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Abstract
Adenosine triphosphate (ATP)-binding cassette (ABC) transporters play an important role in mediating
solute or drug transport across cellular membranes. Although this class of transporters has been well
characterized in diverse organisms little is known about the physiological roles in Plasmodium
falciparum, the deadliest malaria parasite species. We studied the Plasmodium falciparum Multidrug
Resistance-associated Protein 1 (PfMRP1; PF3D7_0112200), an ABC transporter localized to the parasite
plasma membrane, generating genetic disrupted parasites. We demonstrate that parasites with disrupted
pfmrp1 are resistant to folate analogs, methotrexate and aminopterin, with antimalarial activity. This
phenotype occurs due to reduction in compound accumulation in the parasite cytoplasm. Phylogenetic
analysis supports pfmrp1 being distantly related to ABC transporters in other eukaryotes, suggesting an
unusual function. We propose that PfMRP1 can act as a solute importer, a function not previously
observed in this organism.

Introduction
Malaria is a major cause of illness throughout the tropical world and is responsible for an estimated
400,000 deaths per year1. Treatment and control efforts have been repeatedly hampered by the capacity
of Plasmodium falciparum parasites to develop antimalarial drug resistance, making it imperative to
understand the molecular basis of resistance and identify new therapeutic targets.

The ABC transporter superfamily is known to transport a wide variety of substrates across cellular
membranes against a concentration gradient, an action driven by ATP hydrolysis. These transporters are
present in multiple life forms, from prokaryotes to the most complex eukaryotes2. ABC transporters also
serve as drug targets and are important mediators of drug resistance. The overall architecture of ABC
transporters is conserved, with transmembrane domains (TMDs) and nucleotide binding domains (NBDs)
that provide energy through ATP hydrolysis. The NBDs are highly conserved and considered the hallmark
of the ABC transporter family, while most variation occurs in TMDs3. ABC transporters can mediate active
in�ux or e�ux of structurally and functionally diverse compounds across membranes, and are classi�ed
as importers or exporters, respectively3. Importers are present mainly in prokaryotes and plants, and
frequently rely on a substrate binding protein (SBP) for recognition and transport of the substrate4–11.
SBPs can be present in the periplasm or be membrane-bound and interact with TMDs6. Exporters are
widespread across kingdoms, in prokaryotes and eukaryotes, and do not require SBPs for transport.
Various classi�cations have been employed, such as importers divided into three classes and exporters
into two based on their 3D conformation and mechanism of transport2,6. Recently ABC transporters have
been reclassi�ed based on TMD folds obtained from high-resolution X-ray crystallography and single-
particle cryo-electron microscopy12. This new grouping has revealed that transporters of the same type
with a similar scaffold can be functionally diverse, acting as importers, exporters, ion channels, or lipid
�oppases12.
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Transporter proteins are key mediators of nutrient uptake or extrusion of waste products and toxic
compounds. Due to their capacity to direct substrates between cellular compartments, transporters are
frequently associated with drug resistance. The P. falciparum genome encodes at least 16 ABC proteins,
11 of which are putative transporters13. One of these, P. falciparum Multidrug Resistance Transporter
protein 1 (PfMDR1) is a well-known modulator of antimalarial resistance14. This transporter is present on
the parasite digestive vacuole membrane with ATP-binding loops located on the cytoplasmic side, and
transport substrates from the cytoplasm to the vacuole15.

Two other ABC transporters, P. falciparum Multidrug Resistance-associated Protein 1 and 2 (PfMRP1 and
PfMRP2 ) have been tentatively linked to drug resistance16–22. The substrates of these transporters
remain largely unexplored, and identi�cation of these could pave the way to developing new antimalarial
therapies.

PfMRP1 has been localized at the parasite plasma membrane and intracellular membrane networks13,20.
Physiological substrates of MRPs in other organisms are amphipathic organic anions like glutathione,
glucuronide, or sulfate-conjugated compounds. In P. falciparum, PfMRP1 was suggested to function as a
potential glutathione or folate transporter20,23−25.

Early reports have associated PfMRP1 single nucleotide polymorphisms with different susceptibilities to
the antimalarials chloroquine (CQ) and quinine (QN)26. Further studies on in vitro drug responses of
clinical isolates and in vivo malaria chemotherapy data appeared to support these
associations16,17,20,22,27,28. However, con�icting reports have emerged while trying to validate the role of
PfMRP1 in drug resistance in vitro. One study provided evidence that asexual blood stages parasites that
lacked PfMRP1 accumulated more intracellular glutathione, CQ and QN than wild-type (WT) parasites20.
Knockout parasites also displayed a slightly increased susceptibility to several other antimalarials
including piperaquine (PPQ), artemisinin (ART), and primaquine (PMQ) compared with WT parasites20.
These data suggested that PfMRP1 is involved in the e�ux of these drugs and that its absence led to
increased intracellular accumulation and therefore more drug reaches the site of action. However, the
pfmrp1 knockout lines showed impaired growth rates, particularly at higher parasitemia, thus
confounding any evidence of a direct role of the protein in the drug responses. Other reports
demonstrated no impact of a pfmrp1 knockout on parasite susceptibility to a majority of the
antimalarials tested with no apparent �tness cost25,29. These studies differed in their determination of
parasite physiological responses, choice of parasite strains, genetic manipulation techniques, and the
culture conditions. Nevertheless, this transporter seems dispensable for asexual blood stage
development, at least in certain in vitro conditions. Additionally, Rijpma and colleagues showed that
parasites with disrupted pfmrp1 presented a decrease in folate concentration in the parasitized
erythrocytes, suggesting a folate exporter function25. However, there was no distinction of folate from the
parasite versus the erythrocyte in this study. These parasites also displayed decreased sensitivity towards
methotrexate (MTX), an antifolate compound and folate analog, but not towards other structurally
distinct antifolate compounds such as pyrimethamine (PYR), WR99210 (WR) and trimethoprim (TMP)25.
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Applying zinc-�nger nuclease (ZNF) gene editing, we herein describe two pfmrp1-disrupted lines in the
geographically distinct P. falciparum 3D7 and Dd2 parasite strains. Our data disclose PfMRP1 as a
potential importer that is likely able to transport folate and related compounds, including drugs related to
the folate pathway. To the best of our knowledge, this is the �rst report of a plasma membrane importer
from the ABC transporter family in a non-mammalian eukaryotic organism, aside from plants.

