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Souhrn

Purinergni P2X receptory jsou membranové iontové kandly stimulované extracelularnim ATP.
U savci bylo dosud nalezeno sedm rtiznych podtypt, oznacovanych jako P2X1-7, které svoji
stavbou pfedstavuji novou rodinu ligandem fizenych iontovych kandli s vyjimeénymi
strukturné/funkénimi vlastnostmi. Funkéni P2X receptor je tvofen tifemi podjednotkami, kde
kazda podjednotka ma dve transmembranové domény. Krystalograficka data ukazuji, Ze por
iontového kanalu se nachazi mezi druhymi transmembranovymi doménami. Krystalova
struktura P2X4 receptoru zebticky (Danio rerio) je dostupna pro receptor v uzavieném a
otevieném stavu s navazanou molekulou ATP, a proto je pfesna struktura vazebného mista
pro ATP vyieSena. Cilem této dizertacni prace bylo studium strukturné-funkénich vlastnosti v
modelu  rekombinantniho P2X4  receptoru. Technikou bodové mutageneze a
elektrofyziologickou technikou patch clamp byl zkouman funkéni vyznam péti
konzervovanych cysteinovych parti v ektodoméné a funkéni iloha aminokyselinovych zbytkd,
které tvoii extracelularni vestibul P2X4 iontového kanalu potkana. VsSech deset cysteind,
jeden po druhém, bylo nahrazeno alaniny nebo threoniny a ATP-stimulované proudy byly
snimany z HEK293T bunék, nesoucich divoky typ P2X4 receptoru a jeho mutace. Vysledky
ziskané u mutaci C116A, C126A, C149A a C165A naznacuji poruchu ATP-vazebné kapsy pti
naruseni jimi tvofenych disulfidickych mustk (C116-C126 a C149-C165A). Tteti cysteinovy
mistek (C132-C159) se jevi jako nedilezity. Na pievodu signalu z ektodomény k
transmembranovym doménam ¢i otevirani iontového kanalu se podili C261-C270 a C217-
C227 . Vzhledem k blizkosti cysteinové vazby C217-C227 a brany pro prtichod ionti jsme
zkoumali také roli aminokyselinovych zbytkl v polypeptidovych fetézcich V47-V61 a F324-
N338, které formuji extracelularni vestibul P2X4 receptoru. Mutace v pozici F324, G325,
V49, Y54 a Q55 mély za nasledek nefunkéni receptor, coz naznacuje kliCovou tlohu téchto
aminokyselin ve funkci receptoru. Ukazalo se, ze V49 je dulezitd pro expresi kanalu na
povrchu buiiky. Vyménou Y54 za jiné aromatické aminokyseliny (Y54W a Y54F) se podatilo
vratit funkci receptoru, nikoli za nearomatickou (Y54L), coz dokladé dulezitost aromatického
zbytku na této pozici. Funkci mutaci Y54A a Y54C bylo mozné CasteCné navratit také
pouzitim ivermektinu, alosterického modulatoru P2X4 receptoru, coz ukazuje na snizeni
citlivosti k ATP u téchto mutaci. U aminokyselinového zbytku Q55 se nepodatilo nijak
navratit funkci receptoru vymeénou za jinou aminokyselinou, jedind mutace Q55E byla citliva
k ivermektinu. Mutace F324L, F324Y a F324W caste¢né ¢i kompletné obnovily funkci
receptoru, byly citlivé vici ivermektinu a zmény v citlivosti téchto mutantd korelovaly s
velikosti a hydrofobicitou jejich fetézct. Dalsi zasaZzenou aminokyselinu G325 se podafilo
nahradit za prolin, coz ukazuje na potfebu flexibilntho ohybu v daném misté receptoru.
Nasledna topologicka analyza ukazala, ze G325 a F324 pferusuji po navazani ATP strukturu
beta-listu. Vysledky prokazuji mnohonasobnou ulohu aminokyselin v oblasti extracelularniho
vestibulu ve funkci P2X4 receptoru.



Summary

Purinergic P2X receptors are membrane channels stimulated by extracellular ATP. There are
seven isoforms of mammalian P2X receptors designated as P2X1-7, which according to their
structure represent a novel family of ligand gated ionic channels, with extraordinary
structural/functional properties. The P2X receptor consists of three subunits and every subunit
has two transmembrane domains. Crystalographic data demonstrate that ionic channel pore is
situated between the second transmembrane domains. Crystal structure of the P2X4 receptor
from the zebrafish (Danio rerio) is available in both open and closed state of the channel and
the exact structure of ATP binding site is solved. The aim of this thesis was to study the
structure-function relationships in a model of recombinant P2X4 receptor of the rat. By
employing the point mutagenesis and electrophysiological recording, the functional
importance of conserved cysteine residues in the ectodomain and amino acid residues which
form the extracellular vestibule was investigated. All ten cysteins were substituted one by one
with alanine or threonine and ATP-induced currents were measured from HEK293T cells
expressing wild type (WT) and mutated P2X4 receptors. The results indicate that C116A,
C126A, C149A and C165A mutations disrupt two disulfide bonds (C116-C126 and C149-
C165A) which are needed for the integrity of ATP binding site. The third disulfide bond
(C132-C159) is found as unimportant. The fourth (C217-C227) and the fifth (C261-C270)
disulfide bonds are supposed to be important for either coupling of ligand binding and channel
gating or channel gating itself. Considering the close proximity of C217-C227 to the
extracellular vestibule which forms the entrance for ions, the residues V47-V61 and F324-
N338 forming the lateral portals of vestibule were also investigated. The mutations at
positions F324, G325, V49, Y54 and Q55 have yielded a non-functional receptor indicating
that these residues are essential for receptor function. It has been shown that V49 residue is
important for expression of the channel on the cell surface. The substitution of Y54 to any
other aromatic residue (Y54W and Y54F) resulted in restoring the receptor function, unlike
non-aromatic residues (Y54L) which points out the importance of aromatic residue at this
position. Furthermore, the Y54A and Y54C receptor function was partially rescued by
ivermectin, a positive allosteric modulator of P2X4 receptor, suggesting a rightward shift in
the potency of ATP to activate the receptor. In the case of Q55 residue, no substitution
restored the receptor function; the only rescue was made by treating QSSE with ivermectin.
The F324L, F324Y, and F324W mutations also rescued receptor function partially or
completely, ivermectin action on channel gating was preserved in all mutants, and changes in
ATP responsiveness correlated with the hydrophobicity and side chain volume of the
substituent. The G325P mutant had a normal response to ATP, suggesting that G325 is a
flexible hinge. A topological analysis revealed that the G325 and F324 residues disrupt an
ectodomain [-sheet upon ATP binding. These results indicate multiple roles of the
extracellular vestibule amino acid residues in the P2X4 receptor function.
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1. Uvod

Purinergni signalizace reprezentuje systém chemické komunikace mezi bunikami,
ktera je zprostiedkovana extracelularnimi purinovymi a pyrimidinovymi nukleotidy
(Burnstock 1977; Burnstock 1986; Burnstock 2006; Burnstock 2011).
Vsudypfitomnost purind a pyrimidini v extracelularnim prostfedi z nich déla
fyziologicky dutlezité signalni molekuly (Burnstock 1977; Burnstock 1986;
Burnstock 2006; Burnstock 2011; Khakh and North 2012). Purinergni receptory jsou
transmembranové proteinové molekuly zodpovédné za fyziologické reakce spusténé
vazbou extracelularnich purinovych nebo pyrimidinovych nukleotidi a nukleosidt.
Tyto receptory byly rozdéleny do dvou skupin podle toho, ktery agonista se na
receptory vaze. Pl receptory jsou primarné aktivovany adenosinem, zatimco na P2
receptory se vaze ADP nebo ATP (Abbracchio and Burnstock 1994). P2 receptory se
dale de€li na metabotropni receptory oznacené jako P2Y receptory (P2Y) a ionotropni
receptory znacené jako P2X receptory (Burnstock 2006). P2X receptory jsou trimery
(Nicke, Baumert et al. 1998). Byly naklonovany v poloviné 90. let 20. stoleti. P2X
proteiny se skladaji z 379 (P2X6) az 595 (P2X7) aminokyselinovych zbytku.
Sekvenéni homologie mezi jednotlivymi potkanimi (Rattus norvegicus) P2X
receptory se pohybuje v rozmezi 26 to 47%. Kazda podjednotka receptoru se sklada
ze dvou transmembranovych domén (TM1 and TM2) spojenych rozséhlou
extracelularni klickou (Newbolt, Stoop et al. 1998). Ektodoména obsahuje pét
disulfidickych mustkd, které jsou konzervované v celé savéi P2X rodiné (Clyne,
Wang et al. 2002; Ennion and Evans 2002). Tti podjednotky tvoii funkéni kanal,
ktery existuje v homomerni nebo heteromerni podobé (Nicke, Kerschensteiner et al.
2005). Vzorec aktivace P2X receptorti se 1iSi mezi homomernimi izoformami podle
maximalni proudové odpovédi a rychlosti desenzitizace. P2X4 receptor zebficky
Zebra fish (zfP2X4) byl vyfesen v rozliSeni 3.1 A (Kawate, Michel et al. 2009). Déle
byl polypeptidovy konstrukt zfP2X4 vykrystalizovan v otevieném i zavieném statu
(Hattori and Gouaux 2012). Struktury zfP2X4 receptoru s a bez navazaného ATP,
AP2X4-C a AP2X4-B2 apo, byly vyfeseny v rozliseni 2.8 A a 2.9 A (Hattori and
Gouaux 2012). Byla potvrzeno, Ze homotrimerni receptory maji kalichovity tvar s
velkou extracelularni klickou vné membrany. Kazda podjednotka ma tvar podobny
delfinu, kdy ocas delfinu reprezentuje transmembranové domény. Hlava delfinu
reprezentuje strukturalné stabilni formu obsahujici tfi disulfidické mustky. VyfeSena
struktura prokazala existenci péti disulfidickych mustki mezi konzervovanymi
cysteinovymi reziduy. Tti mustky jsou pfitomny v hlavové ¢asti (C119-C168, C129-
C152, C135-C162; zfP2X4 cislovani), jeden mustek je pfitomen v oblasti hibetni
ploutve (C220-C230) a jeden je situovan v dolni ¢asti téla delfina velmi blizko k
vstupnimu portdlu pro ionty. Mutageneze a elektrofyziologické studie u lidského
P2X1 receptoru odhalily existenci disulfidickych vazeb mezi vSemi deseti
cysteinovymi reziduy (C117-C165, C126-C149, C132-C159, C217-C227 and C261-



podtypu receptoru zjistila vazbu pouze mezi tfema cysteinovymi pary C115-C164,
C214-C224 and C258-C266 (Clyne, Wang et al. 2002).

Obrazek ¢.1 Struktura zfP2X4 receptoru v zavieném stavu (vlevo) a v otevieném stavu po navazani ATP
(vpravo). V navazaném stavu je patrné rozSifeni oblasti bocnich fenestraci lokalizovanych tésné nad
plasmatickou membranou a také roztazeni transmembranovych domén (a, b). Souvisejici celkové rozsifeni
membranového poru ukazuje je ziejmé pii kolmém pohledu na receptor z extracelularni strany (c, d).
Vazebné misto pro ATP se nachazi v oblastech mezi podjednotkami (b, d).

