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6 Použitá literatura 16

7 Curicculum vitae 18
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1. Abstrakt

Kvasinky rodu Candida jsou oportunńı patogeny schopné vyvolat závažné systémové

infekce u imunokompromitovaných pacient̊u. Virulence jednotlivých druh̊u kan-

did záviśı mimo jiné na jejich odolnosti v̊uči proměnlivosti vněǰśıho prostřed́ı.

Udržováńı homeostáze kationt̊u alkalických kov̊u, čili na jedné straně schopnost

akumulovat dostatečné množstv́ı draselných iont̊u a na straně druhé úspěšně čelit

jejich vysoké extracelulárńı koncentraci, je nezbytné pro r̊ust a virulenci kandid.

V rámci této práce jsme popsali souvislost mezi toleranćı k soĺım a rezistenćı

k flukonazolu u šesti druh̊u kandid a možný mechanismus této interakce. Flu-

konazol hyperpolarizuje plasmatickou membránu buněk kandid a zvyšuje tak

nespecifický vstup kationt̊u alkalických kov̊u do buňky, č́ımž výrazně nar̊ustá citli-

vost kandid k soĺım těchto kationt̊u. Popsaný mechanismus má obecnou platnost,

nebot’ flukonazol zvyšuje senzitivitu kandid i k daľśım kladně nabitým látkám,

které vstupuj́ı do buňky v závislosti na velikosti membránového potenciálu.

Účinek flukonazolu na membránový potenciál a tedy i na vstup kationt̊u

alkalických kov̊u do buňky obrátil naši pozornost k homeostázi draselných kationt̊u,

jejichž relativně vysoká vnitrobuněčná koncentrace a tedy i jejich dostatečný import

do buňky je zásadńı pro r̊ust a virulenci kandid. Nav́ıc dosud známé kvasinkové

importéry K+, které za zásobeńı buňky K+ zodpov́ıdaj́ı, nemaj́ı homolgy v lidském

genomu a mohly by tak být slibnými ćıli pro nová antimykotika.

Vyhledali jsme proto v genomech dev́ıti druh̊u rodu Candida geny kóduj́ıćı

potenciálńı importéry K+ a predikovali jejich topologii. Následně jsme pak porov-

nali r̊ust šesti druh̊u kandid na limitně ńızké koncentraci K+. Zaznamenali jsme

inhibici r̊ustu všech šesti druh̊u kandid, jej́ıž mı́ra se však u jednotlivých druh̊u

lǐśı. Nakonec jsme charakterizovali importéry K+, kterými disponuje C. albicans,

za podmı́nek heterologńı exprese v kmeni S. cerevisiae trk1∆trk2∆ postrádaj́ıćım

vlastńı importéry K+. Všechny tři importéry K+ patř́ıćı C. albicans jsou za těchto

podmı́nek schopny zajistit dostatek K+ pro r̊ust a děleńı buněk S. cerevisiae

trk1∆trk2∆ a všechny tak maj́ı potenciál pod́ılet se na importu K+ v C. albicans.
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2. Úvod a ćıle práce

Každý pátý z asi 1400 dosud popsaných lidských patogen̊u patř́ı do ř́ı̌se Fungi, což

ji čińı druhou nejpočetněǰśı skupinou po bakteríıch. Patř́ı sem i několik deśıtek

druh̊u kvasinek rodu Candida, které jsou oportunńı patogeny schopné vyvolat

závažné systémové infekce (kandidémie) u silně imunokompromitovaných pacient̊u,

jejichž mortalita dosahuje řádově deśıtek procent (Pfaller et al., 2014).

Virulence jednotlivých druh̊u kandid záviśı mimo jiné na jejich odolnosti v̊uči

r̊uzným druh̊um stresu. Udržováńı homeostáze kationt̊u alkalických kov̊u, čili

schopnost na jedné straně akumulovat dostatečné množstv́ı draselných kationt̊u a

na druhé straně úspěšně čelit vysoké extracelulárńı koncentraci nejen kationt̊u

draselných, ale i sodných a lithných, je d̊uležitá např. pro morfogenezi či adherenci

C. albicans (Watanabe et al., 2006).

Daľśım neméně d̊uležitým faktorem je rezistence jednotlivých druh̊u k antimy-

kotik̊um. V předkládané práci jsme se zaměřili na rezistenci k flukonazolu (FLC),

který je d́ıky svým výborným farmakokinetickým vlastnostem stále lékem volby

v profylaxi kandidémíı imunokompromitovaných pacient̊u a jehož masivńı zavedeńı

do terapie v 80. letech 20. stol. mělo za následek vzestup incidence druh̊u kandid

k flukonazolu rezistentńıch (Pappas et al., 2009).

Předkládaná práce navazuje na dř́ıve publikované výsledky naš́ı skupiny, které

charakterizovaly toleranci některých patogenńıch druh̊u kandid k soĺım alkalických

kationt̊u a popsaly vliv př́ıtomnosti flukonazolu na toleranci FLC-senzitivńıho i

FLC-rezistentńıho kmene C. albicans k NaCl (Krauke and Sychrova, 2008; Kolecka

et al., 2009; Krauke and Sychrova, 2010). Proto byly prvńı ćıle předkládané práce

stanoveny následovně:

• Podrobně charakterizovat toleranci patogenńıch druh̊u kandid k soĺım

r̊uzných alkalických kov̊u a k flukonazolu

• Sledovat vliv flukonazolu na toleranci kandid k soĺım a hodnotit jeho účinky

zejména z hlediska rezistence jednotlivých druh̊u k FLC i k soĺım

• Objasnit mechanismus jakým flukonazol ovlivňuje toleranci kandid k soĺım

a t́ım i homeostázi kationt̊u alkalických kov̊u

Výsledky prvńı části práce ukázaly, že FLC zasahuje homeostázi kationt̊u

alkalických kov̊u na úrovni vstupu kationt̊u do buňky. Zásobit buňku dostatečným

množstv́ım draselných kationt̊u je jednou z podmı́nek pro r̊ust kandid a tedy i rozvoj
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infekce, kdy při výskytu v plasmě či na sliznićıch hostitele se kandidy vyrovnávaj́ı

s nedostatkem K+. Proto jsme stanovili daľśı ćıle se záměrem charakterizovat

importéry, které u kvasinek zodpov́ıdaj́ı za zásobeńı buňky K+. Doposud známé

typy kvasinkových importér̊u K+ nemaj́ı homology v lidském genomu (Benito et al.,

2004; Ramos et al., 2011) a mohly by tak sloužit jako ćıle nových antimykotik.

