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FENEL D &, BEIRFC TR /R & DRB D
N&7isbd (ABC KT 2 AR—F—DERNESELTE
LTXik1E225H). fit> T, ABCh 7 > AR —
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0, Candida albicans 215D & 5 FHEHFEEEFE NS
HENPEH 2D ABC b T > AR —F —#BTNKL &
raO— At N, N5 OEERICEE T 2 8®E RN T
BINTEL BER, b AR—F—DEENER
HICED XD ITHIF SN TS D, KEERICZAER b
EMEEDLDICHEEE L THBT 200, ATP DS
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L TIN5 ABC b T 2 AR—% — DA 4 HAHERE
WA E VD FERICB L E L > TS, ITEOMEE
FHIIEIZ BT % ABC kT > AR —% — T DHERIT
HE-ST, HEEEDABC b7 > AR—F—IZDNTH
FLWHANMESNDDH D, 205 Z2Fh kg OUFFLHE
ERATHRIT Uiz,

I8 & HEEE — ATP DIK DRI L 2 EFR OHEE

HE O PDR (pleiotropic drug resistance) 7 7 I U —
BELUE kD pglycoprotein Z B2 &> T, ABC ~T >
AR—F =DK% Fig. 11TRLEZ. ZNH5D KT >
AR—4 — D — R IE, ATP #5558 (nucleotide
binding domain; NBD) & iz 6 [0 &9 2 Bk
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TMD (transmembrane domain)
eXtrace”u'ar .........................
iraceliufar ™ RN AL
N ~——
NBD (nucleotide binding domain)
(NBD-TMD), (TMD-NBD),
eg C. albicans Cdr1p, Cdr2p eg H. sapiens ABCB1
C. glabrata Cdr1p, Pdh1p (P-glycoprotein)
S. cerevisiae  Pdr5p
B
N-terminal NBD Walker A ABC signature Walker B
ScPdr5p 191 VLGRPGSG(CITL----307 RGEVSGGERKRVS----335 ATRGLDSATA
CaCdrlp 185 VLGRPGAGCSTL----301 RGEVSGGERKRVS----329 ATRGLDSATA
CaCdr2p 183 VLGRPGAGCSTL----299 RGEVSGGERKRVS----327 ATRGLDSATA
CgCdrlp 180 VLGRPGSGCITL----296 RGVSGGERKRVS----324 ATRGLDSATA
CgPdhlp 190 VLGRPGSGCITL----306 RGVSGGERKRVS----334 ATRGLDSATA
HsABCB1 424 LVGNSGCGKSTT----528 AQLSGGQKQRIA----548 KILLLDEATS
C-terminal NBD Walker A ABC signature Walker B
ScPdr5p 903 LMGASGAGKITL---1008 EGLNVEQRKRLT---1037 PTSGLDSQTA
CaCdrlp 893 LMGASGAGKITL----999 EGLNVEQRKRLT---1028 PTSGLDSQTA
CaCdr2p 891 LMGASGAGKITL----997 EGLNVEQRKRLT---1026 PTSGLDSQTA
CgCdrlp 891 LMGASGAGKITL----996 EGLNVEQRKRLT---1025 PTSGLDSQTA
CgPdhlp 919 LMGASGAGKTITL---1024 EGLNVEQRKRLT---1053 PTSGLDSQTA
HsABCB1 1067 LVGSSGCGKSTV---1173 TQLSGGQKQRIA---1194 HILLLDEATS

Fig. 1. A. Schematic representation of the predicted membrane topology of prototypic fungal and human full-size ABC transporters.

