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Abstract: Plasmodium spp. malaria parasites in the blood stage draw energy from anaerobic glycolysis
when multiplying in erythrocytes. They tap the ample glucose supply of the infected host using the
erythrocyte glucose transporter 1, GLUT1, and a hexose transporter, HT, of the parasite’s plasma
membrane. Per glucose molecule, two lactate anions and two protons are generated as waste
that need to be released rapidly from the parasite to prevent blockage of the energy metabolism
and acidification of the cytoplasm. Recently, the missing Plasmodium lactate/H+ cotransporter
was identified as a member of the exclusively microbial formate–nitrite transporter family, FNT.
Screening of an antimalarial compound selection with unknown targets led to the discovery of specific
and potent FNT-inhibitors, i.e., pentafluoro-3-hydroxy-pent-2-en-1-ones. Here, we summarize the
discovery and further development of this novel class of antimalarials, their modes of binding and
action, circumvention of a putative resistance mutation of the FNT target protein, and suitability for
in vivo studies using animal malaria models.
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1. Introduction

Malaria remains one of the most prevalent human parasitic diseases, being responsible
for 229 million recorded infections and 409,000 deaths in 2019, mainly of children under
the age of five [1]. The most severe and widespread form of cerebral malaria is caused
by Plasmodium falciparum. P. vivax prevails outside of Africa, and P. knowlesi, P. malariae,
and P. ovale appear to be more locally restricted. Despite encouraging results toward
vaccination, disease control, and eradication, resistance of Plasmodium spp. parasites to
antimalarial drugs is on the rise, stressing the need to widen our therapeutic arsenal with
new drugs [2,3].

Malaria parasites are protozoa that multiply within erythrocytes in which they un-
dergo complex developmental transformations over 2–3 days. The malaria-typical recurrent
fever symptoms are elicited by synchronized rupturing of infected erythrocytes and evasion
of the parasites in the merozoites state [4]. After new infection of erythrocytes, the parasites
transform into the ring state, followed by the metabolically most active trophozoite state
before they form schizonts that split into evading merozoites. Intra-erythrocytic malaria
parasites rely on anaerobic glycolysis consuming glucose from the infected host to meet
their energetic requirements (Figure 1) [5–7]. D-glucose is taken up via the erythrocyte’s
glucose transporter, GLUT1 [8,9], and the parasite’s hexose transporter, HT [10,11]. The pro-
tein structures of the human [12,13] and recently of the plasmodial glucose transporters [14]
have been resolved at high resolution. Such transporters are themselves attractive targets
for the design of antimalarials [15–17]. In fact, the HT structure and a human homolog,
GLUT3, were elucidated in the presence of an inhibitor, C3361, and the structures were used
successfully to optimize the affinity of the small molecule [13,14]. Such compounds exhibit
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antimalarial activity in parasite cultures by blocking glycolysis via HT-inhibition [13–15,17]
or by inducing apoptosis via redox stress when acting on the erythrocyte GLUT [16].
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Figure 1. Energy flux in a P. falciparum-infected erythrocyte. Glucose is transported via the 
erythrocyte glucose transporter 1, GLUT1, and the hexose transporter, HT, into the parasite’s 
cytoplasm. Glycolysis generates ATP from glucose, forming the metabolic end products L-lactate 
and protons that are exported via PfFNT into the erythrocyte cytosol, and eventually by the human 
monocarboxylate transporter, MCT1, or alternative red cell export pathways. 

From each mole of D-glucose, the parasite generates two moles of ATP, as well as two 
moles of L-lactate and protons as metabolic end-products [18]. In order to avoid cytosolic 
acidification, plasmodia swiftly export lactate and protons [19–21]. Despite biochemical 
knowledge of the plasmodial energy metabolism as well as of lactate and proton release, 
the responsible transport protein remained elusive for decades. Recently, we and others 
identified a single P. falciparum gene that encodes a formate–nitrite transporter-type 
protein (PfFNT) to act as the missing lactate/proton co-transporter of the parasites [18,22]. 
The strictly microbial FNT proteins share no sequence similarity with the human 
monocarboxylate transporters (MCT) [23]. With the discovery of PfFNT, the transport 
components of the malaria parasite’s energy flux were complete (Figure 1). 

Sequence comparison of the FNT proteins from the five Plasmodium species that infect 
humans (P. falciparum, P. vivax, P. malariae, P. ovale, and P. knowlesi) showed > 84% overall 
similarity with the internal substrate transport path, with the isoforms being virtually 
identical [24]. The vital functionality and lack of similarity with the human MCTs 
appeared to be beneficial for the design of PfFNT-specific antimalarials. FNT isoforms are 
present in other human-pathogenic parasites, such as Toxoplasma gondii [25] and 
Entamoeba histolytica [26]. 