Ćılem druhé části práce bylo:

• V genomech patogenńıch druh̊u kandid identifikovat geny pro předpokládané

importéry K+ a pomoćı nástroj̊u bioinformatiky je klasifikovat a odhadnout

jejich topologii

• Charakterizovat r̊ust kandid na limitně ńızké koncentraci draselných kationt̊u

za r̊uzných podmı́nek

• Vybrané transportéry K+ charakterizovat pomoćı heterologńı exprese v kmeni

S. cerevisiae trk1∆trk2∆, který postrádá vlastńı draselné importéry
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3. Použité metody

Mikrobiologické metody

• Kultivace a uchováváńı kvasinek a bakteríı

• Stanoveńı rychlosti r̊ustu a charakterizace r̊ustových fenotyp̊u při r̊uzných

druźıch stresu

– kapkový test, gradientový kapkový test

– sledováńı r̊ustu v tekutém médiu

• Stanoveńı počtu buněk a sušiny biomasy

• Mikroskopie kvasinek

Biochemické metody

• Stanoveńı obsahu Na+ a měřeńı exportu Na+ v buňkách kvasinek pomoćı

atomové absorpčńı spektrofotometrie

• Měřeńı relativńıho membránového potenciálu

Bioinformatické metody

• Sběr dat z databáźı, analýza, manipulace s daty pomoćı skript̊u vytvořených

v jazyku Perl a nástroj̊u sb́ırky BioPerl

• Porovnáváńı sekvenćı DNA a protein̊u (ClustalX, Muscle)

• Hledáńı ortolog̊u kvasinkových importér̊u K+ (Blast NCBI, Candida Genome

Database, Saccharomyces Genome Database, GenBank)

• Analýza syntenie (Yeast Gene Order Browser, Candida Gene Order Browser)

• Vyhledáváńı konzervovaných úsek̊u a konzervovaných funkčńıch domén

(Protein Families Database, CATH Database)

• Predikce topologie (TMHMM 2.0., KD plot)

• Predikce sekundárńı struktury pomoćı souboru algorithmů JPred4

• Predikce strukturovanosti proteinu (DisEMBL, Globplot)
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4. Výsledky

Výsledky této disertačńı práce jsou shrnuty celkem ve čtyřech publikovaných

článćıch, které na sebe volně navazuj́ı a dohromady tak vytvářej́ı ucelený soubor

nových poznatk̊u týkaj́ıćıch se homeostáze kationt̊u alkalických kov̊u patogenńıch

druh̊u kvasinek rodu Candida z hlediska jej́ıho významu pro rezistenci k flukonazolu

a hledáńı ćıl̊u pro nová antimykotika.

4.1. Publikace č. 1 - Fluconazole treatment hyperpolarizes the plasma

membrane of Candida cells

Elicharová, H. and H. Sychrová (2013), Medical Mycology, 51: 785-794.

Jednotlivé druhy kvasinek rodu Candida, které jsou nejčastěǰśımi p̊uvodci

systémových mykóz, se lǐśı virulenćı či rezistenćı k r̊uzným typ̊um antimykotik,

avšak všechny se muśı neustále vyrovnávat s měńıćım se prostřed́ım i r̊uznými

stresovými faktory.

Zaměřili jsme se na schopnost pěti druh̊u patogenńıch kandid udržovat ho-

meostázi kationt̊u alkalických kov̊u v př́ıtomnosti flukonazolu (FLC), nebot’ již

dř́ıve byla popsána schopnost tohoto antimykotika zvýšit intracelulárńı obsah Na+

u dvou kmen̊u C. albicans (senzitivńıho a tolerantńıho k FLC) (Kolecka et al.,

2009). Dř́ıve publikované práce zahrnuj́ıćı i tři námi studované druhy (C. albicans,

C. dubliniensis a C. parapsilosis) ukazuj́ı, že kandidy se v toleranci k soĺım alka-

lických kov̊u (NaCl, KCl, LiCl) výrazně lǐśı (Krauke and Sychrova, 2008, 2010).

My jsme pokračovali charakterizaćı tolerance k soĺım u druh̊u C. krusei a C. tro-

picalis. Oba druhy jsou sṕı̌se osmosenzitivńı, avšak překvapivě dramaticky se lǐśı

jejich citlivost k LiCl. C. krusei je k této toxické soli citlivěǰśı než obecně nejv́ıce

osmosenzitivńı C. dubliniensis a naproti tomu C. tropicalis toleruje podobně

vysoké koncentrace jako nejv́ıce osmotolerantńı C. parapsilosis. Námi pozorovaná

tolerance k soĺım u ostatńıch druh̊u, včetně obecně osmotolerantńı C. albicans je

v souladu s dř́ıve publikovanými výsledky (Krauke and Sychrova, 2008, 2010).

Následně jsme nalezli subinhibičńı koncentrace soĺı (NaCl, KCl) a flukonazolu

a provedli sadu r̊ustových experiment̊u v př́ıtomnosti kombinaćı subinhibičńıch

koncentraćı FLC a soĺı. Př́ıtomnost subinhibičńı koncentrace FLC v kombinaci

se subinhibičńı koncentraćı soli (NaCl nebo KCl) zp̊usobila výrazné zpomaleńı

r̊ustu všech druh̊u kandid tedy FLC-senzitivńıch (C. albicans, C. parapsilosis) i
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FLC-rezistentńıch (C. dubliniensis, C. krusei, C. tropicalis), přičemž výrazněǰśı

efekt vykazuje ve srovnáńı s KCl obecně v́ıce toxický NaCl. Buňky všech druh̊u

kandid pěstovaných s FLC po př́ıdavku NaCl do média akumuluj́ı v́ıce Na+

než buňky pěstované bez FLC a právě zvýšeńı vnitrobuněčné koncentrace Na+

(př́ıpadně K+) je nejsṕı̌se př́ıčinou inhibice r̊ustu kandid v př́ıtomnosti kombinace

FLC+NaCl (KCl).

Pozorovaná akumulace kationt̊u alkalických kov̊u mohla být zp̊usobena bud’

nadměrným vstupem kationt̊u do buňky, nebo jejich nedostatečným exportem.

Vzhledem k (námi zjǐstěné) neporušené schopnosti všech testovaných kandid

exportovat Na+, jsme se zaměřili na vstup kationt̊u do buňky, který záviśı na

membránovém potenciálu.

Pro měřeńı relativńıho membránového potenciálu pro r̊uzné druhy kandid

byla optimalizována a prvně úspěšně použita metoda využ́ıvaj́ıćı fluorescenčńı

sondu diS-C3(3). Inkubace buněk všech testovaných druh̊u kandid v př́ıtomnosti

subinhibičńı koncentrace FLC vedla k nár̊ustu membránového potenciálu, což

znamená i zvýšeńı nespecifického vstupu kladně nabitých látek (a tedy i Na+ nebo

K+) do buňky. Hyperpolarizačńı efekt FLC byl ověřen použit́ım hygromycinu B,

který také nese kladný náboj a ke kterému byly všechny druhy kandid citlivěǰśı

výrazně v́ıce, pokud byla v médiu př́ıtomna i subinhibičńı koncentrace FLC. Z výše

uvedeného vyplývá potenciál flukonazolu (již v malých koncentraćıch) zesilovat

antimykotický účinek pravděpodobně všech látek, jejichž vstup do buňky záviśı

na velikosti membránového potenciálu.