B. Sequence comparison of conserved motifs within fungal ABC transporter NBDs (compared with HsSABCB1). Conserved
amino acid sequences of S. cerevisiae Pdr5p, C. albicans Cdrlp (CaCdrlp), Cdr2p (CaCdr2p), C. glabrata Cdrlp (CgCdrlp)
and Pdhlp (CgPdhlp) are aligned. Conserved amino acid motifs within nucleotide binding domains (NBDs) are boxed.
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MREAL (HLS, REXRT—F). —F, HFEEHH
Saccharomyces cerevisiae D EFN P 2 S b 5 > X R —
& — Pdrp IZBWTH, CAUiH NBD D Walker A motif
12 G905S & G908S D [FRFE ML U e B HMIE YV —
IVEITEZSEI050 D E WD HEN/BR I N TS,
DEDZENS 2D ATP FEEMHEEITI A WIT L <Y
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—K, S. cerevisiae @ Pdr5p Tl, TMD10 ® S1360 787 —
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EHNIBEOT 2T —MlEEADY =51 >
TIEEEIN TR TERENTERICHER TS E0W5 616
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OIERFHICET 5T —FIdbTNICHAIN S ITRE
NN, GET 2 B &R R DOBERICDNT
OIERNBRET DI ONT, RERE GEFEEE) ©
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K, NI AR—F—OEBITHESBRNE DR (EEM
fasticPk S iz < v EHORB LT, /bbb,
5 2N B OREIEITHE D WA D T A AT R
SMb L7,

4B R

ABC b7 > AR—%—I3F, BRI - EALHINE 2
TIEIERMBOBICHEEL, B, 72 /%, I8, £
&2 EDREFOIO A, M DRBIE DR
FHEWE O 72 & 27> THlLOE 2 D=0 D
HELOEEZREZLTWSL2, HEODABC b5 22
R—% —H AN O P LIS, Table 1123 F & D7
fix QEFMREZ IS TWD I EMEHIN TN DA,
FETITREIHI N TN,

HEOMAAAER &S ABC b T > AR—F —OFRHICH
HLU TW LS DN DOBEIRIRNBERNH S, C. glabrata D 2
Fa> RY 7KK DM /R (petite mutant)
T, Cdrlp %> Pdhlp OFEBNTIE L, #RAITT Y —
JVEITE & 722 18 19 & 72 MR B3 A1 48 5 038 AT
Ko TEHMBNIERFEENEC TS T > AR—F =0
BREBRL, 7 aF = IVEZENK T 520§,
cerevisiae CH R ENTR D 5N TWVWBMN, ZNIiZid
S ha2RY Y TADHIE%ZZ1F TW5 zine cluster
family D¥2 G [ PDR3AY, 2 ha > KU 7 OIHRIC
o THIFEN S BRI N, ZDOXE RO PDR5 DIEB %
FUET D EVIRRXNEBEZ SN TND D, T x &R
FOBE I — AEHT C. glabrata %1533 % &, CDRI,
PDHI, ERGI] (L) dATO— )L ERHEELET) O
FEMNTUEL, 7N TF —IVEZENEFT 2%
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Table 1. Fungal ABC transporters and putative physiological functions

Fungal species AJ,SC Putative substrates Putative physiological Reference
transporter functions
Saccharomyces Pdr5p Azoles and other Transport of steroid 54, 55, 56
cerevisiae xenobiotics substrates 57
and mycotoxins
Snq2p 4-nitroquinoline N-oxide 58, 59
and other xenobiotics
Pdr12p Weak acids Acid resistance 60
Yorlp Oligomycin 61
Ycflp Heavy metal (cadmium) Heavy metal resistance 62
Ste6p a-factor Export of a-factor mating 63
pheromone
Auslp Ergosterol Sterol uptake 24
Pdrllp Cholesterol
Candida Cdrlp Azoles and other Human steroid hormones 64, 65
albicans Cdr2p xenobiotics ( B-estradiol and 66
Phospholipid corticosterone) transport or 67, 68
phospholipid flippase
Cdr3p Phospholipid 12, 68
Hst6p a-factor Export of a-factor mating 69
pheromone (Ste6p and
mammalian P-glycoprotein
orthologs)
C. glabrata Cdrlp Azoles and other 15, 52, 70
Pdhlp xenobiotics 71
C. krusei Abclp Fluconazole, miconazole 72
cycloheximide
Cryptococcus Mdrlp Azoles and other 73
neoformans Afrlp ] xenobiotics 74
Afr2p (unpublished data)
Aspergillus Mdr4p Itraconazole 75
fumigatus
A. nidulans AtrBp Cycloheximide, azoles 76
AuDp Cycloheximide and other 77

cytotoxic compounds

BRI RS, RERT—F). 2o o fifps
N30, WHROETITHES THORHBRERNED D,
MRANICER L = OEEMIZEE ABC KT > X
A= —NHEE U TRHEL, MM T 572012
ZFOHENEEDENDIETHD. IHRMEMIED C.
albicans TV SE2 R Z £ CIT< <, £2MIC
BIL T/ O—Z5REZ TR0, ZOBRITE
TOWMEIIEZRN. BIRAITHKASEN T T C glabrata
® ERGII BN TTHET 5 D1%, T)VIAT0—IL &K
EERIT K DA FIERISMELIIITIE Z 5 728, HR#E
SIENTRN o G ERHRIREE LT I & TRINHE
EEOTHET D END KO BEHIHAGSINE< 720 &
Abns.

