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SEZNAM ZKRATEK

Da

DNA
dNTP
DRG

DTT

E. coli
EDTA
EGTA

FHIT
FITC
GST

HCN2

12-HPETE
HisP

aminokyselina

ATP vazebna kazeta

antibiotikum — ampicilin

adenosintrifosfat

pary bazi

Beta-Mercaptoetanol

kalmodulin

vazebna doména pro kalmodulin

cirkularni dichroismus

gen pro cystickou fibrosu (cystic fibrosis
transmembraneregulator)

jednotky hmotnosti, béZné pouzivané

v biomedicinskych védach, jeden Da predstavuje
molarni hmotnost atomu vodiku.
deoxyribonukleova kyselina

smés nukleotidit dATP, dTTP, dCTP, dGTP
dorsal root ganglion, ganglion zadnich kofent
miSnich, spinalni ganglion

dithiotreithol

Escherichia coli

kyselina ethylendiamintetraoctova

kyselina ethylenglykol-di-(2-aminoethylether)-
tetraoctova

protein fragilni histidinové triady (Fragile
Histidine Triad Protein)

Fluorescein isothiokyanat
glutathione-S-transferase

kanal otevirany cykickymi nukleotidy (cyclic
nucleotide-gated channel)
12-hydroperoxyeicosatetraenova kyselina

histidinova permeasa



His tag histidinova kotva

IPTG isoprophyl-1-thio-B-D-galaktopyranosid

IRF signal zdroje a odezva pristroje (instrument
response function)

LB nazev média dle Luria-Bertaniho

MLCK kinasa lehkého fetézce myosinu (myosin light
chain kinase)

NBD vazebna doména pro nukleotidy (nukleotide

binding domain)

NADA N-arachidonoyl dopamin

NMR nuklearni magnetickd rezonance

0.D. opticka hustota

OEA oleoylethanolamid

PAGE elektroforéza na polyakrylamidovém gelu

PCR polymerazova fetézova reakce

PIP, fosfatidylinositol(4,5)-bisfosfat)

PKA proteinkinasa A

PKC proteinkinasa C

PLC phospholipasou C

RPM otacky za minutu

RT pokojova teplota

RTX resiniferatoxin

SDS dodecylsulfat sodny

SDS-PAGE SDS - polyakrylamidova gelova elektroforéza

TAP1 transportni protein asociovany se zpracovanim
antigent

TCSPS pocitani fotont (time-correlated single-photon
counting)

TNP-ATP 2°(3")-0-(2,4,6-trinitrofenyl)adenosin-5"-trifosfat

Tris Tris-(hydroxymetyl)-aminometan

TRP Transient receptor potential

TRPV1 Transient receptor potential vanilloid 1

TRPVI-CT Transient receptor potential vanilloid 1 C- konec
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1. UvVOD

Biologickd funkce biopolymeri je podminéna uspoifdddnim do unikatniho
prostorového tvaru. Studium struktury bilkovin pfinasi fadu informaci o jejich funkei.
VyfeSeni struktury proteinu nam dovoluje vysvétlit funkci jeho jednotlivych
aminokyselin. U enzym umoziiuje ur€it aminokyselinové zbytky, které tvofi
katalytické centrum. U receptorit dovoluje urcit misto, kde se vaze ligand (,,ligand

binding site®).

Mezi dvé dnes nejrozsifenéj$i metody studia terciarni struktury proteind patii
rentgenova krystalografie a nuklearni magneticka resonance. Ob¢ tyto metody podavaji
strukturni informace, nicméné podléhaji urcitym omezenim. U metody NMR je to
pfedevsim velikost zobrazované struktury. Krystalografie se zase potyka s nutnosti
ziskat dostatecné kvalitni krystal, coz muze byt v mnoha pfipadech podminkou
neptekonatelnou. Tato metoda je velmi casov€é narocna. Poskytuje cennd data o
struktufe proteinu, avSak spiSe statického charakteru, ktera neobsahuji informaci o
dynamice. Struktura nékterych ¢asti proteinové molekuly mtze zlstat tedy neznama i

po jeji vyfeSeni v disledku vysoké flexibility.

Proto se vedle téchto dvou metod uplatiluje i dalsi zpasob studia terciarni struktury
proteint, ktery je spojen s rozvojem pocitatového modelovani. Na zaklad¢ podobnosti -
homologie s proteiny se zndmou strukturou je mozné predikovat strukturu nezndmou a
ve spojeni s dalSimi metodami z oblasti molekularni biologie, biochemie nebo
biofyziky ptinasi fadu strukturné funkénich udajt.

Tato metoda studia protein/ ligand a protein/protein interakci byla vyuzita také pii
ziskani hlubSich poznatkl tykajicich se iontového kanilu TRPVI1. V perifernich
senzorickych neuronech funguje TRPV1 jako molekularni integrator bolestivych
podnéta jako je kapsaicin, kyselé pH a teplo. Tento iontovy kanal je v poptedi zajmu
zejména v souvislosti s vyhleddvanim novych antagonistii pro specifickou blokaci ve

snaze ziskani novych latek pro 1é€bu bolesti.
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2. LITERARNI PREHLED

2.1 Rodina iontovych kanalu TRP

Od roku 1989, kdy byl identifikovan prvni ¢len dnes jiz rozsédhlé rodiny TRP
receptord Drosophila TRP (dTRP) (Montell and Rubin 1989), se tato skupina iontovych
kanala tési velkému zajmu. Je to predevsim diky jejich klicové roli ve fyziologii smysla
jako je zrak, chut’, sluch, termo-, mechano- a osmopercepce. TRP receptory vykazuji
zna¢nou diversitu pokud jde o mechanismy aktivace i iontovou selektivitu. TRP
receptory umoziuji vstup Ca’” do buiiky. Ca’" ma zasadni vyznam pro mnoho
bunécnych procest jako je svalova kontrakce, bunécna proliferace, transkripce gent a

bunécéna smrt (Berridge, Lipp et al. 2000).

Na zaklad¢ sekvencni podobnosti je mozné rozdélit TRP rodinu do sedmi podrodin
(Pedersen, Owsianik et al. 2005; Voets, Talavera et al. 2005; Ramsey, Delling et al.
2006) (Obr. 1), mezi n¢ patii sedmi ¢lenna podrodina TRPC (canonical), osmiclenna
podrodina TRPM (Melastatin), TRPA, v této podrodin€ byl dosud identifikovan pouze
jeden sav¢i zastupce, TRPP, TRPML. O poslednich dvou jmenovanych skupinach TRP
kanalti je zatim znamo relativné malo informaci, nicméné vzhledem ke vztahu
tvoii Sest sav€ich zastupchh (TRPV1-6), u bezobratlych naptiklad C. elagans Osm-9
(Colbert, Smith et al. 1997) a u Drosophily Nanchung (Nan) (Kim, Chung et al. 2003).
Osmou vzdalené ptibuznou podrodinou je TRPY, jejiz Clenové jsou exprimovany

v kvasinkach (Palmer, Zhou et al. 2001; Denis and Cyert 2002).
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Obr. 1. Fylogeneticky strom TPR rodiny (Pedersen, Owsianik et al. 2005).

2.2 Podrodina TRPV

Na zaklad¢ sekvencni podobnosti jsou ¢lenové podrodiny TRPV rozdéleny do Ctyt
skupin TRPV1/TRPV2, TRPV3, TRPV4 a TRPV5/TRPV6 (Benham, Davis et al. 2002;
Gunthorpe, Benham et al. 2002). Prvni ti1 skupiny patii mezi neselektivni kationtové
kanaly, které jsou aktivovany riiznymi podnéty jako jsou teplo, chlad, navazéani
intracelularnich a extracelularnich ligandi nebo pisobeni chemické ¢i mechanické
zatéze (Benham, Davis et al. 2002; Nilius, Watanabe et al. 2003; Nilius, Vriens et al.
2004). Tyto kanaly jsou mirn¢ propustné pro vapnik. Naproti tomu receptory TRPV4 a
TRPVS propoustéji kalciové ionty vysoce selektivné.

PiestoZze neni doposud znama terciarni struktura téchto kanall, pfedpoklada se, ze
sdili podobné strukturdlni rysy, které byly identifikovany na jiz vykrystalizovanych

iontovych kanalech, jako jsou kanaly otvirané cyklickymi nukleotidy, napétove zavisly
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kanal ptibuzny Shakeru a kanaly aktivované hyperpolarizaci (Kaupp and Seifert 2002;
Sansom, Shrivastava et al. 2002; Robinson and Siegelbaum 2003).

Clenové skupiny TRPV se skladaji ze 6 transmembranovych domén. Mezi 5. a 6.
transmembranovou doménou se nachazi kratky hydrofobni tsek ohranicujici oblast
poéru (Owsianik, D'Hoedt et al. 2006). Intraceluldrné orientované N- a C- konce se u
jednotlivych kanalt lisi svoji délkou i mnozstvim funkénich domén a motivii. TRP
kanaly pravdépodobné vytvaieji heteromultimericky komplex. (Caterina, Schumacher
et al. 1997; Kedei, Szabo et al. 2001; Hoenderop, Voets et al. 2003; Garcia-Sanz,
Fernandez-Carvajal et al. 2004).

2.3 Vaniloidni receptor TRPV1

TRPV1 neboli vaniloidni receptor, diive také oznafovany jako kapsaicinovy
receptor, je zakladajicim ¢lenem sav¢i podrodiny TRPV (Colbert, Smith et al. 1997).
Dnes je pravdépodobné jednim z doposud nejlépe charakterizovanych receptort této
rodiny. TRPV1 je vyznamné exprimovan v nervové tkani a je specificky pro primarni
senzorické neurony. Byl identifikovdn u neuronti ganglii zadnich kofenli miSnich,
v gangliu trojklaného nervu, nodadlnim gangliu neuronii a zejména ve spojeni s
patefnimi a perifernimi nervovymi zakoncenimi (Caterina, Rosen et al. 1999), ale i

v dalsich tkanich (Gunthorpe and Szallasi 2008).

2.3.1 Biologicka funkce TRPV1

Vaniloidni receptor TRPV1 je exprimovan v primarnich senzorickych neuronech. Je
znam jako receptor sledujici vnitini 1 vnéj$i podnéty, nékdy je také oznaCovan
molekularnim integratorem chemickych a fyzikalnich podnéti. Pii jeho aktivaci
dochéazi k vtoku kationtd do buiikky spojenému s depolarizaci bunécné membrany a
vznikem akéniho potencidlu. Timto mechanismem je pfenaSena informace o
bolestivych podnétech do centralni nervové soustavy. Tento iontovy kanal je aktivovan

mnoha stimuly, které clovék vnima jako bolestivé. Mezi n¢ se fadi teplota presahujici
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43 °C, slabé kyseliny (Caterina, Schumacher et al. 1997), vaniloidy, medidtory zanétu
(bradykinin, histamin, serotonin a prostaglandin E2,), které snizuji pH v okoli poranéné
tkan¢ (Vyklicky, Knotkova-Urbancova et al. 1998) a fadou endogennich agonisti jako
je napfiklad anandamid (Zygmunt, Petersson et al. 1999). Typickym vaniloidem je
aktivni slozka palivych paprik kapsaicin, déale pak kafr (Xu, Blair et al. 2005), paliva
slozka obsazena v pepii (piperin) (McNamara, Randall et al. 2005) a v ¢esneku (allicin)
aktivaci kanalu. Dochazi tedy k jeho otevieni jiz za pokojové teploty (Caterina and
Julius 2001). Obdobné uc¢inky byly popsany i pro etanol (Trevisani, Smart et al. 2002),
nikotin (Liu, Zhu et al. 2004), cytokininy (Zhang, Inan et al. 2005) a ATP (Kwak,
Wang et al. 2000).

2.3.2 Aktivace a regulace TRPV1

2.3.2.1 U¢inek kapsaicinu

Kapsaicin je ucinna slozka palivych paprik, u c¢lovéka vyvolava pocit bolesti
prostfednictvim aktivace vaniloidniho receptoru TRPVI, ktery pfinaSi informaci o
bolestivém podrazdéni do centralni nervové soustavy (Szallasi and Blumberg 1999).
Tento receptor je citlivy vii¢i mnoha podnétim. Dosud neni znam piesny strukturni
mechanismus jakym reguluji fyzikalni a chemické podnéty jeho aktivitu. Ackoliv
krystalografické Udaje nejsou dostupné, mutagenezni studie poskytly mnoZzstvi
informaci o strukturni podstaté aktivity TRPV1. Vzhledem k tomu, ze kapsaicin a jeho
analogy, jako je resiniferatoxin (RTX) jsou lipofilni, je pomérn¢ pravdépodobné, Ze
prochézeji pres bunéénou membranu a plisobi na vnitrobunécna vazebnd mista TRPV1.
Timto zpiisobem miize byt caste¢né vysvétlena viditelna ¢asova prodleva mezi expozici
kapsaicinu a pocitem paleni (Tominaga and Tominaga 2005). Pfitomnost vazebnych
mist pro kapsaicin na cytosolické doméné¢ TRPV1 byla demonstrovana s vyuzitim
syntetickych ve vodé rozpustnych analogi kapsaicinu (Jung, Hwang et al. 1999).
Nicméné nedavno bylo uvedeno, ze pro aktivaci kanalu je nezbytny kontakt i

z extracelularni strany receptoru (Vyklicky, Lyfenko et al. 2003; Gilbert, Funk et al.
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2007). Kapsaicin je strukturné ptibuzny s endogennimi agonisty TRPVI1 jako jsou
anandamid (Zygmunt, Petersson et al. 1999), 12-hydroperoxyeicosatetracnova kyselina
(12-HPETE) (Hwang, Cho et al. 2000) a N-arachidonyl dopamin (NADA) (Huang,
Bisogno et al. 2002). Je zde tedy vyznamny fyziologicky a farmakologicky z4jem o
identifikaci oblasti kanald, které se zapojuji do pienosu ucinku téchto molekul. Byly
identifikovany nékteré aminokyselinové zbytky, které se ucastni interakce TRPV1 a
kapsaicinu. Tyr 511, Ser 512 a Arg 491, lokalizované na intracelularni smycce mezi
druhou a tfeti transmembranovou doménou, mohou interagovat s vaniloidy na
vnitrobunécné ¢asti membrany (Jordt and Julius 2002). Do interakce mezi TRPV1 a
agonisty vaniloidnich receptorti jsou pravdépodobné zapojena i dalsi rezidua, napf.
v oblasti hydrofobni smycky mezi 5. a 6. transmembranovou doménou Glu 636,
Asn 646 a Glu 648 (Welch, Simon et al. 2000) nebo v oblasti obou cytoplazmaticky
orientovanych koncti (Jung, Lee et al. 2002; Vlachova, Teisinger et al. 2003). Analyzou
savéich mezidruhovych chimér TRPV1 a metodou bodovych mutaci TRPVI,
identifikovalo nékolik skupin, aminokyselinovy zbytek Met 547 v domnélém S4
segmentu u potkana (Leu 547 u clovéka a kralika, Leu 549 u morcete) (Gavva,
Klionsky et al. 2004; Chou, Mtui et al. 2004; Phillips, Reeve et al. 2004). Zda se, Ze u
potkana a u ¢lovéka prispiva k vazbé vaniloida také Tyr 550 (Gavva, Klionsky et al.
2004). Navic Arg 114 a Glu 761 lokalizované na N- a C- konci se také podileji na

rozpoznavani agonistl (Jung, Lee et al. 2002).

2.3.2.2 Vliv pH

Okyseleni extracelularniho prostfedi primarné ovliviiuje ¢innost TRPV1 dvojim
zpusobem. Extracelularni protony zvysuji G¢inek tepla nebo kapsaicinu jakozto TRPV1
agonistd, a to snizenim hranice pro aktivaci kandlu témito podnéty (Caterina,
Schumacher et al. 1997). Vzhledem ke skute¢nosti, ze dalsi snizeni pH pod 6,0 vede
k otevieni kanalu za pokojové teploty, mohou byt povazovany extracelularni protony za
agonisty samy o sobé (Tominaga, Caterina et al. 1998). Predpoklada se, Ze
extracelularni protony maji primarné vliv spiSe na zvyseni pravdépodobnosti otevieni
kanalu nez ovlivnéni hodnot vodivosti nebo pfimou interakci s vazebnym mistem pro

vaniloidy (Tominaga, Caterina et al. 1998; Baumann and Martenson 2000). S vyuzitim
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metody mutagenezni analyzy byl objeven vyznam Glu 600, lokalizované¢ho uvnitf poru
iontového kanalu, jakozto aktivni misto pro potenciaci aktivity TRPV1 protony.
Zatimco Glu 648 je zahrnut do procesu pifimé aktivace TRPV1 (Jordt, Tominaga et al.
2000). Tyto mechanicky rozdilné Uc¢inky protonii naznacuji existenci na podnétu
zavislych specifickych krokti béhem aktivaéniho procesu TRPVI1. Protony, kromé
schopnosti aktivovat TRPV1 nebo modulovat jeho aktivitu, také prochazeji
neselektivnim TRPV1 porem v kyselém extracelularnim prostiedi. Tento fenomén
potvrzuje aktivni proudéni protonti kandlovym pérem spolu s vodou (Hellwig, Plant et

al. 2004).

2.3.2.3 Aktivace teplem

Elektrofyziologické studie prokazaly ze, elektrické proudy TRPV1, které byly
vyvolané teplem, vykazuji podobné vlastnosti jako proudy vyvolané ucinkem
kapsaicinu. Ackoliv je zde né€kolik rozdilnych vlastnosti jako rozdilny pomér
propustnosti pro kationty a Ca’" nezavisla desenzitizace, potvrzuje se, ze TRPV1
receptorem zprostfedkované odpovédi na kapsaicin a teplo zahrnuji rozdilné, ale
vzajemné se prekryvajici mechanismy (Tominaga and Tominaga 2005). Teplem
vyvolané otevieni kanalu dokazuje funkci TRPV1 jako teplotniho cidla. Bylo
prokdzéano, ze se TRPV1 podili na regulaci télesné teploty (Caterina, Leffler et al. 2000;
Davis, Gray et al. 2000; Gavva, Bannon et al. 2007), neni vSak nezbytny pro vnimani
bolestivych teplot. Pfestoze neni zcela jasné jak nebo na co teplo piisobi pfi otevieni
TRPV1 kanalu, je dnes jiz znamo, ze nékteré iontové kandly TRP rodiny jsou
termosenzitivni (TRPV1, TRPV2, TRPV3, TRPV4, TRPMS, TRPA), coz dokazuje, ze
jsou na téchto kandlech pfitomny teplotné citlivé domény (Jordt, McKemy et al. 2003;
Patapoutian, Peier et al. 2003; Tominaga and Caterina 2004). Strukturdlné-funkéni
studie prokazaly, ze teplotni prah je regulovan piedevsim distalni ¢asti C- konce
TRPV1 (Prescott and Julius 2003; Vlachova, Teisinger et al. 2003). Ten mize byt
nevratné snizen vlivem cCastecné denaturace, je-li protein vystaven teplotdm
ptesahujicim 53 °C (Lyfenko, Vlachova et al. 2002). Urcit¢é mutace a fosforylace
proteinkinasou A (PKA) nebo proteinkinasou C (PKC) vedou ke snizeni teplotni
hranice pro aktivaci TRPV1 (Jordt, Tominaga et al. 2000; Tominaga, Wada et al. 2001;
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Numazaki, Tominaga et al. 2002). To potvrzuje komplexngjsi vliv tepla na TRPV1.
Tato hypotéza mize byt potvrzena i skutecnosti ze doposud nebyly popsany zadné
mutace, které selektivné odstrani aktivaci kanalu teplem. TRPV1 je znam jako
napét'ove otevirany kanal. Nedavna publikace Uizce propojila teplotni citlivost TRPV1 a
TRPMS s napétoveé zavislym otevirdnim (Voets, Droogmans et al. 2004). TRPV1 je
aktivovan pii depolarizaci a pifi zménach teploty. S vyuzitim matematického
modelovani zkonstruoval Nilius a kol. termodynamicky model, ktery demonstruje
zmény teploty, které mohou vysvétlit teplotni citlivost obou kanalt. Potvrzuje tedy, ze
aminokyseliny podilejici se na napét'ové zavislosti jsou i termosenzitivni, ackoliv ¢tvrta
transmembranova doména TRPV1 postrddd mnohocetna pozitivné nabita

aminokyselinova rezidua, coz je typickym znakem napét'oveé oteviranych kanali.

2.3.2.4 Desenzitizace

Kapsaicin nezpusobuje pouze bolest, ale zdd se mit i analgetické ucinky, a to
predevsim pii 1€Cbe bolesti spojené s diabetickou neuropatii nebo revmatoidni artritidou
(Tominaga, Wada et al. 2001). Tento paradoxni G¢inek miize souviset se schopnosti
kapsaicinu po dlouhodobé expozici, desenzitizovat zakonceni nociceptord vuci
kapsaicinu, ale 1 vi¢i dal$im bolestivym podnétim. Na molekularni tirovni mize byt
toto snizeni odpovédi TRPV1 po kontinudlni expozici vaniloidim spojeno
s predchazejici desenzitizaci zavislé na extracelularnim hlading Ca®" (Caterina,
Schumacher et al. 1997; Szallasi and Blumberg 1999). Nicméné zde muze hrat roli i

fyzikalni destrukce nervovych zakonceni.

Desenzitizace vuc¢i kapsaicinu je slozity proces s proménlivymi kinetickymi
slozkami: rychla fize se zda byt zavisla na proniknuti Ca®" porem iontového kanalu
TRPV1 (Docherty, Yeats et al. 1996; Liu and Simon 1996; Koplas, Rosenberg et al.
1997; Piper, Yeats et al. 1999) a pomald faze nezavisla na Ca®". Inhibitor kalcineurin
snizuje desenzitizaci TRPV1 (pomald komponenta), coz naznacuje, Ze zde hraje roli
Ca®" zavisla fosforylace/defosforylace (Docherty, Yeats et al. 1996). Mimo to miize byt
pomalé faze desenzitizace zprostfedkovana i fosforylaci PKA (Bhave, Zhu et al. 2002).

Po expozici kapsaicinu byva TRPV1 defosforylovan. Ser 116 na N- konci je substratem
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pro PKA-zavislou fosforylaci. Dal§im reziduem, které¢ se mize podilet na PKA zéavislé

desenzitizace je Thr 370 (Mohapatra, Wang et al. 2003).

