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Sadhrn

Transportné proteiny z rodiny ABC (ATP-binding cassette) zabezpedéuju transport réznych sub-
stratov cez biologické membrany. Zohravaju esencialnu tlohu v ochrane buniek pred toxickymi
zliéeninami/metabolitmi. S nadexpresiou ABC transportnych proteinov savisi vznik mnohona-
sobnej rezistencie (MDR, multidrug resistance) buniek vo¢i antimikrébnym zliéeninam a proti-
nadorovym chemoterapeutikam. Mutacie proteinov ABC-typu u ludi sa priéinou viacerych gene-
tickych ochoreni (cysticka fibréza, adrenoleukodystrofia, defekty v transporte cholesterolu, Zl¢e
a pod.). Bunky mikroorganizmov obsahuja viaceré homolégy klinicky vyznamnych ABC proteinov.
Ich intenzivne molekularne stidium méze prispiet k navrhu novych postupov ako zvladnut MDR
resp. ochorenia, ktoré si doésledkom dysfunkcie ABC proteinov. Praca podava prehlad suc¢asného
stavu poznatkov o ABC transportnych proteinoch v bunkach prokaryotickych a eukaryotickych
mikroorganizmov.

Klucové slova: ABC transportné proteiny - mnohonasobna rezistencia - prokaryotické mikroor-
ganizmy - eukaryotické mikroorganizmy.

Summary

Balkova K., Gbelska Y.: ABC Transporter Proteins in Multidrug Resistance of
Microorganisms

The ABC (ATP binding cassette) transporter family includes membrane proteins that can
transport a wide variety of substrates across biological membranes. These proteins play an
essential role in the protection of cells from toxic compounds/metabolites. Their overexpression
which leads to the development of multidrug resistance (MDR) in pathogens and enables cancer
cells to survive chemotherapy is of major concern for human health. Mutations in ABC
transporters are implicated in a number of Mendelian disorders such as cystic fibrosis,
adrenoleukodystrophy and cholesterol and bile transport defects. In microbial cells, several
homologues of human ABC transporters were identified. Their further molecular biological study
can contribute to better understanding and treatment of MDR or diseases caused by dysfunction
of ABC transporter proteins. A review is presented of the state of the art in ABC transporter
proteins in both prokaryotic and eucaryotic cells. The role of microbial ABC transporters in the
development of drug resistance is analyzed.

Key words: ABC transporter proteins — multidrug resistance - procaryotes — eucaryotes.

Patogénne mikroorganizmy a rakovinové bun-
ky Tudi disponuju viacerymi mechanizmami, kto-
ré zabezpecuji ich ochranu voéi cytotoxickému
posobeniu chemoterapeutik. Casta je 3pecificka
rezistencia, napr. rezistencia bakterii voci B-lak-
tdmovym antibiotikam, ktora je désledkom pri-
tomnosti plazmidom kédovanych pB-laktaméaz
v bunkach mikroorganizmov [1]. VaZnym klinic-
kym problémom je tzv. mnohonasobna rezistencia
(MDR — multidrug resistance), pri ktorej bunka
vykazuje sucfasnd rezistenciu voéi viacerym

nepribuznym lieéivim s odliSnou molekulovou
Struktdrou a miestom uéinku. ,Klasicky“ MDR
fenotyp, prvykrat popisany v rakovinovych bun-
kach, vznik4a v désledku nadexpresie ABC trans-
portného proteinu P-glykoproteinu (P-gp), a pre-
javuje sa sucasnou rezistenciou buniek k réznym
lie¢ivam [2]. MDR fenotyp moézZe byt tiez désled-
kom zmien v signalnych transdukénych drahach,
v procesoch opravy DNA alebo zmien v aktivite
enzymov, ktoré zabezpecuja detoxifikiciu vnitro-
bunkového prostredia [3-7].
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Neustale sa zvySuje aj pocet patogénnych mik-
roorganizmov, ktoré sd rezistentné voci beZne
pouzivanym antibiotikdm v désledku vzniku
MDR [8]. Rovnaky fenomén sa pozoroval aj v bun-
kach nizsich eukaryotov — kvasiniek, kde sa
povodne oznacoval ako PDR. Molekularna pod-
stata vzniku MDR fenoménu a jeho regulacia je
dosial najpodrobnejSie prestudovana u fakulta-
tivne anaerobnych kvasiniek druhu Saccharomy-
ces cerevisiae [9].

Transportné proteiny zahrnuté
vo fenoméne MDR

Jeden z najdolezitejSich mechanizmov, ktory
vedie k vzniku MDR je zvySena expresia mem-
branovych transportnych proteinov, ktoré vylu-
¢uju terapeutika z buniek. Transportné protei-
ny zahrnuté v MDR sd pritomné vo vSetkych
organizmoch a sprostredkuju jednosmerny
transport velkého mnozstva zldcenin cez biolo-
gické membrany [10]. Na zaklade zdroja ener-
gie pouzivanej pre transport substratov sa
delia do dvoch hlavnych skupin: primarne
aktivne transportéry, energizované hydrolyzou
ATP (rodina ABC transportnych proteinov)
a sekundarne aktivne transportéry, ktoré
sprostredkovavaju vylucovanie liefiv vyuzitim
energie transmembranového gradientu proté-
nov (MFS proteiny) (obr. 1). ABC transportné
proteiny sa uplatriuja v efluxe lie¢iv v eukaryo-
tickych bunkach, bunky prokaryotov vyuzivaja
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| Transportéry zahrnuté v MDR |

A A

| Primarne aktivne transportéry |

ABC transportéry

Obr. 1. Schematické ¢lenenie tranportnych proteinov zaéast-
nujucich sa na fenoméne MDR

| Sekundarne aktivne transportéry

Fig 1. Schematic division of transporter proteins implicated
in MDR

Topolégia Domény

(NBD-TMD,),

NTE(TMD,-NBD),

TMS,-NBD

Obr. 2. Organizacia domén Tudskych ABC proteinov zahrnu-
tych v transporte lipidov. Transmembranové domény (TMD)
su tvorené helixami prechadzajicimi membranou.

Fig. 2. Domain organization of human ABC proteins involved
in lipid transport. Transmembrane domains (TMDs) are for-
med by alpha-helices

na vylucovanie lie¢iv prevaine sekundarne
transportné proteiny [11].

ABC transportné proteiny charakterizuje pri-
tomnost konzervovanej sekvencie (cca 215 amino-
kyselin) oznacovanej ako nukleotid viazica domé-
na (NBD). Doména sa sklada z dvoch kratkych
peptidovych motivov tzv. Walker A motiv (bohaty
na glycin) a Walker B motiv (hydrofébny), ktoré
su pritomné vo v8etkych nukleotid viazicich pro-
teinoch [12]. Tretia, unikatna konsenzus sekven-
cia, sa oznaduje ako ABC signatira [13]. Struktu-
ra transmembranovych domén (TMD)
determinuje substratova Specificitu prislusného
transportného proteinu. S ohladom na dizku pro-
teinu existuji ABC transportné proteiny v 2 for-
mach tzv. poloviéné (half-size) a proteiny plnej
dizky (full-size). Biologicky aktivne st ABC tran-
sportné proteiny plnej dizky, ktoré obsahuju dve
TMD a dve NBD (TMD-NBD),. Domény mézu byt
geneticky S$pecifikované samostatne — vlastny gén
pre NBD, vlastny gén pre TMD, v niektorych pri-
padoch jediny gén Specifikuje transportny protein
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Tab. 1. ABC-transportné proteiny mikroorganizmov asociované s MDR

