THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 27, pp. 1796817974, July 3, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

The Antimalarial Drug Quinine Disrupts Tat2p-mediated
Tryptophan Transport and Causes Tryptophan Starvation™

Received for publication, February 26, 2009, and in revised form, April 9, 2009 Published, JBC Papers in Press, May 5, 2009, DOI 10.1074/jbc.M109.005843

Combiz Khozoie, Richard J. Pleass', and Simon V. Avery’

From the School of Biology, Institute of Genetics, University of Nottingham, University Park, Nottingham NG7 2RD, United Kingdom

Quinine is a major drug of choice for the treatment of malaria.
However, the primary mode of quinine action is unclear, and its
efficacy is marred by adverse reactions among patients. To help
address these issues, a genome-wide screen for quinine sensitiv-
ity was carried out using the yeast deletion strain collection.
Quinine-sensitive mutants identified in the screen included sev-
eral that were defective for tryptophan biosynthesis (¢rp strains).
This sensitivity was confirmed in independent assays and was
suppressible with exogenous Trp, suggesting that quinine
caused Trp starvation. Accordingly, quinine was found to
inhibit [*H] Trp uptake by cells, and the quinine sensitivity of a
trpIA mutant could be rescued by overexpression of Trp per-
meases, encoded by TAT1 and TAT?2. The site of quinine action
was identified specifically as the high affinity Trp/Tyr permease,
Tat2p, with which quinine associated in a Trp-suppressible
manner. A resultant action also on Tyr levels was reflected by
the Tyr-suppressible quinine hypersensitivity of an aro7A dele-
tion strain, which is auxotrophic for Tyr (and Phe). The present
genome-wide dataset provides an important resource for dis-
covering modes of quinine toxicity. That potential was validated
with our demonstration that Trp and Tyr uptake via Tat2p is a
major target of cellular quinine toxicity. The results also suggest
that dietary tryptophan supplements could help to avert the
toxic effects of quinine.

Malaria is a global crisis that devastates poverty-stricken
regions of the world. In the absence of a vaccine, chemotherapy
remains the most effective means of countering malaria. How-
ever, the value of antimalarial drugs is limited by resistance
among Plasmodium spp., the causative organism, and by drug
toxicity in patients. Such adverse drug reactions (ADRs) have
been documented to all of the currently available antimalarials;
with effects ranging from relatively mild symptoms such as gas-
trointestinal disturbances, nausea, and headache, to more seri-
ous complications including death (1, 2).

Quinine remains the most commonly used antimalarial for
therapy, despite major toxicity concerns especially in children
(1, 3, 4). A link between quinine toxicity and one well-studied
genetic defect of humans (glucose-6-phosphate dehydrogenase
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deficiency) is known, but that example only accounts for a frac-
tion of adverse responses to quinine (1). The basis for most
adverse responses to quinine is unknown, and the principal
mode of quinine action against the malaria parasite is also still
largely unclear. These are critical shortcomings in our under-
standing of quinine action.

The yeast Saccharomyces cerevisiae provides an excellent
model for mode of action discovery. The tools available with
yeast include the complete sets of deletion mutants, which
allow determination of the role of each open reading frame
(ORF)? in enabling (or disabling) growth under a condition of
interest. This approach has led to genome-wide identification
of genes determining resistance to toxic metals and other pro-
oxidants (5-7), small chemicals, and drugs (8 —11) and antibi-
otics (12, 13). Moreover, because of the evolutionary conserva-
tion of cellular functions between yeast and humans (14, 15),
results from such studies with yeast can be extrapolated to
higher organisms where they have yielded key new insights to
stress and disease states. Furthermore, recent studies have rein-
forced how yeast is providing critical insights into understand-
ing the general biology of the malaria parasite (16-19). The
applicability of the yeast model also extends to adverse drug
reactions as yeast, like humans, are resistant to many drugs that
are used for targeting pathogens. Consequently, the yeast dele-
tion strains have been used previously to identify genetic
defects that in humans could be the basis for the sensitivities of
certain individuals to antimicrobial drugs (12, 20). In this study,
we applied this approach to the problem of adverse reactions to
a major antimalarial drug for the first time, noting that similar
approaches have been exploited recently for mode of action
discovery with certain other antimalarials (17, 21). Our analysis
led to the key finding that yeast trp mutants (which rely on an
exogenous supply of Trp, like mammals) are quinine-hypersen-
sitive, and that quinine specifically obstructs Trp acquisition by
cells. This finding raises the novel possibility that a simple tryp-
tophan supplement could help to avert the adverse responses
commonly associated with quinine therapy.

EXPERIMENTAL PROCEDURES

Strains and Plasmids—The full set of homozygous deletion
strains used for screens in the diploid BY4743 background
(MATa/MATa his3A1/his3A1  leu2A0/leu2A0  met15A0/
METI5 LYS2/lys2A0 ura3A0/ura3A0) was obtained from
Euroscarf (Frankfurt, Germany). To construct a cassette giving
tet-regulated TATI or TAT2 gene expression, a PCR fragment
containing the relevant ORF was amplified from yeast genomic

3 The abbreviations used are: ORF, open reading frame; FV, food vacuole.
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DNA with addition of 5'-terminal NotI and 3’ Pstl or Nsil sites,
and ligated between the Notl and PstI sites of pCM190 (22).
Recombinant plasmids were transformed into S. cerevisiae with
the lithium acetate method (23) and transformants maintained
on yeast nitrogen base (YNB, Formedium) supplemented as
required to give Ura™ selection (24). Restriction digests, DNA
ligations, sequencing, and PCR were carried out using standard
protocols (24).

