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Abstrakt

Kvasinky Saccharomyces cerevisiae patfi k dllezitym modellim pfi studiu homeostase iontu
alkalickych kov(. Stejné jako v jinych burikdch je pro S. cerevisiae nezbytné udrzeni urcité
koncentrace K* uvnitf bunék, na druhou stranu Na* a dal3i ionty alkalickych kov( jsou pro
buriky toxické. K* je akumulovan pomoci uniporterd Trk1 a Trk2, zatimco export toxickych
iont( alkalickych kovl, a také nadbyteéného K', je zajistén ATPasami Ena, Na'(K')/H"
antiporterem Nhal a K’ selektivnim kandlem Tokl. AZkoli jsou jednotlivé transportery
pomérné dobfe prozkoumdany, neni dosud mnoho znamo o celkové regulaci homeostase
iont0 alkalickych kovl ani o vzdjemné interakci a regulaci mezi jednotlivymi transportery.
Vramci této prace byl studovan antiporter Nhal a jeho fyziologické ulohy v kontextu
ostatnich transporter( iontd alkalickych kovi. Ukdazalo se, Ze nejen Nhalp, ale také dalsi
exportery, ATPasy Ena a kanal Tokl, jsou, pres jejich vyraznou odliSnost v mechanismu
transportu i zpGsobu regulace, regulovany spoleéné zménou aktivity importerd K* a to
prostfednictvi membrdnového potencialu. Vzajemna regulace a funkéni propojeni importert
a exporterd K*, ale také dal3i vysledky poprvé ukazaly, jak velice dlleZita je neustala cirkulace
K*, tedy soucasny vstup a vystup K, pro udrzovani homeostase iontd alkalickych kovt. Agkoli
bylo prokdzano, Ze homeostaze iontl alkalickych kov(i a souvisejici fyziologické parametry
(napf. membranovy potencidl, velikost bunék i tolerance ksolim) mohou byt vyrazné
ovlivnény volbou konkrétniho kmene S. cerevisiae, byla potvrzena nezastupitelna uloha
Nhalp pro preziti bunék v pfirozeném prostiedi, kde mize koncentrace soli vyrazné kolisat.
V této praci byly znalosti o regulaci Nhalp jesté dale rozSifeny o dva nové nalezené pozitivni
regulatory aktivity Nhalp a to 1) proteiny 14-3-3 fyzicky interagujici s Nhalp na vice mistech
a 2) kinasu Ckal, kterd byla dosud zndma pouze jako reguldtor exprese ENAI. Znalosti
ziskané studiem Nhalp byly vyuZity ke studiu lidského Na*/H* antiporteru NHAoc/NHA2
v buikdch S. cerevisiae postradajicich vlastni transportery a byly identifikovany
aminokyselinové zbytky, jejichz mutaci dochdzi k disfunkci transporteru vedouci casto
k zavazné chorobé tvorby kosti, osteopetrose. Prace tedy pfispéla mnoha novymi poznatky
k lepSimu pochopeni Ulohy Nhalp a dalSich transporter(i v udriovani homeostase iont(
alkalickych kovl a béhem prace doslo také k pfinosu v oblasti metodiky (predevsim méreni

vnitrobunécného pH), ktery v budoucnu umozni dalsi posun v feSené problematice.



1 Uvod

Kvasinky patfi mezi nejdéle studované organismy. Jednim z dlvodl je to, Ze jsou lidmi
vyuzivany jiz tisice let napf. pfi vyrobé chleba a fermentovanych napoji. Nejznaméjsim
zastupcem jsou kvasinky Saccharomyces cerevisiae, které jsou v soucasné dobé jednim
z nejdllezitéjSich modelovych organismd eukaryotnich bunék pro zakladni i aplikovany
vyzkum. Genom této kvasinky byl kompletné sekvenovan jako prvni genom eukaryotniho
organismu [1] a existuje mnoho nastrojli molekularni biologie a genetiky umozZiujicich
vnaseni mutaci, delece nebo vkladani genli nejen vlastnich, ale i gen( z jinych organism( [2,
3]. Jednou z oblasti, kde jsou kvasinky S. cerevisiae dlouhodobé vyuzivany je studium
udrzovani homeostase iontl alkalickych kovu. Stejné jako pro jiné organismy, také pro S.
cerevisiae plati, 7e K* je dlleZitym vnitrobunéénym kationtem, ktery se podili napf. na
udrzovani osmolarity, iontové sily nebo na udrzovani membranového potencidlu (AW). Na
druhou stranu, Na* a dalsi ionty alkalickych kovi plsobi uvnitf bunék toxicky i v relativné
nizkych koncentracich [4-6].

Pro udrZeni dostateéného mnozstvi K uvnitf bunék (cca 200 mM K*; [6]) je nutné zajistit
aktivni pFisun K* pomoci uniporterd Trk1 a Trk2 [7, 8]. Dominantni Glohu hraje Trklp [6] a
v pfipadé delece trk1 nebo dvojité delece trkl trk2 nejsou bunky schopné rlst pti nizké
koncentraci K* [9-11]. Mezi fyziologické ulohy importerd Trkl a Trk2 patfi udrZovéni
homeostase K, pH [12, 13], turgoru [14] a AW [12, 15]. PfestoZe je regulace Trklp a Trk2p jiz
dlouho studovana, neni dosud mechanismus regulace plné objasnén. Mezi zndmé reguldtory
aktivity Trklp a Trk2p patfi kinasy Hal4, Hal5 a Skyl, fosfatasy kalcineurin a Ppzl nebo
protein Hal3. Nedavno bylo zji$t&no, Ze se regulace importu K Géastni také proteiny ddleZité
pro vesikularni transport a kinasy fosforylujici inositol [6, 16-18]. Regulace na urovni exprese
genu dosud neni znama [19-21].

Kanal Tokl, ATPasy kddované geny ENA a antiporter Nhal [6] zajiStuji vypuzovani toxickych
kationt(l (Na*, Li*, Rb*) nebo pfebyteénych iontli K" z bunék. DdleZitost téchto exporterd v S.
cerevisiae potvrzuje to, ze se zde vyskytuji tfi systémy s rozdilnym mechanismem transportu
a regulace. Napétové fizeny kanal Tok1 umoziiuje vystup K* tak, Ze k otevieni kandlu dochazi

pti depolarisaci plasmatické membrany (PM) [11, 22]. Delece tokl vede k poklesu AW ,



zatimco zvySena exprese zpUsobi hyperpolarisaci PM [23]. Jedinym dosud znamym
regulaénim prvkem je fosforylace Tok1p kinasou Hog1 [24].

Geny ATPas ENA jsou v organismu pFitomné zpravidla ve 2 aZ 4 kopiich a nejdllezitéjsi ulohu
hraje Enalp [6, 25]. Enalp je povazovan za transporter determinujici citlivost bunék
k vn&j3im vysokym koncentracim Na® a Li* a jeho role je kli¢ova v prostiedi s vysokym pH,
kde je omezena funkce antiporteru Nhal (viz dale). Exprese ENA1 je na rozdil od ostatnich
transporteri iontd alkalickych kov( silné indukovadna (napf. v pfitomnosti Na* a za
osmotického stresu) a regulace exprese se Ucastni fada faktorl a signalnich drah. Mezi
aktivatory exprese Enalp patfi napf. kinasy Hogl, kalcineurin, Snfl a Ckal nebo transkripéni
faktor Rim101, mezi inhibitory patfi napf. fosfatasa Ppz1, proteinkinasa A nebo transkrip¢ni
faktory Ngrl a Sko1l [6, 25-29].