Table 1. MDR associated ABC transporter proteins in microorganisms

Mikroorganizmus ABC-transportér Substrat
Archeény
Haloferax volcanii neidentifikovany Antracykliny, vinca alkaloidy
Eubaktérie
Streptomyces capreolus Ard1l A201A
Streptomyces logisporoflavus TnrB Tetronazin
Streptomyces peuceticus DrrAB Daunorubicin, doxorubicin
Staphylococcus epidermidis MsrA Erytromycin
Lactococcus lactis LmrA Atracykliny, vinca alkaloidy, aminoglykozidy,
linkozamidy, makrolidy, chinolény,
streptograminy, tetracykliny, chloramfenikol
Lactobacillus brevis HorA Novobiocin
Kvasinky
Saccharomyces cerevisiae Pdr5p Antimykotika, antibiotika, steroidy,
fungicidy, herbicidy
Pdri2p Organické kyseliny
Snqg2p 4-nitrochinolin-N-oxid, triazikon, fenantrolin
Yecflp ako Pdr5p
Yorlp ako Pdr5p
Schizosaccharomyces pombe Pmd1 Antimykotika
Bfrl Antimykotika
Candida albicans Cdrlp Antimykotika
Cdr2p Antimykotika
Parazity
Plasmodium falciparum Phgl Chlorochin, meflochin, chinin,
halofantrin, artemisinin
Leishmania tarentolae PGPA zlifeniny antiménu, arzénové zliceniny
Leishmania species MDR1 ako LmrA
Entamoeba histolytica EhPgpl Amébicidy
EhPgp2 Amébicidy

polovitnej dizky (TMD-NBD) alebo protein plnej
dlzky (TMD-NBD), (obr. 2).

ABC transportné proteiny zahrnuté
v bakterialnej rezistencii

Hoci vAésina transportnych proteinov u prokaryo-
tov patri do skupiny MF'S transportérov [14], niekto-
ré transportné systémy vyuzivaju na vylucovanie lie-
¢iv energiu z hydrolyzy ATP, patria teda do rodiny
ABC transportérov (tab. 1). ABC transportné protei-
ny sa vyskytujd v bunkach grampozitivnych aj
gramnegativnych baktérii. Vic§ina transportnych
proteinov grampozitivnych baktérii sprostredkovava
rezistenciu vo¢i jednému lie¢ivu alebo skupine blizko
pribuznych liec¢iv. Ako priklad mézno uviest Ardl
protein Streptomyces capreolus, ktory udeluje bun-
kam rezistenciu vo¢i aminonukleozidovému antibio-
tiku A201A [15], transportny protein TnrB Strepto-
myces logisporoflavus, ktory udeluje bunkam
rezistenciu vo¢i antibiotiku tetronazinu [16]. Vyz-
namny je MsrA protein Staphylococcus epidermidis
kédovany na plazmide, ktory zabezpecuje eflux mak-
rolidovych antibiotik (napr. erytromycinu) aj z buni-
ek Staphylococcus aureus transformovanych plazmi-
dom obsahujicim gén kodujici MsrA protein [17].

Baktérie, ktoré syntetizuju antibiotikd musia
byt chranené pred ich toxickym u¢inkom. Strep-
tomyces peuceticus, producent klinicky beZne
pouzivanych antracyklinov, daunorubicinu
a doxorubicinu, exprimuje transportny protein
DrrAB, ktory udeluje bunkam producenta rezi-
stenciu k obom cytotoxickym sekundarnym
metabolitom [18].

Prvy prokaryoticky ABC transportny protein
LmrA bol identifikovany u druhu Lactococcus lac-
tis [19]. LmrA protein, homologicky s P-gp vyssich
eukaryontov (34% identita na trovni aminokyse-
lin), mé& velkost 65 kDa, pozostiava z 590 aminoky-
selin, N-terminalnej TMD a C-terminalnej NBD.
LmrA patri k proteinom s poloviénou dizkou,
funkéne aktivny komplex je homodimér [20, 21].
LmrA protein ma spoloéné spektrum substratov
s Tudskym P-gp. Transformacia hypersenzitivneho
kmena Escherichia coli CS1562 plazmidom kéduj-
tdcim LmrA viedla k zvySenej rezistencii transfor-
mantov vo¢i antibiotikdm patriacim k aminogly-
kozidom, linkosamidom, makrolidom, chinolénom,
streptograminom, tetracyklinom a chloramfeniko-
lu [22-24]. LmrA, podobne ako P-gp, katalyzuje
ATP zavisly transport fosfatidyletanolaminu, nie
vSak fosfatidylcholinu [23—-25]. Je mozné, Ze fyzio-
logicka funkcia LmrA proteinu méze u L. lactis
suvisiet s transportom Specifickych lipidov.
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Struktirnym homolégom LmrA L. lactis je plaz-
midom kédovany ABC transportny protein HorA
Lactobacillus brevis, ktory sprostredkovava rezi-
stenciu buniek voéi Struktirne odliSnym zliéeni-
nam napr. novobiocinu, etidium bromidu, Hoechst
3342.

Aj archaeobaktérie exprimuji ABC transportné
systémy zodpovedné za vznik MDR. Halofilny
archeén Haloferax volcanii obsahuje efluxny
systém, ktory zabezpecuje transport antracykli-
nov, vinca alkaloidov, ethidium bromidu, monen-
zinu a rhodaminu 123 [26, 27]. Tento ATP zavisly
efluxny systém moZno inhibovat verapamilom
alebo nifedipinom, ktoré uéinne inhibuja aj P-gp.

Pseudomonas aeruginosa, oportinny ludsky
patogén asociovany s nosokomidlnymi infekciami
pacientov, charakterizuje prirodzena rezistencia
voéi mnohym antimikrobidlnym zldé¢eninam. Hla-
vnou pri¢inou rezistencie je aktivita efluxnych
systémov so Sirokou substratovou Specificitou,
napr. MexAB-OprM a MexXY-OprM. MexAB-
OprM je exprimovany kons$titutivne a udeluje
bunkam rezistenciu voé¢i fluorochinolénom, B-lak-
tamom, tetracyklinom, makrolidom, chloramfeni-
kolu, novobiocinu, trimetoprimu sulfonamidom
a triclosanu [28-33]. Spolu s dal§imi dvoma eflux-
nymi systémami, MexCD-Oprd a MexEF-OprN,
sprostredkuji v bunkach vznik mnohonésobne;j
rezistencie. Okrem antibiotik, vylu¢uju efluxné
pumpy roézne farbiva, detergenty, metabolické
inhibitory, dezinficiencia, organické rozpustadla
a pod. Homolégy efluxnych systémov boli popisané
aj u druhov Stenotrophomonas maltophilia, Burk-
holderia cepacia, Burkholderia pseudomallei, Pse-
udomonas putida.

Genoém E. coli obsahuje 57 génov kodujucich
ABC transportné proteiny, ktoré tvoria najvacsiu
rodinu proteinov (5 % genému) u tohto druhu
baktérii. Protein MsbA, je homolégom LmrA pro-
teinu L. lactis [34, 35]. Nachadza sa vo vnutorne;j
membrane E. coli, v aktivnej forme tvori homodi-
mér. Je esencialnym ABC proteinom prokaryotov,
dosial sa identifikovalo viac ako 30 jeho ortol6gov
[36]. MsbA protein hra doélezita dlohu v transpor-
te lipidu A do vonkaj$ej membrany gramnegativ-
nych baktérii. ValA, ABC transportny protein
Francisella novicida vykazuje vysoku homolégiu
s MsbA proteinom E. coli [37]. ValA protein zabez-
peCuje transport molekdl lipidu A asociovanych
s jadrom polysacharidu cez cytoplazmaticka
membranu baktérii.