Results
pfmrp1 disruption

Using customized ZFNs we disrupted the pfmrp1 gene in P. falciparum Dd2 and 3D7 parasites, by single
crossover integration of plasmid into the gene locus (Supplementary �gure 1). These two strains
originate from Southeast Asia and Africa respectively, are part of genetically distinct sub-populations of P.
falciparum, and harbor very distinct antimalarial drug responses (Figure 1)30–33. ZFNs were engineered to
bind neighboring sites on opposite strands of pfmrp1, producing a double-stranded break 1208 bp
upstream of the stop codon. Our homology-driven template consisted of a 2.5 kb pfmrp1 fragment
engineered with three non-synonymous mutations at the ZFN binding site to prevent ZFNs from cleaving
the plasmid, and promoted site-speci�c plasmid integration, thereby disrupting pfmrp1.

Red blood cells (RBCs) infected with ring-stage P. falciparum 3D7 or Dd2 parasites were electroporated
with the pfmrp1 ZFN disruption plasmid (Supplementary �gure 1). This plasmid expresses the blasticidin
S deaminase selection marker conferring resistance to blasticidin. Parasite growth was observable by
microscopy 18-22 days post drug selection. pfmrp1 disruption was con�rmed by PCR, which identi�ed
the full-length gene only in non-mutated WT strains (Supplementary �gure 1). PCRs spanning both ends
of integration were positive for knockout (Δpfmrp1) strains, denoted 3D7Δpfmrp1 and Dd2Δpfmrp1, which
were then cloned by limiting dilution (Supplementary �gure 1). RNA sequencing analysis (Supplementary
�gure 2 and data set 1) showed that pfmrp1 was expressed at a lower level in the Dd2Δpfmrp1 line,
con�rming that the disruption in�uenced the expression of the full transcript.

pfmrp1 disruption has no impact on quinoline and dihydroartemisinin susceptibility

In vitro drug susceptibility assays were performed on WT and Δpfmrp1 lines. Tightly synchronized ring-
stage parasites were incubated for 72 hours with antimalarials, using a range of 10 compound
concentrations serially diluted by 2-fold. Parasitemias were quanti ed using ow cytometry. IC50 values
were determined for CQ, me�oquine (MQ), lumefantrine (LMF), dihydroartemisinin (DHA), PYR, TMP, WR,
MTX and aminopterin (AMT). Of note, there were no alterations in IC50 values for the commonly used

quinoline antimalarials CQ, MQ and LMF, nor to DHA for either 3D7Δpfmrp1 or Dd2Δpfmrp1 strains when
compared to their parental strains (Figure 1A). IC50 values were in the range of previous reports. The main
differences observed in CQ susceptibility between the parental Dd2 and 3D7 strains are explained by
known polymorphisms in the P. falciparum chloroquine resistance transporter (PfCRT) and
PfMDR114,34−36.
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pfmrp1 disruption leads to resistance to folate analogs

3D7Δpfmrp1 and Dd2Δpfmrp1 were strikingly less sensitive to the antifolates MTX and AMT, compared to
their respective parental strains. The IC50 values for the 3D7Δpfmrp1 and Dd2Δpfmrp1 lines were increased
by 15 and 40-fold when assayed against MTX (P<0.0001) and 6 and 25-fold against AMT (P<0.0001),
respectively, compared to their WT parental controls (Figures 1A and 1D). However, WT and Δpfmrp1
lines displayed comparable responses to the antifolates PYR, TMP and WR. Strain-speci�c differences in
susceptibility to PYR, TMP and WR were observed as expected due to genotypic differences in the P.
falciparum dihydrofolate reductase (pfdhfr) gene37,38. MTX and AMT are folate analogs (Figure 1B),
while PYR, TMP and WR are structurally distinct to folate, which might account for the differential pattern
of susceptibility changes to these antifolates. These results suggest that loss of pfmrp1 leads to parasite
resistance to folate analogs. This would be incompatible with an exporter function, as the disruption
should lead to increased drug concentration in the parasite cytoplasm leading to heightened drug
sensitivity in the Δpfmrp1 lines. These �ndings suggest PfMRP1 as an importer present in the P.
falciparum plasma membrane.

To con�rm that the observed resistance phenotype was mediated by PfMRP1, the MRP chemical inhibitor
MK571 was used to block PfMRP1 transport in the Dd2 strain39–41. A small but signi�cant increase (1.3-
fold, P<0.001) in IC50 was observed for MTX only in MK571-treated Dd2 WT parasites (24.7 ± 1.4 nM)
compared to untreated controls (18.8 ± 0.8 nM), whereas no difference was observed for the MK571-
treated Dd2Δpfmrp1 line, supporting a PfMRP1-mediated effect (Figure 1C). The fold-increase in MTX IC50

values by chemical inhibition was considerably lower compared to the increase observed with the
Dd2Δpfmrp1 line (Figures 1A and 1D), which might be explained by incomplete inhibition of PfMRP1-
mediated transport by MK571.

We next examined the effect of inhibiting PfCRT and PfMDR1 in Dd2Δpfmrp1 parasites with verapamil and
elacridar, respectively, to understand the possible crosstalk between these antimalarial drug resistance
mediators and PfMRP1. Verapamil-mediated inhibition led to a small (1.2-fold, P<0.01) but signi�cant
decrease in MTX susceptibility in Dd2Δpfmrp1 parasites (896 ± 42.4 nM compared to 767 ± 42.4 nM),
whereas no effect was observed in Dd2 WT (Supplementary Figure 3). These results suggest that PfCRT
might interplay with PfMRP1 to augment MTX resistance (Supplementary Figure 3). This increased
resistance could be due to trapping of residual MTX in the digestive vacuole, away from its cytosolic site
of action, with MTX being unable to be e�uxed by PfCRT in the presence of verapamil that is a known
blocker of PfCRT-mediated drug transport42. No effect was observed with elacridar-mediated inhibition
(Supplementary Figure 3).

pfmrp1 -disrupted parasites accumulate less �uorescein methotrexate

To understand how resistance to folate analogs occurs in the Δpfmrp1 parasites, we measured the time-
dependent accumulation of �uorescein MTX (F-MTX), a �uorescent derivative of MTX, using �ow
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cytometry. Remarkably, the Dd2Δpfmrp1 line showed a signi�cant lack of F-MTX accumulation over time,
with an average of 3.3 times less F-MTX �uorescence intensity after 3 hours of incubation compared to
Dd2 WT parasites (P<0.01) (Figure 2A). The observed F-MTX phenotype seems speci�c to PfMRP1-
mediated transport (Figure 2B). Fluo-4 is a calcium probe that enters the parasite through passive
diffusion, accumulates in the parasite digestive vacuole, and can be modulated by PfMDR1-mediated
transport43,44. Repeating the assay with Fluo-4 showed no differences in accumulation between Dd2 WT
and Δpfmrp1 parasites (Figure 2B). These results provide evidence that PfMRP1 can import F-MTX, an
effect that is much reduced in Dd2Δpfmrp1, thus explaining the resistance phenotype. The residual
accumulation observed in Dd2Δpfmrp1 might occur through a distinct transport pathway, passive
diffusion, or both.