PfFNT is a homopentameric membrane protein (Figure 2, left) [27–29]. Each 
protomer acts as an individual bidirectional transport unit (Figure 2, center) [30]. The N- 
and C-termini are located at the cytoplasmic side, and the protomer fold consists of six 
transmembrane helices around a symmetrical narrow transport path [28–32]. Two 
lipophilic constrictions isolate a highly conserved central histidine residue from wider 
vestibules at both entrance sites (Figure 2, right). The FNT protein surface is characterized 
by a positive electrostatic potential that attracts and funnels lactate anions into the 
vestibules. The increasingly lipophilic environment inside the vestibules facilitates 
protonation of the entering lactate anions to form neutral lactic acid, allowing the 
substrate to pass the lipophilic constriction sites [26,31–33]. 
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Figure 1. Energy flux in a P. falciparum-infected erythrocyte. Glucose is transported via the erythro-
cyte glucose transporter 1, GLUT1, and the hexose transporter, HT, into the parasite’s cytoplasm.
Glycolysis generates ATP from glucose, forming the metabolic end products L-lactate and protons that
are exported via PfFNT into the erythrocyte cytosol, and eventually by the human monocarboxylate
transporter, MCT1, or alternative red cell export pathways.

From each mole of D-glucose, the parasite generates two moles of ATP, as well as
two moles of L-lactate and protons as metabolic end-products [18]. In order to avoid
cytosolic acidification, plasmodia swiftly export lactate and protons [19–21]. Despite
biochemical knowledge of the plasmodial energy metabolism as well as of lactate and
proton release, the responsible transport protein remained elusive for decades. Recently, we
and others identified a single P. falciparum gene that encodes a formate–nitrite transporter-
type protein (PfFNT) to act as the missing lactate/proton co-transporter of the parasites [18,
22]. The strictly microbial FNT proteins share no sequence similarity with the human
monocarboxylate transporters (MCT) [23]. With the discovery of PfFNT, the transport
components of the malaria parasite’s energy flux were complete (Figure 1).

Sequence comparison of the FNT proteins from the five Plasmodium species that
infect humans (P. falciparum, P. vivax, P. malariae, P. ovale, and P. knowlesi) showed > 84%
overall similarity with the internal substrate transport path, with the isoforms being
virtually identical [24]. The vital functionality and lack of similarity with the human MCTs
appeared to be beneficial for the design of PfFNT-specific antimalarials. FNT isoforms are
present in other human-pathogenic parasites, such as Toxoplasma gondii [25] and Entamoeba
histolytica [26].

PfFNT is a homopentameric membrane protein (Figure 2, left) [27–29]. Each pro-
tomer acts as an individual bidirectional transport unit (Figure 2, center) [30]. The N- and
C-termini are located at the cytoplasmic side, and the protomer fold consists of six trans-
membrane helices around a symmetrical narrow transport path [28–32]. Two lipophilic
constrictions isolate a highly conserved central histidine residue from wider vestibules
at both entrance sites (Figure 2, right). The FNT protein surface is characterized by a
positive electrostatic potential that attracts and funnels lactate anions into the vestibules.
The increasingly lipophilic environment inside the vestibules facilitates protonation of
the entering lactate anions to form neutral lactic acid, allowing the substrate to pass the
lipophilic constriction sites [26,31–33].
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Figure 2. PfFNT protein structure. Shown are the homopentamer (PDB# 7e26) as seen from the 
extracellular side (left), a protomer in side view, and a space-fill display of the internal transport 
pathway with two constriction sites that sandwich a highly conserved, central histidine residue. 

Here, we describe the development process of small-molecule inhibitors that 
partially resemble the transport substrate and make use of the selectivity and transport 
mechanisms yet potently block Plasmodium spp. FNTs. The compounds kill malaria 
parasites at nanomolar concentrations in vitro. The inhibitor design further includes a 
structural feature aiming at the prevention of resistance formation, i.e., a PfFNT G107S 
point mutation, which we observed after forced selection by a non-lethal dosing regime 
[34]. 
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2.1. Initial Weak Inhibitors Hinted at the Therapeutic Potential of Targeting Plasmodial Lactate 
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The antimalarial activity of known lactate transport inhibitors, such as cinnamic acid 
derivatives, the bioflavonoid phloretin, the loop-diuretic furosemide, and niflumic acid, 
was described prior to the discovery of PfFNT [19–21]. However, millimolar 
concentrations of cinnamic acid derivatives were required to kill cultured P. falciparum 
parasites [19]. After the identification and cloning of PfFNT, we determined respective 
IC50 values of about 1 mM using PfFNT-expressing Saccharomyces cerevisiae yeast exposed 
to a 1 mM inward lactate gradient [18]. Apparently, the tested inhibitors and the substrate 
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parasites in the metabolically most active trophozoites state was decreased by 70% after 
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Plasmodium cytoplasm triggering a cascade of detrimental effects, i.e., cell-swelling and 
blockage of proton gradient-driven transmembrane transport events among others, which 
were responsible for the ultimate death of the parasite [35]. 