ABC transportné proteiny kvasiniek

Na rozdiel od prokaryotickych mikroorganiz-
mov sa v mnohonasobnej rezistencii kvasiniek

= o

a mikroskopickych hub uplatiiuja predovsetkym
ABC transportné proteiny [38].

Geném kvasiniek S. cerevisiae obsahuje 29
génov kodujucich ABC transportné proteiny,
z ktorych mnohé sa podielaju na vzniku MDR.
Bunky kvasiniek bez endogénnych ABC trans-
portnych proteinov st hypersenzitivne k antifun-
galnym latkam [9]. ABC transportné
proteiny kvasiniek S. cerevisiae st zahrnuté
v roznych funkciach: v maturacii cytosolickych
Fe/S proteinov, v transporte feromoénov, v biogené-
ze peroxizomov, v odpovedi buniek na stres,
v homeostaze lipidickej dvojvrstvy plazmatickej
membrany.

Prvy ABC transportér, ziskany z kvasiniek
S. cerevisiae homologicky s Tudskym P-gp bol pro-
dukt génu STE6. Ste6p pozostava z 1290 amino-
kyselin, vykazuje topolégiu (TMD-NBD),, jeho
fyziologicka funkcia spocdiva v transporte parova-
cieho feromodnu, a-faktora z buniek. Neuplatniuje
sa v rezistencii buniek vo¢i metabolickym inhibi-
torom [39]. U piatich ABC transportnych protei-
nov kvasiniek S. cerevisiae (Pdrb5p, Pdrl2p,
Snq2p, Yeflp, Yorlp) sa dokazala ucast na vzniku
MDR. Nadexpresia Pdrb5p sposobuje rezistenciu
buniek k mnohym chemicky nepribuznym zlice-
nindm vratane niekolkych Kklinicky doélezitych
antimykotik, antibiotik, antikanceréznych lieéiv,
mykotoxinov, polnohospodarskych fungicidov
a herbicidov [40-42]. Pdrl12p udeluje bunkam
rezistenciu voéi konzervaénym latkam pouziva-
nym v potravinarstve, kyseline sorbovej, benzoo-
vej a propionovej [43, 44]. Snq2p je zodpovedny za
rezistenciu buniek voéi 4-nitrochinolin-N-oxidu,
sulfometuron metylu a fenantrolinu [45]. Dalsi
gén, ktory udeloval bunkam S. cerevisiae zvySenu
rezistenciu voéi oligomycinu a reveromycinu A bol
oznaceny YORI1 [48]. Substratova Specificita
Ycflp a Yorlp sa Ciastoéne prekyva s Pdr5p
[47-48].

Sekvenovanie genému kvasiniek Schizosaccha-
romyces pombe odhalilo prinajmenSom Sest prote-
inov z rodiny ABC transportérov [49]. Protein
Mamlp S. pombe potrebny pre tvorbu M-faktora
ma podobnu funkciu ako Ste6p S. cerevisiae. Zvy-
Sena expresia génu pmd™*, kddujiceho ABC trans-
portny protein Pmd1lp (1362 aminokyselin) ude-
Tuje bunkam S. pombe rezistenciu k leptomycinu
B [50]. Protein Bfrl (1530 aminokyselin), bol
identifikovany na zaklade schopnosti udelovat
bunkam S. pombe rezistenciu k brefeldinu A [51].
Zodpoveda aj za rezistenciu buniek vo¢i aktino-
mycinu, ceruleninu a cytochalazinu B, nie je v8ak
esencialny pre rast alebo rozmnoZovanie buniek.

Narast infekcii spésobenych patogénnou kva-
sinkou Candida albicans je v sucasnosti jednym
z vaznych klinickych problémov [52]. V genéme C.
albicans bolo identifikovanych pat génov koduja-
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Tab. 2. Transkripéné regulatory MDR siete kvasiniek S. cerevisiae

Table 2. Transcription regulators of MDR in S. cerevisiae yeasts

Struktirny motiv bZIP

Gén Protein Velkost (aa) Funkcia

YAP1 Yaplp 650 Klucovy determinant v tolerancii voéi oxidaénému stresu,
rezistencia vo¢i tazkym kovom a niektorym lie¢ivam
zahrnutych v skorej stresovej odpovedi

YAP2 Yap2p 409 Zahrnuty vo fenotype MDR, nie je zahrnuty
v odpovedi na oxidaény stres

YAP3 Yap3p 329 ?

YAP4 (CIN5) Yap4p (Cinbp) 295 Zahrnuty v stabilite chromozému

YAP5 Yapbp 245 ?

YAP6 Yap6p 1080 Nepriamo zahrnuty v rezistencii voéi osmot. stresu

YAPS8 (ARRI) Yap8p 293 Zahrnuty v rezistencii voé¢i arzénu, mozny pozitivny
regulator ACR2 a ACR3 génov

Struktarny motiv Zn,(Cys),

PDR1 Pdrlp 1063 Klucovy regulator PDR, pozitivne reguluje funkcie
plazmatickej membrany

PDR3 Pdr3p 976 Zahrnuty v PDR, urychluje MDR odpoved pozitivnou
autoregulaciou, spolu s Pdrlp kontroluju funkcie
plazmatickej membrany

PDRS8 Pdr8p 1081 Transkripény faktor regulujiuci ABC a MFS
transportné proteiny

YRM1 Yrmlp 794 Zahrnuty v rezistencii vo¢i 4-NQO a v transkripénej
aktivacii SNQ2

YRRI Yrrlp 810 Zahrnuty v rezistencii vo¢i 4-NQO a v transkripéne;j
aktivacii SNQ2

STB5 Stb5p 743 Regulacia expresie génov zahrnutych v tvorbe NADPH,
regulator odpovede na oxidacny stres

RDRI1 Rdrlp 546 Transkripény represor zahrnuty v MDR, negativny
regulator PDR5

RDS1 Rds1 Protein zahrnuty v rezistencii voci cykloheximidu

RDS2 Rds2 446 Protein zahrnuty v rezistencii vo¢i ketokonazolu

RDS3 Rds3 107 Protein zahrnuty v zostrihu pre-mRNA a rezistencii
voci cykloheximidu

cich proteiny z ABC rodiny: CDR1, CDR2, CDR3,
CDR4 a CDR5. Dva proteiny Cdrlp a Cdr2p
zohravaju délezita tlohu v rezistencii buniek voéi
aplikovanym chemoterapeutikam. Cdrlp (1501
aminokyselin) zodpoveda za rezistenciu buniek
voéi antimykotikam flukonazolu, mikonazolu,
alylaminu a morfolinom [53, 54]. ABC transport-
ny protein Cdr2p (1499 aminokyselin), udeluje
bunkam rezistenciu vo¢i azolovym antimykoti-
kam terbinafinu, amorolfinu a dalsim metabolic-
kym inhibitorom [54]. Cdrlp a Cdr2p si ABC pro-
teiny plnej dizky, zlozené z dvoch homologickych
polovic [54].

Fyziologické funkcie fungalnych ABC
transportnych proteinov

Napriek tomu, Ze fyziologicka funkcia protei-
nov ABC rodiny nie je znama, predpokladé sa, ze
sa uplatniuju v bunkovej detoxifikacii: vylucuja
endogénne metabolity a Skodlivé xenobiotika
z buniek [55].

Niektoré ABC transportné proteiny sa podie-
Iaji na izolacii toxického materialu do vakuoly.

Pxalp Pxa2p
Mdi2p 7

usip

-n&»*

Ste6p  pdr12p

Pdri5p Pdri1p

Obr. 3. Subcelularna lokalizacia ABC proteinov kvasiniek
sprostredkujacich MDR. N, jadro; V, vakuola; ER, endoplaz-
matické retikulum; GV, Golgiho vezikuly; ES, endozémy. Pre-
vzaté z Sipos a Kuchler, 2006.