To con�rm the location of F-MTX inside the infected RBC, parasites were incubated with F-MTX and
visualized using confocal microscopy. After a 3-hour incubation period, F-MTX accumulated in the
parasite cytosol, co-localizing with MitoTracker �uorescence that labels mitochondria, but not with the
DAPI nuclear stain (Figure 2C). Confocal microscopy con�rmed the same accumulation pattern observed
in the �ow cytometry assay, with Dd2 WT exhibiting signi�cantly more F-MTX accumulation than
Dd2Δpfmrp1 (Figure 2C). The �uorescence ratio of F-MTX/MitoTracker demonstrated signi�cantly higher
(P<0.0001) F-MTX accumulation in Dd2 WT parasites (Figure 2D).

However, a drug susceptibility assay showed that F-MTX does not retain the antimalarial activity of MTX,
most likely due its bulkier structure preventing binding to PfDHFR, the target of MTX (Supplementary
Figure 4). Since transport proteins are less speci�c in their substrate binding properties compared to the
interaction of a substrate with the less accessible active site of an enzyme, F-MTX might be transported
into the parasite cytoplasm via PfMRP1 but unable to bind PfDHFR and impair parasite growth.

Overall, both the �ow cytometry and confocal microscopy data on the transport of F-MTX into infected
RBCs point to a putative import function of PfMRP1.

Folate analogs compete for PfMRP1 transport
To further explore the propensity of PfMRP1 to transport antimalarial drugs, the F-MTX probe was used
as a proxy of transport capacity. We performed �ow cytometry competition assays and measured the
�uorescence of F-MTX in infected RBCs, after 3 hours incubation periods with varying concentrations of
different compounds and a �xed concentration of F-MTX. These assays tested CQ, MQ, DHA, and
amodiaquine (AQ), as well as the antifolates MTX, AMT, PYR, TMP and MK571. Competition assays
showed that increases in the MTX, AMT or MK571 concentration caused concentration-dependent
decreases in F-MTX accumulation in Dd2 WT parasites but not in Δpfmrp1 parasites (Figure 3). These
results demonstrate that F-MTX competes for the same transport pathway as MTX, AMT and MK571.
This pathway is mediated by PfMRP1, as evidenced by the lack of competition in the Dd2Δpfmrp1 line
(Figure 3). These assays further suggest that residual F-MTX in the Dd2Δpfmrp1 strain is probably the
result of another transport mechanism or passive transport. The reduction in accumulation was more
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pronounced for MTX and AMT compared to MK571. This �nding is likely related to MK571 acting as a
weak chemical inhibitor of PfMRP1, as supported by the IC50 results in the presence of MK571 (Figure
1C), compared to PfMRP1 role in direct transport of MTX and AMT.

Folate impacts parasite growth
Parasite growth was monitored to understand the overall impact of Δpfmrp1. Regular levels of folate in
human serum are around 6-20 µg/L and folate de�ciency in RBCs is considered below 151 µg/L45.
Standard RPMI medium used for in vitro culture contains 1 mg/L folate, which is 10 times higher than the
limit of folate de�ciency in RBCs and around 50 times higher than in human serum. Therefore, we
modi�ed an assay to limit exogenous folate in order to reduce parasite folate pools and evaluate parasite
reliance on external folate sources, and hence PfMRP1 dependency38. Additionally, since Δpfmrp1
impacts folate-related transport, growth was evaluated in culture medium lacking an exogenous source
of folate. Parasites were cultured for 14 days in medium depleted of folate, after which parasites were
tightly synchronized at 0.05% parasitemia and growth was measured in regular medium, medium
depleted of folate or medium containing 100 µg/L folate. Both 3D7Δpfmrp1 and Dd2Δpfmrp1 parasites were
able to achieve high parasitemias like WT control parasites under regular culture conditions, although
Dd2Δpfmrp1 displayed slightly less growth at high parasitemias (>5%) (Figure 4A). Without exogenous
folate supplementation the Dd2 strain displayed similar growth in the �rst cycle but slower growth rate in
the second cycle, with around 2% parasitemia compared to 6-8% of regular culture medium. Dd2
parasites were nonetheless able to reach parasitemias of around 8% one cycle later (Figure 4A). In
contrast, 3D7 parasites displayed similar growth rates in medium with or without exogenous folate
(Figure 4B). There was no difference in growth between WT and Δpfmrp1 strains in medium without
exogenous folate (Figure 4A and 4B). To con�rm that this was not an artifact due to parasites still having
access to folate pools, cultures were diluted multiple times using RBCs from the same blood donor bag
and growth was monitored in medium lacking folate46. Results showed no difference between WT and
Δpfmrp1 growth for both strains in continuous culture in medium depleted of folate (Figure 4C and 4D).
Overall, no differences in growth between WT and Δpfmrp1 were observable for both 3D7 and Dd2
strains.

The assay with medium containing 100 µg/L folate had results comparable to medium without folate.
Addition of a source of exogenous folate partly recovered Dd2 growth compared to medium without
folate, with parasites able to grow to 4% on the second cycle compared to 2% in medium without folate
(Figure 4A). As with medium lacking folate, there was no impact on the 3D7 growth rate (Figure 4B).
These results support the impact of exogenous folate on the growth rate of Dd2, which we observed to be
considerably faster than 3D7 under our in vitro conditions. Accordingly, the Dd2 growth rate without
folate supplementation resembled the 3D7 growth rate (Figure 4A and 4B). Although, PfMRP1 might
impact parasite growth as observed for Dd2Δpfmrp1 cultured in standard medium, likely this impact is only
observable under very rich in vitro growth conditions or as a result of �tness cost at high parasitemia as
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previously reported20. Furthermore, the effect of folate on the overall Dd2 growth is likely independent of
PfMRP1 and mediated by alternative pathways.

