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Abstract

Equilibrative transporters are potential drug targets, however most functional assays involve
radioactive substrate uptake that is unsuitable for high-throughput screens (HTS). We developed a
robust yeast-based growth assay that is potentially applicable to many equilibrative transporters.
As proof of principle, we applied our approach to Equilibrative Nucleoside Transporter 1 of the
malarial parasite Plasmodium falciparum (PfENT1). PFENTL1 inhibitors might serve as novel
antimalarial drugs since PFENT1-mediated purine import is essential for parasite proliferation. To
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identify PFENT1 inhibitors, we screened 64,560 compounds and identified 171 by their ability to
rescue the growth of PFENT1-expressing fui 1A yeast in the presence of a cytotoxic PFENT1
substrate, 5-fluorouridine (5-FUrd). In secondary assays, nine of the highest activity compounds
inhibited PFENT1-dependent growth of a purine auxotrophic yeast strain with adenosine as the
sole purine source (ICsp 0.2—2 uM). These nine compounds completely blocked [3H]adenosine
uptake into PFENT1-expressing yeast and erythrocyte-free trophozoite-stage parasites (ICsg 5-50
nM), and inhibited chloroquine-sensitive and -resistant parasite proliferation (ICsg 5-50 uM).
Wild-type (WT) parasite I1Csq values were up to four-fold lower compared to PFENT1-knockout
(pfent1A) parasites. pfent1A parasite killing showed a delayed-death phenotype not observed with
WT. We infer that in parasites, the compounds inhibit both PFENT1 and a secondary target with
similar efficacy. The secondary target identity is unknown, but its existence may reduce the
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likelihood of parasites developing resistance to PFENT1 inhibitors. Our data support the
hypothesis that blocking purine transport through PFENT1 may be a novel and compelling
approach for antimalarial drug development.
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Several widely used drugs target membrane transport proteins including thiazide and loop
diuretics, proton pump inhibitors, selective serotonin reuptake inhibitors and sodium-glucose
cotransporter inhibitors. Many other membrane transport proteins represent potential drug
targets but most functional assays utilize uptake of radiolabeled substrates.! Particularly for
equilibrative transporters, these assays are not suitable for HTS. This has limited the ability
to develop drugs to target these transporters.

Malaria is a major public health illness. P. falciparum causes the most severe form of
malaria. The emergence of resistance to antimalarial drugs has been a major problem.?
Reports of increasing artemisinin resistance in Southeast Asia suggest that artemisinin
resistance will become widespread over time.3-8 Thus, it is critical to develop novel
antimalarial drugs.”®

Plasmodium parasites are purine auxotrophs, so purine import is essential in all life cycle
stages. Purine salvage pathway enzymes modify imported purines to form nucleotides
required for DNA and RNA synthesis and other cellular metabolic processes.10 11 Purine
import, predominantly hypoxanthine and adenosine, is mediated by equilibrative nucleoside
transporters (ENTs).10: 12 The P. falciparum genome encodes four ENT homologues
(PFENT1-4).13-15 The function of PFENT2 and PfENT3 are unknown, although PFENT2 is
localized in the parasite’s endoplasmic reticulum.6 PFENT4 is a low-affinity purine
transporter, but not a major importer for purine salvage because it does not transport
hypoxanthine.1’

PfENTL is the major transporter supplying the purine salvage pathway. It is present in the
parasite’s plasma membrane.18 It is a low-affinity, high-capacity transporter for a variety of
purine and pyrimidine nucleosides and nucleobases.1%-23 pfent1A parasites are not viable at
purine concentrations found in human blood (< 10 uM).24-26 pfent1A parasite viability can
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be rescued using media supplemented with purines at levels 10-100 times higher than their
physiological concentration.2> This emphasizes the importance of PFENT1 for purine
acquisition and parasite proliferation.

