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Abstract

Emerging resistance to current antimalarial medicines underscores the importance of identifying 

new drug targets and novel compounds. Malaria parasites are purine auxotrophic and import 

purines via the Plasmodium falciparum Equilibrative Nucleoside Transporter Type 1 (PfENT1). 

We previously showed that PfENT1 inhibitors block parasite proliferation in culture. Our goal was 

to identify additional, possibly more optimal chemical starting points for a drug discovery 

campaign. We performed a high throughput screen (HTS) of GlaxoSmithKline’s 1.8 million 

compound library with a yeast-based assay to identify PfENT1 inhibitors. We used a parallel 

progression strategy for hit validation and expansion, with an emphasis on chemical properties in 

addition to potency. In one arm, the most active hits were tested for human cell toxicity; 201 had 
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minimal toxicity. The second arm, hit expansion, used a scaffold-based substructure search with 

the HTS hits as templates to identify over 2000 compounds; 123 compounds had activity. Of these 

324 compounds, 175 compounds inhibited 3D7 strain P. falciparum parasite proliferation with 

IC50 values between 0.8 to ~180 μM. One hundred forty-two compounds inhibited PfENT1 

knockout (pfent1Δ) parasite growth indicating they also hit secondary targets. Thirty-two hits 

inhibited growth of 3D7 but not pfent1Δ parasites. Thus, PfENT1 inhibition was sufficient to 

block parasite proliferation. Therefore, PfENT1 may be a viable target for antimalarial drug 

development. Six compounds with novel chemical scaffolds were extensively characterized in 

yeast-, parasite-, and human erythrocyte-based assays. The inhibitors showed similar potencies 

against drug sensitive and resistant P. falciparum strains. They represent attractive starting points 

for development of novel antimalarial drugs.
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Malaria is a major public health problem that disproportionately affects developing 

countries. The World Health Organization estimated that in 2016, 3.5 billion people were at 

risk for contracting malaria.1 There were over 200 million clinical cases of malaria that 

resulted in about a half-million deaths. Most deaths occurred in sub-Saharan Africa among 

children under the age of five years old and pregnant women. Infection with Plasmodium 
species unicellular, eukaryotic protozoan parasites cause malaria. Although five Plasmodium 
species infect humans, infection by P. falciparum and P. vivax cause about 90% of cases. 

Most deaths result from P. falciparum infection.1

Over the past decade, a multifaceted approach to control malaria, which included the use of 

Artemisinin-based Combination Therapies (ACT) as first-line drugs, led to a major 
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reduction in the number of cases and deaths. However, this success has been threatened by 

the development of P. falciparum parasites with delayed clearance in response to ACT 

therapy and their spread throughout Southeast Asia to East India.2–4 More recently, delayed 

clearance in response to artemisinin has been reported in parasites from sub-Saharan Africa 

that lack mutations in the K13-propeller domain protein, which had been associated with 

delayed clearance by artemisinin-based drugs in southeast Asia.5, 6 The emergence and 

spread of parasites with delayed clearance to artemisinin treatment makes it imperative to 

develop new antimalarial drugs against novel therapeutic targets.7–9 In the current work we 

utilized a target-based approach to identify small molecule inhibitors that target the malaria 

parasite purine import pathway.

Malaria parasites are purine auxotrophic organisms – they lack the enzymes for de novo 
purine biosynthesis. Purines are essential for parasite proliferation both for nucleic acid 

synthesis and for other metabolic processes. Plasmodium species import purines, mostly 

hypoxanthine, from the host erythrocyte via Equilibrative Nucleoside Transporters (ENT).
10–13 The imported purine nucleosides and nucleobases are transformed by purine salvage 

pathway enzymes into purine nucleotides.14–16 The P. falciparum and P. vivax genomes 

contain four ENT homologues.17–19 Studies in P. falciparum indicate that PfENT1 is the 

primary purine import transporter. Knockout of the PfENT1 gene (pfent1Δ) is conditionally 

lethal - pfent1Δ parasites are not viable in culture media that contains purines at 

concentrations similar to those found in human blood (< 10 μM).20–23 It should be noted that 

standard P. falciparum culture media contains 50 μg/ml hypoxanthine (367 μM), a 

concentration that is ~100-fold higher than the concentration found in human blood.20 

However, pfent1Δ parasite growth can be rescued with media containing purine 

concentrations > 50 μM, significantly greater than that found in human blood.20 This 

suggests that the parasites have a secondary, lower affinity, purine import pathway. The 

molecular identity of the secondary transporters is unknown, but may include the other ENT 

isoforms, the AMP import pathway, or other unknown transporters.19, 24 Furthermore, a 

recent study used transposon insertion mutagenesis to identify essential genes in blood stage 

parasites: By the authors’ criteria, PfENT1 is an essential gene.25 Collectively these results 

suggest that inhibition of PfENT1 may be a good target for antimalarial drugs.

Development of assays for a high throughput screen (HTS) to identify inhibitors of 

equilibrative membrane transport proteins has been difficult because most functional assays 

involve radioactive substrate uptake. Previously, we developed a yeast-growth based HTS 

assay to screen for PfENT1 inhibitors that is illustrated schematically in Figure 1A.23 The 

assay depends on the fact that 1) PfENT1 also transports pyrimidines, including the 

cytotoxic uridine analog 5-fluorouridine (5-FUrd), 2) in wild type Saccharomyces cerevisiae 
yeast, 5-FUrd is transported into the cell via the endogenous FUI1 uridine transporter, 

metabolized in the cell where it exerts toxic effects on nucleic acid synthesis, and 3) FUI1 
knockout yeast (fui1Δ) are resistant to killing by 5-FUrd (Figure 1A).26, 27 In PfENT1-

expressing fui1Δ yeast, 5-FUrd can enter via PfENT1, and cell killing is observed. With 5-

FUrd in the growth media, PfENT1-expressing fui1Δ yeast can only grow if an inhibitor of 

PfENT1 is present in the media to block 5-FUrd uptake (Figure 1A). Because hits are 

identified by cell growth, compounds that are cytotoxic to yeast, and might be generally 

cytotoxic, are eliminated. This provides a robust positive selection for PfENT1 inhibitors 
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that are not cytotoxic to yeast. Hereafter this assay is referred to as the “Yeast HTS Growth 

Assay”.

To validate hits from the Yeast HTS Growth Assay, we developed a secondary, orthogonal 

assay based on adenosine-dependent growth (illustrated in Figure 1B).23, hereafter referred 

to as the “Yeast Kill Assay”. We generated purine auxotrophic yeast by knockout of, ADE2, 

which codes for phosphoribosylaminoimidazole carboxylase, an essential enzyme in the 

purine biosynthetic pathway.28 These purine auxotrophic yeast can grow on adenine as the 

sole purine source because they have an endogenous adenine transporter. However, they lack 

an endogenous adenosine transporter and therefore, the purine auxotrophic yeast cannot 

grow in media when adenosine is the sole purine source. In contrast, PfENT1-expressing 

purine auxotrophic yeast can grow with adenosine as the sole purine source because 

adenosine can enter yeast cells via PfENT1.23 In contrast to the Yeast HTS Growth Assay, in 

this secondary assay PfENT1 inhibitors prevent the growth of PfENT1-expressing purine 

auxotrophic yeast in media with adenosine as the sole purine source. The only common 

element identifying hits between the Yeast HTS Growth Assay and the orthogonal adenosine 

dependent growth Yeast Kill Assay is inhibition of PfENT1. In the Yeast HTS Growth 

Assay, hits are identified by yeast proliferation because PfENT1 inhibitors block the uptake 

of the cytotoxic drug 5-FUrd (Figure 1A). In contrast, in the secondary Yeast Kill Assay, 

PfENT1 inhibitors block yeast cell growth by preventing the uptake of adenosine, an 

essential metabolic substrate for the purine auxotrophic yeast (Figure 1B). It is important to 

note that both yeast-based assays are designed to identify compounds that inhibit PfENT1 

through complementary, but independent pathways. They do not screen out compounds that 

might also interact with secondary targets that might also inhibit parasite proliferation.

As proof of principle, we previously used the Yeast HTS Growth Assay (Figure 1A) to 

screen an approximately 64,500 compound Chembridge library.23 We identified 171 hits.23 

Nine of the hits were characterized in a cascading series of secondary assays. The nine 

compounds displayed concentration-dependent effects in both the Yeast HTS Growth Assay 

(Figure 1A) and the Yeast Kill Assay (Figure 1B). The nine hits also blocked [3H]adenosine 

uptake into PfENT1-expressing yeast and into red blood cell (RBC) free P. falciparum 
parasites with IC50 values in the 5–50 nM range. The nine compounds blocked the 

proliferation of P. falciparum parasites during in vitro parasite culture with IC50 values in the 

5–50 μM range. While the hits from this preliminary screen provided proof that PfENT1 was 

a potential target for antimalarial drug development, the nine hits did not have potent effects 

against P. falciparum cultures. Furthermore, the nine compounds had physicochemical and 

structural properties that made them less attractive as starting points for medicinal chemistry 

efforts.