Folic acid impacts the antifolate response
To understand the impact of folate on the antifolate resistance phenotype observed in Δpfmrp1
parasites, we performed 72-hour drug susceptibility assays under various folate conditions. IC50 values
were measured for PYR, TMP, WR, AMT, MTX and the two non-antifolate based compounds ferroquine
and DMS265, as controls. Assays were performed in the presence of diminished folate conditions,
namely no exogenous folate, and a folate supplementation of 3 µg/L or 100 µg/L folic acid, the last
being the folic acid concentration previously tested and that partly recovers Dd2 growth rate. Similar to
growth assays (Figure 4) there was no impact on the overall growth of these strains in the 72-hour period
of the assay. Results showed a slight but signi�cant increase in susceptibility of Dd2Δpfmrp1 relative to
WT parasites when assayed against PYR or TMP, relative to WT parasites, under conditions of no folate
or 3 µg/L of folate, respectively, and 100 µg/L of folate (Figure 5). These results suggest that an
ine�ciency of Dd2Δpfmrp1 to import folate could render the drugs slightly more effective under limiting
exogenous folate conditions, possibly due to lower intracellular dihydrofolate levels, the natural substrate
of PfDHFR. Other folate conditions for PYR, TMP, and WR did not show signi�cant differences but
presented the same trend. An ine�ciency to import folate could further explain the phenotype of the
decreased growth of Dd2Δpfmrp1 under regular conditions (Figure 4)

The resistance phenotype of 3D7Δpfmrp1 and Dd2Δpfmrp1 parasites for MTX and AMT was maintained
under all folate conditions (Figure 5). Surprisingly, the susceptibility to AMT was drastically reduced
under lower folate concentrations, an effect that was even more pronounced for the 3 µg/L folic acid
supplementation compared with no exogenous folate (Figure 5). A similar effect was observed for MTX,
although with a less pronounced difference and evident only in the Dd2Δpfmrp1 and parental Dd2 lines
(Figure 5). This phenotype might be multifactorial, as it seems to be independent of PfMRP1 for AMT, as
the effect is observable also in WT parasites. A slight increase in IC50 was also observed for Dd2 WT at 3
µg/L folic acid for MTX (2-fold, P<0.01), additionally pointing to a PfMRP1-independent effect. These
data, with Dd2 drug response being more affected by folate concentration agree with parasite growth
assays, in which Dd2 was generally more impacted by folate concentrations.

Both MTX and AMT are expected to be competitors of folate for the PfDHFR binding site, and in this case
a lower folate concentration was expected to render parasites more susceptible to drug action. However,
the opposite was observed where less exogenous folate led to lowered susceptibility to the antifolate
analogs MTX and AMT. This result suggests that this phenotype was likely independent of PfMRP1 and
was instead due to another mechanism. Likewise, a similar phenotype was observed for antifolates that
are structurally different from folate (PYR, TMP, WR) and even unrelated compounds that are not
expected to act on the folate pathway (DSM265 and ferroquine) (Figure 5). Overall, this phenotype was
only observed in the Dd2 strain, except for AMT where this was also observed in the 3D7 strain.
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pfmrp1 is phylogenetically unrelated to other eukaryotic ABC transporters

ABC transporters are an ancient family present in a wide variety of species ranging from prokaryotes to
eukaryotes. The results suggesting that PfMRP1 can function as an in�ux ABC transporter prompted us
to investigate evolutionary relationships among PfMRP1 and other proteins from the same family and
explore potential links between sequence similarity and function. We started by using the PfMRP1 amino
acid sequence to BLASTp query the landmark database that includes a taxonomically diverse and non-
redundant set of protein sequences. This resulted in 116 protein hits from 11 different species
(Caenorhabditis elegans, Arabidopsis thaliana, Dictyostelium discoideum, Glycine max, Saccharomyces
cerevisiae, Drosophila melanogaster, Danio rerio, Homo sapiens, Schizosaccharomyces pombe, Mus
musculus and Leishmania donovani) (Supplementary dataset 2). Except for PfMRP2 that shared
moderate sequence identity with PfMRP1 (49% identity and 64% query coverage), all hits from other
organisms showed low identity (<25%). Phylogenetic analysis using these sequences placed PfMRP1
and PfMRP2 in an isolated branch in the phylogeny (Figure 6). These sequences were inferred to share a
node, deep in the phylogeny, only with an ABC transporter from Leishmania donovani (XP_003863220.1)
but with a low bootstrap support value. In contrast, several other ABC transporters from different species
were found to be highly related to each other branching within well supported monophyletic clades. This
�nding suggests that although PfMRP1 harbors transmembrane helices typically found in the ABC
transporters that function as exporters, it has a distinct protein sequence and origin. This �nding is
compatible with the hypothesis that PfMRP1 might have an atypical transport function.

Discussion
The ABC superfamily is the largest transporter protein family present in virtually all organisms. In non-
mammalian eukaryotes, apart from plants, the ABC superfamily has only been reported to comprise of
exporter proteins. This family has been linked to protecting cells against toxic agents, including playing a
role in drug resistance phenotypes. PfMRP1 is an ABC transporter whose biological role remains elusive
in P. falciparum. pfmrp1 has been suggested to be under natural selective drug pressure but no
compelling evidence has shown this transporter to mediate a resistance phenotype16,17,26,47. Our study of
genetically engineered P. falciparum lines with disrupted pfmrp1 in two different genetic backgrounds,
derived from Africa and Asia phylogeographic sub-populations, supports that PfMRP1 does not
substantially impact the in vitro susceptibility to commonly used antimalarials such as CQ, DHA, LUM,
and MQ (Figure 1). Moreover, this transporter is dispensable for asexual blood stage parasite growth,
provided the right in vitro conditions.

Interestingly, in agreement with an earlier report25, we found that Δpfmrp1 provided markedly increased
resistance to the folate analog MTX, but not to other structurally unrelated antifolates such as PYR, WR or
TMP. Additionally, we observed that Δpfmrp1 also provides resistance to AMT, another folate analog,
pinpointing this phenotype to be speci�c for folate-related compounds. Using MK571, a MRP inhibitor40,
we observed a decrease in MTX susceptibility only in the WT strain and not in Δpfmrp1 parasites,
demonstrating this phenotype to be speci�c for PfMRP1 (Figure 1). The lowered sensitivity to folate
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analogs observed in the Δpfmrp1 lines suggests reduced drug accumulation in the parasite cytoplasm
where the target enzyme PfDHFR is located. Once in the cytoplasm, the antifolates compete with folate
for binding to the PfDHFR active site, thereby inhibiting the folate pathway by blocking reduction of
dihydrofolic acid to tetrahydrofolic acid, a key cofactor used in carbon transfer reactions. Using labelled
�uorescein F-MTX we showed through microscopy and �ow cytometry, that F-MTX accumulates in the
cytoplasm of WT parasites in contrast to Δpfmrp1 parasites, which only showed residual F-MTX
accumulation (Figure 2). This suggests that in WT parasites PfMRP1 is responsible for transporting F-
MTX and likely other folate analogs into the parasite cytosol.

