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Chloroquine is one of the most effective antimalarials, but resistance to it is becoming widespread. However,
we do not fully understand either the drug’s mode of action or the mechanism of resistance. In an effort to
expand our understanding of the mechanism of action and resistance associated with chloroquine, we used
Saccharomyces cerevisiae as a model eukaryotic system. To aid in the discovery of potential drug targets we
applied the transcriptional profiling method to identify genes transcriptionally responsive to chloroquine
treatment in S. cerevisiae. Among the genes that were differentially expressed with chloroquine treatment were
a number of metal transporters involved in iron acquisition (SIT1, ARN2, ARN4, and SMF2). These genes
exhibit similar expression patterns, and several are known to be regulated by AFT1, a DNA binding protein,
which responds to iron levels in the cell. We investigated the role of chloroquine in iron metabolism by using
a variety of approaches, including pharmacological, genetic, and biochemical techniques. For these experi-
ments, we utilized yeast lacking the major iron uptake pathways (FET3 and FET4) and yeast deficient in SIT1,
encoding the major up-regulated iron siderophore transporter. Our experiments show that yeast genetically or
environmentally limited in iron availability has increased sensitivity to chloroquine in pharmacological assays
and that the addition of iron rescues these cells from chloroquine killing. 55FeCl3 accumulation was inhibited
in the presence of chloroquine, and kinetic analysis demonstrated that inhibition was competitive. These
results are consistent with deprivation of iron as a mechanism of chloroquine killing in yeast.

Chloroquine (CQ) is commonly used for treatment of ma-
laria; however, its mode of action and the mechanism of resis-
tance are still not fully understood. Better knowledge of CQ’s
mode of action may make it possible to identify new drugs that
target similar pathways or to reverse existing resistant pheno-
types.

CQ has been shown to interact in both mammalian cells and
Plasmodium spp. with a number of different pathways, includ-
ing changes in vacuolar (or lysosomal) pH (9, 22, 39, 56),
binding to DNA and RNA (3, 11, 41, 53), binding to heme and
�-hematin in Plasmodium falciparum (1, 55; reviewed in refer-
ence 20). In the case of P. falciparum, CQ was an effective drug
whose efficacy has been severely compromised by the emer-
gence of drug-resistant parasites (8, 20).

To analyze the mechanism of CQ action, we used transcrip-
tional profiling in a model eukaryotic system, Saccharomyces
cerevisiae. Differential transcriptional profiling using microar-
ray analysis is based on detecting differences in expression of
mRNAs in cells treated under different conditions. No infor-
mation other than the genomic sequence and the open reading
frame (ORF) predictions is necessary to assay mRNA expres-
sion. Such whole-genome analysis allows the determination of
expression profiles without preselection of genes. For the ex-
periments described here, we used the Affymetrix Yeast Chip
YE6100, which is based on the oligonucleotide array method.

We published the adaptation of this system to the wild-type S.
cerevisiae strain YPH499 and derivatives previously (38).

From this transcriptional profile analysis, we identified a
number of genes whose products are involved in metal acqui-
sition and metabolism that have increased mRNA levels during
challenge with CQ. Increased expression of genes involved in
iron (Fe) availability suggested that CQ toxicity might, in part,
result from interference with iron uptake or metabolism. Al-
though CQ has been demonstrated to disrupt iron trafficking in
several cell types, including pathogenic yeasts (9, 22, 39), the
observation of altered expression of iron metabolism genes in
S. cerevisiae was surprising. In all these cases, CQ disrupts iron
trafficking by increasing pH in lysosomes and preventing the
release of iron from the carrier proteins. No iron carrier pro-
tein system has been identified in S. cerevisiae, and thus, this
mechanism of CQ action is very unlikely in S. cerevisiae. There-
fore, we initiated a more thorough investigation of genes in-
volved in metal transport and availability, with particular in-
terest in those involved with iron transport.

In this study, we investigated the role of CQ in iron traffick-
ing using a variety of approaches involving pharmacological,
genetic, and biochemical techniques. One of the advantages of
the S. cerevisiae system is the availability not only of the whole
genome sequence but also of mutants deficient in specific
genes or combinations of genes, thus allowing genetic dissec-
tion of pathways. For these experiments, we utilized yeast
lacking the major iron uptake pathways (Fet3 and Fet4) as well
as yeast deficient in SIT1, the major iron siderophore trans-
porter that is induced under CQ pressure.
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MATERIALS AND METHODS