The goal of the current work was to use the Yeast Growth HTS Assay to screen a large 

chemical library to identify compounds with improved characteristics as starting points for 

medicinal chemistry efforts to develop PfENT1 inhibitors as novel antimalarial drugs. As 

part of the 2013 GlaxoSmithKline (GSK) Discovery Fast Track Competition (http://

openinnovation.gsk.com/news-2013-11-06/), these assays were modified to 1536-well 

format and used to screen GSK’s 1.8 million compound library. To increase the probability 

of finding suitable chemical starting points for PfENT1 inhibitors, we devised a parallel hit 

Sosa et al. Page 4

ACS Infect Dis. Author manuscript; available in PMC 2020 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://openinnovation.gsk.com/news-2013-11-06/
http://openinnovation.gsk.com/news-2013-11-06/


strategy to limit and refine the number of HTS hits to test in downstream assays in parasites 

and erythrocytes. Figure 2 illustrates the critical path for validation of the hits in a series of 

downstream assays. Multiple chemotypes were identified as PfENT1 inhibitors that inhibit 

P. falciparum parasite proliferation in culture. Six compounds representing distinct chemical 

scaffolds with generally favorable physicochemical properties were extensively 

characterized. These six compounds are potential therapeutic leads for medicinal chemistry 

efforts to develop novel antimalarial drugs.

RESULTS AND DISCUSSION

HTS optimization and validation.

The first step was to transition the Yeast HTS Growth Assay from 384-well to 1536-well 

plates. An obstacle in the transition to 1536-well plates was that the yeast produced CO2. 

This resulted in the formation of gas bubbles which were often trapped in the corners of 

standard square-well plates (Figure 3A). Because yeast proliferation was assessed 

spectrophotometrically by optical density at 620 nm (OD620), the gas bubbles had a 

significant effect on the reliability of yeast proliferation measurements. The use of round-

well, flat-bottom Corning #3893 type 1536-well plates solved this problem.

We evaluated several parameters to optimize the sensitivity vs the robustness of the HTS 

assay. These included the initial yeast culture seeding density, the duration of growth prior to 

OD620 measurement, effect of DMSO concentration, and the concentration of 5-FUrd. We 

tested three initial yeast culture seeding densities, OD620 (measured in a cuvette with 1 cm 

path length) 0.05, 0.075, and 0.1, which corresponded to 4000 to 8000 cells per well. The 

signal to background ratio decreased with higher seeding density, but the Z’ score was 

similar at all three densities (data not shown). Given the starting yeast cell densities, a 17 

hour growth duration allowed maximal growth that did not saturate the spectrophotometric 

detector. Corrections were developed to account for non-uniform evaporative loss from edge 

wells during the 17-hour growth period. The assay was insensitive to DMSO concentrations 

below 2% (data not shown). We determined the concentration dependence of yeast killing by 

5-FUrd (Figure 3B). The 5-FUrd IC50 was 4.8 μM (Figure 3B). The robustness of the assay 

was evaluated using 1408 compounds at 10 μM concentration and two 5-FUrd 

concentrations, 60 and 125 μM, both effectively IC100 concentrations chosen to minimize 

background yeast growth. The Z’ score was similar at both 5-FUrd concentrations, 0.68 and 

0.70, respectively. The signal to background ratio with 125 μM 5-FUrd was 7, higher than 

with 60 μM 5-FUrd where it was 4 (data not shown). Validation testing was performed with 

9854 compounds in triplicate at 10 μM concentration at both 60 and 125 μM 5-FUrd (Figure 

3C). Validation statistics were acceptable. Based on these results, 60 μM 5-FUrd provided 

maximum sensitivity for the assay with minimal background yeast growth (data not shown). 

Maximal yeast growth was determined in the absence of 5-FUrd.

High Throughput Screen.

The HTS was run with 1,792,272 compounds at a concentration of 10 μM (Supplementary 

Table S1). The average Z’ score for the 1350 plates was 0.70. Robust active compounds 

would typically be defined as those with yeast growth greater than three standard deviations 
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(SD) above the mean sample population per test occasion. Due to the low variability and 

high quality of the assay, the 3 SD cutoff corresponded to 9.1% of the maximal growth 

signal and included 70,648 compounds (Figure 4). By raising the cutoff to 28% of maximal 

growth (10 SD), a manageable set of 4104 primary hits was obtained. Medicinal chemists 

also reviewed the subset of compounds with maximal growth signals between 9–28% and 

selected an additional 191 primary screening hits based on considerations of low molecular 

weight and structural diversity. This increased the diversity of the chemical scaffolds to be 

tested in the downstream assays and gave a total of 4195 primary hits. Most of these primary 

hits (4195 compounds) were available in sufficient quantity to enable dose response 

measurements.

Each of the 4195 primary HTS hits was assayed in duplicate using the Yeast HTS Growth 

Assay to determine the concentration dependence of its effects. Only 966 of the 4195 

primary hits yielded data sufficient to calculate dose-response curves in the concentration 

range tested. The pEC50 potency distribution for the 966 compounds is shown in Table 1. An 

Inhibition Frequency Index (IFI) value29 was calculated for each of the 966 screening hits 

that produced a dose response curve (Figure 5). IFI measures the frequency that a compound 

is found to be a robust active in multiple HTS campaigns (i.e., the number of times a 

compound is found to be a robust active hit divided by the number of times it has been 

screened in HTS campaigns at GlaxoSmithKline). The results from this heuristic index 

suggested that the vast majority of putative PfENT1 HTS hits were not promiscuous or 

nuisance compounds which repeatedly show up in HTS screening hit lists.

Parallel Hit Progression Strategy.

A two-arm strategy was employed to quickly evaluate the PfENT1 HTS hits in secondary 

assays. In the first arm, the highest activity hits (224 compounds with pEC50 ≥ 5 in the Yeast 

HTS Growth Assay) were tested in a human hepatoma cell line (HepG2) acute cytotoxicity 

assay to identify HTS hits that were cytotoxic to mammalian cells. Hits that were highly 

cytotoxic to HepG2 cells were eliminated because they would not progress in the drug 

development process and might likely be false positives in the downstream P. falciparum 
growth inhibition assay. In the second arm, hit expansion, additional compounds were 

identified computationally based on a scaffold-based substructure search with the 966 HTS 

hits as templates. The goals were to expand the structure-activity relationship (SAR) 

information on the primary hits and to potentially identify novel compounds that might 

inhibit PfENT1. The efficacy of these additional, computationally-identified compounds was 

then assessed in the yeast-based assays and the most potent compounds were then tested in 

P. falciparum growth inhibition assays.

Arm 1 - Human hepatoma HepG2 cell toxicity – Identification of Wave 1 compounds.

Early in the critical path of Arm 1 (Figure 2, left pathway), the highest activity hits (224 hits 

with pEC50 ≥ 5 in the Yeast HTS Growth Assay) were tested in a HepG2 cytotoxicity assay 

to identify HTS hits that were potentially cytotoxic to human cells. While none of the 

primary HTS hits were cytotoxic to yeast at concentrations up to 100 μM (because hits 

enabled yeast growth in the HTS assay), more than a third of the hits (38%) showed some 

cytotoxicity to HepG2 cells with growth inhibition pIC50 values that ranged 4.0 to 6.8 

Sosa et al. Page 6

ACS Infect Dis. Author manuscript; available in PMC 2020 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Supplementary Table S2). The most cytotoxic hits in the HepG2 assay (8 compounds with 

pIC50 > 5,) and hits containing known structural liabilities were removed to provide the set 

of 201 hits (Wave 1) for further validation in the Akabas lab. Of the 201 compounds in Wave 

1, 132 showed no effects on HepG2 cell viability up to the maximum concentration tested, 

100 μM. Three compounds were not tested for effects on HepG2 cells. Thus, for two-thirds 

of the compounds HepG2 cell cytotoxicity was not a major liability for further studies 

(Supplementary Figure S1).

Arm 2 - Hit expansion – Identification of Wave 2 compounds.

The purpose of Arm 2 (Figure 2, right path) was to further expand structure-activity-

relationships (SAR) and to identify analogs with improved properties. About 10 structural 

hit families (> 3 analogs per hit family) were noted among the 966 screening hits. 