The identified compounds have a weak acid moiety in common (pKa range of 3–4.5), 
which was found to be a requirement for inhibition by replacing the carboxy group with 
the respective amide [18]. The compounds most likely act as substrate analogues that 
approach and bind the PfFNT protein in the same way as the lactate anion (pKa of lactic 
acid: 3.8) yet are too large to pass the transduction pathway (see Figure 3 for a structural 
comparison of lactic acid [1] and α-fluorocinnamic acid [2]). 

PfFNT homopentamer
top view

Protomer
side view

Constriction sites,
central histidine

extracell.

cytoplas.

constr.90°

His230

Gly107

Figure 2. PfFNT protein structure. Shown are the homopentamer (PDB# 7e26) as seen from the
extracellular side (left), a protomer in side view, and a space-fill display of the internal transport
pathway with two constriction sites that sandwich a highly conserved, central histidine residue.

Here, we describe the development process of small-molecule inhibitors that partially
resemble the transport substrate and make use of the selectivity and transport mechanisms
yet potently block Plasmodium spp. FNTs. The compounds kill malaria parasites at nanomo-
lar concentrations in vitro. The inhibitor design further includes a structural feature aiming
at the prevention of resistance formation, i.e., a PfFNT G107S point mutation, which we
observed after forced selection by a non-lethal dosing regime [34].

2. Structures of Small Molecule PfFNT Inhibitors
2.1. Initial Weak Inhibitors Hinted at the Therapeutic Potential of Targeting Plasmodial
Lactate Transport

The antimalarial activity of known lactate transport inhibitors, such as cinnamic acid
derivatives, the bioflavonoid phloretin, the loop-diuretic furosemide, and niflumic acid,
was described prior to the discovery of PfFNT [19–21]. However, millimolar concentrations
of cinnamic acid derivatives were required to kill cultured P. falciparum parasites [19]. After
the identification and cloning of PfFNT, we determined respective IC50 values of about
1 mM using PfFNT-expressing Saccharomyces cerevisiae yeast exposed to a 1 mM inward
lactate gradient [18]. Apparently, the tested inhibitors and the substrate competed with
similar affinity for PfFNT binding. Lactate uptake of isolated P. falciparum parasites in
the metabolically most active trophozoites state was decreased by 70% after treatment
with 100 µM niflumic acid or 5-nitro-2-(3-phenylpropylamino)benzoic acid (NPPB) [22].
The inhibition of lactate/H+ transport gave rise to acidification of the Plasmodium cyto-
plasm triggering a cascade of detrimental effects, i.e., cell-swelling and blockage of proton
gradient-driven transmembrane transport events among others, which were responsible
for the ultimate death of the parasite [35].

The identified compounds have a weak acid moiety in common (pKa range of 3–4.5),
which was found to be a requirement for inhibition by replacing the carboxy group with
the respective amide [18]. The compounds most likely act as substrate analogues that
approach and bind the PfFNT protein in the same way as the lactate anion (pKa of lactic
acid: 3.8) yet are too large to pass the transduction pathway (see Figure 3 for a structural
comparison of lactic acid [1] and α-fluorocinnamic acid [2]).
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[35,37]. We expressed PfFNT in a yeast strain that lacks endogenous lactate transporters 
and assayed the uptake of 14C radiolabeled L-lactate in the presence of the individual 
Malaria Box compounds at 10 µM [37]. An alternative screening setup used fluorescent 
dye-loaded P. falciparum parasites to detect a decrease in the cytosolic pH upon treatment 
with the compounds followed by a radiolabel transport assay with PfFNT-expressing 
Xenopus laevis oocytes [35]. The assays yielded nanomolar IC50 values for direct PfFNT 
target inhibition. The EC50 values obtained with cultured 3D7 strain P. falciparum parasites 
were at 0.14 µM for MMV007839; yet MMV000972 appeared less potent on the living 
parasites by an order of magnitude (1.7 µM) [35,37]. The difference in the in vitro efficacy 
was attributed to the uptake of the compounds into the parasite. 

Figure 3. The PfFNT transport substrate lactic acid [1] and α-fluorocinnamic acid [2], a weak PfFNT
inhibitor. Both molecules are weak monocarboxylic acids that largely deprotonate at physiological
pH forming the acid anions lactate and α-fluorocinnamate.

Knowing that the blockade of plasmodial lactate transport represents a valid anti-
malarial approach in principle, the discovery of the specific PfFNT target protein prompted
library screenings for effective drug-like inhibitors.

2.2. The MMV Malaria Box Contains Two Potent PfFNT Inhibitors

The Malaria Box provided by the Medicines for Malaria Venture (MMV) is a col-
lection of 400 drug-like compounds derived from phenotypic screenings of P. falciparum
parasite cultures that address unknown targets with an EC50 < 4 µM [36]. Screening of
these compounds yielded two hits that directly inhibited PfFNT—MMV007839 [3] and
MMV000972 [4]—differing only in the presence or absence of an aromatic methoxy sub-
stituent (Figure 4) [37].
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Figure 4. Screening hits of the Malaria Box and structure–activity relationships for PfFNT inhibition.
MMV007839 [3] and MMV000972 [4] are neutral hemiketals that undergo tautomerization to form
weak vinylogous acids in solution. Elucidation of the essential moieties and possible modification
sites of the compounds identified the pharmacophore [5].

