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V Praze Datum: Podpis:

3
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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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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 Can-

dida 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 heterolo-

gous 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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4 Výsledky 61
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1. 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

infekce, kdy při výskytu v plasmě či na sliznićıch hostitele se kandidy vyrovnávaj́ı

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

2.1 Kvasinky

Kvasinky je souhrnné označeńı pro jednobuněčné houbové organismy množ́ıćı se

převážně pučeńım. Většina druh̊u patř́ı do subphyla Saccharomycotina (phylum

Ascomycota), včetně kvasinek rodu Candida, které stoj́ı ve středu pozornosti

předkládané práce.

Kvasinky obývaj́ı takřka všechny známé biomy, čemuž odpov́ıdá i jejich velmi

široká genetická a t́ım i metabolická r̊uznorodost. Nalezneme mezi nimi několik

deśıtek druh̊u vykazuj́ıćıch silný Crabtreeho efekt (inhibice respirace v př́ıtomnosti

vyšš́ıch koncentraćı glukózy) a pod́ılej́ıćıch se na kvasných procesech (Saccharo-

myces, Zygosaccharomyces, Kluyveromyces a daľśı), komenzály žij́ıćı v trávićım

traktu xylofágńıch brouk̊u, kteř́ı jsou schopni fermentovat xylózu (Scheffersomyces,

Spathaspora), kryo-, xero-, osmo- a halotolerantńı kvasinku Debaryomyces hansenii

žij́ıćı ve vysoce slaných vodách a v neposledńı řadě i oportunně patogenńı kvasinky

rodu Candida.

Nejhojněji a nejdéle se r̊uzné druhy kvasinek využ́ıvaj́ı v potravinářském

pr̊umyslu při produkci kvašených nápoj̊u, mléčných výrobk̊u, v pekařstv́ı, při

výrobě dochucovadel (sójová omáčka, miso), během fermentace čajových ĺıstk̊u,

kávových zrn, vanilkových i kakaových lusk̊u (Tamang et al., 2016). Mnoho

druh̊u kvasinek našlo uplatněńı v biotechnologíıch a např. výroba některých tzv.

biofarmaceutických léčiv a vakćın (např. hirudin, prekurzor inzulinu, hepatitis

surface antigen) by bez použit́ı kvasinek nebyla možná (Nielsen et al., 2013).

V základńım molekulárně biologickém výzkumu sehrály nezastupitelnou roli

dva kvasinkové modelové organismy Saccharomyces cerevisie a Schizosaccharo-

myces pombe, jejichž studium vedlo k objasněńı mnoha kĺıčových biologických

proces̊u eukaryotických buněk (např. replikace DNA, buněčný cyklus, rekombi-

nace); (Yanagida, 2002; Karathia et al., 2011).

Na základě analýzy genomů 86 druh̊u patř́ıćıch k subphylu Saccharomycotina

se podařilo určit jejich vzájemné fylogenetické vztahy (Obr. 1); (Hittinger et al.,

2015). V současnosti jsou za dvě nejvýznamněǰśı větve považovány WGD a CTG.

Ke skupině WGD (Whole Genome Duplication) patř́ı druhy, u jejichž společného

předka došlo k duplikaci genomové DNA následované delećı jednotlivých gen̊u či

část́ı chromozomů a translokacemi mezi chromozomy (Wolfe and Shields, 1997).

Podle nově popsaného scénáře byla př́ıčinou duplikace genomové DNA mezidruhová

hybridizace následovaná zdvojeńım genomové DNA, což vedlo ke stabilizaci genomu

a udržeńı fertility nového druhu (Marcet-Houben and Gabaldon, 2015). K větvi
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CTG pak patř́ı druhy, které při translaci interpretuj́ı kodon CUG mı́sto kanonického

leucinu jako serin.

Rod Candida zahrnuje přibližně 200 druh̊u, z nichž se asi 30 poč́ıtá mezi

lidské patogeny (Miceli et al., 2011). Většina druh̊u je soustředěna do větve

CTG, nicméně zástupce rodu Candida nalezneme i ve větvi WGD (C. glabrata) a

také mimo tyto dvě fylogeneticky významné skupiny (C. krusei). Všechny druhy

studované v předkládané práci a S. cerevisiae jakožto modelový organismus jsou

v Obr. 1 zvýrazněny hvězdičkou.

Kvasinky rodu Candida jsou běžnou součást́ı lidské mikroflóry k̊uže, sliznic

dutiny ústńı, trávićıho a urogenitálńıho ústroj́ı. Při oslabeńı imunity hostitele

kandidy často zp̊usobuj́ı lokálńı infekce postihuj́ıćı předevš́ım sliznice, ale i k̊uži a

nehty. Rizikové faktory povrchových infekćı jsou dětský věk, diabetes mellitus,

léčba širokospektrými antibiotiky či dieta vedoućı ke změnám ve střevńı mikroflóře

(Trofa et al., 2008; Quindos, 2014).

Druhým typem onemocněńı vyvolaných kandidami jsou systémové invazivńı

infekce souhrnně nazývané kandidémie, jež jsou silně vázané na nemocničńı

prostřed́ı. Jedná se o čtvrtou nejčastěǰśı nozokomiálńı systémovou infekci a současně

kandidémie tvoř́ı 85 % všech invazivńıch mykoinfekćı (Tortorano et al., 2006;

Quindos et al., 2008). Incidence kandidémíı se v Evropě pohybuje mezi 1,5 –

4,5 %, mortalita mezi 15 – 35 % (Guinea, 2014). Tyto systémové infekce propukaj́ı

u pacient̊u se závažně porušenou imunitou nejčastěji v d̊usledku předchoźıho

léčebného zásahu. Nejv́ıce ohroženi jsou pacienti podstupuj́ıćı transplantaci či

onkologičt́ı pacienti podstupuj́ıćı agresivněǰśı formy chemoterapie. Daľśı rizikovou

skupinu tvoř́ı nezraĺı novorozenci s ńızkou porodńı hmotnost́ı a pacienti s primárńı

poruchou imunity (např. AIDS); (Ruhnke, 2006).

Pouze pět druh̊u kandid vyvolává 92 % všech kandidémíı, kdy incidence

jednotlivých druh̊u se v r̊uzných částech světa lǐśı. Obecně nejčastěǰśım p̊uvodcem

systémových infekćı (40-60 %) z̊ustává C. albicans. V severńı Evropě a v USA

je druhým nejčastěš́ım druhem C. glabrata naproti tomu ve Španělsku a Braźılii

C. parapsilosis (včetně poddruh̊u C. metapsilosis a C. orthopsilosis). Daľśı dva

významné druhy děĺıćı se o třet́ı až pátou pozici v závislosti na regionu jsou

C. krusei a C. tropicalis (Pfaller et al., 2010). Všechny výše zmı́něné druhy jsou

zahrnuté v předkládané práci. Mezi raritńı p̊uvodce systémových infekćı, které

byly rovněž studovány, patř́ı C. lusitaniae, C. dubliniensis a C. guillierdermondii.

V ČR je zastoupeńı jednotlivých druh̊u podobné. Dominantńım druhem je

C. albicans (50 %), následuj́ı C. parapsilosis (13,5 %) a C. glabrata (12,6 %)

s téměř stejnou incidenćı a C. tropicalis (10, 5 %); (Jurčová, 2015).

Taxonomie kvasinek doznala v posledńıch letech výrazných změn, zejména pod

tlakem nových možnost́ı identifikace druh̊u na základě analýzy DNA. Původńı
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Obrázek 1: Fylogenetické vztahy mezi 86 druhy kvasinek, které patř́ı do subphyla

Saccharomycotina. Druhy studované v předkládané práci jsou označeny hvězdičkou;

upraveno podle Hittinger et al. (2015)

.
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taxonomická metodika použ́ıvala r̊uzná jména pro sexuálńı a asexuálńı formu

téhož organismu (např. Candida famata – Debaryomyces hansenii ; Candida kefyr

– Kluyveromyces marxianus). XVIII. Mezinárodńı botanický kongres v roce 2011

tuto praxi zrušil a formuloval nová taxonomická pravidla, podle kterých organismy

dř́ıve označované dvěma jmény by nově měly mı́t jméno jen jedno, přičemž při

výběru nového jména je přihĺıženo zejména k použ́ıvanosti jednotlivých označeńı

(Brandt and Lockhart, 2012). Tabulka 1 uvád́ı v současnosti platná označeńı námi

studovaných druh̊u doplněná o jména synonymńı a přehled jmen použ́ıvaných

v této práci. Všechny druhy zahrnuté v předkládané práci nesou rodové jméno

Candida, jak je doposud obvyklé v literatuře orientované na klinický význam

těchto lidských patogen̊u.

Základńı charakteristiky jednotlivých druh̊u jsou popsány dále a shrnuty v Ta-

bulce 2 na str. 30.
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Tabulka 1: Přehled platných jmen a synonym podle (C. P. Kurtzman, 2011)

platné jméno jméno použité

v předkládané práci

synonyma

Candida albicans Candida albicans Candida stellatoidea

Monilia psilosis

Candida dubliniensis Candida dubliniensis Candida dublinionesis

Candida tropicalis Candida tropicalis Procandida tropicalis

Oidium tropicale

Mycotorula tropicalis

Monilia tropicalis

Candida parapsilosis Candida parapsilosis Mycotorula parapsilosis

Mycocandida parapsilosis

Monilia parapsilosis

Candida metapsilosis Candida metapsilosis -

Candida orthopsilosis Candida orthopsilosis -

Clavispora lusitaniae Candida lusitaniae Candida lusitaniae

Clavispora imtechensis

Meyerozyma

guilliermondii

Candida guilliermondii Candida guilliermondii

Pichia guilliermondii

Yamadazyma

guilliermondii

Pichia kudriavzevii Candida krusei Candida krusei

Issatchenkia orientalis

Candida

acidothermophilum

Candida glabrata Candida glabrata Torulopsis glabrata

Cryptococcus glabratus

Nakaseomyces glabrata

2.1.1 Candida albicans

Nejstarš́ı zmı́nka o C. albicans pocháźı z Hippokratova d́ıla Corpus Hippocratikum

(asi 400 př. n. l.), kde jsou popsány př́ıznaky infekce dutiny ústńı vyvolané

zřejmě t́ımto druhem (Higgs, 1973). C. albicans je běžnou součást́ı mikrobiomu

trávićıho traktu, vyskytuje se též na k̊uži a sliznićıch dutiny ústńı i urogenitálńıho

ústroj́ı. Je nejčastěǰśım p̊uvodcem jak povrchových zánět̊u, tak systémových sepśı

s potenciálem napadnout v podstatě kterýkoliv tělńı orgán. Mortalita kandidémíı

zp̊usobených C. albicans u imunokompromitovaných pacient̊u se pohybuje mezi
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46-75 % (Pfaller and Diekema, 2007; Pfaller et al., 2010; Guinea, 2014; Pfaller

et al., 2014).

Jednou z nejvýznamněǰśıch charakteristik C. albicans je jej́ı polymorfismus -

doposud bylo popsáno šest r̊uzných morfologíı, ve kterých se C. albicans vyskytuje

(Obr. 2). Během rozvoje infekce zauj́ımá C. albicans předevš́ım podobu kvasinkové

buňky a hyf (polyjaderná kontinuálńı vláknitá forma). Přechod mezi těmito nejlépe

prostudovanými stavy ve směru kvasinka – hyfa je indukován v podmı́nkách,

které připomı́naj́ı vnitřńı tělńı prostřed́ı (např. pH>7, t≈37 °C, vyšš́ı koncentrace

CO2);(Mayer et al., 2013). C. albicans ve formě jednotlivých puč́ıćıch kvasinkových

buněk, které se též označuj́ı jako b́ılé (white cells) podle barvy jimi tvořených

koloníı, je př́ıtomna ve všech fáźıch rozvoje infekce. V této formě nejčastěji

diseminuje do krevńıho oběhu a následně napadá vnitřńı orgány. Naproti tomu

hyfálńı podoba je jednoznačným indikátorem poč́ınaj́ıćı invaze C. albicans do

hostitelského organismu (Saville et al., 2003).

Daľśım d̊uležitým faktorem pro virulenci C. albicans je schopnost adheze a

invaze. Buňky tohoto druhu disponuj́ı sadou protein̊u (adhezin̊u), které př́ımo

umožňuj́ı vysokou adherenci k buňkám hostitele, k abiotickým povrch̊um (tělńı

katétry), k ostatńım mikroorganismům i k daľśım buňkám C. albicans. Nejlépe

prostudovaný je soubor osmi povrchových glykoprotein̊u Als, které jsou esenciálńı

pro adhezi hyf. Dále je známý adhezin Hwp1, který vytvář́ı kovalentńı vazby

s povrchovými enzymy savč́ıch buněk (Mayer et al., 2013).

Invaze do hostitelských buněk prob́ıhá dvěma zp̊usoby. Prvńı je pasivńı pro-

ces indukované endocytózy, kdy buňky C. albicans exprimuj́ı na svém povrchu

tzv. invaziny, jejichž vazba na př́ıslušné struktury hostitelských buněk vede k jejich

endocytóze do buněk hostitele. Druhým zp̊usobem je aktivńı penetrace plasmatické

membrány hostitelských buněk hyfami, které dokáž́ı p̊usobit na povrch buňky

hostitele značnou silou. Penetrace je usnadněna sekrećı proteáz Sap narušuj́ıćıch

povrch hostitelské buňky.

Polymorfismus a schopnost adherence k rozličným povrch̊um využ́ıvá C. al-

bicans k tvorbě biofilmu. Jako prvńı se přichyt́ı na sliznici nebo tělńı katétr

kvasinkové buňky, které proliferuj́ı a měńı se v hyfy. Ty dále expanduj́ı za pro-

dukce extracelulárńı matrix, která se hromad́ı a zvyšuje odolnost C. albicans

k imunitńı obraně hostitele i k antimykotik̊um (Thompson et al., 2011).

Daľśı morfologickou formou C. albicans jsou pseudohyfy, což jsou vlákna složená

z pevně spojených avšak striktně oddělených buněk. Tato forma se u C. albicans

vyskytuje mnohem méně než pravé hyfy a jej́ı význam pro virulenci z̊ustává

nejasný (Thompson et al., 2011).

Podobně nejasný je i význam chalmydospor – daľśı morfologické podoby

C. albicans. Chlamydospory jsou velké kulaté buňky chráněné silnou buněčnou
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Obrázek 2: Morfologické formy C. albicans ; převzato z Gow (2013)

stěnou, které se objevuj́ı na konci hyf. Jejich tvorbu indukuje kultivace v médiu

chudém na živiny, jejich výskyt během invazivńı infekce je ńızký. Chlamydospory

tvoř́ı pouze C. albicans a C. dubliniensis, u ostatńıch druh̊u nebyly pozorovány.

Jejich úloha v životńım cyklu C. albicans dosud nebyla objasněna (Staib and

Morschhauser, 2007; Palige et al., 2013).

Nověji popsanou formou C. albicans jsou tzv. buňky GUT (Gastrointestinally

induced transition). Jedná se o jednotlivé buňky protáhlého tvaru s hladkým

povrchem bez znatelného tečkováńı. V této formě se C. albicans vyskytuje ve

střevě, kdy se chová jako avirulentńı komenzál, čemuž odpov́ıdá i zjǐstěný útlum

exprese gen̊u spojených s virulenćı (Pande et al., 2013).

Posledńı známá morfologická forma C. albicans se nazývá opalescentńı (opaque

cells). Tyto buňky se podobaj́ı buňkám ve formě GUT, ale na rozd́ıl od nich

jsou opalescentńı buňky tečkované. Přechod kvasinková buňka – opalescentńı

buňka je těsně spjat s parasexuálńım cyklem C. albicans. Pouze opalescentńı

buňky exprimuj́ı fermomony a k nim př́ıslušné receptory a podstupuj́ı pářeńı.

Podobně jako u haploidńı S. cerevisiae i u diploidńı C. albicans rozeznáváme

buňky typu
”
a“ a

”
α“, které konjuguj́ı. U C. albicans docháźı po konjugaci ke

splynut́ı jader (2n) obou buněk za vzniku zygoty (4n), ze které vzniká děleńım

generace tetraploidńıch buněk. Zpět k počátečńımu diploidńımu stavu se tyto

buňky C. albicans (4n) nevraćı podstoupeńım meiózy, ale procesem zvaným

kordinovaná ztráta chromozomů (Obr.3). Tetraploidńı buňky podstupuj́ı řadu

mitotických děleńı, během kterých podobně jako při meióze docháźı k rekombinaci,
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Obrázek 3: Parasexuálńı cyklus C. albicans ; převzato z Bennett (2015)

pro kterou je kĺıčová typicky
”
meiotická“ rekombináza Spo11. Výsledkem je

nestabilńı populace buněk s r̊uznorodou ploidíı, která se postupně ustáĺı na

výchoźım stavu 2n (Bennett, 2015).

C. albicans je primárně citlivá ke všem použ́ıvaným antimykotik̊um. Sekundárńı

rezistence k polyen̊um i echinokandin̊um je velmi vzácná, naopak rozvoj rezistence

v̊uči azol̊um je častý a vzhledem k vysoké incidenci tohoto druhu a masivńımu

použ́ıváńı azol̊u v terapii i očekávatelný (Arendrup, 2013; Sanguinetti et al., 2015;

Goncalves et al., 2016). V rozvoji rezistence C. albicans k azol̊um se uplatňuj́ı

r̊uzné mechanismy popsané v kapitole 2.3.6.

C. albicans patř́ı do větve CTG. Prvńı kompletńı sekvence genomu C. albicans

kmene SC5314 byla publikována v roce 2004 (Jones et al., 2004). Velikost tohoto

genomu je 14,3 Mb a obsahuje 6107 gen̊u. V pořad́ı druhým kmenem, jehož genom

byl sekvenován, je WO-1, u kterého byl prvně popsán přechod mezi kvasinkovou

(white) a opalescentńı (opaque) formou. Genom tohoto kmene má velikost 14,4 Mb

a obsahuje 6159 gen̊u (Butler et al., 2009). Dnes je nejvýznamněǰśım zdrojem

genomových dat portál Candida Genome Database shromažd’uj́ıćı aktuálńı verze

anotovaných sekvenćı genomů C. albicans a daľśıch čtyř druh̊u kandid (Inglis

et al., 2012).
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2.1.2 Candida dubliniensis

Candida dubliniensis byla objevena před 21 lety v Dublinu v izolátech z dutiny ústńı

HIV-pozitivńıch pacient̊u, přičemž následné studie a hlavně sekvenováńı genomů

odhalily těsnou fylogenetickou př́ıbuznost s C. albicans (Sullivan et al., 1995).

Na rozd́ıl od C. albicans se C. dubliniensis vyskytuje v lidské mikroflóře střeva i

sliznic jen zř́ıdka a nejčastěji je nalézána právě v dutině ústńı HIV-pozitivńıch

pacient̊u (Sullivan et al., 2005). C. dubliniensis je mnohem méně virulentńı než

C.albicans, počet systémových onemocněńı zp̊usobených C. dubliniensis je velmi

ńızký (0,1 %); (Sullivan et al., 2004; Papon et al., 2013). Tento druh je primárně

citlivý ke všem typ̊um použ́ıvaných antimykotik, rozvoj sekundárńı rezistence byl

popsán pouze při expozici azol̊um (Coleman et al., 2010).

C. dubliniensis se vyskytuje ve formě kvasinkových buněk, opalescentńıch

buněk, které podstupuj́ı pářeńı následované parasexuálńım cyklem, produkuje

pravé hyfy, pseudohyfy i chlamydospory.

Také C. dubliniensis patř́ı mezi diploidńı druhy ze skupiny CTG. Jej́ı genom

má velikost 14,6 Mb a obsahuje 5758 gen̊u. Bĺızkost C. dubliniensis a C. albicans

dokumentuje podobnost jejich genomů, kdy 44 % gen̊u obou druh̊u dosahuje

identity >90 % a přes 96 % gen̊u pak identity >80 % (Butler et al., 2009).

2.1.3 Candida tropicalis

C. tropicalis je mezi klinicky významnými druhy nejbĺıže př́ıbuzná C. albicans.

Pod́ıl tohoto druhu na incidenci kandidémíı se v závislosti na regionu pohybuje

mezi 4 až 13 % (Papon et al., 2013; Pfaller et al., 2014). C. tropicalis je spo-

jována předevš́ım s pacienty se silnou neutropeníı, kteř́ı strávili dlouhou dobu na

jednotkách intenzivńı péče a měli zavedený tělńı katétr, na kterém je schopna

C. tropicalis tvořit biofilm (Negri et al., 2012). C. tropicalis patř́ı k druh̊um, které

jsou citlivé v̊uči všem významným druh̊um antimykotik (Chai et al., 2010; Silva

et al., 2012).

C. tropicalis se vyskytuje ve formě kvasinkových buněk, tvoř́ı pseudohyfy i

hyfy. Je to diploidńı druh patř́ıćı do větve CTG. Velikost genomu C. tropicalis je

14,5 Mb a obsahuje 6258 gen̊u (Butler et al., 2009).

2.1.4 Candida parapsilosis

C. parapsilosis byla poprvé popsána v roce 1928 a pojmenována Monilia para-

psilosis v odkazu na Monilii psilosis (dnes C. albicans), které se nejv́ıce podo-

bala (Ashford, 1928). Incidence onemocněńı vyvolaných t́ımto druhem má široké

rozpět́ı (4-20 %) a je silně závislá na regionu. Severńı Amerika a Austrálie eviduj́ı
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několikanásobně vyšš́ı výskyt C. parapsilosis než Evropa (Papon et al., 2013;

Guinea, 2014; Pfaller et al., 2014). C. parapsilosis je častým p̊uvodcem kandidemíı

nezralých novorozenc̊u s mortalitou okolo 10 % (Pammi et al., 2013). Vstupńı

branou infekce je u novorozenc̊u jak sliznice gastrointestinálńıho traktu, tak k̊uže

u kterých neńı plně vyvinuta antimikrobńı bariérová funkce. Podobně jako ostatńı

druhy dokáže C.parapsilosis využ́ıt tělńıch katétr̊u pro tvorbu biofilmu. Na rozd́ıl

od ostatńıch kandid tento druh dokáže kontaminovat r̊uzná prostřed́ı a perzistovat v

nich velmi dlouho, což je významné hlavně ve spojitosti s nemocničńım prostřed́ım.

Jako zdroj infekce C. parpasilosis byly identifikovány vaky s parenterálńı výživou,

glycerinové č́ıpky, parenterálńı roztoky glukózy či topické př́ıpravky. Také byly

zaznamenány př́ıpady přenosu C. parapsilosis z rukou zdravotnického personálu

na pacienta, a to zejména v souvislosti s infekcemi u nezralých novorozenc̊u (van

Asbeck et al., 2009; Trofa et al., 2008).

Rezistence tohoto druhu k azol̊um i k ostatńım druh̊um antimykotik je vzácná

s výjimkou několika izolát̊u primárně rezistentńıch k echinokandin̊um (Arendrup,

2013).

Na základě genotypizace populace C. parapsilosis byly objeveny tři rozd́ılné

subpopulace tohoto druhu, které se od sebe oddělily asi před jedńım milionem let.

Prvńı a dominantńı, do které spadá 90 % izolát̊u z̊ustalo jméno C. parapsilosis,

druhá byla nazvána Candida metapsilosis a třet́ı Candida orthopsilosis (Tavanti

et al., 2005). Daľśı zvláštnost́ı C. parapsilosis je mezi kvasinkami výjimečná lineárńı

forma mitochondriálńıho genomu, který je asi 30 kb dlouhý (Nosek et al., 1995).

Doposud nebyl u tohoto druhu pozorován sexuálńı cyklus.

C. parapsilosis se vyskytuje ve formě kvasinkových buněk a pseudohyf. Jedná

se o diploidńı druh patř́ıćı do větve CTG, jehož genom má velikost 13,1 Mb a

obsahuje 5733 gen̊u (Butler et al., 2009).

2.1.5 Candida guilliermondii

C. guilliermondii je v celosvětovém měř́ıtku p̊uvodcem asi 1,4 % invazivńıch

kandidémíı, avšak v latinské Americe je výskyt v́ıce než dvojnásobně vyšš́ı (3,7 %);

(Pfaller et al., 2006; Papon et al., 2013; Pfaller et al., 2014). Pacienti postižeńı

systémovou infekćı C. guilldermondii trṕı nejčastěji hematologickými malignitami

a solidńımi tumory. C. guilliermondii je také častým p̊uvodcem onychomykóz.

Klinicky nejvýznamněǰśım rysem tohoto druhu je jeho přirozeně sńıžená citlivost

k azol̊um a echinokandin̊um (Pfaller and Diekema, 2007).

C. guilliermondii se vyskytuje ve formě kvasinkových buněk a pseudohyf.

Jedná se o diploidńı druh patř́ıćı do větve CTG, jehož genom má velikost 10,6 Mb

a obsahuje 5920 gen̊u (Butler et al., 2009).
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2.1.6 Candida lusitaniae

C. lusitanie patř́ı k vzácným p̊uvodc̊um kandidemíı (0,5 % př́ıpad̊u); (Papon et al.,

2013; Pfaller et al., 2014). Význam tohoto druhu spoč́ıvá v jeho schopnosti rozvi-

nout rezistenci k r̊uzným antimykotik̊um během léčby. Nejčastěji byl pozorován

rozvoj rezistence k amfotericinu B, dále pak k azol̊um a z nověǰśı doby jsou známy

př́ıpadové studie, kdy během infekce došlo k rozvoji rezistence v̊uči všem běžně

použ́ıvaným skupinám antimykotik (Favel et al., 2003; Asner et al., 2015; Young

et al., 2003).

C. lusitaniae se vyskytuje ve formě kvasinkových buněk a pseudohyf. Jedná se

o haploidńı druh patř́ıćı do větve CTG, jehož genom je velký 12,1 Mb a obsahuje

5941 gen̊u (Butler et al., 2009).

2.1.7 Candida krusei

C. krusei je druh zodpovědný asi za 2,5 % kandidémíı (Papon et al., 2013; Pfaller

et al., 2014), nejčastěji u leukemických pacient̊u s výraznou neutropeníı. Klinicky

nejvýznamněǰśı je přirozená rezistence C. krusei k flukonazolu i většině ostatńıch

azol̊u, která pravděpodobně vyplývá z odlǐsné struktury ćılového enzymu 14α-

demethylázy (Orozco et al., 1998; Pfaller and Diekema, 2007).

C. krusei se často pod́ıĺı (jako jediný klinicky významný druh) na fermentaci

r̊uzných potravin v celém světě (např. mléčné produkty, cassava, tapai), přičemž

je př́ımo esenciálńı pro rozvinut́ı charakteristické chuti a v̊uně během fermentace

kakaových bob̊u (Yadav et al., 2012).

C. krusei se vyskytuje ve formě kvasinkových buněk a pseudohyf. Jedná se

o diploidńı druh stoj́ıćı mimo větve CTG i WGD. Velikost genomu C. krusei je

11,4 Mb a obsahuje 5093 gen̊u (Xiao et al., 2014).

2.1.8 Candida glabrata

C. glabrata byla objevena jako součást lidské střevńı mikroflóry roku 1917 (An-

derson, 1917) a do 80. let 20. stolet́ı stála mimo pozornost. Právě v této době

byla opakovaně identifikována jako p̊uvodce systémových infekćı imunokompro-

mitovaných pacient̊u, v současnosti je zejména v USA a severńı Evropě druhým

nejčastěǰśım p̊uvodcem kandidémíı (Papon et al., 2013; Guinea, 2014; Pfaller et al.,

2014).

C. glabrata je jediným klinicky významným druhem rodu Candida, který

fylogeneticky patř́ı do větve WGD (viz kap. 1.1. a Obr. 1 ) a je tedy bližš́ı př́ıbuzný

S. cerevisiae než C. albicans. C. glabrata se během infekce vyskytuje výhradně

v kvasinkové formě. Z ostatńıch morfologíı byla popsána schopnost tohoto druhu
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tvořit pseudohyfy při r̊ustu na pevném médiu chudém na zdroj duśıku, podobně

jako je tomu u S. cerevisiae (Csank and Haynes, 2000).