Deletion Strain Screen—The full set of homozygous deletion
strains was routinely stored at —80 °C in a 96-well format, in
YEPD medium (2% (w/v) glucose, 1% yeast extract, 2% bacto-
peptone, 1.6% agar, all Oxoid) supplemented with 15% (v/v)
glycerol. For experimental purposes, deletion strains were rep-
lica-inoculated from the frozen stocks into YEPD broth with a
96-pin tool, and microplates incubated at 30 °C with orbital
shaking at 120 rev min~'. After overnight incubation, cultures
were diluted to a median A, of ~0.5 before further dilution to
an Agy, of ~0.05 in fresh YEPD broth (200 ul per well, final
volume), supplemented as specified with quinine hydrochlo-
ride (MP Biochemicals) from a 300 mm stock solution in 100%
ethanol. Control incubations received the same ethanol addi-
tions without the quinine. Growth readings (Ag,,) were
recorded after incubation for 7 h at 30 °C, with orbital shaking
at 120 rev min~'. Growth ratios (25) for each strain were cal-
culated by dividing A, readings obtained under control con-
ditions (minus quinine) by those for parallel quinine-supple-
mented incubations; the background Ay, of the medium
(0.083) was retained to eliminate zero denominators. Growth
ratios were not calculated for slow growing strains (A,
<0.133 in untreated plates after 7 h), as small A, differences
have a disproportionately large effect on their growth ratios
(25). Each growth ratio was divided by the median growth ratio
obtained for the 96-well plate holding that strain to correct for
any plate to plate variation (25). Strains with a mean growth
ratio of =1.45 (n = 2) from the initial screen were re-arrayed
onto new 96-well plates and screened three further times in
duplicate. Strains giving a median growth ratio across all
screens =1.45 were deemed to be quinine-hypersensitive. The
value of 1.45 was arrived at empirically, by relating the growth
ratio values obtained for selected strains to phenotypes
observed in independent (spotting on agar = quinine) assays.

Quinine Toxicity Assays—For quinine toxicity assays with
specific deletion strains, organisms were cultured to mid/late
exponential phase (A4, ~2.0) in either YEPD broth or YNB
broth with appropriate selection (26). These cultures were
diluted to Agyy ~0.10-0.15 in fresh medium, supplemented
where specified with quinine hydrochloride. Where indicated,
L-tryptophan or L-tryosine supplements were also added to the
medium from 0.5 M stock solutions prepared in 1 M NaOH. All
controls were balanced for ethanol or NaOH additions. Ali-
quots (300 ul) of the cultures were transferred to 48-well micro-
titer plates (Sigma), which were sealed with parafilm. The plates
were incubated at 30 °C with shaking in a BioTek Powerwave
XS microplate spectrophotometer with A, measured every 30
min. The cell division rate (the number of generations per hour)
was derived from a minimum of at least four A, determina-
tions obtained during the linear portion of exponential growth.
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TABLE 1
Over-representation of specific functional categories in the
annotations of genes from the quinine-sensitive dataset

The dataset comprises the defective gene of each deletion strain that scored quinine
sensitive.

Functional category” p value® Genes
Biosynthesis of tryptophan 4.09 X 107°  TRPI, TRP3, TRPS
Metabolism of tryptophan 113 x 1073 ARO2, ARO7
Metabolism of phenylalanine 3.09 X103 ARO2, ARO7
Metabolism of tyrosine 3.59 X 1073 ARO2, ARO7
Regulation of phosphate metabolism  5.93 X 1073 SIS2, LSP1

“ All functional categories scoring p = 0.01 are shown.
? According to Ref. 27.

Amino Acid and Quinine Uptake Assays—Mid/late exponen-
tial phase cells were harvested by centrifugation (6000 X g, 5
min) and washed with 10 mm sodium citrate, pH 4.5, before
resuspension to Ay, ~3.0 in 5 ml of buffer comprising 10 mm
sodium citrate, 20 mm ammonium sulfate, 2 mm glucose, pH 4.5
adjusted with citric acid. Where specified, the buffer was sup-
plemented as indicated with non-radiolabeled L-tryptophan or
quinine (purum molecule). Uptake assays were initiated by the
addition of either L-[5-*H]tryptophan (GE Healthcare) to a final
activity of 0.9 pCi ml™' (20-30 Ci (mmol Trp)™'), or
L-[**S]methionine (GE Healthcare) to a final activity of 0.9 uCi
ml~* (1000 Ci (mmol Met) '], or [9-*H]quinine (American
Radiolabeled Chemicals) to a final activity of 0.9 wCi ml™'
(10-20 Ci (mmol quinine) ~']. Aliquots (0.5 ml) of cell suspen-
sion were removed at time intervals and vacuum-filtered
through presoaked nitrocellulose filters (Whatman glass
microfiber filter, 25 mm in diameter). Cells were washed with
10 ml of 10 mM sodium citrate, pH 4.5, before transfer to scin-
tillation vials. Cell-associated radioactivity was quantified in a
liquid scintillation counter (2250CA Packard Tri-carb) and the
readings normalized to cell density (A4y,). For kinetic analysis
of uptake data, Prism 5.0 software was used for weighted non-
linear regressions (Graphpad Software Inc.).