Na Ca®" zavislé desenzitizaci TRPV1 se podili také kalmodulin (CaM) (Numazaki,
Tominaga et al. 2003). Jiz diive bylo publikovano, Ze kalmodulin mizZe pravdépodobné
interagovat s 35 aminokyselinovym segmentem na C- konci TRPVI (767-801)
(Numazaki, Tominaga et al. 2003). Nase studie identifikovala aminokyselinova rezidua,
ktera jsou pro vazbu kalmodulinu (CaM) na C- konci TRPV1 vyznamna. Mutace Arg
785 Ala zcela tuto vazbu inhibovala, nicméné vyznamné se na této vazbé podileji i dalsi
bazické aminokyseliny Arg 771, Lys788 a Arg 797 a piekvapivé pouze jediny
hydrofobni aminokyselinovy zbytek Val 769. (Grycova, Lansky et al. 2008). Pieruseni
oblasti vazebného mista pro kalmodulin, pfedchazi desenzitizaci TRPV1 zavislé na
extracelularnim Ca®" po kratkodobé aplikaci kapsaicinu. Ackoliv na buiikach
exprimujici mutanty je po dlouhodobéjSim plisobeni kapsaicinu stale pozorovan urcity
stupen desenzitizace. Oblast prvni ankyrinové domény na N- konci (aminokyseliny
189-222), byla také oznaCena za vazebné misto pro kalmodulin, ktera se také podili na
desenzitizaci (Rosenbaum, Gordon-Shaag et al. 2004). Zda do procesu desenzitizace,
zavislé na Ca®" zprostiedkované CaM, je vice zapojen N- konec nebo C- konec neni
doposud zndmo. Zajimavé je, ze analyzou primarni sekvence zde nebyla identifikovana
doména obsahujici vazebné misto pro CaM ani konsensualné ur¢eny motiv Ile-Gln.
Desenzitizace zavisla na Ca’" je celkem b&nym rysem mnoha kationtovych kanali
véetné nukleotidy oteviranych kanali (Molday 1996) a L-typu Ca®" kanali (Peterson,
DeMaria et al. 1999; Zuhlke, Pitt et al. 1999). Tato vlastnost mize predstavovat
fyziologicky bezpecnostni mechanismus proti nebezpecnému piedadvkovani bunky
kalciem, pfedevim béhem masivniho proudéni Ca®* kanalem. Je nutné podotknout, Ze
existuji také na Ca®" nezavislé formy desenzitizace TRPV1. Je to desenzitizace
zapticinéna kontinudlni nebo opakovanou tepelnou expozici, kterd je pozorovana
dokonce za nepfitomnosti Ca®" (Tominaga, Caterina et al. 1998). Tato reakce vyustuje
také ve zkfizenou desenzitizaci vici kapsaicinu. Strukturdlni zaklady desenzitizace

nebyly doposud objasnény.
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2.3.2.5 Permeabilita

Doposud nebyla piesné identifikovana oblast, kterd je dilezita pro propustnost pro
kationty. Asp 646 ma vliv na afinitu k liganddm (Welch, Simon et al. 2000), jeho
zaménou za Asn vzroste desetkrat i¢innost blokatoru ruthenia red a ¢tyfikrat vzhledem
k Na" poklesne relativni permeabilita pro dvojmocné kationty Mg®" bez ovlivnéni
selektivity jednomocnych kationt (Garcia-Martinez, Morenilla-Palao et al. 2000).
Piedpoklada se, e zména propustnosti pro Ca>” ovlivni Ca** zavislou desenzitizaci
(Tominaga and Tominaga 2005). Mutanty TRPV1 se zaménénym Tyr 671 za Lys v
oblasti $esté transmembranové domény maji mnohonasobné niZ§i propustnost pro Ca*',
coz vede k uplné ztraté desenzitizace za p¥itomnosti extracelularniho Ca** (Mohapatra,

Wang et al. 2003).

2.3.2.6 Senzitizace TRPV1

Dalsim dtlezitym aspektem regulace TRPV1, ktery se nasledné dostal do poptedi
z4jmu byl mechanismus, kterym zanétlivé medidtory z poskozenych tkani zvySuji
citlivost TRPV1 vii¢i svym chemickym a fyzikdlnim podnétim. Zatimco protony
pusobi pfimo na TRPV1 kanal, ostatni podnéty ovlivituji kandl nepiimo, naptiklad pies
vlastni tyrosinkinasovu aktivitu, pfes receptory spojené s G-proteiny. Nedavno byl také
zminén vyznam ATP v souvislosti s modulaci aktivity TRPV1 (Kwak, Wang et al.
2000). Stejné jako ostatni iontové kanaly TRPV1 miiZe byt fosforylovan kinasami, jako
jsou PKA (De Petrocellis, Harrison et al. 2001; Bhave, Zhu et al. 2002; Hu, Bhave et al.
2002; Rathee, Distler et al. 2002), PKC (Tominaga, Wada et al. 2001; Sugiura,
Tominaga et al. 2002; Bhave, Hu et al. 2003; Dai, Moriyama et al. 2004; Premkumar,
Qi et al. 2004), Ca*"/CaM — dependentni kinasou II (CaMKII) (Jung, Shin et al. 2004)
nebo Src kinasa (Jin, Morsy et al. 2004).
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2.3.2.7 Fosforylace proteinkinasou A

Rozséhl¢é prace ukazaly ze aktivace PKA-dependentni cesty zanétlivymi mediatory
jako jsou prostaglandiny mé vliv na kapsaicinem a teplem zprostiedkované ¢innosti
v senzorickych neuronech, pravdépodobné plsobenim na TRPVI1. Tyto vysledky
potvrzuji, ze PKA hraje vedouci ulohu ve vzniku hyperalgesie a zanétu zpiisobené
zangtlivymi mediatory. Ser 116 a Thr370 lokalizované na N- konci, jsou udajné
fosforylovany PKA a ovliviluji desenzitizaci (Bhave, Zhu et al. 2002; Mohapatra,
Wang et al. 2003). Fosforylace Ser 116 PKA inhibuje defosforylaci TRPVI
zpusobenou expozici kapsaicinu. Thr 144, Thr 370 a Ser 502 jsou také zapojeny do
odpovédi teplem senzitizovanych TRPV1 receptori v zavislosti na PKA fosforylaci

(Rathee, Distler et al. 2002).

2.3.2.8 Fosforylace proteinkinasou C

Po aktivaci receptorti spojenych s Gg-proteiny nékterymi zanétlivymi mediatory,
ATP, bradykininem, prostaglandiny, trypsinem nebo tryptasou, dochazi PKC-
dependentni fosforylaci TRPV1 (Tominaga, Wada et al. 2001; Sugiura, Tominaga et al.
2002; Moriyama, lida et al. 2003; Dai, Moriyama et al. 2004; Moriyama, Higashi et al.
2005). PKC dependentni fosforylace TRPV1 zvySuje odpovéd’ po podani kapsaicinu
nebo odpovéd’ na expozici protontim, ale také snizuje teplotni hranici pro aktivaci
TRPV1. Dochézi tedy k aktivaci TRPV1 za teplot, které jsou za normalnich podminek
nebolestivé v rozsahu télesné teploty a vyvolavaji pocit bolesti. Tento fenomén byl také
potvrzen u nativnich senzorickych neuroni. PKC dependentni fosforylace moduluje
ucinnost kapsaicinu, to potvrzuje souvislost mezi fosforylaci a vazbou kapsaicinu, ktera
Jiz byla popsana vySe. S vyuZitim biochemickych metod, byly identifikovany dva
cilové Ser aminokyselinové zbytky (Ser 502 a Ser 800) (Numazaki, Tominaga et al.
2002; Bhave, Hu et al. 2003), které jsou piimo fosforylovany PKC. U mutant kde byly
dva aminokyselinové zbytky Ser nahrazeny za Ala, nedochdzelo k senzitizaci a
zvySovani aktivity TRPV1 po indukci jednim ze tfi riiznych podnéti (kapsaicin, pH
nebo teplo). Aminokyselinové zbytky Ser 502 a Ser 800 maji vliv na zvySovani aktivity

TRPV1 indukované NADA (Premkumar, Qi et al. 2004) a oleoylethanolamidem (OEA)
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Ahern 2003), dale také ovliviiuji refosforylaci po Ca’'dependentni desenzitizaci
) ry p P

(Mandadi, Numazaki et al. 2004).

2.3.2.9 Fosforylace kalmodulinkinasou II

Jak jiz bylo popséno vyse, kalcineurin inhibuje desenzitizaci TRPV1, coz naznacuje,
ze proces fosforylace a defosforylace je vyznamny pro aktivitu TRPV1. CaMKII
skutecné ovliviiuje aktivitu TRPV1, reguluje vazbu kapsaicinu a tim i fosforylaci
TRPV1 na Ser 502 a Thr 704 (Jung, Shin et al. 2004). Zd4 se tedy, Ze fosforylace tfemi
riznymi typy kinas reguluje aktivitu TRPV1. Ser 502, ktery byl oznacen za
fosforylacni misto pro vSechny tfi kinasy, pravdépodobné piredstavuje klicové misto

regulace excitace senzorickych neurond.

2.3.2.10 Modulace lipidy

Lipidy derivované membranou reguluji n¢které iontové kanaly. TRPV1 je aktivovan
anandamidem, OEA a n¢kterymi produkty lipoxygenas. TRPM7 a s G-proteiny spojeny
smérem do buiiky usmériujici K kandl, mohou byt inhibovadny nebo potencovany
vazbou fosfatidylinositol (4,5)-bisfosfatu (PIP,) (Zygmunt, Petersson et al. 1999;
Hwang, Cho et al. 2000; Ahern 2003). PIP; pfirozen¢ asociuje s TRPV1, zptisobuje tim
inhibici kanalu. Inhibice zplsobend PIP, miize byt uvolnéna metabotropnim
receptorem, ktery byl aktivovan phospholipasou C (PLC). Nésledné¢ dochazi k
hydrolyze PIP, na diacylglycerol a inositol (1,4,5) fosfat. K obnoveni aktivity kanali
dochazi po Stépeni PIP, fosfolipasou C nebo experimentidlnim odstranénim PIP,
specifickymi protiladtkami. Na regulaci TRPV1 molekulou PIP, se podili oblast
pozitivné nabitych aminokyselin (777 — 820), pravdépodobné diky interakci s negativné
nabitou ¢asti fosfolipidii (Prescott and Julius 2003). Pti experimentech, ve kterych bylo
domnélé vazebné misto pro PIP, na TRPV1 nahrazeno vysokoafinitni vazebnou
doménou z smérem do buiiky usmériujiciho K kanalu doslo k posunu teplotni hranice
pro aktivaci TRPV1 smérem k vysSim teplotam (Prescott and Julius 2003). Zajimavé je,

Ze tato oblast zahrnuje 1 Ser 800, ktery plni funkci substratu pii fosforylaci PKC a
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zarovenl se prekryva s 35 aminokyselin dlouhou sekvenci nutnou pro vazbu CaM.

Z téchto duvodii, by mohla byt tato oblast vyznamna pro regulaci TRPV1.

2.3.3 Struktura TRPV1

TRPV1 je tvofen sekvenci 838-aminokyselinovych zbytkli o celkové molekulové
hmotnosti 95kDa. Stejn€ jako ostatni ¢lenové podrodiny TRPV, je TRPV1 integralni
membranovy kanal. Pfredpokladané transmembranova oblast (433—684) je tvoiena Sesti
helixy. Mezi patou a Sestou transmembranovou doménou ohranicuje kratkd hydrofobni
smycka oblast poru. N- a C- konce jsou orientovany intracelularné (obr. 2) (Caterina,
Schumacher et al. 1997). Kapsaicinové receptory vytvareji obdobné¢ jako tfada dalSich
strukturné ptibuznych iontovych kanald (Higgins, Weitz et al. 2002; Sokolova, Accardi
et al. 2003; Sokolova 2004; Chiu, Pagel et al. 2007) tetramericky kanal (Moiseenkova-
Bell, Stanciu et al. 2008). Analyzou oligomerického uspotfadani, bylo zjist€no Ze
TRPV1 tvofi bud homomultimery bez pfitomnosti dalsi podjednotky, nebo ze
inkorporace jiné nez TRPV1 podjednotky nemd vliv na jeho funkci. (Kedei, Szabo et
al. 2001; Rutter, Ma et al. 2005).

Obr. 2. Obrazek predpokladané struktury TRPV1, 6 transmembranovych domén S1 — S6, mezi S5 a S6 je
znazornéna kratka hydrofobni smycka ohranicujici oblast poru. N- a C- konce jsou orientovany

intracelularné. (prevzato z (Clapham, Runnels et al. 2001)).
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Oblast cytoplazmatickych konct zaujima vétsi cast molekulové hmotnosti tohoto
kandlu (cca 70 %). Strukturné funkéni studie prokézaly, ze intraceluldrni oblast je

vyznamnym mistem kontaktu mnoha vazebnych partnert TRPV1 (Vennekens,

Owsianik et al. 2008) (obr. 3).

TRPV1

839 aa
= Ankyrinové domény < > Vazebné misto pro ATP
O Transmembranovy segment . Fosforylaéni misto
C:j Oblast poru = Oblast bohatd na prolin
. TRP box O Vazebné misto pro PIF,

. Vazebné mista pro kalmadulin

Obr. 3. Predpokladana topologie jednotlivych vazebnych mist TRPV1 (Vennekens, Owsianik et al.
2008).

Nedavno byla vyfeSena terciarni struktura celé sekvence TRPV1 s vyuzitim metody
elektronové mikroskopie s rozlisenim 19 A (Moiseenkova-Bell, Stanciu et al. 2008).
Byla potvrzena vySe zmifiovana tetramerni struktura. Nicméné toto rozliSeni je pro
bliz$i charakterizaci tohoto kanalu nedostatecné. Pro ziskani detailnéjSich strukturnich
informaci byla jiz dfive vyuZzita metoda homologniho pocitatového modelovani at’ uz
pouze pro modely izolovaného C- konce (Vlachova, Teisinger et al. 2003; Garcia-Sanz,
Fernandez-Carvajal et al. 2004; GrycCovd, Lansky et al. 2007), topologie
membranovych helixi (Long, Campbell et al. 2005), poptipadé jejich interakce
s ligandy (Gavva, Klionsky et al. 2004; Gry¢ova, Lansky et al. 2008), nebo na urovni
celého iontového kanalu (Brauchi, Orta et al. 2007; Fernandez-Ballester and Ferrer-

Montiel 2008).

Tyto homologni modely byly ziskany na zakladé¢ sekvenéni podobnosti s jiz
vyfeSenymi strukturami jako je kandl otevirany cyklickymi nukleotidy (cyclic

nucleotide-gated channel HCN2) (Zagotta, Olivier et al. 2003), napétové otevirany
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draselny kanal (voltage-dependent Shaker family K channel) (Long, Campbell et al.
2005), draselny kanal Kv 1.2 (Long, Tao et al. 2007), nebo v ptipad¢ izolované¢ho
C- konce, protein fragilni histidinové triady (Fragile Histidine Triad Protein, FHIT)
(Lima, D'Amico et al. 1997). Oblast N- terminalni domény N- konce byla modelovéana
dle lidské thimidilatkinasy (Ostermann, Lavie et al. 2000). Tato sekven¢ni podobnost
vedla k predpokladu, Ze TRPV1 mtize zaujimat s nejvétsi pravdépodobnosti i podobnou

3D konformaci.

2.3.3.1 Cytoplazmaticky N- konec TRPV1

N- konec je tvofen 400 aminokyselinovymi zbytky. Obdobné jako i dalsi clenové
TRPV rodiny, obsahuje oblasti bohaté na prolin a Sest ankyrinovych domén (Jin,
Touhey et al. 2006; McCleverty, Koesema et al. 2006), které jsou z funk¢niho hlediska
povazovany za esencialni (Jung, Lee et al. 2002; Hellwig, Albrecht et al. 2005).
Ankyrinové domény jsou tvofeny sekvenénim motivem 33 aminokyselinovych zbytkt
a podileji se Casto na protein-proteinovych interakcich. Oblast ankyrinovych domén u
TRPV1 kanélu je zndma svou schopnosti vazat kalmodulin a zaroven je i vazebnym
mistem pro ATP (Lishko, Procko et al. 2007). Oblast ankyrinovych domén (101-364)
byla zatim jako jediny usek TRPV1 receptoru detailngji strukturné vyiesena (pdb kod
2PNN) (Lishko, Procko et al. 2007) (Obr.4).
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Obr.4. Krystalova struktura ankyrinovych domén na N- konci TRPVI, ziskdna s rozliSenim 2,7A
(Lishko, Procko et al. 2007).

Kazda z ankyrinovych domén je tvofena dvéma antiparalelnimi a-helixy po nichz
nasleduje smycka tzv. ,finger loop“. Pravé tato oblast je Castym mistem kontaktu
s vazebnymi partnery i u dalSich iontovych kanali (Sedgwick and Smerdon 1999;
Mosavi, Cammett et al. 2004).

2.3.3.2 Cytoplazmaticky C- konec TRPV1

Kratsi C- konec je tvofen 154 aminokyselinami a obsahuje TRP doménu v blizkosti
Sestého transmembranového segmentu. Dale zde bylo identifikovano vazebné misto pro
ATP (Kwak, Wang et al. 2000; Numazaki, Tominaga et al. 2003; Gryc¢ova, Lansky et
al. 2007) a vazebné misto pro kalmodulin (Numazaki, Tominaga et al. 2003; Grycova,
Lansky et al. 2008). Detailnéjsi experimentdlné ovétené strukturni informace o C-

konci TRPV1 nebyly doposud publikovany.

Homologni modelovani ve spojeni s dal§imi metodami bylo vyuZito pro ziskani
dal$ich poznatkli o vlastnostech C- konce TRPV1 a jeho interakcich s jednotlivymi
ligandy. Dle modelu ziskaného na zaklad¢ podobnosti s proteinem fragilni histidinové

triady, jejiz struktura byla vyfesena s rozlienim 1,85A (Lima, D'Amico et al. 1997) se

27



predpokladé, ze C- konec TRPV1 je tvofen dvéma a-helixy a péti B-listy. (Vlachova,
Teisinger et al. 2003; Gry¢ova, Lansky et al. 2007) (obr 5).

Obr. 5. Predpokladana struktura C- konce TRPV1 Ala 690 — Lys 838. Zlutou barvou jsou znazornény f —
listy (1-7) a Cerven¢ a-helixy (H1 a H2). Obrazek je ptevzat z prace (Vlachova, Teisinger et al. 2003).

Vazebné misto pro ATP - Jak jiZ bylo vySe zminéno na C- konci TRPV1 se nachazi
vazebné misto pro ATP. Sekven¢ni analyzou bylo potvrzeno, Ze se jednd o nukleotid
vazebnou doménu (NBD - nucleotide binding domain) typu Walker A (Kwak, Wang et
al. 2000).

Walker A motiv - Tzv. Walker A motiv piedstavuje ATP vazebné misto tvofené
sekvenci aminokyselin bohatou na glycin (Walker, Saraste et al. 1982). V minulost jiZ
bylo uvedeno nékolik variaci tohoto motivu: GXXGXGK (Walker, Saraste et al. 1982),
GXXXXGK (Driscoll, Komatsu et al. 1995), GXXGXXK (Satishchandran, Hickman et
al. 1992) ptritomnych na mnozstvi proteini. Do této skupiny patii i bakterialni ABC
transportéry. Neménna pozice lysinu, naznacuje jeho vyznam jakozto potencidlniho
mista pfimého kontaktu s y fosfatem ATP (Story, Weber et al. 1992; Wiese, Hinz et al.
20006).

Krystalové struktury nékolika Clent rodiny bakterialnich ABC transportérti (Dean,
Rzhetsky et al. 2001; Ambudkar, Kim et al. 2006) byly pouzity jako templat pro
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modelovani 3D struktury Walker A motivu na C- konci TRPV1 (Gry€ova, Lansky et al.
2007).

Vazebné misto pro kalmodulin - Kalmodulin se vyznamné podili také na regulaci
TRPV1 receptoru. Jak jiz bylo zminé&no vyse, tento receptor interaguje s kalmodulinem
1 prostiednictvim vazebného mista lokalizovanych na cytoplazmatickém C- konci

(Numazaki, Tominaga et al. 2003; Lishko, Procko et al. 2007).

Kalmodulin je ubikvitarni, 16,7 kDa velky, Ca’" vazebny protein, ktery je tvoten 148
aminokyselinovymi zbytky (Babu, Sack et al. 1985; Ikura, Clore et al. 1992; Nakayama
and Kretsinger 1994; Zhang, Tanaka et al. 1995). Tomuto proteinu je vénovan velky
zajem zejména diky jeho vztahu k fyziologicky vyznamnym bunéénych procesim. Jako
jsou kalcium dependentni signalni fady, regulace aktivity mnozstvi iontovych kanala,
iontovych pump a proteinkinas. Kalmodulin svoji schopnosti interagovat s vice nez 40
proteiny a enzymy plni funkci dilezité¢ho spojovaciho prvku signalu intracelularniho

2+ / ’ v o
Ca” a naslednych buné¢nych procesi.

Krystalografickymi technikami bylo ukézano, e Ca’"-kalmodulin zaujima
konformaci, ktera pfipomina tvar ¢inky (Babu, Sack et al. 1985; Babu, Bugg et al.
1988). C- a N- termindlni domény jsou oddéleny o — helikalni spojkou tzv. ,,linkerem",
Casto ozna¢ovanym za centralni helix, tvofenym 27 aminokyselinovymi zbytky. C- a N-
termindlni domény vykazuji vysoky stupen homologie (46% identity), jsou tvofeny
dvéma tzv. ,,EF hand*“ kalcium vazebnymi helix-smycka-helix motivy (Kretsinger and

Nockolds 1973), které jsou spojeny antiparalelnim B listem (obr. 6).
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Obr. 6. Krystalova struktura kalmodulinu (zobrazen zelen€) s navazanymi kalciovymi ionty (zobrazeny

fialove), PDB kod 3CLN (Babu, Bugg et al. 1988).

Kalmodulin v nepfitomnosti Ca®* byva oznadovan také jako apokalmodulin,
a — helixy tvofici EF hand motiv jsou orientované témét paralelné tzv. oteviena
konformace (Obr. 7). V souvislosti s vazbou Ca*" dochézi k vyraznym konforma¢nim
zménam. Ca" ionty se vazou do oblasti smycky EF hand motivu a méni jeji pozici
vzhledem k a - helixu (Yap, Ames et al. 1999). Centralni helix si ponechava v roztoku
znatnou flexibilitu (Barbato, Ikura et al. 1992). Tyto zmény konformace zvysuji

vazebnou afinitu k fad¢ cilovych proteint (Gerstein and Krebs 1998).

Mnozstvi strukturnich studii kalmodulinu a cilového proteinu prokézalo, ze
kalmodulin vytvaii kompaktni globuldrni strukturu, kterd vznikéd ohnutim centralniho
helixu. Vazebny partner ve vétSin¢ ptipadd zaujima o - helikalni strukturu, kterd byva
zpravidla uvnitt jakéhosi vazebného tunelu, ktery vznikd zménou konformace

kalmodulinu (Ikura, Clore et al. 1992; Meador, Means et al. 1993) (obr. 8).
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Obr. 7. NMR struktura kalmodulinu bez Ca** iontt, PDB kéd 1DMO (Zhang, Tanaka et al. 1995).