Two independent screening strategies led to the identification of the PfFNT
inhibitors [35,37]. We expressed PfFNT in a yeast strain that lacks endogenous lactate
transporters and assayed the uptake of 14C radiolabeled L-lactate in the presence of the
individual Malaria Box compounds at 10 µM [37]. An alternative screening setup used
fluorescent dye-loaded P. falciparum parasites to detect a decrease in the cytosolic pH
upon treatment with the compounds followed by a radiolabel transport assay with PfFNT-
expressing Xenopus laevis oocytes [35]. The assays yielded nanomolar IC50 values for direct
PfFNT target inhibition. The EC50 values obtained with cultured 3D7 strain P. falciparum
parasites were at 0.14 µM for MMV007839; yet MMV000972 appeared less potent on the
living parasites by an order of magnitude (1.7 µM) [35,37]. The difference in the in vitro
efficacy was attributed to the uptake of the compounds into the parasite.
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MMV007839 and MMV000972 contain hemiketal moieties that are prone to hydroly-
sation. Indeed, using correlation NMR, we found an equilibrium of the hemiketal form
with the respective vinylogous acid (Figure 4). The vinylogous acid tautomers share some
resemblance with the weakly PfFNT-inhibiting cinnamic acid derivatives (Figure 3) and
represent the actual binding forms of the identified hit compounds. We showed this by
removal of the phenol hydroxyl moiety, which prevented hemiketal formation, yet was
perfectly tolerated without a decrease in activity in the yeast lactate transport assay. The
neutral hemiketal form may thus facilitate permeation across the consecutive lipid mem-
branes of an infected erythrocyte (Figure 1), whereas the deprotonated, negatively charged
vinylogous acid anion binds PfFNT and blocks lactate transport [37].

Studies on the structure–activity relationships based on MMV007839 as a lead es-
tablished the first generation of specific PfFNT inhibitors (Figure 4) [37]. The presence
of a vinylogous acid moiety turned out to be essential for PfFNT inhibition, as was a
halogenated alkyl chain. Changes in the length of the fluoroalkyl chain showed that
pentafluoroethyl was optimal, while elongation to heptafluoropropyl yielded more active
compounds than shortening to trifluoromethyl. Therefore, further structure optimization
focused on substituents of the aromatic ring and replacement of the benzene itself. Here,
the para-position provided the highest degree of flexibility for modifications. A moderate
replacement of methoxy by ethoxy in MMV007839 increased the in vitro efficacy to an
EC50 of 50 nM [37]. Together, these analyses led to the pentafluoro-3-hydroxy-pent-2-en-
1-one-scaffold and the pharmacophore [5], which already exhibited a surprisingly high
potency with an IC50 of 1.9 µM in the yeast PfFNT transport assay considering its small
size (Figure 4) [37].

2.3. Forced Resistance Selection Revealed the Binding Site of PfFNT Inhibitors

Treatment of P. falciparum in vitro cultures with sub-lethal doses of MMV007839 se-
lected for resistant parasites with a shifted EC50 by two orders of magnitude from 0.14 µM
to 35 µM [35,37]. Subsequent sequencing of the PfFNT-encoding gene from the resistant
parasite strain displayed a single point mutation resulting in an amino acid exchange of
Gly107 by serine. The decrease in activity of MMV007839 was attributed to a direct effect
by the PfFNT G107S mutation using the mutated target in yeast transport assays. The
transport capability of PfFNT G107S for the lactate substrate, however, was only slightly
affected [37].

With the known location of Gly107 in the PfFNT transport path based on structure
models at that time (Figure 2), we concluded that the binding site of MMV007839 resides
in the cytoplasmic vestibule and constriction region. Further taking the structure–activity
relationships and PfFNT transport mechanism into account, we proposed a binding mode
for MMV007839 (Figure 5).

According to the model, major interactions occur between the hydrophobic fluoroalkyl
chain of the inhibitor and the lipophilic cytoplasmic constriction of PfFNT and via the
vinylogous acid moiety and Thr106 [37]. The polarity of the binding site is clearly different
from that of the glucose transporters, which is composed of mainly hydrophilic amino
acid residues to match the polar characteristics of a sugar molecule [13,14]. Further, a slim,
linear shape is required in the pharmacophore part of the PfFNT inhibitor to fit the narrow
transport path of PfFNT, while more space is available in the area of the aromatic ring
and in particular at the para-position due to the orientation towards the wider transporter
entrance site. It is conceivable that the pharmacophore scaffold mimics two daisy-chained
lactate molecules and manifests two phases of the underlying PfFNT transport mechanism.
Accordingly, the fluoroalkyl chain would represent the neutral protonated lactic acid
passing the lipophilic constriction, and the vinylogous acid moiety would reflect the
entering negatively charged lactate anion. The aromatic ring shields the interaction sites
from the aqueous bulk, increasing the affinity. In the PfFNT G107S resistance mutant, the
serine sidechain with its hydroxyl moiety protrudes into the transport path, rendering it
narrower. We suspected that the phenol hydroxyl group of MMV007839 collides with the
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serine (Figure 5) and figured that an adaptation of the inhibitor structure to circumvent the
clash might be possible [37].
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2.4. Circumvention of the PfFNT G107S Resistance Mutation by Introduction of Scaffold
Nitrogen Atoms

