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To identify genes that can confer resistance to antimalarial drugs in yeast, we transformed the quinidine-
sensitive strain CYX247-9A of Saccharomyces cerevisiae with a yeast genomic library and selected for trans-
formants that grow in the presence of elevated levels of antimalarial drugs. Plasmids were rescued from such
clones and were analyzed for the presence of individual open reading frames that can confer drug resistance.
Using quinidine as the selective drug, we were able to identify three genes that can cause resistance to
antimalarial drugs. Overexpression of the yeast genes CIN5 (a member of the family of bZIP transcription
factors), STI1 (a Hsp90 cochaperone), and YOR273c¢ (a member of the major facilitator superfamily of
transmembrane transporters) conferred 3.9-, 7.0-, and 4.3-fold resistance to quinidine, respectively, over that
of control yeast. Cross-resistance assays determined that STII also conferred resistance to mefloquine (3.4-
fold), while CIN5 also conferred resistance to mefloquine (9.6-fold) and chloroquine (5.4-fold). Using meflo-
quine as the selective drug, we determined that overexpression of YBR233w, a member of the hnRNPK family
of nuclear RNA binding proteins, conferred resistance to mefloquine (13.5-fold). Expression of the human
hnRNPK homolog of YBR233w in S. cerevisiae also conferred mefloquine resistance, suggesting that homologs
of the identified resistance genes may perform similar functions in species other than yeast. Our experiments
have identified heretofore unknown pathways of resistance to quinoline ring-containing antimalarial drugs in
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S. cerevisiae.

Malaria is a major infectious disease, with 200 million to 300
million cases worldwide causing an estimated 2 million deaths
annually. The emergence of drug-resistant strains of Plasmo-
dium falciparum, the parasite that causes the most severe form
of human malaria, represents one of the predominant prob-
lems in malaria control. Since its first manifestation in the
1960s, resistance to quinoline-containing antimalarial drugs,
such as chloroquine (CQ) and quinine (QN), has spread to all
regions where malaria is endemic (6, 51). One plasmodial gene
which may function in resistance to quinoline-containing anti-
malarial agents is pfimdrl (P. falciparum multidrug resistance
[21]). Recent data have suggested a role for pfimdrl in the
resistance to mefloquine (MQ), QN, and halofantrine in field
isolates and cultured lines of P. falciparum (15, 33, 50). Like-
wise, heterologous expression of different allelic forms of
pfmdrl has been shown to modulate cellular resistance to quin-
oline-containing drugs (35, 43, 47). A gene localized to chro-
mosome VII of P. falciparum has been shown to have a major
role in CQ resistance on the basis of linkage and haplotype
analyses with resistant and susceptible parasites (40). However,
it is clear that these two genes cannot explain the full spectrum
of quinoline drug resistance observed in regions where malaria
is endemic. Given the low amount of genetic information avail-
able and the severity of the problem of antimalarial drug re-
sistance, the identification of additional drug resistance genes
is crucial for obtaining a better understanding of drug resis-
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tance mechanisms in order to develop more specific and more
efficient therapeutic tools.

Transfection of P. falciparum is still in its beginning, and
functional analysis of plasmodial genes through gene expres-
sion experiments has largely been done with heterologous ex-
pression systems such as mammalian cell cultures, the yeast
Saccharomyces cerevisiae, or Escherichia coli. To identify novel
genes that can give rise to quinoline drug resistance, we have
decided to use a screening approach that is based on the
overexpression of yeast genes in S. cerevisiae. This choice was
influenced by the ease with which genes can be expressed in S.
cerevisiae, the availability of extensive genetic tools for yeast
and the ready access to the entire sequence of the S. cerevisiae
genome which allows easy identification of open reading
frames (ORFs) through the sequencing of small DNA seg-
ments followed by database searches. A possible drawback of
this approach is that S. cerevisiae and P. falciparum are two
fundamentally different organisms. Hence, the mechanisms of
quinoline drug resistance in yeast may not apply to Plasmo-
dium. On the other hand, experimental evidence suggesting
that the principles of drug resistance mechanisms have been
conserved among phylogenetically distant organisms has re-
cently accumulated (6). In this report, we describe the use of S.
cerevisiae as a screening system for the isolation of genes in-
volved in the resistance to antimalarial compounds and the
identification of four genes that confer resistance to quinidine
(QD), CQ, and MQ.