C. glabrata podobně jako C. albicans vyniká v adherenci k tkáńım hostitele

i k umělým povrch̊um (zejména tělńım katétr̊um) a v tvorbě biofilmu. Hlavńı

adheziny tohoto druhu jsou geny EPA, které jsou př́ıbuzné gen̊um FLO zajǐst’uj́ıćım

flokulaci u S. cerevisiae. Genom C. glabraty obsahuje v závislosti na kmeni i přes

dvacet kopíı gen̊u EPA (Gabaldon et al., 2013). Daľśım faktorem v rozvoji infekce

je invazńı potenciál. C. glabrata aktivně překonává epiteliálńı bariéru, prostupuje

do hlubš́ıch tkáńı a diseminuje do krevńıho řečǐstě, a to vše pouze v kvasinkové

formě. Zásadńı se zdá být schopnost buněk C. glabrata procházet hostitelskými

tkáněmi (např. vrstvou enterocyt̊u) bez jejich porušeńı, a tedy bez imunitńı reakce

hostitele (Perez-Torrado et al., 2012). V neposledńı řadě infekčńı potenciál tohoto

druhu umocňuje jeho rezistence k oxidativńımu stresu, která mu umožňuje přež́ıt

fagocytózu makrofágy (Kaur et al., 2005).

Nár̊ust incidence systémových infekćı zp̊usobených druhem C. glabrata souviśı

se zavedeńım azolových antimykotik do terapie, v̊uči kterým je C. glabrata často

rezistentńı, př́ıpadně se u ńı rezistence rychle rozvine, přičemž se uplatňuj́ı zejména

transportéry exportuj́ıćı azoly z buňky (viz kap. 2.3.6) a (Rodrigues et al., 2014;

Kolaczkowska and Kolaczkowski, 2016).

C. glabrata je haploidńı druh, u kterého doposud nebyl zdokumentován sexuálńı

cyklus (Bolotin-Fukuhara and Fairhead, 2014). Velikost genomu tohoto druhu je

12,3 Mb a obsahuje 5283 gen̊u (Dujon et al., 2004).

2.2 Homeostáze kationt̊u alkalických kov̊u

Př́ıtomnost kationt̊u alkalických kov̊u v cytosolu je esenciálńı pro celou řadu

fyziologických pochod̊u, avšak jejich nadbytek je pro buňku toxický, přičemž

optimálńı koncentrace jednotlivých kationt̊u se výrazně lǐśı. Homeostáze kationt̊u

alkalických kov̊u je těsně spjata s regulaćı membránového potenciálu a pH, a to i

na úrovni jednotlivých buněčných kompartment̊u, které si udržuj́ı své specifické

kationtové složeńı včetně pH (Obr. 4); (Kane, 2016; Yenush, 2016).

Hlavńım intracelulárńım kationtem je K+, jehož vysokou koncentraci udržuj́ı

všechny buňky (u kvasinek 200-300 mM). Draselné kationty jsou zcela nezbytné

pro kompenzaci negativńıch náboj̊u makromolekul (karboxylové skupiny, mono- a

diestery kyseliny fosforečné) a pro regulaci vnitrobuněčného pH, objemu buňky

a membránového potenciálu, což jsou fyziologické parametry př́ımo souvisej́ıćı

s elektrochemickými poměry v cytosolu. V neposledńı řadě jsou draselné kationty

nezbytné pro syntézu protein̊u i aktivaci mnoha enzymů (Rodriguez-Navarro,
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ň
k
y,

(P
)

p
se

u
d
oh

y
fy

,
(H

)
h
y
fy

2
se

x
u

á
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Obrázek 4: Rozložeńı kationt̊u alkalických kov̊u a pH v S. cerevisiae, upraveno

podle Kane (2016)

2000).

Kvasinky akceptuj́ı velmi široké rozpět́ı extracelulárńıch koncentraćı kationt̊u

alkalických kov̊u - modelový druh Saccharomyces cerevisiae je schopen r̊ust v

př́ıtomnosti KCl v koncentraćıch 10 µM – 2,5 M a NaCl < 1,5 M (Arino et al.,

2010). V př́ıpadě nedostatku K+ se hromad́ı v cytosolu H+, č́ımž docháźı k poklesu

pH, sńıžeńı membránového potenciálu (a tedy i oslabeńı sekundárńıho trans-

portu), zastaveńı proteosyntézy a daľśım, pro buňku škodlivým jev̊um. Jsou-li

v podmı́nkách nedostatku K+ př́ıtomny sodné kationty, vstupuj́ı do buňky a jsou

využity pro udržeńı elektronové neutrality a regulaci membránového potenciálu

přednostně před protony. Zároveň však plat́ı, že v nadbytku jsou Na+ pro kvasinky

toxické, ačkoliv některé druhy tolerantńı k soĺım akceptuj́ı i nižš́ı vnitrobuněčný

poměr K+/Na+ než druhy k soĺım v́ıce citlivé (Rodriguez-Navarro, 2000).

Pro udržeńı optimálńıho poměru K+/Na+ použ́ıvaj́ı kvasinky tři základńı

strategie: 1) vysokou účinnost a selektivitu importu K+, 2) efektivńı export nad-

bytečných nebo toxických kationt̊u či 3) jejich sekvestraci do vakuoly. Hlavńımi

nástroji v regulaci homeostáze kationt̊u alkalických kov̊u jsou transportéry lokali-

zované v plasmatické membráně i v membránách jednotlivých buněčných organel.

Tyto transportéry využ́ıvaj́ı pro přesun kationt̊u r̊uzné transportńı mechanismy:

primárně aktivńı ATPázy, sekundárně aktivńı antiportńı a symportńı systémy,

pasivńı kanály (Arino et al., 2010; Ramos et al., 2011; Yenush, 2016).

Tolerance k soĺım kationt̊u alkalických kov̊u byla doposud studována u čtyř

patogenńıch druh̊u kvasinek rodu Candida. Všechny lze obecně označit za tole-
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rantńı k soĺım, ačkoliv maximálńı tolerované koncentrace se mezi jednotlivými

druhy značně lǐśı, přičemž pořad́ı druh̊u od nejv́ıce k nejméně tolerantńımu je:

C. parapsilosis >C. albicans >C. glabrata >C. dubliniensis (Krauke and Sychrova,

2008, 2010).

Následuj́ıćı kapitoly předkládané práce představuj́ı jednotlivé transportńı

systémy pod́ılej́ıćı se na homeostázi kationt̊u alkalických kov̊u s využit́ım kom-

plexńıch znalost́ı o modelovém organismu S. cerevisiae, doplněné současnými

poznatky o těchto systémech v kandidách.

2.2.1 Membránový potenciál

Všechny živé buňky, kvasinky nevyj́ımaje, jsou ohraničeny plasmatickou membránou,

která zabraňuje volné difúzi (nejen) iont̊u a umožňuje dosáhnout jejich nestej-

noměrného rozložeńı uvnitř a vně buňky. Tato situace vede k ustaveńı rozd́ılných

elektrických potenciál̊u na obou stranách membrány, vzniku elektrochemického

gradientu a v d̊usledku i elektrického napět́ı.

Neustálým exportem H+ vzniká dovnitř směrovaný gradient pH a je udržován

pozitivńı náboj vně buňky, zat́ımco v cytosolu převládá náboj negativńı, což

je hlavńı podmı́nkou udržeńı iontové homeostáze a turgoru. Tento gradient je

určuj́ıćı pro nespecifický vstup kladně nabitých látek (kationty alkalických kov̊u

nevyj́ımaje) do buňky a je hlavńım faktorem, který v př́ıpadě exterńıho nadbytku

soĺı určuje rychlost vstupu kationt̊u alkalických kov̊u.

V neposledńı řadě je neustále obnovovaný gradient H+ využ́ıván jako zdroj

energie pro sekundárńı transport mnoha substrát̊u (např. aminokyseliny, fosfáty,

sulfáty, vitamı́ny) přes plasmatickou membránu (Barnett, 2008).

Jak již bylo zmı́něno, př́ısná regulace pH se odehrává i na úrovni jednot-

livých organel. Kupř́ıkladu ńızké pH udržované ve vakuole je zp̊usobeno aktivńım

přenosem H+ z cytosolu a takto generovaný membránový potenciál mezi cytosolem

a vakuolou je následně využ́ıván k transportu mnoha substrát̊u, včetně v cytosolu

nadbytečných K+ nebo toxických Na+ (Arino et al., 2010).

ATPáza Pma1

H+-ATPáza Pma1 je kĺıčový transportér zajǐst’uj́ıćı export proton̊u přes plasma-

tickou membránu a t́ım i generováńı membránového potenciálu (Serrano et al.,

1986). Tento protein (918 aa) patř́ı mezi P-ATPázy, čemuž odpov́ıdá i jeho struk-

tura obsahuj́ıćı 10 transmembránových domén (TMD) a dlouhou intracelulárńı

smyčku mezi 4 a 5 TMD zodpovědnou za vazbu a hydrolýzu ATP (Kuhlbrandt et
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Obrázek 5: ATPáza plasmatické membrány Pma1 a V-ATPázy lokalizované

v membráně vakuoly a Golgiho aparátu v S. cerevisiae

al. 2002). Pma1 je nejhojněǰśım proteinem plasmatické membrány a jeho aktivita

spotřebuje přibližně 20 % celkové produkce ATP (Benito et al., 1991).

Genom S. cerevisiae obsahuje esenciálńı gen ScPMA1 a jeho paralog ScPMA2

s velmi ńızkou úrovńı transkripce, který však je schopen (při zvýšené expresi pod

kontrolou silného promotoru) částečně nahradit funkci za normálńıch podmı́nek

dominantně transkribovaného ScPMA1 (Supply et al., 1993).

Nejlépe je prostudována aktivita a regulace Pma1 v S. cerevisiae. Mezi hlavńı

regulátory aktivity ScPma1 patř́ı glukóza. Nár̊ust jej́ı koncentrace v médiu vede

k aktivaci ScPma1 a naopak pokles koncentrace glukózy k útlumu tohoto trans-

portéru. Odpověd’ na př́ıtomnost glukózy je zprostředkována fosforylaćı C-konce

ScPma1 a je velmi rychlá (Serrano, 1983; Kane, 2016).

V-ATPázy

V-ATPázy jsou intracelulárńı přenašeče proton̊u lokalizované v membránách

vakuoly, Golgiho aparátu a daľśıch organel (např. pozdńıho endosomu). Aktivita

V-ATPáz acidifikuje lumen uvedených organel (Kane, 2016).

Tyto pumpy patř́ıćı mezi F-ATPázy, v S. cerevisiae se skládaj́ı ze 14 podjedno-

tek organizovaných do dvou domén: katalytické V1 a transmembránové Vo tvoř́ıćı

pór pro pr̊uchod protonu membránou. Každá podjednotka je kódovaná jedńım

genem s výjimkou podjednotky
”
a“ domény Vo, kterou kóduj́ı dva izoformńı geny

ScVPH1 a ScSTV1 ř́ıd́ıćı lokalizaci celého komplexu. V-ATPázy obsahuj́ıćı část
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kódovanou ScVPH1 jsou určeny pro vakuolárńı membránu, př́ıtomnost produktu

genu ScSTV1 směruje celý komplex do membrány Golgiho aparátu a daľśıch

odvozených organel (Forgac, 2007).

Podobně jako u ScPma1 je i aktivita V-ATPáz ovlivněna př́ıtomnost́ı glukózy,

jej́ıž nedostatek vede k rozvolněńı vazby mezi doménami V1 a Vo, a t́ım i k deak-

tivaci transportéru (Kane and Smardon, 2003).

Aktivita V-ATPáz a ScPma1 je vzájemně propojena. Např. absence genu

ScVMA1 kóduj́ıćıho podjednotku
”
a“ katalytické domény V1 znamená ztrátu

aktivity V-ATPáz, pokles cytosolického pH a zároveň i sńıžeńı aktivity ScPma1,

v d̊usledku narušeńı sekrece ScPma1 do plasmatické membrány (Martinez-Munoz

and Kane, 2008).
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membráně kvasinek

2.2.2 Import kation̊u alkalických kov̊u

Uniportńı systém Trk

Prvńım přenašečem draselných iont̊u objeveným mimo živočǐsné buňky se

stal Trk1 (TRansporter of K+) v S. cerevisiae, jehož exprese zlepšila r̊ust buněk

S. cerevisiae citlivých k ńızkým koncentraćım K+ (Gaber et al., 1988). Asi jednu

polovinu transportéru ScTrk1 (celková délka 1235 aa) tvoř́ı transmembránová část

složená ze čtyř tzv. segment̊u MPM. Každý segment se skládá ze dvou strukturńıch

jednotek prostupuj́ıćıch membránu (M), které jsou spojené krátkou α-̌sroubovićı P

(pore loop) obsahuj́ıćı zcela mezidruhově konzervované glyciny a formuj́ıćı dva póry

pro pr̊uchod K+ (Durell and Guy, 1999). Studium struktury transmembránové

části kvasinkových přenašeč̊u Trk usnadňuje znalost struktury jejich bakteriálńıch

homolog̊u, které s nimi sd́ılej́ı uspořádáńı do čtyř segment̊u MPM (Cao et al.,

2011; Vieira-Pires et al., 2013; Levin and Zhou, 2014). Druhou polovinu proteinu

tvoř́ı intracelulárńı smyčka mezi 2. a 3. segmentem MPM a dále ostatńı smyčky

mezi jednotlivými segmenty MPM, N- a C-koncových část́ı proteinu.

Primárńı funkce ScTrk1 – import K+, byla experimentálně prokázána mnoha

pracemi, avšak transportńı mechanismus stále nebyl zcela objasněn. V současnosti

se předpokládá, že ScTrk1 je uniportńı systém využ́ıvaj́ıćı pro přenos K+ jako zdroj

energie membránový potenciál. Stále však nebyla potvrzena/vyvrácena možnost, že
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v extrémńıch podmı́nkách silné depolarizace membrány a v př́ıtomnosti Na+ může

ScTrk1 využ́ıt gradientu Na+ pro symport Na+/K+, a to d́ıky dvěma vazebným

mı́st̊um pro kationty (Arino et al., 2010).

Afinita k substrátu ScTrk1 se dramaticky lǐśı v závislosti na dostupnosti živin

(duśıku) a K+, kdy v př́ıpadě nedostatku těchto element̊u v médiu vykazuje ScTrk1

mnohonásobně vyšš́ı afinitu ke K+ než při kultivaci v bohatém médiu. Podobně

vzr̊ustá afinita ke K+ tohoto transportéru i v př́ıtomnosti sodných kationt̊u (Arino

et al., 2010).

Mimo prokázaný import draselných kationt̊u, existuje předpoklad, že ScTrk1

asociuje v plasmatické membráně v tetramer, v jehož středu vzniká kanál pro

výstup chloridových aniont̊u z buněk(Kuroda et al., 2004; Pardo et al., 2015).

Genom S. cerevisiae obsahuje nav́ıc gen ScTRK2 kóduj́ıćı transportér sd́ılej́ıćı

s ScTrk1 uspořádáńı transmembránové části do čtyř segment̊u MPM (identita

s ScTrk1 v této části je 70-90 %) i prokázanou aktivitu pro import K+ (Ko et al.,

1990). V př́ıpadě absence ScTRK1 je pod kontrolou silného promotoru ScTRK2

schopen nahradit jeho funkci (Michel et al., 2006). Za normálńıch podmı́nek je

ScTRK2 exprimován méně a jeho pod́ıl na importu K+ je nižš́ı než u ScTRK1,

avšak nikoliv zanedbatelný a nav́ıc u buněk ve stacionárńı fázi se zdá, že ScTrk2

převezme od ScTrk1 úlohu dominantńıho importeru K+ (Petrezselyova et al., 2011;

Borovikova et al., 2014).

Ortology přenašeče ScTrk jsou široce zastoupené mezi všemi kvasinkovými

druhy, přičemž jejich funkce byla ověřena i u dvou druh̊u kandid. Genom C. albicans

obsahuje ortology tř́ı typ̊u draselných transportér̊u (Ramos et al., 2011), přičemž

doposud byl experimentálně charakterizován pouze CaTrk1. Tento přenašeč se

strukturou ani primárńı funkćı (import K+) nelǐśı od ScTrk1, avšak jeho úloha v

přenosu Cl− se nepotvrdila (Miranda et al., 2009).

V kontrastu k C. albicans stoj́ı C. glabrata, u které CgTRK1 z̊ustává dosud

jediným nalezeným genem kóduj́ıćım možný importér K+. Transportńı funkce i

d̊uležitost CgTrk1 pro homeostázi draselných kationt̊u u tohoto druhu byla experi-

mentálně potvrzena. Delece CgTRK1 v buňkách C. glabrata vyústila v neschopnost

r̊ustu v př́ıtomnosti ńızkých koncentraćı draselných kationt̊u, v hyperpolarizaci

plasmatické membrány i zvýšenou senzitivitu k toxickým kationt̊um alkalických

kov̊u, pravděpodobně zapř́ıčiněnou absenćı jiného importńıho mechanismu s do-

statečnou selektivitou pro K+ (Llopis-Torregrosa et al., 2016).

Symportńı systém Hak

U mnoha kvasinkových druh̊u byl popsán (vedle systému Trk) druhý transportér

přenášej́ıćı K+ do buňky pojmenovaný Hak (High Affinity K+ Transporter),
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jehož funkce byla studována u dvou druh̊u kvasinek: Debaryomyces occidentalis

(Banuelos et al., 1995, 2000) a Debaryomyces hansenii (Prista et al., 2007).

Již z názvu vyplývá hlavńı charakteristika tohoto přenašeče - velmi vysoká afi-

nita k draselným kationt̊um. Za normálńıch podmı́nek je dominantńım importerem

K+ přenašeč Trk a gen HAK neńı transkribován, přičemž hlavńım aktivátorem

jeho transkripce je nedostatek draselných kationt̊u. Transportér Hak využ́ıvá pro

přenos K+ symportńı mechanismus, kdy spolu s jedńım K+ přenáš́ı do buňky

jeden proton. U osmotolerantńıho druhu D. hansenii, který toleruje neobvykle

ńızký poměr K+/Na+ a př́ıpadný nedostatek K+ nahrazuje sodnými kationty, byl

prokázán symport K+-Na+ zprostředkovaný přenašečem DhHak1 (Prista et al.,

2007).

Délka protein̊u je u DoHak1 1018 aa a DhHak1 1050 aa, přičemž doposud

nebyla provedena žádná studie jejich struktury, či topologie. Jedinou praćı na

tomto poli z̊ustává predikce topologie s experimentálńım ověřeńım lokalizace TMD

systému kup v bakterii Escherichia coli (Sato et al., 2014), který je vzdáleným

př́ıbuzným kvasinkovým transportér̊um typu Hak.

ATPáza Acu

Třet́ım, nejnověji popsaným typem importéru K+ vyskytuj́ıćım se u kvasinek,

je ATPáza Acu. Prvně byla charakterizována u kvasinky Millerozyma farinosa

(dř́ıve Pichia sorbitophila), která disponuje jedńım genem PsACU1 a u sněti

Ustilago mayidis, v jej́ımž genomu byly nalezeny dvě kopie genu (Umacu1 a

Umacu2) kóduj́ıćı zmı́něnou ATPázu. Všechny tři transportéry přenáš́ı s vysokou

afinitou K+, přičemž Umacu1 a Umacu2 transportuj́ı v př́ıpadě nedostatku K+ i

kationty sodné. Geny nebo pseudogeny kóduj́ıćı ATPázy Acu byly identifikovány

v genomech několika daľśıch kvasinkových druh̊u, včetně C. albicans (Benito et al.,

2004).

Symportńı systém Pho89

V buňkách S. cerevisiae byl popsán jediný přenašeč, který transportuje s vy-

sokou selektivitou sodné kationty do buňky, ačkoliv jsou pro buňku toxické. Je

j́ım ScPho89 – jeden ze symportńıch systémů, které jsou zodpovědné za import

PO3−
4 . Zat́ımco bĺızce př́ıbuzný ScPho84 využ́ıvá pro transport PO3−

4 za ńızkého

extracelulárńıho pH koncentračńıho spádu H+, ScPho89 je aktivńı při vysokém

vněǰśım pH a jako zdroj energie mu slouž́ı koncentračńı gradient Na+ (Martinez

and Persson, 1998). Tento přenašeč je aktivńı pouze za specifických podmı́nek

– při silném hladověńı na anorganický fosfát a při již zmı́něném vysokém extra-
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celulárńım pH, kdy je pro buňku výhodné źıskat anorganický fosfát i za cenu

importu toxických Na+.

Indukce transkripce ScPHO89 zvýšeńım extracelulárńıho pH je koordinována

s indukćı transkripce ScENA1. ATPáza ScEna1 exportuje Na+, č́ımž kompenzuje

import toxických Na+ přenesených aktivitou ScPho89. Udržuje tak neustále

dovnitř směřuj́ıćı gradient Na+, který je potřebný pro energizaci transportu

fosfátových aniont̊u proti jejich koncentračńımu spádu transportérem ScPho89

(Serra-Cardona et al., 2014).
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Obrázek 7: Známé exportńı systémy kationt̊u alkalických kov̊u v plasmatické

membráně kvasinek

2.2.3 Export kation̊u alkalických kov̊u

Antiportńı systém Na+/H+

Systémy přenášej́ıćı kationty alkalických kov̊u výměnou za proton (obecně

značené Na+/H+ exchangery) patř́ı k nejrozš́ı̌reněǰśım transportér̊um ve všech

organismech. K nejlépe prostudovaným patř́ı ScNha1 nálež́ıćı S. cerevisiae, přičemž

homology genu NHA1 byly nalezeny ve všech dosud sekvenovaných kvasinkových

genomech. Protein ScNha1 je dlouhý 985 aa, asi polovinu jeho délky tvoř́ı část

zodpovědná za transport kationt̊u složená z 12 hydrofobńıch transmembránových

domén a poměrně krátkých hydrofilńıch smyček. V této vysoce konzervované

části ScNha1 byly identifikovány aminokyseliny nesoućı negativńı náboj (kyselina

asparagová), které jsou esenciálńı pro transport kationt̊u alklických kov̊u (Ohgaki

et al., 2005). Druhou polovinu proteinu ScNha1 tvoř́ı C-konec, který obsahuje

šest konzervovaných region̊u (Mitsui et al., 2005). Prvńı z nich, bezprostředně

navazuj́ıćı na posledńı transmembránovou doménu, je esenciálńı pro správnou

lokalizaci a funkci ScNha1 (Kinclova et al., 2001b). Předpokládá se, že C-konec

může interagovat s početnými partnery a být tak hlavńı regulačńı část́ı celého
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systému (Arino et al., 2010). N-konec je velmi krátký (13 aa) a nepředpokládá se,

že by obsahoval regulačńı oblast.

ScNha1 je schopen přenášet jak Na+ a K+, tak i Li+ a Rb+ (Banuelos et al.,

1998; Kinclova et al., 2001a). Společně s ATPázami Ena se pod́ıĺı na detoxifikaci

cytosolu od nežádoućıch kationt̊u, a to předevš́ım při ńızkém extracelulárńım

pH (kdy je mechanismus výměny kationtu alkalického kovu za proton obzvlášt’

výhodný). Gen ScNHA1 patř́ı mezi tzv. provozńı geny. Jeho transkripce je kon-

stitutivńı a neńı indukována změnou extracelulárńıho pH, osmotickým šokem či

př́ıtomnost́ı soĺı. Tento antiportńı systém se pod́ıĺı na neustálé cirkulaci K+ přes

plasmatickou membránu, a t́ım naplňuje svou hlavńı úlohu – neustále udržovat

optimálńı koncentraci K+ v buňce (Banuelos et al., 1998).

Doposud byly charakterizovány Na+/H+ antiportńı systémy pěti druh̊u kvasi-

nek rodu Candida (C. albicans, C. dubliniensis, C. tropicalis, C. parapsilosis a

C. glabrata; Soong et al. (2000); Kinclova et al. (2001b); Kamauchi et al. (2002);

Krauke and Sychrova (2011)). Při heterologńı expresi př́ıslušných gen̊u v S. cere-

visiae byla u všech prokázána antiportńı aktivita a široká substrátová specificita

(Na+, K+, Li+, Rb+), avšak jednotlivé systémy se lǐsily svou transportńı kapacitou.

Rozd́ıly v aktivitě antiportńıch systémů jednotlivých druh̊u kandid byly v souladu

s celkovou toleranćı druh̊u k soĺım. Druhy s vysokou toleranćı k soĺım (C. parapsi-

losis a C. albicans) disponuj́ı antiportńımi systémy s vysokou aktivitou, naproti

tomu antiportńı systémy druh̊u citlivěǰśıch na vyšš́ı koncentraci soĺı (C. dublini-

ensis, C. glabrata) jsou aktivńı méně (Krauke and Sychrova, 2008, 2010). Detailńı

studium funkce CaCnh1 a CgCnh1 a jejich součinnosti s ATPázami Ena ukázalo,

že narozd́ıl od ScNha1 se tyto dva antiportńı systémy pod́ıĺı na detoxifikaci buněk

od nadbytečných Na+ jen malou měrou a jejich zcela dominantńı úloha spoč́ıvá

v regulaci vnitrobuněčné koncentrace draselných kationt̊u (Kinclova et al., 2001a;

Krauke and Sychrova, 2011).

ATPázy Ena

P-ATPázy plasmatické membrány S. cerevisiae, které využ́ıvaj́ı energii źıskanou

hydrolýzou ATP k exportu kationt̊u alkalických kov̊u (Na+, K+, Li+) proti elek-

trochemickému gradientu, jsou označovány Ena (exitus natru) a jsou hlavńımi

determinantami tolerance S. cerevisiae k soĺım (Benito et al., 2002). Podobně

jako u antiportńıch systémů Na+/H+, geny kóduj́ıćı ATPázy Ena byly nalezeny

ve všech doposud sekvenovaných genomech kvasinkových organismů.

Počet gen̊u kóduj́ıćı ATPázy Ena v S. cerevisiae neńı u všech kmen̊u stejný.

Kopie gen̊u jsou většinou uloženy na chromozomu tandemově. Kmen D273-10B

disponuje pěti kopiemi, naproti tomu kmen CEN.PK113-7D má pouze jediný gen
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pojmenovaný ENA6, což pravděpodobně souviśı s neobvyklou citlivost́ı tohoto

kmenu k Na+ a Li+ (Wieland et al., 1995; Daran-Lapujade et al., 2009). Většina

ATPáz Ena je složena z 1091 aa a obsahuje 10 transmembránových domén. Za

hydrolýzu ATP zodpov́ıdaj́ı pro P-ATPázy typické domény lokalizované v cytosolu.

Za optimálńıch podmı́nek je množstv́ı protein̊u Ena v plasmatické membráně

velmi ńızké a roste teprve v reakci na podnět z vněǰśıho prostřed́ı. Exprese gen̊u

ScENA je prokazatelně indukována př́ıtomnost́ı soĺı, osmotickým stresem a vyšš́ım

extracelulárńım pH, kdy se obt́ıžně uplatňuje antiportńı systém ScNha1. Hlavńı

funkce ATPáz Ena je v S. cerevisiae detoxifikace cytosolu od nežádoućıch kationt̊u

(Ghaemmaghami et al., 2003).

Genom C. albicans a C. dubliniensis obsahuje geny nazvané ENA21 a ENA22.

Bazálńı úroveň exprese i jej́ı indukce v př́ıtomnosti NaCl byla výrazně vyšš́ı

u C. albicans než u C. dubliniensis, což je v souladu s t́ım, že C. albicans toleruje

mnohem vyšš́ı koncentrace soĺı než C. dubliniensis. Zároveň se lǐśı i úroveň exprese

jednotlivých gen̊u, přičemž gen ENA21 je u obou druh̊u exprimován intenzivněji

než gen ENA22 (Enjalbert et al., 2009).

