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kvasni¢ny autolyzat (yeast extract)
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Abstrakt

Kvasinky jsou jednobunééné mikroorganismy, na pevném podkladu jsou vsSak schopny
vytvaret organizované struktury, kolonie, které mohou v jistych ohledech pifipominat
mnohobunécné organismy. Pfi sledovani vyvoje kvasinkovych kolonii v ¢ase bylo zjisténo, ze
kolonie periodicky méni pH svého okoli z acidického na alkalické a naopak. Pfepnuti
z acidické do alkalické faze je spojeno s produkci amoniaku, ktery funguje jako signal mezi
sousednimi koloniemi. Data z analyz vyuzivajicich DNA C¢ipy a dal§i experimentalni data
nasvédcuji, ze za produkci amoniaku do okoli by mohly byt zodpovédné tfi homologni
proteiny kodované geny ATO1 (YNRO1Oc, ADY2), ATO2 (YNR0O2c, FUN34) a ATO3
(YDR384c). Cilem této prace je prohloubeni znalosti jak o amoniakové signalizaci mezi
kvasinkovymi buiikami, tak o moznych exportérech amonného kationtu - Ato proteinech.
Prace pfinasi poznatky o dalSich t€kavych latkach - methylaminu a propylaminu - které jsou
(vedle amoniaku) schopny indukovat vstup kvasinkové kolonie do alkalické faze vyvoje.
Z hlediska amoniakové signalizace déale popisuje vyznamny vliv transportu karboxylovych
kyselin na pribéh vyvoje kvasinkové kolonie, kdy omezeny transport téchto slabych
organickych kyselin do bunék vybranych delecnich kmenli patrné znemoziuje spravny
prubéh amoniakové signalizace a diferenciace kvasinkovych kolonii. Vedle jiz zavedeného
modelu kvasinkovych kolonii jsou testovany dal$i dva modely kvasinkovych populaci -
aerobn¢ a staticky kultivované tekuté kultury S.cerevisiae. Vysledky ukazuji, ze zména
okolniho pH spojena s produkci Ato proteinti a amoniaku je typicka i pro aerobné a staticky
kultivované tekuté kultury S.cerevisiae, amoniak tak ziejmé muze slouzit jako obecny signal
upozoriiujici na bliZici se nedostatek Zivin v okoli, a tedy na nutnost zmén v genové expresi.
Nové poznatky o Ato proteinech svéd¢i o jejich nezbytnosti pro rist v prostiedi s neutralnim
az alkalickym pH. Nékteré z Ato proteinti (konkrétné Atolp a Ato2p, Atolp a Atolp a Ato3p
a Ato3p) jsou zaroven schopny fyzické interakce. Tohoto vysledku bylo dosazeno za vyuziti
novych pfistuptl k hledani interakci mezi kvasinkovymi membranovymi proteiny, jez jsou
zalozeny na méfeni zmén poloCasu dohasindni fluorescence v dusledku FRET

(fluorescencniho rezonan¢niho pienosu energie).

Kli¢ova slova: Saccharomyces cerevisiae, kvasinkova kolonie, amoniak, amoniakova
signalizace, diferenciace, Atolp, Ato2p, Ato3p, pH, Sok2p, Jenlp, karboxylové kyseliny,
FLIM-FRET



Abstract

Yeast, although non-motile and unicellular organisms can create organized structures,
colonies, in which cells communicate and cooperate and which in some ways resemble
multicellular organisms. Our previous studies on yeast colony development revealed that
colonies periodically change pH of their surroundings. Alkalization of an agar medium is
accompanied by production of volatile ammonia that acts as the long-range signal. Microarray
analysis of the expression changes in Saccharomyces cerevisiae colonies during their
transition from acid to alkali phase revealed significant changes in yeast transcriptome.
Among others, strong induction of expression of three homologous genes ATO1 (YNRO10c,
ADY2), ATO2 (YNR0O2c, FUN34) and ATO3 (YDR384c) at the beginning of the alkali phase
was found. These genes encode membrane proteins that may function as ammonium/H*
antiporters. This work contributes to better understanding of both the ammonia signaling and
the role of putative ammonium exporters - Ato proteins. It was revealed, that other volatile
compounds - methylamine and propylamine - are (in addition to ammonia) able to induce
entry into the alkali phase of yeast colony development. Moreover, the significant impact of
the transport of monocarboxylic acids on ammonia production and yeast colony development
was shown. Limited transport of weak organic acids into the cells of selected deletion strains
apparently prevented the proper ammonia signaling and subsequent developmental changes.
In addition to the established model of giant yeast colonies, another two types of yeast
populations were introduced - static and shaken (aerobically cultivated) liquid cultures of
S.cerevisiae. Among others, we found that during growth of both types of cultures, pH of the
media changes and pH increase is associated with ammonia and Ato proteins
production.Thus, ammonia can probably act as a general warning signal of the approaching
shortage of nutrients in the environment. Data concerning Ato proteins suggest that these
proteins are necessary for growth in ambient neutral to alkaline pH. Moreover, some of Ato
proteins (Atolp andAto2p, Atolp and Atolp and Ato3p and Ato3p) are able to interact. The
results were achieved using new approaches suited to measure interactions between yeast
membrane proteins, which are based on monitoring changes in fluorescence lifetime due to

FRET (Fluorescence Resonance Energy Transfer).

Keywords: Saccharomyces cerevisiae, yeast colony, ammonia, ammonia signaling,
differentiation, Atolp, Ato2p, Ato3p, pH, Sok2p, Jenlp, monocarboxylic acids, FLIM-FRET
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1 UVOD

Kvasinky jsou jednobunécné mikroorganismy, na pevném podkladu mohou nicméné
vytvaret organizované struktury, kolonie, které v jistych ohledech pfipominaji mnohobunécné
organismy.

V nasi laboratofi bylo pfi sledovani vyvoje kvasinkovych kolonii v Case zjiSténo, ze
kolonie jsou schopny produkovat amoniak jako signdlni molekulu. Kvasinkové kolonie
periodicky méni pH svého okoli z acidického na alkalické a naopak. Pro acidickou fazi je
typicky rust kolonii, v alkalické fazi je riist pfechodné inhibovan. Pocatek produkce amoniaku

nastava pravé se vstupem kolonii do alkalické faze (PALKOVA, et al., 1997).

V disledku vyslani a pfijeti amoniakového signdlu dochazi v buitkach kolonie k fadé
zmén vexpresi proteini. Tyto zmény byly u S.cerevisiae zjistovany sledovanim
transkriptomovych zmén metodou DNA ¢ipt (PALKOVA, et al., 2002). V piipadé tii gent
YNRO10c, YNROO2c a YDR384c kodujicich homologni membranové proteiny s nezndmou
funkei byla zjisténa silnd indukce exprese korelujici s poc¢atkem produkce amoniaku. Dalsi
biologické experimenty vedly k hypotéze, Ze by tyto geny mohly kdédovat exportéry
amonnych ionti (PALKOVA, et al., 2002). Jelikoz je produkce Ato-GFP proteinti v mladych
koloniich nachazejicich se v acidické fazi indukovdna amoniakem produkovanym starSimi
koloniemi (RICICOVA, et al., 2007), ma produkce amoniaku patrné piimy ¢i neptimy vliv na
expresi ATO geni. VSechny tii Ato-GFP fizni proteiny jsou lokalizovany na plazmatické
membrané v raftech, jeZz se nicméné lisi svymi vlastnostmi. Zatimco Ato2p-GFP protein je
rozmistén spise rovnomérné v drobnych mikrodoménach, Atolp-GFP a Ato3p-GFP proteiny
jsou na membrané pifitomny ve velkych shlucich. Stabilita Atolp-GFP raftl je navic zavisla

na pH (RICICOVA, et al., 2007).

Tato disertatni prace navazuje na poznatky, jez byly o Atolp, AtoZ2p a Ato3p
proteinech v nasi laboratofi ziskany v piedchozich letech. Prace pfinasi nové poznatky o
prostorovém rozloZeni bunék produkujicich Atolp protein v rdmci 3D uspotfadani kolonie,
podminkach produkce vSech tii Ato proteinti pii aerobni kultivaci v tekutém médiu a
fyzickych interakcich mezi jednotlivymi Ato proteiny, dal$i Casti prace se zabyvaji
amoniakovou signalizaci mezi kvasinkovymi koloniemi, a to jednak roli Jenlp transportéru
karboxylovych kyselin v amoniakové signalizaci, jednak moZnymi analogy amoniaku
spoustéjicimi vstup kvasinkové kolonie do alkalické faze. Prace je vypracovana v plném

rozsahu. Vysledkova ¢ast je prezentovana ve formé struéného souhrnu publikovanych i
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nepublikovanych vysledkli. Za kazdou vysledkovou ¢asti nasleduje diskuse konkrétni
kapitoly, prace je uzaviena diskusi souhrnnou. Dale prace obsahuje 2 Clanky uvefejnéné
Vv recenzovanych mezinarodnich ¢asopisech, a jeden rukopis, jez byl zaslan do impaktovaného

Casopisu a v soucasné dobé je pfipravovana jeho revidovana verze.

Prace ,,Architecture of developing multicellular yeast colony: spatio-temporal
strukturalizaci kvasinkové kolonie. Za vyuziti dvoufotonové mikroskopie fezi kvasinkovou
mikrokolonii ukazuje, ze kolonie je na povrchu kryta tenkou vrstvou bunék, jez plni

ochrannou funkci a zabranuje priiniku skodlivych latek k buiitkam vnitini masy kolonie.

Piedmétem publikace ,,Ato protein interactions in yeast plasma membrane revealed by
fluorescence lifetime imaging (FLIM)” (STRACHOTOVA, et al., 2012) je zavedeni techniky pro
zjiStovani interakci membranovych proteinti S.cerevisiae kombinujici flourescencni
resonan¢ni prenos energie (FRET — Fluorescence resonance Energy Transfer)
S monitorovanim polo¢asu dohasinani fluorescence (FLIM - Fluorescence Lifetime IMaging).
Pomoci této techniky byla prokazana interakce mezi Atolp a Ato2p proteiny a rovnéz

heterodi-/oligomerizace Atolp a Ato3p protein.

Rukopis ,, Transport of carboxylic acids and important role of Jenlp transporter during
development of yeast colonies” pfinasi poznatky o roli transportu karboxylovych kyselin pfi
amoniakové signalizaci a diferenciaci kvasinkovych kolonii. Ukazuje, Ze na vstupu
karboxylovych kyselin do bunék kvasinkovych kolonii se podileji dva mechanismy — aktivni
transport a difuze. Oba tyto mechanismy vstupu jsou navic negativné ovlivnény deleci SOK2

genu kodujiciho pleiotropni transpkripcni faktor Sok2p.

12



2 CILE PRACE

Cilem této disertacni prace je rozsifit znalosti o amoniakové signalizaci u kvasinek, zejména:

v literarnim piehledu zpracovat relevantni literaturu tykajici se rustu S.cerevisiae
v prostiedi s alkalickym pH a dale literaturu tykajici se amoniakové signalizace a
moznych exportérti amoniaku u S.cerevisiae — Ato proteind.

nalézt - vedle amoniaku - dal§i mozné latky spoustéjici vstup kvasinkové kolonie do

alkalické faze.

V navaznosti na praci diplomovou navrhnout zpisob méfeni produkce amoniaku pii
aerobni kultivaci v tekutém médiu a podrobnéji charakterizovat produkci amoniaku za
téchto ristovych podminek. Dale pak charakterizovat chovani vybranych dele¢nich

kmeni pii aerobni kultivaci v tekutém médiu.

ziskat dal$i poznatky o Ato proteinech, zvlasté pak o moznych interakcich mezi nimi.

Dale pak ptipravit a charakterizovat kmen s deleci vSech ATO1, ATO2 a ATOS gentl.

objasnit roli transportu karboxylovych kyselin v amoniakové signalizaci a diferenciaci

kvasinkovych kolonii.
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3 LITERARNI PREHLED

Komunikace mezi jednotlivymi bufikami, a to jak u jednobunétnych, tak u
mnohobunéénych organismt, je klicova pro jejich spravnou funkci a prezivani. Tato
komunikace mtze probihat nejen pomoci ptimého kontaktu, ale i na delsi vzdalenosti pomoci
signalnich molekul uvolfnovanych do okolniho prostfedi. Jednou ze signalnich molekul je i
amoniak. Signalizace pomoci amoniaku byla potvrzena u hlenky Dictyostelium discoideum
(zde inhibuje agregaci bun¢k, kulminaci a tvorbu plodnice a podili se na regulaci diferenciace
bun¢k hlenky (DAVIES, et al., 1993)) ¢i v nervovych tkanich (na sitnici véely (MARCAGGI a
CoLEs, 2001), amoniak byl identifikovan rovnéz jako molekula Gcastnici se signalizace mezi

kvasinkovymi koloniemi (PALKOVA, et al., 1997).

Pokud kvasinkové kolonie rostou na glycerolovém médiu, méni periodicky pH svého
okoli z acidického na alkalické a naopak. Pocatek produkce amoniaku koreluje se vstupem
kolonii do alkalické faze (PALKOVA a FORSTOVA, 2000). Amoniakovy signal indukuje ve
vyvijejici se kolonii fadu zmén. Spravny prubéh signalizace pomoci amoniaku umoziuje
diferenciaci bun¢k kvasinkové kolonie, jeZ zvySuje odolnost celé struktury, a tedy i schopnost

piezit v nepiiznivych podminkach (PALKOVA, et al., 2002).

Jelikoz je modelovy systém rastu kvasinkovych kolonii spjat nejen s produkci
amoniaku jako signalni molekuly, ale i se zvySenim pH okolniho média, nasledujici kapitoly
budou vénovany vlivu pH na rist kvasinky S.cerevisiae, zejména pak rastu v alkalickém pH,
a dale signalni molekule amoniaku, jeho moznym exportérim - proteinim Atolp, Ato2p a

Ato3p a jejich homologim.

3.1 Riist kvasinek a pH okoli

Kyselé pH je pro rust kvasinek vhodnéjsi nez pH neutralni ¢i alkalické. Obecné se da
fici, ze kvasinky dobie prosperuji v prostiedi s hodnotami pH mezi 3 a 7,5. Nékteré druhy ale
rostou i ve vyrazné zasaditéjSim prostiedi (Rhodotorula glutinis pti hodnotach pH do 9,
Debariomyces hansenii dokonce jesté pii hodnotach pH 10,3) (KURITA a YAMAZAKI, 2002).
V kazdém pfipadé musi mikroorganismy, jeZ se mohou b&hem rustu setkat se Sirokym

rozmezim hodnot okolniho pH, u¢inné regulovat expresi geni pravé s ohledem na pH okoli.
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3.1.1 Vnitrobunééné pH u kvasinek

Témet vSechny procesy probihajici v buiikach jsou pH zavislé. pH vyrazné ovliviiuje
¢innost enzymt, pfi optimalni hodnoté pH dosahuje enzymaticka aktivita svého maxima,
naopak vystaveni extrémné nizkym ¢i vysokym hodnotam pH vede u vétSiny enzymu k uplné
ztraté aktivity. Proto je u vétSiny eukaryotickych bunék vnitrobunécné pH piisné regulovano
(totéz plati 1 pro pH bunécnych kompartementti). U kvasinek je vSak vnitrobunécné pH do
jisté miry zavislé na vnéjSich podminkach, naptiklad na dostupnosti zivin. Pfikladem mutize
byt rychlé snizeni intracelularniho pH o 0,45 jednotky po pfidani glukosy k na glukosu
hladov¢&jicim bunkam (EILAM, et al., 1990).

MareSova a kolektiv (MARESOVA, et al., 2010) stanovili pomoci GFP (zeleného
fluorescenéniho proteinu) senzitivniho ke zméné pH (modifikované verze klasického
zeleného fluorescen¢niho proteinu, jez byla nazvana pHluorin (MIESENBOCK, et al., 1998)),
vnitrobunééné pH u nékolika z béZzné¢ pouzivanych laboratornich rodicovskych kment
S.cerevisiae. Vnitrobunééné pH se u ruznych rodiCovskych kment (pfi kultivaci na
glukosovém komplexnim médiu na hodnotu OD pfiblizné 0,5, tj. u bunék v exponencialni fazi
ristu) lisilo a pohybovalo se priblizné v rozmezi 6,5-7. Orij a kolektiv (ORuw, et al., 2009)
stanovili stejnym zpisobem (nicméné pii odlisnych kultiva¢nich podminkéach) vnitrobunééné
pH kvasinkové buiiky na 7,2. D4 se tedy fici, ze pH cytosolu kvasinkové buiiky se za béznych

kultivacnich podminek pohybuje okolo neutrality.

Nasledujici uvaha podava predstavu o tom, kolik volnych protont se piiblizné
vyskytuje v cytosolu kvasinkové bunky. Jedna ze studii zabyvajici se velikosti kvasinkové
buniky uvadi, ze primérny objem haploidni buiiky v exponencidlné rostouci kultute ¢ini 42
femptolitri (JORGENSEN, et al., 2002). Pokud bychom povazovali cely objem kvasinkové
bunky za vodny roztok o pH 7, vyskytovalo by se v ném pfiblizn€ 2500 protont (6,0%2.10%
krat 107 krat 42.10™ =~ 2500). Toto &islo je prekvapivé pom&ré nizké, vnitfek buiiky viak
zaroven obsahuje o mnoho tadl vyssi pocet protonovatelnych/deprotonovatelnych skupin —
napiiklad kyselych a bazickych aminokyselin jako soucasti proteinli (pocet molekul proteinti
Vv kvasinkové buiice se odhaduje na desitky miliond (FUTCHER, et al., 1999). K pufracni
kapacité cytosolu pfispiva vyznamnou mérou napiiklad také fosfat (P;) s hodnotami pKa 2,1,
7,2 a 12,7. Na udrzovani vnitrobunééného pH se pak aktivné podili fada transportnich

proteint plazmatické membrany.

Za udrzovani vnitrobunééného pH (a do zna¢né miry i membranového potencialu) u

kvasinky S.cerevisiae je =zodpovédnd zejména H'-ATPasa Pmalp, jez je jednim
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z nejhojnéjsich proteini kvasinkové bunky a kterda pumpuje protony ven z bunky. Aktivita
tohoto pro buiiku esencidlniho proteinu (SERRANO, et al., 1986) se zvysuje pii acidifikaci
cytosolu, coz umoznuje udrzovat cytosolické pH v pomémné wUzkém rozmezi relativné
nezavisle na pH okoli (ERASO a GANCEDO, 1987).

Pmalp je protein o velikosti 100 kDa s 10 transmembranovymi doménami a N- i C-
koncem orientovanym do cytosolu (AUER, et al., 1998). V membran¢ je Pmalp membranova
ATPasa lokalizovana v tzv. membranovych raftech (BAGNAT, et al., 2000).

Jako esencialni protein je Pmalp protein dlouhodobé podrobovan intenzivnimu studiu
vénovanému vlivu zadmén konkrétnich aminokyselin na aktivitu proteinu. Velké mnozstvi
informaci tohoto typu shrnuli naptiklad Morsomme a kolektiv (MORSOMME, et al., 2000)
(obr. 1). Mutagenezi byly a jsou vytvafeny a charakterizovany kmeny se snizenou aktivitou
H*-ATPasy, nezbytné pro detailni studium role a mechanismu funkce tohoto proteinu (napf.

(PETROV, 2010; VALLEJO a SERRANO, 1989).

AC se jedna o protein pro bunku esencialni, dochazi K vyraznému snizeni hladiny
Pmalp proteinu (obr. 2) v buiikach okraje kolonie v druhé acidické fazi vyvoje kvasinkovych
kolonii, a to i pfesto, ze se jedna o zdravé délici se bunky (je tedy mozné, Ze u téchto bun¢k
existuje jesté né¢jaky dal$i mechanismus udrzovani membranového potencialu) (VACHOVA, et
al., 2009b). Kvasinka S.cerevisiae koduje vedle Pmalp proteinu ve svém genomu jeSté
druhou membranovou H'-ATPasu, Pma2p protein (SCHLESSER, et al., 1988), jez neni
esencialnim proteinem a jehoz mnoZstvi v buiice je velice nizké. Ackoliv dochazi k jistému
zvySeni exprese PMA2 genu pii kultivaci za vysoké teploty (39°C), je jeho exprese stile
nékoliksetkrat slabsi nez v ptipadé PMALl genu (VIEGAS, et al., 1994). Z hlediska
aminokyselinové sekvence jsou pfitom Pmalp a Pma2p proteiny z 89% identické, nejvetsi
rozdily v sekvenci nalezneme v N-koncové oblasti proteinii (N-konec Pma2p proteinu je

zaroven o piiblizné 30 aminokyselin delsi).
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Obr. 1: Schéma kvasinkové H'-ATPasy Pmalp. Kazda aminokyselina je reprezentovana
krouzkem, barvy oznacuji vliv zamény konkrétni aminokyseliny na funkci Pmalp. Zelené
jsou oznaceny mutace bez zjevného vlivu na funkci Pmalp, Zlut€¢ mutace snizujici aktivitu
Pmalp nejméné 2x, oranZové mutace sniZujici aktivitu na méné nez 10%, Cervené mutace

majici stejny efekt jako delece PMAL genu (pievzato z (MORSOMME, et al., 2000)).
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Obr. 2. Zmény v produkci Pmalp proteinu béhem vyvoje kvasinkovych obfich kolonii

v bunkach centra kolonie a vnéjsiho okraje kolonie. (Pievzato z (VACHOVA, et al., 2009b))
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3.1.2 Kontrola vnitrobunééného pH u kvasinek a jeji vyznam
Jak jiz bylo zminéno, vnitrobunééné pH kvasinkové buiiky neni regulovéano tak ptisné
jako napftiklad vnitrobunééné pH lidskych bunék. Urcité stresové situace mohou zpulsobit

zmény ve vnitrobunécném pH o vice nez dvé jednotky bez ztraty zivotaschopnosti (ORI, et

al., 2009).

V nékterych piipadech je zména vnitrobunééného pH zadouci. V pribéhu bunécného
cyklu byly cyklické zmény pH pozorovany u fady eukaryot. Napiiklad u hlenky D.discoideum
je vnitrobunééné pH nejvyssi v S fazi bunécného cyklu a toto zvySeni pretrvava az do M faze
(AERTS, et al., 1985), Anand a Prasad (ANAND a PRASAD, 1989) pozorovali zvyseni pH u
S.cerevisiae pii prichodu startem bunééného cyklu. U S.pombe je zase udrzeni
vnitrobunééného pH na stabilni hodnoté (7,25-7,35) klicové pro spravny priubéh bunééného
cyklu (KARAGIANNIS a YOUNG, 2001).

Naopak pravé naruseni pH homeostaze (acidifikace cytosolu) pisobenim slabych
organickych kyselin pfi nizkém okolnim pH (kdy nenabitd — protonovana - forma mtze volné
difundovat membrénou, nicméné v cytosolu o neutrdlnim pH dojde k deprotonaci nenabité
formy a k akumulaci této nabité formy) je principem antimikrobialniho plisobeni slabych
organickych kyselin. Na druhou stranu by produkce slabych kyselin, zejména kyseliny mlécné
a octové, mohla byt kli¢ova pro schopnost rustu Rhodotorula glutinis ¢i Debariomyces

hansenii pii extrémnich hodnotach pH (9 a vyssi) (KURITA a YAMAZAKI, 2002).

Na podobném principu jako antimikrobialni piisobeni slabych organickych kyselin je
zalozeno 1 antimikrobidlni ptsobeni dusitanti. Tolerance k dusitaniim miize byt (podobné jako
je tomu u slabych organickych kyselin) zdvisla na pH homeostazi a pufratni kapacité
cytosolu, jak bylo ukazano napt. u Debaryomyces hansenii ¢i Candida zeylanoides
(MORTENSEN, et al., 2008).

Mortensen a kolektiv (MORTENSEN, et al., 2006) zjistili, Zze lepsi pufra¢ni kapacita
cytosolu v bodé blizkém béznému intracelularnimu pH zlepSuje toleranci k solnému stresu.
Regulace intracelularntho pH tak patrné hraje roli i ve schopnosti kvasinek snaSet
hyperosmoticky stres. Pfi hyperosmotickém stresu se sniZzuje vnitrobunécné pH, a to jednak
inhibici aktivity Pmalp (MARTINEZ DE MARANON, et al., 2001), jednak pasivnim zvySovanim
koncentrace protonti (VINDELOV a ARNEBORG, 2002). K inhibici aktivity Pmalp by mohlo
dochézet v disledku deformace membrany (a s tim spojenych konformaénich zmén Pmalp

proteinu) pii smr§t'ovani objemu u buiky vystavené solnému stresu. Aktivita Pmalp proteinu
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by tak mohla byt regulovana strukturou lipidické dvojvrstvy (MARTINEZ DE MARANON, et al.,
2001). Spojeni lipidického slozeni s aktivitou membranové H'-ATPasy uvadi i Aguilera a
kolektiv (AGUILERA, et al., 2006), podle nichz aktivita zavisi zejména na poméru steroli a

fosfolipidt v lipidické dvojvrstve.

Role membrany a transportu protontl je znama i pfi ethanolovém stresu. Kmeny 1épe
adaptované na ethanolovy stres obsahuji v membrané vice ergosterolu a nenasycenych
mastnych kyselin obsahujicich jednu dvojnou vazbu a maji rovnéz vyssi aktivitu H'-ATPasy

(AGUILERA, et al., 2006).

Ukazuje se, ze membrana hraje roli také ve vnimani zmén okolniho pH. Zména
intracelularniho pH u kvasinek vlivem zmény dostupnosti Zivin mlize byt vnimana signalnim
lipidem kyselinou fosfatidovou, jez funguje jako biosenzor pH a jejiz protonace/deprotonace
ovliviiuje vazbu uréitych proteint (napiiklad transkripéniho faktoru Opil) na membranu, a

neptimo tedy i genovou expresi (YOUNG, et al., 2010).

3.1.3 Rust S.cerevisiae v zasaditém pH

Jak jiz bylo zminéno, pH okolniho prostiedi posunuté smérem ke kyselejSim
hodnotam je pro rust kvasinky S.cerevisiae vhodnéjsi nez pH neutralni ¢i alkalické, pii¢emz
k okyselovani vné&jSiho prostfedi dochdzi zejména cinnosti Pmalp protonové ATPasy
pumpujici protony ven z bunky. Protonovy gradient vytvofeny timto proteinem je vyuzivam
K ptijmu fady zivin pomoci sekundarniho transportu (SERRANO, et al., 2006; VAN DER REST,
etal., 1995).

Zésadité pH okolniho prostiedi predstavuje pro kvasinku S.cerevisiae stresovou situaci
— dochézi napiiklad ke sniZeni dostupnosti nékterych zivin (fosfatu ¢i kationtlh médi a Zeleza)
a zvySuje se rovné€Z mira oxidativniho stresu (SERRANO, et al., 2006). V urcitych fazich
zivotniho cyklu se ale S.cerevisiae bez zasaditého pH okoli neobejde - je potfebné napiiklad
pro spravny prub¢h sporulace, kdy funguje jako signal stimulujici sporulaci (OHKUNI, et al.,
1998). Alkalické pH jako signal ,buiika-buiika® potiebny pro sporulaci bunék v koloniich
uvadi i Piccirillo a kolektiv (PICCIRILLO, et al., 2010).

Byla nalezena fada proteint, jejichz ¢innost je pro rist v alkalickém pH zcela zasadni.

Pii ristu v zasaditém pH je nezbytna spravna ¢innost vakuolarni H'-ATPasy, kterd musi
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intenzivngji okyselovat vnitini prostiedi vakuoly pfi endocytoze v zasaditém prostiedi. Delece
nékterého z gent, jez koduji jednotlivé podjednotky vakuolarni H'-ATPasy (na rozdil od
membranové H'-ATPasy Pmalp je kvasinkovd vakuolarni H'-ATPasa tvofena mnoha
podjednotkami a strukturou pfipomina mitochondrialni FoF; ATP-syntasu), vede K citlivosti
vyslednych kment k vysokému pH, nejvice senzitivni jsou kmeny s deleci nékterého z gent
VMA2, VMA4, VMA5, VMA6, VMAT7 a VMA22 (SERRANO, et al., 2004). Kli¢ova je také
ginnost membranové Na'-ATPasy Enalp (jeji produkce rapidné vzriistd pii osmotickém &i
alkalickém stresu) (LAMB, et al., 2001; PLATARA, et al., 2006). Ristovy defekt pii kultivaci
v médiu s alkalickym pH vykazuji rovnéz kmeny s deleci genti kodujicich proteiny zajist'ujici
homeostazi kovovych iontil, metabolismus aminokyselin, fosfatu a lipida ¢i biogenezi vakuol
(GIAEVER, et al., 2002; SERRANO, et al., 2004). Hledanim gent zasadnich pro rust
v alkalickém pH se zabyvali Serrano a kolektiv (SERRANO, et al., 2004). Provedli
transformaci bun€k S.cerevisiae genomovou knihovnou nesenou vysokokopiovymi plazmidy.
Cilem bylo vytipovat geny, jejichz zvySend exprese povede k vyssi toleranci k alkalickému
pH. Toleranci k alkalickému pH se podatilo zvysit pti zvySené expresi gentt FET4 a CTR1 —
tyto geny byly zaroven jediné s kyzenym ucinkem (Serrano 2004). FET4 gen pfitom koduje
nizkoafinitni transportém Zeleza (DX, et al., 1994), CTR1 gen pak vysokoafinitni transportér
médi (DANCIS, et al., 1994), jedna se tedy o geny pro transportéry kationtt, jejichz dostupnost

je v alkalickém pH snizena.

Rim101/PacC draha

Regulace genové exprese pii zvySeni okolniho pH je nejlépe prostudovana u
Aspergillus nidulans (PENALVA a ARST, 2004). Odpovéd’ na pH média je zde zprostiedkovana
transkripénim aktivatorem PacC, jehoz translaci vznika neaktivni 674 aminokyselin dlouhy
produkt PacC72 o velikosti 72 kDa (MINGOT, et al., 1999; OREJAS, et al., 1995). PacC
aktivuje expresi ,alkalickych® genti a inhibuje expresi gent ,,acidickych® (TILBURN, et al.,
1995). Na kontrole genové exprese se podileji rizné dlouhé fragmenty PacC (obr. 3).
Pritomnost fragmentu PacC27 (0 velikosti 27 kDa) je nezavisla na pH, fragment PacC53 (o
velikosti 53 kDa) neni pfi rastu v kyselém pH detekovatelny, jeho ptitomnost je tedy
podminéna neutralnim ¢i alkalickym okolnim pH. Obé zkracené formy PacC jsou
lokalizovany v jadie a vaZou DNA, nicméné zatimco PacC27 se prokazatelné ti€astni regulace

transkripce, zustava funkénost PacC53 pii regulaci transkripce otazkou (DIEZ, et al., 2002).
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Informaci o neutralnim ¢i alkalickém okolnim pH pfenaseji produkty 6 gent: palA, palB,
palC, palF, palH, a pall. PalH a Pall proteiny (Pall obsahuje 3 a PalH 7 transmembranovych
domén, oba tyto proteiny jsou lokalizovany na plazmatické membrané¢ (PENALVA, et al.,
2008)) jsou patrné zodpovédné za piijeti signalu o alkalickém pH, kdy Pall ziejmé napomaha
lokalizaci PalH protein do cytoplazmatické membrany a PalH je vlastnim senzorem

(PENALVA a ARST, 2004; PENALVA, et al., 2008).
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Obr. 3: Regulace odpovédi Aspergillus nidulans na pH. Pokud je pH okoli alkalické, odstépi
S nejvétsi pravdépodobnosti protéza PalB C-konec uzaviené formy PacC72 proteinu za vzniku
fragmentu PacC53. PacC53 fragment je snadno piistupny dalSimu proteolytickému Sté€peni -
vznikd PacC27 forma proteinu, jez je vlastnim regulatorem genové exprese. Nicméné i
v situaci, kdy je pH okoli kyselé, vyskytuje se ¢ast molekul PacC72 proteinu v tzv. oteviené
konformaci, kterd mize byt St€pena za vniku PacC27. (upraveno a zjednoduseno podle

(PENALVA, et al., 2008))
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Orthologem PacC proteinu u kvasinek S.cerevisiae a C.albicans je Rim101p protein.
Na rozdil od PacC je Rim101p protein S.cerevisiae §tépen pouze na jednom misté a odpoveéd
na vysoké pH zprostiedkovava nepiimo (PENALVA a ARST, 2002) tim, ze reprimuje expresi
gentt NRG1 a SMP1 pro transkripéni represory Nrglp a Smplp. Pravé delece NRG1 a SMP1
genu potlacuje vliv delece RIM101 genu z hlediska invazivniho riistu, sporulace i tolerance
k sodnym a lithnym iontim (LAMB a MITCHELL, 2003). Nrglp protein se podili na glukosové
represi (PARK, et al., 1999; ZHou a WINSTON, 2001) a reguluje rovnéz odpovéd’ na alkalické
pH a filamentarni rast (KUCHIN, et al., 2002), Smplp protein hraje rovnéz roli v odpovédi na
alkalické pH (LAMB a MITCHELL, 2003). Regula¢ni drahy vedouci pfes Rim101p (a tedy i
ptes Nrglp a Smplp proteiny) jsou nicméné nezbytné jen pro expresi nékterych gent
odpovédi na alkalické pH (LAMB, et al., 2001).

Mezi geny aktivované Rim101/PacC drahou patii 1 geny pozadované pro sporulaci-
Rim101p protein funguje jako represor negativniho regulatoru sporulace a invazivniho rustu -
jiz zminovaného Smplp proteinu (LAMB a MITCHELL, 2003). Sporulace sama o sob¢ je
v rozmezi pH 7,5-8,5 vyrazné zavisla na pH, podil sporulujicich bunék se s rostoucim pH
zvysuje. Jelikoz kmeny rim101 a rim13 s deleci gent kodujicich proteiny Rim101p a Rim13p
maji miru sporulace sniZzenou, je Rim101/PacC drdha patrné zodpovédna za zahdjeni

odpovédi na alkalické pH a sporulace (PICCIRILLO, et al., 2010).

U patogenni kvasinky C.albicans zajistuje expresi genli nezbytnych pro adaptaci na
neutralni az alkalické pH rovnézZ Rim101p, a to pfimo vazbou na promotory ptisluSnych geni
(KuLLAs, et al., 2007). U tohoto patogenniho organismu je schopnost odpovédi na pH
okolniho prostiedi klicova, jelikoz C.albicans se v téle hostitele setkava s prostiedim o
rizném pH od kyselého v Zaludku ¢i pochvé aZ po neutrdlni v tlustém stiev€. Zaroven se
ukazuje, ze udrZzovani pH homeostaze v bunce C.albicans je kli¢ové pro patogenitu tohoto
mikroorganismu — napiiklad vyfazeni vakuolarni ATPasy =z funkce vede kavirulenci
C.albicans (ZHANG, et al., 2010). Spojeni pH s patogenitou je dokumentovano i u Aspergillus

fumigatus, kdy delece genu pacC vede ke ztraté infekénosti kmene (BIGNELL, et al., 2005).

Mds3p protein

Vedle Rim101p proteinu je dalsim proteinem, jez hraje roli v regulaci odpovédi na

alkalické pH u C.albicans (a to nezavisle na Rim101p), Mds3p protein (DAvis, et al., 2002).
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Mds1p protein je nezbytny pro interakci hostitele s patogenem - mysi infikované mds3/mds3
kmenem s deleci obou alel MDS3 genu piezivaly primérné delsi dobu nez mysi infikované
divokym kmenem (5 dni namisto 3 dni), zatimco u mysi infikovanych kmenem mds3/mds3
s mimochromozomalni kopii MDS3 genu byla primérna doba piezivani stejna jako u kmene
rodi¢ovského. U kmene rim101/rim101 byla doba ptezivani mysi oproti rodicovskému kmeni
dokonce vyrazné del§i (12 dni namisto 3 dni), nejdéle piezivaly mysi infikované kmenem
mds3/mds3 rim101/rim101 (24 dni). Toto zjisténi podporuje nezavislou funkci Mds3p a
Rim101p proteint (DAVIS, et al., 2002). V genomu S.cerevisiae jsou kodovany 2 homology
Mds3p proteinu, Mds3p (také Rim11p) a Pmdlp, jez hraji roli v regulaci meiosy (BENNI a
NEIGEBORN, 1997). Kmen S.cerevisiae mds3/pmd1l s deleci obou téchto genl neni schopen
rustu na médiu o pH 9, role Mds3p proteinu v adaptaci na vysoké okolni pH je tedy patrné

zachovana u ruznych druhd (DAvIS, et al., 2002).

Kalcineurin

Dalsim proteinem hrajicim roli v toleranci k alkalickému pH je kalcineurin. Bylo
zjisténo, Ze blokovani funkce této vapnikem aktivované proteinové fosfatasy sestavajici ze
dvou podjednotek (KLEE, et al., 1979) pomoci inhibitoru FK506 (jinym nazvem také
takrolimus nebo fujimycin) brani expresi nékterych gent hrajicich roli pfi odpovédi na
alkalick¢ pH (ENA1, PHO89) (SERRANO, et al., 2002). Vystaveni bunék alkalickému pH
zpuisobuje zvyseni hladiny Ca®* v cytoplasmé, jez vede k aktivaci kalcineurinu a tim padem i
kalcineurinem regulovaného transkripéniho faktoru Crzlp aktivujiciho transkripci gent

zahrnutych v odpovédi na stres (VILADEVALL, et al., 2004).

cAMP/PKA draha

Roli v reakci na alkalicky stres hraje rovnézZ cAMP/PKA draha. Po pfemisténi bunék
zmédia o pH 5,5 do média o hodnoté pH 8 doSlo v prvnich 5-15 minutach k vyraznému
snizeni hladiny cAMP, puvodni hladina byla obnovena po 30 minutach (CASADO, et al.,
2011). (Naopak bylo pozorovano zvyseni hladiny cAMP pii nahlém okyseleni cytosolu
(CoLoMBO, et al., 1998). Snizeni hladiny cAMP po vystaveni alkalickému stresu je v souladu
se zjiSténim, ze zavedeni mutaci spojenych se zvySenou hladinou cAMP v buiice vede ke

zhorSenému ristu na médiu o vysokém pH (CASADO, et al., 2011). Citlivost k vysokému pH
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je zvySena rovnéz u mutant se zvysenou aktivitou PKA (citlivost k vysokému pH byla zjisténa
napt. u bcyl kmene s deleci regulacni podjednotky cAMP dependentni proteinkinasy, a tudiz
s konstitutivni aktivaci PKA drahy).

cAMP/PKA draha hraje dulezitou roli v regulaci metabolismu a proliferace, cilem
jejiho plisobeni je fada transkripcnich faktort. Mezi nimi figuruji i Msn2p a Msn4p proteiny,
jez umoznuji transkripci genlt majicich ve svém promotoru STRE (stress response element)
element a jejichz delece vede ke zvySené senzitivit¢ v fadé stresovych situaci (MARTINEZ-
PASTOR, et al., 1996). Pfitom Msn2p protein vstupuje téméf okamzité po vystaveni buiky
alkalickému pH do buné¢ného jadra (CASADO, et al., 2011). Jadernou lokalizaci vykazuji
hypofosforylované formy Msn2p a Msndp proteinti — V této formé se pak vyskytuji po
vyCerpani glukosy ¢i za stresovych podminek (napf. ptfi osmotickém ¢i oxidativnim stresu).
PKA ptitom udrzuje Msn2p a Msn4p transkripcni faktory ve fosforylovaném stavu (regulace
lokalizace Msn2p protein aktivitou CAMP/PKA drahy je vyrazn&jsi nez u Msndp proteinu,
burnika ma tak patrné dva senzory s rtiznou citlivosti (JACQUET, et al., 2003). Vstup Msn2p do
jadra pii alkalickém stresu je tedy s nejvétsi pravdépodobnosti zplisoben snizenou aktivitou

PKA (CAsADO, et al., 2011).

PKA se rovnéz podili na fosforylaci jiz zminovaného Crzlp proteinu (KAFADAR a
CYERT, 2004). Jelikoz fosforylovana forma tohoto proteinu ma cytosolickou lokalizaci, mize
sniZeni aktivity PKA podporovat signalizaci pfes kalcineurin/Crzlp protein. Pomoci Czrlp
proteinu je aktivovana také exprese ENA1 genu (v oblasti promotoru se nachdzeji 2 kontrolni
elementy: sekvence v -821 az -813 (5’-GAATGGCTG-3°) vaze Crzlp s nizkou afinitou a je
zodpovédna za bazalni transkripci ENA1 genu, sekvence -727 az -719 (5’-GGGTGGCTG-3¢)
je pak zodpovédnad za vazbu Crzlp proteinu v ramci odpovédi na uvolnéni vapniku)

(MENDIZABAL, et al., 2001).

Transportéry kationtu alkalickych kovu

Na udrzovani vnitrobunééného pH se vyznamnou meérou podili také transportéry
kationtd alkalickych kovii, zejména pak K a Na’. Transport kationti alkalickych kovi
z buiiky a do buiiky je v fadé piipadd spojena s antiportem H”, a pravé protonmotivni sila
slouzi jako mechanismus umozZiujici transport téchto kationtli proti koncentracnimu

gradientu. (ARINO, et al., 2010). Zatimco vysokd vnitrobunééna koncentrace Na* je pro buiiku
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toxicka, koncentrace K™ uvniti buiiky je udrzovana na pomémé vysoké hlading okolo 250
mM (RAMOS, et al., 1990). Pokud je pH okoli vysoké a dojde k alkalizaci cytosolu, mohou
buiiky vyuzivat gradient draselnych kationt na membrané k transportu H* proti gradientu,
tedy do bunky (BANUELOS, et al., 1998).

S antiportem vodiku je spojen transport kationt alkalickych kovii zprostiedkovany
nésledujicimi proteiny. Na cytoplazmatické membrané je lokalizovan Nhalp protein, Na*/H*
resp. K'/H" antiporter, jez zprostfedkovava export Na'/K™ ven z buriky za soucasného
transportu H* do cytosolu (BANUELOS, et al., 1998; PRIOR, et al., 1996). Na membrané
pozdnich endozému se nachazi Nhx1p, ktery transportuje H" do cytosolu vyménou za Na* &i
K* (BRETT, et al., 2005; DARLEY, et al., 2000), stejnou funkci ve vakuolarni membrang
vykonava Vnxlp protein (CAGNAC, et al., 2007). K'/H" antiporter Khalp (RAMIREZ, et al.,
1998) je lokalizovan uvnitf buiiky (ne na cytoplazmatické membrang); je tak patrné dilezity
hlavné pro udrzovani rovnovahy v iontovém slozeni uvniti buiiky a nehraje roli v exportu K*
ven z buiiky (MARESOVA a SYCHROVA, 2005), K* do Golgiho aparatu vstupuji vyménou s H*

prave diky ¢innosti tohoto proteinu.

Pravé s deleci fady z gent kodujicich transporéry kationtl alkalickych kovi je spojena
porucha regulace vnitrobunécného pH nebo pH organel. Zatimco nhal dele¢ni kmen ma
cytosol alkali¢téjsi nez ptislusny kmen rodi¢ovsky (SYCHROVA, et al., 1999), cytosolické pH
u nhx1 deleéniho kmene je nizsi nez u rodicovského (BRETT, et al., 2005). Akumulace Na*
iontd ve vakuole zprostifedkovana ¢innosti Nhx1p je zavisla na gradientu pH (DARLEY, et al.,
2000). Cinnosti Nhx1p tak dochézi k alkalinizaci endozémi a vakuol (NASS a RAO, 1998).
Pravé nadmérna kyselost vakuol by mohla zplsobovat senzitivitu K nizkému pH u nhx1

dele¢niho kmene.

Vakuolarni ATPasa

Ukazuje se, ze vakuolarni ATPasa hraje vedle role vregulaci pH vakuolarniho i
dulezitou roli v regulaci pH cytosolického. U kvasinek jsou kmeny bez VV-ATPasové aktivity
(vma mutanty) Zivotaschopné (GIAEVER, et al., 2002) (ackoliv vykazuji naptiklad mensi
ptizpusobivost z hlediska extracelularniho pH (SERRANO, et al., 2004)), coz umoziuje méteni
vnitrobunééného pH v vma kmenech. Martinez-Munoz a Kane (MARTINEZ-MUNOZ a KANE,

2008) monitorovali vakuolarni a cytosolické pH v rodicovském kmeni a kmenech vma2 a
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vma3 s deleci geni VMA2 a VMAS kodujicich podjednotky V-ATPasy. Ptidani glukosy nebo
KCI k exponencialni kultuie rodi¢ovského kmene (kratce hladovéjici na glukosu) vedlo ke
snizeni pH ve vakuole a zvySeni pH cytosolu, u mutant vma2 a vma3 byl zaznamenan nariist
pH v obou pfipadech, nicmén¢ zvyseni cytosolického pH po ptidani glukosy bylo u deleénich
kment na rozdil od rodicovského kmene minimalni a cytosolické pH bylo v téchto kmenech
celkove nizsi (obr. 4). U vma mutant byl navic Pmalp protein pfitomen na membrané v nizsi
mife nez u rodiCovského kmene. V-ATPasa a cytoplazmaticka ATPasa Pmalp tak patrné

spolupracuji v udrzovani pH homeostaze v cytosolu (MARTINEZ-MUNOZ a KANE, 2008).
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% signifikantni rozdil (p<0,05) mezi dele¢nim kmenem a od povidajicim vzorkem rodi¢ovského kmene

Obr. 4: Rozdily ve vakuolarnim a cytosolickém pH u bunék rodi¢ovského kmene a vma2 a
vma3 (Cerny sloupec) a vliv piidani glukosy (tmavé Sedy sloupec) a KC1 (svétle Sedy sloupec)
na zménu vakuolarniho a cytosolického pH. (Pfevzato z (MARTINEZ-MUNOZ a KANE, 2008) a
upraveno.)