DalleZitou Ulohu v udriovani homeostase iontl alkalickych kovd hraje také Na'(K')/H*
antiporter Nhal [30], jenZ vyZiva protonovy gradient pres plasmatickou membranu
(vytvofeny ATPasou Pmal; [31]) k aktivnimu exportu iont(l alkalickych kov(. Na rozdil od
Enalp, probihd export iontlh alkalickych kovi pomoci Nhalp hlavné v prostiedi kyselého
vnéjsiho pH. Konstitutivné exprimovany Nhalp je povazovan za tzv. house-keeping protein,
ktery transportem iontll pomahd udrZovani membranového potencidlu a vnitfniho pH,
ucastni se regulace bunécného objemu a hraje urcitou roli také v cyklu bunécného déleni
[23, 32-35]. Nhalp se sklada ze dvou c¢asti, hydrofobni transmembranové c¢ésti (cca 440
aminokyselin) slozené do 12 transmembranovych segmentd, kterd je odpovédna za samotny
transport iontl, a C-koncové hydrofilni ¢asti (zbylych 545 aminokyselin), ktera je povazovana
za regulacni oblast [32]. Jedinym [épe prozkoumanym reguldtorem Nhalp je kinasa Hogl,
ktera fosforyluje C-koncovou ¢ast Nhalp v ramci ¢asné odpovédi na osmoticky stres a tim
umoznuje bunkam prezit akutni fazi hyperosmotického Soku [24]. Aktivitu Nhalp mohou
dale ovlivnit proteiny Cos3, Ppz1, a Hsp30 [36, 37], jejichZz uloha vSak dosud neni zfejma.
PfestoZe jsou zdakladni ulohy jednotlivych transporterd iontd alkalickych kov( zndmé,
vzajemné interakce mezi transportery a cely systém regulace homeostase iont0 alkalickych

kov( dosud objasnén neni.



2 Cile prace

+

Hlavnim cilem predklddané disertaéni prace bylo studium fyziologickych uloh Na‘/H
antiporter( v kvasinkach. Prace vznikla v prostfedi intenzivni mezindrodni spoluprace pfi
vyzkumu homeostase iontl alkalickych kov( v kvasinkach vramci projektu ERA SysMo

Translucent | a ll.

Pro zjisténi fyziologickych Gloh Na*/H" antiporter( v burikdch kvasinek bylo tfeba pfipravit
celou sérii mutantnich kmenu postradajicich v riznych kombinacich geny kédujici jednotlivé
transportery iontl alkalickych kov(, studovat zakladni vlastnosti a fyziologické parametry
té&chto kmen(, a nakonec tyto kmeny cilené vyuZit pro studium uloh Na’/H" antiporterd

plasmatické membrany.
K hlavnim ciliim této disertacni prace patfi:

1) Zjistit, zda existuji rozdily v obsahu iontl alkalickych kovl mezi rliznymi kmeny S.
cerevisiae a od nich odvozenymi mutanty.

2) Objasnit vzajemné interakce mezi vstupnimi a vystupnimi transportery iont(
alkalickych kovl a zjistit, jakym zplsobem je zajiSténo prezivani bunék v prostiedi
s extrémné nizkymi nebo vysokymi koncentracemi K",

3) Najit dosud neznamé reguldtory exporter( iontl alkalickych kov( a studovat, jakym
zpUsobem regulace probiha.

4) Vyuzit ziskané znalosti pfi studiu heterologné exprimovanych transportert iont(

alkalickych kov z vyssich eukaryot a pfi vyvoji novych metod.



3 Material a metodika

3.1 Material

Kmeny a plasmidy

V préci byly pouzity kmeny S. cerevisiae W303-1A, BY4741 a odvozené mutanty postradajici
jeden nebo vice genl. Ddle byl vyuzit kmen E. coli XL Blue a plasmidy E. coli a/nebo S.
cerevisiae YEp352, YCplac33, YEplac195, pGRU1, pUG6, pUG34, pUG35, pU72, pUG73 a
plasmidy odvozené, nesouci rizné geny nebo jejich fragmenty. Celkem bylo v rdmci prace

pfipraveno 20 novych mutantnich kmenu S. cerevisiae a vice nez 10 novych plasmida.

Dalsi material a pristroje

K praci byl pouZit materidl a pfistrojové vybaveni Fyziologického Ustavu AV CR, v.v.i. a
partnerskych pracovist (Mikrobiologicky Ustav AV CR, v.v.i. a University of Leiden, Nizozemi).
Kromé béznych chemikalii, kultivaénich medii a béZné dostupnych sad na izolaci a manipulaci
s DNA, bylo pro tuto praci v ramci evropskych projektd Translucent | a Il (SysMo) navrieno
medium s minimalnim obsahem K'. Kpréaci bylo vyuZito b&iné pFistrojové vybaveni
mikrobiologické, biochemické a molekularné biologické laboratore, dale flourescencni a
konfokdIni mikroskop, fluorescenéni a UV/vis spektrofotometr, ¢tecka 96 jamkovych
desticek, AAS spektrometr, pfistroj na méreni velikosti bunék CASY TT a mikrokapilarni

systém pro imobilizaci Zivych bunék CellASIC.

3.2 Metodika
Mikrobiologické metody:

Kultivace, manipulace a uchovavani bunék S. cerevisiae a E. coli.

Metody genového inZenyrstvi:

Izolace a manipulace s DNA, elektroforetické separace, PCR, transformace bunék S.
cerevisiae a E. coli, pfiprava dele¢nich mutantd, konstrukce plasmidd, cilend mutagenese,
sekvenace DNA apod.

Metody charakterisace fenotypu:

Stanoveni citlivosti bunék k solim a chemikaliim, rlistové kfivky, stanoveni suché vahy a
velikosti bunék, fluorescencni mikroskopie, stanoveni obsahu iontl, mérfeni AW, méreni

vnitrobunécného pH, detekce interakce proteint (BiFC).

Detailni popis materidlu a metodiky se nachazi u jednotlivych publikaci.