Strains and media. The following strains of S. cerevisiae were used: YPH499
(MATa ade2-101oc his3�200 leu2-�1 lys2-801am trp1-�1 ura3-52), DEY1455
(MAT� ade2 can1 his3 leu2 trp1 ura3 gal), DEY1455�SIT1 (MAT� ade2 can1
his3 leu2 trp1 ura3 gal SIT1::KanM), DEY1433 (MAT� ade2 can1 his3 leu2 trp1
ura3 FET3::HIS3 FET4::LEU2), and DEY1433�SIT1 (MAT� ade2 can1 his3
leu2 trp1 ura3 FET3::HIS3 FET4::LEU2 SIT1::KanM) (31, 32). Unless otherwise
stated, cells were grown in YPAD (yeast-peptone-adenine-dextrose) medium or
on YPAD agar. Low-iron medium minus EDTA (LIM�EDTA) was prepared by
the protocols of Eide et al. (17, 18).

Preparation, assay, and analysis of mRNA populations. The following meth-
ods were described in detail by Nau et al. (38). In brief, CQ (3 and 5 mM)-treated
and control cultures were harvested at 2 and 3 h, and total RNA was extracted
using 400-�m acid-washed glass beads and Tri-Reagent per the manufacturer’s
instructions (Molecular Research Center, Woodlands, Tex.). Poly(A) RNA
(mRNA) was prepared from total RNA by the Oligotex method according to the
manufacturer’s instructions (Qiagen, Chatsworth, Calif.). Double-stranded
cDNA was synthesized in two steps with the Superscript Choice system (Gibco-
BRL, Rockville, Md.) and the reverse transcription primer T7-(dT)24 [5�GGCC
AGTGAATTGTAATACGACTCACTATAGGGAGGCGG-(dT)24] (Genset
Corp., La Jolla, Calif.). Synthesis of biotin-labeled cRNA was carried out by in
vitro transcription with a MEGAscript T7 in vitro transcription kit (Ambion,
Inc.), following the manufacturer’s instructions. The biotin-labeled cRNA was
purified on Qiagen RNeasy spin columns (Qiagen, Valencia, Calif.) following the
manufacturer’s protocol, fragmented in a 40-�l reaction mixture containing 40
mM Tris-acetate (pH 8.1), 100 mM potassium acetate, and 30 mM magnesium
acetate, and incubated at 94°C for 35 min. The biotin-labeled and fragmented
cRNA was hybridized to the YE6100 yeast GeneChip array (Affymetrix, Santa
Clara, Calif.) following the manufacturer’s instructions. GeneChip arrays were
stained for 15 min at room temperature and at 60 rpm with streptavidin-phyco-
erythrin (Molecular Probes, Inc., Eugene, Oreg.) stain solution at a final con-
centration of 10 �g/ml in 6� SSPE (1� SSPE is 0.18 M NaCl, 10 mM NaH2PO4,
and 1 mM EDTA [pH 7.7])-T buffer and 1.0 mg of acetylated bovine serum
albumin (Sigma, St. Louis, Mo.)/ml.

GeneChip arrays were scanned with an HP GeneArray scanner (Hewlett-
Packard, Santa Clara, Calif.) controlled by GeneChip 3.1 software (Affymetrix).
A value of 3.0-fold was selected as the cutoff for a conservative first-pass analysis
of changes in expression. Values of 2-fold or greater are generally accepted as
reliable with this system per the manufacturer’s specifications and empirical
evaluation (10, 59). All values above the 3.0-fold cutoff were included in the
initial analysis of experimental expression profiles. In later analyses, values of
2-fold or above were included for comparative purposes and to expand obser-
vation of groups of interest. The untreated control was used as a baseline for
comparison to the treated strain in all cases.

Bioinformatic analyses. GeneSpring version 3.0 (Silicon Genetics, San Carlos,
Calif.) was used to derive global trends in the expression profiles and to specif-
ically assess the expression patterns of the metal transporter gene targets. For the
temporal analysis, the raw data from the Affymetrix platform were normalized as
described by Nau et al. (38) and reported as the change between the treatment
and the control. The data were clustered by self-organizing maps and K-mean
methods based on similarities in expression profiles. K-mean clustering is a
top-down method that starts with a collection of items and some chosen number
of clusters (k). In the present study, the optimum value for k was determined to
be 6 after assessment of a range of possible k values to find a number of
groupings that allowed distribution of profiles into reasonable categories. The
clustering proceeds by repeated iterations of a two-step process where the mean
vector for all items in each cluster is computed and items are reassigned to the
cluster whose center is closest to the item. Self-organizing maps is a method of
clustering similar to K-mean clustering with some additional constraints impos-
ing more partial structure on the clusters. In our hands, these two methods
produced very similar results, possibly in part due to the relatively simple struc-
ture of our temporal data set. The final clusters presented in this work are
standard correlation K-mean derived with final assignments confirmed by hand.