C. glabrata disponuje jediným genem CgENA1 kóduj́ıćım př́ıslušnou ATPázu,

jež je zodpovědná za detoxifikaci buněk od Na+ a Li+. Jej́ı pod́ıl na exportu K+ i

kapacita transportu toho kationtu jsou ńızké (Krauke and Sychrova, 2008).
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Kanál Tok

Kanál ScTok1 slouž́ı pro přenos K+ z buňky, přičemž je to jediný systém

se substrátovou specifitou pouze pro draselné kationty. Za určitých experimentálńıch

podmı́nek může přes tento kanál K+ v omezené mı́̌re do buněk i vstupovat (Yenush,

2016).

Topologie 691 aa dlouhého proteinu ScTok1 zahrnuje osm transmembránových

domén. Posledńı dva páry společně se smyčkami P (charakteristickými pro draselné

přenašeče) tvoř́ı dva póry pro pr̊uchod K+. Na tento segment navazuje C-konec

umı́stěný v cytosolu, který reguluje pr̊uchodnost celého kanálu (Loukin and Saimi,

2002; Martinac et al., 2008).

Úloha ScTok1 spoč́ıvá v rychlé a jemné regulaci membránového potenciálu.

K otevřeńı ScTok1 vede předevš́ım depolarizace buněčné membrány, která je rychle

kompenzována únikem draselných kationt̊u přes tento kanál. Pod́ıl ScTok1 na

regulaci membránového potenciálu dokazuje i depolarizace membrány mutantńıho

kmenu S. cerevisiae tok1∆ a naopak hyperpolarizace plasmatických membrán

buněk S. cerevisiae, ve kterých je exprese genu ScTOK1 uměle zvýšena (Maresova

et al., 2006). Taktéž v C. albicans byl nalezen gen kóduj́ıćı kanál CaTok1, jehož

funkce byla ověřena a jež se velmi podobá funkci ScTok1 (Baev et al., 2003).
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Obrázek 8: Známé intracelulárńı transportéry kationt̊u alkalických kov̊u v kva-

sinkách; lokalizace transportér̊u: Kha - Golgiho aparát; Nhx - pozdńı endosom,

KHE - vnitřńı membrána mitochodrie; Vnx, Vcx a Vhc - vakuola

2.2.4 Intracelulárńı transport kation̊u alkalických kov̊u

Obsah sodných a draselných kationt̊u je uvnitř buňky S. cerevisiae př́ısně regulován,

přičemž jejich koncentrace v cytosolu a v jednotlivých organelách se výrazně

lǐśı (Herrera et al., 2013). Transport kationt̊u alkalických kov̊u mezi buněčnými

kompartmenty umožňuje regulovat koncentraci K+, a t́ım i pH a objem jednotlivých

organel. Dominantńı úlohu ve vnitrobuněčném přesunu kationt̊u alkalických kov̊u

hraj́ı antiportńı systémy, které využ́ıvaj́ı pro energizaci transportu membránový

potenciál generovaný př́ıslušnými V-ATPázami. Př́ıspěvek daľśıch transportér̊u

s odlǐsným transportńım mechanismem je sṕı̌se okrajový.

Systém kompartment̊u zahrnuj́ıćı pozdńı endosomy, recykluj́ıćı endosomy

a trans cisterny Golgiho aparátu disponuje specifickým antiportńım systémem

ScNhx1 transportuj́ıćım Na+ a K+ z cytosolu do endosomu (Nass et al., 1997; Brett

et al., 2005). Shromážděné kationty se pak dostávaj́ı s ostatńım obsahem endosomu

do vakuoly. Přenos kationt̊u alkalických kov̊u pomoćı ScNhx1 do endosomu a

následně do vakuoly hraje d̊uležitou roli v př́ıpadě potřeby buňky odstranit K+

nebo toxické Na+ z cytosolu. Membrána Golgiho aparátu obsahuje daľśı antiportńı

systém ScKha1, který zodpov́ıdá za akumulaci K+ v této organele (Maresova and

Sychrova, 2005).

Vakuolárńı membrána buněk S. cerevisiae podle současného poznáńı obsa-
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huje tři transportéry přenášej́ıćı kationty alkalických kov̊u. Na přenosu K+ se

nejvýznamněji pod́ıĺı antiportńı systém K+/H+ ScVnx1 (Cagnac et al., 2007).

Daľśım antiportńım systémem je ScVcx1, jehož hlavńı funkćı je transport vápenatých

kationt̊u do vakuoly, avšak může přenášet i kationty draselné (Cagnac et al., 2010).

Posledńım vakuolárńım přenašečem draselných kationt̊u je kotransportér ScVhc1,

který společně s jedńım K+ přenáš́ı do vakuoly jeden chloridový aniont (Petrezse-

lyova et al., 2013).

V mitochondríıch je pohyb iont̊u těsně spjat s dýchaćım řetězcem, který

generuje negativńı membránový potenciál uvnitř mitochondrie. Výměna draselných

kationt̊u (tažených přes vnitřńı membránu mitochondrie do matrix) za protony

(potassium-proton exchange - KHE) je jedńım ze základńıch prvk̊u chemiosmotické

teorie dýchaćıho řetězce (Mitchell, 1961). Ačkoliv výše popsaná výměna K+ za

protony byla mnohokrát experimentálně prokázána, dodnes nebyly identifikovány

všechny proteiny, které se na transportu K+ pod́ılej́ı (Yenush, 2016).
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2.3 Antimykotická léčba

Látky s fungicidńım nebo fungistatickým účinkem nesoućı souhrnné označeńı anti-

mykotika jsou nenahraditelné prostředky v terapii infekćı vyvolaných houbovými

a tedy i kvasinkovými patogeny. Buňky kvasinkového patogena i hostitele jsou

eukaryontńı, takže jejich metabolické i fyziologické pochody a buněčné struktury

jsou si velmi podobné, což znesnadňuje vývoj látek s dostatečně silným a zároveň

selektivńım účinkem (a ńızkou toxicitou pro hostitele).

Tento fakt se odráž́ı i na relativně malém počtu v současnosti použ́ıvaných

typ̊u antimykotik lǐśıćıch se mechanismem účinku (šest skupin) ve srovnáńı s an-

tibakteriálńımi antibiotiky, jichž je k dispozici asi 2,5krát v́ıce (Sanglard et al.,

2009; Coates et al., 2011).

Antimykotika se použ́ıvaj́ı v terapii (a profylaxi) zevńıch i systémových infekćı,

kdy dnes použ́ıvané látky disponuj́ı širokým spektrem účinku zahrnuj́ıćı jak

všechny významné houbové patogeny (např. Aspergillus fumigatus, Cryptoccocus

neoformans, Trichophyton spp. Microsporum spp.) tak i kvasinky rodu Candida,

jejichž incidence je mezi všemi houbovými patogeny nejvyšš́ı (Pfaller and Diekema,

2007; Havlickova et al., 2008; Vallabhaneni et al., 2016).

Léčivé př́ıpravky obsahuj́ıćı antimykotika lze rozdělit podle zp̊usobu podáńı

na kožńı a vaginálńı př́ıpravky a př́ıpravky pro perorálńı či intravenózńı aplikaci.

Dle povinného hlášeńı distributor̊u pro Státńı ústav pro kontrolu léčiv (SÚKL)

byla celková cena spotřebovaných antimykotik v ČR v roce 2015 734 mil. Kč,

z toho 361 mil. Kč tvoř́ı náklady na antimykotika k vnitřńımu užit́ı. Obecně

nejuž́ıvaněǰśım antimykotikem byl v ČR v roce 2015 klotrimazol, jehož spotřeba

1 774 000 baleńı o řád převyšuje všechny ostatńı (Tab. 3).

Velká většina současných antimykotik ćıĺı na povrchové struktury patogen̊u.

Důležitou součást́ı plasmatické membrány kvasinkových, rostliných i živočǐsných

buněk jsou steroly, které určuj́ı jej́ı fluiditu a jsou d̊uležité pro ukotveńı a správnou

funkci mnoha membránových protein̊u. Zat́ımco dominantńım sterolem plasmatické

membrány živočǐsných buněk je cholesterol, u buněk kvasinek je j́ım ergosterol.

Enzymy syntetické dráhy ergosterolu jsou ćılem celé řady antimykotik: azol̊u,

allylamin̊u, thiokarmbamát̊u (v ČR se v současnosti nepouž́ıvaj́ı) a morfolin̊u.

Syntéza ergosterolu se skládá z v́ıce než 20 reakćı a primárńı surovinou je acetyl-

CoA. Obrázek 9 představuje zjednodušené schéma syntézy včetně gen̊u, které

kóduj́ı př́ıslušné enzymy, z nichž některé slouž́ı jako ćılová mı́sta antimykotik.

Taktéž ergosterol sám je napadán antimykotiky ze skupiny polyen̊u, které se

k němu pevně váž́ı a vzniklé agregáty pak silně poškozuj́ı funkce plasmatické

membrány.

Druhou povrchovou strukturou kvasinkových buněk, kterou živočǐsné buňky
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zcela postrádaj́ı a na kterou jsou zaćılena nejnověǰśı antimykotika (echinokandiny),

je buněčná stěna.

Daľśı antimykotika, která se nadále v ČR uplatňuj́ı v terapii povrchových

infekćı, jsou kyselina undecylenová a ciklopirox, u nichž přesný mechanismus

účinku dosud nebyl objasněn. Antimykotika, která ćıĺı na vnitřńı struktury buňky

(flucytosin, griseofulvin), jsou často zat́ıžená toxicitou, nebo rychlým rozvojem

rezistence a v ČR se v současnosti nepouž́ıvaj́ı.
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áń
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šeń

ı

o
d
o
d
áv

k
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Obrázek 9: Zjednodušené schéma syntézy ergosterolu v modelovém organismu

S. cerevisiae a antimykotika, která tuto dráhu blokuj́ı; převzato z Prasad et al.

(2016)
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2.3.1 Azoly

klotrimazol ketokonazol

flukonazol

vorikonazol posakonazol

Obrázek 10: Struktura vybraných azolových antimykotik; upraveno podle Prasad

et al. (2016)

Azoly jsou syntetická antimykotika obsahuj́ıćı ve své struktuře imidazolový nebo

triazolový kruh. Prvńı léčivo z této skupiny chlormidazol bylo do praxe uvedeno

roku 1958 pro léčbu povrchových mykóz. V pr̊uběhu následuj́ıćıch téměř šedesáti

let se staly azoly nejpočetněǰśı skupinou antimykotik v̊ubec. Azoly patř́ı mezi

širokospektrá antimykotika účinná proti většině významných houbových patogen̊u

(např. Candida sp., Aspergillus fumigatus, Cryptococcus neoformans). Struktura

nejv́ıce použ́ıvaných zástupc̊u této skupiny je znázorněna na obrázku 10.

Mechanismus fungistatického účinku azol̊u spoč́ıvá v blokádě syntézy ergoste-
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rolu (Obr. 9). Azoly inhibuj́ı enzym 14α-demethylázu (kódovanou genem ERG11 ),

jež patř́ı mezi cytochromy P450 (CYP), ve kterých je atom železa v aktivńım

centru zablokován vazbou na duśık z imidazolového (triazolového) kruhu (Odds

et al., 2003). Azoly též váž́ı CYP 22δ-desaturázu produkt genu ERG5 katalyzuj́ıćı

předposledńı reakci syntetické dráhy ergosterolu (Obr. 9); (Kelly et al., 1997a).

Různé izoformy CYP se vyskytuj́ı v buňkách všech známých organismů a v lidském

těle zodpov́ıdaj́ı za metabolismus xenobiotik a tedy i většiny léčivých látek. Afinita

azol̊u k CYP ze syntetické dráhy ergosterolu kvasinek je ovlivněna strukturou

postranńıho řetězce a pro jednotlivé látky z této skupiny je r̊uzná. Jednotlivé

azoly se tedy lǐśı jak spektrem účinku, tak i selektivitou. Inhibice lidských CYP

má za následek zpomaleńı metabolismu současně podávaných léčiv a vede k jejich

nežádoućı kumulaci v organismu (Lincová, 2007).

Pro fungistatický účinek azol̊u je významná předevš́ım inhibice 14α-demethylázy

vedoućı k hromaděńı jej́ıho substrátu lanosterolu a daľśıch methylovaných sterol̊u

z něj odvozených a k nedostatku ergosterolu. Tato změna složeńı plasmatické

membrány měńı jej́ı fluiditu a negativně ovlivňuje funkci řady membránových

protein̊u, např. enzymů syntetizuj́ıćıch stavebńı prvky buněčné stěny (Daum et al.,

1998).

Vývojově nejstarš́ı skupinu dnes použ́ıvaných azol̊u tvoř́ı imidazoly z konce

60. let 20. stol. Tato léčiva jsou kv̊uli své ńızké selektivitě (a vysoké afinitě

k lidským CYP a t́ım i toxicitě) určena pro kožńı a vaginálńı použit́ı. Do této

skupiny patř́ı i klotrimazol, který je dnes nejuž́ıvaněǰśım antimykotikem v ČR

(Tab. 3).

V 80. letech 20. stol byl do praxe uveden prvńı imidazol pro vnitřńı užit́ı

(ketokonazol), což znamenalo významné zlepšeńı terapie kandidémíı, nebot’ nab́ızel

alternativu k amfotericinu B, který je zat́ıžen kumulativńı nefrotoxicitou (Lincová,

2007).

Mladš́ı skupinu azol̊u tvoř́ı triazoly, mezi které se poč́ıtaj́ı dnes nejuž́ıvaněǰśı

systémová antimykotika flukonazol a itrakonazol, která přinesla oproti ketokona-

zolu širš́ı spektrum účinku a nižš́ı toxicitu. Od nich jsou pak odvozena nejmladš́ı

léčiva vorikonazol a posakonazol s výrazně vyšš́ı účinnost́ı v̊uči kvasinkovým

patogen̊um, která jsou dnes vyhrazena pro léčbu závažných systémových mykóz

(Fera et al., 2009; Peyton et al., 2015).

Předevš́ım v̊uči vnitřně podávaným azol̊um vzniká poměrně rychle rezistence,

a to nejčastěji u kandid. Masivńı nasazeńı ketokonazolu a flukonazolu vedlo

ke zvýšeńı incidence druh̊u primárně k azol̊um rezistentńıch (C. krusei), což je

zapř́ıčiněno odlǐsným složeńım jejich plasmatické membrány, i nár̊ustu výskytu

kmen̊u všech patogenńıch druh̊u kandid s rozvinutou sekundárńı rezistenćı (Pfaller

and Diekema, 2007; Pfaller et al., 2014). Při rozvoji rezistence v̊uči azol̊um se
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uplatňuj́ı r̊uzné mechanismy popsané v kapitole 2.3.6.

Flukonazol

Flukonazol (FLC) má mezi azoly výjimečnou pozici, a proto je i rezistence

kandid k této látce předmětem studia předkládané práce. Flukonazol patř́ı mezi

triazoly a společně s itrakonazolem se od začátku uplatnil při léčbě systémových

mykóz (Odds et al., 2003). Flukonazol vyniká svými farmakokinetickými parame-

try, na rozd́ıl od ostatńıch azol̊u je hydrofilńı, dobře se vstřebává z trávićıho traktu,

přičemž absorpce nezáviśı na potravě a pH žaludku. K daľśım výjimečným vlast-

nostem této látky patř́ı jeho ńızká vazba na b́ılkoviny v krevńı plasmě, relativně

dlouhý biologický poločas (20-30 h) a vysoký terapeutický index (vysoká selekti-

vita, ńızká toxicita) (Lincová, 2007). Kv̊uli uvedeným vlastnostem je flukonazol

stále nejpouž́ıvaněǰśım perorálńım antimykotikem současnosti, ačkoliv je zat́ıžen

rozvojem rezistence (Marr and Boeckh, 2000; Pappas et al., 2009). V profylaxi

systémových mykóz u imunokompromitovaných pacient̊u, kdy je potřeba udržovat

dlouhodobě stabilńı koncentraci antimykotika při perorálńım zp̊usobu užit́ı, je

dodnes flukonazol nenahraditelný. V ČR byla za rok 2015 spotřeba FLC 721 000

DDD, což je nejv́ıce mezi systémovými amtimykotiky (Tab. 3).

50



2.3.2 Allylaminy, thiokarbamáty a morfoliny

Obrázek 11: Struktura vybraných antimykotik ze skupiny allylamin̊u, thiokar-

bamát̊u a morfolin̊u; upraveno podle Prasad et al. (2016)

Tři skupiny antimykotik z názvu této kapitoly podobně jako azoly blokuj́ı syntézu

ergosterolu. Allylaminy a thiokarbamáty jsou nekompetitivńı inhibitory skvalenepo-

xidázy (produkt genu ERG1 ; Obr. 9 ), jejichž aktivita vede k intracelulárńımu hro-

maděńı skvalenu (fungicidńı účinek) a depleci ergosterolu v plasmatické membráně

(fungistatický účinek). Klinicky se dnes uplatňuj́ı zástupci allylamin̊u (terbinafin

a naftifin; Obr. 11 ), které jsou použ́ıvány k léčbě dermatofytóz r̊uzného p̊uvodu.

Terbinafin lze aplikovat perorálně v př́ıpadě závažných dermatofytóz, kdy se

uplatňuje jeho vysoká lipofilita a keratofilita a t́ım i výborná penetrace do jinak

obt́ıžně dosažitelných tkáńı (nehty, stratum corneum); (Lincová, 2007).

Thiokarbamáty (tolnaftát, tolcyklát; Obr. 11 ) jsou v současnosti překonány

azoly jak z hlediska účinnosti, tak toxicity (Lincová, 2007). Rezistence k allyla-

min̊um a thiokarbamát̊um vzniká nejčastěji mutaćı či zvýšenou transkripćı genu

ERG1 kóduj́ıćıho ćılový enzym (Prasad et al., 2016).

Morfoliny blokuj́ı syntézu ergosterolu hned na dvou mı́stech jeho syntetické

dráhy: inhibićı protein̊u Erg24 a Erg2 (Obr. 9), což vede k hormaděńı toxických

sterol̊u. V humánńı medićıně se použ́ıvá jediný zástupce této skupiny – amorfolin

určený k zevńımu použit́ı (Obr. 11).
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2.3.3 Polyeny

amfotericin B natamycin nystatin

Obrázek 12: Struktura vybraných polyenových antimykotik; upraveno podle Prasad

et al. (2016)

Prvńı polyenové antimykotikum amfotericin B byl izolován roku 1955 z bakterie

Streptomyces nodosus pocházej́ıćı z delty řeky Orinoko (Oura et al., 1955). Bakterie

stejného rodu slouž́ı v biotechnologické výrobě těchto antimykotik dodnes.

Struktura polyen̊u obsahuje rozsáhlý cyklus z části tvořený řetězcem konju-

govaných dvojných vazeb, podle kterého je celá skupina pojmenovaná. Jsou to

většinou barevné, silně hydrofobńı a tedy ve vodě nerozpustné látky, které nav́ıc

ve vodném prostřed́ı spontánně agreguj́ı (Lemke et al., 2005).

Mechanismus fungicidńıho účinku polyen̊u spoč́ıvá v jejich schopnosti vázat se

na ergosterol v plasmatické membráně. V mı́stě vzniku agregát̊u ergosterol-polyen

je plasmatická membrána poškozena natolik, že přestává plnit svou bariérovou

funkci (Odds et al., 2003).

Polyeny jsou širokospektrá antimykotika zasahuj́ıćı všechny klinicky významné

houbové patogeny i protozoárńı parazity, jejichž plasmatická membrána obsahuje

ergosterol (např. Leishmania sp.); (Lemke et al., 2005).

Nejvýznamněǰśım zástupcem této skupiny je amfotericin B (Obr.12), který

je indikován k léčbě systémových infekćı. Výskyt primárńı rezistence i rozvoj

sekundárńı rezistence k amfotericinu B je vzácný, nicméně byl několikrát po-

zorovaný zejména u C. lusitaniae (Favel et al., 2003; Arendrup, 2013; Asner

et al., 2015). Hlavńım limitem použit́ı tohoto léčiva je jeho nefrotoxicita, která je

závislá na celkové dávce, nebot’ je zp̊usobena vazbou amfotericinu B na cholesterol

plasmatické membrány nefron̊u, v nichž se amfotericin B kumuluje (Zager, 2000).

Sńıžit akumulaci amfotericinu B v nefronech lze pomoćı hydrofobńıho nosiče,

který zlepš́ı distribuci účinné látky. Jako nosič pro amfotericin B jsou využ́ıvané

látky tělu vlastńı (lipidy, deoxycholová kyselina) nebo látky syntetické (často

polymerńı povahy), které s amfotericinem B tvoř́ı koloidńı roztoky, suspenze,

emulze či micely (Lemke et al., 2005; Azanza et al., 2015). V ČR se dále použ́ıvaj́ı

pro léčbu povrchových a vaginálńıch mykóz polyenová antimykotika natamycin a

nystatin (Tab. 3, Obr.12).
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2.3.4 Echinokandiny

Obrázek 13: Struktura vybraných antimykotik ze skupiny echinokandin̊u; upraveno

podle Prasad et al. (2016)

Echinokandiny tvoř́ı nejmladš́ı skupinu v současnosti použ́ıvaných antimykotik.

V terapii našly uplatněńı tři látky z této skupiny – kaspofungin, mikafungin a anidu-

lafungin (Obr. 13). Jedná se o semisyntetické cyklické hexapeptidy s hydrofobńım

postranńım řetězcem, který se pravděpodobně váže na fosfolipidy plasmatické

membrány patogen̊u (Denning, 2003).

Mechanismus účinku echinokadin̊u spoč́ıvá v blokádě syntézy základńıho

stavebńıho prvku buněčné stěny houbových organismů β-1,3-glukanu, a to nekom-

petitivńı inhibićı β-1,3-glukansyntetázy kódované genem FKS1 (Perlin, 2011).

Echinokandiny maj́ı široké spektrum účinku, zahrnuj́ıćı i patogenńı druhy

kandid. Všechny tři v terapii použ́ıvané látky vynikaj́ı ńızkou toxicitou, d́ıky

absenci β-1,3-syntetázy v savč́ıch buňkách. Jsou vyhrazeny pro terapii závažných

orgánových mykóz předevš́ım při intoleranci amfotericinu B či rezistenci p̊uvodce

infekce k triazol̊um. Jejich hlavńı nevýhodou je náročnost jejich administrace, kdy

jsou všechny echinokandiny dostupné pouze jako lyofilizáty pro př́ıpravu intra-

venózńıch roztok̊u (s ńızkou stabilitou), a finančńı náročnost (Denning, 2003; Perlin,

2011). Za rok 2015 bylo v ČR podáno 14 169 DDD echinokandin̊u v ceně 104,8

mil. Kč – pro srovnáńı za stejné obdob́ı bylo podáno 31 057 DDD amfotericinu B

s náklady 24,2 mil. Kč (Tab. 3).

Rezistence k echinokadin̊um je zat́ım hlášena sṕı̌se výjimečně a jej́ı př́ıčinnou

je pravděpodobně mutace genu FKS1, který kóduje ćılový enzym (Sanglard et al.,

2009).
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2.3.5 Ostatńı antimykotika

ciklopirox kyselina undecylenová

flucytosin griseofulvin

Obrázek 14: Struktura vybraných antimykotik; upraveno podle (Wishart et al.,

2006)

Flucytosin

Flucytosin (5-fluorocytosin; Obr. 14) je antimykotikum neobvyklé svým zaćıleńım,

jež neńı zaměřeno na povrchové struktury, ale na replikaci DNA a proteosyntézu.

Tento pyrimidinový analog je aktivně transportován do buňky, kde následně

podstupuje reakci katalyzovanou cytosindeaminázou (kódovanou genem FCY1 ),

která se v savč́ıch buňkách nevyskytuje, na vlastńı účinnou látku 5-fluorouracil

(5-FU). 5-FU p̊usob́ı jako antimetabolit, kdy jeho inkorporace do DNA a RNA

vede k zastaveńı replikace i proteosyntézy (Odds et al., 2003; Vermes et al., 2000).

Flucytosin je zat́ıžen četnými nežádoućımi účinky a velmi rychlým nástupem

rezistence, která se rozv́ıj́ı předevš́ım u kandid. Hlavńı dva mechanismy vedoućı

k rezistenci jsou sńıžeńı importu flucytosinu do buňky v d̊usledku mutaćı v genech

kóduj́ıćıch př́ıslušné transportéry a limitace enzymatické přeměny flucytosinu na

účinný 5-FU (Sanglard and Odds, 2002).

Přesto, d́ıky vynikaj́ıćım farmakokinetickým parametr̊um (dobrá dostupnost

v likvoru), je toto léčivo indikováno v kombinaci s amfotericinem B nebo triazoly

v terapii kryptokokových meningitid (Lincová, 2007). Vzhledem k prakticky nulové

incidenci kryptokokových infekćı v ČR zde neńı flucytosin v současnosti použ́ıván.

Griseofulvin
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Griseofulvin (Obr. 14) byl prvně izolován roku 1939 z kultury Penicillinum

patulum a po uvedeńı do praxe v 50. letech 20. stol. se stal prvńım antimyko-

tikem pro vnitřńı užit́ı určeným k terapii kožńıch mykóz. Mechanismus účinku

je pravděpodobně založen na vazbě griseofulvinu na tubulin, následným zablo-

kováńım funkce mikrotubul̊u a t́ım i mitózy (Develoux, 2001; Odds et al., 2003).

Podobně jako flucytosin tedy nemı́̌ŕı na povrchové struktury, ale do nitra buňky.

Hlavńım faktorem limituj́ıćım použit́ı této látky je ńızká selektivita griseoful-

vinu, spojená s častým výskytem nežádoućıch účink̊u zejména hepatotoxicitou

(Develoux, 2001). Dnes patř́ı griseofulvin k obsolentńım léčiv̊um a v ČR se ne-

použ́ıvá.

Ciklopirox a kyselina undecylenová

Ciklopirox a kyselina undecylenová (Obr. 14) jsou syntetická léčiva dosud v ČR

použ́ıvaná k léčbě nezávažných kožńıch mykóz. Mechanismus účinku obou látek

nebyl doposud zcela objasněn. Ciklopirox zasahuje mnoho základńıch buněčných

proces̊u (replikace DNA, agregace dělićıho vřeténka) a ovlivňuje transkripci mnoha

gen̊u souvisej́ıćıch s virulenćı a rezistenćı u C. albicans (Leem et al., 2003; Niewerth

et al., 2003).

Nenasycená mastná kyselina undecylenová p̊usob́ı ve vysokých koncentraćıch

fungistaticky zejména proti dermatophyt̊um (Trichophyton spp.). U C. albicans

kyselina undecylenová inhibuje zat́ım neznámým zp̊usobem morfogenezi a r̊ust

biofilmu (McLain et al., 2000; Goncalves et al., 2012).

2.3.6 Rezistence k antimykotik̊um

Výskyt patogen̊u rezistentńıch čili odolných v̊uči látkám proti nim zaćıleným,

a tedy patogen̊u disponuj́ıćıch selekčńı výhodou, je komplikaćı každé doposud

známé terapie využ́ıvaj́ıćı antimykotika (i antibakteriálńı antibiotika). Patogeny

přirozeně odolné v̊uči konkrétńı látce označujeme jako primárně rezistentńı.

Klinicky významným př́ıkladem je primárńı rezistence C. krusei k azol̊um,

která vyplývá z odlǐsné struktury ćılového enzymu 14α-demethylázy a která

pravděpodobně vedla ke zvýšeńı incidence kandidémíı zp̊usobených t́ımto druhem

(Orozco et al., 1998).