MRP proteins are folate transporters in diverse organisms, and in humans they are associated with
transport of the anticancer agent MTX48–50. In P. falciparum, PfMRP1 has been associated with folate
transport in vitro and in vivo17,25. Previous pfmrp1 knockout experiments suggested apparently
contradictory results of PfMRP1-mediated export of folate from the parasite cytoplasm, while Δpfmrp1
parasites displayed reduced susceptibility to the antifolate MTX25. Due to the proposed exporter function
of PfMRP1, this resistance phenotype was hypothesized to result from increased folate accumulation
within the Δpfmrp1 parasites that could compete with MTX due to lack of export. However, our data,
including drug assays with varying concentrations of folate, demonstrated that folate supplementation
within the culture medium increases susceptibility to a panel of antimalarials. This included the folate
analogs MTX and AMT, making it unlikely that folate competition is the main driver of the observed
resistance phenotype (Figure 5). Another proposed hypothesis based on structural similarity is that
PfMRP1 directly transports MTX25. Under the new proposed importer function, a decrease in cytoplasmic
MTX concentration in Δpfmrp1 parasites due to the absence of PfMRP1-mediated transport would
explain reduced susceptibility. Our data using labelled MTX supports the direct MTX transport hypothesis,
implicating PfMRP1 as an importer protein.

Earlier studies suggested that the main folate uptake pathway in P. falciparum is dependent on the proton
gradient maintained by proton symporters at the parasite plasma membrane. The ATPase inhibitor
concanamycin A greatly reduced folate uptake, linking folate transport with ATP-powered proton
transport51,52. Considering our results, the mechanism of concanamycin A-mediated inhibition of folate
uptake would also be compatible with blockage of the ATP-dependent PfMRP1 transporter potentially
involved in parasite folate import. Moreover, MTX has been shown to reduce folate import suggesting a
similar pathway of uptake52. Accordingly, our competition assays indicate that MTX and AMT are
transported by PfMRP1. Nevertheless, although folate, MTX and AMT share very similar structures and
are likely to share the same transport pathway, we could not directly demonstrate that folate competes
with F-MTX for PfMRP1-mediated transport (Figure 3). P. falciparum is cultured in RBCs that contain
folate from the host, thereby making the folate competition assay challenging to interpret since the folate
import system could be saturated even without exogenous supplementation of folate. Furthermore, there
was no major impact on parasite growth in folate-depleted medium.
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Our growth assays suggest that 3D7 is less dependent on an external folate source compared to Dd2.
Since, the lack of folate was shown to reduce the Dd2 parasite growth rate, which in regular conditions is
comparably higher to 3D7 (Figure 4). This could possibly be explained by the presence of para-
aminobenzoic acid in the medium, which can be used for de novo folate synthesis and compensate for
the lack of folate import. P. falciparum synthesizes folate de novo, and as such this pathway might be
more functional in 3D7. The higher Dd2 growth rates, with folate supplementation, indicates additional
mechanisms to import or use exogenous folate independently of PfMRP1, as Δpfmrp1 lines were not
differentially impacted by the lack of exogenous folate (Figure 4). The Δpfmrp1 impact in Dd2 that
causes slightly slower growth than WT, on regular culture conditions, might be related to the fact that this
strain is more susceptible to the absence of folate. Consequently, less folate import due to Δpfmrp1
might render the parasite less �t.

The PfMRP1 import properties herein observed are not commonly observed in many eukaryotic
organisms. Recently, a novel structure of an E. coli ABC importer, YbtPQ, was described that has an ABC
type IV exporter structure10. This transporter shows signi�cant sequence similarity to Sav1866, a
homolog of multidrug ABC transporters including MDR110. Different ABC classi�cations are currently in
use, including newer groupings based on the more translatable TMD folds and topologies resulting from
advances in cryo-electron microscopy and X-ray crystallography12. However, even structural
reclassi�cation does not enable predictions of transporter functionality. For example, type IV ABCs share
a single structural scaffold yet have great functional diversity comprising of importers, exporters, lipid
�oppases, ion channels and regulators. PfMRP1 is predicted to be in the same structural class as the
exporters Sav1866 and MDR1, but also importers such as YbtPQ and ABC Subfamily D Member 4
(ABCD4)16,53. Generally, this scaffold, which includes PfMRP1, allows a wide range of functions across
multiple organisms. Obtaining the crystal structure of PfMRP1 would help to mechanistically explore its
transporter properties.

Horizontal transfer has played a role in the evolution of apicomplexan and evidence of prokaryote
horizontal transfer has been found for the peroxiredoxins, a family of thiol-dependent hydroperoxidases
that function as detoxifying enzymes, redox sensors and chaperones54,55. Conceivably, the PfMRP1
transporter could also have resulted from horizontal transfer56–58. Based on our phylogenetic analysis
pfmrp1 and pfmrp2 have identi�able ABC sequence motifs but have low overall sequence identity with
the ABCs of other eukaryotic organisms and thus a distinct origin. Moreover, P. falciparum, as an
intracellular parasite, encodes far fewer enzymes and transporters compared to other free-living
eukaryotic microbes, which might lead the available transporters to have less substrate speci�city and
wider functionality59.

Overall, our data provide evidence that PfMRP1 functions as an ABC importer protein that can mediate
import of folate analogs into the parasite cytoplasm. As one of the few ABC importers identi�ed to date in
the plasma membrane of a eukaryotic organism, this study highlights the importance of functional
studies to elucidate the molecular basis of importer function in P. falciparum.
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Materials And Methods