RESULTS

Identification of Deletion Strains with Altered Quinine
Resistances—The yeast homozygous diploid deletion strain col-
lection was screened to identify genes that are required for qui-
nine resistance. The effect of quinine on the growth of each
deletion strain was assessed in broth culture in a 96-well format
(see “Experimental Procedures”). A concentration of 2 mm qui-
nine was used for screens, because preliminary experiments
showed that this was just sufficient to exert a mild slowing on
wild type growth. A total of 110 putative quinine-sensitive
strains (growth ratio =1.45) were identified from the genome-
wide screen, and 43 of these phenotypes were subsequently
confirmed in specific tests of the 110 putative strains (supple-
mental Table S1). With the FunCat analysis tool (27), the 43
deleted genes of the sensitive strains were grouped into func-
tional categories, and the resultant distributions analyzed for
significant differences compared with genome-wide distri-
butions for S. cerevisiae. Tryptophan biosynthesis was the
most highly over-represented category in the annotations of
genes in the quinine-sensitive dataset, because of the sensi-
tivity of trpIA, trp3A, and trp5A deletion strains (Table 1).
This indicated that an intact Trp biosynthetic pathway is

JOURNAL OF BIOLOGICAL CHEMISTRY 17969


http://www.jbc.org/cgi/content/full/M109.005843/DC1

Quinine Disrupts Tat2p-mediated Trp Transport

It was noted that Trp catabolic
genes (BNAI to BNA6) were not

among the quinine-sensitive group
from the screen, suggesting that
specific downstream products of
Trp such as kynurenine and nicotin-
amide adenine dinucleotide (NAD)
are not involved in quinine resist-
ance. We corroborated this by test-
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FIGURE 1. The importance of tryptophan availability for quinine resistance. A, S. cerevisiae BY4743 (O),
trp1A (@), trp2A (), trp3A (M), trp4A (A), or trp5A (A) strains were cultured in either the absence (top) or

0.05
Final concentration of added Trp (mM)

ing the bnalA-bna6A deletion
strains individually, as described
above for the trp mutants. None of
the bna mutants were quinine-sen-
sitive compared with the wild type
(data not shown).

In the absence of de novo Trp bio-
synthesis, trp mutants rely on Trp
taken up from the growth medium
(28). It was reasoned that the Trp
available in the medium alone may
not be sufficient to meet the cellular

0.10 0.50 1.00

presence (bottom) of 4 mm quinine hydrochloride in 300 ul of YEPD medium in a 48-well microplate. Growth

was monitored with a BioTek Powerwave plate reader with shaking at 30 °C. Typical curves from one of three
independent experiments are shown. B, S. cerevisiae trp1A deletion strain was cultured as in A but in YEPD
medium supplemented with varying concentrations of L-tryptophan as well as 0 mm () or 4 mm (H) quinine.
Division rates (the number of generations per hour) were derived from Ag,, measurements obtained during
the exponential phase of growth. The values are means = S.E. from three replicate experiments. Control
analyses (not shown for clarity) confirmed that the wild type division rate was not affected by quinine or

L-tryptophan at the concentrations used.

required for normal quinine resistance. Other over-repre-
sented categories were involved with metabolism of trypto-
phan or other aromatic amino acids (aro2A and aro7A) and
phosphate metabolism.

Quinine Causes Tryptophan Starvation in Cells Lacking Trp
Biosynthesis—We decided to subject the above indication of
tryptophan-dependent quinine toxicity to further investiga-
tion. In yeast, the tryptophan branch of the aromatic amino acid
biosynthesis pathway involves five genes, TRPI to TRPS5,
encoding seven enzyme activity domains. To substantiate the
lead from the screening data and to test roles for the other genes
of the Trp biosynthesis pathway, TRP2 and TRP4, the trplA-
trpSA deletion strains were each tested individually for quinine
sensitivity. This was according to continuous growth measure-
ments in the absence and presence of quinine (Fig. 14). The
strains all had similar exponential growth rates (albeit after dif-
fering lag times) under control conditions. However, growth of
all of the trp mutants was inhibited at a quinine concentration
(4 mm) that had no discernible effect on wild type growth (Fig.
1A). The results corroborated that a capacity for Trp biosynthe-
sis is required for quinine resistance under these conditions.
The fact that two of the five trp deletion strains were not
detected in the original screen for quinine sensitivity reflects
the stringency of the criteria that we set to avoid false positives,
but also highlights how some genuinely sensitive strains may
not be revealed. Like other genome-wide approaches, the
screening data here are ideally suited to mining for broader
trends and effects (e.g. quinine sensitivity of multiple Trp path-
way mutants) rather than definitive assessment of the individ-
ual behavior of each strain.
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Trp demand during quinine expo-
sure. To test this, quinine exposure
was performed in the presence of
added L-tryptophan in the medium.
For clarity, the data are presented as
effects on cell division rate, which
were determined from full growth
curves (see “Experimental Procedures”). The marked growth
defect of quinine-exposed trpIA cells was rescued by exoge-
nous Trp (Fig. 1B). Thus, growth in the presence of quinine was
ameliorated by the addition of L-Trp to 0.05 or 0.1 mm, and at
=0.5 mm L-Trp the growth of trpIA cells was not affected by
quinine (the natural Trp concentration of YEPD is reportedly
0.47 mm, but that is decreased by glucose addition and autoclav-
ing (29)). The Trp additions had no effect on growth in the
absence of quinine (Fig. 1B), or on quinine resistance of the wild
type (not shown). The data indicated that quinine provokes Trp
starvation in cells that cannot synthesize their own tryptophan.