Northern slot blot analysis. Total RNA was isolated from CQ-treated and
control cells as described above. A dilution series of total RNA (3.25, 7.5, 15, 30,
and 60 �g) for each sample was applied to Hybond-N� positively charged nylon
membranes (Amersham Pharmacia Biotech, Piscataway, N.J.) using a Bio-Dot
SF microfiltration apparatus (Bio-Rad, Hercules, Calif.) according to the man-
ufacturer’s directions. The resulting blots were probed with PCR-amplified la-
beled ORFs (Research Genetics, Huntsville, Ala.) in ULTRAhyb hybridization
solution (Ambion, Austin, Tex.) according to the manufacturer’s instructions and

standard methods (48). Probe hybridization signals were measured with Image
imaging software (National Institutes of Health, Bethesda, Md.).

Drug gradient challenge assay. Gradient plates, which contained an increasing
concentration of drug (CQ or bathophenanthroline-disulfonic acid [BPS]) across
the width of a 100- by 15-mm square petri dish, were made with YPAD medium
containing 2% agar as previously described (12, 36). The edge of a sterile glass
slide was used to transfer stationary-phase S. cerevisiae mixed 1:2 with molten
agar (55°C) from a sterile surface to the drug gradient plate. In this manner, cells
were spread uniformly across the gradient and between samples. The extent of
cell growth across the gradient was determined after allowing 2 to 3 days’ growth
at 30°C. For assays involving the depletion of iron in the agar medium, BPS at 20
�M was added to both pours of YAPD agar to create a continuous concentration
of BPS throughout the plate. For assays involving supplementation with iron,
FeCl3 prepared in 0.1 M HCl was added to both pours of YPAD agar to give the
desired continuous concentration. For assays involving supplementation with
copper, CuSO4 prepared in 0.1 M HCl was added to both pours of YPAD agar
to give the desired continuous concentration.

55Fe accumulation assay. The protocol for iron transport studies was adapted
from the work of Eide et al. (17, 18). Exponentially growing cells were centri-
fuged at 1,000 � g for 5 min at 4°C and washed twice in ice-cold assay buffer
(LIM�EDTA). Washed cells were then resuspended in approximately 1/100 of
the original volume in assay buffer and kept on ice until use. Uptake assay
solutions were prepared by diluting 55FeCl3 into chilled assay buffer to the
desired concentration. To measure uptake, 50 �l of cell suspension was added to
450 �l of uptake assay buffer and incubated at 30°C for 360 min. The assay
samples were then chilled on ice, vortexed, vacuum filtered through Whatman
GF/C filters, and washed with 10 ml of ice-cold SSW (1 mM EDTA, 20 mM Na3

citrate [pH 4.2], 1 mM KH3PO4, 1 mM CaCl2, 5 mM MgSO4, 1 mM NaCl).
Cell-associated 55Fe was measured with a Beckman LS5000TD liquid scintilla-
tion system. Nonspecific uptake due to cell surface absorption was determined by
preparing parallel assay mixtures that were incubated on ice for 360 min before
filtration and washing. For assays involving uptake of iron in the presence of CQ,
C18H26ClN3 · 2H3PO4 prepared in distilled-deionized water was added to the
desired concentration.

[14C]CQ uptake assay. The quinoline–[3-14C]CQ ([14C]CQ) uptake assay
protocol is a variation on the CQ uptake assay described by Krogstad et al. for
P. falciparum and the Fe uptake assay described by Eide et al. for S. cerevisiae
(17, 29). Exponentially growing cells were centrifuged at 1,000 � g for 5 min at
4°C and then resuspended in approximately 1/100 of the original volume in assay
buffer (YPAD) and kept on ice until use. Uptake assay solutions were prepared
by diluting [14C]CQ) in chilled assay buffer to a concentration of 3 nM. To
measure uptake, 50 �l of cell suspension was added to 450 �l of uptake assay
buffer and incubated at 30°C for 5 to 30 min. The assay samples were then chilled
on ice, vortexed, vacuum filtered through Whatman GF/C filters, and washed
with 10 ml of ice-cold double-distilled H2O. Cell-associated [14C]CQ was mea-
sured with a Beckman LS5000TD liquid scintillation system.

Nonspecific uptake due to cell surface adhesion was determined by preparing
parallel assay mixtures that were incubated on ice for 20 min before filtration and
washing. For assays involving iron competition, FeCl3 prepared in 0.1 M HCl was
added to the desired concentrations.