Obr. 8. NMR struktura Ca*"- kalmodulinu (zobrazen zelenou barvou) v komplexu s peptidem kinasy
lehkého fetézce myosinu (MLCK) (zobrazen fialovou barvou). Kalciové ionty jsou zobrazeny zluté, PDB

kod 2BBM (Ikura, Barbato et al. 1992).
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Predpoklada se, ze kalmodulin interaguje s mnozstvim ligandii diky vysokému podilu
methioninovych rezidui (9 ze 148). Dosud vyieSené struktury kalmodulin vazebnych
peptida at’ uz metodou NMR nebo metodou rentgenové krystalografie tento piedpoklad

potvrzuji. 8 z 9 methioninovych zbytkh se vazby pifimo uCastni

(http://calcium.uhnres.utoronto.ca/ctdb/ctdb/home.html) (obr. 9).

Obr. 9. Zlutou barvou jsou zobrazeny postranni fetézce Met rezidui kalmodulinu, které se tcastni vazby
na peptid MLCK. Peptid vazajici se na kalmodulin je zobrazen fialovou barvu a Ca®* - kalmodulin

zelenou barvou.

Kalmodulin vazebné motivy

Diky své konformacni flexibilit¢ se mize kalmodulin védzat na mnoZstvi proteint,
které nevykazuji zddnou ptibuznost. Oblast vazebného mista pro kalmodulin na
cilovych proteinech se vSak Casto vyskytuje poblize i) pseudosubstratovych vazebnych
domén napiiklad pro proteinkinasy a protein fosfatasy, ii) fosforylacnich mist pro

serin/threonin proteinkinasy, iii) vazebnych mist dal§ich proteini (Rhoads and
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Friedberg 1997). Funkéni nejednotnost vazebnych domén ¢astecné vysvétluje 1 znacnou
sekvenéni diversitu téchto oblasti. Nicméné na vétsin¢ téchto kalmodulin vazebnych
proteinii se nachazi oblast vrozsahu kolem dvaceti aminokyselinovych zbytka
vytvarejici bazicky helix (Persechini and Kretsinger 1988; O'Neil and DeGrado 1990) a
je tvofena pozitivné nabitymi aminokyselinovymi zbytky obklopujici hydrofobni

rezidua (Ikura 1996).

Analyzou sekvencni homologie bylo vSak identifikovano né¢kolik strukturnich a
sekvencnich ryst, které dovoluji vytvofit uritou klasifikaci kalmodulin vazebnych
motivl. Prvni skupinu tvoii proteiny nesouci vazebnou doménu pro kalmodulin a
interagujici nezavisle na Ca®" jontech (Geiser, van Tuinen et al. 1991). Pro tyto
proteiny je typicky tzv. IQ motiv (Cheney and Mooseker 1992). Tento motiv je obvykle
tvofen sekvenci 25 aminokyselinovych zbytkd, jehoz jadro je tvofeno

IQXXXRGXXXR (X znaci libovolny aminokyselinovy zbytek).
Cleny druhé skupiny kalmodulin vazebnych proteini tvoii zastupci interagujici
s kalmodulinem v zavislosti na piitomnosti Ca*" jontd. Dle Calmodulin Target

Database (http://calcium.uhnres.utoronto.ca/ctdb/ctdb/home.html) je moZzné provést

nasledujici ¢lenéni: 1-5-10, 1-8-14 a 1-16 motivy, coz odpovida i jiz dfive publikované
klasifikaci (Rhoads and Friedberg 1997). Kde ¢islo znaci pozici hydrofobniho
aminokyselinového zbytku. Tato klicova rezidua byvaji zpravidla obklopena pozitivné

nabitymi aminokyselinovymi zbytky.

Nedavno provedl Zhu et al. (Zhu 2005) porovnani kalmodulin vazebnych domén
mezi Cleny rodiny iontovych kandld TRP (obr. 10). V sekvenci kazdé kalmodulin
vazebné domény je mozné identifikovat alespon jeden zkonsensudlné¢ uréenych
motiva. V ptipadé TRPC 3 — 7 je mozné detekovat dokonce tii riizné motivy. Mezi
¢leny TRP rodiny iontovych kandli byly zaznamenany i rlizné variace na tyto klasické
motivy, kdy jeden z ptedpoklddanych klicovych hydrofobnich aminokyselinovych
zbytkll byl nahrazen Gln, Gly, Pro, Ser nebo Thr, coz naznacuje ze tyto kalmodulin
vazebné domény mohou byt atypické (Zhu 2005). Model vazebného mista pro
kalmodulin na C- konci TRPV1 byl vytvofen dle homologni vazebné domény
templatové struktury kinasy lehkého fetézce myosinu (myosin light chain kinase -

MLCK) (Ikura, Barbato et al. 1992).
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Obr. 10. Kalmodulin vazebné sekvence identifikované u ¢lentt TRP rodiny iontovych kanalti riiznych
zivocisnych druhii (h — lidsky, d- drosophila, m — mys, r- potkan, rb- kralik), Arg, Lys a Gln zbytky jsou

vyznaceny Cervené, rizove a zelené. Obrazek je pfevzat z prace Zhu et al.(Zhu 2005).
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3. CiLE PRACE

Cilem ptedloZzené¢ doktorské prace bylo detailnéji charakterizovat interakce

izolovaného C- konce vaniloidniho receptoru TRPVI1 s jeho vazebnymi partnery a

pokusit se je osvétlit i ze strukturniho hlediska pomoci predikce homolognich

pocitacovych modeld.

Tato prace se zabyva témito konkrétnimi otazkami:

1.

Identifikace esencialni casti Walker A vazebné domény C- konce TRPV1 pro

vazbu ATP na C- konec TRPV1.

Urceni specifickych aminokyselinovych zbytkl pfi vazbé ATP na izolovaném

C- konci TRPV1 kanalu.

Charakterizace vazby C- konce TRPV1 a kalmodulinu.

Identifikace a lokalizace vazebného mista pro kalmodulin na izolovaném

C- konci TRPV1
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4. MATERIAL A METODY

4.1 Konstrukce expresnich plazmidu

Vsechny proteiny, které byly pouzity pro experimenty pii studiu ATP vazebného
mista byly exprimovany z plasmidu pGEX2t (Novagen), konstrukty pouzité pii studiu
kalmodulin vazebného mista byly exprimovany =z expresniho vektoru pET32b.
Ptislusné kodujici sekvence byly amplifikovanany metodou PCR (reakéni cyklus: 95°C
1 min, 55°C 1 min, 72°C 1 min, 25 cykld) nasledné precistény, Stépeny enzymy EcoR 1
and Hind III pro vektor PET32b, Xhol v ptipadé¢ pGEX a vlozZeny do pfislusnych mist
vektoru. Verifikace takto ziskanych konstrukti byla provedena sekven¢nimi metodami

(ABI PRISM 3130xI DNA sekvenator).

4.2 Bodové mutace pomoci polymerasové retézové reakce

(Polymerase Chain Reaction, PCR)

Pii metod¢ cilené mutageneze byly pouzity syntetické oligonukleotidy o délce 33

nukleotidd, které se oproti plazmidové DNA liSily v jedné az n€kolika bazich:
Pro 732 Ala

gcaggtggggttcactGetgacggcaaggatgac

Asp 733 Ala

ggtgggottcactcctgCeggcaaggatgactac

Gly 734 Ala

ggggttcactcctgacgCeaaggatgactaccgg
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Lys 735 Ala

gttcactcctgacggcGCggatgactaccggtgg

Asp 736 Ala

cactcctgacggcaaggCtgactaccggtggte

Asp 737 Ala

tcctgacggcaaggatgCcetaccggtggtgtte

Val 769 Ala

ggcaactgtgagggcgCceaagcgeaccctgage

Arg 771 Ala

tgtgagggcgtcaagCGeaccctgagcttetee

Leu 777 Ala

ccctgagcettctccGeaggecgagtttcaggg

Arg 778 Ala

ctgagcttctcctcagCecgagtttcagggag

Arg 781 Ala

ctcctcaggecgagttGeagggagaaactggaag

Val 782 Ala
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ctcaggccgagtttcagCgagaaactggaagaac

Arg 785 Ala

gtttcagggagaaacGCgaagaactttgcectg

Lys 788 Ala

gaaactggaagaacGCtgccctggttcee

Arg 797 Ala

ctggttccecttetgGCggatgeaageacteg

Pfi vlastnich reakcich byl pouzit QuikChange™ Site-Directed Mutagenesis kit
(Stratagene, USA). Pii pripraveé reakéni smési a reakénim protokolu bylo postupovano

dle instrukci vyrobce:
Reakéni smés:
5,0 ul Pfu ultra pufru
1,5 ul 10 mM dNTP
1,0 ul templatové DNA (10 ng/ ul)
1,0 pl ,,upstream‘ oligonukleotidu (0,3 nM/ pl)
1,0 pl ,,downstream* oligonukleotidu (0,3 nM/ pl)
1 pl polymerasy Pfu ultra

39,5 ul demineralizované vody

PCR program:
a) denaturace DNA 95 °C/ 1 min

vazba oligonukleotidl 45-55 °C/ 1 min
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polymerace DNA 68 °C/ 12 min
b) opakovani bodu a) 20x
¢) polymerace DNA 68 °C/ 10 min

Aby byla po transformaci a izolaci DNA maximdalni pravdépodobnost zisku
mutované varianty, byla po prob¢hlé reakci odstranéna methylovand templatova DNA,
a to za pomoci restrikéni endonukleasy Dpnl. Pro ovéfeni pfitomnosti Zadané mutace

bylo provedeno sekvenovani (ABI PRISM 3130x1 DNA sekvenator).

4.3 Exprese a purifikace TRPV1-CT proteinu pro vazebné studie
ATP

Pro studium vazby ATP na izolovany TRPVI-CT (sekvence Val 686-Lys 837) byl
C- konec TRPVI1 produkovan jako fuzni protein s glutathion S-transferasou.
K produkei proteinu byl pouzit kmen bakterie E. coli BL21 (DE3). Bakterie byly
kultivovany v 1 litru LB media pti 37 °C. Po dosaZeni optické hustoty 0,8 byla narostla
kultura zchlazena na pokojovou teplotu a indukovadna exprese proteinu ptfidanim 0,5
mM IPTG, dale aerobn¢ kultivovana pfti teploté 17 °C po dobu 20 hodin. Nésledn¢ byla
provedena centrifugace a pelet bakterii byl resuspendovan v lyza¢nim pufru (1xPBS,
0,5 M NaCl, 10 mM DTT, 1 mM EDTA, 0,05 % Triton-X100). Resuspendovany pelet
byl zmraZen v -80 °C. Mechanické rozruSeni bunek bylo provedeno na ledu sonikaci.
Sonikat byl centrifugovan pti 4 °C po dobu 45 minut/6000 g. Pro ziskani ¢istého
TRPVI1-CT byly pouzity chromatografické postupy, které zahrnuji afinitni
chromatografii (dle standardniho protokolu pro glutathione Sepharose 4B - Amesham
Biosciences) a gelovou filtraci provedenou na koloné Superdex 75 column (Amersham
Pharmacia Biotech). Po prvnim purifika¢nim kroku byl protein eluovan pufrem 10 mM
redukovanym glutathionem (Sigma) pH 8,0, frakce obsahujici ¢isty TRPV1-CT protein
byly spojeny a dialyzovany proti 1 1 20 mM Tris-HCI pH 7,5, 0,5 M NaCl, 1| mM
EDTA, 10 mM DTT, 10% Glycerol. Pfed druhym purifikacnim krokem byl fuzni
protein zkoncentrovan za pouziti Millipore columns. Kontrola Cistoty a pifitomnosti
proteinu v jednotlivych frakcich byla provedena na vertikdlni akrylamidové SDS

elektroforese. Koncentrace proteinti byla ur¢ena métenim absorbance na 280 nm.
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4.4 Exprese a purifikace TRPV1-CT proteinti pro vazebné studie

kalmodulinu

Pii studiu vazebného mista pro kalmodulin byl izolovany C- konec TRPV1
exprimovan z expresniho vektoru pET32b v bakteriich E. coli kmen Rosetta s N- a C-
terminalni histidinovou kotvou (6xHis tag) a thioredoxinem na N- konci. Bakterie byly
kultivovany v 1 litru LB media pti 37 °C. Po dosaZeni optické hustoty 0,8 byla narostla
kultura zchlazena na pokojovou teplotu a indukovéna exprese proteinu piidanim
0,5 mM IPTG, dale aerobné kultivovana pfi teploté 20 °C po dobu 20 hodin. Nasledné
byla provedena centrifugace a pelet bakterii byl resuspendovan v lyza¢nim pufru
(1xPBS, 1 M NaCl, 4 mM BME, 2 mM Imidazol). Mechanické rozrusSeni bunek bylo
provedeno na ledu sonikaci. Sonikat byl centrifugovan pii 4 °C po dobu 45 minut/6000
g. Pro ziskani Cisttho TRPVI1-CT byly pouzity chromatografické postupy zahrnujici
afinitni chromatografii a gelovou filtraci provedenou na koloné¢ Superdex 75 column
(Amersham Pharmacia Biotech). Protein TRPV1-CT byl ze supernatantu purifikovan
za pouziti chelatujici sepharosy podle instrukci vyrobce (Amersham Biosciences).
Protein byl eluovan elu¢nim pufrem F (1x PBS pufr, 0,5 M NaCl, 2 mM -
merkaptoethanol, 600 mM imidazol). Frakce obsahujici Cisty thioredoxin—-TRPV1-CT
protein byly spojeny a dialyzovany proti 1 1 20 mM Tris-HCI pH 7,5, 500 mM NacCl, 1
mM EDTA, 10% glycerol a 2 mM DTT. Pfed druhym purifikaénim krokem byl fazni
protein zkoncentrovan za pouziti Millipore columns. Kontrola Cistoty a pifitomnosti
proteinu v jednotlivych frakcich byla provedena na vertikdlni akrylamidové SDS
elektroforese. Tteti purifikacni krok za vyuziti Calmodulin Sepharose 4B (Amersham
Biosciences) byl proveden dle instrukei vyrobce na vzorcich s dostate¢nou vazebnou
afinitou pro kalmodulin. Koncentrace proteinil byla uréena métenim absorbance na 280

nm.
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4.5 Fluorescencni spektroskopie

4.5.1 Fluorescencni sonda TNP-ATP

Vazba ATP na fuzni bilkovinu C- konec TRPV1 — GST byla méfena nepiimo s
vyuzitim  fluorescenéni sondy  2'(3")-O-(2,4,6-trinitrofenyl)adenosin-5"-trifosfat
(TNP-ATP) (obr 11). Kvantovy vytézek fluorescence TNP-ATP je citlivy na polaritu
okolniho prostfedi (Hiratsuka, Sakata et al. 1973; Hiratsuka and Uchida 1973), vazba
sondy na hydrofobni ATP vazebné misto je tedy detekovana jako zvySeni intenzity

fluorescence spojené s posunem spektra smérem ke krat§im vinovym délkam (Obr. 12).

NH,
N | N>\
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N
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Obr. 11. 27(3)-0-(2,4,6-trinitrofenyl)adenosin-5"-
trifosfat (TNP-ATP), fluorescencni analog ATP.

4.5.1.1 Stanoveni disocia¢ni konstanty pro TNP-ATP

Veskera fluorescencni meétfeni byla provedena na fluorimetru FluoroMax-2
(Instruments S.A., Inc., JOBIN YVON/SPEX) pti 22 °C. Pro stanoveni disociacni
konstanty byla pouzita 50 ul kfemenna kyveta. 2 uM C-konec TRPV1 — GST fazni
protein v pufru 20 mM Tris-HCI pH 7,5, 500 mM NaCl, byl excitovan pii 462 nm, a
emise byla detekovana pfi 527 nm. Sitka excita¢nich i emisnich $térbin byla 10 nm,
integracni ¢as 5 s. Pfi méfeni parametru y byl pouZzit 24 uM C-konec TRPV1 — GST
fazni protein v pufru 20 mM Tris-HCI pH 7,5, 500 mM NacCl. Do kyvety bylo titrovano
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zvySujici se mnozstvi TNP-ATP. Pfi kazdé koncentraci fluorescen¢ni sondy byla
zaznamenana intenzita fluorescence. Titrace byla provedena v 10 krocich o objemu 0,5
ul zasobniho roztoku 50 uM TNP-ATP. Signal bez pritomnosti fluorescencni sondy byl
odecten jako pozadi. Relativni intenzita fluorescence byla normovana tak, aby hodnota
byla rovna jedné pro signél volné sondy o koncentraci 1 uM. Vzhledem k tomu, ze
postupnym piidavanim sondy rostl celkovy objem roztoku, byly provedeny korekce
koncentraci sondy a proteinu. Takto vzniklé kiivky byly prolozeny vztahem dle Kubala

et al. (Kubala, Plasek et al. 2003):

F=[P], + %([P]T HIEL + Ko = (Pl +1E), + K, } ~4PLIEL ) (D

kde F je normalizovand intenzita fluorescence, [P]r je koncentrace TNP-ATP, [E]r je
koncentrace C- konec TRPV1-GST fuzniho proteinu, parametr y je pomér smérnic
zévislosti signalu pro volnou a vazanou sondu a Kp je disociac¢ni konstanta. Z poméru
smérnic zavislosti signdlu pro volnou a vazanou sondu byla pro parametr y ziskéna

hodnota: y = 3,5 + 1,1. Tato hodnota byla ponechdna konstantni pro v§echna méteni.

0.8 4
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0.4 e ®  THNP-ATF
THP-ATP + protein
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0.2

420 500 520 540 5e0 530 B0 g20
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Obr. 12. Emisni spektra TNP-ATP v pfitomnosti proteinu ( = ) a za nepfitomnosti proteinu (*).
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4.5.1.2 Stanoveni disocia¢ni konstanty pro ATP

Vazba ATP na fazni bilkovinu C- konec TRPVI-GST byla méfena nepiimo.
Fluorescen¢ni analog ATP (TNP-ATP) byl titrovan k roztoku fuzni bilkoviny s 20 mM
ATP pH 7,5. Takto vzniklé kiivky byly prokladany vztahem (Kubala, Plasek et al.
2003):

Fep)+ L [P]T+[E]T+Kp+[A]T]’§P—J[[P]T+[E]T+Kp+[A]T?j —4[P]T[E]TJ 2)

A

kde [A]r znac¢i koncentraci ATP a K4 je disociaéni konstanta pro ATP. Disociacni
konstanta pro TNP-ATP, Kp, byla uréena vyse popsanym zptisobem. K4 byla stanovena
nelinedrni metodu nejmensSich c¢tvercii. VSechny ostatni parametry byly drzeny

konstantni.

4.5.2 Fluorescencni sonda fluorescein isothiokyanat (FITC)

Fluorescein isothiokyanat (FITC) sonda vazajici se na amino a sulfhydrylové

skupiny. Pfi naSich experimentech jsme vyuZili jeji schopnost vazat se na lysin.

4.5.2.1 Znaceni sondou FITC

TRPVI-CT WT a jeho mutace Lys 735 Ala o koncentraci 4,5 uM byly inkubovany
ve tm¢ za piitomnosti 20 mM ATP a bez ATP s 10 uM FITC v pufru 20 mM Tris-HCI
pH 7,5, 500 mM NaCl po dobu 1 hodiny pii teplot¢ 6 °C. Nenavdzana sonda byla
odstranéna dialyzou proti pufru 20 mM Tris-HCI pH 7,5, 500 mM NaCl.

43



4.5.2.2 ZhasSeni fluorescence

Fluorescencni spektra byla méfena za pokojové teploty (22 °C) na spektrofotometru
FluoroMax-2 (Jobin Yvon/Spex). Pro experimenty byla pouZzita 50 pl kfemenna kyveta.
Oznaceny protein byl excitovan pfi 480 nm a emisni maximum bylo detekovano na
vlnové délce 520 nm. Siika excita¢nich i emisnich §térbin byla 5 nm, integraéni &as
0,5 s. Intenzita fluorescence byla normalizovana. Jako jednotkova intenzita byla
zvolena intenzita vzorku TRPV1-CT WT bez ptfitomnosti ATP. Do kyvety bylo
titrovano zvySujici se mnozstvi AntiFluoresceinu a po jednotlivych krocich titrace byly

sledovany emisni spektra.

Statické zhaSeni fluorescence je popsano rovnici (Lakowicz 2006):

F()/F:1+K5[Q] (3)

Kde Fy a F jsou intenzity fluorescence bez zhasedla a v pfitomnosti zhaSedla. [Q] je

koncentrace zhaSedla a Ks je v pfipad¢ statického zhaseni asocia¢ni konstanta.

4.5.2.3 Casové rozliSené méreni dohasinani fluorescence FITC

Pro pfesnou charakterizaci mechanismu zhaSeni byly provedeny casové rozliSené
experimenty. Casové rozlisené méfeni dohasinani fluorescence TRPVI-CT WT a
Lys 735 Ala (v ptitomnosti ATP a bez ATP) oznacenych FITC (3 uM FITC) bylo
provedeno metodou pocitani fotond “time-correlated single-photon counting (TCSPS)”
na aparatuie PicoHarp300 (PicoQuant GmbH, Germany). Fluorescence byla excitovana

pulsnim laserem na 445 nm a frekvenci 10 MHz, emise byla detekovana na vlnové

vvvvv
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intenzity dohasinani fluorescence /(?) nezavisi na rota¢ni difuzi fluoroforu a poskytuje

nezkreslenou informaci o stfednich dobach zivota.

Signal zdroje a odezva piistroje ,,instrument response function (IRF)“ byla stanovena
rozptylem pii 445 nm a jeji hodnota byla 0,224 ns. Naméfena data byla vyhodnocovana
za pouziti programu FluoFit Pro (PicoQuant GmbH, Germany). Piedpokladali jsme

multiexponencialni dohasinani fluorescence podle nasledujici rovnice:

(=Y a,-e"" (4

kde 7;jsou stfedni doby Zivota excitovaného stavu a a; jsou odpovidajici amplitudy.

4.5.3 Fluorescencni sonda Alexa Fluor 488

Kalmodulin oznaceny fluorescencni sondou Alexa Fluor 488 (Calmodulin from
bovine brain Alexa Fluor 488 conjugate) byl komercné ziskdn u Molecular Probes

(Oregon USA).