Unfortunately, many of the higher activity hits, like GSK-1 (Figure 6), had multiple 

undesirable properties for screening hits (i.e. low ligand efficiency ≤ 0.25, high molecular 

weight >450, >3 aromatic rings, or property forecast index (PFI) values >8).30, 31 

Compounds with PFI values > 7 (chromatographic log D7.4 + aromatic ring count) are much 

more likely to be problematic in terms of physicochemical properties and other drug 

development issues (i.e. membrane permeability, metabolism/clearance, protein binding, 

hERG ion channel binding). In fact, a study of 240 oral drugs, all with oral bioavailability > 

30%, revealed that 89% of them have PFI values < 7.31 About 50% of the higher activity 

PfENT1 HTS hits (pEC50 values ≥ 5 in the Yeast HTS Growth Assay) were predicted to 

have PFI values equal to or greater than 8.

To expand SAR of the hit families and to find new analogs with improved properties, several 

strategies were used to identify additional unscreened, structurally-related analogs from 

GSK compound inventories and external compound collections. To find compounds with 

improved properties, ligand efficiency calculations32–35 and plots were used to identify the 

more ligand efficient hits to seed scaffold-based substructure searches (Figure 7).36, 37 

Ligand efficient hits of both low activity (pEC50 4–5) and higher activity (pEC50 >5) were 

used as seeds. In a second strategy, chemical structures of higher molecular weight hits, like 

GSK-1 (Figure 6), were computationally deconstructed via the NCATS R-group tool 

(https://tripod.nih.gov/?p=46) to simpler scaffolds that seeded automated substructure 

searches within the HTS dataset to aid identification of new structure-activity relationships. 

These strategies provided about 2000 additional compounds for screening from GSK and 

external compound collections.

The 966 HTS hits and the ~2000 additional structurally-related compounds were then tested 

in both the Yeast HTS Growth Assay and the Yeast Kill Assay. The common element 

between these assays is inhibition of PfENT1. Figure 8 shows the correlation of pEC50 in 

the Yeast HTS Growth Assay and the pIC50 in the Yeast Kill Assay. Of the 966 HTS hits 

that gave dose response curves in the Yeast HTS Growth Assay, 98% of the compounds also 

provided dose response curves in the orthogonal Yeast Kill Assay. On average, the responses 

(pIC50) in the Yeast Kill Assay were about 0.5 log units more potent than seen in the Yeast 

HTS Growth Assay. This difference is believed to be due to the relative sensitivity of the 

experimental conditions in the two assays. The fact that most of the 966 HTS hits were 
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active in both yeast based assays provides support for the hypothesis that their mechanism of 

action is via inhibition of PfENT1.

The correlation plot also highlights the effectiveness of the scaffold-based substructure 

search strategies that identified numerous additional actives throughout the observed potency 

range (Figure 8, HTS hits, red symbols; scaffold-based substructure search, blue symbols). 

These additional analogs helped, in some cases, to identify active congeners with improved 

physicochemical properties. Labels also highlight the locations of the extensively 

characterized compounds described in more detail below (GSK-1 through GSK-6). Using 

available data (i.e. potency, ligand efficiency, physical properties, SAR trends and structural 

liabilities), medicinal chemists then selected and forwarded a set of 123 additional 

compounds to the Akabas lab for further characterization in downstream assays as “Wave 2” 

set of compounds. To expedite testing the Wave 2 compounds in the P. falciparum parasite 

proliferation assay, none of the 123 hit expansion Wave 2 compounds were tested for effects 

on HepG2 cell viability.

Further characterization of Wave 1 and Wave 2 compound sets.

The parallel hit progression strategy yielded a total of 324 compounds. The “Wave 1” 

compounds were comprised of the top 201 HTS hits that showed little or no toxicity to 

mammalian HepG2 cells. The “Wave 2” hit expansion compounds contained compounds 

identified by scaffold-based substructure searches (i.e. GSK-5).

Activity of Wave 1 compounds in yeast-based assays.

For each compound, the potency for inhibition of [3H]adenosine uptake into PfENT1-

expressing yeast in a 15 minute assay was determined. The calculated compound IC50 values 

ranged from 2.8 nM to no effect at 25 μM, the highest compound concentration tested 

(Supplementary Table S2). Fourteen of the 201 compounds (7%) either did not cause any 

inhibition or did not cause sufficient inhibition of [3H]adenosine uptake to permit calculation 

of an IC50 value.

We also validated the potency of the 201 Wave 1 compounds in the Yeast Kill Assay in the 

Akabas lab. The IC50 values ranged from 1.2 nM to no effect at 25 μM, the highest 

concentration tested (Supplementary Table S2). Four of the 201 compounds had no effect at 

a 25 μM compound concentration. One of these compounds had no effect in both the 

[3H]adenosine uptake assay and in the Yeast Kill Assay. Perhaps this compound may have 

affected the binding and/or transport of 5-FUrd, but not adenosine.

The potency of the compounds in the yeast growth assays is complicated by the presence in 

the growth media of competing substrates for the PfENT1 transporter, 5-FUrd in the case of 

the Yeast HTS Growth Assay and adenosine in the case of the Yeast Kill Assay. We utilized 

a more direct assay of inhibitor function, inhibition of [3H]adenosine uptake into PfENT1-

expressing yeast to further characterize the potency of the hits and their mechanism of 

action. The IC50 values for each of the 201 compounds in the [3H]adenosine uptake assay 

and in the Yeast Kill Assay are plotted in Figure 9. The scatter plot shows a lack of 

correlation between potency of individual compounds in the two assays. The explanation for 

the lack of correlation is uncertain because both assays require inhibition of adenosine 
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transport via PfENT1 expressed in the yeast. However, there are many differences between 

the two assays that could provide some explanation. Both the adenosine concentration and 

the duration of the assays are quite different. For PfENT1, the EC50 for adenosine uptake is 

650 μM.13 The adenosine concentration differs by 20,000 fold in the two assays, at 50 nM in 

the [3H]adenosine uptake assay and 1 mM in the Yeast Kill Assay. For some of the 

compounds, adenosine may compete for a binding site, especially in the Yeast Kill Assay. In 

the [3H]adenosine uptake assay the adenosine concentration is comparable to or lower than 

the compound IC50 values, whereas in the Yeast Kill Assay the adenosine concentration is 

orders of magnitude greater than the compound IC50 values. We did not investigate the 

dependence of the compound IC50 values on the adenosine concentration in either assay. 

Additionally, the duration of the assays differs 76-fold, 15 minutes vs 19 hours. Another 

difference is that in the [3H]adenosine uptake assay the buffer pH is 7.4, while the pH of 

yeast growth media is ~4.5. We do not think that the pH difference had a major effect on the 

transporter, because the transporter is not significantly pH dependent over the range from 5 

to 8.13 However, some of the compounds might have differences in protonation state in this 

pH range that might contribute to the differences in potency in the two assays. Finally, one 

assay measured the direct uptake of radio-labeled adenosine, while the other assay measured 

the impact of inhibition of adenosine uptake on cell growth. Given these different endpoints, 

and the involvement of many processes in cell growth, one would not necessarily expect the 

two assays to correlate perfectly.

Inhibition of P. falciparum parasite proliferation by Wave 1 compounds.

We tested the ability of the 201 compounds to inhibit P. falciparum parasite proliferation 

using a 48 hour in vitro culture cytotoxicity assay. Compounds were tested over 

concentrations ranging from 34 nM to 75 μM. Two parasite strains were used, the wild type 

3D7 reference strain, and a PfENT1-knockout strain, pfent1Δ, in the Dd2 strain background.
23 Knockout of the gene encoding PfENT1 is conditionally lethal for P. falciparum parasites 

in culture. The pfent1Δ parasites are not viable at purine concentrations found in human 

blood (below 10 μM hypoxanthine).20 However, the pfent1Δ parasites can proliferate in 

media that contains greater than 50 μM hypoxanthine.21–23

The IC50 values for the 201 compounds against the two parasite strains are shown in Figure 

10A and in Supplementary Table S2. The hits could be subdivided into four categories based 

on whether or not they had an effect or no effect on WT and pfent1Δ parasites (Figure 10B). 

For the 3D7 parasites, 175 compounds inhibited proliferation with IC50 values that ranged 

from 0.84 μM to 186 μM (Figure 10A and in Supplementary Table S2). Twenty-seven 

compounds either had no effect (NE) on parasite growth even at the highest concentration 

tested, 75 μM or an effect insufficient to calculate an IC50 value (low activity) 

(Supplementary Table S2). The fact that some compounds were active in the yeast-based 

assays but were not active against malaria parasites may relate to the compound’s ability to 

cross the RBC cell membrane. In the yeast-based assays the compounds may have direct 

access to PfENT1 in the yeast cell plasma membrane. In contrast, in the parasite growth 

assay, the compounds must cross the RBC plasma membrane and the parasitophorous 

vacuole membrane to reach PfENT1 in the parasite plasma membrane. Similarly, the 
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compounds are subject to effects of RBC cytosol, such as binding to other proteins or 

chemical modification.