Lineweaver-Burk plots. In order to determine the nature of the inhibition of
iron uptake caused by CQ, we measured iron uptake over a range of iron
substrate (55FeCl3) concentrations (0.1 to 10.0 �M). From these data we deter-
mined the Michaelis constant (Km) and the maximal rate (Vmax) by using the
formula 1/V 	 1/Vmax � Km/Vmax · 1/[S], where V is velocity and S is substrate.

Plotting 1/V versus 1/[S] yields a straight line with an intercept of 1/Vmax and
a slope of Km/Vmax. This plot gives the apparent Km of 55FeCl3 uptake for S.
cerevisiae under normal conditions. This was repeated with CQ treatment (9.7
and 97 mM), and the structure of the resulting multiline plot was compared to
plots of model competitive and noncompetitive inhibitors. From these data we
calculated the dissociation constant of the inhibitor by the formulas y 	 Mx � B,
where M is slope and B is the y intercept, and (slopenormal) (1 � [I]/Ki) 	
slopeinhibitor.

RESULTS

Analysis of highly differential genes reveals shared response
profile of several metal metabolism genes. We compared the
expression profiles of CQ-treated yeast cells with untreated
cells at 2 and 3 h. A total of 425 ORFs with an expression
differential of �2-fold reported by the GeneChip were placed
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into Clustal groupings based on similar expression profiles over
time, as assessed by standard correlation K-mean clustering
using the bioinformatics software GeneSpring version 3.0, de-
scribed in Materials and Methods. Six differential expression
profile cluster groups were identified based on this analysis
(data not shown). Cluster 1, the group with the largest number
of differentially expressed ORFs (240), showed an overall in-
crease in differential ranging from 3-fold to 30-fold at the 3-h
time point (data not shown). We chose this cluster as the focus
of further analysis based on the magnitude of the differentials
and the presence of a majority of the differentially expressed
ORFs.

Genes in cluster 1 that exhibited the greatest change in
expression were sorted into functional families, a selection of
which is shown in Table 1, according to classifications in the
Munich Information Center for Protein Sequences (http://www
.mips.biochem.mpg.de/) and the Stanford Saccharomyces
Genome Database (http://genome-www.stanford.edu/Saccharo
myces/). We were most interested in two of the functional
families: detoxification and transport facilitation. ORFs in
cluster 1 belonging to these two functional families are shown
in the top portion of Table 1. Among these was SIT1, encoding
an iron siderophore transporter. Several other ORFS whose
products have a role in metal metabolism, such as ARN2 and

CTR2, were also identified. Other functional gene categories
that exhibited similar temporal regulation include those encod-
ing proteins involved in protein synthesis, carbohydrate metab-
olism, and intracellular transport.

Differential expression of metal acquisition ORFs. The pres-
ence of SIT1 and other metal transporter genes among the
highly expressed ORFs triggered a more thorough investiga-
tion of ORFs involvd in metal transport and availability, with
those involved with iron transport being of particular interest.
Yeast has several mechanisms by which it acquires iron from
the environment (reviewed in reference 57). In addition to
SIT1, two additional Fe siderophore transporter geens, TAF1/
ARN2 and ENB1/ARN4, demonstrate significant positive dif-
ferential expression at the 3-h time point (Table 1). A fourth
siderophore transporter gene, ARN1, has a relatively steady
expression level twofold that of the control (data not shown).

Though the gene for the transporter of the high-affinity
elemental Fe(II) acquisition system, FTR1, showed no signifi-
cant differences in expression, the second component of this
system, FET3, which encodes an Fe oxidase, had a threefold
increase over control values at 3 h posttreatment. In addition,
two copper transporter genes, CCC2 and CTR2, also showed
increased expression. Copper has been demonstrated as essen-
tial for FET3 function (5, 13, 14, 63). The low-affinity FET4

TABLE 1. Genes with similar temporal expression organized by functional family groupsa

Change (fold)
ORF Protein name Function Family grouping

2 h 3 h

1.1 9.8 YNL056W BZR1 Similar to resistance protein Detoxification and transport facilitation
1.7 6.0 YEL065W SIT1 Iron siderophore transporter Detoxification and transport

facilitation
2.0 4.2 YHL047C ARN2 Iron siderophore transporter Detoxification and transport

facilitation
1.7 3.9 YOL158C ARN4 Iron siderophore transporter Detoxification

�1.1 3.4 YDR538W PAD1 Phenylacrylic acid decarboxylase Detoxification
2.3 3.1 YNL239W LAP3 Aminopeptidase Detoxification
1.5 2.9 YOR079C ATX2 Metal chaperone Detoxification
1.5 4.8 YOR306C Monocarboxylate transporter Transport facilitation
2.4 3.0 YOR273C Similar to resistance protein Transport facilitation
1.6 3.0 YOL130W ALR1 Divalent cation transporter Transport facilitation
1.0 3.7 YHR175W CTR2 Copper transporter Transport facilitation
1.2 3.0 YMR058W FET3 Ferroxidase Transport facilitation