Struktura zfP2X4 receptoru rovnéz ukazala pfitomnost vestibularni prostory v
extracelularni doméné, ktera se propojuje s okolnim prostfedim prostfednictvim tii
fenestraci. Tyto byly pGvodné oznafeny jako mista vstupu iontli do receptoru
(Kawate, Michel et al. 2009), coz bylo nasledné potvrzeno i funkénimi studiemi.
Vstup kationtll je usnadnén negativnimi aminokyselinovymi zbytky E56 a D58 na
povrchu struktury v oblasti fenestraci lidského P2X4 receptoru (Kracun, Chaptal et
al. 2010; Kawate, Robertson et al. 2011; Samways, Khakh et al. 2011). Cysteinova
skenovaci mutageneze P2X1 receptoru v oblasti aminokyselin E52 az G96 rovnéz
ukazala, ze vSechny tyto mutantni varianty receptoru jsou funkéni (Allsopp, El Ajouz
et al. 2011), narozdil od P2X2 podtypu (Jiang, Rassendren et al. 2000; Kawate,
Robertson et al. 2011).Oblast receptoru obsahujici extracelularni vestibul byla
rovnéz studovana s ohledem na jeji tillohu pfi aktivaci receptoru. Bylo ukazano, ze
¢ast nad druhou transmembranovou doménou, kterou tvoii aminokyseliny K313 az
1333 je vyznamna v pienosu signalu mezi ATP-vazebnym mistem a vlastnim porem
kanalu (Yan, Liang et al. 2000).



2. HYPOTEZY A CILE

Cilem teto prace bylo zjistit tlohu konzervovanych cysteinovych mustkt a
aminokyselinovych zbytkd v oblasti extracelularniho vestibulu ve funkci potkaniho
P2X4 receptoru.

Konkrétnimi cili pace bylo:

1. Identifikovat jednotlivé cysteinové mustky v ektodoméné P2X4 receptoru,
které jsou dulezité pro jeho funkci, a dale poskytnout mechanisticky vyklad
moznych funkénich zmén navozenych eliminaci téchto vazeb. Specifickym
ukolem bylo rozlisit mezi funkéni ulohou jednotlivych cysteinovych residui
a ulohou existence disulfidickych vazeb.

2. Identifikovat aminokyselinové zbytky v oblasti extracelularniho vestibulu,
které jsou zasadni pro mechanismy otevirani kanalu, pfenosu signalu
z vazebného mista nebo rozsiteni vlastniho vestibulu. Dal$im ukolem bylo
popsat interakci identifikovanych residui s jejich okolnim mikro-prostiedim
ve stavu zavieného a otevieného kanalu.

3. MATERIAL A METODIKA

V proteinu receptoru P2X4 byly molekularné biologickymi metodami vytvareny
bodové mutace, kdy byly cysteiny vyménovany za alaniny. Receptor byl nasledné
exprimovan v bunééné linii lidskych embryondlnich ledvinnych bunék &. 293
(HEK293T; American Type Culture Collection, Manassas, VA, USA). Funk¢nost
receptoru byla provéfovana elektrofyziologickym méfenim a jeho exprese byla
zkoumana pomoci konfokalni mikroskopie a Western blotu.

3.1 Priprava bodovych mutaci

K mutacim byla pouZita potkani forma genu kédujiciho podjednotku P2X4 receptoru
(rP2X4). K dispozici byla zelenym fluorescenénim proteinem (EGFP) znacena
cDNA kodujici sekvence, (GenBank accesion no. NM 031594; [63]), klonovana ve
vektoru pIRES2-EGFP (Clonetech, Mountain View, CA, USA), a ptivodni, neznacena
forma rP2X4 [29], klonovand taktéz ve vektoru pI[ERS2-EGFP. Pouzité vektory v
sobé nesly rezistenci na kanamycin. Tyto kédujici vektory byly poskytnuty laboratoii
Dr. S. S. Stojilkovice (NIH, Bethesda, MD, USA). Bodové mutace byly do proteinu
vnaSeny pomoci primert nesoucich pozménéné sekvence pii polymerazové fetézové
reakci (PCR). Primery skladajici se z 33-36 bazi s mutovanym mistem zhruba
uprostfed byly objednavany u firmy VBC-Biotech (Vidern, Rakousko). K vytvoteni



smési pro PCR byl pouzit kit QuikChange II site-directed mutagenesis (Stratagene,
La Jolla, CA, USA).

3.2 Péstovani bunék a transfekce

Buinky HEK293T byly péstovany v médiu skladajicim se z Dulbeccova
modifikovaného Eaglova média (D-MEM; Invitrogen, Carslbad, CA, USA), 10%
tepelné deaktivovaného hovéziho plodového séra (Sigma-Aldrich), 50 U/ml
penicilinu (Invitrogen) a 50 pg/ml streptomycinu (Invitrogen) pti 37°C v atmosféie
nasycené vodnimi parami a obsahujici 5% CO2. Transfekce byla provedena 24 hod
po nasazeni bunck na sklicka podle transfekéniho protokolu jetPRIME (Polyplus-
transfection, lllkirch, Francie).

3.3 Analyza exprese P2X4 receptort

Buriky transfekované DNA EGFP-znaenych mutantnich receptorti rostouci na
krycich sklickach pokrytych roztokem poly-L-lysinu byly slity z ristového média a
dvakrat oplachnuty fosfatovym pufrem (PBS). Nasledovala fixace ve vychlazeném (-
20°C) 100% metanolu na ledu. Po té byl metanol slit, vzorky ponechany do tplného
osuSeni pfi pokojové teploté¢ a nasledné polozeny na podlozni skla licem dold do
kapky montovaciho média Vectashield (Vector Laboratories, UK). Membranova
lokalizace byla ovétovana pomoci laserova skenovaci konfokalni mikroskopie (Leica
SP2 AOBF). Pro kvantifikaci membranové lokalizovanych receptorti byl pouzit
biotinylaéni kit Pierce® Cell Surface Protein Isolation Kit, podle navodu vyrobce
(Thermo Scientific, Rockford, USA). Vysledkem znaceni byly membranova a
celkova proteinova frakce, vnichz byla pfitomnost receptorovych proteint
zjistovana imuno-detekéni technikou western blot pomoci primarnich anti-P2X4
protilatek (Alomone Labs, Isracl) z kralika. Detekce byla provedena pomoci
sekundarni protilatky proti kralikovi konjugované s kienovou peroxidazou. Produkt
cheminiluminiscenéni reakce navozené pfidanim roztoku luminolu a peroxidazy byl
detekovan pomoci pfistroje Luminescent Image Analyzer LAS-1000plus (Fuji Photo
Film, Japan)

3.4 Elektrofyziologie

Elektrofyziologickda méteni byla provadéna patch-clamp technikou. Po celou dobu
meéfeni byly bunky udrzovany v minimalnim médiu bez séra, napodobujicim iontové
prostiedi uvnité organismu (ECS), kterym byla snimaci komurka promyvana
s konstatni rychlosti asi 2 ml/min. Vodivé spojeni s vnitinim prostorem bunky
zajistoval po protrzeni membrany vnitrobunéény roztok (ICS) ve sklenéné
mikropipeté-elektrodé. Odpovédi byly stimulovany aplikacnimi roztoky s ATP o
ruzné koncentraci, vzdy po dobu 2-10s, jejichz pfitok byl regulovan pomoci
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ventilového systému BioLogic EVH-9 (BIO-LOGIC, Claix, Francie). Vyusténi
aplikacniho systému bylo pfiblizné 500 um od a 50 um nad snimanou buiikou.
Vyména celého objemu ECS v okoli bunék trvala 100-300 ms. V nékterych
experimentech byl u¢inek ATP aplikace méfen po piedchozi inkubaci bun¢k v 3 mM
Ivermektinu trvajici po dobu 2 az 6 minut. Odpovédi byly nahravany pomoci
programu Clampex 9.0 (Molecular Devices, Sunnyvale, CA, USA) a zesilovace
Axopatch-200B (Axon Instruments, Union City, CA, USA) pies Besselav filtr na
1kHz. Snimané proudy byly pfevedeny na napétovy signal pomoci sondy zesilovace
s proudovo-napétovym pievodnikem. Napétovy signal byl zesilen, filtrovan a
digitalizovan (Digidata 1200, Axon Instruments). Data koncentracni zavislosti
velikosti odpovédi byla fitovana troj-parametrickou rovnici s pouzitim programu
SigmaPlot. Vysledkem fitovani bylo urceni hodnot EC50 a Hillova koeficientu.
Kinetika doznivani proudovych odpovédi zplisobenych odmyvanim agonisty, neboli
deaktivace, byla fitovana jednoduchou exponencialni funkci, rovnéz pomoci
programu SigmaPlot. VSechny numerické hodnoty v textu jsou prezentovany jako
aritmeticky pramér + smérodatna odchylka rozptylu (SEM). Signifikantni rozdily
byly uréeny na hlading 5% a 1% (p** < 0.05 respektive p* < 0.01).

4. VYSLEDKY

4.1 Uloha disulfidickych vazeb pro funkéni aktivitu a membranovou expresi
potkaniho P2X4 receptoru

Uloha disulfidickych vazeb potkaniho P2X4 receptoru byla studovana méfenim
funk¢nich vlastnosti série mutantnich receptord, u kterych byly jednotlivé cysteinové
zbytky, ¢i ptipadné konkrétni cysteinové pary tvorici disulfidickou vazbu, nahrazeny
za alaninové anebo threoninové zbytky. U kazdého mutatniho receptoru byla
nejdiive analyzovana mira jeho membranové exprese pomoci genetického oznaceni
zelenym fluorescen¢nim proteinem (EGFP). Fluorescenc¢ni signal EGFP byl u vsech
studovanych konstruktl pfevazné lokalizovan v oblasti plasmatické membrany (viz
Obrazek ¢. 2). Mutantni receptory s nahradou cysteinovych parQ za threoniny byly
pouzity ke stanoveni funk¢niho i¢inku rozruseni disulfidické vazby.

Obrazek ¢. 2. Membranova exprese pivodniho typu (WT) a mutatnich verzi potkaniho P2X4 receptoru
v bunééné linii HEK293T.
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Jako néstroj pro zvyraznéni funk¢nich rozdil mezi jednotlivymi konstrukty jsem
pozival latku ivermektin (IVM), jenz je znam jako pozitivni alostericky modulétor
P2X4 receptorti. U ptivodniho typu (WT) P2X4 receptoru ivermektin vyvolava tii
druhy funkénich zmén: zvysuje citlivost receptoru k ATP, coz je patrné ze snizeni
hodnoty ECsg; zvySuje hodnotu amplitudy ATP-vyvolaného membranového proudu
Imax; @ zpomaluje kinetiku deaktivace receptoru, coz se projevuje navysSenim
koeficientu T, (viz. Obrazek ¢. 3).

0 H
87 -6 5 -4 -3
553 Log ATP (M)

Obrizek & 3. Uginek ivermektinu (IVM) na ATP-odpovéd® P2X4 WT receptoru v HEK293T buiikéch.
Leva cast obrazku zndzoriuje efekt IVM na maximalni velikost (In.x) a Cas deaktivace (Torr) proudové
odpovédi vyvolané aplikaci 3 uM ATP. Vpravo je vykreslena kfivka zavislosti velikosti membranového
proudu na koncetraci ATP v pfitomnosti (plné symboly) a absenci (prazdné symboly) 3 uM IVM.
Vertikalni ¢erchované ¢ary ukazuji polohu hodnot ECs,.