4 Vysledky a diskuse

Vysledky této disertacni prace jsou shrnuty celkem v péti publikovanych pracich (kapitola
4.1, 4.2,4.3,4.4 a 4.6), v jednom rukopise (kapitola 4.5) a v jedné dalsi kapitole obsahujici
struény popis vysledkd projektu aplikovaného vyzkumu, o jejichz publikaci se zatim

neuvazuje (kapitola 4.7).
4.1 Publikace¢. 1

Saccharomyces cerevisiae BY4741 and W303-1A laboratory strains differ in
salt tolerance
Petrezselyova, S., Zahrddka, J., Sychrova, H. Fungal Biol 114, 144-150 (2010)

V oblasti zakladniho vyzkumu je celosvétové standardné pouZivano pouze nékolik tzv.
laboratornich kmenQ S. cerevisiae. Také v oblasti vyzkumu homeostase iontl alkalickych
kov( je skupina standardné pouZivanych laboratornich kmend pomérné ustdlend, presto
jsou vramci jednotlivych laboratofi pouZivany ke stejnym pokusidm rizné kmeny. V nasi
laboratofi byl po dlouhd léta k vyzkumu homeostase iontl alkalickych kov( vyuzivdm kmen
W303-1A (viz napt. [32]) a od néj odvozené mutanty. Na zdkladé vyvoje ve védecké
komunité, vybéru kmen(, u kterych byla v relevantni dobu jiz znama sekvence genomu, a
také na zakladé nové vznikajicich projektd a spolupraci se objevila potfeba vyménit dosud
pouzivany kmen W303-1A za kmen BY4741. Pro zachovani kontinuity a moznosti vyuzZiti
drivéjSich vysledk( laboratofe bylo vramci této prace provedeno intenzivni porovnani
zakladnich fyziologickych parametr(i obou kmen( a ukdzalo se, Ze burnky obou kmen(l se
vzajemné lidi napf. ve velikosti, objemu, vaze susiny, obsahu K’, toleranci kiontiim

alkalickych kov(i, amonnym a organickym kationtlm (napf. hygromycin B).

Prace ukazala zna¢né rozdily v absolutnich hodnotach vysledk(, které je mozné nalézt u dvou
bézné pouzivanych kmen( S. cerevisiae, poukdzala na fakt, Ze variabilita v rdmci jednoho
druhu maze byt vyznamna, a pfispéla do diskuse o tom, jestli je pfi dalsim vyzkumu dilezité
pozorované fenotypy ovérovat ve vice kmenech s riznym genetickym pozadim. Na zdkladé
této filosofie musi byt pozorovany fenotyp nezavisly na urlitém kmeni S. cerevisiae a

vysledky jsou povaZovany za relevantni az po ovéreni ve vice kmenech (viz napt. [38]). JelikoZ



se v oblasti homeostase ionth alkalickych kovl této otdzce dfive nikdo systematicky

nevénoval, jsou ziskané vysledky pro dotéenou védeckou komunitu velice dulezité.

4.2 Publikace¢. 2

Lack of main K* uptake systems in Saccharomyces cerevisiae cells affects yeast

performance in both potassium-sufficient and potassium-limiting conditions
Navarrete, C., Petrezselyovd, S., Barreto, L., Martinez, J.L., Zahradka, J., Arino, J., Sychrova,
H., Ramos, J. FEMS Yeast Res 10, 508-517 (2010)

Pfi studiu homeostase iontl alkalickych kov( byla nejprve vénovdna pozornost importerim
K" Trkl a Trk2. Mezi fenotypy delece trkl trk2 patfi neschopnost rlstu pfisnizené
koncentraci K, zvy3eni relativniho AW a vy33i citlivost k organickym kationtdm (napf.
spermin), Li* a Na* [7, 11, 12]. V rdmci dfive publikovanych studii véak dosud nebyl podrobné
studovédn prechod bunék zprostfedi s nelimitni koncentraci K* do prostfedi s nizkym
obsahem K'. V prvni ¢asti byly potvrzeny vysledky pfedchozich studii. Kmeny postradajici
TRK1 (plati stejné pro kmen postradajici sou¢asné TRK1 a TRK2) jsou hyperpolarisované,
citlivé ke kationtdm (Na*, Li* a organickym kationt(im) a také ke snizené koncentraci K*. Déle
byl pozorovan pokles vnitrobunééného pH a snizena schopnost okyselovani prostredi jako
dlsledek delece trk1. Vliv delece trk1 byl pozorovan také v prostiedi s nelimitujicim (cca 50 —
100 mM) mnoistvim K, bylo napf. pozorovano snizeni vnitrobunééného pH, okyselovani

okoli bunék a rozdil v AW.

V druhé ¢asti byla studovdna ¢asova zavislost déju, které probihaji po pfeneseni bunék do
prostiedi bez K*, kde byl pozorovan intenzivni pokles vnitrobun&éného obsahu K* u bunék
BY4741 v Case, zatimco u bunék bez TRK1 a TRK2 byl pokles mnohem pomalejsi. Soucasné se
ztratou K dochézelo k poklesu velikosti bunék BY4741 a tento pokles byl opét mnohem
slabsi u kmenl postradajicich TRK1 a TRK2. Rozdil AW mezi obéma kmeny (hyperpolarisace
kmene bez importert K*), ktery je znagny i pFi dostatku K', se v prostfedi bez K* zvétsil.
Pfekvapivé, nebyla pozorovana zasadni zména vnitrobunécného pH v ¢ase u obou kmenu.
V praci byly také stanoveny kinetické parametry vstupu kationtll do bunék (Kr a Vmax
méfenim vstupu Rb" jako analoga K*) u obou kmeni v zavislosti na obsahu K* v prostiedi.
Kinetické parametry se v zavislosti na koncentraci K" ménily pouze u kmene BY4741, zatimco

u kmene postradajiciho TRK1 a TRK2 byly konstantni, coZ potvrzuje, Ze po deleci importeru



nedochdzi ke specifickému importu K a vstup nezbytného mnoiZstvi K' je zajisténo

nespecifickymi nizkoafinitnimi transportery.

Vysledky z této prace, a to pfedeviim pozorované omezeni vystupu K* b&hem hladovéni
bunék na K" u kmene bez TRK1 a TRK2, se staly vychodiskem pro dalsi praci (kapitola 4.3, str.

10), ve které bylo zastaveni exportu vlivem delece importer(i podrobnéji studovano.

4.3 Publikace¢. 3

Plasma-membrane hyperpolarization diminishes the cation efflux via Nhal

antiporter and Ena ATPase under potassium limiting conditions
Zahradka, J., Sychrova, H. FEMS Yeast Res 12, 439-446 (2012)

Z ptedchozi kapitoly vyplyva, Ze vystup K z bunék po jejich pfeneseni do media s nizkym
obsahem K' probihd u rodi¢ovského kmene BY4741, ale po deleci gend TRK1 a TRK2,
transporteri odpovédnych za import K*, se tento vystup velmi zpomaluje (kapitola 4.2, str.
9). Bylo zjisténo, Ze pozorovany vystup K probihad pfes viechny exportni systémy a Ze

vSechny tyto exportery (Ena, Tok1l a Nhal) maji po deleci trk1 a trk2 vyrazné nizsi aktivitu.

Soucasna inhibice aktivity vSech tfi exporterd majicich odliSny mechanismus transportu
(kanal, antiporter, ATPasa) a také rozdilnou regulaci (regulace exprese ¢i post-translacni
modifikace) naznacovala, Ze se jednda o obecny regulaéni jev a ukdzalo se, Ze timto
regulacnim prvkem je zvySeny AW. Pomoci delece tok1 v kmeni postradajicim TRK1 a TRK2
byla tato skutecnost prokazana. Delece tokl ma za nasledek pokles AW, jenz vede k
odblokovani exportu K* a zmen3ovéni bunék pfi hladovéni na K* obdobné jako v kmeni

rodicovském se vSemi transportery.