�1.4 34.4 YDL130W RPP1B Ribosomal protein Protein synthesis
�1.1 33.6 YBR189W RPS9B Ribosomal protein Protein synthesis

1.2 25.1 YLL045C RPL8B Ribosomal protein Protein synthesis
�1.1 22.3 YOL127W RPL25 Ribosomal protein Protein synthesis
�1.4 16.5 YDL083C RPS16B Ribosomal protein Protein synthesis

7.5 9.6 YGL032W GLS2 Glucan synthase Carbohydrate metabolism
1.2 8.8 YNL066W SUN4 Beta-glucosidase Carbohydrate metabolism
2.3 6.3 YOL126C MDH2 Malate dehydrogenase Carbohydrate metabolism
2.3 5.9 YDL022W GPD1 Dehydrogenase Carbohydrate metabolism
1.8 5.7 YJL052W TDH1 Dehydrogenase Carbohydrate metabolism

�1.5 13.8 YMR292W GOT1 Membrane protein Intracellular transport
1.1 8.7 YNL064C YDJ1 Mitochondrial and endoplasmic reticulum

import protein
Intracellular transport

�1.0 8.3 YBR164C ARL1 ADP-ribosylation factor-like protein Intracellular transport
5.4 7.3 YNL036W NCE103 Involved in nonclassical protein export Intracellular transport
2.0 5.5 YBR105C VID24 Involved in vacuolar protein targeting Intracellular transport

a The genes in cluster 1 with the largest differential in expression and which had the same expression profile as SIT1 are sorted according to functional family. Boldface
indicates genes encoding proteins involved in metal metabolism.
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Fe(III) transporter gene also exhibited a modest increase in
expression across the course of the experiment.

A third group of genes, SMF1 and SMF2, are also involved
in Fe transport and are related to mammalian NRAMP. SMF1
was repressed at 2 h and then returned to control levels of
expression at 3 h posttreatment. SMF2, on the other hand,
moved from a repressed state to a fourfold increase over con-
trol values at 3 h.

The transcriptional regulator gene, AFT1, which regulates
several Fe acquisition genes (FET3, FTR1, FRE1, FRE2,
ARN1, TAF1, SIT1, and ENB1) also exhibited the same peak at
3 h, though at a much more modest level.

These data taken together indicate that expression of ORFs
involved in iron availability increase in response to CQ treat-
ment. This suggests that CQ may interfere with iron uptake or
availability as at least one of its modes of action.

Confirmation of expression differentials by Northern anal-
ysis. As a validation of the data produced by the GeneChip
array, we performed Northern slot blot analysis on a number of
individual genes. Total RNA from control and CQ-treated
cells were probed with PCR-amplified labeled ORFs as de-
scribed in Materials and Methods. PDR5 and SNQ1 are ATP-
binding cassette (ABC) transporters in the pleiotropic drug
resistance family. PDR5 deletion mutants have previously been
shown to exhibit increased sensitivity to CQ. The resulting
hybridization signals are shown in Fig. 1 along with the change
differentials reported from the GeneChip and those calculated
from densitometry analysis of the Northern hybridizations. In
general, the patterns of expression obtained with the two meth-
ods correspond with one another. In the case of SIT1 and
YOR273C, expression appears to be somewhat underreported
by the microarray analysis compared to the signal observed on
the Northern blot.

CQ treatment of iron transport mutants. Yeast strains de-
ficient in components of the iron transport pathways were
tested for their sensitivity to CQ. Strains deficient in both

FET3 and FET4, the high- and low-affinity elemental iron
transporters, respectively, have an approximately 50% de-
crease in growth compared to wild-type strains in the presence
of CQ (Fig. 2a). In the absence of CQ these mutants have a
growth profile similar to that of wild type cells (data not
shown). This differential sensitivity is not observed with strains
deficient in FET3 alone (data not shown). While we have not
directly tested single FET4 mutants, we suspect that they will
also exhibit CQ insensitivity, since FET3 and FET4 single
mutants do not exhibit defects in iron transport that are ob-
served with FET3 FET4 double mutants (data not shown).
Strains deficient in SIT1, encoding the iron siderophore, were
also insensitive to CQ treatment, and the additional deletion of
SIT1 did not significantly alter the CQ susceptibility of FET3
FET4 double mutants (Fig. 2a). No differential sensitivity was
observed with any other quinoline drug tested or with an un-
related drug, cycloheximide (Fig. 2a).