Dvojity threoninovy mutant prvniho cysteinové paru SS1 (C116-C165) vykazoval
zhorseni schopnosti ATP oteviit membranovy kanal, coz se odrazilo na zvySeni jeho
hodnoty ECs, vuc¢i WT. Ivermektin dale zpiasobil vyrazné zrychleni deaktivace
kanalu, avSak nebyla pozoroviana zména v hodnot¢ maximalniho proudu (L.
Taktéz nahrazeni druhého cysteinového paru SS2 (C126-C149) za threoniny
zpusobilo posun koncentracni kiivky ATP smérem doprava, a dale navysilo hodnotu
maximalniho proudu I,.x. Tento efekt byl ¢asteéné potladen plisobenim Ivermektinu.
Navyseni hodnoty maximalni proudové odpovédi pisobenim Ivermektinu bylo u
tohoto mutanta vyssi nez u WT receptoru. Nahrazenim tfetiho cysteinového paru
SS3 (C139-C159) threoninovymi zbytky nezptsobilo zménu v zadné ze sledovanych
vlastnosti. Zaména ¢tvrtého cysteinového paru SS4 (C217-C227) vedla k uplné ztrate
funkce receptoru, kterd nebyla zachranéna ani inkubaci s Ivermektinem. Tento efekt
naznacuje kriticky vyznam téchto cysteinovych zbytkd, jednotlivych aminokyselin i
celého paru, pro funkci potkaniho P2X4 receptoru. Ctvrty cysteinovy pér je umistén
v oblasti spodni casti ektodomény, na niz jsme se soustfedili v navazujicich
pokusech. Tato oblast receptoru predstavuje pifechod mezi ektodoménou a
transmembranovymi doménami a vytvari tzv. extracelularni vestibul. Hodnota
Casové konstanty deaktivace v pritomnosti Ivermektinu byla u SS4 mutatniho
receptoru signifikantné snizena. Také nahrazeni patého paru SS5 (C261-C270) za
threoniny vyvolalo snizeni velikosti amplitudy proudové odpovédi. Plsobenim
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Ivermektinu se Castecné podafilo proudové hodnoty zpétné navysit. Mira tohoto
navysSeni plsobenim Ivermektinu byla vyznamné vyssi nez u WT receptoru a

Tvwr

hodnota ECs, byla mirn€ posunuta k niz§im hodnotam.
C116T+ C165T

,,,,,,, 1
= ss1
2 82
g 83
2 sS4
|
C261T+C270T
|
l L
z i s85
| I
p

87 6543 8765 -4-3 8765 -4-3
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Obrazek 4. Kiivky zavislosti odpovédi na podané davce ATP pro jedno- a dvoubodobé threoninové
mutace P2X4 receptoru. Velikost proudové odpovédi zavisla na koncentraci podaného ATP u
jednobodovych mutaci (levy a stfedni panel) a dvoubodovych mutaci (pravy panel) je pro vSech pét
disulfidovych mustkd ukazana bez IVM (prazdna kolecka) a pii aplikaci 3 uM IVM (plna kolecka). Na
kazdém tadku je par cysteinovych mutaci, které formuji cystinovy mistek (SS1-5). Svislé a vodorovné
¢arkované linie (modfe) ukazuji hodnoty divokého typu receptoru pro ECsoa Inax pii aplikaci 3 uM IVM.
Svislé teckované linie oznacuji hodnoty ECs, threoninovych mutanti v ptitomnosti IVM a ervené Sipky
pak vyznamné zmény téchto hodnot viici WT.
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Obrazek 5. Vliv rozbiti cystinové vazby na kinetiku deaktivace P2X4 receptoru v pfitomnosti [IVM.

(A) Vzorky zdznamu méfeni z dvoubodovych mutaci ukazuji rozdily v navratu receptoru po odmyti ATP.
Vsechny zédznamy byly nahravany pfi aplikaci 3 pM IVM trvajici 4-6 minut za pouziti nedesenzitizujici
koncentrace ATP (1-3 uM pro SS1-3 a SS5, a 30 uM pro SS4). Cislo pod kfivkou je ¢asovéa konstanta
deaktivace (t,q). (B) Srovnani vlivu IVM na ¢asovou konstantu deaktivace (to¢) pro alaninové (plné
sloupecky) a threoninové (prazdné sloupecky) jednobodové mutace formujici cystinové mustky SS1-5.

Stejné jako dvoubodové mutace SS1 mustku, tak i jednobodové alaninové a
threoninové mutace cysteint 116 a 165 vykazuji signifikantni pokles citlivosti k ATP
ato bez IVM i v jeho pfitomnosti, aniz by byla zménéna I,,,x. Tyto zmény, které jsou
spojeny i s rychlejsi deaktivaci po aplikaci IVM, indikuji, ze preruseni mustku SS1 je
zodpovédné vyhradné za sniZeni citlivosti receptoru k ATP. Tti jednobodové mutace
v mustku SS2, C126T, C149A a C149T, mély mnohem niz§i maximalni proudovou
amplitudu ve srovnani s dvoubodovou mutaci SS2 a mutaci C126A, zatimco hodnoty
ECs v neptitomnosti IVM nebylo mozné urcit. Pfi podani IVM reagovaly alaninové
a threoninové mutace cysteini 126 a 149 vcitlivosti k ATP podobné¢ jako
dvoubodovy mutant; posun ECs, doprava byl spojen s rychlejsi deaktivaci a ndsobné
zvySeni maximalnich proudovych odpovédi bylo mnohem vyrazn€jsi u vsech
jednobodovych mutaci nez u divokého typu. Funkce receptoru nebyly nijak viditelné
zasazeny u mutaci C132T, C159A a C159T, coz potvrzuje, ze pieruSeni mistku SS3
samo o sob&é nema specificky efekt na funkci P2X4 receptoru. Mimoto mutace
C132A vykazovala signifikantné nizsi proudové odpovédi na ATP, zvySenou ECs, a
rychlejsi deaktivaci. Devastujici efekt nahrazeni cysteinového paru v mustku SS4
threoniny odrazely i jednotlivé mutace — C217A, C227A a C227T; tyto mutace
vykazovaly nizkou citlivost k ATP nebo vibec zadnou a funkce receptoru se
nepodafilo navratit ani za pomoci pisobeni IVM. Naproti tomu velikost proudové
odpovédi a citlivost k ATP nebyla zasazena vyménou cysteinu na pozici 217 za
threonin. Vytvofili jsme také mutace C217L, C217E a C227R, ale ani jedna z téchto
mutaci nebyla funkéni. Az mutace C217R byla funkéni s hodnotami blizkymi pro
divoky typ. U Sesti z osmi jednobodovych mutaci mustku SS4 byla signifikantné
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snizena hodnota I,,,x. Na toto snizeni nemé pravdépodobné vliv pfenos receptoru do
membrany, protoze dvoubodovy alaninovy mutant mutstku SS4 v membrané
pfitomen byl. Stejné jako u dvojmutanta, tak i pro C217A, C227A a C227T sice
nebylo mozné uréit hodnotu ECs, v pfitomnosti IVM, ale bylo mozné zjistit rychlost
deaktivace. Jejich nizkd hodnota t.4 indikuje, Ze ty to mutantni formy P2X4
receptoru maji snizenou citlivost k ATP. Rychlost deaktivace u mutaci C217T a
C217R je srovnatelna s divokym typem receptoru.Snizeni proudové odpovédi bylo
pozorovano v bunkach exprimujicich dvojmutaci mdstku SS5, stejné jako u
jednobodovych mutaci C261T, C270T a C270A, kde byl také efekt IVM na I«
mnohem vy3si nez u WT. Zadné zmény v citlivosti k ATP nebyly pozorovany u
jednobodovych mutaci SS5 mustku a deaktivacni konstanta mutace C270T byla ve
srovnani s WT vyssi. Naproti tomu mutace C261A byla pIn¢ funkéni.

4.2 Uloha aminokyselinovych zbytkt formujicich extracelularni vestibul ve funkci
P2X4 receptoru

Ob¢, alaninova i cysteinova, skenovaci analyza byly provedeny kvili
adekvatnimu srovnani s pracemi publikovanymi dfive: (Stoop, Thomas et al. 1999;
Jiang, Rassendren et al. 2001; Jiang, Kim et al. 2003; Li, Chang et al. 2008; Kawate,
Robertson et al. 2011; Samways, Khakh et al. 2011). Nahrazeni péti rezidui (V49,
Y54, Q55, F324 a G325) alaninem ¢i cysteinem mél za nasledek vznik malo
funkéniho nebo nefunkéniho receptoru vykazujiciho proudy niz$i nez 20% WT a
mimo mutace v bod¢ 324 nebylo mozné jejich ECs, urcit.
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Obrazek 6. Vliv alaninovych a cysteinovych jednobodovych mutaci na maximalni amplitudu proudu. (A)
Alaninova a cysteinové skenovaci analyza aminokyselinovych zbytkd v oblasti V47-V61 a F324-N338,
coz zahrnuje i horni ¢ast transmembranovych domén a v otevieném stavu PB-listy. Graf ukazuje
maximalni amplitudu proudu vyvolaného ATP (I,..x) u divokého typu (WT; bilé sloupce), cysteinovych
(tmavé sloupce) a alaninovych (Sedé sloupce) mutantnich receptorti. Nejvice byly funkce receptoru
zasazeny u mutaci v pozici V49, Y54, Q55 (modie) a F324 a G324 (Cervend). (B) Odpoveéd’ vyvolana
aplikaci 100 pM ATP u WT a vyrazné zasazenych alaninovych mutaci P2X4 receptoru. (C) Umisténi
slabé odpovidajicich aminokyselinovych zbytkli v modelu zfP2X4 v apo-uzavieném stavu (vlevo) a
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otevieném stavu s navazanym ATP (vpravo); mutovand oblast je ozna¢ena modfe a Cervené, zasazené
aminokyseliny (rP2X4 ¢islovani) pak modrymi a ¢ervenymi balonky.
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Obriazek 7. Membranova exprese slabé odpovidajicich alaninovych mutaci a funk¢ni charakterizace pro
V49 a mutace této aminokyseliny. (A) Western blot ukazuje expresi na povrch buriky u divokého typu
P2X4 receptoru a mutaci -V49A, Y54A, QS5A, F324A a G325A. (B) Densitometrickd kvantifikace pro
pomér mezi membranovym a celkovym vyskytem péti malo aktivnich mutaci. (C) Kiivky zavislosti
proudové odpovédi na koncentraci podaného ATP pro riizné mutace v misté V49. (D) ZvySeni maximalni
proudové odpovédi po aplikaci ivermektinu u riznych mutaci V49.