Quinine Targets the High Affinity Trp/Tyr Permease, Tat2p—
We hypothesized that quinine interferes with tryptophan
uptake, which would affect the phenotype only of biosynthesis-
defective trp cells (by Trp limitation). To test this hypothesis,
[*H]Trp uptake was compared in the absence and presence of
quinine. The amount of [*H]Trp accumulated by cells after 60
min was decreased by ~25 and ~70% at 2 and 4 mMm quinine,
respectively (Fig. 24). The uptake of [**S]methionine was also
tested to help distinguish Trp-specific effects from any generic
effects on (amino acid) transport. Quinine did not affect Met
uptake by cells (Fig. 2B). This supported the screening data
(Table 1 and supplemental Table S1), which did not suggest
that quinine had general effects on amino acid transport.

To give further insight into the nature of quinine-mediated
inhibition of Trp uptake, the kinetics of [*’H]Trp transport (over
20 min) were examined in the absence and presence of quinine.
Experiments were designed according to the principles
described elsewhere (30, 31) to facilitate reliable determination
of kinetic transport parameters. The data were linearized by
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FIGURE 2. Quinine inhibits cellular tryptophan uptake. Exponential phase
cells (wild type) were incubated in YEPD medium supplemented with 0 mm
(©), 2 mm (@), or 4 mm ((J) quinine and with either 0.9 wCi ml~ " [*HITrp (A) or
0.9 wCiml~" [**S]Met. B, cellular uptake of radiolabel was determined atinter-
vals and the derived scintillation counts normalized to cell density. Typical
results from one of three independent experiments are shown. S.E. values
from replicate samples were smaller than the dimensions of the symbols.
C, tryptophan uptake rates were determined over 20 min after the addition of
[PH]Trp to cells in buffer supplemented with 0.025,0.05, 0.1, 0r 0.25 mm L-tryp-
tophan, and either 0 mm (O), 2 mm (@), or 4 mm ((J) quinine. Reciprocal values
of Trp concentration (S, mm) and Trp uptake rate (V, pmol of Trp (10° cells) !
min~ ') were derived for the Lineweaver-Burk analysis presented. The points
are means from three replicate determinations, and typical results from one
of three independent experiments are shown. S.E. values are smaller than the
dimensions of the symbols.

plotting reciprocal values for transport rate (V) versus Trp con-
centration (S) (Fig. 2C); the resultant plots indicated that qui-
nine is a competitive-type inhibitor of L-Trp uptake, i.e. the K,
(negative reciprocal of the x axis intercept) but not the V, .
(reciprocal of the y axis intercept) for L-Trp transport was
altered by quinine. This suggested that Trp and quinine com-
pete reversibly for the same binding site(s) on the relevant Trp
transporter. The apparent K, for Trp transport obtained in the
absence of quinine (45 £ 4 um) was consistent with the range
(15-50 um) reported previously in yeast (32).

Tryptophan uptake in yeast is mediated principally by the
high affinity (Tat2p) and low affinity (Tat1p) Trp permeases. To
reinforce the above data and to give an initial indication as to
whether quinine may act at these permeases, TATI and TAT2
were tested as suppressors of the quinine-sensitive phenotype
of trpIA cells. The TATI and TAT2 ORFs were cloned into
plasmid pCM190 behind a tet-regulatable promoter module,
which is induced >1000-fold in tetracycline-free medium (33).
High level expression of Tatlp or Tat2p in this way caused
some slowing of growth in cells incubated without quinine (Fig.
3). Moreover, overexpression of either of these permeases con-
ferred a marked advantage to trpIA cells incubated with qui-
nine, rescuing the quinine sensitivity of this mutant.

The suggestion that Tatlp and/or Tat2p may be involved in
the action of quinine was resolved more rigorously by compar-
ing [*H] Trp uptake in wild type, tat1A, and tat2A strains, in the
absence and presence of quinine (Fig. 4). Consistent with the
greater contribution that Tat2p makes to cellular Trp uptake
(34), TAT?2 deletion caused a larger decrease in Trp uptake in
the absence of quinine than TATI deletion. Moreover, the addi-
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FIGURE 3. Overexpression of tryptophan permeases rescues the qui-
nine hypersensitivity of the trp7A mutant. S. cerevisiae BY4743 (wild
type) or trp1A strains were transformed or not with pCM190 (empty vec-
tor; ev), pCM190-TATT (+TATT), or pCM190-TAT2 (+TAT2). Strains were
cultured in the absence ((J) or presence (M) of 4 mm quinine hydrochloride
in 300 wl of YNB medium in a 48-well microplate, with appropriate selec-
tion and supplemented with 0.02 mm L-Trp. (The use of minimal YNB
medium for plasmid selection accounts for the slower division rates in this
experiment versus Fig. 1). Expression of the plasmid borne TAT genes was
fully de-repressed by the absence of tetracycline in the medium. Growth
was monitored with a BioTek Powerwave plate reader with shaking at
30 °C. Division rates were derived from Ay, measurements obtained dur-
ing the exponential phase of growth. The values are means = S.E. from
three replicate determinations.
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FIGURE 4. Quinine inhibits Tat2p-dependent tryptophan uptake. Expo-
nential phase S. cerevisiae BY4743 (wild type), tat1A, or tat2A cells were
incubated in buffer supplemented with 0 mm (O) or 5 mm (®) quinine and
with 0.025 mm L-tryptophan supplemented with 0.9 uCi ml~" [*H]Trp.
Cellular uptake of radiolabel was determined at intervals and the derived
scintillation counts normalized to cell density. The points are means from
three replicate determinations, and typical results from one of three inde-
pendent experiments are shown. S.E. values are smaller than the dimen-
sions of the symbols.
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FIGURE 5. Quinine association with cells depends on Tat2p. Exponential
phase S. cerevisiae BY4743 ((J) or tat2A (M) cells were incubated in buffer in the
presence of 0.5 mm quinine supplemented with 0.9 uCi ml~" [*Hlquinine. Where
indicated, 1.0 mmL-tryptophan was also included in the buffer. Cellular radiolabel
uptake was determined after 10 min and the derived scintillation counts normal-
ized to cell density. Inset, time course of quinine uptake by S. cerevisiae B4743. All
the values are means = S.E. from five replicate determinations, and typical results
from one of two independent experiments are shown.