Wsc1l jako senzor pH

Citlivost k alkalickému stresu vykazuje také kmen sdeleci genu WSC1 (jehoz
proteinovy produkt byl charakterizovan jako transmembranovy senzor, ktery reguluje PKC1-
MAP kinasovou drahu a je dulezity pro odpovéd’ na tepelny Sok a udrzeni integrity bunééné
stény (LODDER, et al., 1999). Pokud ve wscl kmeni doslo ke konstitutivni aktivaci SIt2p
serin/threoninové MAP kinasy (jeZ hraje roli pravé v udrZeni integrity bunééné stény), byla

jeho tolerance k vysokému pH zvysena. K aktivaci exprese fady genl kodujicich proteiny
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bunééné stény pii vystaveni vysokému pH dochazi pravé prostiednictvim Slt2p proteinu —
alkalické prostfedi pravdépodobné ptedstavuje pro bunécnou sténu stresovou situaci. Prave
Wsclp protein by mohl fungovat jako senzor tohoto alkalického stresu na membrané a
predavat signal déle do buiiky. Pro spravnou funkci Wsclp proteinu je zaroven klicova jeho
manosylace — mutace v genech PMT1 a PMT2 (jez koduji proteiny ovliviiujici manosylaci

Wsclp proteinu) rovnéz vedly ke snizené toleranci k alkalickému pH (SERRANO, et al., 2006).
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3.2 Amoniakova signalizace
3.2.1 Plynné signaliza¢ni molekuly

Jak bylo wuvedeno vySe, komunikace mezi buikami jednobunéénych i
mnohobunéénych organismi probiha nejen na zdkladé fyzického kontaktu jednotlivych
bunék, ale 1 na dlouhou vzdalenost pomoci molekul, které jsou uvolnovany do prostiedi.
Patrné nejznaméjsimi signdlnimi molekulami jsou feromony (skupina biologicky aktivnich
latek sekretovanych organismem do okoli a slouzicich ke komunikaci mezi jedinci)
(KARLSON a LUSCHER, 1959)), které hraji duleZitou roli napiiklad pfi rozmnoZzovani u vSech
organismi od kvasinek az po savce vcetné ¢lovéka. Role difuzibilniho faktoru pfi parovani

kvasinek byla popsana na pocatku 70. let (DUNTZE, et al., 1970).

Vhodnymi kandidaty na pifenos signdlu na dlouhou vzdalenost jsou molekuly plynt.
Amoniak patii spolu s oxidem dusnatym, oxidem uhelnatym, sirovodikem ¢&i ethylenem mezi
plynné signalizaéni molekuly. Aby mohl plyn fungovat jako signalizaéni molekula, mél by
byt schopen difundovat pies biologické membrany, jeho produkce buitkou by méla probihat
regulovang, mit specificky cil pusobnosti a ovliviiovat biologické procesy ve fyziologickych
koncentracich (PuN, et al., 2010). Dulezité fyziologické role plni tyto plyny i pfes jejich

zjevnou toxicitu ve vyssich koncentracich.

3.2.1.1 Oxid dusnaty, oxid uhelnaty a sirovodik

Oxid dusnaty byl jako bioaktivni signalni molekula poprvé popsan u savci. Roli zde
hraje nejen v relaxaci hladké svaloviny, ale napiiklad i v apoptoze ¢i imunitni odpovédi (viz
nize). Existence difuzibilni substance hrajici roli v relaxaci hladké svaloviny byla
predpovézena jiz na zacatku 80. let (FURCHGOTT a ZAWADZzKI, 1980). V roce 1986 panové
Furchgott a Ignarro nezavisle navrhli, ze by touto substanci mohl byt oxid dusnaty ¢i podobna
molekula (MONCADA, et al., 1988), a tato domnénka byla nasledné potvrzena (IGNARRO, et
al., 1987). Vroce 1998 pak byla panim Furchgottovi, Ignarrovi a Muradovi za objevy
souvisejici s vlivem oxidu dusnatého (NO) na kardiovaskularni systém ud€lena Nobelova
cena za fyziologii a medicinu. Relaxace hladké svaloviny je vedle NO zprostiedkovana i
oxidem uhelnatym (CO) a sirovodikem (H2S), CO je vSak mén¢ ucinnym relaxantem

(FURCHGOTT a JOTHIANANDAN, 1991), H,S zase na rozdil od NO a CO neptisobi pies cGMP
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¢i cAMP, ale zpusobuje otevieni draselnych kanali v bunkach hladké svaloviny cév (ZHAO a

WANG, 2002).

Hladké svalovina cév neni jedinym cilem ptsobnosti téchto plynt. Oxid dusnaty se
vedle své role ve vasorelaxaci uplatiiuje i v bunééné proliferaci (MOOCHHALA a RAINAKOVA,
1999), nervové soustavé (MEFFERT, et al., 1994), jeho hladina je také zvySena pii zanétlivé
reakci a jeho neregulovand syntéza je pfi¢inou nékterych autoimunitnich onemocnéni
(SCcHMIDT a WALTER, 1994). Role NO v fad¢é vyvojovych procest byla prokazana - podobné
jako u zivocichi - i u rostlin, u nichz se podili na kontrole a regulaci Siroké skaly bunécnych

funkci. (SIROVA, et al., 2011)

Oxid uhelnaty hraje rovnéz roli v kardiovaskularnim systému a neurotransmisi

w1

c r w1

(OTTERBEIN, et al., 2000).

H,S muze stimulovat zakonceni senzorickych neurond a - podobn¢ jako CO ¢i NO -
zpusobovat uvolnéni nékterych neurotransmiterii, konkrétné tachykininli (napt. substance P)
(L1, et al., 2005). Sirovodik podporuje rovnéz apoptozu bunék hladké svaloviny aorty (YANG,
et al., 2004), ma vliv na funkci leukocytid (LI, et al., 2005) a bylo prokazano i jeho

prozanétlivé puisobeni in vivo (TREVISANI, et al., 2005).

Ethylen

Dalsi znamou plynnou signalizaéni molekulou je ethylen, rostlinny hormon s u¢inky
na dozravani ovoce, kliceni semen, opad listi a dalsi d€je. Za normélnich podminek, kdy je
koncentrace tohoto hormonu nizka, je u Arabidopsis thaliana odpovéd’ na ucinky hormonu
potlacena piimou interakci receptort ethylenu s proteinem CTR1 - komponentou mitogenem
aktivované protein kinasové kaskady. CTRI1 protein je touto pfimou vazbou aktivovan a
zprostiedkovava potlaceni exprese genu potfebnych pro odpovéd’ na ethylen (CLARK, et al.,
1998), k uvolnéni suprese pak dochazi vazbou ethylenu na trensmembranovou doménu

ethylenového receptoru (WANG, et al., 2006).

3.2.1.2 Oxid uhlicity
Jistym druhem signalu mize byt i oxid uhlicity (COy), jenz je ve vzduchu piitomen ve

stalé koncentraci pohybujici se mezi 0,036% a 0,039%. Gradient CO, mize napriklad
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napomahat zivocichim k lokalizaci kofisti (GAUGLER, et al., 1980). Draha pro detekci CO»
byla popsana i u kvasinek, pfi¢emz vnimani CO; by mohlo hrat roli ve virulenci patogennich
kvasinek Cryptococcus neoformans (MOGENSEN, et al., 2006) a Candida albicans (KLENGEL,
et al., 2005) (zde reguluje piepinani fenotypu z tzv. "white” na tzv. "opaque” (HUANG, et al.,
2009). CO; je u kvasinek patrné detekovan dvéma nezavislymi drahami. Jedna z nich
zahrnuje adenylat cyklasu a cCAMP (MOGENSEN, et al., 2006), za detekci CO; je zodpovédny
Cyrlp protein, konkrétné Lys1373 jeho katalytické domény (HALL, et al., 2010). Druha draha
zahrnuje Rcalp transkrip¢ni regulator (zprostiedkovavajici pfeprogramovani metabolismu dle

dostupnosti CO; v prostiedi) (COTTIER, et al., 2012).

3.2.1.3 Amoniak a signalizace bakterii

Prvni zpavou o vnitrodruhové komunikaci mezi bakteriemi pomoci plynné molekuly
je sdéleni Nijlanda a Burgesse (NIJLAND a BURGESS, 2010), kteti zjistili indukci tvorby
biofilmu u Bacillus licheniformis, pokud v blizkosti rostla jina bakterialni kultura. Jako
indukéni molekulu pak identifikovali plynny amoniak. Tvorbu biofilmu u B. licheniformis
byly schopny indukovat i v blizkosti rostouci druhy Bacillus subtilis, Micrococcus luteus a
Escherichia coli, odpovéd’ na amoniakovy signal byla funkéni i pii nadbytku dusiku
v kultivaénim médiu. Bakterie jsou tak schopny "citit" jiné bakterie ve svém okoli a na tuto
informaci odpovédét, molekularni mechanismus zatim zistava neznamy (NILAND a

BURGESS, 2010).

3.2.1.4 Dalii latky

Rada tékavych nizkomolekularnich organickych latek (jako jsou alkoholy, aldehydy a
ketony ¢i uhlovodiky) funguje jako atraktanty ¢i repelenty u riiznych druh organismu
(ORTIZ-CASTRO, et al., 2009). Je znamo, ze Cichovy systém savcl milZze rozpoznavat tisice
téchto molekul. Napiiklad 2,3-butandiol a 3-hydroxybutanon slouzi i pii komunikaci mezi
rostlinou a mikroorganismy rhizosféry. Nékteré plynné latky produkované bakteriemi (jako je
kyanovodik nebo amoniak) mohou ovliviiovat rlist mycelia ¢i sporulaci hub v rhizosfére

(ORTIZ-CASTRO, €t al., 2009).

U ptdni mikromycety rodu Trichoderma byla znama indukce tvorby konidii G¢inkem
svétla nebo hladovénim. Nedavno byly jako signalni molekuly spoustéjici tvorbu konidii

identifikovany osmiuhlikaté latky 1-okten, 1-okten-3-ol a 3-oktanon, které byly schopny
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navodit tvorbu konidii u kolonii rostoucich ve tm¢. Navic kolonie s jiz indukovanou tvorbou
konidii byly schopny navodit jejich tvorbu u kolonii kultivovanych v neindukénich

podminkach (NEMcoVIC, et al., 2008) (obr. 5).

Obr. 5: Indukce tvorby konidii u Trichoderma atroviridae. Kolonie, u niz byla tvorba konidii
indukovéna svétlem (a) byla kultivovana v blizkosti jiné kolonie kultivované ve tmé& (b), u niz
rovnéz spustila tvorbu konidii. U negativni kontroly (c) kultivované ve tm¢ izolované od

indukujici kolonie ke tvorbé konidii nedochazi. (Pfevzato z (NEMcovIC, et al., 2008).)

3.2.2 Amoniakova signalizace u kvasinkovych kolonii

3.2.2.1 Amoniak jako zdroj dusiku

Amoniak je bezbarvy ve vodé dobie rozpustny plyn 0 souhrnném vzorci NHj a
molarni hmotnosti 17,031 g.mol™. pKa amoniaku je 9,23 (20°C, 101,325 kPa). Pii pH 9,23 je
tedy pomér nabité (NH,") a nenabité formy (NH3) roven jedné. Pro kvasinku S.cerevisiae
predstavuji amonné ionty podobné jako asparagin ¢i glutamin bohaty (a tedy preferovany,
pokud je v okoli ptitomen) zdroj dusiku (HOFMAN-BANG, 1999). Pfijem amonnych kationtt
zajiStuji u kvasinek tfi homologni proteiny Meplp, Mep2p a Mep3p s rozdilnymi kinetickymi
parametry. Své jméno (MEP=methylammonium permease) ziskaly tyto proteiny pro
schopnost transportovat methylamonny kation (CH3NH;"), jez je analogem NH,".
Vysokoafinitni transportéry Meplp a Mep2p (Kwm po fad¢é 5-10 uM a 1-2 uM) byly prvnimi
objevenymi transportéry amonnych ionti u S.cerevisiae. Pfitomnost tieti — nizkoafinitni -
methylamonium permeasy u S.cerevisiae, Mep3p proteinu (Ky 1,4-2,1 mM), byla zjisténa az

pozdéji na zakladé sekvenéni homologie. (MARINI @ ANDRE, 2000; MARINI, et al., 1997)
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3.2.2.2 Amoniakova signalizace a diferenciace kvasinkovych kolonii

Jak jiz bylo uvedeno, jsou kolonie S.cerevisiae (ale i jinych druhd kvasinek, napf.
Candida mogii ¢i Rhodotorula glutinis) po urcité dobé rustu na médiu (jehoz pH bylo
zpocatku v oblasti kyselych hodnot) alkalizovat své okoli a produkovat signalni molekulu -
amoniak (PALKOVA a FORSTOVA, 2000; PALKOVA, et al., 1997). Pii dal$im studiu tohoto jevu
bylo ukazano, Ze produkce amoniaku je zavisla na pfitomnosti aminokyselin v médiu a na
pfitomnosti transportéti aminokyselin (ZIKANOVA, et al., 2002). Analyzou transkriptomu
metodou "microarrays” bylo dale prokazano, Zze vstup do alkalické faze rlstu spojené
s produkci amoniaku je spojen s rozsahlymi zménami v transkripci (PALKOVA, et al., 2002).
Nejvyraznéjsi skupinou genii ménicich expresi pfi prechodu z acidické do alkalické faze
vyvoje kvasinkovych kolonii byly geny pro metabolické enzymy: dochazelo k potlaceni
exprese genii pro citratovy cyklus, oxidativni fosforylaci a dalSi mitochondrialni funkce,
naopak indukovana byla exprese fady genti metabolismu aminokyselin a nukleotidd,
peroxizomalni oxidace mastnych kyselin a glyoxylatového cyklu. Dal$im vyraznym znakem u
kolonii v alkalické fazi rdstu byly zmény v expresi genti pro membranové transportéry.
Dochazelo k represi exprese hexosovych transportéri z HXT rodiny a geni PMA1 i PMA2 pro
membranové H'-ATPasy, zvysila se i mira exprese transportéri fosfitovych (PHOB84,
PHO89), sirnych (SULL, SUL2) a zine¢natych (ZRT1) ionti (PALKOVA, et al., 2002). Tato
data tak prokazala rozsahlé¢ pieprogramovani metabolismu ve spojeni s piechodem do

alkalické faze vyvoje a s produkci amoniaku.

Spravny prubé¢h signalizace pomoci amoniaku vede k diferenciaci bun¢k v kvasinkové
kolonii. Prvni experimenty zabyvajici se diferenciaci ukdzaly, Ze po vstupu do alkalické faze
vyvoje se bunky zejména vn&jSiho okraje kolonie (jeZ je orientovan do volného prostoru)
zacinaji vyrazné liSit od bunék stfedu kolonie (VACHOVA a PALKOVA, 2005). Staré a nové
vznikajici buiiky jsou od sebe v ramci kolonie prostorové oddéleny. Zatimco staré buiky
zustavaji spiSe ve stfedu kolonie, nové vznikajici buiiky jsou vytlaCovany k okrajim, tedy
mistim s lepSi dostupnosti Zivin. V pribéhu prvni acidické faze jsou bunky vystaveny
zvySujicimu se oxidativnimu stresu (PALKOVA, et al., 2002). Diky signalizace pomoci
amoniaku jsou pfi vstupu kolonii do alkalické faze navozeny vyznamné metabolické zmény,
které umozni alespon nékterym buitkdm kolonie snizit hladinu stresu: jsou to pravé bunky
okraje kolonie (VACHOVA a PALKOVA, 2005). Bunky stfedu kolonie naopak vykazuji nékteré

znaky diive popsané pro kvasinkové apoptotické bunky (MADEO, et al., 1997), jejich
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regulovana smrt by tak mohla hrat roli ve vyzivovani prosperujicich bunék okraje kolonie

(VACHOVA a PALKOVA, 2005).

Dalsi ziskana data o diferenciaci kvasinkovych kolonii nicméné naznacuji, Ze situace
je slozitéjsi a rozliSeni diferenciované kvasinkové kolonie pouze na centralni a okrajovou ¢ast
je pftilis zjednodusSujici. Pomoci dvoufotonové konfokalni mikroskopie kvasinkovych
mikrokolonii bylo zjisténo, Ze kolonie je na povrchu kryta tenkou vrstvou bunék s ochrannou
funkci, jez zabraiiuje v priniku Skodlivych latek k buitkdm vnitini masy kolonie. Na piikladu
prostorového uspotadani bunék produkujicich/neprodukujicich Atolp-GFP protein na fezu
kvasinkovou kolonii pak byla demonstrovana pfitomnost riznych vrstev bunék Vv ramci
kolonie (VACHOVA, et al., 2009a). Detailn¢js$i analyza bunék na fezu kvasinkovou kolonii
v alkalické fazi prokazala existenci 2 typti bun¢k snadno oddélitelnych pomoci centrifugace
v sacharosovém gradientu. Tzv. U (upper) buiky tvofi pfiblizné 150 um silnou horni vrstvu
kolonie, tzv. L (lower) buniky pak ptiblizn€ 200 um silnou spodni vrstvu. Buiiky téchto vrstev
se vyrazné lisi v mnoha ohledech. U bunky jsou vétsi, odolngjsi ke stresu a schopné
exportovat amoniak do okolniho média, analyza transkriptomu u nich prokdzala zvySenou
miru exprese zejména geni zahrnutych v metabolismu aminokyselin, translaci, transportu
zivin, iontd ¢1 vitaminl. Naopak L bunky jsou mensi, ke stresu méné odolné, mira exportu
amoniaku je u nich sniZzena a daly by se charakterizovat jako hladov¢jici bunky (CAP, et al.,
2012). Pavodni rozdéleni kolonie na centralni a okrajovou ¢ast je tudiz do jisté miry

zjednodusujici.

3.2.2.3 Vliv delece vybranych genii na amoniakovou signalizaci

Jednim z gent, jejichZ delece vyznamné ovliviiuje signalizaci pomoci amoniaku u
kvasinkovych kolonii, je gen SOK2 pro pleiotropni transkripéni faktor Sok2p. Sok2p protein
byl pivodné charakterizovan jako supresor mutaci v cAMP/PKA draze (WARD a GARRETT,
1994). Je rovnéz negativnim regulatorem sporulace (SHENHAR a KASSIR, 2001). Dale se
Sok2p ucastni piepinani na pseudohyfalni rist - je negativnim regulatorem pseudohyfalniho
ristu v podminkach, kdy je dusik limitujicim zdrojem (WARD, et al., 1995), a toto patrné ¢ini
prostfednictvim kaskady transkripénich faktorti regulujicich bunétnou adhezi (PAN a
HEITMAN, 2000).
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Mozna role Sok2p proteinu v amoniakové signalizaci byla predikovdna na zakladé
transriptomové analyzy ndhodnou mutagenezi vzniklého kmene, jez produkoval zvySené
mnozstvi amoniaku (PALKOVA, et al., 2002). Nasledna charakterizace kmene s deleci SOK2
genu ukazala, Ze tento kmen neni schopen produkovat amoniak, a transkriptomova analyza
tohoto kmene odhalila fadu zmén (zejména metabolickych zmén a zmén v expresi gentl
odpovédi na stres pifi vstupu do alkalické faze vyvoje) v porovnani s kmenem rodicovskym

(VACHOVA, et al., 2004).

Vliv na amoniakovou signalizaci ma rovnéz delece nékterych genti podilejicich se na
obran¢ kvasinkové buriky pfed oxidativnim stresem. Kolonie kmene sod1 s deleci genu SOD1
pro cytosolickou superoxiddismutasu maji morfologii srovnatelnou s kmenem rodi¢ovskym,
kolonie kment sod2 a cttl s delecemi genu SOD2 pro mitochondrialni superoxiddismutasu,
respektive CTT1 pro cytosolickou katalasu, vSak v porovnani s rodi¢ovskym kmenem
vykazuji vdzné problémy v amoniakové signalizaci a ve spravném vyvoji kvasinkové kolonie

(Cap, et al., 2009).

3.2.2.4 Role Ato proteinii v amoniakové signalizaci

ATO1, ATO2 a ATO3 geny

Kdyz byla v roce 2002 provedena analyza transkriptomovych zmén metodou DNA
¢ipt zamé&fena na zmény v genové expresi béhem prechodu kvasinkové kolonie z acidické do
alkalické faze vyvoje, byly v té dobé nepojmenované geny kodované otevienymi Ctecimi
ramci YCR010c, YNROO2c a YDR384c jednémi z nejvice indukovanych gent v alkalické fazi
(PALKOVA, et al.,, 2002). Jelikoz se jednalo o geny kodujici proteiny s predikci
transmembranovych domén a nezndmou funkci, staly se logicky predmétem zajmu pro dalsi

vyzkum.

Ato proteiny

Atolp (Ady2p), Ato2p (Fun34p) a Ato3p proteiny kodované ATO geny
(ATO1=YCRO010c, ATO2=YNOO2c a ATO3=YDR384c) patii do malo charakterizované
Gprl/Fun34/YaaH rodiny proteint. Tato rodina zahrnuje homology YaaH proteinu bakterie
E. coli, které se vyskytuji u dalSich bakterii, archei, protozoi a nékterych hub. U vyssich
eukaryot nebyly proteiny Gprl/Fun34/YaaH rodiny nalezeny. Proteiny Gprl/Fun34/YaaH
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rodiny obsahuji konsensus sekvenci NP(A/V/G)P(L/F/V)GL (vlastni rovnéz clenim MIP
(major intrinsic protein) rodiny proteint transportujicim vodu a rozpusténé latky-soluty),
kterd se u proteini Gprl/Fun34/YaaH rodiny nachazi v jedné kopii v N-koncové casti
proteinu. Dalsi konsensus sekvenci je sekvence (Y/F)G(X)FW (AUGSTEIN, et al., 2003).

Sekvencni homologie je vysokd zejména u Atolp a Ato2p proteint, které se zcela
shoduji v 77% aminokyselinové sekvence, Ato3p protein se s ostatnimi dvéma proteiny
shoduje méné: s Atolp proteinem ve 30% a s Ato2p proteinem ve 29% aminokyselinové
sekvence (obr. 6).

Genomova fuze ATO1, ATO2 a ATO3 gent s genem pro zeleny fluorescenéni protein
(GFP) potvrdila jejich predikovanou lokalizaci v cytoplazmatické membrané (GUARAGNELLA
a Butow, 2003; Ricicova, et al., 2007). Zatimco rozmisténi Ato2p-GFP proteinu
vV membrané je pomérné homogenni, objevuje se u Atolp-GFp a Ato3p-GFP proteint
lokalizace pfipominajici lokalizaci v mikrodoménach bohatych na ergosterol a sfingolipidy
(lokalizaci kvasinkovych membranovych proteini v tomto typu mikrodomén popsali
naptiklad Malinska a kolektiv (MALINSKA, et al., 2003)). I ptes mikroskopicky pozorované
rozdily v lokalizaci Ato-GFP proteini byla potvrzena lokalizace vSech Ato proteint
v membranovych mikrodoménach (RICICOVA, et al., 2007). Piitomnost Atolp-GFP proteinu
v mikrodoménach je navic zavisla na pH. Narozdil od ostatnich Ato-GFP proteint je
shlukovani Atolp-GFP proteinu patrné pouze v alkalické fazi vyvoje kolonii. V in vitro
experimentech pretrvava mikrodoménova lokalizace Atolp-GFP pouze pii pH > 6, v kyselém
pH se shluky Atolp-GFP proteinti rozpoustéji. To by mohlo souviset s pH regulaci funkce
Atolp proteinu (RICICOVA, et al., 2007).

Mozné funkce Ato proteinii

Byly publikovany dvé alternativni hypotézy navrhujici moznou funkci Atol proteinu.
Prvni z nich navrhuje roli tohoto proteinu v piijmu monokarboxylovych kyselin - acetatu
(PAIVA, et al., 2004) a laktatu (PACHECO, et al., 2012), de Kok a kolektiv (DE KoK, et al.,
2012) nicmén¢ uvadeji, ze k efektivnimu transportu laktatu do bun¢k pomoci Atolp proteinu
dochazi az po zaméné nékterych aminokyselin (konkrétné Leu219Val nebo Ala252Gly), a ze
nemutovany Atolp muze sice patrné transportovat laktat, ale jen ve velmi omezené mife.
Druha hypotéza navrhuje roli Atolp proteinu V exportu amonného kationtu ven z buiky

(PALKOVA, et al., 2002), Palkova a kolektiv (PALKOVA, et al., 2002) navic navrhuji shodnou
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funkci 1 pro Ato2p a Ato3p proteiny. Pro Ato2p a Ato3p proteiny je to zdrovenl jedind
doposud navrzend funkce, ponévadz role Ato2p a Ato3p proteind v transportu acetatu nebyla

prokazana (PAIVA, et al., 2004).
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Obr. 6: Porovnani sekvenci Atolp (Ady2), Ato2p (Fun34) a Ato3p proteint
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Amoniak/amonny kation

Gradient NH4Cl ani gradient NaOH nebyl na rozdil od gradientu plynného amoniaku
schopen indukovat produkci amoniaku u kolonii C.mogii (PALKOVA a FORSTOVA, 2000), pro
efektivni indukci produkce amoniaku u kvasinkovych kolonii je tedy zfejmé nutné dostatecné
mnozstvi plynného amoniaku, ktery patrné na buiiku piisobi poté, co do bunky penetruje
difuzi skrze cytoplazmatickou membranu (viz nize) (PALKOVA a FORSTOVA, 2000; PALKOVA
a VACHOVA, 2003). Ackoliv vlastni signalni molekulou je plynny amoniak, dle stavajiciho
modelu je pravdépodobné, ze Ato proteiny transportuji jeho protonovanou formu — amonny
kation NH,". Zvyseni pH v okoli kvasinkové kolonie v alkalické fazi (které mize byt dané
jednak zvySenou expresi nékterych symportérii Zivin a snizenou expresi Pmalp protonové
pumpy pied vstupem kvasinkové kolonie do alkalické faze, jednak aktivaci Ato proteind, jez
by svou ¢innosti mohly dale zvySovat okolni pH (PALKOVA, et al., 2002)) pak vede ke
konverzi NH;" exportovaného do okoli na NH3 a k uvoliiovani amoniaku do okolni atmosféry
(PALKOVA a VACHOVA, 2003).

Jednou z hypotéz bylo, Ze receptorem hrajicim roli v amoniakové signalizaci by mohl byt
Mep2p, 0 némz bylo znamo, e monitoruje hladinu extraceluldrniho NH4;" (LORENZ a
HEITMAN, 1998). Navic se objevila i hypotéza, ze substratem Mep proteinti by nemusel byt
amonny kation, ale plynny amoniak (SOUPENE, et al., 2001). Delece libovolné kombinace
Meplp, Mep2p a Mep3p (at’ uz se jednalo o delece jednoduché a dvojité ¢i deleci trojitou)
nicméné nijak neovlivnila alkalizaci okolniho média ani produkci amoniaku pii porovnani
s kmenem rodiCovskym (ZIKANOVA, et al., 2002). Nelze vyloucit roli jiného receptoru ve
zprostiedkovani signalu NHg/NH,", piimy efekt amoniaku se ale zda byt pravdépodobn&;jsi
(arteficielni zdroj plynného amoniaku spolehlivé indukuje produkci amoniaku a ptfechod do
alkalické faze vyvoje (PALKOVA a FORSTOVA, 2000)), mechanismus pisobeni amoniaku vsak

neni znam.

Role Ato3p v respiracné deficientnich kmenech

U respiraéné deficientnich kmend kvasinek (tzv. p° petit kmenii postradajicich
mitochondrialni DNA) je aktivovana meziorganelova signalni drdha nazyvanad draha
retrogradni regulace. V dusledku jeji aktivace dochazi ke zméndm exprese u fady genti, které
umoziuji bunce prizpusobit se respiracné deficientnimu stavu. Ackoliv exprese vétSiny gent

nezbytnych pro pfestavbu metabolismu je u respira¢né deficientnich kmenii pod kontrolou
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Rtglp, Rtg2p a Rtg3p regulacnich proteinti (Rtglp a Rtg3p jsou transkripéni faktory, Rtg2p
reguluje jejich lokalizaci v ramci bunky (SEKITO, et al., 2000); exprese skupiny geni
dilezitych pro respiraéné deficientni buriku je na Rtg proteinech nezavisla, a do této skupiny
byly zafazeny i geny ATO1 a ATO3 (EPSTEIN, et al., 2001). Pfi¢ina zvySené exprese ATO3
genu v p° petit kmenech byla dale studovana (GUARAGNELLA a BuTow, 2003). Nezavislost
exprese ATO3 genu na Rtg proteinech byla ovéfena pomoci Northern blot analyzy (obr. 7A),
ukazano bylo naopak, ze exprese ATO3 genu je pod kontrolou transkripéniho aktivatoru
Gcendp (jez je nezbytny pro plnou expresi ATO3 genu, ale nehraje roli pfi zvySeni exprese
ATO3 genu v p° kmenech) (obr. 7B). Dale byla potvrzena kontrola exprese ATO3 genu
Ssylp-Ptr3p-SsySp (SPS) systémem senzori extracelularnich aminokyselin, jez je pozadovan
pro zvysenou expresi ATO3 genu u p’-petit bungk (FORSBERG, et al., 2001; GUARAGNELLA a
BuTow, 2003). Zavislost exprese ATO3 genu na SPS systému je navic v souladu se zjisténim,
ze produkce amoniaku u kolonii kment s defektem v SPS systému je snizend (ZIKANOVA, et
al., 2002). Guaragnella a Butow (GUARAGNELLA a Butow, 2003) ptedpokladaji, ze vyrazné
zvySeni exprese ATO3 genu v p0 petit buiikach by mohlo pomoci ptedejit toxickym G¢inkiim
nadbytku amoniaku, ktery v respiraén¢ deficientnich bunkach mutze vznikat v dusledku

defektu v asimilaci amoniaku. (GUARAGNELLA a BuTtow, 2003)
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Obr. 7: A) Exprese CIT2 genu (gen jehoz exprese je zavisla na Rtg proteinech) a ATO3 genu
v p’ a p* rodi¢ovském kmeni a kmenech a p° kmenech rtg24 s deleci RTG2 genu a rtgl/34
s deleci RTG1/RTG3 genii. B) Exprese ATO3 genu v p° a p* rodiovském a gendA kmeni a
kmen, v obou piipadech srovnavana s expresi kontrolniho genu ACT1 pro aktin (pfevzato

z (GUARAGNELLA a BuTtow, 2003) a upraveno).

38



3.2.2.5 Funkce homologii Ato proteini

Homologii s Atolp, Ato2p a Ato3p proteiny vykazuji proteiny Gprl/Fun34/YaaH
rodiny. Ackoliv u proteind zarazenych do této rodiny neni konkrétni role v bunce dosud
uspokojivé vyfeSena, n€které z nich jsou spojovany s transportem acetatu ¢i roli v adaptaci
k rustu na kyselin¢ octové jako zdroji uhliku.

AcpA protein vlaknité houby Aspergillus nidulans byl v nedavné dobé¢ identifikovan
jako permeasa pro acetat (ROBELLET, et al., 2008). Po Ady2p (Atolp) je to tak dalsi protein
z Gprl/Fun34/YaaH rodiny, jemuz je pfisuzovana role v transportu acetatu do bunky.

S acetatem/kyselinou octovou je spojovan i dalsi z homologli Ato proteinti — Gprlp
protein z Yarrowia lipolytica. Dle Augsteina a kolektivu (AUGSTEIN, et al., 2003) potlacuje
tento membranové lokalizovany protein adaptacni procesy pro rast na kyselin¢ octové, pokud
tento zdroj uhliku neni v médiu pfitomen. Za piitomnosti kyseliny octové je pak Gprlp
inaktivovan, coz vede k aktivaci adaptacnich mechanismil. Bylo zji§téno, ze urcité mutace
v ramci Gprlp zabranuji jeho deaktivaci, a tim i spusténi adaptacnich procest. Tyto mutace
vedou k nadmérné senzitivit¢ kmend ke kyselin€ octové, ktera se projevuje neschopnosti ristu
na kyseliné octové za snizeného pH (pH=4) (GENTSCH, et al., 2007). Molekularni
mechanismus, kterym plsobi Gprlp v rdmci adaptacnich procesti, ziistdva neznamy.

Gprlp protein se vbuiice vyskytuje ve fosforylované i defosforylované formé,
k fosforylaci dochazi na N-koncovém serinu Ser37 (GENTSCH a BARTH, 2005). Vzhledem
k tomu, ze vyCerpani zdroje uhliku vede k defosforylaci Gprlp proteinu, a naopak ptidani
nového zdroje uhliku k opétné fosforylaci urcité frakce bunécného Gprlp (v ptipadé pridani
acetatu jako zdroje uhliku dokonce k fosforylaci v§ech molekul Gprlp), mohl by tento protein
vedle adaptace na rist na kyseliné¢ octové hrat roli i v adaptaci na nové zdroje uhliku

(GENTSCH a BARTH, 2005).

3.2.2.6 Exprese Ato proteina v ""'microarray’ analyzach

Pted nékolika lety byla metoda sledovani genové exprese pomoci mikroCipti aneb
»microarrays“ teprve v pocatcich. V soucasné dob¢ je hojné vyuZivana, nicméné ve srovnani
s dobou neddvno minulou nebyvaji data ziskand metodou ,,microarrays” povaZovana za
samonosna. Zména (signifikantni zvySeni ¢i snizeni exprese v porovnani s kontrolou) exprese
ATO genil byla pozorovana v fadé experimentalnich podminek. Nasleduje tedy kratké shrnuti
zmén Vv expresi ATO1, ATO2 a ATO3 gent za riznych podminek (zejména zmén zajimavych

z hlediska této prace).
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Gen ATO1

Exprese ATOL1 genu je zvySena za podminek ristu na glycerolu, oleatu ¢i ethanolu
(tedy na nezkvasitelnych zdrojich uhliku) v porovnani s ristem na glukose (LEVY, et al.,
2007; ROBERTS a HUDSON, 2006; SMITH a KRUGLYAK, 2008; SMITH, et al., 2002). (Velmi
vyrazna transkripce ATO1 genu na oleatu byla zjisténa také metodou SAGE (=Serial Analysis
of Gene Expression) (KAL, et al., 1999)). Exprese ATO1 genu byla sniZzena po ptidani glukosy
Kk bunikam rostoucim v médiu s limitujici koncentraci glukosy (LEVY, et al., 2007) a zvysena
(v prab¢hu celého sledovaného intervalu 8 hodin) pfi hladovéni na uhlik (BRADLEY, et al.,
2009). Tato zjisténi jsou v souladu s informaci o zvySené expresi ATO1 genu pii “diauxickém
shiftu“ (DeRisi1, et al., 1997) a s faktem, ze exprese ATO1l genu je zavisla na Cat8p
transkripénim faktoru. Cat8p protein je nezbytny pro derepresi fady geni za podminek
oxidativniho metabolismu, a tedy pro rast kvasinek na nefermentovatelném zdroji uhliku.
Béhem rustu na glukose neni gen CAT8 exprimovan (HAURIE, et al., 2001). ZvySena exprese
byla dale zjisténa ve stacionarni fazi - jednak ve vSech sledovanych ¢asech (12 hodin az 13
dni) pii sledovani transkriptomovych zmén béhem progrese stacionarni faze (GASCH, et al.,
2000), jednak pfii vstupu bun€k do stacionarni faze (SEGAL, et al., 2003). Zmény v expresi
ATO1 proteinu (indukce exprese) byly zaznamenany pii sporulaci (FRIEDLANDER, et al.,
2006; CHu, et al., 1998).

Zvysena exprese byla zjisténa také pii odpovédi na alfa-faktor (feromon hrajici roli pti
parovani kvasinek), indukce exprese se projevila v rozmezi 5-500 nM koncentrace alfa-
faktoru (ROBERTS, et al., 2000). Exprese ATOL1 genu je zvySena pii nedostatku zinku a ve
kmeni zapl s deleci ZAP1 genu pro transkripéni faktor regulovany hladinou zinku. (LYONS, et
al., 2000). K mirnému zvyseni exprese ATO1 genu dochazi za podminek teplotniho Soku (pfi
piesunu z 25°C do 37°C) (GAscH, et al., 2000; MATSUMOTO, et al., 2005). Exprese ATO1
genu je sniZzena za limitace fosfitem (vyrazné snizeni exprese) Ci sirou (mirné sniZeni

exprese) (BRAUER, et al., 2008) .

Geny ATO2 a ATO3

Expresni profily u ATO2 a ATO3 gent jsou v fadé¢ podminek totozné s expresnim
profilem genu ATOL, u genu ATO2 nalezneme spise mirné odlisnosti, exprese genu ATO3 se

i3 Sast&ji.
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Exprese ATO2 a ATO3 genti je s expresi ATO1 genu totozna za podminek limitace
fosfatem a sirou (BRAUER, et al., 2008), pfi ristu na glycerolu v porovnani s rdstem na

glukose (LEVY, et al., 2007) a pti hladovéni na uhlik (BRADLEY, et al., 2009).

Stejné jako u ATOL genu je exprese ATO2 genu zvysSena pii nedostatku zinku a ve
kmeni zapl s deleci ZAP1 genu pro transkripéni faktor regulovany hladinou zinku, zatimco
exprese ATO3 genu zustava za téchto podminek v podstaté nezménéna (LYONS, et al., 2000).
Stejné tak v prib¢hu staciondrni fiaze se v expresnim profilu shoduji pouze geny ATO1 a
ATO2, u ATO3 genu kvyraznym zménam b¢hem progrese stacionarni faze nedochazi
(GAscH, et al., 2000) ¢i dochazi k represi exprese béhem progresu stacionarni faze (SEGAL, et
al., 2003). Za podminek teplotniho Soku dochézi (na rozdil od ATO1 a ATO2 genit) k represi
exprese genu ATO3 (MATSUMOTO, et al., 2005).

Zvysena exprese ATO2 a ATO3 geni nebyla na rozdil od ATO1 genu zjisténa pfi
sporulaci, naopak dochazi spise k represi téchto genti v pozdéjsich fazich prubéhu sporulace
(FRIEDLANDER, et al., 2006; CHu, et al., 1998). Co se ty¢e odpovédi na alfa-faktor, neni u
exprese ATO2 genu zjevna z4dnd odpovéd, u ATO3 genu dochdzi k mirné represi exprese se

zvysujici se koncentraci alfa-faktoru (ROBERTS, et al., 2000).

K vyraznému snizeni ATO3 genu dochazi u bunék vystavenych plsobeni peroxidu

vodiku (BERRY a GASCH, 2008) (expresni data pro ATO1 gen za téchto podminek chybi).
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4 MATERIAL A METODY

4.1 Material

4.1.1 Pouzité mikroorganismy
Escherichia coli DH5a. (F, recAl, endAl, gyrA96, thi’, supE44, relAl, hsdR17 (r¢, my), A,
A(argF-laczya), U169, ®80 lac ZM15)

Saccharomyces cerevisiae BY4742 (MATa, his3, ura3, leu2, lys2)

Saccharomyces cerevisiae BY4741 (MATa, his3, ura3, leu2, metl5)

dele¢ni kmeny ze sbirky Euroscarf:
atol BY4742; Mat a; his3A1; leu2A0; lys2A0; ura3A0; YCRO010c::kanMX4
ato2 BY4742; Mat a; his3A1; leu2A0; lys2A0; ura3A0; YNR0OO2c::kanMX4
ato3 BY4742; Mat a; his3A1; leu2A0; lys2A0; ura3A0; YDR384c::kanMX4
sok2 BY4742; Mat a; his3A1; leu2A0; lys2A0; ura3A0;; YMRO16c::kanMX4
jenl BY4742; Mat a; his3A1; leu2A0; lys2A0; ura3A0;; YKL217w::kanMX4
cat8 BY4742; Mat a; his3A1; leu2A0; lys2A0; ura3A0;; YMR280c::kanMX4

stll BY4742; Mat a; his3A1; leu2A0; lys2A0; ura3A0;; YDR536w::kanMX4

4.1.2 Pouzité plazmidy

Plazmidy pKT209, pKT103, pKT128, pKT176 a pKT174 (Euroscarf) slouzily jako
PCR templat k vytvofeni kazety pro fluorescen¢ni znaceni C-konce zvoleného proteinu
(vytvofeni fuznich proteint s riznymi fluorescenénimi proteiny) (tab. 1). Umoznuji udrzeni,
replikaci a selekci v bunkach E.coli, selekénim markerem pro bunky E.coli je ve vSech

piipadech ampicilinova rezistence Amp".
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Marker pro selekci

plazmid aplikace o reference
v S.cerevisiae
pKT103 |C-koncové znaceni YFP kanamycin (SHEFF a THORN, 2004)
pKT128 |C-koncové znaceni GFP SpHIS5 (SHEFF a THORN, 2004)
pKT174 |C-koncové znaceni CFP CaURA3 (SHEFF a THORN, 2004)
pKT176 |C-koncové znaceni FP tdimer2 |CaURA3 (SHEFF a THORN, 2004)
pKT209 |C-koncové znaceni GFP CaURA3 (SHEFF a THORN, 2004)
puUG27 delece genu SpHIS5 (GUELDENER, et al., 2002)
pUGT72 delece genu KIURA3 (GUELDENER, et al., 2002)
pSH65 odstranéni selekénich markera | phleomycin (GUELDENER, et al., 2002)

Tabulka 1: Seznam plazmida vyuzitych pro konstrukci kmena S.cerevisiae pouzitych v této

praci. Sp = Schizosaccharomyces pombe, Ca = Candida albicans, KI = Kluyveromyces lactis.

Plazmidy pUG27 a pUG72 jsem pouzila jako PCR templat pro ptipravu deleénich

kazet. Tyto plazmidy umoznuji udrzeni, replikaci a selekci v bunkach E.coli, selekénim

markerem pro buiiky E.coli je ve vSech ptipadech ampicilinova rezistence Amp'".