Simple removal of the phenol hydroxyl from MMV007839 increased the activity
against PfFNT G107S by one order of magnitude (BH296 [6], IC50 2.3 µM; Figure 6) [37].
However, the efficacy of BH296 was still one order of magnitude lower for the G107S
mutant than for wildtype PfFNT (IC50 0.14 µM). Further, the lack of a phenol hydroxyl
group prevents cyclization to the neutral hemiketal (Figure 4), which may affect the in vitro
efficacy due to impeded transmembrane passage of the more polar vinylogous acid. Indeed,
the EC50 obtained with 3D7 P. falciparum parasites was in the micromolar range (3.6 µM). A
breakthrough in addressing the PfFNT G107S mutation was reached by introducing nitro-
gen atoms into the aromatic ring to provide hydrogen bond acceptor sites for interaction
with the serine hydroxyl moiety (Figure 6) [34]. One of the resulting compounds (BH297
[7]; Figure 6) achieved similar nanomolar inhibition of PfFNT G107S (0.26 µM) and the
wildtype protein (0.11 µM). Nevertheless, the in vitro EC50 of BH297 with 3D7 P. falciparum
parasites was still in the micromolar range (3.88 µM). Removal of the BH297 methoxy group
resulted in BH267.meta [8] and finally achieved submicromolar potency for inhibition of
PfFNT wildtype (0.11 µM), PfFNT G107S (IC50 = 0.63 µM), as well as an in vitro EC50 of
0.29 µM; Figure 6) [34]. The positioning of the nitrogen in the heteroaromatic ring was
crucial. Only the meta and ortho positions enabled efficient hydrogen bond formation
with a serine replacement at position 107 of PfFNT. Surprisingly, the in vitro efficacies of
BH267.meta [8] and BH267.ortho were quite different (Figure 6), possibly indicating sepa-
rate uptake routes into the parasite, which requires further investigation. Determination of
true binding kinetics and affinities using fluorescence cross-correlation spectroscopy with
solubilized PfFNT showed good correlation with the yeast data [38]. Another promising
outcome of the development of BH267.meta was that, contrary to MMV007839, resistance
formation in cultures of 3D7 P. falciparum parasites appeared to be suppressed.
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Figure 6. Development of PfFNT inhibitors with activity against the G107S resistance mutation.
The clashing phenol hydroxyl and the methoxy moieties were successively removed, and nitrogen
atoms were introduced into the aromatic to act as hydrogen bond acceptor sites. Eventually, with
BH267.meta, a compound was generated exhibiting nanomolar efficacy on the PfFNT wildtype and
G107S mutant protein, as well as in 3D7 P. falciparum parasite in vitro cultures.

Furthermore, BH267.meta showed very low cytotoxicity towards human cells [24] and
minimal off-target potency on the human lactate transporter, MCT1 [24,37]. Cell viability
as determined by ATP quantity and resazurin reduction and cell proliferation measured
by nuclei count was tested using human kidney (HEK293) and liver (HepG2) cell lines. In
all assays, BH267.meta showed negligible toxicity at the highest tested concentration of
100 µM, i.e., three orders of magnitude higher than its IC50 value. The effect of BH267.meta
on MCT1 was low at an IC50 of around 500 µM.

2.5. The PfFNT Cryo-Electron Microscopy Structure Confirms the Proposed Binding Mode

Very recently, the protein structure of PfFNT was revealed as a complex with the
MMV007839 inhibitor (Figure 7) [28,29]. The data confirm that the vinylogous acid repre-
sents the binding tautomer. The binding site in the cytoplasmic vestibule and constriction
region, as well as the interacting amino acids, were found to be correctly predicted in our
models. Eventually, the proposed clash of the hydroxyl moieties from the PfFNT G107S
resistance mutation with MMV007839, and the resolution of the collision by removal of
the phenyl hydroxyl and formation of a hydrogen bond instead with the BH267.meta
compound were found to be highly plausible as deduced from modeling (Figure 7) [29].
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Visualization of MMV007839 bound to PfFNT was done using PDB# 7e27 with the Maestro software
(Release 2021-3; Schrödinger, New York, USA). The display of BH267.meta in PfFNT G107S was
generated with the Protein Preparation Wizard and subsequent molecular docking using the standard,
ligand centered Induced Fit Docking protocol.