Plasmid construction
Plasmid for pfmrp1 disruption was constructed using a starting pDC2-based vector. CompoZr® Custom
ZFNs were purchased from Sigma-Aldrich (St. Louis, Missouri, USA) to induce a double-stranded break in
the 3’ end of the pfmrp1 coding sequence. Two ZFNs (left and right), binding to adjacent sequences on
opposite strands of the DNA helix, are required to induce the double-strand break. These were supplied on
separate plasmids. The ZFN pair was designed to bind to the sequence
TTATGCATCCTCATTtatatgCAAGTGGAATAA (the DNA cut site is shown in lower case letters and is
situated 1208 bp upstream of the pfmrp1 stop codon). The plasmid encoding the right ZFN also encoded
the 2A ‘ribosome skip’ peptide, which enables polycistronic expression of 2A-linked genes. The two
plasmids encoding the ZFNs were digested with BglII and XhoI and combined to yield an intermediate
plasmid with 2A-linked ZFN sequences. The ZFN fusion was then digested with NheI and XhoI and
subcloned downstream of the calmodulin (PF3D7_1434200) promoter and upstream of the hsp86
(PF3D7_0708500) 3’ UTR in a pDC2-based vector with the human dihydrofolate reductase (hdhfr)
selectable marker, yielding the plasmid pDC2-ZFNpfmrp1-hdhfr. Due to the nature of PfMRP1 being
associated with folate transport we decided to change the hdhfr selectable cassette, which codes for the
human enzyme that bypasses the action of P. falciparum antifolate drugs. The selection cassette was
then changed from hdhfr to blasticidin S deaminase gene (bsd). bsd was introduced using ApaI and SacII
restriction to yield the plasmid pDC2-ZFNpfmrp1_pfmrp1-bsd. Figure 1A shows the ZFN-mediated pfmrp1
double-stranded break (thunderbolt) that was repaired by recombination with the pfmrp1 homologous
region on the plasmid leading to single-crossover plasmid introduction and pfmrp1 disruption. A 2459 bp
donor sequence, encompassing from the pfmrp1 coding sequence from nucleotides 2999 to 5455, was
ampli�ed from Dd2 genomic DNA with the primers 5’-
GTAGCATATGGTGCTTATTTCGTAAAAGGGAATACGGAGAG and 5’-
GTTGACGTCTAACAAATGTGATAATTCAGATTGCG and inserted into the BstAPI and AatII sites of pDC2-
ZFNpfmrp1-bsd to yield the editing plasmid pDC2-ZFNpfmrp1_pfmrp1-bsd. To prevent edited genomes from
being further cleaved, three silent mutations were engineered into the donor sequence at the ZFN-binding
site via site-directed mutagenesis (QuikChange Multi SDM Kit; Agilent Technologies, Santa Clara,
California, USA) using the primers 5’-
ACCCACACTTATATGCTTCTGGTATAATCAAATTATATAAAGAAAAAAATTATG and 5’-
TACCAGAAGCATATAAGTGTGGGTGCATAATAATGTAAGTAGTTAATAAC

Parasite culture and transfection
P. falciparum 3D7 and Dd2 strains (MRA-120 and MRA-156, MR4-Malaria Resources) were maintained at
4% hematocrit in RBCs with RPMI-1640 (Gibco) supplemented with 2 g/L sodium bicarbonate, 2 mM L-
glutamine, 25 mM HEPES (Gibco), 25 µg/mL gentamycin (Gibco), 100 µM hypoxanthine (Sigma-Aldrich)
and 0.25% (w/v) AlbuMAXII (Gibco) with daily medium changes. Parasites were maintained at 37°C in an
airtight environment with 3% O2, 5% CO2 and 92% of N2.



Page 13/31

Ring-stage cultures at 5% parasitemia were washed in 1X Cytomix (10 mM/L K2HPO4/KH2PO4, 120
mM/L KCl, 0.15 mM/L CaCl2, 5 mM/L MgCl2, 25 mM/L HEPES, 2 mM/L EDTA, adjusted with 10 M/L KOH
to pH 7.6) and electroporated with 50 µg of puri�ed plasmid DNA eluted in 1X Cytomix, using Gene
Pulser®/MicroPulser™ Electroporation Cuvettes, 0.2 cm gap (BioRad). The electroporation was performed
at 0.31 kV with capacitance of 950 µfD on a Gene Pulser Xcell™ (BioRad) electroporator.

To enable transient expression of ZFN and homology-directed repair and pfmrp1 disruption, we applied
2.5 µg/mL blasticidin S HCl (Sigma-Aldrich) to the transfected cultures 24 hours post electroporation for
5 days. After selection, parasites were cultured without drug. After microscopic growth was observed, the
cultures were genotyped by PCR and tested for gene disruption. Ampli�cation was performed with
Phusion Blood Direct PCR Master Mix (ThermoFisher) using 0.5 µM of each primer and 1 µL of blood
from transfected cultures, in a 10 µL reaction. P1- 5’- AAGGACATATTTATTAAACCGCAGAG P2- 5’-
GCATGGGTGTGTGTAAGTTT P3- 5’- CCTTCAAAAATGTTTAATGGATGAT P4- 5’- CTCATGGTTATGGCAGC
P5- 5’- TGTGTTAATTTGTGATTCCA (Supplementary �gure 1). PCR reactions were performed for 35 cycles
with primer annealing at 55°C and extension at 62°C for 30 seconds per 1 kb of amplicon. The cultures
were subjected to another similar round of selection if the PCR was negative, or the mutant population
was present in minimal quantities. Positive bulk cultures were cloned by limiting dilution and positive
wells were detected and genotyped by PCR. One clone from each strain was selected to proceed to further
experiments.

In vitro antimalarial drug assays

Drug susceptibility assays were performed using a �ow cytometry-based approach described previously,
with minor modi�cations60. Assays were performed in �at-bottom 96 well plates in 200 µL of culture
medium, 1% hematocrit and 0.3% starting parasitemia. Assays using reduced folate were performed
using RPMI without folate (ThermoFisher, 27016021) and supplemented with 3 ng/mL or 100 ng/mL of
folic acid (Sigma, F8758). Aaof test compound, serially diluted two-fold. Compounds used were
chloroquine (Sigma), me�oquine (Sigma), lumefantrine (Sigma), dihydroartemisinin (Sigma),
pyrimethamine (Sigma), trimethoprim (Sigma), WR (Jacobus Pharmaceuticals), methotrexate (Sigma)
and aminopterin (Sigma). Two wells were left without drug as growth control. After 72h, parasitemia was
assessed in the �ow cytometer. To perform drug assays with transporter protein inhibitors these were
added at a �xed concentration to all wells: verapamil (Sigma) was used at 100 nM, elacridar (Sigma) at
800 nM and MK-571 (Sigma) at 1600 nM. For the �ow cytometry analysis 60 µL of each well from drug
assay was incubated with 40 µL of staining solution [2X SYBR™ Green I Nucleic Acid Gel Stain
(Invitrogen) and 1.6 µM MitoTracker™ Deep Red FM (Invitrogen)] for 30 minutes at 37°C. After the
incubation, the cells were diluted in 300 µL of PBS and assayed on a LSRII �ow cytometer (BD
Biosciences). SYBR Green strains DNA (parasitized cells) and MitoTracker stains based on mitochondrial
membrane potential (live parasites). Data was analysed using FlowJo™ V10 software (Becton, Dickinson
and Company). Gating was done on the SYBR Green and MitoTracker positive cells giving the
parasitemia. Assays were performed with 3 to 10 independent replicates. Statistical evaluations
comparing strains were performed using two-tailed unpaired t-tests.
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Fluorescein methotrexate accumulation assay and
microscopy
Accumulation of �uorescein methotrexate (F-MTX) (Invitrogen, M1198MP) was measured over time using
�ow cytometry and microscopy. Parasites were incubated in a hematocrit of 4% at around 2-4%
parasitemia with 1000 nM F-MTX. Conditions without F-MTX or with uninfected RBC were used as
controls for baseline and auto�uorescence.