Inhibitors of human ENT1 (hENTZ1) with nanomolar affinities exist (e.g., dipyridamole and
nitrobenzylthioinosine). These molecules do not block PFENTZ, which is only about 17%
identical to hENT1.20. 2. 23 Thys, ENTSs are druggable targets. Based on the genetic,
physiological, and biochemical data, we and others hypothesized that PFENT1 may be a
viable target for antimalarial drug development, and that high affinity inhibitors with
specificity for PFENT1 may be identified.10. 1523, 25

Because functional assays for facilitative transporters typically involve the measurement of
radioactive substrate fluxes, they are poorly suited for high-throughput screening efforts. We
developed a simple, yet robust, yeast-based, high-throughput screen (HTS) to identify
PfENTL inhibitors. The assay relies on the sensitivity of Saccharomyces cerevisiae to the
cytotoxic nucleoside analog 5-FUrd.2": 28 Yeast strains deleted for the high-affinity uridine
transporter FUI1 (fuilA) are viable and resistant to 5-FUrd. PFENT1 expression in fuilA
strains restores 5-FUrd sensitivity and provides a powerful positive selection for PFENT1
inhibitors: In the presence of 5-FUrd, PFENT1-expressing fuilA yeast will only grow in the
presence of a PFENTL inhibitor. We screened 64,560 compounds for inhibitors of PFENT1
function. We identified a diverse group of small-molecule chemotypes that block PFENT1
activity. Importantly, these compounds inhibit P. falciparum proliferation in vitro. The data
provides chemical validation that PFENT1 is a viable target for the development of novel
antimalarial drugs.

RESULTS AND DISCUSSION

PfENT1-expressing fuilA yeast are susceptible to 5-FUrd

Our HTS required functional expression of PFENTL in S. cerevisiae. The native pfentl DNA
sequence (PlasmoDB ID: PF3D7_1347200) expresses functionally in Xenopus laevis
oocytes, with or without a hemagglutinin (HA) epitope-tag (PFENT1-HA),2L 29 however, it
did not express in S. cerevisiae. To express PFENTL in S cerevisiae, we generated a yeast
codon-optimized PFENT1 gene (PFENT1-HA-CO) (Supporting Information (SI) Figure S1).
The PFENT1-HA-CO sequence was integrated into the S. cerevisiae genome replacing FUI1
to generate the fuilA::PFENT1-HA-CO strain (SI Figure S2). This strain was transformed
with a plasmid expressing a mitochondrion-targeted GFP.30 This allowed detection of yeast
proliferation by both optical density (OD) and GFP fluorescence intensity. Using both OD
and GFP fluorescence to identify hits allowed us to eliminate compounds where interference
with one or the other assay readout (e.g., precipitating compounds that increased OD values
or compounds with fluorescence properties similar to GFP) might cause false positives.

Using the codon-optimized construct, PFENT1 protein was detectable in transformed yeast
cells by Western analysis (Figure 1A). We confirmed functional PFENT1 expression by
substrate uptake and 5-FUrd susceptibility. S. cerevisiae lacks an adenosine transporter but
adenosine is a PFENT 1substrate.19: 20 23 We measured the [3H]adenosine uptake time
course. The fuilA::PFENT1-HA-CO strain accumulated radioactivity, while the background
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fuilA::kanM X4 strain did not (Figure 1B). Similarly, the fuilA::PfENT1-HA-CO strain was
susceptible to 5-FUrd toxicity, while the fuilA::kanMX4 strain was resistant (Figure 1C).
Yeast cell growth assessed by ODggq or by GFP fluorescence showed 5-FUrd ICsq values of
7+2pMand 9 £ 4 pM, respectively (Figure 1C). Background growth at 125 pM 5-FUrd,
the concentration used in the HTS, was effectively zero.

As a proof of concept that blockade of 5-FUrd uptake could restore growth, we
competitively inhibited 5-FUrd uptake by adding inosine, a PFENT1 substrate, to the growth
medium.19 20 High inosine concentrations completely rescued fuilA::PfENT1-HA-CO
strain growth in 125 uM 5-FUrd (Inosine ECgq = 5.6 + 2.1 mM [fluorescence]; 3.3 £ 0.2
mM [ODggo]) (Figure 1D). In the HTS, we used inosine at concentrations >10 mM as a
positive control for the maximal growth achievable upon rescue of 5-FUrd-induced yeast
cell death. The inosine competition experiments demonstrated that growth in 5-FUrd can
serve as a positive readout for PFENT1 inhibitors.