One hundred forty-seven compounds inhibited proliferation of PfENT1-knockout parasites 

with IC50 values that ranged from 1.91 μM to 359 μM (Supplementary Table S2). Fifty-four 

compounds had no effect (or insufficient activity to calculate an IC50 value) on pfent1Δ 

parasite proliferation. Of these 54 compounds, 32 compounds inhibited proliferation of WT 

3D7 parasites with IC50 values that ranged from 2.4 μM to 186 μM (Supplementary Table 

S2). Thus, a subset of the compounds inhibited proliferation of 3D7 wild-type parasites, but 

did not inhibit proliferation of pfent1Δ parasites. This implies that they inhibited 3D7 

parasite proliferation by inhibition of purine uptake via PfENT1. This supports the 

hypothesis that PfENT1 may be an effective therapeutic target for the development of novel 

antimalarial drugs.

Twenty-seven compounds had no effect on the growth of 3D7 parasites. Of these, 22 had no 

effect on pfent1Δ parasites and five inhibited proliferation of pfent1Δ parasites (Figure 10 

and Supplementary Table S2). As noted above, the failure to act in the parasite-based assays 

may be due to limited membrane permeability. The five compounds that did not inhibit 

proliferation of 3D7 parasites but did inhibit proliferation of pfent1Δ parasites, presumably 

inhibited proliferation of pfent1Δ parasites through interactions with a secondary target(s) 

that becomes essential in the PfENT1-knockout parasites. The secondary target(s) is/are 

unknown.

It is notable that most of the compounds inhibited the growth of both 3D7 and pfent1Δ 

parasites. Figure 10 plots the IC50 values for each compound for 3D7 and pfent1Δ parasites. 

The compounds are not intrinsically cytotoxic, at least for yeast and human HepG2 cells. 

The fact that some compounds inhibited proliferation of pfent1Δ parasites that lack PfENT1 

suggests that they also interact with other parasite targets. At this time, the identity of those 

secondary targets are unknown, but might include other parasite purine transporters such as 

PfENT4 or the AMP transport pathway.19, 24

Of the 132 compounds with no HepG2 cell cytotoxicity, 107 were active against 3D7 

parasites and 25 had no effect on 3D7 parasite proliferation. Sixty-six of the 201 compounds 

were cytotoxic for HepG2 cells with IC50 values between 7.9 and 126 μM (Supplementary 

Table S2). Of these 66 compounds with measurable HepG2 cell toxicity, 65 were active 

against 3D7 parasites and one had no effect on 3D7 parasite growth. Thirteen of these 

compounds inhibited HepG2 cell growth more potently than they inhibited 3D7 parasite 

proliferation.

Validation of Wave 2 set.

Scaffold-based substructure search strategies and the orthogonal Yeast Kill Assay results 

provided an additional set of putative PfENT1 inhibitors (Wave 2). To expedite the 

characterization of these compounds, none were tested for effects on HepG2 cell growth. 

This set of 123 compounds was also sent to the Akabas lab for further characterization. We 

tested the potency of these additional compounds to inhibit P. falciparum 3D7 parasite 

proliferation. After 48 hours of growth in the presence of the compounds, IC50 values could 
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be calculated for 82 of the compounds. The IC50 values ranged from 4.3 μM to 262 μM 

(Supplementary Table S3). The other 41 compounds did not sufficiently inhibit parasite 

proliferation at 75 μM to allow us to calculate an IC50 value (Supplementary Table S3).

We also compared the IC50 values for the Wave 1 and 2 compound sets in the 3D7 parasite 

cytotoxicity assay and in the Yeast Kill Assay (Supplementary Figure S2). There was little 

correlation between the IC50 values in the two assays. There are many differences between 

the assays including media pH, need for compounds to cross the red blood cell membrane to 

reach PfENT1 in the parasite assay, potential differences in glycosylation, phosphorylation, 

and interactions with other proteins. Despite all of these differences between the yeast and 

parasite assays, most of the compounds are active in both assays.

Extensive characterization of six selected compounds.

Six compounds were selected for more in depth profiling. The selected compounds had more 

optimal physicochemical properties based on potency, ligand efficiency considerations, 

physical properties, SAR trends, and availability. Each compound represented one of six 

prominent hit families. The chemical structures of the representative compounds are shown 

in Figure 11. Structure confirmation data for each compound (1H & 13C nuclear magnetic 

resonance spectra) are provided in the Supplementary Information.

The EC50 and IC50 values in the yeast based assays are shown in Table 2. The EC50 and 

IC50 values in the two yeast-based assays were consistently different. The EC50 values in the 

primary screen Yeast HTS Growth Assay, were higher than the IC50 values in the secondary, 

Yeast Kill Assay. This is due to the difference in the stringency of the assay conditions. The 

60 μM 5-FUrd concentration used in the HTS assay was effectively an IC100 concentration 

for inhibition of yeast proliferation, which was the basis of the assay robustness. However, it 

limited the sensitivity of the assay. We noted this difference in sensitivity of the two yeast-

based growth assays in our original paper.23

We tested the ability of the compounds to inhibit the uptake of [3H]adenosine into PfENT1-

expressing yeast. This assay provides a more direct test of the function of the identified 

compounds relative to the 19 hour growth assays. It also allows a more straightforward 

comparison of the potency of the compounds against homologous transporters from P. vivax 
and P. berghei expressed in yeast. These experiments involved 15 minute uptake experiments 

as opposed to 19 hour growth experiments. The six compounds inhibited [3H]adenosine 

uptake with IC50 values between 0.02 and 3.98 μM (Table 2). As discussed above the EC50 

and IC50 values in the yeast-based growth assays were mostly higher than the IC50 values in 

the [3H]adenosine uptake assays.

We also tested the efficacy of the compounds on the homologous ENT1 transporters 

PvENT1 from P. vivax, the most common cause of human malaria, and, PbENT1 from P. 
berghei, a widely used mouse malaria model. PvENT1 and PbENT1 are, respectively, 75% 

and 60% amino acid sequence identical to PfENT1.38, 39 PvENT1 and PbENT1 were 

expressed in the same purine auxotrophic yeast background as PfENT1. For five of the 

compounds, the IC50 values for inhibition of [3H]adenosine uptake were within a factor of 2 

of the values obtained with PfENT1-expressing yeast. This suggests that these compounds 
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should work on P. vivax and could be tested in the P. berghei mouse malaria model. In 

contrast, GSK-6 did not inhibit either PvENT1 or PbENT1 up to the highest concentration 

tested, 99 μM (Table 2). This suggests that non-conserved amino acids in PvENT1 and 

PbENT1 may inhibit GSK-6 binding. Only 54% of the amino acids are identical among 

these three ENT1 homologues.

Potency against other P. falciparum strains.

We used the PfENT1 amino acid sequence from the 3D7 parasite strain (PF3D7_1347200, 

http://plasmodb.org/plasmo/app/record/gene/PF3D7_1347200) in our yeast constructs.23, 40 

The IC50 values for the six compounds with 3D7 strain parasites ranged from 0.78 μM to 

10.3 μM (Table 2). Of note, none of the six compounds was identified among the 13,533 

compounds in the Tres Cantos Antimalarial TCAMS dataset.41 However, it should be noted 

that in the TCAMS phenotypic screen, the parasite growth media contained 150 μM 

hypoxanthine which functions as a competitor and diminishes the efficacy of these PfENT1 

inhibitors.

Genome sequencing of other parasite strains has identified non-synonymous polymorphisms 

that change the PfENT1 amino acid sequence. In HB3, PfENT1 has the mutations F36S and 

V129I, and the 7G8 strain has a Q284E mutation. The efficacy of the compounds was 

determined against several P. falciparum parasite strains including the drug sensitive strains 

3D7 from Africa and HB3 from Central America, and various drug resistant strains, 

including Dd2 from Southeast Asia, 7G8 from South America, and an artemisinin-resistant 

strain (ARTR) from Southeast Asia, Cam3.II.42 For all of these P. falciparum strains, the 

IC50 values were within a factor of three of those obtained with 3D7 parasites (Table 2). In 

general, the Dd2 and ARTR strains were more sensitive to inhibition by the six compounds. 

The HB3 and 7G8 strains were slightly less sensitive to several of the compounds. Thus, 

resistance to other antimalarial medicines does not appear to affect the parasite cytotoxic 

efficacy of PfENT1 inhibitors. Furthermore, it does not appear that these non-synonymous 

polymorphisms have a major impact on the compound potency values.