IR S BERE D HITIE Y — VBN U T in vitro Tk
ZRERTIONNO5T, EFOHRBRHROM SN
WIEMNH S, in vitro & in vivo D ZEFIZEAMG I e HE AT A
5N5ZEFHEDHKRIZBNTIIEBL <RWR, I
IZABC kT 2 AR—F =03 —£n> TW D e R

IOWMEITH SN D, Aspergillus fumigatus 13 A T 0 —)b
OfifANEREREZRE L THO, 7V —IVANICL > TX
TO—)VOERNPEEZEINTHE MRNTIZIREBE R T
O—)VEROADZ ENTE, EXOMREEMTES
ENSHDTH 2. ft> TMICHIEITIZEEHHIZT
VAT O =)V EMATTIINE O EEITENGEFIC 82 &
WOIRTEN D 5. S. cerevisiae TH Table 112ZF =X D
12, A7 0 =)L ORIaN#E 24 S ABC b7 > AR—
% — Auslp & Pdrllp 8 R D 7> TWwadM, F/C
glabrata T, FOERT ) LADORHENEIAK T LY, X
TO—=)LORENIRDAAZILDS ABC b T > AR —
F—H )N EREFRICHETLEL TV D (hitp://cbi.
labri.fr/Genolevures/C_glabrata.php) . %% R~ 4 EH O
N2 PHIERT AT ZIEFHEINO —#& %2/ E5T
B, AEPEFOIEHZFEET 57201 A TW3T
WO IR AR A DA 5 NI 212D TH, ERBEIED KT
ZACITE AR RNR O & W IEEE DR N 5.
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5 P AR—Y —DBITHBZHIHT 28 G HTIT
DNTIX, S. cerevisiae TIHROB XK FARSGNTH O, KE
H75® D & LT Zine (2)-Cysteine (6) DNA binding motifs
% H D binuclear zinc cluster family (PDRI, PDR3) &
basic region-leucine zipper domain % % D bZip & >\
78 (Yap family) O “FfEEOEG K T2 T 50
%% JiED T I — T @S HEmGR T & L TIE PDRI
BRUPDR3MZE T 51, T 5 DR T EME PDRS
O 7 OE—% —f#EE D pleiotropic drug response element
(PDRE) IZ#EE LTI 2 AR—Y —DFEBZ{EiET
5. xR DHESL U T2 S, cerevisiae DFEBL R, F815S DA
B Z U= PDRI (pdr]—Sla gain-of-function allele) 27)
EPDRSDTOE—F—ZFHLTHD, TO FRITHR
CTBEBETERS LRI ST, BAD T 2 AR—
5 —OERBEE AL TOBD. —F, HH0 bZip
ZONIVEZRT 28E KT & LTI YAPL (Yeast
activator protein) & D, TAUIFEILAY A b L XTIk
BELTHARIVLAMEZMNEGTZ T AR—% —
Yeflp 2§ L T W 32, C glabratalZ B TH 8.
cerevisiae D PDRIFELI D G K T O FE N = & 1,
CgPdrlp ® P927L 28 12 & - T CDRI & PDHI 7331
EREB L 27— VIR DY in vitro THrEES 1T W
5. LML, Wi hT 2 AR—F—NEREHT 26D
59 CgPdrlp DA EMNFED 5N WK B D &
0, T5ICHNOEGEHRTNEET 2 REDK> T
Z, 30