High-Throughput Screen

We performed the HTS in 384 well plates. Assay robustness was characterized by Z’-scores
> 0.831 (SI Figure S3), with the optimal signal obtained 19 h after inoculation of yeast in test
media (Sl Figure S3E). The compounds were dissolved in DMSO. The 1% DMSO
concentration used in the HTS did not affect either yeast growth or PFENT1 function.

We screened 64,560 compounds (each at 10 uM) from several chemical libraries for their
ability to rescue 5-FUrd-induced cell death and allow growth of the fuilA::PfENT1-HA-CO
strain (SI Table S1). Using the criterion that yeast cell growth must be greater than four
standard deviations above the no-growth control level, 171 compounds (0.26% hit rate) were
identified as positive (SI Table S2).

We chose nine compounds for more extensive characterization in a series of secondary
assays. These compounds are identified by their “Rank Number” in SI Table S2. The nine
compounds included the top seven hits (SI Table S2), the first hit identified while
conducting the screen (19) and the highest ranked quinazolinone (13) (representative of a
class that included compounds 18, 34, 90, 141, 144). The nine compounds represent five
distinct chemotypes and include four molecules (2, 6, 7, and 19) with a common chemical
scaffold. For the nine compounds, chemically related molecules could be identified among
the other 162 hits (SI Table S2). Thus, these nine compounds were not isolated hits but
represented the best molecules for a given chemotype. The libraries included FDA and EU
approved drugs and natural products; 16 were positive but the yeast growth levels were <7%
of maximal growth (SI Table S2; compounds #74, 77, 81, 82, 84, 93, 95, 98, 102, 109, 120,
121, 127, 129, 135, 151). As expected, the hENT1 inhibitor dipyridamole was not positive.
The screened libraries included the Medicines for Malaria Venture Toolbox;32 none of these
molecules were positive in the HTS.

Validation of Compounds as PfENT1 Inhibitors

We purchased the nine compounds from Chembridge Corp. (San Diego, CA) and verified
their purity and identity by LC/MS (SI Chemical Synthesis and Characterization). All
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displayed concentration-dependent rescue of yeast cell growth in the 5-FUrd assay with
ECgg values in the low micromolar range (Figure 2A and Table 1). None of these
compounds were toxic to yeast at concentrations in the hundreds of micromolar range.

In the primary assay, yeast growth is likely due to inhibition of 5-FUrd uptake through
PfENTL. To rule out alternative explanations, we created a secondary orthogonal assay in
which inhibition of cell growth was the indicator of PFENT1 inhibition. Yeast strains deleted
for ADE2 are purine auxotrophs since they lack a critical enzyme for de novo purine
biosynthesis.33 Adenine transport via the endogenous FCY2-encoded purine-cytosine
permease permits growth of ade2A yeast in minimal medium supplemented with adenine.34
In contrast, ade?A strains cannot proliferate with adenosine as the sole purine source
because they lack an endogenous adenosine transporter. Since PFENT1 can transport
adenosine, PFENT1 expression in ade2A yeast rescues growth in adenosine-containing
media. We observed maximal growth of PFENT1-CO-expressing yeast (PfENT1-Codon-
Optimized, no HA tag) in media supplemented with >1 mM adenosine (SI Figure S4A).
This strain accumulated [3H]adenosine, confirming functional expression (SI Figure S4B).
In media where adenosine was the sole purine source, PFENTL inhibitors blocked adenosine
import exposing the purine auxotrophy of PFENT1-CO-expressing ade?A yeast. Thus, in
contrast to the primary assay where PFENT1 inhibitors allowed growth, in the secondary
assay PfENTL1 inhibitors prevented growth. PFENT1 expression was the only common link
between the two assays. All nine compounds inhibited growth of PFENT1-CO-expressing
ade2A yeast with 1Cgq values ranging from 200 nM to 2 uM (Figure 2B and Table 1).

All nine compounds had significantly different, but well correlated ECsg and 1Cs values for
the two yeast assays (S| Figure S5). The 5-FUrd concentration was chosen to minimize yeast
proliferation and thus false positives in the HTS. The adenosine concentration was chosen to
maximize assay sensitivity to PFENT1 inhibition. Thus, the 5-FUrd assay was more stringent
(SI Figure S5). The differences in the ECsq and 1C5q values and the opposite endpoint, cell
growth vs death, argue strongly that in the yeast cell assays the efficacy target for the
compounds is PFENT1 and not a secondary yeast target.