Efficacy against PfENT1 knockout (PfENT1-KO) parasites.

We used a pfent1Δ knockout parasite line constructed in the Dd2 background to test whether 

inhibition of PfENT1 was necessary and sufficient to kill P. falciparum parasites in culture.23 

We measured the ability of the six compounds to inhibit proliferation of pfent1Δ knockout 

parasites (Figure 12). GSK-6 had an IC50 value of 1.89 μM against Dd2 parasites. In 

contrast, GSK-6 had no effect on the proliferation of PfENT1-KO parasites up to100 μM, 

the maximum concentration tested (Figure 12, Table 2). Furthermore, for GSK-1, GSK-3 

and GSK-4, the IC50 values were 10- to 100-fold higher for the PfENT1-KO parasites 

compared to the IC50 values for Dd2 wild-type parasites (Figure 12, Table 2). This provides 

definitive evidence that inhibition of PfENT1 is sufficient to kill P. falciparum parasites in 

culture.

Interestingly, GSK-2 and GSK-5 had similar IC50 values against both Dd2 wild-type and 

PfENT1-KO parasites (Table 2). Both GSK-2 and GSK-5 inhibited PfENT1 in the yeast-

based assays, so each must also hit one or more secondary targets in P. falciparum parasites 
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with similar potency as their interaction with PfENT1. We had previously observed that 

PfENT1 inhibitors identified in our preliminary screen also hit one or more secondary 

targets in the malaria parasite with similar potency.23 The identity of these secondary targets 

is unknown at present.

Efficacy against human red blood cell purine transporters.

Purines must enter red blood cells (RBCs) before they can be transported into the malaria 

parasites. Human RBCs have two purine transport pathways. Nucleoside transport is 

mediated by the human Equilibrative Nucleoside Transporter Type 1 (hENT1), which is 

homologous to PfENT1, but with only 17% amino acid sequence identity. Nucleobase 

transport is mostly mediated by an unknown gene product named the human facilitated 

nucleobase transporter (hFNT).16, 43–48 hENT1 mainly transports nucleosides and hFNT 

only transports nucleobases. The nucleobase hypoxanthine is present in human blood at a 

concentration below 10 μM.20 Adenosine is intermittently released as a local vasodilator and 

is removed from plasma by uptake into RBCs and conversion via purine salvage pathway 

enzymes to either hypoxanthine or AMP.49 We examined whether the six PfENT1 inhibitors 

affected the human RBC purine transporters. To assess the effects of the six compounds on 

these transporters, we measured the concentration dependent inhibition of 1) [3H]adenosine 

uptake into RBC to determine interactions with hENT1, and 2) [3H]hypoxanthine uptake 

into RBC to determine interactions with hFNT using assays described previously38.

Both GSK-1 and GSK-3 inhibited uptake of [3H]adenosine and [3H]hypoxanthine into 

RBCs in a concentration range similar to the range at which they killed parasites in culture 

(Table 2). In contrast, GSK-6 did not inhibit RBC uptake of either [3H]adenosine or 

[3H]hypoxanthine (Table 2). Furthermore, GSK-2 and GSK-4 did not inhibit RBC 

[3H]hypoxanthine uptake and GSK-5 did not inhibit [3H]adenosine uptake (Table 2). Given 

that hypoxanthine is the only purine in our parasite culture media, this implies that the 

parasiticidal effects of the PfENT1 inhibitors were due to inhibition of PfENT1, and not due 

to inhibition of hypoxanthine entry into the RBC. Further support for this conclusion is 

provided by the fact that the PfENT1 inhibitors had different IC50 values with different 

parasite strains (Table 2). The strain dependent IC50 values would not be expected if the 

compound target was the human RBC purine transporters, hFNT or hENT1. These results 

provide further support for the therapeutic hypothesis that PfENT1 is a viable target for the 

development of novel antimalarial drugs.

Of note, inhibition of hENT1 may not cause significant side effects. Dipyridamole, which 

targets hENT1, is an FDA approved drug that is used as an antiplatelet agent and vasodilator. 

In addition to other activities, it inhibits hENT1 with nanomolar affinity.50–55 Dipyridamole 

is extensively used clinically without significant adverse effects.56, 57

Human cell cytotoxicity.

We evaluated the toxicity of the six compounds on human hepatoma HepG2 cells. None of 

the six compounds displayed significant HepG2 cell cytotoxicity up to a concentration of 

100 μM, the highest concentration tested (Table 2).
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Physiochemical properties.

Several physiochemical properties are shown in Table 2. Compounds GSK-3, GSK-4 and 

GSK-6 have favorable aqueous solubility, ChromLogDpH7.4, PFI values, and human serum 

albumin binding parameters. The lower solubility of the other three, and the higher PFI 

values of GSK-1 and GSK-2 are challenges that medicinal chemistry hit optimization efforts 

will need to overcome.30

CONCLUSIONS

We conducted a high throughput screen of the GSK compound library using a yeast-based 

assay to identify inhibitors of PfENT1. We identified 966 hits that gave rise to dose-response 

curves in the Yeast Growth Assay. Our parallel hit progression strategy allowed us to: 1) 

focus on hits that had high activity and low toxicity; and 2) expand the chemical space to 

structural analogs that were not identified in the original screen. By using this strategy we 

limited the amount of testing on parasites and erythrocytes. The combination of our screen, 

hit progression strategy, and downstream assays lead to the identification of effective and 

diverse chemical scaffolds that are new starting points for optimization and development of 

novel antimalarial drugs. Key points for this work include:

1. A yeast-based HTS based on positive selection for yeast growth successfully 

identified inhibitors of PfENT1. The screen eliminated compounds that were 

intrinsically cytotoxic to yeast.

2. A subset of the compounds inhibited proliferation of WT parasites but not 

PfENT1-knockout parasites. These data imply that inhibition of PfENT1 is 

sufficient to inhibited proliferation of malaria parasites in culture supporting the 

hypothesis that PfENT1 is a viable therapeutic target for antimalarial drug 

development.

3. Three of the highlighted compounds inhibited proliferation of malaria parasites 

but did not inhibit hFNT. This result implies that the compounds act by inhibiting 

PfENT1 not by inhibiting the human RBC purine transporters. However, we 

cannot rule out that inhibition of these transporters may be beneficial for the 

efficacy of some of the compounds. Regarding potential side effects, some 

inhibition of hENT1, or hFNT, is probably not problematic for use in humans 

because dipyridamole is an FDA approved anti-platelet agent and vasodilator that 

inhibits hENT1 with a nanomolar IC50 value. Furthermore, all six characterized 

compounds have no toxic effects on human HepG2 cells.

4. The PfENT1 inhibitors displayed similar IC50 values against a variety of P. 
falciparum strains, including strains that are sensitive and strains that are 

resistant to chloroquine and artemisinin. This suggests that parasite strains 

resistant to other antimalarial drugs should not be resistant to PfENT1 inhibitors.
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EXPERIMENTAL SECTION

Yeast strains.

The yeast strains used were as described previously.23 The background yeast strain was 

“fui1Δ” in the BY4741 background (genotype MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, 

fui1Δ::kanMX4) from the knock-out collection.58 A yeast codon optimized gene encoding 

PfENT1 was inserted into the FUI1 genomic locus by double homologous recombination to 

generate the fui1Δ::PfENT1 strain for the use in the primary screen Yeast HTS Growth 

Assay.

Purine auxotrophic yeast used in the orthogonal Yeast Kill Assay and for the yeast 

[3H]adenosine uptake experiments. They were constructed in the fui1Δ::kanMX4 

background by disrupting the ADE2 gene using the hphNT1 marker from the pFA6a-

hphNT1 plasmid (ade2Δ::hphNT1), which confers resistance to hygromycin B as described 

previously.23 PfENT1 expression in the purine auxotrophic yeast was obtained by 

transforming them with the episomal plasmid PfENT1-pCM189m. Yeast growth media was 

as described previously.23 The yeast strains expressing PvENT1 and PbENT1 were 

described previously.38, 39

5-FUrd Yeast media.

YPD media contained 1% (w/v) yeast extract, 2% (w/v) peptone, and 2% (w/v) dextrose.

Yeast were assayed in synthetic defined media (SDM) containing 0.67% (w/v) yeast 

nitrogen base (US Biologicals cat# Y2025), 0. 2% (w/v) drop-out mix (US Biologicals cat# 

D9515; without nitrogen base), 2% (w/v) dextrose.

High Throughput Screen.