tion of quinine had no further effect on Trp uptake by fat2A cells.
In contrast, the quinine-dependent inhibition of Trp uptake evi-
dent in wild type cells was accentuated in cells defective for the
alternative Trp permease, Tatlp (Fig. 4). Therefore, quinine inhib-
its Trp uptake only in cells expressing the Tat2p permease, point-
ing to Tat2p as the site of this quinine action.

The evidence indicated that quinine competitively inhibits
Trp uptake via Tat2p. Therefore, it was reasoned that Tat2p
may also mediate quinine uptake by cells. Quinine uptake was
measured with radiolabeled [*H]quinine. This was available as
purum quinine rather than the quinine hydrochloride salt used
elsewhere in this study, but we confirmed that the trp mutants
exhibited the same sensitivity to both purum and HCl salt qui-
nine preparations (data not shown). Initial time course studies
showed that quinine uptake by cells was complete within 2 min
(Fig. 5, inset). The absence of any further uptake up to 2 h was
consistent with quinine uptake comprising a rapid association
with the cell surface but without subsequent intracellular accu-
mulation, unlike tryptophan uptake (Fig. 2). Quinine uptake
was decreased by >80% in tat2A cells compared with the wild
type (Fig. 5), indicating that Tat2p was primarily responsible for
quinine association with cells. A similar decrease in quinine
uptake by wild type cells was achieved by incubation in the
presence of 1 mm L-tryptophan. In contrast, Trp supplementa-
tion had no effect on (the low level of) quinine uptake by the
tat2A mutant. These data substantiated that Tat2p is the site of
quinine competition with Trp for uptake.

Quinine Causes Tyrosine Starvation—Tat2p is a key cellular
permease for tyrosine, as well as tryptophan. As the Tat2p-
quinine interaction appeared to be responsible for the quinine
hypersensitivity of Trp auxotrophs (above), it was hypothesized
that quinine may also cause tyrosine limitation in cells that are
defective for tyrosine biosynthesis. The only gene required
exclusively for Tyr biosynthesis, TYRI, is not encompassed in
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FIGURE 6. Tyrosine supplementation suppresses quinine hypersensitiv-
ity of a Tyr- auxotroph. S. cerevisiae aro7A cells (Tyr- Phe-) were cultured in
either the absence (left) or presence (right) of 4 mm quinine hydrochloride in
YEPD medium supplemented with either no additional L-tyrosine (O) or with
0.1 mm (@), 0.5 mm (), or 1.0 mm (M) L-tyrosine. Growth was in 300-ul vol-
umes of medium in 48-well microplates, monitored with a BioTek Powerwave
plate reader with shaking at 30 °C. Typical curves from triplicate independent
experiments are shown.

the yeast deletion strain collection. However, it was noted that
both an aro2A mutant (Tyr- Trp- Phe-) and, moreover, an
aro7A mutant (Tyr- Phe-) were quinine hypersensitive accord-
ing to the screening experiments (Table 1). We confirmed this
phenotype in a specific assay with aro7A cells cultured in the
presence of quinine (Fig. 6). To assign this phenotype specifi-
cally to Tyr limitation, as we did above with Trp, cultures were
supplemented with varying concentrations of L-tyrosine.
Growth of the aro7A mutant was rescued at 1.0 mM L-tyrosine
(Fig. 6). The results collectively indicated that the cellular sup-
ply of exogenous Trp and Tyr (both key functions of Tat2p) are
debilitated by quinine exposure.

DISCUSSION

The ability to perform genome-wide screens with the yeast
deletion strain collection has found valuable applications in
recent years. Here, this approach was used to gain insight to the
mode of toxicity of quinine, a major antimalarial drug that is
commonly associated with adverse reactions in humans (1-4).
The deletion strain screen revealed a key role for Trp biosyn-
thesis in quinine resistance. Through further experiments, this
novel aspect of quinine activity was attributed to drug capacity
to obstruct Trp (and Tyr) uptake, via the main high affinity
Trp transporter of yeast, Tat2p. This action and associated
growth inhibition was observable only in strains defective for
de novo Trp biosynthesis and, thus, which are wholly
dependent on transporter function for Trp acquisition. The
latter is an important point because similar to the quinine-
hypersensitive yeast trp mutants, mammals and the malaria
parasite also rely entirely on a dietary supply of Trp.

We have recorded sensitivity in the frp yeast strains at qui-
nine concentrations of the same order as those measured in
plasma (~45 pm) and liver (~100 um) of humans receiving
quinine therapy (35, 36). It is accepted that absolute inhibitory
concentrations in laboratory studies with yeast will not neces-
sarily predict those in vivo with humans. However, a primary
determinant of quinine toxicity revealed here is the quinine:
tryptophan (or tyrosine) ratio. Given the tryptophan (and tyro-
sine) concentrations found in human plasma (~50 wMm) and
liver (~40 um) (37, 38), the quinine:tryptophan ratios in
humans are comparable to those used in our experiments, i.e.
with which we demonstrated physiological quinine-tryptophan
interactions. Furthermore, the comparison holds whether con-
sidering either free or bound molecules, as a similar proportion
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of total quinine and total tryptophan in humans is bound
(70—85%) versus unbound (38, 39). These considerations re-
inforce the broader physiological relevance of our findings.