Mnohem častěji se patogeny stávaj́ı odolnými až po kontaktu s daným antimy-

kotikem. K rozvoji této tzv. sekundárńı rezistence docháźı nejčastěji změnou ćılové

struktury (enzymu), zvýšeńım exprese genu kóduj́ıćıho ćılový enzym, zmnožeńım

části nebo celého chromozomu nesoućıho geny pro ćılové enzymy, alteraćı metabo-

lické dráhy zablokované antimykotikem, sńıžeńım importu anitmykotika, či jeho
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efektivńım exportem.

Změna ćılové struktury

Tento zp̊usob rozvoje rezistence je velmi rozš́ı̌rený a za jeho vznikem stoj́ı

pravděpodobně spontánńı mutace genu kóduj́ıćıho př́ıslušný enzym, které vedou

ke strukturńım změnám v mı́stě vazby antimykotika.

Touto cestou často źıskávaj́ı rezistenci kandidy v̊uči azol̊um, kdy azoly selhávaj́ı

v inhibici 14α-demethylázy (mutace v genu ERG11 ), i v̊uči flucytosinu, kdy docháźı

ke sńıžeńı deaminace této látky cytosindeaminázou (mutace genu FCY1 ). Mutace

genu FKS1 kóduj́ıćıho β-1,3-glukansyntetázu je pak př́ıčinou (zat́ım ojedinělého)

rozvoje rezistence kandid v̊uči echinokandin̊um (Sanglard et al., 2009; Perlin, 2011;

Marichal et al., 1999).

Zvýšeńı exprese genu ERG11

Úroveň exprese genu ERG11 je faktorem, který je spojován s pozitivńı selekćı

primárně rezistentńıch druh̊u a kmen̊u, i s rozvojem sekundárńı rezistence k azol̊um

u kandid. K navýšeńı exprese genu ERG11 a t́ım i k pośıleńı rezistence docháźı

dvěma odlǐsnými mechanismy. Prvńı z nich spoč́ıvá v navýšeńı počtu kopíı genu

ERG11 cestou remodelace genomu (viz daľśı odstavec), který byl prvně pozorován

u druhu C. glabrata, jenž primárńı i sekundárńı rezistenćı k azol̊um vyniká

(Marichal et al., 1997).

Druhý zp̊usob zvýšeńı exprese genu ERG11 souviśı s regulaćı transkripce

celé biosyntetické dráhy ergosterolu. V promotorech některých gen̊u biosyntetické

dráhy ergosterolu (včetně gen̊u ERG11 a ERG2 ; Obr. 9) se nacháźı tzv. box

SRE (Sterol Response Element), na který se váže hlavńı regulátor této dráhy

- transkripčńı faktor Upc2, a t́ım indukuje expresi př́ıslušných gen̊u a posiluje

syntézu ergosterolu (MacPherson et al., 2005). Geny kóduj́ıćı tento faktor byly

nalezeny v genomech všech klinicky významných druh̊u kandid i v S. cerevisiae

(Noel, 2012). Exprese samotného genu UPC2 nar̊ustá v př́ıtomnosti azol̊u, což

může být př́ımá reakce na (buňkou detekované) antimykotikum, nebo odpověd’

na pokles obsahu ergosterolu v plasmatické membráně. U některých kmen̊u C.

albicans byly v genu UPC2 objeveny mutace měńıćı aktivitu tohoto transkripčńıho

faktoru, které vedou ke zvýšené expresi gen̊u syntetické dráhy ergosterolu, a t́ım i

k primárńı rezistenci těchto kmen̊u C. albicans k azol̊um (Silver et al., 2004).

Plasticita genomu
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Kvasinkové organismy se vyznačuj́ı značnou plasticitou genomu, která jim

umožňuje adaptovat se na změny vněǰśıho prostřed́ı. Nejčastěji docháźı k multipli-

kaci chrommozomů (nebo jejich část́ı), které nesou geny potřebné pro adaptaci na

nové podmı́nky. Aneuploidie se rozv́ıj́ı rychle v prostřed́ı se selekčńım tlakem, kdy

docháźı k nerovnoměrnému rozděleńı chromozomů během mitózy a k proliferaci

té části dceřinných buněk, které aneuploidńı genom poskytuje selekčńı výhodu

(Berman, 2016). U kandid je tento mechanismus spojený s rezistenćı k antimyko-

tik̊um. Nejlépe je tento jev prostudovaný u druhu C. albicans, hojně je pozorován

u druhu C. glabrata i daľśıch (Noel, 2012). Např. p̊uvodně diploidńı genom kmen̊u

C. albicans rezistentńıch k flukonazolu často obsahuje tři chromozomy č. 5, které

mimo jiné nesou gen ERG11 a gen TAC1 (regulátor transkripce transportér̊u

ABC, viz dále). Tato aneuploidie tedy posiluje rezistenci k flukonazolu hned dvěma

nezávislými zp̊usoby (Selmecki et al., 2006). Aneuploidńı genomy jsou nestabilńı a

po vymizeńı selekčńıho tlaku se brzy vraćı k p̊uvodńı ploidii, přičemž u některých

kmen̊u C. albicans vede absence anitmykotika k redukci rezistence (Berman, 2016).

Alterace metabolické dráhy

V př́ıpadě rezistence k antimykotik̊um, se také tento mechanismus uplatňuje

zejména v rozvoji rezistence v̊uči azol̊um. Pokud dojde k inhibici 14α-demethylázy,

hromad́ı se v buňce toxický lanosterol a daľśı methylované steroly. Pokud současně

dojde vlivem mutace k zablokováńı genu ERG3 kóduj́ıćıho 5δ-desaturázu, konečným

produktem takto modifikované syntetické dráhy je 14α-methylfekosterol, jehož

př́ıtomnost v plasmatické membráně nep̊usob́ı toxicky a do jisté mı́ry nahrazuje

chyběj́ıćı ergosterol (Kelly et al., 1997b). Uvedený mechanismus byl objeven např.

v kmeni C. dubliniensis rezistentńımu v̊uči itrakonazolu (Pinjon et al., 2003).

Daľśı modifikace syntetické dráhy ergosterolu zahrnuj́ıćı mutace v genech ERG5

a ERG6 vede nejen k nahrazeńı ergosterolu v plasmatické membráně jinými

steroly a t́ım i k vyšš́ı rezistenci v̊uči azol̊um, ale též v̊uči amfotericinu B, který se

k alternativńım sterol̊um váže mnohem slaběji než k ergosterolu. Takto vzniklá

kř́ıžová rezistence byla popsána např. u C. albicans, C. glabrata i C. lusitaniae

(Young et al., 2003; Vandeputte et al., 2007; Martel et al., 2010).
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Sńıžeńı importu antimykotika

U lipofilńıch antimykotik (většina azol̊u) se předpokládá, že vstupuj́ı do buňky

mechanismem prosté difúze přes plasmatickou membránu. Několik studíı uvád́ı,

že změna fluidity plasmatické membrány (zejména jej́ı sńıžeńı) vede ke zvýšeńı

rezistence kandid k azol̊um (Prasad et al., 2016).

Sńıžeńı importu antimykotika hraje též roli v rozvoji rezistence k flucytosinu,

kde však docháźı k mutaćım v genech kóduj́ıćıch proteiny, které flucytosin do

buňky přenášej́ı (Sanglard and Odds, 2002).

Export antimykotik

Efektivńı export bráńıćı kumulaci antimykotika v buňce je jedńım z nej-

rozš́ı̌reněǰśıch zp̊usob̊u obrany proti antimykotik̊um. Kandidy disponuj́ı velkým

počtem gen̊u kóduj́ıćıch transportéry zodpovědné za export cizorodých látek

a tedy i antimykotik. Zdaleka ne všechny geny jsou v současnosti charakteri-

zovány. Tyto transportéry se vyznačuj́ı širokou substrátovou specifitou a dvěma

odlǐsnými transportńımi mechanismy a mohou tak buňku chránit před r̊uznými

typy antimykotik.

Prvńı skupinu tvoř́ı transportéry typu ABC. Jedná se o ATPázy pojmenované

podle konzervované domény katalyzuj́ıćı hydrolýzu ATP (ATP Binding Cassette).

V genomu C. albicans bylo identifikováno 28, v S. cerevisiae 22 a v genomu

C. glabrata 18 gen̊u patř́ıćıch do této skupiny. Ne všechny tyto proteiny exportuj́ı

xenobiotika (Gaur et al., 2005; Gbelska et al., 2006). Rozvoj rezistence zejména

k azol̊um souvisej́ıćı s transportéry ABC byl prokázán u druh̊u C. albicans

(charakterizováno sedm r̊uzných transportér̊u ABC), C. glabrata (CgCdr1, CgCdr2

a CgSnq2) a C. krusei (CkAbc1); (Prasad et al., 2016).

Druhý typ transportér̊u pod́ılej́ıćıch se na exportu antimykotik jsou proteiny

z velmi početné skupiny MFS (Major Facilitator Superfamily). Transportéry MFS

energizuj́ı export substrátu výměnou za proton (tedy antiportńım mechanismem),

takže funguj́ı hlavně za podmı́nek, kdy existuje gradient proton̊u přes plasmatickou

membránu, a tedy sṕı̌se v kyselém vněǰśım prostřed́ı.

Kandidy disponuj́ı mnoha deśıtkami gen̊u kóduj́ıćıch předpokládané antiportńı

systémy (Gaur et al., 2008), které se pod́ılej́ı na exportu mnoha r̊uzných substrát̊u

včetně xenobiotik. Mezi nejlépe prostudované zástupce této skupiny patř́ı CaMdr1

a jeho homology u druh̊u C. dubliniensis (CdMdr1) a C. glabrata (CgMdr1).

U posledńıch dvou jmenovaných druh̊u jsou tyto transportéry zodpovědné za

rezistenci k flukonazolu (Moran et al., 1998; Sanglard et al., 1999).
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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 (Kinclova et al., 2001b)

• Měřeńı relativńıho membránového potenciálu (Denksteinova et al., 1997)

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 (Larkin et al., 2007)

– Muscle (Edgar, 2004)

• Hledáńı ortolog̊u kvasinkových importér̊u K+

– Blast NCBI (Johnson et al., 2008)

– Candida Genome Database (Inglis et al., 2012)

– Saccharomyces Genome Database (Cherry et al., 2012)

– GenBank (Benson et al., 2005)

• Analýza syntenie

59



– Yeast Gene Order Browser (Byrne and Wolfe, 2005)

– Candida Gene Order Browser (Maguire et al., 2013)

• Vyhledáváńı konzervovaných úsek̊u a konzervovaných funkčńıch domén

– Protein Families Database (Finn et al., 2016)

– CATH Database (Sillitoe et al., 2015)

• Predikce topologie

– TMHMM 2.0. (Krogh et al., 2001)

– KD plot (Kyte and Doolittle, 1982)

• Predikce sekundárńı struktury

– Soubor algorithmů JPred4 (Drozdetskiy et al., 2015)

• Predikce strukturovanosti proteinu

– DisEMBL (Linding et al., 2003a)

– Globplot (Linding et al., 2003b)
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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.

1. Elicharová, H. and H. Sychrová (2013). Fluconazole treatment hyperpolarizes

the plasma membrane of Candida cells. Medical Mycology, 51: 785-794.

2. Elicharová, H. and H. Sychrová (2014). Fluconazole affects the alkali-metal-

cation homeostasis and susceptibility to cationic toxic compounds of Candida

glabrata. Microbiology, 160: 1705-1713.

3. Hušeková, B., H. Elicharová and H. Sychrová (2016). Pathogenic Candida

species differ in the ability to grow at limiting potassium concentrations.

Canadian Journal of Microbiology, 62: 394-401.

4. Elicharová, H., B. Hušeková and H. Sychrová (2016). Three Candida albicans

potassium uptake systems differ in their ability to provide Saccharomyces

cerevisiae trk1trk2 mutants with necessary potassium. FEMS Yeast Research,

doi: 10.1093/femsyr/fow039
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4.1 Publikace č. 1 - Fluconazole treatment

hyperpolarizes the plasma membrane

of Candida cells

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

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
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optimalizována a prvně úspěšně použita metoda využ́ıvaj́ıćı fluorescenčńı sondu

diS-C3(3) (Denksteinova et al., 1997). 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 kon-

centrace 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.
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general, osmotolerant yeasts [4], and similarly to many 

other yeast species, including the model  Saccharomyces 
cerevisiae ,  Candida  cells maintain a low intracellular con-

centration of toxic sodium or lithium cations (in the  μ M 

range) but a relatively high concentration (200 – 300 mM) 

of potassium cations, which plays an important role in 

many biological processes such as the regulation of cell 

volume, pH and membrane potential [5]. To maintain an 

optimally high intracellular ratio between potassium and 

sodium, yeast cells use a broad range of various transport 

mechanisms and substrate specifi cities to mediate the 

uptake and effl ux of alkali metal cations. For an effi cient 

effl ux of toxic sodium and lithium cations or surplus potas-

sium, yeasts employ two active transporters, a Na  �  (K  �  )/H  �   

antiporter and a Na  �  (K  �  )-ATPase [5,6]. 

  Candida  species differ in their salt tolerance. A direct 

comparison of four  Candida  species [4] showed that 

 C. albicans  is relatively osmotolerant, but  C. parapsilosis  
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 Five pathogenic  Candida  species were compared in terms of their osmotolerance, tol-

erance to toxic sodium and lithium cations, and resistance to fl uconazole. The species 

not only differed, in general, in their tolerance to high osmotic pressure ( C. albicans  and 

 C. parapsilosis  being the most osmotolerant) but exhibited distinct sensitivities to toxic 

sodium and lithium cations, with  C. parapsilosis  and  C. tropicalis  being very tolerant 

but  C. krusei  and  C. dubliniensis  sensitive to LiCl. The treatment of both fl uconazole-

susceptible ( C. albicans  and  C. parapsilosis ) and fl uconazole-resistant ( C. dubliniensis ,  
C. krusei  and  C. tropicalis ) growing cells with subinhibitory concentrations of fl uconazole 

resulted in substantially elevated intracellular Na  �   levels. Using a diS-C 
3
 (3) assay, for the 

fi rst time, to monitor the relative membrane potential ( Δ  Ψ ) of  Candida  cells, we show that 

the fl uconazole treatment of growing cells of all fi ve species results in a substantial hyper-

polarization of their plasma membranes, which is responsible for an increased non-specifi c 

transport of toxic alkali metal cations and other cationic drugs (e.g., hygromycin B). Thus, 

the combination of relatively low doses of fl uconazole and drugs, whose import into the 

tested  Candida  strains is driven by the cell membrane potential, might be especially potent 

in terms of its ability to inhibit the growth of or even kill various  Candida  species.  

  Keywords   fl uconazole   resistance  ,   sodium tolerance  ,   membrane potential  ,   combinatorial 

stress  ,   Candida   

  Introduction 

 Yeasts belonging to the genus  Candida  are associated with 

infections of immunocompromised patients and cause life-

threatening invasions of the bloodstream and organs [1,2]. 

The virulence of various  Candida  species depends on their 

ability to survive under a broad range of stress conditions 

caused by nutrition availability in host tissues, immune 

cells or antimycotics. Osmotic stress, among others, is an 

obstacle to overcome, as it may play an important role in 

the progress of the infection [3] and the cell salt tolerance 

is a key physiological parameter.  Candida  species are, in 
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can grow in the presence of even higher concentrations of 

external salts and tolerates the lowest intracellular K  �  /Na  �   

ratio.  Candida dubliniensis  is in contrast relatively osmo-

sensitive. These fi ndings correlate with the characterization 

of Na  �  (K  �  )/H  �   antiporters of the three  Candida  species 

upon expression in  S. cerevisiae . The Na  �  (K  �  )/H  �   anti-

porter of the most halotolerant  C. parapsilosis  had a much 

higher transport activity than the antiporter of the most 

osmosensitive  C. dubliniensis  [7]. Besides the low activity 

of its Na  �  (K  �  )/H  �   antiporter,  C. dubliniensis  ’ s Na  �  -

ATPase is also much less expressed and active than its 

homologue in the closely related but much more osmotol-

erant  C. albicans  [8]. As some of the yeast alkali-

metal-cation transporters do not exist in mammalian cells 

(e.g., Trk potassium-uptake systems or Ena Na  �  -ATPases), 

they may serve as possible antifungal drug targets. 

 An important factor in the development of candidemia 

is the species-specifi c susceptibility to antifungal agents. 

The introduction of treatment with azoles in the 1980s 

resulted on the one hand in a decrease in infections caused 

by relatively fl uconazole-susceptible  C. albicans  strains, 

and on the other hand in a rapid increase of non- C. albicans  

infections caused by species resistant to azoles. Azoles 

block the synthesis of ergosterol via the inhibition of 

4 α -demethylase, which in turn results in a change in the 

composition of the plasma membrane (higher lanosterol 

content) and cell wall (changed chitin/glucans ratio) in 

 C. albicans , C . krusei ,  C. parapsilosis  and  C. tropicalis  [9]. 

Fluconazole (FLC) is one of the most frequently used 

azoles in both the therapy and prophylaxis of candidemia 

thanks to its suitable and reliable pharmacokinetic param-

eters [10 – 12] and many studies were devoted to character-

izing its activity in detail [13]. Using the model yeast 

 S. cerevisiae , FLC was shown to modulate plasma-

membrane parameters such as rigidity, heterogeneity, 

and water penetration [14] that infl uence numerous cell 

activities. For example, ergosterol depletion leads to the 

inactivation of vacuolar ATPase accompanied by an 

impaired vacuolar acidifi cation that causes alterations in 

the secretome and wall proteome of  C. albicans  cells [15]. 

The presence of FLC also affects 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 [16]. 

 In this study, we aimed to answer the question of 

whether the observed combination effect of subinhibitory 

concentrations of FLC and NaCl is species-specifi c and 

what mechanism is responsible for the increased sodium 

content in  Candida  cells in the presence of FLC. We 

focused on fi ve clinically important species differing in 

many biological aspects and used the most frequently iso-

lated species  C. albicans , its closest relative  C. dubliniensis , 

the naturally FLC-resistant  C. krusei , the halotolerant 

 C. parapsilosis  and the species associated with neutropenia 

and malignancy,  C. tropicalis  [4,17 – 21]. First, we charac-

terized the salt tolerance of  C. krusei  and  C. tropicalis  and 

compared it with the other three species. We then studied 

the combinatory effect of FLC and salts on the fi ve species 

and measured the cation content in cells. In order to esti-

mate the relative membrane potential of cells in various 

growth conditions, we optimized a fl uorescence diS-C 
3
 (3) 

assay for  Candida  species. We show for the fi rst time that 

FLC-treatment results in a plasma-membrane hyperpolar-

ization and that the combination effect of low FLC and salt 

concentrations is caused by an increased uptake of alkali 

metal cations that is driven by the higher plasma-

membrane potential.   

 Materials and methods  

 Strains, media and growth conditions 

 The commonly used laboratory strains  C. albicans  SC5314, 

 C. dubliniensis  CD36,  C. krusei  ATCC6258,  C. parapsilosis  

CBS604 and  C. tropicalis  ATCC750 were employed. Cells 

were grown in YPD medium (1% yeast extract, 2% Bacto 

peptone, and 2% glucose) supplemented as indicated at 

30 ° C. Agar (2%) was added to allow for solidifi cation of 

the plates. Salts or sorbitol were added before autoclaving, 

drugs (fl uconazole; Ardez Pharma, Kosor, Czech Republic; 

2 mg/ml aqueous stock solution and hygromycin B (MP 

Biomedicals, Santa Ana, CA, USA); 50 mg/ml aqueous 

stock solution) were sterilized by fi ltration and added to 

the media after autoclaving. 

 The phenotypes of the species in the presence of salts, 

FLC and hygromycin B were studied both on solid and in 

liquid media. Classical drop tests were performed to com-

pare the growth capacity of  Candida  species. Yeast cells 

(grown overnight on a fresh YPD plate without supple-

ments) were resuspended in sterile water to the same initial 

OD 
600

  (approx. 1). Ten-fold serial dilutions were prepared 

and 3  μ l aliquots spotted on a series of plates containing 

the indicated concentrations of supplements. Plates were 

incubated at 30 ° C for 3 or 7 d, and digital greyscale images 

of growing colonies were taken using a Nikon Coolpix 

7000 camera. Each drop test was repeated at least three 

times and representative results are shown. To compare the 

growth in liquid media, an Elx808 BioTek 96-well plate 

reader was used [22]. Cells growing overnight in YPD were 

diluted to OD 
600    

�
    
 0.002 in YPD with supplements at the 

indicated concentrations. Aliquots (100  μ l) were distributed 

into the plate wells and their growth at 30 ° C was monitored 

over 48 h. Gen5 software (BioTek, Prague, Czech Repub-

lic) was used to determine the V 
max

  value for each growth 

curve by performing linear regression, calculating the 

slope for each curve and reporting the steepest slope as the 
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duration of staining  t ) were fi tted as described in [27], and 

the value of the intensity ratio at equilibrium was esti-

mated. The shown values are the mean  �  SE of three 

separate experiments.    

 Results 

 First, we compared the salt tolerance of  C. krusei  and  

C. tropicalis  to the salt tolerance of the other three species 

whose salt tolerance we had compared previously [4], i.e., 

with highly salt-tolerant  C. parapsilosis , salt-tolerant  

C. albicans  and relatively salt-sensitive  C. dubliniensis . 

The growth of each of the fi ve species was tested on a 

series of plates containing a broad range of salt concentra-

tions (0.5 – 2.5 M NaCl, 0.25 – 1 M LiCl and 0.5 – 2.7 M 

KCl). The three salts were chosen as a non-toxic solute that 

mainly increased the osmotic pressure (KCl), a moderately 

toxic solute that increased the osmotic pressure (NaCl) and 

a highly toxic solute (LiCl) whose toxicity prevents its use 

at concentrations causing a high osmotic stress. Figure 1A 

shows the growth of the fi ve species at salt concentrations 

where crucial differences among the species were observed. 

 Candida krusei  is more osmotolerant than  C. dubliniensis , 

but it is extremely sensitive to the presence of toxic lithium 

cations. On the other hand,  C. tropicalis  appears to be a 

rather osmosensitive species but tolerates toxic lithium cat-

ions, as well as  C. parapsilosis . Similarly, we also com-

pared the ability of the fi ve species to grow in the presence 

of FLC ranging from 0.5 – 200  μ g/ml. Figure 1B demon-

strates that FLC was very toxic for  C. albicans  cells, less 

toxic for  C. dubliniensis ,  C. parapsilosis  and  C. tropicalis  

and not toxic for  C. krusei .  Candida krusei  growth was 

inhibited by FLC concentrations higher than 100  μ g/ml, 

i.e., the concentration at which the other four species did 

not grow at all (data not shown). The use of a series of 

plates with increasing concentrations of salts and fl ucon-

azole helped us to choose the subinhibitory concentrations 

of salts and FLC that did not signifi cantly affect growth. 

The subinhibitory concentrations of FLC used were 0.5 

(for  C. albicans  and  C. parapsilosis ) or 10  μ g/ml (for the 

other three species). Figure 5B shows that the growth at 

these FLC concentrations was not signifi cantly inhibited.  

 Fluconazole affects salt tolerance 

 When we tested the growth of  Candida  cells in the pres-

ence of FLC together with a salt (both at subinhibitory 

concentrations), we observed a combinatorial inhibitory 

effect for all fi ve species. The tests of FLC and salt com-

binations were performed fi rst on plates and then confi rmed 

in liquid media. Figures 2A and 2B show in detail the 

results obtained for the FLC-resistant and simultaneously 

relatively salt-sensitive species  C. dubliniensis .  Candida 

V 
max

  (mOD 
600

 /min). Growth rate was determined in qua-

druplicate in three separate experiments. The plotted values 

of V 
max

  are the mean  �  standard error of three separate 

experiments.   

 Sodium content assay 

 To estimate the intracellular sodium content, cells growing 

overnight in YPD were diluted in 20 ml of fresh YPD with 

or without fl uconazole to OD 
600

     �    0.15 and incubated at 

30 ° C to OD 
600

     �    0.6. As yeast cells grown under standard 

conditions maintain a very low intracellular concentration of 

toxic Na  �   (on the order of  μ M), the cells need to be pre-

loaded with NaCl before [Na  �  ] 
in

  measurement. For the 

sodium preloading, fresh YPD supplemented with NaCl (and 

fl uconazole when indicated) was added to the cell culture 

and cultivation followed at 30 ° C for 60 or 120 min. The cell 

culture was then harvested, washed with H 
2
 O, and the pellets 

resuspended in a buffer containing 20 mM MES (2-

(N-morpholino)-ethanesulfonic acid), 0.1 mM MgCl 
2
  and 

adjusted with Ca(OH) 
2
  to pH 5.5. Three aliquots of cells 

were withdrawn immediately, fi ltered, acid extracted, and the 

concentration of Na  �   in the extracts was estimated by atomic 

absorption spectroscopy [23]. The plotted values are the 

mean  �  standard error (SE) of three separate experiments.   

 Relative membrane potential assay 

 The fl uorescence assay for monitoring relative membrane-

potential changes was adapted from [24 – 26] as follows: 

cells grown overnight in YPD were diluted in 20 ml of 

fresh YPD with or without fl uconazole to OD 
600

     �    0.15 and 

incubated at 30 ° C to OD 
600    

�
    
 0.6. Cells were harvested, 

washed twice with a MES-TEA buffer (10 mM MES 

adjusted with triethanolamine to pH 6.0), and resuspended 

in the same buffer to OD 
600

     �    0.2. A diS-C 
3
 (3) (3,3-

dipropylthiacarbocyanine iodide) fl uorescence probe 

(Sigma-Aldrich, St Louis, MO, USA; 0.1 mM stock solu-

tion in ethanol) was added to 3 ml of cell suspension to a 

fi nal probe concentration of 0.2  μ M. When indicated, fl u-

conazole was added to the cell suspension in MES-TEA 

buffer immediately after the fl uorescence probe just before 

the fl uorescence measurement. CCCP (carbonyl cyanide 

 p -chlorophenylhydrazone, Sigma-Aldrich; 50 mM stock 

solution in dimethyl sulfoxide) or amiodarone (Sigma-

Aldrich; 20 mM stock solution in dimethyl sulfoxide) were 

added to the measured samples to the fi nal indicated con-

centration when the fl uorescence signal reached its equi-

librium. Fluorescence emission spectra were measured 

with an ISS PC1 spectrofl uorometer. The excitation wave-

length was 531 nm, and emission intensities were mea-

sured at 560 and 580 nm. The staining curves (i.e., the 

dependence of the emission intensity ratio I 
580

 /I 
560

  on the 
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 Fig. 1  Tolerance of  Candida  species to salts and fl uconazole (FLC). Ten-fold serial dilutions of overnight-grown cells were prepared and 3  μ l aliquots 

spotted on a series of YPD plates containing the indicated concentrations of salts (A) or FLC (B).  

   

Fig. 2  Growth of  Candida  species in presence of subinhibitory concentrations of salts, fl uconazole (FLC) and their combination. Ten-fold serial dilutions 

of overnight-grown cells of  Candida  species were prepared and 3  μ l aliquots spotted on a series of plates supplemented as indicated (A and C). (B) Growth of 

 C. dubliniensis  cells in liquid YPD supplemented as indicated. The growth rate V 
max

  values are the mean  �  standard error of three separate experiments.  
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Fig. 3  Infl uence of fl uconazole (FLC) on intracellular sodium content in  Candida  cells. (A) Overnight-grown cells were preloaded with NaCl (0.5 M 

NaCl in YPD for  C. albicans ,  C. krusei ,  C. parapsilosis ,  C. tropicalis ; 0.25 M for  C. dubliniensis ) and subinhibitory concentrations of FLC for 60 min, 

then the intracellular sodium content was estimated. (B) Overnight-grown cells were cultivated in fresh YPD medium with or without subinhibitory 

concentrations of FLC for two cell cycles. The cells were then incubated in YPD supplemented with NaCl (0.5 M for  C. albicans ,  C. krusei ,  
C. parapsilosis ,  C. tropicalis ; 0.25 M for  C. dubliniensis ) and the intracellular sodium content was estimated after 60 and 120 min. The plotted values 

are the mean  �  standard error of three separate experiments.  

dubliniensis  grew well in the presence of 10  μ g/ml FLC or 

moderate concentrations of salts (e.g., 1 M NaCl or 1 M 

KCl) but when the two compounds were mixed, its growth 

was severely inhibited. The level of inhibition was higher 

when NaCl was used, probably due to the toxicity of 

sodium cations. Nevertheless, a combinatorial effect 

observed for non-toxic KCl and FLC suggested that the 

presence of fl uconazole affected the general osmotolerance 

of  C. dubliniensis  cells. To confi rm this, we tested the com-

bination of FLC and a non-ionic solute (1 M sorbitol). As 

with the salts, cells were able to grow well in the presence 

of 1 M sorbitol, but as soon as FLC was added together 

with sorbitol, the growth of cells was signifi cantly inhib-

ited (Fig. 2A and 2B). This result confi rmed that the pres-

ence of fl uconazole infl uenced the general osmotolerance 

of  C. dubliniensis  cells. 