4.5.3.1 Méreni vazby kalmodulinu pomoci anisotropie fluorescence

Veskera fluorescentni méteni byla provedena na fluorimetru ISS PC1™ Photon
Counting Spectrofluorimeter pii 22 °C v 1 ml kfemenné kyveté s 600 pmol oznaceného
kalmodulinu (Calmodulin from bovine brain Alexa Fluor 488 conjugate) v pufru
50 mM Tris-HCI pH = 7,5, 2 mM CaCl; nebo 5 mM EGTA. Do kyvety bylo titrovano
zvysujici se mnozstvi thioredoxin - TRPV1-CT fuzniho proteinu. Pii kazdé koncentraci
thioredoxin - TRPV1-CT byla zaznamendna anisotropie fluorescence. Fluorescence
byla excitovana pii 494 nm a emise byla detekovdna na vlnové délce 520 nm.

Anisotropie byla spocitana podle vztahu:

r= (Iu - IJ_)/(IH + 2IJ_) (5)

45



Frakce navazaného kalmodulinu (Fg) byla spocitana podle rovnice:

7

obs

B rmin
_ (6)
& (robs - rmin )+ Q(rmax - robs )

kde Q znac¢i pomé&r kvantovych vytézki navazané a volné formy, rmax znaci
anisotropii v saturaci, Imin zna¢i minimalni pozorovanou anisotropii pro samotny
kalmodulin a rmps znaci pozorovanou anisotropii pro urlitou koncentraci

thioredoxin - TRPV1-CT.

4.6 CD spektroskopie

Meéteni spekter cirkuldrniho dichroismu (CD) o spektralnim rozsahu 190-280 nm,
bylo provadéno na spektropolarimetru J-810 (Jasco, Japonsko) pfi laboratorni teploté
v kyveté o tloust’ce 0,1 mm. K proplachovani pfistroje byl pouzit tlakovy dusik. Pro
vSechna meéfeni byla zvolena standardni citlivost, rozliSeni a S$itka $térbiny 1 nm
rychlost skenovani 100 nm/min. VSechna spektra byla korigovana na signal

rozpoustédla (pufru).

Experiment byl proveden na tfech riznych vzorcich: TRPV1-CT fuzni protein,
TRPVI1-CT fazni protein v kompelxu s CaM a CaM. Byla tedy méfena spektra
samostatnych proteini a jejich smési v molarnim poméru 1:1. Koncentrace proteinti
v pufru 20 mM Tris-HCI pH 7,5, 0,5 M NacCl byla 6 uM. Nasledn¢ bylo provedeno

porovnani smesi s matematickym souctem spekter jednotlivych slozek.

Stanoveni pomérného zastoupeni jednotlivych konformaci (o — Sroubovice a § — list)
bylo provedeno s vyuzitim programi SELCON, CONTINLL, CDSSTR a K2D. Tento
software je dostupny online na strdnkach DICHROWEB (Whitmore and Wallace
2004).
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4.7 Modelovani struktury na zakladé homologie

4.7.1 Model izolovaného C — konce TRPV1

Homologni model TRPVI1-CT (Ala 689 — Thr 801) byl ziskan na zdklad¢ podobnosti
s krystalovou strukturou proteinu fragilni histidinové triady (FHIT, PDB kod 1FIT)
(Lima, D'Amico et al. 1997), ktery byl nalezen jako vysledek prohleddvani databaze
struktur proteini PDB. Pro porovnani sekvenci byl pouzit BLAST algoritmus (SIB
BLAST Network Service; http://www.ca.expasy.org/cgi-bin/blast.pl). Sekvence ATP

vazebného mista tzv. Walker A motiv byl modelovan na zakladé¢ podobnosti s
Walker A motivy identifikovanych na vykrystalizovanych strukturdch bakteridlnich
ABC transportért, genu pro cystickou fibrosu CFTR (CFTR) (Lewis, Zhao et al. 2005),
MalK (Diederichs, Diez et al. 2000), transportniho proteinu asociovaného se
zpracovanim antigenti (TAP1) (Gaudet and Wiley 2001), ATP-vazebnd podjednotka
histidinové permeasy (HisP) (Hung, Wang et al. 1998) a bakteridlni ATP vazebné
kazety MJ0796 (Smith, Karpowich et al. 2002) (pdb kédy: 1XMJ, 1G29, 1JJ7, 1BOU,
1L2T). Cilovy protein TRPVI1-CT a templdt FHIT (Lima, D'Amico et al. 1997)
vykazovali 44% sekvencni homologie. Porovnani sekvenci bylo provedeno programem
CLUSTALX 1.81 (Thompson, Higgins et al. 1994) (obr. 13). Vlastni model byl
vytvoren programem Modeller 8v2 (Sali and Blundell 1993).

47


http://www.ca.expasy.org/cgi-bin/blast.pl

TRPU1-CT AQESKNIWKLQRAITILDTEKSFLKCHMRKAFRSGKLLQUGFTPDGKDDYRWCFRUDEUNY

1FIT ~SFRFGQHL IKPSUUFLKTELSFALUNRKPUUPGHULUCPLRPUERFHDLRPDEVADL -F
- - s mme ¥ NN XX ¥, E_OW - *® - . -%¥ "o 0

1629 00— o GPSGCGKTT--———--——-—-
* 1 %%

2T e PSGSGKST-——————————-
L

17 e GPNGSGKST--———--——--~
® . _wE_

XM e GSTGAGKTS--——---—---~-
* ®  *kxX

1BOU 0 mmmmmmm e GSSGSGKST--———--—----
® T %%

TRPU1-CT TTUNTNUGI INEDPGNCEGUKRTLSFSLRSGRUSGRNWKNFALUPLLRDAST

1FIT QT-TQRUGTUVEK--HFHGT--SLTFSHQDGPEAGQTUKHUHUHULPRKAGD

* . X D ® - SHIEND D W D, D _ I ¥ W

1629 0 s

2T e

17 e

XM e

1BOU s

Obr. 13. Porovnani sekvenci C- konce TRPV1 aminokyselinova sekvence (Ala 689 — Thr 801) a proteinu
fragilni histidinové triady (PDB kod 1FIT). V oblasti ATP vazebného mista jsou zahrnuty struktury ABC

transportérii nesouci Walker A motiv.

4.7.2 Model izolovaného C— konce TRPV1 s ATP a TNP-ATP

Naboje ligandli byly spocitdny programem Antechamber (Wang, Wang et al. 2006) a
predikce vazby ligandi na C- konec TRPV1 byla provedena programem Dock 5
package (Ewing, Makino et al. 2001). Komplex byl vizualizovan programem UCSF
Chimera B 1 (Pettersen, Goddard et al. 2004). Ligandy byly umistény do energeticky

v

nejvyhodnéjsi libovolné pozice v blizkosti Walker A motivu.

4.7.3 Model kalmodulin vazebného mista na C- konci TRPV1

Kalmodulin vazebné domény piitomné na vétSin€ proteini zaujimaji o — helikalni
strukturu. Bylo tedy opodstatnélé predpokladat, ze 1 oblast kalmodulin vazebného mista
na C- konci TRPVI1 tvofi a-helix. Sekvence kalmodulin vazebného mista byla

modelovana na zékladé¢ podobnosti s vazebnou doménou pro kalmodulin kinasy
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lehkého fetézce myosinu (MLCK) (Ikura, Barbato et al. 1992). Pro porovnani sekvenci
byl  pouzit BLAST  algoritmus (SIB  BLAST  Network  Service;

http://www.ca.expasy.org/cgi-bin/blast.pl) a Calmodulin target database

(http://calcium.uhnres.utoronto.ca/ctdb/ctdb/home.html). ~ Model byl  vytvofen
programem Modeller 8v3 (Sali and Blundell 1993).

4.7.4 Model komplexu vazebného mista pro kalmodulin na C- konci
TRPV1 s Ca** - kalmodulinem

Komplex vazebného mista pro kalmodulin na C- konci TRPV1 s
Ca*"-kalmodulinem byl vytvofen a energeticky minimalizovan s vyuZitim programu
Swiss-PdbViewer (GROMOS96 force field) (Guex and Peitsch 1997). Findlni model

byl dokoncen a ovéten programem Coot (Emsley and Cowtan 2004).
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5. DISKUSE A VYSLEDKY

V této kapitole jsou diskutovany vysledky dvou praci: I. ATP vazebné misto na
C- Konci vaniloidniho receptoru TRPV1 a II. Iontové interakce hraji klicovou roli
pri vazbé C- konce TRPV1 na kalmodulin. Zabyvajici se detailni charakterizaci

vazby C- konce vaniloidniho receptoru TRPV1 a jeho liganda.

5.1 ATP vazebné misto na C- konci vaniloidniho receptoru
TRPV1

ATP moduluje aktivitu TRPV1 receptoru pfimou interakci se dvéma vazebnymi
doménami vaniloidniho receptoru TRPV1 (Kwak, Wang et al. 2000). Walker B ATP
vazebna doména je pravdépodobné soucasti cytoplazmatického N- konce (Caterina,
Schumacher et al. 1997). Pfedmétem naseho zajmu byl vSak pouze izolovany C- konec
TRPV1. Pravé zde se ptredpokladd ATP vazebna doména typu Walker A (Kwak, Wang
et al. 2000). Pfestoze intracelularni ATP neplni tlohu ptimého aktivatoru TRPVI,
zvysuje amplitudu proudu u aktivovanych receptorti po predchozim podani kapsaicinu
(Tominaga and Tominaga 2005). Walker A a Walker B motivy vykazuji sekven¢ni
podobnost s mnoha dal§imi ATP vazebnymi doménami identifikovanych na strukturach
bakteridlnich ABC transportéri (Hung, Wang et al. 1998; Diederichs, Diez et al. 2000;
Gaudet and Wiley 2001; Smith, Karpowich et al. 2002; Lewis, Zhao et al. 2005).

Walker A motiv je tvofen konzervovanou sekvenci aminokyselinovych zbytka
bohatou na glycin. Bylo publikovano né¢kolik variaci tohoto motivu: GXXGXGK
(Walker, Saraste et al. 1982), GXXXXGK (Driscoll, Komatsu et al. 1995), GXXGXXK
(Satishchandran, Hickman et al. 1992). U vySe jmenovanych motivl bakteridlnich ABC
transportért je Lys aminokyselinovy zbytek oznacovan za krucialni pro vazbu

y—fosfatu ATP (Story, Weber et al. 1992; Wiese, Hinz et al. 2006).

Nasim cilem bylo ovéfeni vazebnych schopnosti izolovaného C- konce TRPV1 pro
ATP. Dale pak identifikace vyznamnych aminokyselinovych zbytkl v oblasti Walker A

motivu, které se na této vazbé podileji. Za timto ucelem byly provedeny nasledujici
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bodové mutace: Pro 732 Ala, Asp 733 Ala, Gly 734 Ala, Lys 735 Ala, Asp 736 Ala a
Asp737Ala. Vazebné schopnosti mutovanych konstruktll jsme zjistovali fluorescenéné
spektroskopickymi metodami za pouziti fluorescencniho analogu ATP, TNP-ATP
(Hiratsuka 2003). Nasledné pro ovéfeni ziskanych vysledkl bylo provedeno znaceni a
zhaSeni fluorescence sondy fluorescein isothiokyanat (FITC). Ziskané tudaje byly
interpretovany s ohledem na trojrozmérny homologni model izolovaného C- konce

TRPV1 s navdzanymi molekulami ligandi.

5.1.1 Vazba TNP-ATP

Vazba fluorescencni sondy TNP-ATP na izolovany C- konec TRPV1 (WT) a na
mutované konstrukty Pro 732 Ala, Asp 733 Ala, Gly 734 Ala, Lys 735 Ala,
Asp 736 Ala a Asp 737 Ala byla detekovana zvySenim intenzity fluorescence oproti

sond¢ v pufru za nepfitomnosti proteinu (obr. 14).

Vzhledem k tomu, ze izolovany C- konec exprimovany v bakteriich je velmi Spatné
rozpustny a ma silné tendence se srazet bylo nemozné §tépit glutathion S-transferasu
(GST protein). Pfi nasich experimentech nebyla detekovana vazba sondy na samotny
GST protein, shodné vysledky byly publikovany i v ptfedchozich pracich (Jha, Karnani
et al. 2003; Kubala, Plasek et al. 2003). Je tedy mozné ptedpokladat, Ze pfi titraci
izolovany C- konec TRPV1. Veskeré experimenty byly provedeny s celym fiznim

proteinem GST - TRPV1-CT.

Na zakladé predpokladu, ze se na C- konci TRPV1 nachazi pouze jedno vazebné
misto pro ATP (Kwak, Wang et al. 2000), jsme stanovili disociacni konstantu pro
vazbu TNP-ATP na C- konec TRPVI1 proloZenim naméfenych bodu titracni kiivky
rovnici pro jedno vazebné misto (1). Pro WT nabyla disociacni konstanta hodnoty
1.01 £0.16 uM. V ramci experimentalni chyby dosahovaly srovnatelnych hodnot i
konstanty u konstrukti s mutaci Gly 734 Ala, Lys 735 Ala a Asp 736 Ala
(9.7 £ 6.8 uM, 2.12 +£ 0.34 uM, and 2.5 £ 0.9 uM). Naproti tomu mutace Asp 733 Ala
zvysila hodnotu disocia¢ni konstanty na 16 +£ 7 pM. Tato mutace tedy zpusobila pokles
vazebnych schopnosti C- konce TRPV1 pro TNP-ATP. Uplnou ztritu vazebnych

schopnosti pro TNP-ATP jsme zaznamenali u konstrukti s mutovanym Pro 732 Ala a
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Asp 737 Ala. Disocia¢ni konstanty vSech méfenych proteinil jsou uvedeny v tabulce 1.
Hodnoty jsou uvedeny sesmérodatnou odchylkou, ziskanou minimaln¢ ze tii

nezavislych méfeni.

Intensita fluorescence [au)
[

-
4 . "
A
2 4
-
'y
D ‘-" LI T L] 1
0 1 2 3 4
TNP-ATP [uM]

Obr.14. Vazba TNP-ATP na C- konec TRPV1 (a) konstruktu s mutaci Lys 735 Ala (b), Titrace sondy do
kyvety se vzorky proteinii (®) ve srovnani s titraci sondy do pufru (&) zapfiCinila vzrist intenzity
fluorescence. Vzrlst intenzity zna¢i vazbu sondy na C- konec TRPVI. Podobny experiment byl
provedeny se vzorky snavazanym ATP (@), relativni sniZeni intenzity fluorescence je zapfi¢inéno

kompetici mezi ATP a TNP-ATP.
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Tabulka I
Disocia¢ni konstanty pro vazbu TNP-ATP na izolovany C- konec. Disociacni konstanty byly zjistény
prokladanim titraéni kiivky rovnici (1). Hodnoty jsou uvedeny se smérodatnou odchylkou

ziskanou minimalné ze téi nezavisle na sob& provedenych titraci.

Konstrukt Krnp-ate [UM]
WT 1.01 £0.16
P732A >100

D733A 16+7
G734A 9.7+6.8
K735A 2.12+0.34
D736A 25+09
D737A >100

5.1.2 Vazba ATP

Pro stanoveni vazby ATP byl proveden kompetitivni experiment, kdy k roztoku fazni
bilkoviny s ATP byla titrovdna fluorescenéni sonda TNP-ATP. Pfi naSich
kompetitivnich experimentech musely byt splnény pouze dva zakladni pfedpoklady (i)
na mefeném proteinu je pouze jedno vazebné misto pro ATP a TNP-ATP (ii) TNP-ATP
a ATP se nemohou vazat na protein soucasn¢. Pokud jsou tyto podminky splnény je
mozné stanovit disociacni konstantu pro ATP i v ptipadé, Ze TNP-ATP je vytésnéno
pouze Castecné. Po navazani fluorescencni sondy se zvysila intenzita fluorescence,
doslo také k posunu emisniho maxima smérem ke krat§im vinovym délkdm. Tyto udaje
naznacuji snizeni polarity prostiedi v okoli fluorescenéni sondy TNP-ATP. Tyto
hodnoty byly niz$i ve srovnani s hodnotami ziskanymi pfi titraci TNP-ATP do roztoku
Cisté fuzni bilkoviny bez pfitomnosti ATP. Toto sniZzeni hodnot intenzity fluorescence
naznacuje pritomnost komplexu ATP — protein GST-TRPVI1-CT béhem titrace a
dovoluje nam sledovat postupné vytésiiovani molekul ATP fluorescen¢ni sondou (obr.

14).

Dftivé¢jsi publikace uvadéji, Ze disociacni konstanta pro ATP je zhruba o tfi fady vyssi
nez konstanta namétena pro fluorescencni analog TNP-ATP (Capieaux, Rapin et al.

1993; Kubala, Hofbauerova et al. 2002; Rai, Shukla et al. 2005). Stejny fenomén jsme
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sledovali 1 pfi stanovovani vazebné afinity C- konce TRPV1 pro tyto ligandy. Na vazbé
TNP-ATP se ziejmé podili i trinitrofenylova ¢ast molekuly a fluorescencni sonda
zaujima odliSnou pozici v ATP vazebné kapse (Hiratsuka and Uchida 1973; Kubala,

Plasek et al. 2003; Kubala, Plasek et al. 2004; Lansky, Kubala et al. 2004).

Hodnota disocia¢ni konstanty pro vazbu ATP na C- konec TRPVI byla zjiSténa
prolozenim naméfenych bodG rovnici (2), pro WT byla 5.3 £ 2.1 mM. M¢feni
provedené pii riznych hodnotich koncentrace ATP (10, 15, 20 mM) neukazalo
rozdilné vysledky stanovenych konstant, coz potvrzuje spravnost predpokladu, Ze na
C- konci TRPV1 se nachdzi pouze jedno ATP vazebné misto (Kwak, Wang et al.
2000).

Disociacni konstanty konstrukti s bodovymi mutacemi Asp 733 Ala, Gly 734 Ala
nebo Asp 736 Ala byly srovnatelné v ramci experimentalni chyby s WT (9.6 + 5.4 mM,
3.9+ 2.1 mM a 24+ 1 mM). Naproti tomu byla vazba ATP siln¢ inhibovdna bodovou
mutaci Lys 735 Ala.

Stanoveni vazebné afinity k ATP u konstrukt s mutovanym Pro 732 a Asp 737
nebylo touto metodou mozné provést. Nebot jak jiz bylo uvedeno vySe tyto mutace
zpusobily Uplnou ztrdtu vazebnych schopnosti pro fluorescencni analog TNP-ATP.
Z obrazku 14. je viditelné, Ze titra¢ni kiivka kopiruje kiivku ziskanou pii méfeni vazby
TNP-ATP za neptitomnosti ATP, proto bylo moZzné hodnotu disociacni konstanty
pouze zhruba odhadnout ( >100 mM). Hodnoty disociacnich konstant jsou uvedeny
vtabulce II. Tyto hodnoty jsou wuvedeny sesmérodatnou odchylkou,

ziskanou minimalné ze tii nezavislych méteni.
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Tabulka II.

Disocia¢ni konstanty pro vazbu ATP na izolovany C- konec TRPV1. Disocia¢ni konstanty byly zjistény
prokladanim titraéni kiivky rovnici (2). Hodnoty jsou uvedeny se smérodatnou odchylkou
ziskanou minimalné ze tfi nezavisle na sob& provedenych titraci. N.A. (not analysed) data nebyla

podrobena vypoctu.

Konstrukt Karp [mM]
WT 53+2.1
P732A N.A.
D733A 9.6+54
G734A 39+2.1
K735A >100
D736A 24+1
D737A N.A.

5.1.3 Znaceni fluorescencni sondou FITC

Pro potvrzeni vyznamu Lys 735 pro vazbu ATP byl proveden experiment
s oznatenym C- koncem TRPV1 fluorescenéni sondou fluorescein isothiokyanat
(FITC). FITC je sonda vazajici se na amino a sulthydrylové skupiny. Tato sonda je
znama svoji schopnosti vazat se na lysin (Mitchinson, Wilderspin et al. 1982; Farley,
Tran et al. 1984). V naSich experimentech jsme tuto jeji vlastnost vyuzili a
predpokladali, ze ATP a FITC sdileji spolecné vazebné misto. Abychom zjistili zda
neéktera vazebna mista FITC jsou obsazena molekulami ATP, bylo provedeno znaceni
na Ctyfech vzorcich: TRPV1-CT WT a TRPV1-CT Lys 735 Ala v pfitomnosti ATP a
bez ATP.

Molarni pomér FITC:protein byl stanoven méfenim absorbance na vlnovych délkach
280 nm a 488 nm. Jednotlivé hodnoty byly pro WT 0,56:1, 0,61:1 pro WT-ATP, 0,30:1
pro Lys 735 Ala a 0,42:1 pro Lys 735 Ala-ATP. Pti kontrolnich experimentech bez

ptitomnosti bilkoviny nebyl prokazan zadny vliv ATP na spektralni vlastnosti FITC.
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5.1.4 Zhaseni FITC

Intenzita fluorescence oznacenych vzorkl byla zhaSena AntiFl a namétené hodnoty
analyzovany dle Stern-Volmerovy rovnice (Lakowicz 2006). Stern-Volmertv zhéseci
koeficient byl stanoven metodou nejmensSich ¢tvercli. Tento koeficient vypovidad o mife

zhaseni fluoroforu.

Zhaseci experiment byl uspotadan do ctyt ¢asti: WT, Lys 735 Ala, WT-ATP, Lys
735 Ala-ATP. Data byla statisticky zpracovana metodou ¢-test. Hodnoty zhéSeci
konstanty WT byly srovnavany s WT-ATP, Lys 735 Ala, Lys 735 Ala-ATP.
Stern-Volmerova konstanta pro WT byla signifikantné nizsi (p=0,04) neZ u ostatnich
métenych vzorkil. Mzeme se domnivat, ze je zde fluorescencni sonda navazana uvniti
ATP vazebné kapsy, tudiZ neni zcela exponovana zhasedlu. Soubor hodnot zhaSecich

konstant jsou uvedeny v tabulce III.

Tabulka III.

Stern—Volmerova zhaseci konstanta TRPV1 (WT) oznaceného FITC a konstruktu s bodovou mutaci
Lys 735 Ala v pufru s ATP a bez ATP. Zhaseci konstanty byly stanoveny prokladanim naméfenych boda
rovnici (3). Hodnoty jsou uvedeny se smérodatnou odchylkou ziskanou minimalné ze tii nezavisle na

sob¢ provedenych titraci.