Plazmid pSH65 nesouci gen pro cre rekombinasu byl vyuzit k odstranéni selekénich

gent, pokud pritomnost téchto genidl branila dalSim manipulacim se vzniklym kmenem. Gen

pro cre rekombinasu se nachazi pod kontrolou GAL promotoru, kvasinky transformované

timto plazmidem jsou rezistentni k phleomycinu. Selekénim markerem pro bunky E.coli je

ampicilinova rezistence Amp'".
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4.1.3 Pouzité primery (tab. 2)

primer sekvence (5°—37) pouziti

ATO1-FP-fw TATGTACTGGCTCGTCCATTCCCATTACCATCTACTG | C-koncova fize ATO1
AAAGGGTA ATCTTTGGTGACGGTGCTGGTTTA genu s FP

ATO1-FP-rev AAAACTACTCTTTTTTATTTCAATAGTTCTCGTTATT |C-koncova fuze ATO1
AGTAGGTCGTCCTCTCGATGAATTCGAGCTCG genu s FP

ATO2-FP-fw TACATTATGGTCCATCCATTCGCATTACCTAGCAAT |C-koncova fuze ATO2
GATAAGGTGTTCTTCGGTGACGGTGCTGGTTTA genu s FP

ATO2-FP-rev TTAGAATATATAATAGGGGTAAAAGTTATTTTAGCC |C-koncova fuze ATO2
TGCACTTTTGTGTTTTCGATGAATTCGAGCTCG genu s FP

ATO3-FP-fw CCTTCAAATTCTTATTTAGCCTTCAGGGCGCACACA |C-koncova fuze ATO3
ATGCCAAATGCTCCTGGTGACGGTGCTGGTTTA genu s FP

ATO3-FP-rev TTATTAAATCATTTTAATGTTTTATAAGTTTTGTTTTT | C-koncova fuze ATO3
CATTTCATACCCTTCGATGAATTCGAGCTCG genu s FP

JEN1-FP-fw ATTGATTCGAACGTCTCAAAGACATATGAGGAGCAT | C-koncova fuze JEN1
ATTGAGACCGTTGGTGACGGTGCTGGTTTA genu s FP

JEN1-FP-rev GCAGTTACATAGAGAAGCGAACACGCCCTAGAGAG |C-koncova fuze JEN1
CAATGAAAAGTGATCGATGAATTCGAGCTCG genu s FP

ATO1del-fw GCACCAGCAGGATACTATAGTTCCCATGATAACGAC | gelece ATO1 genu
GTTAATGGCCAGCTGAAGCTTCGTACGC

ATOLdel-rev GTCTATTAGCAAAGTGACCAATAGACAACAGTAGG | delece ATO1 genu
AAAGTTAATGGCATAGGCCACTAGTGGATCTG

ATO2del-fw GCACCAGCAGGATACTATAGTTCCCATGATAACGAC | delece ATO2 genu
GTTAATGGCCAGCTGAAGCTTCGTACGC

ATO2del-rev CTTCGCCTGTGAAGTTTGCAATGGATAGAAGTAAGA | delece ATO2 genu

AGGTCACTGGCATAGGCCACTAGTGGATCTG

ATOlprom-fw | ATGTGAGCAAGCCAAACAAG ovérovani delece, FP fuze
ATO2prom-fw | TTTGAAGTTCTTGACTACCCC ovéfovani delece, FP fuze
ATO3prom-fw CGGCTACAAACATAACTCCA overovani delece, FP fuze
ATO1-rev CGTTGCCTTTCAATTACATGA ovéfovani delece
ATO2-rev TTAGCTTCATGGCAAGGCTT ovéfovani delece
ATO3-rev GTTTCTGTGCACATTTACCAA ovéfovani delece
GFP-rev CGGAGACAGAAAATTTGTGAC ové&fovani GFP fuze
tdimer2-rev GCGCATGAACTCTTTGATG ové&fovani tdimer2 flze
KIURA3-rev CAAGTTCTTGATATTTGAGGAC ovéfovani delece
KanMX4-rev CGTGAGTCTTTTCCTTACCC ovéfovani FP flize
CaURA3-rev GGTATCAACGTCAATTGATG ovéfovani FP flize
SpHIS5-rev GTGGACAATAAGCATGTCC ov&fovani delece

sonda ATO1-fw

GAATGCACCAGCAGGATACTA

sonda pro Northern blot

sonda ATO1-rev

GGACGAGCCAGTACATATGAA

sonda pro Northern blot

sonda RDN18-1-fw

TCCTGCCAGTAGTCATATGCT

sonda pro Northern blot

sonda RDN18-1-rev

TAATGATCCTTCCGCAGGTT

sonda pro Northern blot

Tabulka 2: Seznam primert vyuzitych pro piipravu a ovéfeni deleénich a fluorescenéné

znaCenych kment a sond pro Northern blot analyzu.
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4.1.4 Material pro praci s DNA a RNA
1x TBE pufr (ICN Biomedicals)
DECAprime Il Ambion Kit
Ethidiumbromid
Fenol (DNA, Sigma)
Fenol:Chloroform 5:1 (RNA, Sigma)
NucleoSpin® Gel and PCR Clean-up (MACHEREY-NAGEL)
PPP Master Mix (TopBio)

(150 mM Tris-HCI (pH 8,8), 40 mM (NH,4),SO4, 0,02% Tween 20, 5 mM
MgCl,, 400 mM dATP, dCTP, dGTP, dTTP, 100 u/ml Taq Purple DNA
polymerasa, stabilizatory, barviva)

Restrikéni enzymy (MBI Fermentas)
Restrikéni pufry (MBI Fermentas)
Ribonukleasa A (Sigma)

Salmon sperm ssDNA (BioLabs)

Sklenéné kulic¢ky (Sigma)

4.1.5 Antibiotika
Ampicilin (Duchefa)
G418 (Duchefa)
Phleomycin (InvivoGen)

Hygromycin B (Duchefa)

4.1.6 Ostatni
[U-*C] kyselina mlé&na (sodna stil; Amersham)
o 2P dCTP-25 uCi (MGP)
autoradiografickeé stitky (Stratagene)
BKP (bromkresolovy purpur) (Sigma)
GF/C filtry ze skelného mikrovldkna (Whatman)
laboratorni plastik (P-LAB a.s.)
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4.1.7

Nesslerovo ¢inidlo (PENTA)
scintilaéni kapalina (Opti-Phase HiSafe II; LKB FSA Laboratory Supplies)

vyvijeci kazety (Cawo ABS casette)

Pristroje

analytické vahy Metter AE200

ESCO horizontéalni laminarni box

fluorescencni lupa Leica MZ 16F

fluorescenéni mikroskop Leica DMR

generator vysokého napéti ,,Gene Pulser Apparatus® (Bio-Rad)
horkovzdusna ttepacka (Lab-Therm, Kiihner, Switzerland)
hybridiza¢ni pec ProBlot (Labnet International)

kamera barevna Hitachi HV-C20

kamera barevna JENOPTIK ProgRes CT3

kamera monochromaticka Cohu

kamera monochromaticka JENOPTIK ProgRes MFcool

konfokalni mikroskop Leica TCS SP2 AOBS

konfokalni mikroskop Microtime 200 (PicoQuant, Berlin, Germany)
mikrocentrifuga a centrifuga s vykyvnym rotorem Schoeller UNIVERSAL 320R
mikrocentrifuga Micro20 (Hettich)

mikrocentrifuga Spectrafuge 24D (Labnet International)
NANODROP1000 spektrofotometr (Thermo Scientific)

Packard Tri-Carb 2200 CA scintila¢ni spektrofotometr
PCR termocycler ,,Minicycler* (MS Research)

PCR termocycler gradientovy BIOER XP cycler
pH-metr (Mettler Toledo)
predvazky KERN PCB

spektrofotometr S1200 (WPA Spectrawave Biochrom)
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spektrofluorimetr FluoroMax-P (Horiba Jobin Yvon)
termostaty TERMOBOX LBT 168
UV stratalinker

UV transiluminator ,,Electronic Dual li ghtTM“

transilluminator (Ultra Lum)
vodni lazen (Grant Instruments)

vortex Genie 2 (Scientific Industries)

vyhitivany blocek (Torrey Pines Scientific INC)

zdroj pro elektroforézu (E-C Apparatus Corporation)

4.1.8 Pouzité internetové databaze a pocitacové programy
GraphPAD software; San Diego, CA, U.S.A.
NCBI Blast

http://www.ebi.ac.uk/Tools/sss/ncbiblast/
Oligo Calculator
http://www.pitt.edu/~rsup/OligoCalc.html
Saccharomyces Genome Database (SGD)
http://www.yeastgenome.org/
Sequence Manipulation Suite
http://www.bioinformatics.org/sms2/
SPELL
http://spell.yeastgenome.org/
Yeastrack
http://www.yeastract.com/

YeTFaSCo

http://yetfasco.ccbr.utoronto.ca/index.php
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4.1.9 Roztoky a média

Pozn.: Roztoky a média byly pripravovany z destilované vody upravené pristrojem Ultrapur
(Watrex). Demineralizovana voda byla upravena stejnym pristrojem. Zakladni chemikalie a
aminokyseliny  pochdzeji v naprosté veétsiné od spolecnosti Lachema Neratovice,
ethidiumbromid, CaCl,, CH3COOLI, PEG, SDS a pufry od spolecnosti SERVA, Zivné pidy od
spolecnosti Imuna, agar od Kulich Pharma, aminy od spolecnosti FLUKA, BSA od ICN
Biomedicals)

4.1.9.1 Jednoduché roztoky

1M LiAc 10,2 g CH3COOLI na 100 ml H,0O
3M NaAc 24,6 g CH3COONa na 100 ml H,O
1000x EtBr 10 mg ethidium bromidu na 1 ml H,O
1M Tris-HCI 12,1 g Tris na 100 ml H,O

pH upraveno HCI dle potieby
0,5M EDTA-NaOH 18,6 g Na3EDTA na 100 ml H,0,
pH 8 (poptipad¢ upraveno NaOH dle poticby)
5M NaCl 29,3 g NaCl na 100 ml H,O
0,7% agarosa 70 mg agarosy rozvaieno v 10 ml H,O
1% agarosovy gel 300 mg agarosy rozvaieno v 30 ml 0,5x TBE pufru
20x BKP 2 mg BKP (brom kresolového purpuru) na 1 ml H,O
50% PEG 10g PEG (doplnit H,0O do 20 ml)
Vodny roztok amoniaku, methylaminu, propylaminu, oktylaminu, imidazolu, chloroquinu
v koncentraci dle potieby
1M MOPSO pH upraveno HCI dle potieby

10% kys. citronovd 10 g kys. Citronové na 100 ml H,O
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0,1M KH3PO4

pH upraveno NaOH na 5,0

4.1.9.2 SloZené roztoky

TBE 0,5X

RI

RII

RIlI

(20 mM Tris, 1 mM EDTA, 45 mM kyselina borita)
(1% glukosa, 25 mM Tris-HCI (pH 7,5), 10 mM EDTA-NaOH)
(0,2 M NaOH, 1% SDS)

(29,44 g CH3COOK, 11,5 ml ledové CH3COOQOH, doplnit H,O do 100

ml)

Upraveny chloroform (chloroform smichan s isoamylalkoholem v poméru 24:1)

TES pufr

20x SSC

fosfatovy pufr 0,5 M

prehybridizacni pufr

w1

W2

BFM

Roztok RNasy

(10 mM Tris-HCI pH7,5, 10 mM EDTA, 0.5 % SDS)

(175,3g NaCl, 88,2 g bezvodého citratu sodného, upravit pH na 7,
doplnit H,O do 1000 ml,)

(46,3 ml 1M NayHPOy4, 53,7 ml 1M NaH,PQO,4, 100 ml H,0)

(2g BSA, 180 ml 0,5M fosfatového pufru, 400 ul 0,5M EDTA, 7 %
SDS, doplnit H20 do 200 ml)

(0,59 BSA, 8 ml 0,5M fosfatového pufru, 200 ul 0,5M EDTA, 5% SDS,
doplnit H20 do 100 ml)

(16 ml 0,5M fosfatového pufru, 200 ul 0,5M EDTA, 1% SDS,
doplnit H20 do 100 ml)

(50% glycerol, 0,13 M EDTA-NaOH, 0,12% bromfenolova modi)

(10 mg ribonukleasy A, 10 ul 1 M Tris-HCI (pH 7,5), 3,5 ul 5 M NaCl,
doplnit demiH,O do 1 ml; takto ptipraveny roztok byl 15 min. povaten,

pomalu ochlazen a dale skladovén pii teploté -20°C)
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Wickerhammuv roztok

(0,2 mg biotin, 200 mg inositol, 20 mg riboflavin, 40 mg thiamin, 20
mg kyselina p-aminobenzoova, 40 mg pantothenat vapenaty, 40 mg

kyselina nikotinova, 0,2 mg kyselina listova, 100 ml H,0)

4.1.9.3 Tekuta média

TPN

SOC

ZBAmp

GM tekuté

YEPG tekuté

(0,5% kvasniény autolyzat, 0,5% NaCl, 1% baktopepton, 1%
baktotrypton)

(0,5% kvasni¢ny autolyzat, 2% baktopepton, 10 mM NacCl, 2,5 mM
KCl, 20 mM glukosa, oddélené¢ sterilizujeme: 10 mM MgCl,.6H,0

10 mM MgS04.7H,0)

(2,5% zivny bujon ¢.2 , po sterilizaci pfidame 50-100 pg ampicilinu na

1 ml média)

(1% kvasni¢ny autolyzat (pted sterilizaci upravime pH na pozadovanou

hodnotu, sterilizujeme oddélené), 3% (v/v) glycerol)

(1% kvasniény autolyzat, 1% pepton, 2% glukosa (sterilizujeme
oddéleng))

Tekuté médium s kyselinou octovou

(1% kvasni¢ny autolyzat (pted sterilizaci upravime pH na pozadovanou
hodnotu, sterilizujeme oddélen¢), 0,5% kys. octova (v/v), pH kys.

octové upraveno na 5 pomoci NaOH, sterilizace filtraci)

Tekuté médium s kyselinou mléénou

(1% kvasni¢ny autolyzat (pted sterilizaci upravime pH na pozadovanou
hodnotu, sterilizujeme oddé€len¢), 0,5% kys. mlécna (v/v), pH kyseliny

mlécné upraveno na 5 pomoci NaOH, sterilizace filtraci)
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Tekuté médium s ethanolem

(1% kvasni¢ny autolyzat (pred sterilizaci upravime pH na pozadovanou
hodnotu, sterilizujeme oddélené), 1% ethanol (v/v), 96 % ethanol

V potfebném mnozstvi piidan po sterilizaci)
Tekuté¢ médium s glukézou

(1% kvasni¢ny autolyzat, 2% glukosa (sterilizujeme oddéleng))
Skladovaci médium pro bakterie

(2,5% zivny bujon ¢.2, 15% glycerol)
Skladovaci médium pro kvasinky

(1% kvasni¢ny autolyzat, 2% pepton, 10% glukosa (sterilizujeme

odd¢len¢), 60% glycerol)
MM (minimalni médium pro kvasinky)-vSechny slozky sterilizujeme zvlast

(2% glukosa, 0,5% (NH4)2SOs, 0,1% KH;PO4, 0,05% MgSO,, 20 ug
aminokyseliny*) na 1 ml média, 50 pg baze*) na 1 ml média, 0,1%

Wickerhammuv roztok (piidavame po sterilizaci)

*) pro S.cerevisiae BY4742 aminokyseliny histidin, lysin, leucin a baze uracil

4.1.9.4 Pevna média
YEPG (1% kvasni¢ny autolyzat, 1% pepton, 2% agar, 2% glukosa

(sterilizujeme oddélen¢))

YEPG s antibiotikem (jako YEPG, po sterilizaci ptidime potiebné mnozstvi antibiotika, pro

BY4742 jsem standardné pouZivala:
400 pg G418 na 1 ml média
400 ng hygromycinu B na 1 ml média

50 pg phleomycinu na 1 ml média (selekce pti pH > 6)
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ZA s ampicilinem (4% zivny agar &.2, po sterilizaci pfidame 50-100 pg ampicilinu na 1 ml
média)
GM (1% kvasni¢ny autolyzat (pfed sterilizaci upravime pH na 3,

sterilizujeme oddé€lené), 2% agar, 3% glycerol, 30 mM CaCl,

(sterilizujeme oddélen¢))

GM + BKP (jako GM, po sterilizaci ptidame 0,01% BKP, ktery rozpustime piedem
v 96% ethanolu (v 1/100 vysledného objemu média))

MM (minimélni médium pro kvasinky)-vSechny slozky sterilizujeme zv1ast’

(2% agar, 2% glukosa, 0,5% (NH,)2S04, 0,1% KH,PO4, 0,05% MgSO,,
20 pg aminokyseliny*) na 1 ml média, 50 pg baze*) na 1 ml média,

0,1% Wickerhammiv roztok (pfidavame po sterilizaci)

*) pro S.cerevisiae BY4742 aminokyseliny histidin, lysin, leucin a baze uracil

4.2 Metody

4.2.1 Sterilizace

Roztoky, média, paratka, Spicky k mikropipetdm a mikrozkumavky jsem sterilizovala
v autoklavu 20 min. pfi 120 kPa. Plastové centrifugaéni zkumavky a kyvety pro elektroporaci
jsem sterilizovala parami kyseliny peroctové minimalné 24 hodin v uzavieném igelitovém
saCku. Chemické sklo bylo sterilizovano suchym teplem pii 160°C 180 min., drobné

pfedméty zihanim nebo zapalenim po namoceni do ethanolu.

4.2.2 Uchovavani kvasinkovych a bakterialnich kmeni

Kvasinkové kmeny jsem dlouhodobé uchovavala ve skladovacim médiu pro kvasinky

pi1 —80°C, bakteridlni kmeny ve skladovacim médiu pro bakterie taktéz pii —80°C.

4.2.3 Kultivace bunék

Pti zahdjeni prace s pfisluSnym kmenem jsem malé mnoZstvi smési skladovaciho

média s buiikami sterilng prenesla na agarovou plotnu (YEPG pro kvasinkové, ZA pro

52



bakterialni buiniky) a kultivovala pfe noc. Buniky na pevnych médiich jsem kultivovala
V termostatu. Buiky v tekutych médiich byly aerobné kultivovany v horkovzdusné tfepacce.

Kvasinkové kultury jsem kultivovala pii 28°C, bakteridlni pti 37°C.

4.2.4 Stanoveni po¢tu bunék a optické density kultury

PocCet bunck v 1 mililitr kultury ¢i bunééné suspenze jsem stanovovala pomoci
Thomovy pocitaci komtirky a svételného mikroskopu pti zvétSeni 10 x 15. Optickou densitu
kultury jsem méfila na spektrofotometru pii vlnové délce 600 nm. K méfeni jsem pouzivala
jednorazové plastové kyvety s optickou drdhou 1 cm, jako blank jsem vzdy pouzila ptislusné

médium.

4.2.5 NanaSeni obFich kolonii
Pti experimentech na agarovych médiich jsem vétSinou pracovala s obfimi koloniemi
S.cerevisiae. Standardné jsem kapala 6krat 10 pl suspenze (mnozstvi biomasy bylo pfiblizné

12 mg nal ml destilované vody) kvasinkovych bunék tak, aby se kapky nachéazely ve

vzdalenosti 1,5 cm od sebe (obr. 8).

Obr. 8: Nanaseni obfich kolonii na Petriho misku s pevnym agarem. Vzdalenost kapek je

vzdy 1,5 cm.
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4.2.6 Piiprava kompetentnich bunék E.coli

Kulturu E.coli DH5a jsem zaockovala do 30 ml TPN média a aerobné kultivovala pies
noc Vv horkovzdusné ttepacce pfi teploté 37°C, inokulem jsem nésledujici den zaockovala 400
ml TPN média na optickou densitu (OD) 0,1-0,2 a kultivovala pii 37°C, dokud OD nedoséahla
hodnoty mezi 0,7 a 0,8. Kulturu jsem piemistila do ledové lazné, ptevedla do centrifugacnich
zkumavek a centrifugovala 10 minut pii 4°C a 4000 ot.min™’. Pelet v kazdé centrifugacni
zkumavce jsem promyla dvakrat 50 ml ledové studené demineralizované H,O. Sloucené
pelety jsem resuspendovala v 10 ml chlazeného glycerolu (piipraveného v demiH,0) a opét
centrifugovala. Takto promyté buiiky jsem resuspendovala v 1 ml chlazeného 10% glycerolu.
Suspenzi bunék jsem rozplnila po 50 ul a zmrazila v tekutém dusiku. Aliquoty kompetentnich

buné¢k jsem skladovala pti —80°C.

4.2.7 Elektroporace
K 50 ul kompetentnich bun€k E.coli DH5a jsem piidala 1-2 pl (pfiblizné 100-150 ng)

roztoku plazmidové DNA, promichala a inkubovala 1 minutu na ledu. Smés jsem pienesla do
sterilni predchlazené elektroporacni kyvety (vzdalenost elektrod 2 mm), kyvetu vlozila do
piistroje pro elektroporaci a aplikovala puls stejnosmérného napéti (25 pF, 200 Q, 2,5 kV).
Bezprosttedné po pulsu jsem do kyvety pfidala 1 ml SOC média a smés pievedla do
Erlenmayerovy banky. Buiiky jsem kultivovala 1 hodinu v horkovzdus$né tiepacce pii 37°C.
Bunéénou suspenzi jsem vysela na pevné selekéni médium (ZA s ampicilinem) a kultivovala

V termostatu pies noc pii 37°C.

4.2.8 Srazeni DNA ethanolem

Kroztoku DNA jsem pridala 2,5 objemuledové studeného 96% ethanolu a 0,1
vysledného objemu 3M NaAc. DNA jsem srazela pies noc pii —20°C. Druhy den jsem
centrifugovala (30 min., 4°C, 14 000 ot.min™), pelet oplachla 80% ethanolem, vysusila pfi
laboratorni teploté a resuspendovala v TE pufru ¢i demiH,0 (dle zamysleného pouziti, objem
jsem volila dle o¢ekdvaného mnozstvi DNA). Roztok DNA jsem nasledné skladovala pfi

—20°C.

4.2.9 Fenol-chloroformova extrakce

K roztoku DNA jsem pftidala stejny objem upraveného fenolu a centrifugovala jsem 10
min. pfi 13000 ot.min™. K odebrané vodné fazi jsem pridala 0,5 objemu upraveného fenolu a

0,5 objemu upraveného chloroformu a opét centrifugovala; tento krok jsem opakovala, dokud
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nezmizela bila mezifaze vysrdzenych proteind. Poté jsem k odebrané vodné fazi ptidala stejny
objem upraveného chloroformu a centrifugovala (10 min., 5500 ot.min™"). DNA jsem srazela

96% ethanolem.

4.2.10 lzolace plazmidové DNA z bakterii (midipreparace)

Bakteriemi nesoucimi piislusny plazmid jsem zao¢kovala 50 ml ZB s ampicilinem a
kultivovala ptes noc v horkovzdusné tiepacce pii 37°C. Narostlou kulturu jsem centrifugovala
(10 min., 4°C, 4000 ot.min™), k peletu pfidala 2 ml roztoku | a 4 ml erstvé piipraveného
roztoku II, opatrnym pfevracenim zkumavky smés promichala a inkubovala 5 min. pfi
laboratorni teploté. Poté jsem piidala 3 ml chlazené¢ho roztoku III, opét opatrné promichala,
inkubovala 30 min. v ledové 14zni a centrifugovala (30 min., 4°C, 4000 ot.min®). Supernatant
jsem prefiltrovala pfes gazu, ptidala 0,8 objemu isopropanolu, kratce vortexovala a
centrifugovala (15 min., 22°C, 4000 ot.min™). K sedimentu jsem pfidala 2 ml 80% ethanolu,
kratce vortexovala a opdt centrifugovala (10 min, 4°C, 4000 ot.min™). Pelet jsem
resuspendovala ve 400 ul TE, pfidala 0,01 objemu RNasyA a inkubovala 60 min. pfi

laboratorni teploté. Roztok DNA jsem piecistila fenol-chloroformovou extrakei.

4.2.11 Restrikéni Stépeni plazmidové DNA
K 1-3 pl plazmidové DNA (maximalné 1 pg DNA) jsem piidala 1 pl piislusného
pufru (10x koncentrovaného), 0,5 ul restrikéniho enzymu (5-10 jednotek, ptidavan jako

posledni) a tolik demiH,0, aby byl vysledny objem smési 10 pl. Smés jsem inkubovala 2
hodiny pi1 37°C.

4.2.12 PCR kazet

Do mikrozkumavek pro PCR jsem pipetovala jednotlivé slozky nezbytné pro
probéhnuti PCR. Pro pfipravu delec¢nich kazet a kazet uréenych pro znaceni fluorescen¢nimi

proteiny byla obvykle optimalni kombinace:

12,5 ul PCR premix
11l demiH,O
0,5 ul ptimy primer (10x fedény 100pmol/ul)
0,5 ul reversni primer (10x fedény 100pmol/ul)
0,5 ul templatova DNA (pfiblizné 10-20 ng)

a nasledujici PCR program:
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94°C

5:00 min.

94°C
55°C
72°C

0:30
0:30 8x
2:30

94°C
72°C

0:30 25x
2:30

72°C
4°C

12:00

o0

Pritomnost PCR produktu jsem ovéfila pomoci horizontalni elektroforézy

Vv agarosovém gelu a ndsledné uchovéavala pii -20°C.

4.2.13 "Colony PCR"

Pro ovéfeni konstruktd jsem pouzivala tzv. "colony PCR". Nejprve jsem malé

mnozstvi (pfiblizné¢ 2 mg) biomasy Cerstvé preockovaného (o staii maximaln¢ 24 hodin)

testovaného kmene resuspendovala ve 20 mM NaOH, poté inkubovala 15 minut pti 95°C a

centrifugovala. Supernatant s uvolnénou DNA jsem pouzila pro ptipravu PCR smési:

5ul
2 ul
1yl
1yl
1yl

PCR premix

demiH,O

ptimy primer (10x fedény 100pmol/pul)
reversni primer (10x fedény 100pmol/ul)

templatova DNA

a spustila nasledujici PCR program:

94°C

5:00 min.

94°C
52°C
72°C

0:30
0:30 35x
dle pifedpokladané délky produktu (1:00-2:30)

72°C
4°C

12:00

00
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Pfitomnost ¢i nepfitomnost PCR produktu jsem ovéfila pomoci horizontalni

elektroforézy v agarosovém gelu.

4.2.14 Horizontalni elektroforéza v agarosovém gelu

Pritomnost pfislusné DNA (PCR produktu, plazmidu) ve vzorku jsem zjistovala
pomoci horizontalni elektroforézy v agarosovém gelu. Pouzivala jsem 1% agarosovy gel, pro
zviditelnéni DNA jsem piidavala ethidiumbromid (0,1 ug/ml gelu). Aparaturu jsem piipojila
ke zdroji stejnosmérného napéti a velikost vloZzeného napéti nastavila tak, aby odpovidalo

hodnot& piiblizng 5 V.cm™. Gel jsem prohlizela pod UV transiluminatorem.
4.2.15 Izolace z agarosového gelu a precisténi roztoku DNA

Pro izolaci z agarosového gelu ¢i precisténi PCR produktu ¢i plazmidu (napiiklad pro
naslednou sekvenaci) jsem pouzivala kit NucleoSpin® Gel and PCR Clean-up (MACHEREY-

NAGEL). Postupovala jsem dle pfilozené manualu.

4.2.16 Odbér bunék pro Northern blot a Western blot analyzu

Potfebné mnozstvi kultury bunék jsem stocila v centrifugac¢nich zkumavkach (5 min.,
4°C, 5000 ot./min), pfenesla do pfedvazené mikrozkumavky, opét stocila (2 min., 4°C, 13000
ot./min), odebrala veskerou piebyteénou tekutinu, zvazila mnozstvi biomasy a zmrazila

v tekutém dusiku. Vzorky jsem skladovala pti -80°C.

4.2.17 Izolace RNA pro Northern analyzu a stanoveni koncentrace RNA

Pozn.: Vsechny roztoky a plastik pro praci s RNA byly 2x sterilizované.

Buiiky jsem resuspendovala v TES pufru (1,6 ml pufru na 10° bungk) a suspenzi
rozdélila po 400 pl do mikrozkumavek obsahujicich cca 200 ul sklenénych kuli¢ek. Do kazdé
mikrozkumavky jsem ptidala 400 ul smési fenol:chloroform (5:1), inkubovala 30 minut ve
vodni lazni pfi teploté 65°C a kazdych 5 minut vortexovala 30 s. Poté jsem vzorky umistil na
30 minut do -80°C a nasledné centrifugovala (15 min., 22°C, 13000 ot./min). K odebrané
vodné fazi jsem pridala stejny objem smési fenol:chloroform (5:1), vzorky 3x promichala
(30s) a centrifugovala; tento krok jsem opakovala 3x. K vodné fazi jsem ptidala 300 pl
chloroformu, 3x promichala (20 s) a centrifugovala (2 min., 22°C, 13000 ot./min.). K vodné

fazi jsem pridala 30 pul 3M NaAc a 600 pl 96% ethanolu a srazela pies noc v -20°C.
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Centrifugovala jsem (15 min., 4°C, 13000 ot./min.), pelet vysusSila a resuspendovala ve 30 pl

sterilni destilované HO.

Koncentraci celkové RNA jsem stanovila pomoci piistroje Nanodropl000 (jako
primér 3 paralelnich méteni), vzorky o znamé koncentraci celkové RNA jsem posléze
nafedila na pozadovanou koncentraci pro Northern analyzu ve smési destilované vody a

formamidu 1:3.

4.2.18 Priprava radioaktivné znacené sondy

Pro znaceni dsDNA sondy radionuklidem o 2p dCTP-25 uCi jsem pouzila DECAprime 11

Ambion Kit, pficemz jsem postupovala dle ptilozené manudlu.

4.2.19 Northern blot analyza

Za pouziti 1x TBE pufru jsem pfipravila jsem 1,5 % agarosovy gel (bez EtBr). Vzorky
RNA natedéné na potiebnou koncentraci jsem inkubovala 10 minut pfi 65°C, umistila na led,
pridala 1 pl barvi¢ky (6x Loading dye) a nanesla do jamek gelu. Elektroforetickou aparaturu
jsem pripojila ke zdroji stejnosmérného napéti a velikost vlozeného napéti nastavila tak, aby

odpovidalo hodnoté pfiblizng 5 V.cm™.

Ptes misku s roztokem 20x SSC (cca 0,5 cm) jsem polozila sklo s pruhem filtracniho
papiru Whatman, tak aby konce papiru byly namoceny v roztoku. Na pruh jsem polozila
obdélnik filtraéniho papiru (namoceného v 20x SSC) o velikosti agarosového gelu, umistila
na n¢j gel (licem vzhiiru) a posléze nitrocelulosovou membranu. Na membranu jsem umistila
dalsi filtracni papir, navrsila vrstvu bunicité vaty a zatiZzila nddobou s vodou. Po pfiblizné¢ 5
hodinach pfesavani jsem vynala nitrocelulosovou membranu, licem vzhiru ji umistila do
piistroje UV Stratalinker a fixovala RNA na membranu plsobenim UV zafeni. Membranu
jsem poté vlozila do hybridizaéniho valce, ptfidala 20 ml prehybridizaéniho pufru a
inkubovala 2 hodiny pfi 65°C. Poté jsem ptidala znacenou denaturovanou DNA sondu a

hybridizovala ptes noc pii 65°C.

Membranu s hybridizovanou sondou jsem promyla 2x 50 ml promyvaciho roztoku W1
a poté 2x 50 ml roztoku W2 (vzdy 10 minut), zabalila do celofanové folie, opatiila
autoradiografickym Stitkem a umistila do vyvijeci kazety. Na membranu jsem mezi
zvyraziovaci vlozky prilozila film, kazetu uzaviela, umistila do -80°C a nechala exponovat do
druhého dne. V temné komoie jsem exponovany film umistila do vyvojky a po dostatecném

zviditelnéni autoradiografického Stitku pfesunula do ustalovace. Po zprithledéni filmu jsem
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film oplachla vodou a nechala oschnout. Pokud byl signal slaby, nechala jsem exponovat

s novym filmem po delsi asovy interval.

4.2.20 Transformace kvasinek LiAc

Zaockovala jsem 10 ml tekutého YEPG a kultivovala v horkovzdusné tfepacce pies
noc pii 28°C. Inokulum jsem nafedila do Cerstvého YEPG média tak, aby vyslednd hustota
kultury Cinila 5.10° bun&k na ml, aerobné kultivovala 2 generac¢ni doby (pfiblizné 4,5 h),
buiiky jsem spogitala a kulturu centifugovala (5 min., 22°C, 4000 ot.min™). Pelet jsem
promyla dvakrat 10 ml destilované vody a resuspendovala ve vodé tak, aby vysledna hustota
byla 1.10° bund&k na ml. 100 ul ziskané suspenze bunék jsem kratce sto&ila, odebrala
ptebyte¢nou vodu a ptidala 50 pl roztoku (2mg/ml) pfedem povafené salmon sperm ssDNA
(po povafeni jsem salmon sperm ssDNA umistila ihned do ledové vodni lazné (0°C)), 240 pl
50% PEG, 36 ul 1M LiAc a 34 ul roztoku DNA (obsahujici piiblizné 1 ug DNA). Smés jsem
opatrné promichala a inkubovala 40 min. pfi 42°C. Smés jsem kratce centrifugovala (15 s, 13
000 ot.min™), pelet resuspendovala v 300 pl destilované vody a vysela na selek&ni médium.”

Inkubovala jsem 3-5 dnii v termostatu pii 28°C.

P transformaci PCR produktem nesoucim jako selekéni marker rezistenci
k antibiotku je nezbytné bunky pied vysetim na selek¢ni médium inkubovat 2 h v 1 ml YEPG

média pfi teploté 28°C.

4.2.21 Odstranéni markeri pomoci plazmidu pSH65

Po klasické transformaci kvasinek pSH65 plazmidem jsem buniky vysela na GM
s phleomycinem (50 pg/ml, pH 6,2). Po 5 dnech kultivace jsem pieockovala stér né€kolika
kolonii do 8 ml tekutého YEPG s phleomycinem (50 ug/ml) a kultivovala pfes noc. Bunky
z tohoto inokula jsem zaockovala do 8 ml tekut¢tho MM s 2% galakt6zou a phleomycinem (50
ug/ml) na ODggo = 0,5, kultivala 4 hodiny a vysela (v hustoté 50-100 kolonii na 1 plotnu) na 3
YEPG plotny. Po 3 dnech kultivace jsem narostlé kolonie pierazitkovala na plotny s MM bez
suplementace pfisluSnou aminokyselinou ¢i bazi a na zaklad¢ negativni selekce vybrala klony

s odstranénymi selekénimi geny.

4.2.22 Parovani kvasinek

Diploidni kmeny jsem vytvofila parovanim kmenii haploidnich kmenli BY4741
(péarovaci typ a) a BY4742 (parovaci typ a). Vodnou suspenzi ptislusnych haploidnich kment
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jsem smisila a kapku smési nanesla na YEPG médium. Po jednodenni kultivaci jsem vzniklé
diploidni kmeny selektovala na miniméalnim médiu doplnéném o piislusné aminokyseliny a

baze.

4.2.23 Barveni mrtvych bunék pomoci BKP

Pti barveni bromkresolovy purpurem (BKP) vykazuji mrtvé nebo tézce poskozené
bunky po excitaci zelenym svétlem Cervenou fluorescenci. (KURZWEILOVA a SIGLER, 1993)
K suspenzi bunék jsem ptidala koncentrovany roztok BKP (2 mg/ml 96% ethanolu) tak, aby
vysledna koncentrace byla 100 ug/ml. Po 5 minutach jsem pozorovala ve fluorescencnim
mikroskopu. Procento mrtvych bunék jsem stanovovala z 1000 (900-1200) spocitanych

bunék.

4.2.24 Priprava vzorka pro stanoveni mnoZstvi amoniaku produkovaného pri aerobni

kultivaci

Do sterilni misti¢ky zavéSené v hrdle Erlenmayerovy barky jsem pipetovala 1 ml 10%
kyseliny citronové (obr. 9). Kyselinu citronovou jsem pravidelné odebirala, misti¢ku poté

vyplachla sterilni destilovanou vodou a opét naplnila kyselinou citrénovou.

1 f

1 ml 10% kys.
citronové

Obr. 9: Schéma zatfizeni pro stanoveni mnozstvi amoniaku produkovaného pifi aerobni

kultivaci.
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4.2.25 Piiprava vzorki pro stanoveni mnoZstvi amoniaku produkovaného koloniemi

Do sterilni misticky umisténé pod obii kolonii jsem pipetovala 150 pl 10% kyseliny
citronové. Kyselinu citronovou jsem pravidelné odebirala, misticku poté vyplachla sterilni

destilovanou vodou a opét naplnila kyselinou citréonovou.

4.2.26 Priprava vzorki pro stanoveni mnoZstvi amoniaku v médiu

Do vicka mikrozkumavky jsem stocila maly kousek vaty a nasytila jej 200 ul 10%
kyseliny citronové. Ke 1 ml média v mikrozkumavce jsem ptidala 200 pl mnozstvi 5M
NaOH, mezi vzorek a vicko umistila CtvereCek nylonové zaclony a zkumavku rychle
uzaviela. Unikajici amoniak jsem jimala 10 min, poté vicko snasycenou vatou (véetné
zaclonky) premistila na prazdnou zkumavku a centrifugovala 2 min. pfi 5000 ot.min™. Obsah
dusiku ve vzorku jsem stanovila pomoci Nesslerova ¢inidla. Pokud jsem nestanovovala obsah

dusiku okamzité, ptechovévala jsem vzorky pii —80°C.

4.2.27 Stanoveni mnoZstvi amoniaku pomoci Nesslerova ¢inidla

Obsah dusiku ve vzorku jsem stanovovala spektrofotometricky pomoci Nesslerova
ginidla (pfi stanovovani amoniaku Nesslerovym ¢inidlem reaguji kationty NH;" v alkalickém
prostiedi s komplexnim K;(Hgls) za vzniku zlutého az ¢ervenohnédého zabarveni). Ke 100 pl
vzorku jsem piidala 400 pl vody a 500 pl Nesslerova ¢inidla. Po 24 minutové inkubaci jsem
méfila Agzo (Spektrofotometr S1200, WPA Spectrawave Biochrom). Jako blank jsem
pouzivala smé&s, v niZ byl vzorek nahrazen 100 pl 10% kyseliny citronové. JelikoZz je zavislost
absorbance As3 na koncentraci amonnych kationtt linearni piiblizné do hodnoty 0,6,
opakovala jsem v ptipadé dosazeni vysSich hodnot meéfeni s nafedénym vzorkem (proti

adekvatn¢ nafedénému blanku).
4.2.28 Méfeni vstupu radioaktivné znatené (*'C) kyseliny mlééné do bunék

Buiiky jsem dvakrat promyla ledové studenou vodou a resuspendovala na vyslednou
hustotu 25-40 mg suché vahy na 1 ml suspenze. 10 ul bunééné suspenze jsem piidala ke 30 pl
0,1 M KH2PO4 (pH 5,0) a inkubovala 2 minuty ve vodni 14zni o teploté¢ 25°C. Poté jsem
pfidala 10 pl vodného roztoku radioaktivné znacené 14C-kyseliny mlééné (o specifické
aktivité¢ 4000 d.p.m./nmol) v pfislusné koncentraci (0,01-4 mM). Reakci jsem zastavila po 5 s

pfidanim 5 ml ledové studené H,O, smés jsem okamzité prefiltrovala pies GF/C membranu,
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membranu promyla 10 ml ledové studené vody a umistila do scintilacni kapaliny.
Radioaktivitu jsem méfila na scintilacnim spektrofotometru. Ke slepym vzorkim byla
radioaktivng znadena **C-kyselina mlééné piidavana po nafeddni bunééné suspenze 5 ml
ledové studené vody. Pro nasledné urc¢eni mechanismu vstupu laktatu do bunky a kinetickych
parametrl vstupu jsem vyuzila program GraphPAD (GraphPAD software; San Diego, CA,
US.A).

4.2.29 Spektrofluorimetrické stanoveni intenzity fluorescence

Pro stanoveni intenzity fluorescence fuznich proteini s GFP pomoci
spektrofluorimetru FluoroMax-P (Horiba Jobin Yvon) jsem vzdy pouzivala suspenzi bunék o
ODgoo 0,500+0,010, jez byla piedtim dvakrat promyta destilovanou vodou. GFP jsem
excitovala svétlem o vinové délce 480-490 nm, pied detektor umistila emisni filtr (LP490) a

emisni spektrum snimala v rozsahu 490-560 nm (s krokem 2 nm).

4.2.30 Fluorescen¢ni mikroskopie

Pti mikroskopovani a fotografovani lokalizace fiznich proteinii s riznymi variantami
fluorescenénich proteint fluorescenénim mikroskopem Leica jsem buiiky pozorovala pod
imerznim objektivem se zvétSenim 100x. Vyuzivala jsem fluorescenéni kostky GFP

(BP470/40, BP525/50) a N2.1 (BP515-560, LP590). Buitky z tekutého média byly pied

pozorovanim vzdy dvakrat promyty destilovanou vodou.

4.2.31 Priprava preparatu pro konfokalni mikroskopii

3 ul hustsi bunééné suspenze byly naneseny na kryci sklicko a piekryty ¢tvercem (cca
Ix1 cm) vyfiznutym z tenké vrstvy 0,7% agarosy. Bunky z tekutého média byly pied

pozorovanim vzdy dvakrat promyty destilovanou vodou.

4.2.32 Méreni FRET za vyuziti méreni polo¢asu Zivota fluorescencnich proteinii

Data jsem ziskavala za vyuZiti invertovaného konfokéalniho mikroskopu Microtime 200
(PicoQuant, Berlin, Germany) (WAHL, et al., 2004) vybaveného 60x objektivem, NA=1,2
(Olympus, Hamburg). Fluorescen¢ni donor a akceptor byly excitovany simultanné (ptiblizné
80 ps dlouhymi pulsy, s 25 ns dlouhym zpozdénim excitacnich pulsii pro donor a akceptor) za
vyuziti nasledujich lasertt (Picoquant, Berlin): pro CFP 440 nm (LDH-D-C-440), pro GFP
470 nm (LDH-P-C-470) a pro Venus a tdimer2 532 nm (PicoTa). Sestava dichroickych
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zrcadel a emisnich filtrii byla nésledujici: dichroicka zrcadla (Chroma, Rockingham) pted
objektivem: Z442/532 RPC pro par CFP-Venus a Z473/532 RPC pro par GFP-tdimer2,
dichroické zrcadlo za konfokalni §térbinou 50-um: 535 DCXC, emisni filtry: 465/40 pro CFP,
505/30 pro GFP a 565/40 pro Venus a tdimer2. Detekce probihala pomoci SPADs (=single
photon avalanche diodes, PDMs, Microphoton Devices, Bolzano, Italy). Ziskana data byla
prolozena kiivkou odpovidajici dvouexponencidlnimu modelu dohasindni fluorescence:
I(t) = Arexp(-t/ 7)) + Asexp(-t/), kde 7 je poloCas dohasinani fluorescence a A je
amplituda. Praimérny polo¢as dohasinani fluorescence t byl pak vypoditan jako: tay =

(A1.’E12+A2.’C22)/(A1.’C1+A2.’C2)
a. Pristup zaloZeny na vybéleni poloviny burnky

Nejprve jsem zmgéfila a zobrazila polo¢as dohasinani fluorescence u celé zvolené
kvasinkové bunky. Poté jsem provedla vybéleni fluorescenéniho donoru (pii maximalnim
vykonu laseru (200 uW)) v polovin€ zvolené buiniky a nasledné opét zméfila a zobrazila
polocas dohasinani fluorescence u celé kvasinkové buniky. Nésledné jsem pouzila ziskand
data pro vyhodnoceni primérnych polocasti dohasinani fluorescence ve vSech oblastech

zajmu (kontrolni a vybélovana polovina buiky ptfed vybélenim a po vybéleni).
b. Piistup zaloZeny na poméru donor/akceptor

Nejprve jsem zmeéfila poloCas dohasinani fluorescence u vétsiho mnozstvi bunék.
Nasledné jsem urcila pomér intenzity fluorescence donoru a akceptoru u kazdé jednotlivé
zobrazené bunky. Ziskané hodnoty (podil intenzit fluorescence akceptoru a donoru (R) vaci

polocasu dohasinani fluorescence (1)) jsem vynesla do grafu a body prolozila empirickou

kiivkou 7, =75, —AT: R/(b+ R), kde 7o je polocas dohasinani donoru v nepfitomnosti

akceptoru, Az je maximalni posun polo¢asu dohasinani v disledku FRET, a b je Skalovaci

faktor.

4.2.33 Méreni FRAP

Pro FRAP (Fluorescence Recovery After Photobleaching) analyzu jsem vyuzila
invertovany konfokalni mikroskop Leica TCS SP2 AOBS s objektivem 63x 1.2 NA za vyuziti
vody jako imerze. Pro excitaci GFP jsem vyuzila argonovy laser (488 nm), emisi jsem
snimala v rozmezi vinovych délek 500-550 nm. V kazdém okamziku méfeni jsem

zaznamenavala intenzitu fluorescence ve vSech oblastech zdjmu (pozadi, vybélend cast
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membrany a kontrolni ¢ast membrany), méfeni obnovy fluorescence probihalo 5 min. Mobilni
frakci (Fy) ptislusnych proteinti znacenych GFP jsem odhadla na zakladé rovnosti F, = (g -
lo) / (1 - lp), kde Ig znaéi finalni hodnotu intenzity fluorescence ve vybélené ¢asti membrany

na konci méteného intervalu a lp intenzitu fluorescence bezprosttedné po vybéleni.
4.2.34 Statistické zpracovani vysledki

Vedle programu GraphPAD jsem ke statistickému zpracovani dat bézné vyuzivala

Microsoft Office Excel (funkce ttest, typ testu byl zvolen dle povahy hodnocenych dat).

4.2.35 Pripravené kmeny

Seznam kment pouzitych pro Gcely této prace je shrnut v tabulkach 3A a B.