 Similar tests with appropriate specifi c subinhibitory 

concentrations of salts and FLC were performed for the 

other four species and the obtained results are summarized 

in Figure 2C. For all four species, the combination of sub-

inhibitory concentrations of FLC and salt inhibited 

their growth, and this inhibition was, as with  C. dublinien-
sis , more pronounced with NaCl than with KCl. Table 1 

summarizes the used subinhibitory FLC concentration and 

the lowest concentrations of salts at which the combinato-

rial effect of both compounds was clearly visible for each 

species. In summary, we found for both FLC-tolerant/

sensitive and/or salt-tolerant/sensitive species a combination 

   Table 1  Subinhibitory concentrations of fl uconazole (FLC) and the 

lowest concentrations of salts that when combined caused a signifi cant 

inhibition of growth of species.  

Species FLC ( μ g/ml) NaCl (M) KCl (M)

 Candida albicans 0.5 0.5 1

 Candida dubliniensis 10 0.25 0.5

 Candida krusei 10 1 1

 Candida parapsilosis 0.5 1 1

 Candida tropicalis 10 0.5 1
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of subinhibitory concentrations that signifi cantly affected 

their growth.   

 Fluconazole treatment increases intracellular sodium content 

 Our previous results suggested that FLC increases the con-

tent of toxic sodium cations in  C. albicans  cells [16]. To 

determine whether the presence of FLC increases the 

sodium content in all fi ve species, we fi rst measured the 

intracellular sodium content in  Candida  cells preloaded 

with NaCl and simultaneously treated with FLC (at the 

concentrations given in Table 1) for 60 min (Fig. 3A). 

All species were incubated with 0.5 M NaCl except 

 C. dubliniensis , which was preloaded with 0.25 M NaCl. 

Figure 3A shows that the internal sodium content in  

Candida  species differed and refl ected their salt tolerance. 

Salt-sensitive  C. dubliniensis  cells had the highest intracel-

lular Na  �   concentration, although they were preloaded 

with a lower amount of NaCl (Fig. 3A). Surprisingly, we 

did not observe the presence of FLC during cell preloading 

  

 Fig. 4  Measurement of relative membrane potential of  Candida  species. Overnight-grown cells were cultivated in fresh YPD medium for two cell 

cycles (approx. 240 min), washed twice and resuspended in a MES-TEA buffer to OD 
600

      �     0.2. The diS-C 
3
 (3) probe was added to the cell suspension 

to a fi nal concentration of 0.2  μ M. (A) I 
580

 /I 
560

  fl uorescence emission ratio of diS-C 
3
 (3) was measured in  C. albicans ,  C. dubliniensis ,  C. krusei ,  

C. parapsilosis  and  C. tropicalis  for 55 min. (B) I 
580

 /I 
560

  fl uorescence emission ratio of diS-C 
3
 (3) was measured in  C. albicans  cells. 5  μ M amiodarone 

or 10  μ M CCCP was added after 25 min.  

to have any effect. In all fi ve species, the intracellular con-

tent of sodium was the same whether fl uconazole was 

added or not. The results obtained suggested that FLC had 

no immediate effect on sodium content and that it needed 

to be present during cell growth to infl uence cation homeo-

stasis. 

 To verify the effect of FLC treatment during cell growth 

and division, a second series of sodium content measure-

ments was performed with cells that were grown in the 

presence of subinhibitory concentrations of FLC for two 

cell cycles prior to Na  �   preloading. Preloading (with the 

same NaCl concentrations as mentioned above) took 60 or 

120 min. The FLC-treatment resulted in a subsequent 

increase in the intracellular sodium content in the cells of 

all fi ve species (Fig. 3B). After 60 min of preloading with 

NaCl, FLC-treated cells contained about 40% ( C. albicans ) 

to 80% ( C. parapsilosis ) more sodium than control cells 

grown without FLC. In the growth tests, (Fig. 2) all  

Candida  species tolerated 1 M NaCl however, the FLC-

treatment resulted in a sharp increase in [Na  �  ] 
in

  though the 
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cells were preloaded with much lower concentrations of 

NaCl (0.5 M for  C. albicans ,  C. krusei ,  C. parapsilosis  and 

0.25 M for  C. dubliniensis ) and for a relatively short time 

(60 – 120 min). These results suggested that the changes in 

the plasma-membrane composition resulting from FLC 

treatment either altered the rate of uptake or effl ux of 

sodium cations across the plasma membrane. As both FLC-

treated and control cells contained more sodium after 

60 min of preloading than after 120 min (Fig. 3B), we 

concluded that the induction/activation of sodium export-

ing systems (mainly Ena ATPases) is functional in both 

types of cells. No specifi c transporters for the uptake of 

toxic sodium cations have been identifi ed in yeast cells. 

The only reported exception is the phosphate-Na  �   cotrans-

porter Pho89 in  S. cerevisiae  [28] which is only active in 

cells starved of phosphate and incubated in an alkaline 

external pH. Under conditions of NaCl stress, sodium 

transport into the cells is non-specifi c. It follows the sodium 

concentration gradient and is driven by the plasma-

membrane potential [5]. Thus, the observed increased 

sodium content could result from a plasma-membrane 

hyperpolarization caused by a change in the membrane 

composition resulting from growth in the presence of 

FLC. To verify this hypothesis, we fi rst optimized the tech-

nique used for estimating the relative plasma-membrane 

potential ( Δ  Ψ ) in  S. cerevisiae  cells for the fi ve  Candida  

species, confi rmed its applicability in a series of experi-

ments with hyperpolarizing and depolarizing compounds, 

and fi nally estimated the relative membrane potential in 

FLC-treated cells.   

 Measurement of relative membrane potential 

 The relative plasma-membrane potential and its changes in 

the fi ve  Candida  species was measured using a diS-C 
3
 (3) 

assay. This assay is based on the potential-dependent dis-

tribution of a diS-C 
3
 (3) fl uorescence probe across the cell 

membrane and it was successfully used to monitor the 

changes in the plasma-membrane potential in  S. cerevisiae  

[24,25]. The wavelength of maximum emission changes, 

when the probe is bound to intracellular components, and 

the position of the emission spectrum thus refl ects the 

actual intracellular probe concentration. To confi rm that 

the diS-C 
3
 (3) assay is a suitable technique for monitoring 

membrane potential changes in  Candida  cells, we fi rst 

measured the diS-C 
3
 (3) probe staining curves in YPD 

grown cells (Fig. 4A) and then monitored the infl uence of a 

depolarizing (CCCP) and a hyperpolarizing (amiodarone) 

drug on the relative  Δ  Ψ  of all fi ve  Candida  species. The 

protonophore CCCP causes either a small reduction or an 

almost total loss of membrane potential depending on the 

dose, and amiodarone was shown to both increase and 

decrease the  Δ  Ψ  of  S. cerevisiae  depending on dose [29] 

and to have a synergistic inhibitory effect with FLC on 

 C. albicans  cells [30]. Reproducible staining curves were 

obtained for all fi ve species; however, there were differ-

ences among them suggesting that the  Candida  species 

signifi cantly differ either in their plasma-membrane com-

position or in their  Δ  Ψ  or both (Fig. 4A). The relative 

plasma membrane potential is usually represented as the 

emission intensity I 
580

 /I 
560

  ratio at the staining equilibrium 

[25]. This ratio differed from 2.78    �    0.16 for  C. tropicalis  

to 3.97    �    0.18 for  C. dubliniensis  and was much higher 

for all fi ve  Candida  species than the ratio measured for 

similarly grown and treated  S. cerevisiae  (approx. 1.8). 

Nevertheless, the addition of either hyperpolarizing amio-

darone or depolarizing CCCP resulted in a corresponding 

increase or decrease in the staining curve (shown for  

C. albicans  in Fig. 4B) and confi rmed the reliability of 

this technique for estimating the relative membrane 

potential of  Candida  cells.   

 Fluconazole treatment increases relative 
membrane potential 

 To determine if FLC infl uences the  Δ  Ψ  of  Candida  cells, 

we compared the relative membrane potential in three 

samples of cells for each species. Overnight-grown cells 

were divided into three aliquots and incubated in fresh 

YPD in the absence (aliquots 1 and 2) or presence (aliquot 

3) of appropriate subinhibitory FLC concentrations 

(Table 1) for two cell cycles (approx. 240 min). The cells 

were then transferred to the MES-TEA buffer, the probe 

was added and fl uorescence measured. The fi rst aliquot 

served as a control, the second aliquot was used to monitor 

the immediate effect of FLC, which was added to cells 

together with the diS-C 
3
 (3) probe just before the fl uores-

cence measurement, and the third aliquot of cells served to 

monitor the changes in  Δ  Ψ  resulting from the presence of 

fl uconazole during cell growth. We observed no changes 

in the  Δ  Ψ  of any  Candida  species when FLC was added 

together with the fl uorescence probe (Fig. 5A) and this 

result confi rmed our conclusion that FLC had no immedi-

ate effect on the sodium content in  Candida  cells (Fig. 3A). 

On the other hand, the cells of all fi ve species that grew 

for two cell cycles in the presence of subinhibitory concen-

trations of FLC exhibited a signifi cant increase in I 
580

 /I 
560

  

ratio that implied a hyperpolarization of their plasma 

membranes (Fig. 5A). The relative hyperpolarization was 

species-specifi c; nevertheless, the treatment of growing 

cells with subinhibitory concentrations of FLC increased 

their relative  Δ  Ψ  in all  Candida  species. To confi rm that 

FLC treatment hyperpolarizes the plasma membrane, we 

performed a series of drop tests on YPD plates with a toxic 

cationic compound (hygromycin B). Hygromycin B enters 

into the yeast cells in proportion to their plasma-membrane 
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potential, i.e., hyperpolarized cells are more sensitive to this 

drug [31 – 33].  Candida  species tolerated quite high concen-

trations of hygromycin B (Fig. 5B), however, some of them 

( C. albicans ,  C. dubliniensis and C. parapsilosis ) were 

more resistant than the others ( C. krusei  and  C. tropicalis ). 

Thus, we used two subinhibitory concentrations of hygro-

mycin B (100  μ g/ml for  C. krusei  and  C. tropicalis , and 

200  μ g/ml for  C. albicans ,  C. dubliniensis  and  
C. parapsilosis ), which did not cause a signifi cant inhibi-

tion of growth (Fig. 5B). When FLC and hygromycin B 

were combined, the growth of all fi ve  Candida  species was 

strongly inhibited (Fig. 5B). The subinhibitory concentra-

tions of FLC increased the sensitivity of all fi ve  Candida  

species to the hygromycin B whose toxicity depends on 

the level of cell membrane potential.    

 Discussion 

 The virulence of  Candida  species depends on many 

environmental conditions, including extracellular pH 

and the concentration of alkali metal cations. For exam-

ple, intracellular potassium concentration was shown to 

be involved in the yeast-to-hyphae morphological switch 

of  C. albicans  [34], and high extracellular concentra-

tions of alkali metal cations were shown to affect  C. 
albicans  virulence traits such as germ tube formation, 

adhesion, and hydrophobicity [35]. Our long-term aim 

is to understand the regulation of the maintenance of 

alkali-metal-cation homeostasis in pathogenic yeast spe-

cies and to contribute towards identifying new targets 

for antifungal therapy. 

 Testing the tolerance of fi ve  Candida  species to alkali-

metal-cation salts revealed signifi cant differences among 

these species despite the fact that they possess homologous 

genes encoding alkali-metal-cation transporters in their 

genomes. Though all fi ve species could be classifi ed as rela-

tively osmotolerant (compared to the model yeasts  S. cerevi-
siae  and  Schizosaccharomyces pombe ), they exhibited 

different levels of tolerance to different salts. Whereas  C. 
krusei  was rather osmotolerant but highly sensitive to rela-

tively low concentrations of toxic lithium cations,  C. tropi-
calis  was the most osmosensitive among the fi ve tested 

species but it tolerated, similarly to  C. parapsilosis , very high 

concentrations of LiCl (Fig. 1A). One of the reasons for the 

observed variations in salt tolerance might be the difference 

in the level of expression and/or activity of cation exporting 

systems, Ena ATPases and Cnh1 cation/proton antiporters in 

these species [7,8]. 

   

Fig. 5  Effect of fl uconazole (FLC) on relative membrane potential and hygromycin B sensitivity. (A) Overnight-grown cells were cultivated in fresh 

YPD medium for 240 min with or without subinhibitory concentrations of FLC. Cells were washed twice and resuspended in a MES-TEA buffer 

to OD 
600    

�
    
 0.2. The diS-C 

3
 (3) probe (0.2  μ M fi nal concentration) was added and the emission ratio estimated. Control, cells incubated without FLC 

( � ); ( ), cell suspension to which FLC was added together with the fl uorescent probe; ( � ), cells grown in the presence of FLC for two cell cycles. 

The columns represent the values of the I 
580

 /I 
560

  fl uorescence emission ratio at equilibrium. The plotted values are the mean  �  standard error of three 

separate experiments. (B) Ten-fold serial dilutions of overnight-grown cells were prepared and 3  μ l aliquots spotted on a series of YPD plates containing 

the indicated amounts of FLC and hygromycin B.  
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 As with salt tolerance, we observed signifi cant differ-

ences in species sensitivity to fl uconazole, with  C. krusei  
being by far the most FLC-resistant (Fig. 1B). 

 Our results showed that though the various  Candida  spe-

cies had different levels of salt and fl uconazole tolerance, 

all of them were sensitive to the combination of species-

specifi c subinhibitory concentrations of these com-

pounds (Fig. 2) and in all of them, fl uconazole treatment 

resulted in an increase in the intracellular content of 

toxic sodium cations (Fig. 3B). Thus, the previously 

observed phenomenon of a combinatorial inhibitory 

effect of FLC and salts in  C. albicans  [16] seems to be 

rather general in all  Candida  species. Nevertheless, the 

level of inhibition was species-specifi c, as the most 

resistant to the combinatorial effect of salt and FLC was 

the most halotolerant (and relatively FLC-susceptible) 

 C. parapsilosis  and the most FLC-resistant  C. krusei  
(Figs. 1 and 2). As the combination of subinhibitory 

concentrations affected the growth of both FLC/salt sen-

sitive and FLC/salt tolerant species, we suggest that the 

observed synergistic interaction was a result of a general 

change in cytosolic cation homeostasis and most prob-

ably also in the osmotic balance. 

 Having established the requisite experimental platform 

for the estimation of membrane potential changes, we were 

able to show that the observed higher content of sodium in 

FLC-treated cells most likely resulted from a higher non-

specifi c uptake of sodium driven by the increased mem-

brane potential (negative inside). We did not observe an 

immediate effect of FLC addition when measuring the 

intracellular sodium content, nor when estimating the rela-

tive membrane potential (Figs. 3A and 5A). The cell had 

to grow and divide in the presence of FLC before the 

changes in cation content and membrane potential could 

be observed. These results suggested that it was the differ-

ent composition of the plasma membrane in FLC-treated 

cells [9] that led to the hyperpolarization of the plasma 

membrane, and that this hyperpolarization was the basis of 

the increased cell sensitivity to toxic cationic compounds, 

e.g., hygromycin B (Fig. 5B). This conclusion of ours is 

supported by two earlier observations. First, some azoles 

(miconazole, ketoconazole) infl uence K  �   homeostasis 

immediately after their addition to cells, but the short-term 

presence of FLC does not affect the potassium content in 

 S. cerevisiae  [36]. Second, a synergistic effect of amio-

darone and azoles in  C. albicans  has been described [30] 

and we showed that both of these compounds had a hyper-

polarizing effect on the plasma membrane, amiodarone an 

immediate one (Fig. 4B) and FLC during cell growth and 

division (Fig. 5A). 

 In summary, we show for the fi rst time that FLC treat-

ment results in a hyperpolarization of the plasma mem-

branes of fi ve strains of both FLC-susceptible and 

FLC-tolerant  Candida  species and that the synergistic 

effect of subinhibitory concentrations of FLC and many 

other cationic drugs is most probably caused by an increased 

uptake of these compounds driven by the higher plasma-

membrane potential.                
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4.2 Publikace č. 2 - Fluconazole affects the

alkali-metal-cation homeostasis and

susceptibility to cationic toxic compounds

of Candida glabrata

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

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) (Denks-

teinova et al., 1997) ukázalo, že absence obou exportér̊u kationt̊u alkalických kov̊u

vede k hyperpolarizaci plasmatické membrány a t́ım i ke zvýšenému vstupu kati-

ont̊u 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.
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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

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.
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Candida glabrata is a salt-tolerant and fluconazole (FLC)-resistant yeast species. Here, we

analyse the contribution of plasma-membrane alkali-metal-cation exporters, a cation/proton

antiporter and a cation ATPase to cation homeostasis and the maintenance of membrane potential

(DY). Using a series of single and double mutants lacking CNH1 and/or ENA1 genes we show

that the inability to export potassium and toxic alkali-metal cations leads to a slight

hyperpolarization of the plasma membrane of C. glabrata cells; this hyperpolarization drives more

cations into the cells and affects cation homeostasis. Surprisingly, a much higher

hyperpolarization of C. glabrata plasma membrane was produced by incubating cells with

subinhibitory concentrations of FLC. FLC treatment resulted in a substantially increased sensitivity

of cells to various cationic drugs and toxic cations that are driven into the cell by negative-inside

plasma-membrane potential. The effect of the combination of FLC plus cationic drug treatment

was enhanced by the malfunction of alkali-metal-cation transporters that contribute to the

regulation of membrane potential and cation homeostasis. In summary, we show that the

combination of subinhibitory concentrations of FLC and cationic drugs strongly affects the growth

of C. glabrata cells.

INTRODUCTION

Candida glabrata is an opportunistic human pathogen
more phylogenetically related, despite its name, to Saccha-
romyces cerevisiae than to the group of other Candida
species (Dujon et al., 2004; Fitzpatrick et al., 2006). The
prevalence of C. glabrata (now the second most common
causative agent of fungal infection) began to increase after
the introduction of candidaemia treatment and prophy-
laxis with fluconazole (FLC), because of the frequent
resistance of C. glabrata to this azole antifungal (Pappas
et al., 2009; Pfaller et al., 2012; Ruhnke et al., 2011). The
virulence of C. glabrata depends on its ability to maintain
crucial metabolic homeostasis under a broad range of
stresses. Intracellular cation homeostasis, which provides
the cytosol with the high amount of potassium required for
many physiological functions such as pH, cell volume and
membrane potential (DY) regulation, and also maintains a
low intracellular level of toxic sodium, is an important
yeast cell fitness parameter (Ariño et al., 2010).

Yeast cells possess a series of transporters with varying
transport mechanisms that provide cells with the required
amount of potassium or eliminate the surplus of alkali metal
cations from the cytoplasm, either by exporting them from
the cell or by sequestrating them in organelles (Ariño et al.,
2010; Ramos et al., 2011). We previously characterized two
main exporters of alkali metal cations of C. glabrata, Cnh1
Na+/H+ antiporter and Ena1 ATPase, using heterologous
expression in S. cerevisiae and deletion of the corresponding
genes in C. glabrata (Krauke & Sychrova, 2011). The two
systems have a different function in C. glabrata cells; cation/
H+ antiporter Cnh1 is mainly involved in the regulation of
potassium content, it exports surplus K+ from cells, and it is
expressed constitutively. In contrast, Ena1 ATPase exports
toxic Na+ and Li+ from the cell, and its expression is
upregulated upon osmotic stress. However, Ena1 is probably
not an exclusive system for Na+ export in C. glabrata cells,
as deletion of the corresponding gene led to only a 30 %
decrease in sodium efflux (Krauke & Sychrova, 2010a, 2011).

The specific uptake of potassium, as well as the export of
alkali metal cations, depends on the plasma-membrane
potential, which is mainly composed of the inward gra-
dient of protons (Ramos et al., 2011; Saier et al., 2009). The
proton gradient is built by the plasma H+-ATPase, which
is encoded by the essential PMA1 gene in S. cerevisiae and

Abbreviations: CCCP, carbonylcyanide p-chlorophenylhydrazone;
diS-C3(3), 3,3-dipropylthiacarbocyanine iodide; FLC, fluconazole; Vmax,
maximal growth rate; [Na+]in, intracellular Na+ concentration.

One supplementary figure is available with the online version of this
paper.
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whose orthologue CgPMA1 was identified in C. glabrata
(Bairwa & Kaur, 2011; Goffa et al., 2011). The proton
motive force across the plasma membrane serves as an
essential source of energy for many different processes such
as nutrient uptake, drug efflux and pH maintenance, and
its disruption resulting in cell death is the main antifungal
mechanism of certain antimycotics (Maresova et al., 2009).
The widely used antifungal triazole FLC changes the
plasma-membrane and cell-wall integrity via the inhibition
of one of the enzymes (sterol 14a-demethylase) in the
ergosterol synthesis pathway. Thus the growth of cells in
the presence of FLC results in a changed plasma-membrane
lipid composition accompanied by a substantial hyperpo-
larization, causing an increased influx of alkali metal cations
and cationic drugs into yeast cells (Elicharova & Sychrova,
2013). Some other azoles (miconazole and ketoconazole)
were shown to hyperpolarize S. cerevisiae plasma mem-
branes immediately after their addition (Calahorra et al.,
2011). The ion-channel blocker amiodarone is known to
extensively hyperpolarize S. cerevisiae cells (Maresova et al.,
2009) and was shown to have a synergistic effect with FLC in
terms of killing Candida albicans cells (Gupta et al., 2003).

In this study, we aimed to explore in more detail the role of
alkali-metal-cation export systems in the maintenance of
membrane potential and cation homeostasis in C. glabrata
cells, using a newly constructed double mutant lacking
both main alkali-metal-cation exporters (Cnh1 and Ena1)
and also C. glabrata-optimized monitoring of relative
plasma-membrane potential as a key factor of the non-
specific uptake of cations. A detailed phenotypic char-
acterization of the double mutant, single mutants and WT
strain showed a previously unknown contribution of these
transporters to alkali-metal-cation homeostasis in C.
glabrata cells, and helped to elucidate the effect of FLC
treatment on relative membrane potential and alkali-
metal-cation homeostasis in this pathogenic yeast species.

METHODS

Strains and cultivation. The strains used in this study are listed in
Table 1. Yeast cells were maintained and propagated in YPD medium
(1 % yeast extract, 2 % peptone, 2 % glucose) at 30 uC.

C. glabrata ena1Dcnh1D strain construction. The C. glabrata
ena1Dcnh1D strain was constructed using the SAT1 flipper cassette

(Reuss et al., 2004). The CgCNH1and CgENA1 deletion cassettes with

corresponding diagnostic oligonucleotides as described previously

(Krauke & Sychrova, 2011) were used to delete the CgCNH1 gene in

an ena1D strain and the CgENA1 in a cnh1D strain. The deletion

cassettes were cut out of the plasmids using unique restriction sites

and used to transform the C. glabrata single mutants by electropora-

tion. Clones were selected by growth on YPD supplemented with

200 mg nourseothricin ml21 (Werner Bio-agents). The integration of

the cassettes and their location was verified by diagnostic PCR as

described previously (Krauke & Sychrova, 2011). Five independent

transformants with correctly integrated cassettes were tested for

phenotype (KCl and NaCl tolerance). Four strains had the same and

expected phenotype, i.e. high sensitivity to both KCl and NaCl. The

integrated cassettes were eliminated from the locus by growth in

YPM (1 % yeast extract, 2 % peptone, 2 % maltose) and subsequent

screening for nourseothricin-sensitive clones on YPD plates with

25 mg nourseothricin ml21. The successful removal of the integrated

cassette was verified by diagnostic PCR.

Growth assay. Growth phenotypes of the strains in the presence of

salts, FLC or cationic drugs were tested both on solid and in liquid

media. Classical drop tests were performed to compare the growth

capacity of C. glabrata strains. Cells were grown in YPD medium,

supplemented as indicated at 30 uC. Agar (2 %) was added to solidify

the plates. Salts were added before autoclaving; drugs [FLC (Ardez),

hygromycin B (MP Biomedicals), tetramethylammonium (Sigma),

spermine (Sigma)] were sterilized by filtration and added to the media

after autoclaving. Yeast cells (grown overnight on a fresh YPD plate

without supplements) were resuspended in sterile water to the same

initial OD595 1 (Amersham Ultraspec 10, 1 cm cuvette, samples

diluted tenfold before measurement). Tenfold serial dilutions were

prepared and 3 ml aliquots spotted on a series of plates containing the

indicated concentrations of supplements. Plates were incubated at

30 uC for 3 or 7 days, and digital greyscale images of growing colonies

were taken using a Nikon Coolpix7000 camera. Each drop test was

repeated at least three times and representative results are shown.

To compare the growth in liquid media an Elx808 BioTek 96-well plate

reader was used (Maresová & Sychrová, 2007). Cells growing overnight

in liquid YPD were diluted to OD595 0.002 in YPD with supplements at

the indicated concentrations. Aliquots (100 ml) were distributed into the

plate wells and the optical density in each well was measured at 595 nm

at 1 h intervals with intensive shaking of the microplate. Data are shown

as the mean of four growth curves (error bars are not shown, but the SE

did not exceed 15 %) or as the maximal growth rate Vmax. The Vmax

value for each growth curve was determined by performing a linear

regression, calculating the slope for each curve and reporting the steepest

slope as the Vmax (mOD595 min21) using the software Gen5. The

plotted values of Vmax are the mean±SE of three separate experiments.

Sodium content and efflux assay. To estimate the intracellular

sodium content or measure sodium efflux, cells growing overnight in

Table 1. C. glabrata strains used in the present study

Strain Genotype Reference or source

ATCC2001 WT ATCC

cnh1D ATTC2001 cnh1D : : FRT Krauke & Sychrova (2011)

ena1D ATTC2001 ena1D : : FRT Krauke & Sychrova (2011)

ena1Dcnh1D ATTC2001 ena1D : : FRT cnh1D : : FRT This study

cnh1Dena1D ATTC2001 cnh1D : : FRT ena1D : : FRT This study

ATCC, American Type Culture Collection.
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liquid YPD were diluted in 20 ml fresh YPD with or without FLC to

OD595 0.15 and incubated at 30 uC for two cell cycles. As yeast cells

grown under standard conditions maintain a very low intracellular

concentration of toxic Na+ (in the order of mM), the cells were

preloaded with NaCl before intracellular Na+ concentration – [Na+]in
– measurement. For the sodium preloading, fresh YPD supplemented

with 1 M NaCl (0.25 M final concentration) and FLC (when indicated)

was added and cultivation continued at 30 uC for 60 min. The cell

culture was then harvested and washed with H2O. To estimate the

intracellular sodium content, the pellets were resuspended in

incubation buffer [20 mM MES, 0.1 mM MgCl2, adjusted with

Ca(OH)2 to pH 5.5] and three aliquots of cells were withdrawn

immediately. Aliquots were filtered, acid extracted and the concentra-

tion of Na+ in the extracts was estimated by atomic absorption

spectroscopy (Kinclová et al., 2001). To measure sodium efflux, washed

pellets were resuspended in the same incubation buffer supplemented

with 2 % glucose and 50 mM KCl to prevent the reuptake of lost Na+,

and samples were withdrawn at distinct time points for 60 min. The

data are plotted as the mean± SE of three separate experiments.