Mutace V49A nebyla vibec ¢i jen velmi malo exprimovana na povrchu
bunky, ackoli dal§i mutace exprimovany, v rizném mnozstvi, byly. Ztrata funkce
receptoru s mutaci V49A je tak odrazem jeho neschopnosti exprimovat se na povrch
bunky. V kontrastu k tomu mutace V49A, V49C ani zadna nepolarni (V49L, V49W)
¢i negativné nabita mutace podobné velikosti (V49D) nezménila nijak signifikantné
funkei receptoru ve srovnani s divokym typem. Mutace Y54 za alanin ¢i cystein
mély velmi nizkou aktivitu, jejich proudovou odpovéd ale bylo mozné navysit
aplikaci IVM. Citlivost k ATP byla tady u téchto mutaci snizend a funk¢nost
receptoru bylo mozné c¢astecn¢ obnovit pomoci IVM, které zvySuje frekvenci
otevirani kanalu (Priel and Silberberg 2004) a zvySuje citlivost k ATP. (Khakh,
Proctor et al. 1999). Funkce receptoru byla plné obnovena vyménou Y54 za
fenylalanin ¢i tryptofan, ale ne za leucin, coz indikuje, Ze aromaticka aminokyselina
na pozici 54 je nepostradatelna pro funkci P2X4 receptoru.
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Obrazek 8. Efekt mutaci Y54 a Q55 na funkci P2X4 receptoru.
(A) Ktivky zavislosti proudové odpovédi na podané koncentraci ATP pro WT a mutace v misté Y54. (B)
Hodnoty I« pro WT a mutace Y54 v pfitomnosti (Sedé sloupce) i bez podani (bilé sloupce) IVM. (C)
Kiivky zavislosti proudu na podané koncentraci ATP pro WT a mutace v mist€¢ Q55. (D) Hodnoty . pro
WT a mutace Q55 v pfitomnosti (Sedé sloupce) i bez podani (bilé sloupce) IVM.

Vymeéna aminokyseliny Q55 za jinou s podobnou strukturou ¢i chemickymi
vlastnostmi neobnovila funkci receptoru. Funkce receptoru s mutaci Q55E byla
Castecné obnovena pouzitim IVM, ackoli toto nebylo u ostatnich mutaci. Je tedy
opodstatnéné uzavfit, ze vyména konzervovanych aminokyselin Y54 a Q55 nad TM1
za alanin ¢i cystein zpisobuje silnéjsi snizeni citlivosti k ATP nez u mutaci v pozici
49. Mutace F3324A a F324C vykazuji vyznamné sniZzeni proudovych odpovédi,
pricemz pouziti IVM tyto proudy zvySuje na trovein srovnatelnou s WT. Hodnota
ECsy a casova konstanta deaktivace u F324A je také blizkda WT. Mutace F324 za
jinou nepolarni (F324L, F324W) nebo aromatickou (F324Y) aminokyselinu ¢astecné
¢i pln€ obnovuje funkce P2X4 receptoru. U mutanti F324 byla zjisténa linearni
korelace mezi logECs, a konstantou hydrofobicity a také mezi ECs, a velikosti
postranniho fetézce aminokyseliny. Z téchto dat vyplyva, Ze spiSe nez aromaticita, je
na pozici 324 podstatna pro spravnou funkci receptoru hydroboficita a velikost
fetézce aminokyseliny.
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Obriazek 9: Vliv mutaci F324 a G325 na funkci rP2X4 receptoru.

(A) Kiivky zavislosti proudové odpovédi na podané koncentraci ATP pro WT a mutace v misté F324. (B)
Hodnoty I.x pro WT a mutace F324 v pritomnosti (Sedé sloupce) i bez podani (bilé sloupce) IVM.

(C) Ktivky zavislosti proudové odpovédi na podané koncentraci ATP pro WT a mutace v misté¢ G325.
(D) Hodnoty L. pro WT a mutace G325 v pfitomnosti (Sedé sloupce) i bez podani (bilé sloupce) IVM.

Mutace G325A a G325C nebyly aktivni ani s pouzitim IVM. Mutace
G325P méla ECsg a I,,x srovnatelné s divokym typem receptoru. Navic tato mutace
vykazovala srovnatelny stupeii navySeni odpovédi receptoru pii aplikaci IVM.
Aminokyseliny G325 a F324 se nachazeji v blizkosti zlomového bodu na B-listu,
ktery se objevuje v otevieném stavu P2X4 receptoru. Tato data indikuji, ze kdyz
receptor podléha aktivaci vyvolanym zméndm struktury, G325 mizou fungovat jako
,.pant.

01 =046 2401 =086
N Fa24L
we 200
2 Fa24Y
- ® Fa2aw °
o 3
k] g
£7 F324Y =160 Fa24L
g ° 2
£ 5
8 2
o F320A $120)  razac
5 e .

F324C F324A
o

~
®
3

0 1 1
10gECsg [1M] 10gECso [M]

21P2X4 apo-closed state. 2fP2X4 ATP-bound open state

Obrazek 10: Vliv hydrofobicity a velikosti aminokyseliny na pozici 324 pro aktivaci receptoru skrze ATP
a umisténi F324 a G325 v molekule receptoru. (A a B) Korelace mezi hodnotami ECs, a hydrofobni
konstantou (A) ¢i velikostni konstantou (B) boc¢niho fetézce aminokyselin. (C) Oba aminokyselinové
zbytky, F324 a G325, se nachéazeji uvniti B-listu spojujicim ATP-vazebné misto a por (zelen€) receptoru v
modelu zfP2X4 v apo-uzavieném stavu (vlevo) a vné B-listu ve stavu s navazanym ATP (vpravo); rP2X4
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Cislovani. VSimnéme si také stabilni pozice aminokyselin Y54 a Q55 a konzervovaného slozeni proteinu
nad TM1 (Sipka) v obou, uzavieném i otevieném, stavech.