Growth of yeast on iron-depleted medium in the presence of
CQ. The observation of increased CQ sensitivity in yeast ge-
netically limited in iron acquisition (FET3 and FET4) indicated
that CQ might act by creating a condition of iron starvation.
Iron can be limited in yeast medium by the metal chelator BPS.
When plated on iron-depleted medium containing a gradient
of 0 to 100 �M BPS, growth of the various yeast strains was
similar to growth on a CQ gradient. Strains containing a SIT1
deletion were not affected, but strain DEY1433, with both
FET3 and FET4 deleted, exhibited a 60% growth reduction
compared to wild-type cells (data not shown). The additional
deletion of SIT1 did not alter the growth profile under these
conditions (data not shown).

To test whether yeast strains grown in a limited-iron envi-
ronment exhibit elevated sensitivity to CQ, strain DEY1433
was grown on plates that were partially iron depleted by a
subinhibitory concentration of BPS and also contained a sub-
inhibitory gradient of CQ (97 mM) (Fig. 2b). Neither of these

FIG. 1. Northern slot blot analysis of selected genes. Total RNA isolated from control (ND) and CQ-treated cells at 2 and 3 h were probed
with PCR-amplified labeled ORFs. Probe hybridization signals were measured with Image software. The changes between drug-treated and control
cells was calculated from these densitometry measurements and are reported along with the changes calculated from the GeneChip data. TUB1,
tubulin gene; PDR5 and SNQ2, ABC transporter genes; FET3, Fe oxidase gene; FET4, Fe(III) transporter gene; YOR273C, transport facilitator
gene; SIT1, iron siderophore gene.
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treatments alone had much impact on growth, but in combi-
nation, they reduced growth by approximately 30%.

BPS is also known to be a copper chelator. The importance
of copper in iron acquisition is noted above. To eliminate the
possibility that the observed phenomenon is the result of cop-
per depletion, we grew yeast on copper-supplemented medium
in the presence of CQ. The growth of DEY1433 was unaltered
by supplementation with copper in the presence or absence of
CQ (data not shown).

Growth of yeast on iron-supplemented medium in the pres-
ence of CQ. To determine whether excess iron could rescue
cells from CQ killing, cells were grown in different concentra-
tions of iron, ranging from 0.74 to 74 �M, in the absence of CQ
or in the presence of CQ ranging from 0 to 194 mM. Growth
of DEY1433 was unaffected by excess iron in the absence of

CQ (Fig. 2c). In the presence of higher iron concentrations,
CQ had no effect on growth of these iron transport-deficient
cells (Fig. 2c).

Iron uptake in the presence of CQ. To determine whether
CQ had a direct impact on iron transport, the accumulation of
55FeCl3 by wild-type strain DEY1455 was measured over time.
In the presence of CQ, a decrease in total accumulation as well
as the rate of accumulation was observed over a 6-h period
(Fig. 3). Yeast cells had normal morphology with budding
forms throughout the experiment (data not shown).

To determine the nature of CQ inhibition of iron uptake, we
plotted velocity against substrate concentration over a range of
[55FeCl3] (0.1 to 5.0 �M). The simple plateau curve indicated
Michaelis-Menten kinetics (Fig. 4a). Double-reciprocal plots
were produced from iron uptake experiments with a range of

FIG. 2. (a) Growth of iron transport mutants on a battery of drug gradients. Strains DEY1455, DEY1455�SIT1, DEY1433, and
DEY1433�SIT1 were plated on gradients of CQ (0 to 194 mM), quinine (0 to 26.6 mM), quinidine (0 to 30.8 mM), quinacrine (0 to 21.1 mM),
mefloquine (0 to 1.2 mM), and cycloheximide (0 to 0.88 �M) as described in Materials and Methods. The plates were incubated at 30°C for 2 to
3 days, after which growth across the plates was measured. Data are the averages of at least three independent experiments. (b) Growth of yeast
in presence of CQ under iron-limiting conditions. DEY1433 (�FET3 FET4) was plated on a continuous concentration of 20 �M BPS, a 0 to 97
mM gradient of CQ, or a combination of the two (CQ/BPS) as described in Materials and Methods. Growth across these plates was determined
after incubation at 30°C for 2 to 3 days. (c) Growth of yeast in the presence of CQ under iron-supplemented conditions. DEY1433 was plated on
plates containing 7.4 �M (10�) supplemental FeCl3 or 74 �M (100�) FeCl3, a gradient of 0 to 194 mM CQ, or a combination of both as described
in Materials and Methods. Growth across these plates was determined after incubation at 30°C for 2 to 3 days.
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iron substrate (0.1 to 10 �M) and CQ (0 to 97 mM) concen-
trations (Fig. 4b). The apparent Km for iron uptake by cells
increased from 1.4 �M in the absence of drug to 25.7 �M at a
CQ concentration of 97 mM. From these data, a Ki of 4.66 �M
was calculated. The double-reciprocal plots and Km values
most closely resemble a model of competitive inhibition.