4.3 Seznam dalSich osvojenych metod

Seznam dal$ich osvojenych metod, jeZ nebyly vyuZity pro Gcely této prace:
Stanoveni frakci bunék pomoci pritokové cytometrie
Kapkové testy
Izolace MRNA
Stanoveni transkriptomovych rozdili metodou microarrays a vyhodnoceni dat

Znaceni kvasinkovych bun¢k membranovymi sondami
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. Kmen
Nazev kmene Genotyp N
vytvoril *)
Atolp-GFP MAT ¢, his3A41, leu240, lys240, ura340, ATO1-yEGFP-CaURA3 DS
Ato2p-GFP MAT ¢, his3A41, leu240, lys240, ura340, ATO2-yEGFP-CaURA3 DS
Ato3p-GFP MAT ¢, his3A41, leu240, lys240, ura340, ATO3-yEGFP-CaURA3 DS
Atolp-tdimer2 MAT a, his341, leu240, lys240, ura340, ATO1-tdimer2-CaURA3 DS + IF
Ato2p-tdimer2 MAT @, his341, leu240, lys240, ura340, ATO2-tdimer2-CaURA3 DS+ IF
Ato3p-tdimer2 MAT ¢, his341, leu2A40, lys240, ura340, ATO3-tdimer2-CaURA3 DS+ IF
Atolp-GFP/Ato2p- | MATeq, his3Al, leu240, lys240, ura340, ATO1-yEGFP-SpHIS5, DS
tdimer2 ATO2-tdimer2-CaURA3
Atolp-GFP/Ato3p- MATa, his341, leu240, lys240, ura340, ATO1-yEGFP-SpHIS5, DS
tdimer2 ATO3-tdimer2-CaURA3
Ato2p-GFP/Atolp- MAT e, his341, leu240, lys240, ura340, ATO2-yEGFP-SpHIS5, DS
tdimer2 ATO1-tdimer2—-CaURA3
Ato2p-GFP/Ato3p- | MATq, his3Al, leu240, lys240, ura340, ATO2-yEGFP-SpHIS5, DS
tdimer2 ATO3-tdimer2—-CaURA3
Ato3p-GFP/Atolp- MATe, his341, leu240, lys240, ura340, ATO3-yEGFP-SpHIS5, DS
tdimer2 ATO1-tdimer2-CaURA3
Ato3p-GFP/Ato2p- MATe, his341, leu240, lys240, ura3A0, ATO3-yEGFP-SpHIS5, DS
tdimer2 ATO2-tdimer2—-CaURA3
Atolp-CFP MAT ¢, his341, leu240, lys240, ura340, ATO1-yECFP—-CaURA3 DS
Ato2p-CFP MAT e, his3A1, leu2A40, lys2A40, ura340, ATO2-yECFP—-CaURA3 DS
Ato3p-CFP MAT ¢, his3A1, leu2A40, lys2A40, ura340, ATO3-yECFP-CaURA3 DS
Atolp-YFP MAT ¢, his341, leu240, lys2A40, ura340, ATO1-yEVenus—Kan DS
Ato2p-YFP MAT ¢, his341, leu240, lys240, ura340, ATO2-yEVenus—Kan DS
Ato3p-YFP MAT a, his341, leu240, lys240, ura340, ATO3-yEVenus—Kan DS
) } MAT¢, his341, leu240, lys240, ura340, ATO1-yECFP-CaURA3,
Atolp-CFP/Ato2p-YFP ATOL- yEVenus-_Kan DS
) } MAT¢, his341, leu240, lys240, ura340, ATO1-yECFP-CaURA3,
Ato2p-CFP/Atolp-YFP ATOL- yEVenus_Kan DS
) ) MAT e, his3A1, leu240, lys2A40, ura340, ATO1-yECFP-CaURA3,
Ato3p-CFP/Atolp-YFP ATO1- yEVenus-Kan DS
) ) MAT e, his341, leu2A40, lys240, ura340, ATO1-yECFP-CaURA3,
Ato3p-CFP/Ato2p-YFP ATO2- yEVenus_Kan DS

Tabulka 3A: Seznam kmenti pouzitych v této praci. *) DS=Dita strachotova, IF=Ivana

Feréikova
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Kmen

Nazev kmene Genot .
yp vytvoril *)
Fet3p-GFP MAT e, his341, leu240, lys240, ura340, FET3-yEGFP-CaURA3 0S8
Ftrlp-GFP MAT a, his341, leu240, lys240, ura340, FTR1-yEGFP-CaURA3 oS
Fet3p-GFP/Ftrip- MAT e, his341, leu240, lys240, ura3A40, FET3-yEGFP-CaURA3, 08
tdimer2 FTR1-tdimer2-CaURA3
: MAT ¢, his341, leu240, lys240, ura340, FET3-tdimer2—-CaURAS3, %
Fet3p-tdimer2/Ftr1p-GFP FTR1_yEGFP- CaURA3 OS
Jenlp-GFP MAT e, his341, leu240, lys240, ura340, JEN1-yEGFP-SpHIS5 DS
Jenlp-GFP/Atolp- MAT ¢, his341, leu240, lys240, ura340, JEN1-yEGFP-SpHIS5, DS
tdimer2 ATO1-tdimer2-CaURA3
Jenlp-GFP/Ato2p- MATq, his341, leu240, lys240, ura340, JEN1-yEGFP-SpHIS5, DS
tdimer2 ATO2-tdimer2-CaURA3
Metl7-GFP MAT a, his341, leu240, lys240, ura3A40, MET17-yEGFP-Kan LS
Atolp-GFP (BY4741) | MATa; his341; leu2A0; met1540; ura340, ATO1-yEGFP—CaURA3 AH
Ato2p-GFP (BY4741) | MATa; his341; leu2A0; met1540; ura3A0, ATO2—yEGFP-CaURA3 AH
Ato3p-GFP (BYA4741) | MATa; his341; leu2A0; met1540; ura3A0, ATO3—yEGFP-CaURA3 AH
MATa/MAT o his341/ his341; leu240/ leu240;
Atolp-GFP/Atolp- ’ ’ ’
o ptd(igm e:2 tolp met] SAO0/METI5;LYS2/ lys2A0; ura340/ ura340, ATOI- yEGFP—| AH + DS
CaURA3/ ATO1-tdimer2—CaURA3
MATa/MAT o his341/ his341; leu240/ leu240;
Ato2p-GFP/Ato2p- ’ ’ ’
o p'[d(-i;m e£2 tozp met] SAO/METI5;LYS2/ lys2A0; ura340/ ura340, ATO2—yEGFP—| AH + DS
CaURA3/ ATO2-tdimer2-CaURA3
MATa/MAT o; his341/ his341; leu2A0/ leu2A0;
Atorﬁ%ﬁ;ig‘tosp met] 5SA0/METI5;LYS2/ lys2A0; ura340/ ura340, ATO3—yEGFP—| AH + DS
CaURA3/ ATO3-tdimer2—CaURA3
MAT ¢, his341, leu240, lys240, ura340, sok2::kanMX4, ATO1-
sok2/Atolp-GFP VEGFP_CaURA3 DS
) MATe, his3A41, leu240, lys240, ura340, cat8::kanMX4, ATO1-
cat8/Atolp-GFP VEGFP_CaURA3 DS
atol/ato2/ato3 g/ltoA;j’ his341, leu240, lys240, ura340, ato3::kanMX4, atol4, DS + KH
Jenlp-GFP **) MAT g, his341, leu2A40, lys240, ura340, JEN1-GFP-Kanr SP
) MATa, his341, leu240, lys240, ura340, sok2::hphMX4, JEN1-
sok2/Jenlp-GFP GEP-Kanr SP
sok2/jenl MATeq, his34l, leu240, lys240, wura340, sok2::hphMX4, Sp

jenl::kanMX4

Tabulka 3B: Seznam kmenti pouZitych v této praci. *) DS=Dita strachotovd, OS=Ondfej
Stépanek, LS=Ludék Stépanek, AH=Ale§ Holoubek, KH=Karel Harant, SP=Sandra Paiva **)

Kmen pouzivany pro mikroskopii v ¢asti prace tykajici se transportu laktatu.
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5 VYSLEDKY A DISKUSE

5.1 Indukce alkalizace pomoci aminii

Cil:

Za standardnich podminek vyvoje obrich kolonii S.cerevisiae dochazi (po kratkem -
24hodinovém - pocatecnim alkalickém pulsu) k acidifikaci okolniho média. Po priblizné 9 az
12 dni trvajici acidické fazi vstoupi kolonie do alkalické faze vyvoje spojené s produkci
amoniaku. Cilem této casti prace bylo overit moznosti predcasné indukce alkalizace kolonii

Saccharomyces cerevisiae BY4742 a Candida mogii pomoci riiznych aminii.

Z hlediska schopnosti indukce alkalizace byly testovany nasledujici latky (aminy):

amoniak, methylamin, propylamin, oktylamin, imidazol a chloroquin (tab. 4).

Latka pKa pKa, Mm (g.mol™)
Amoniak 9,25 17,03
Methylamin 10,66 31,06
Propylamin 10,62 59,11
Oktylamin 10,65 129,25
Imidazol 6,99 68,08
Chloroquin 8,10 9,9 319,87

Tabulka 4: Prehled latek testovanych z hlediska schopnosti indukce alkalizace.

vvvvv

100 ul razné koncentrovaného (testovano bylo rozmezi 100 - 1000 mM) vodného
roztoku kazdé z testovanych latek bylo naneseno do misticky umisténé na vicku Petriho
misky, vzdalenost stfedu misti¢ky od stfedu kolonie byla ve standardnim uspofadani 2,5 cm.
(obr. 10). Pulsy byly opakovany v ruznych intervalech a s riznou Cetnosti. Piiklad uspésného
usporadani experimentu je znazornén na obr. 11A. Kyzeného tc¢inku jsem typicky doséhla,
pokud jsem prvni puls aplikovala 4.-5. den po naneseni obfti kolonie (tedy v druhé poloving
prvni acidické faze vyvoje kolonie) a nasledn¢ aplikovala dalsi 1 puls (pro C.mogii) ¢i 2 pulsy
(pro S.cerevisiae BY4742) v intervalu/intervalech 24 hodin. Poté jsem sledovala pribéh
alkalizace v porovnani s kontrolou (kdy v misti¢ce byla misto testované latky destilovana

voda).
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Obr. 10: Schéma experimentalniho uspotfadani pro testovani indukce alkalizace pii Sifeni

aminu vzduchem.

C.mogii C.mogii
BY4742 BY47s2 BY4742
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Obr. 11: A) Piiklad ¢asovani pulsi aminti u C.mogii a S.cerevisiae v uspéSném experimentu.
B) Schématické znazornéni pribéhu experimentu u C.mogii a C) schématické znazornéni
prub¢hu experimentu u S.cerevisiae. Barva pole znaci fazi vyvoje kvasinkové kolonie. D)

Fotografie obtich kolonii na kontrolni plotné a po indukei pfisluSnymi aminy 8. den kultivace.
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Pti Sifeni aminli vzduchem se mi alkalizaci okolniho média podatilo navodit pomoci
amoniaku (200 a 300 mM roztok), methylaminu (200 a 300 mM roztok) a propylaminu (200
mM roztok) jak u C.mogii, tak u S.cerevisiae (obr. 11B, C a D) Pro oktylamin se mi
nepodafilo nalézt induk¢ni podminky, rovnéz tak pro latky imidazol a chloroquin, jez jsou

ov$em tékavé minimalné.
Testovani Sireni amini médiem

100 ul razné koncentrovaného (testovano bylo opét rozmezi 100 - 1000 mM) vodného
roztoku kazdé z testovanych latek bylo naneseno do otvoru v agaru vytvoieného sterilnim
korkovrtem. Na kontrolni misku byla misto testované latky aplikovana destilovana voda.
Aplikovan byl vzdy jeden puls latky. Tento pfistup pomérné dobie fungoval pfi indukci
obftich kolonii C.mogii (obr. 12). V piipadé¢ C.mogii se mi - stejné jako u uspotadani pro
pomoci amoniaku, methylaminu a propylaminu. Prabéh alkalizace pfi indukci pomoci
oktylaminu a imidazolu se nelisil od kontroly. Aplikace chloroquinu zcela zabranila alkalizaci
u obfich kolonii C.mogii. Kolonie naopak v reakci na tuto latku silnéji acidifikovaly své okoli
a do alkalické faze viibec nevstoupily. U obfich kolonii S.cerevisiae se mi timto zpiisobem

alkalizaci prokazateln€ indukovat nepodafilo.

4
, .
* ptidani amina * J 8.den kultivace

den kultivace 1 2 3 4 5 6 7 g } r

kontrola | | | | | | |

amoniak | | | | | | |

v || [

propylamin

Candida mogii

oktylamin

imidazol | | | | | | |

chloroquin | | | | | | |

L o ",, 300 mM amoniak
[ Joevanon [T =t renn viomsznas x
neutralni faze miru alkalizace)

zvys$ena acidifikace média okolo kolonii jako reakce na puls testované latky
\

\

Obr. 12: Indukce alkalizace u obfich kolonii C.mogii pomoci aplikace aminti do jamky

V agaru.
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5.2 Diskuse 1

Role amoniaku jako signalizaéni molekuly byla prokazana vedle S.cerevisiae
napiiklad u hlenky Dictyostelium discoideum. Amoniak zde blokuje kulminaci a klic¢eni spor
(DAVIES, et al., 1993) (alkalizace kyselych intracelularnich vacka amoniakem je pfitom
béhem dormance spor dilezitd, ponévadz k aktivaci lysozomalnich cysteinproteinas, jez se
uplatiiuji pii kliceni, zfejmé dochazi v kyselém pH (NORTH, et al., 1996)). Signaliza¢ni efekt
amoniaku u D.discoideum mutze byt mimikovan naptiklad propylaminem, oktylaminem,
imidazolem ¢i chloroquinem (GRoSs, et al., 1983). Podobné se zda, ze G¢inky plynného
amoniaku na prabéh vyvoje kvasinkovych kolonii lze mimikovat methylaminem ¢i
propylaminem — jak u obfich kolonii C.mogii, tak u obfich kolonii S.cerevisiae se podafilo
indukovat alkalizaci pfi Sifeni amoniaku, methylaminu a propylaminu vzduchem. Bylo
ukézéno, ze u bunck v alkalické fazi vyvoje kvasinkovych kolonii dochazi v cytosolu ke
vzniku gradientu pH (PINEDA RoDO, et al., 2012), a pravé vlastni zména pH cytosolu nebo
vznik gradientu pH ptisobenim amoniaku by mohla spoustét odpoveéd’ na alkalicky puls. Za
vznik takového gradientu musi byt zodpovédny plynny amoniak ¢i pfibuzna molekula, jelikoz
indukce produkce amoniaku u obfich kolonii C.mogii ptsobenim gradientu chloridu
amonného ¢1 hydroxidu sodného (ve snaze odlisit, zda pro indukci produkce amoniaku neni
postacujici gradient zasadité latky a zda je signalni molekulou amoniak ¢i amonny kation)
nebyla v pfedchozich experimentech prokazana (PALKOVA a FORSTOVA, 2000).

Pfi testovani $ifeni amini médiem se nejsilngj$im induktorem alkalizace kolonii C.mogii
ukdzal byt methylamin. To by mohlo byt dusledkem faktu, Ze permeabilita NHj3
v membranach je niz$i nez permeabilita nékterych vétsich (ale vice hydrofobnich) amind, jako
je napiiklad pravé methylamin (RITCHIE a GIBSON, 1987), zaroven tato skutecnost podporuje
hypotézu intracelularniho ptsobeni amoniakového signalu (PALKOVA a VACHOVA, 2003).
V ptipadé obiich kolonii S.cerevisiae se pifi testovani Sifeni aminti médiem alkalizaci
prokazatelné indukovat nepodatilo. Je mozné, ze podobné jako u Sifeni amint vzduchem by
bylo zapotiebi pouzit u S.cerevisiae vice naslednych pulst amind, opakované nanaSeni
roztoku aminu nicméné zpusobovalo vyraznou barevnou zménu glycerolového agaru (jez
obsahoval pH indikator bromkresolovy purpur), kterd znemoziovala spolehlivé hodnoceni

indukce alkalizace.
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5.3 Aerobni kultivace riznych kmenii S.cerevisiae v tekutém médiu (ve
tifepanych kulturach)
Cil:

Jak jiz bylo zminéno, pokud jsou kolonie kvasinky S.cerevisiae kultivovany na pevném
glycerolovém médiu s vychozim pH upravenym na hodnotu 5, dochdzi po urcité dobé ke
vstupu kvasinkovych kolonii do tzv. alkalické faze (at uz se jedna o mikrokolonie majici piivod
v jediné kvasinkové burnce ¢i obri kolonie vzniklé nanesenim bunécné suspenze na povrch
pevného agarového média). Se vstupem do alkalické faze se pH okolniho média zvysuje. Tato
faze je zaroven spojena s produkci amoniaku a Ato proteinii. V alkalické fazi vyvoje setrvavaji
kvasinkové kolonie nékolik dni, nasleduje opétna acidifikace média a vstup kolonii do tzv.
druhé acidické faze. Na modelu kvasinkovych kolonii bylo zjisténo, Ze rada delecnich kmenii
odvozenych od rodicovského kmene BY4742 md problémy se vstupem do alkalické faze a
produkci amoniaku. Cilem této casti prace bylo charakterizovat chovani rodicovského kmene

a vybranych delecnich kmenii S.cerevisiae pri aerobni kultivaci.

5.3.1 Aerobni kultivace rodic¢ovského kmene BY4742

Rust kvasinkové kultury pfi aerobni kultivaci v tekutém glycerolovém médiu (GM
tekuté) probihd odlisné v porovnani s ristem kvasinkové kolonie. 1 za téchto rustovych
podminek vSak dochazi ke zméné pH okolniho média. Priibéh zmén je podobny pribéhu u
kolonii na pevném médiu, nicméné vzhledem k rychlejsimu rustu populace bunék pii aerobni

kultivaci probihaji tyto zmény v krat§im ¢asovém horizontu.
Zmeny pH média pri aerobni kultivaci

Bunky rodicovského kmene BY4742 jsem zaockovala na hodnotu ODggo pfiblizné
0,15 a v pravidelnych intervalech jsem zaznamenavala hodnoty ODgy a pH. Co se tyce
rustové rychlosti, rychly (exponencidlni) rist kultury s dobou zdvojeni okolo 4,5 hodiny
ptetrvaval prvnich 24 hodin kultivace, nasledné se rist zpomalil a bunky délily ptiblizné
jednou za 24 hodin, mezi 72.-96. hodinou (3.-4. dnem) kultivace se pak rast kultury témért
zastavil a hodnota ODgyy se zvySovala jiz jen minimalné (obr. 13). K alkalizaci média
dochazelo po priblizné 12-18 hodinach od zacatku kultivace, kdy se hodnota pH média

v prubéhu piiblizné¢ deseti hodin prudce zvysila (o 2-2,5 jednotky pH). Maximalni dosazené
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hodnoty pH se pohybovaly typicky v rozmezi 7 - 7,5. K opétnému mirnému poklesu hodnot
pH pak zacalo dochazet po piiblizné¢ 120 hodinach (5 dnech) aerobni kultivace. (obr. 14A)

Zména ODgq v €ase pfi aerobni kultivaci v glycerolovém médiu
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Obr. 13: Zména ODgy v Case pii aerobni kultivaci v glycerolovém médiu, sumarizace

nékolika (4) experimentu.
Produkce amoniaku pri aerobni kultivaci

Amoniak produkovany kvasinkovymi kolonie je v nasi laboratofi standardné jiman do
misti¢ek naplnénych 10% kyselinou citronovou. Abych zjistila, zda je do i prostoru nad
hladinou tekutého kultivaéniho média uvoliovan amoniak, zavésila jsem do hrdla
Erlenmayerovy banky (v baiice o objemu 250 ml bylo vzdy 30 ml média zaockovaného na
vychozi hodnotu ODgp=0,15) misti¢ku obsahujici 1 ml kyseliny citronové, jiz jsem
v pravidelnych intervalech vyménovala. V ziskanych vzorcich jsem poté méfila obsah
amoniaku pomoci Nesslerova ¢inidla. Timto zpisobem jsem prokazala, ze stejné jako u
kolonii dochazi pii aerobni kultivaci k produkci amoniaku. Pocatek produkce amoniaku pii
aerobni kultivaci nasledoval bezprostiedné po alkalizaci média (obr. 14B) a v pozdé&jsich

¢asech kultivace se produkce amoniaku stavala intenzivngjsi.

Abych ovéfila, ze produkce amoniaku do prostoru nad kultivaénim médiem neni jen
disledkem zvyseni pH média (¢imz by doslo k uvolnéni NH3/NH," piitomnych ve vychozim
médiu), provedla jsem kontrolni méfeni obsahu amoniaku nad médii s riznymi hodnotami
pH: 5, 6 a 7 (média o pH 6 a 7 byla pfipravena ptidanim ptedem stanoveného mnozstvi 1M
NaOH do média o vychozim pH 5 v okamziku instalace misticek s kyselinou citronovou).

Soucasné byla provedena kultivace bun¢k rodicovského kmene v médiu o hodnoté pH 5.
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Odbéry kyseliny citronové jsem provedla v Casech 24, 48 a 72 hodin. Pouze v ¢ase 24 hodin
byl obsah amoniaku nad médiem srovnatelny ve vSech systémech, nasledné¢ byla
dokumentovana produkce amoniaku pouze v kultiva¢nim uspofadani s buitkami (obr. 14C).

To ukazuje, ze produkce amoniaku je skute¢né dana ¢innosti bunék S.cerevisiae.

A Zména pH v ¢ase pfri aerobni kultivaci B Produkce amoniaku do prostoru
v glycerolovém médiu nad hladinou kultury
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Obr. 14: A) Zmény pH v Case pti aerobni kultivaci rodicovského kmene BY4742 v tekutém
glycerolovém médiu s pocateéni hodnotou pH upravenou na 5, sumarizace nékolika (4)
experimentl. B) Produkce amoniaku do prostoru nad hladinou kultury pii aerobni kultivaci u
rodicovského kmene BY4742. Graf ukazuje primér tii paralelnich méteni v ramci vybraného
reprezentativniho experimentu + SO. C) Rozdil v produkci amoniaku do prostoru nad
hladinou nezaockovaného média o rizném pH a média s rostoucimi buiitkami pii aerobni
kultivaci v glycerolovém médiu. Graf ukazuje primér tfi paralelnich méfeni v ramci
vybraného reprezentativniho experimentu = SO. D) Fluorescenc¢ni signal Atolp-GFP proteinu
pfi aerobni kultivaci Atolp-GFP kmene v ¢asech 9 a 15 hodin po inokulaci. V horni fadé€ je
signadl Atolp-GFP pfi integraci 1s, v dolni fadé¢ mikrofotografie pofizend za vyuziti

Nomarského diferencialniho kontrastu.
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Produkce Ato proteinu pri aerobni kultivaci koreluje s alkalizaci média a produkci amoniaku

Pfi aerobni kultivaci byla produkce Ato proteinti mikroskopicky prokazatelnd po
pfibliznd 15 hodinach kultivace (obr. 14D). (Casovani produkce Ato proteinti a jejich
lokalizaci pii aerobni kultivaci v glycerolovém médiu jsem piedbézné testovala jiz v ramci
diplomové prace (STRACHOTOVA, Diplomova prace 2004), trendy zjis§téné v experimentech
v ramci diplomové prace jsem potvrdila.) Ato-GFP signal se na cytoplazmatické membrané
objevil v dobé¢, kdy se pH média zacinalo prudce zvySovat (obr. 14A a D), kratce poté jsem
byla schopna zaznamenat pocatky produkce amoniaku. D4 se tedy Fici, Ze pocatek produkce
Ato proteind pfi acrobni kultivaci koreluje s pocatkem alkalizace média a poc¢atkem produkce

amoniaku.

5.3.2 Chovani vybranych dele¢nich kmeni

Jiz diive bylo zjisténo, Ze kolonie kment S deleci v kterémkoliv z ATO geni maji
snizenou schopnost alkalizovat okolni pevné médium a produkovat amoniak (PALKOVA, et
al., 2002). Testovala jsem proto chovani tii kmend atol, ato2 a ato3 s delecemi (po fad¢)
genl ATO1, ATO2 a ATO3. Zjistila jsem, zZe zdkladni parametry pozorované na modelu obfich
kolonii jsou u téchto kmeni podobné i pfi aerobni kultivaci v tekutém médiu. pH okolniho
tekutého glycerolového média u kultur atol, ato2 i ato3 kmene dosahovalo nizsich hodnot,
nez tomu bylo u kmene rodicovského (obr. 15A), a zaroven atol, ato2 i ato3 kmeny shodné
vykazovaly vyrazné niz§i produkci amoniaku do okolniho média (obr. 15B). Delece
kteréhokoliv z ATO gent pak méla shodny vliv na prub¢h alkalizace a produkei amoniaku pfi

aerobni kultivaci.

Problémy se vstupem do alkalické faze a s produkci amoniaku byly na modelu
kvasinkovych kolonii zjistény i u dele¢niho kmene sok2 (VACHOVA, et al., 2004). Obdobné
chovani tohoto kmene jsem zjistila pii aerobni kultivaci, kdy se maximalni hodnoty pH
okolniho média pohybovaly pfiblizné o 1 jednotku pH niZe nez u rodiCovského kmene a k
poklesu pH okolniho média dochazelo zahy po dosazeni maximalni hodnoty (obr. 16B).
Produkce amoniaku pak byla (podobné jako u atol, ato2 a ato3 kmenid) zanedbatelna
v porovnani s rodi¢ovskym kmenem BY4742 (obr. 16A). sok2 dele¢ni kmen béhem riistu
v tekutém glycerolovém médiu vykazoval rovnéZ zhorSené piezivani oproti kmeni

rodicovskému, a to vV pozd¢jsich fazich aerobni kultivace (obr.17).
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Obr. 15: A) Zmény pH v Case pii acrobni kultivaci rodi¢ovského kmene BY4742 a tii

dele¢nich kmeni atol, ato2 a ato3 v tekutém glycerolovém médiu u vybraného

reprezentativniho experimentu. B) Produkce amoniaku do prostoru nad hladinou kultury pfi

aerobni kultivaci u rodi¢ovského kmene BY4742 a dele¢nich kment atol, ato2 a ato3. Graf

ukazuje prameér tii paralelnich méfeni v rdmei vybraného reprezentativniho experimentu +

SO.

>

P, R, NON W
g0 o »u o v o

Produkce amoniaku (pg/banka/den)

o

Porovnani produkce amoniaku
u BY4742 a sok2 kmenu

—®— BY4742 T
T

—0— sok2 /l/t

4{__0——0—_0

0 24 48 72 96 120 144 168

Cas (hod.)

B

pH média u BY4742 a sok2 kment

75

7,0

6,5

6,0 — o
55
—o— BY4742
5,0
—0— sok2
45 T T T T T
0 24 48 96 120 144 168
Cas (hod.)

Obr. 16: A) Produkce amoniaku do prostoru nad hladinou kultury pfi aerobni kultivaci u

rodi¢ovského kmene BY4742 a dele¢niho kmene sok2. Graf ukazuje primér tii paralelnich

méfeni v ramci vybraného reprezentativniho experimentu + SO. B) ) Zmény pH v Case pfi

aerobni kultivaci rodi¢ovského kmene BY4742 a deleéniho kmene Sok2 v

glycerolovém médiu u vybraného reprezentativniho experimentu.
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Procento mrtvych bunék v tekuté kulture kment BY4742 a sok2
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Obr. 17: Procento mrtvych bunék pii aerobni kultivaci v glycerolovém médiu u kment

BY4742 a sok2, vysledky dvou nezavislych experimentd.
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5.3.3 Zména pH okolniho média u kmene stl1

Cil:

STL1 gen kéduje symportér glycerolu a H' (protonu) lokalizovany na cytoplazmatické
membrané kvasinkové bunky (FERREIRA, et al., 2005). Cilem bylo zjistit, jak delece tohoto

genu ovlivituje vyvoj pH okolniho média pri aerobni kultivaci v tekutém glycerolovém médiu.

Buriky kmene stl1 postradajiho STL1 symportér glycerolu a H', se pfi ristu na
glycerolu jako zdroji uhliku musi spolehnout na difuzi/usnadnénou difuzi molekul glycerolu
ptes plazmatickou membranu. pH okolniho média je pii rastu stll kmene v glycerolovém
médiu ve srovnani s rodicovskym kmenem snizené (obr. 18A). Nicmén¢ i u kmene stll
dochazi v priabéhu kultivace ke zvySeni pH o vice nez 1 jednotku (obr. 18B), a to i pfesto, Ze
rust tohoto kmene na glycerolovém médiu je oproti rodicovskému kmeni vyrazné zhorSeny

(obr. 18C).
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Obr. 18: A) pH okolniho média u kmenti BY4742 a stll v ¢ase 72 hodin po inokulaci. Graf
ukazuje prumér tii nezavislych méfeni = SO. B) Vybrany reprezentativni experiment
ukazujici zmény pH v prubéhu kultivace kmeni BY4742 a stll v glycerolovém médiu. C)
Rist kmene stll v 72. hodiné kultivace vztazeny k rodicovskému kmeni BY4742. Graf

ukazuje prumér tii nezavislych méfeni + SO.
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5.4 Staticka kultivace S.cerevisiae a produkce amoniaku
Cil:

Cilem bylo charakterizovat chovaini rodicovského kmene (respektive Ato-GFP kmenii)

S.cerevisiae pri statické kultivaci v tekutém glycerolovém médiu.

Tekuté glycerolové médium jsem zaockovala na vyslednou hodnotu ODggy piiblizné
0,5, bunétnou suspenzi rozdélila do 10 cm vysokych sklenénych zkumavek po 4,2 ml,
uzaviela Kapsenbergovymi uzavéry (obr. 19A) a kultivovala staticky (tj. bez tfepani ¢i
promichani) v termostatu pii 28°C. Nasledné jsem v riznych ¢asech métila ODgyy @ hmotnost
moktiny v I ml média, pH média, produkci amoniaku do okolniho média a produkci Ato-GFP

proteint.

Rychlost rustu populace pii statické kultivaci v tekutém glycerolovém médiu spise
odpovida rhstu populace v ramci kvasinkové kolonie: nariist ODgy 1 mokiiny je piiblizné
linearni (obr. 19C) (stejné jako linearni piirtstek biomasy v ptipadé rustu kvasinkovych
kolonii). Produkce Ato proteini (obr. 19B), produkce amoniaku (obr. 19E) i zmény pH
okolniho média (obr. 19D) byly v porovnani s koloniemi zna¢né opozdény, dochdzelo
k nim az nékolik tydnl po inokulaci. Prvni zvySeni pH média a viditelnou produkci Ato
proteini jsem u statickych kultur pozorovala okolo 40. dne kultivace, nartist mnozstvi
amoniaku v okolnim médiu pak mezi 50. a 60. dnem kultivace. Experiment byl proveden
dvakrat s Atolp-GFP, Ato2p-GFP a Ato3p-GFP kmeny a dvakrat s BY4742 kmenem, kdy

byly méfeny pouze nékteré parametry.
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Schéma Produkce Ato proteint Narist biomasy v €ase pri statické kultivaci
inokulace 49. den kultivace v glycerolovém médiu
(ol
m 12 T
Q
5 $q
= i
<
: T
(ol B
LL =
Q 3
o £
(9N} o
8 £
<
iy )
Q 2
o
™
e
< O L] L] L] L] L]
-4 O 20 40 60 80  100dni
D ZmeénapH v éase pfii statické kultivaci E Produkce amoniaku do média
6,25 v glycerolovém meédiu 510 pfi statické kultivaci
>
9
5,75 T‘ g8 e
© 7 7 =
5,50 25 B B
E = 4
£ 525 J_ g5
5,00 f g4
4 o 3
4,75 g
‘q_ij'! ) 3 2
4,50 1 31
o
4,25 T T T T T 0 T T T T T
0 20 40 60 80 100dni O 20 40 60 80 100 dni

Obr. 19: A) Schéma inokulace kultury do sklenénych zkumavek. B) Produkce Ato-GFP
proteint a jejich lokalizace v bunice 49. den po inokulaci. C) Nardst biomasy (v mg mokiiny
v 1 ml média) pii statické kultivaci v glycerolovém médiu, primér ze 4-6 hodnot u vybraného
reprezentativniho experimentu £ SO. D) Zména pH v case pii statické kultivaci
v glycerolovém médiu, primér ze 3 hodnot u vybrané¢ho reprezentativniho experimentu + SO.
E) Produkce amoniaku do okolniho média pii statické kultivaci v glycerolovém médiu,

pramér ze 4-6 hodnot u vybraného reprezentativniho experimentu = SO.
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5.5 Diskuse 2

Pti aerobni kultivaci v tekutém glycerolovém médiu dochazi k produkci amoniaku do
vzduchu nad kvasinkovou kulturou. Vzhledem ke zcela odlisnym kultiva¢nim podminkam (v
porovnani s rustem v podobé kolonii) se miize produkce amoniaku buitkami pfi aerobni
kultivaci zdat prekvapiva. Odlisna je ristova rychlost - zatimco v tekuté kultufe rychlost
ptibyvani biomasy roste nejprve exponencialné, pozdéji se zpomali a nakonec upln¢ zastavi
(viz kap. 5.3.1), je ptirastek biomasy u obfich kolonii viceméné linearni po celou sledovanou
dobu vyvoje (obr. 20), pii aerobni kultivaci ve tfepané kultuie je zaroven v kazdém okamziku
zaruCena stejna dostupnost kysliku i zivin pro kazdou jednotlivou bunku. Dalo by se tedy
predpokladat, ze - na rozdil od kolonii - bude populace buné¢k v tiepané kultuie homogenni.
Ukazuje se ale, ze i v tekuté kultufe dochazi ve stacionarni fazi k ur¢itému rozdéleni kultury
na vyrazné odlisné subpopulace bun¢k. Allen a kolektiv (ALLEN, et al., 2006) odd¢lili (na
glukosovém médiu po vycerpani glukosy jako zdroje uhliku) dvé subpopulace bunc¢k lisicich
se svou vznasivou hustotou. Zatimco u exponencidlné rostouci kultury byla populace bun¢k
homogenni a po centrifugaci v hustotnim gradientu se vytvofil jediny ostfe ohraniceny
prouzek (jedina frakce buné€k), po vycerpani glukosy se zacal tento ostry prouzek ,,rozmyvat*
a ptiblizn¢ mezi 20. a 25. hodinou kultivace bylo jiz dobfe pozorovatelné rozdéleni populace
na dvé frakce (obr. 21) (ALLEN, et al., 2006). Spodni frakci pfitom tvofily velice homogenni
klidové buiky, svrchni frakce obsahovala heterogenni populaci bunék tvofenou nejméné
dvéma riznymi typy bunék. Allen a kolektiv (ALLEN, et al., 2006; ARAGON, et al., 2008)
navrhli rovnéz model vzniku dvou populaci v homogennim prostiedi tfepané kultury, podle
néjz vznikaji klidové buiiky z dcefinnych bunék oddélenych od bunck matefskych az po
vyCerpani zdroje zivin, a jsou tudiz pfizpisobené k preziti v podminkach s nizkou koncentraci
zivin. Uvolnéni amoniaku v tekutych kulturach by tak mohlo hrat podobné jako u kolonii

(PALKOVA a FORSTOVA, 2000) roli v signalizaci bliziciho se vyCerpani ur€itych zivin.

Pomoci metody DNA ¢ipli ("microarrays") byl zjiStén vyrazny narist exprese
ATO1,2,3 gent pii vstupu kvasinkové kolonie do alkalické faze vyvoje (PALKOVA, et al.,
2002). Ve stejné dob¢ se zvysila i produkce Atolp, Ato2p a Ato3p (RICICOVA, et al., 2007).
Zvyseni pH okolniho média pfi aerobni kultivaci je rovnéZ spojeno s vyraznou produkci Ato
proteind v bunkach tfepanych kultur (STRACHOTOVA, Diplomova prace 2004) a stejné jako u
kolonii (PALKOVA, et al., 2002) je zde korelace mezi Casovanim produkce amoniaku a Ato
proteintl. V kazdém ptipad¢ jsou Ato proteiny vzhledem k mite jejich produkce pii vstupu do

alkalické faze a béhem ni zfejmé nezbytné pro spravny vstup do alkalické faze a jeji prub¢ch.
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Obr. 20: Ptirdstek biomasy (mokfiny, plna ¢ara) a pfiristek poloméru kolonie v oblasti
smétujici k jejimu vnéjSimu okraji (pferuSovana ¢ara) u obfich koloniim kmeni BY4742 a

sok2. (Ptevzato z (VACHOVA a PALKOVA, 2005))
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Obr. 21: Pii centrifugaci v hustotnim gradientu se populace aerobné kultivovanych bunék po
uréité dobé kultivace déli na dvé frakce. Sipka zna¢i okamzik vyéerpani glukosy jako zdroje

uhliku. (Pfevzato a upraveno podle (ALLEN, et al., 2006))

U obfich kolonii tvofenych bunikami kmene sok2 byla jiz dfive popsana sniZzena
exprese ATO gent v atypické alkalické fazi jejich vyvoje stejné jako nedostate¢na produkce
amoniaku (VACHOVA, et al., 2004). Totéz pak plati pro vyvoj obfich kolonii kment atol, ato2
a ato3. (PALKOVA, et al., 2002) Nyni jsem prokazala, Ze (stejné jako kolonie) i tekuté kultury
téchto kmenl vykazuji snizenou produkci amoniaku ve srovnani s kmenem rodi¢ovskym.
Tyto vysledky naznacuji, ze i pfes odlisné kultivaéni podminky by alespon nékteré

mechanismy kontroly riistu ¢i genové exprese mohly byt pro kolonie a aerobné kultivované
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tekuté kultury spolecné. Hor$i piezivani bunék kmene Sok2 v pozd¢jsich Casech aerobni
kultivace v tekutém glycerolovém médiu je rovnéz paralelou ke zhorSenému piezivani sok2
kmene v pozd¢jsich fazich (zejména na konci alkalické faze a v druhé acidické fazi) vyvoje
kvasinkovych kolonii (VACHOVA, et al., 2004). Jelikoz kolonie sok2 kmene nejsou schopné
(patrné v disledku nedostatecné produkce amoniaku) adaptivnich metabolickych zmén a
dostatecné vertikalni ani horizontalni diferenciace pti vstupu do alkalické faze vyvoje (CAP, et
al., 2012; VACHOVA, et al., 2004; VACHOVA a PALKOVA, 2005), mize mit zhorSené piezivani

sok2 kmene pii aerobni kultivaci v glycerolovém médiu podobné pii¢iny.

Ptidani glycerolu do média vede ke vzestupu pH média, coz je pficitdno jednomu z
mechanismi vstupu glycerolu do buiiky - symportu s H (LAGES a LucAs, 1997). Ke vstupu
glycerolu do bunky za soucasného vstupu protonu dochazi c¢innosti Stllp proteinu.
(FERREIRA, et al., 2005). (Gutlp a Gut2p proteiny, jez byly puvodné identifikovany jako
proteiny aktivné transportujici glycerol do bunky (HoLST, et al., 2000), maji patrné jinou
funkci (NEVES, et al., 2004)). Vstup glycerolu do kvasinkové bunky zprostiedkovava rovnéz
Fpslp protein - kanal zodpovédny za podstatnou cast pasivni difuze glycerolu do bunky
(OLIVEIRA, et al., 2003). Pti testovani pH média pii aerobni kultivaci stll kmene v tekutém
glycerolovém médiu jsem zjistila, ze pH okolniho média je u stll kmene po 24 hodinach
kultivace niz8i nez u kmene rodi¢ovského. Zvyseni pH okolniho média pfi rlstu na glycerolu
jako jediném zdroji uhliku se nicméné nedéa vysvétlit pouze symportem molekuly glycerolu s
H*. I u kmene stl1 totiz dochazi v priibéhu kultivace k pomérné vyraznému zvyseni pH (viz
kap. 5.3.3 a obr. 18B). Ke zvyseni pH okolniho glycerolového média pii rustu stll kmene
dochdzi 1 presto, Ze rlGst kmene na glycerolu jako jediném zdroji uhliku je oproti
rodicovskému kmeni dle ocekavani vyrazné¢ zhorSeny. Ackoliv tedy aktivni transport
glycerolu patrné pfispiva k alkalizaci okolniho média, je za ni zodpov&dny pouze Castecné.
Z hlediska transkriptomovych zmén u rodi¢ovského kmene BY4742 béhem prechodu
kvasinkovych kolonii do alkalické faze je alkalizace okolniho média vysvétlitelna napiiklad
snizenim exprese genu PMAL pro membranovou H*-ATPasu ¢&i aktivaci fady gent kodujicich
transportni systémy pro rizné ionty (napiiklad PHO84, PHO89, SUL1, SUL2, ZRT1) a ATO
gent (PALKOVA, et al., 2002). Exprese mnohych z gent kodujicich transportni systémy pro
rizné ionty (napiiklad SUL1, PHO89, ZRT1, ATO geny) je u sok2 kmene snizena, zmény
v expresi STL1 genu zaznamenany nebyly (VACHOVA, et al., 2004). V modelovém usporadani

aerobné kultivovanych (tfepanych) kultur S.cerevisiae ma delece SOK2 a STL1 genu na pH
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okolniho média pfi aerobni kultivaci obdobny vliv, nedostatecna alkalizace okolniho pH u

sok2 a stl1 kmend ma ale spiSe rizné pficiny.

Pti statické kultivaci v tekutém glycerolovém médiu je nartist biomasy v ¢ase podobné
jako u modelu obftich kolonii linearni, nicméné vyrazné pomalejsi. Navic, na rozdil od modelu
aerobn¢ kultivovanych kultur miize pti statické kultivaci (za absence promichavani média
ttepanim) dochazet k tvorbé gradientl. V kazdém piipadé dochdzi ve statickych tekutych
kulturach - stejné¢ jako u kolonii - ke zvySovani pH okolniho média a soucasné produkci
amoniaku a Ato proteini. Podobnost tohoto modelového uspofddani s modelem obtich
kolonii je zajimava, pon¢vadz muze rovnéz predstavovat model populace kvasinkovych

buné¢k ptezivajicich dlouhodobé v pfirodé za podminek nedostatku zivin.

Celkov¢ lze ftici, Ze ve vSech zavedenych modelech, tedy pii ristu kvasinkovych
obfich kolonii na pevném glycerolovém médiu, a pfi aerobni i statické kultivaci v tekutém
glycerolovém médiu, koreluje zvySeni pH okolniho média s produkci amoniaku a Ato

proteint.
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5.6 Priprava a zdkladni charakterizace kmene se soucasnou deleci genu
ATO1, ATO2 a ATO3
Cil:

Cilem této casti prdace bylo pripravit a charakterizovat kmen atol/ato2/ato3, tedy kmen
Sdeleci ve vSech trech genech pro At0o proteiny, a porovnat jeho chovani za riiznych

podminek s chovanim kmene rodicovského.
Priprava kmene atol/ato2/ato3

Ve spolupraci s Mgr. Karlem Harantem jsem piipravila kmen atol/ato2/ato3 s deleci
ve vSech tfech genech pro mozné transportéry amonného kationtu. Vychozim kmenem byl
ato3 dele¢ni kmen ze sbirky Euroscarf. Ten byl po fad¢ transformovan dele¢nimi kazetami,
jez zajistily nahrazeni genu ATO1 genem SpHIS3 a genu ATO2 genem KIURAS. Jelikoz geny
SpHIS3 i KIURA3 jsou ohrani¢eny LoxP misty, bylo nasledné mozno tyto geny odstranit
pomoci cre rekombinasy koédované na plazmidu pSH65 (viz kap. 4.1, Material, a kap. 4.2.,
Metody). Nasledné jsem provedla zékladni fyziologickou charakterizaci tohoto kmene, a to

jak na modelu obfich kolonii, tak pii aerobni kultivaci v tekutém médiu.

Zakladni charakterizace obrich kolonii kmene atol/ato2/ato3

Sledovala jsem priibéh alkalizace a miru produkce amoniaku (ktery jsem jimala do
misti¢ek s 10% kyselinou citronovou instalovanych pod kazdou z kolonii na misce (viz kap.
4.2, Metody) u obfich kolonii kmentt BY4742 a atol/ato2/ato3. Alkalizace okolniho média
byla minimalni a i produkce amoniaku byla u atol/ato2/ato3 kmene v porovnani s kmenem

rodi¢ovskym vyrazné snizena. (obr. 22)
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Obr. 22: A) Obii kolonie kmenti BY4742 a atol/ato2/ato3 na pocatku alkalické faze (9.den
vyvoje obfich kolonii) a pti vstupu do druhé acidické faze (21. den vyvoje) u vybraného
reprezentativniho experimentu. B) Produkce amoniaku obfimi koloniemi kment BY4742 a

atol/ato2/ato3, primér z 6 hodnot + SO ve vybraném reprezentativnim experimentu.
Zakladni charakterizace kmene atol/ato2/ato3 pri kultivaci v tekutém médiu

Ristova rychlost rodicovského a atol/ato2/ato3 kmene v tekutém YEPG médiu byla
dle ocekavani shodna (obr. 23A), jelikoz k expresi Ato proteinii za piitomnosti glukosy
v médiu nedochazi (viz kap. 5.7.2 a 5.7.3). Rustova rychlost se zpocatku (cca prvnich 24
hodin) nelisila ani pfi aerobni kultivaci v tekutém glycerolovém médiu, nicméné v pozdéjsich
Casech kultivace bylo u atol/ato2/ato3 kmene patrné zpomaleni rdstu (obr. 23B). To
koresponduje se situaci u obfich kolonii, kdy kolonie atol/ato2/ato3 kmene v druhé acidické
fazi (u nichz je alkalickd faze velice slaba nebo zcela chybi) prosperuji hiife nez kolonie
kmene rodi¢ovského (obr. 22A). Obdobné jako u kmenti s deleci jednotlivych ATO gent jsem
I u atol/ato2/ato3 kmene dle ocekavani zaznamenala snizenou miru alkalizace média (obr.
23D) a snizenou produkci amoniaku (obr. 23C). Pribéh vyvoje pH média a mira produkce
amoniaku byly ovlivnény obdobné jako u kment s deleci jednoho konkrétniho ATO genu.
(obr.15AaBa23CaD.)
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Obr. 23: A) Rust kmene atol/ato2/ato3 v minimalnim (MMglu) a komplexnim (YEPG)
médiu s glukosou jako zdrojem uhliku v % ODggg rodicovského kmene. B) Vyvoj ODgoo
v Case pii aerobni kultivaci kmentu BY4742 a atol/ato2/ato3 v glycerolovém médiu,
sumarizace né€kolika (3) experiment. C) Produkce amoniaku v kulturach kment BY4742 a
atol/ato2/ato3 do prostoru nad hladinou kultury pfi aerobni kultivaci v glycerolovém médiu,
primér ze 3 hodnot u vybraného reprezentativniho experimentu = SO. D) Zména pH v Case u

kment BY4742 a atol/ato2/ato3 pti aerobni kultivaci v glycerolovém médiu.
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Riist kmenii s deleci ATO genui v médiu s mirné alkalickym pH

Jelikoz je pocatek produkce Ato proteinli spojen s rustem pH kultury k mirné
alkalickym hodnotam a jelikoz rust atol/ato2/ato3 se po alkalizaci okolniho média oproti
rustu rodic¢ovského kmene zpomaluje, testovala jsem pii charakterizaci atol/ato2/ato3 kmene
jeho rist rovnéz v GM médiu, jehoz pocatecni pH bylo vyssi nez 5 (tedy vysSi nez u
standardniho GM s pocatecnim pH upravenym na hodnotu 5, které bylo pouzivano jako
médium kontrolni). Prvotni experimenty jsem provadéla v GM médiu, jehoZ pH jsem upravila
na hodnotu 7,8 pomoci 100 mM TRIS-NaOH pufru. Zjistila jsem, ze atol/ato2/ato3 kmen
neni v porovnani s rodi¢ovskym kmenem za téchto podminek téméf schopen ristu (obr. 24A).
(Nésledujici podrobnéjsi experimenty ukézaly, ze jiz ptfi pH 6,8 je mozné pozorovat mirny
rozdil v ristu mezi BY4742 a atol/ato2/ato3 kmenem. V porovnani s kontrolnim médiem
dosahoval narust po 24 hodinach kultivace v. GM médiu o hodnoté pH 6,8 u kmene BY4742
74,8+7,9 % kontroly, u kmene atol/ato2/ato3 pak 53,7+11,4 % kontroly (pramér ze tii
nezavislych experimentil + SO)). KdyZ jsem nasledné testovani rozsifila i na atol, ato2 a ato3
kmeny, zjistila jsem stejny fenotyp i u téchto kment, nicméné s tim rozdilem, ze rist kmenti

s deleci ATO2 nebo ATO3 genti byl v alkalickém pH ovlivnén méné vyrazné (obr. 24B).
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Porovnaniristu rodicovského kmene a atol/ato2/ato3, atol, ato2 a ato3 delecénich
kmen( v médiich s alkalickym pH
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Obr. 24: A) Porovnani rustu rodicovského kmene BY4742 a kmene atol/ato2/ato3 pti
aerobni kultivaci v GM médiu o pH 7,8 v ¢ase 24 h po inokulaci. Hodnoty jsou vyjadieny
v procentech pfislusné hodnoty dosazené na kontrolnim médiu (GM, pH=5). B) Porovnani
ristu rodi¢ovského kmene BY4742 a kmet atol/ato2/ato, atol, ato2 a ato3 pii aerobni
kultivaci v. GM médiu o pH 7,5 v ¢ase 24 h po inokulaci. Hodnoty jsou vyjadieny

v procentech pfislusné hodnoty dosazené na kontrolnim médiu (GM, pH=5). V obou
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ptipadech grafy ukazuji vysledky dvou nezavislych experimenti (1 a 2).
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5.7 Produkce Ato-GFP proteinii v riznych médiich

Cil:

Zdjem pracovni skupiny o Ato proteiny md koreny v z naseho hlediska klicovem casovani
pocatku exprese ATO genii pri vyvoji kvasinkovych kolonii (exprese zacind pri vstupu kolonii
do alkalické faze) a v meschopnosti obrich kolonii delecnich kmenii atol, ato2 a ato3
produkovat v dostatecné mire amoniak. Cilem této casti prace bylo podrobnéji

charakterizovat podminky produkce Ato proteinii.