Furthermore, all nine compounds inhibited [3H]adenosine uptake into PFENT1-CO-
expressing ade?A yeast with I1Csq values in the 2 to 40 nM range (Figure 2C, Table 1). Thus,
the compounds identified in our yeast-based growth assays inhibit PFENT1-mediated
transport. We tested whether compound 3 was specific for PFENT1 vs PFENT4. Compound
3 did not inhibit [14C]2-deoxyadenosine uptake into PFENT4-expressing Xenopus oocytes at
concentrations up to 50 uM (SI Figure S6). Thus, compound 3 is specific for PFENT1 over
PfENT4 (~17% sequence identical).

Effects on parasite purine uptake and growth

Mild saponin treatment releases Plasmodium parasites from their red blood cell (RBC) hosts
while preserving parasite plasma membrane integrity. All nine compounds inhibited
[3H]adenosine uptake into RBC-free trophozoite-stage parasites with 1Cs values in the low
nanomolar range, similar to the observed inhibition of [3H]adenosine uptake into PFENT1-
expressing yeast (Figure 3C and Table 1).
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In 72-h growth assays, all nine compounds inhibited the proliferation of chloroquine-
sensitive 3D7 and chloroquine-resistant Dd2 parasites, in growth media containing 10 uM
hypoxanthine. 1Cgq values were in the 5 to 55 uM range (Figure 3A, 3B and Table 1) and
were similar for 3D7 and Dd2 parasites (Table 1 and Sl Figure S7). Microscopic
examination of parasite cultures treated with ~10x the ICgq concentration of compound 3
showed that during the first 24 h of culture the compound-treated parasites failed to progress
beyond the ring stage (Figure 3E). After a 24-h treatment, only hyperchromic spots
remained in infected RBCs (Figure 3E) consistent with the absence of DNA replication in
the treated culture (Figure 3D). The control culture progressed to the schizont stage by 48 h
and again by 96 h.

P. falciparum culture media formulations often include supplemental hypoxanthine, at 50
mg/L (367 uM) to facilitate parasite culture, much higher than the <10 uM purine
concentration found in human blood.26: 35 36 This is ~30 times the hypoxanthine
concentration necessary to achieve maximal proliferation (SI Figure S9A). The compounds
inhibited parasite growth with similar efficacy regardless of whether the media contained
low (10 pM) or high (367 uM) concentrations of hypoxanthine (Figure 3A, 3B and Table 1).
Because pfent1A parasites are viable in media containing high hypoxanthine, we expected
that in high hypoxanthine the parasites might proliferate in the presence of PFENT1
inhibitors.2> The fact that proliferation was inhibited even in 367 uM media may reflect the
difference between a genetic and chemical knockout. Perhaps an alternative purine transport
pathway is overexpressed in pfent1A parasites. Experiments are in progress to test this
hypothesis.

The [3H]adenosine uptake assays represented a direct, short-term test of a compound’s
ability to inhibit PFENTL. In contrast, the yeast and parasite growth assays are indirect tests
of efficacy; they depend on the number of expressed transporters and their substrate
transport capacity relative to the purine needs of the growing cells. It is notable that the ICgq
values in the [®H]adenosine uptake assays were in the ten nanomolar range but the 1Cs
values in the growth assays are significantly higher, in the hundreds of nanomolar to
micromolar range. We infer that to inhibit growth a high percentage of the purine transport
capacity must be blocked in either yeast or parasites.

Efficacy target validation in parasites

The difference between 1Cs values for [3H]adenosine uptake into parasites and for the
parasite cytotoxicity raised two questions. First, do the compounds reach PFENT1 in the
parasite inside the RBC? Second, are the compounds killing parasites by inhibiting PFENT1
or by interaction with a secondary target?

Xanthine vs hypoxanthine as purine source

To address the first question, we compared the compound ICgq values when the media
purine source was xanthine vs hypoxanthine. RBCs cannot metabolize xanthine; however,
they can convert hypoxanthine into other purine compounds and into nucleotides such as
IMP. In order for parasites to utilize xanthine as a purine source, they must import it into the
parasite cytoplasm. We generated pfent1A parasites in the Dd2 background (Sl Figure S8).
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In agreement with El-Bissati et al. (2008), WT parasites grew with xanthine as the sole
purine source, but pfent1A parasites did not (SI Figure S9A). This implies that PFENT1 is
the sole entry pathway for xanthine into parasites and that the RBC cannot convert xanthine
to another purine form that the pfent1A parasites can utilize.