The respective roles of Tatlp and Tat2p permeases in Trp
transport are well described in yeast. However, in the case
of Tyr, both low and high affinity Tyr transport have been
ascribed to Tat2p (34, 40). In the present study, the observed
quinine hypersensitivity of Tyr auxotrophs (aro2A and aro7A)
and its suppression by exogenous Tyr was analogous to the
effects observed with Trp. We did not test inhibition of Tyr
uptake by quinine specifically, but infer that the underlying
basis of quinine sensitivity in Tyr auxotrophs is similar to that
determined for Trp auxotrophs, i.e. perturbation of Tat2p-de-
pendent Trp/Tyr transport. This inference is supported by the
identification of Tat2p as the major site of quinine binding and
of Trp transport inhibition in the present study.

Several salient features of the quinine action revealed by the
genomic approach here are shared by an emerging class of
chemical and physical stressors; most prominently, the hyper-
sensitive phenotype of Trp auxotrophs. However, the mecha-
nisms underlying these phenotypes appear to be heterogeneous
(41). In the case of quinine, our evidence for competitive inhi-
bition of Trp uptake was in keeping with toxicity suppression by
supplementation with exogenous Trp. Tryptophan auxotrophy
is also associated with hypersensitivity to the immunosuppres-
sant FTY720, but Trp supplementation does not suppress
FTY720 toxicity (42). Rather, FTY720 provokes ubiquitin-de-
pendent Tatlp degradation and a resultant broader inhibitory
action on transport, encompassing Leu as well as Trp. This
scenario is similar to that for other stressors that induce Tatlp
or Tat2p degradation, such as rapamycin and the immunosup-
pressant FK506 (43). In the present screen, the quinine-sensi-
tive strains did not include auxotrophs for any amino acid other
than those transported by Tat2p, consistent with quinine exert-
ing a specific inhibitory effect at Tat2p. Nonetheless, in com-
mon with the other studies, overexpression of either TAT1 or
TAT2 could enhance quinine resistance.

The major source of commercial quinine remains the bark of
the Cinchona ledgeriana tree, in which the drug constitutes
~13% of the dry weight. Tryptophan is thought to be a precur-
sor for quinine biosynthesis in the tree, and these two molecules
have marked structural similarity (44, 45) (Fig. 7). This similar-
ity probably accounts for the observed competitive inhibition of
Trp transport by quinine at Tat2p. Although quinine itself does
notappear to be actively transported in to the cell by Tat2p (Fig.
5), owing to their similar structures we propose that quinine
binds reversibly in place of Trp at the Trp binding site of Tat2p.
This model is wholly consistent with the experimental observa-
tions made here.

More broadly, the reasons that S. cerevisiae appears espe-
cially vulnerable to inhibition of Trp uptake specifically, in
response to a wide multiple stressors, may relate to the relative
costs of biosynthesis of different amino acids. According to sev-
eral measures, Trp emerges as the most energetically costly of
the amino acids (46), and recent studies with S. cerevisiae have
substantiated this (47). If amino acid import is inhibited, the
magnitude of the metabolic burden experienced by the cell
should reflect the relative biosynthetic cost of de novo synthesis
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FIGURE 7. Structures of the quinine and tryptophan molecules. Structures
were imported using BioDraw Ultra 11.0 software.

of the affected amino acid(s). This would be greatest in the case
of Trp, and may help to explain why Trp limitation specifically
arises frequently as a factor in stressor resistance.

The new insight to quinine action described here may have
important implications for our understanding of quinine toxic-
ity in humans and the parasiticidal activity of quinine. Neither
humans nor Plasmodium spp. synthesize Trp de novo and both
depend on dietary Trp, analogous to the quinine-sensitive yeast
trp mutants. We have performed sequence comparison analy-
ses, which revealed that neither humans nor Plasmodium spp.
express Trp transporters that are orthologous to yeast Tat2p.
Nevertheless, convergently evolved (homoplastic) Trp trans-
porters are expressed (48, 49). The probability that competitive
inhibition of Trp uptake by quinine stems from structural sim-
ilarities in these molecules (see above) suggests that such inhi-
bition is likely to occur also in homoplastic Trp transporters. As
Trp transporter function is essential to humans and Plasmo-
dium, it follows that any quinine-dependent inhibition of Trp
uptake activity could be highly debilitating in these organisms.