Jelikoz rhst vSech kmenti s deleci ne¢kterého z ATO gentl je ovlivnén pii vyS$im pH

média, rozhodla jsem se tedy podrobnéji charakterizovat vliv pH na expresi ATO gend.

Pro sledovani produkce Ato-GFP proteinti v riznych médii byly pouzity Atolp-GFP,
Ato2p-GFP a Ato3p-GFP kmeny odvozené od rodi¢ovského kmene S.cerevisiae BY4742. Pro
pfipravu kmenil jsem pouzila plazmid pKT209, jez nese gen pro GFP s kodonovou

optimalizaci pro S.cerevisiae.

5.7.1 Vliv pH na produkci Ato-GFP proteint

Produkce Ato-GFP proteinii pri aerobni kultivaci v médiich o riizném pH

Pro sledovani miry produkce Ato-GFP proteinii pfi aerobni kultivaci v médiich o
rizném pH jsem zvolila n€kolik experimentdlnich ptistupl: fluorescencni mikroskopii a
fluorescencni spektroskopii. Jako inokulum jsem pouzivala vzdy kultury kmenti Atolp-GFP,
Ato2p-GFP a Ato2p-GFP, u nichz dosud nezapocala produkce Ato proteini (ziskané
kratkodobou kultivaci v YEPG médiu nebo GM médiu, nepfitomnost fluorescen¢niho signalu

GFP v buiikach inokula jsem vZdy ovéfila ptislusnym piistupem).

Pomoci fluorescenéni mikroskopie jsem dokumentovala téméf okamzité zapoceti
produkce (dobife pozorovatelny signal v ¢ase t = 2 hodiny) u vSech Atol,2,3p-GFP proteint
po pieneseni z GM média o pH 5 do média s alkalickym pH (pH 7,7). Detailnéjsi analyza
ukazala, Ze jiz v ¢ase 2 hodiny po inokulaci se objevila produkce vsech Ato-GFP proteint
v médiu s pH o hodnoté 6,8 a vyssi. Ato-GFP proteiny jsou lokalizovany téméf vyhradné na

plazmatické membrané (popiipadé¢ v endoplazmatickém retikulu), coz svéd¢i pro zapoceti
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intenzivni exprese ATO genll po prenosu do média s alkalickym pH (obr. 25A). V kontrolnim
médiu (GM, pH = 5) neni fluorescencni signdl GFP v tomto Case pozorovatelny.
K nejvyraznéjsim zméndm v produkci dochazi u Atolp-GFP proteinu, nasleduje Ato3p-GFP
protein, nejslabsi je reakce Ato2p-GFP proteinu - tyto vyrazné rozdily jsou dobie

pozorovatelné piiblizné v ¢ase 3 hodiny po inokulaci (obr. 25B) a pozdéji.

Vedle mikroskopie jsem pro porovnani produkce Ato-GFP proteind pii riizném pH
(pH =5, 7 a 8) pouzila fluorescencni spektroskopii (obr. 25C, D a E). Jako inokulum jsem
V tomto piipad¢ pouzivala bunky kultivované pies noc v tekutém YEPG médiu. Méfila jsem
vzdy celé emisni spektrum GFP v rozmezi 490-560 nm pii excitaci svétlem o vlnové délce
484+£5 nm. Po odecteni pozadi, tedy spektra ziskaného pro rodi¢ovsky kmen BY4742
kultivovany v odpovidajicim médiu, v kazdém bod¢ kiivky jsem stanovila hodnoty signalu
v emisnim maximu GFP (510 nm), jez jsem nasledn¢ porovnala. Tento pfistup potvrdil
vysledky ziskané pomoci mikroskopie. V reakci na zvySené pH okolniho média reaguje burika
zejména zvySenim produkce Atolp-GFP proteinu (obr. 25C), vyrazné zvySeni produkce
Atolp-GFP proteinu je pozorovatelné jiz po 3 hodinach kultivace a produkce jesté dale stoupa
(obr.25A a B). Zvysenou miru produkce pfi kultivaci v glycerolovém médiu o hodnoté pH 7
jsem za vyuziti této metody zjistila i u Ato2p-GFP (115% kontroly v ¢ase 3 h a 120% v Case 6
h) a Ato3p-GFP proteint (pfi pH 7: 122% kontroly v ¢ase 3 h a 171% v &ase 6 h). Jako
kontrola slouzila hodnota intenzity fluorescence bunék v odpovidajici kultufe rostouci

v kontrolnim médiu (GM, pH =5).
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Produkce Ato-GFP proteint v glycerolovém médiu o rizném pH
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Obr. 25: A) Mikrofotografie bunék kmeni Atolp-GFP, Ato2p-GFP a Ato3p-GFP pii

kultivaci v kontrolnim médiu (pH = 5) a médiich s alkalickym pH (pH = 7 a 8) v case 2
hodiny po inokulaci. B) Rozdily v produkci Atolp-GFP, Ato2p-GFP a Ato3p-GFP proteint v

médiu o pH=8 v c¢ase 3,5 hodiny po inukulaci. C) Spektrofluorometrické¢ stanoveni miry

produkce Atolp-GFP proteinu v médiich s alkalickym pH (pH = 7 a 8) (mira produkce je

vztazena k hodnotdm v kontrolnim médiu o pH=5) v ¢asech 3 a 6 hodin po inokulaci. D)

Spektrofluorometrické stanoveni nartstu produkce Atolp-GFP proteinu mezi 3. a 6. hodinou

kultivace v médiich o pH = 5, 7 a 8. E) Priklad spekter namé&fenych pro Atolp-GFP po

odecteni blanku (hodnot obdrzenych pro rodicovsky kmen BY4742) v case 6 hodin.
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5.7.2 VIiv zdroje uhliku na produkci Ato-GFP proteint
Cil:

Jelikoz je Atolp proteinu prisuzovana role v transportu acetatu (PAIVA, et al., 2004) do buriky,

testovala jsem miru jeho produkce v médiich s riznymi zdroji uhliku.

Miru produkce Ato-GFP proteind jsem testovala jednak v komplexnim tekutém
médiu (obsahujicim 1% YE) s nasledujicimi zdroji uhliku: glycerolem (3%), ethanolem (1%),
kyselinou octovou (0,5% a 2%), kyselinou mléénou (0,5% a 2%) nebo glukosou (2%), jednak
v minimalnim tekut¢ém médiu s glycerolem (3%), kyselinou octovou (0,5%), kyselinou
mlécnou (0,5%) a glukosou (2%). Pocateéni pH média jsem ve vSech piipadech upravila na
hodnotu 5, médium nebylo v tomto piipadé pufrovano. Jako inokulum byly pouzity kultury
ptislusnych kmenti kultivované ptes noc v tekutém YEPG médiu a pfed inokulaci dvakrat
promyté destilovanou vodou (pomoci fluorescenéni mikroskopie byla vzdy ovéfena
neptitomnost fluorescenéniho signdlu GFP u bunck inokula). Vysledky dosazené
v komplexnim a minimalnim médiu se vyrazné nelisily, nasledujici odstavce proto shrnuji
vysledky ziskané pti kultivacich v komplexnich médiich s pfislusSnym zdrojem uhliku a uhliku
a jejich porovnani se situaci ve standardné pouzivaném komplexnim glycerolovém médiu (1%

YE, 3% glycerol, pH5).

Produkce Atolp-GFP proteinu na nezkvasitelnych zdrojich uhliku

Po 16 hodinach kultivace (tedy v dobé, kdy je standardn€ dobie pozorovatelna
produkce Atolp-GFP v médiu s glycerolem) byl signal Atolp-GFP nejsilngj$i na médiu
s kyselinou mlé¢nou jako zdrojem uhliku (pfi obou pouzitych koncentraci, tedy 0,5% i 2%),
nasledovala média s glycerolem a ethanolem. Slabd exprese byla pozorovatelnd na médiu
s 0,5% kyselinou octovou (obr. 26A). Na médiich s 2% kyselinou octovou a glukosou nebyl

memranovy signal Atolp-GFP pozorovatelny (Obr. 26B).
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Produkce Ato2p-GFP a Ato3p-GFP proteinii na nezkvasitelnych zdrojich uhliku

Produkce proteinu Ato2p-GFP na riznych zdrojich uhliku se podobala produkci
proteinu Atolp-GFP. Vibec nejsilngjsi fluorescencni signal Atolp-GFP i Ato2p-GFP jsem

pozorovala po dvoudenni kultivaci v médiu s 2% kyselinou mléénou (obr. 26C).

Vliv zdroje uhliku na produkci Ato3p-GFP proteinu jsem testovala méné detailné. Da
se Fici, ze produkce Ato3p-GFP proteinu je ve srovnani s produkci Atolp-GFP a Ato2p-GFP
proteinti obdobna, pouze mira produkce je nizs§i na médiu s ethanolem a glukosa funguje
Vv represi jeho produkce méné efektivné (dochazi k "prokluzovani" promotoru) Pii n¢kterych
stanovenich intenzity fluorescen¢niho signalu Ato3p-GFP proteinu byl totiz, a to zejména pti
méfenich za vyuziti fluorescen¢niho spektrometru, porozovan slaby fluorescenéni signal GFP
u inokula kultivovaného pies noc v YEPG. U kmenti Atolp-GFP a Ato2p-GFP fluorescencni

signal v inokulu nikdy pozorovan nebyl.

A
Atolp-GFP, 2% kys. Atolp-GFP, 3% glycerol, Atolp-GFP, 1% ethanol, Atolp-GFP, 0,5% kys.
mlécna, 16 hod. 16 hod. 16 hod. octova, 16 hod.
- -
Atolp-GFP, 2% kys. Atolp-GFP, 2% kys. Ato2p-GFP, 2% kys.

mlécna, 46 hod. mlécna, 46 hod.

m 1 um

Obr. 26: A) Produkce Atolp-GFP na médiich s riznym zdrojem uhliku na mikrofotografiich

octova, 16 hod.

Atolp-GFP, 2% glukosa, 16 hod.

(doba snimani 2s)

bunck kmene Atolp-GFP v ¢ase 16 hodin po inokulaci. B) Mikrofotografie bun€k kmene
Atolp-GFP v médiich s 2% kyselinou octovou ¢i glukosou v ¢ase 16 hodin po inokulaci. C)
Mikrofotografie bun¢k kmenti Atolp-GFP a Ato2p-GFP v ¢ase 46 hodin po inokulaci. Doba

snimani signalu byla v vSech ptipadech 2s.
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PpH okolniho média pri ristu na riiznych zdrojich uhliku

Po 24 hodinach kultivace dosahovalo pH okolniho média pii kultivaci v médiu:
s 0,5% kyselinou mlé¢nou hodnot okolo 8, s 0,5% kyselinou octovou hodnot okolo 7,5, s 3%
glycerolem hodnot okolo 7, s 1% ethanolem hodnot okolo 6,5 a 2% glukosou hodnot nizSich
nez 5. S vyjimkou kultivace v médiu s kyselinou octovou tak byla mira produkce Ato proteint

pfimo timérna vysce hodnoty pH okolniho média.
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5.7.3 Vliv pH a zdroje uhliku na produkci Ato proteinii
Cil:

Alkalické pH okolniho média a/nebo pritomnost nefermentovatelného zdroje uhliku vede
k produkci proteinit Atolp, Ato2p a Ato3p. Cilem bylo zjistit, zda je indukce exprese ATOI

genu alkalickym pH nadrazena glukosové represi ¢i zda je tomu naopak.

Regulace produkce a stability Atolp proteinu

Provedla jsem Northern blot analyzu exprese ATO1l genu pii aerobni kultivaci
v glycerolovém médiu o pH 5 a 7,5 a v glukosovém médiu o pH 5 a 7,5 v ¢asech 30 minut,
120 minut a 22 hodin po inokulaci. (Média nebyla pufrovana, pfitomnost glukosy v médiu
v Case 22 hodin jsem zkontrolovala za pouziti diagnostického prouzku DP GlukoPhan
s negativnim vysledkem ve vSech pfipadech). V glycerolovém médiu o pH 5 jsem dle
oc¢ekavani zaznamenala expresi v Case 22 hodin, v glycerolovém médiu o pH 7,5 byla
exprese dobie patrna jiz 30 minut po inokulaci a 120 minut po inokulaci byla exprese ATO1
genu velice silnd. V glukosovém médiu naopak ani zvySené pH média nevedlo k expresi
ATO1 genu. K expresi ATO1 genu doslo v obou testovanych médiich (pH 5 a pH 7,5) az po
vycerpani glukosy jako zdroje uhliku (obr. 27).

Northern blot analyza exprese ATO1 genu za riznych podminek kultivace

GMS5 (307)
GMS5 (120%)
GMS5 (22h)
GM?7,5(30")
GM?7,5 (1207
GM?7,5 (22h)
GluM5 (30°)
GluMS (120
GluMS5 (22h)
GIuM7,5 (30°)
GIuM7,5 (120’
GIuM7,5 (22h)

—~
=
(=)
=
X

RDN18-1 ATO1

Obr. 27: Northern blot analyza exprese genu ATOL u inokula (= K(glu) - bunky kultivované
aerobn¢ pfe noc v YEPG médiu) a pfi aerobni kultivaci v glycerolovém médiuopH 5a 7,5 a

v glukosovém médiu o pH 5 a 7,5 v ¢asech 30 minut, 120 minut a 22 hodin po inokulaci.
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Dale jsem zjistovala vliv nepfitomnosti Cat8p a Sok2p transkripénich faktorti na
expresi ATOl genu (Cat8p je nezbytny pro derepresi fady gent pii rastu na
nefermentovatelném zdroji uhliku, u sok2 kmene byla dokumentovana snizena exprese ATO
genil). Méfeni jsem provadéla pomoci spektrofluorimetru u pfipravenych kment cat8/Atolp-
GFP a sok2/Atolp-GFP v casech 18, 23 a 48 hodin ve standardnim glycerolovém médiu.
Rozdil v intenzit¢ Atolp-GFP signalu pii mikroskopickém pozorovani kment BY4742 a
sok2/Atolp-GFP nebyl vyrazny, nicméné u Sok2 kmene je vyraznéjsi lokalizace signalu uvnitf
bunky, kdy se patrné jedna o degradaéni produkty ve vakuole (obr. 28B).
Spektrofluorimetrické méteni intenzity fluorescence ukézalo mirny rozdil v intenzité signalu
pii porovnani Sok2/Atolp-GFP kmene s kmenem rodiCovskym (obr. 28A). Intenzita
fluorescence Atolp-GFP proteinu v cat8/Atolp-GFP kmeni je velice slaba (obr. 28B), toto

bylo potvrzeno i pfi méfeni intenzity fluorescence za vyuziti spektrofluorimetru (obr. 28A).

A Relativni intenzita Ato1p-GFP signalu B Ato1p-GFP signal ve kmeni BY4742 a
ve kmeni BY4742 a deleCnich delegnich kmenech sok2 a cat8
kmenech sok2 a cat8
120 | BAto1p-GFP Osok2/Atolp-GFP Atolp-GFP  sok2/Atolp-GFP cat8/Atolp-GFP

Bcat8/Atolp-GFP

[
o
o

[e]
o

Doba snimani
1s

I
o

N
o

Doba snimani
300ms

o

% intenzity fluorescence rodi¢ovského kmene
(e}
o

18 23 48 hod. t=18 hod.

Obr. 28: A) Spektrofluorimetrické méfeni intenzity fluorescence a B) mikrofotografie bun¢k

kment Atolp-GFP , sok2/Atolp-GFP a cat8/Atolp-GFP.

Orientacné jsem rovnéz testovala, co se stane, pienesu-li buiky Atolp-GFP kmene
aerobn¢ kultivované 16 hodin v glycerolovém médiu o poc¢atecni hodnoté pH 5 (tedy bunky s
vyraznou lokalizaci Atolp-GFP proteinu na cytoplazmatické membran¢) do 110 mM roztoku
glukosy. Jako kontrolu jsem pouzila bunky pienesené do vody. Mikrofotografie jsem
pofizovala 30, 120 a 180 minut po pteneseni do vody ¢i roztoku glukosy. Z obrazku je patrné,

ze zatimco u bunék pfenesenych do vody pfetrvava membranova lokalizace Atolp-GFP, u
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bun¢k ptrenesenych do roztoku glukosy dochédzi zejména v Casech 120 a 180 minut po
ptreneseni k relokalizaci do té doby membranové lokalizovaného Atolp-GFP fluorescenéniho

signalu do vakuol (obr. 29).

Pusobeni glukosy na degradaci Ato1p-GFP proteinu

30 minut 120 minut 180 minut

Buriky inokula
(GM, pH5, kultivace
16 hod.)

110 mM
roztok
glukosy

(Doba snimani 1s)
Obr. 29: Mikrofotografie bunék Atolp-GFP kmene u inokula (t=0) a bunék ptenesenych do

roztoku glukosy ¢i vody (t= 30, 120 a 180 minut).
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5.8 Diskuse 3

Charakterizace atol/ato2/ato3 kmene pfinesla dle oc¢ekavani vysledky prokazujici
snizenou miru alkalizace média a sniZenou produkci amoniaku (jak u bun€k obfich kolonii,
tak u bun¢k aerobné kultivovanych v tekutém glycerolovém médiu). Vzhledem ke
skutecnosti, ze rist atol/ato2/ato3 kmene se pii aerobni kultivaci v glycerolovém médiu po
zvySeni pH okolniho média oproti rustu rodicovského kmene zpomaluje, testovala jsem
podrobné i rast atol, ato2, ato3 a atol/ato2/ato3 kment v glycerolovém médiu, jehoz
pocatecni hodnoty pH se pohybovaly v oblasti neutrality a vySe. VSechny uvedené kmeny
rostly pfi mirn¢ alkalickych hodnotach okolniho pH htfe nez kmen rodiCovsky, rtist kment
atol a atol/ato2/ato3 byl nicméné ovlivnén vyraznéji nez rast kment s deleci ATO2 nebo
ATOS gent (produkce amoniaku do prostoru nad hladinou kultury je nicméné ovlivnéna u
vSech téchto kmenil stejné). Alkalické pH navic indukovalo silnou vSech ATO1, ATOZ2 a
ATO3 genil. Dohromady tyto vysledky svéd¢i pro roli Ato proteinli pifi ristu na médiu
s vysokym pH.

V literatufe se vyskytuje n¢kolik zminek o tom, ze exprese ATO1 genu vyznamnou
meérou podléha glukosové represi. Byla prokazana zavislost exprese ATOL1 genu na Cat8p
transkripénim faktoru, jenZ je nezbytny pro derepresi fady genti za podminek oxidativniho
metabolismu (a tedy pro rust kvasinek na nefermentovatelném zdroji uhliku) a jenz neni pfi
ristu na glukose exprimovan (HAURIE, et al., 2001). Zavislost exprese ATO1 na Cat8p
transkripcnim faktoru byla potvrzena pomoci metody ChIP (chromatinové imunoprecipitace)
(TACHIBANA, et al., 2007), jakozto cil Cat8p proteinu autofi identifikovali rovnéz ATO3 gen.
Dle databaze YeTFaSCo (DE BOER a HUGHES, 2012) se vazebny motiv pro Cat8p transkripéni
vazebné motivy se nachazeji i pred ATO2 a ATO3 geny (obr. 30). Nizka produkce Atolp-GFP
proteinu v cat8 kmeni je tedy v souladu s publikovanymi daty. Glukosova represe ATO1 genu
se pak zda byti nadfazena plsobeni alkalického pH, nebot’ pred€asna indukce exprese ATO1

genu v glukosovém médiu o hodnoté pH 7,5 nebyla prokazana.

Na druhou stranu nedochdzelo v zddné z modelovych situaci (kolonie, tekuté médium,
nebo staticka kultivace, pii pocateéni hodnot¢ pH média 5) k méfitelné/pozorovatelné
produkci Ato proteini od zacatku kultivace, a to i pfesto, ze v kultivatnim médiu se

nenachdzela glukosa. Nasledny vzestup pH tak pfispél k vyraznému zesileni exprese ATO
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gent/produkce Ato-GFP proteint. Pfitomnost/nepiitomnost glukosy tedy neni jediny podnét,

ktery expresi téchto gend reguluje.

Vazebné motivy Cat8p transkrip&niho faktoru dle databaze YeTFaSCo

Motiv A Motiv B Motiv C
2.0 20 20
(]
5 1.0 | | A 210 d: s
0.0 == T 0.0d === = — - L
5 3 5 3 5 3

PFitomnost vazebnych motivu v usecich proti sméru transkripce ATO genl

obsahuje motiv A+B+C

| GCCCGTTGATCCGG | ATO1 ]
obsahuje motiv C obsahuje motiv C
| AGCCGG TTCCGG | ATO2 ]
obsahuje motiv B+C obsahuje motiv C
| TGCCGCACCGCCGG CTCCGG | ATO3 ]
-1000 -500 0

Obr. 30: Vazebné motivy transkriptniho faktoru Cat8p dle databaze YeTFaSCo
(http://yetfasco.ccbr.utoronto.ca/ (DE BOER a HUGHES, 2012)) a jejich pfitomnost v usecich

1000 bp proti sméru transkripce ATO gentl.

Vedle mozné funkce exportéru amonnych iontl (PALKOVA, et al., 2002) je Atolp
proteinu pfisuzovana role v transportu acetatu do bunky (PAIVA, et al., 2004). K produkci
Atolp proteinu v médiu s kyselinou octovou jako zdrojem dusiku (kdy je Atolp-GFP protein
lokalizovany na cytoplazmatické membran¢) sice dochazi, nicméné mira produkce je nizsi
nez napiiklad v médiu s glycerolem ¢i kyselinou mléénou. Navic u bun€k pochézejicich
z kolonii BY4742 kmene v alkalické fazi vyvoje, a tudiZ produkujicich velké mnozZstvi Atolp
proteinu (a rovnéz i Ato2p a Ato3p proteint), nedochdzelo ke vstupu acetatu do bunky
mechanismem transportu (Mgr. Markéta RiGicova, PhD., nepublikovanad data). Z tohoto
pohledu se role Atolp proteinu v transportu acetatu zdd byt malo pravdépodobna. Jenlp
protein je dosud jediny identifikovany transportér laktatu (CASAL, et al., 1999), proto de Kok
a kolektiv (DE Kok, et al., 2012) patrali po dal$im mozném transportéru laktatu do bunky.
Pracovali s jenl dele¢nim kmenem (s deleci JEN1 genu) odvozenym od CEN.PK113-7D
rodi¢ovského kmene, ktery dlouhodobé kultivovali v médiu s laktaitem. KdyZz nasledné
charakterizovali klony s obnovenou schopnosti riistu na laktatu jako zdroji uhliku, zjistili, Ze
za Jenlp-nezavisly rust na laktatu by mohly byt zodpovédné vzniklé aminokyselinové zdmény

v sekvenci Atolp proteinu, konkrétn¢ zamény Leu219Val a Ala252Gly (DE Kok, et al.,
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2012). Ve kmeni BY4742 je v kazdém ptipad¢ u Atolp proteinu na pozici 219 leucin a na
pozici 252 alanin (Mgr. Zuzana Moranova, ustni sdéleni). Dale, Kawahata a kolektiv
(KAWAHATA, et al., 2006) pfi hledani genti zahrnutych v odpovédi na piidani kyseliny mlééné
¢1 octové pomoci transkriptomové analyzy nezaznamenali Zddné zmény v expresi ATO1 genu
a u genu ATO3 dochazelo dokonce k represi exprese. Naproti tomu exprese JEN1 genu byla
zvySena. Hodnoty pH okolniho média, z n¢jz byla biomasa pouzitd pro transkriptomovou

analyzu odebirana, byly nicméné velmi nizké (okolo pH 3) (KAWAHATA, et al., 2006).
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5.9 Zjistovani moZnych interakci mezi Ato proteiny

Cil:

Jelikoz delece kazdého jednotliveho ATO genu vede ke snizeni produkce amoniaku (jak u
kolonii, tak pri aerobni kultivaci), bylo cilem této casti prace zjistit, zda jsou Ato proteiny
schopné fyzicky interagovat.Pro zjistovani interakci jsme se v rdamci spoluprdace s pracovni
skupinou prof. Martina Hofa rozhodli vyuzit metodu FLIM-FRET, zaloZenou na monitorovani
zmeén polocasu dohasinani fluorescence (FLIM) fluorescencniho donoru v pripadeé, ze dochazi
k fluorescencnimu resonancnimu prenosu energie (FRET) z fluorescencniho donoru na
akceptor. Pokud dochadzi k resonancnimu prenosu energie mezi fluorescencnim donorem a

akceptorem, polocas dohasinani fluorescence se snizuje.

Pripravené kmeny

Za ucelem zjisténi pripadné interakce mezi dvojicemi Atolp, Ato2p a Ato3p proteint
jsem vytvofila kmeny schopné produkovat rtizné kombinace fuznich Ato-FP proteind, a to
v kombinacich Ato-CFP, Ato-Venus/Ato-CFP (Venus je varianta zlutého fluorescen¢niho
proteinu), Ato-GFP a Ato-GFP/Ato-tdimer2 (tdimer2 je varianta ¢erveného fluorescenéniho
proteinu). Pro vytvofeni konstruktii byly pouzity plazmidy nesouci geny pro fluorescenéni
proteiny kodonové optimalizované pro kvasinkovou buiku. Vytvofena sada kment se Stabilni
genomovou fuzi genti pro rizné FP s ATO geny umoziiovala nékolikandsobnou moznost

kontroly pti méfeni moznych interakci.

Pro méfeni interakci mezi Atolp a Atolp, Ato2p a Ato2p a Ato3p a Ato3p jsem
parovanim Ato-FP rodicovskych kmenii BY4741 a BY4742 vytvorila diploidni kmeny
s kombinaci alel Ato-GFP a Ato-tdimer2.

Jako pozitivni kontrolu jsem zvolila dvojici proteinli Fet3p a Ftrlp, u nichz byla
interakce jiz diive prokéazana, a to pomoci FRET (SINGH, et al., 2006) (konstrukty pfipravil
Ondiej Stépanek). Jako negativni kontrola slouzily kmeny Jenlp-GFP/Atolp-tdimer2 a
Jenlp-GFP/Ato2p- tdimer2. K dals$im kontolnim méfenim jsem vyuzila rovnéz kmen Met17p-

GFP piipraveny Lud’kem Stépankem.

Pouzité plazmidy jsou uvedeny v tabulce 1, primery v tabulce 2, kmeny vytvotené pro

ucely zjistovani moznych interakci mezi Ato proteiny jsou detailné popsany v tabulkach 3A a
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3B v kapitole 4.1, Material. Stru¢ny ptehled zakladni sady kmenti pouzivané pro méfeni je

znazornén na obr.31.

JednodusSe znacené Dvojité znaCené kmeny:
kmeny: Atolp-tdimer2 | Ato2p-tdimer2| Ato3p-tdimer2
Atolp-GFP Atolp-GFP XXX
Ato2p-GFP Ato2p-GFP XXX
Ato3p-GFP Ato3p-GFP XXX
Atolp-Venus Ato2p-Venus
Atolp-CFP Atolp-CFP XXX
Ato2p-CFP Ato2p-CFP XXX
Ato3p-CFP Ato3p-CFP
Jen1p-GFP Atolp-tdimer2 | Ato2p-tdimer2
Metl17p-GFP Jenlp-GFP
Ftrip-tdimer2 | Fet3p-tdimer2
Ftrip-GFP Ftrip-GFP XXX
Fet3p-GFP Fet3p-GFP XXX

Diploidni dvojité znacené kmeny:

Atolp-GFP/Atolp-tdimer2
Ato2p-GFP/Ato2p-tdimer2
Ato3p-GFP/Ato3p-tdimer2

Obr. 31: Stru¢ny piehled kmend pouzitych pro zjistovani interakci membranovych proteint

kvasinek na zakladé monitorovani poloc¢asu dohasinani fluorescence.

Souhrn vysledkii

Zavedla jsem a testovala dva pfistupy pro zjistovani interakci membranovych proteinti
u S.cerevisiae zalozené na monitorovani poloc¢asu dohasinani fluorescence. Prvni piistup je
zaloZzen na sledovani rozdilu poloCasu dohasinani fluorescence fluorescen¢niho donoru na
membrané mezi kontrolni a vybélenou (z hlediska signdlu fluorescenéniho akceptoru)
polovinou bunky (obr. 32). Druhy pfistup je zalozen na variabilité miry exprese proteint
naseho zajmu v populaci bun¢k S.cerevisiae. Pokud monitorujeme u vétsiho mnozstvi bunék
poloc¢as dohasindni fluorescence fluorescenéniho donoru a zaroven intenzitu fluorescence

donoru a akceptoru, mizeme z prabehu kiivky zavislosti polocasu dohasinani fluorescence na
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podilu intenzity akceptoru a donoru vyvodit, zda spolu proteiny naseho zajmu fyzicky
interaguji. Pfi pouziti tohoto pfistupu je nutné pfedem stanovit hodnotu polocasu dohasinani

fluorescence donoru u bunék exprimujicich pouze fluorescencni donor.

Princip pfistupu zaloZeného na sledovani zmény polo¢asu dohasinani
fluorescence donoru mezi kontrolni a vybélenou polovinou bunky

A B C

vybélena polovina

kontrolni # (nevratné zniceni k interakci dochazi
polovina molekul
fluorescencniho
akceptoru) k interakci nedochazi

(pfed vybélenim: t,= 13)

Obr. 32: Princip zjistovani interakci membranovych proteinti S.cerevisiae zalozeny na
sledovani zmény polocasu dohasinani fluorescence (1) fluorescencniho donoru mezi kontrolni
a vybélenou polovinou bunky. Nejprve provedeme méteni polocasu dohasinani fluorescence
na membrané celé zvolené kvasinkové bunky (A). Poté provedeme vybéleni fluorescenéniho
donoru v poloviné zvolené burniky (B) a nasledné¢ zmétime polocas dohasinani fluorescence u

celé kvasinkové bunky. Ziskané hodnoty porovname. (C)

Pouzitelnost obou pfistupii jsem ovétila na dvojicich proteint Fet3p a Ftrlp (pozitivni
kontrola) a Jenlp a Atolp ¢i Jenlp a Ato2p (negativni kontrola) V obou piipadech jsem

ziskala jasny pozitivni, respektive negativni vysledek (obr. 33A a B).

Pomoci vySe popsanych pfistupii jsem dale prokédzala fyzickou interakci Atolp a
Ato2p proteint (obr. 33C) a homodi-/oligomerizaci Atolp proteinu a Ato3p proteinu (obr.
33D) Dochazi tedy k fyzické interakci mezi Atolp a Ato2p proteiny, mezi Atolp a Atolp
proteinem a mezi Ato3p a Ato3p proteinem.
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A Rozdily v polo¢ase dohasinani B Zavislost poloCasu dohasinani fluorescence

fluorescence mezi vybélenou a kontrolni na pomeéru intenzity fluorescence akceptoru a
polovinou buriky u kontrolnich kment donoru u kontrolnich kment
24 M vybélend polovina gy v Jl —8—  Jenlp-GFP/Atolp-tdimer2
! [Jkontrolni polovina 2,4 ;
. * ok ok —1— Jenlp-GFP/Ato2p-tdimer2|
2,34
2,3 Q. L B At AL |
2,24 _ )
Ty ) —e— Fet3p-GFP/Ftrip-tdimer2
=S £ 22
e 21 L Ftrlp-GFP/Fet3p-tdimer2
2,1 forty @
2,0
19 2,0
Q.
& 1,9
«’é\ e 0 o 1 2 3 4 5
& Pomérintenzity fluorescence akceptoru a donoru
C Rozdily v polo¢ase dohasinani fluorescence mezi vybélenou a kontrolni polovinou
bunky u kment s rliznymi kombinacemi fluorescen¢né znacenych Ato proteind
B vybélenapolovina [_] kontrolni polovina || vybélena ] kontrolni
23 23 polovina. T polovina

* % %

2,2
— — 2'1-
%) %)
£ =3
© o
2,0
1,9
1,8+
g
<
Atolp-Ato2p Atolp-Ato3p Ato2p-Ato3p ﬁigig_ ﬁiggg ﬁ:ggg_
INTERAKCE: ANO ne ne ANO ne ANO

Obr. 33: Oveéteni A) pfistupu zaloZzeného na sledovani zmény polocasu dohasinani
fluorescence fluorescencniho donoru mezi kontrolni a vybélenou polovinou bunky a B)
pfistupu zaloZzeného na variabilit€¢ miry exprese proteini naseho zdjmu v populaci bunék u
kontrolnich kmeni. C) Ptiklad vysledkii métfeni ziskanych v pfipad€ sledovani interakci Ato
proteinti. Mira vyznamnosti rozdilu byla hodnocena pomoci jednostranného ttestu, pocet

hvézdicek zna¢i miru vyznamnosti: *, p < 0,05; **, p < 0,01; ***, p < 0,005.
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5.10 Diskuse 4

Byly zavedeny dva nové pfistupy vyuzitelné pro zjistovani interakci membranovych
proteini u S.cerevisiae zaloZzené na monitorovani polofasu dohasinani fluorescence

(STRACHOTOVA, et al., 2012).

Ptistup zalozeny na monitorovani poloCasu dohasinani fluorescence pro zjistovani
proteinovych interakci byl u S.cerevisiae jiz pouzit, a to pii prokazani interakce mezi Siclp
proteinem a B-cykliny, v tomto ptipadé byl nicméné pouzit pouze jeden par fluorescenéniho
donoru a akceptoru - Cerulean (modra varianta fluorescenéniho proteinu) a YFP (SCHREIBER,
et al., 2012). Schreiber a kol (SCHREIBER, et al., 2012) prokazali interakci mezi proteiny
s moznou lokalizaci v cytosolu a jadie. Nami navrhovany pfistup zalozeny na sledovani
zmény polocasu dohasinani fluorescence fluorescencniho donoru mezi kontrolni a vybélenou
polovinou buiky je vhodny pro zjisStovani interakci mezi membranovymi proteiny
S.cerevisiae. Membranové proteiny kvasinek vykazuji v porovnani s membranovymi proteiny
savéich bunék nizkou mobilitu (GANGULY, et al., 2009; VALDEZ-TAUBAS a PELHAM, 2003).
(Nizkou mobilitu membranovych proteinti Atolp, Ato2p, Ato3p a Jenlp jsme rovnéz ovetili
pomoci FRAP (STRACHOTOVA, et al., 2012)) Navrhovany pfistup je proveditelny dostate¢né
rychle, aby pohyb proteinii v membrané neovlivnil vyznamné vysledek experimentu. Méteni
na konkrétni butice navic skyta moznost vnitini kontroly. Proto mtiZe byt tento ptistup vhodny
i naptiklad pro rychlé testovani vétStho mnozstvi kmentd, kdy muize poskytnout zakladni

informaci o interakci v rozumném case.

Druhy pfistup je zaloZen na variabilité miry exprese proteinti naseho zajmu v populaci
bungk S.cerevisiae. K této variabilit¢ dochazi u kvasinkovych kolonii zcela pfirozené (jak je
patrné z konfokalni (VACHOVA, et al., 2009a) ¢i fluorescen¢ni (CAP, et al., 2012) mikroskopie
fezli kvasinkovymi koloniemi), nicmén¢ variabilita je pozorovatelna i pii aerobni kultivaci.
Nehomogenita populace je v tomto piipadé vyhodou - zatimco poloCas dohasinani
fluorescence donoru u bunék s minimalni mirou produkce akceptoru nebude téméf ovlivnén,
bude se u bunék s vyraznou produkci blizit urcité limitni hodnoté, kterd bude nizsi, nez
hodnota polocasu dohasinani fluorescence donoru u bun€k exprimujicich pouze fluorescencni
donor. Zavislost u¢innosti FRET na intenzité fluorescencniho akceptoru byla jiz diive
dokumentovana naptiklad pfti sledovani dynamiky lipidd v MDCK burikach (ZACHARIAS, et

al., 2002), a to opét na paru fluorescen¢niho donoru a akceptoru CFP/YFP.
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Moznost oligomerizace na membrané bunky baly nedavno navrzena (GENTSCH, et
al., 2007) pro Gprlp protein, ortholog Ato proteini kvasinky z Yarrowia lipolytica, jez by
mohl hrat roli v adaptaci Y.lipolytica pro rtst na kyselin¢ octové jako zdroji uhliku
(AUGSTEIN, et al., 2003), poptipadé roli v adaptaci na nové zdroje uhliku (GENTSCH a BARTH,
2005). Roli v oligomerizaci Proteinu Gprlp by mohl hrat YNAYA motiv na C-konci
proteinu, jez se vyskytuje i v C-koncové oblasti Ato proteinti. Data ziskana pfi testovani
senzitivity ke kyseliné octové u kment kodujicich soucasné mutované (bez C-koncové Casti) i
"zdravé" alely ATO1 a ATO2 genu sice homodi-/oligomerizaci Atolp, respektive Ato2p,

nenasvédcovala, autofi nicméné tuto moznost zcela nevylucuji (GENTSCH, et al., 2007).
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5.11 Méreni transportu laktatu v pribéhu vyvoje kvasinkovych kolonii

Cil:

Pro kmen sok2 s deleci SOK2 genu kodujiciho pleiotropni transkripcni faktor Sok2p je
typicka snizena schopnost alkalizace okolniho média a produkce amoniaku, v diisledku cehoz
dochazi ke snizeni zZivotaschopnosti bunék v pozdéjsich stadiich vyvoje kvasinkovych kolonii.
Bylo ukdzdno, ze hladina JEN1 mRNA je u sok2 kmene snizenda (VACHOVA, et al., 2004). Jenlp
Jje pritom jedinym spolehlivé potvrzenym transportnim systémem umoznujicim vstup laktatu do
kvasinkové bunky (CASAL, et al., 1999). Kromé laktatu je Jenlp protein schopen transportovat
do buiiky rovnéz pyruvat, acetat a propiondt. Ve spoluprdci s laboratori prof. Margaridy
Casal (Univerzita Minho, Braga, Portugalsko) jsme se snazili zjistit, zda hraji karboxylové
kyseliny roli v dlouhodobém vyvoji a prezivani kvasinkovych kolonii aneb do jaké miry
ovliviuje delece SOK2 genu schopnost kolonii vyuzivat karboxylové Kyseliny (¢i jejich soli)

Jjako zdroj uhliku.

Testované kmeny

Transportni kinetiku pfijmu laktatu/kyseliny mlé¢né v pribéhu vyvoje kvasinkovych
kolonii jsme méfili u rodi¢ovského kmene BY4742 a dale u deleénich kment sok2 (s deleci
genu SOK2), jenl (s deleci genu JEN1) a sok2/jenl (s deleci geni JEN1 a SOK2). Kmeny
BY4742, sok2 a jenl pochazely z kolekce kmenti Euroscarf, kmen sok2/jenl pripravila S.
Paiva. Dale byly pfipraveny kmeny Jenlp-GFP a sok2/Jenlp-GFP pouzité pro monitorovani
lokalizace Jen1p-GFP proteinu v bufice v pribéhu vyvoje kvasinkovych kolonii. Pfi testovani
ristu obfich kolonii vybranych kment jsem zjistila, ze u kmene jenl je alkalizace média
oproti rodiCovskému kmeni snizena, u sok2 kmene jsem potvrdila snizenou schopnost
alkalizace okolniho média, kmen sok2/jenl se z hlediska alkalizace dle ocekavani choval
stejné jako kmen sok2 (obr. 34A). Bunky jsem odebirala jednak z centralni ¢asti kolonie,
jednak z vnéjsiho okraje kolonie (obr. 34B). Experimentalni schéma je znazornéno na obr.

34C, pro odbér jsem volila vzdy po 2 ¢asech z 1. acidické, alkalické a 2. acidické faze.
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A Alkalizace testovanych kment ve 14. dni B Znazornéni vnéjsSiho okraje a centralni
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Schematické znazornéni odbéri biomasy pro transportni experimenty v priabéhu vyvoje
kvasinkovych kolonii

1

1. acidicka faze 2. acidicka faze

3 6 9 12 15 18 21 24 (den)
l odbér biomasy pro transportni experiment

Obr. 34: A) Porovnani alkalizace testovanych kment v plné rozvinuté alkalické fazi (14. den
vyvoje kvasinkovych kolonii). B) Schematické zndzornéni oblasti kvasinkové kolonie, z nichZ
byla odebirdna biomasa pro nasledné transportni experimenty. C) Schematické znazornéni
¢asovani odbérti biomasy pro transportni experimenty z hlediska faze vyvoje kvasinkovych

kolonii.
Urcovani mechanismu vstupu laktatu do bunky

Pti ziskavani dat slouZicich k urCeni mechanismu vstupu laktitu do buiky jsme
pouzivali nasledujici koncentrace radioaktivné znaceného laktatu: 0,03, 0,1, 0,3, 1,2 a 4 mM.
V prvni fadé jsme u kmene BY4742 za vyuziti statistického programu GraphPad (GraphPAD
software; San Diego, CA, U.S.A)) stanovili hodnotu Michaelisovy konstanty (K.,) pro Jenlp
protein, a to jako 0,29+0,13 mM (vysledek byl stanoven z 5 nezavislych méfeni poté, co byly
buniky kmene BY4742 aerobné kultivovany 4 hodiny v minimalnim médiu s laktatem jako
zdrojem uhliku). U vSech kmenid (BY4742, sok2, jenl a sok2/jenl) jsme nasledné u bungk
Z centralni ¢asti kolonie a vnéjsiho okraje kvasinkové kolonie méfili vstup laktatu do bunky
Vv 6 zvolenych casech. Zaroven byly v kazdém case, pro kazdy kmen a kazdou koncentraci

laktatu méteny slepé vzorky pro stanoveni radioaktivniho pozadi.
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Ziskané hodnoty jsme pouzili pro ureni mechanismu vstupu laktatu do bunky u
kazdého konkrétniho kmene - hodnotili jsme, zda dochazi k prosté difuzi pfes membranu, zda
je laktat do bunky aktivné transportovan ¢i zda se jednd o kombinaci obou mechanismi - a
kinetickych parametrti (difuzniho koeficientu Kq a limitni rychlosti reakce Vmax) pii pevné
dané hodnoté Ky, (pfedem urcené hodnoté 0,29 mM, viz vyse). Zjednodusené lze fici, ze
ktivka vstupu laktatu do bunky sestavala u rodi¢ovského kmene z transportni a difuzni slozky,
u sok2 kmene pouze ze slozky transportni, u jenl kmene pouze ze slozky difuzni a u

sok2/jenl kmene obé slozky chybély (obr. 35).