Zasadnim objev této prace je vzajemné regulace vstupnich a vystupnich transporter( iont(
alkalickych kov( a udriovani cirkulace K'. Jiz deldi dobu se pfedpokladalo, e neustdla
cirkulace K" pFes plasmatickou membrénu je u kvasinek dileZitad pro udrZzovani optimalniho
membranového potencidlu a pro mnoho fyziologickych déjli. Az na zakladé této prace
(kapitoly 4.2 a 4.3) bylo ptekvapivé prokazano, Ze k neustdlému vystupu K dochazi také v
prostfedi s nedostatkem K*, kdy je zjevné energeticky narocné zajistit dostatek K* v bufice
vysokoafinitnim importem. Vystup K navic neprobihd pouze jednim exportnim systémem,
ale je jistén tak, Zze v ptipadé poruchy (delece) jednoho exporteru zastoupi jeho ulohu

exporter dal$i a rychlost celkového vystupu K* neni ovlivnéna. V této praci bylo také poprvé

10



11

ukazano, Ze ATPasy Ena jsou pfitomné a funk¢ni také za standardnich podminek, kdy nebyla

predpokladana ucelnost jejich exprese.

Bylo prokazano, Ze aktivita importer(i a exporterl je synchronizovdna, Ze se navzajem
ovliviiuji a Ze jednim ze spojujicich prvkd je regulace membranového potencidlu. Vysledky
uvedené v této prdci umoznily dulezity posun v chapani komplexnosti systému regulace
homeostase iontd alkalickych kovl, bez téchto vysledk(i bylo pravdépodobné nemohl
vzniknout ani neddvno publikovany komplexni model homeostase K* v kvasinkovych

bunikach [39].
4.4 Publikacec. 4

Yeast 14-3-3 proteins participate in the regulation of cell cation homeostasis
via interaction with Nhal alkali-metal-cation/proton antiporter

Zahradka, J., van Heusden, G.P.H., Sychrova, H. Biochim Biophys Acta 1820, 849-858 (2012)

Dal$im ukolem této disertacni prace bylo identifikovat nové reguldtory transporter( iont(
alkalickych kovl. Na zdkladé neddvno publikovanych dat [38, 40-42] byly proteiny 14-3-3
(kédované v S. cerevisiae geny BMH1 a BMH2) identifikovdny jako potencialni reguldtory
homeostase iontl alkalickych kov(. Systematickou pfipravou a testovanim kmena s rlznymi
kombinacemi deleci transporterd iontd alkalickych kova v kombinaci s deleci genu BMH1 ¢i
BMH?2 bylo zjisténo, Ze ze sledovanych transportert iontd alkalickych kov( je jedinym
interakénim partnerem protein( 14-3-3 antiporter Nhal. Nepfitomnost BMH1 vedla ke
snizeni tolerance kiontdm alkalickych kov( pouze u bunék nesoucich gen NHA1. Déle bylo
zjisténo, Ze vlivem samotné delece bmh1 je zvysSena citlivost k organickym kationtim (napfr.
ke sperminu), ale nedochdzi ke zménam membrdnového potencidlu. Vtomto pripadé jde
pravdépodobné o regulaci intraceluldrni detoxifikace organickych kationtl (napf.
sekvestrace do vakuol). Pfi absenci BMH1, muzZe byt role Bmhlp zastoupena umélym
zvySenim exprese BHM2, oba geny tedy hraji v homeostasi iontl alkalickych kovi stejnou
ulohu, ale lisi se Urovni exprese. V druhé ¢asti prace byla prokdzana pfima interakce proteint
14-3-3 s antiporterem Nhal. Pfi hleddni mista interakce v sekvenci Nhalp bylo zjisténo, Ze
interakce probiha na vice mistech, nejméné jedno lezi v C-koncové cytosolické ¢asti Nhalp a
alespont jedno v ¢asti transmembranové (pravdépodobné v cytosolicky orientovanych

smyckach; [43]). Na zakladé prlzkumu specializovanych databazi bylo v sekvenci Nhalp



(kromé zbytkd fosforylovanych Hoglp; [24]) nalezeno dvandct dalSich mist potencidlni

fosforylace a tudiZ potencidlnich mist vazby protein(i 14-3-3.

V ramci této prace byl identifikovdn novy reguldtor homeostase iontl alkalickych kov( v
kvasinkach, proteiny 14-3-3, které se ucastni regulace prostfednictvim vice pfimych interakci
s Nhalp. Proteiny 14-3-3 puUsobi jako positivni regulatory Nhalp odpovédné za plnou aktivaci

antiporteru.

4.5 Rukopis €. 5

Pleiotropic role of CKA1 in salt tolerance and cation homeostasis

Zahradka, J., Sychrova, H. rukopis (2013)

Stejné jako predchozi publikace se také tato zabyva identifikaci novych interakénich partnert
a proteinl schopnych regulovat transportery iont( alkalickych kovd. V rdmci této prace byly
hledany charakteristické sekvencni motivy kvasinkovych kinas pro identifikovana mista
fosforylace a po odborné konsultaci (Dr. O. Schmidt, Freiburg, Némecko) byla navrZena
pravdépodobnd fosforylace zbytkd S669 a S683 v sekvenci Nhalp kaseinkinasou 2 (CK2).
Jedna z katalytickych podjednotek CK2, Ckalp byla jiz dfive identifikovana jako positivni
regulator exprese ENA1 [44]. V prvni ¢asti prace bylo ovéreno, Zze Ckalp hraje dllezitou roli
v regulaci homeostase iont( alkalickych kovl prostfednictvim regulace exprese ENA1 a nikoli
regulace aktivity Enalp. Dale byly studovany dalSi mozné role Ckalp v regulaci homeostase

iontl alkalickych kova.

Ukazalo sem Ze, Ckalp se ucastni také regulace aktivity Nhalp a na regulaci homeostase
ionth alkalickych kov(i se podili jesté alespori jednim mechanismem nezdvislym na
exporterech Ena a Nhal, ktery je pravdépodobné spojen s regulaci AW. V druhé ¢asti bylo
hledano misto interakce (pravdépodobné fosforylace nékterého zbytku Nhalp) mezi Nhalp
a Ckalp. Po charakterisaci fenotypl bylo zfejmé, Ze Zadny z testovanych zbytk( (S669 a
S683) nebyl odpovédnym za regulaci Nhalp pomoci Ckalp. Pfekvapivé bylo zjisténo, Ze
zbytek (nebo vice zbytk(l) odpovédny za interakci Nhalp s Ckalp se pravdépodobné nachazi
v nékteré z intracelularnich smycek v rdmci prvnich 472 zbytk( v sekvenci Nhalp a Ze k této
interakci neni nutny hydrofilni C-konec. Bylo predikovano celkem 13 predpokladanych mist

fosforylace Nhalp kinasou Ckalp, které je nutno v budoucnu otestovat. V ramci této prace
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byly identifikovany dosud neznamé cesty, kterymi je podjednotka CK2, kinasa Ckal schopna

regulovat homeostasi iontl alkalickych kova.
Tato publikace byla zarazena ve formé rukopisu, ktery je pfipravovan k zaslani do ¢asopisu

Microbiology (SGM).