The GSK Small Molecule Chemical Library was used in the HTS. The 1,792,272 

compounds in the library were selected to provide maximum diversity and minimal false 

positives using the principles outlined in Chakravorty et al. (2018)29 (Supplementary Table 

S1). The HTS was performed in round-well, flat-bottom, optically clear Corning #3893 type 

1536 well plates (Supplementary Table S1). Frozen yeast cells were thawed and grown 

overnight in YPD media at 30 °C, shaking at 200 RPM. OD620 was measured and the yeast 

were diluted in SDM to an OD620 = 0.05. CHAPS was added to give a final concentration of 

0.5 mM. A fraction of the culture was removed to the maximal growth (no 5-FUrd) control 

wells. 5-FUrd was added to the remaining yeast culture to a final concentration of 60 μM. 

Each well was preloaded with 0.08 μL of 1 mM test compound in DMSO. The final volume 

of each test well was 8 μL (10 μM test compound, 1% DMSO v/v, 60 μM 5-FUrd, 0.5 mM 

CHAPS, in SDM), and ~8,000 cells. Plates were spun at 500 rpm for 1–2 min and allowed 

to equilibrate at room temperature (RT) for 30 min. Plates were placed in a humidified 

incubator at 30 °C for 16 h. Plates were removed from the incubator and allowed to 

equilibrate at RT for at least 30 min and then OD620 was measured using an EnVision plate 

reader (Model #2102). Negative control wells contained no test compound and represented 

the 5-FUrd inhibited growth baseline. Positive control wells contained no 5-FUrd or test 

compound and represented maximal growth.
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Compounds were considered “robust actives” if the OD620 values obtained for a well were > 

3 SD above the mean OD620 values of the mean sample population. Ultimately, hits were 

considered compounds with OD620 values >10 SD above the mean sample population, 28% 

of maximal growth. This assay is referred to as the Yeast HTS Growth Assay in the text.

Yeast HTS Growth Assay concentration dependence.

Concentration dependence of compounds was determined using the HTS assay conditions 

described above. The compounds were serially diluted 1:3 with 100 μM being the highest 

concentration tested. Assays were performed in duplicate. This assay is referred to as the 

Yeast HTS Growth Assay in the text. Because hits in this assay are identified by yeast 

growth, compound potency is referred to as EC50 or pEC50 values in the text.

Ade2Δ Yeast media.

Yeast were assayed in synthetic defined media (SDM) containing 0.67% (w/v) yeast 

nitrogen base (US Biologicals cat# Y2025), 0. 2% (w/v) drop-out mix (US Biologicals cat# 

D9517–04A; without histidine, leucine, adenine), 2% (w/v) dextrose (Sigma cat# G7021), 

0.004% L-Histidine (Sigma cat# H8000), 0.004% L-Leucine (Sigma cat# L8000), 1 mM 

adenosine (Sigma cat# A9251).

Secondary Assay – Yeast Kill Assay.

Assay was performed in round-well, flat-bottom, optically clear Corning #3893 type 1536 

well plates. Frozen yeast were thawed and grown overnight in SDM media, supplemented 

with 1 mM adenosine (Sigma cat# A9251) at 30 °C, shaking at 200 RPM. Following the 

overnight incubation, the culture was diluted by a factor of 2 using SDM media, 

supplemented with 1 mM adenosine and incubated at 30 °C for 2–3 additional hours. 

Following incubation, 10 mL of culture was removed to prepare low (no growth) control, 

centrifuged at 2000 rpm for 2 min, media aspirated, and replaced with SDM without 

adenosine. This wash procedure was repeated 2 additional times. OD620 was measured for 

low control and source cultures, and then diluted to an OD620 = 0.15 in SDM without 

adenosine and SDM with 1 mM adenosine respectively. CHAPS was added to both cultures 

to give a final concentration of 0.5 mM. Each assay well was preloaded with 0.1 μL of 1 mM 

test compound in DMSO. The final volume of each test well was 10 μL (10 μM test 

compound, 1% DMSO). Plates were centrifuged at 500 rpm for 1–2 min and allowed to 

equilibrate at room temperature (RT) for 30 min. Plates were placed in a humidified 

incubator at 30 °C for 24 h. Plates were removed from the incubator and allowed to 

equilibrate at RT for at least 30 min and then OD620 was measured using an EnVision plate 

reader (Model #2102). Low control wells contained SDM with no adenosine, 1% DMSO 

and represented no yeast growth. Positive control wells contained SDM with 1% adenosine, 

1% DMSO and represented maximal growth.

Compounds were considered “hits” if the OD620 values obtained for a well were > 3 SD 

above the mean OD620 values of the negative control wells. This assay is referred to as the 

Yeast Kill Assay in the text. Because hits in this assay are identified by inhibition of yeast 

growth, compound potency is referred to as IC50 or pIC50 values in the text.
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[3H]Adenosine uptake into PfENT1-expressing yeast.

The assay to measure the concentration dependence of compound inhibition of 

[3H]adenosine uptake was conducted as described previously.23 96-well plates were 

preloaded with 100 μL of 100 nM [3H]adenosine ([2,8-3H]adenosine, 35 Ci/mmol, Moravek 

Biochemicals, Brea, CA) and 0.5 μL compound serially diluted in DMSO such that the final 

compound concentrations ranged from 11 nM to 25 μM. 100 μL yeast (2 × 108 cells mL−1) 

were added to each well to give a final 50 nM [3H]adenosine concentration and incubated at 

RT for 15 min. After 15 min, yeast were collected on glass fiber filtermats (Filtermat, GF/C; 

Perkin Elmer, Waltham, MA) using a TomTec 96 well cell harvester (#96-3-469, Hamden, 

CT) and washed extensively. Filtermats were dried for > 1 h and sealed in plastic bags 

containing 5 ml Betaplate Scint LSC (Perkin Elmer). Filtermats were counted using 1450 

Microbeta Trilux (Perkin Elmer).

HepG2 Cytotoxicity Assay.

Assay plates (Greiner cat# 781091) were pre-dispensed with 0.25 μL of 10 mM compound 

in DMSO. Actively growing HepG2 cells (ATCC cat# HB-8065) were removed from T-175 

cm2 culture flasks (Corning cat# 431080) using 5 mL cell dissociation media (Gibco# 

14190) and diluted in 500 mL assay media Eagles MEM (Gibco# 31095–029, 10% FBS 

Gibco# 10100), 1% non-essential amino acids (Gibco# 11140–035), 1% penicillin + 

Streptomycin (Gibco# 10082–147) to achieve a cell density of 1.2 × 105 cells/mL. 0.025 mL 

per well of cells were dispensed to multiwell assay plates, followed by incubation at 37 °C, 

5% CO2 for 48 hours. Next CellTiter-Glo® (Promega cat# G7571), was prepared according 

to manufacturer’s instructions, and 0.025 mL of was added to each assay well. Following a 

10-minute incubation at room temperature, the cell viability was measured on a plate reader 

equipped with luminescence detection. High and low assay controls were established using 

DMSO (100% survival) and 100 μM Digitoxin (Sigma cat# D5878; 0% survival) 

respectively and all data were normalized to these controls and expressed as percent 

response.

Characterization of physicochemical properties.

Kinetic solubility was determined by GSK in-house assay: 5 μL of 10 mM DMSO stock 

solution diluted to 100 μL with pH 7.4 phosphate buffered saline, equilibrated for 1 hr at RT, 

filtered through Millipore MultiscreenHTS-PCF filter plates (MSSL BPC). The eluent was 

quantified by suitably calibrated flow injection CLND (Chemiluminescent nitrogen 

detector). The ChromoLogD7.4 and HSA measurements were determined using 

methodology that has been previously described.59–61

P. falciparum growth and cytotoxicity assays.

3D7 strain parasites were grown in erythrocytes (RBCs) acquired from healthy human 

volunteers with consent (Albert Einstein College of Medicine IRB protocol #2013–2227). 

The parasites were maintained in continuous culture at 4% hematocrit in complete malaria 

culture medium (MCM): one liter contained: 10.4 g RPMI 1640 (Gibco# 31800–014), 11 

mM glucose, 27 mM NaHCO3, 25 mM HEPES, 0.5% Albumax-II (w/v) (Gibco# 11021–

037), 20 mg gentamicin, 10 μM hypoxanthine, pH 7.4.23 pfent1Δ parasites were grown in 
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the same medium except supplemented with 75 μM hypoxanthine.23 Cultures were gassed 

with 90% N2/5% CO2/5% O2 and grown under continuous agitation at 37 °C. Compounds 

were diluted 1:3 and the concentrations ranged from 34 nM to 75 μM. The DMSO 

concentration was <1%. P. falciparum growth was quantified using SYBR Green I (Thermo-

Fisher Scientific #S7585) nucleic acid stain.62

Calculation of EC50 or IC50 values in all assays.