For the �ow cytometry analysis 1.6 µM MitoTracker™ Deep Red FM (Invitrogen)] was incubated with F-
MTX. After the incubation, at the time points 1-hour, 2-hours and 3-hours, the cells were diluted in 300 µL
of D-PBS and run on a LSRII �ow cytometer (BD Biosciences). Another condition was performed at 3-
hours with parasites similarly incubated with Fluo-4 (Invitrogen), instead of F-MTX. Data were analyzed
using FlowJo™ V10 software (Becton, Dickinson and Company). Gatings were performed on the
MitoTracker positive cells to determine parasitemias. Mean Alexa Fluor 488 (excitation: 490/emission:
525) �uorescence of live parasites was calculated and plotted. Assays were performed in triplicate and
representative plots are presented.

For the microscopy analysis the parasites were collected after a 3-hour incubation time point and further
stained for 5 minutes with DAPI, in addition to MitoTracker. Parasites were centrifuged at 1500 rpm for 5
minutes and a microscopic slide of the RBC culture pellet was made for live �uorescent imaging using an
Olympus LPS Confocal FV3000 microscope. Fluorescence was quanti�ed using ImageJ software (NIH)
by circling the parasite area. 10 parasites were counted per condition, and statistical evaluations were
performed using two-tailed unpaired t-tests.

Competition assays
F-MTX competition assays were performed using a �ow cytometry-based approach. The assay was
performed in 96-well plates with pre-dosed descending concentrations of test compound, two-fold
dilution each consecutive well, with the highest compound concentration of 2000 nM. Two wells were left
without drug as negative control. All wells were also pre-dosed with a �xed 1000 nM of F-MTX, including
controls. In the last 30 minutes of the assay parasites were incubated with 1.6 µM MitoTracker™ Deep
Red FM (Invitrogen)]. After 4 hours, the cells were diluted in 300 µL of D-PBS and processed on a LSRII
�ow cytometer (BD Biosciences). Data were analyzed using FlowJo™ V10 software (Becton, Dickinson
and Company). Gatings were performed as described above. Assays were performed at least in
duplicates.

Growth assays
Assays were performed in �at-bottom 6-well plates at 4% hematocrit and 0.05% starting parasitemia.
Previous to starting the assay, parasites were cultured in RPMI without folic acid (Sigma) for 14 days to
reduce possible folate pools derived from culture medium. Parasites were grown under normal culture
conditions or in RPMI without folic acid. Moreover, supplementation of medium without folic acid was
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done with addition of 100 µg/L of folic acid (Sigma, F8758). Every 24 hours, parasitemia was assessed
in the �ow cytometer. Flow cytometry was performed incubating 20 µL of each culture with 40 µL of
staining solution [2X SYBR™ Green I Nucleic Acid Gel Stain (Invitrogen) and 1.6 µM MitoTracker™ Deep
Red FM (Invitrogen)] for 30 minutes at 37°C. After the incubation, the cells were diluted in 300 µL of PBS
and examined on a LSRII �ow cytometer (BD Biosciences). SYBR Green stains DNA (parasitized cells)
and MitoTracker detects the mitochondrial membrane potential (live parasites). Data were analyzed using
FlowJo™ V10 software (Becton, Dickinson and Company). Gatings were performed as described above
with an additional gate for SYBR Green positive cells.

Transcriptome sequencing and analysis
Parasites were tightly synchronized with 5% sorbitol in intervals of 20 hours for 3 consecutive life cycles.
RNA was extracted from trophozoite stages, estimated between 28 to 32 hours old, using a RNeasy Mini
Kit (Qiagen). Libraries and sequencing were outsourced (Macrogen Inc), using TruSeq RNA Illumina
Library v2 construction (nonstranded polyA enrichment) and HiSeq2500 Illumina 2x100bp 2Gb (20M pair-
end reads) throughput-based sequencing. Transcriptome datasets for both 3D7 and Dd2 were mapped
against the 3D7 v3 reference sequence61 using HISAT2 2-2.0.0-beta62 (--rna-strandness RF --max-intronlen
5000). Read counts were determined using HTSEQ v0.6.063 (-r pos -s no). Deconvolution analysis was
performed as described previously64. Differentially expressed genes were determined using edgeR65, with
genes expressed at <=3 counts per million (cpm) excluded. Because there were no biological replicates
for any condition, we used the exact test with dispersion set to 0.01, as suggested for data concerning
genetically identical model organisms
(https://www.bioconductor.org/packages/release/bioc/vignettes/edgeR/inst/doc/edgeRUsersGuide.pdf).
We used a false discovery rate (FDR) cut off of 0.01 and a fold change cut off of 2 to call differentially
expressed genes.

Phylogenetic analysis
A dataset of 117 publicly available amino acid sequences from ABC transporters spanning a wide
taxonomic range was retrieved with BLASTp (supplementary dataset 2) by querying the Landmark
dataset with the pfmrp1 amino acid sequence (XP_001351050)66. These sequences were aligned using
MAFFT v. 7.22167 and used to make phylogenetic reconstructions using IQ-TREE multicore version 1.5.5.
The best �tting substitution model was LG+F+R8 as determined by ModelFinder according to AIC68,69.
Node support for the inferred maximum likelihood trees was computed using 5000 ultrafast bootstrap
replicates68.
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Figure 1

pfmrp1 disruption leads to decreased susceptibility to folate analogs.

a – In vitro IC50 antimalarial responses for Δpfmrp1 and wild-type (WT) 3D7 and Dd2 strains. Values of
IC50 are presented as the mean±SEM for chloroquine (CQ), me�oquine (MQ), lumefantrine (LUM),
dihydroartemisinin (DHA), pyrimethamine (PYR), trimethoprim (TMP), WR99210 (WR), methotrexate
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(MTX) and aminopterin (AMT). Statistically signi�cant differences were observed for MTX and AMT,
manifesting as a signi�cant increase in the IC50 for the 3D7Δpfmrp1 (15-fold for MTX and 6-fold for AMT)

and Dd2Δpfmrp1 (40-fold for MTX and 25-fold for AMT) strains relative to their respective parental control
strains. Assays were performed in at least 3 independent replicates (black squares and triangles).
Statistical evaluations comparing WT and Δpfmrp1 strains were performed using two-tailed unpaired t-
tests. ****P<0.0001.