Fig. 3. Subcellular localization of MDR associated yeast ABC
transporter proteins. N, nucleus; V, vacuole; ER, endoplasmic
reticulum; GV, Golgi vesicles; ES, endosomes. Taken from
Sipos and Kuchler, 2006.
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U S. cerevisiae su proteiny Ycflp, Bptlp a Ybtlp
lokalizované v membrane vakuoly, kde transpor-
tuju tazké kovy a konjugaty s glutathionom
z cytosolu (obr. 3). Funkcia dalsich vakuolarnych
ABC transportnych proteinov S. cerevisiae,
Vmrlp a Nftlp zatial nie je znama [56]. Hmtlp
S. pombe sa uplatniuje v detoxifikacii tazkych
kovov transportom cytochelatinovych a fytochela-
tinovych komplexov kovov do vakuoly.

Transkripéna kontrola mnohonasobnej
rezistencie v kvasinkach S. cerevisiae

Rezistenciu kvasiniek S. cerevisiae vo€i Siroké-
mu spektru Struktirne a funkéne odlisnych bun-
kovych inhibitorov kontroluja gény regulacnej
siete PDR (tab. 2). Za hlavné regulatory sa pova-
Zuju produkty génov PDR1 a PDR3, $pecifikujice
proteiny so Struktirnym motivom zinkového prs-
tu (ZnyCysg). Tvoria homo- a heterodiméry
a transkripciu cielovych génov reguluja vizbou
na tzv. PDRE sekvencie (pleiotropic drug resi-
stance elements) v promoétoroch regulovanych
génov. DalSie proteiny, ktoré sa mézu viazat na
PDRE sekvencie su Stb5p, Pdr8p, Yrrlp, Yrmlp
a negativny regulator Rdrlp.

Gény, kédujuce proteiny ABC-typu st regulova-
né aj transkripénymi faktormi so Struktirnym
motivom leucinového zipsu (b-Zip) napr. Yaplp,
ktory sa viaze na promoétorové sekvencie génov
SNQ2 a YCF1. Yap8p sa zucastiiuje detoxifikacie
zlicenin obsahujucich arzén, pravdepodobne regu-
laciou génu YCF1. Posledné experimentélne ziste-
nia naznacuja ucast Yaplp v procese starnutia.

ABC transportéry parazitov

Rezistencia voéi aplikovanym terapeutikam sa
stala prekazkou aj v lie¢be ochoreni vyvolavanych
protozoalnymi parazitmi. Plasmodium falcipa-
rum, pbévodca malarie, sposobuje vazne stavy
vyustujice v nelieCenych pripadoch do vysokej
mortality. Existencia protozoi rezistentnych voci
lie¢ivam ohrozuje viac ako 41% svetovej populacie
[57]. V genéme P. falciparum boli identifikované
prinajmensom tri gény kédujiuce ABC transport-
né proteiny, dva $pecifikujice homologické prote-
iny Phgl, Phg2 a treti PfGCN20 [58—60]. V izola-
toch P. falciparum rezistentnych voéi chlorochinu
bol identifikovany amplifikovany gén pfmdrl
kédujici Phgl. Dalgie studie ukazali, ze ABC
transportny protein Phgl (162 kDa) je lokalizova-
ny vo vakuole parazita, v mieste pésobenia chlo-
rochinu [61]. Aktivitu Phgl mézZno inhibovat
verapamilom a transfekéné experimenty vyuzi-
vajuce rozne alely Phgl ukazali, Ze mutacie
v Phgl vyvolavaju rezistenciu voéi klinicky
vyznamnym terapeutikdm meflochinu, chininu

= o

a halofantrinu. Predpoklada sa, ze fyziologicka
funkcia Phgl proteinu spociva v regulacii pH vo
vakuole alebo suvisi s funkciou chloridového
kanala [62].

Dal$ou pri¢inou tmrti na infekcie spdsobované
parazitmi je dramaticky narast leiSmaniéz [63].
V terapii sa aplikuja pentavalentné latky na baze
antiménu. Su vSak toxické a ich pouzivanie vedie
k narastu rezistencie [64]. V genéme Leishmania
(L. major) bolo identifikovanych niekolko génov
$pecifikujicich ABC transportné proteiny [65].
Ukazalo sa, Ze gén pgpA kédujaci transportny
protein PGPA je ¢asto amplifikovany u L. taren-
tolae rezistentnej voéi kovom. Transfekéné expe-
rimenty demonstrovali, Ze PGPA prispieva k rezi-
stencii voéi antiprotozoalnym lie¢ivim [66].
PGPA spolu s PGPB, PGPC, PGPD a PGPE repre-
zentuje podrodinu ABC transportnych proteinov
homologickych ABC proteinom kvasiniek S. cere-
visiae [67]. U niektorych druhov Leishmania bol
charakterizovany ABC transportér MDR1, homo-
logicky Tudskému P-gp [68-70]. Transfekénymi
experimentami sa zatial nedokazala tc¢ast MDR1
transportéra na vzniku rezistencie hostitela,
moze vSak vylucovat cytotoxické zlideniny z bun-
ky a tak zabezpecovat jej detoxifikaciu.

Entamoeba histolytica je ¢astou pri¢inou mor-
tality infikovanych pacientov. Primarna liecba
amebiaz spoliva v podavani metronidazolu
a emetinu. Rozdiely v citlivosti patogéna vodi lie-
¢ivam boli demonstrované u klinickych izolatov,
ako aj u laboratéornych kmenov E. histolytica ¢o
naznacuje, ze parazit moéze rozvinut MDR fenotyp
u infikovaného ¢loveka [71, 72]. Dosial bolo klo-
novanych a charakterizovanych Sest génov, kédu-
jucich ABC transportné proteiny E. histolytica
EhPgpl-6 [73]. ZvySena expresia dvoch génov
EhPgpl a EhPgp2 koreluje s rezistenciou patogé-
na vocéi lie¢ivam.

ABC transportné proteiny zahrnuté
v nadorovych ochoreniach

V civilizovanych krajinach sd popri kardiova-
skularnych ochoreniach ¢astou pri¢inou umrti
rakovinové ochorenia. Fenomén MDR spdésobuje
nadprodukcia ABC transportného proteinu P-gp,
ktory vylucuje chemoterapeutika z buniek nado-
rov. Bunky, vykazujice MDR fenotyp charakteri-
zuje sucasna rezistencia voéi vinca alkaloidom,
antracyklinom, taxdnom, derivitom verapamilu
a cyklosporinu A. ABC transportny protein P-gp
bol izolovany v roku 1973 z plazmatickej mem-
brany ovarialnych buniek ¢inskeho Skrecka vyka-
zujucich klasicky MDR fenotyp. P-gp (170 kDa )
pozostava z 1280 aminokyselin, ma plna dizku
s topolégiou (TMD-NBD),,. V réznych typoch rako-
vinovych buniek (aktutna myeloidna leukémia,
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Tab. 3. ABC-transportné proteiny asociované s rezistenciou voéi cytotoxickym zlaéeninam