4.6 Publikace¢. 6

Mutational analysis of NHAoc/NHAZ2 in Saccharomyces cerevisiae
Huang, X., Morse, L.R., Xu, Y., Zahrddka, J., Sychrova, H., Stashenko, P., Fan, F., Battaglino,
R.A. Biochim Biophys Acta 1800, 1241-1247 (2010)

Vramci této prace byl studovdn jeden zlidskych homologli antiporteru Nhalp,
NHAoc/NHA2, ktery je exprimovaného selektivné pouze v osteoklastech. Tento transporter
byl studovan v kvasinkach tak, ze jeho cDNA byla exprimovana v kvasinkovych bunkach
postradajicich ptirozené exportery iontl alkalickych kov(, tedy geny ENA a NHA1. Aktivita
antiporteru byla nasledné testovana. Byly identifikovany tfi zbytky v sekvenci NHAoc/NHA2
(1159, V161l a F357), k jejichz zaméné mulzZe v lidskych bunkdch dochazet vlivem
jednonukleotidovych polymorfisma (SNP; single nucleotide polymorphism). Tyto zbytky byly
spolecné s dalSimi evolu¢né konservovanymi zbytky cilené mutovany a bylo pozorovano, ze

se jedna o dulezité zbytky pro aktivitu proteinu.

Na zakladé ziskanych dat bylo zfejmé, Ze mutace v evolucné konservovanych zbytcich a ve
zbytcich, které mohou byt mutovany diky SNP, zdsadné ovliviuji aktivitu lidského
antiporteru NHAoc/NHA2 a tim mohou pravdépodobné ovliviiovat spravnou diferenciaci
kostnich bunék a stat v pozadi rozvoje poruch tvorby kosti, osteopetrose. Mista SNP vedouci
v lidském organismu k mutacim ve sledovanych zbytcich tak pravdépodobné jsou dllezitym

faktorem urcujicim predispozici k tomuto onemocnéni.

4.7 Nepublikované vysledky, metodika mereni vnitorbunééného pH

Soucasti této disertacni prace jsou také nepublikované vysledky projektu aplikovaného
vyzkumu. V ramci ziskaného grantu probihala spoluprace s firmou DEL, a.s. zamérenou na
vyvoj software pro prlimyslové podniky. Vysledkem spoluprice byl vznik nové metody a
funkéni aplikace Ocellaris (www.ocellaris.cz) pro automatickou analyzu mikroskopickych

snimk(l, kterda umoZnriuje méreni pH v mikroskopu v jednotlivych bunkach kvasinek



exprimujicich pH senzitivni verzi zeleného fluorescenéniho proteinu (pHluorin). Pfi této
metodé bylo také vyuzito nového mikrokapildrniho systému CellASIC umoznujiciho

imobilizaci Zivych bunék v zorném poli mikroskopu.

Pomoci nové vytvorené metody méreni pH byly nejdfive ovéreny vysledky dfive publikované,
ale nasledné byla provérena schopnost metody identifikovat vice subpopulaci z hlediska pH a
dalSich parametrd. Jednou zvyhod této metody bylo také to, Ze z méreni bylo moziné
odstranit bunky s nedostatecnou expresi pHluorinu, nebo napf. takové, jejichz kalibracéni
kfivka byla nestandartni (to bylo pozorovdno ¢asto u starych a zjevné narusenych bunék
s vysokou autofluorescenci) tak, aby nedochdzelo k zvySovani nepresnosti méreni. Pomoci
této metody je mozné ziskavat unikatni soubory dat o vnitrobunéc¢ném pH bunék, v redlném

Case in vivo, a jeho zavislosti na mnoha faktorech.

5 Zavéry

Vysledky uvedené v této disertaCni praci byly publikovany v 5 ¢lancich a 1 dalSi rukopis je
pfipraven pro odeslani k recenzi. Pro experimentalni praci bylo pfipraveno a pouZito vice nez
20 novych mutantnich kmen( S. cerevisiae a vice nez 10 novych plasmidud a byla vyuzita celd
fada pokrocilych metod z oblasti molekularni biologie, biochemie, bunécné fyziologie a
fyzikdlni chemie. Na zakladé kratké zahrani¢ni stdze byla prfevzata a v nasi laboratofi
zavedena metoda pro méreni interakci proteind in vivo. V neposledni fadé byla v rdmci
spoluprace s komercni firmou navrZena a vytvorena softwarova aplikace umoziujici unikatni
sledovani zmén vnitrobunécného pH in vivo v redlném case v jednotlivych bunkach v rdzném

prostredi.
V ramci této prace:

1) Bylo zjisténo, Ze mezi dvéma laboratornimi kmeny S. cerevisiae a jejich mutanty
existuji znacné rozdily nejen v obsahu iontl alkalickych kovU, ale také napf. ve velikosti
bunék a citlivosti k solim. Prace upozornila na fakt, Ze rozdily mezi kmeny v ramci jednoho
druhu mohou byt vyznamné a proto lze predpoklddat pouze omezenou moznost

ztotoznovani vysledk( z rGznych kmen( S. cerevisiae.

2) Vznikly vysledky, které pomohly |épe pochopit problematiku vzajemnych interakci

vstupnich a vystupnich transporterl K', pfinesly nové svétlo do regulace transporterd
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odpovédnych za export iontl alkalickych kovl, antiporteru Nhal a ATPas Ena, a jejich

zapojeni do funkéniho celku spole¢né s importery K.

3) Byly nalezeny dva dosud neznamé regulatory antiporteru Nhal, proteiny 14-3-3 a
kinasa Ckal. V obou pfipadech se jedna o positivni regulatory aktivity Nhalp a jejich

pritomnost je nezbytna pro plnou aktivaci Nhalp v prostredi solného stresu.

4) Ziskané znalosti byly vyuZity pfi studiu lidského antiporteru NHAoc/NHA2
heterologné exprimovaného v kvasinkach. Byla studovana zavislost aktivity transporteru na
mutacich specificky zavedenych do jeho cDNA a bylo nalezeno nékolik zbytka, jejichz mutace

mohou pravdépodobné ovlivnit vznik a rozvoj zavazné choroby u lidi.