EC50 or IC50 values were calculated using GraphPad Prism log(inhibitor) vs. response - 

Variable slope (four parameters) function, Y=Ymax/(1+10^((LogXC50-[X])*nH)) where Y = 

% of maximal signal, Ymax = 100% or maximal signal, XC50 is either EC50 or IC50 

depending on the assay, [X] = concentration of compound X, nH = Hill slope.

Human RBC purine uptake assays.

Assays for inhibition of uptake of [3H]adenosine into human RBCs to test for effects on 

hENT1 were performed as described previously38. For the [3H]hypoxanthine uptake assay, 

100 μL of Silicone oil (AR200; Fluka; density 1.049) was pre-loaded into 0.2 mL strip PCR 

tubes (Fischer Scientific). 96-well plates (clear flat-bottom 96-well polystyrene, nonsterile 

plate; Fischer Scientific) were preloaded with 2 μL compound (serially diluted 4-fold in 

DMSO from a 10 mM stock) and 100 μL of 400 nM [3H]hypoxanthine (Hypoxanthine 

monohydrochloride [3H(G)]; Perkin Elmer) in Ringers solution. Uninfected RBCs were 

washed five times with Ringers solution (123 mM NaCl, 4.93 mM KCl, 0.85 mM CaCl2, 

1.23 mM MgSO4, 5 mM glucose, 5 mM glutamine, 10 mM HEPES, 10 mM MES, pH 7.4) 

and resuspended at 4% hematocrit in Ringers solution. 100 μL of RBCs (4% hematocrit) 

were added to each well containing compound and radiolabel, resuspended, and incubated at 

room temperature for 15 minutes. At the end of the time course contents of each well were 

resuspended 3 times, removed 175 μL and added it to the pre-loaded silicone oil PCR tubes. 

The PCR tubes were centrifuged at 16,300 x g for 30 seconds and supernatant including 

excess silicone was removed. The RBC pellet was resuspended 3 times with 100 μL of 5% 

SDS (w/v) for RBC lysis. Each PCR tube containing lysed RBCs was inserted into 

scintillation vials and mixed with 3 mL scintillation fluid (UltimaGold; Perkin Elmer). 

Samples were counted for 1 min each using a Wallac TriCarb liquid scintillation counter 

(Perkin Elmer).

Source of six extensively characterized compounds.

All six compounds are commercially available and were purchased from the indicated 

supplier. GSK-1, 2-(3,4-Dimethoxyphenyl)-N-[3-(6,7,8,9-tetrahydro-5H-[1,2,4]triazolo[4,3-

a]azepin-3-yl)phenyl]-1,3-thiazole-4-carboxamide; (Enamine # Z115045922). GSK-2, 3-(4-

Chlorophenyl)-N-(5-ethyl-1,3,4-thiadiazol-2-yl)-6,7,8,9-tetrahydro-5H-imidazo[1,5-

a]azepine-1-carboxamide; (ChemDiv # E711–0141). GSK-3, N-Cyclopropyl-2-{[3-(2-

oxo-1-pyrrolidinyl)benzoyl]amino}benzamide (Enamine # Z95754787). GSK-4, 5-Methyl-

N-[2-(2-oxo-1-azepanyl)ethyl]-2-phenyl-1,3-oxazole-4-carboxamide (Enamine # 

Z407267740). GSK-5, N-[4-(2,6-Difluorophenyl)-1,3-thiazol-2-yl]acetamide (Enamine # 

Z384175608). GSK-6, [4-(4-Ethyl-4H-1,2,4-triazol-3-yl)-1-piperidinyl](7-

methylimidazo[1,2-a]pyridin-2-yl)methanone (Enamine # Z1082942462).
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NMR structural confirmation of six extensively characterized compounds.

The structures of all six compounds (GSK-1 to GSK-6) were confirmed by 1H and 13C 

NMR using both 1D and 2D methods (Supplementary Information).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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5-FUrd 5-flurouridine

ACT Artemisinin-based Combination Therapy

Ado adenosine

ARTR artemisinin-resistant P. falciparum strain

EC50 effective concentration causing 50% of maximal effect

ENT1 Equilibrative Nucleoside Transporter Type 1

HTS high throughput screen

hENT1 human ENT1

hFNT human facilitated nucleobase transporter

IC50 concentration causing 50% inhibition of maximum

IFI Inhibition Frequency Index

OD620 optical density at 620 nm

PbENT1 Plasmodium berghei ENT1

PfENT1 Plasmodium falciparum ENT1

PvENT1 Plasmodium vivax ENT1

PfENT1-KO PfENT1 knockout

RBC red blood cell

SAR structure-activity-relationships
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SD standard deviation

SDM synthetic defined media

WT wild type
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Figure 1. 
Schematic illustrating the two yeast-based assays used to identify and validate inhibitors of 

PfENT1. The green boxes indicate the outcomes that identified a hit. (A) In the primary 

HTS assay, referred to as the Yeast HTS Growth Assay, PfENT1-expressing yeast were 

grown in the presence of 5-FUrd and the test compound. If the test compound is not an 

inhibitor of PfENT1, 5-FUrd enters the yeast through PfENT1 and kills the yeast. If the test 

compound is a PfENT1 inhibitor, it blocks 5-FUrd entry and the yeast grow. Thus, in the 

Yeast HTS Growth Assay, hits were identified as compounds that permitted yeast growth. 

Compound potency is reported as EC50 values. (B) In the secondary assay, referred to as the 

Yeast Kill Assay, PfENT1 was expressed in purine auxotrophic yeast. With adenosine (Ado) 

as the sole purine source, these yeast can grow because Ado can enter via PfENT1. In this 

assay, a PfENT1 inhibitor blocks Ado entry and the yeast cannot grow. In the Yeast Kill 

Assay hits were identified as compounds that inhibited yeast proliferation. Compound 

potency is reported as IC50 values. In both assays, inhibitor concentration can be varied to 

determine the concentration dependence of the effects.
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Figure 2. Parallel hit progression strategy.
Critical path used to identify, validate, and characterize 6 chemotypes that inhibit PfENT1.
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Figure 3. 
HTS assay optimization and validation. (A) Illustrates the effect of CO2 gas bubble 

formation in square well plates on background uniformity. X- and Y-axes indicate well 

coordinates and Z-axis indicates optical density (OD). Different colors indicate different 

level thresholds of positivity. Insert shows micrograph of gas bubbles (three round white 

circles) trapped in the corners of the square well from a Greiner 782096 plate and the lack of 

bubbles in the round well from the Corning 3893 plate. (B) Effect of 5-FUrd concentration 

on inhibition of PfENT1-expressing fui1Δ yeast growth. The IC50 for inhibition of yeast 

growth was 4.8 μM. (C) Averaged triplicate percent inhibition values for a 10 K validation 

compound set tested at 60 μM (y-axis) versus 125 μM (x-axis) 5-FUrd. Note that there was 

only 1 hit >30% inhibition at 125 μM 5-FUrd, while 60 μM 5-FUrd yielded 5 hits.
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Figure 4. 
Performance of PfENT1 primary HTS. Histograms of the distribution of responses for the 

PfENT1 HTS (1.8 million compounds, 10 μM test concentration) showing the number of 

compounds observed at a range of statistical cut-offs. The colored boxes indicate the number 

of test compounds that exceed cut-offs defined as the indicated multiples of the robust 

standard deviation of the data population.
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Figure 5. 
Interference Frequency Index (IFI) as a function of the compound pEC50 value for the 966 

compounds that had sufficient potency to allow calculation of the EC50 values. Blue box 

indicates hits with IFI < 0.05. IFI measures the frequency that a compound is found to be a 

robust active in multiple HTS campaigns (i.e., the number of times a compound is found to 

be a robust active hit divided by the number of times it has been screened in HTS campaigns 

at GlaxoSmithKline).
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Figure 6. 
Chemical structure of representative HTS hit GSK-1. Potential liabilities are highlighted in 

orange text. Colored ovals show representative simpler scaffolds that were used as seeds for 

scaffold-based substructure searching. The simpler scaffolds were derived from the virtual 

deconstruction process.
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Figure 7. 
Scatterplot of ligand efficiency (LE) versus lipophilic ligand efficiency (LLEat) for the 966 

putative hits identified in the Yeast HTS Growth Assay. In general, the more ligand efficient 

hits (LE values >0.25, light red highlight) and higher activity hits (pEC50 5–7, dark red 

highlight) were used to seed scaffold-based substructure searches. The data points are sized 

by Property Forecast Index (PFI). Labels highlight extensively characterized compounds 

GSK-1, GSK-2, GSK-3, GSK-4, GSK-6.
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Figure 8. 
Scatterplot shows good activity correlation between the Yeast HTS Growth Assay (pEC50) 

and the orthogonal Yeast Kill Assay (pIC50). The unity line (x=y) is shown as a black line 

and parallel dotted lines represent ± 0.5 log units. The source of the hit is identified by color 

highlight (HTS hit, red; scaffold-based substructure search, blue). Labels highlight 

extensively characterized compounds GSK-1 through GSK-6.
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Figure 9. 
Scatterplot of the potency of Wave 1 compounds in the [3H]adenosine uptake inhibition and 

Yeast Kill Assays. For each of the 201 HTS hits, the IC50 value in the 15 minute inhibition 

of [3H]adenosine uptake assay (y-axis) is plotted as a function of the IC50 value in the 19 hr 

Yeast Kill Assay (x-axis). Compounds for which there was no effect at the highest 

concentration tested, 100 μM, are plotted at ”no effect”. The pale red circles indicate the 

blinded hits. The black symbols indicate the six extensively characterized compounds. 