4.2. Publikace č. 2 - Fluconazole affects the alkali-metal-cation home-

ostasis and susceptibility to cationic toxic compounds of Can-

dida glabrata

Elicharová, H. and H. Sychrová (2014), Microbiology, 160: 1705-1713.

Klinický význam druhu C. glabrata spoč́ıvá v celosvětově stoupaj́ıćı incidenci

kandidémíı zp̊usobených t́ımto druhem, u kterého nav́ıc docháźı k častému rozvoji

rezistence v̊uči antimykotik̊um. Proto byla studována tolerance tohoto druhu

k soĺım a souvislost s rezistenćı k flukonazolu stejně jako u druh̊u zahrnutých

v Publikaci č. 1. C. glabrata je však relativně tolerantńı k soĺım a velmi rezistentńı

k flukonazolu, čili i subinhibičńı koncentrace jmenovaných látek jsou pro ni vyšš́ı
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než pro druhy studované v Publikaci č. 1. Tyto vlastnosti společně s konstrukćı

nového dvojitého mutanta postrádaj́ıćıho geny pro dva nejvýznamněǰśı kvasinkové

exportéry kationt̊u alkalických kov̊u ATPázu CgEna1 a antiportńı systém CgCnh1,

jejichž funkce byla studována dř́ıve s využit́ım jednoduchých mutant̊u (Krauke

and Sychrova, 2011), byly d̊uvodem studovat tento druh odděleně od ostatńıch.

Absence antiportńıho systému CgCnh1 snižuje toleranci buněk C. glabrata

ke KCl, zat́ımco absence samotné ATPázy CgEna1 nikoliv, i když nejcitlivěǰśı

ke KCl byl dvojitý mutant postrádaj́ıćı oba přenašeče. Z uvedeného vyplývá, že na

exportu K+ v C. glabrata se pod́ıĺı oba jmenované systémy, přičemž dominantńı

je antiportńı systém CgCnh1.

Podobně tolerance C. glabrata k NaCl je nejv́ıce sńıžena u dvojitého mutanta

(tedy i na exportu Na+ se pod́ılej́ı oba transportéry), avšak hlavńım exportérem

Na+ je ATPáza CgEna1, jej́ıž absebce znatelně snižuje toleranci k NaCl na rozd́ıl

od absence CgCnh1, jež toleranci k NaCl neovlivňuje.

Měřeńı membránového potenciálu pomoćı fluorescenčńı sondy diS-C3(3) ukázalo,

že absence obou exportér̊u kationt̊u alkalických kov̊u vede k hyperpolarizaci plasma-

tické membrány a t́ım i ke zvýšenému vstupu kationt̊u do buňky, což (společně

se ztrátou schopnosti efektivně exportovat Na+ nebo K+ z buňky) prohlubuje

citlivost buněk C. glabrata k soĺım.

Dále jsme sledovali vliv subinhibičńı koncentrace FLC na homeostázi kationt̊u

alkalických kov̊u a zejména na membránový potenciál. Př́ıtomnost subinhibičńı

koncentrace FLC zp̊usobuje zvýšenou citlivost tohoto druhu k NaCl i ke KCl,

přičemž absence transportér̊u kationt̊u alkalických kov̊u tento efekt prohloubila.

Zvýšená citlivost buněk C. glabrata k soĺım v př́ıtomnosti FLC je pravděpodobně

zp̊usobená změnou složeńı lipidové složky plasmatické membrány, jež vede (ob-

dobně jako u ostatńıch druh̊u kandid, viz Publikace č. 1) k jej́ı hyperpolarizaci.

Zaj́ımavý je výrazně vyšš́ı membránový potenciál v př́ıtomnosti FLC u obou kmen̊u

postrádaj́ıćıch gen CgENA1 (jednoduchého i dvojitého mutanta) ve srovnáńı s di-

vokým typem a kmenem postrádaj́ıćım gen CgCNH1. Např. v buňce S. cerevisiae

nebyla hyperpolarizace membrány v závislosti na aktivitě samotné ATPázy ScEna1

pozorována (Arino et al., 2010; Zahradka and Sychrova, 2012).

Zvýšeńı membránového potenciálu v př́ıtomnosti FLC vede ke zvýšeńı citli-

vosti buněk C. glabrata nejen ke kationt̊um alkalických kov̊u, ale též k daľśım

antimykoticky aktivńım látkám nesoućım kladný náboj (hygromycin B, tetrame-

thylammonium, spermin), které vstupuj́ı do buňky v závislosti na membránovém
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potenciálu. Oba kmeny postrádaj́ıćı gen CgENA1, u nichž byla flukonazolem

indukovaná hyperpolarizace obzvlášt’ výrazná, byly ke všem jmenovaným látkám

v př́ıtomnosti FLC citlivěǰśı než divoký kmen či mutant postrádaj́ıćı pouze anti-

portńı systém CgCnh1.

Flukonazol již v malých koncentraćıch zesiluje antimykotický účinek látek

vstupuj́ıćıch do buňky v závislosti na śıle membránového potenciálu a efektivně

tak eliminuje r̊ust druhu C. glabrata, který je obecně tolerantńı k osmotickému

stresu i k antimykotik̊um. Tohoto efektu by mohlo být využito při vývoji nových

antimykotik.

4.3. Publikace č. 3 - Pathogenic Candida species differ in the ability

to grow at limiting potassium concentrations

Hušeková, B., H. Elicharová and H. Sychrová (2016), Canadian Journal

of Microbiology, 62: 394-401.

V prvńıch dvou publikaćıch jsme prokázali vliv flukonazolu na membránový

potenciál buněk všech šesti studovaných druh̊u kvasinek rodu Candida a t́ım i

na porušeńı regulace vstupu kationt̊u do buňky, přičemž schopnost akumulace

dostatečného množstv́ı a efektivńı regulace obsahu draselných kationt̊u je zcela

kĺıčová pro fungováńı všech buněk.

V současnosti jsou známé tři typy kvasinkových importér̊u K+ lǐśıćı se trans-

portńım mechanismem, které jsou kĺıčové pro zajǐstěńı dostatečné vnitrobuněčné

koncentrace draselných kationt̊u (Ramos et al., 2011). Jako prvńı krok jsme v ge-

nomech dev́ıti patogenńıch druh̊u kandid vyhledali ortology všech typ̊u draselných

importér̊u. Mezidruhové zastoupeńı jednotlivých typ̊u transportér̊u i počet gen̊u

pro draselné transportéry se lǐśı. Nejrozš́ı̌reněǰśı jsou geny kóduj́ıćı uniportńı systém

Trk, které jsme nalezli ve všech dev́ıti genomech. C. glabrata a C. krusei daľśımi

typy importér̊u nedisponuj́ı. Genomy druh̊u patř́ıćıch do skupiny CTG obsahuj́ı

dále geny pro symportńı systém Hak. V genomech dvou kmen̊u C. albicans jsme

našli pseudogen patř́ıćı ATPáze Acu, který je složený vždy ze dvou otevřených

čtećıch rámc̊u.