MATERIALS AND METHODS

Yeast strain and media. S. cerevisine CYX247-9A (qds1-1 ura3-52 leul MATa;
a kind gift from D. Conklin, Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.) (14) was used for all drug screening assays. Yeast transformations
were performed either by the modified lithium acetate yeast transformation
method (27) or by electroporation (3). Yeast cells were propagated on complete
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yeast-peptone-dextrose (YPD) medium or on synthetic complete (SC) medium
minus uracil (SC —ura) (37).

Determination of the MICs of the drugs. Overnight cultures of S. cerevisiae
CYX247-9A transformed with the YEp24 vector were adjusted to an optical
density at 600 nm (ODyq) of 1.0 and were then diluted 10*-fold. One hundred
microliters of this dilution was spread onto SC —ura plates containing increasing
concentrations of the drug to be tested. For each drug, the lowest concentration
which blocked growth completely was designated the MIC. Drug-containing
plates were prepared by adding drugs from a stock solution into SC —ura agar
that had been cooled to 50°C. The quinoline-containing compounds were ob-
tained from Sigma. Concentrated stock solutions were prepared in 50% ethanol
at 100 mg/ml for QD and QN and at 25 mg/ml for MQ. CQ was prepared at 50
mg/ml in 25% ethanol.

Library screen. A YEp24-based genomic S. cerevisiae library (10) was trans-
formed by electroporation into S. cerevisiae CYX247-9A (14), and approximately
4.8 X 10* Ura™ transformants were recovered. The titer of the library was
determined, and 10, 10°, or 10° transformants/plate were spread onto selective
medium containing one, two, or three times the MIC of either MQ or QD. To
determine the plasmid dependency of the resistant phenotype, plasmids from
resistant primary transformants were isolated (25) and retransformed into
CYX247-9A. These secondary transformants were plated onto selective medium
containing the appropriate drug, and resistant colonies were further analyzed in
drug resistance assays.

Subcloning of ORFs conferring drug resistance. A search of the complete
yeast genome was performed with the Basic Local Alignment Search Tool
(BLAST) by using sequence information obtained from the 3" and 5’ ends of the
YEp24 genomic inserts which conferred drug resistance. By using the informa-
tion available at the Saccharomyces Genome Database (SGD), ORFs present
within the insert were identified and amplified by PCR, digested with the appro-
priate restriction enzymes that had been introduced at the 5’ ends of the PCR
primers, and subcloned into yeast vector pVT-U or YEp24 (7, 46). Both vectors
are URA3-based high-copy-number plasmids. Plasmid pVT-U also contains the
strong constitutive alcohol dehydrogenase (ADH) promoter to achieve high
levels of expression. For subcloning into YEp24, 500 to 800 bp of 5" and 3’
noncoding sequences was included in the amplification. For subcloning into
pVT-U, only the coding region was amplified. The ORFs to be analyzed were
subcloned in the sense and the antisense orientations into pVT-U. The cDNAs
for the human cytidine-binding protein PCBP-1 and different splice variants of
hnRNPK (hnRNPKA, -B, -C, and -D [18]) were obtained as a gift from H. Leffers
(Department of Growth and Reproduction, Rigshospitalet, Copenhagen, Den-
mark). A cDNA clone for AinRNPK was obtained from G. Dreyfuss (Howard
Hughes Medical Institute, University of Pennsylvania School of Medicine, Phil-
adelphia). Different splice variants of /nRNPK and PCBP-1 were amplified by
PCR and were subcloned into pVT-U. For each ORF conferring drug resistance,
two to five independent subclones were analyzed in the drug resistance assay.

