, G563S and T633A mutants we observed markedly slower onset of
the first capsaicin response compared to wild-type; on the other hand, the kinetics of the onset
of the second response to capsaicin was approximately the same or even faster than in
wild-type TRPV1. In the overactive constructs, the current deactivation rate after removal
of capsaicin was slowed down, which indicates that capsaicin binding may lead to
destabilization of the closed conformation of the mutant channels. This conformational
change may also result in increased remaining current after capsaicin washout.

We found that the gating of overactive constructs with mutation in the upper part of S1,
S4/S4-S5 region and in the pore helix exhibits marked hysteresis. It seems that the mutant
receptors may exist in two antagonistic conformational states, in which the closed
conformation of the ion channel is stabilized or destabilized. The transition between the two
states is mediated by application of low pH (stabilization of the closed state) or capsaicin
(destabilization of the closed state). The question is whether the conformational changes are
specific for the mutant ion channels, or whether the functional transitions are only more
obvious in the overactive constructs compared to wild-type. The second option is supported
by the fact that in wild-type TRPV1 and in Ca*"-free conditions, the slow component of the
first capsaicin-induced response represented significant portion of the whole inward current,
while in the second capsaicin-evoked response was nearly absent. Moreover, we observed
a marked deceleration of the onset of the capsaicin response in wild-type TRPV1 following
the pre-application of a highly acidic solution of pH 4.0. This desensitizing effect of low pH
on the activity of TRPV1 has not yet been described.

The conformational changes of TRPV1 receptors which are dependent on the duration
of agonist application and agonist concentration have been discussed in the paper by Chung et
al. (2008). They observed dynamic changes in ionic selectivity during agonist stimulation of
TRPV1 which could arise as a consequence of progressive pore dilation. It was demonstrated
that the changes in permeability are accompanied by conformational changes in the TRPV1
selectivity filter. Mutations in the pore region also affect the sensitivity of TRPV1 to capsaicin,
even though the pore domain is not involved in capsaicin binding (Welch et al., 2000). The
hysteresis of gating of R455K, R557K, G563S and T633A mutants could thus reflect the
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dynamic changes in the structure of the pore domain. This hypothesis is supported by the fact
that the mutations of the above constructs are located in regions which are in Kv channels
important for transduction of the activation signal from voltage-sensing domain to the pore
domain (Figure 9).

N

Figure 9. Cartoon model of TRPV1 subunit depicting those amino acid side chains which are important for
sensitivity of ion channel to low pH. According to our hypothesis, the extracellular portion of S1 (comprising
R455 and A452) and the pore helix (comprising T633) could form a functionally important contact surface
between peripheral domain and the pore domain of neighbouring subunits. The putative proton binding sites are
depicted in colour — red dots indicate residues important for the stimulatory effect of low pH (E600 and E648);
blue dots represent the residues involved in the blocking effect of protons (E636 and D646).

5.2 Activation and modulation of TRPV3 receptors endogenously
expressed in keratinocytes

We studied the acute effect of EGF on the activity of TRPV3 receptors endogenously
expressed in a cell line of immortalized human keratinocytes HaCaT. We demonstrated that
even short-term incubation of HaCaT cells in the presence of EGF leads to marked
sensitization of TRPV3 ion channels. The observed effect of EGF was eliminated by adding
inhibitors of the MAPK pathway, an important signalling cascade activated by the EGF
receptor. Further experiments will be needed to determine the exact mechanism by which
activation of MAPK pathway induce sensitization of TRPV3. One possibility is that TRPV3
receptors are directly phosphorylated by ERK, which has been previously shown to act on
some ion channels (Schrader et al., 2006; Shen et al., 2011).

Recently it has been demonstrated that TRPV3 receptors play an important role in EGF
and TGF-a signalling and are required for normal proliferation and differentiation of
keratinocytes (Cheng et al., 2010). Our results contribute to an understanding of how are the
EGF receptor and TRPV3 ion channels functionally coupled.
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6 Conclusions

J We demonstrated that the extracellular portion of S1 plays an important role in
TRPV1 channel gating. A positively charged residue at position 455 in this region is required
for ion channel functionality.

o The phenotypic properties of TRPV1 constructs with mutation R455K in upper part of
S1 and T633A in the pore helix regarding capsaicin-, low pH- and voltage-induced activity
are similar to spontaneously active mutants with substitution in S4/S4-S5 region (R557K and
G5638S). In these mutants, the basal open-closed equilibrium is altered and the closed state is
stabilized by lowering the pH of the extracellular solution. The inhibitory effect of protons is
independent of extracellularly located proton sensing residues — E600 and E648.

o We demonstrated for the first time that protons stabilize the closed conformation of
wild-type TRPV1. We assume that the mechanism of low pH-induced inhibition in wild-type
and mutant ion channels is the same; however, in the overactive TRPV1 constructs the
desensitizing effects of protons may be more noticeable due to their insensitivity to
stimulatory action of low pH.

o Short-time incubation of HaCaT cells in the presence of EGF leads to sensitization of
endogenous TRPV3 channels. After 12 minutes of EGF stimulation the mean relative
amplitude of TRPV3-mediated responses was doubled.

J The modulatory effect of EGF is dependent on MAPK/ERK signalling. The
EGF-induced sensitisation of TRPV3 receptors was abolished by the inhibitors of MAPK
pathway, U0126 and PD98059, which block the activity of MEK1 and MEK2 required for the
phosphorylation of ERK.
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