5. DISKUSE

Predchazejici studie zabyvajici se tématem disulfidickych vazeb P2X receptord se
soustfed’'ovaly hlavné na identifikaci cysteinovych pard v ektodoméné savéich P2X
receptort. Uspotadéani vazeb bylo poprvé identifikovano u P2X2 receptoru pro SS1,
SS4 a SS5 pary (Clyne, Wang et al. 2002), jina studie zamétena na P2X1 receptor
identifikovala uspofadani vSech péti SS pari (Ennion and Evans 2002). Nase studie
ukdzala, Ze narusenim SS1, SS2 a SS4 vazeb nahradou obou cysteinl za treoniny
vznikly receptory méné citlivé na ATP. VSechny ¢tyfi jednobodové mutace SS1, tii
ze Ctyf jednobodovych mutaci SS2 a Sest z osmi jednobodovych mutaci SS4 mély
podobny ucinek. Mutace SS4 cysteinovych zbytkl vyvolaly nejvyraznéjsi zmény ve
funkci receptoru. Pro SS4 dvojmutaci a Sest jednobodovych mutaci hodnota ECs,
nemohla byt urcena, ale amplituda proudu byla dostate¢na k tomu, aby mohla byt
urcena Casova konstanta deaktivace v pfitomnosti IVM. Protoze existuje vyznamna
korelace mezi hodnotou ECsy pro ATP a rychlosti deaktivace receptoru v ptitomnosti
IVM (Zemkova, Yan et al. 2007), bylo mozné z toho odvodit, Ze tyto SS4 mutanty
maji snizenou citlivost k ATP. Mutace P2X1-C217A a P2X1-C227A byly plné
funkcni, ale nejméné citlivé k ATP mezi vSemi deseti alaninovymi mutacemi
(Ennion and Evans 2002). Mutace P2X2-C224A v oocytech byla nefunk¢ni, zatimco
mutace C214A méla nizsi citlivost k ATP. Dale se ukazalo, Ze hodnota I, byla pro
obé SS4 mutace vyznamné snizena, dokonce nebyla detekovatelna kdyz byl P2X2
receptor vlozen do HEK bunék (Clyne, Wang et al. 2002). Dvojmutace SS5 a tfi ze
¢ty jednobodovych mutaci P2X4 receptoru mély nizkou hodnotu I,.x a ECs
podobnou hodnoté u WT receptoru. Jejich rychlosti deaktivace v pfitomnosti [VM
byly také srovnatelné s hodnotami pozorovanymi u kontrol, jasné dokazujici, zZe
jejich citlivost k ATP nebyla pozménéna. Citlivost SS5 A-mutantii u P2X1 a P2X2
receptoru nebyla také zménéna a hodnoty I, byly signifikantné nizsi. Diive se
predpokladalo, ze transport P2X1 receptoru do plazmatické membrany je naruSen
rozbitim SS5 vazby, a ze tim dochazi ke snizeni hodnoty I« (Ennion and Evans
2002). Nase vysledky ukazuji, Ze niz$i hodnoty I.x nalezené pro Etyfi z péti SS5
mutaci by mohly byt zptisobeny jejich dtlezitou tlohou v mechanismu otevirani
kanalu, a ukazovaly by na to, ze uvedené mutace preferuji uzavieny stav iontového
kanalu. Rozdilné vysledky nalezené pro SS5-P2X1 a P2X4 mutace jsou
pravdépodobné dany receptorové specifickymi potfebami SS vazeb pro uréitou
funkei. V souladu s tim, u P2X1 neni zadna z téchto vazeb individualné nezbytna pro
funkci receptoru, a nékolik dvojmutaci zasahujicich vazby SS2 a SS3 bylo funk¢nich
(Ennion and Evans 2002). AvSak u P2X2 jsou vazby SS1-4 individualné nezbytna
pro spravnou funkci receptoru (Ennion and Evans 2002). Naproti tomu, funkce
P2X4 receptoru nebyla zménéna u SS3 dvojmutace ani u tii ze ¢tyf jednobodovych
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mutaci, coz jasn¢ ukazuje, ze SS3 neni kli¢ova pro funkci P2X4 receptoru. Expresni
systém by také mohl hrat svou roli ve funkci receptoru. Napfiklad, na rozdil od
vysledku prezentovanych v této nasi praci, kazda z deseti cysteinovych mutaci P2X4
receptoru v oocytech vytvafela velky proud (>50 % proudu WT receptoru), a
hodnoty ECs, pro mutace C132A a C217A byly srovnatelné s hodnotami pro WT-
P2X4 receptor (Yi, Liu et al. 2009). Také mutace P2X2-C258A byla prakticky
nefunkéni, pokud byl receptor zabudovan v HEK burnkach, ale vytvarel vétsi proud,
kdyz byl exprimovan v oocytech (Clyne, Wang et al. 2002). Vysledky prezentované
v této dizertacni praci také ukdzaly, Ze ne vSechny jednobodové SS mutace se
chovaji podobné a srovnateln¢ jako dvojmutace. Napiiklad v buitkdch s mutaci
C132A bylo pozorovano snizeni citlivosti k ATP a pokles I,.x, zatimco v bunkach
nesoucich SS3 dvojmutaci nedoslo k zadné zmén¢ funkce receptoru, a stejné tak
tomu bylo i u tii dal§ich jednobodovych mutaci: C132T, C159A a C159T. Podobné
nebyla funkce receptoru zasazena, kdyz byl cystein C217 nahrazen threoninem nebo
argininem. Také mutace C261A méla vlastnosti podobné jako WT receptor, na rozdil
od dvojmutace a tfi jednobodovych SS5 mutaci. Tyto vysledky ukazaly, ze
jednotlivé cysteiny tvofici mistek nebo jejich substituenti mohou také hrat roli ve
funkci receptoru nezavisle na ztraté mustku, pravdépodobné vytvoienim novych
interakcei, které mohou poskodit nebo také zachranit strukturu kanalu nezbytnou pro
vazbu agonisty anebo gaiting iontového kanalu. V souladu s timto zavérem je
skutecnost, ze eukaryotni organizmus Ostreococcus vubec nema SS4 mustek, a
Dictyostelium nema SS4 a SS5 mistky (Jarvis and Khakh 2009; Surprenant and
North 2009); ovsem vysoka koncentrace agonisty je potfeba k aktivaci téchto
receptort. Lze tedy na zavér fici, Ze vznik SS4 a SS5 mustkt byl dilezity krok v
evoluci P2X proteini. Krystalova struktura P2X4 receptoru zebficky (Kawate,
Michel et al. 2009; Hattori and Gouaux 2012) nam pomohla do jisté miry vysvétlit
specifickou tlohu SS1-5 disulfidickych mustkl ve funkci P2X4 receptoru. Dlouha
klicka tvofena 13 aminokyselinami a vychazejici od cysteinu 165 by mohla inhibovat
vazbu ATP tim, Ze zakryje vazebné misto pro ligand, je-li uvolnéna po rozbiti SS1
mistku. Rozbiti SS2 mustku by mohlo zménit tvar nebo velikost ATP vazebné
kapsy, a také sty¢nou plochu mezi hlavou a télem receptoru. Druhé dlouha klicka
tvofena 14 aminokyselinami, zadni ploutev, nachazejici se pied cysteinem C217 by
mohla hrat podobnou roli na proté;jsi strané predpokladaného ATP vazebného mista,
pokud by byla uvolnéna prerusenim SS4 mustku. Devastujici G¢inek dvojmutace SS4
na funkci receptoru lze vysvétlit zménami na stycné ploSe mezi levou ploutvi a
hibetni ploutvi, které mohou ovlivnit interakci mezi podjednotkami receptoru a tak i
pfenos signalu z ATP vazebného mista do poéru. Toto rozhrani je jednim ze tfi
hlavnich kontakti mezi podjednotkami, které jsou povazovany za dtlezité pro funkci
receptoru. (Kawate, Michel et al. 2009). Mustek SS5 se nachazi relativné daleko od
vazebného mista pro ATP, ale blizko extracelularniho vestibulu nad TM doménami,
coz podporuje jeho ulohu v otevirani kanalu a spravném pienosu signalu z ATP
vazebného mista do poru.
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Pravée proto se dalsi cast této dizertacni prace zabyvala vysvétlenim funkéni
ulohy aminokyselin, které tvoii extracelularni vestibul potkanitho P2X4 receptoru.
Vysledkem predkladané prace je identifikace péti aminokyselin, z extracelularniho
vestibulu, které jsou nezbytné pro funkci receptoru: V49, Y54, QS5, F324 a G325.
Tyto aminokyselinové zbytky se nachazeji také u zfP2X4 receptoru a mezi sav¢éimi
P2X receptory jsou uplné konzervované zbytky Y54, Q55 a G325, zbytek V49 se
nachazi u péti receptorti a F324 neni konzervovan naptic P2X podtypy. Zjistili jsme,
Ze transport receptoru v buiice byl vyznamné porusen pii mutaci aminokyseliny V49,
ale ne jiné aminokyseliny. Navic mutace V49D byla zcela funkéni, tfebaze mohly
vzniknout silné odpudivé sily mezi karboxylovym postrannim fetézcem aspartatu a
negativné nabitymi fosfolipidy. Stejn¢ tak mutace V49W nezménila fungovani
receptoru (Silberberg, Chang et al. 2005), tfebaze se tim nahromadily objemné
aminkokyseliny v této c¢asti TM1 helixu (F48-W49-W50) a mohlo dojit k
destabilizaci helixu. Mutace rezidua V50 v receptoru P2X2 je také funkéni (Li,
Migita et al. 2004; Khakh and Egan 2005). Tyto vysledky ukazaly, ze aminokyselina
V49 hraje roli v transportu rP2X4 receptoru na povrch bunky, spi§ nez by
destabilizovala jeho zakotveni v membrané nebo ovlivnila gating iontového kanalu.
(rP2X4 c¢islovani) nevytvorily funkéni kanaly (Jiang, Rassendren et al. 2001;
Kawate, Robertson et al. 2011), ale obé studie neposkytly zadné vysvétleni pro tento
ucinek. Cysteinova skenovaci mutageneze sekvence aminokyselin E52-G96 v
lidském P2X1 receptoru ukéazala, ze vSechny mutanty této Casti extracelularniho
vestibulu jsou funk¢ni, existuje tedy podjednotkove specifické rozdily ve schopnosti
receptoru tolerovat Q55 a Y54 mutace (Roberts and Evans 2006; Allsopp, El Ajouz
et al. 2011). Jiné polarni nebo nabité residuum v pozici Q55 nebylo schopné obnovit
funkci receptoru, zatimco mutace Y54F a Y54W odpovidaly na ATP, coz ukazalo na
dualezitost ptritomnosti aromatického rezidua v pozici 54. Funkci mutaci Y54A/C-
P2X4 bylo mozné ¢asteéné obnovit po aplikaci IVM, stejné tak i funkci Q55E-P2X4
receptoru. [IVM usnadiiuje otevirani kanalu a zpisobuje posun kiivky koncentracni
zavislosti receptoru doleva a zvysSuje jeho citlivost k ATP (Khakh, Proctor et al.
1999), lze proto predpokladat, ze residuum Y54 se uplatiiuje v procesu gating
iontového kanalu. Je zajimavé, ze stabilni proteinova smycka se objevuje ve
vzdalenosti 7A od Q55 a Y54 residui jak v otevieném, tak uzavieném stavu kanalu
(Hattori and Gouaux 2012). Znamena to, ze struktura smycky v blizkosti Q55
residua musi byt zachovana jak v otevieném tak i uzavieném stavu, ma-li byt kanal
funk¢ni. Dale jsme ukazali, Ze tzv. “’stacking” interakce jsou pravdépodobn¢ dulezité
pro funkci Y54 mutantl, protoze v této pozici musi byt aromatické residuum, aby
receptor mohl fungovat. Moznymi partnery pro tyto interakce s Y54 jsou F48 z TM1
a F330 z TM2 téze podjednotky. V souladu s touto hypotézou bylo pozorovano
vyznamné snizeni I, u mutace F330C. Reziduum G325 receptoru rP2X4 bylo
identifikovano jako funkcné dulezité, protoze obé mutace G325A a G325C byly
necitlivé k ATP. Mapovanim G325 ve struktufe otevieného stavu receptoru zfP2X4
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bylo zjisténo, ze B-list nad TM2, spojujici ATP vazebnou doménu s poérem kanalu, je
zlomeny v mist¢ G325, ale neni tomu tak v uzavieném stavu, kde je zachovana
linearmi celistvost tohoto B-listu (Hattori and Gouaux 2012). Obnoveni receptorové
funkce u G325P mutace jasn¢é ukazuje na dulezitost této oblasti, protoZze nahrada
prolinem vytvari zlom B-listu nad TM2. Tiebaze je residuum G325 konzervované
napfi¢ P2X receptory, ma kli¢ovou uloha pro funkci jen a pouze u P2X4 receptoru.
U receptoru P2X1 je ekvivalentni mutace G321C normalni (Digby, Roberts et al.
2005), ale ma modifikované odpovédi na ATP v pfitomnosti MTS redukénich ¢inidel
(Roberts and Evans 2007). Jina studie na rP2X2 receptoru ukazala, Ze mutace
H319C a G320C (analogické F324C a G325C mutacim P2X4 receptoru) jsou plné
funk¢ni (Rassendren, Buell et al. 1997; Kawate, Robertson et al. 2011). Cysteinové a
alaninové mutace rezidua F324 u P2X4 receptoru mély vyznamné snizeny l.x, coz
bylo nalezeno také ve studii jinych autorti (Popova, Asatryan et al. 2010), ale funkce
byla ¢astecné obnovena u mutaci F324L, F324Y, a F324W. Nalezena korelace mezi
hodnotou ECs, a hydrofobicitou daného substituenta F324 naznacuje, ze velikost
rezidua a jeho schopnost vytvaret hydrofobni interakce jsou dulezité pro funkci
P2X4 receptoru.
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6. ZAVERY

Pomoci molekularné biologickych a elektrofyziologickych technik bylo feseno
nékolik otazek strukturné-funkénich vztahti u potkaniho P2X4 receptoru. Tato
dizertacni prace objasnila dulezitost konzervovanych cysteini ektodomény a SS1-5
disulfidickych mustkti pro funkci receptoru a identifikovala aminokyseliny
extracelularniho vestibulu, které jsou nezbytné pro otevirani receptorového kanalu,
roz$ifeni vestibulu a transport receptoru do plazmatické membrany. Konkrétné v této
praci bylo nalezeno:

1. Rozbiti SS3 mustku nemélo zadné nasledky na fungovani P2X4 receptoru,
zatimco rozbiti SS4 a SS5 mistkd vyznamné zasahlo do funkce P2X4 receptoru,
coz ukazuje dilezitost téchto disulfidickych vazeb pro receptorové funkce.

2. Rozbiti SS1 a SS2 vazeb, a do jisté miry také SS4, zménilo citlivost receptoru k
ATP, a tento ucinek naznacoval, ze tim doSlo k narusSeni celistvosti ATP
vazebné kapsy. SS5 mustek je dulezity pro zachovani mechanismu otevirani
kanalu a pravdépodobné take pro pievod signal z ATP vazebného mista k
transmembranovému poru.

3. Skenovaci mutageneze rezidui tvoficich extracelularni vestibul vedla k
identifikaci péti kliCovych aminokyselinovych zbytkl nezbytnych pro fungovani
P2X4 receptoru: V49, Y54, QS5S5, F324 a G325. Pouze V49 byl shledan
dalezitym pro transport receptoru z endoplazmatického retikula do plazmatické
membrany.

4. Sousedici rezidua Q55 a Y54 jsou dulezitd pro otevirani iontového kanalu,
pravdépodobné svoji strukturou udrzuji transmembranové domény spravné
orientované k ose.