Relative membrane potential assay. The fluorescence assay for

monitoring relative membrane-potential changes was adapted from

Denksteinova et al. (1997), Maresova et al. (2006) and Peña et al.

(2010) as follows: cells grown overnight in YPD were diluted in 20 ml

fresh YPD with or without FLC to OD595 0.15 and incubated at 30 uC
for two cell cycles. Cells were harvested, washed twice with a MES/

TEA buffer (10 mM MES adjusted with triethanolamine to pH 6.0)

and resuspended in the same buffer to OD595 0.2. A diS-C3(3) (3,3-

dipropylthiacarbocyanine iodide) fluorescence probe (Sigma; 0.1 mM

stock solution in ethanol) was added to 3 ml cell suspension to a final

probe concentration of 0.2 mM. When indicated, FLC or amiodarone

(Sigma; 20 mM stock solution in DMSO) was added to the cell

suspension in MES/TEA buffer immediately after the fluorescence

probe, just before fluorescence measurement. CCCP (carbonylcyanide

p-chlorophenylhydrazone; Sigma; 50 mM stock solution in DMSO)

was added to the measured samples to the final indicated concentration

when the fluorescence signal reached its equilibrium. Fluorescence

emission spectra were measured with an ISS PC1 spectrofluorometer.

The excitation wavelength was 531 nm, and emission intensities were

measured at 560 and 580 nm. The data are given as either staining

curves (i.e. the dependence of the emission intensity ratio I580/I560 on

the duration of staining t) or the value of the intensity ratio at

equilibrium, which was estimated as described in Malác et al. (2005).

The values shown are the mean±SE of three separate experiments.

RESULTS AND DISCUSSION

Characterization of C. glabrata ena1Dcnh1D
strain

Firstly, we characterized the salt tolerance of the newly
constructed C. glabrata double mutant strain ena1Dcnh1D
lacking both the Ena1 ATPase and Cnh1 antiporter. We
compared its salt tolerance to the salt tolerance of the WT
and single mutant strains (ena1D, cnh1D). The growth of
the four strains was tested on a series of plates containing a
broad range of salt concentrations (0.5–2.7 M KCl, 0.005–
0.5 M LiCl and 0.25–1 M NaCl). The three salts were
chosen as a non-toxic solute that mainly increased the
osmotic pressure (KCl), a moderately toxic solute that
increased the osmotic pressure (NaCl) and a highly toxic
solute (LiCl) whose toxicity prevents its use at concentra-
tions causing a high osmotic stress.

The C. glabrata WT was able to grow on a high concen-
tration of KCl (2.7 M). The findings that deletion of the
CNH1 gene decreased KCl tolerance but deletion of the
ENA1 gene did not (Fig. 1a) were in accordance with our
previous results (Krauke & Sychrova, 2010b, 2011). A new
finding was a significantly decreased KCl tolerance of the
double mutant ena1Dcnh1D strain, which did not grow on
1 M KCl (Fig. 1a). This decreased KCl tolerance of the
double mutant demonstrated the participation of the Ena1
ATPase in the efflux of surplus K+ in C. glabrata cells.

Secondly, we tested the sensitivity of all four strains to LiCl.
Consistent with our earlier results (Krauke & Sychrova,
2011), the WT and cnh1D strain tolerated LiCl much better
than the ena1D strain (Fig. 1a). When we compared the
growth of LiCl-tolerant strains on a borderline high concen-
tration of LiCl (0.5 M), we observed that the cnh1D strain
grew slightly better than the WT. The double mutant,
similarly to the ena1D strain, did not grow on 0.25 M LiCl
(Fig. 1a). A series of drop tests (5–100 mM LiCl) gave a
maximal tolerated LiCl concentration of 15 mM for
both strains lacking the ENA1 gene (not shown). Growth
experiments in liquid medium verified the drop test’s results
that the lethal LiCl concentration for ena1D and ena1Dcnh1D
strains is 15 mM, and showed slightly better growth of the
double mutant strain in the presence of 2.5, 5 and 10 mM
LiCl (Fig. 1b). The moderate Li+-protective effect of CNH1
deletion (observed when the WT was compared with cnh1D
or ena1D with ena1Dcnh1D strains) is probably caused by a
decreased loss of K+ from cells lacking the Cnh1 exporter,
which leads to a lower negative charge inside the cell, and
consequently to a decreased non-specific uptake of Li+.

Finally, we focused on NaCl tolerance. Fig. 1(a) shows the
growth of all four strains on YPD plates supplemented with
NaCl, where differences among the strains were observed.
The WT and cnh1D strains tolerated NaCl much better
than the other two strains that lacked the ENA1 gene. In
contrast to when testing LiCl tolerance, we did not observe
any difference in the growth of the WT and cnh1D cells on
plates with high NaCl concentrations (1–1.4 M; not
shown). We hypothesize that the protective effect of a
decreased loss of K+ from cells (due to the lack of Cnh1
antiporter) on toxic alkali-metal-cation tolerance was
sufficient to reduce the influx of Li+ (0.5 M), but it was
not able to affect Na+ influx to the same degree because of
the higher external NaCl concentration (1–1.4 M).

The double mutant grew more poorly than the single
ena1D mutant on 0.5 M NaCl and only a few NaCl-
resistant colonies appeared on 0.75 M NaCl (Fig. 1a). Also
the growth rate of the ena1D strain in liquid YPD medium
supplemented with 0.5 and 0.75 M NaCl was higher than
the growth rate of the double mutant (Fig. 1c). These
results suggested that although sodium cations are mainly
exported by the Ena1 ATPase, they are also exported by
Cnh1 in C. glabrata cells.

To characterize NaCl tolerance and the role of both cation-
efflux systems in more detail, we measured the [Na+]in of
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all four strains using atomic absorption spectroscopy. Cells
were incubated in YPD medium containing 0.25 M NaCl
(this concentration was well tolerated by all strains; Fig. 1a)
and the intracellular sodium content was estimated after 60
and 120 min. The accumulation of Na+ in the WT and
cnh1D strain did not differ significantly, and their sodium
content decreased over 120 min of incubation with NaCl
(Fig. 2a). This decrease in [Na+]in did not appear in either
of the strains lacking the Ena1 ATPase (ena1D and
ena1Dcnh1D), suggesting that the Ena1 ATPase is respons-
ible for the maintenance of low intracellular sodium
concentration under our experimental conditions. The role
of Ena1 was also visible from a comparison of the
intracellular amounts of Na+, where the strains without
the ENA1 gene accumulated much more sodium than the
WT and cnh1D strains within 1 h of incubation with NaCl
[approx. 140 vs 60 nmol (mg dry weight) 21; Fig. 2a]. The
small difference in sodium content in cells lacking either
only the ENA1 gene or both the ENA1 and CNH1 genes

(Fig. 2a) again showed that the Cnh1 antiporter weakly
contributes to sodium efflux.

Further, the sodium efflux was measured to verify whether

the observed increased Na+ accumulation in ena1Dcnh1D

cells is due to a diminished ability to export sodium

cations. The cells of all four strains were preloaded in
medium with 0.25 M NaCl for 60 min, washed and

resuspended in incubation buffer containing 2 % glucose

and 50 mM KCl to prevent the reuptake of lost Na+. The

samples were withdrawn immediately after resuspending in
incubation buffer (time 0) and after 30 and 60 min. Fig.

2(b) demonstrates the differing Na+ efflux capacity of the

C. glabrata strains. The WT and cnh1D strains pumped out

approximately 90 % of their accumulated Na+ within
30 min and contained almost no Na+ after 60 min, while

the ena1D strain lost only 34 % of its Na+ within the first

30 min and still contained 36 % of its Na+ after 60 min of
incubation in a sodium-free buffer. The double mutant had
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Fig. 1. Tolerance of C. glabrata WT and mutant strains lacking the CNH1 and/or ENA1 gene to NaCl, KCl and LiCl. (a) Tenfold
serial dilutions of overnight-grown cells were prepared and 3 ml aliquots spotted on a series of YPD plates containing the
indicated concentrations of salts. The pictures were taken on the third day of incubation unless otherwise indicated. (b, c)
Growth of C. glabrata ena1D and ena1Dcnh1D strains in liquid medium supplemented with the indicated concentrations of LiCl
(b) (mean of four growth curves, SE did not exceed 15 %) and NaCl (c) (plotted growth rate Vmax values are mean±SE of three
separate experiments). Similar results were obtained for four independently obtained ena1D cnh1D strains.
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the lowest Na+ efflux capacity of all four strains (Fig. 2b),
confirming the involvement of Cnh1 in sodium export.

In summary, the construction of the double mutant and
its detailed characterization gave us some new results. It
showed unambiguously and for what is believed to be the
first time that the Cnh1 antiporter contributes to the
elimination of toxic sodium in C. glabrata cells; although
this contribution is quite small compared to the situation
in S. cerevisiae, where both the antiporter and the ATPase
contribute almost equally to cation homeostasis (Ariño
et al., 2010).

Estimation of relative membrane potential

The relative plasma-membrane potential and its changes in
all four C. glabrata strains was monitored using a diS-C3(3)
assay. This assay is based on the potential-dependent
distribution of the diS-C3(3) fluorescence probe across the
cell membrane, and the emission intensity I580/I560 ratio
reflects the relative membrane potential. This technique has
been used to monitor the plasma-membrane potential
changes in S. cerevisiae (Denksteinova et al., 1997; Maresova
et al., 2006) and other yeast species (Elicharova & Sychrova,
2013; Střı́bný et al., 2012). To confirm that diS-C3(3) assay is
a suitable technique for monitoring membrane-potential
changes in C. glabrata cells, we first measured the diS-C3(3)
probe staining curves of C. glabrata WT cells growing in
YPD and then monitored the effect of the addition of drugs
known to cause a depolarization (CCCP) or a hyperpolar-
ization (amiodarone) of yeast plasma membranes (Maresova
et al., 2009). The I580/I560 ratio of C. glabrata cells stabilized
at 1.57±0.18 after 15 min of staining (Fig. 3a). The addition
of 10 mM CCCP to C. glabrata WT cells at equilibrium

resulted in a drop of DY, whereas 5 mM amiodarone added
together with the probe caused a rapid hyperpolarization of
C. glabrata cells (Fig. 3a). These observations confirmed the
reliability of the diS-C3(3) assay for estimating the relative
DY and its changes in C. glabrata cells.

Further, we compared the I580/I560 ratios for all four C.
glabrata strains to estimate whether the deletion of CNH1
and/or ENA1 genes influences the plasma-membrane
potential. Fig. 3(b) shows the I580/I560 ratio at the staining
equilibrium (mean of 10 experiments) for cells growing
exponentially in YPD. We did not observe any distinctive
differences in DY between the strains, though the double
ena1Dcnh1D mutant (I580/I56051.98±0.16 approx.) was
significantly (P50.036) hyperpolarized compared to the WT
(I580/I56051.57±0.18 approx.), which could be the result of
diminished K+ fluxes across the plasma membrane in this
strain, if the regulation of membrane potential and
potassium fluxes is interconnected in C. glabrata cells as it
is in S. cerevisiae organelles (Ariño et al., 2010). In order to
elucidate whether this effect on membrane potential might
result in a changed tolerance/sensitivity of C. glabrata cells to
alkali-metal cations and cationic drugs, we combined the use
of mutant cells lacking the exporters of alkali metal cations,
FLC treatment and tests of cation/drug tolerance.

Effect of FLC on relative membrane potential

Treatment with subinhibitory concentrations of FLC was
shown to hyperpolarize the plasma membrane of various
non-glabrata Candida species, e.g. C. albicans, C. dubliniensis,
C. parapsilosis (Elicharova & Sychrova, 2013), and conse-
quently to result in a higher amount of alkali metal cations in
cells. C. glabrata cells are known to be FLC-resistant. Thus,
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we first estimated a subinhibitory concentration of FLC that
did not affect the growth of the WT and the mutant strains.
According to a drop test on YPD supplemented with FLC
(10–200 mg ml21; Fig. S1, available in the online Sup-
plementary Material) we selected 20 mg FLC ml21 as the
subinhibitory concentration for all four strains. To compare
changes in the relative DY of C. glabrata strains caused by
FLC treatment, we divided overnight-grown cells into three
aliquots and incubated them in fresh YPD (OD600 0.15) in
the absence (aliquots 1 and 2) or presence (aliquot 3) of
20 mg FLC ml21 for 4 h (to reach OD600 0.6). The cells were
then transferred to the MES/TEA buffer, the diS-C3(3) probe
was added and fluorescence measured. The first aliquot
served as a control, the second aliquot was used to monitor
the immediate effect of FLC (20 mg ml21), which was added
together with the probe, and the third aliquot of cells served
to monitor the changes in DY resulting from the presence of
FLC during cell growth. FLC had no immediate effect on the
DY of any C. glabrata strain; however, the cells of all four
strains treated for two cell cycles with a subinhibitory
concentration of FLC were significantly hyperpolarized. Fig.
4(a) shows that the treatment with FLC more strongly
increased the I580/I560 ratio of both strains lacking the ENA1
gene (ena1D, I580/I56053.69±0.13; ena1Dcnh1D, I580/I5605

3.47±0.15) than the I580/I560 ratio of the WT (2.51±0.03)
and cnh1D strains (2.80±0.08). To verify that the FLC
treatment really did hyperpolarize C. glabrata cells, espe-
cially both strains lacking the ENA1 gene, we performed a
series of drop tests on YPD with three cationic toxic
compounds (tetramethylammonium, hygromycin B and
spermine) that differ in their mode of action. These drugs

enter yeast cells according to their plasma-membrane
potential, i.e. more hyperpolarized cells are more sensitive
to these drugs (Barreto et al., 2011; McCusker et al., 1987;
Perlin et al., 1988). Fig. 4(b) shows the growth of C. glabrata
cells on YPD plates containing subinhibitory concentrations
of FLC (20 mg ml21) or low concentrations of cationic drug
(0.5 M tetramethylammonium, 200 mg hygromycin B ml21,
5 mM spermine) or combinations of them. Combining a
very low concentration of any of the three drugs with the
subinhibitory concentration of FLC inhibited significantly
the growth of all four C. glabrata strains. Moreover, hygro-
mycin B+FLC and spermine+FLC affected both strains
lacking the ENA1 gene more than the WT and cnh1D strains
(Fig. 4b). These observations together with the DY mea-
surements confirmed that the subinhibitory concentration
of FLC hyperpolarized C. glabrata cells and showed for what
is believed to be the first time that the Ena1 ATPase is
involved in the maintenance of the plasma-membrane
potential of C. glabrata cells, and that its malfunction con-
tributes to membrane hyperpolarization upon FLC treat-
ment. The connection between the activity/expression of
Ena1 ATPase and the level of plasma-membrane potential
had already been observed in a genome-wide screen for
cationic-drug tolerance in S. cerevisiae cells (Barreto et al.,
2011).

Effect of FLC treatment on alkali-metal-cation
tolerance and content

We showed that the lack of Cnh1 antiporter, Ena1-ATPase
or both of these exporters resulted in an impaired export of
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medium for two cell cycles, washed twice and resuspended in MES/TEA buffer to OD600 0.2. The diS-C3(3) probe was added
to the cell suspension to a final concentration of 0.2 mM. (a) The I580/ I560 fluorescence emission ratio of diS-C3(3) was
measured in C. glabrata WT cells (a representative experiment is shown). Amiodarone (AMD) (5 mM) was added together with a
diS-C3(3) probe to the cell suspension. CCCP (10 mM) was added after 15 min staining. (b) The I580/ I560 fluorescence
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surplus alkali-metal cations (Fig. 2b). Further, we observed a
hyperpolarizing effect of a subinhibitory concentration of
FLC on C. glabrata cells, which led to an increased sensi-
tivity to cationic drugs, probably resulting from their higher
uptake (Fig. 4). It follows that C. glabrata cells, especially
mutant strains, treated with FLC should be hypersensitive to
alkali-metal cations. To verify this assumption, we per-
formed a series of drop tests on YPD with subinhibitory
concentrations of FLC, NaCl, KCl and combinations of
them, and measured the [Na+]in of FLC-treated cells. Fig.
5(a) shows the effect of 20 mg FLC ml21 on C. glabrata
tolerance to NaCl and KCl. C. glabrata WT cells tolerate a

relatively high concentration of KCl or NaCl (Krauke &
Sychrova, 2010b), but in the presence of 20 mg FLC ml21 did
not grow on 1 M KCl or 1 M NaCl. The same concentration
of FLC together with half that concentration of KCl (0.5 M)
only slightly inhibited the growth of the WT and ena1D
strains, while this combination strongly impaired the growth
of cnh1D and even more ena1Dcnh1D cells. As C. glabrata
cells normally contain approximately 300 mM K+ (Krauke
& Sychrova, 2011), the 500 mM external concentration
of KCl is not a severe osmotic stress for these cells; the
observed growth inhibition in the presence of a subinhibi-
tory concentration of FLC and 0.5 M KCl results from an
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Fig. 4. Influence of FLC on cell relative membrane potential and sensitivity to cationic drugs. (a) Overnight-grown cells were
divided into three aliquots, incubated in fresh YPD in the absence (aliquots 1 and 2) or presence (aliquot 3) of 20 mg FLC ml”1

for two cell cycles, washed twice and resuspended in MES/TEA buffer to OD600 0.2. diS-C3(3) was added to the cell
suspension to a final concentration of 0.2 mM and the I580/ I560 fluorescence emission ratio of diS-C3(3) was estimated.
Control, cells incubated without FLC (aliquot 1); immediate effect FLC, cell suspension to which FLC was added together with
the fluorescent probe (aliquot 2); FLC treatment, cells grown in presence of FLC for two cell cycles (aliquot 3). The columns
represent the values of the I580/ I560 fluorescence emission ratio at equilibrium. The plotted values are the mean±SE of three
separate experiments. (b) Tenfold serial dilutions of overnight-grown WT and mutant strains were prepared and 3 ml aliquots
spotted on a series of YPD plates containing the indicated amounts of FLC, tetramethylammonium, hygromycin B and spermine.
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increased uptake of K+ (due to an FLC-induced plasma-
membrane hyperpolarization) and a partly impaired activity
of Cnh1. The very high sensitivity of cnh1D cells to the
combination of FLC and low K+ confirms that the full
activity of Cnh1 is indispensable for C. glabrata cells to
survive FLC treatment in the presence of a slightly elevated
concentration of KCl (Fig. 5a). Similarly, the double mutant
(lacking both sodium exporters Ena1 and Cnh1) was the
most sensitive to the combination of FLC+0.25 M NaCl,
though this NaCl concentration alone only had a marginal
effect on cell growth (Fig. 5a).

Finally, we estimated the sodium content in cells treated
with FLC (20 mg ml21) for two cell cycles and then
preloaded with 0.25 M NaCl for 60 or 120 min. Similar to
the measurement of DY, control experiments verified that
FLC did not change [Na+]in immediately upon addition
to the cells (not shown), but it was FLC treatment during
the growth of the culture that significantly increased the
sodium content in all four C. glabrata strains (Fig. 5b). The

strains lacking the Ena1 ATPase accumulated more Na+

than the WT and cnh1D strains. The high Na+ content of
FLC-treated cells of the ena1D and ena1Dcnh1D strains
corresponded very well to their high sensitivity to the
combination of FLC+NaCl (Fig. 5).

Conclusions

In summary, our results showed that although C. glabrata
cells are FLC resistant in general, the growth of cells in the
presence of subinhibitory concentrations of FLC hyperpo-
larizes the cell plasma membrane, thus rendering the cells
more sensitive to cationic drugs and affecting their ability
to maintain cation homeostasis. 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, and the effect of this
treatment might be enhanced when a specific inhibitor of
the yeast Ena1 ATPase is identified.
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experiment testing the combination of NaCl and FLC was performed in parallel with the test of NaCl tolerance shown in Fig. 1.
Thus, the pictures of the control plate and plates with 0.25 and 1.0 M NaCl are the same as in Fig. 1. (b) Overnight-grown cells
were cultivated in fresh YPD medium, with or without (control) FLC, for two cell cycles. The cells were then incubated with
0.25 M NaCl and the intracellular sodium was estimated after 60 and 120 min. The plotted values are the mean±SE of three
separate experiments.
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L., Peréz-Valle, J., Herrera, R., Olier, I., Giraldo, J. & other authors
(2011). A genomewide screen for tolerance to cationic drugs reveals

genes important for potassium homeostasis in Saccharomyces

cerevisiae. Eukaryot Cell 10, 1241–1250.

Calahorra, M., Lozano, C., Sánchez, N. S. & Peña, A. (2011).
Ketoconazole and miconazole alter potassium homeostasis in

Saccharomyces cerevisiae. Biochim Biophys Acta 1808, 433–445.

Denksteinova, B., Gaskova, D., Herman, P., Vecer, J., Malı́nský, J.,
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4.3 Publikace č. 3 - Pathogenic Candida

species differ in the ability to grow

at limiting potassium concentrations

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. Jako prvńı krok jsme v genomech dev́ıti pa-

togenńıch druh̊u kandid vyhledali ortology všech typ̊u draselných importér̊u.

Mezidruhové zastoupeńı jednotlivých typ̊u transportér̊u i počet gen̊u pro dra-

selné 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

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

nová antimykotika.
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ARTICLE

Pathogenic Candida species differ in the ability to grow at
limiting potassium concentrations
B. Hušeková, H. Elicharová, and H. Sychrová

Abstract: A high intracellular concentration of potassium (200–300 mmol/L) is essential for many yeast cell
functions, such as the regulation of cell volume and pH, maintenance of membrane potential, and enzyme
activation. Thus, cells use high-affinity specific transporters and expend a lot of energy to acquire the necessary
amount of potassium from their environment. In Candida genomes, genes encoding 3 types of putative potassium
uptake systems were identified: Trk uniporters, Hak symporters, and Acu ATPases. Tests of the tolerance and
sensitivity of C. albicans, C. dubliniensis, C. glabrata, C. krusei, C. parapsilosis, and C. tropicalis to various concentrations
of potassium showed significant differences among the species, and these differences were partly dependent on
external pH. The species most tolerant to potassium-limiting conditions were C. albicans and C. krusei, while
C. parapsilosis tolerated the highest KCl concentrations. Also, the morphology of cells changed 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 sole (and
thus probably indispensable) Trk1 potassium uptake system in C. krusei and C. glabrata may serve as a target for the
development of new antifungal drugs.

Key words: Candida, potassium homeostasis, morphology.

Résumé : Une concentration intracellulaire élevée de potassium (200–300 mmol/L) est essentielle à plusieurs
fonctions cellulaires des levures, comme la régulation du volume et du pH cellulaire, le maintien du potentiel
membranaire et l’activité enzymatique. Ainsi, les cellules font usage de transporteurs à affinité élevée et
dépensent beaucoup d’énergie pour acquérir la quantité nécessaire de potassium de leur environnement. Dans les
génomes de Candida, on a repéré des gènes codant 3 types de systèmes putatifs d’assimilation du potassium : les
uniporteurs Trk, les symporteurs Hak et les ATPases Acu. Des tests analysant la tolérance et la sensibilité de
C. albicans, C. dubliniensis, C. glabrata, C. krusei, C. parapsilosis et C. tropicalis à diverses concentrations de potassium ont
révélé des différences significatives d’une espèce à l’autre, et ces différences dépendaient en partie du pH externe.
Les espèces les plus tolérantes à des conditions limitées en potassium étaient C. albicans et C. krusei, tandis que
C. parapsilosis a toléré les concentrations les plus élevées de KCl. En outre, la morphologie des cellules a varié selon
la quantité de potassium accessible; C. krusei et C. tropicalis en ont été les plus affectés. Dans l’ensemble, nos
résultats ont confirmé que l’assimilation et l’accumulation du potassium étaient d’importants facteurs pour la
croissance des cellules de Candida, et portent à croire que le système d’assimilation du potassium Trk1, unique et
probablement indispensable chez C. krusei et C. glabrata, pourrait représenter une cible pour la conception de
nouveaux médicaments antifongiques. [Traduit par la Rédaction].

Mots-clés : Candida, homéostasie du potassium, morphologie.

Introduction
There are 4–5 million diverse species of fungi in na-

ture, and yeasts form a substantial group of them. While
most yeasts are nonpathogenic, there are a number
of yeasts that are pathogenic to humans, animals, and
plants. Human fungal pathogens are mostly opportunis-
tic, implying that the success level of their infections
depends upon the immune defense system of the host
(Heitman 2011; Prasad and Singh 2013). Owing to ad-

vancements in preventive treatments such as immune
suppression during organ transplantations and to life-
threatening diseases like AIDS, these opportunistic
yeasts are finding suitable hosts to thrive in (Tuite and
Lacey 2013). The Candida genus is composed of over 150
heterogeneous species, but only a minority are associ-
ated with human candidiasis (Papon et al. 2013), since
roughly 65% of Candida species are unable to grow at
a temperature of 37 °C, enabling them to prosper as
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pathogens or commensals of humans (Rodrigues et al.
2014). The pathogenicity of Candida species is attributed
to certain virulence factors, such as the ability to evade
host defenses, adhesion and biofilm formation (on host
tissues and on medical devices), and the production of
tissue-damaging hydrolytic enzymes, such as proteases,
phospholipases, and haemolysins (Silva et al. 2012).
Candida albicans contributes to 50%–60% of human yeast
infections, followed by non-C. albicans species, which
mostly include Candida glabrata, Candida parapsilosis,
Candida tropicalis, and Candida krusei (Heitman 2011).
Taken together, these 5 species accounted for 90%–95%
of candidemia cases (Pfaller et al. 2005, 2011).

Due to their eukaryotic nature, yeasts are especially
difficult to treat, resulting in mortalities in the range of
40%–90% (Lagrou et al. 2007). Though there has been an
expansion in the number of antifungal drugs in recent
years, the treatment of fungal diseases remains unsatis-
factory, mainly due to a dramatic increase in the appear-
ance of strains resistant to treatment with classical
antifungal drugs, such as polyenes, azole derivatives,
and echinocandins. The increasing incidence of systemic
yeast infections and rapid development of drug resis-
tance have highlighted the need for new antifungal
agents with new structures of their active compounds
and with fewer side effects.

Phenotypic evaluations of Candida wild-type and mu-
tant strains with defective sensing capacities clearly in-
dicate that physiological fitness plays a central role in
virulence and (or) pathogenicity. This fitness includes an
efficient regulation of intracellular K+ and pH homeosta-
ses, which are crucial physiological factors and influence
many processes (e.g., the cell cycle, organelle biogenesis
and cell volume, maintenance of membrane potential,
cell response to osmotic and pH stresses (Ariño et al.
2010)). Yeast cells, including Candida species, usually
need to accumulate high concentrations of potassium
(200–300 mmol/L) to ensure the proper growth and divi-
sion of cells (Ariño et al. 2010; Krauke and Sychrova 2010;
Krauke and Sychrova 2011; Petrezsélyová et al. 2011).
Thus, it is evident that pathogenic Candida species must
compete with their host cells for the necessary potas-
sium, which is usually present in a few millimoles per
litre in extracellular host fluids, and to do this they need
efficient potassium uptake systems. So far, only 1 potas-
sium uptake system has been partly characterized in
C. albicans (Baev et al. 2004).