While WT parasites can import [3H]hypoxanthine, pfent1A parasites do not transport
[3H]hypoxanthine (SI Figure S9B).24 However, pfent1A parasites can grow on hypoxanthine
supplemented media, albeit at concentrations significantly higher than required by WT
parasites (Sl Figure S9A).25 The inability of pfent1A parasites to transport hypoxanthine
implies that they must import an RBC-generated hypoxanthine-derived purine via an
alternate transport pathway, i.e., not via PFENTL1. The nature of the hypoxanthine-derived
purine and the transporter are unknown. This implies that hypoxanthine can support WT
parasite purine requirements either by direct import via PFENT1 or by RBC metabolism to
an alternative purine that can be imported via an alternative transport pathway.

We determined ICsq values for five of the compounds (1, 2, 3, 5, 13; one from each
chemotype) in WT Dd2 parasites with xanthine as the purine source. For compounds 1, 2, 3,
and 5, the 1Cx values with xanthine as the purine source were significantly lower than the
ICsq values with hypoxanthine (Figure 4A). The higher compound 1Csq values with
hypoxanthine suggest that import of RBC-generated, hypoxanthine-derived purines via the
alternate purine transport pathway can partially compensate for compound inhibition of
hypoxanthine uptake via PFENT1. This contributes to the higher compound ICsq values
observed with hypoxanthine compared to xanthine. The differences in the compound ICsg
values for inhibition of parasite growth with xanthine vs hypoxanthine as the sole purine
source supports the hypothesis that the compounds were able to interact with PFENT1 in
parasites in situ. Furthermore, the different 1Cgq values supports the hypothesis that the
compounds kill parasites by inhibiting PFENT1.

PfENT1 knockout parasites

To address the second question regarding potential secondary targets, we used pfent1A
parasites (SI Figure S9). We tested the efficacy of compounds 1, 2, 3, 5, 13 against the
pfent1A parasites. For compounds, 1, 2, and 3, the I1C5q values were 3—4 fold higher with the
pfent1A parasites compared to WT Dd2 and 1.9-fold higher for 13 (Figure 4B). For
compound 5, the ICgq values were similar. In contrast to WT parasites, for the pfent1A
parasites, the measured 1Csq values for all five compounds decreased with increasing
duration of incubation in compound from 48 to 96 h (Figure 4C). This delayed death
phenotype was not observed with the WT parasites (Figure 4D). This suggests two things: 1)
The compounds kill pfent1A parasites by interaction with a different target than in WT
parasites, and 2) All five compounds may be interacting with the same secondary target.

The pfent1A parasites provide a more definitive proof of the compounds’ efficacy target. For
four of the five compounds tested, the 1Csq values were significantly lower for WT parasites
compared to pfent1A parasites (Figure 4B). Therefore, for these four compounds the primary
efficacy target for killing parasites is PFENT1. Interestingly, at higher concentrations the
compounds all killed pfent1A parasites. This implies that they also have a secondary, lower
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efficacy target (except for compound 13 where the 1C5q values for PFENT1 and the
secondary target is similar). At present the identity of the secondary target remains
unknown. For all five compounds, the secondary target revealed in the pfentlA parasites
displayed a delayed death phenotype, with compound effectiveness increasing with
increased duration of exposure from 48 to 96 h. Similar delayed death phenotypes have been
observed with parasite killing by bacterial antibiotics, which appear to act via destruction of
the apicoplast, as well as agents that act independently of the apicoplast3’—4! (Ekland and
Fidock, unpublished data).

The absence of the delayed death phenotype in killing of WT parasites argues that death of
WT parasites is most likely due to inhibition of PFENT1 and is not primarily mediated by
the secondary target. The similar efficacy in killing WT and pfent1A parasites suggests that
the secondary target binding site may be structurally similar to the binding site in PFENT1.
The existence of two targeted proteins may make this an excellent target to avoid the
development of drug resistance because both targets would have to mutate in order for the
parasites to develop resistance. This provides strong support for PFENT1 as a target for
antimalarial drug development.