Schématické znazornéni mechanismu vstupu laktatu do bunék testovanych kmen{

1,50 - Vi [S]
lim-
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Obr. 35: Tvary teoretickych kiivek znazoriujicich mechanismus vstupu laktatu/kyseliny
mlécné do bungk testovanych kmeni BY4742 (transportni + difuzni slozka), sok2 (pouze
transportni slozka), jenl (pouze difuzni slozka) a sok2/jenl (ani transportni, ani difuzni

slozka).
Souhrn vysledkii

Transportni slozku k#ivky vstupu laktatu do bunky Ize charakterizovat parametry K, a
Vmax. Pf1 znalosti Ky, pro transport laktatu do bunky by pak méla Vyax odpovidat aktivité
transportu. Aktivita transportu byla u kmene BY4742 nejvyssi v prvni acidické fazi u bunck
centralni ¢asti a vnéjSiho okraje kolonie (4. den kultivace), nasledné (6. den kultivace) doslo
k mirnému snizeni aktivity transportu. Po vstupu do alkalické faze vyvoje jsem u kmene
BY4742 pozorovala vyrazny rozdil mezi centralni ¢asti a vnéj$im okrajem kolonie - zatimco

Vv centralni ¢asti kolonie aktivita transportu i nadéle klesala, buiiky vnéj$iho okraje vykazovaly
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v prub¢hu alkalické faze vysokou aktivitu transportu (obr. 36A). U sok2 kmene pak dochéazelo
ke kontinualnimu poklesu aktivity transportu v prubéhu vyvoje kvasinkovych kolonii (obr.
36B) a aktivita transportu byla niZz§i nez u rodi¢ovského kmene BY4742 (obr. 36A a B). Toto
zjisténi je v souladu s daty ziskanymi pomoci Western blot analyzy a fluorescencni

mikroskopie (obr. 36C a D).

Limitnirychlostreakce vstupu laktatu do bunék koloniiBY4742 a sok2 kmenu
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Obr. 36: Aktivita transportu laktatu u bunék pochazejicich z vnéjsiho okraje a centra kolonii
A) rodi¢ovského kmene BY4742 a B) sok2 kmene v pribéhu vyvoje kvasinkovych kolonii.
C) Stanoveni mnozstvi Jenlp-GFP pomoci Western blot analyzy a D) mikrofotografie
lokalizace Jenlp-GFP proteinu u bunék pochazejicich z vnéjsiho okraje a centra kolonii

Jenlp-GFP a sok2/Jenlp-GFP kment v pribéhu vyvoje kvasinkovych kolonii.
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Difuzni slozka vstupu laktatu/kyseliny mlééné do bunck byla pfitomna pouze u
BY4742 a jenl kmene. Zejména v alkalické fazi vyvoje navic k difuzi dochazelo v rtizné
mife, pokud jsem porovnala vnéjsi okraj kolonie s centralni ¢asti kolonii téchto kmeni.
Difuzni koeficienty Kq jsou u kmeni BY4742 a jenl srovnatelné, nicméné u jenl kmene, jenz
ma oproti kmeni BY4742 problémy s alkalizaci okolniho média, jsem rozdily v Ky mezi
okrajem kolonie a centralni ¢asti kolonie pozorovala pozd¢ji a diferenciace bunék okraje a
centra kolonie nebyla tak vyrazna. U kmenu s deleci SOK2 genu difuzni ¢ast transportni
kiivky chybéla (obr. 37).

Difuzni sloZzka vstupu laktatu/kyseliny mlééné do bunék
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Obr. 37: Mira difuze (Kq4 v nmol/s/mg susiny) kyseliny mlé¢né u bunék centralni ¢asti (stfedu)
a vngjsiho okraje kolonie u kmentt BY4742, jenl, sok2 a sok2/jenl. Mira vyznamnosti rozdilu
mezi sttedem a vnéj$im okrajem kolonie byla hodnocena pomoci dvoustranného ttestu, pocet

hvézdicek zna¢i miru vyznamnosti: *, p <0,05; **, p <0,01; ***, p <0,005.
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5.12 Diskuse 5

Z porovnani vysledkii méfeni transportnich kinetik u BY4742 a jenl kment lze
jednoznac¢né fici, ze za transportni slozku piijmu laktitu do bunék je zodpovédny Jenlp
protein. Pfitom substraty Jenlp transportéru jsou vedle laktatu také pyruvat, acetat a propionat
(CasAL, et al., 1999), v nedavné dob¢ byla prokazana rovnéz schopnost Jenlp proteinu
transportovat do bunky seleni¢itan (MCDERMOTT, et al., 2010). Transport karboxylovych
kyselin pomoci Jenlp proteinu je realizovian mechanismem symportu s protonem H*, pH
zavislost vstupu selenicitanu do bunky hovofi pro stejny mechanismus i v tomto pitipade¢.
Pfitom nékteré karboxylové kyseliny by jako mozné produkty metabolismu vznikajici
v ranych fazich vyvoje kvasinkovych kolonii mohly hrat roli zivin v pozdéjsich fazich vyvoje
kvasinkovych kolonii (PALKOVA, et al., 2002). Jelikoz kmen s deleci JEN1 genu neni schopen
alkalizace okolniho média ani produkce amoniaku ve stejné mife jako kmen rodi¢ovsky, je
ptitomnost Jenlp proteinu ziejmé dilezita pro spravny prabéh alkalizace. Se vzristajicim pH
klesa frakce protonovanych (a tedy nenabitych) forem karboxylovych kyselin, jez mohou
vstupovat do bunky difuzi (hodnota pKa kyseliny mlééné je 3,86), pfitom pH v okoli kolonii
v alkalické fazi dosahuje hodnot minimalné okolo 6,5 (RICICOVA, et al., 2007), proto se da
pfedpokladat, Ze hlavnim mechanismem vstupu karboxylovych kyselin do bun€k zejména u

kolonii v alkalické fazi vyvoje bude aktivni transport.

Aktivita Jenlp je niz8i u sok2 kmene ve srovnani s kmenem rodi¢ovskym, vysledky
ziskané za vyuziti fluorescen¢ni mikroskopie a stanoveni mnozstvi proteinu pomoci Western
blot analyzy ukazuji na pfitomnost mens$iho mnozstvi Jenlp-GFP proteinu v bunkach
ptislusnych kment. Toto zjiSténi je v souladu s vysledky analyzy transkriptomi BY4742 a
sok2 kment (VACHOVA, et al., 2004), kdy byla zjisténa snizena exprese JEN1 genu u sok2

kmene po vstupu do alkalické faze vyvoje kvasinkovych kolonii (obr. 38).

Aktivita Jenlp proteinu se liSila mezi jednotlivymi castmi kolonie a rovnéz
Vv jednotlivych fazich vyvoje kvasinkovych kolonii. Rozdilnd aktivita Jenlp proteinu
v jednotlivych ¢éastech kolonie - niZ8i v centru a vyssi u bun¢k vnéjSiho okraje kolonie - po
vstupu rodicovského kmene do alkalické faze vyvoje je v souladu s pozorovanou diferenciaci
kvasinkovych kolonii, kdy buiiky v centrdlni ¢asti kolonie vykazuji znaky svéd¢ici o
probihajici programované bunécné smrti (jako je vysoka produkce ROS ¢i vysoky vyskyt
bunék s fragmentovanymi jadry). Naopak na okraji kolonii se tento typ bun¢k v podstaté

nevyskytuje. (VACHOVA a PALKOVA, 2005). U kolonii kmene sok2 se fyziologické dusledky
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absence amoniakové signalizace projevuji nedostateCnou diferenciaci mezi centralni a
okrajovou ¢asti kolonie. Bunky vykazujici apoptotické znaky ¢i bunky mrtvé se pak ve

zvySené mife vyskytuji i na okraji kolonie (VACHOVA a PALKOVA, 2005).
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Obr. 38: Porovnani zmén v expresi n€kterych transportérti v pribéhu vyvoje kvasinkovych
sok2 a rodi¢ovského kmene. Zmény v expresi JEN1 genu jsou oznafeny Cervenou Sipkou.

(Pievzato a upraveno podle (VACHOVA, et al., 2004))

Diferenciace mezi vnéjSim okrajem a centrem kolonie byla pozorovana i pro difuzni
slozku (Kg) u BY4742 kmene. U jenl kmene, jez ma oproti kmeni BY4742 problémy s
alkalizaci okolniho média, dochazelo k odliseni miry difuze mezi okrajem kolonie a centralni

¢asti kolonie pozdéji.

Novym, a o to zajimavéjsim zjisténim bylo, Zze u kment s deleci genu SOK2 dochazi
v porovnani s BY4742 a jenl kmeny K téméf Gplnému vymizeni difuzni slozky kinetiky
ptijmu laktatu/kyseliny mlééné. Jednim moznym vysvétlenim by mohly byt zmény membrany
u sok2 a sok2/jenl kmend. Dalsi alternativou je nepfitomnost ptipadného dal§iho proteinem
kédovaného transportniho systému, ktery by mohl byt regulovan Sok2p transkripcnim

faktorem.
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Dynamika v mife produkce Jenlp-GFP proteinu pozorovand v prubéhu vyvoje
kvasinkovych kolonii je zajimava i z hlediska dostupnych informaci o podminkach exprese
JEN1 genu. Represe exprese JEN1 genu je totiz zavisla téméi vyhradné na zdroji uhliku (mezi
nereprimujici zdroje uhliku patii galaktosa, rafinosa, ethanol, laktat ¢i glycerol) a nemé¢la by
byt ovlivnéna tepelnym ani chladovym Sokem, oxidativnim stresem, poskozenim DNA ¢i
hladovénim na dusik (CHAMBERS, et al., 2004). Membranova lokalizace Jen1p-GFP proteinu
je pfitom na modelu kolonii dobfe patrnd zejména u Jenlp-GFP kmene v 1. acidické a
alkalické fazi vyvoje kolonii (v alkalické fazi pak ve vétsi mife u bunék vnéjSiho okraje
kolonie). Dale je u Jenlp-GFP kmene v alkalické a 2. acidické fazi a u sok2/Jenlp-GFP
kmene po celou dobu sledovani vyvoje kvasinkovych kolonii pozorovatelny silny vakuolarni

signal sv&dcici pro rychly obrat Jen1p-GFP proteinu v bufice a jeho degradaci ve vakuole.

114



5.13 Prostorové usporadani produkce Atolp-FP proteinu v kvasinkové

mikrokolonii

Souhrn vysledkii

U mikrokolonii (kvasinkovych kolonii vzniklych z jediné bunky) kmene Atolp-GFP
v alkalické fazi vyvoje (jichz bylo pii vysevu piiblizn¢ 1000 bunék na misku pevného
glycerolového média dosazena zpravidla 3. den kultivace) byly na pficném fezu patrné dveé
zieteln€ odlisitelné vrstvy, na fezu vedeném kolmo na svislou osu kolonie se tyto vrstvy jevily
jako soustfedné kruznice (obr. 39A). Vnitini masa kolonie nevykazovala signal Atolp-GFP
(obr. 39A a B). Tychz vysledku bylo dosazeno za pouziti kmene Atolp-tdimer2. Atolp-FP

signal byl pfitomen v cytoplazmatické membrané, urcita frakce pak ve vakuolach.

Velice zajimavé bylo pozorovani vzniku soustfednych kruhii spoleénych pro tésné
sousedici mikrokolonie (obr. 39B). To jakym zplsobem se vytvoii systém soustiednych
prstencti bunék produkujicich Atolp-GFP protein zaviselo na tom, v jaké fazi vyvoje doslo ke
srustu tésné sousedicich kolonii. Vznik uspofadanych vzori bunék produkujicich Atolp-GFP
v ramci mikrokolonie je dal§im dikazem synchronizovaného chovani kolonii, jez se nachazi
v tésné blizkosti (podobné jako synchronizace produkce amoniaku (PALKOVA a FORSTOVA,
2000) a exprese nékterych gent (MINARIKOVA, et al., 2001)). Stejnych vysledkt bylo

dosazeno i v ptipadé kmene Atolp-tdimer2.

Svrchni vrstva mikrokolonii (omezena pouze na velice tenkou povrchovou vrstvu
tvofenou jednou ¢i dvéma vrstvami bunck) vykazuje sniZzenou prostupnost napiiklad pro

konkanavalin A. Hraje tak patrné roli jakési ochranné vrstvy.

Data byla ziskdna za pouziti dvoufotonové konfokalni mikroskopie, jez se z tohoto

hlediska jevi jako dobry nastroj pro sledovani detailt struktury kvasinkové kolonie.
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Obr. 39: 3D usporadani bunék produkujicich Ato1p-GFP protein A) na pficném fezu a na fezu
vedeném kolmo na svislou osu kolonie a B) u té€sné sousedicich kolonii. (Pfevzato

z (VACHOVA, et al., 2009a))
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5.14 Publikace |

Architektura vyvijejicich se kvasinkovych kolonii: exprese Atolp exportéru

amonného kationtu v prostoru a case

Libuse Vichova, Oleksandr Chernyavskiy, Dita Strachotova, Paolo Bianchini, Zuzana

Burdikova, Ivana Fercéikova, Lucie Kubinova and Zdena Palkova

Architecture of developing multicellular yeast colony: spatio-temporal expression of

Atolp amonium exporter

Kvasinkové bunky vytvari pfi ristu na pevném podkladu kolonie. Kolonie nejsou jen
beztvarou masou buné€k, ale organizovanymi Utvary, v nichz se buiiky diferencuji a zastavaji
specifické funkce. Piistup vyuzivajici snimani fezti kvasinkovou mikrokolonii pomoci
dvoufotonové konfokalni mikroskopie umoznuje ziskat lepsi prehled o vnitini struktufe
kvasinkové kolonie a diferenciaci bunék in situ. Vyuziti proteinti s moznou roli v diferenciaci
kvasinkové kolonie znacenych GFP pak poskytuje uzitetny nastroj k monitorovani
specifickych bunéénych procesti vV rdmci Casoprostorového vyvoje kolonie. Podobné tomu
muze byt pfi vyuziti pridavku specifickych fluorescencnich barviv, napftiklad
bromkresolového purpuru (ktery neovliviiuje vyvoj kolonii), do kultiva¢niho média, nebo

nasledné dobarveni kolonie napt. konkanavalinem A.

Pomoci dvoufotonové konfokalni mikroskopie kvasinkovych mikrokolonii bylo
zjiSténo, Ze kolonie je na povrchu kryta tenkou vrstvou bunck s ochrannou funkci, jez

zabranuje pruniku Skodlivych latek k buitkdm vnitini masy kolonie.

Na ptikladu prostorového uspofadani bun€k produkujicich/neprodukujicich Atolp-
GFP protein byla demonstrovana pfitomnost rtiznych vrstev bun€k v rdmci kvasinkové
mikrokolonie. Zaroven bylo ukazano, Ze sousedici kolonie koordinuji produkci Atolp-GFP

proteinu.

Ac¢ je velikost kolonie, kterd mlze byt timto zplisobem monitorovana, omezena (na
mikrokolonie o priméru pfiblizné 0,5-2 mm), umoziuje dvoufotonovy konfokalni mikroskop

detailni analyzu kvasinkové kolonie a poskytuje tak fadu informaci o jeji vnitini strukture.
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Summary

Yeasts, when growing on solid surfaces, form orga-
nized multicellular structures, colonies, in which cells
differentiate and thus possess different functions and
undergo dissimilar fate. Understanding the principles
involved in the formation of these structures requires
new approaches that allow the study of individual
cells directly in situ without needing to remove them
from the microbial community. Here we introduced a
new approach to the analysis of whole yeast micro-
colonies either containing specific proteins labelled
by fluorescent proteins or stained with specific dyes,
by two-photon excitation confocal microscopy. It
revealed that the colonies are covered with a thin
protective skin-like surface cell layer which blocks
penetration of harmful compounds. The cells forming
the layer are tightly connected via cell walls, the pres-
ence of which is essential for keeping of protective
layer function. Viewing the colonies from different
angles allowed us to reconstruct a three-dimensional
profile of the cells producing ammonium exporter
Ato1lp within developing microcolonies growing
either as individuals or within a group of microcolo-
nies. We show that neighbouring microcolonies coor-
dinate production of Ato1p-GFP. Ato1p itself appears
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synchronously in cells, which do not originate from
the same ancestor, but occupy specific position
within the colony.

Introduction

Yeast cells developing within multicellular communities
(colonies, biofilms) exhibit various specific features and
properties that are absent in individual cells growing in
liquid cultures. These include cell-cell communication,
long-distance signalling and developmental changes
linked to the stress adaptation and long-term survival of
the population as well as differentiation and the formation
of specialized cell variants (Palkova and Vachova, 2006).
Previously, we showed that yeast colonies growing on
solid medium pass through specific developmental
phases characterized by changes in external pH from
acidic to alkali and vice versa. The transition of colonies
from the acidic to alkali phase is accompanied by the
production of volatile ammonia functioning as the signal-
ling molecule, important for the induction of adaptive
metabolic changes in colonies and their subsequent
development and survival (Palkova etal., 1997; 2002).
Moreover, ammonia signalling and related metabolic
changes appear to be important for the differentiation of
cells within colonies and their different fates (Vachova and
Palkova, 2005; Vachova et al., 2009). Ammonia signalling
is dependent on three putative ammonium exporters Ato,
the production of which is highly induced at the beginning
of ammonia production (Ricicova et al., 2007).

Yeast cells are quite homogeneous when growing
exponentially in liquid cultures and the information
obtained from one or several cells can often be approxi-
mated to the whole culture. In contrast, as indicated
above, different cell variants are formed during the devel-
opment of multicellular yeast structures, each of them
exhibiting specific properties and differing in their fate
according to their position within the structure during a
particular developmental phase. Hence, studies on the
behaviour and fate of cells within organized multicellular
communities during their ageing and long-term develop-
ment require the introduction of new approaches that
allow the investigation of yeast cells directly in situ within
a multicellular structure. These should avoid the necessity



of taking cells out of the structure, which could lead to
artefactual changes in their properties. Moreover, in situ
techniques could allow the possible functional importance
of a particular cell location and orientation within the struc-
ture to be determined.

Here, we describe the new approach enabling the
monitoring of the presence and spatial location of fluores-
cently labelled proteins as well as structures stained with
specific fluorescent dyes within Saccharomyces cerevi-
siae microcolonies by use of two-photon excitation (2PE)
confocal microscopy. The new technique allowed us to
reveal spatial location of cells producing the transmem-
brane protein Ato1p within developing yeast microcolo-
nies. Moreover, we show how the Ato1p production
pattern can be influenced by colony development or by
the presence of neighbouring colonies. In addition, we
show that cells located in surface layer of S. cerevisiae
microcolonies are tightly joined via thick cell wall and form
a thin protective cell layer.

Results

How to look inside a yeast colony using
confocal microscopy

To be able to monitor production and localization of spe-
cific proteins within yeast colonies, two key problems had
to be solved. The first was connected with the rather low
penetration of the laser beam into the colony, due to the
low transparency of yeast cells covered by optically dense
cell wall. This causes a rapid decrease in the detected
signal intensity in deeper cell layers, which becomes the
main limiting factor of the in situ usage of confocal micros-
copy approach. The second concerns the necessity of
preparing samples of yeast colonies (which are less rigid
than the bodies of metazoa) without disrupting or signifi-
cantly influencing the colony structure. This also includes
the factor of the time required to prepare the sample of a
colony containing living cells, the gene expression of
which can change when manipulation is prolonged. For
the experiments described here, we used yeast micro-
colonies (colonies growing from one cell) of the BY-Ato1p-
GFP strain containing the ATO7 gene (encoding the
putative ammonium transporter Ato1p) fused with the
GFP gene in the yeast genome (Ricicova et al., 2007).
This strain exhibits the natural regulation and level of
Ato1p-GFP protein production. Microcolonies were plated
at densities of 10°-10* on GM-bromcresol purple (BKP) or
GM agar and grown for 2—7 days (Fig. S1). The initiation
of Ato1p-GFP production correlates with the first visible
alkalization of the agar medium around colonies. Besides
detecting the pH changes, BKP when present in the plates
allowed us to monitor cell viability during the experiments.
This dye efficiently penetrates cells that exhibit an
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increased permeability of their plasma membrane. Thus
cells which were already dead before the experiment or
those, which were damaged by the laser beam during
image acquisition turned red via BKP fluorescence
(Fig. S2).

The experimental set-up for image acquisition is shown
in Fig. S3 and described in a detail in the Experimental
procedures. The microscopic images were acquired using
one-photon excitation (1PE) or 2PE; the latter enables the
fluorescence signal to be detected from greater depths in
thick specimens (Svoboda etal, 1997; Vroom et al.,
1999). The brief initial screen performed on yeast biomass
taken from alkali-phase colonies producing GFP-labelled
Ato1p protein revealed that in contrast to 1PE confocal
microscopy, which only allowed us to observe the outer-
most surface cell layer of the yeast, the 2PE approach
enabled us to also obtain a fluorescent signal from several
internal layers without damaging the cells (data not
shown). In all experiments described in this paper, we
therefore focused exclusively on the 2PE confocal micros-
copy approach. All observations were performed with a
Leica TCS SP2 AOBS confocal laser scanning micro-
scope equipped with Ti:Sapphire Chameleon Ultra laser
as described in Experimental procedures. We applied
objectives with various magnifications, depending on
the required resolution. The excitation wavelengths and
detection wavelength ranges were determined after opti-
mization using lambda scans to get as strong a fluores-
cence signal as possible. We acquired either images of
individual optical sections or a series of optical sections
(z-series), usually 2.5-3.5 um apart (details in Experimen-
tal procedures).

The optimized approach for the preparation of samples
of yeast colonies is depicted in Fig. 1. We used BY-Ato1p-
GFP microcolonies of average diameter 0.5-2 mm just
entering the alkali phase and prepared the samples,
which allowed either the view from the top (Fig. 1A and
Fig. S4) or from the bottom of the colony (Fig. 1B and
Fig. S5) (details in Experimental procedures). We sup-
posed that these two approaches would allow us to
analyse the deeper layers of the yeast colony either from
the top (top-view) or from the bottom (bottom-view).
However, surprisingly, the top and bottom confocal
microscopy scanning gave a completely different picture.
While the top-view allowed us to detect Ato1p-GFP fluo-
rescence as a layer of only 14 = 3 um over the whole
colony surface (Fig. 1A and Fig. S4), the bottom view
enabled the presence of the Ato1p-GFP protein to be
monitored in a layer as deep as 50 um into the colony, i.e.
at a depth which corresponds to about 10-20 layers of
yeast cells. Thus, the top-view scanning enabled us to
reconstruct the whole colony upper surface, marked by
Ato1p-GFP, but it did not tell us anything about the Ato1p-
GFP in inner regions. On the other hand, the bottom-view
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Fig. 1. A. Top-, B. bottom- and C. side-view of Ato1p-GFP microcolonies (3 days old) and experimental set-up. FL, average thickness of the
fluorescent layer of cells producing Ato1p-GFP protein, calculated from at least 20 independent colonies. Colonies visualized using 20x

objective.

revealed that Ato1p-GFP is present in a distinct layer,
which stretches from the surface to colony interior, reach-
ing a depth of about 75 = 7 um (Fig. 1B and Fig. S5).
Scanning the colony in the Z-direction revealed that this
layer is still present in stacks up to 50 um from the bottom.
To complete the view of the colony and to prove that the
bottom-view of Ato1p-GFP profile reflects reality, we pre-
pared a sample of the vertical section of the microcolony
by cutting it down the middle (Fig. 1C). This sample
scanned with 2PE revealed a side-view of the micro-
colony. The result clearly confirmed that Ato1p-GFP local-
izes to an approximately 53 = 4 um thick surface layer
over the whole colony, i.e. the bottom-view showed the
correct Ato1p-GFP pattern, while the top-view approach
did not allow the laser beam to penetrate into internal cell
layers.

To check whether the difference between the top-
and bottom-view could be caused by the presence of
the agarose layer between the cover glass and the
colony surface in the case of the top-view samples
(Fig. 1A), we prepared an altered bottom-view colony
sample with an additional agarose layer placed between
the colony bottom and the objective (Fig. S6). The
resulting Ato1p-GFP pattern was the same as without

the agarose layer, indicating that observed difference
between the top- and bottom-view was not simply
caused by the difference in the method of sample prepa-
ration. On the other hand, it suggests that the upper
surface cell layer of the colony is less transparent to the
laser beam than the cell layer located at the bottom of
the colony (see below).

The absence of the Ato1p-GFP fluorescence in internal
colony layers is not caused by a defect in GFP maturation
(e.g. due to decreased oxygen level) as microcolonies
formed by strains containing other proteins tagged with
GFP (e.g. Arg1p-GFP) exhibited uniform GFP fluores-
cence within the whole colony (data not shown).

Ato1p-GFP production profile in a solitary microcolony

Using the optimized protocol, we surveyed the Ato1p-
GFP profile in microcolonies in more detail with the aim
to reconstruct the fluorescent protein production pattern
within the whole microcolony. In most the cases, we
used the bottom- (Fig. 1B) and side-view (Fig. 1C) of
BY-Ato1p-GFP microcolonies of various ages and
plating densities.
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The bottom- and side-view revealed that the Ato1p-
GFP protein starts to appear synchronously in cells
located in a distinct layer (53 = 4 um) on the surface of
the whole colony (3 days old, plating density 10%) and the
fluorescence intensity of the protein in this layer sharply
increases, while there is no detectable Ato1p-GFP in
inner colony regions (Fig. 2B). Colonies in the fully
alkaline-phase (4 days old) already exhibit two distinct
Ato1p-GFP fluorescent cell layers, which form concentric
rings visible in the bottom-view expanding from the
colony surface to the colony centre (Fig. 2). These are
separated by the thin layer of cells of less intense Ato1p-
GFP fluorescence (Fig. 2B and C). As colonies age, cell
layers located in more interior areas also begin to exhibit
Ato1p-GFP fluorescence (usually separated from the
surface by a less-fluorescent cell layer). In addition, there
is a layer of fluorescent cells at the very bottom of the
colony, which is very thin (7 = 1.7 um) in young colonies
and becomes thicker (19 = 7 um) as colonies age, par-
ticularly at colony margin regions (Fig. 2A). As the very
bottom cell layer(s) can be smeared during the prepara-
tion of bottom-view samples, the bottom-view revealed
thicker and structured layers particularly in older colonies,
but the vertical sections were crucial for the detection of

© 2009 Society for Applied Microbiology and Blackwell Publishing Ltd,
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Fig. 2. Spatio-temporal changes in
Ato1p-GFP layer and its pattern in 4-day-old
microcolony.

A and B. Changes in depth of Ato1p-GFP
layer during microcolony development. From
the left: 3-, 4- and 6.5-day-old colonies. (A)
Side-view and (B) bottom-view (objective
20x).

C. Reconstruction of Ato1p-GFP pattern in
4-day-old microcolony on the basis of bottom-
and side-view pictures. Colonies visualized
using 20x (upper) and 10x (bottom) objective.
Thicknesses of particular fluorescent cell
layers were calculated as average of at least
30 colonies.

6.5 days

150 um
S——

5344 um
612 um
24+4 pm

the initial thin fluorescent layer at the bottom of young
colonies. The model of the 3-D pattern of Ato1p-GFP
fluorescence within a 4-day-old microcolony is depicted in
Fig. 2C. The dimensions of individual colony areas were
calculated as an average of at least 30 colonies of the
same age and size range (650—-1000 um in diameter).
This model also explains the difference in thickness of
Ato1-GFP layer measured at bottom- and side-view in the
Fig. 1B and C.

The optimized protocol allows quick sample prepara-
tion and microscope observation (few minutes) which is
of great importance as shown in Fig. 3. Forty to sixty
minutes after the sample preparation, a new thin very
brightly fluorescent cell layer begins to appear on the
surface of the BY-Ato1p-GFP colony. The thickness of
this layer corresponds to about two cells, but it can
expand up to about 10 cells during next 60 min. In this
layer, strong Ato1p-GFP fluorescence appears on the
cell membrane, as it was visible with higher magnifica-
tion (Fig. 3E). This layer appears more quickly in colo-
nies coming from the alkali developmental phase at the
time of high ammonia production. The ammonia accu-
mulating in the covering agarose layer can affect
the resulting picture in two ways. First, the pH sensitive
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A

fluorescence of GFP would increase spontaneously at
higher pH, elicited by ammonia alkalizing the agarose
in tight proximity to the colony surface. Alternatively,
ammonia can induce additional Ato1p-GFP production in
cells as shown previously (Ricicova et al., 2007). In both
cases, prolonged treatment would lead to the intensifi-
cation and expansion of the artificial bright fluorescent
layer towards the colony centre (compare Fig. 3A and C
with Fig. 3B and D, respectively).

Ato1p protein production in a group of microcolonies

Besides monitoring Ato1p-GFP in solitary colonies, new
approach allowed us to analyse the presence of the fluo-
rescent protein in two or more colonies growing in close
proximity. The top-view scanning together with spatial
reconstruction allows to obtain information whether and
where the two adjacent colonies are attached (Fig. 4A),
but as suspected, it does not say anything about their
internal Ato1p localization. On the other hand, the
bottom-view (Fig. 4B-D) supplemented with the side-
view (Fig. 4E) revealed that even colonies within a rela-
tively large group, which are tightly attached, maintain
their individual Ato1p-GFP pattern to some extent. As
shown in Fig. 4C and D, this depends on the distance
between the individual colonies. In contrast to the more

Fig. 3. Increase in GFP fluorescence in
peripheral layer of microcolonies after
prolonged microscopy. (A and B) Bottom- and
(C and D) side-view of microcolony 1 h (A and
C) and 2 h (B and D) after sample preparation
(20x objective).

E. Detail of cells in this layer (marked by
green bar, 63x objective). Microcolonies were
3 days (A), 4 days (C, D, E) or 7 days (B) old.
White bar, 100 um; red bar, 10 um.

distant ones, which only join their outermost surface cell
layers, the more proximal ones share both surface con-
centric rings.

Ato1p-GFP cellular localization

Ato1p is a plasma membrane protein which, when
unneeded, is gradually degraded in the vacuole. The GFP
itself, having the B-barrel chromophore structure, is (in
contrast to Ato1p itself) rather resistant to proteolytic deg-
radation. It can thus persist in the vacuole even after
hydrolysis of the covalently attached Ato1p, visible therein
as a bright green fluorescent signal. When analysing
the Ato1p-GFP pattern (see above), a 20x magnification
objective was usually used, which is not sufficient to dis-
tinguish fluorescent protein localization within the cells.
Therefore, we also set up confocal microscopy conditions,
which allowed us to analyse cells in deeper layers in more
detail using the 63x magnification water objective and
2PE imaging in non-descanned (ND) mode (see Experi-
mental procedures). This set-up allowed us to clearly dis-
tinguish cell membrane and vacuolar GFP fluorescence
localization in both bottom-view (Fig.5) and side-view
(Fig. S7) samples at a depth of up to approximately 15 um
from the sample surface. This analysis revealed that when
present, Ato1p localizes to the plasma membrane, but a
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Fig. 4. Structure of Ato1p-GFP layers in various microcolony
groups.

A. Orthogonal views of colonies showing sections in xy, xz, and yz
directions with their positions within the stack given by the red
crosses. Left panel shows that two adjacent colonies are joined at
their base, right panel shows that the top parts of the same
colonies are separated. Objective 20x.

B. Overview of 4-day-old group of colonies, objective 10x.

C and D. Differences in pattern of Ato1p-GFP according to
microcolony distance; (C, composed picture of three microscopic
images); 4-day-old microcolonies. Objective 20x. Bar, 150 um.

E. Side-view of two 6-day-old adjacent colonies. Objective 20x.
Bar, 150 um.

portion of this protein is also directed to the vacuole for
degradation.

Other fluorescent proteins can be used

To prove that the observed pattern of Ato1p presence is
not influenced by the GFP-tag, we repeated the experi-
ments with microcolonies formed by a newly prepared
strain Ato1p-DsRed containing Ato1p fused with tdimer2
(Sheff and Thorn, 2004) containing two copies of the red
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fluorescent protein DsRed (i.e. with a protein exhibiting a
quite different sequence and properties). The localization
pattern of Ato1p-DsRed was mostly the same as that of
Ato1p-GFP, thus confirming the Ato1p-GFP profile, the
model of which is depicted in Fig. 2C. The only observed
difference concerns the fluorescence of the very bottom
colony cell layer in older BY-Ato1p-DsRed colonies
(Fig. S8). This Ato1p-DsRed bottom layer was thinner
than the Ato1p-GFP layer, particularly in central colony
areas. This difference may be caused by the fact that in
general the DsRed protein matures more slowly than
GFP. In contrast to the bright GFP fluorescence at
surface cells that appears 40-60 min after the sample
preparation, no such a fluorescence was observed with
the more slowly maturing DsRed protein. Thus, DsRed
could exhibit a more stabile production pattern,
which, however, is delayed after the particular protein
synthesis.

Microcolony surface is composed of cells tightly
attached via cell wall proteins

The finding of low transparency of the microcolony to the
laser beam (Fig. 1A) suggested a presence of a surface
cell layer differing in properties from the internal cells. A
brief look at Ato1p-GFP containing cells (Fig. 6C) and
at the vertical samples of BY4742 colonies stained
with selected dyes (4’,6-diamidino-2-phenylindole: DAPI,
MDY-64) (data not shown) did not reveal any visible dif-
ference in morphology of cells located just on the very
surface and those located in deeper layers. The surface
layer did not show any accumulation of cells with dis-
rupted nuclei (dying cells) or highly vacuolated cells (data
not shown) as described previously for yeast stalks
(Scherz etal., 2001). On the other hand, staining of
colony from the top clearly showed that some dyes [e.qg.
Concanavalin A — Alexa Fluor 488 (ConA-AF), see below]
were not able to penetrate inside the colony, staining thus
only the surface cell layer (Fig. 6A).

In search for the root of the surface barrier, we asked
the question, whether yeast cell wall (composed mainly of
polysaccharides, i.e. glucans and mannans with minor
percentage of chitin, and diverse proteins) could influence
specific properties of the colony surface. First, we
stained colonies with Concanavalin A (the lectin binding
to branched o-mannans within S. cerevisiae cell wall)
(Tkacz etal.,, 1971), conjugated with Alexa Fluor 488
(ConA-AF). ConA-AF was applied either to the intact
microcolony from the top (top-staining) or to the cutting
surface of the vertical microcolony section (side-staining).
Then we observed vertical microcolony samples from the
side (Fig. 6A and B) and checked the spatial arrangement
of stained cells within the colony. The top-staining showed
that only cells located in the very surface layer were
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stained and they were tightly attached via brightly fluores-
cent cell walls (Fig. 6A and C). The side-staining proved
that the cell wall of internal cells is also stainable by
ConA-AF, although lower fluorescence intensity was
detected in bottom-central colony regions (Fig. 6B).
Partial digestion of the cell wall polysaccharides by
enzymes glusulase and chitinase applied to the top of
the colony simultaneously with ConA-AF significantly
increased the penetrability of this dye to deeper colony
layers (Fig. 6C). As expected, the fluorescent signal of
ConA-AF partially decreased because ConA-AF was
bound only to residual cell wall material after its partial

Fig. 5. Details of Ato1p-GFP localization in
cells located at different places in fluorescent
layer of 3-day-old Ato1p-GFP colonies. Upper
section, the coloured squares (A-F) mark the
position of colony areas shown in detail in
lower section (colour of square and lettering
match respective detailed image), visualized
using 63x objective. Inset, global bottom-view
of a colony (objective 10x).

6 um

digestion with the enzymes. Moreover, a noticeable
ConA-AF penetration was observed after proteinase K
treatment (Fig. 6C), which does not affect ConA-AF
binding to the cell wall.

To investigate whether the surface cell layer indeed
protects the colony against harmful compounds, we
applied 50% ethanol either from the top to the unimpaired
microcolony surface or to the cutting surface of the verti-
cal microcolony section. We checked the efficiency of the
ethanol treatment by monitoring of ConA-AF penetration
to deeper layers and the cell membrane integrity using
BKP. Figure 6D (left) and E show that the surface cell
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ConA-AF
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Fig. 6. Cells on the microcolony surface are tightly attached by their cell wall and form protective cell layer.

A. Top-staining of the intact microcolonies by ConA-AF. Upper section, scheme of the staining; bottom, side-view on top-stained microcolony.
B. Side-staining of the vertical colony sample. Upper left, scheme of the staining; bottom, side-view of side-stained microcolony; right, detailed
view of the upper part of the colony showing that cell wall of internal cell layers is stainable by ConA-AF.

C. Side-view of Ato1p-GFP colonies (very left) and of ConA-AF top-stained colonies (scheme of the staining in A) untreated or treated with
different enzymes as indicated.

D. Effect of 50% ethanol applied from the top to intact microcolony (left) or to the cutting surface of the vertical microcolony sample (right).
Ethanol application and ConA-AF staining were performed as indicated in A and B respectively. Left, image from green (ConA-AF) channel.
Right, merged image from green (ConA-AF) and red (BKP) channels.

E. Left, detailed view of the surface cell layer after simultaneous ethanol application and ConA-AF staining (both from the top on the intact
microcolony), shown in green channel. Middle, membrane permeabilization by ethanol, demonstrated by BKP staining, in red channel. Right,
merged image from green and red channels. Objective 20x (A, B-left). Objective 63x (B-right, C-E).

layer protected the cells inside the intact microcolony from branes of cells in the surface layer, which became perme-
almost complete cell disruption by ethanol, which was able for BKP (Fig. 6E) and partially increased the
clearly seen after the treatment of unprotected vertical ConA-AF penetrability. In contrast, unprotected cells were
section (Fig. 6D, right). Ethanol applied from above so damaged that they were not even stainable by BKP
caused nothing more than partial impairment of mem- (Fig. 6D, right).
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Discussion

The development of multicellular microbial structures is
accompanied by cell differentiation and specialization,
which can be important for the long-term survival of the
whole microbial community (Palkova and Vachova, 2006).
Here, we show a new approach that allows the monitoring
of changes in cells (e.g. presence of a specific protein or
other characteristics) located in particular areas within a
developing yeast microcolony when passing through par-
ticular phases. Proteins tagged with a fluorescent protein
forming an intrinsic fluorescent probe produced by the cells
themselves under natural conditions and in a natural posi-
tion within the multicellular structure (Fig. 2), as well as
fluorescent dyes, which can be present in the agar plates
and which do not influence proper colony development
(Fig. S2), are especially suitable for this purpose. The
additional staining with other fluorescent dyes specific for
particular cellular structures is also feasible (Fig. 6).

One of the advantages of the new approach is the
speed of the colony sample preparation and microscopy
analysis, which makes it possible to prevent artefacts
connected with artificial gene expression, which could
appear during prolonged manipulations as shown in
Fig. 3 for Ato1p-GFP production. It also preserves cells in
colonies in very good shape (as controlled by parallel
monitoring of BKP). Combining the bottom and vertical
section side-view makes it possible to obtain a complete
picture of the spatial arrangement of particular protein
(e.g. Ato1p-GFP) within the microcolony at any point in
its development. Moreover, the 2PE microscopy entering
deeper layers allows avoiding possible problems caused
by damage to the surface cell layer during manipulation
of the colony sample, which could occur for example
when vertical sections are prepared. The fact that not
only solitary colonies, but also groups of colonies of
different plating densities can be analysed provides a
unique opportunity to monitor the relationships and pos-
sible consequences of interactions and communications
between the individual colonies during their develop-
ment. On the other hand, the main limit is the size of
colonies, which can be analysed, because of the limits in
terms of the penetration of the laser beam and the
working distance (WD) of the objective. Thus, only small
(0.5-2 mm diameter) microcolonies (Fig. S1) can be
studied by this approach. Another technical limitation is
linked to the fact that the depth of laser beam penetration
is lower for objectives with a higher magnification and
numerical aperture (NA), yielding higher resolution, than
for those with a lower NA. Thus, while we can quite
easily obtain information from a depth of 50 um with a
20x objective (NA =0.7), a depth of about 15 um is lim-
iting for the analysis of individual cells with a magnifica-
tion of 63x using a water immersion planapochromat

objective with high NA (1.2) to provide sufficiently high
resolution.

As shown before for giant colonies (Ricicova et al.,
2007), Ato1p-GFP production is initiated when the colony
switches to the alkali developmental phase. Here, we
demonstrate that Ato1p-GFP production starts synchro-
nously in cells located in the outermost surface layer over
the whole microcolony, being thus regulated according to
the exact position of cells within the colony. This layer
exhibits a uniform thickness over the whole colony
surface and is independent of the diameter of the colony
over a relatively wide range of at least 650—1000 pum.
During later colony development, new fluorescent layer(s)
are visible under the first layer, i.e. in areas more distant
from the surface, again synchronously over the whole
colony. These new layers are separated from the first by
thin layers (of 8-20 um) of less fluorescent cells. Thus,
when looking from the bird view, the margin of colony
entering the alkali phase is composed mostly of Ato1p-
GFP producing cells, while Ato1p-GFP surface layer
forms only about 1/2 of the whole deepness of the colony
central region. This agrees with observed higher level of
Ato1p-GFP protein in cells picked up from the outer
colony areas as compared with those of central regions as
well as with higher capability of outer cells to produce
ammonium (Vachova et al., 2009).

The localization of Ato1p-GFP in a group of microcolo-
nies resembles that in a solitary one. Even those micro-
colonies, which are quite tightly joined, still keep to some
extent Ato1p-GFP fluorescence as concentric ring(s) (e.g.
Fig. 4C and D, bottom). Only those colonies, which par-
tially unified before the alkali phase started, did not share
any fluorescent protein at their junction. Hence, the fluo-
rescence pattern visible from the bottom view reflects
the timing of physical interaction between neighbouring
microcolonies. Moreover, synchronous appearance of
new concentric rings in colonies growing in a group rep-
resents another support for hypothesis of synchronized
behaviour of individual colonies at respective territory
(Palkova and Forstova, 2000).

The surface cell layer of microcolonies exhibiting low
transparency in terms of penetration of the laser beam
and low penetrability for different dyes (e.g. ConA-AF)
appears to fulfil a skin-like function protecting the colony
against environmental impacts. This hypothesis is sup-
ported by the finding that high concentration of ethanol
applied to the cutting surface of a vertical colony sample
damages most of the cells, while ethanol of the same
concentration when applied on the intact microcolony
surface, attacks only membranes of skin cells and cannot
damage cells inside the colony. The presence of a layer of
thick-walled dead cells was previously detected on the
surface of a yeast stalk by transmission electron micros-
copy (Scherz et al., 2001). In contrast to this layer, surface
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skin-like layer covering yeast microcolonies is thinner
(one to two cell layers) and composed of thick-walled
cells, which, however, do not exhibit dying features.
According to the observed cell morphology, the thick-
walled cells in the cover layer are alive and tightly stuck
one to each other forming leak—proof barrier. The finding
that ConA-AF penetrates deeper into the colony structure
after partial hydrolysis of the cell wall polysaccharides or
proteins (Fig. 6C) suggests that the cell wall composition
can be responsible for the surface layer properties. Even
proteolytic treatment (non-disrupting the cell wall polysac-
charides) is sufficient to release attached cells and break
down the barrier. This implies an important role of cell-
surface proteins in cell-cell attachment and the layer
formation.

The finding that 2PE confocal microscopy provides
much more information on colony structure when
observing it either from the bottom or from the side into
the structure also indicates an interesting possibility of
using similar method for investigation of other microbial
multicellular communities including natural biofilms. So
our new approaches could also contribute to new
insights on these structures and to the reconstruction of
spatio-temporal changes in the presence of particular
proteins connected with cell differentiation as well as
other changes, which can reveal specificities of cells
located at particular positions within microbial multicellu-
lar structures.

Experimental procedures
Strains and media

BY-Ato1-GFP (Ricicova etal., 2007) and BY-Ato1-DsRed
(this article) are derived from the S. cerevisiae BY4742 strain
(MATa, his3A1, leu2A0, lys2A0, ura3A0) obtained from the
EUROSCAREF collection. Cells were plated on GM (1% yeast
extract, 3% glycerol, 2% agar, 30 mM CaCl,) or GM-BKP
agar (GM, 0.01% BKP), in densities of 10°~10* per plate and
microcolonies were grown at 28°C for 2—7 days. SD medium
(2% glucose, 100 mM KH.PO,, 15 mM (NH,).SO,, 0.8 mM
MgSO., 0.15% Wickerham’s yeast nitrogen base supple-
mented with 150 mg I”" of histidine, leucine, lysine) was used
for selection of the transformants.

Construction of BY-Ato1-DsRed strain

DsRed fluorescent tag was fused (Wach, 1996) to the C
terminus of the ATO1 gene directly in the chromosome. In this
construct, we used tdimer2(12) DsRed variant containing
tandem dimer of DsRed joined with the linker of 12 amino
acids (Sheff and Thorn, 2004). A tdimer2(12)-CaURA3 (Sheff
and Thorn, 2004) cassette was provided with its 5’-end
homologous to the end of the ATO7 gene (without a stop
codon) and 3-end homologous to the downstream region of
the ATOT gene. For amplification of the construct, we used
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A1D and A1R primers and the pFA6a-link-tdimer2(12)-
CaURAS3 plasmid as a template. The constructed cassette
was transformed (Gietz et al., 1995) into BY4742 cells and
positive transformants were selected on SD agar medium.
Correct integrations of the cassette were verified by PCR
using the G1 and GR primers. Primers used: A1D (5'-
tatgtactggctcgtccattcccattaccatctactgaaagggtaatctttggtgacgg
tgctggttta-3’), A1R (5’-aaaactactcttttttatttcaatagttctcgttattag
taggtcgtgctctcgatgaattcgageteg-3’), GR (5’-tccagtaattcettgg
tggt-3’), G1 (5’-atgtgagcaagccaaacaag-3’).