In the case of humans, one prominent example of the impor-
tance of Trp transport is at the blood-brain barrier, where Trp is
a direct precursor for synthesis of the key neurotransmitter
5-hydroxytryptamine (serotonin). The role of Trp availability in
determining neurological conditions and glucose homeostasis
defects is well described. Interestingly, the symptoms of Trp
limitation in humans are similar to those of adverse reactions to
quinine, e.g. quinine causes cardiac arrhythmias, and trypto-
phan deficiency is associated with heart rate variability and
related cardiomyopathies (1, 2, 50 —52). Furthermore, cognitive
effects of tryptophan depletion such as tinnitus (35, 53) overlap
with common quinine side effects: nausea, tinnitus, dysphoria,
headache, and blurred vision (1, 2). This supports the possibility
that a large fraction of adverse reactions to quinine in humans
might simply arise from Trp transport inhibition and Trp star-
vation. It follows that people with pre-existing genetic or die-
tary tryptophan defects, the latter being common in poor and
undernourished populations, would be especially susceptible.
Moreover, the present findings raise the possibility that admin-
istration of a dietary tryptophan supplement might prove a
cheap and simple solution for suppressing adverse responses
associated with quinine therapy. This strategy would also fit
well with another reported benefit of tryptophan supplementa-
tion during infection, that is, a potential stimulation of host
responses to the malaria parasite (54).
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In the case of Plasmodium spp., the major route of amino acid
acquisition is via protease-mediated degradation of host-de-
rived proteins in the parasite food vacuole (FV) (55). Liberated
amino acids are subsequently transported out from this
organelle. Quinine is known to accumulate in the FV during the
intra-erythrocytic phase of the parasite, which has led to the
inference that the FV may be the site of quinine action; resultant
models of quinine activity include degradation of proteins in
the FV and/or inhibition of the sequestration of toxic metabo-
lites arising from this degradation (56). We suggest an addi-
tional possibility: that the accumulation of quinine in the para-
site FV could result in Trp starvation because of inhibition of
Trp transport. If this is borne out by future studies, it should
open new possibilities for rational drug design to improve the
parasiticidal action of quinine.

This study has highlighted the applicability of the yeast
mutant collection for gaining novel insight to the activity of
antimalarial drugs, which are commonly undermined by
adverse responses in humans. Moreover, the data led us to the
discovery that quinine targets tryptophan transport and causes
tryptophan starvation. The future potential for personalized
therapy against malaria (57) relies, at least in part, on such
advances and this aim may now be closer at hand.

REFERENCES

1. Alkadi, H. O. (2007) Chemotherapy 53, 385-391
2. Taylor, W. R., and White, N. J. (2004) Drug Safety 27, 25— 61
3. Bell, D.]., and Molyneux, M. E. (2007) Expert Rev. Anti-Infective Ther. 5,
141-152
4. Huston, M., and Levinson, M. (2006) J. Emerg. Med. 31, 395—401
5. Holland, S., Lodwig, E., Sideri, T., Reader, T., Clarke, I, Gkargkas, K.,
Hoyle, D. C., Delneri, D., Oliver, S. G., and Avery, S. V. (2007) Genome Biol.
8, R268
6. Ruotolo, R., Marchini, G., and Ottonello, S. (2008) Genome Biol. 9, R67
7. Thorpe, G. W., Fong, C. S., Alic, N, Higgins, V.]., and Dawes, I. W. (2004)
Proc. Natl. Acad. Sci. U. S. A. 101, 6564 — 6569
8. Dobson, P. D., Lanthaler, K., Oliver, S. G., and Kell, D. B. (2009) Curr. Top.
Med. Chem. 9, 163181
9. Ericson, E., Gebbia, M., Heisler, L. E., Wildenhain, J., Tyers, M., Giaever,
G., and Nislow, C. (2008) PLoS Genet. 4, e1000151
10. Giaever, G., Flaherty, P., Kumm, J., Proctor, M., Nislow, C., Jaramillo, D. F.,
Chu, A. M., Jordan, M. I, Arkin, A. P., and Davis, R. W. (2004) Proc. Natl.
Acad. Sci. U. S. A. 101, 793-798
11. Lum,P.Y., Armour, C.D,, Stepaniants, S. B., Cavet, G., Wolf, M. K., Butler,
J. S., Hinshaw, J. C., Garnier, P., Prestwich, G. D., Leonardson, A., Garrett-
Engele, P, Rush, C. M., Bard, M., Schimmack, G., Phillips, ]. W., Roberts,
C.]J., and Shoemaker, D. D. (2004) Cell 116, 121-137
12. Blackburn, A. S., and Avery, S. V. (2003) Antimicrob. Agents Chemother.
47,676—-681
13. Morton, C. O., Hayes, A., Wilson, M., Rash, B. M., Oliver, S. G., and Coote,
P. (2007) Antimicrob. Agents Chemother. 51, 3948 —3959
14. Foury, F. (1997) Gene 195, 1-10
15. Zhang, N., Osborn, M., Gitsham, P., Yen, K., Miller, J. R., and Oliver, S. G.
(2003) Gene 303, 121-129
16. Daily, J. P, Scanfeld, D., Pochet, N., Le Roch, K., Plouffe, D., Kamal, M.,
Sarr, O., Mboup, S., Ndir, O., Wypij, D., Levasseur, K., Thomas, E.,
Tamayo, P., Dong, C., Zhou, Y., Lander, E. S., Ndiaye, D., Wirth, D., Win-
zeler, E. A, Mesirov, J. P., and Regev, A. (2007) Nature 450, 1091-1095
17. Li, W., Mo, W.K,, Shen, D., Sun, L. B,, Wang, J., Ly, S., Gitschier, ]. M., and
Zhou, B. (2005) PLoS Genet. 1, 329 -334
18. Lovegrove, F. E., Pena-Castillo, L., Liles, W. C., Hughes, T. R., and Kain,
K. C. (2008) Trends Parasitol. 24, 288 =291
19. Suthram, S., Sittler, T., and Ideker, T. (2005) Nature 438, 108 —=112
20. Avery, S. V., Malkapuram, S., Mateus, C., and Babb, K. S. (2000) J. Bacte-

17974 JOURNAL OF BIOLOGICAL CHEMISTRY

21.
22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.
38.

39.

40.

41.
42.

43.

44,
45.
46.
47.
48.
49.
50.
51.
52.