Vysledky prace byly publikovany v renomovanych mezinarodnich ¢asopisech a prezentovany
na zahrani¢nich kongresech a konferencich. Vytycené cile této disertacni prace tak byly v

plné Sifi spInény.
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Abstract

Yeast Saccharomyces cerevisiae belongs to important models for alkali-metal-cation
homeostasis research. As other cells, certain intracellular content of K* is necessary for S.
cerevisiae, but Na* or other alkali metal cations (Li*, Rb*) are toxic for yeast cells. Uniporters
Trk1 and Trk2 are responsible for K" accumulation, while efflux of Na*, Li*, Rb* and K" is
ensured by Ena ATPases, Na'(K')/H" antiporter Nhal and K* specific channel Tok1. Several
regulators of K* (Na®) transporters are already known, but reciprocal regulation between
transporters and overall picture of the maintenance of alkali-metal-cation homeostasis is still
unclear. In this work, K* circulation (simultaneous uptake and export of K*) was shown to be
important in alkali-metal-cation homeostasis maintenance. K" circulation is maintained using
reciprocal regulation and interactions between K* exporters and importers. Though obtained
results showed that the alkali-metal-cation homeostasis and associated physiological
parameters (e.g. membrane potential, cell size, salt sensitivity) are strain specific, Nhalp was
verified to be important for cell survival in ever-changing natural environment. Furthermore,
two novel positive regulators of Nhalp activity were found, 14-3-3 proteins and Ckal kinase.
14-3-3 proteins interact physically with multiple parts of Nhalp. Ckal kinase was previously
known as ENA1 expression regulator, moreover, regulation of Nhalp activity by Ckalp was
observed in this work. Using knowledge and skills obtained during this work, S. cerevisiae
strain lacking its own alkali-metal-cation exporters was used for characterization of human
Nhalp homologue, Na*/H" antiporter NHAoc/NHA2. Residues, whose mutation could be one
of crucial points in the development of serious bone disease (osteopetrosis) in human, were
identified in the NHAoc/NHA2 sequence. Altogether, results obtained in this work helped for
better understanding the role of Nhalp and other transporters in maintenance of alkali-
metal-cation homeostasis and its regulation, furthermore, an important progress has been
made in methodology (especially in intracellular pH measurement) which will help in future

studies.



1 Introduction

Yeast Saccharomyces cerevisiae has been widely used for bread and fermented beverages
production for thousands of years and it is one of the longest studied organisms. S.
cerevisiae is also an important model organism for basic and applied research as its genome
was the first eukaryotic genome sequenced [1] or because a vast number of molecular
biology and genetic tools were developed for easy DNA manipulations such as mutations,
deletions and insertions of yeast genes or genes form other organisms [2, 3]. Alkali-metal-
cation homeostasis is one of important research fields where yeast S. cerevisiae has been
used for decades. Similarly to other organisms, K is the major intracellular cation in S.
cerevisiae and it plays important role in cell physiology such as maintenance of suitable
conditions for protein synthesis and enzymatic reactions, maintenance of membrane
potential (AW), regulation of cell volume, osmotic pressure and internal pH. On the other
hand, Na" and other alkali-metal-cations are toxic even in slightly increased intracellular
concentrations [4-6].

Active K" uptake via K* specific uniporters Trk1 and Trk2 is necessary for accumulation of
required intracellular concentration of K* (circa 200 mM K*; [6]) in environment with limited
concentration of K* [7, 8]. Trk1p plays major role compared to Trk2p [6]. In absence of TRK1
or both TRK1 and TRK2, cells are not able to grow without significantly increased
concentration of K* in the media [9-11]. Among physiological roles of K" importers belong
maintenance of K" homeostasis and pH [12, 13], turgor [14] and AW [12, 15]. Regulation of
Trklp and Trk2p is not fully elucidated yet. Hal4, Hal5 and Sky1 kinases, calcineurin and Ppz1
phosphatases or Hal3 protein were identified among known regulators of Trk1lp and Trk2p
activity. Recently, proteins responsible for vesicular transport or inositol kinases were
identified among K" uptake regulators [6, 16-18]. To our knowledge, expression of TRK1 and
TRK2 is constitutive [19-21].

Efflux of toxic cations (Na’, Li*, Rb*) and surplus of K* is mediated by three exporters with
different transport mechanism and regulation, channel Tok1, ATPases Ena and antiporter
Nhal [6]. Voltage-gated channel Tokl opens with plasma membrane (PM) depolarization
and mediates specific efflux of K [11, 22]. Deletion of TOK1 results in PM depolarization,
while hyperpolarization occurs after TOK1 overexpression [23]. Phosphorylation by Hogl

kinase is the only regulation which is so far known for Tok1p [24].



ENA ATPase genes are usually present in 2 to 4 copies in S. cerevisiae genome, but Enalp
plays the major role in alkali-metal-cation homeostasis [6, 25]. Enalp is thought to
determine cell sensitivity to increased concentrations of Na* and Li". Its role, export of Na*
and K*, is crucial in alkaline pH where alkali-metal-cation export via Nhal antiporter is
inhibited (see below). ENA1 expression is strongly regulated, contrary to all other alkali-
metal-cation transporters. It is upregulated in the presence of Na*, upon osmotic stress or at
high pH and many transcription factors and signaling pathways participate on ENA1
expression regulation. Hogl, Snfl and Ckal kinases, calcineurin phosphates or Rim101
transcription factor activate ENA1 expression, while Ppz1 phosphatase, protein kinase A or
Ngrl and Skol transcription factors belong to ENA1 repressors [6, 25-29].

Na’(K)/H* antiporter Nhal is an important player in alkali-metal-cation homeostasis
maintenance [30]. Inward proton gradient generated by Pmal ATPase across the PM [31]
energizes active efflux of Na* and K' [32]. Nhalp consists of two parts, hydrophobic
transmembrane part (first circa 440 residues), folded in 12 transmembrane segments, which
is responsible for alkali-metal-cation transport, and C-terminal hydrophilic part (remaining
545 residues) which is thought to have a regulatory role [32]. Contrary to Enalp, efflux of
cations via Nhalp is important in acidic external pH, while in alkaline pH Nhalp is almost
inactive. Constitutively expressed housekeeping Nhalp plays important role in maintenance
of AW and intracellular pH; it participates in regulation of cell volume and cell cycle [23, 32-
35]. Activity of Nhalp is regulated by Hogl kinase via phosphorylation of Nhalp C-terminus
which allows cells to survive acute phase of hyperosmotic shock [24]. Additionally, Nhalp
activity is influenced by Cos3, Ppz1, and Hsp30 proteins [36, 37].

While roles of individual alkali-metal-cation transporters are thought to be elucidated,
reciprocal interactions of transporters and overall picture of alkali-metal-cation homeostasis

regulation remain unclear.



2 Aims of the study

The main goal of this study was to characterize physiological roles of yeast Na'/H"
antiporters. The thesis was originated in an environment of intense international research
collaboration in the ERA SysMo Translucent | and Il projects aiming to study homeostasis of

alkali metal cations in yeast.

To study physiological roles of yeast Na'/H" antiporters, series of mutant strains lacking
various combinations of alkali-metal-cation transporter genes were prepared. Growth and
physiological parameters of all strains were characterized and these strains were used for

studies of plasma-membrane Na’/H" antiporter roles.
Aims of this thesis were to:

1) Elucidate differences in alkali-metal-cation homeostasis in two widely used S.

cerevisiae strains and their mutants.

2) Analyze reciprocal interactions between importers and exporters of alkali metal
cations and study mechanisms of cell survival upon K'-limiting conditions or upon

significantly increased K" concentrations.

3) Search for novel regulators of alkali-metal-cation exporters and study mechanisms of

regulation.

4) Use yeast for study of heterologously expressed alkali-metal-cation transporter from

higher eukaryotes and for novel methods development.



3 Materials and methods

3.1 Materials

Strains and plasmids

S. cerevisiae strains W303-1A, BY4741 and their derivatives lacking one or various
combinations of genes were used in this thesis simultaneously with E. coli XL Blue strain.
Yeast and/or E. coli plasmids were used: YEp352, YCpla33, YEplac195, pGRU1, pUG6, pUG34,

pUG35, pU72, pUG73 and their derivatives bearing various genes or gene fragments.