Porovnáńım r̊ustu vybraných druh̊u kandid na limitně ńızké koncentraci dra-

selných kationt̊u (15 µM) jsme testovali, jestli rozd́ılné zastoupeńı gen̊u pro

importéry K+ má vliv na jejich schopnost akumulovat draselné kationty. Nejv́ıce
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tolerantńı k relativńımu nedostatku K+ jsou druhy C. albicans a C. krusei, naopak

nejh̊uře tyto podmı́nky snáš́ı druh C. glabrata. Jak C. krusei tak i C. glabrata

disponuj́ı pouze přenašečem Trk. Př́ımá souvislost mezi toleranćı k ńızkým kon-

centraćım K+ a počtem gen̊u pro draselné transportéry se tedy nepotvrdila.

Růst jednotlivých druh̊u kandid na limitně ńızké koncentraci draselných kati-

ont̊u je částečně ovlivněn i vněǰśım pH, kdy při pH 3,5 je zpomalen r̊ust C. tropicalis

a při pH 8 je zcela zastaven r̊ust C. glabrata. Také morfologie jednotlivých druh̊u

je ovlivněna koncentraćı draselných kationt̊u v médiu – obecně je v podmı́nkách

nedostatku K+ redukována produkce hyf a pseudohyf a tento efekt je nejvýrazněǰśı

u druh̊u C. krusei a C. tropicalis.

Popsané výsledky ukazuj́ı schopnost kandid akumulovat dostatečné množstv́ı

draselných kationt̊u pro r̊ust i při velmi ńızké koncentraci K+ v médiu, za což

zodpov́ıdaj́ı importéry draselných kationt̊u. Vzhledem k absenci homolog̊u všech

doposud známých typ̊u kvasinkových importér̊u K+ v lidském genomu (Benito

et al., 2004; Ramos et al., 2011), by se tyto proteiny mohly stát slibnými ćıli pro

nová antimykotika.

4.4. Publikace č. 4 - Three Candida albicans potassium uptake sys-

tems differ in their ability to provide Saccharomyces cerevisiae

trk1trk2 mutants with necessary potassium

Elicharová, H., B. Hušeková and H. Sychrová (2016), FEMS Yeast

Research, doi: 10.1093/femsyr/fow039

Výsledky Publikace č. 3 odhalily nestejnoměrné zastoupeńı gen̊u pro importéry

draselných kationt̊u mezi jednotlivými druhy kandid, kdy pouze v genomu C. albi-

cans jsme nalezli (pseudo)geny pro všechny typy kvasinkových importér̊u K+.

Námi provedené predikce topologie, sekundárńı struktury a strukturovanosti

importér̊u K+ C. albicans pomohly odhadnout jejich stavbu. Uniportńı systém

CaTrk1 je jediný z trojice, u nějž je známá struktura transmembránové části jeho

bakteriálńıho homologu (Cao et al., 2011), která je velmi konzervovaná i mezi

kvasinkami, kandidy nevyj́ımaje. Nejvariabilněǰśı část́ı přenašeče Trk tvoř́ı intrace-

lulárńı hydrofilńı smyčka L23, která zab́ırá téměř polovinu délky celého transportéru

a v naprosté většině je nestrukturovaná, což je u smyček membránových protein̊u

velmi neobvyklé. Výjimku tvoř́ı krátký sekvenčně i strukturně konzervovaný motiv
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lokalizovaný v prvńı třetině této smyčky.

Symportńı systém CaHak1 se sestává dle naš́ı predikce z 12 TMD, v nichž

se nacháźı několik vysoce konzervovaných nabitých aminokyselin. Posledńı z

přenašeč̊u K+ v C. albicans je ATPáza CaAcu1. U dvou laboratorńıch kmen̊u

(SC5314 a WO-1) je gen CaACU1 rozdělen mutacemi, jež zavád́ı do sekvence na

r̊uzných mı́stech STOP-kodon. Analýza lokusu CaACU1 v genomech 32 kmen̊u

C. albicans ukázala, že zhruba u dvou třetin z nich tato mutace chyb́ı a genCaACU1

je v těchto kmenech nepřerušen.

V genu CaACU1 z kmene SC5314 jsme in vitro výměnou jednoho nukleotidu

odstranili STOP-kodon, který jej dělil na dva otevřené čtećı rámce. Takto upravený

gen CaACU1 a dále CaHAK1 a CaTRK1 z kmene C. albicans SC5314 jsme

exprimovali v mutantńım kmeni S. cerevisiae trk1∆trk2∆, který postrádá vlastńı

draselné importéry. Také jsme pomoćı značeńı GFP určili lokalizaci jednotlivých

transportér̊u. Všechny tři studované systémy zlepšily r̊ust kmenu S. cerevisiae

trk1∆trk2∆ na médiu s velmi ńızkou koncentraćı K+ a byly schopné zajistit

dostatek K+ pro r̊ust a děleńı buněk, ačkoliv pouze transportér CaTrk1 byl hojně

zastoupen v plasmatické membráně. Velmi malé zastoupeńı CaHak1 a CaAcu1

v plasmatické membráně naznačuje jejich velkou transportńı kapacitu.

Tato práce by měla být odrazovým můstkem pro studium draselných importér̊u

C. albicans z pohledu jejich souhry, vlivu na virulenci a potenciálu stát se ćıli pro

nová antimykotika.
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5. Závěr

Výsledky předkládané práce představené v předchoźıch kapitolách nově odhaluj́ı

souvislost mezi homeostáźı kationt̊u alkalických kov̊u a rezistenćı patogenńıch

druh̊u kvasinek rodu Candida k flukonazolu a popisuj́ı možný mechanismus této

interakce. Dále rozšǐruj́ı poznatky o toleranci kandid k soĺım a o úloze, kterou v to-

leranci k soĺım zastávaj́ı exportéry kationt̊u alkalických kov̊u u druhu C. glabrata.

V neposledńı řadě nově popisuj́ı r̊ust kandid na limitně ńızké koncentraci dra-

selných kationt̊u a charakterizuj́ı transportéry, které zodpov́ıdaj́ı za import K+.

Závěry, které zcela naplňuj́ı ćıle disertačńı práce, je možné shrnout do dvou část́ı,

z nichž prvńı přinesla sedm významných výsledk̊u:

• Charakterizovali jsme toleranci k soĺım u šesti druh̊u kandid, zcela nově pro

druhy C. kruseii a C. tropicalis, kdy tyto dva druhy vykazuj́ı překvapivou

citlivost (C. krusei) či naopak rezistenci (C. tropicalis) k toxickým Li+.

Námi pozorovaná tolerance ostatńıch druh̊u kandid k soĺım i jejich rezistence

k flukonazolu (FLC) pak byla v souladu s dř́ıve publikovanými pracemi.

V předkládané práci byla tolerance k soĺım pro těchto šest druh̊u kandid

prvně porovnána za stejných experimentálńıch podmı́nek.