Drug resistance assay. Resistance to antimalarial drugs was assessed by streak-
ing 5 pl of an overnight culture of yeast adjusted to an ODgq, of 0.1 onto SC
—ura plates containing different drug concentrations. The growth of the primary
transformants was compared to the growth of YEp24 control transformants or
that of antisense control transformants. Drug resistance in liquid medium was
determined by a modification of a previously published growth inhibition assay
(34). Briefly, overnight yeast cultures were adjusted to an ODjgq of 0.1 in YPD
followed by a second 1:20 dilution. Fifty microliters of this dilution was added to
50 pl of a 2X-concentrated drug solution in a 96-well microtiter plate. Incubation
was for 24 h at 30°C in a wet chamber. The fold resistance of each clone was
determined by calculating the ratio of growth between yeast cells transformed
with an insertless vector (YEp24 or pVT-U) and secondary transformants or
yeasts transformed with pVT-U containing specific ORFs in the sense or anti-
sense orientation. The significance of drug resistance was assessed for individual
ORFs by using the 7 test to compare the mean fold drug resistance conferred by
ORFs cloned into pVT-U in the sense and antisense orientations.

Sequence analysis. Sequence information obtained from YEp24 genomic li-
brary clones was compared to the whole yeast genome sequence at SGD by using
the BLAST program at SGD. Other BLAST searches (2) were done with the
BLAST server at the National Center for Biotechnology Information. Amino
acid sequence alignments were performed with the program “pileup,” which is
part of the Genetics Computer Group (GCG) package of DNA analysis software
(GCG version 8). Similar or identical residues in the alignments were shaded by
using the program “boxshade” (version 2.7) run under UNIX on a Sparc station
20. Boxshade output files were further edited in “xfig.”

RESULTS

Determination of the MICs of quinoline-containing antima-
larial compounds. The aim of this study was to evaluate the use
of §. cerevisiae as a screening system for the detection of genes
involved in resistance to quinoline-based antimalarial drugs.
Since wild-type yeasts generally tolerate high concentrations of
quinoline-ring-containing drugs, we decided to use for our
experiments the recently generated yeast strain CYX247-9A
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(14). This strain displays hypersensitivity to the quinoline ring-
containing drug QD due to a loss-of-function mutation in the
KEX?2 gene which encodes a neutral serine protease (14). We
determined the MICs of four quinoline-based antimalarial
drugs for strain CYX247-9A. CYX247-9A cells displayed de-
tectable sensitivity to CQ (MIC, 250 mg/ml), QD (MIC, 6
mg/ml), and MQ (MIC, 200 wg/ml). Due to the precipitation of
QN in the agar below concentrations required for complete
growth inhibition we could not define the corresponding MIC
but classified it as >6 mg/ml. Since plating of a yeast library did
not allow isolation of CQ-resistant clones, we focused in sub-
sequent experiments on the identification of genes that confer
resistance to MQ and QD when the genes are overexpressed in
CYX247-9A.

Identification of ORF's that confer resistance to mefloquine.
Strain CYX247-9A was transformed with a YEp24-based
genomic S. cerevisiae library and screened for MQ resistance,
yielding a total of 22 colonies with increased MQ resistance
compared to that of the YEp24 vector control. After deter-
mining the plasmid dependency of the resistant phenotype, a
total of seven MQ-resistant clones were retained for further
analysis. Restriction digest analysis indicated that two different
classes of plasmids conferred increased levels of resistance to
MQ. Plasmids derived from six of the seven resistant clones
showed identical restriction digest patterns. In these clones,
MQ resistance was found to be due to the overexpression of a
glutamine suppressor tRNA. These clones were not further
analyzed.

Sequence analysis of the remaining MQ-resistant clone, des-
ignated clone 1 (MQR2c), revealed a 5.8-kb insert. The genomic
fragment in clone 1 is derived from chromosome II and spans
three intact ORFs, YBR232c, YBR233w, and YBR234c, as well
as the truncated ORFs YBR23Ic and YBR235w (Fig. 1). To
determine which of these ORFs confers MQ resistance, we
isolated YBR232¢, YBR233w, and YBR234c by PCR and sub-
cloned them into YEp24. Subsequent drug survival experi-
ments on selective medium containing MQ revealed that only
transformants expressing YBR233w but none of the other
clones showed increased levels of resistance to MQ (Fig. 2A).