3. Conclusions

Lactate transport inhibitors with a pentafluoro-3-hydroxy-pent-2-en-1-one-scaffold
are a valid novel class of antimalarials with a new mechanism of action. The target, PfFNT,
is druggable and has no structural counterpart in humans. The compounds inhibit FNT
isoforms from all five human-pathogenic Plasmodium species; they exhibit minimal off-
target effects on the human lactate transporter MCT1 [24,37], and very low cytotoxicity
in mammalian cell lines [24]. Introduction of scaffold nitrogen atoms circumvents the
G107S resistant mutation [34]. Overall, BH267.meta is a promising candidate to progress to
in vivo studies using animal malaria models.

Author Contributions: All authors worked jointly on the preparation of the review article and
figures. C.N. focused on the small molecule chemistry part, N.H.E. on the PfFNT protein structure
and function relationships, and P.S. on the binding mode of the small molecule inhibitors to PfFNT
and the G107S resistance mutation. E.B. supervised the work, generated figures, and wrote the final
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Deutsche Forschungsgemeinschaft, grant number
Be2253, and by the European Union’s Horizon 2020 research and innovation program under Marie
Skłodowska Curie Grant 860592 “PROTON”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

Acknowledgments: We thank C. Peifer and S. Kirschner for access to the Schrödinger Software and
for helping us carry out the structural analyses.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. World Malaria Report 2020. Available online: https://www.who.int/publications/i/item/9789240015791 (accessed on 11

October 2021).
2. Wells, T.N.C.; van Huijsduijnen, R.H.; van Voorhis, W.C. Malaria medicines: A glass half full? Nat. Rev. Drug Discov. 2015, 14,

424–442. [CrossRef] [PubMed]

https://www.who.int/publications/i/item/9789240015791
http://doi.org/10.1038/nrd4573
http://www.ncbi.nlm.nih.gov/pubmed/26000721


Pharmaceuticals 2021, 14, 1191 9 of 10

3. Cui, L.; Mharakurwa, S.; Ndiaye, D.; Rathod, P.K.; Rosenthal, P.J. Antimalarial drug resistance: Literature review and activities
and findings of the ICEMR network. Am. J. Trop. Med. Hyg. 2015, 93, 57–68. [CrossRef] [PubMed]

4. Venugopal, K.; Hentzschel, F.; Valkiūnas, G.; Marti, M. Plasmodium asexual growth and sexual development in the haematopoietic
niche of the host. Nat. Rev. Microbiol. 2020, 18, 177–189. [CrossRef]

5. McKee, R.W.; Ormsbee, R.A.; Anfinsen, C.B.; Geiman, Q.M.; Ball, E.G. Studies on malarial parasites. J. Exp. Med. 1946, 84, 569–582.
[CrossRef]

6. MacRae, J.I.; Dixon, M.W.; Dearnley, M.K.; Chua, H.H.; Chambers, J.M.; Kenny, S.; Bottova, I.; Tilley, L.; McConville, M.J.
Mitochondrial metabolism of sexual and asexual blood stages of the malaria parasite Plasmodium falciparum. BMC Biol. 2013, 13,
11–67. [CrossRef]

7. Meier, A.; Erler, H.; Beitz, E. Targeting channels and transporters in protozoan parasite infections. Front. Chem. 2018, 6, 88.
[CrossRef]

8. Kasahara, M.; Hinkle, P.C. Reconstitution and purification of the D-glucose transporter from human erythrocytes. J. Biol. Chem.
1977, 252, 7384–7390. [CrossRef]

9. Mehta, M.; Sonawat, H.M.; Sharma, S. Malaria parasite-infected erythrocytes inhibit glucose utilization in uninfected red cells.
FEBS Lett. 2005, 579, 6151–6158. [CrossRef]

10. Woodrow, C.J.; Penny, J.I.; Krishna, S. Intraerythrocytic Plasmodium falciparum expresses a high affinity facilitative hexose
transporter. J. Biol. Chem. 1999, 274, 7272–7277. [CrossRef] [PubMed]

11. Ortiz, D.; Guiguemde, W.A.; Johnson, A.; Elya, C.; Anderson, J.; Clark, J.; Connelly, M.; Yang, L.; Min, J.; Sato, Y.; et al.
Identification of selective inhibitors of the Plasmodium falciparum hexose transporter PfHT by screening focused libraries of
anti-malarial compounds. PLoS ONE 2015, 10, e0123598. [CrossRef]

12. Deng, D.; Xu, C.; Sun, P.; Wu, J.; Yan, C.; Hu, M.; Yan, N. Crystal structure of the human glucose transporter GLUT1. Nature 2014,
510, 121–125. [CrossRef] [PubMed]

13. Huang, J.; Yuan, Y.; Zhao, N.; Pu, D.; Tang, Q.; Zhang, S.; Luo, S.; Yang, X.; Wang, N.; Xiao, Y.; et al. Orthosteric-allosteric dual
inhibitors of PfHT1 as selective antimalarial agents. Proc. Natl. Acad. Sci. USA 2021, 118, e2017749118. [CrossRef]

14. Jiang, X.; Yuan, Y.; Huang, J.; Zhang, S.; Luo, S.; Wang, N.; Pu, D.; Zhao, N.; Tang, Q.; Hirata, K.; et al. Structural basis for blocking
sugar uptake into the malaria parasite Plasmodium falciparum. Cell 2020, 183, 258–268. [CrossRef]