Konstrukt Zhaseci
konstanta
[ml/pg]
WT 0.35+0.03
WT + ATP 0.85+0.05
K735A 0.62 +0.04
K735A + ATP 0.65 +£0.05

5.1.5 Dohasinani fluorescence FITC

Abychom charakterizovali zda se jednad o statické ¢i dynamické zhaSeni intenzity

fluorescence, byla provedena méfeni dohasindni intenzity fluorescence. Experiment byl
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proveden na vzorcich WT, Lys 735 Ala, WT-ATP, Lys 735 Ala-ATP oznacenych FITC
a byl usporadan do dvou krokt. Nejprve za ptitomnosti zhasedla AntiFl, ve druhé fazi
bylo provedeno méteni dohasinani fluorescence FITC bez AntiFl. Bylo provedeno
multiexponencialni proloZeni kiivky pro tifi proménné a vysledné doby Zivota byly
3.9 ns, 1.8 ns, a 0.4 ns. Pritomnost zhdSedla AntiFl neovlivnila doby dohasind ani

v jednom z provedenych experimentt (tabulka IV.). Tento jev je typicky pro piipad

statického zhasSeni.

Tabulka IV.
Vzorek o, ) (ns) o T, (ns) o8 T; (ns) ©
WT 0.54 3.88 0.26 1.88 0.19 0.47 0.976
<0.52;0.56> | <3.85;3.92> | <0.25;0.28> | <1.63;2.05> | <0.18;0.21> | <0.40;0.53>
WT+AntiF1 0.56 3.88 0.26 1.83 0.18 0.43 0.946
<0.53;0.58> | <3.84;3.92> | <0.24;0.27> | <1.67;2.04> | <0.17;0.20> | <0.36;0.51>
WT-ATP 041 3.86 0.28 1.78 0.31 0.43 0.944
<0.38;0.43> | <3.80;3.92> | <0.26;0.30> | <1.61;1.92> | <0.29;0.34> <0.38;0.48>
WT-ATP +AntiF1 0.44 3.85 0.28 1.71 0.28 0.38 0.929
<0.40;0.46> <3.80;3.92> <0.26;0.30> <1.51;1.94> <0.25;0.31> <0.31;0.46>
K735A 0.37 3.84 0.32 1.68 0.31 0.40 0.859
<0.32;0.41> | <3.75;3.97> | <0.29;0.35> | <1.45;2.00> | <0.26;0.35> | <0.30;0.51>
K735A+AntiFl 0.36 3.95 0.32 1.87 0.32 0.45 0.842
<0.28;0.41> | <3.82;4.17> | <0.28;0.36> | <1.54;2.31> | <0.27;0.36> | <0.33;0.57>
K735A-ATP 0.22 3.84 0.28 1.60 0.49 041 0.968
<0.22;0.24> | <3.79;3.90> | <0.28;0.31> | <1.49;1.71> | <0.49;0.53> <0.38;0.44>
K735A-ATP + 0.23 3.90 0.27 1.63 0.49 041 0.934
AntiFl <0.21;0.25> | <3.83;3.97> | <0.26;0.29> | <1.50;1.78> | <0.48;0.52> <0.38;0.44>

Vsechna prolozeni byla charakterizovana hodnotou x* kolem 1.00 (obr 15).
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*2 (red) = 0.876

107

Resids.

Obr. 15. Dohasinani intenzity fluorescence sondy FITC navazané na TRPVI- CT a signal zdroje —

odezva pristroje (IRF).

5.1.6 Molekularni model C- konce TRPV1 s molekulami ATP a
TNP-ATP

Pro pfiblizeni vazby ATP a TNP-ATP na izolovany C- konec TRPV1 ze strukturniho
hlediska jsme vytvofili trojrozmérny model C- konce TRPV1 (sekvence aminokyselin
Ala 682 — Thr 801), ktery zahrnoval ATP vazebnou doménu Walker A typu s
navazanymi molekulami ligandd. Detailni model 3D struktury byl vytvotren na zakladé
44% analogie se znamou strukturou proteinu fragilni histidinové triady (Lima, D'Amico
et al. 1997). ATP vazebnd doména byla modelovana dle dalSich struktur obsahujicich
Walker A motiv: genu pro cystickou fibrosu CFTR (cystic fibrosis
transmembraneregulator) (Lewis, Zhao et al. 2005), MalK (Diederichs, Diez et al.

2000), transportniho proteinu asociovaného se zpracovanim antigend (TAP1) (Gaudet
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and Wiley 2001), ATP vazebné jednotky histidinové permeasy (HisP) (Hung, Wang et
al. 1998) a bakteriadlni ATP vazebné kazety MJ0796 (Smith, Karpowich et al. 2002).

Model byl vytvoien pomoci programu pro Modeller. Jeho kvalita byla ovéfena
programem ProCheck (Laskowski, Moss et al. 1993). Dle Ramachandranova diagramu
se nachazi 84,8% aminokyselinovych zbytkii v nejvice pfipustnych oblastech, tedy
zaujimaji uspokojivou geometrii. Celkovy g faktor ziskané struktury byl —-0,31.
Hodnoty g faktoru by se mély pohybovat nad hranici —0,5. Struktury, které¢ vykazuji

hodnoty niz8i nez -1,0 vyZaduji dalsi prezkoumani (Laskowski, Moss et al. 1993).

Podatilo se ndm rovnéz predikovat vazbu ligandii ATP a TNP-ATP na C- konec
TRPV1 a tak ptfedpovidat aminokyseliny tvotici ATP-vazebné misto za pouZiti
programu Dock5 (Ewing, Makino et al. 2001). Konecny model C- konce TRPV1
(sekvence aminokyselin Ala 682 — Thr 801) s navdzanou molekulou ATP je znazornén

na obrazku 16.

Na obrazku 17 (a) a (b) je detail modelu v oblasti ATP vazebného mista typu
Walker A snavazanymi molekulami ligandi ATP a TNP-ATP. Na zaklad¢ takto
ziskané struktury se pro vazbu TNP-ATP zd4 byt vyznamny aminokyselinovy zbytek
Asp 737. Tento piedpoklad souhlasi s vySe uvedenymi experimentdln¢ ziskanymi
vysledky (tabulka II). Z obrazku (b) je ziejmé, ze na$ model predpoklada ptfimou tcast
aminokyselinového zbytku Lys 735 na vazbé ATP. y a B fosfait ATP interaguje
s postrannim fetézcem tohoto zbytku. Pfedpokladana vazba Lys 735 je v souladu
s mutagenezni studii, kdy zdménou Lys 735 za alanin doSlo k uplné ztraté¢ vazebnych

schopnosti izolovaného C- konce TRPV1 pro ATP.
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Obr. 16. Molekularni model C- konce TRPV1 (sekvence aminokyselin Ala 682 — Thr 801) s
molekulou ATP. Protein fragilni histidinové triady je ze 40% sekvenéné podobny C- konci TRPV1,
vzhledem k tomu, Ze neobsahuje Walker A motiv, byla oblast ATP vazebné domény modelovana dle
struktur z rodiny bakterialnich ABC transportérii (pdb kody: 1XMJ, 1G29, 1JJ7, 1BOU, 1L2T).
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a

TNP-ATP

Obr. 17. Detail oblasti Walker A ATP vazebného mista. (a) Usek péti aminokyselinovych zbytki
(Pro 732 — Asp 737) s molekulami TNP-ATP a ATP (b). Pfedpokladané vazebné interakce jsou
znazornény prerusovanou carou.
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5.1.7 Diskuse k praci I.

V této praci jsme sledovali vazebné schopnosti Walker A motivu lokalizovaném na
C- konci TRPV1 pro ATP. Pro ur¢eni vyznamnych aminokyselinovych zbytka v oblasti
Walker A motivu jsme pouzili kombinaci molekularné biologickych metod,

fluorescencni spektroskopie a molekularniho modelovani.

Dtive publikovany model C— konce TRPV1 (Vlachova, Teisinger et al. 2003) byl
vytvoren na zakladé podobnosti s proteinem fragilni histidinové triady, jehoz struktura
byla neddvno vyteSena krystalograficky (Lima, D'Amico et al. 1997). Tato struktura
vSak neposkytuje trojrozmérné informace o ATP vazebné doméné typu Walker A ktera
byla identifikovana na C- konci TRPVI1, a kterd byla pfedmétem naseho zajmu.
Abychom ziskali realistictéjsi ndhled na oblast vazebného mista pro ATP, pouzili jsme
pro modelovani vazebného mista pro ATP dalsi templatové struktury, dle kterych byl
vytvofen model ATP vazebné domény (obr.16). Metodou predikce vazby ligandl jsme
urc¢ili pravdépodobné vazebné interakce v oblasti Walker motivu A/ATP a Walker
motivu A/TNP-ATP (obr. 17). Provedli jsme kompetitivni vazebnou studii ATP na
fazni protein GST-TRPV1-CT a jeho mutanty. Disociacni konstanta pro GST-TRPV1-
CT WT urcend naSimi experimenty byla pro TNP-ATP 1,01 + 0,16 pM a
5,3 £ 2,1 mM. Hodnota pro ATP se shoduje v ramci experimentdlni chyby s diive
publikovanymi vysledky skupiny Kwak et al. (Kwak, Wang et al. 2000), ktery stanovil
disociani konstantu za pouziti elektrofyziologickych metod (3,3 mM). Mutace
Gly 734 Ala a Asp 736 Ala neovlivnili vazebnou afinitu ani pro jeden ze sledovanych
ligandii. Mirny pokles vazebnych schopnosti pro TNP-ATP byl zaznamenidn u
konstruktu s mutovanym Asp 733 Ala, nicméné tento konstrukt interagoval s ATP
obdobn¢ jako WT. Na zdklad¢ naseho modelu vSak nepiedpokladame piimou tucast
tohoto rezidua na vazbé TNP-ATP. Naproti tomu zcela odliSné chovani jsme
zaznamenali u mutace Lys 735 Ala. Mutace tohoto rezidua zpisobila silnou inhibici
vazby ATP ackoliv si tento konstrukt ponechal schopnost vazat fluorescencni analog
TNP-ATP. Tento jev neni zcela typicky, nicméné byl jiz v minulosti popsan (Lansky,
Kubala et al. 2004). Tyto vysledky poukazuji na rozdilnou pozici adenosin-5-
trifosfatové Casti TNP-ATP a adenosin-5-trifosfatu v oblasti ATP vazebného mista.
Pravdépodobnou pricinou je podil trinitrofenylové ¢asti TNP-ATP, kterd muze stericky

branit pozici sondy ve vazebné kapse. Miizeme se také domnivat, ze se zde vyskytuji
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specifické interakce mezi TNP a proteinem, které jsou vyznamnéjsi nez samotna vazba

adenosin-5-trifosfatu.

Predikci vazby molekuly ATP na homologni model C- konce TRPV1 jsme dospéli
k pfedpokladu, Ze y a P fosfat molekuly ATP interaguje s postrannim fetézcem
aminokyselinového zbytku Lys 735 vzdilenych 2,9 A a 3,0 A (obr 17). Tento
piedpoklad je v souladu s dfive publikovanymi vysledky (Wiese, Hinz et al. 2006),
v této praci bylo poukazano na piimou vazbu ATP prostfednictvim y fosfatu na
postranni fetézec konzervovaného Lys uvnitt Walker A motivu lidského RAD51D

proteinu.

Pro ovéfeni vyznamu tohoto aminokyselinového zbytku jsme provedli znaceni
proteinu fluorescencni sondou FITC a nasledné zhaseni intenzity fluorescence za
pouziti zhaSedla AntiFl. Pfi experimentu jsme vyuzili schopnost isothiokyanatové
skupiny se véazat na Lys aminokyselinové zbytky, které jsou exponované rozpoustédlu.
Vazebna afinita jednotlivych rezidui je ovlivnéna i1 tfadou dalSich faktori jako je
stericka piistupnost, podileni se na jinych vazebnych interakcich (napt. vodikové
mustky) nebo interakce fluoresceinové c¢asti sondy s dal$imi aminokyselinovymi
rezidui v blizkosti Lys. Pomér FITC:protein byl nizsi nez 1:1. Skutecnost, Ze se ndm
podafilo oznacit 1 konstrukt s mutovanym Lys 735 potvrzuje piedpoklad, Ze byl
oznacen vice nez jeden Lys aminokyselinovy zbytek. Pfesto u tohoto konstruktu byla
uc¢innost znaceni snizena témeét dvakrat. Tyto vysledky naznacuji, ze Lys 735 ma
nejvyssi afinitu k FITC a je tedy znacen ptednostné. Jak jiz bylo ukazano v pfedeslych
publikacich, aromaticka c¢ast sondy pravdépodobné zaujima pozici aromatické casti

ATP (Mitchinson, Wilderspin et al. 1982; Linnertz, Lanz et al. 1999).

Hodnota Stern-Volmerovy konstanty Ky, = 0,35 £ 0,03 ml/pg urc¢ena pro TRPVI-CT
WT oznacené FITC bez pifitomnosti ATP naznacuje, Ze tento aminokyselinovy zbytek
neni piimo exponovan rozpoustédlu. ZhaSeci konstanty pro WT a konstrukt
s mutovanym Lys 735 v ptitomnosti ATP a bez ATP poukézaly na n¢kolik zajimavych
skutecnosti. (i) Ky pro WT a konstrukt s mutovanym Lys 735 nabyly rozdilnych
hodnot, coz naznacuje fakt, Ze byly oznafeny rozdilné aminokyselinové zbytky. (ii)
Hodnoty zhéSecich konstant v pfitomnosti ATP a bez ATP u konstruktu s mutovanym
Lys 735 byly totozné¢, mizeme se tedy domnivat, ze ATP neinteraguje s timto
konstruktem. (ii1) Naproti tomu jsme detekovali rozdilné hodnoty Ky, u WT s ATP a
WT bez ATP. (iv) Rozdilné hodnoty pro Stern-Volmerovy zhaSeci konstanty pro WT a
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Lys 735 mutaci potvrzuji, Ze u obou konstrukti byly oznafeny rozdilné
aminokyselinové zbytky. Je velmi pravdépodobné, ze vazba ATP na C- konec TRPV1
indukuje urcité konformacni zmény, které zabranuji oznaceni Lys rezidui, které byly
oznacené na mutovaném konstruktu (Lys 735 Ala), naproti tomu zde mohou byt

exponovany jiné aminokyselinové zbytky.

Bylo potvrzeno, Ze vazba ATP na WT TRPV1-CT inhibovala znaceni Lys 735. Dale
jsme prokazali konformacni zmény WT TRPVI-CT indukované vazbou ATP, které
vSak nebyly detekovany na konstruktu s mutovanym Lys 735. Tyto vysledky potvrzuji
poznatky ziskané TNP-ATP kompetitivni studii, kdy mutace Lys 735 zcela inhibovala
vazbu ATP.

Konstrukty s bodovymi mutacemi Pro 732 Ala a Asp 737 Ala pozbyly zcela
vazebnou schopnost pro TNP-ATP, nebylo tedy mozné kompetitivni studii stanovit
disocia¢ni konstanty pro ATP (viz. tabulky I. a II.). Vzhledem k tomu, ze ATP a TNP-
ATP zaujimd odliSnou pozici v oblasti ATP vazebného mista, je vzdalenost
Meissenheimerova komplexu molekuly TNP-ATP od Asp 737 pouze 0,2 nm. Mizeme
tedy dle naseho modelu ptfedpokladat existenci vodikové vazby mezi hydroxylovou
skupinou Asp 737 a adeninovou ¢asti TNP-ATP (obr 17). Na§ model vSak nenaznacuje
vyznam tohoto rezidua pro vazbu ATP, nicméné tento piedpoklad nebylo mozné ovéfit
experimentalné diky jiz vySe zminované ztraté¢ vazebnych schopnosti pro fluorescen¢ni

analog TNP-ATP.

Obdobné bodova mutace Pro 732 Ala inhibovala vazbu TNP-ATP, avSak v tomto
ptipadé prepoklddame spise celkovou konformacni zménu v oblasti ATP vazebného
mista. Vzhledem k pomérné znacné vzdalenosti (1,1 nm) od molekuly ATP se tento
aminokyselinovy zbytek miize na vazbé podilet pouze nepiimo tim ze zajistuje

nalezitou konformaci ATP vazebné oblasti.

V dtive publikovanych studiich byly popsany n - © interakce mezi adeninovou casti
ATP a aromatickymi aminokyselinovymi zbytky ABC transportéri (Ambudkar, Kim et
al. 2006). Homologni model C- konce TRPV1 vSak neukazuje zaddné orientované
aromatické fetézce, které by mohly na této vazb& podilet. Dle modelu muiZeme

predpokladat, Ze se vazby €astni pouze fosfatova ¢ast molekuly ATP.

Za pouziti n¢kolika vySe uvedenych metod jsme prokézali, ze Lys 735 lokalizovany

uvnitt Walker A motivu na C- konci TRPV1 se vyznamné podili na vazbé¢ ATP.

64



Predikce vazby ATP do oblasti ATP vazebného mista na homolognim modelu C- konce
TRPV1 ukézala ptimou interakci Lys 735 a y fosfatu ATP. Obdobné vysledky byly
publikovany 1 pro dalsi struktury nesouci Walker A motiv (Story, Weber et al. 1992;
Wiese, Hinz et al. 2006). Byly identifikovany 1 dva aminokyselinové zbytky: Pro 732 a
Asp 737, které jsou nezbytné pro vazbu TNP-ATP. Jak vazebné experimenty
s fluorescencni sondou TNP-ATP tak i molekularni modelovani naznacuji, ze molekuly
obou ligandi (TNP-ATP, ATP) nezaujimaji totoZnou pozici v oblasti ATP vazebného
mista Walker A typu na C- konci TRPV1.

5.2 lontové interakce hraji klicovou roli pri vazbé C- konce
TRPV1 na kalmodulin

TRPV1 je neselektivni kationtovy kanal umoznujici vstup jednomocnym kationtim a
n&kterym dvojmocnym kationtim (Ca”*, Mg®") do buiiky. Jak jiZ bylo zminéno vyse,
kalciové kationty se podileji na procesu desenzitizace receptoru TRPV1, a to predevSim

na jeji rychlé kalcium dependentni komponenté (Caterina, Schumacher et al. 1997).

Kalmodulin (CaM) je ubikvitarni kalcium véazajici protein, ktery se ucastni fady
fyziologicky vyznamnych procest. V souvislosti s regulaci aktivity zavislé na vapniku
byla popsdna jeho interakce i1 s ne€kterymi ¢leny TRP rodiny iontovych kanalt
(Rosenbaum, Gordon-Shaag et al. 2004; Zhu 2005). U fady ¢lent byla identifikovana
na obou cytoplazmatickych koncich mnohocetnd vazebnd mista pro tento protein
(CaM-BD), ktera vykazuji rozdilné chovani v zavislosti na ptitomnosti vapniku (Zhu
2005). Kalmodulin vazebnd doména na N- konci TRPV1 byla lokalizovdna v oblasti
ankyrinovych domén (Rosenbaum, Gordon-Shaag et al. 2004). V této praci jsme se
zabyvali detailnim popisem sekvence vazebného motivu pro kalmodulin na C- konci

TRPVI.

Iontové kanaly nesouci vazebné domény pro kalmodulin nevykazuji Zadnou
sekvenéni homologii, pfesto sdileji urcité spole¢né strukturni rysy. Zakladnim
spoleénym znakem je pfitomnost hydrofobnich aminokyselinovych zbytkd, které
zaujimaji konzervované pozice. Pozice hydrofobnich rezidui se stala klicovou pro

vytvoieni nomenklatury, dle které je mozné rozdéleni CaM-BD do skupin obsahujicich
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definované¢ kalmodulin vazebné motivy. Dal§im typickym znakem je mnoZstvi
bazickych aminokyselinovych zbytkl, které obklopuji konzervované hydrofobni

rezidua (Vetter and Leclerc 2003).

Piestoze Numazaki et al. (Numazaki, Tominaga et al. 2003) popsal 35 aminokyselin
dlouhy fragment C- konce TRPV1 (767-801) a jeho kalcium dependentni interakci
s kalmodulinem, nebyl zde identifikovan zadny z jiz popsanych kalmodulin vazebnych
motivi. Tento ne zcela typicky motiv nejlépe koresponduje s takzvanym 1-8-14
motivem, a to na pozici 1 a 14 (dle Calmodulin Target Database

http://calcium.uhnres.utoronto.ca/ctdb/ctdb/home.html).

Nasim cilem bylo detailni studium atypického vazebného motivu pro kalmodulin.
Sledovali jsme tedy vyznam vSech hydrofobnich a bazickych aminokyselinovych
zbytkil v této oblasti. Bylo vytvofeno devét bodovych mutaci v oblasti kalmodulin
vazebného motivu na C- konci TRPV1 (Val 769 Ala, Arg 771 Ala, Leu 777 Ala,
Arg 778 Ala, Arg 781 Ala, Val 782Ala, Arg 785 Ala, Lys 788 Ala, and Arg 797 Ala) a
sledovan jejich vliv na vazbu kalmodulinu na izolovany C- konec TRPV 1-thioredoxin

fazni protein.

5.2.1 Priprava rozpustného fuzniho proteinu C-konce TRPV1

Pii predchozich experimentech pro stanoveni vazby ATP jsme exprimovali TRPV1 —
CT (aminokyselinova sekvence Val 686- Lys837) jako fuzni protein s glutathion S-
transferasou (Grycova, Lansky et al. 2007). Abychom docilili dostatecné vytézky a
vy$$i rozpustnost proteinu, exprimovali jsme izolovany C- konec TRPV1 jako fizni
protein s thioredoxinem na N- konci a s N- a C- termindlni histidinovou kotvou.
VSechny exprimované konstrukty byly rozpustné a =ziskali jsme dostateCnou
koncentraci a mnozstvi pro provedeni spektroskopickych experimenti. Vzhledem
k tomu, Ze izolovany C- konec TRPVI1 ma silné tendence agregovat bylo nemozné
thioredoxin S§tépit. Z tohoto divodu byly provedeny niZze uvedené spektroskopické
experimenty scelym fiznim proteinem. Méfenim cirkularniho  dichroismu
thioredoxin—TRPV1-CT flazniho proteinu jsme potvrdili teoreticky predikovanou
sekundarni strukturu zaloZenou na analyze primarni sekvence (26% B-list, 37% o-

helix), coz naznacuje, Ze protein byl v nativnim stavu.
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5.2.2 Vazba kalmodulinu na C- konec TRPV1

Pro ziskani bliz§ich poznatkl o atypickém kalmodulin vazebném motivu pfitomném
na C- konci TRPVI jsme provedli bodové mutace vSech bazickych a klicovych
hydrofobnich aminokyselinovych zbytkl v této oblasti. Metodou méfeni anisotropie
fluorescence byl sledovan vliv téchto aminokyselinovych zbytkli na vazbu izolovaného
C- konce TRPVI1 a kalmodulinu. Vzrastajici mnozstvi fuzniho proteinu TRPVI1-CT

bylo titrovano do kyvety s fluorescencné ozna¢enym kalmodulinem.