Table 3. Drug cytotoxicity resistance associated ABC transporter proteins

ABC-transportny protein
Klasifikacia Gén Fyziologicky substrat Iné substraty
ABCA2 ABCA2 Steroidy Estramustin
ABCB1 P-gp, P-170 Fosfolipidy, neutralne a katiénové
MDRI1, PGY1 Organické zluceniny
ABCB2 TAP1 Peptidy Mitoxantrén, epipodofylotoxiny
ABCB3 TAP2 Peptidy Mitoxantron, epipodofylotoxiny
ABCB4 MDRS3, PGY3 Fosfatidylcholin Paklitaxel, vinca alkaloidy
ABCB11 BSEP, SPGY, ABC16, PGY4 | Zl¢ové soli Paklitaxel
ABCC1 MRP, MRP1 Glutation a iné konjugaty, Antracykliny, vinca alkaloidy,
organické aniony, leukotriény epipodofylotoxiny, metotrexat
ABCC2 MRP2, cMOAT Konjugaty glutationu, Platinové lie¢iva, antracykliny,
organické aniény, leukotrién C, | vinca alkaloidy, epipodofylotoxiny,
kamptoteciny, metotrexat
ABCC3 MRP3, MOAT- D, MLP2 Glukokortikoidy, zl¢ové soli, Vinca alkaloidy,
peptidy epipodofylotoxiny, metotrexat
ABCC4 MRP4, MOAT-B Organické aniony Analégy nukleidov, metotrexat
ABCC5 MRP5, MOAT-C Organické aniony, Analégy nukleotidov
cyklické nukleotidy
ABCG2 BCRP, MXR, ABCP Prazosin Mitoxantrén, antracykliny,
kamptoteciny, topotekan

nadory deti, rakovina prsnika) korelovala nadex-
presia P-gp kédovaného génom MDR1 so slabym
terapeutickym vysledkom [74-77]. V gen6me Tudi
sa identifikovalo 48 odlisnych génov kédujacich
ABC transportné proteiny, ktoré boli podla fylo-
genetickych charakteristik zatriedené do sied-
mych podrodin, ABCA, ABCB, ABCC, ABCD,
ABCE, ABCF [78, 79]. Popri géne MDR1 kéduju-
com P-gp zohravaju ABC transportné proteiny
doélezita  dlohu v atypickych  forméach
MDR, najmenej dvanast ludskych ABC transport-
nych proteinov je asociovanych s transportom lie-
Giv (tab. 3).

Dalsi ABC transportny protein bol popisany
v roku 1992 [106]. 190 kDa ABC transportny pro-
tein nadexprimovany v rakovinovej bunkovej linii
izolovanej z plic, bol nazvany MRP. Z d6vodu exi-
stencie viacerych homolégov [81] sa v stéasnosti
oznacuje ako MRP1. Spolu s regulatorom cystic-
kej fibrozy CFTR, tvori podrodinu C ABC trans-
portnych proteinov. Hoci je sekvencéna identita
MRP1 s dal$imi homolégmi MRP2-MRP6 iba
34-58 %, membranova topolédgia je u vSetkych cle-
nov podrodiny C rovnaka. V porovnani s P-gp,
obsahuje MRP1 protein na N-konci pridavnu
doménu pozostavajicu z piatich a-helixov vytva-
rajuc konfiguraciu NTE-(TMD-NBD),. Substrat-
mi MRP1 proteinu st antracykliny, vinca alkaloi-
dy, epipodofylotoxiny a metotrexat, zatial co
fyziologickymi substratmi sa pravdepodobne kon-
jugaty glutatiéonu, glukuronidu a sulfatu. MRP2
oznacovany tiez cMOAT transportuje bilirubin
glukuronid v kanikuldrnej membrane hepatocy-
tov [82]. V rakovinovych bunkach rezistentnych
voli cisplatine sa pozorovala nadexpresia protei-

nu MRP2 [83]. Transfekéné experimenty demon-
Strovali, ze MRP2 moéze udelovat bunkam rezi-
stenciu vo¢i antracyklinom, vinca alkaloidom,
epipodofylotoxinom, kamptotecinu a metotrexa-
tu. Napriek jasnej ucéasti MRP2 proteinu v nor-
malnej fyzioloégii a niektorym in vitro $tudiam
demonstrujiacim ulohu MRP2 proteinu v rezisten-
cii, presved¢ivy dékaz jeho ulohy v klinickej forme
MDR nebol zatial preukazany.

Nadexpresia proteinu MRP3 udeluje bunkam
rezistenciu voci vinca alkaloidom, epipodofyloto-
xinom a metotrexatu [84]. MRP4 zodpoveda za
rezistenciu voéi antiviralnym lie¢ivam a metotre-
xatu [85, 86]. MRP5 sprostredkoval rezistenciu
voéi tiopurinovym zltéeninam 6-mercaptopurinu,
tioguaninu a 9-(2-fosfonylmetoxyetyl) adeninu
[87]. Zatial sa nedokazala asocidcia MRP6 prote-
inu s rezistenciou voci lie¢ivam.

Tromi nezavislymi Studiami bol identifikovany
ABC transportny protein oznafeny ako BCRP
,breast cancer resistance protein [88], MXR
,mitoxantrone resistance-associated protein®
[89] a ,placenta-specific ABC gene“ [90]. 72 kDa
protein, polovi¢nej dizky s topolégiou (TMD-
NBD) tvori pravdepodobne dimér, ako funkény
transportny komplex. Vysoka expresia BCRP
proteinu v zdravej placente naznacuje, Ze fyziolo-
gickou dtlohou transportného proteinu méze
byt zachovanie placentarnej bariéry. Expresia
BCRP proteinu sa spaja s klinicky pozorovanou
rezistenciou u starSich Tudi a deti postihnutych
AML [91].

U ostatnych ABC transportnych proteinov sa
pozorovala len slabi korelacia medzi expresiou
proteinu a fenotypom rezistencie. Nadexpresia
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ABC2 proteinu prispieva k rezistencii buniek voéi
estramustinu [92] a nadexpresia dvoch podjedno-
tiek diméru asociovaného s prezentaciou antigé-
nov (TAP1 a TAP2) vedie k zvySenej rezistencii
buniek voéi mitoxantrénu a etopozidu [93, 94].

Zaver

ABC transportné proteiny sa vyskytuju vo vSet-
kych zivych organizmoch. Ich vznik sa datuje do
obdobia pred 3 biliény rokov [95]. Zohravaju dole-
zita fyziologickti tlohu v transporte réznych
molekuil cez bunkové membrany. V bunkach bak-
térii, hab, protozoi ako aj v Tudskych rakovino-
vych bunkach sa proteiny z ABC rodiny podielaju
na vzniku fenoménu mnohonasobnej rezistencie,
ktory je €asto pri¢inou neuéinnej terapie. Pozna-
nie molekularnych mechanizmov zapri¢inujucich
rezistenciu patogénnych prokaryotickych, euka-
ryotickych mikroorganizmov ako aj Tudskych
rakovinovych buniek voéi aplikovanym lie¢ivam
je preto nevyhnutné pre nasledujtci rozvoj
novych terapeutickych stratégii, ktoré by zabra-
nili vzniku rezistencie.

Literatura

1. LausSova, A., Bujdakova, H., Kettner, M. -laktamové
antibiotikd-mechanizmy  déinku a  rezistencie
u Enterobacteriaceae. Epidemiol Mikrobiol Imunol, 1997,
2, 73-80.

2. Ling, V. Multidrug resistance molecular mechanisms
and clinical relevance. Cancer Chemother Pharmacol,
1997, 40, 3-8.

3. Lowe, S. W,, Ruley, H. E., Jacks, T., Housman, D. E. p-
53-dependent apoptosis modulates the cytotoxicity of
anticancer agents. Cell, 1993, 74, 957-967.

4. McHugh, P. J., Spanswick, V. J., Hartley, J. A. Repair
of DNA interstrand crosslinks: molecular mechanisms
and clinical relevance. Lancet Oncol, 2001, 2, 483—490.

5. Lage, H., Dietel, M. Involvement of the DNA mismatch
repair system in antineoplastic drug resistance. J Cancer
Res Clin Oncol, 1999, 125, 156-165.