C. albicans D 7 *J — )V it 1 B IR 53 B #% 2% CDR1 &
CDR2 Z [AFF I BB 2 Z L3 X <HENTNDW,
Wi b7 > AR—5 — 3 EEBHO R THER D H 205,
AR T OMFE LA m < FEBHI AR I3 @ R % .
i, M b T 2 AR —%— % @Il # 9 3 zinc
cluster family D#E KT TACI [FEE I N7z, T7xb
% CDRI & CDR213 & B IZ TACI @ # & § 5 drug-
responsive element (DRE) % /0 & — % — fH Ik I £F
5, TACIIZ X > TIEOHlHNZ I N 5. FIRFEN Z
ETTHPERR HI SR @ TACI T TACI BY M ZHIHH T 5 &,
RZMERHESROZNTHA L 256 K0 @m0t 1G
5N%. BESL TACIITA U ER (gain (oss)-of-
function) WBRL TWB EFHIN, S. cerevisiae DL
BIKTF &[RRI RIS D 5N TN B 27 3 7235 CDRI
IZDWTIE TACI ZBHEL THDOITNREBNA SN D
DT, MOEFRHET OHHEZ T CTHSREED H 5.
% D —D A zinc finger motif % & V¥4 5. [KIF FCRI T,
C. albicans T3 FCRI BIEIZ XD 7 =)Vttt &£ 72 %.
> T FCRIVE TACI 13T, ADHIHZT 2D TH
%5. LML, Pdrlp, Pdr3p DAERIZ K> TT VJ— )L
ZMNZIR o 72 S, cerevisiae \Z FCRI ZEAT % &, Wil
ZHEMEFT 20T, FHUERGRFTHAROEREE
EORBEICBINIZGEIIRRLEHEEZRTONDL
N2V TACIHIZ b T Y AR—F —BETOENTD,
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HLTWBEDITHEY. ZNEOEER TS
cerevisiae D PDRI % PDR3 DGE & [HIARIC, Kk & 75 LR
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W5, FEBEA RN L AMEEZDNI ESTNE D,
BEEREPME S OBEAVRE I N TS W,

DL EZT 72 M8 2 DB IR T O FE 78 & 12 DWW T,
SRR I N RETH 5. TR, 5 HH
DFy NT—7 OEGEEET 2 EHEET, BEC
ERAMLEINTALWDNA YA 707 LA DSHEBRENES
BEEAMLDDH DY Z OHTEIZA S 2] Re
D - PR TH 50, BoizTr—5 DLW
FHERES SICRLET D ZENEETH D.

U BAEIC K BIEEFRER

& 2N BINERNTIER ICHERET 5 7201213, FEH
e TN, U > B L5 ORIERBEEN, Y] 7/835
AT O, HIXELWY A I DT THfEINS Z &
MHETH D, ¥ NI EOREZEMOUIZEL, TE
FHLUWREZZRTTEREN, v THMENT 75
ROFERLETFETHDY NI EDY VEBEALERY
CEERE LS NS EEHINTERZ. ABC b T > AR—
H—DU UELICBEL TS, ZNETICE MDY 2N
BEFLZWSDMhDOFINHFESINTWS. IV AT
0= VIEED NIV AR—F—ThHbHEEZLN
TW2 ABCAL 3#EHEOFF—FickoTY VgL
0, U IR PEHIE S ABCAL H & O & hR, 70 iR
ST S AT D+ 49 B P AR AEE O 5 K38 51 2
MTHO, CI-F ¥ *JVTdhSCFITR (ABCC7) 1370
FA4rFF—FA PRAY BLOTOF1 >FF—F
C (PKO) T&oTYU VELESNBZZET, FvrIViG
ORI N2 Y. FHHEBEEH RS > A R—7 -0
MRP2 (ABCC2) 1%, C A ¥%ilZ d % PDZ (PSD-95/D1h/
701 OE 5 >NV EDRMEEHET @E 25 DY
DINUE) BEEEF—TMPRCIZE-TY VBl H
5 &EPDZY NV EEOHMENELL, MNOF
EDREINZ®. EHO RN T AR—F—IZDNT
b, UVBEIZESHI#EOFNHE TN TS, HEFRE
B@ Pdrdp TIE420 KB >0 AE1 > FF—1
WX TYU VB EN, & 2N EH O fREE
fixhs®, ZnsoflERTHIN5ED1Z, ABC ~
T UAR—Y —O&EFFF—Yick DU VB, T
CAR—F —OHEERMBNREEO > hOo—)L L, £
MU XK > THIIE s s AR B 0 281k, Mlfast X
ML ZBEIZKIETHDTHAS. LinL—K4T, il
fiZBNWTEFEHL, busHl 285 b5 > AR—
4 — MDR1 (ABCB1) |3 PKA % PKC IZ& > TU > (L
BTN, TS0 CEAIZFUEAIPEHNEE IS
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Fig. 2. Phosphorylation of C. glabrata Cdrlp and Pdhlp.