Kompeti¢ni experimenty potvrdily, Ze kalmodulin oznaceny fluorescen¢ni sondou
Alexa Fluor 488 si ponechavd stejnou afinitu k TRPV1 — CT jako neoznaceny
kalmodulin. Hodnota této disocia¢ni konstanty Kp pro WT byla 1.5 + 0.4 uM. Vazba
TRPV1-CT/kalmodulin je kalcium dependentni, nedochazelo tedy k interakci
v nepfitomnosti Ca>". K obdobnym zavérim dospél ve své praci i Numazaki et al.

(Numazaki, Tominaga et al. 2003).

V této praci jsme tedy sledovali vliv deviti bodovych mutaci na vazbu izolovaného
C- konce TRPV1 a kalmodulinu. Hodnoty disocia¢nich konstant jednotlivych

konstruktli s témito bodovymi mutacemi jsou uvedeny v tabulce V.
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Tabulka V. Stanovené disocia¢ni konstanty pro vazbu TRPV1-CT a Alexa-CaM

Konstrukt Disociacni konstanty [uM]
WT 1.5+ 04
R781 0.8+ 0.2
R778 1.5+ 0.3
L777 2.3+ 0.5
K788 3.0+ 0.5
R785 29.5+ 5.8
R771 103+ 1.6
R797 0.0+ 1.7
V782 1.5+ 0.2
V769 3.9+ 0.9

Z hodnot namétenych disociacnich konstant Kp je zfejmé, ze bodové mutace
Leu 777 Ala, Arg 778 Ala, Arg 781 Ala a Val 782 Ala neovlivnily v réamci
experimentalni chyby afinitu C- konce TRPV1 ke kalmodulinu. Naproti tomu
konstrukty s mutovanymi rezidui Val 769 Ala, Arg 771 Ala, Arg 785 Ala, Lys 788 Ala
a Arg 797 Ala vykazovali signifikantné vyss$i disociani konstanty. Lze tedy
piedpokladat, ze tyto aminokyselinové zbytky se pfimo Ucastni vazby na kalmodulin.
Arg 785 hraje v této interakci vyznamnou roli. U konstruktu s mutovanym Arg 785 Ala

jsme zaznamenali nejvyssi efekt na pokles vazebné afinity (obr. 18).
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Obr. 18. Titra¢ni kfivky méfeni fluorescenéni anisotropie, ukazuji vliv mutace Arg 785 Ala C- konce

TRPV1 na vazbu Alexa-kalmodulin (&) v porovnani s WT (®).

Pro ovéfeni moznych zmén sekunddrni struktury fazniho  proteinu
thioredoxin—TRPV1-CT v souvislosti s vazbou na kalmodulinu, bylo provedeno méteni
cirkularniho dichroismu (CD). Porovnanim CD spekter Cistého fuzniho proteinu se
spektry thioredoxin - TRPV1 — CT a kalmodulinu v molarnim poméru 1:1 nebyly
potvrzeny zadné zmény sekundarni struktury v souvislosti s vazbou kalmodulinu na

C- konec TRPV1 (obr. 19).
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Obr. 19. CD spektra purifikovaného rekombinantniho proteinu thioredoxin—TRPV1-CT (modra),

kalmodulinu (zelend) a thioredoxin—TRPV1-CT s kalmodulinem v molarnim pomeéru 1:1 (Cervend).

5.2.3 Molekularni model C- konce TRPV1 v komplexu

s kalmodulinem

Pro ziskdni ndhledu vySe popsanych interakci kalmodulin vazebného motivu
C- konce TRPVI a Ca*- kalmodulinu ze strukturniho hlediska, jsme vytvofili
homologni poc¢itacovy model (obr. 20). Model vazebného motivu pro kalmodulin na C-

konci TRPV1 byl vytvoien na zédklad€ podobnosti se strukturou kinasy lehkého fetézce
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myosinu (myosin light chain kinase - MLCK) (Ikura, Clore et al. 1992) nesouci 1-8-14

konzervovany motiv, ktera vykazovala nejvyssi sekven¢ni homologii.

Obr. 20. Homologni pocitacovy model kalmodulin vazebného motivu C- konce TRPV1 (fialova)

v komplexu s kalmodulinem. Kalciové ionty jsou zobrazeny zluté, kalmodulin zelené.

Typickym rysem vazebné domény pro kalmodulin je o helikalni sekundarni
struktura, kterd byla identifikovdna u mnoZstvi jiz vyteSenych struktur (Rhoads and
Friedberg 1997). Dle naseho modelu zaujima kalmodulin vazebny motiv C- konce

TRPV1 také a helikalni topologii.

M¢tenim anizotropie jsme identifikovali nékolik aminokyselinovych zbytka, které se
ucastni vazebnych interakci. Na§ homologni model naznacuje, Ze v ptipadé bazickych
rezidui Arg 771, Arg 785 a Lys 788 (obr. 23, 21, 24) jde o interakce s negativné
nabitymi aminokyselinovymi zbytky kalmodulinu, konkrétné Glu 127, Glu 84, Glu 47.
Pravdépodobné pro vazbu klicové jsou van der Wallsovy interakce Arg 785 s Glu 84
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(obr. 21). V blizkém okoli Arg 797 se dle naSeho modelu nachazeji dva klastry
kyselych rezidui kalmodulinu. Vzhledem k velké dynamice této smycky je spekulativni
urcit jeji presnou polohu. Arg 797 mlze interagovat s Glu 50, Glu 54, Asp 78 (obr. 22).
V piipadé¢ Arg 771 miZzeme predpokladat vodikové vazby s Glu 14 a Serll
(kalmodulin) (obr. 23).

Dal$i aminokyselinovy zbytek jehoZ mutace signifikantné inhibovala vazbu
izolovaného C- konce TRPV1 na kalmodulin byl hydrofobni Val 769. Na§ homologni
pocitacovy model predikuje jeho interakci s Phe 92 (kalmodulin).

Mutace rezidui Arg 778 and Arg 781 neovlivnila vazbu TRPV1-CT na kalmodulin,
coz je v souladu s naSim modelem, ktery nepiedpokladd zadné specifické poléarni

interakce s kalmodulinem.

Na zéklad¢ téchto poznatkl se zda velice pravdépodobné, Ze kalmodulin interaguje
s izolovanym C- koncem TRPV1 obdobnym zptsobem jako bylo popsano napiiklad
v ptipadé¢ MLCK. Tento protein vazajici kalmodulin jsme pouzili jako templat pro
homologni modelovani. Nicméné v ptipadé TRPV1 hraji vyznamnégjsi roli polarni

interakce nez hydrofobni.
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Obr. 21. Pravdépodobné pro vazbu C- konce TRPV1 (fialovd) na kalmodulinu (zelend) klicové

van der Waalsovy interakce Arg 785 s Glu 84 jsou vyznaceny pferusovanou ¢arou.

S
N TRPV1-CT “
CAM L)

Obr. 22. Predpokladané interakce C- konce TRPV1 (fialova) s kalmodulinem (zelend). V blizkém
okoli Arg 797 se dle naseho modelu nachazeji dva klastry kyselych rezidui kalmodulinu. Vzhledem

k velké dynamice této smycky je spekulativni urcit jeji pfesnou polohu. Arg 797 muze interagovat s Glu
50, Glu 54, Asp 78.
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Obr. 23. Pfedpokladané interakce C- konce TRPV1 (fialova) s kalmodulinem (zelend). Arg 771
pravdépodobné muze vytvaiet vodikové vazby s Glu 14 a Ser11 (kalmodulin).
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Obr. 24. Predpokladané interakce C- konce TRPV1 (fialova) s kalmodulinem (zelend).
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5.2.4 Diskuse k praci Il.

Jak bylo jiz zminéno, kalmodulin hraje vyznamnou roli v regulaci fady iontovych
kanal vcetneé ¢lentt TRP rodiny (Zhu 2005). V souvislosti s vazbou kalciovych ionta
podléha kalmodulin rozsahlym konforma¢nim zménam (Fallon and Quiocho 2003).
Diky své velké konformacni flexibilit¢ muze kalmodulin interagovat s tadou
fyziologicky vyznamnych proteint, které nesou vazebné misto pro kalmodulin, jako

jsou naptiklad ¢lenové TRP rodiny iontovych kanalt (Zhu 2005).

Na zaklad¢é porovnavani sekvenci kalmodulin vazebnym mist bylo identifikovano
nékolik kalmodulin vazebnych motivii jako jsou 1Q motiv, 1-5-10, 1-8-14 al-16
(klasifikace byla pfevzata z Calmodulin Target Database
http://calcium.uhnres.utoronto.ca/ctdb/ctdb/home.html).

Ptestoze bylo publikovano, Zze 35 aminokyselin dlouhy usek C- konce TRPVI se
miZe vazat na kalmodulin, nebyl zde nalezen zadny z klasickych vazebnych motivii pro

kalmodulin, ktery by se na této interakci podilel (Numazaki, Tominaga et al. 2003).

Cilem této prace bylo detailné¢ prozkoumat ne zcela klasicky vazebny motiv pro
kalmodulin na C- konci TRPV1 a nalézt aminokyselinové zbytky, které se piimo
ucastni vazby na kalmodulin. Za timto ucelem jsme provedli devét bodovych mutaci
z oblasti kalmodulin vazebného mista a na C- konci TRPV1. Nejvétsi pokles vazebné
afinity jsme zaznamenali pfi mutaci Arg 785 na Ala. Je tedy ziejmé, Ze tento
aminokyselinovy zbytek hraje v interakci kalmodulinu a C- konce TRPV1 velmi

vyznamnou roli.

Vazba C- konce TRPVI1 na kalmodulin byla sledovdna detekci anizotropie
fluorescence. Pro tyto experimenty byl pouzit kalmodulin oznafeny fluorescencni

sondou Alexa Fluor 488.

Z deviti sledovanych konstruktl jich pét vykazovalo signifikantné niz8i afinitu ke
kalmodulinu (tabulka V). Ve ctytfech ptipadech se jednalo o mutaci pozitivné nabitého
aminokyselinového zbytku za Ala. Pouze jeden konstrukt s vySsi disociaéni konstantou
byl ziskdn mutaci hydrofobni aminokyselinového zbytku. Zbyvajici Ctyfi konstrukty

nevykazovali v ramci experimentalni chyby Zddné zmény v chovani vii¢i kalmodulinu.
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Porovnanim kalmodulin vazebného motivu na C- konci TRPV1 s kalmodulin
vazebnymi motivy proteinli s vyfeSenou strukturou, jsme nalezli urcitou podobnost
s proteinem interagujicim s kalmodulinem, kinasou lehkého fetézce myosinu (MLCK).
V aminokyselinové sekvenci MLCK byl detekovan jeden z klasickych kalmodulin
vazebnych motivli 1-8-14 (Ikura, Barbato et al. 1992). Tento motiv vykazuje uréitou
podobnost, neni vSak zcela identicky. Na pozici 8 kde MLCK nese hydrofobni
aminokyselinovy zbytek je v piipad¢ vazebného motivu pro kalmodulin u TRPV1
nahrazen polarnim residuem (Ser 776). Na zakladé této podobnosti jsme vytvofili
homologni pocitacovy model kalmodulin vazebného motivu C- konce TRPV1

v komplexu s kalmodulinem v konformaci po navazani kalciovych kationta (Obr. 20).

Tento homologni pocitatovy model kalmodulin vazebného motivu lokalizovaného na
C- konci TRPVI1 dobfe koreluje s vysledky mutageneznich a fluorescencnich
experimenti. Ctyfi z péti aminokyselinovych zbytki, které se jevily jako esencialni pro
vazbu izolovaného C- konce TRPVI1 na kalmodulin se uc€astni iontovych C¢i
hydrofobnich vazebnych interakci predikovanych pocitacovym modelem. Zatimco
rezidua, jejichz mutace ovlivnila vazbu C- konce TRPV1 na kalmodulin, se
nevyskytovala v blizkosti zaddnych vazebnych partneri v modelu komplexu

TRPV1- CT/kalmodulin.

MiuizZeme se tedy domnivat, ze kalmodulin vazebny motiv na C- konci TRPV1
vykazuje obdobné vazebné interakce jako jiz vykrystalizované struktury nesouci
kalmodulin vazebny motiv (napfiklad kalmodulin vazebny motiv na MLCK). Jednim
ztéchto typickych ryst je o helikdlni struktura vézajici se do centrdlni kavity
kalmodulinu, ktera byla vytvofena zménou konformace kalmodulinu v zavislosti na
vazbé kalciovych iontl. Rozdilnym znakem vSak zlstava ptevazujici vyznam polarnich
interakci naproti dominantni roli hydrofobni vazby v pfipadé vazby kalmodulin

vazebného motivu MLCK.
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6. ZAVER

Intracelularni oblast C- konce receptoru se vyznamné podili na pfenosu signali,
otevirani kanalu, protein-proteinovych interakci a ptrenosu téchto molekul. Detailni
poznatky o uspofaddni tercidrni struktury této oblasti je vyznamné pro piesné

pochopeni funkce iontového kanalu.

Prokazali jsme, ze na C- konci TRPVI1 receptoru je lokalizovano pouze jedno
vazebné misto pro ATP. Molekula ATP interaguje s ATP vazebnou doménou Walker
A typu. Na této vazbé se vyznamné podili Lys 735, jehoz mutace tuto vazbu zcela

inhibovala. Molekula ATP se vazby castni pouze svoji fosfatovou Casti.

Charakterizovali jsme 35 aminokyselin dlouhy segment C- konce TRPV1 receptoru
interagujici s kalmodulinem. Tato oblast zaujimd a helikalni sekundarni strukturu a

v souvislosti s vazbou nedochazi ke zménam konformace.

Identifikovali jsme atypicky kalmodulin vazebny motiv. Klicovou roli pii vazbé
kalmodulinu hraji iontové interakce. Mutace Arg 785 za Ala zpusobila uplnou ztratu
vazebnych schopnosti pro kalmodulin. Byla oznacena 1 dalsi rezidua kterd se na vazbé
podileji, mezi n€ patii Arg 771, Arg 797 a Lys 788. Pfestoze hydrofobni rezidua jsou u
fady konsensudlné stanovenych motivll povazovana za kliCova, piekvapivé pouze
jediny hydrofobni aminokyselinovy zbytek se ucastni vazby C- konce TRPVI1 na

kalmodulin.
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Abstract

Transient receptor potential channel vanilloid receptor subunit 1 (TRPV1) is a thermosensitive cation channel activated by noxious
heat as well as a wide range of chemical stimuli. Although ATP by itself does not directly activate TRPV1, it was shown that intracellular
ATP increases its activity by directly interacting with the Walker A motif residing on the C-terminus of TRPV1. In order to identify the
amino acid residues that are essential for the binding of ATP to the TRPV1 channel, we performed the following point mutations of the
Walker A motif: P732A, D733A, G734A, K735A, D736A, and D737A. Employing bulk fluorescence measurements, namely a TNP-ATP
competition assay and FITC labelling and quenching experiments, we identified the key role of the K735 residue in the binding of the
nucleotide. Experimental data was interpreted according to our molecular modelling simulations.

© 2007 Elsevier Inc. All rights reserved.
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Transient receptor potential channel vanilloid receptor
subunit 1 (TRPV1) is a non-selective cation channel, with
a preference for Ca®>" and Mg®" [1], responsible for heat
and chemically evoked pain response. TRPVI1, together
with more than 30 homologous channels, belongs to the
TRP channel family that can be divided into seven subfam-
ilies [1]. TRPV1 is predicted to be composed of six trans-
membrane segments, a hydrophobic section that lines the
pore region between the fifth and sixth transmembrane
domains and the intracellular C- and N-terminus. The
cytosolic N-terminus [2] contains a Walker B type ATP
binding site [3], three ankyrin domains that are known
for their ability to interact with calmodulin [4-6], and phos-
phorylation sites for protein kinase A. A Walker A
type ATP binding site [3], calmodulin binding site,
phosphorylation site for protein kinase C [7] and phosphat-
ydylinositol-4,5-biphosphate binding sites are localized to
the intracellular C-terminus. [4,6] It has been reported that

* Corresponding author. Fax: +420 241062249.
E-mail address: teisingr@biomed.cas.cz (J. Teisinger).

0003-9861/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.abb.2007.06.035

this monomeric subunit probably associates to form a tet-
rameric structure with a central hydrophilic pore [8,9].
TRPVI is a thermosensitive ion channel activated by
noxious heat (>43 °C) [2,10], low pH (<5.4) and a wide
range of other chemical stimuli like capsaicin [2] and its
analogs (resiniferatoxin), 12-hydroperoxyeicosatetraenooic
acid [11], N-arachidonyl dopamine [12,13], anandamide
[14] and other arachidonic acid metabolites. There are
other stimuli that could play a role in the modulation of
TRPVI ion channel activity. Kwak et al. [3] described the
electrophysiological properties of isolated inside-out mem-
brane patches, isolated from sensory neurons, after subse-
quent additions of capsaicin and ATP. Although ATP by
itself does not seem to function as a direct activator, intra-
cellular ATP increases TRPV1 currents [4] by direct inter-
action with the nucleotide-binding domains, designated the
Walker A and Walker B motifs that are homologous to
other ATP binding proteins [15-19]. Walker A motif is a
conserved glycine-rich sequence of amino acid residues that
is known for its ability to bind to ATP [20]. Several varia-
tions of this sequence with a constant lysine residue have
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been reported: GXXGXGK [20], GXXXXGK [21],
GXXGXXK [22]. This particular lysine residue, located in
the Walker A motif of ABC transporters, was described
as a crucial residue for ATP binding due to its interaction
with the y-phosphate of the nucleotide [24,25].

In this study, we tested the ability of the Walker A motif
located on the isolated C-terminus of TRPVI to bind to
ATP. In order to identify the amino acid residues from
the Walker A motif that are essential for binding to
ATP, site-directed mutagenesis of the following residues
was performed: P732A, D733A, G734A, K735A, D736A,
and D737A. The ability of these constructs to bind to
ATP was tested using a TNP-ATP fluorescence assay
[26]. Furthermore, a FITC labelling and quenching assay
was employed to verify the results obtained from the
TNP-ATP study. A three-dimensional model of the C-ter-
minus of TRPVI1 with bound ATP was built using a
restraint-based molecular modelling method and all exper-
imental results were compared with this molecular model
and interpreted accordingly.

Materials and methods

Fusion protein expression and purification

Chemicals were obtained from Sigma—Aldrich. TNP-ATP and FITC
were obtained from Molecular Probes, Invitrogen (Eugene, OR). Pfu-
Polymerase, and the deoxyribonucleotide mix were from Stratagene (La
Jolla, CA). The restriction endonucleases BamHI and EcoRI were from
Fermentas, as was DPNI. Glutathion Sepharose 4B was from Amersham
Biosciences (Freiburg, Germany). Escherichia coli BL21DE3 cells and
JM109 competent cells were from Promega. DNA sequencing was per-
formed on an ABI Prism automated sequencer at the facility of the
Academy of Sciences of the Czech Republic.

The sequence of rat C—tail TRPV1 DNA (amino acids 686-838)
subcloned into the pGEX-4T expression vector was used as a template for
introducing mutations by PCR. Six point mutations were performed on
the wild-type (WT) DNA, namely P732A, D733A, G734A, K735A,
D736A, and D737A. Mutagenesis PCRs were performed using PfuUltra
High-fidelity DNA Polymerase (Stratagene). All constructs were verified
by DNA sequencing.

C-terminus TRPV1 DNA and all its mutations were transformed into
BL21 E. coli bacteria and cultured at 37°C to an OD(eponm) of 0.8.
Induction was carried out with 0.5 mM IPTG (isopropyl B-p-thiogalac-
toside) for 20 h at room temperature. Cells were centrifugated, resus-
pended (with PBS, 0.5M NaCl, 10mM DTT, 1mM EDTA, 0.05%
Triton-X100), disrupted by sonication and the homogenate was again
centrifugated. To avoid impurities, a two-step purification protocol was
performed. Affinity chromatography was done according to the manu-
facturer’s standard protocol for glutathione Sepharose 4B (Amesham
Biosciences). The sample was eluted with 10 mM reduced glutathione
(Sigma) pH 8.0 and subsequently dialysed overnight vs. 20 mM Tris-HCI,
pH 7.5, 0.5M NaCl, | mM EDTA, and 10 mM DTT, 10% Glycerol.
Protein concentration using Millipore columns was followed by gel
chromatography. The purity was verified using 12% SDS-PAGE. Con-
centrations were estimated by absorbance measurements at 280 nm.

TNP-ATP binding assay

The fluorescence emission spectrum of TNP-ATP (2',3’-0-(2,4,6-trini-
trophenyl)adenosine 5’-triphosphate), a fluorescent analogue of ATP, is
dependent on the polarity of its micro-environment [27]. Binding the probe
to a hydrophobic protein binding site can therefore be detected as an

increase in the fluorescence intensity [28]. The probe binding assay was
performed by subsequent additions of TNP-ATP to pure buffer and
protein solutions.

TNP-ATP was dissolved and stored as a 50 uM stock solution.
Titration was performed in 10 consecutive steps; a volume of 0.5 pul was
added in each step for all constructs (i.e. WT, P732A, D733A, G734A,
K735A, D736A, and D737A). Fluorescence intensity was measured with
a FluoroMax-2 (Jobin Yvon/Spex) steady-state fluorometer in 50 pl
quartz cuvettes. The excitation and emission wavelengths were 462 and
527 nm, excitation and emission band passes were 10nm and the
integration time was 5s. Samples were diluted to 2 uM in 20 mM Tris—
HCI, 500 mM NaCl, pH 7.5 for Kp assessment experiments and 24 pM
for assessments of 7.

Assessment of the TNP-ATP dissociation constant

The signal of the free buffer and protein (if present) was recorded
before the addition of the fluorescent probe and was subtracted as the
background. Corrections for protein and probe dilution were performed
and the fluorescence intensity was normalized; the signal of 1 uM TNP-
ATP was set to unity. As has already been shown, there is only a single
ATP binding site on the C-terminus of TRPV1 [3]. The dependence of the
normalized fluorescence intensity on the total concentration of TNP-ATP
was therefore fitted to the following equation describing single-site binding
[29].

F={Ply+ 75+ (Pl + Ly + Ko (Pl + Ly + Ke)” — 4Pl [EL )
m

where F is the normalized fluorescence intensity, [P]y is the concentration
of TNP-ATP, [E]r is the concentration of the protein, y is the fluorescence
intensity enhancement factor of the bound probe relative to the free probe,
and Kp is the dissociation constant. The factor y was estimated to be
3.5+ 1.1 using the approach described in [30]. The value of Kp was esti-
mated by a nonlinear least-squares regression. All parameters except Kp
were kept constant during the fitting procedure. As shown previously,
the effect of a single point mutation in the binding site on the estimation
of the y parameter can be neglected, because even a large error in the esti-
mation of y parameter would only moderately influence the dissociation
constant for ATP binding [31-33]. Hence, we considered the factor y to
be constant in our experiments.