6. Tew, K. D., Ronai, Z. GST function in drug and stress
response. Drug Resist Updat, 1999, 2, 143-147.

7. Shen, D., Pastan, I., Gottesman, M. M. Cross
resistance to methotrexate and metals in human
cisplastin-resistant cell lines results from a pleiotropic
defect in accumulation of these compounds associated
with reduced plasma membrane binding proteins. Cancer
Res, 1998, 58, 268-275.

8. vanVeen, H. W,, and Konings, W. N. Drug efflux
proteins in multidrug resistant bacteria. Biol Chem,
1997, 378, 769-7717.

9. Sipos, G., Kuchler, K. Fungal ATP-binding cassette
(ABC) transporters in drug resistance and detoxification.
Curr Drug Targ, 2006, 7, 471-481.

10. Blackmore, C. G., McNaughton, P. A, van Veen, H. W.
Multidrug transporters in prokaryotic and eukaryotic

= o

11.

12.

13.
14.
15.
16.

17.
18.

19.
20.

21.
22.

23.
24.

25.

cells: physiological functions and transport mechanisms.
Mol Membr Biol, 2001, 18, 97-103.

Van Bambeke, F., Balzi, E. Tulkens, P. M. Antibiotic
efflux pumps. Biochem Pharmacol, 2000, 60, 457-470.
Walker, J. E., Saraste, M., Runswick, M. J., Gay, N. J.
Distantly related sequences in the alpha- and beta-
subunits of ATP synthase, myosin, kinases and other
ATP-requiring enzymes and a common nucleotide
binding fold. EMBO J., 1982, 1, 945-951.

Hyde, S. C., Emsley, P., Hartshorn, M. J. Structural
model of ATP-binding proteins associated with cystic
fibrosis, multidrug resistance and bacterial transport.
Nature, 1990, 346, 362—-365.

Paulsen, 1. T., Brown, M. H., Skurray, R. A. Proton-
dependent multidrug efflux systems. Microbiol Rev, 1996,
60, 575-608.

Barrasa, M. L., Tercero, J. A., Lacalle, R. A., Jimenez,
A. The ardl gene from Streptomyces capreolus encodes
a polypeptide of the ABC-transporters superfamily which
confers resistance to the aminonucleoside antibiotic
A201A. Eur J Biochem, 1995, 228, 562-569.

Linton, K. J., Cooper, H. N., Hunter, L. S., Leadlay, P. F.
An ABC-transporter from Streptomyces longisporoflavus
confers resistance to the polyether-ionophore antibiotic
tetronasin. Mol Microbiol, 1994, 11, 777-785.

Ross, J. I, Eady, E. A, Cove, J. H., Cunliffe, W. J.,
Baumberg, S., Wootton, J. C. Inducible erythromycin
resistance in staphylococci is encoded by a member of the
ATP-binding transport super-gene family. Mol Microbiol,
1990, 4, 1207-1214.

Guilfoile, P. G., Hutchinson, C. R. A bacterial analog of
the mdr gene of mammalian tumor cells is present in
Streptomyces peucetius, the producer of daunorubicin and
doxorubicin. Proc Natl Acad Sci USA, 1991, 88,
8553-85517.

Bolhuis, H., Molenaar, D., Poelarends, G. et al.
Proton motive force-driven and ATP-dependent drug
extrusion systems in multidrug-resistant Lactococcus
lactis. J Bacteriol, 1994, 176, 6957-6964.

van Veen, H. W., Venema, K., Bolhuis, H. et al.
Multidrug resistance mediated by a bacterial homolog of
the human multidrug transporter MDR1. Proc Natl Acad
Sci USA, 1996, 93, 10668-10672.

van Veen, H. W., Margolles, A., Muller, M., Higgins,
C. F,, Konings, W. N. The homodimeric ATP-binding
cassette transporter LmrA mediates multidrug transport
by an alternating two-site (two-cylinder engine)
mechanism. EMBO J., 2000, 19, 2503-2514.
Poelarends, G. J., Mazurkiewicz, P., Putman, M,
Cool, R. H., Veen, H. W., Konings, W. N. An ABC-type
multidrug transporter of Lactococcus lactis possesses an
exceptionally broad substrate specificity. Drug Resist
Updat, 2000, 3, 330-334.

van Helvoort, A., Smith, A. J., Sprong, H. et al. MDR1
P-glycoprotein is a lipid translocase of broad specificity,
while MDR3 P-glycoprotein specifically translocates
phosphatidylcholine. Cell, 1996, 87, 507-517.

Pohl, A, Lage, H, Muller, P., Pomorski, T., Hermann,
A. Transport of phosphatidylserine via MDR1 (multidrug
resistance 1) P-glycoprotein in a human gastric
carcinoma cell line. Biochem. J, 2002, 365, 259-268.
Margolles, A., Putman, M., van Veen, H. W., Konings,
W. N. The purified and functionally reconstituted
multidrug transporter LmrA of Lactococcus lactis
mediates the transbilayer movement of specific
fluorescent phospholipids. Biochemistry, 1999, 38,
16298-19306.

136

—



Epidemiologie 3-07

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

31.7.2007 12:07 Str. 137

Miyauchi, S., Komatsubara, M., Kamo, N. In
archaebacteria, there is a doxorubicin efflux pump
similar to mammalian P-glycoprotein. Biochim Biophys
Acta, 1992, 1110, 144-150.

Kaidoh, K., Miyauchi, S., Abe, A., Tanabu, S.,
Nara, T., Kamo, N. Rhodamine 123 efflux transporter in
Haloferax volcanii is induced when cultured under
metabolic stress by amino acids: the efflux system
resembles that in a doxorubicin- resistant mutant.
Biochem J, 1996, 314, 355-359.

Kohler, T., Michea-Hamzehpour, M., Plesiat, P.,
Kahr, A. L., Pechere, J. C. Differential selection of
multidrug efflux systems by quinolones in Pseudomonas
aeruginosa. Antimicrob Agents Chemother, 1997, 41,
2540-2543.

Poole, K., Tetro, K., Zhao, Q., Neshat, S., Heinrichs,
D., Bianco, N. Expression of the multidrug resistance
operon mexA-mexB-oprM in Pseudomonas aeruginosa:
mexR encodes a regulator of operon expression.
Antimicrob Agents Chemother, 1996, 40, 2021-2028.
Srikumar, R., Kon, T., Gotoh, N., Poole, K. Expression
of Pseudomonas aeruginosa multidrug efflux pumps
MexA-MexB-OprM and MexC-MexD-Oprd in
a multidrug- sensitive Escherichia coli strain. Antimicrob
Agents Chemother, 1998, 42, 65-71.

Srikumar, R., Li, X. Z., Poole, K. Inner membrane
efflux components are responsible for the p-lactam
specificity of multidrug efflux pumps in Pseudomonas
aeruginosa. J Bacteriol, 1997, 179, 7875-7881.
Schweizer, H. P. Intrinsic resistance to inhibitors of
fatty acid biosynthesis in Pseudomonas aeruginosa is due
to efflux: application of a novel technique for generation
of unmarked chromosomal mutations for the study of
efflux systems. Antimicrob Agents Chemother, 1998, 42,
394-398.

Li, X. Z., Zhang, L., Srikumar, R., Poole, K. §-
lactamase inhibitors are substrates for the multidrug
efflux pumps of Pseudomonas aeruginosa. Antimicrob
Agents Chemother, 1998, 42, 399—403.

Karow, M., Georgopoulos, C. The essential Escherichia
coli msbA gene, a multicopy suppressor of null mutations
in the htrB gene is related to the universally conserved
family of ATP-dependent translocators. Mol Microbiol,
1993, 7, 69-79.

Zhou, Z., White, K. A., Polissi, C., Georgopoulos, C.,
Raetz, C. R. Function of Escherichia coli MsbA, an
essential ABC family transporter, in lipid A and
phospholipid biosynthesis. J Biol Chem, 1998, 273,
12466-12475.