• Popsali jsme účinky společného p̊usobeńı soĺı a flukonazolu na r̊ust pato-

genńıch kvasinek, kdy kombinace FLC + s̊ul (obě látky v subinhibičńıch

koncentraćıch) silně tlumı́ r̊ust všech testovaných druh̊u kandid. Śıla tohoto

účinku se u jednotlivých druh̊u lǐśı. Inkubace v př́ıtomnosti subinhibičńı kon-

centraćı FLC a NaCl zvyšuje vnitrobuněčný obsah Na+ u všech studovaných

druh̊u.

• K měřeńı relativńıho membránového potenciálu buněk kandid jsme optima-

lizovali metodu vyvinutou pro S. cerevisiae použ́ıvaj́ıćı fluorescenčńı sondu

diS-C3(3) a prvně ji úspěšně použili pro stanoveńı a porovnáńı relativńıho

membránového potenciálu r̊uzných druh̊u kandid.

• Odhalili jsme mechanismus, jakým FLC pravděpodobně snižuje toleranci kan-

did k soĺım. Prokázali jsme, že inkubace s FLC vede ke zvýšeńı membránového

potenciálu u všech studovaných druh̊u kandid, a t́ım i ke zvýšenému vstupu

kationt̊u alkalických kov̊u do buňky.

• Ověřili jsme a rozš́ı̌rili znalosti o funkci dvou hlavńıch exportér̊u kationt̊u

alkalických kov̊u u druhu C. glabrata. Charakterizace nově zkonstruovaného
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dvojitého mutanta postrádaj́ıćıho gen CgCNH1 a CgENA1 ukázala, že

antiportńı systém CgCnh1 hraje dominantńı úlohu v homeostázi K+, avšak

zároveň se pod́ıĺı na exportu toxických Na+ a že ATPáza CgEna1 zodpov́ıdá

za detoxifikaci buňky od toxických Na+ i nadbytečných K+.

• Delece genu CgENA1 vedla ke zvýšeńı membránového potenciálu buněk

C. glabrata a t́ım i k prohloubeńı citlivosti k soĺım, kdy se k neschopnosti

exportovat nadbytečné kationty přidává zvýšený vstup kationt̊u v d̊usledku

hyperpolarizace plasmatické membrány.

• Stejně jako ostatńı druhy kandid je i C. glabrata v př́ıtomnosti subinhibičńı

koncentrace FLC hyperpolarizována, což zvyšuje jej́ı citlivost ke kationt̊um

alkalických kov̊u i daľśım kladně nabitým látkám s antimykotickým účinkem.

Hlavńım výsledkem této části předkládané práce je zjǐstěńı, že flukonazol

zp̊usobuje zvýšeńı membránového potenciálu kandid bez ohledu na jejich rezistenci

k této látce, což má za následek zvýšeńı nespecifického vstupu látek nesoućı kladný

náboj do buňky. Flukonazol má tedy potenciál synergně p̊usobit s potenciálńımi

antimykotiky kationtové povahy.

Zjǐstěńı, že flukonazol ovlivňuje membránový potenciál a tedy vstup kationt̊u

do buněk kandid, nás vedlo ke studiu transportér̊u, které za specifický import

hlavńıho kationtu alkalických kov̊u - K+ zodpov́ıdaj́ı. Hlavńı výsledky této části

práce jsou:

• V genomech dev́ıti patogenńıch druh̊u kandid jsme na základě sekvenčńı

podobnosti identifikovali 17 předpokládaných importér̊u K+ a zjistili, že

počet gen̊u pro importéry K+ se u jednotlivých druh̊u kandid lǐśı.

• Předpověděli jsme topologii jednotlivých typ̊u transportér̊u s využit́ım

dostupných znalost́ı o topologii či struktuře jejich bakteriálńıch homolog̊u a

rozkryli stavbu pseudogenu ACU1 u C. albicans.

• Porovnali jsme r̊ust jednotlivých druh̊u kandid na limitně ńızké koncentraci

K+. Nedostatek K+ nejlépe toleruj́ı C. albicans a C. krusei a nejh̊uře

C. glabrata.

• Zjistili jsme, že limitńı koncentrace K+ vedou ke změnám v morfogenezi,

kdy tyto podmı́nky inhibuj́ı produkci hyf a pseudohyf, a to zejména u druh̊u

C. krusei a C. tropicalis.
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• Pomoćı heterologńı exprese v kmeni S. cerevisiae trk1∆trk2∆, který postrádá

vlastńı draselné importéry, jsme prokázali, že produkty všech tř́ı gen̊u

kóduj́ıćıch možné importéry K+ z C. albicans, jsou schopny zajistit dostatek

K+ pro r̊ust buněk S. cerevisiae. Mı́ra zastoupeńı jednotlivých transportér̊u

v plasmatické membráně se výrazně lǐśı.

Výsledky předkládané disertačńı práce slouž́ı jako východisko pro daľśı výzkum

zaměřený na kvasinkové transportéry importuj́ıćı draselné kationty s d̊urazem na

systém Trk. Prvně bychom chtěli pokračovat v charakterizaci r̊ustu jednotlivých

druh̊u patogenńıch i nekonvenčńıch druh̊u kvasinek na limitně ńızké koncentraci K+

a porovnat transportéry Trk patř́ıćı r̊uzným druh̊um kvasinek v podmı́nkách hete-

rologńı exprese v kmeni S. cerevisiae trk1∆trk2∆. Dále bychom chtěli s využit́ım

veřejně dostupných genomových projekt̊u porovnat sekvence gen̊u kóduj́ıćıch trans-

portéry K+ u r̊uzných kmen̊u jednotlivých druh̊u kandid lǐśıćıch se např. p̊uvodem

či rezistenćı k antimykotik̊um, a t́ım popsat stabilitu/flexibilitu ćılových gen̊u.

Konečně identifikace funkčńıch část́ı systému Trk za využit́ı náhodné mutageneze,

dostupné krystalové struktury bakteriálńıho homologu Trk a bioinformatické

studie zmı́něné výše, by měla pomoci lépe porozumět transportńımu mechanismu

a regulaci tohoto kĺıčového transportéru.
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? 4. 9. 1984
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Slovakia
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1. Abstract

Several tens of Candida species belong to the opportunistic human pathogens

capable of inducing life-threatening infections in immunocompromised patients.

Virulence of single Candida species depends among others on their resistance to the

variable external conditions. The maintenance of alkali-metal-cation homeostasis,

which means the ability to accumulate sufficient amount of potassium cations and

on the other hand to survive under high extracellular concentrations of alkali-metal

cations, is essential for growth and virulence of Candida cells.

We observed the negative effect of fluconazole (FLC) on salt-tolerance of six

Candida species and found that it is independent of the species level of FLC-

resistance. FLC hyperpolarizes plasma membrane of Candida cells and therefore

increases non-specific uptake of alkali-metal cations which results in strongly

increased salt-sensitivity of Candida cells. The FLC-induced hyperpolarization

also results in an increased sensitivity of Candida cells to the antifungals which

are positively charged and are driven into the cells by the membrane potential.