5. Rezidua F324 a G325 jsou pravdépodobné dulezitda pro rozsifeni
extracelularniho vestibule, coz je dulezity predpoklad pro vstup ionti do
otevien¢ho iontového kandlu. F324 také miize zastdvat funkci aminokyseliny
hrajici roli v plnéni vnitiniho prostoru vestibulu a zamezujici pfilisné roztazeni
vestibulu.
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1. INTRODUCTION

Purinergic singling represents the system of chemical communication between cells
mediated by the extracellular purine and pirimidine nucleotides (Burnstock 1977;
Burnstock 1986; Burnstock 2006; Burnstock 2011). The omnipresence of purines
and pyrimidines in extracellular environment makes them physiologically important
signaling molecules (Burnstock 1977; Burnstock 1986; Burnstock 2006; Burnstock
2011; Khakh and North 2012). Purinergic receptors are transmembrane protein
molecules responsible for triggering physiological responses to purine or pyrimidine
nucleotides and nucleosides in the extracellular environment. These receptors have
been categorized into two groups in respect to which agonist they bind. P1 receptors
are activated primarily by adenosine while P2 receptors are involved in binding ADP
or ATP (Abbracchio and Burnstock 1994). P2 receptors exist as metabotropic
receptors designated as P2Y receptors (P2Y) and ionotropic receptors (ionic
channels) designated as P2X receptors (Burnstock 2006). P2X receptors are trimeric
proteins (Nicke, Baumert et al. 1998) which were cloned in the mid 1990s. The
corresponding proteins consist of 379 (P2X6) to 595 (P2X7) amino acid residues.
The sequence homology between the receptors in the rat (Rattus norvegicus) is
ranging from 26 to 47%. Every subunit consists of two transmembrane domains
(TM1 and TM2) connected by a large extracellular loop which folds into an
ectodomain (Newbolt, Stoop et al. 1998). The ectodomain also contains five
disulphide bridges which are conserved across the mammalian P2X family (Clyne,
Wang et al. 2002; Ennion and Evans 2002). Three subunits make a functional
channel which exists in homo or hetero trimeric forms (Nicke, Kerschensteiner et al.
2005). The patterns of activation of P2X receptors differ among homotrimeric
isoforms in relation to maximum current amplitude and desensitization velocity.
Zebra fish P2X4 receptor (zfP2X4) was solved at a resolution of 3.1 A (Kawate,
Michel et al. 2009). Further research has resulted in polypeptide construct of zfP2X4
which has crystallized in both open and closed state (Hattori and Gouaux 2012). The
structures of zfP2X4 receptor with and without bound ATP, AP2X4-C and AP2X4-
B2 apo, were solved at a resolution of 2.8 A and 2.9 A, respectively (Hattori and
Gouaux 2012). The homotrimeric receptor was found to have a chalice-shape, with
large extracellular domain away from the membrane. Each subunit resembles a
dolphin- like structure with a tale of a dolphin representing a transmembrane domain.
The head of the dolphin represents a structurally stable form which contains three
disulphide bonds. The solved structures have demonstrated the existence of five
disulphide bonds between conserved cysteine residues. Three bonds are present in
the head domain (C119-C168, C129-C152, C135-C162; zfP2X4 numbering), one
bond is present in dorsal fin (C220-C230) and one bond is situated in lower part of
the dolphin body very near to the postulated access portals for the ions. Mutagenesis
and electrophysiological study in human P2X1 receptor revealed the existence of
disulphide bonding within all 10 cysteine residues (C117-C165, C126-C149, C132-
C159, C217-C227 and C261-C270) (Ennion and Evans 2002). Another study done
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before confirmed only the connection between C115-C164, C214-C224 and C258-
C266 in rat P2X2 receptor (Clyne, Wang et al. 2002).

Figure 1 zfP2X4 receptor structure in open with bonded ATP (right) and closed (left) state reveals
trimeric architecture, the widening of lateral fenestration just above the outer leaflet of the lipid bilayer
and expansion of TM domains (a and b). ATP binding is facilitated on the interface between subunits in
between the head group and dorsal fin (b and d). The widening of the pore is depicted along the central
axes. (c and d) ATP molecule is presented in space filled model in right panel.

The structure of zfP2X4 receptor also revealed the existence of extracellular
vestibule with three lateral fenestrations trough which the ion entrance was initially
postulated (Kawate, Michel et al. 2009) and later confirmed in functional studies.
The ion access was confirmed to be facilitated by negatively charged amino acid
residues E56 and D58 at the entrance point to the fenestration in human P2X4
(Kracun, Chaptal et al. 2010; Kawate, Robertson et al. 2011; Samways, Khakh et al.
2011). Furthermore, cysteine-scanning mutagenesis of P2X1 residues from E52 to
G96 showed that all vestibule residues mutants are functional (Allsopp, El Ajouz et
al. 2011), which is not a case of P2X2 (Jiang, Rassendren et al. 2000; Kawate,
Robertson et al. 2011). The region of extracellular vestibule was also investigated in
terms of facilitation of channel activation and the region above TM2, which
encompasses the residues from K313 to 1333, is important for the signal transduction
between ATP binding site and the pore (Yan, Liang et al. 2006).

25



2. AIMS

The aim of this thesis is to provide the knowledge on several structure/function
related aspects of the rat P2X4 receptor. The aim of this work is to understand the
role of conserved cysteine bridges and extracellular vestibule residues in P2X4
receptor function,

The specific tasks of this work are to:

1. Identify disulfide bridges in the ectodomain that are important for the function
of rat P2X4 receptor and provide mechanistic explanations of possible changes
induced by disruption of these bonds. Additional task is to dissect between the
functional importance of particular cysteine residues and disulphide bonds for
the receptor function.

2. Find amino acid residues of the extracellular vestibule which are crucial for
channel gating, signal transduction or vestibule widening and elucidate the role
of identified amino acid residues by exploring the mechanisms of their
interaction with their microenvironment in channel closed and open state.

3. MATERIAL AND METHODS

The molecular biology methods were employed to make the point mutations within
P2X4 receptor was subsequently expressed in human embryonic kidney cell line
(HEK293T; American Type Culture Collection, Manassas, VA, USA).The
functionality of the receptor was explored by electrophysiological measurements and
its expression was verified by confocal microscopy and Western blot.

3.1 Single point mutagenesis

To prepare mutations the rat P2X4 receptor gene was used as templete. Tagged green
fluorescent protein cDNA of the receptor was at a disposal(GenBank accesion no.
NM 031594;, cloned in into pIRES vector(Clonetech, Mountain View, CA, USA).
The used vectors had a resistence gene to kanamyscin. These vectors were provided
by the courtesy of Dr. S. S. Stojilkovic (NIH, Bethesda, MD, USA).The point
mutations were introduced by using the primers with a mismatch pairs in polymerase
chain reaction (PCR). The primer contained between 33-36 and 36 bases with a
mismatching site in the middle of a primer were obtained from VBC-Biotech
(Vienna,Austria). For the preparation of the PCR mix the QuikChange II site-
directed mutagenesis was used (Stratagene, La Jolla, CA, USA).
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3.2 Cell culturing and transfection

HEK293T were cultivated in Dullbeco Modified Eagle Medium (D-MEM;
Invitrogen, Carslbad, CA, USA), with 10% of heat deactivated fetal bovine serum
(Sigma-Aldrich), 50 U/ml penicilin (Invitrogen) and 50 pg/ml streptomycin
(Invitrogen) at 37°C in humidified atmosphere containing 5% CO,. Transfection was
done 24 hours after cell plating in accordance to the transfection protocol jetPRIME
(Polyplus-transfection, Illkirch, France).

3.3 Expression analysis of P2X4 receptor

The cells transfected with the DNA of mutated receptors containing the EGFP tag on
poly-L-lysin impregnated glasses were washed two times with phosphate buffered
saline (PBS). The cells were fixed by 100% methanol on ice (-20°C). Methanol was
eliminated and the samples were dried at room temperature and than mounted onto a
Vectashield drop facing down (Vector Laboratories, UK). Membrane expression was
verified by laser scanning confocal microscopy (Leica SP2 AOBF). For
quantification of membrane localized receptors Pierce® Cell Surface Protein
Isolation Kit was used in accordance to manufacturers instructions (Thermo
Scientific, Rockford, USA). The result was quantification of total and membrane
fraction of P2X receptors and their presence was verified by immunodetection on
Western blot by using primary anti rabbit P2X4 antibody (Alomone Labs, Israel).
The detection was performed by anti-rabbit secondary antibody coupled with horse
radish peroxidase. The product of chemiluminescent reaction of peroxidase coupled
oxidation of luminol was detected by Luminescent Image Analyzer LAS-1000plus
(Fuji Photo Film, Japan)

3.4 Electrophysiology

The electrophysiological measurement was done by patch-clamp method. During
the entire measurement the cells were continuously perfused at a rate of 2ml/min by
extracellular solution which corresponds to the physiological extracellular
environment in terms of concentration of ions. The intracellular environment was
corresponding to the intracellular solution filled in a microelectrode. The cellular
responses were stimulated by different concentrations of ATP during 2-10s, by the
use of BioLogic EVH-9 application system (BIO-LOGIC, Claix, Francie). The
placement of application system was approximately 500 um from and 50 um above
recorded cell. The exchange of solutions in the environment of the cell was 100-300
ms. In some experiments, whole cell currents were measured by the preincubation of
the cells with 3 uM IVM for 2-6 min. The responses were captured by using
Clampex 9.0 (Molecular Devices, Sunnyvale, CA, USA) and the amplifier
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Axopatch-200B (Axon Instruments, Union City, CA, USA) by using Bessel filter
1kHz. The data was captured by using the Digidata 1322A (Axon Instruments). The
concentration-response data points were fitted by a three-parameter logistic equation
using a non-linear curve-fitting program that derives the ECsy values and Hill
coefficient values of the produced curves. The kinetics of current decay induced by
the washout of agonists, deactivation, were fitted by a single exponential function by
using SigmaPlot software. All numerical values in the text are reported as the mean +
SEM. Significant differences (p** < 0.01 and p* < 0.05).

4. RESULTS
4.1 The role of disulphide bonding in activity and expression of rat P2X4 receptor

The disulphidic bonding in rat P2X4 receptor was investigated by estimating the
activity of a series of single point and double point mutants. Double alanine or
double threonine mutants were generated by introducing either two alanine or two
threonines on the positions of each disulphide pair. In this way the specific role of
disulphide bond was investigated. Single cystein residues were further substituted
with alanine or threonine one by one in order to elucidate the role of particular
cystein residues in rP2X4 receptor function and their importance in particular
disulphide bond. Before estimating the WT and mutant receptor activity, the
functional expression was checked by tagging the receptor with enhanced green
fluorescent protein (EGFP). The EGFP fluorescence was predominantly localized in
the membrane region in case of every mutant. In experiments, the mutants where
both cysteines were substituted with threonines the influence of disruption of SS
bonds on receptor function was investigated.

Figure 2. Expression and function of wild type (WT) and mutant rat P2X4 receptor in HEK293T cells.

In this work, positive allosteric gating potentiator ivermectin (IVM) was used as a
tool to estimate the effect of the mutation on gating. In the cells expressing the WT
receptor, ivermectin treatment caused three types of changes in current response: it
increased the sensitivity of the receptors to ATP, as indicated by a leftward shift in
the ECsy value; it augmented I.,; and it slowed the deactivation kinetics of the
receptor, as estimated by Tyt .
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Figure 3. The effects of ivermectin (IVM) on ATP-induced current in HEK293T cells expressing P2X4
receptor-WT. Concentration dependence of ATP on the peak current amplitude in the absence (open
symbols) and presence (closed symbols) of 3 uM IVM. (right) The vertical dotted lines represent the mean
ECsp values. On left a sample recording showing the effects of IVM on the peak amplitude and
deactivation time (Tof) of current induced by stimulation with 3 uM ATP (2-s pulse) is shown.