Chang, G. Multidrug resistance ABC transporters.
FEBS Lett., 2003, 555, 102-105.

McDonald, M. K., Cowley, S. C., Nano, F. E.
Temperature-sensitive lesions in the Francisella novicida
valA gene cloned into an Escherichia coli msbA lpxK
mutant affecting deoxycholate resistance and
lipopolysaccharide assembly at the restrictive
temperature. J Bacteriol, 1997, 179, 7638-7643.
Higgins, C. F. ABC transporters: from microorganisms
to man. Annu Rev Cell Biol, 1999, 8, 67-113.

McGrath, J. P, Varshavsky A. The yeast STE6 gene
encode a homologue of the mammalian multidrug
resistance P-glycoprotein. Nature, 1989, 340, 400-404.
Bissinger, P. H., Kuchler, K. Molecular cloning and
expression of the Saccharomyces cerevisiae STS1 gene
product. A yeast ABC transporter conferring mycotoxin
resistance. J Biol Chem, 1994, 269, 1480-1486.
Kolaczkowski, M., van der Rest, M., Cybularz-

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

= o

Kolaczkowska, A., Soumillion, J. P.,, Konings, W. N.,
Goffeau, A. Anticancer drugs, ionophoric peptides, and
steroids as substrates of the yeast multidrug transporter
Pdr5p. J Biol Chem, 1996, 271, 31543-31548.
Kolaczkowski, M., Kolaczkowska, A., Luczynski, J.,
Witek, S, Goffeau, A. In vivo characterization of the
drug resistance profile of the major ABC transporters and
other components of the yeast pleiotropic drug resistance
network. Microb Drug Resist, 1998, 4, 143-158.

Piper, P.,, Mahe, Y., Thompson. S. et al. The Pdr12 ABC
transporter is required for the development of weak
organic acid resistance in yeast. EMBO J, 1998, 17,
4257-4265.

Holyoak, C. D., Bracey, D., Piper, P. W., Kuchler, K.,
Coote, P. J. The Saccharomyces cerevisiae weak-acid-
inducible ABC transporter Pdr12 transports fluorescein
and preservative anions from the cytosol by an energy-
dependent mechanism. J Bacteriol, 1999, 181,
4644-4652.

Servos, J., Haase, E., Brendel, M. Gene SNQ2 of
Saccharomyces cerevisiae, which confers resistance to 4-
nitroquinoline-N-oxide and other chemicals, encodes
a 169 kDa protein homologous to ATP-dependent
permeases. Mol Gen Genet, 1993, 236, 214-218.
Katzmann, D. J., Hallstrom, T. C., Voet, M., Wysock,
W., Golin, J., Volckaert, G., Moye-Rowley, W.
S. Expression of an ATP-binding cassette transporter-
encoding gene (YOR1) is required for oligomycin
resistance in Saccharomyces cerevisiae. Mol Cell Biol,
1995, 15, 6875-6883.

Decottignies, A., Grant, A. M., Nichols, J. W., de Wet,
H., McIntosh, D. B., Goffeau, A. ATPase and multidrug
transport activities of the overexpressed yeast ABC
protein Yorlp. J Biol Chem, 1998, 273, 12612—-12622.
Rebbeor, J. F., Connolly, G. C., Dumont, M. E.,
Ballatori, N. ATP-dependent transport of reduced
glutathione on YCF1, the yeast ortologue of mammalian
multidrug resistance associated proteins. J Biol Chem,
1998, 273, 33449-33454.

Wood, V, Gwilliam, R., Rajandream, M. A. et al. The
genome sequence of Schizosaccharomyces pombe. Nature,
2002, 415, 871-880.

Nishi, K., Yoshida, M., Nishimura, M. et al.
A leptomycin B resistance gene of Schizosaccharomyces
pombe encodes a protein similar to the mammalian P-
glycoproteins. Mol Microbiol, 1992, 6, 761-769.

Turi, T. G., Rose, J. K. Characterization of a novel
Schizosaccharomyces pombe multidrug resistance
transporter conferring brefeldin A resistance. Biochem
Biophys Res Commun, 1995, 213, 410-418.

Sanglard D., Odds, F. C. Resistance of Candida species
to antifungal agents: molecular mechanisms and clinical
consequences. Lancet Infect Dis, 2002, 2, 73-85.
Prasad, R., De Wergifosse, P., Goffeau, A., Balzi, E.
Molecular cloning and characterization of a novel gene of
Candida albicans, CDR1, conferring multiple resistance
to drugs and antifungals. Curr Genet, 1995, 27, 320-329.
Sanglard, D., Ischer, F., Monod, M., Bille, J. Cloning
of Candida albicans gene conferring resistance to azole
antifungal agents: characterization of CDR2, a new
multidrug ABC transporter gene. Microbiology, 1997, 143,
405-416.

Mammun, Y. M., Shiiller, C., Kuchler, K. Expression
regulation of the yeast PDR5 ATP-binding cassette (ABC)
transporter suggests a role in cellular detoxification
during the exponential growth phase. FEBS Lett., 2004,
559, 111-117.

Epidemiologie, mikrobiologie, imunologie

137

—



Epidemiologie 3-07

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

31.7.2007 12:07 Str. 138

Sharma, K. G., Mason, D. L., Liu, G., Rea, P. A,,
Bachhawat, A. K., Michaelis, S. Localization,
regulation and substrate transport properties of Bptlp,
a Saccharomyces cerevisiae MRP-type ABC transporter.
Eukaryot Cell, 2002, 1, 391-400.

Olliaro, P., Cattani, J., Wirth, D. Malaria, the
submerged disease. J Am Med Assoc, 1996, 275, 230-233.
Wilson, C. M., Serrano, A. E., Wasley, A,
Bogenschutz, M. P., Shankar, A. H.,, Wirth, D. F.
Amplification of a gene related to mammalian mdr genes
in drug-resistant Plasmodium falciparum. Science, 1989,
244, 1184-1186.

Zalis, M. G., Wilson, C. M., Zhang, Y., Wirth, D. F.
Characterization of the pfmdr2 gene for Plasmodium
falciparum. Mol Biochem Parasitol, 1993, 62, 83-92.
Bozdech, Z., Delling, U., Volkman, S. K., Cowman,
A. F, Schurr, E. Cloning and sequence analysis of
a novel member of the ATP-binding cassette (ABC)
protein gene family from Plasmodium falciparum. Mol
Biochem Parasitol, 1996, 81, 41-51.

Cowman, A. F., Karez, S., Galatis, D., Culvenor, J. G.
A P-glycoprotein homologue of Plasmodium falciparum is
localized on the digestive vacuole. J Cell Biol, 1991,
113,1033-1042.

van Es HH, Renkema, H., Aerts, H., Schurr, E.
Enhanced lysosomal acidification leads to increased
chloroquine accumulation in CHO cells expressing the
pfmdrl gene. Mol Biochem Parasitol, 1994, 68, 209-219.
Hirst, S. 1., Stapley, L. A. Parasitology: the dawn of
a new millennium. Parasitol Today, 2000, 16, 1-3.
Faraut-Ganbarekke, F., Piarroux, R., Deniau, M. et
al. In vitro and in vivo resistance of Leishmania
infantum to meglumine antimoniate: a study of 37
strains collected from patients with visceral
leishmaniasis. Antimicrob Agents Chemother, 1997, 41,
827-830.