The effect of fluconazole on membrane potential and thus on the uptake

of alkali-metal cations into the cell turned our attention to the homeostasis of

potassium cations whose high intracellular concentration is crucial for growth

and proliferation of all cells (including Candida species). Moreover, already

characterized yeast K+-importers, which are responsible for K+-supply, have no

homologues in human genome thus they could serve as promising targets for new

antifungals.

We identified genes encoding putative K+-importers in genomes of nine Candida

species and predicted their topology. Then we compared the growth of six

species on extremely low K+-concentrations and observed that the species-specific

level of inhibition with the number of genes for putative K+-importers does

not correlate. Finally, we characterized the K+-importers of C. albicans by

heterologous expression in S. cerevisiae trk1∆trk2∆ strain lacking its own K+-

importers. All three in silico C. albicans K+-importers are able to provide

S. cerevisiae trk1∆trk2∆ cells with sufficient amount of K+ for their growth and

proliferation, and therefore all of them probably participate in import of potassium

cations in C. albicans.
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2. Introduction and aims of the thesis

About twenty percent of 1,400 previously described human pathogens belong to

the kingdom Fungi, making it the second largest group after the bacteria. It also

includes several dozen Candida species, which are opportunistic pathogens capable

of causing severe systemic infections (candidemia) in strongly immunocompromised

patients, with the mortality reaching tens of percent (Pfaller et al., 2014).

Virulence of single Candida species depends among others on their resistance

to various stresses. Maintenance of alkali-metal-cation homeostasis, which means

on one hand the accumulation of a sufficient amount of potassium cations and on

the other dealing with high extracellular concentration of all alkali-metal cations,

is important e.g. for morphogenesis or adherence of C. albicans cells (Watanabe

et al., 2006).

Another equally important factor is the resistance of various Candida species

to antifungals. In this thesis, we focused on resistance to fluconazole (FLC),

which is due to its excellent pharmacokinetic parameters the drug of choice in the

therapy and prophylaxis of candidaemia and its massive introduction in eighties

of 20th century resulting in increasing incidence of FLC-resistant Candida species.

(Pappas et al., 2009).

This thesis builds on previously published results of our group, which char-

acterized salt-tolerance of several pathogenic Candida species and described the

effect of fluconazole on tolerance to NaCl in both, FLC-sensitive and FLC-resistant

C. albicans strains (Krauke and Sychrova, 2008; Kolecka et al., 2009; Krauke and

Sychrova, 2010). Therefore, the first aims of this thesis were determined as follows:

• Characterization of tolerance to salts of various alkali-metal cations and of

resistance to fluconazole of pathogenic Candida species

• Observation of FLC effect on salt-tolerance of Candida species and evaluation

of results in term of the FLC resistance and salt tolerance of various species

• Elucidation of interaction mechanisms between FLC and salt tolerance thus

between FLC and alkali-metal-cation homeostasis

The first results showed that FLC affects alkali-metal-cation homeostasis at the

level of cations uptake into the cell. The sufficient K+-supply of Candida cells

belongs to the important factors for growth and thus infection development where
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Candida cells have to cope with relative K+-insufficiency in plasma or on mucoses

of the host.

Therefore, we set following aims to characterize importers that are responsible

for the K+-supply of Candida cells. Previously described types of yeast K+-

importers have no homologues in the human genome (Benito et al., 2004; Ramos

et al., 2011) and thus they may serve as targets for new antifungals. The aims of

the second part of the thesis are:

• Identification of genes for putative K+-importers in sequenced Candida

genomes and their classification and topology prediction employing bioinfor-

matic tools

• Growth characterization of various Candida species on limiting K+-concentration

upon various conditions

• Characterization of selected K+-importers upon heterologous expression in

the S. cerevisiae strain lacking its own K+-importers
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3. Methods

Microbiological methods

• Cell cultivation and storage of yeasts and bacteria

• Estimation of growth rate and characterization of growth phenotypes upon

various stress conditions

• Estimation of the number and dry weight of yeast cells

• Microscopy

Biochemical methods

• Estimation of intracellular Na+-content and measurement of Na+-export in

yeast cells by atomic absorption spectrophotometry

• Measurement of relative membrane potential

Bioinformatic methods

• Data collection and analysis using scripts in Perl and BioPerl

• Alignment of DNA- and protein- sequences (ClustalX, Muscle)

• Identification of K+-importers in yeast genomes (Blast NCBI, Candida

Genome Database, Saccharomyces Genome Database, GenBank)

• Synteny analysis (Yeast Gene Order Browser, Candida Gene Order Browser)

• Identification of conserved regions and domains (Protein Families Database,

CATH Database)

• Topology prediction (TMHMM 2.0., KD plot)

• Prediction of protein secondary structure by JPred4 algorithm collection

• Disorder prediction (DisEMBL, Globplot)
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4. Results

Obtained results of this thesis are summarized in four publications, which together

create a comprehensive set of new insights in the alkali-metal-cation homeostasis

of pathogenic Candida species in terms of its importance for their FLC-resistance

and identification of potential targets for new antifungals.

4.1. Publication No 1 - Fluconazole treatment hyperpolarizes the

plasma membrane of Candida cells

Elicharová, H. and H. Sychrová (2013), Medical Mycology, 51: 785-794.

Various Candida species, which are the most common causing agents of systemic

mycoses, differ in the virulence and resistance to various types of antifungals, but

all of them have to constantly cope with the changing environment and different

stress factors.

We focused on the ability of five pathogenic Candida species to maintain alkali-

metal-cation homeostasis in the presence of FLC, which was shown to affect the

tolerance of C. albicans to salts. Subinhibitory concentrations of FLC increased

the intracellular content of toxic sodium cations in both FLC-susceptible and

FLC-resistant C. albicans strains (Kolecka et al., 2009). Further, Candida species

differ in their salt tolerance (Krauke and Sychrova, 2008, 2010).

We newly described salt-tolerance of two clinically important species C. krusei

and C. tropicalis. Both species are rather osmosensitive but surprisingly dra-

matically differ in their sensitivity to LiCl. C. krusei is more sensitive to this

toxic salt than the most osmosensitive C. dubliniensis, whereas C. tropicalis that

tolerates similarly high LiCl level as the most osmotolerant C. parapsilosis. Our

results on salt-tolerance of other Candida species, including generally osmotolerant

C. albicans, are consistent with previously published results (Krauke and Sychrova,

2008, 2010).

Consequently, we estimated subinhibitory concentrations of salts (NaCl, KCl)

and FLC and performed set of growth experiments in the presence of combination

of these concentrations of salts and FLC. Presence of subinhibitory concentration

of FLC in combination with subinhibitory concentration of salt (NaCl or KCl)

inhibits strongly growth of all tested Candida species i.e. the growth of both,

FLC-sensitive (C. albicans, C. parapsilosis) and FLC-resistant (C. dubliniensis,
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C. krusei, C. tropicalis) species. The growth of all species is inhibited more in

the presence of NaCl in combination with FLC than in FLC+KCl due to the

Na+ toxicity. Cells of all tested species incubated with FLC accumulate higher

amount of Na+ than the control cells incubated without FLC and this increased

intracellular Na+-content results in growth inhibition of Candida cells.