The YBR233w ORF encodes a protein with unknown func-
tion. However, a search with the predicted amino acid se-
quence of the YBR233w-encoded protein with the BLAST
program revealed significant homologies to members of the
family of heterogeneous nuclear ribonucleoproteins. The hu-
man homologs with the highest degree of similarity were
hnRNPK (P = 1.8 X 10~ '7) and PCBP-1 (P = 8.6 X 10~°).
hnRNPK, the major nuclear poly(rC)-binding protein, is in-
volved in pre-mRNA metabolism (18, 31). Its RNA binding
activity is mediated by three characteristic repetitive sequence
elements termed KH (for K homology) domains (39). Multiple
sequence alignment analysis revealed that the strongest homol-
ogy between the products of YBR233w, PCBP-1, and hnRNPK
is found in the KH domains, while the YBR233w-encoded
protein shares a higher degree of homology with hnRNPK
than with PCBP-1 in the amino-terminal acidic domain (Fig.
2B).

To determine if overexpression of the human genes could
also confer MQ resistance, the cDNA clones for AnRNPK or
PCBP-1 and several splice variants of inRNPK were subcloned
into the yeast expression vector pVT-U and tested in the MQ
resistance assay (Fig. 2C). Yeast transformants expressing
hnRNPK (and all its tested splice variants) showed an in-
creased level of resistance to MQ; however, the level of resis-
tance was lower than the level of resistance to MQ observed
for YBR233w transformants. In contrast, yeast clones express-
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FIG. 1. Schematic representation of the yeast chromosomal regions contained in the YEp24 genomic DNA clones obtained by direct selection with MQ for clone
1 (MQR2c) or QD for clone 2 (QDR7.3) and clone 3 (QDR9.13). Vector arms are shown as open boxes, while the genomic insert is represented by a black slashed
line. ORFs are indicated by black arrows pointing in the direction of transcription, with the name of the ORF given above or below each arrow. Partial ORFs are
indicated by slashed lines under the genomic insert line, with the corresponding name given under each ORF. The insert in clone 1 carries two partial ORFs. YBR231¢
is an ORF of 912 bp, of which 613 bp is contained within the insert, while ORF YBR235w represents a 3.3 kb gene, of which only 726 bp is contained within the insert
of clone 1. Likewise, in clone 2 only 210 bp of the 1,025-bp BUB3 gene is contained within the insert. The chromosomal nucleotide positions (nt pos) of the flanking
nucleotides for each of the three inserts are indicated above the genomic insert line, with a thin arrow pointing to the insert end.

ing the PCBP-1 member of the hnRNPK family did not show
any increased resistance to MQ (Fig. 2C).

Identification of ORFs that confer resistance to QD. Strain
CYX247-9A was transformed with the YEp24-based genomic
S. cerevisiae library, and transformants were screened for QD
resistance, yielding a total of 15 colonies able to grow in the
presence of QD. Retransformation of the recombinant plas-
mids isolated from the resistant colonies identified two clones
displaying a plasmid-dependent QD resistance phenotype.
These clones were designated QDR7.3 (clone 2) and QDR9.13
(clone 3). Sequence analysis revealed that clone 2 contains a
genomic fragment of 8.9 kb derived from chromosome XV and
that clone 3 contains a 5.2-kb fragment derived from chromo-
some XV (Fig. 1). The chromosome XV-derived fragment in
clone 2 spans the complete ORFs YOR027w (STII), YOR028c¢
(CINS), YOR029w, and YORO30w and the truncated ORF
YORO026w (BUB3). The ORF YOR029w encodes a very short
polypeptide (111 amino acids) and was not considered for
further analysis. The ORFs encoding the genes ST1I, CINS,
and YOR030w were isolated by PCR and were subcloned into
a yeast vector, pVT-U or YEp24. Transformants were tested

on selective medium containing QD (Fig. 3A). Interestingly,
increased resistance to QD was observed for transformants
expressing either the STII gene or the CIN5 gene; these genes
encode a heat shock protein-associated polypeptide and a tran-
scriptional activator, respectively. Control cells transformed
with pVT-U vectors containing an antisense construct of CINS
or STI1 did not show any increased growth in the presence of
QD. Likewise, transformants expressing YOR030w showed a
growth pattern similar to that of the vector control.