A. C. glabrata Cdrlp- or Pdhlp- expressing S. cerevisiae strains (CDR1-AD or PDH1-AD, respectively) were glucose-

starved in glucose-free medium and then treated with 0-100 mM glucose for 10 min. Membrane fractions from

those cells were analyzed with anti-pAkts antibody. Filled arrowheads show ABC transporter protein bands. Open

arrowheads indicate Pmalp.

B. Glucose-starved CDR1-AD or PDH1-AD cells were stressed as indicated or treated with 100 mM glucose for 10 min.
Stress experiments that included 1 mM glucose are indicated.

BERIZIRNENWIHEDHD, RMOFF—HIizk
5 EBALOSIETERENCE D > TWA RS B2 501
%)50’ 51)'

FL4IETNETIT, C glabrata D ABC k Z AR —
% — Cdrlp, Pdhlp IZ DWW TAELFW M@ 2T\, &
B 5 HMRH L NS A b LRI & o TIE MR
EZTHENSI T EERWELE Z0BOEHRTIN
5D 8T AR —5 1) CELIC K DIEERE 2521
BZENHELSMIES DT, LFICEOMEZBNT
2 15, 52).

Cdrlp & Pdhlp D) »EAEIC K S HERETRER
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Fig. 3. Effect of phosphorylation on pump function.

A. The nine putative phospho-Akt substrate antibody recognition sites of C. glabrata Cdrlp are shown (M1-M9). The
conserved motifs of the nucleotide binding cassette, Walker A, B, and ABC signature are indicated, and twelve
transmembrane spans are depicted with gray bars. CDRI-M1 through CDR1-M9 yeast strains, whose Ser or Thr
residues were replaced by Ala at each M1-M9 site, were constructed.

B. The phosphorylation of phospho-Akt substrate antibody recognition sites of CgCdrlp was analysed. The S.
cerevisiae recombinants CDR1-AD, the point mutants CDR1-M1, CDR1-M2, CDR1-M4 and CDR1-M1,2 were glucose-
starved and then treated with 100 mM glucose for 10 min. M4-M9 gave essentially identical profiles.

C. Susceptibility of CDR1-AD and its parent and mutant strains to antifungal drugs. Filter disks containing drugs were
applied to the plates. Concentrations of drugs applied to the sensitive parent strain pSK-AD and the other four
strains were 10 and 120 g of fluconazole, 0.02 and 8 /tg of ketoconazole, and 20 and 300 /g of terbinafine HCI,

respectively.
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ABC (ATP binding cassette) transporters consist of transmembrane domains which confer specificity, and
structurally conserved nucleotide binding domains that contain highly conserved amino acid motifs. They
act not only as transporters but also as receptors or channels that use energy generated by ATP hydrolysis.
ABC transporters are widely dispersed in nature. They are found in cells ranging from prokaryotes
(bacteria) to eukaryotes (including humans) and several are considered to play crucial roles in cellular
homeostasis. Defects in ABC transporters in humans are associated with severe diseases such as type 2
diabetes and cystic fibrosis. Some ABC transporters extrude xenobiotics and confer resistance to
chemotherapeutics on microbial pathogens and cancer cells. Thus ABC transporters are of considerable
medical importance. Structure-function analysis of ABC transporters has begun to elucidate their
mechanisms of substrate recognition, the functional regulation of ATP-binding and hydrolysis and to
identify intrinsic physiological functions. In pathogenic fungi, ABC transporters contribute to the clinical
problem of drug resistance. The application of new technologies to the examination of fungal ABC
transporter function is providing new insights into the use of antifungal drugs in medical mycology and
contributing to a better understanding of these important membrane proteins.
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