For our study, we chose 6 species whose genomes have
been sequenced (Table 1). Besides the 5 most prevalent
species (Papon et al. 2013) mentioned above, we also
chose Candida dubliniensis, which differs in many physio-
logical parameters from its close relative C. albicans and
is relatively low in virulence and causes frequent oral-
cavity infections of AIDS patients (Sullivan et al. 1995).
The other 5 species differ in their niche within the
human body and their virulence. Candida tropicalis is

commonly associated with patients with neutropenia
and malignancy (Nucci and Colombo 2007), whereas
C. parapsilosis appears to be a significant problem in neo-
nates and patients receiving parenteral nutrition (Trofa
et al. 2008). The 2 last species, C. glabrata and C. krusei (also
known as a pathogenic form of Pichia kudriavzevii or
Issatchenkia orientalis (Kurtzman et al. 2010) do not belong
to the CUG clade, in contrast to the other 4 species. These
2 species are associated with elderly patients, neutro-
penic neonates, and patients treated with corticoids
(Quindós 2014), and both of them are less susceptible
to all clinically used azoles than is C. albicans. Candida
krusei even possesses intrinsic resistance to fluconazole
(Arendrup 2013).

The aim of this work was to (i) search the genome
sequences of various Candida species to find the number
and nature of their putative potassium uptake systems,
(ii) verify whether the number of genes encoding spe-
cific potassium transporters is reflected in the ability of
Candida species to grow under potassium-limiting con-
centrations, and (iii) estimate whether the limited potas-
sium influences the morphology of Candida cells.

Materials and methods

Strains and growth media
The Candida strains used are listed in Table 1. Strains

were maintained on plates with YPD medium (1% yeast
extract, 2% bactopeptone, and 2% glucose; 2% agar). To
monitor their growth and morphology, either the classic
YNB was used (0.67% yeast nitrogen base without amino
acids, 2% glucose; 2% agar for solid media) or potassium-
free YNB-F (0.175% YNB-F without amino acids, ammoni-
um sulfate, and potassium (Formedium UK), adjusted to
pH 5.8 and supplemented with 0.4% ammonium sulfate,
2% glucose, various concentrations of KCl, and 2% agar
for solid media). In some experiments, ammonium sul-
fate was replaced with other sources of nitrogen, namely
proline or casamino acids.

To estimate the potassium requirements of Candida
species at various external pH, YNB-F plates were buf-
fered as described earlier by Kinclová et al. (2001) with one
exception, 20 mmol/L bicine was used for pH 8.0 plates.

Table 1. Candida wild-type strains used in this study.

Strain Reference
Genome
project

C. albicans SC5314 Jones et al. 2004 Lowe and Eddy
1997

C. dubliniensis CD36 Bennett et al.
1998

Jackson et al.
2009

C. glabrata ATCC 2001 ATCC collection Dujon et al. 2004
C. krusei ATCC 6258 ATCC collection Chan et al. 2012
C. parapsilosis CP69 Vinterova et al.

2013
Guida et al. 2011

C. tropicalis ATCC 750 ATCC collection Butler et al. 2009
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Drop tests
Growth phenotypes of strains in the presence of vari-

ous potassium concentrations were tested on solid me-
dia by a classical drop test. Cells growing on solid media
were resuspended in sterile water to the same initial
OD600 (approx. 1). Tenfold serial dilutions were prepared,
and 3 �L aliquots were spotted on a series of plates con-
taining the indicated concentrations of potassium. Plates
were incubated at 30 °C, and digital greyscale images of
growing colonies were taken using a Nikon Coolpix4500
digital camera at the indicated times. Representative re-
sults of at least 3 independent experiments are shown.

Morphology changes
Cells grown on solid YNB-F media with either

15 �mol/L or 200 mmol/L KCl at 30 °C for 24 h or 7 days
were harvested, washed with water, and resuspended in
water. Cells grown in liquid YNB-F media (with either
15 �mol/L or 200 mmol/L KCl at 30 °C for 24 h) were
viewed directly in the growth medium. Cells were viewed
with an Olympus AX70 microscope with Nomarski optics.
The micrographs were recorded with a DP70 digital
camera using the program DP controller. For each spe-
cies and each set of conditions, the morphology of at
least 100 cells was estimated and expressed as %. The
experiment was repeated twice, representative results
are shown.

Bioinformatics
The DNA and protein sequences were obtained from

the Candida genome database (Inglis et al. 2012),
Saccharomyces genome database (Cherry et al. 2012), and
NCBI GenBank (Benson et al. 2005). Orthologs of putative
potassium transporters were determined using the
Candida gene order browser (Maguire et al. 2013), yeast
gene order browser (Byrne and Wolfe 2005), and NCBI
Blast algorithm (Johnson et al. 2008).

Results and discussion

In silico search for potassium transporters in Candida
species

So far, 3 types of efficient potassium-specific uptake
systems, differing in their transport mechanism and pri-
mary protein structure, have been identified in yeast spe-
cies. These are the frequently found Trk potassium
uniporters and Hak potassium-proton symporters, and a
rare Acu ATPase. The Trk and Hak transporters have
been characterized in a number of conventional and
nonconventional yeast species, mainly via heterolo-
gous expression in Saccharomyces cerevisiae cells lack-
ing their own Trk1 and Trk2 potassium transporters
(Petrezsélyová et al. 2011). The Acu1 ATPase has been
characterized only in Pichia sorbitophila yeast and plant-
pathogenic fungus Ustilago maydis (Benito et al. 2004).
Besides these 3 high-affinity uptake systems, some chan-
nels (Kch family) involved in calcium signalling have been
suggested to also act as nonspecific low-affinity potassium
transporting systems in S. cerevisiae and C. albicans (Stefan
and Cunningham 2013; Stefan et al. 2013).

Our search in the genome databases and comparison
of retrieved sequences originating in various Candida
species revealed a significant difference in the number
and type of putative potassium transporters (Table 2 and
supplementary Table S11). The most ubiquitous are the
Trk transporters. Genes encoding their putative homo-
logues were found in all searched genomes. However,
they exist in only 1 copy in all searched Candida species,
which is different from the model yeast S. cerevisiae, which
possesses 2 copies of these uniporters whose activity is
thought to be driven by plasma-membrane potential (for
reviews, cf. Ariño et al. 2014, 2010).

The Hak1 transporter, which uses the inward gradient
of protons (created in yeast cells by the Pma1 plasma-
membrane H +-ATPase) to accumulate potassium cations
against their concentration gradient probably exists
in all Candida species from the CUG clade but not in
C. glabrata or C. krusei (Table 2 and supplementary
Table S11). Finally, a complete gene encoding an Acu
ATPase was not found in any of the searched species. In
C. albicans and C. dubliniensis genomes, open reading
frames (ORFs) encoding parts of the ACU gene were found
(Table 2 and supplementary Table S11). In C. albicans
SC5314, 2 neighbor ORFs with an intergenic region
(213 nt long) exist (supplementary Table S11), and if the
stop codon of the first one is changed to an amino-acid
codon, 1 ORF encoding a complete Acu1 ATPase (1075 aa
long) can be found. A point mutation changing this stop
codon into a codon for lysine was reported to be suffi-
cient to obtain a functional potassium transporter upon
expression in S. cerevisiae, but unfortunately no results
were shown (Benito et al. 2004). As this situation (the

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjm-
2015-0766.

Table 2. Putative K+ importing transporters.

Transporter length
(amino acids)

Clade Ploidy Species Trk Hak Acu Kch

CUG 2n C. albicans 1056 808 355*,
654*

659

CUG 2n C. dubliniensis 1064 808 282* 659
CUG 2n C. parapsilosis 1041 794 — 609
CUG 2n C. tropicalis 1097 815 — 634
WGD n C. glabrata 1352 — — 524,

323
— 2n C. krusei 1173 — — 553
WGD n S. cerevisiae 1235,

889
— — 497,

352
*pseudogene.
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same frame shift due to a point mutation) is not con-
served in C. albicans WO-1 and C. dubliniensis (supplemen-
tary Table S11), where the damage to the original ACU1
ORF seems to be more extensive, it would be interesting
to clone and sequence the corresponding DNA regions to
search for a complete gene in various C. albicans strains
and clinical isolates.

As for the Kch channels, corresponding ORFs were
found in the genomes of all species. Two members of the
Kch family were found only in C. glabrata, a close relative
of S. cerevisiae that also has 2 KCH genes whose products
are supposed to participate in the maintenance of mem-
brane potential (Stefan and Cunningham 2013).

Growth of Candida species at low potassium
concentrations

To estimate whether the number of putative potassium-
specific transporters encoded in the genome is re-
flected in the cells’ ability to grow on media with limited
potassium, we compared the growth of Candida species
in a special YNB-F medium (cf. Materials and methods)
with a very low amount (ca. 15 �mol/L) of potassium
and ammonium sulfate as a source of nitrogen. Classic
YNB contains approx. 15–20 mmol/L KCl. As shown in
Fig. 1, our hypothesis was only partly confirmed. Candida
glabrata, which probably has only 1 Trk1, grew poorly
if the K+ concentration was lower than 1 mmol/L, and
C. albicans, with at least 2 types of transporters, grew very
well even on only 15 �mol/L KCl. On the other hand,
C. parapsilosis with 2 different transporters grew much
worse than C. krusei, with only one (Fig. 1). All species
grew well if the KCl concentration was higher than
1 mmol/L, though the growth of C. parapsilosis was
slightly slower than the growth of the others even in the
presence of 10 mmol/L KCl. If the plates were supple-
mented with 200 mmol/L KCl, all Candida species grew
very well (Fig. 1). Results similar to those shown in Fig. 1
were obtained if the YNB-F was supplemented with the
same amounts of potassium but various sources of
nitrogen (proline or casamino acids, not shown). The
growth of S. cerevisiae cells at potassium-limiting concen-
trations was shown to depend on the presence of sodium
cations (Camacho et al. 1981). As our media contain milli-
molar concentrations of sodium cations, we cannot ex-

clude that the observed differences might be partly due
to the presence of sodium. However, the Candida species
tolerate relatively high concentrations of sodium and are
able to maintain an appropriate intracellular K+/Na+ ra-
tio even if the sodium concentration in the medium is
several hundred times higher than that of potassium
(Krauke and Sychrova 2010).

Further, we tested the growth at limiting potassium
concentrations and different pHs of the medium (Fig. 2).
We thought that Hak transporters would be more active
at lower pH, as they transport potassium in symport
with protons. Surprisingly, our results showed that all
Candida species acquired the necessary potassium most
easily when grown at pH 5.5, and that C. tropicalis had
problems acquiring potassium at pH 3.5 (Fig. 2), and
started to grow at this pH if the KCl concentration was
higher than 1 mmol/L (not shown). Candida glabrata did
not grow at pH 8 (Fig. 2), and the addition of more KCl did
not improve its growth at this pH (not shown).

In all tests with a low concentration of potassium,
C. krusei grew very well (Figs. 1 and 2) despite having
probably only 1 potassium uptake system (Table 2). Thus,
it would be interesting to clone its TRK1 gene and com-
pare the properties of the protein product with those of

Fig. 1. Growth of Candida species cells on YNB-F medium supplemented with KCl as indicated. Pictures were taken after 24 h
(for 0.015, 1, 10 mmol/L KCl) or 72 h (200 mmol/L KCl).

Fig. 2. Growth of Candida species cells on YNB-F medium
buffered as indicated and containing 15 �mol/L KCl.
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C. glabrata Trk1 expressed under the same conditions
(e.g., in S. cerevisiae trk1trk2 mutants, Petrezsélyová et al.
2011; Zimmermannova et al. 2015) and elucidate whether
C. krusei Trk1 is more active or has a higher affinity for
potassium than C. glabrata Trk1, and also estimate the
amount of Trk protein in the cells of the 2 species. Also,
a detailed characterization of the Trk and Hak trans-
porters from C. parapsilosis and a comparison with the
same transporters from C. albicans might explain why
this species is so sensitive to low concentrations of
potassium.

Growth of Candida species on high potassium
concentrations

We also tested the growth of Candida species in the
presence of very high potassium concentrations (Fig. 3).
Previously, we found that among the 4 Candida species
studied, C. parapsilosis was the most tolerant to high po-
tassium concentrations added into the rich YPD medium
(Krauke and Sychrova 2008). Here, when we tested the
6 species and YNB medium, C. parapsilosis was again the
most tolerant to high concentrations of KCl (Fig. 3). On
the other hand, surprisingly, C. dubliniensis tolerated
higher concentrations of KCl when grown on YNB than
YPD (Fig. 3 and Krauke and Sychrova 2008). Candida
krusei, which is very tolerant to low potassium concen-
trations, was extremely sensitive to high potassium con-
centrations (Figs. 1 and 3). This raises the question of
whether it has an extremely efficient potassium uptake
system that is not completely downregulated at high ex-
ternal potassium levels and brings in too much of this
cation. Again, only the cloning of the C. krusei TRK1 gene
and its expression in S. cerevisiae mutants lacking their
own potassium uptake and efflux systems can answer
this question.

Candida morphology at low potassium concentrations
Many yeast species are able to change their cell mor-

phology in response to changes in external conditions. In
Candida species, this ability is believed to coevolve to-
gether with virulence (Thompson et al. 2011). Candida
species exist either in the budding form or they form
pseudohyphae or even hyphae, and the morphology of
cells switches according to the available nutrients, exter-
nal temperature, or other external changes. A relation-

ship between the formation of C. albicans hyphae and the
intracellular concentration of potassium has also been
suggested (Watanabe et al. 2006). To elucidate whether
Candida morphology also depends on the availability of
potassium (as a crucial cation involved in the regulation
of many cell physiology parameters), we tested the mor-
phology of cells grown either under potassium-limiting
(YNB-F + 15 �mol/L KCl) or abundant (YNB-F + 200 mmol/L
KCl) conditions. Cells were grown on solid medium and
their morphology was observed after 24 h and 7 days, and
the results obtained are summarized in Fig. 4. It is worth
noting that similar results were obtained when cells
were grown in liquid YNB-F + 15 �mol/L KCl and YNB-F +
200 mmol/L KCl for 24 h (not shown). Candida albicans,
C. glabrata, and C. parapsilosis only formed budding yeast
cells at the early stage of growth (24 h) under both tested
conditions. This is surprising, especially for C. parapsilosis,
since the 15 �mol/L concentration of potassium limits its
growth (Fig. 1). Even more surprising was the observation
that C. krusei formed much more and longer pseudo-
hyphae at 200 mmol/L KCl than at 15 �mol/L, both at the
beginning of growth (10% vs. 70% after 24 h) and also after
7 days (Fig. 4). Three species (C. albicans, C. dubliniensis,
C. tropicalis) formed more hyphae and (or) pseudohyphae
after 7 days on the plate with 200 mmol/L KCl than on the
medium with 15 �mol/L KCl. This is probably due to a
faster consumption of nutrients (and growth) in the me-
dium with abundant potassium, where the cells reach
the starvation phase earlier. Taken together, our results
showed that the concentration of potassium in the envi-
ronment significantly influences the morphology of at
least C. krusei and C. tropicalis, which both form more
and longer pseudohyphae and hyphae in media with op-
timal (200 mmol/L) potassium concentration than under
potassium-limiting conditions, even in the first phase of
growth. Simultaneously, the growth of one of them
(C. krusei) is not limited by low potassium, whereas the
other one (C. tropicalis) grows rather slowly upon potas-
sium limitation.

Though the extracellular pH and concentration of al-
kali metal cations are listed among the environmental
conditions influencing the virulence of Candida species
in all reviews and text books, the mechanisms of the

Fig. 3. Growth of Candida species cells on YNB medium supplemented with KCl as indicated.

398 Can. J. Microbiol. Vol. 62, 2016

Published by NRC Research Press

C
an

. J
. M

ic
ro

bi
ol

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

C
E

N
T

R
U

M
 I

N
FO

R
M

A
C

N
IC

H
 S

L
U

Z
E

B
 o

n 
06

/2
1/

16
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



maintenance of pH and potassium intracellular homeo-
stases have been mainly studied in S. cerevisiae. Since
Candida cells need to transport potassium very efficiently
(due to the low extracellular potassium concentrations
in host organisms and the competition for it with host
cells), we believe that a detailed characterization of the
potassium-specific uptake systems of Candida species
will (i) elucidate their contribution to the regulation
and (or) maintenance of basic physiological para-
meters, e.g., potassium and pHin homeostases, plasma-

membrane potential, and cell volume; and (ii) show that
the misfunction and (or) inhibition of their activity has
a detrimental effect on cell viability similarly as was
proven in S. cerevisiae, (Ariño et al. 2014, 2010); and
(iii) indicate the Trk and Hak transporters to be promis-
ing targets for the development of new antifungal drugs,
mainly due to the fact that these 2 yeast potassium trans-
porters differ from human potassium uptake systems
both in their protein structure and mechanism of trans-
port.

Fig. 4. Morphology of cells grown on YNB-F medium supplemented with KCl as indicated for 24 h and 7 days. For each strain
and set of conditions, the morphology of approx. 100 cells was observed and the percentage of budding cells, pseudohyphae
and hyphae and their lengths (small, medium, long) counted.
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4.4 Publikace č. 4 - Three Candida albicans

potassium uptake systems differ in their

ability to provide Saccharomyces

cerevisiae trk1trk2 mutants with necessary

potassium

Výsledky Publikace č. 3 odhalily nestejnoměrné zastoupeńı gen̊u pro importéry dra-

selných kationt̊u mezi jednotlivými druhy kandid, kdy pouze v genomu C. albicans

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

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

nová antimykotika.
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ABSTRACT

Yeasts usually have one or two high-affinity potassium transporters. Two complete and one interrupted gene encoding
three types of putative potassium uptake system exist in Candida albicans SC5314. As high intracellular potassium is
essential for many yeast cell functions, the existence of three transporters with differing transport mechanisms (Trk
uniporter, Hak cation-proton symporter, Acu ATPase) may help pathogenic C. albicans cells to acquire the necessary
potassium in various organs and tissues of the host. When expressed in Saccharomyces cerevisiae lacking their own
potassium uptake systems, all three putative transporters were able to provide cells with the ability to grow with low
amounts of potassium over a broad range of external pH. Only CaTrk1 was properly recognized and secreted to the plasma
membrane. Nevertheless, even the small number of CaHak1 and mainly CaAcu1 molecules which reached the plasma
membrane resulted in an improved growth of cells in low potassium concentrations, suggesting a high affinity and capacity
of the transporters. A single-point mutation restored the complete CaACU1 gene, and the resulting protein not only
provided cells with the necessary potassium but also improved their tolerance to toxic lithium. In contrast to its known
homologues, CaAcu1 did not seem to transport sodium.

Keywords: Candida; potassium uptake; Hak1 transporter; Trk1 transporter; Acu1 ATPase; cation homeostasis

INTRODUCTION

Potassium is one of the elements accumulated in yeast cells
to high levels. Its high intracellular concentration is required
for many physiological functions, such as the regulation of cell
volume and cytosolic pH, the maintenance of stable poten-
tial across the plasma membrane, compensation of negative
charges in many macromolecules, protein synthesis and en-
zyme activation (Arino, Ramos and Sychrova 2010; Cyert and

Philpott 2013). Cells usually need to use high-affinity specific
transporters and expend a lot of energy to acquire the necessary
amount of potassium from their environment. Yeast species, in-
cluding Candida albicans, intracellularly accumulate 200–300mM
potassium to ensure the proper growth and division of cells
(Arino, Ramos and Sychrova 2010; Krauke and Sychrova 2010,
2011; Petrezselyova, Ramos and Sychrova 2011). Intracellular
potassium homeostasis is maintained by the activity of a num-
ber of potassium influx, efflux and organelle transporters. For
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its sequestration to organelles, mainly transporters with an an-
tiportmechanismof activity (exchanging potassium for protons)
serve in yeast cells (Arino, Ramos and Sychrova 2010; Ramos,
Arino and Sychrova 2011; Gelis et al. 2015), whereas the active ef-
flux of surplus potassium cations across the yeast plasmamem-
brane is usually mediated by antiporters and cation ATPases (re-
viewed in Arino, Ramos and Sychrova 2010; Ramos, Arino and
Sychrova 2011). As for active potassium influx resulting in an
accumulation high enough to create the internal turgor neces-
sary for cell expansion and division (Rodriguez-Navarro 2000),
three different types of plasma-membrane transporters mediat-
ing potassiumuptake have been described in yeast: ubiquitously
present Trk uniporters, Hak potassium-proton symporters and
rarely occurring Acu ATPases (reviewed in Arino, Ramos and
Sychrova 2010; Ramos, Arino and Sychrova 2011). These trans-
porters share the same basic function but are very different from
the mechanistic, structural and phylogenetic points of view.
Nevertheless, they are thought to be distant members of fam-
ilies of potassium-transporting proteins that have been mainly
characterized in detail in various bacteria (Diskowski et al. 2015).

Our previous search in the databases of sequenced Candida
genomes revealed that species from the CTG clade may have
both the Trk and Hak type of potassium transporters, whereas
non-CTG Candida species, such as C. glabrata or C.krusei, prob-
ably have only Trk transporters (Hušeková, Elicharová and Sy-
chrová 2016). The existence of a sole potassium uptake system
in C. glabrata has been recently confirmed experimentally by
the construction of mutants lacking the CgTRK1 gene and char-
acterization of their phenotypes (Llopis-Torregrosa, Hušeková
and Sychrová 2016). Candida albicans seems to be unique among
the Candida species as its genome might also contain a gene
encoding the Acu1 P-type ATPase. To date, Acu1 ATPases have
been characterized in only two species. They import sodium
and potassium cations into Ustilago maydis and Pichia sorbitophila
cells (Benito et al. 2004). In the firstC. albicans-sequenced genome
of the SC5314 strain (Jones et al. 2004), the putative ACU1 gene is
interrupted by a point mutation changing its codon 356 into a
STOP codon. The possibility of restoring the complete gene en-
coding a functional Acu1 ATPase by correcting this mutation in
the cloned DNA fragment was mentioned, but the results were
never shown (Benito et al. 2004).

Candida albicans is a diploid species, a harmless commen-
sal for healthy individuals and a serious pathogen for im-
munocompromised patients. It accounts for a large number of
fungal infections not only for local mucositides but also for life-
threatening organ and bloodstream candidemias. It is also be-
lieved to be responsible for most device-associated fungal infec-
tions (Motaung et al. 2015). Candida albicans grows as a unicellu-
lar budding yeast, but under a broad range of conditions it can
switch its morphology and form a mycelium of pseudohyphae
and hyphae (Kurtzman, Fell and Boekhout 2010). To divide as a
yeast or to produce long and rapidly growing hyphae, C. albicans
cells must compete with their host cells for the necessary potas-
sium, which is usually present at a few mmol/l in the host ex-
tracellular fluids, and to do this they need efficient potassium
uptake systems. For example, intracellular potassium concen-
tration was shown to be involved in the yeast-to-hyphae mor-
phological switch of C. albicans (Watanabe et al. 2006), and high
concentrations of alkali metal cations were shown to affect C.
albicans virulence traits such as germ tube formation, adhesion
and hydrophobicity (Hermann et al. 2003).

Whereas the alkali-metal-cation efflux systems of C. al-
bicans and its close relative C. dubliniensis, Ena ATPases
and Cnh1 antiporters have been characterized in detail

(Kinclova-Zimmermannova and Sychrova 2007; Krauke and
Sychrova 2008; Enjalbert et al. 2009), much less is known about
the three C. albicans putative potassium uptake systems. So far
only CaTrk1 has been characterized, mainly using the electro-
physiological approach (Baev et al. 2004; Miranda et al. 2009).
CaTrk1 molecules, similarly to those of ScTrk1, act as high-
affinity potassium uniporters driven by the inside-negative
membrane potential, and are believed to form tetramers in the
cell plasmamembranes, which are able to facilitate the efflux of
chloride (Pardo et al. 2015).

In this study, we cloned the sequences encoding all three pu-
tative transporters into a series of plasmids suitable for expres-
sion in S. cerevisiae mutants lacking their own potassium up-
take systems ScTrk1 and ScTrk2 (BYT 12; Navarette et al. 2010;
Petrezselyova, Ramos and Sychrova 2011). The absence of Trk
transporters in S. cerevisiae results in the inability to grow at
low external potassium concentrations, high sensitivity to other
cations and cationic drugs and to significant changes in many
physiological parameters (Bertl et al. 2003; Navarette et al. 2010;
Arino et al. 2014). In this way, we produced a series of strains
expressing only one of the three putative C. albicans potassium
uptake systems and we were able to directly compare the phe-
notypes of their activity in S. cerevisiae cells.

MATERIALS AND METHODS

Strains, media and growth conditions

The C. albicans SC5314 strain (Jones et al. 2004) was used to
amplify fragments of genomic DNA. Saccharomyces cerevisiae
BYT12, lacking its own potassium uptake systems (trk1� trk2�;
Navarette et al. 2010; Petrezselyova, Ramos and Sychrova 2011),
was used to express cloned C. albicans DNA fragments, and its
parental strain BY4741 (EUROSCARF) was used as a potassium-
uptake capable control. To examine the ability of CaAcu1 to
transport sodium, S. cerevisiae BYT45 (nha1� ena1-5�; Navarette
et al. 2010) strain was used.

Non-transformed strains were grown in YPD medium (1%
yeast extract, 2% bactopeptone, 2% glucose; 2% agar for solid
media). To select the transformants, cells were grown in clas-
sic YNB (0.67% yeast nitrogen base without amino acids, 2% glu-
cose; 2% agar for solid media) with the necessary auxotrophic
supplements and without uracil. To monitor their growth in
the presence of different concentrations of potassium and other
alkali-metal cations, potassium-free YNB-F was used (0.175%
YNB-F without amino acids, ammonium sulphate and potas-
sium (Formedium UK), adjusted to pH 5.8 and supplemented
with 0.4% ammonium sulphate, 2% glucose, indicated concen-
trations of KCl and other salts). To estimate the potassium re-
quirements of transformants at various external pH levels, YNB-
F plates were buffered as described earlier (Kinclova et al. 2001).

Growth phenotypes of strains were tested on solid media by
a classical drop test. Fresh cells were resuspended in sterile wa-
ter to the same initial OD600 (∼1). Tenfold serial dilutions were
prepared, and 3 μl aliquots spotted on a series of plates. Plates
were incubated at 30 oC, and digital greyscale images of growing
colonies were taken using a Nikon Coolpix4500 digital camera
at the indicated times. Representative results of at least three
independent experiments are shown.

Escherichia coli XL1 Blue was used as the host strain for
plasmid amplification. The E. coli transformants were grown in
standard Luria–Bertani medium supplemented with ampicillin
(100 μg ml−1).
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Table 1. Plasmids used in this study.

Plasmid Features Reference

YEp352 Multicopy, URA3 Hill et al. (1986)
pGRU1 Multicopy, URA3, GFP Kinclova et al. (2001)
pNHA1-985 YEp352, NHA1 Kinclova et al. (2001)
pNHA1-985-GFP pGRU1, NHA1-GFP Kinclova et al. (2001)
YEp352-ZrTRK1 YEp352, prom NHA1, ZrTRK1 Stribny, Kinclova-Zimmermannova and Sychrova (2012)
YEp352-OsHKT1;3 YEp352, prom NHA1, OsHKT1;3 Rosas-Santiago et al. (2015)
pCaTRK1 YEp352, prom NHA1, CaTRK1 This work
pCaHAK1 YEp352, prom NHA1, CaHAK1 This work
pCaACU1 YEp352, prom NHA1, CaACU1 This work
pCaACU1-a YEp352, prom NHA1, CaACU1-a This work
pCaACU1-b YEp352, prom NHA1,CaACU1-b This work
pCaTRK1-GFP pGRU1, prom NHA1, CaTRK1-GFP This work
pCaHAK1-GFP pGRU1, prom NHA1, CaHAK1-GFP This work
pCaACU1-GFP pGRU1, prom NHA1, CaACU1-GFP This work
pCaACU1-a-GFP pGRU1, prom NHA1, CaACU1-a-GFP This work
pCaACU1-b-GFP pGRU1, prom NHA1, CaACU1-b-GFP This work

Plasmid construction

The plasmids used are listed in Table 1. All new plasmids were
generated by homologous recombination in S. cerevisiae. Suc-
cessful cloning was verified by diagnostic PCR and sequenc-
ing. Primers used for DNA-fragment amplification and diagnos-
tic PCR are listed in Supplementary Table 1, Supporting Infor-
mation. For the expression of C. albicans genes in S. cerevisiae,
the amplified ORFs were cloned into multicopy plasmids behind
the NHA1 promoter (replacing the NHA1 ORF in pNHA1-985 and
pNHA1-985GFP, respectively; Kinclova et al. 2001). The complete
ACU1ORF (cf. Fig. 1C and Supplementary Fig. 1, Supporting Infor-
mation) was constructed by amplifying the DNA fragmentwith a
primer consisting of the last 40 nucleotides of the ACU1-a, a TTG
codon (instead of TAG in the genome sequence) and the first 20
nucleotides after the ACU1-a STOP codon (oligonucleotide ACU
+ ACU-F, Supplementary Table 1, Supporting Information) and
oligonucleotides YEpN-CaACU1b–R or pGRU1N-CaACU1b–R. The
resulting DNA fragments were cloned by homologous recombi-
nation into pCaACU1-a and pCaACU1-a-GFP.