The recombinant plasmid in clone 3 carries a genomic frag-
ment from chromosome XV that spans the two ORFs
YOR272w (YMTI) and YOR273c (Fig. 1). Both ORFs were
isolated by PCR and were subcloned into pVT-U or YEp24.
Drug survival assays on QD-containing selective medium dem-
onstrated that transformants expressing YOR273c (pVT-U) or
YOR273c (YEp24) but not transformants expressing YOR272w
showed increased levels of growth in the presence of QD (Fig.
3B). The somewhat reduced level of growth of the YOR273c
(YEp24) transformants relative to that of the YOR273c
(pVT-U) yeasts may reflect a lower level of protein expression
in this clone. Control cells transformed with antisense con-
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FIG. 2. MQ resistance in S. cerevisiae can be conferred by overexpression of yeast and human members of the hnRNPK family. (A) MQ resistance of clone 1
(MQR2c) is caused by the ORF YBR233w. The plate on the left shows growth of yeast transformed with the three ORFs YBR232c, YBR233w, and YBR234w, the YEp24
vector controls, and primary transformant clone 1 (MQR?2c) in the absence of MQ. The middle plate shows the growth of the same yeast transformants in the presence
of 225 pg of MQ per ml. The right plate depicts the plating scheme used. (B) Multiple amino acid sequence alignment of PCBP-1, hnRNPK, and YBR233w proteins.
The extensive sequence homology in the region of the acidic and the KH domains identifies YBR233w as a yeast member of the hnRNPK family. (C) Overexpression
of human /nRNPK genes can confer MQ resistance in yeast. The left plate shows the growth of a yeast transformed with the expression vector pVT-U containing ORF
YBR233w in the sense and the antisense directions and cDNAs for the human genes PCBP-1, hlnRNPK, and hnRNPK-A as an example of a splice variant plated on
MQ-free agar. The middle plate shows the growth of the same yeast transformants in the left plate plated in the presence of 225 wg of MQ per ml. The right plate
depicts the plating scheme used.
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FIG. 3. Identification of three genes that confer resistance to QD when they are overexpressed in yeast. (A) CIN5 and STII are two genes that confer QD resistance
and that are contained within the same QD-resistant primary transformant clone 2 (QDR7.3). The right plate depicts the plating scheme and the identification of
transformants. The left plate shows equal growth of all yeast transformants in the absence of QD. The middle plate shows only growth of the yeast transformed with
primary library clone 2 (QDR7.3) or with CIN5 and STII expressed under the control of the ADH promoter in pVT-U. (B) The ORF YOR273c contained in the
QD-resistant primary transformant clone 3 (QDR9.13) confers QD resistance when it is overexpressed in yeast. The right plate depicts the plating scheme and the
identities of the transformants. The left plate shows equal growth of all yeast transformants in the absence of QD. The middle plate shows only the growth of yeast
transformed with primary library clone 3 (QDR9.3) and with YOR273c cloned in YEp24 or pVT-U (YOR273c) in the presence of QD.