ATP binding assay

As has already been shown [29], the bulkier TNP-ATP molecule may
not bind to the ATP binding site in the same way as the pure ATP mol-
ecule. Therefore dissociation constants for TNP-ATP, in general, do not
reflect the ability of a protein to bind to ATP, and ATP dissociation
constants also need to be assessed. A competition assay between TNP-
ATP and ATP was employed for the estimation of ATP dissociation
constants. Competition between these two reagents resulted in a lower rate
of binding of TNP-ATP to the protein and a decrease in fluorescence
intensity. The experimental procedure was the same as for the estimation
of TNP-ATP dissociation constants, except for the presence of 20 mM
ATP in the measurement buffer. The pH was adjusted to 7.5 after the
addition of ATP.

Assessment of the ATP dissociation constant

The signal of the free buffer (containing ATP) and protein (if present)
was recorded and subtracted as the background. Corrections for protein
and probe dilution were performed and the fluorescence intensity was
normalized as described above. The dependence of the normalized fluo-
rescence intensity on the total concentration of TNP-ATP was fitted to the
following equation, describing the competition of two ligands for the same
binding site [31]:



L. Grycova et al. | Archives of Biochemistry and Biophysics 465 (2007) 389-398 391

y—1

F=[P+15

([P]T B+ Ko+ (Al

—\/ (1Pl -+ Bl + K+ 41 ) —4[P1T[E]T) @

where [A}r represents the concentration of ATP and K is the dissociation
constant for ATP. The TNP-ATP dissociation constant, Kp, was obtained
as described above. K was estimated by a nonlinear least-squares regres-
sion. All parameters except K5 were kept constant during the fitting
procedure.

FITC labelling

Both the wild-type (WT) and K735A construct (4.5 uM), with or
without 20 mM ATP, were incubated with 10 uM FITC (fluorescein-5-
isothiocyanate) in a solution containing 20 mM Tris—HCI, 500 mM NacCl,
pH 7.5 for 1 h in the dark at 6 °C. Residual FITC was removed by dialysis
overnight against a large excess of 20 mM Tris—-HCI, 500 mM NacCl, pH
7.5. Steady-state fluorescence spectra were measured at room temperature
(22 °C) using a FluoroMax-2 (Jobin Yvon/Spex) steady-state fluorometer,
in 50 pl quartz cuvettes. The excitation and emission wavelengths were set
to 480 and 520 nm, respectively. Both the excitation and emission band
passes were 5nm, and the integration time was 0.5s. Fluorescence
intensities were normalized so that the mean fluorescence intensity of the
sample without ATP was set to unity. The influence of ATP on FITC
binding was assessed from FITC-labelled C-terminus emission spectra.

FITC quenching

FITC was quenched with anti-fluorescein (AntiFl). AntiFl quenching
experiments were performed in four different setups i.e. WT and K735A,
both with and without ATP. FITC-labelled protein samples were titrated
with the quencher, the fluorescence intensity was detected and corrected
for the probe dilution. The fluorescence intensity was measured at room
temperature (22 °C) using a FluoroMax-2 (Jobin Yvon/Spex) steady-state
fluorometer, in 50 pul quartz cuvettes. The excitation and emission wave-
lengths were set to 480 and 520 nm, respectively. Both the excitation and
emission band passes were 5 nm, and the integration time was 0.5 s. The
quenching of FITC was evaluated using the Stern—Volmer formula [34]:

B o1 kalQ) G)

where Fj, and F are the fluorescence intensities in the absence and presence
of the quencher, respectively, Ksy is the Stern—Volmer quenching constant
and [Q] is the concentration of the quencher. A linear function was fitted
to the Stern—Volmer plot and the quenching constant was estimated using
the least squares method [34].

FITC fluorescence decay measurement

Time-resolved analysis of the FITC fluorophor attached to the wild-
type (WT) or K735A mutant (both labelled either in the presence or
absence of ATP) was performed in order to characterize the nature of the
AntiFluorescein quenching mechanism. Decay of FITC fluorescence
(3 uM FITC concentration) was estimated using the time-correlated sin-
gle-photon counting (TCSPS) method. Data were acquired on fluorometer
PicoHarp300 (PicoQuant GmbH, Germany) using the pulsed laser diode
centered around 445 nm as a source of excitation light. The repetition
frequency was set to 10 MHz, the emitted photons were collected under
magic angle and the emission wavelength was set to 520 nm with § nm
bandpass. The instrument response function (IRF) was estimated by
scatterer and setting the monochromator to 445 nm. The FWHM of the
IRF was found to be 0.224 ns. Fluorescence decay data were sampled with
the count-rate <1.10° count/s, the data for IRF with count-rate

<2.10% counts/s to eliminate the pile-up effect. Each histogram was
acquired for 180 s at 295 K (bath controlled).

FITC fluorescence decay analysis

The measured data were fitted using the commercial software FluoFit
Pro (PicoQuant GmbH, Germany) to the common multiexponentional
scheme with reconvolution:

t n ,
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The goodness of fit was evaluated by the reduced 3> parameter and
also by visual inspection of the residuals distribution. Accuracy of the
fitted parameters was evaluated by the support plane analysis (built-in
modul of the FluoFit Pro), using 95% probability level.

Molecular modelling

A molecular model of the C-terminus of TRPV1 was generated using
the restraint-based homology modelling method. The C-terminus part was
built using the crystal structure of fragile histidine triad protein (FHIT,
PDB code IFIT) as a template [35]. Sequence homology between the
target (TRPV1) and the template (FHIT) is 44% [36]. However, the
sequence of FHIT protein does not contain the Walker A motif, which is
present in the sequence of the C-terminal part of TRPV1. Therefore, it has
been necessary to use other templates to model missing Walker A motif
and incorporate it into our model of the C-terminal part of TRPVI.
Crystal structures of several ATP-binding cassette (ABC) transporters
were used for the modelling of the nucleotide-binding site [37,38]. The
Walker A motif was built using the human cystic fibrosis transmembrane
regulator (CFTR) [19], MalK [16], the transporter associated with antigen
processing (TAP1) [17], the ATP-binding subunit of histidine permease
(HisP) [15], and MJ0796, a bacterial ABC transporter cassette [18] (pdb
codes 1XMJ, 1G29, 11J7, 1BOU, 1L2T, respectively). The sequence of the
C-terminus of rat TRPV1 (from A689 to T801) was aligned with the
template sequences using CLUSTALX 1.81 [39]. The sequence alignment
used for modelling is shown in Fig. 1. The three-dimensional model of the
C-terminus of TRPV1 was prepared by the Modeller 8v2 program [40].

TRPU1-CT AQESKNIWKLQRAITILDTEKSFLKCHRKAFRSGKLLQUGFTPDGKDDYRWCFRUDEUNY
1FIT ~SFRFGQHLIKPSUUFLKTELSFALUNRKPUUPGHULUCPLRPUERFHDLRPDEVUADL-F
B . TIOTTaTE eE X *H, . JEDIIE - «% 2000
1629 GPSGCGKTT
* 1 wx
2T PSGSGKST
* 1 %%,
1447 GPNGSGKST
* . %x,
1XHJ GSTGAGKTS
* % XX
1B6U SSGSGKST
* 1oLwx,
TRPU1-CT TTWNTNUGI INEDPGNCEGUKRTLSFSLRSGRUSGRNWKNFALUPLLRDAST
1FIT QT-TQRUGTUVEK--HFHGT--SLTFSMQDGPEAGQTUKHUHUHULPRKAGD
L S HE TEINEID e II. eI I ¥ ¥, %,
1629
2T
1447
1XHJ
1B6U

Fig. 1. The sequence alignment of the C-terminus of TRPV1 with the
Fragile histidine triad protein (FHIT), whose three-dimensional structure
has been recently solved at 1.85 A resolution (pdb code 1FIT). Walker
motif A was modelled according to the following members of the ABC-
transporter superfamily: The human Cystic Fibrosis Regulator, MalK, the
transporter associated with antigen processing (TAP1), the ATP-binding
subunit of Histidine permease (HisP) and MJ0796, a bacterial ABC
transporter cassette (pdb codes 1XMJ, 1G29, 1JJ7, 1BOU, and 1L2T,
respectively). Identical amino acids are marked with an asterisk. Similar
amino acids with the more important groups are indicated with a colon.
Dots indicate similar amino acids of the less important groups that are less
likely to influence the protein structure.
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Ligand structures (ATP and TNP-ATP) were prepared as described pre-
viously [41,42]. Ligand charges were computed by the program Ante-
chamber [43]. The docking of these ligands to the C-terminus of TRPV1
was performed using the Dock 5 package [44] and visualized in UCSF
Chimera B 1 [45]. The ligands were placed in an arbitrary position in the
vicinity of the Walker A motif and the most energetically favourable
position was calculated.

In order to estimate the effect of Walker A motif insertion into the
sequence of FHIT we also prepared the model of the C-terminus of
TRPV1 based only on FHIT template (e.g. without the Walker A motif).
The root mean square deviation (R.M.S.D.) between this model and FHIT
template was 0.59 A over 100 Co atoms. The R.M.S.D. between the model
with Walker A motif included and FHIT template was 0.63 A over 102 Ca
atoms indicating that insertion of Walker A motif did not affect the overall
structure of the resulting model.

Results
TNP-ATP binding
The binding of TNP-ATP to the TRPV1 C-terminus in

the wild-type and point mutants (P737A, D733A, G734A,
K735A, D736A, and D737A) was estimated from the

fluorescence intensity [A.U.]
o
L ]e]

0 T T
0 1 2 3 4

TNP-ATP [uM]

Fig. 2. TNP-ATP binding to wild-type TRPV1 C-terminus (panel a) and
the K735A mutant (panel b). The titration of TNP-ATP into protein
samples (filled circles) resulted in an increase in fluorescence intensity,
compared to when the fluorescent dye was titrated into the pure buffer
(triangles), suggesting the binding of TNP-ATP to the C-terminus of
TRPVI1. Similar experiments were performed with ATP present in the
protein sample (open circles). The relative decrease in fluorescence
intensity compared to the situation without ATP is due to competition
between the ATP and TNP-ATP molecules.

enhancement of fluorescence intensity compared to a titra-
tion of the free probe in solution (Fig. 2). In agreement
with previous results [23,29], no binding of TNP-ATP
was observed in the presence of the GST protein alone.
However, we observed an increase in fluorescence intensity
upon the addition of the GST-TRPVI1 fusion protein,
which suggests the binding of TNP-ATP to the TRPV1
part of the fusion protein. All dissociation constants can,
therefore, be assigned to the binding of TNP-ATP to the
C-terminus of TRPVI. Based on previously published
results, [3] we assumed the existence of only one TNP-
ATP binding site on the C-terminus of TRPV1. Using for-
mula 1, the dissociation constant Kp for TNP-ATP binding
to the wild-type C-terminus of TRPV1 was estimated to be
1.01 +0.16 uM. We found that mutations G734A, K735A,
and D736A did not alter the binding of TNP-ATP, within
the range of experimental error. The estimated dissociation
constants for these constructs are 9.7+ 6.8 uM,
2.12+£0.34 uM, and 2.5 4+ 0.9 uM, respectively. On the
other hand, mutation D733A increased the value of the dis-
sociation constant to 16 &= 7 uM, suggesting a decrease in
TNP-ATP binding. Finally, there was no observable bind-
ing of TNP-ATP to the P732A and D737A mutants. All
dissociation constants for the binding of TNP-ATP to all
constructs are summarized in Table 1. All values are pre-
sented as means + SEM (standard error of the mean) from
at least three independent measurements.

ATP binding

ATP binding to TRPV1 C-terminus constructs was esti-
mated from competition experiments, where both ligands
(ATP and TNP-ATP) were present in the solution, result-
ing in a relative decrease in fluorescence intensity compared
to the titration of TNP-ATP alone (Fig. 2). This intensity
decrease indicated that a fraction of the nucleotide-binding
sites were occupied by the ATP molecules, which allowed
us to compute the dissociation constants for ATP binding.
As shown previously [e.g. 3,46,30,47], the dissociation con-
stant for ATP is about three orders of magnitude higher
than the dissociation constant for TNP-ATP. This could

Table 1
Summary of dissociation constants for ATP and TNP-ATP binding to the
C-terminus of TRPV1

Construct Ktnp-aTp (LM) Katp (mM)
WT-stop 1.01 +0.16 53+2.1
P732A >100 N.A.
D733A 16 £7 9.6+54
GT734A 9.7+6.8 39421
K735A 2.124+0.34 >100
D736A 2.5+09 24+1
D737A >100 N.A.

Dissociation constants were obtained by fitting titration curves (e.g.
Fig. 2) to formulae (1) and (2). All experimental values are presented as
the mean =+ standard error of the mean from at least three independent
measurements. N.A., not analysed.
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be the result of the different positioning of the TNP-ATP
molecule in the ATP-binding pocket and/or further stabil-
ization of the complex through interaction with the trini-
trophenyl moiety, as hypothesized elsewhere [29,31,33,51,
52]. Using formula 2, the dissociation constant for ATP
binding to the wild-type C-terminus of TRPV1 was esti-
mated to be 5.3 + 2.1 mM. Notably, variation of ATP-con-
centration in the measurement buffer (10, 15 or 20 mM)
had no systematic influence on the estimated dissociation
constant, suggesting that the single-site competitive model
is appropriate. The mutations of D733, G734, and D736
resulted in no change in ATP binding within the experi-
mental error of our measurements. The corresponding dis-
sociation constants are 9.6 = 5.4 mM, 3.9 + 2.1 mM, and
2.4 + 1 mM, respectively ATP binding was strongly sup-
pressed by the K735A mutation. The K735A titration
curve was hardly distinguishable from titration in the
absence of ATP (Fig. 2) and the dissociation constant
could therefore only be roughly estimated to be
>100 mM. ATP binding was not estimated for the P732A
and D737A constructs due to the complete inability of
these constructs to bind TNP-ATP. Dissociation constants
for the binding of ATP to all constructs are summarized in
the Table 1. The goodness of fit was estimated by the
inspection of residuals distribution and confirms that the
single-site competitive binding model is correct for the esti-
mation of ATP dissociation constant. All values are pre-
sented as means + SEM (standard error of the mean)
from at least three independent measurements. Our com-
petitive method for the assessment of Kp for ATP requires
only two quite general assumptions—(i) there is a single
binding site on the protein where ATP or TNP-ATP could
bind, and (ii) the TNP-ATP and ATP cannot occupy this
binding site together (i.e. both are bound in one moment).
If these conditions are satisfied, we are able to calculate the
Kp for ATP also from the experiment, where the TNP-
ATP was displaced only incompletely (Eq. (2)). The
method was extensively discussed in Ref. [31] of the manu-
script. Of course, as the equilibrium is dynamic, much
higher ATP concentration could result in almost complete
TNP-ATP displacement. Nevertheless, there are some
practical limitations, as the need for ATP solution buffer-
ing, which could seriously increase the ionic strength of
the solution, and consequently, influence the protein
conformation.

Labelling with FITC

The fluorescence of the FITC-labelled WT C-terminus
of TRPV1 was analysed in order to confirm the hypothesis
that the K735 residue is involved in ATP binding. FITC is
known to label the lysine residues [48,49]. In order to verify
that some binding sites for FITC are occupied by ATP
molecules, we performed labelling experiments with WT
TRPV1 and K735A mutant, both in the presence and
absence of ATP. Measurement of the absorbance at 280
and 488 nm revealed that the protein were labelled in the

FITC:protein molar ratio 0.56:1 for WT, 0.61:1 for
WT-ATP, 0.30:1 for K735A and 0.42:1 for K735A + ATP.
The influence of ATP on FITC fluorescence was tested in
the absence of any protein and turned out to be negligible
(data not shown).

FITC quenching

FITC-labelled constructs were quenched with AntiFl,
the quenching was analysed using formula 3. The Stern—
Volmer coefficients were determined by a least squares lin-
ear fitting procedure. These coefficients reflect the ability of
the fluorophore to be quenched. AntiFI quenching experi-
ments were performed in four different setups i.e. WT
and K735A, both with and without ATP. With the small
amount of data obtained, it was not possible to use analysis
of variance as the statistical tool, and so the estimated
Stern—Volmer constants were analysed using the z-test for
one group being formed by the WT and the other one by
the WT + ATP, K735A, and K735A + ATP. The Stern—
Volmer quenching constant of the WT was significantly
lower (p = 0.04). The results of the quenching experiments
are summarized in Table 2 (Stern—Volmer quenching
constants).

FITC fluorescence decay measurement

Fluorescence decay of the FITC attached to the WT,
WT + ATP, K735A, and K735A + ATP was measured in
the presence or absence of the AntiFl quencher. All fluores-
cence decay curves were satisfactorily fitted by 3-exponen-
tial model with fluorescence lifetimes around 3.9, 1.8, and
0.4 ns (Table 3). All fits were characterized by the y* near
1.00 and random distribution of residuals for all data
points, revealing that the used model with estimated
parameters correctly describes measured data (Fig. 3).
Notably, presence of the AntiFl quencher altered the decay
scheme in neither case. This behaviour is characteristic for
the static quenching.

Molecular modelling

In order to get structural insight of possible interactions
between the C-terminus of TRPV1 and ATP we have used

Table 2

Stern—Volmer quenching constants of FITC-labelled wild-type TRPV1
and the K735A mutant in the presence and absence of ATP in the
measurement buffer

Quenching constant (ml/pg)

WT 0.354+0.03
WT + ATP 0.85£0.05
K735A 0.62 4+ 0.04
K735A + ATP 0.65 £0.05

Stern—Volmer constants were obtained by fitting formula (3) to the Stern—
Volmer plot. All experimental values are presented as the mean =+ stan-
dard error of the mean from at least three independent measurements.
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Table 3

Fluorescence decay parameters of the best 3-exponential fits for the FITC labelled proteins

Sample o 71 (ns) o T, (n8) o3 73 (ns) ;(2

WT 0.54 3.88 0.26 1.88 0.19 0.47 0.976
<0.52;0.56> <3.85;3.92> <0.25;0.28> <1.63;2.05> <0.18;0.21> <0.40;0.53>

WT + AntiFl 0.56 3.88 0.26 1.83 0.18 0.43 0.946
<0.53;0.58> <3.84;3.92> <0.24;0.27> <1.67;2.04> <0.17;0.20> <0.36;0.51>

WT — ATP 0.41 3.86 0.28 1.78 0.31 0.43 0.944
<0.38;0.43> <3.80;3.92> <0.26;0.30> <1.61;1.92> <0.29;0.34> <0.38;0.48>

WT — ATP 0.44 3.85 0.28 1.71 0.28 0.38 0.929

+ AntiFl1 <0.40;0.46> <3.80;3.92> <0.26;0.30> <1.51;1.94> <0.25;0.31> <0.31;0.46>

K735A 0.37 3.84 0.32 1.68 0.31 0.40 0.859
<0.32;0.41> <3.75;3.97> <0.29;0.35> <1.45;2.00> <0.26;0.35> <0.30;0.51>

K735A + AntiFl 0.36 3.95 0.32 1.87 0.32 0.45 0.842
<0.28;0.41> <3.82:4.17> <0.28;0.36> <1.54;2.31> <0.27;0.36> <0.33;0.57>

K735A — ATP 0.22 3.84 0.28 1.60 0.49 0.41 0.968
<0.22;0.24> <3.79;3.90> <0.28;0.31> <1.49;1.71> <0.49;0.53> <0.38;0.44>

K735A — ATP 0.23 3.90 0.27 1.63 0.49 0.41 0.934

+ AntiFl1 <0.21;0.25> <3.83;3.97> <0.26;0.29> <1.50;1.78> <0.48;0.52> <0.38;0.44>

Lifetime of each component is denoted by t;, and corresponding pre-exponencial factor by «;. Goodness of fit is represented by 5>. Numbers in parentheses
represent the 95% confidence interval for each parameter. “ATP” in sample description means that the protein was labelled in the presence of ATP,

“AntiFI” denotes that the fluorescence decay was estimated in the presence of the AntiFluorescein quencher (3 pg/ml).
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Fig. 3. Fluorescence decay of FITC bound to wild-type protein and instrument response function (IRF). Solid line represents the best 3-exponential fit of

the data; bottom panel displays the distribution of residuals.

molecular modelling to build a model of this domain with
bound ATP. A model of the C-terminus of TRPVI
(sequence A682-T801) was created using a restraint-based
comparative modelling approach. The overall geometry
of the final model was determined using the ProCheck
web interface [50]. It has 84.8% of the residues in the most

favoured regions of the Ramachandran plot and an accept-
able geometry. The overall g factor of the obtained struc-
ture was —0.31. The g factor should be above —0.5, and
values below —1.0 may need investigation. Automated
docking of ATP and TNP-ATP molecules into the pre-
dicted C-terminus of TRPVI binding site using the Dock
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Fig. 4. Molecular model of the C-terminus of TRPVI with the docked
ATP molecule. The Fragile histidine triad protein (FHIT, pdb code 1FIT)
was used as a template. The FHIT protein exhibits 40% similarity to the
TRPVI1 C-terminus, but does not contain Walker A motif, which was
therefore modelled according to structures from the ABC transporter
family (pdb codes 1XMJ, 1G29, 11J7, 1BOU, and 1L2T).

5 program [44] was used to model the structure of ATP and
TNP-ATP complexes. Fig. 4 shows the final model of the
C-terminus of TRPV1 (A682-T801) with bound ATP.
Detailed view of interactions between residues from
Walker A motif and ATP and TNP-ATP, respectively, is
shown in Fig. 5. As can be seen, our model predicts that
the residue K735 is directly involved in ATP binding (its
side-chain interacts with B and y phosphates of ATP). This
prediction is in agreement with our mutagenesis data where
the replacement of K735 to Ala caused complete inhibition
of ATP binding.

Discussion

In this work, we studied the ability of the Walker A motif
located on the isolated C-terminal domain of TRPV1 to bind
to ATP. Interplay between site-directed mutagenesis, fluo-
rescence spectroscopy and molecular modelling was used
to identify the amino acid residues from Walker A motif that
are essential for ATP binding. Previously published model of
C-terminal part of TRPVI1 was built using the homology
with the recently crystallized FHIT protein and lacked

TNP J{__

e

Fig. 5. Isolated section of the Walker A ATP binding site. (a) Segment of
five amino acid residues (P732-D737) with a docked molecule of TNP-
ATP. Crucial residues for TNP-ATP binding are highlighted. The
predicted essential role of D737 in TNP-ATP binding is in agreement
with our experimental results. Proposed interactions are depicted using
dashed lines. (b) A molecule of ATP interacts with the K735 amino acid
residue via the y-phosphate. Our experiments show that the K735
mutation completely abolishes the ATP binding ability of the C-terminus
of TRPVI.

three-dimensional information about the Walker A motif
[37]. In order to improve our model we used the structure
of the FHIT protein together with several structures of
ATP-binding cassette proteins as templates to build a new
model with Walker A motif modelled in a more realistic
way (Fig. 4). To predict possible interactions between the
Walker A motif and ATP, the flexible docking with ATP
and TNP-ATP was performed (Fig. 5).