Uptake of CQ by S. cerevisiae in the presence of supplemen-
tal iron. To further investigate the potential interaction be-
tween CQ and iron transport, we measured [14C]CQ uptake in
the absence and presence of excess iron (74 �M, 100-fold
excess). In these experiments, strain DEY1455 was incubated
with [14C]CQ for 6 h with and without supplemental iron.
Samples were taken at 1, 2, 4, and 6 h, and the total [14C]CQ
accumulation was measured as described in Materials and
Methods (Fig. 5). In contrast to iron intake, which reached
saturation at around 2 h, CQ accumulation was significantly
higher at the 6-h time point. Similarly, [14C]CQ accumulation
increased with increasing incubation time in the presence of
100-fold excess iron. In addition, total [14C]CQ accumulation
was equivalent for both samples at each time point.

DISCUSSION

Analysis of transcriptional profiles of CQ-treated cells dem-
onstrated that among the genes with the largest changes in

mRNA levels were a number of genes encoding transporters
involved in cellular iron availability (SIT1, TAF1, ENB1, and
SMF2). This response suggests that CQ toxicity may in part be
due to interference with iron uptake or metabolism. In support
of this, we provided evidence that yeast deprived of iron, either
by gene knockout of FET3 and FET4 or by the presence of a
chelator, demonstrated sensitivity to CQ. Furthermore, we
demonstrated that CQ acts as a competitive inhibitor of iron
uptake in yeast. Interestingly, a reciprocal effect was not ob-
served when iron was used to inhibit CQ accumulation. This is
not altogether surprising, since CQ, an amphiphilic compound,
is able to gain entry into cells without the assistance of mem-
brane transporters (19), and the kinetics of accumulation of
iron and CQ are dramatically different (compare Fig. 4b and
5).

Several of the CQ responsive genes we identified are regu-
lated by the iron-responsive DNA binding protein, AFT1 (61),
whose gene also exhibited a similar expression pattern (data
not shown). It would be of interest to directly test which of
these genes might have an effect on CQ resistance, since it has
been previously demonstrated that the overexpression of
YOR273c in response to CQ treatment does not confer resis-
tance to CQ (16).

The involvement of CQ in the disruption of iron metabolism
has been noted in many biological systems including the fungus

FIG. 3. Time course of 55FeCl3 uptake by S. cerevisiae in the presence of CQ. Strain DEY1455 was incubated in LIM�EDTA at 30°C with 5
�M 55FeCl3 for 6 h in the presence or absence of 9.7 and 97 mM CQ. Aliquots were precipitated onto glass fiber filters for scintillation analysis
at the indicated time points. Cultures were kept in log phase over the course of the experiment by periodic dilution with LIM�EDTA containing
the appropriate concentrations of 55FeCl3 and CQ.
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FIG. 4. (a) Lineweaver-Burk plots for 55FeCl3 uptake by S. cerevisiae in the presence of CQ. Strain DEY1455 was incubated in LIM�EDTA
at 30°C for 20 min in the presence of various concentrations of 55FeCl3 (0.1 to 10.0 �M) and CQ (0.0, 9.7, and 97 mM). Samples were precipitated
onto glass fiber filters for scintillation analysis. Velocity (V) is plotted against a range of [55FeCl3] (0.1 to 5.0 �M). (b) A double-reciprocal
Lineweaver-Burk plot was created from the uptake data. The average apparent Km, calculated as �1/x intercept, for 1, 9.7, and 97 �M CQ are 1.4,
4.17, and 25.72 �M. The average apparent Ki, calculated as described in Materials and Methods, was 4.66 �M. The reported plot was derived from
three independent experiments done in triplicate.
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Histoplasma capsulatum (39) and the bacteria Francisella tula-
rensis (22) and Legionella pneumophila (9), recently reviewed
by Weber et al. (56). Similar activity has been noted in a
number of other cell types, including mammalian endothelial
cells and macrophages (4, 6, 21, 25, 27, 28, 30, 40, 43, 52).
Previous work has shown that CQ treatment can alter vacuolar
pH in yeast (42). CQ concentrates in lysosomes (as much as
10,000-fold) via deprotonation and ion trapping and increases
the pH of these compartments. This increase in pH then pre-
vents the release of iron from the iron binding protein trans-
ferrin, thereby depriving the cell and associated pathogens of
adequate iron. However, interrupting the release of iron from
carrier proteins seems unlikely to be a primary mechanism in
this system, because to date no iron carrier protein system has
been identified in S. cerevisiae.