structs of YOR273c did not confer increased resistance to QD.
YOR273c is predicted to be a member of the major facilitator
superfamily of transmembrane proteins (22).
Cross-resistance analysis. To determine if the overexpres-
sion of gene products identified in our screen confers multi-
drug resistance, we tested all resistant clones for growth in the
presence of QD, MQ, QN, and CQ using a growth inhibition
assay in liquid medium (34). This assay requires much lower
concentrations of drugs for the inhibition of yeast growth than
the drug resistance assay on agar plates. Therefore, we were
able to test cross-resistance to QN and CQ, two drugs for
which we had not been able to identify resistant clones by
selection on agar plates (Table 1). Cross-resistance was as-
sayed for secondary YEp24 clones for which gene expression is
independent of clone orientation (data not shown) and for
individual ORFs cloned in the sense and antisense orientations
into the pVT-U expression vector. Resistance was measured as
fold resistance over that of control yeast transformed with
insertless YEp24 or pVT-U vectors (Table 1). Clone 2 showed
a pleiotropic resistance phenotype with a 6.5-fold resistance to
QD, a 5.6-fold resistance to MQ, and a 5.6-fold resistance to
CQ. This clone displayed only a low level of resistance to QN
(2.5-fold). The STII subclone displayed a level of QD resis-
tance similar to that of clone 2, a low level of resistance to MQ,
and nonsignificant resistance to QN and CQ. In contrast,
yeasts containing the pVT-U plasmid with S7II in the anti-
sense orientation did not display any increased level of drug
resistance. The overexpression of CIN5, the second drug resis-
tance locus present within the clone 2 insert, confers 3.9-fold

resistance to QD, 5.4-fold resistance to CQ, and 9.6-fold resis-
tance to MQ. No significant resistance to QN was detected
(Table 1). The QD resistance phenotype conferred by clone 3
and its subclone YOR273c is very specific: YOR273c confers
4.3-fold resistance to QD, but we did not detect cross-resis-
tance to any of the other compounds tested. Control transfor-
mants containing an antisense construct of YOR273c did not
display increased QD resistance. We next tested clone 1 and its
subclone YBR233w for cross-resistance to quinoline-containing
drugs (Table 1). Both clones displayed very high levels of
resistance to MQ but no significant resistance to QD, QN, or
CQ. The difference in resistance between clone 1 and
YBR233w is not significant (P = 0.127).

DISCUSSION

The mechanisms of resistance to quinoline-containing anti-
malarial drugs remain controversial and the underlying molec-
ular patterns are still poorly understood. In order to identify
structural and functional features involved in resistance to
antimalarial compounds in yeast, we used a strategy that is
based on the functional overexpression of genes in S. cerevisiae.
This approach seemed reasonable since gene amplification and
overexpression are frequent causes of drug resistance among
eukaryotic parasites (6). Since yeast generally displays a low
level of sensitivity to quinoline ring-containing drugs, we used
in our experiments the CYX247-9A S. cerevisiae mutant strain
(14). Although the mechanism of QD hypersensitivity of
CYX247-9A is not known, results obtained by Conklin et al.
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TABLE 1. Quantitation of resistance to QD, MQ, QN, and CQ

Fold resistance”
Yeast clone

QD MQ QN cQ
Clone 2 65*10 56+08 25+05 56+38
STI1¢ 70047 34x05 20x08 27x17
Anti-STI1 1.0+01 13x06 13+06 1306
CIN5* 39057 9.6+147 12x02 54x07¢
Anti-CIN5* 1.0+01 15+05 1.0+01 13%05
Clone 3" 48+13 15%06 13*05 27*06
YOR273¢ 4315 1.0x00 14x05 13x06
Anti-YOR273¢  1.5+05 1.0+00 13+06 15+%05
Clone 17 25513 224+124 1.6%06 18%13
YBR233w* 1306 135%3.67 12+03 29+ 1.7
Anti-YBR233w®  1.2+03 13+06 12+03 13*0.6

“ Significance of resistance for individual ORFs was assessed by comparison
with drug resistance conferred by the same ORF cloned in the antisense orien-
tation in the pVT-U expression vector.

> Fold resistance over that of transformants containing insertless vector
YEp24.

“Fold resistance over that of transformants containing insertless vector
pVT-U.

4P <0.001.

P <0.01.

/ Not significant.

&P < 0.05.

(14) make it likely that absence of modification of an unknown
Kex2p substrate is essential for mediating QD hypersensitivity.
However, we noticed in control experiments that a number of
wild-type yeast strains were only slightly more tolerant of qui-
nine-like drugs than CYX247-9A (data not shown). This ob-
servation may also explain why we failed to isolate the KEX2
gene by our experiments since the conditions of our screen
might have been too stringent for overexpressed KEX2 to me-
diate the growth of CYX247-9A transformants. Moreover, it is
possible that we did not isolate KEX2-carrying clones since
either we did not achieve transfection saturation of the yeast
used for drug selection or KEX2 was missing from the library.