Chemical confirmation and structure-activity

For compound 3, a coumarin that was one of the most potent inhibitors, we confirmed its
structure through independent synthesis, NMR spectroscopy and mass spectrometry (Sl
Chemical Synthesis and Characterization). The activity of our resynthesized compound 3
(referred to as AKR-122 to distinguish it from the purchased compound, 3, in the Tables)
was similar across all screening assays (S| Table S3). The activity of AKR-122 at high
purity supports the library structure assignment and diminishes concern that activity in the
original screening assays represented the activity of unidentified degradation products
and/or impurities.

The library contained a cluster of coumarins of lesser activity than compound 3 (SI Figure
S10 and Table S2). From the structures of these compounds we deduce that their activity is
markedly diminished by substitutions at R, R2, R3, R4, and R (SI Figure S10). We
synthesized six analogs of 3 for exploratory structure-activity studies (SI Chemical
Synthesis and Characterization). These experiments demonstrated that an alkoxy-/
methoxybenzyloxy group at R® was essential for activity (SI Figure S10 and Table S3). We
observed that the 3,4,5-trimethoxybenzl substitution pattern is most potent. Removal of any
methoxyl, or substitution with halogen atoms or alkanes, decreased activity in both yeast and
parasite growth assays. Similarly, substitutions at the coumarin ring 4-position with a bulky
or longer-chain hydrocarbon, also decreased activity (Sl Table S3).

All nine compounds that we chose for more extensive characterization, representing five
distinct chemotypes, inhibited P. falciparum proliferation in vitro (Figure 3 and Table 1).
Four of the compounds studied, 2, 6, 7, and 19, represent a single chemotype (SI Table S2).
In addition, we have evaluated a preliminary SAR of compound 3 (Sl Table S3). Thus, we
obtained similar results with compounds of diverse chemical structures. This further
supports the hypothesis that their parasitocidal mechanism of action involves inhibition of
PFENT1.
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Some compounds have been noted to cause pan-assay interference (PAINS) in HTS.42
Compounds 3 and 13 have PAINS substructures, but the fact that 3 has different ICsq values
depending on whether xanthine or hypoxanthine is the purine source (Figure 4A) or between
WT and pfent1A parasites in the case of 13 (Figure 4B) suggests that in our assays they are
truly interacting with PFENT1. We also note that 47 medicines approved for clinical use by
the Australian Medical Board have PAINS substructures, so having a PAINS substructure
does not necessarily preclude their potential as therapeutic leads.*?

We have developed a HTS that identified inhibitors of PFENT1. The 171 positive
compounds (0.26% hit rate) represent several structurally unique chemical scaffolds. These
molecules provide diverse starting points for medicinal chemistry efforts to identify more
potent derivatives. Despite the varied structures, all nine compounds from the HTS were
active in all of the secondary assays including yeast and parasite proliferation and
[3H]adenosine uptake assays. Thus, the HTS effectively identified PFENT1 inhibitors.

Our assay overcomes difficulties of standard transporter-based assays for use in HTS. By
employing a positive readout, cell growth, to indicate PFENT1 inhibition, we avoided
selecting as false positives, compounds inherently toxic to yeast. The assay’s robustness
arises in part from the rapid doubling time of yeast: In the presence of a potent PFENT1
inhibitor, the ~80,000 yeast cells inoculated into each 384-well plate well yielded >107 yeast
cells after an overnight incubation. The basic requirements for the assay are: 1) the
transporter (drug target) must import a substance that is cytotoxic to yeast, 2) it must be
feasible to generate yeast strains that do not import the cytotoxic substance via endogenous
transporters, and 3) one must be able to functionally express the transporter in yeast. Given
the simplicity and robustness of this approach, similar HTS assays could identify inhibitors
of other transporters, especially purine transporters from other purine auxotrophic
parasites.*3

We hypothesize that PFENT1 inhibitors kill P. falciparum parasites by purine starvation.
During the 48-h intraerythrocytic life cycle, RNA and DNA synthesis acts as a sink for
cytoplasmic purines that will likely deplete the amount of cellular ATP if purine import is
blocked. We hypothesize that ATP depletion leads to parasite death. In the presence of a
PfENTL inhibitor, the parasites do not progress beyond the ring stage, perhaps because they
are unable to make the RNA needed for ribosome synthesis and thus protein synthesis is
impeded (Figure 3E).