Microscopic sample preparation

Colonies were embedded in low-gelling agarose (Sigma-
Aldrich) directly on the plates. After gelling, a piece of agar
with agarose-embedded colonies (an area of approximately
10 x 10 mm) was cut out. For the bottom-view, the agarose
layer was about 2-3 mm and embedded colonies were gently
cut out of the agar and carefully transferred to the cover glass
(colony bottom to the glass) as shown in Fig. 1B. The same
procedure was used for the side-view, only the embedded
colonies were cut vertically down the middle (Fig. 1C). For
the top-view sample, the agarose layer was only 1 mm thick
and the colonies still sitting on the agar were placed upside-
down on the coverslip (Fig. 1A). All samples on the coverslip
were covered with a thick agarose layer to prevent them from
drying during the microscopic image acquisition.

Staining and treatment of the samples

For the top staining, intact microcolonies on the plates were
embedded in low-gelling agarose containing ConA-Alexa
Fluor 488 (30 ug ml™') and, if appropriate, containing particu-
lar enzyme (i.e. 2.5% glusulase from Helix pomatia, Perkin
Elmer; 0.05 mgml" chitinase from Trichoderma viridae,
Sigma; 20 mAU ml™" proteinase K, Qiagen) and incubated
60 min at 28°C. Alternatively, agarose in 50% ethanol was
used. Side-view samples were prepared as described above
and observed under the 2PE microscope. For the side-
staining, side-view samples were prepared and placed on
thin agarose layer containing ConA-Alexa Fluor 488, and, if
appropriate 50% ethanol on the coverslip. Alternatively, DAPI
(10 ug mI™" in 50% ethanol) for DNA staining, or MDY-64
(20 uM) for vacuole staining were present in thin agarose
layer. Samples were incubated 15-30 min and observed
under the 2PE microscope.

Image acquisition

A Leica TCS SP2 AOBS confocal laser scanning micro-
scope based on a Leica DM IRE2 inverted microscope
and equipped with an argon laser (458 nm/5 mW, 476 nm/
5mW, 488 nm/20 mW, 514 nm/20 mW) as well as green
(543 nm/1.2 mW) and red (633 nm/10 mW) HeNe lasers was
used for initial 1PE experiments. For 2PE excitation, we used
a mode-locked Ti:Sapphire Chameleon Ultra laser (Coherent
Inc., Santa Clara, CA, USA), tunable from 690 nm to
1040 nm, coupled to the microscope. For the acquisition of
relatively large colonies, an HC PL FLUOTAR 5x dry objec-
tive with a WD of 12.2 mm and an NA of 0.15 or an HC PL
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APO CS 10x dry planapochromat objective (WD = 2.2 mm,
NA =0.40) were used. In most cases we used an HC
PL APO CS 20x water immersion planapochromat objective
(WD =250 um, NA = 0.7), often yielding sufficient resolution
while offering a relatively large field of view. For imaging cell
details we used an HCX PL APO CS 63x water immersion
planapochromat objective (WD =220 um, NA = 1.2).

The experimental set-up for image acquisition is shown in
Fig. S3. For the acquisition of a GFP fluorescence signal
using 1PE, a wavelength of 488 nm was used for excitation
and wavelength range from 500 nm to 540 nm for detection.
The two-photon fluorescence signal was usually collected in
descanned (D) mode, i.e. via internal detectors placed inside
the scanning head (see Fig. S3). For the acquisition of GFP
and ConA-Alexa Fluor 488 we used a wavelength of 900 nm
for excitation and wavelength range for detection from 470 to
540 nm and 510 to 555 nm respectively. BKP was simulta-
neously detected in a second channel, with detection wave-
lengths ranging from 640 nm to 700 nm. For the acquisition of
DsRed we used an excitation wavelength of 960 nm and
detection wavelength range from 570 to 695 nm. In some
cases, when the GFP signal was too weak for proper detec-
tion in D mode, we applied 2PE in ND mode, using an
external detector. In this way we could get an improved
signal-to-noise ratio in the acquired images. In ND configu-
ration, the external detector (PMT4 in Fig. S3) was placed
behind a 700 nm short pass filter (F1) to remove reflected
light of wavelengths over 700 nm, preventing detector
damage by reflected high power IR light, followed by a
525 nm band pass filter (F2) with a bandwidth of 50 nm. The
same excitation wavelength was used as in D mode, i.e.
900 nm. This setting improved detection of the GFP signal;
however, we found that the ND configuration using a narrow
red bandpass filter was not optimal for the detection of BKP,
therefore the BKP signal was acquired in D mode, using a
wide detection range from 600 to 750 nm.

Using the above microscope settings, we acquired either
images of individual optical sections in different layers of
colonies, or 20-50 um thick stacks of a series of optical
sections (z-series), usually 2.5-3.5 um apart. For noise
reduction, we applied line or frame averaging during the
acquisition of images. To compensate for light attenuation
with depth, which is common in confocal and 2PE microscopy
(Capek et al., 2006) and which we often encountered during
the acquisition of the z-series of colonies, we usually used the
Intensity Compensation feature of Leica Confocal Software,
Version 2.61 (Leica Microsystems Heidelberg GmbH) in
‘Linear by Gain’ mode.
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Supporting information

Additional Supporting Information may be found in the online
version of this article:

Fig. S1. Four-day-old microcolonies of BY-Ato1-GFP strain
on GM agar. Cell density 10°-10* cells per plate.
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Fig. S2. GFP and BKP co-staining. Parallel detection of
BKP-stained cells allows cell dying to be monitored during
image acquisition.

Fig. S3. Schematic view of the experimental set-up. Leica
TCS SP2 AOBS Confocal laser scanning microscope
coupled with Chameleon Ultra IR pulsed laser for two-
photon excitation. For imaging the GFP fluorescence signal
by 1PE excitation, the 488 nm line of a visible Ar laser
was used for excitation and photomultiplier 1 (PMT1) for
detection. BKP signal was simultaneously collected by a
PMT2 detector. 2PE fluorescence was recorded in des-
canned or non-descanned mode. In descanned mode, an
excitation wavelength of 900 nm was used and the signal
was collected by PMT1 for the visualization of GFP, BKP
was simultaneously detected by PMT3. Two-photon excita-
tion of 960 nm and detection by PMT3 was used for the
visualization of RFP. In the non-descanned configuration,
the light was collected directly behind the objective by the
external PMT4 detector after passing through an E700SP
short pass filter (F1), followed by a 525DF25 band pass
filter (F2).

Fig. S4. Top-view of colonies.

A. Scheme of the ‘top-view’ sample.

B. ‘Top-view’ z-scanned images. Position of the sections in
um is indicated. Green arrow indicates direction of 2PE scan-
ning (from the top of the colony).

Spatio-temporal architecture of yeast colony 1877

Fig. S5. Bottom-view of colonies.

A. Scheme of the ‘bottom-view’ sample.

B. ‘Bottom-view’ z-scanned images. Position of the sections
in um is indicated. Green arrow indicates direction of 2PE
scanning (from the bottom of the colony).

Fig. S6. Bottom-view of colonies through the agarose layer.
A. Scheme of the ‘bottom-view’ sample. Thin agarose layer
placed between the coverslip and the bottom of the colony is
indicated by the arrow.

B. ‘Bottom-view’ z-scanned images. Position of the sections
is indicated in um. Green arrow indicates direction of 2PE
scanning (from the bottom of the colony).

Fig. S7. Details of Ato1p-GFP protein localization in cells
located at different places at the junction of 4-day-old micro-
colonies. Positions of detailed pictures within the global side-
view are marked with coloured squares (objective 63x). Inset,
objective 20x.

Fig. S8. Comparison of localization of Atolp marked by
DsRed (A) and GFP (B). Scheme on the left side shows the
position of vertical sections used for the side-view. 1, section
in the middle and 2, secant section of microcolony.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.
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Interakce Ato proteinii v plazmatické membrané objevena pomoci techniky

FLIM

Dita Strachotova, Ales Holoubek, Helena Kucerova, Ales Benda, Jana Humpolickova Libuse

Vachova, and Zdena Palkova

Ato protein interactions in the yeast plasma membrane revealed by fluorescence lifetime
imaging (FLIM)

FRET (Fluorescence Resonance Energy Transfer - fluorescen¢ni resonan¢ni pfenos
energie - je d¢j, jehoz je mozno vyuzit ke zjiStovani ptimé interakce mezi dvéma proteiny.
Principem je resonancni pienos energie mezi molekulami fluorescenéniho donoru a
akceptoru, jezZ jsou navazany na proteiny naseho zajmu. Jako donor a akceptor mohou slouzit
napiiklad rGzné barevné varianty fluorescen¢nich proteini (FP). Pfi méfeni FRET mezi
flznimi proteiny naSeho zajmu bylo vyuZzito skutecnosti, ze pii resonancnim pienosu energie
mezi fluorescenénim donorem a akceptorem dochazi soucasné ke sniZzeni poloCasu zivota
(fluorescence lifetime) fluorescenéniho donoru. Pozorovani zmén polocasu zivota
fluorescenéniho donoru bylo uskute¢néno in vivo pomoci FLIM (Fluorescence Lifetime

IMaging) mikroskopie.

Za ucelem zjisténi piipadné interakce mezi Atolp, Ato2p a Ato3p proteiny byly
vytvofeny stabilni konstrukty s rliznymi kombinacemi fuznich Ato-FP proteind. Vytvoreny
byly rovnéz kmeny slouZici jako pozitivni a negativni kontrola k ovéfeni spolehlivosti pouZité

metody.

Vysledky ukazuji, ze dochazi k interakci mezi Atolp-FP a Ato2p-FP proteiny a déle
mezi Atolp-FP/Atolp-FP a Ato3p-FP/Ato3p-FP proteiny. Interakce mezi Atolp-FP a Ato3p-
FP, Ato2p-FP a Ato3p-FP proteiny a interakce Ato2p-FP/Ato2p-FP proteinti nebyla

prokézana.
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Each of the three plasma membrane Ato proteins is involved in ammonium signalling and the development of 24
yeast colonies. This suggests that although these proteins are homologous, they do not functionally substitute 25
for each other, but may form a functional complex. Here, we present a detailed combined FRET, FLIM and photo- 26
bleaching study, which enabled us to detect interactions between Ato proteins found in distinct compartments of 27

yeast cells. We thus show that the proteins Ato1p and Ato2p interact and can form complexes when present in 28

Keywords:

Ammonium exporters Ato1p, Ato2p and Ato3p
FLIM-photobleaching technique

Homo/hetero di(oligo)mers

Plasma membrane protein interaction

Donor lifetime

1. Introduction

When growing on solid media, yeast colonies undergo develop-
mental changes accompanied by pH changes to their surroundings
from acid-to-alkali and vice versa. The ammonia released during the
alkali phase acts as a long-range signal, influencing the development
of neighbouring colonies [1,2]. Three transmembrane proteins Atolp
(Ycr010p, Ady2p), Ato2p (Ynr002p, Fun34p) and Ato3p (Ydr384p),
the expression of which increases sharply during acid-to-alkali colony
transitions, play an important role in yeast colony development [3].
These proteins belong to the highly conserved Gpr1/Fun34/YaaH fami-
ly, the members of which are present in prokaryotes and lower eukary-
otes (mainly fungi) and their precise function is still unknown. Several
findings suggest that Ato proteins play a role in ammonium export,
although no direct evidence of their ammonium transporter function
has been found so far. i) The production and membrane localisation of
Ato proteins correlate with ammonia production and ATO gene

Abbreviations: DRLP, dichroic long pass; FLIM, fluorescence lifetime imaging; FP,
fluorescent protein; FRET, fluorescence resonance energy transfer; GM, glycerol medium;
LDH, laser diode heads; NA, numerical aperture; PCR, polymerase chain reaction; SPAD,
single-photon avalanche diode; TCSPC, time-correlated single-photon counting; tdimer2,
tandem dimer of DsRed
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expression can be prematurely induced by ammonia from an artificial
source [4]. i) The production of Ato proteins is significantly diminished
in the colonies of various strains exhibiting a lack of ammonia signal-
ling [5]. iii) Respiration-deficient p° cells increase their production of
Ato3p that is thought to remove an excess of ammonium [6]. Other
dataindicate that Ato1p and Ato2p are involved in acetic acid sensitivity
[7] and Atolp (but not the other Ato proteins) is involved in acetate
uptake in S. cerevisiae cells grown in liquid cultures [8].

Although all three Ato proteins were found in the ergosterol-rich
fraction of the plasma membrane, each of them exhibits different
membrane distribution. Ato1p and Ato3p were found in “raft” patches,
differing in their properties. Ato1p, but not Ato3p patch formation is
pH-dependent. Ato2p exhibits the most uniform distribution in the
membrane [4]. Atolp and Ato2p are highly homologous (70% amino
acid identity), while Ato3p is less similar (33-34% amino acid identity).
The absence of any of the three Ato proteins causes a decrease in ammo-
nia production, suggesting that these proteins cannot mutually comple-
ment each others' functions [3]. This finding raises the question of
whether Ato proteins could function in a cooperative manner, possibly
forming complex(es) in the plasma membrane. This possibility is
supported by recent data suggesting that the Ato protein orthologue
Gprlp from Yarrowia lipolytica may exist in an oligomeric state [7].

FRET (fluorescence resonance energy transfer) is a technique fre-
quently used to confirm protein-protein interactions within living
cells [9-11]. Proteins of interest are genetically labelled with fluorescent
proteins (FP) forming a FRET pair. If the molecules carrying the

Please cite this article as: D. Strachotova, et al., Ato protein interactions in yeast plasma membrane revealed by fluorescence lifetime imaging
(FLIM), Biochim. Biophys. Acta (2012), doi:10.1016/j.bbamem.2012.05.005
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the plasma membrane. No interaction was detected between Ato1p and Ato3p or Ato2p and Ato3p. In addition, 29
using specially prepared strains, we were able to detect an interaction between molecules of the same Ato 30
protein, namely Ato1p-Ato1p and Ato3p-Ato3p, but not Ato2p-Ato2p.
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fluorophores are close enough (1-10 nm), the excited state energy of
the donor can be transferred nonradiatively to the acceptor. Due to
that energy transfer, the fluorescence of the acceptor is enhanced at
the expense of the fluorescence of the donor. These changes in fluores-
cence intensities are often used for FRET detection [10,11]. Intensity-
based fluorescence measurements are, however, complicated due to
bleed-through of the donor fluorescence into an acceptor detection
channel in addition to direct excitation of the acceptor fluorescence,
which limits the reliability of this approach. The intensity-based
measurements can be improved e.g. by methods using acceptor photo-
bleaching, but even here attention should be paid to avoid possible
artefacts [12]. Another approach to FRET measurements uses the
fact that the quenching of donor fluorescence is also manifested as
shortening of its fluorescence lifetime, which can be monitored at mi-
croscopic resolution using FLIM (fluorescence lifetime imaging), en-
abling protein-protein interaction to be localised directly in living
cells [13-17]. TCSPC (time-correlated single-photon counting)-based
FLIM instruments are preferentially used for this kind of studies
[18-20]. In yeast, FLIM-FRET approach based on monitoring of a
Cerulean fluorescence donor lifetime (a variant of the cyan fluorescent
protein with improved quantum yield [21]) was successfully used to
measure interaction of cyclin dependent kinase with B-type cyclins
with cytosolic and nuclear localization [22].

Here we combine FRET-FLIM and acceptor photobleaching based
FRET to detect interactions between proteins localised to distinct com-
partments of yeast cells. We show that Ato proteins form complexes
in the yeast plasma membrane, in which interaction between specific

Ato proteins as well as between the same molecules of a particular
Ato protein can occur.

2. Materials and methods
2.1. Strains and media

The strains used in this study (Table 1) are derived from Saccharo-
myces cerevisiae BY4A742 (MATq, his3A1, leu2A0, lys2A0, ura3A0) and
BY4741 (MATa, his3A1, leu2A0, met15A0, ura3A0), obtained from the
EUROSCARF collection. Cells were grown at 28 °C either on GM-BKP
agar (1% yeast extract, 3% glycerol, 2% agar, 30 mM CaCl,, 0.01%
bromcresol purple, pH 5) for 12-13 days (fully developed alkali
phase) or in liquid GM media (1% yeast extract, 3% glycerol, pH 5) for
approximately 24 h.

2.2. Construction of strains containing fluorescent fusion proteins

A fluorescent protein (FP) gene-tag (GFP, tdimer2, CFP, Venus)
was fused to the appropriate gene directly in the chromosome. A “FP-
selection marker” cassette was provided with its 5'-end homologous
to the end of the appropriate gene (without a stop codon) and 3’-end
homologous to the downstream region of the appropriate gene. For
amplification of the cassette, we used the primers for the ATO1, ATO2,
ATO3, JEN1, MET17, FET3 and FIR1 genes (Table S1) and the appropriate
plasmid as the template. Single-labelled strains were prepared using
the pKT209 plasmid (GFP, “green” strains), pKT176 (tdimer2, “red”

Table 1
Strains.
Name Genotype Source
BY-Ato1p-GFP MATa, his3A1, leu2A0, lys2 A0, ura3A0, ATO1-yEGFP-CaURA3 This study
BY-Ato2p-GFP MATa, his3A1, leu2 A0, lys2A0, ura3A0, ATO2-yEGFP-CaURA3 This study
BY-Ato3p-GFP MATa, his3A1, leu2A0, lys2A0, ura3A0, ATO3-yEGFP-CaURA3 This study
BY-Atol1p-tdimer2 MATa, his3A1, leu2A0, lys2A0, ura3A0, ATO1-tdimer2-CaURA3 Vachovi et al., 2009
BY-Ato2p-tdimer2 MATe, his3A1, leu2A0, lys2A0, ura3A0, ATO2-tdimer2-CaURA3 This study
BY-Ato3p-tdimer2 MATa, his3A1, leu2 A0, lys2A0, ura3A0, ATO3-tdimer2-CaURA3 This study
BY-Ato1p-GFP/Ato2p-tdimer2 MATa, his3A1, leu2A0, lys2A0, ura3A0, ATO1-yEGFP-SpHIS5, ATO2-tdimer2-CaURA3 This study
BY-Ato1p-GFP/Ato3p-tdimer2 MATe, his3A1, leu2A0, lys2A0, ura3A0, ATO1-yEGFP-SpHIS5, ATO3-tdimer2-CaURA3 This study
BY-Ato2p-GFP/Ato1p-tdimer2 MATa, his3A1, leu2A0, lys2A0, ura3A0, ATO2-yEGFP-SpHIS5, ATO1-tdimer2-CaURA3 This study
BY-Ato2p-GFP/Ato3p-tdimer2 MATa, his3A1, leu2A0, lys2A0, ura3A0, ATO2-yEGFP-SpHIS5, ATO3-tdimer2-CaURA3 This study
BY-Ato3p-GFP/Ato1p-tdimer2 MATa, his3A1, leu2A0, lys2A0, ura3A0, ATO3-yEGFP-SpHIS5, ATO1-tdimer2-CaURA3 This study
BY-Ato3p-GFP/Ato2p-tdimer2 MATa, his3A1, leu2A0, lys2A0, ura3A0, ATO3-yEGFP-SpHIS5, ATO2-tdimer2-CaURA3 This study
BY-Ato1p-CFP MATe, his3A1, leu2A0, lys2A0, ura3A0, ATO1-yECFP-CaURA3 This study
BY-Ato2p-CFP MATa, his3A1, leu2A0, lys2A0, ura3A0, ATO2-yECFP-CaURA3 This study
BY-Ato3p-CFP MATa, his3A1, leu2A0, lys2A0, ura3A0, ATO3-yECFP-CaURA3 This study
BY-Ato1p-Venus MATa, his3A1, leu2A0, lys2A0, ura3A0, ATO1-yEVenus-Kan This study
BY-Ato2p-Venus MATe, his3A1, leu2A0, lys2A0, ura3A0, ATO2-yEVenus-Kan This study
BY-Ato3p-Venus MATa, his3A1, leu2 A0, lys2A0, ura3A0, ATO3-yEVenus-Kan This study
BY-Ato1p-CFP/Ato2p-Venus MATa, his3A1, leu2 A0, lys2 A0, ura3A0, ATO1-yECFP-CaURA3, ATO1-yEVenus-Kan This study
BY-Ato2p-CFP/Ato1p-Venus MATa, his3A1, leu2A0, lys2A0, ura3A0, ATO1-yECFP-CaURA3, ATO1-yEVenus-Kan This study
BY-Ato3p-CFP/Ato1p-Venus MAT, his3A1, leu2A0, lys2A0, ura3A0, ATO1-yECFP-CaURA3, ATO1-yEVenus-Kan This study
BY-Ato3p-CFP/Ato2p-Venus MATa, his3A1, leu2A0, lys2A0, ura3A0, ATO1-yECFP-CaURA3, ATO2-yEVenus-Kan This study
BY-Fet3p-GFP MATa, his3A1, leu2 A0, lys2A0, ura3A0, FET3-yEGFP-CaURA3 This study
BY-Ftr1p-GFP MATa, his3A1, leu2A0, lys2A0, ura3A0, FTR1-yEGFP-CaURA3 This study
BY-Fet3p-GFP/Ftr1p-tdimer2 MAT, his3A1, leu2A0, lys2A0, ura3A0, FET3-yEGFP-CaURA3, FIR1-tdimer2-CaURA3 This study
BY-Fet3p-tdimer2/Ftr1p-GFP MATa, his3A1, leu2A0, lys2A0, ura3A0, FET3-tdimer2-CaURA3, FTR1-yEGFP-CaURA3 This study
BY-Jen1p-GFP MATe, his3A1, leu2A0, lys2A0, ura3A0, JEN1-yEGFP-SpHIS5 This study
BY-Jen1p-GFP/Ato1p-tdimer2 MATa, his3A1, leu2A0, lys2A0, ura3A0, JEN1-yEGFP-SpHIS5, ATO1-tdimer2-CaURA3 This study
BY-Jen1p-GFP/Ato2p-tdimer2 MATe, his3A1, leu2A0, lys2A0, ura3A0, JEN1-yEGFP-SpHIS5, ATO2-tdimer2-CaURA3 This study
BY-Met17p-GFP MATu, his3A1, leu2A0, lys2A0, ura3A0, MET17-yEGFP-Kan This study
BY-Ato1p-GFP (BY4741) MATa; his3A1; leu2A0; met15A0; ura3A0, ATO1-yEGFP-CaURA3 This study
BY-Ato2p-GFP (BY4741) MATa; his3A1; leu2A0; met15A0; ura3A0, ATO2-yEGFP-CaURA3 This study
BY-Ato3p-GFP (BY4741) MATa; his3A1; leu2A0; met15A0; ura3A0, ATO3-yEGFP-CaURA3 This study
BY-Ato1p-GFP/Ato1p-tdimer2 MATa/MATc; his3A1/his3A1; leu2 A0/leu2 AO; met15A0/MET15;LYS2/lys2A0; ura3A0/ura3A0, This study
ATO1-yEGFP-CaURA3/ATO1-tdimer2-CaURA3
BY-Ato2p-GFP/Ato2p-tdimer2 MATa/MATe; his3A1/ his3Al1; leu2 A0/leu2A0; met15A0/MET15;LYS2/lys2A0; ura3A0/ura3A0, This study
ATO2-yEGFP-CaURA3/ATO2-tdimer2-CaURA3
BY-Ato3p-GFP/Ato3p-tdimer2 MATa/MATaq; his3A1/ his3A1; leu2 A0/ leu2A0; met15A0/MET15;LYS2/lys2A0; ura3A0/ura3A0, This study

ATO3-yEGFP-CaURA3/ATO3-tdimer2-CaURA3
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strains), pKT174 (CFP, “blue” strains) and pKT103 (Venus, “yellow”
strains). Double-labelled strains were prepared using pKT128/pKT176
(GFP-tdimer2, “green-red” strains) and pKT174/pKT103 (CFP-Venus,
“blue-yellow” strains). The constructed cassettes were transformed
[23] into BY4742 cells and positive transformants were selected either
on SD agar medium with auxotrophic supplements or on YPD medium
with the appropriate concentration of antibiotic. Correct integration of
the cassette was verified by PCR. The diploid strains were constructed
by mating (crossing) the BY4741 and BY4742 strains with ATO-GFP
and ATO-tdimer2 fusions, respectively.

2.3. Microscopy sample preparation

Cells taken from the inner rim of the colony (Fig. S1) were
resuspended in distilled water, spotted onto a cover slip and covered
with a rectangular piece of agarose cut out of a thin 0.8% agarose
layer. Cells from the liquid culture were washed twice with distilled
water before microscopy sample preparation.

2.4. Cell fractionation and GFP detection

Cell lysates from alkali-phase colonies and liquid GM medium, re-
spectively, were prepared [24] and separated to the membrane [4]
and soluble fractions (includes also vacuolar lumen). Proteins from
each fraction were analysed by SDS-PAGE and subsequent immuno-
blotting. To detect Ato-GFP and free GFP proteins, we used mouse
monoclonal anti-GFP antibody, horseradish peroxidase (HRP) conju-
gate (Santa Cruz). The Pmalp, marker of plasma membrane, was
detected by specific goat anti-Pma1 antibodies (Santa Cruz Biotechnol-
ogy) in combination with rabbit anti-goat IgG-peroxidase (Sigma) as
the secondary antibody [24].

2.5. Fluorescence lifetime imaging

2.5.1. Instrumental setup

We studied two FRET pairs: GFP-tdimer2 and CFP-Venus. Data for
both the pairs were acquired with Microtime 200 inverted confocal
microscope (PicoQuant, Berlin, Germany) [25]. Donors and acceptors
were excited quasi-simultaneously with alternatively pulsing laser
beams [26]. The pulsed interleaved excitation (PIE) allows for indepen-
dent mapping of the acceptor signal, which was used for construction of
the saturation curves.

For excitation we used the following excitation wavelengths:
440 nm (LDH-D-C-440) for CFP, 470 nm (LDH-P-C-470) for GFP, and
532 nm (PicoTa) for tdimer2 and Venus. All the used lasers were
from Picoquant (Berlin, Germany) providing ~80 ps pulses. When ap-
plied in the PIE mode, the repetition rate was 20 MHz for each of the
two =lasers with the delay between the donor and the acceptor excita-
tion pulse of approximately 25 ns.

The excitation pulses were reflected to the objective (60x,
NA = 1.2, Olympus, Hamburg, Germany) with Z442/532 RPC (CFP-
Venus) and Z473/532 RPC (GFP-tdimer2) dichroic mirrors (Chroma,
Rockingham, VT). In the detection path, the 50-ium pinhole was placed
to reduce non-focal fluorescence. Behind the pinhole, a fluorescence
signal was split with a 535 DCXC dichroic mirror, and the residual exci-
tation and scattered light were removed with emission filters: 465/40
(CFP), 505/30 (GFP), and 565/40 (Venus and tdimer2). Eventually, the
light was focused on two single photon avalanche diodes (SPADs,
PDMs, Microphoton Devices, Bolzano, Italy).

Pixel acquisition time was adjusted to acquire the entire image in a
reasonably short time (5 min or less) with sufficiently good photon sta-
tistics. The laser power (at the back aperture of the objective) kept
below 4 pW was chosen to minimise photobleaching and saturation
[27]. In the case of the GFP-tdimer pair, the excitation intensity was
3-5 times lower compared to CFP-Venus constructs in order to avoid
pile-up effects.

2.5.2. Data acquisition and processing, lifetime analysis

Photon arrival times were stored using fast electronics (Picoharp
300, PicoQuant, Berlin, Germany) in a time-tagged time resolved
(TTTR) recording mode. In this mode, arrival time with respect to the
previous laser pulse is assigned to every photon event. FLIM images
were reconstructed using a robust fitting-free fast-FLIM approach, in
which photons' average arrival time is displayed for every given pixel.
For regions of interest (plasma membrane, vacuoles), integral decay
histograms were calculated and subsequently they were tail-fitted.
Since the fluorescence decay of CFP is reported to be bi-exponential
[28], our data were fitted with a two-exponential model: I(t)=
Avexp(—t/T1) +Azexp(—t/72), where T stands for fluorescence life-
time and A for amplitude of individual contribution. An average lifetime
was calculated using the following equation: T,,= (A; - T3 +Az-73)/
(A1 - T +AxT) [29]. A satisfying fit was typically obtained for fluores-
cence decays counting more than a thousand registered photons in
the peak.
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2.6. FRET analysis 205
2.6.1. Half-cell photobleaching approach

First, we measured and imaged fluorescence lifetimes within
whole yeast cells so that we could analyse fluorescence lifetimes in
their plasma membranes. Then, we photobleached the acceptor in a
limited area of a living yeast cell with a strong incident light. Photo-
bleaching was performed by raising the power of the scanning laser
to its maximum (200 uW) and by prolonging the illumination time
per pixel (typically 4x or 5x). This enabled us to photobleach both
acceptors, whether Venus or tdimer2 was used. Finally, we visualised
the possible presence of FRET directly by comparing donor lifetimes :
detected in a photobleached and non-photobleached part of the cell. 216
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2.6.2. Lifetime dependence on acceptor/donor ratio

For interacting proteins, shortening of the donor lifetime depends
on the relative amount of acceptor available. The experimentally ob-
served lifetime consists of the non-interacting donor lifetime and the 220
donor lifetime shortened due to FRET. The higher the acceptor-to- 221
donor ratio (R), the shorter the observed lifetime is. The dependence 222
of the observed overall lifetime on R can be fitted with an empirical 223
formula: 7p=Tpo— AT - R/(b+R), where Ty is the lifetime of a non- :
interacting donor, A7 is the maximum shift in lifetimes due to FRET,
and b is the scaling factor. The lifetime dependence on R was generated
from a heterogeneous set of at least 20 fluorescent cells. R was calculat:
ed as the amplitude ratio of membrane-integrated decays for the donor 2:
and the acceptor. 2

217
18
219

)

2.6.3. Fluorescence recovery after photobleaching measurement
Samples for fluorescence recovery after photobleaching measure:
ment (FRAP) were prepared as described above. FRAP analysis was per:
formed using a Leica TCS SP2 AOBS inverted confocal microscope with a
63x 1.2 numerical aperture water objective. The 488 argon laser line
was used to excite GFP and the fluorescence emission between
500 nm and 550 nm was recorded. Fluorescence intensities in the re-
spective ROIs (background, bleached part of a membrane and control :
part of a membrane) were recorded in each time-point (two different 238
setups were used: either 3 pre-bleach and 20 post-bleach scans in the 239
interval of 0.5 s or 6 pre-bleach and 60 post-bleach scans in the interval 240
of 5s were done). At least 8 cells of each strain were measured. The 241
mobile fraction F,,, of Ato-GFP proteins was estimated using normalised 242
data (where pre-bleach intensity was assigned a value 1) and the equa- 243
tion Fy= (Il —1Ip)/(1—1Ip), where I; stands for the end value of the 244
recovered fluorescence intensity and o stands for the first post-bleach 245
fluorescence intensity. 246
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3. Results and discussion
3.1. Fluorophore lifetime is influenced by fusion to particular Ato protein

We used two different pairs of fluorescent donor and acceptor, CFP-
Venus [27,30] and GFP-tdimer2 (tandem dimer mutant of dsRed) [31].
We prepared two sets of S. cerevisiae strains containing ATO genes indi-
vidually fused with genes coding for the respective fluorescent proteins
directly in the chromosome (Table 1). The resulting strains were pheno-
typically comparable with the parental BY4742 strain, thus confirming
that individual Ato proteins with any of the four C-terminal fluorophore
tags are fully functional. For all measurements described below, we
used cells from 12 to 13-day-old colonies occurring in alkali phase
and producing high quantities of Ato proteins.

Using cells containing single Ato proteins labelled with the particu-
lar donor fluorophore (CFP or GFP, respectively), we first determined
the lifetime of the protein-fluorophore fraction localised to the plasma
membrane, i.e. of the fluorophore fused with membrane-localised Ato
protein. Fluorescence data were obtained from a large section of the
plasma membrane (from at least half of the cell) and the average
membrane donor lifetime was calculated. Analysis of smaller yeast
membrane areas (e.g. raft patches) was beyond the resolution of the
method used. The precise fluorescence lifetime value of either CFP or
GFP was dependent on the particular labelled Ato-protein (Fig. 1). Com-
pared to other GFP-labelled membrane proteins used in the study
(Jen1p, Fet3p and Ftr1p) and to the GFP-labelled cytosolic Met17p,
the lifetime of all GFP-labelled Ato-proteins was shorter (Fig. 1). There
are several possible reasons for these differences in FP lifetimes. Trivi-
ally, the FP could slightly change its conformation when attached
to different proteins and/or in a different probe microenvironment.
Another explanation might be pseudo-homo FRET (i.e. FRET between
two different emissive forms of the same FPs), which was described
for CFP fused with fluorescent proteins crowding inside the cytoplasm
[32]. By analogy, the lifetime shortening observed in the yeast mem-
brane can correspond to a local increase in the concentration of any of
the Ato proteins. Such a shortening of lifetime attributed to energy
migration has already been reported for CFP [33]. The fact that we
found a stronger FP lifetime shortening in Ato1p and Ato3p constructs
accumulating in the raft patches [4] than in Ato2p supports the hypoth-
esis of lifetime shortening due to FP crowding.

1[ns]

8
Ato1

Ato2 Ato3 Jenl  Ftr1

GFP-labelled proteins

Fet3 Met17

Fig. 1. Lifetimes of GFP fused with different proteins. Lifetimes were measured using
BY4742 cells producing a particular protein fused with GFP. The values are the mean
of at least 15 cells; bars, SD.

3.2. Atolp and Ato2p interact in the plasma membrane of cells from
alkali-phase colonies

After determining the fluorescent lifetimes of donors fused with :
each of the three individual Ato proteins, we analysed donor lifetimes <
in double-labelled cells containing any pair of Ato proteins (Table 1) :

labelled either with CFP-Venus or GFP-tdimer2 FRET pairs. To avoid

possible artefacts caused by variations in the protein level in a distinct :

cell, we devised the following (Fig. 2, details in Section 2.4 and 2.5)
approach: i) measurement of the fluorophore lifetime within the
whole cell membrane to control the homogeneity of protein distribu-
tion, ii) photo-bleaching of the acceptor molecules in half of a partic-
ular cell (the time needed for acceptor photobleaching was 90-120 s
depending on cell size) and iii) FLIM measurement in both halves of
the cell. When interaction between donor- and acceptor-fused plasma
membrane proteins occurs, the fluorescence lifetime of the donor
becomes shorter in the non-photobleached compared to the photo-

bleached half of the cell. On the other hand, the donor fluorescence life- 3

time remains the same in both halves of the cell when proteins do not
interact. By using this approach, FRET becomes visible directly in FLIM

images of individual cells. As shown in Fig. 3, a significant decrease in :

donor lifetime was detected in the membrane-localised Atolp and
Ato2p labelled with either of the fluorophore pairs in both combi-
nations (i.e. the donor fluorophore fused with either Ato1p or Ato2p).
The average shift in donor lifetime was about 0.15 ns for CFP-Venus
labelling (Fig. S2) and 0.25 ns for GFP-tdimer2 labelling of Ato1p-
Ato2p proteins (Fig. 3A). In contrast, such a decrease in lifetimes was

not observed for combinations of either Atolp and Ato3p or Ato2p :

and Ato3p. Photobleaching control experiments using cells where

only the donor fluorophore was present did not show any significant 31:

difference in donor lifetimes when comparing the photo-bleached and
non-photobleached halves of one cell (Fig. S3). This confirmed that

donor fluorescence is not artificially affected by the incident light used

for the acceptor photobleaching.

As the time window in between the subsequent FLIM measure- :
ments was typically 90-120 s, lateral diffusion of bleached proteins dur- 3

ing this period of time could influence the measurement. Specifically, it

would lead to lowering of the difference between the bleached and :
unbleached half of the cell. However, proteins of the yeast plasma mem- 32:
brane were shown to exhibit very slow mobility when compared to that 32:
of mammalian cells [34,35]. Additionally, Pma1p-GFP, which is an inte- 32
gral membrane protein with ten membrane spanning domains, showed 32:

285

significantly lower mobility when compared to lipid anchored protein 326

Ras2p-GFP [36]. To check the extent of the lateral diffusion of Ato-GFP 3
proteins, we performed a FRAP (fluorescence recovery after photo- 3
bleaching) experiment taking 5 min. No significant recovery of fluores- :
cence signal was seen neither in 2 min after photobleaching (the 3:
maximum time window of the subsequent FLIM measurements) nor 3:
in 5 min at the end of the FRAP experiment (Fig. S4). Using normalised 33:
FRAP data, mobile fraction F,, of all Ato-GFP was estimated, giving the 33:

following values: for Ato1p-GFP 7.3 2.7%, for Ato2p-GFP 8.9 +2.9% 334

and for Ato3p-GFP 5.2 4 3.3%.

As we have already shown, Ato proteins are targeted to the vacu- 336
oles for degradation [4]. Compared to plasma membrane-localised 33
fluorophores fused with Ato, when vacuolar lumen in the cells was se- 3:
lectively photobleached, donor lifetimes were shifted non-specifically :
by approximately 0.06 ns in each of the strains carrying any pair of fluo- :
rescent proteins (Fig. 3B). In addition, the donor lifetimes exhibited a :
wider range of fluctuations than the lifetimes of donors fused with :
Ato proteins present in the membrane. The reason is a rapid degrada- :
tion of Ato proteins in vacuoles, while relatively stable molecules of :

fluorescent protein in the vacuoles accumulate in high concentrations

(Fig. 4) and can potentially interact randomly. These data proved that :

donor lifetime shifts detected in the membranes reflect specific interac-

tion of particular Ato proteins. Such interaction disappears when an Ato

protein part is removed from the fusion protein.
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A B

SCHEME OF THE
EXPERIMENT

Ato1p-GFP/
Ato2p-tdimer2

C

Ato1p-GFP/
Ato3p-tdimer2

Fluorescence Fluorescence
acceptor acceptor
“uOfeSC:"De bleaching in bleaching in
acceptor 2 3
BLEACHING the right half the right half
by incident of the cell of the cell
light of a high
intensity
1=1.85 1=2.01
NO
INTERACTION
INTERACTION| L= A1 .=0.16 ns || Atgpp=0.02 ns
D
Donor Acceptor Donor Acceptor
fluorophore fluorophore fluorophore fluorophore
GFP ——— tdimer2 GFP tdimer2
Crp Enerytanler yoo. N Cep :X:: Venus
t FRET Fluorescence
1 acceptor l
Donor fluorophore life bleaching Donor fluorophore life time

time decreases

does not change

Fig. 2. Measurement of protein-protein interaction in individual living cells. (A) Scheme of the experimental design. Examples of results showing interacting (B) and non-

interacting (C) proteins. (D) Principle of FRET using acceptor photobleaching technique.

Each of the fluorophore pairs used has some advantages and disad-
vantages. The acceptor Venus is easier to photobleach, but exposure to
the scanning beam even during standard FLIM imaging can markedly
reduce the fluorescence of both Venus and donor CFP. This could
cause acceptor photobleaching even during the initial scan, which will
reduce FRET and diminish the contrast between photo-bleached and
non-photobleached cells. It was observed that the lifetime of CFP-like
fluorescent proteins can be shortened due to light exposure [37,38].
For these reasons, the low intensity of an excitation laser beam should
be used and repetitive scanning of the same cell should be avoided.
In combination with the low quantum yield of the CFP and Venus
fluorophores, the fluorescence data thus have to be collected from
larger areas of the sample (e.g. larger areas of the plasma membrane).
Half-cell photobleaching turned out to be the optimal approach, as it
guarantees the registration of CFP lifetimes from areas of comparable
size and fluorophore intensity. The quantum yield of GFP and tdimer2
is generally much higher and less affected by the excitation light. This
even allows lifetimes to be compared on a whole cell before and after

photobleaching, without risking artificial lifetime shortening due to
exposure of the fluorophore to incident light during the initial scanning,
as mentioned above. Sufficient photobleaching of the tdimer2 acceptor,
however, requires higher intensities of incident light. Overall, the GFP-
tdimer2 better than the CFP-Venus pair distinguishes differences in life-
times between interacting and non-interacting fusion proteins. Donor
lifetimes measured for the GFP-tdimer2 pair are also less variable
than those measured for the CFP-Venus pair because of higher fluores-
cence signals, enabling a higher accuracy of lifetime calculation.

3.3. Analysis of variation in lifetimes over the cell population confirmed
Atolp-Ato2p interaction

A yeast colony is composed of differentiated cell subpopulations
with their own specific gene expression and properties [24,39]. Cells
harvested from the colony are therefore heterogeneous and the amount
of individual Ato proteins in the plasma membrane of individual
cells varies. We therefore applied a second donor FLIM measurement
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Fig. 3. Interactions of Ato proteins. Donor lifetime measured on FP-labelled proteins in the plasma membrane of double-labelled haploid cells (A), in the vacuole of double-labelled
haploid cells (B) and in the plasma membrane of diploid cells with a double-labelled particular Ato protein (C). Arrows indicate the interacting protein pairs. Donor lifetime values
before (control) and after (bleached) photobleaching (upper panels), and differences between these two values (lower panels) are shown. G1, G2 and G3-GFP fused with Ato1p,
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approach, taking into account the varying levels of proteins produced in
a heterogeneous yeast population. This approach is based on the as-
sumption that changes in the concentration ratio between acceptor-
and donor-fused interacting proteins in the membrane of individual
cells will be reflected in the extent of overall donor lifetime shift. With
a low concentration of the acceptor relative to the concentration of
donor, there is a relatively low number of donor/acceptor pairs in con-
tact and the fluorescence of free donor prevails in the overall fluores-
cence signal. However when the acceptor is in excess, the portion of
donors in contact is much higher, the fluorescence of quenched donors
prevails and the mean fluorescence lifetime detected from the
membrane is markedly shortened. Thus, when proteins interact, a
donor fluorescence lifetime markedly decreases with increased accep-
tor/donor fluorescence intensity ratio. On the other hand, in the absence
of protein-protein interaction, a donor fluorescence lifetime is either
independent of acceptor/donor fluorescence intensity ratio or partially

Liquid cultures
Atolp Ato2p Ato3p

shortened due to an excitation transfer occurring at high concentrations
of the fused proteins in the membrane (see Section 3.1). However, these
situations are clearly distinguishable (see the dependencies measured
for interacting and non-interacting proteins in Fig. 6B). Dependence of
FRET efficiency on acceptor intensity behaving accordingly to saturable
kinetics was previously shown in [40] where CFP and YFP were attached
to modified lipids to visualise lipid dynamics in plasma membrane of
live Madin-Darby canine kidney cells.

We randomly selected a set of 20-30 yeast cells from the respec-
tive population and, in parallel, recorded an overall donor and accep-
tor fluorescence intensity from the membrane of each cell. We
calculated an acceptor/donor intensity ratio, analysed an appropriate
donor fluorescence lifetime and fit the dependence of donor lifetimes
on the acceptor/donor ratio (R) (see Section 2.5.2). Fig. 5 shows the
dependence of lifetimes on the intensity ratios for all combinations
of Ato-GFP/Ato-tdimer2 fusion proteins. The plots exhibit saturation
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Fig. 4. Ato-GFP fusion proteins and free GFP in plasma membrane and soluble cell fraction. Cell lysates (L), membrane (M) and soluble (S) fractions isolated from cells producing
Ato1p-GFP, Ato2p-GFP and Ato3p-GFP, respectively, grown in colonies or liquid cultures. GFP in Ato-GFP fusions or free GFP was detected by anti-GFP antibody (Abggp). Pmalp

detected by anti-Pma1p antibody (Abpma1p) Was used as a marker of plasma membrane.
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behaviour, which is in a good agreement with the expectation that
the donor molecules should be gradually fully occupied by the inter-
acting acceptor molecules with their increasing concentration.
The mean donor lifetime cannot be shorter than the lifetime of an
individual donor molecule interacting with the acceptor molecule.
The acceptor/donor ratios were in a comparable range for all of our
double-fluorophore constructs (Fig. S5). This excludes the possibility
that for certain combinations we could only observe FRET stemming
from a high concentration of acceptor molecules in the vicinity of
donor molecules. In the photo-bleaching-based method, this situation
is not taken into account.

The approach presented here is convenient for the detection of
new protein-protein interactions in living yeast cells by means of
fluorescence lifetime imaging. It avoids the negative impact of natural
variation in cell populations (that is often present in biological samples)
on the result of FRET measurement when only a randomly chosen indi-
vidual cell is analysed. In contrast, it takes advantage of this variability
and avoids the necessity of acceptor photobleaching. As for Ato pro-
teins, this approach fully confirmed the specific Ato1p-Ato2p interac-
tion observed by the photobleaching method (see Section 3.2).