b – The PfDHFR inhibitors MTX and AMT are folate analogs. Red circles represent functional group
differences between analogs and folate.

c – In vitro IC50 responses for Dd2 WT and Dd2Δpfmrp1 strains in the presence of only MTX (Control) or
MTX plus MK571, a PfMRP1 chemical inhibitor, normalized against control conditions. IC50 values are
presented as the mean±SEM. PfMRP1 chemical inhibition led to a signi�cant decrease in MTX
susceptibility only for the Dd2 WT strain. Assays were performed in 6 independent assays (black squares
and triangles). Statistical evaluation comparing MTX only (Control) and MTX plus MK571 conditions was
performed using two-tailed unpaired t-tests. ***P<0.001.

d – In vitro growth response curves for MTX and AMT of Dd2 and 3D7 WT and Δpfmrp1  strains.
Signi�cant increases in the IC50 values for the Dd2Δpfmrp1 and 3D7Δpfmrp1 were observed for both folate
analogs. Assays were performed in at least 3 independent replicates.
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Figure 2

pfmrp1-disrupted parasites accumulate less �uorescein methotrexate (F-MTX) than WT parasites.

a – Flow cytometry-based F-MTX accumulation assay over time. F-MTX was used at 1000 nM. 0 nM of F-
MTX and uninfected RBCs were used as controls for baseline and auto�uorescence. Δpfmrp1 parasites
accumulated less F-MTX than WT, a trend that was maintained over 3 hours at the end of which WT
parasites (1470±219 AU) had ≈3-fold more F-MTX �uorescence compared to Δpfmrp1 parasites (434±49
AU). Assays were performed in 2 independent replicates with 3 technical replicates. AU – Arbitrary
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�uorescence units. Mean±SEM values are presented. Statistical evaluations comparing WT and Δpfmrp1
strains were performed using two-tailed unpaired t-tests. **P<0.01.

b – Quanti�cation from the cytometry-based F-MTX accumulation assay normalized to WT �uorescence
after 3 hours of incubation. Quanti�cation with Fluo-4 (that enters the parasite cytoplasm through
passive diffusion) was used as a control for non-speci�c transport. Fluo-4 was incorporated to the same
degree in WT and Δpfmrp1 parasites as expected, while F-MTX was ≈1.7-fold more �uorescent in WT
parasites. Statistical evaluation were performed using two-tailed unpaired t-test. ****P<0.0001.

c – Confocal microscopy-based MTX accumulation assay after 3 hours of F-MTX incubation. BF – Bright
�eld; DAPI - 4′,6-diamidino-2-phenylindole; MT – MitoTracker. MitoTracker was used to stain live
parasites. Δpfmrp1 parasites exhibited less �uorescence than WT (representative parasites). The image
was cropped around a single parasite, and the different channels were merged using FlowJ software.

d – Quanti�cation from the microscopy-based F-MTX accumulation assay, on panel C, as a ratio of F-
MTX/MitoTracker �uorescence. 10 parasites were counted for each condition. There was a signi�cant
difference of the �uorescence ratio between WT and Δpfmrp1 strains. AU – Arbitrary units. Statistical
evaluations were performed using two-tailed unpaired t-tests. ****P<0.0001.
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Figure 3

Folate analogs compete with �uorescein methotrexate (F-MTX) for PfMRP1 transport.

Flow cytometry competition assays using a range of compounds concentrations from 0 to 1000 nM with
a �xed concentration of 1000 nM F-MTX. Incubations proceeded for 3 hours prior to detection of F-MTX.
Aminopterin (AMT), methotrexate (MTX) and MK571 showed decreasing levels of F-MTX accumulation



Page 28/31

with increased drug concentrations in the Dd2 WT strain, an effect that was absent in the Dd2Δpfmrp1 line.
No effects were observed for chloroquine (CQ), amodiaquine (AQ), dihydroartemisinin (DHA) and folate.
Assays were performed in 2 independent replicates with 3 technical replicates. One independent replicate
is presented due to inherent variations in absolute �uorescence. The other replicate presented identical
results for all compounds. Mean±SEM values are presented.

Figure 4

Impact of folate on growth of wild-type (WT) and Δpfmrp1 lines.

a/b – Parasite growth monitored along time in RPMI-based medium with regular concentration of folate
(1 mg/L), 100 µg/L folate, or no folate for Dd2 (a) and 3D7 (a) strains after growth for two weeks under
folate starvation. Dd2Δpfmrp1 showed a signi�cant impairment of growth compared to Dd2 WT under
regular conditions, an effect that was not detectable in 3D7 parasites. Dd2 propagated more slowly in
medium with reduced concentration of folate compared to regular medium, while 3D7 growth was
independent of folate. These data need careful interpretation as the RBCs used for parasite culture
naturally contain folate. Mean±SEM values are presented. Assays were performed in 3 independent
replicates. ***P<0.001.

c/d – Parasite growth was monitored over time in RPMI medium without folic acid supplementation.
After parasites grew to near 2% parasitemia they were diluted multiple times to eliminate confounding
effects regarding initial parasitemia and folate pools. There was no difference in growth between WT and
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Δpfmrp1 Dd2 (G) and 3D7 (H) parasites after multiple intraerythrocytic cycles. Mean±SEM values are
presented. Assays were performed with 2 independent replicates.

Figure 5

Folic acid impacts parasite drug responses
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In vitro IC50 responses for Δpfmrp1 and wild-type (WT) 3D7 and Dd2 strains, with varying concentrations
of exogenous folate (100 µg/L, 3 µg/L and no exogenous folate). IC50 values are presented as
mean±SEM for pyrimethamine (PYR), trimethoprim (TMP), WR99210 (WR), aminopterin (AMT),
methotrexate (MTX), ferroquine and DSM265. All compounds are antifolates, except for ferroquine and
DSM265, which are functionally different. #: bar represents a higher IC50 value than that indicated due to
a greatly reduced susceptibility to compound that was beyond the limit of detection in this assay.
Mean±SEM values are presented. Assays were performed in 3 independent replicates. Statistical
evaluations comparing WT and Δpfmrp1 strains were performed using two-tailed unpaired t-tests.
*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. 

Figure 6

Maximum likelihood phylogenetic representation of pfmrp1 and other ABC transporters.

Sequences were retrieved by a BLASTp query of the Landmark database using the PfMRP1 amino acid
sequence. The sequences of ABC transporters spanning a wide taxonomic range (n=117) were aligned
with MAFFT and the phylogenetic analysis was performed with IQtree. Tree visualization was done with
iTOL using PhyloPic images. Bootstrap support values are indicated in each node with blue circles.
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