15. Davis, M.I.; Patrick, S.L.; Blanding, W.M.; Dwivedi, V.; Suryadi, J.; Golden, J.E.; Coussens, N.P.; Lee, O.W.; Shen, M.; Boxer, M.B.;
et al. Identification of novel Plasmodium falciparum hexokinase inhibitors with antiparasitic activity. Antimicrob. Agents Chemother.
2016, 60, 6023–6033. [CrossRef]

16. Wei, M.; Lu, L.; Sui, W.; Liu, Y.; Shi, X.; Lv, L. Inhibition of GLUTs by WZB117 mediates apoptosis in blood-stage Plasmodium
parasites by breaking redox balance. Biochem. Biophys. Res. Commun. 2018, 503, 1154–1159. [CrossRef]

17. Heitmeier, M.R.; Hresko, R.C.; Edwards, R.L.; Prinsen, M.J.; Ilagan, M.X.G.; Odom John, A.R.; Hruz, P.W. Identification of
druggable small molecule antagonists of the Plasmodium falciparum hexose transporter PfHT and assessment of ligand access to
the glucose permeation pathway via FLAG-mediated protein engineering. PLoS ONE 2019, 14, e0216457. [CrossRef] [PubMed]

18. Wu, B.; Rambow, J.; Bock, S.; Holm-Bertelsen, J.; Wiechert, M.; Blancke Soares, A.; Spielmann, T.; Beitz, E. Identity of a Plasmodium
lactate/H+ symporter structurally unrelated to human transporters. Nat. Commun. 2015, 6, 6284. [CrossRef] [PubMed]

19. Kanaani, J.; Ginsburg, H. Effects of cinnamic acid derivatives on in vitro growth of Plasmodium falciparum and on the permeability
of the membrane of malaria-infected erythrocytes. Antimicrob. Agents Chemother. 1992, 36, 1102–1108. [CrossRef]

20. Cranmer, S.L.; Conant, A.R.; Gutteridge, W.E.; Halestrap, A.P. Characterization of the enhanced transport of L- and D-lactate into
human red blood cells infected with Plasmodium falciparum suggests the presence of a novel saturable lactate proton cotransporter.
J. Biol. Chem. 1995, 270, 15045–15052. [CrossRef] [PubMed]

21. Elliott, J.L.; Saliba, K.J.; Kirk, K. Transport of lactate and pyruvate in the intraerythrocytic malaria parasite, Plasmodium falciparum.
Biochem. J. 2001, 355, 733–739. [CrossRef]

22. Marchetti, R.V.; Lehane, A.M.; Shafik, S.H.; Winterberg, M.; Martin, R.E.; Kirk, K. A lactate and formate transporter in the
intraerythrocytic malaria parasite, Plasmodium falciparum. Nat. Commun. 2015, 6, 6721. [CrossRef]

23. Poole, R.C.; Halestrap, A.P. N-terminal protein sequence analysis of the rabbit erythrocyte lactate transporter suggests identity
with the cloned monocarboxylate transport protein MCT1. Biochem. J. 1994, 303, 755–759. [CrossRef] [PubMed]

24. Walloch, P.; Hansen, C.; Priegann, T.; Schade, D.; Beitz, E. Pentafluoro-3-hydroxy-pent-2-en-1-ones potently inhibit FNT-type
lactate transporters from all five human-pathogenic Plasmodium species. ChemMedChem 2021, 16, 1283–1289. [CrossRef]

25. Erler, H.; Ren, B.; Gupta, N.; Beitz, E. The intracellular parasite Toxoplasma gondii harbors three druggable FNT-type formate and
L-lactate transporters in the plasma membrane. J. Biol. Chem. 2018, 293, 17622–17630. [CrossRef]

26. Helmstetter, F.; Arnold, P.; Höger, B.; Petersen, L.M.; Beitz, E. Formate-nitrite transporters carrying nonprotonatable amide amino
acids instead of a central histidine maintain pH-dependent transport. J. Biol. Chem. 2019, 294, 623–631. [CrossRef] [PubMed]

27. Hajek, P.; Bader, A.; Helmstetter, F.; Henke, B.; Arnold, P.; Beitz, E. Cell-free and yeast-based production of the malarial lactate
transporter, PfFNT, delivers comparable yield and protein quality. Front. Pharmacol. 2019, 10, 375. [CrossRef]