3.4. Ato1p and Ato3p form homodimers in the membrane

Differences in the lifetime of a donor fluorophore fused with indi-
vidual Ato proteins (see above) together with the formation of Ato
raft patches observed previously [4] raised the question of whether
molecules of a particular Ato protein are able to mutually interact.
To analyse this possibility, we developed an approach based on the
donor FLIM measurement of diploid yeast strains containing the
two copies of the same ATO gene labelled differently (with a donor
and acceptor fluorophore pair) in the two paired chromosomes. To
achieve this, we prepared three diploid strains (Ato1p-GFP/Ato1p-
tdimer2, Ato2p-GFP/Ato2p-tdimer2, Ato3p-GFP/Ato3p-tdimer2) and
measured individual Ato protein interactions using the half-cell
photobleaching method (see Section 3.2). As shown in Fig. 3C, a sig-
nificant decrease in donor lifetime was detected with Atolp and
Ato3p diploids, while the difference between the photobleached
and non-photobleached half of the cell was not significant in Ato2p
diploids. Atolp and Ato3p are thus able to form homodimers or
homooligomers in the yeast plasma membrane.

3.5. The reliability of approaches was tested using proteins exhibiting a
known interaction

To confirm the functionality of these established FLIM approaches,
proteins with a known interaction were examined. We chose multi-

copper oxidase Fet3p and iron permease Ftr1p [41] which physically -

interact and which were shown to exhibit positive FRET [42]. Both
these proteins are involved in high-affinity Fe" uptake and are

thought to form heterodimeric or higher-order oligomeric complexes -

in the yeast plasma membrane [43]. We analysed cells producing

Fet3p and Ftr1p proteins labelled with GFP and tdimer2 fluorophores 46:
by both approaches. We measured GFP donor lifetimes in the mem- 46:

branes of a representative set of cells to gauge their dependence on

the acceptor/donor fluorophore ratio (Fig. 6B) and we examined the 466
changes in donor fluorophore lifetime after photobleaching (Fig. 6A). 467

Both results clearly confirmed a Fet3p-Ftr1p interaction (Fig. 6).
As a negative control, we used the Jen1p protein, involved in lac-
tate uptake [44]. This protein is produced in the cells of GM-grown

liquid cultures together with Ato proteins, but there is no structural 4

or functional reason to presume a physical interaction between this
protein and any of the Ato proteins. The absence of a detectable inter-
action between Jen1p-GFP and Atol1p-tdimer2, as well as between
Jen1p-GFP and Ato2p-tdimer2 was confirmed by lifetime measure-
ment of the donor fluorophore (Fig. 6). In parallel, we monitored
donor lifetime changes in cells containing labelled Ato1p and Ato2p
proteins, which revealed an Atol1p-Ato2p interaction, even in cells
growing in liquid GM (Fig. 5).

4. Conclusions

Here we present two approaches for monitoring protein-protein in- -

teraction in yeast cells and, particularly, in distinct cellular compart-
ments. The measurement of donor lifetime without and after
photobleaching enables protein-protein interaction monitoring in one
cell, thus eliminating possible artefacts caused by unequal production
of the proteins in different cells. This is particularly useful when a differ-
entiated cell population is analysed and a particular protein-protein
interaction needs to be correlated with a particular cell function. In
addition, by using this approach, differences in protein-protein interac-
tion in different cellular compartments can be characterised. Correlat-
ing fluorophore ratios with donor fluorophore lifetimes in individual
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control proteins. (A) Donor lifetime values before and after photobleaching (upper
panels), and the difference between these two values (lower panels) are shown. (B) De-
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***p<0.005.

cells proved to be useful for monitoring the overall interaction over the
whole cell population, composed of cells with various ratios of the pro-
duction of both proteins. Both acceptor photobleaching-based approach
and acceptor/donor intensity ratio approach led to the same results.
Using these approaches, we show that the proteins Ato1p and Ato2p
can physically interact when present in the membrane of yeast cells,
probably forming complexes. In addition, we show that Atolp and
Ato3p with non-uniform distribution in the membrane [4] can form
homodimers and/or oligomers. Neither an interaction between Ato1p
and Ato3p, nor between Ato2p and Ato3p, nor homodimerization of
Ato2p that exhibits dispersed plasma membrane localisation was
observed using our approach. Molecular interaction between these

proteins, however, cannot be entirely excluded. These results fully
support our hypothesis that Ato proteins form complex(es) and are in
accordance with our previous findings that each of the three Ato pro-
teins is necessary for sufficient ammonia production and healthy devel-
opment of yeast colonies [3]. One can speculate that homo-Ato1p- or
Ato3p-complexes are formed within the membrane raft microdomain
patches. Of those proteins, only Atolp that is (in contrast to Ato3p)
able to change membrane distribution according to the extracellular
pH [4] can interact with Ato2p monomers that are dispersed in the
membrane.
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5.16 Publikace 111 (rukopis)

Tranport karboxylovych kyselin a diilezita role Jenlp transportéru béhem

vyvoje kvasinkovych kolonii

Sandra Paival, Dita Strachotovdl, Helena Kucerova, Margarida Casal, Zdena Palkova and
Libuse Vachova

Y Autorky prispély ke vzniku préce rovnym dilem

The transport of carboxylic acids and important role of Jenlp transporter during the
development of yeast colonies

Produkce amoniaku a spravny pribéh tzv. alkalické faze jsou dilezité faktory ovliviujici
dlouhodobé piezivani bunék tvoficich vyvijejici se kvasinkovou kolonii. Jiz diive bylo
popsano, ze U kmene S. cerevisiae BY4742 s deleci genu SOK2 pro transkripéni faktor Sok2p
neprobihd vstup do adaptivni alkalické faze optimalné. (VACHOVA, et al., 2004) Produkce
amoniaku i alkalizace okolniho média je u sok2 kmene snizena. Nasledkem je zhorSené
prezivani buné€k v koloniich tohoto kmene. Porovnani genové exprese kolonii Sok2 a
rodicovského kmene ukazalo, Ze sok2 kolonie dostate¢né neaktivuji geny nutné pro produkci
amoniaku a pro adaptivni metabolismus, naopak Vv porovnani s kmenem rodi¢ovskym silné
exprimuji geny souvisejici se stresem (VACHOVA, et al., 2004). Sok2p transkripéni faktor
hraje tedy dileZitou roli ve vyvoji kvasinkovych kolonii.

Byla vyslovena hypotéza, ze nckteré karboxylové kyseliny vznikajici jako mozné
produkty metabolismu v ranych fazich vyvoje kvasinkovych kolonii by mohly hrat roli Zivin

v pozdé¢jsich fazich vyvoje kvasinkovych kolonii (PALKOVA, et al., 2002).

Ziskana data ukazuji, Ze na vstupu karboxylovych kyselin do bun¢k kvasinkovych
kolonii se podileji dva mechanismy — aktivni transport a difuze. Oba tyto mechanismy vstupu
jsou navic negativné ovlivnény deleci SOK2 genu kddujiciho pleiotropni transpkripéni faktor
Sok2p. Za transportni slozku pfijmu laktatu do bunék je zodpovédny Jenlp protein, jehoz
produkce je u sok2 kmene snizend. Rozdily v difuzni slozce transportni kinetiky by mohly byt
dany zménami membrany U kmend s deleci SOK2 genu, poptipadé neptitomnosti dal§iho
dosud neidentifikovaného proteinem kddovaného transportniho systému, ktery by mohl byt

regulovan Sok2p transkripénim faktorem.
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Nasledujici rukopis byl zaslan do impaktovaného casopisu Biochemical Journal,

v soucasné dob¢ je pfipravovana jeho revidovana verze.
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SYNOPSIS

When growing within colonies, yeast cells start to produce ammonia, functioning as a quorum sensing
molecule inducing the reprogramming of cell metabolism in the alkali phase of colony development.
Such reprogramming includes among others the activation of several plasma membrane transporters
and is connected with centre-outer colony differentiation. In this study, we show that colony cells can
use two transport mechanisms to import lactic acid: second order kinetics mechanism, which requires
the presence of functional Jenlp transporter and first order kinetics mechanism (diffusion) that is
independent of Jenlp. During colony development, the efficiency of both mechanisms changes
similarly in central and outer colonial cells. While the lactate uptake capacity of central cells gradually
decreases during colony development, the lactate uptake capacity of outer cells peaks during the alkali
phase and is also kept relatively high in the 2" acidic phase. This lactate uptake profile correlates with
the localisation of the Jenlp transporter to the plasma membrane of colony cells. Both lactic acid
uptake mechanisms are diminished in sok2 colonies where JENI expression is decreased. The Sok2p
transcription factor may therefore be involved in the regulation of the first order kinetics mechanism
of lactic acid uptake in yeast colonies.
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INTRODUCTION

Yeast colonies growing on solid medium periodically acidify and alkalize their surroundings. The alkali
developmental phase is accompanied by the production of volatile ammonia, which induces adaptive
metabolic changes and is important for long-term colony survival [1]. This metabolic adaptation includes the
repression of genes involved in mitochondrial oxidative phosphorylation and stress-response as well as the
activation of genes for amino acid metabolism, peroxisome biogenesis and fatty acid -oxidation and the
glyoxylate cycle. In addition to metabolic changes, colonies increase their expression of several genes coding
for plasma membrane transporters during the acid-to-alkali transition. These include the ATO1, ATO2 and
ATO3 genes for putative ammonium exporters and the JENI gene, encoding a monocarboxylate/proton
symporter [1]. Jenlp substrates include lactate, pyruvate, acetate and propionate [2], as well as selenite [3].
This transporter is subjected to glucose repression, being expressed in cells grown on non-fermentable
carbon sources [4][5]. It has been proposed that carboxylic acids (the possible products of early phase colony
metabolism) may function as a carbon source for starving colonies in the latter phases of their development.
Thus the uptake of monocarboxylates coupled with protons could lead to the initial increase in extracellular
pH, which is an important precondition for the release of volatile ammonia during the alkali phase [1].
Saccharomyces cerevisiae colony development depends on the proper function of the transcriptional
regulator Sok2p. BY-sok2 colonies lacking this regulator are not able either to release a sufficient amount of
ammonia or to activate adaptive metabolism and exhibit survival defect [6]. Among others, expression of the
JENI gene is diminished in sok2 colonies compared to the parental strain.

Ammonia-guided metabolic changes do not occur throughout the whole colony. They preferentially
localize to distinct colony regions, mainly to the outer rim of the colony, composed of younger cells
producing new healthy progeny. In addition to the increase in the amount of adaptive metabolic enzymes
(e.g. Cit3p, IcI2p and Ctalp), the changes in the outer cells include an increase in the protein level of all
three ammonium exporters (Atolp, Ato2p and Ato3p) and concomitant drop in the level of Pmalp [7]. In
contrast, the metabolism remains relatively unchanged in the colony centre [7][8], where the level of reactive
oxygen species (an indicator of oxidative stress) increases and some cells undergo programmed cell death
[9]. The described centre-outer diversification is absent in sok2 colonies, in which cell dying occurs
throughout the whole colony.

The aim of this work was to elucidate the possible role of the Jenlp monocarboxylate transporter in
the long-term development and differentiation of the S. cerevisiae colony. Analysis of the Jenlp protein level
and its activity, as well as the behaviour of the BY-jen/ knockout strain revealed the important role of this
transporter in the alkali phase of colony development. In addition, lactic acid uptake analysis revealed the
presence of the two transport mechanisms: one with second order kinetics (always associated with Jenlp
activity) and the other with first order kinetics (diffusion). The data found for the diffusion rates in the
colonies of knockout strains are consistent with the existence of a currently unidentified lactic acid facilitator
in yeast cells.

EXPERIMENTAL

Strains, plasmids and growth conditions

The S. cerevisiae strains used in this study are listed in Table 1. Colonies were grown on GMA-BKP (3%
glycerol, 1% yeast extract, and 2% agar with 0.01% BKP (supplemented as 1 % solution in ethanol)) at
28°C. In each experiment, parallel plates were inoculated with six giant colonies per plate (Figure 1C).
Liquid cultures were grown in YPD media (1% yeast extract, 1% peptone, 2% glucose) overnight. Cells were
harvested in the exponential phase (ODgyonm = 0.5), washed twice and transferred to synthetic minimal
(SML) medium (0.67% YNB, Difco, with auxotrophic requirements) supplemented with lactic acid (0.5 %),
pH 5.0, for 4 hrs for the induction of JEN! gene expression.

Transport assays

Labelled lactic acid uptake was determined as described previously (Casal, 1999 #31). Cells from central and
outer colony regions were collected and after ice-cold water washing, diluted to a final concentration of
about 25-40 mg dry weight ml™. 10 ul of the cell suspension was added to 30 pl of 0.1 M potassium
phosphate buffer, pH 5.0, and incubated for 2 min at 25 °C. The reaction was started by adding 10 pl of [U-
“CJlactic acid (sodium salt; Amersham) (4000 dpm/nmol), pH 5.0, and stopped after 5 s by diluting with 5
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ml of ice-cold water. Cells were collected and washed immediately through GF/C filters (Whatman, Inc.,
Clifton, N.J.) and radioactivity was measured in scintillation fluid (Opti-Phase HiSafe II; LKB FSA
Laboratory Supplies, Loughborough, U.XK.) in a Packard Tri-Carb 2200 CA liquid scintillation
spectrophotometer with disintegrations per minute correction. To determine the non-specific *C adsorption,
the labelled lactic acid was added at time zero after the addition of cold water. To determine the best fitting
transport kinetics to the experimental values of initial lactate uptake rates and estimate the kinetic
parameters, a computer-assisted non-linear regression analysis was used (GraphPAD software, San Diego
CA, USA). By iterative calculations we determined the best fitting curve, either to a second-order kinetics
(fitting to a saturable mechanism described by the equation Y=(V,,..*x)/(K,+x)), first-order kinetics (fitting
to a diffusion mechanism, equation Y=K,*x) or kinetics with both components present (saturable plus
diffusion mechanism, equation Y=((V,,...*x)/(K,+x))+K,*x)), in which x represents lactic acid concentration,
K, Michaelis-Menten constant, Vi, maximum velocity and K, diffusion constant. All experiments were
repeated at least three times and the data reported here represent the average values.

Ammonia production measurement

Ammonia released by growing colonies was absorbed into acidic traps as described ([10],
www.natur.cuni.cz/~zdenap) at intervals of two or three days during the experiment. The amount of
ammonia in each sample was determined using the Nessler reagent.

Transformation of S. cerevisiae cells

Transformation was done by the LiAc/SS-DNA/PEG method [11]. The transformed cells were plated on
YPD solid medium containing either 200 pg/ml geneticin (G418 from Life Technologies) and/or 30 pg/ml
hygromycin (CAYLA, Toulouse, France). The transformants obtained were verified by analytical PCR as
described by Kruckeberg et al. [12].

Construction of strains harbouring JENI fused with GFP in the chromosome

The KanMX4 gene in the sok2 deletion strain (EUROSCARF Y 10591, BY4742 sok2::KanMX4) was
replaced by the HphMX gene from plasmid pAG32 [13] by homologous recombination between the
promoter and terminator regions. The resulting strain was designated SD2. The JENI-GFP-KanMX4
construct was amplified by PCR (primers W303-1A forward and W303.1A reverse) from the U2 strain [5]
carrying a chromosomal C-terminal GFP tag on the JENI gene. Strains BY4742 and SD2 were transformed
with this PCR product, resulting in strains Jenlp-GFP (BY4742 JENI::GFP Kanr) and sok2-Jenlp-GFP
(MATa, his3A1, leu2 A0, lys2A0, ura3A0 sok2::HphMX4 JEN1::GFP Kanr), respectively.

Construction of the sok2/jen1 double knockout strain

The SD2 strain was transformed with the PCR product of jen!::KanMX4 of the S. cerevisiae strain jenl. The
selection was done with hygromycin and G418. The double mutant strain BY-sok2jenl (BY4742 sok2::
HphMX4 jenl::KanMX4) was verified by PCR.

Determination of Jenlp level

We used the method described previously [7]. Briefly, total-cell lysates were prepared from cells taken from
the outer margin and centre of colonies grown on GMA-BKP, broken with glass beads in 10 mM MES
buffer, pH 6. supplemented with Complete protease inhibitor mixture (Roche Applied Science) and 1 mM
AEBSF (Sigma) in a FastPrep (Qbiogene). After cell debris removal, the proteins of cell lysates were
subjected to SDS-PAGE (6 pg per slot) and transferred to a PVDF membrane (Immobilon-P, Millipore).
GFP-tagged Jenlp was detected by mouse monoclonal anti-GFP antibody - horseradish peroxidase conjugate
(Santa Cruz). The peroxidase signal was visualized with Super Signal West Pico (Pierce) on Super RX
medical X-ray film (Fuji).

Photography of colonies and cells

Colonies were photographed with a Hitachi HV-C20 colour camera with Cosmicar or Navitar lenses, Kaiser
Prolite illumination system and NIS Elements software (Laboratory Imaging). Cells were photographed with
a high performance CCD camera (Cohu 4912) using a Leica DMR microscope with a 100x/1.3 oil objective
(Leica HCX PL fluotar), a GFP filter or under Nomarski contrast and NIS Elements.
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RESULTS
Jenlp transporter is important for colony development and ammonia signalling

It has been previously shown that JENI expression is strongly induced during the switch of S. cerevisiae
BY4742 colonies from the acidic to alkali phase of their development [1]. The characterization of colonies
formed by the isogenic BY-jen! strain showed that the absence of the Jenlp transporter affects ammonia
signalling and colony development. As shown in Figure 1A,B, colonies of the BY-jen! strain significantly
diminished ammonia production compared to the wild-type isogenic strain, and they were unable to undergo
the transition to the alkali phase.

Cells in different colony regions produce different levels of Jenlp transporter

Ammonia signalling failure was shown to be linked to a lack of centre-outer colony differentiation
[9]117]. We therefore asked the question of whether the amount of Jenlp differs in the central and outer
colony areas. We constructed the BY-Jenlp-GFP strain, harbouring a chimeric fusion between JEN/ and
GFP genes directly in the chromosome. This not only guarantees the stability of the construct but also the
native regulation of JEN! gene expression and thus of the amount of protein produced. Jenlp-GFP protein
properly localised to the plasma membrane of BY-Jenlp-GFP cells and the import of lactate was similar to
that observed for the parental strain, when cells were cultivated under standard conditions (data not shown).
This proved that Jenlp with the C-terminal GFP-tag is fully functional in the BY4742 background, a result
that agrees with previous data [5]. BY-Jenlp-GFP colony development on GMA-BKP and the course of
ammonia production were also comparable to wt colonies (data not shown).

BY-Jenlp-GFP colonies grown on GMA were then used to monitor changes in the amount (Figure 2B)
and subcellular localization (Figure 2A) of the Jenlp protein in the colony centre and margin. In the first
acidic phase of colony development, the amount of Jen1p-GFP determined by Western blot was relatively
high (Figure 2B, 4™ day) and most of the Jen1p-GFP localized to the plasma membrane (Figure 2A). both in
central and outer colony cells. In the late acidic phase, the central cells maintained a relatively high Jenlp-
GFP level, while a transient decrease in Jen1p-GFP level in the outer cells was visible (Figure 2B, 6™ day).
After the transition to the alkali phase, the centre-outer diversification became the most prominent. From this
transition point on, the amount of Jenlp-GFP in the central cells gradually decreased whereas a substantial
increase was found in the outer cells (Figure 2C, 9™ — 13" days). Accordingly, a strong GFP fluorescence at
the plasma membrane of the alkali-phase outer cells was detected. In addition, these cells exhibited bright
GFP fluorescence within their vacuoles, suggesting a high rate of Jenlp-GFP protein turnover during the
alkali phase. This corresponds to the high level of free GFP (Mw of about 27 kDa) detected in the
corresponding samples in the western blot (data not shown). The high Jenlp level in outer cells persisted
throughout the whole of the alkali phase (Figure 2C, 9" — 13" days). Later, in the late alkali and the second
acidic phases, the level of Jen1p-GFP also gradually decreased in outer cells (Figure 2C, 17" — 31% days) and
the intensity of the GFP fluorescence at the plasma membrane was also lowered. Overall, these results
clearly show that Jenlp is differentially produced during colony development.

Ability of cells from colonies to import lactic acid by Jenlp-mediated active transport and by diffusion

First, lactic acid transport assays were carried out in BY4742 cells, grown in SML liquid medium, to
estimate their kinetic parameters at pH 5.0, 25°C (not shown). The determined K, = 0.29 + 0.13 mM was in
accordance with what had been previously reported for other S. cerevisiae strains [2][14]. This K, was an
fixed parameter when performing kinetics analysis for lactate transport in colonies. On the other hand, the
Vmax values, being a function of the activity of the transporter and proportional to its quantity, served as a
direct measure of Jenlp activity/level in central and outer colony cells.

A computer-assisted non-linear regression analysis applied to the initial uptake rates of lactic acid (see
Experimental) measured in cells from colonies revealed biphasic kinetics: second order kinetics
superimposed with a linear component (first order kinetics) (Figure S1). The saturable component is
associated with the transporter, characterized by the Vi, and K,, parameters; the lincar component is
characterized by the diffusion constant (Kj), estimated from the slope of the first order kinetics curve. In
colonies, we found a clear correlation of the profile of Jenlp-GFP protein level determined by fluorescence
microscopy and Western-blot (Figure 2A and B) and the V,,, for lactate uptake (Figure 2C). Central and
outer cells from the wt colonies occurring in the first acidic phase exhibited a Vyy,, 0of 0.29 £ 0.03, and 0.27 £+
0.04 nmol/s/mg d.w., respectively. In the later phases, the transporter activity (Vi) gradually decreased in
central cells, while the increase in activity was found in outer cells, reaching a peak between day 10 and 14
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of colony development (i.e. in the alkali phase). During the transition to the second acidic phase, the Jenlp
activity in outer cells decreased as Vi, exhibited similar low values in both colony regions (approximately
0.1 nmol/s/mg d.w. at the day 24). These data support the involvement of Jenlp in the second-order kinetics
for lactate uptake in colonies.

The Ky values representing the first order kinetics component of uptake found in the wt central cells
were low (typically about 0.02 pL/s/mg d.w.) throughout the colony development. However in the outer
cells, the Ky increased between day 10 and 14 of colony development (in parallel with the mediated
transport) and reached values threefold higher than the central cells (Figure 3).

We further measured the initial rates of labelled lactic acid uptake in cells from both parts of BY-jen!
colonies. As expected, the kinetics found fitted with a first order kinetics (not shown), indicating that Jenlp
is the only transporter responsible for the mediated transport of lactate under these conditions. When
comparing the diffusion constants, we found that the time course changes in Ky of outer BY-jen! cells
resembled those of outer wt cells: Ky increased during the first acidic phase (until 10" day), remained
unaltered during the abortive alkali phase, and a subsequent a drop in its values was observed upon transition
to the 2™ acidic phase (Figure 3). The maximal values in both strains reached about 0.06 ul/s/mg d.w. In
contrast to the wt, the Ky of BY -jen! central cells followed the higher values of outer cells, until the colonies
entered the abortive alkali phase: thereafter the Ky of BY -jen/ central cells slightly decreased. This indicates
that BY-jen! colonies may be incapable of centre-margin diversification, like other mutant strains lacking
ammonia production (¢.g. BY -s0k2, BY-sod2 and BY-ctt1) [8].

Lactic acid transport in colonies is diminished when Sok2p transcription factor is absent

As shown previously [6], colonies formed by the strain with the gene for Sok2p transcription factor
deleted are unable to produce ammonia and undergo the transition to the alkali phase. In addition, BY-sok2
colonies exhibit a decreased level of JENI expression. To be able to monitor Jen1p-GFP protein level during
the development of BY-sok2 colonies, a BY-sok2-Jenlp-GFP strain containing JENI-GFP genomic fusion
was constructed. Figure 2B shows that BY-sok2-Jenlp-GFP colonies produced a markedly lower overall
level of Jenlp-GFP than wt colonies. The Jenlp-GFP profile in outer and central cells, however, still
followed that of the wt cells, exhibiting a gradual decrease in Jenlp in central cells and its transient increase
in outer cells during the transition to the abortive alkali phase of BY-sok2 colonies. In terms of subcellular
localisation, the Jen1p-GFP fluorescence at the plasma membrane of sok2 cells was significantly weaker than
that of the wt cells (Figure 2A). As early as the first acidic phase, a strong vacuolar signal appeared in cells
from BY-sok2-Jen1p-GFP colonies, suggesting that in addition to lower JEN! expression, Jenlp degradation
is accelerated in BY-sok2 colonies compared to wt colonies.

In accordance with their decreased Jenlp-GFP protein level in the membrane, cells from BY-sok2
colonies had only a weak ability to transport labelled lactic acid. The mediated component of lactate uptake
was low at nearly all time points of colony development, being lowest in the central cells (Figure 2C).
Unexpectedly, only negligible values of the first order kinetics component of lactic acid uptake were
observed in BY-sok2 colonies. The Ky of BY-sok2 central cells was on average 2 and 4-fold lower than that
of the wt and BY-jen! central cells, respectively. The differences in outer cells during the first acidic and
alkali developmental phases (days 6-13) were even higher: the K4 of BY-sok2 outer cells was on average
almost 27 and 23-fold lower than the highest Ky values of the wt and BY-jen! outer cells, respectively. This
led us to speculate that the first order kinetics transport for lactic acid across the plasma membrane that
participates in the acid import in both wt and BY-jen! colonies is absent in the BY-sok2 mutant. To explore
this hypothesis, we also measured lactic acid uptake in the cells of BY-sok2jen! colonies. In this strain, any
possible effect of the Jenlp transporter is eliminated. The Ky values measured in BY -sok2jenl colonies were
as low as those determined for BY-sok2 colonies, both in central and outer cells (Figure 3) and sharply
contrasted with those found for BY-jen/ colonies. Measuring the lactic acid uptake by cells from BY-jen/,
BY-sok2 and BY-jenlsok2 colonies thus clearly proved that the absence of Sok2p transcription factor
significantly decreases the ability of cells from colonies to import lactic acid, not only via the Jenlp
transporter, but also by the other mechanism mediating the entry of the acid by diffusion.

DISCUSSION
As proposed previously, carboxylic acids may function as important carbon sources for the alternative
adaptive metabolism activated in S. cerevisiae colonies after their entry to the alkali, ammonia-producing
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period of their development [1]. Carboxylic acids may be then metabolised and form oxaloacetate, one of the
substrates important for driving the glyoxylate cycle [1]. In this study, we show that the Jenlp transporter is
important for proper ammonia signalling and colony development, since BY-jen!/ colonies neither alkalize
their surroundings efficiently nor produce a sufficient amount of ammonia. Jenlp is able to actively transport
monocarboxylates, ¢.g. lactate, pyruvate, acetate and propionate [2] that in their unprotonated, negatively
charged form cannot enter the cells by passive diffusion. As the charged lactate and other monocarboxylates
should highly predominate over the protonated (uncharged) form at the pH present in alkali-phase colonies
[15], these cells most likely acquire these compounds almost exclusively via the Jenlp transporter.

The level of Jen1p-GFP as well as the cell ability to transport lactate steeply increases in the outer cells
of wt colonies just after their entry to the alkali developmental phase. The Jenlp protein level is kept high in
outer cells during the alkali phase and decreases during the colony transition to the second acidic phase. In
contrast, central cells gradually decrease their Jen1p-GFP level and Jenlp transporter activity after entering
the alkali phase (scheme in Fig. 4). This centre-outer diversification in Jenlp level and transport activity
fully corresponds to the previously observed increase in the amount of adaptive metabolic proteins in outer
cells when colonies enter the alkali phase [7]. This finding strongly supports our hypothesis on the role of
carboxylic acids as a source of substrates for the essential adaptive metabolism. In yeast colonies, Jenlp
appears to be the sole transporter responsible for lactate uptake, since its deletion completely abolishes the
saturable uptake kinetics. One can hypothesize that Jenlp could either import monocarboxylates released by
the colony during the 1* acidic phase [1], or possibly those released during the regulated cell death of central
cells later in the alkali phase [9].

In addition to Jenlp-protein-mediated transport, colony cells display the ability to import lactic acid via
a first order kinetics mechanism, i.e. either by simple diffusion through the membrane lipid bilayer or by a
facilitated diffusion (e.g. via a channel). The first order kinetics, quantified by the diffusion constant (Kj).
differs in cells coming from different colony areas and developmental phases, reaching its highest values in
outer cells from alkali-phase colonies. Kj is significantly diminished when the Sok2p transcription factor is
absent (Figure 3), which suggests that the entry of lactic acid by means of the first order kinetics mechanism
(diffusion) is somehow regulated during colony development; either the membrane properties change or an
additional transporter system could be involved. Transcription factor Sok2p has been shown to influence
colony development from the early phases of colony growth [6]. The absence of Sok2p transcription factor
could thus lead to a modification of the cell membrane, compromising the simple diffusion. Alteratively, a
hypothetical channel-like transporter system responsible for the linear part of the uptake kinetics of lactic
acid in the wild type strain is not produced in BY-sok2 colonies. What are the pros and cons of both
possibilities? The microarrays data on the transcriptomes of wt colonies showed that the expression of genes
connected with ergosterol biosynthesis (¢.g. ERG6, ERG24, ERG25, CYB5, and later in the alkali phase also
ERGS5) increases during the transition from the 1* acidic to alkali developmental phase [7]. i.e. at the time
when lactic acid uptake via first-order kinetics intensifies (Figure 3). The higher sterol concentration would,
however, decrease membrane fluidity and thus also its permeability [16][17]. Moreover, the expression level
of ERG genes is similar or even lower (in the case of ERG5) in BY-sok2 colonies when comparing with wt
colonies [9]. These observations, together with the fact that most of the monocarboxylate substrate should be
in unprotonated, negatively charged form (see above), argue against the simple diffusion through the
membrane in alkali-phase colonies. On the contrary, the fact that sterols can activate most of the transporters
[17] supports the possible participation of a hypothetical channel in lactic acid transport in alkali-phase
colonies. Its synthesis could be under the control of the transcriptional regulator Sok2p and thus absent in
sok2 colonies. The identity of this hypothetical monocarboxylate channel remains to be elucidated as well as
its natural substrate. Such a channel is not very likely to be identical to the lactic acid exporter predicted in
the S. cerevisiae strain engineered for lactic acid production [18]. This putative exporter was predicted to use
ATP or proton-motive force for driving the transport, which does not correlate with the first order kinetics
for lactic acid import found in alkali colony cells.
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Figure legends

Figure 1. Alkalization and ammonia production

Giant colonies were grown on GMA-BKP agar. (A) The amount of volatile ammonia produced by BY4742
(wt) and BY-jenl colonies was determined. (B) Colony alkalization was monitored as a yellow to violet
change in the pH dye indicator BKP. (C) Schema of cell samples harvested from central and outer colony
regions (in red) for analyses in Figures 2 and 3.

Figure 2. Changes in Jenlp localization, amount and activity during wt and sok2 colony development
The scale shows the timing of the 1% acidic, alkali and 2™ acidic phases of wt colony development. (A)
Localization of Jen1p-GFP fluorescence within cells taken from outer and central colony regions (shown in
Figure 1C) of 1* acidic (day 4). alkali (day 13) and 2™ acidic (day 22) colonies. The typical cellular
localization in wt and BY-sok2 colonies is shown. Bar: 5 um. (B) Time-line of Jenlp protein level in outer
and central cells of wt and BY-sok2 colonies. (C) Changes in Jenlp activity to import lactate at pH 5.0
(determined as V,,,, expressed in nmoles/s/mg of cell dry weight) in outer and central cells over the course of
the development of wt and BY-sok2 colonies. The representative result (A and B) and average values (C) of
three independent experiments are shown. Bars represent standard deviation. Data significance was
determined using the two-tailed ¢ test. p values of 0.05 or less were considered statistically significant: *,
p<0.05, **, p<0.01***_ p <0.005.

Figure 3. First order kinetics of lactic acid uptake by central and outer cells from colonies

Diffusion of lactic acid determined as K, (see Experimental and Results) in pl/s/mg d.w. for outer and central
cells of wt, BY-sok2, BY-jenl and BY-sok2jenl strains. The average values of three independent
experiments are shown. Bars represent standard deviation. Data significance was determined using the two-
tailed 7 test. p values of 0.05 or less were considered statistically significant: *, p<0.05, **, p<0.01*¥** p <
0.005.

Figure 4. Schema depicting presence of the two lactic acid transport mechanisms over the course of
colony development

(A) Differences in the activity as well as in the amount and plasma membrane localization of the Jenlp
transporter. (B) Differences in the level of the diffusion component. The circles represent colonies; the level
of determined features in the central and outer colony areas is indicated in grey: darker colour indicates a
higher level of uptake mechanism activity.
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Table 1. Yeast strains used in this study.

Strain Genotype Source
BY4742 (wt) BY4742 MATa., his3A1, leu2A0, lys2A0, ura3A0 Euroscarf (Y 1000)
BY-jenl BY4742 jenl:: KanMX4 Euroscarf (Y 15067)
BY-sok2 BY4742 sok2:: KanMX4 Euroscarf (Y 10591)
U2 CEN.PK; MATa. his3 leu2 lys2 ura3; JENI::GFP Kan'| Paiva et al., 2002
BY-Jenlp-GFP BY4742 JEN1::GFP Kan" This work
SD2 BY4742 sok2::HphMX4 This work
BY-sok2-Jen1p-GFP | MATa, his3Al, leu2A0, lys2A0, ura3A0 This work

sok2::HphMX4 JENI::GFP Kan'
BY-sok2jenl BY4742 sok2:: HphMX4 jenl::KanMX4 This work
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6 SOUHRNNA DISKUSE

Kvasinky jsou schopné tvofit pfi rastu na rozhrani dvou skupenstvi mnohobunécna
spolecenstvi - biofilmy ¢i kolonie. Existence v ramci mnohobunécnych utvart je v pfirozeném
prostiedi upfednostiiovana, nebot' poskytuje fadu vyhod pro pfezivani v nepiiznivych
podminkach (PALKOVA a VACHOVA, 2006). NaSe pracovni skupina se dlouhodob¢é zabyva
diferenciaci buné€k v rdmci kvasinkové kolonie a roli této diferenciace v dlouhodobém
prezivani kvasinek. Preprogramovani metabolismu a diferenciace kolonie vedouci ke zlepSeni
vyhlidek kolonie z hlediska ptezivani se d&je v dusledku amoniakové signalizace - fenoménu
objeveného v nasi laboratofi (PALKOVA, et al., 2002; PALKOVA, et al., 1997). Prvotni data o
diferenciaci kolonii ukazala, ze mezi okrajem a stfedem kolonie existuji rozdily co se tyce
naptiklad poctu mrtvych bunék nebo poctu bunék vykazujicich znaky programované bunééné
smrti, a Ze tyto rozdily pozorované u kolonii rodi¢ovského kmene jsou mnohem méné patrné u
sok2 kmene s deleci genu SOK2, ktery neni schopen alkalizace okolniho média a produkce
amoniaku (VACHOVA, et al., 2004; VACHOVA a PALKOVA, 2005).

Amoniak je signalem produkovanym kvasinkovou kolonii patrné za tucelem
informovat okolni kolonie o blizicim se vyCerpani dosavadnich zdroju Zivin v okoli
(PALKOVA a FORSTOVA, 2000). Neni vsak jedinou plynnou molekulou, ktera mize vyvolat
vstup kvasinkovych kolonii do alkalické faze. Signaliza¢ni efekt amoniaku lze mimikovat
methylaminem ¢i propylaminem (podobné jako se podafilo mimikovat signalizacni ucinky

amoniaku u Dictyostelium discoideum (GRoss, et al., 1983)).

Na zéklad¢ dat ziskanych analyzou transkriptomu v prib&hu vstupu kvasinkové
kolonie do alkalické faze vyvoje byla vyslovena hypotéza, Ze roli Zivin v pozdéjsich fazich
vyvoje kvasinkovych kolonii by mohly hrat nékteré karboxylové kyseliny, mozné produkty
metabolismu uvolfiované z bunék do okoli v ranych fazich vyvoje kvasinkovych kolonii
(PALKOVA, et al., 2002). Tyto metabolity by mohly zpét do kvasinkovych bunék vstupovat
pomoci Jenlp transportéru karboxylovych kyselin (laktatu, pyruvatu, acetatu a propionatu)
(CAsAL, et al., 1999). U kmene sok2, u n&jz byla prokazana snizena produkce Jenlp proteinu
(VACHOVA, et al., 2004), kmene jenl s deleci JEN1 genu a kmene sok2/jenl s deleci SOK2 a
JEN1 geni neprobihé transport karboxylovych kyselin do buiiky zjevné v plné mife a vSechny
tyto kmeny shodné vykazuji snizenou miru alkalizace okolniho média a snizenou produkci
amoniaku. Neposkozeny transport karboxylovych kyselin se tak zda byt dulezity pro spravny

vstup kvasinkovych kolonii do alkalické faze 1 jejich dalsi vyvoj.
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Klicovym modelem nasi pracovni skupiny jsou kvasinkové obii kolonie. Produkce
amoniaku vsak byla prokazana rovnéz v dalSich modelovych uspotadanich - pfi aerobni (ve
ttepané kultufe) a statické kultivaci v tekutém glycerolovém médiu, amoniak tak ziejmé
muze slouzit jako obecny signal upozoriiujici na blizici se nedostatek Zivin v okoli, a tedy na

nutnost metabolického reprogramovani provazeného vyraznymi zménami v genové expresi.

Na amoniakové signalizaci se vyznamnou mérou podili proteinové produkty ATO1,
ATO2 a ATOS3 genu. Jednim z cilti prace bylo rozsifit poznatky o Ato proteinech, které by
mohly hrat roli v transportu amonného kationtu ven z builkky (mechanismem antiportu
s protonem H*) (PALKOVA, et al., 2002). Skuteéna funkce téchto proteindi je stile nejasna.
Zejména v pripad¢ Atolp proteinu se mnozi indicie, ze by mohl tento protein byt spojen se
vstupem nékterych karboxylovych kyselin - at’ uz jde o acetat (PAIVA, et al., 2004) ¢i laktat
(DE KoK, et al., 2012; PACHECO, et al., 2012) - do buriky. Pfi méfeni vstupu acetatu do bunék
pochazejicich z kolonii nachazejicich se v alkalické fazi vyvoje, a tudiz produkujicich velké
mnozstvi Ato proteinli, nicméné nedochdzelo ke vstupu acetatu do buiiky mechanismem
transportu (Mgr. Markéta Ri¢icova, PhD., tstni sdéleni). Rovnéz tak u kolonii jenl kmene
vstupoval laktat do bunék z kolonii v alkalické fazi pouze mechanismem difuze. Data ziskana
pti méfeni vstupu karboxylovych kyselin do bunék pochézejicich z kolonii v alkalické fazi tak
roli Ato proteini v transportu karboxylovych kyselin nenasvéd¢uji. Naopak ve vsech
modelovych uspofadanich testovanych v nasi laboratofi byla pozorovana zjevna korelace

mezi vzestupem pH (alkalizaci) okolniho média, produkci amoniaku a produkci Ato proteind.

Vyrazna produkce Ato proteind na médiu s vysokym pH a vyrazné snizena schopnost
rastu kmene atol/ato2/ato3 s deleci vSech tii ATO genti v médiu s alkalickym pH své&d¢i pro
dilezitou roli Ato proteint v prostiedi s alkalickym pH. Za pfedpokladu, Ze se v pfipadé Ato
proteini jednd o transportéry kationtli, je mozné, Ze snizena schopnost ristu kmene
atol/ato2/ato3 v médiu s alkalickym pH je dusledkem poruSené rovnovahy cytosolického pH
(podobng, jako je s poruchou regulace vnitrobunééného pH nebo pH organel spojena porucha
nékterych z genl kodujicich transportéry kationtt alkalickych kovu (BRETT, et al., 2005;
SYCHROVA, et al., 1999)).

Kmeny atol, ato2 a ato3 s deleci jednotlivych ATO gentli vykazovaly shodné¢ sniZzenou
produkci amoniaku (PALKOVA, et al., 2002). Snizena produkce amoniaku u kment atol, ato2
a ato3 byla nasledné prokazana i pfi aerobni kultivaci v tekutém glycerolovém médiu. Prave

skutecnost, Ze delece kazdého jednotlivého ATO genu mé zna¢né ucinky na produkci
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amoniaku a prib¢h alkalické faze (tudiz Ato proteiny nejsou schopny se vzdjemné plné
nahradit) nas vedla k hypotéze, ze by Ato proteiny mohly fyzicky interagovat. Za vyuziti
novych piistupti zjiStovani interakci mezi kvasinkovymi proteiny (zaloZzenych na méfeni
polo¢asu dohasinani fluorescence) byla prokazana fyzicka interakce jednak mezi Atolp a
Ato2p proteiny, jednak mezi Atolp a Atolp proteiny a Ato3p a Ato3p proteiny. Pristup
nicméné neumoziuje rozhodnout, zda se jedna o dimerizaci ¢i oligomerizaci proteint. Pravé
Atolp a Ato3p proteiny, u nichz byla prokdzana homodi-/oligomerizace, se v membrané
vyskytuji ve velkych shlucich (RICICOVA, et al., 2007), ¢imz se odliSuji od Ato2p proteinu,
jehoz lokalizace v ramci plazmatické membrany je vice homogenni. Experimentalni data
naznacuji, ze Gprlp protein kvasinky Yarrrowia lipolytica, ktery je homologem Ato proteint,

by se na membrané buiiky mohl vyskytovat v oligomernim stavu (GENTSCH, et al., 2007).

Na ptikladu prostorového uspoiaddni bunék produkujicich/neprodukujicich Atolp-
GFP protein byla dokumentovana piitomnost riznych vrstev bunék v ramci kvasinkové
mikrokolonie (VACHOVA, et al., 2009a). Nejnov¢jsi data ukazuji, Ze kvasinkova obii kolonie je
ve vertikalnim sméru tvotfena dvéma vyrazné odliSnymi vrstvami bunék: butiky horni vrstvy jsou
velké, kulaté, maji silnou bunéénou sténou, obsahuji ¢etné vakuoly a mensi pocet mitochondrii,
naopak buiky spodni vrstvy mensi a protahlé, maji jedinou vakuolu a velké mnozstvi
mitochondrii. Pfi sledovani stratifikace kolonii kment s vybranymi proteiny znacenymi GFP se
ukazalo, ze fada téchto proteinti se vyskytuje typicky v jedné ze dvou hlavnich vrstev bunék.
Napiiklad Ato3p-GFP protein je typickym proteinem produkovanym bunikami horni vrstvy (CAP,
et al., 2012). Podobn¢ jako se buiiky produkujici Ato3p-GFP protein vyskytovaly zejména
v bunkach horni vrstvy obfich kolonii, byl i fluorescencni signal Atolp-GFP dokumentovan
témé&f vyhradné v hornich vrstvach bunék mikrokolonie (VACHOVA, et al., 2009a). Ato proteiny

tak zfejmé plni Svoji roli na konkrétnim misté kolonie v konkrétnim typu bunék.

Zavérem je mozné fici, Zze soucasné poznatky ptinaseji stale vice dikazl o slozitosti svéta
kvasinky S.cerevisiae - jednoho z oblibenych modelovych mikroorganismu. K diferenciaci bunék
populace dochézi zjevné nejen pii ristu na pevném pokladu v ramci kolonie, ale i pii kultivaci
v tekutém médiu (ALLEN, et al., 2006; WERNER-WASHBURNE, et al., 2012) - tedy za podminek, ve
kterych byly bunky dlouho povazovany za rovnocenné. Prav€é amoniak by mohl byt kli¢ovou
molekulou hrajici roli v rozriziiovani kvasinkové populace. Geny ATO1, ATO2, ATO3, SOK2 a
JEN1 zminované v této praci pak do zna¢né miry produkci amoniaku, a tedy i diferenciaci

populace, ovliviiuji.
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7 ZAVER
Tato prace se zabyva studiem pii¢in a disledkt produkce amoniaku u kvasinkovych
kolonii a tekutych kultur. Predkladand prace dopliiuje a rozSifuje znalosti o amoniakové

signalizaci u kvasinek a znalosti o Ato proteinech, jeZ by mohly hrat roli v exportu amonného

kationtu z buiiky. Nejdulezitéjsi vysledky, jez prace piinasi, jsou nasledujici:

. Prokéazani pfitomnosti riznych vrstev bunék v ramci kvasinkové mikrokolonie (na
prikladu prostorového uspotradani bunck produkujicich/neprodukujicich Atolp-GFP

protein).

. Zjisténi vyznamné role SOK2 genu, JEN1 genu a transportu karboxylovych kyselin

v amoniakové signalizaci a diferenciaci kvasinkovych kolonii.

. Zjisténi, ze pusobeni methylaminu a propylaminu na obii kolonie S.cerevisiae a

C.mogii v acidické fazi spousti jejich vstup do alkalické faze.

. Prokazani produkce amoniaku pii aerobni kultivaci S.cerevisiae v tekutém
glycerolovém médiu (ve tfepanych kulturach) a pii statické kultivaci v tekutém

glycerolovém médiu.

. Zjisténi vlivu riiznych kultivacnich podminek na expresi ATO gent a zjisténi vyrazné

exprese ATO genii v médiu alkalickym pH v nepfitomnosti glukosy.

. Pfiprava a charakterizace kmene atol/ato2/ato3 s deleci v§ech ATO gent. Zjisténi, Ze

delece ATO gent zptsobuje neschopnost ristu v médiu s alkalickym pH.

. Prokazani interakce mezi Atolp-FP a Ato2p-FP proteiny a dale mezi Atolp-
FP/Atolp-FP a Ato3p-FP/Ato3p-FP proteiny, a to pomoci nové zavedenych metod
vyhledavani interakci mezi kvasinkovymi proteiny, zalozenych na meéteni poloCasu

dohasinani fluorescence.
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