Légaré, D., Cayer, S., Singh, A K., Richard, D.,
Papadopoulou, B., Ouellette, M. ABC proteins of
Leishmania. J Bioenerg Biomembr, 2001, 33, 469-474.
Papadopoulou, B., Roy, G., Dey, S., Rosen, B. P,
Ouellette, M. Contribution of the Leishmania P-
glycoprotein-related gene ltpgpA to oxyanion resistance.
J Biol Chem, 1994, 269, 11980-11986

Légaré, D., Hettema, E., Ouellette, M. The P-
glycoprotein-related gene family in Leishmania. Mol
Biochem Parasitol 1994, 68, 81-91.

Henderson, D. M., Sifri, C. D., Rodgers, M., Wirth, D.
F., Hendrickson, N., Ullman, B. Multidrug resistance
in Leishmania donovani is conferred by amplification of
a gene homologous to the mammalian mdrl gene. Mol
Cell Biol, 1992, 12, 2855-2865.

Chiquero, M. J., Perez-Victoria, J. M., O’Valle, F. et
al. Altered drug membrane permeability in a multidrug-
resistant Leishmania tropica line. Biochem Pharmacol,
1998, 55, 131-139.

Katakura, K., Iwanami, M., Ohmoto, H., Fujise, H.,
Hashiguchi, Y. Structural and functional analysis of the
LaMDR1 multidrug resistance gene in Leishmania
amazonensis. Biochem Biophys Res Commun, 1999, 255,
289-294.

Cedeno, J. R., Krogstad, D. J. Susceptibility testing of
Entamoeba histolytica. J Infect Dis, 1983, 148,
1090-1095.

Samarawickrema, N. A., Brown, D. M., Upcroft, J.
A. Thammapalerd, N., Upcroft, P. Involvement of
superoxide dismutase and pyruvate:ferredoxin
oxidoreductase in mechanisms of metronidazole

= o

73.
74.

75.
76.

77.

78.
79.

80.
81.
82.

83.

84.
85.

86.

87.

88.

89.

resistance in Entamoeba histolytica. J Antimicrob
Chemother, 1997, 40, 833-840.

Gomez, M. D., Perez, D. G., Ayala, P., Samuelson, J.,
Orozco, E. Physiology and molecular biology of
multidrug resistance in Entamoeba histolytica. Arch Med
Res, 1996, 27, 421-425.

Chan, H. S., Haddad, G., Thorner, P. S. et al. P-
glycoprotein expression as a predictor of the outcome of
therapy for neuroblastoma. N Engl J Med, 1991, 325,
1608-1614.

Pirker, R., Wallner, J., Geissler, K. et al. MDR1 gene
expression and treatment outcome in acute myeloid
leukemia. J Natl Cancer Inst, 1991, 83, 708-712.
Arceci, R. J. Clinical significance of P-glycoprotein in
multidrug resistance malignacies. Blood, 1993, 81,
2215-2222.

Baldini, N., Scotlandi, K., Barbanti-Brodano, G. et
al. Expression of P- glycoprotein in high-grade
osteosarcomas in relation to clinical outcome. N Engl J
Med, 1995, 333, 1380-1385.

Venter, J. C., Adams, M. D., Myers, E. W. et al. The
sequence of the human genome. Science., 2001, 291,
1304-1351.

Dean, M., Rzhetsky, A., Allikmets, R. The human ATP-
binding cassette (ABC) transporter superfamily. Genome
Res, 2001, 11, 1156-1166.

Cole, S. P, Bhardwaj, G., Gerlach, J. H. et al.
Overexpression of a transporter gene in a multidrug-
resistant human lung cancer cell line. Science., 1992, 258,
1650-1654.

Borst, P., Evers, R., Kool, M., Wijnholds, J. A family of
drug transporters: the multidrug resistance-associated
proteins. J Natl Cancer Inst, 2000, 92, 1295-1302.
Konig, J., Niest, A. T., Cui, Y., Keppler, D. Conjugate
export pumps of the multidrug resistance protein (MRP)
family: localization, substrate specificity, and MRP2-
mediated drug resistance. Biochem Biophys Acta, 1999,
1461, 377-394.

Taniguchi, K., Wada, M., Kohno, K. et al. A human
canalicular multispecific organic anion transporter
(cMOAT) gene is overexpressed in cisplastin-resistant
human cell lines with decreased drug accumulation.
Cancer Res, 1996, 56, 4124-4129.

Kolo, M., van der Linden, M., de Haas, M. et al.
MRP3, an organic anion transporter able to transpor
anti-cancer drugs. Proc Natl Acad Sci USA, 1999, 96,
6914-6919.

Schuetz, J. D., Connelly, M. C., Sun, D. et al. MRP4:
A previously unidentified factor in resistance to
nucleoside-based antiviral drugs. Nat Med, 1999, 5,
1048-1051.

Chen, Z. S., Lee, K., Walther, S. et al. Analysis of
methotrexate and folate transport by multidrug
resistance protein 4. (ABCC4): MRP4 is a component of
the methotrexate efflux system. Cancer Res, 2002, 62,
3144-3150.

Wijnholds, J., Mol, C. A.,, van Deember, L. et al.
Multidrug-resistance protein 5 is a multispecific organic
anion transporter able to transport nucleotide analogs.
Proc Natl Acad Sci USA, 2000, 97, 7476-7481.

Doyle, L. A,, Yang, W., Abruzzo, L. V. et al. A multidrug
resistance transporter from human MCF-7 breast cancer
cells. Proc Natl Acad Sci USA, 1998, 95, 15665-15670.
Miyake, K., Mickley, L., Litman, T. et al. Molecular
cloning of ¢cDNAs which are highly overexpressed in
mitoxantrone-resistant cells: demonstration of homology
to ABC transport genes. Cancer Res, 1999, 59, 8-13.

138

—



Epidemiologie 3-07

90.

91.

92.

93.

31.7.2007 12:07 Str. 139

Allikmets, R., Schriml, L. M., Hutchinson, A.,
Romano-Spica, V., Dean, M. A human placenta-specific
ATP-binding cassette gene (ABCP) on chromosome 4q22
that is involved in multidrug resistance. Cancer Res,
1998, 58, 5337-5339.

Steinbach, D., Sell, W., Voigt, A., Hermann, J., Zintl,
F., Sauebrey, A. BCRP gene expression is associated
with a poor response to remission induction therapy in
childhood acute myeloid leukemia. Leukemia, 2002, 16,
1443-1447.

Laing, N. M., Belinsky, M. G., Kruh, G. D. et al.
Amplification of the ATP-binding cassette 2 transporter
gene is functionally linked with enhanced efflux of
estramustine in ovarian carcinoma cells. Cancer Res,
1998, 58, 1332-1337.

Izquierdo, M. A., Neefjes, J. J.,, Mathari, A. E.,
Flens, M. J., Sheper, G. L., Sheffer, R. J.
Overexpression of the ABC transporter TAP in

= o

94.

95.

multidrug-resistant human cancer cell line. Br J Cancer,
1996, 74, 1961-1967.

Lage, H., Perlitz, C., Abele, R. et al. Enhanced
expression of human ABC-transporter tap is associated
with cellular resistance to mitoxantrone. FEBS Lett,
2001, 503, 179-184.

Saier, M. H., Jr, Paulsen, 1. T., Sliwinski, M. K., Pao,
S. S., Skurray, R. A., Nikaido, H. Evolutionary origins
of multidrug and drug-specific efflux pumps in bacteria.
FASEB J., 1998, 12, 265-274.

Do redakce doslo 9. 2. 2007

Prof RNDr. Y. Gbelska, CSc.
Prirodovedeckd fakulta — UK
Katedra mikrobiolégie a virolégie
Mlynska dolina B-2

842 15 Bratislava

Slovenskad republika

e-mail: gbelska@fns.uniba.sk

%Sf |n
P P

A ZDRAVI

ROSTLINY PRO POSILENI ORGANISMU

Ivan Jablonsky, Jifi Bajer
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