The SS1 (C116-C165) double threonine mutant showed significantly lower ATP
potency to open the channel, with its ECs, value increased compared to that of P2X4
receptor-WT. Rapid channel deactivation was detected in the presence of IVM, but
no effect on I, was detected. The SS2 (C126-C149) double threonine mutant also
showed a rightward shift in the ATP potency but exhibited a significant decrease in
Imax, Which was partly rescued with ivermectin treatment. The [IVM-induced increase
in the maximum current for this mutant was higher, than in cells expressing the WT
receptor. The replacement of the SS3 (C139-C159) cysteines with threonines did not
affect receptor function in any observed parameter. Double mutation of the SS4
(C217-C227) cysteines resulted in a highly non-functional channel for which the
ECsy value could not be determined, and the current amplitude was not rescued by
IVM. This indicates the critical importance of either the SS4 bond or the individual
cysteine residues in rat P2X4 receptor function. SS4 is situated in the lower part of
ectodomain on which the further focus was driven by exploring the polypeptide
segment which links ectodomain with transmembrane domains and comprises the
extracellular vestibule of rP2X4 receptor. Similar to the SSI and SS2 double
mutants, the deactivation time constant estimated after the removal of agonist in the
presence of IVM could be measured and it was significantly reduced in the SS4
double mutant. The SS5 (C261-C270) double mutant also responded with low peak
current amplitude. After [IVM treatment, the current value was partly rescued. The
increase in I, for this mutant was significantly higher than for the WT receptor, and
the ECs, value was shifted slightly leftward.
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Figure 4. ATP dose-response curves for single and double threonine mutants of P2X4 receptor.
Concentration dependence of ATP on the peak current amplitude responses in single-point mutants (left
and middle panels) and double mutants (right panels) for five disulfide bonds is shown in the absence
(open circles) and presence (closed circles) of 3 pM IVM. Each row shows paired cysteine mutants that
form disulfide bonds (SS1-5). Vertical and horizontal dashed lines (in blue) indicate the ECsp and I
values, respectively, for P2X4 receptor-WT in the presence of 3 uM IVM. The vertical dotted lines
represent the mean ECs, values for T-mutants in the presence of IVM and significant shifts (red arrows).
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Figure 5. Effects of the disruption of disulfide bonds on the deactivation kinetics of P2X4 receptor in the
presence of ivermectin. (A) Sample recordings of ectodomain cysteine double mutants showing
differences in the current decay after washout of ATP. All traces were recorded 4-6 min after the
application of 3 uM IVM, and a non-desensitizing concentration of ATP (1-3 uM for SS1-3 and SS5 and
30 uM for SS4) was used for stimulation. Numbers below the traces indicate the deactivation time
constant (Tof) values. (B) Comparison of IVM effects on the deactivation time constant (o) of A- (closed
bars) and T- (open bars) single-point mutants of cysteine residues forming the disulfide bonds SS1-5.

As for the double SS1 mutants, single A- and T-mutants of cysteine 116 and 165
residues resulted in a significant decrease in ATP potency to activate the rP2X4
receptor, in both the presence and absence of IVM, without affecting I,.x . These
changes were accompanied by faster receptor deactivation in the presence of IVM,
after removal of agonist, indicating that disruption of SS1 was solely responsible for
the observed decrease in receptor sensitivity to ATP. Three single point SS2 mutants,
C126T, C149A and C149T, the I,,,.x amplitude was much lower compared with the
SS2 double and C126A single mutants, while the ECs, values could not be
determined in the absence of IVM. In the presence of IVM, the A- and T-mutants of
cysteines 126 and 149 also mimicked the effects of the double SS2 mutant on ATP
sensitivity; a rightward shift in the ECsy was accompanied by faster deactivation, and
the fold-increase of I, current for all single mutants was higher than for the WT
receptor. Receptor function was not obviously affected by the C132T, C159A and
C159T mutation, confirming that disruption of SS3 bond alone does not significantly
affect P2X4 receptor function. Furthermore, the C132A mutation resulted in the
channel responding to ATP with a significantly smaller current, a rightward shift in
the ECs, and faster deactivation time. The devastating effects of replacement of the
SS4 cysteine pair with threonine were completely mimicked by C217A, C227A and
C227T mutations; these mutants showed a low response to ATP or were
nonfunctional, and receptor function could not be rescued by IVM. In contrast, the
peak current amplitude and ATP sensitivity was not significantly affected by
replacing cysteine 217 with threonine. We further generated C217L, C217E, C217R
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and C227R mutants. Three mutants were non-functional and the peak current
amplitude and ATP sensitivity were not significantly affected when cysteine 217 was
replaced with arginine. In six of the eight SS4 single-point mutants, I, was
significantly reduced. This reduction probably did not reflect inefficient trafficking
of the mutants to the plasma membrane because double point A-mutants of SS4 were
present in the membrane. As for the double SS4 mutant, the deactivation kinetics,
but not the ECs, value, could be determined for C217A, C227A and C227T mutants
in the presence of IVM. Their low 7t value indicated that these mutants have
reduced sensitivity to ATP. The deactivation kinetics of the C217T and C217R
mutant was comparable to those of WT-P2X4 receptor. A decrease in the peak
current amplitude observed in cells expressing the SS5 double mutant was mimicked
by single point mutants C261T, C270T and C270A, and the rescue effect of IVM on
Imax Was also higher than for the WT receptor. No changes in the sensitivity to ATP
were observed in the single SS5 mutants, and the deactivation time constant of the
C270T mutant was higher compared to the WT receptor. In contrast, the C261A
mutant was fully functional.

4.2 The role of amino acid residues comprising the extracellular vestibule in rat
P2X4 receptor functions

Both alanine- and cysteine-scanning mutagenesis were performed to
provide an adequate comparison to the work performed previously (Stoop, Thomas
et al. 1999; Jiang, Rassendren et al. 2001; Jiang, Kim et al. 2003; Li, Chang et al.
2008; Kawate, Robertson et al. 2011; Samways, Khakh et al. 2011). Substitution of
five residues (V49, Y54, Q55, F324 and G325) with both alanine and cysteine
resulted in a low functional or non-functional receptors, that responded with Ip.x
amplitudes less than 20% of that observed in the WT receptor and their ECs, could
not be determined, except for F324 mutants.
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Figure 6. Effect of alanine and cysteine point mutations on maximum current amplitude. (A) Alanine and
cysteine scanning mutagenesis of residues V47-V61 and F324-N338 that contain the upper parts of the
TMI1 and TM2 helices and the B-sheets in the open state. The maximum amplitude of the ATP-induced
currents (Im.) in the wild type (WT; white bar) and cysteine (dark bars) and alanine (gray bars) mutant
receptors. The receptors most affected had mutations at positions V49, Y54, Q55 (blue), F324 and G325
(red). (B) The 100 uM ATP-induced currents by the WT and low-responsive rP2X4 receptor alanine
mutants. (C) The topology of low-active residue mutants in the zfP2X4 receptor in the apo-closed state
(left) and ATP-bound open state (right); the mutated regions containing the upper parts of the TM1 and
TM2 are shown in blue and red, respectively; affected mutated residues (rP2X4 numbering) are shown in
red and blue spheres.
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Figure 7. The membrane expression of the low-responsive alanine mutants and functional
characterization of the V49-rP2X4 receptor mutants. (A) Western blots showing the expression pattern of
the rP2X4 receptor-WT and V49A, Y54A, QS5A, F324A and G325A mutants. (B) Densitometry
quantification of the membrane/ total ratio for five low-active mutants. (C) The ATP concentration
response curves of the WT and V49 mutant receptors. (D) The augmentation of the maximum current
amplitude of the WT and V49 mutants by ivermectin (IVM).
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The V49A mutant showed low or almost no expression in the plasma
membrane fraction, whereas other mutants were present in the plasma membrane in
variable quantities. Thus, for the V49A mutant, the loss of receptor function reflects
the lack of its expression at the plasma membrane. In contrast to the V49A and
V49C mutants, substitution of the valine at position 49 with another non-polar
(V49L, V49W) residue or a negatively charged residue of similar size (V49D) did
not significantly alter the receptor function compared with WT. The Y54 alanine and
cysteine mutants exhibited very low activity. The current amplitude of Y54A and
Y54C mutants was augmented by IVM. These results indicate that substitution of
Y54 with alanine and cysteine led to a rightward shift in the potency of ATP for
mutants, and that the functionality of these receptors was partially restored by IVM,
which increases the frequency of channel openings (Priel and Silberberg 2004) and
sensitizes P2X4 receptor to ATP (Khakh, Proctor et al. 1999). The activity of rP2X4
receptor was fully rescued by introducing phenylalanine and tryptophan, but not
leucine, mutations to Y54, further indicating that an aromatic residue at position 54
is essential for the receptor to function.
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Figure 8. The effects of the Y54 and Q55 mutations on rP2X4 receptor function. (A) The ATP-
concentration dependence curves for the WT and Y54 substitution mutants. (B) The L. values for the
WT and Y54 substitution mutants in the presence (gray bars) and absence (white bars) of IVM. (C) The
ATP dose response curve for the Q55 mutants. (D) The I values of the Q55 mutants measured in the
absence (white bars) and in the presence (gray bars) of IVM.
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Introducing amino acids of similar structure and chemical properties at Q55
position did not rescue the receptor function. The function of Q55E was partially
restored by the treatment with IVM, whereas IVM was ineffective with other
mutants. Thus, it is reasonable to conclude that substitutions of conserved residues
Y54 and Q55 above TM1 with alanine or cysteine cause a stronger rightward shift in
the potency of ATP for P2X4 receptor than mutation of V49-P2X4 receptor residue.
The F324A and F324C mutants exhibited significantly reduced currents, and
preincubation with IVM increased the current amplitude, comparable to that
observed with the WT receptor. The ECsy value and time course of F324A current
were also similar to the WT receptor. The mutation of F324 to another non-polar
(F324L, F32W) residue or a polar aromatic (F324Y) residue partially or fully
rescued the receptor function. For the F324 mutants, there was linear correlation
between the log ECsy values and the hydrophobicity and the volume of the amino
acid side chain substituent. These data suggest that hydrophobicity and the size,
rather than aromaticity, at position 324 are important for the proper receptor
function.
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Figure 9 The effects of the F324 and G325 mutations on rP2X4 receptor function. (A) The ATP-
concentration response curves for the single point mutants at position F324. (B) The L. values of the
F324 mutants measured in the absence (white bars) and presence (gray bars) of IVM. (C) The
concentration-response curve for the rP2X4-G325P (symbols) and WT receptor (dotted line). (D) The I
values of G325 mutants measured in the absence (white bars) and in the presence (gray bars) of IVM.

The G325A and G325C mutants were not active in the absence and
presence of IVM. The G325P mutant had an ECs, and I, value comparable to the
WT receptor. Furthermore, this mutant showed a comparable degree of [VM-induced
Iax augmentation to the WT receptor. The G325 and F324 residues are located in
the breakage point of the B-sheet in P2X4 receptor open state. These data indicate
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that when the receptor undergoes activation-induced conformational changes, the
G325 could operate as a hinge.
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Figure 10 The effect of hydrophobicity and the size at position 324 on ATP potency and the localization
of the F324 and G325 residues in the rP2X4 receptor molecule. (A and B) The correlation between the
ECs values with the hydrophobic effect (A) and the change in side chain residue volume (B). (C) Both the
F324 and G325 residues are within the $-sheet connecting the ATP binding site and the pore (in green) in
the zfP2X4 apo-closed state (left) and outside the B-sheet in the ATP-bound open state (right); rP2X4
numbering. Notice the stable position of Y54 and QS55, and conserved protein fold above TMI
(arrowhead) both in the closed and open state.