The observed higher accumulation of alkali-metal cations may be caused either

by an increased cations uptake into the cell, or by their impaired export. As we

observed unchanged export capacity for Na+ in all tested Candida species, we

focused on the cation uptake which depends on the plasma membrane potential.

We optimized and firstly used diS-C3(3) assay to measure relative membrane

potential in cells of various Candida species. Presence of subinhibitory concentra-

tion of FLC during incubation results in plasma-membrane hyperpolarization of

all tested species and thereby in an increase of non-specific uptake of positively

charged compounds including Na+ or K+. The effect of FLC on membrane po-

tential was verified by a Hygromycin B sensitivity test as this cationic drug also

enters the cells proportionally to the membrane potential. The sensitivity of all

tested Candida species to Hygromycin B is significantly enhanced in the presence

of subinhibitory FLC concentration.

Altogether, own results show the potential of FLC to increase the membrane-

potential dependent influx of various compounds ad thus enhance their antimycotic

effect.

4.2. Publication No 2 - Fluconazole affects the alkali-metal-cation

homeostasis and susceptibility to cationic toxic compounds

of Candida glabrata

Elicharová, H. and H. Sychrová (2014), Microbiology, 160: 1705-1713.

Candida glabrata is more phylogenetically related, despite its name, to Saccha-

romyces cerevisiae than to the group of other Candida species. The prevalence

of C. glabrata (now the second most common causative agent of systemic fungal

infections) began to increase after the introduction of candidaemia treatment

and prophylaxis with fluconazole (FLC), because of the frequent resistance of

C. glabrata to this azole antifungal.

We studied the relationship between salt-tolerance and FLC-resistance in
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C. glabrata cells similarly to other Candida species which were involved in Publica-

tion No 1. C. glabrata is relatively salt-tolerant and very FLC-resistant. We newly

constructed a double mutant lacking both main alkali-metal-cation exporters

(CgEna1 ATPase and CgCnh1 antiporter), which were partially characterized

using single mutant strains (Krauke and Sychrova, 2011).

The deletion of only the CNH1 gene decreases KCl tolerance but deletion of

only the ENA1 gene does not. The KCl tolerance is mostly impaired in double

mutant ena1∆cnh1∆ strain. These results demonstrate the participation of the

Ena1 ATPase in the efflux of surplus K+ in C. glabrata cells.

Then we focused on tolerance to NaCl. The wild-type and cnh1∆ strains

tolerate NaCl much better than the other two strains that lack the ENA1 gene,

and the double mutant grows more poorly on NaCl than the single ena1∆ mutant.

These findings suggest that although sodium cations are mainly exported by the

Ena1 ATPase, they are also exported by the Cnh1 antiporter in C. glabrata cells.

Measurement of the membrane potential using fluorescent diS-C3(3) probe

showed that the absence of Ena1 ATPase leads to plasma-membrane hyperpolar-

ization and thus to an increased uptake of cations into the cell, which together with

the absence of Ena1 exporting function enhances the salt sensitivity of C. glabrata

cells.

Further, we observed the effect of subinhibitory FLC concentrations on alkali-

metal-cation homeostasis and mainly on membrane potential. The presence of

FLC results in an increased sensitivity of C. glabrata cells to NaCl and KCl while

this effect is enhanced by the absence alkali-metal cation exporters.

Decreased salt tolerance of C. glabrata cells in the presence of FLC is probably

caused by a changed lipid composition of plasma membrane resulting in its

hyperpolarization (by the similar way as in other Candida species, see Publication

No 1). Interestingly, the hyperpolarization induced by FLC is stronger in strains

lacking the Ena1 ATPase. This result seems to be C. glabrata specific as it was

not observed in S. cerevisiae cells (Arino et al., 2010; Zahradka and Sychrova,

2012).

To verify that the FLC treatment really hyperpolarizes C. glabrata cells,

especially both strains lacking the ENA1 gene, we tested tolerance of this species

to three cationic toxic compounds (tetramethylammonium, Hygromycin B and

spermine), which enter yeast cells according to their plasma-membrane potential.

Combining a very low concentration of any of the three drugs with the subinhibitory
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concentration of FLC inhibits significantly the growth of all four C. glabrata strains.

Moreover, Hygromycin B+FLC and spermine+FLC affect both strains lacking

the ENA1 gene more than the wild-type and cnh1∆ strains.

In summary, our results showed that although C. glabrata cells are FLC resis-

tant in general, the growth of cells in the presence of subinhibitory concentrations

of FLC hyperpolarizes the cell plasma membrane, thus rendering the cells more

sensitive to cationic drugs and affecting their ability to maintain cation homeosta-

sis. The combination of a relatively low concentration of FLC together with low

concentrations of cationic drugs might serve as a potent treatment of C. glabrata

infections.

4.3. Publication No 3 - Pathogenic Candida species differ in the

ability to grow at limiting potassium concentrations

Hušeková, B., H. Elicharová and H. Sychrová (2016), Canadian Journal

of Microbiology, 62: 394-401.

The effect of fluconazole on membrane potential and thus on the uptake

of alkali-metal cations into the cell turned our attention to the homeostasis of

potassium cations, whose high intracellular concentration is crucial for growth

and proliferation of all cells.

So far, three types of efficient potassium-specific uptake systems, differing

in their transport mechanism, have been identified in yeast species (Ramos

et al., 2011). We determined orthologues of putative K+-importers in genomes of

nine pathogenic Candida species. The number and type of putative potassium

transporters significantly differ among them. The most ubiquitous are the Trk

transporters. Genes encoding their putative homologues were found in all searched

genomes and surprisingly, genomes of C. glabrata and C. krusei do not contain

genes for other putative K+-importers. Genomes of species belonging to the

CTG clade contain also a gene for the K+-H+ Hak symporter. Only C. albicans

possesses (pseudo)gene for the Acu ATPase.

We compared growth of six Candida species on very low K+-concentration

(15 µM) to observe if the different distribution of genes for K+-importers relates

to their capacity of K+-accumulation. The most tolerant to the K+ limitation

are C. albicans and C. krusei, on the other hand the most sensitive is C. glabrata.
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Both, C. glabrata and C. krusei only possess genes for Trk system thus the direct

relationship between tolerance to low K+-concentration and number of genes for

K+-importers does not exist.

Growth of Candida species on low K+-concentration is partially affected

by external pH. The growth of C. parapsilosis is inhibited at pH 3.5, whereas

C. glabrata cells do not grow in the presence of low K+-concentration at alkaline

pH. Also, the morphology of cells changes with the amount of potassium available,

with C. krusei and C. tropicalis being the most influenced.

Taken together, our results confirm potassium uptake and accumulation as

important factors for Candida cell growth and suggest that the potassium uptake

systems may serve as a target for the development of new antifungal drugs.