No such iron carrier system has been identified in P. falci-
parum either. In the Plasmodium parasite, CQ accumulates to
millimolar concentrations in the acidic food vacuole (2, 15, 62),
where it is proposed to act by interfering with the polymeriza-
tion of toxic heme, thus poisoning the cells with their own
waste. This process is proposed to involve the binding of CQ to
heme, which is supported by spectrophotometric studies (re-
viewed in reference 20). Other proposed mechanisms of tox-
icity include inhibition of DNA replication and RNA synthesis
(3, 11, 41, 53), inhibition of hemoglobin degradation (24), and
lysosomotrophic activities.

The degradation of host hemoglobin by Plasmodium spp.
provides the parasite with essential amino acids and other
required nutrients, including iron. Deprivation of the iron sup-
ply by interference with hemoglobin metabolism has also been
proposed as a mode of action of CQ, and the importance of

iron homeostasis as a potential drug target in the parasite has
been promoted by a number of groups (24, 35, 49, 60).

As with virtually all cell types, iron is an essential nutrient for
the growth and proliferation of Plasmodium spp. (7, 23, 47, 51,
58). The genes involved in iron acquisition, trafficking, and
metabolism in Plasmodium spp. have not yet been character-
ized. BLAST sequence homology searches of the database
PlasmoDB (http://www.plasmodb.org) (44) using sequences of
genes involved in iron metabolism in other organisms have
resulted in the identification of only a handful of potential
homologues in Plasmodium to date. The strongest alignments
were produced with iron regulator protein homologues, ABC
iron transporters, and members of the NRAMP family. Prelim-
inary characterization indicates that a homologue of NRAMP is
expressed in P. falciparum (David Sullivan [Johns Hopkins
University], personal communication). Additionally, FET3 and
AFT1 homologues could also be identified. Further study of
these potential iron metabolism homologues in P. falciparum
will broaden our understanding of metabolic pathways in the
parasite and may shed light on new targets for pharmacological
treatments of malaria.

Iron chelators, including deferoxamine, have been shown to
act as antimalarials, and their use has demonstrated the po-
tential of targeting iron homeostasis of the parasite as a drug
intervention (reviewed in references 26, 46, and 50). Recent
data suggest that iron chelation in Plasmodium spp. has detri-
mental effects on expression of a number of mitochondrial
genes (37), influences the efficiency of the polymerization of
hematin (54), and interferes with labile iron stores of both the
host and parasitic cell (34). A recently published study suggests

FIG. 5. Accumulation of CQ by S. cerevisiae in the presence of supplemental iron. Yeast strain DEY1455 was incubated at 30°C for 6 h with
50 nM [14C]CQ and in the presence or absence of 74 �M FeCl3 (100 times the amount in normal medium). Aliquots were taken and precipitated
onto glass fiber filters for scintillation analysis at the indicated time points. Samples for each condition were incubated on ice to control for cell
surface adhesion of drug. The data are the averages of at least three independent experiments.
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that iron can inhibit the in vitro activities of a number of
antibiotics in P. falciparum (45).

Our data suggest that CQ may play a role in iron metabo-
lism, in particular as an inhibitor of iron transport. This work
is based on a model system, S. cerevisiae, and the CQ concen-
trations used in this system are higher than those required to
kill P. falciparum. However, CQ is accumulated in the parasite
food vacuole to millimolar concentrations, concentrations sim-
ilar to those used in these experiments, and thus, this work may
have biological relevance to the in vivo parasite system (2, 15,
62). It is not clear whether the parasite acquires iron via the
food vacuole, but such a mechanism has been proposed (33).
Investigation of iron metabolism in P. falciparum in the pres-
ence and absence of CQ may provide insight into this possible
mechanism. Interestingly, whole-genome expression analysis
has indicated the upregulation of several uncharacterized
genes in P. falciparum treated with CQ (A. Munasinghe, un-
published data). Perhaps some of these yet-to-be-identified
genes are related to iron transport.
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