We show in this report that overexpression of the YOR273¢
gene product confers approximately fourfold resistance to QD.
This activity appears to be specific for QD because we did not
detect any resistance to the related compounds QN, CQ, and
MQ. YOR273c is a member of the major facilitator superfamily
of transmembrane transporters (22). Several proteins of this
family have a transport function in drug resistance such as the
3-aminotriazole/4-nitroquinoline-N-oxide (3-AT/4-NQO) re-
sistance protein (ATR1) (23, 28) and the fluconazole resis-
tance protein 1 (FLR1) (1) in S. cerevisiae, the amiloride re-
sistance protein (CAR1) (26) in Schizosaccharomyces pombe,
the benomyl and methotrexate resistance protein (BMRP)
(20) in Candida albicans, and the cycloheximide resistance
protein (CYHR) (36) in Candida maltosa. Of these proteins,
BMRP (P = 5.5¢ %), FLR1 (P = 1.1e *°), CYHR (P =
9.6e >2), and CAR1 (P = 1.3e ") show the highest degree of
homology with the predicted amino acid sequence of the
YOR273c protein. On the basis of the high degree of sequence
homology with the sequences of other drug transporters in the
major facilitator superfamily, YOR273c appears to encode a
transport protein that functions as a drug transporter.

The overexpression of STII conferred resistance to QD and
MQ (Table 1). Stilp belongs to the family of heat shock pro-
tein 90 (Hsp90)-associated proteins (Hsp90APs), such as the
human protein p60, which are thought to modulate Hsp90
activities (12, 32). Hsp90 binds to extremely varied target pro-
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teins such as steroid hormone receptors (5), basic helix-loop-
helix transcription factors (38), and the oncogenic tyrosine
kinase v-Src (8). This association leads to structural and func-
tional stabilization of the target proteins. Recent evidence in-
dicates that Stilp physically interacts with Hsp90, thereby mod-
ulating the activity of the glucocorticoid receptor (11). It is
conceivable that Stilp confers resistance to MQ and QD
through its interaction with Hsp90 and its subsequent modu-
lation of the activity of a downstream target(s) involved in drug
resistance. Certain elements of the heat shock response path-
ways are highly conserved throughout phylogeny. The p60 and
STII homolog in P. falciparum has been cloned and has been
shown to interact with several plasmodial proteins, one of
which corresponds in size to Hsp90 (16).

The overexpression of CINS confers pleiotropic resistance to
QD, MQ, and CQ (Table 1). Although we were surprised to
find the two drug resistance loci CINS and STI! in very close
proximity (Fig. 1), clustering of resistance loci is not without
precedent. Recently, three contiguous genes conferring resis-
tance to arsenic compounds were found on a 4.2-kb fragment
of yeast chromosome XVI (4). CIN3, also known as YAP4 (19),
is a member of the bZIP family of transcriptional activators
which share a basic signature motif required for sequence-
specific DNA binding (b) and a leucine zipper domain (ZIP)
involved in dimerization. Two members of the yeast bZIP
family, YAPI and YAP2, have previously been shown to medi-
ate drug resistance. Overexpression of YAPI confers multidrug
resistance via frans-activation of the YCFI gene encoding a
cadmium transporter (49), FLRI, encoding a fluconazole trans-
porter (1), and ATRI, encoding the 3-AT/4-NQO transporter
(13). In contrast, the targets of YAP2 trans-activation are still
unknown. The highly pleiotropic resistance phenotype medi-
ated by CIN5 (YAP4) makes it likely that Cin5p, by analogy to
Yaplp, upregulates unknown transporters of antimalarial
drugs or other types of target proteins conferring drug resis-
tance. The molecular identity and specific function performed
by Cin5Sp targets are under investigation.