4.4. Publication No 4 - Three Candida albicans potassium uptake

systems differ in their ability to provide Saccharomyces cere-

visiae trk1trk2 mutants with necessary potassium

Elicharová, H., B. Hušeková and H. Sychrová (2016),FEMS Yeast

Research, doi: 10.1093/femsyr/fow039

Publication no. 3 shows the unequal representation of genes for K+-importers

among Candida species, where only the genome of C. albicans possesses genes for

all known types of yeast K+-importers.

We analyzed the topology, secondary structure and disorder level of putative

C. albicans K+-importers. CaTrk1 uniporter is the only one with predicted

structure of its transmembrane part thanks to the structure determination of its

bacterial homologue (Cao et al., 2011).

The most variable part of Trk importer consists of an large intracellular

hydrophilic loop which builds almost a half of the whole protein and it is disordered

with the exception of one short conserved motif. In general, such long loops lacking

secondary structure are very rare in membrane proteins.

According to our prediction, the second K+-importer of C. albicans - CaHak1

symporter consists of 12 transmembrane domains containing some highly conserved

charged amino acids. Finally, CaAcu1 ATPase is the third K+-importer of

C. albicans. We found pseudogenes in two laboratory strains (SC5314 and WO-

1). The original genes are divided in two open reading frames by a mutation
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introducing the STOP-codon. The following analysis on CaACU1 locus in genomes

of 32 C. albicans strains showed that this interrupted version of the CaACU1 gene

is only present in one third of the strains. The other strains possess unbroken

variant of the this gene.

We replaced the STOP-codon from the CaACU1 pseudogene of the SC5314

strain by a Leu codon and expressed this complete CaACU1, and also CaTRK1

and CaHAK1 genes in the S. cerevisiae trk1∆trk2∆ strain lacking its own K+-

importers. We also enabled the localization of these importers by GFP-tagging.

All three studied K+-importers improve the growth of S. cerevisiae trk1∆trk2∆

strain on medium with low K+-concentration, thus all of them are able to supply

sufficient amount of K+ for cell growth and proliferation.

These results should serve as the starting point for further study of K+-

importers in terms of their cooperation, role in virulence and potential to serve as

targets for new antifungals.
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5. Conclusions

Results of this study presented in previous chapters reveal a new relationship

between alkali-metal-cation homeostasis and fluconazole resistance in pathogenic

Candida species and describe the possible mechanism of this interaction. Further-

more, we extended the characterization of salt tolerance of Candida species and

role of alkali-metal-cation exporters in this parameter in C. glabrata. Finally, we

newly described growth of Candida species on limiting K+-concentration and char-

acterized transporters which are responsible for K+-accumulation in C. albicans.

Obtained results show that the aims of this theses were achieved, and the main

conclusions may be divide into two inter-connected parts. The first part involves:

• For first time, the salt tolerance and resistance to fluconazole of 6 Candida

species were compared upon the same experimental conditions. For C. krusei

and C. tropicalis it was the first characterization of their salt tolerance and it

showed the surprising sensitivity of C. krusei, and resistance of C. tropicalis

to toxic Li+.

• The growth of all tested Candida species is significantly inhibited in the

presence of combination of FLC + salt (both in subnhibitory concentrations),

independently of their FLC-resistance, while the level of inhibition is species

specific.

• The various Candida species differ in their relative membrane potential,

which was estimated for first time using the optimized diS-C3(3) assay.

• Incubation with the subinibitory concentrations of FLC results in a plasma-

membrane hyperpolarization and thus in an increased uptake of alkali-metal

cations and cationic drugs in cells of all studied Candida species.

• Characterization of a double mutant lacking both, CgCNH1 and CgENA1

genes showed that the CgCnh1 antiporter plays dominant role in maintenance

of K+-homeostasis and it also partly participates in export of toxic Na+,

whereas the CgEna1 ATPase is mainly responsible for detoxification of toxic

Na+ and surplus K+.

• Deletion of the CgENA1 gene resulted in a plasma-membrane hyperpolar-

ization of C. glabrata cells thus in a further decrease of their salt tolerance.

This decrease in salt tolerance is caused by an additive effect of a lack of the
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CgEna1 exporter in combination with an increased uptake of alkali-metal

cations due to the plasma-membrane hyperpolarization.

The general conclusion of the first part of the thesis is, that fluconazole increases

membrane potential of Candida species, independently of their FLC-resistance,

this way it increases non-specific uptake of positively charged compounds into the

cell, and thereby FLC enhances the effect of cationic antifungals.

In relation to the first part of the thesis, we further turned our attention to

the importers responsible for the specific uptake of the main intracellular cation

K+. Main conclusions of the second part are:

• The number and type of putative potassium transporters significantly differ

among Candida species. 17 orthologues of three types of K+-importers were

identified in genomes of nine Candida species.

• According to our predictions, the topology and structure of single types

of K+-importers significantly differ. For the Acu1 ATPase, the analysis

revealed the existence of various pseudogenes or complete genes in genomes

of 32 studied C. albicans strains.

• Candida species differ in the growth in conditions with extremely low K+-

concentrations. C. albicans and C. krusei are the most tolerant to these

conditions, whereas C. glabrata is the most sensitive.

• The morphology of Candida cells changes with the amount of potassium

available. The production of pseudohyphae and hyphae is reduced in K+-

limiting conditions.

• The products of all three genes encoding putative K+-importers in C. al-

bicans provide sufficient amount of K+ for growth and proliferation of an

S. cerevisiae strain lacking its own K+-importers. This confirms that the

three identified genes encode potassium uptake systems.

Obtained results serve as a starting point for further research focused on yeast

K+-importers with the emphasis on Trk systems. First, we plan to extend growth

characterization of various pathogenic and non-conventional yeast species on

limiting K+-concentration and also to compare the activity of various Trk importers

upon heterologous expression in S. cerevisiae. Then we plan to analyze genomes
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of Candida species using the public Next-generation-sequencing data (approx. 400

whole-genome-sequence projects available) to chart the K+-uptake systems on

the genetic level. Exploration of ploidy, homo-/heterozygocity and occurrence of

sequential variances in various Candida strains differing in their origin, virulence

or antifungal resistance should uncover the evolutionary conservation or flexibility

of K+-uptake systems (especially in strains with acquired antifungal resistance).

Finally, we would like to identify functional elements of the Trk system employing

random mutagenesis in combination with results from bioinformatic analysis

mentioned above. Altogether, these steps should improve the understanding of

role of K+-uptake systems in K+-accumulation and homeostasis which are crucial

not only for fitness and thus virulence of Candida cells, but belong to the key

physiological parameterss in all organisms.
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albicans potassium uptake systems differ in their ability to provide Saccha-

romyces cerevisiae trk1trk2 mutants with necessary potassium. FEMS Yeast

Research, doi: 10.1093/femsyr/fow039

Result presentations

∗ presenting author

1. PhD Student Workshop, March 15. -17. 2011, Třešť, CR
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