Materials and Instruments

Materials and instruments of Institute of Physiology AS CR, v.v.i. were used in this work,
furthermore, materials and instruments of collaborative partners (Institute of Microbiology
AS CR, v.v.i., Prague and Leiden University, Nederland) were used in specific cases. Beside
common chemicals, growth media and common DNA isolation and manipulation kits, a novel
media with very limited K" was designed for Translucent | and Il projects and used in this
study. Common instruments of microbiology, biochemistry and molecular biology laboratory
were used in this work, moreover, fluorescence and confocal microscopes, fluorescence and
UV/vis spectrophotometers, 96-well plate reader, AAS spectrometer, cell counter CASY TT

and microfluidic system for cell imagining CellASIC were used.

3.2 Methods
Microbiology methods:

Cell cultivation, manipulation and storage of S. cerevisiae and E. coli cells.

Genetic engineering methods:

DNA isolation, electrophoretic separation, PCR, gene deletion, plasmid construction and site-
directed mutagenesis, DNA sequencing, transformation of S. cerevisiae and E. coli.

Phenotype characterization methods:

Tests of tolerance to salts and drugs, growth curves, cell size and dry weight estimation,
fluorescence microscopy, cation content measurement, relative membrane potential

measurement, internal pH assay, Bimolecular fluorescence complementation (BiFC).

Materials and methods are described in detail in each publication.



4 Results and discussion

Results of this thesis were published in five publications (chapters 4.1, 4.2, 4.3, 4.4 and 4.6),
in one manuscript (chapter 4.5) and in one chapter describing unpublished results of an

applied research project (chapter 4.7).

4.1 Publication No. 1

Saccharomyces cerevisiae BY4741 and W303-1A laboratory strains differ in
salt tolerance

Petrezselyova, S., Zahrddka, J., Sychrova, H. Fungal Biol 114, 144-150 (2010)

Only limited number of S. cerevisiae strains is widely used in yeast research and some of
them were labeled as standard laboratory strains. Similar situation is in the field of alkali-
metal-cation homeostasis research, different strains are used in different laboratories which
complicate transfer of results between the laboratories. S. cerevisiae W303-1A strain and its
derivatives have been used in our laboratory to study alkali-metal-cation homeostasis for
years (e.g. [32]), but because of novel collaborative projects and recent development in the
field, it was decided to start to work with BY4741 strain instead of W303-1A. To ensure
continuity in results in our laboratory, a number of physiological parameters of both strains
was established and compared in this work. Many differences were found in cell size and
volume, dry weight, tolerance to alkali metal cations and drugs (e.g. hygromycin B) and in
AW. Results suggested that though the two strains do not differ in the total potassium
content, the regulation of intracellular potassium homeostasis is probably not the same in
BY4741 and W303-1A cells and resulting variability within common laboratory S. cerevisiae
strains could be significant. This work contributed to the discussion how important could be

a validation of obtained results in more strains with different genetic backgrounds (see [38]).

4.2 Publication No. 2

Lack of main K" uptake systems in Saccharomyces cerevisiae cells affects yeast

performance in both potassium-sufficient and potassium-limiting conditions
Navarrete, C., Petrezselyova, S., Barreto, L., Martinez, J.L., Zahrddka, J., Arino, J., Sychrovj,
H., Ramos, J. FEMS Yeast Res 10, 508-517 (2010)



Interactions of K" importers (Trk1 and Trk2) with alkali-metal-cation exporters were studied
in the second publication. Physiological characterization of Saccharomyces cerevisiae BY4741
strain and the corresponding mutant lacking the main potassium uptake systems (trk1 trk2)
under K" nonlimiting and limiting concentrations was performed, and novel important
differences between both strains were found. First, previously published results [7, 11, 12]
were verified. TRK1 lacking cells (similarly to cells lacking both TRKI and TRK2) were
hyperpolarized and sensitive to cations (Na*, Li* and cationic drugs) or to limitation of K".
Furthermore, a comparable cell size and potassium content with BY4741, but decreased
intracellular pH and decreased acidification of media were observed in trk1 (or trk1 trk2)

strain.

Upon transfer to K*-limiting conditions, cells of both, BY4741 and trk1 trk2 strains became
hyperpolarized and their cell volume and K* content diminished; however, the decrease was
more relevant in BY4741. K" limitation triggered a high-affinity K'/Rb* uptake process only in
BY4741, but intake of required amount of K" was ensured only by nonspecific low-affinity

transporters in trk1 trk2 strain.

By establishing basic cellular parameters under standard growth conditions, this work
established a basis for the investigation of K" homeostasis at the system level, K" efflux in
trk1 trk2 strain was studied in detail upon transfer to K'-limiting conditions in following

chapter.

4.3 Publication No. 3

Plasma-membrane hyperpolarization diminishes the cation efflux via Nhal
antiporter and Ena ATPase under potassium limiting conditions
Zahradka, J., Sychrova, H. FEMS Yeast Res 12, 439-446 (2012)

As described in previous chapter, S. cerevisiae extrudes K' cations even when K’ is only
present in scarce amounts in the environment. Lost K* is taken up by the Trk1 and Trk2
uptake systems, but if the Trk transporters are absent or nonfunctional, the efflux of K" is
significantly diminished (see above). A series of experiments with strains lacking various
combinations of alkali-metal-cation efflux and uptake systems revealed that all three
exporters, the Nhal antiporter, Ena ATPase and Tok1 channel contribute to K* homeostasis

and are active upon K limitation in wild-type cells. In trk1 trk2 strain, the K" efflux via



exporters Nhal and Enal was diminished and could be restored either by the expression of
TRK1 or deletion of TOK1, which resulted in depolarization of hyperpolarized trk1 trk2 strain.
Thus, it was the plasma-membrane potential which served as the common mechanism
regulating the activity of K™ exporting systems. A continuous uptake and efflux of K* (K
circulation) were observed in yeast cells to regulate their membrane potential and thereby
other physiological parameters, e.g. cells were able to quickly and efficiently compensate for
a malfunction of K" transport in one direction by diminishing the transport in the other

direction.

The continuous uptake and efflux of K* was studied for the first time in this thesis,
furthermore, observed expression and activity of Ena transporters in standard conditions
(without induction of expression) was not presumed previously. Results in this and previous
chapter contributed significantly to better understanding of alkali-metal-cation
homoeostasis at the system level which enabled recent publication of complex model of K*

homeostasis [39].