The ATP binding abilities of TRPV1 C-terminus point
mutants (expressed as GST fusion proteins) were tested
by means of TNP-ATP competition assay. For the wild-
type sequence of the TRPV1 C-terminus—GST fusion
protein we estimated the dissociation constants to be



396 L. Grycova et al. | Archives of Biochemistry and Biophysics 465 (2007) 389-398

1.01 +0.16 uM and 5.3 + 2.1 mM for TNP-ATP and ATP
binding, respectively. The latter value fits the value esti-
mated previously (3.3 mM) from electrophysiological
experiments, within experimental error [3]. The mutation
of G734 and D736 neither affected TNP-ATP nor ATP
binding to the TRPV1 C-terminus, within experimental
error (Table 1). The D733A point mutation caused a slight
change in the binding of TNP-ATP, and did not affect the
binding of ATP, within the error of our measurements
(Table 1). There is no evidence, based on our molecular
model, of an either direct or indirect influence of this resi-
due on TNP-ATP binding and we do not predict any inter-
actions between the ligand and this residue. However,
different behaviour was detected with the K735A mutant.
The mutation of K735 resulted in a strong inhibition of
ATP binding, whereas the dissociation constant for TNP-
ATP was not affected at all (Table 1). Observation that
mutation affects only the ATP and not the TNP-ATP bind-
ing is rare, but such an observation was already described
for another protein [33]. In fact, only this kind of observa-
tion can alert us that the adenosine-5’-triphosphate moiety
of pure ATP and TNP-ATP does not have identical posi-
tion within the nucleotide-binding site. Difference in inter-
actions should be attributed to the presence of the
trinitrophenyl group. First, the TNP-ATP is more bulky
than the pure ATP, therefore there might be some sterical
hindrance affecting the proper positioning within the bind-
ing pocket. Alternatively, one may speculate about some
specific interactions between the trinitrophenyl ring and
protein, thus making adenosine-5'-triphospate interaction
to protein less important.

In silico docking of ATP predicted a direct interaction
between the B and y-phosphates of ATP and the side-chain
of the K735 residue, which are 2.9 and 3.0 A, respectively,
apart (Fig. 5). This prediction supports previously pub-
lished results on the direct interaction of the ATP y-phos-
phate and the conserved lysine residue within the Walker
A motif of RADS51D [24]. In order to verify the necessity
of the K735 residue for ATP binding, labelling with FITC
and quenching with AntiFI were performed. The isothiocy-
anate reactive group can, in principle, label any Lys residue
on the protein that is accessible from the solvent. Neverthe-
less, steric accessibility, involvement of Lys in other struc-
tural interaction (such as salt bridges) or the interaction of
the fluorescein moiety with other residues in the vicinity of
the reactive amine can substantially influence the binding
affinity to each individual Lys residue. In all cases, we
observed that the final labelling ratio was lower than 1:1
(FITC:protein), and it is therefore reasonable to assume
that only the lysine with the best reactivity is labelled.
Apparently, the fact that we were able to label also the
K735A mutant reveals that more than one Lys residue
could be, in principle, labelled by FITC. However, after
K735A mutation the labelling efficiency decreased almost
2-fold, suggesting that Lys735 has the highest affinity to
FITC, and is therefore preferentially labelled. The aromatic
system of fluorescein can probably mimic the aromatic ring

of ATP, and it has been shown that FITC preferentially
occupies the ATP-binding pocket of P-type ATPases
[53-55]. In fact, the Stern—Volmer quenching constant
Kgy =0.35 4 0.03 ml/pg obtained from the quenching of
FITC bound to the wild-type C-terminus of TRPV1 in
the absence of ATP, reflects the fact that the labelled resi-
due is not easily accessible to the quencher. Evaluation of
the Stern—Volmer quenching constants for the FITC
attached to the wild-type or K735A, both labelled either
in the presence or absence of ATP, provides four important
observations: (i) There is a difference in Kgy for WT and
K735A, suggesting that different residue was labelled in
each construct; (ii) There is no difference in Kgy for the
K735A in the absence of ATP and in its presence, suggest-
ing that ATP has no effect on the K735A mutant; (iii) Con-
trary for the WT, there is a big difference in Kgy’s for the
labelling in the absence of ATP and for the labelling in
its presence, which means that ATP binding prevents FITC
binding to K735; (iv) The Kgy for the WT labelling in the
presence of ATP is different from the Kgy’s obtained for the
K735A mutant, suggesting that another lysine residue was
labelled. It is very likely that ATP-binding induces also
some conformational changes of the WT protein, which
hinder labelling of the Lys residue that was labelled in
the K735A mutant, on the other hand some other lysine
becomes exposed for labelling. Taken together, there is evi-
dence that ATP-binding prevents labelling of K735, and
moreover, that ATP presence induces conformational
changes of the WT but not of the K735A mutant. This is
in agreement with results from our TNP-ATP experiments,
which revealed that the binding of ATP to the K735A
mutant is quite poor.

The complete inability of the P732A and D737A
mutants to bind TNP-ATP prevented us from assessing
their roles in ATP binding (Table 1) via the TNP-ATP
competition assay. Due to the different positioning of the
ATP and TNP-ATP molecules in the ATP binding site,
the distance between the D737 residue and the Meissenhei-
mer complex of the TNP-ATP molecule is only 0.2 nm. We
can thus hypothesize the existence of a hydrogen bond
between the Asp 737 hydroxyl group and adenine amino
group of TNP-ATP, which stabilizes TNP-ATP in the
ATP binding pocket (Fig. 5). According to our molecular
model of the C-terminus of TRPVI1, we do not predict a
crucial role for D737 in nucleotide binding. However, the
inability of the D737A mutant to bind TNP-ATP pre-
vented experimental verification of this observation using
our approach. On the other hand, we can also hypothesize
that the mutation of P732 substantially influenced the over-
all structure of the ATP binding pocket. This residue prob-
ably forces the peptidic backbone containing the crucial
residues for ATP and TNP-ATP binding, i.e. K735 and
D737, to adopt the right conformation for ligand recogni-
tion. P732, which is almost 1.1 nm away from the ATP
molecule, is thus involved in the ATP binding process only
indirectly by maintaining the proper shape of the ATP
binding site.
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It has already been published that the adenine moiety of
the ATP molecule interacts with the ABC transporter’s
aromatic residues via a m—m interaction [37]. However,
our TRPV1 C-terminus model does not contain any
appropriately orientated aromatic amino acids that would
suggest this interaction. Based on our molecular model, we
can therefore only predict the interaction of the phosphate
part of the ATP molecule with the C-terminus of TRPV1.

In conclusion, we have shown in several ways via fluo-
rescence experiments that the K735 residue from the
Walker A motif of the TRPV1 C-terminus is involved in
the binding of ATP. It can also be seen from the in silico
docking experiments that the K735 residue interacts with
the y-phosphate of the ATP molecule directly, in agree-
ment with previously published results [24,25]. Moreover,
it was shown that the P732 and D737 residues are necessary
for the binding of TNP-ATP. Both the TNP-ATP binding
experiments and the molecular modelling revealed that
ATP and TNP-ATP molecules adopt different positions
within the ATP binding site.
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Transient receptor potential vanilloid 1 (TRPV1) is a transmem-
brane ion channel that participates in physical and chemical pain-
evoked signal transduction [1]. TRPV1 consists of six transmem-
brane domains, has two intracellular termini, and is proposed to
form a tetrameric structure with a central localised pore [2]. This
nonselective cation channel allows monovalent and some divalent
cations (Ca®*, Mg?*) to move into the cell. As reported previously,
calcium takes part in the process of desensitizing TRPV1 receptors
and especially in its fast component [1]. Calmodulin (CaM), a ubiq-
uitous calcium-binding protein, has been reported to be involved
in Ca?*-dependent regulation of almost all members of the TRP
channels family, including TRPV1 [3,4]. Many TRP channels possess
multiple CaM-binding domains (CaM-BDs) located at both termini
and which could show varying behaviours towards calcium [4].
The CaM-BD located on the N-terminus has been previously re-
ported as an ankyrin repeat domain [3]. Despite the fact that
CaM-BDs have no sequence homology, they share key structural
features such as interspersed basic and bulky hydrophobic amino
acid residues [5]. The C-terminal region of TRPV1 (TRPV1-CT) does
not possess any classical previously defined CaM-binding motif.
However, Numazaki et al. [6] reported that the region consisting
of 35 amino acids (residues 767-801) at the C-terminus of TRPV1
shows the ability to bind to CaM in a Ca**-dependent manner. This
unusual CaM-binding motif matches the so-called 1-8-14 con-
served motif at the positions 1 and 14 (according to Calmodulin
Target Database http://calcium.uhnres.utoronto.ca/ctdb/ctdb/
home.html). In order to explore this unusual CaM-binding motif

* Corresponding author. Fax: +420 2 4106 2488.
E-mail address: teisingr@biomed.cas.cz (J. Teisinger).

0006-291X/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2008.08.094

of TRPV1-CT, we decided to study the roles of all its hydrophobic
and basic residues. We have generated nine point mutants of rat
TRPV1-CT (V769A, R771A, L777A, R778A, R781A, V782A, R785A,
K788A, and R797A) and evaluated their effects on TRPV1-CT inter-
action with CaM. We have found that among the basic residues the
arginine R785 is the most essential residue for TRPV1-CT binding
to CaM. In addition, the analysis of hydrophobic valines located
at the first and the last position of a tentative “1-8-14" conserved
motif revealed that the residue at the first position plays a more
important role in TRPV1-CT’s binding to CaM.

Materials and methods

DNA cloning and introduction of site-directed mutations. DNA
encoding rat TRPV1-CT (residues V686-K837) was ligated into
pET32b (Novagen) using the EcoR I and Hind III sites. Mutants of
TRPV1-CT (V769A, R771A, L777A, R778A, R781A, V782A, R785A,
K788A, and R797A) were generated using the QuikChange ap-
proach (Stratagene). The result of the mutagenesis and integrity
of the coding region were verified by sequencing.

Protein expression and purification protocol. TRPV1-CT was ex-
pressed as a fusion protein with thioredoxin in Rosetta Escherichia
coli cells. The protein expression was induced by isopropyl 1-thio-
B-p-galactopyranoside (Roth) for 12 h at 20 °C and purified using
Chelating Sepharose Fast Flow (Amersham Pharmacia Biotech)
according to the standard protocol. The next purification step
was gel permeation chromatography on a Superdex 75 column
(Amersham Pharmacia Biotech). The last purification step was
affinity chromatography on Calmodulin Sepharose 4B (Amersham
Biosciences), which step was used only for proteins with sufficient
CaM-binding affinity. Protein samples were concentrated using


http://calcium.uhnres.utoronto.ca/ctdb/ctdb/home.html
http://calcium.uhnres.utoronto.ca/ctdb/ctdb/home.html
mailto:teisingr@biomed.cas.cz
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

L. Grycova et al./Biochemical and Biophysical Research Communications 375 (2008) 680-683 681

Millipore columns. Protein concentration was assessed by the mea-
surement of absorption at 280 nm. The purity was checked using
12% SDS-PAGE.

Fluorescent steady-state anisotropy measurement. All steady-
state experiments were measured using a ISS PC1™ Photon Count-
ing Spectrofluorimeter. Calmodulin from bovine brain Alexa Flour
488 conjugate was obtained from Molecular Probes (Oregon
USA). Excitation and emission wavelengths were set to 494 and
520 nm, respectively. The amount of 600 pmol of labelled CaM
was placed into a 1 ml quartz cuvette and 2 mM CaCl, or 5 mM
EGTA was added to the binding buffer. Increasing amounts of the
stock solution of TRPV1-CT fusion protein with thioredoxin were
titrated, and the steady-state fluorescence anisotropy was re-
corded. No thioredoxin-CaM interference was observed in our
experiments (data not shown).

The fraction of the CaM bound to the TRPV1-CT fusion protein
(fg) was calculated using:

f - r—re

P - Qs -1)
where r is observed anisotropy, ¢ is anisotropy of free CaM, and rg is
anisotropy of CaM bound to the TRPV1-CT at saturation. The factor
Q shows the ratio of fluorescence intensities of the bound and free
forms [7].

Determination of dissociation constants. Binding affinity between
CaM and TRPV1-CT fusion protein was calculated by fitting the
dependence of the bound fraction of CaM (Fg) on the concentration
of TRPV1-CT fusion protein to the equation [8]:

(1)

P Kp + [P1] + [P2] = \/(KD + [P1] + [P2])* — 4[P1][P,]
B= 2[P4] ’

where [P;] is CaM-Alexa Fluor 488 conjugate concentration, [P,] is
TRPV1-CT fusion protein concentration, and Kp is a dissociation
constant. All values are presented as means + SEM from at least
three independent measurements.

Circular dichroism spectroscopy. Circular dichroism (CD) measure-
ments were made using a JASCO J-810 spectropolarimeter. The far-
UV CD spectra were measured from 200 to 260 nm at a scan rate of
100 nm/min in a quartz optical cell with a path length of 0.1 cm.
All spectra were recorded in 0.5 nm wavelength increments with a
1.0 nm bandwidth and were corrected for background by subtract-
ing appropriate buffer blanks. The final spectra were averages of
10 scans recorded at room temperature (23 °C). The protein concen-
tration was 6 uM in a 20 mM Tris-HCl, 0.5 M NaCl, pH 7.5, buffer.
Three different samples were measured: TRPV1-CT fusion protein
free and in the complex with CaM (molar ratio 1:1) and free CaM.
Deconvolution of CD spectra was performed using the K2d pro-
gramme available online at DICHROWERB [9].

Computer homology modelling. The sequence of the CaM-binding
region of TRPV1-CT was modelled as an alpha helix using the CaM-
binding peptide of myosin light chain kinase (MLCK) possessing a
1-8-14 motif as a template (pdb code 2BBM) [10]. The sequences
of the TRPV1-CT (from V769 to R797) and template MLCK were
aligned using the CLUSTALX 1.81 [11]. The model was built using
the Modeller 8v3 [12]. The complex of TRPV1-CT’s CaM-binding re-
gion bound to Ca?*-calmodulin [10] was created and energy mini-
mised using a Swiss-PdbViewer with the GROMOS96 force field
[13]. The final model was completed and validated by Coot [14].

(2)

Results
Preparation of soluble TRPV1-CT

In our previous work, the TRPV1-CT (sequence V686-K837) was
expressed as fusion protein with glutathione S-transferase [15]. In

order to improve the expression yield and solubility we have
decided to express and purify the TRPV1-CT (WT) and all its mu-
tants as fusion proteins with thioredoxin at the N-terminus and a
6x His tag located at both termini. All expressed proteins were sol-
uble, and expression yields were sufficient to perform spectro-
scopic studies. We were unable to remove the thioredoxin, as the
TRPV1-CT alone has a strong tendency to aggregate. The analysis
of circular dichroism spectra of thioredoxin-TRPV1-CT fusion pro-
tein (WT) (Fig. 1) revealed a secondary structure composition con-
sistent with the theoretical prediction based on primary structure
(26% B-sheet, 37% o-helix, and 28% random coils), suggesting that
TRPV1-CT adopts a native fold.

TRPV1-CT binding to calmodulin

The main goal of this work was to characterise the unusual
CaM-binding motif present at the C-terminus of TRPV1. To do so,
we mutated all basic and some hydrophobic residues within this
motif and evaluated their effects on TRPV1-CT binding to CaM
using steady-state fluorescence anisotropy binding assay. Increas-
ing amounts of TRPV1-CT were titrated into a cuvette containing
fluorescently labelled CaM. Competition experiments confirmed
that labelling CaM with the Alexa fluorescence dye had no effect
on binding affinity within the experimental error (data not shown).
The dissociation constant Kp for TRPV1-CT WT binding to CaM was
estimated to be of 1.5 + 0.4 uM. The TRPV1-CT binds to CaM only in
a calcium-dependent manner, as no interaction was observed in
the absence of calcium. This is in agreement with results previ-
ously published by Numazaki et al. [6].

In following experiments, we studied the effect of nine point
mutations of TRPV1-CT on its binding to CaM. We found that muta-
tions L777A, R778A, R781A, and V782A had no effect on the RPV1-
CT’s binding to CaM within the range of experimental error (Table
1). On the other hand, the mutants V769A, R771A, R785A, K788A,
and R797A show significantly increased dissociation constants,
suggesting that these residues are involved in TRPV1-CT’s binding

CD[mdeg]

-30

wavelength [nm]

Fig. 1. CD spectra of purified recombinant thioredoxin-TRPV1-CT (in dark blue),
CaM (in green), and mixture of thioredoxin-TRPV1-CT and CaM (in red).
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Table 1
Apparent disassociation constants for TRPV1-CT binding to Alexa-CaM

Construct Dissociation constants (M)
WT 1.5+04
R781 0.8+0.2
R778 1.5+0.3
L777 23105
K788 3.0£05
R785 29.5+5.8
R771 103 +1.6
R797 9.0+1.7
V782 1.5+0.2
V769 39109

to CaM (Table 1). The greatest decrease in binding affinity was ob-
served for the R785A mutation, suggesting that this residue is the
most important for TRPV1-CT’s binding to CaM (see Fig. 2).

In order to check effects of potential changes in secondary
structure of the thioredoxin-TRPV1-CT fusion protein upon the
binding to CaM, we compared the CD spectrum of a mixture of
TRPV1-CT and CaM (molar ratio 1:1) with the CD spectra of these
proteins alone. Since the CD spectrum of the mixture is the sum
of the CD spectra for thioredoxin—-TRPV1-CT and CaM individually,
this suggests that changes in the secondary structure of TRPV1-CT
have no significant influence upon the binding to CaM (Fig. 1).

Homology modelling

In order to provide a structural explanation for the changes ob-
served in TRPV1-CT binding to CaM, we have created a homology
model of the CaM-binding motif of TRPV1-CT bound to Ca%*-cal-
modulin (Fig. 3). This model was created using the template con-
taining the 1-8-14 conserved CaM-binding motif with the
greatest sequence similarity to the CaM-binding motif in TRPV1-
CT. This model suggests that the CaM-binding motif of TRPV1-CT
adopts an a-helical topology, as observed for the majority of such
sequences [16]. Among the residues suggested to be important for
TRPV1-CT’s binding to CaM, based on our fluorescence measure-
ments, the basic residues R771, R785, and K788 of TRPV1-CT are
predicted to interact with negatively charged glutamate residues
of CaM (E127, E84, and E47, respectively) (Fig. 4). The hydrophobic
residue V769, whose mutation also significantly affects the bind-
ing, is predicted to interact with the side chain of F92. Our model

1.0

0 1 2 3
[TRPV1-CT] uM

-+
(&

Fig. 2. Fluorescence anisotropy binding assay showing the effect of R785A
mutation on TRPV1-CT binding to Alexa-CaM. TRPV1-CT WT (circles), TRPV1-CT
R785A (triangles).

Fig. 3. Homology model of calmodulin binding region of TRPV1-CT (in magenta)
bound to CaM. Calcium ions are depicted in yellow and CaM in green.

also predicts no specific polar interactions for residues R778 and
R781, whose mutations have no effect on TRPV1-CT’s binding to
CaM. Thus, it seems that the CaM-binding motif of TRPV1-CT binds
to CaM in a similar way as has been observed previously, for exam-
ple for the CaM-binding peptide of MLCK used in our study as a
template for homology modelling. Our data suggest, however, that
in the case of TRPV1-CT’s binding to CaM the polar interactions
play a more important role than do the hydrophobic interactions.

Discussion

It has been established that CaM plays an important regulatory
role in TRP channels activity [4]. Upon calcium-binding, the CaM
undergoes large conformational changes [17]. Due to its great con-
formational flexibility, CaM has been found capable of binding to
many physiologically important proteins, including ion channels
containing CaM-BDs (e.g., members of the TRP ion channel family)
[4]. Several classes of conserved motifs have been described: 1Q,
1-5-10, 1-8-14, and 1-16 (according to the Calmodulin Target
Database). Although it has been reported that CaM binds to a
35-aa segment in the TRPV1-CT, no classic CaM-binding motif
was found to be involved in this interaction [6]. The main aim of
this work was to explore this unusual CaM-binding motif in detail
and find which amino acid residues are directly involved in binding
to CaM. Therefore, we mutated nine residues within the CaM-bind-
ing motif of TRPV1-CT. The biggest decrease in binding affinity was
observed for the R785A mutation, suggesting that this residue is
the most important for TRPV1-CT’s binding to CaM.

TRPV1-CT binding to CaM was studied using steady-state fluo-
rescence anisotropy-based assay with Alexa-labeled CaM. From
nine tested mutants of TRPV1-CT, five proteins showed signifi-
cantly reduced binding to CaM (Table 1). Among these five bind-
ing-deficient mutants, four mutations involved positively charged
residues and one a hydrophobic residue. The rest of the tested
mutants showed no change in binding to CaM. Comparison of
TRPV1-CT CaM-binding motif with CaM-binding motifs of known
three-dimensional structure revealed similarity to the CaM-bind-
ing peptide of MLCK possessing a classical 1-8-14 motif [10]. These
two motifs are similar but not identical, as there is a mismatch on
position 8, where a hydrophobic amino acid in the CaM-binding
peptide of MLCK is substituted with a polar serine (S776) in TRPV1.
Employing this similarity, we built a homology model of the
TRPV1-CT CaM-binding motif bound to Ca?'-calmodulin (Figs. 3
and 4). This model revealed interactions that are in good agree-
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Fig. 4. Possible key interactions between TRPV1-CT and CaM. (A) between R785 of TRPV1-CT and E84 of CaM; (B) between R797 of TRPV1-CT and E47, D50, E54, or E83 of
CaM; (C) between R771 of TRPV1-CT and E14 of CaM; and (D) between K788 of TRPV1-CT and E47 of CaM.

ment with our mutagenesis experiments. Four of five residues sug-
gested to be essential for TRPV1-CT’s binding to CaM are predicted
to be involved in interactions with calmodulin (through either io-
nic or hydrophobic interactions) while non-essential residues
show no specific contacts. Thus, we may speculate that the CaM-
binding motif of TRPV1-CT binds to calmodulin in a similar way
as has been observed previously (for example for the CaM-binding
peptide of MLCK), as a basic amphiphilic a-helix docked into the
central cavity of CaM. It seems, however, that in the case of
TRPV1-CT the polar interactions play more important roles than
do the hydrophobic interactions.
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