Our results indicate that overexpression of the YBR233w
gene product conferred resistance to MQ but not resistance to
QD, QN, or CQ (Table 1). The YBR233w gene product is the
yeast homolog of the hnRNPK family of nuclear RNA binding
proteins which are involved in various stages of pre-mRNA
metabolism of cytidine-rich transcripts (31). In addition to its
function in pre-mRNA metabolism, #/nRNPK acts as a tran-
scriptional activator and has been shown to increase the levels
of transcription from the P1 promoter of human c-myc (42)
and several other polymerase II promoters (29). A common
feature of all members of the hnRNPK family is the presence
of one or more 65- to 70-amino-acid repeats termed KH do-
mains (39). KH domains mediate the interaction of hnRNPK
proteins with RNA and have been identified in a variety of
functionally diverse proteins including the human poly(C)-
binding proteins PCBP-1 and PCBP-2 (30) that contain three
KH domains and that display a high affinity for poly(rC) (17).
Together with hnRNPK, they are the major cellular human
poly(rC) binding proteins (30). However, in contrast to other
hnRNPs, which are predominantly localized to the nucleus,
PCBPs appear to be mostly cytoplasmic. The YBR233w pro-
tein shows similar sequence homology to both hnRNPK and
PCBP-1 over all three KH domains, while in the acidic domain
there is a higher degree of homology between the YBR233w
protein and hnRNPK (Fig. 2B). It is not known if the sequence
divergence between hnRNPK and PCB-1 in the acidic domain
explains the differential induction of MQ resistance by both
proteins (Fig. 2C). However, it has been shown that the acidic
domain is essential for trans-activation of the c-myc promoter
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by hnRNPK (42). Induction of MQ resistance by the human
hnRNPK protein in yeast supports the proposal that basic
principles of transcription activation have been conserved
among phylogenetically distant species. However, at present
we do not know how transcriptional activation or mRNA sta-
bilization by hnRNPK proteins can mediate MQ resistance.

While the results of our experiments provided new insight
into the physiology and control of quinoline ring-containing
drug resistance in yeast, it is debatable if and to what extent our
findings apply to quinoline drug resistance in P. falciparum. S.
cerevisiae and P. falciparum are fundamentally distinct organ-
isms that do not share a close evolutionary relationship and
that require different extracellular environments to thrive in
vitro and in vivo. It is thought that quinoline ring-containing
drugs exert their antimalarial effects via inhibition of hemozoin
polymerization, a physiological process that does not exist in
yeast (41). The molecular basis for the MQ-, QD-, and QN-
mediated growth inhibition of yeast and the detailed mecha-
nism of how loss of function of the KEX2 gene can lead to the
increased sensitivity of the CYX247-9A strain to drugs are not
known. In addition, the concentrations of quinoline ring-con-
taining drugs for inhibition of yeast growth are much higher
than those required for killing of P. falciparum cells. These
clear differences between yeast and P. falciparum make it pos-
sible that the cellular pathways involved in resistance are dis-
tinct between the two organisms. On the other hand, drug
resistance mechanisms that involve overexpression and up-
regulation of specific drug transporters may be conserved be-
tween yeast and P. falciparum. For example, overexpression of
the ldmdrl gene of Leishmania donovani, like its mammalian
mdr homologs, confers resistance to multiple anthracyclic
drugs (24), the leishmanial PgpA transporter, in analogy to its
mammalian Mrp homologs, confers oxyanion resistance (9),
the plasmodial pfindrl-encoded Pghl protein can functionally
complement the transport of a mating factor by its yeast ho-
molog Ste6p (35, 48), and the bacterial ABC transporter LmrA
is functionally interchangeable with its human P-glycoprotein
homolog (44, 45). These findings suggest that despite the dif-
ferences that exist between yeast and plasmodial cellular phys-
iologies, common mechanistic pathways of drug resistance may
exist between the two organisms. Therefore, the cloning and
functional characterization of plasmodial transcriptional acti-
vators together with their targets may provide a new avenue for
the study of drug resistance in P. falciparum.
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