GSK-5 was identified during hit expansion.
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Figure 10. 
Comparison of the potency of the 201 compounds to inhibit proliferation of WT 3D7 

parasites as compared to pfent1Δ parasites. (A) For each of the 201 HTS hits, the IC50 value 

for inhibition of proliferation of the PfENT1 knockout parasites (y-axis) is plotted as a 

function of the IC50 value for inhibition of proliferation of wild-type 3D7 strain P. 
falciparum parasites (x-axis). Compounds for which there was no effect at the highest 

concentration tested, 75 μM, are plotted at ”no effect”. The pale red circles indicate blinded 

hits. The black symbols indicate the six extensively characterized compounds. GSK-5 was 

identified during hit expansion. Note that each circle may represent multiple hits with 

identical IC50 values in the two assays. For example, the point at IC50 = 10−3 M in both 

assays, i.e., no effect, represents 22 hits. One compound was not tested in pfent1Δ parasites 

and is not included in the figure. (B) Comparison of the effect of the 201 HTS hits on wild 

type (WT) vs pfent1Δ parasites. For the purposes of this figure, if a compound had a 
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measurable IC50 value, it was assumed to inhibit parasite proliferation. If a compound had 

no effect up to the maximum tested concentration (75 μM), it was considered to have no 

effect. n = number of compounds in each category. One compound was not tested in pfent1Δ 

parasites and was not included in the figure.
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Figure 11. 
Chemical structures of the six HTS hits that were extensively characterized in multiple 

assays in this work. GSK-1, 2-(3,4-Dimethoxyphenyl)-N-[3-(6,7,8,9-

tetrahydro-5H-[1,2,4]triazolo[4,3-a]azepin-3-yl)phenyl]-1,3-thiazole-4-carboxamide. 

GSK-2, 3-(4-Chlorophenyl)-N-(5-ethyl-1,3,4-thiadiazol-2-yl)-6,7,8,9-tetrahydro-5H-

imidazo[1,5-a]azepine-1-carboxamide. GSK-3, N-Cyclopropyl-2-{[3-(2-oxo-1-

pyrrolidinyl)benzoyl]amino}benzamide. GSK-4, 5-Methyl-N-[2-(2-oxo-1-azepanyl)ethyl]-2-

phenyl-1,3-oxazole-4-carboxamide. GSK-5, N-[4-(2,6-Difluorophenyl)-1,3-thiazol-2-

yl]acetamide. GSK-6, [4-(4-Ethyl-4H-1,2,4-triazol-3-yl)-1-piperidinyl](7-

methylimidazo[1,2-a]pyridin-2-yl)methanone.
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Figure 12. 
Normalized parasite growth inhibition effects for the six HTS hits, GSK-1 to GSK-6, for the 

inhibition of proliferation of Dd2 strain (filled circles) and PfENT1-knockout (open circles) 

parasites.
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Table 1.
Potency distribution for the 4195 HTS primary actives that were progressed to dose-
response experiments (Yeast HTS Growth Assay).

Potency ranges are given as negative log EC50 (i.e., pEC50) from four parameter logistic fits of 11-point dose-

response curves.

pEC50 range # of Cmpds % of Cmpds

<4 3299 77%

4 < × < 4.99 741 18%

5 < × < 5.49 156 3.7%

5.5 < × < 5.99 53 1.3%

6 < × < 6.49 13 0.3%

6.5 < × < 6.59 2 0.05%
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Table 2.

EC50 and IC50 values for the six selected compounds in various yeast, parasite, red blood cell, and 

physicochemical assays.
a

Compounds

GSK-1 GSK-2 GSK-3 GSK-4 GSK-5 GSK-6

Yeast HTS Growth Assay-GSK (μM) 3.16 0.25 2.51 3.98 63.1 10

Yeast Kill Assay-GSK (μM) 0.63 <0.08 0.63 1.26 6.31 1.26

Yeast Kill Assay-Akabas lab (μM) 0.54 ± 0.20 0.11 ± 0.04 0.46 ± 0.30 0.43 ± 0.30 4.0 ± 1.3 1.2 ± 1.1

PfENT1 [3H]Ado uptake (μM) 0.12 ± 0.08 0.03 ± 0.03 0.03 ± 0.01 0.02 ± 0.01 2.59 ± 2.36 3.98 ± 1.35

PvENT1 [3H]Ado uptake (μM)
b 0.14 ± 0.07 0.04 ± 0.03 0.04 ± 0.01 0.02 ± 0.04 2.71 ± 0.25 NE

d

PbENT1 [3H]Ado uptake (μM)
c 0.13 ± 0.05 0.05 ± 0.03 0.07 ± 0.04 0.01 ± 0.01 3.09 ± 2.70 NE

d

3D7 (μM) 0.78 ± 0.2 2.25 ± 0.4 2.38 ± 0.5 6.20 ± 1.9 8.72 ± 1.6 10.3 ± 4.7

PfENT1-KO (μM) 17 ± 4.8 2.66 Low activity/NE
e 29.4 ± 0.5 10.8 NE

e

Dd2 (μM) 0.11 ± 0.009 1.89 ± 0.2 0.59 ± 0.05 1.90 ± 0.4 10.6 ± 2.1 3.3 ± 1.7

HB3 (μM) 0.34 ± 0.1 3.55 ± 0.7 2.21 ± 0.6 6.16 ± 2.5 9.09 ± 4.5 19.7 ± 4.1

7G8 (μM) 0.48 ± 0.2 4.52 ± 0.1 6.08 ± 1.3 8.44 ± 2.4 16.1 ± 5.5 19.0 ± 3.5

Cam3.II Artemisinin resistant (μM) 0.16 ± 0.09 1.37 ± 0.2 0.79 ± 0.2 3.02 ± 1.6 8.37 ± 1.4 6.07 ± 1.0

hENT1 [3H]adenosine uptake into RBC 
(μM)

0.99 ± 0.81 24.5 ± 24.8 72.4 ± 19.3 51.0 ± 27.7 Low activity/NE
d

NE
d

hFNT [3H]hypoxanthine uptake into 
RBC (μM) 0.38 ± 0.1 NE

d 9.93 ± 4.1 NE
d 3.54 ± 1.5 NE

d

HepG2 cell cytotoxicity (μM)
f >100 >100 >100 >100 >100 >100

Molecular weight 475 402 363 341 254 338

Solubility (μg/mL) 10.5 2.5 112 156 16 >133

ChromLogDpH7.4
g 4.8 6.8 4 4.5 3.7 1.2

PFI
h 8.8 9.6 6 6.5 5.7 4.2

HSA Column binding
i 94% 97% 84% 92% 90% 48%

a
Values are mean ± SD. N ≥ 3 for all experiments except for the “5-FUrd growth assay-GSK” and the “Ado dependent growth-GSK columns”, 

where N=2, and for the PfENT1-KO experiments with compounds GSK-2 and GSK-5, where N=1.

b
PvENT1, yeast expressing the P. vivax ENT1 homologue

c
PbENT1, yeast expressing the mouse malaria model P. berghei ENT1 homologue

d
NE, no effect at the maximum concentration tested, 100 μM. Low activity/NE, indicates that at the highest concentration tested there seemed to be 

an effect, but it was not sufficient to calculate an IC50 value.

e
NE, no effect at the maximum concentration tested, 74.2 μM. Low activity/NE, indicates that at the highest concentration tested there seemed to 

be an effect, but it was not sufficient to calculate an IC50 value.

f
For the HepG2 cell cytotoxicity data, and >100 indicates no cytotoxicity up to 100 μM.

g
ChromLogDpH7.4, chromatographic log of the distribution constant at pH 7.4.59, 60, 63
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h
PFI, Property Forecast Index.31, 63

i
HSA, human serum albumin.61
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