53.
54.

55.

56.
57.

riol. 182,76 —80

Rojas, M., Wright, C. W., Pifia, B., and Portugal, J. (2008) Antimicrob.
Agents Chemother. 52, 3844 —3850

Gari, E., Piedrafita, L., Aldea, M., and Herrero, E. (1997) Yeast 13, 837— 848
Gietz, R. D., and Woods, R. A. (2002) Methods Enzymol. 350, 87—96
Ausubel, F. M., Brent, R., Kingston, R. E., Moore, D. D., Seidman, J. G., and
Struhl, K. (2007) Current Protocols in Molecular Biology, John Wiley and
Sons, New York

Tucker, C. L., and Fields, S. (2004) Comp. Funct. Genomics 5, 216 —224
Bishop, A. L., Rab, F. A,, Sumner, E. R, and Avery, S. V. (2007) Mol.
Microbiol. 63, 507-520

Ruepp, A., Zollner, A., Maier, D., Albermann, K., Hani, J., Mokrejs, M.,
Tetko, I, Guldener, U., Mannhaupt, G., Minsterkétter, M., and Mewes,
H. W. (2004) Nucleic Acids Res. 32, 5539 —5545

Beck, T., Schmidt, A., and Hall, M. N. (1999) /. Cell Biol. 146, 1227-1238
Morales, F. ., Acar, O. C,, Serpen, A., Arribas-Lorenzo, G., and Gokmen,
V. (2007) J. Agric. Food Chem. 55, 6793—6797

Bisswanger, H. (2008) Enzyme Kinetics-Principles and Methods, Wiley-
VCH, Weinheim

Kakkar, T., Boxenbaum, H., and Mayersohn, M. (1999) Drug Metab. Dis-
pos. 27,756 762

Greasham, R. L., and Moat, A. G. (1973) J. Bacteriol. 115, 975-981
Smith, M. C,, Sumner, E. R,, and Avery, S. V. (2007) Mol. Microbiol. 66,
699 -712

Schmidt, A., Hall, M. N., and Koller, A. (1994) Mol. Cell. Biol. 14,
65976606

Alvén, G., Karlsson, K. K., Hellgren, U., and Villén, T. (1991) Br. J. Clin.
Pharmacol. 31, 409 —412

Wolf, L. R., Otten, E. J., and Spadafora, M. P. (1992) J. Emergency Med. 10,
295-301

Eriksson, T., and Lidberg, L. (1997) Psychol. Med. 27, 477—481

Peet, M., Moody, J. P., Worrall, E. P., Walker, P., and Naylor, G. J. (1976)
Br. J. Psychiatry 128, 255-258

Hall, A. P., Williams, S. C., Rajkumar, K. N., and Galloway, N. R. (1997)
Br. J. Ophthalmol. 81, 1029 -1029

Regenberg, B., Diiring-Olsen, L., Kielland-Brandt, M. C., and Holmberg, S.
(1999) Curr. Genet. 36, 317-328

Abe, F., and Iida, H. (2003) Mol. Cell. Biol. 23, 7566 —7584

Welsch, C. A., Hagiwara, S., Goetschy, J. F., and Movva, N. R. (2003) J. Biol.
Chem. 278, 26976 —26982

Abe, F. (2007) in The Interdisciplinary Conference on Tryptophan and
Related Substances: Chemistry, Biology and Medicine. Proceedings of the
Eleventh Triannual Meeting of the International Study Group for Trypto-
phan Research: 2006 (Takai, K., ed) pp. 75— 84, Elsevier, University of
Tokyo

Leete, E. (1969) Accounts Chem. Res. 2, 59 — 64

O’Connor, S. E., and Maresh, J. J. (2006) Natural Product Rep. 23, 532—547
Craig, C. L., and Weber, R. S. (1998) Mol. Biol. Evolution 15, 774776
Raiford, D. W., Heizer, E. M., Jr., Miller, R. V., Akashi, H., Raymer, M. L.,
and Krane, D. E. (2008) J. Mol. Evolution 67, 621—630

Liu, J., Istvan, E. S., Gluzman, L. Y., Gross, J., and Goldberg, D. E. (2006)
Proc. Natl. Acad. Sci. U. S. A. 103, 8840 — 8845

Seymour, R. L., Ganapathy, V., Mellor, A. L., and Munn, D. H. (2006)
J. Leukocyte Biol. 80, 1320-1327

Booij, L., Swenne, C. A., Brosschot, J. F., Haffmans, P. M., Thayer, J. F., and
Van der Does, A. ]. (2006) Biol. Psychiatry 60, 507—514

Porter, R. J., Mulder, R. T., Joyce, P. R., Miller, A. L., and Kennedy, M.
(2008) J. Affective Disord. 109, 209 —212

van der Veen, F. M., Mies, G. W., van der Molen, M. W., and Evers, E. A.
(2008) Psychopharmacology 199, 255-263

Simpson, . J., and Davies, W. E. (2000) Hearing Res. 145, 1-7

Tetsutani, K., To, H., Torii, M., Hisaeda, H., and Himeno, K. (2007) Par-
asitology 134, 923-930

Krogstad, D. J., Schlesinger, P. H., and Gluzman, 1. Y. (1985) J. Cell Biol.
101, 2302-2309

Sullivan, D. J. (2002) Int. J. Parasitol. 32, 1645-1653

Ferreira, P. E., Cavaco, L, and Gil, J. P. (2008) Personalized Med. 5,
627—-639

VOLUME 284 -NUMBER 27+JULY 3, 2009