5. DISCUSSION

The main focus in previous work on the topic of disulphide bonding in P2X
receptors was the identification of cysteine pairing in ectodomain of mammalian
P2X receptors. The bonding order was first identified in P2X2 receptor within SS1,
SS4, and SS5 pairs (Clyne, Wang et al. 2002), another study focused on P2X1,
receptor identifying the pairing order of all five SS pairs (Ennion and Evans 2002).
This study shows that disruption of the SS1, SS2 and SS4 bonds by substituting both
cysteines with threonine generated receptors less sensitive to ATP. All four SS1
single mutants, three of four SS2 single mutants and six of eight SS4 single mutants
showed similar effect. SS4 cysteine residues generated the most profound changes
in the receptor function. For SS4 double mutant and six single mutants, the ECsq
values could not be determined, but the amplitude of response was sufficient to
estimate deactivation time constant in the presence of IVM. Because there is a
significant correlation between the ECsy values for ATP and the rate of receptor
deactivation in the presence of IVM (Zemkova, Yan et al. 2007), it is reasonable to
conclude that these SS4 mutants are also less sensitive to ATP. The P2X1-C217A
and the P2X1-C227A mutants were fully functional but were the least sensitive
among ten A-mutants (Ennion and Evans 2002). The P2X2-C224A mutant
expressed in oocytes was not functional, whereas the C214A mutant showed
decreased sensitivity to ATP. Furthermore, the I, value for both SS4 mutants was
significantly reduced or undetectable when P2X2 receptor was expressed in HEK293

36



cells (Clyne, Wang et al. 2002). The double SS5 mutant and three of four single
P2X4 receptor mutants show low I.,.x and ECsy values closer to that of the WT
receptor. Their rates of deactivation in the presence of IVM were also comparable to
those observed in controls, clearly indicating that their sensitivity for ATP is not
affected. The sensitivity of the SS5 A-mutants of P2X1, P2X2 was also not affected
and I« values were significantly lower. It has been suggested previously that
trafficking of P2X1 to the plasma membrane is reduced by disruption of the SS5
bond, accounting for the smaller I, value (Ennion and Evans 2002). Together,
these results indicate that the lower I,,,, values for four of the five SS5 mutants could
reflect their relevance for channel gating and suggesting that these mutants show a
preference for the closed state of the channel. The difference in the results with SS5-
P2X1 and P2X4 mutants probably indicates receptor specificity in the requirement of
the SS bonds for particular functions. In agreement with this, in P2X1 none of these
bonds individually is essential for receptor function, and several double mutants
affecting the SS2 and SS3 bonds were functional (Ennion and Evans 2002). For
P2X2, however, the SS1-4 bonds are individually needed for proper receptor
function (Ennion and Evans 2002). In contrast, the P2X4 receptor function was not
affected in double SS3 mutant nor in three of four single mutants, clearly indicating
that SS3 bond is not critical for P2X4 receptor function. The expression system may
also play a role in receptor function. For example, in contrast to results presented in
this thesis, each of ten P2X4 receptor mutants expressed in oocytes generated a
robust inward current (>50 % of the WT receptor), and the ECs, values of the C132A
and C217A mutants were comparable to P2X4 receptor-WT (Y1, Liu et al. 2009). In
addition, the P2X2-C258 A mutant was practically non-functional when expressed in
HEK cells but generated a larger current when expressed in oocytes (Clyne, Wang et
al. 2002). The results presented in this thesis also showed that not all single residue
SS mutants behaved similarly and comparably to the double mutants. For example, a
decrease in ATP sensitivity and I, in cells expressing the C132A mutant is
observed, whereas the receptor function was not affected by double SS3 mutants, as
well as three single mutants: C132T, C159A, and C159T. Similarly, the P2X4
receptor function was not affected when the C217 was replaced with threonine or
arginine. Also, mutant C261A showed properties comparable to the WT receptor, in
contrast to double and three single SS5 mutants. These results indicate that
individual cysteines forming the bond or their substitutes might also play a role in
receptor function independently of the loss in bonding, probably by generating new
interactions that might impair and/or preserve the structure of the channel necessary
for agonist binding and/or channel gating. Consistent with this conclusion, the SS4
bond is absent in the simple eukaryote Ostreococcus, and the SS4 and SS5 bonds are
absent in Dictyostelium (Jarvis and Khakh 2009; Surprenant and North 2009);
however, a high concentration of agonist is required for their activation. Thus, it is
reasonable to conclude that formation of the SS4 and SS5 bonds was an important
step in the evolution of P2X proteins. The crystal structure of zebrafish P2X4
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receptor (Kawate, Michel et al. 2009; Hattori and Gouaux 2012) provides some
rationale for the specific roles of the SS1-5 disulfide bonds in P2X function. It
shows that a long turn of 13 amino acids starting from cysteine 165 could inhibit
ATP binding by covering the ligand binding site if liberated by disruption of the SS1
bond. Disruption of the SS2 could also change the shape or size of the ATP binding
pocket, as well as the head-to-body interface. A long turn of 14 amino acids, the
dorsal fin, preceding cysteine 217 could play a similar role in the opposite half of the
predicted ATP binding site if liberated by disruption of the SS4 bond. The
devastating effect of the SS4 double mutant on receptor function could be explained
by changes in the left-flipper-to-dorsal-fin interface affecting the interaction between
receptor subunits and subsequent signal transduction from the ATP binding site to
the pore. This interface is one of three major subunit-subunit contacts suggested to
be important for receptor function (Kawate, Michel et al. 2009). The SS5 bond is
located relatively far from the putative ATP binding site but close to the extracellular
vestibule above the TM domains, supporting its role in channel gating and proper
signal transduction from the ATP-binding site to the pore. Precisely for this reason
the topic of this thesis has shifted towards the elucidation of the functional role of the
amino acids which form the vestibule of rat P2X4 receptor. The research described
in this thesis has identified five amino acid residues from the extracellular vestibule
that are critical for rP2X4 receptor function: V49, Y54, Q55, F324 and G325. These
residues are also present in zfP2X4 receptor and among the mammalian P2X
receptors, Y54, Q55 and G325 are fully conserved, V49 is present in five receptors,
and F324 is non-conserved across P2X subtypes. Here it is confirmed that trafficking
of receptors was significantly affected by mutation of V49 but not other residues. In
addition, the V49D mutant is fully functional, although repulsive forces may form
between the carboxyl side chain of aspartate and the negatively charged
phospholipids. Similarly, the V49W mutation did not alter the receptor’s function
(Silberberg, Chang et al. 2005), although bulky amino acids could accumulate in this
part of the helix (F48-W49-W50) resulting in helix destabilization. The V50-P2X2
receptor mutant is also functional (Li, Migita et al. 2004; Khakh and Egan 2005).
These results indicate that V49 residue plays a role in trafficking of the rP2X4
receptor, rather than destabilizing membrane anchoring inside membrane or
influencing channel gating. The previous studies performed on P2X2 also showed
that the Y54C and Q55C mutants (rP2X4 numbering) did not form functional
channels (Jiang, Rassendren et al. 2001; Kawate, Robertson et al. 2011), but both
studies provided no explanation for these effects. Cysteine-scanning mutagenesis of
residues E52-G96 in human P2X1 receptor showed that all extracellular vestibule
mutants are functional; therefore, there are subtype differences in the ability of the
receptor to tolerate Q55 and Y54 mutations (Roberts and Evans 2006; Allsopp, El
Ajouz et al. 2011). The other polar or charged mutations at Q55 position were not
able to rescue the receptor function, while the Y54F and Y54W mutants responded
to ATP, indicating the crucial relevance of aromatic residue at the position 54. The
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Y54A/C-P2X4 receptor function is partially rescued by IVM as well as the Q55E-
P2X4 receptor function. Because IVM causes a leftward shift in the sensitivity of
receptors to ATP (Khakh, Proctor et al. 1999), it is reasonable to suggest that the
Y54 residue contributes to gating. Interestingly, an unchanging structural fold is
present within 7A of the Q55 and Y54 residues when the channel is either open or
closed (Hattori and Gouaux 2012). Therefore, we conclude that the structure fold
proximal to the Q55 residue must be maintained for the channel to be functional in
either open or closed conformational state. It is further shown that stacking
interactions are most likely important for the functionality of the Y54 mutants
because an aromatic residue is crucial at this position for receptor function. The
possible interaction partners of Y54 are F48 from TM1 and F330 from the TM2 of
the same subunit. In agreement with this hypothesis, the F330C mutant exhibited a
significantly reduced I, current. The G325 residue of rP2X4 receptor is identified
to be functionally important because both G325A and G325C were not responsive to
ATP. The topology of G325 in the open state of zfP2X4 receptor reveals that the 3-
sheet above TM2, connecting ATP binding domain with the channel pore, is
disrupted in the position of G325, unlike closed state where the linear integrity of
this B-sheet is maintained (Hattori and Gouaux 2012). The rescue effect of G325P
mutant clearly shows the importance of this region because proline makes angular
disruption and brakeage of B-sheet above TM2. Although the G325 residue is
conserved along the P2X receptor isoforms, its critical functional importance is
shown only in rP2X4 receptor. In the P2X1, the G321C mutant (equivalent to G325C
in P2X4) was normal (Digby, Roberts et al. 2005) but exhibited a modified response
to ATP in the presence of reducing reagents (Roberts and Evans 2007). Other study
with rP2X2 also showed that H319C and G320C receptor mutants (analogous to
F324C and G325C) are fully functional (Rassendren, Buell et al. 1997; Kawate,
Robertson et al. 2011). Cysteine and alanine mutants of F324 residue in P2X4
receptor had reduced I,,,,, which was found also by others (Popova, Asatryan et al.
2010), but were partially rescued by introducing F324L, F324Y, and F324W
mutations. The correlation between the ECs, value and hydrophobicity for a
particular F324 substituent indicates that the size of the residue and the ability to
form hydrophobic interactions are important for receptor function.
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6. CONCLUSION

By using the molecular biology and electrophysiology techniques several questions
on structure/function relationships in the rat P2X4 receptor have been addressed.
This doctoral thesis elucidated the importance of conserved ectodomain cysteines
and disulphide bondings (SS1-5) in the receptor functions and identified amino acids
in the extracellular vestibule which are important for channel gating, vestibule
enlargement and receptor expression in the plasma membrane.

1. The disruption of SS3 bond failed to change function of P2X4 receptor while
disruption of SS4 and SS5 bonds has profoundly affected the P2X4 receptor,
indicating that these bonds are important for receptor function.

2. SS1 and SS2, and to some extent SS4, bond disruption produced changes in
receptor sensitivity to ATP which suggests that it may disrupt the integrity of the
ATP binding site. SS5 bond is important for maintaining the integrity of channel gate
or signal transduction from the ATP binding site to the pore.

3. The extensive mutagenesis of residues forming the extracellular vestibule resulted
in identifying the crucial residues for the functions of the channel: V49, Y54, Q55,
F324 and G325. Only the residue V49 has been found to be important for channel
trafficking from the endoplasmic reticulum to the plasma membrane. The
functioning of the remaining four residues has been investigated in details.

4. F324 and G325 residues were found to be important for widening of the
extracellular vestibule as a crucial prerequisite for channel opening. F324 may also
pose as a residue which is involved in filling the vestibule lumen and obstruction of
vestibule enlargement.

5. Adjacent Q55 and Y54 residues are found to be important for gating of the
channel, most probably by structurally constraining the transmembrane domains
towards the conserved axial orientation.
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