Fluorescence microscopy

Cells from the exponential phase of growth in YNB were ob-
served under an Olympus AX70microscope with Nomarski con-
trast, or the fluorescence signal of BYT12 cells producing C. al-
bicans transporters tagged C-terminally with GFP was observed
using a U-MWB cube with a 450–480 nm excitation filter and 515
nm barrier filter.

Bioinformatics

The DNA and protein sequences were obtained from the Candida
genome database (Inglis et al. 2012), NCBI genome database and
Yeast gene order browser (Byrne and Wolfe 2005). Orthologues
of putative potassium transporters and their synteny were de-
termined using the Candida gene order browser (Maguire et al.
2013), Yeast gene order browser (Byrne andWolfe 2005) andNCBI
Blast algorithm (Johnson et al. 2008). The protein topology was
predicted by Kyte-Doolittle plot (Kyte and Doolittle 1982) and

the THMHHM 2.0. algorithm (Krogh et al. 2001). The secondary
structure was calculated with JPred4 (Drozdetskiy et al. 2015)
and the protein disorder with DisEMBL (Linding et al. 2003a) and
GlobPlot2 (Linding et al. 2003b).

RESULTS AND DISCUSSION

In silico analysis of putative potassium transporters
in C. albicans

As was mentioned above, three types of efficient potassium-
specific uptake systems, differing in their transport mechanism
and primary protein structure, have been identified in yeast
species so far. But in most pathogenic Candida species and their
close relative Debaryomyces hansenii, only two ORFs encoding
Trk1 and Hak1 transporters, respectively, seem to be conserved
(Prista et al. 2007;Martinez, Sychrova andRamos 2011; Hušeková,
Elicharová and Sychrová 2016). The genome of C. albicans is the
only one in which the putative coding sequence for all three sys-
tems has been identified (Hušeková, Elicharová and Sychrová
2016). Trk1 (encoded in SC5315 by orf19.600) is believed to be
a high-affinity potassium uniporter, and its activity as a potas-
sium uptake system in C. albicans has been shown (Baev et al.
2004; Miranda et al. 2009). The structure of yeast Trk proteins
has been predicted (Durell and Guy 1999; Durell et al. 1999), and
the obtainedmodel correspondswell with the revealed structure
of bacterial Trk-type transporters (Cao et al. 2011; Vieira-Pires,
Szollosi and Morais-Cabral 2013; Levin and Zhou 2014). Yeast
Trk systems are thought to be composed of four membrane-
pore-membrane segments, each including two transmembrane
domains spanning the membrane and pore loop with the fil-
ter sequence. The predicted structure of the identified C. albi-
cans putative Trk1 protein corresponds very well with the model
(Fig. 1A). CaTrk1 is shorter than that of S. cerevisiae (1056 ver-
sus 1235 amino acids, respectively), and the two proteins share
about 40% identity at the protein sequence level. Our detailed
analysis revealed that two intracellular loops are significantly
shorter in CaTrk1 than in ScTrk1. The loop L23 between trans-
membrane segments (TMS) 2 and 3 is 499 amino acids long in
CaTrk1 and 647 amino acids long in ScTrk1,which is in both cases
about half of the whole protein length. The L67 loop between
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4 FEMS Yeast Research, 2016, Vol. 16, No. 4

Figure 1. Predicted membrane topology of C. albicans potassium uptake systems. The transmembrane topology was predicted using a KD plot, the TMHMM 2.0.
algorithm and previously published data. (A) Trk1; transmembrane spanning segments are numbered, the intramembrane pore loops containing the filter sequence
are marked P1-4. (B) Hak1, transmembrane spanning segments are numbered. (C) Acu1; transmembrane spanning segments are numbered, the STOP codon of the
Acu1-a (orf 19.2553) is indicated with a black circle, the START codon of the Acu1-b (orf 19.2552) with an open circle and the ATP-binding site with a star.
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TMS6 andTMS7 is very short inCaTrk1 (37 amino acids), whereas
in ScTrk1 it has 83 residues. The existence of a very long intracel-
lular loop between TMS 2 and 3 in yeast Trk transporters seems
to be conserved. According to our analysis of sequences of eight
Trk1 candidates from various Candida species and strains, it ex-
ists in all of them, being the shortest in C. lusitaniae putative Trk1
(417 amino acids) and the longest in C. glabrata Trk1 (737 amino
acids). Surprisingly, our prediction of disorder level suggested
that themajority of L23 is disordered (prediction byDisEMBL and
GlobPlot). Only one short helix appears in all analysed Trk1 se-
quences between positions 100 and 200 of these loops (predicted
by JPred4). This region contains the highly conservedmotif D-M-
[YF]-[RK]-S-I-x-M-L-Q. The existence of such highly disordered
large internal loops in membrane transporters is quite unusual
and its role in yeast Trk1 proteins is unknown.

As for Hak1 potassium uptake systems, they are believed to
operate with the cation-proton symportmechanism (Rodriguez-
Navarro 2000; Ramos, Arino and Sychrova 2011) but very little
is known about their protein structure. The only topology pre-
diction, together with a partial experimental validation of the
model, exists for a bacterial Hak1 homologue (Kup) from E. coli
(Sato et al. 2014). Candida albicans putative Hak1 is 808 amino
acids long (orf19.6249), as in other Candida species from the CTG
clade (Hušeková, Elicharová and Sychrová 2016). According to
our prediction of Candida Hak1 topology, which is based on a KD
plot and TMHMM 2.0 and whose results are in agreement with
the E. coliKupmodel (Sato et al. 2014),CaHak1 is a typical plasma-
membrane transporter with 12 TMS, relatively short loops and
short N- andC- termini oriented to the cytosol (Fig. 1B). TheHak1
transporters inCandida species share on average about 60% iden-
tity (not shown).

There seems to be no complete gene encoding Acu1 ATPase
in the genome of C. albicans SC5314. It is split into two neigh-
bouring ORFs (orf19.2553 and orf19.2552) with an intergenic re-
gion (213 nt long). If the stop codon of the first one is changed
to an amino-acid codon, one ORF encoding a complete Acu1 AT-
Pase (1075 amino acids long) can be found. In fact, a point muta-
tion replacing TAG (STOP) with an amino-acid-encoding codon,
which corresponds to residue 357 in the complete Acu1 protein
(Fig. 1C), is enough to restore the complete ORF. The C. albicans
Acu1 ATPase probably consists of 10 TMS, a long loop between
TMS 4 and 5 with the ATP-binding site, and it shares more than
35% identity with the U. maydis and P. sorbitophila Acu1 proteins.
When we checked the same ORF in another C. albicans strain
whose genome has been sequenced and annotated (WO-1; Slut-
sky et al. 1987; Butler et al. 2009), we found that the locus is more
damaged than in SC5314 (Supplementary Fig. 1, Supporting In-
formation). Moreover, only a small part of an ACU1-like ORF (en-
coding a 282 amino-acid-long protein, i.e. about 26% of the com-
plete Acu1) was found in the genome of C. albicans’ close relative
C. dubliniensis. A detailed search of contigs of sequenced (but not
annotated) genomes of other 32 C. albicans strains in the NCBI
genome database revealed that ACU1 exists in all the sequenced
genomes, it is interrupted in about one-third of these genomes,
and ∼20 strains probably contain an unbroken allele.

Surprisingly, no significant remnants of the ACU1 gene were
found in the genomes of other Candida species, although the sur-
rounding synteny of this part of the chromosome seems to be
conserved among the species. According to our results, MET6
and URA5 are neighbours in seven pathogenic Candida species
from the CTG clade, but fragments or complete genes of ACU1
can only be found between these two genes in the two C. albi-
cans strains and in C. dubliniensis.

Cloning of the three C. albicans genes and their
expression in S. cerevisiae

To confirm the predicted potassium uptake function of the three
putative transporters, we cloned them into two S. cervisiae mul-
ticopy vectors behind the NHA1 promoter, and tagged their 3’
termini with the GFP sequence in one of the two plasmid se-
ries (Table 1). The weak and constitutive promoter of NHA1
which encodes a potassium and sodium efflux system (Nha1
antiporter) has been already repeatedly successfully used by us
for the expression of heterologous transporters in S. cerevisiae
(e.g. TRK1 genes from Zygosaccharomyces rouxii or C. glabrata;
Stribny, Kinclova-Zimmermannova and Sychrova 2012; Zimmer-
mannová et al. 2015; Llopis-Torregrosa, Hušeková and Sychrová
2016). For the complete ACU1 ORF, we introduced a point mu-
tation changing the STOP codon into a Leu codon (as men-
tioned above and in Materials and Methods). We also cloned
the two DNA fragments encoding the two neighbour ORFs in
the ACU1 locus (orf19.2553 and orf19.2552) and named them
ACU1-a and ACU1-b (cf. Supplementary Fig. 1, Supporting Infor-
mation and Table 1). For the expression, the S. cerevisiae BYT12
strain was used, which lacks its own Trk1 and Trk2 potassium
uptake systems. Besides the plasmids with C. albicans genes,
we transformed this strain with empty YEp352 or pGRU1 plas-
mids and with the plasmid harbouring the Z. rouxii TRK1 gene
cloned into the same plasmid and behind the same promoter (cf.
Table 1). In all experiments, transformants of BYT12 with empty
vectors served as negative controls, and transformants with
YEp352-ZrTRK1 as positive controls. The BY4741 strain (TRK1
TRK2; parental strain for BYT12) harbouring the empty vectors
was used as a second positive control.

Complementation of S. cerevisiae trk1trk2 phenotype in
limiting potassium concentrations

Saccharomyces cerevisiae cells can grow at micromolar potassium
concentrations (Fig. 2A; 15 μM KCl; BY4741[YEp352]) because
their efficient high-affinity potassium-specific Trk1 and Trk2
are able to accumulate 200–300 mM potassium inside the cells,
which establishes the necessary turgor for the expansion of the
cell wall, cell growth and division (Navarette et al. 2010). On the
other hand, as a consequence of the lack of TRK1 and TRK2
genes, the growth of S. cerevisiae BYT12 cells is inhibited if the
external concentration of potassium is below 100 mM (Fig. 2A;
BYT12[YEp352]).

The heterologous expression of any membrane protein
which is able to transport potassium cations results in the im-
proved growth of BYT12 cells (or similar S. cerevisiae mutants
in other genetic backgrounds, e.g. W12 derived from W303)
at potassium concentrations below 100 mM (Navarette et al.
2010; Petrezselyova, Zahradka and Sychrova 2010; Petrezselyova,
Ramos and Sychrova 2011). As shown in Fig. 2A, the expression
of all three putative C. albicans transporters improved the ability
of BYT12 cells to grow at low potassium, although to different
levels. Cells with CaTrk1 grew very well at low potassium con-
centrations, maybe even slightly better than the control BY4741
cells (Fig. 2A; 15 μM KCl). This very slight difference may be
caused by the fact that CaTRK1 was expressed from a multicopy
plasmid, whereas S. cerevisiae TRK1 and TRK2 genes are known
to be expressed constitutively and at relatively low levels (Arino,
Ramos and Sychrova 2010). Thus probably BYT12[pCaTRK1] cells
contain more copies of a potassium transporter than cells with
their own Trk proteins. Also the presence of the complete Acu1
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Figure 2. All three C. albicans putative transporters improve the growth of S. cerevisiae BYT12 (trk1� trk2�) cells at low potassium concentrations. (A) The growth of S.
cerevisiae BYT12 transformed with plasmids as indicated on a series of YNB-F plates supplemented with KCl as indicated (-, no extra KCl added, 15 μM concentration of

K+ in themedium). BY4741 transformedwith an empty vector served as a positive control, BYT12 transformedwith the empty vector as a negative control, respectively.
The pictures were taken on the third day of incubation at 30◦C. The experiment was repeated three times and a representative result is shown. (B) Localization of C.
albicans proteins C-terminally tagged with GFP in exponentially growing S. cerevisiae BYT12 cells.

ATPase enabled the cells to grow on 15 μM KCl, although the
growth was slower than with cells expressing CaTrk1 or with
the positive control BY4741. On the other hand, the presence
of CaHak1 improved the ability of BYT12 cells to grow at low
potassium to a lesser extent. Cells expressing this symporter
started to grow if the potassium concentration was at least 5
mM (Fig. 2A). GFP-tagging of the C-termini of C. albicans trans-
porters (a series of plasmids with the GFP sequence; Table 1)
did not change the ability of the three transporters to comple-
ment the phenotype of BYT12 cells at low potassium concentra-
tions (not shown), but enabled the visualization of proteins un-
der a fluorescencemicroscope (Fig. 1B). Surprisingly, only CaTrk1
molecules seemed to be localized predominantly to the plasma
membrane of S. cerevisiae cells. The majority of CaHak1 and
CaAcu1 proteins were stacked in granule-like compartments in-
side the cells, and only a small portion of the proteins reached
the plasmamembrane (Fig. 2B). This could result from improper
folding of the synthesized protein and consequently in stacking
of the protein along the secretory pathway. There could be two
reasons for it: either protein misfolding as a consequence of the
presence of CTG codons in the C. albicansORFs, or the absence of
specific chaperons required for the correct folding and delivery
of the proteins to the plasma membrane.

Our analysis of the three C. albicans sequences revealed that
all three ORFs contain several CTG codons (six in CaTRK1, five in
CaHAK1 and two in CaACU1; Supplementary Table 2, Supporting
Information). Nevertheless, the presence of these codons does

not affect CaTrk1, as it is localized to the plasmamembrane and
is as active as S. cerevisiae own Trk proteins (Fig. 2). The two CTG
codons in CaAcu1 are localized to theN-terminus and in the long
ATP-binding loop (but outside the ATP-binding domain), respec-
tively, thus it is also improbable that they affect the localization
or activity of CaAcu1 (Figs 1 and 2). We cannot exclude the pos-
sibility that the presence of five CTG codons in CaHAK1 affects
the proper folding and thus the localization of the protein. On
the other hand, our results showed that none of the CTG codons
in the three transporters encode a seryl residue which would be
crucial and indispensable for their activity as all three proteins
are active in S. cerevisiae.

The inability of the majority of CaHak1 and CaAcu1
molecules to reach the plasma membrane of S. cerevisiae cells
might instead be due to the absence of specific chaperons that
would help the proper folding in the membrane of endoplas-
mic reticulum. These specific chaperons are very important for
transporters with multiple transmembrane segments, as was
shown e.g. for the Shr3 chaperon and amino-acid permeases in
both S. cerevisiae and C. albicans (Ljungdahl et al. 1992; Martinez
and Ljungdahl 2004), and we hypothesize that the absence of
genes encoding Hak- and Acu-type transporters in the genome
of S. cerevisiae is accompanied by the absence of corresponding
specific chaperons for these transporters as well.

The results obtained for the complete Acu1 protein were
surprising, as they show that even a small number of protein
molecules in the plasma membrane (Fig. 2B) results in a very
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good complementation of the BYT12 phenotype (Fig. 2A; 15 μM
KCl) and suggest that Acu1 ATPase might have a very high affin-
ity for potassium.

Very interesting and surprising results were obtained when
the two short fragments of the Acu1 ATPase were expressed in
S. cerevisiae. We thought that these constructs would serve as
negative controls for the expression of the complete Acu1, but
as is evident in Fig. 2A, BYT12 cells expressing either Acu1-a or
Acu1-b grew slightly better in the presence of 15 and 20 mM
KCl than cells with the empty vector. This result suggested that
they both somehow (probably as low-affinity transporters) con-
tribute to the potassium influx under our experimental condi-
tions. GFP-tagging of Acu1-a, the short N-terminal fragment of
Acu1 (first 355 amino acids, 2 TMS andwithout ATP-binding site;
Fig. 1C), revealed that it is localized predominantly to the plasma
membrane of BYT12 cells (Fig. 2B). This corresponds to the
well-known fact that the majority of yeast plasma-membrane
transporters harbour the signal sequences for targeting to
the plasmamembrane in the first transmembrane segments. On
the other hand, the 654 amino-acid-long Acu1-b (Fig. 1C) is lo-
calized predominantly inside the cells, though some molecules
probably reach the plasmamembrane, as is evident from the im-
proved growth of BYT12 cells with CaAcu1-b at 15 and 20 mM
KCl (Fig. 2A). The difference in the localization of the complete
CaAcu1 and the CaAcu1-a protein (Fig. 2B) again suggests that
the proper folding of the complete CaAcu1 at the level of the en-
doplasmic reticulum is affected, and it supports our hypothesis
mentioned above on the absence of specific chaperons required
for the folding and biogenesis of long membrane proteins.

Candida albicans potassium transporters support the
growth of S. cerevisiae BYT12 cells at a broad range of
external pH levels

The inability to grow at low external pH is one of the major phe-
notypes resulting from the deletion of TRK1 and TRK2 in S. cere-
visiae cells (Navarette et al. 2010). When the ability of C. albicans
transporters to provide enough potassium at various external
pH (from 3.5 to 7.0) was tested, it revealed that all three trans-
porters were active at these pH levels (Fig. 3). This was partly
surprising for CaHak1 at pH 7, as it should use the inward gra-
dient of protons created by the plasma-membrane H+-ATPase
to import potassium against its concentration gradient in sym-
port with protons. On the other hand, we know from our previ-
ous experiments with yeast cation/proton antiporters that these
proteins are also partly functional when the external pH is kept
close to neutral levels (Papouskova and Sychrova 2006; Krauke
and Sychrova 2011). The observed activity of proton symporters
or antiporters at external pH close to neutral levels most likely
results from the use of protons continuously pumped out by
the Pma1 ATPases. There are two things worth noting. First,
the presence of CaAcu1-a and CaAcu1-b did not result in the
growth of BYT12 cells at pH 3.5. They only supported growth
at higher external pH, mainly CaAcu1-a at pH 7.0 (Fig. 3). And
second, the higher external pH positively influenced the growth
of BYT12 cells transformed with an empty vector. This shows
the existence of an additional system transporting potassium
which only operates at a higher external pH. This system is prob-
ably NSC1, a non-specific cationic channel whose presence and
potassium-uptake activity at high external pH was shown by an
electrophysiological approach (Bihler, Slayman and Bertl 1998;
Bertl et al. 2003), but whose encoding sequence in the S. cerevisiae
genome has not been identified yet.

Candida albicans Acu1 does not transport sodium when
expressed in S. cerevisiae cells

The Acu1 ATPases in U. maydis and P. sorbitophila import both
potassium and sodium cations into the cells (Benito et al. 2004).
On the other hand, our results suggest that CaAcu1 does not im-
port sodium cations into S. cerevisiae cells. As shown in Fig. 4,
the presence of CaAcu1 clearly improved the growth of BYT12
cells even in the presence of a mixture of KCl and an eight
times higher concentration of NaCl (50 and 400 mM concentra-
tion, respectively). If CaAcu1 transported both cations, then the
competition between the necessary potassium cations and toxic
sodium cations would result in the inhibited growth of BYT12
cells expressing this ATPase. Further, we tested the ability of
CaAcu1 to transport sodium cations upon its expression in S.
cerevisiae BYT45 (nha1� ena1-5�) cells which are very sensitive
to sodium influx (Navarette et al. 2010). As negative and posi-
tive controls, respectively, the empty YEp352 vector and YEp352-
OsHKT1;3 (encoding rice Hkt1;3 sodium uptake system; Rosas-
Santiago et al. 2015) were used. Figure 4B shows that the toxicity
of imported sodium cations was visible only in cells expressing
the plant OsHKT1;3 transporter. Cells expressing CaAcu1 grew
similarly in the prsence and absence of NaCl. This result con-
firmed that sodium is not a substrate of CaAcu1.

CaAcu1 prevents better the S. cervisiae cells from
lithium toxicity than CaTrk1

Some very efficient and high-affinity potassium uptake systems
are able to increase the tolerance of yeast cells to toxic cations
of lithium. Lithium is thought to enter yeast cells following its
concentration gradient via non-specific transport systems in
a membrane-potential-dependent manner (Arino, Ramos and
Sychrova 2010). If a highly efficient potassium-specific uptake
system operates in the presence of increased concentrations
of lithium, then even relatively low external concentrations of
potassium and its uptake via these efficient systems are enough
to diminish the influx of lithium and thus increase the toler-
ance of cells to the toxic cations. An example of such an ability
was recently shown for the efficient Trk1 system from the os-
motolerant yeast Z. rouxii. Expression of this system in BYT12
rendered the cells tolerant to extremely high concentrations of
lithium, and it even improved the lithium tolerance of S. cere-
visiaewild types (Zimmermannová et al. 2015). To verify whether
the three different C. albicans potassium transporters are able to
increase the tolerance of S. cerevisiae BYT12 cells to lithium, we
tested the growth of the corresponding transformants on clas-
sic YNB medium (containing ∼15 mM potassium) to which we
added various concentrations of LiCl and in some cases also 150
mMKCl. In this experiment, as a positive control, we used BYT12
cells expressing ZrTrk1 under the same conditions as C. albicans
transporters, i.e. from the YEp352 plasmid and the NHA1 pro-
moter (Zimmermannová et al. 2015). As shown in Fig. 5, it was
CaAcu1 that improved the tolerance of BYT12 cells to lithium
significantly more than CaTrk1. CaTrk1 only improved the toler-
ance to lithium if extra KCl was added together with LiCl (Fig. 5;
cf. 800 mM LiCl versus 800 mM LiCl + 150 mM KCl), and CaHak1
had no effect on lithium tolerance (Fig. 5). This result again sug-
gested that CaAcu1 is a highly efficient high-affinity potassium
uptake system.

As was mentioned above, the three putative potassium up-
take systems that are encoded in C. albicans genome differ in
their protein structure and transport mechanism. It is worth
noting that all three C. albicans potassium transporters also
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Figure 3. Candida albicans potassium uptake systems are in S. cerevisiae cells functional over a broad range of external pH. Growth comparison of BYT12 (trk1� trk2�)
and BY4741 (positive control) cells transformed as indicated on YNB-F plates supplemented with KCl as indicated and buffered to indicated pH values. The pictures

were taken on the third day of incubation at 30◦C. The experiment was repeated three times and a representative result is shown.

Figure 4. Candida albicans Acu1 does not affect the tolerance of S. cerevisiae cells to sodium cations. (A) Growth comparison of BYT12 (trk1� trk2�) and BY4741 (positive

control) cells transformed as indicated on YNB-F plates supplementedwith KCl and/or NaCl as indicated. (B) Growth comparison of BYT45 (nha1� ena1-5�) transformed
as indicated on YNB plates supplemented with KCl and/or NaCl as indicated. The pictures were taken on the second day of incubation at 30◦C. The experiment was
repeated three times and a representative result is shown.

differ from mammalian potassium uptake systems. The co-
existence of transporters with differing mechanisms, a uni-
port driven by the membrane potential (Trk1) and a symport
of cations with protons (Hak1), may not only be advantageous
for acquiring the necessary potassium under various growth
conditions inside the host, but also for the efficient regula-
tion of C. albicans membrane potential and its intracellular pH,
which is tightly connected to the activity of yeast potassium im-
porters and exporters (Kinclova-Zimmermannova, Gaskova and
Sychrova 2006; Navarette et al. 2010; Kahm et al. 2012; Arino et al.
2014; Kahm and Kschischo 2016). In the future, it would be in-
teresting to estimate and compare the levels of expression of
CaTRK1 and CaHAK1 and their changes under various growth
conditions and also in variousmorphology states. A prerequisite
for the rapid growth of C. albicans hyphae and pseudohyphae is
the establishment of high turgor enabling the expansion of the
cell wall and plasma membrane. This turgor is achieved mainly

by the intracellular accumulation of high potassium concentra-
tions in yeast cells (Rodriguez-Navarro 2000).

We showed in this study that the difference in the protein
structure of the three C. albicans transporters affects their bio-
genesis and whole-cell level of activity in S. cerevisiae. Never-
theless, our results proved that all three are able to provide S.
cerevisiae with the necessary levels of potassium to support cell
growth and division.

A surprising phenotype was observed with the reconstituted
full version of Acu1 ATPase. In contrast to the other two known
Acu1 ATPases (Benito et al. 2004), it probably does not trans-
port sodium (Fig. 4). The fact that just the few molecules which
reached the plasma membrane (Fig. 2B) were sufficient to sup-
port the growth of BYT12 cells to almost the wild-type level
(Fig. 2A) and to significantly increase cell tolerance to lithium
(Fig. 5), together with the fact that we have found only damaged
ACU1 ORFs in the genomes of the mostly studied C. albicans and
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Figure 5. Candida albicans Trk1 and Acu1 improve the tolerance of S. cerevisiae cells to toxic lithium cations. Growth comparison of BYT12 (trk1� trk2�) cells transformed
as indicated on YNBmedia supplemented with KCl and/or LiCl as indicated. The pictures were taken on the third or seventh day of incubation at 30◦C. The experiment
was repeated three times and a representative result is shown.

C. dubliniensis strains, raises the question of whether the com-
plete ACU1 might influence the fitness or the virulence of the
strain. Unfortunately, no information about the strain nature,
virulence level and their original niche is available for C. albicans
strains with apparently unbroken ACU1 which we identified in
the contigs at NCBI database. The ability to use ATP directly for
the accumulation of potassiummight be an advantagewhen the
proton gradient across the plasma membrane and/or the mem-
brane potential are not high enough to provide necessary potas-
sium, but on the other hand, having an extremely efficient AT-
Pase for potassium uptake may become counter productive if it
brings too much potassium and the cell has to spend extra en-
ergy to get rid of surplus potassium and maintain the appropri-
ate level of membrane potential and pH homeostasis. Only the
reconstitution of the complete ACU1 ORF in C. albicans SC5314
followed by a detailed characterization of the resulting pheno-
types may help to answer the question of whether a functional
Acu1 ATPasemight be an advantage for the survival of C. albicans
cells within the host, or whether it is a disadvantage reflected in
the damaged loci found in the SC5314 and WO-1 C. albicans and
C. dubliniensis strains.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSYR online.
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1. Elicharová, H. and H. Sychrová (2013). Fluconazole treatment hyperpolarizes

the plasma membrane of Candida cells. Medical Mycology, 51: 785-794.
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5. Závěry a diskuze

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

dvojitého mutanta postrádaj́ıćıho gen CgCNH1 a CgENA1 ukázala, že
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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.

• 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
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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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6. Zkratky

5-FU 5-fluorouracil

aa aminokyselina (amino acid)

ATP adenosintrifosfát

CYP cytochrom P450

DDD definovaná denńı dávka

diS-C3(3) 3,3’-dipropylthiokarbocyanin jodid

FLC flukonazol

GFP zelený fluorescenčńı protein (green fluorescent protein)

GUT Gastroitestinally induced transition

Mb 1 000 000 pár̊u báźı (Megabase pairs)

MPM Membrane-Pore-Membrane

SÚKL Státńı úřad pro kontrolu léčiv

TMD transmembránová doména

WGD Whole Genome Duplication
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