The fact that the compounds all kill pfent1A parasites with a similar but lower efficacy
implies that they also interact with a secondary target. The existence of two proteins,
PFfENT1 and the secondary target, with similar 1Csq values for the identified PFENT1
inhibitors, may make this an even better drug development target. Resistance is less likely to
develop if mutations must arise in both proteins.

In summary, our HTS identified compounds that inhibit an essential malaria parasite
transport protein, PFENTZ, and kill P. falciparum parasites in culture. These newly
described compounds may represent therapeutic leads for the development of a new
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generation of antimalarial drugs. This assay may also be useful to identify chemical leads for
the development of drugs to treat other parasitic diseases caused by purine auxotrophic
organisms.

METHODS

Generation of yeast strains, HTS conditions, other yeast- and parasite-based assays, and
generation of pfent1A parasites

Described in SI Methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Development and characterization of a HTS assay for PFENT1 inhibitors. (A) Western blot
probed with anti-HA antibodies shows expression of the codon-optimized PFENT1-HA
protein in an fuilA S cerevisiae strain (lane 1, empty pCM189m vector; lane 2, PFENT1-HA
[native sequence]/pCM189m vector; lane 3, PFENT1-HA-CO [codon optimized]/pCM189m
vector). (B) [3H]adenosine uptake time course into fui1A::PfENT1-HA-CO yeast (circles)

compared to fuilA yeast (triangles). (C) 5-FUrd dose-dependent growth inhibition of

PFENT1-HA-CO expressing fuilA yeast (circles) compared to a control fuilA::kanMX4
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strain (triangles). Growth in microtiter plates determined by ODggg (open symbols, dashed
lines) and by GFP fluorescence (filled symbols, solid lines). (D) Effect of inosine on growth
in the presence (circles) or absence (squares) of 125 pM 5-FUrd in microtiter plates as
determined by ODgqg (open symbols, dashed lines) and by GFP fluorescence (filled
symbols, solid lines). Single experiments with four technical replicates are shown with each
point representing mean + SD.
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Figure 2.
Validation of nine selected compounds identified in the HTS as PfENT1 inhibitors. (A)

Concentration-dependent rescue by the compounds of PFENT1-HA-CO-expressing fuilA
yeast from 125 uM 5-FUrd induced death (Table 1). (B) Concentration-dependent growth
inhibition of PFENT1-CO expressing purine auxotrophic yeast in 1 mM adenosine media.
(C) Concentration-dependent inhibition of [3H]adenosine uptake into PFENT1-CO
expressing yeast over 15 min. Mean values of technical replicates from single experiments
are shown.
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Figure 3.
Interaction of nine selected compounds with P. falciparum. (A) Concentrationdependent

inhibition of [3H]adenosine uptake into RBC-free trophozoite-stage P. falciparum over 15
min. Mean values from technical replicates of single experiments are shown. (B and C)
Concentration-dependent inhibition of P. falciparum 3D7 strain proliferation by the
compounds in the presence of extracellular hypoxanthine at (B) 367 uM or (C) 10 uM. (D)
DNA quantification at the indicated time points for the cultures used in panel (E). (E)
Parasite morphology from control and 10x ICs5qg AKR-122 (3) treated cultures at the
indicated times. CQ, chloroquine.
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Efficacy target validation for parasitocidal effects of PFENT1 inhibitors. (A) ICgq values for
five PFENT1 inhibitor compounds, one from each chemotype, with either 10 uM
hypoxanthine (gray bars) or 90 UM xanthine (black bars) as the sole purine source in the
media. Mean £ SD shown. (B) Ratio of the 1Csq value in pfent1A parasites to the ICsq value
in WT Dd2 parasites for the five compounds. Dashed line indicates a ratio of 1, no
difference in the IC5q values. (C, D) I1Csq values for the effects of the five compounds on (C)
pfentlA and (D) WT Dd2 parasites measured 48 (black bars), 72 (light gray bars) and 96
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(dark gray bars) h after application of compound. Note the progressive decrease in the ICgq
values with time for pfent1A but not for Dd2 parasites. Mean + SD (n=3).
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