4.4 Publication No. 4

Yeast 14-3-3 proteins participate in the regulation of cell cation homeostasis
via interaction with Nhal alkali-metal-cation/proton antiporter

Zahradka, J., van Heusden, G.P.H., Sychrova, H. Biochim Biophys Acta 1820, 849-858 (2012)

Novel regulators of alkali-metal-cation transporters were searched in this publication and
14-3-3 proteins were identified as putative regulators of alkali-metal-cation homeostasis
recently [38, 40-42]. Deletion of BMH1, encoding the major 14-3-3 isoform, resulted in an
increased sensitivity to Na*, Li* and K* and to cationic drugs but did not affect the membrane
potential. This bmh1 phenotype was complemented by overexpression of BMH2. Testing the
genetic interaction between BMH genes and genes encoding alkali-metal-cation transporters
revealed, that 14-3-3 proteins neither interact with the potassium uptake systems (Trk1p or
Trk2p), nor with the Tokl channel nor with Ena ATPases. Instead, a genetic interaction was
identified between BMH1 and NHAI. In addition, a physical interaction between 14-3-3
proteins and the Nhal antiporter was shown. This interaction does not depend on the
phosphorylation of the Nhal antiporter by Hogl kinase [24]. Furthermore, at least one

interaction site was found to be in cytosolic C-terminal part of Nhalp and at least one site in
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the transmembrane part (e.g. in internal loops; [43]). In sumary, more than one interaction

site for binding 14-3-3 proteins is present in Nhalp.

Our results uncovered previously unknown interaction partners of Nhalp, yeast 14-3-3

proteins, which are positive regulators of Nhalp activity.

4.5 Manuscript No. 5

Pleiotropic role of CKA1 in salt tolerance and cation homeostasis

Zahradka, J., Sychrova, H. manuscript (2013)

Since Nhalp is very probably regulated by some more, yet unknown, regulators, possible
posttranslational modifications were searched in Nhalp sequence using databases and in
silico methods. Beside two previously known Hoglp phosphorylation sites, several sequence
motifs of yeast kinases were found in Nhalp sequence. Two phosphorylation sites (residues
S669 a S683) were predicted (with the help of an expert in the field; Dr. O. Schmidt, Freiburg,
Germany) as putative targets of casein kinase 2 (CK2). Casein kinase (CK2) is constitutively
active and highly conserved kinase in eukaryotes with pleiotropic roles in many different
cellular processes. Tetrameric structure of CK2 is composed of two catalytic and two
regulatory subunits; catalytic subunits isoforms are encoded by CKA1 and CKA2, whereas
regulatory subunits isoforms are encoded by CKB1 and CKB2 in Saccharomyces cerevisiae.
Recently, Ckalp was found to be able to influence alkali-metal-cation homeostasis, because
Ckalp was identified as a positive regulator of ENA1 expression [44]. In this work, Enalp
regulation by Ckalp was verified only on the level of expression and it was shown for the
first time, that presence of Ckalp is necessary for proper transport activity of the Nhal
antiporter. Ckalp was identified as a positive regulator of Nhalp. Surprisingly, residues
responsible for Ckalp and Nhalp interaction were not localized in soluble cytosolic C-
terminal part of Nhalp, but there are most probably in one of internal loops within
transmembrane part (first 472 residues) of Nhalp. Using in silico analysis, thirteen residues
were predicted as possible Ckalp targets which need to be tested in the future.

Besides that, Ckalp participates in alkali-metal-cation homeostasis regulation also by a third

mechanism, most probably by regulation of plasma membrane potential. In total, a



pleiotropic role of Ckalp was uncovered in regulation of salt tolerance and cation

homeostasis. This manuscript was prepared for submission to Microbiology (SGM) journal.

4.6 Publication No. 6

Mutational analysis of NHAoc/NHAZ2 in Saccharomyces cerevisiae

Huang, X., Morse, L.R., Xu, Y., Zahrddka, J., Sychrova, H., Stashenko, P., Fan, F., Battaglino,
R.A. Biochim Biophys Acta 1800, 1241-1247 (2010)

Using knowledge and skills obtained in our laboratory, S. cerevisiae strain lacking its own
alkali-metal-cation exporters was used for characterization of human Nhalp homologue,
Na’/H* antiporter NHAoc/NHA2. This antiporter is selectively expressed only in osteoclasts
and it is important for normal osteoclast differentiation and apoptosis. In this study,
coresponding cDNA was expressed in the yeast strain, membrane expression of
NHAoc/NHA2 was confirmed by confocal microscopy. The growth phenotypes of cells
expressing NHAoc/NHA2 mutants were studied and activity of heterologously expressed
antiporter was tested. Among others, three residues were found in NHAoc/NHA2 sequence
(1159, V161 and F357) which mutations could be more frequent in humans due to single
nucleotide polymorphism, SNP. Site-directed mutagenesis was used to study the role of

these residues, simultaneously with a role of some highly conserved residues.

Altogether, selected residues and other evolutionary conserved amino acids are required for
full antiporter function. Mutations in these residues may affect NHAoc activity and therefore
osteoclast differentiation and apoptosis, which is important risk factor for osteopetrosis
development. Human NHAoc/NHA2 antiporter was characterized and important residues

were identified in this work for the first time.

4.7 Unpublished results, internal pH measurement method

Unpublished data were obtained in this work and during participation on applied research
project. The project, funded by Technology Agency of the Czech Republic, was in
collaboration with software company DEL, a.s., and Institute of Microbiology AS CR, v.v.i. A
novel method for internal pH measurement was designed which is able to measure pH in
vivo in individual cells expressing pH sensitive green fluorescent protein (pHluorine) in

microscope equipped with CellASIC microfluidic system. In addition, software application
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Ocellaris (www.ocellaris.cz) was developed to perform the necessary image processing and

calculations using obtained microscopic pictures.

The developed method was used for validation of previously published results. Furthermore,
the method was fund to be suitable to identify subpopulations of individual cells within one
strain which could be determined by different pH, shape, size or other parameters. One of
significant benefits of the method is the possibility to exclude cells with insufficient
expression of pHluorine, damaged or old cells which calibration curve is not standard and
values obtained using this cells would affect results accuracy. Using this method, unique
internal pH data sets could be obtained of individual cells in vivo and its changes in time

simultaneously with some other physical parameters of cells.



5 Conclusions

Results presented in this thesis were published in five articles and one manuscript was
prepared for publication. During experimental work, more than twenty mutant S. cerevisiae
strains and more than ten plasmids were prepared and tested using a set of advanced
molecular biology, biochemistry and cell physiology methods. BiFC method for detection of
protein-protein interaction in vivo was introduced to our laboratory after short internship
abroad. Furthermore, the unique method for single cell measurement of internal pH in vivo
was designed and software application for related data analysis was developed with a

commercial partner.
In this work:

1) Significant differences in several physiological parameters, e.g. cell size, salt tolerance
and AW, were found between two widely used laboratory strains of S. cerevisiae. The work
showed evidences that results obtained using two standard strains with different genetic

backgrounds should not be easily merged.

2) Results uncovering previously unknown reciprocal interactions and regulations of K*
uptake and efflux transporters were obtained. Gathered information helped for better
understanding of alkali-metal-cation homeostasis regulation, and the importance of K

circulation was shown for the first time.

3) Two novel Nhal antiporter regulators, 14-3-3 proteins and Ckal kinase, were
identified. In both cases, they regulate in a positive way both of them are important for full

antiporter function.

4) Human NHAoc/NHA2 antiporter was characterized after heterologous expression of
its cDNA in yeast. Activity of the antiporter was studied using site-directed mutagenesis and
several residues were identified to be important for proper function of the antiporter. These

mutations could play role in human bone disease, osteopetrosis, development.

Results of this thesis were published in prestigious journals and presented on international

conferences and meetings. Proposed goals of the thesis were fulfilled.
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