28. Lyu, M.; Su, C.; Kazura, J.W.; Yu, E.W. Structural basis of transport and inhibition of the Plasmodium falciparum transporter PfFNT.
EMBO Rep. 2021, 22. [CrossRef] [PubMed]

http://doi.org/10.4269/ajtmh.15-0007
http://www.ncbi.nlm.nih.gov/pubmed/26259943
http://doi.org/10.1038/s41579-019-0306-2
http://doi.org/10.1084/jem.84.6.569
http://doi.org/10.1186/1741-7007-11-67
http://doi.org/10.3389/fchem.2018.00088
http://doi.org/10.1016/S0021-9258(19)66976-0
http://doi.org/10.1016/j.febslet.2005.09.088
http://doi.org/10.1074/jbc.274.11.7272
http://www.ncbi.nlm.nih.gov/pubmed/10066789
http://doi.org/10.1371/journal.pone.0123598
http://doi.org/10.1038/nature13306
http://www.ncbi.nlm.nih.gov/pubmed/24847886
http://doi.org/10.1073/pnas.2017749118
http://doi.org/10.1016/j.cell.2020.08.015
http://doi.org/10.1128/AAC.00914-16
http://doi.org/10.1016/j.bbrc.2018.06.134
http://doi.org/10.1371/journal.pone.0216457
http://www.ncbi.nlm.nih.gov/pubmed/31071153
http://doi.org/10.1038/ncomms7284
http://www.ncbi.nlm.nih.gov/pubmed/25669138
http://doi.org/10.1128/AAC.36.5.1102
http://doi.org/10.1074/jbc.270.25.15045
http://www.ncbi.nlm.nih.gov/pubmed/7797486
http://doi.org/10.1042/bj3550733
http://doi.org/10.1038/ncomms7721
http://doi.org/10.1042/bj3030755
http://www.ncbi.nlm.nih.gov/pubmed/7980443
http://doi.org/10.1002/cmdc.202000952
http://doi.org/10.1074/jbc.RA118.003801
http://doi.org/10.1074/jbc.RA118.006340
http://www.ncbi.nlm.nih.gov/pubmed/30455351
http://doi.org/10.3389/fphar.2019.00375
http://doi.org/10.15252/embr.202153447
http://www.ncbi.nlm.nih.gov/pubmed/34350707


Pharmaceuticals 2021, 14, 1191 10 of 10

29. Peng, X.; Wang, N.; Zhu, A.; Xu, H.; Li, J.; Zhou, Y.; Wang, C.; Xiao, Q.; Guo, L.; Liu, F.; et al. Structural characterization of the
Plasmodium falciparum lactate transporter PfFNT alone and in complex with antimalarial compound MMV007839 reveals its
inhibition mechanism. PLoS Biol. 2021, 19, e3001386. [CrossRef]

30. Wang, Y.; Huang, Y.; Wang, J.; Cheng, C.; Huang, W.; Lu, P.; Xu, Y.N.; Wang, P.; Yan, N.; Shi, Y. Structure of the formate transporter
FocA reveals a pentameric aquaporin-like channel. Nature 2009, 462, 467–472. [CrossRef]

31. Wiechert, M.; Beitz, E. Mechanism of formate–nitrite transporters by dielectric shift of substrate acidity. EMBO J. 2017, 36, 949–958.
[CrossRef]

32. Wiechert, M.; Beitz, E. Formate-nitrite transporters: Monoacids ride the dielectric slide. Channels 2017, 11, 365–367. [CrossRef]
[PubMed]

33. Bader, A.; Beitz, E. Transmembrane facilitation of lactate/H+ instead of lactic acid is not a question of semantics but of cell
viability. Membranes 2020, 10, 236. [CrossRef]

34. Walloch, P.; Henke, B.; Häuer, S.; Bergmann, B.; Spielmann, T.; Beitz, E. Introduction of scaffold nitrogen atoms renders inhibitors
of the malarial L-lactate transporter, PfFNT, effective against the Gly107Ser resistance mutation. J. Med. Chem. 2020, 63, 9731–9741.
[CrossRef] [PubMed]

35. Hapuarachchi, S.V.; Cobbold, S.A.; Shafik, S.H.; Dennis, A.S.M.; McConville, M.J.; Martin, R.E.; Kirk, K.; Lehane, A.M. The
malaria parasite’s lactate transporter PfFNT is the target of antiplasmodial compounds identified in whole cell phenotypic screens.
PLoS Pathog. 2017, 13, e1006180. [CrossRef]

36. Spangenberg, T.; Burrows, J.N.; Kowalczyk, P.; McDonald, S.; Wells, T.N.C.; Willis, P. The open access malaria box: A drug
discovery catalyst for neglected diseases. PLoS ONE 2013, 8, e62906. [CrossRef] [PubMed]

37. Golldack, A.; Henke, B.; Bergmann, B.; Wiechert, M.; Erler, H.; Blancke Soares, A.; Spielmann, T.; Beitz, E. Substrate-analogous
inhibitors exert antimalarial action by targeting the Plasmodium lactate transporter PfFNT at nanomolar scale. PLoS Pathog. 2017,
13, e1006172. [CrossRef] [PubMed]

38. Jakobowska, I.; Becker, F.; Minguzzi, S.; Hansen, K.; Henke, B.; Epalle, N.H.; Beitz, E.; Hannus, S. Fluorescence cross-correlation
spectroscopy yields true affinity and binding kinetics of Plasmodium lactate transport inhibitors. Pharmaceuticals 2021, 14, 757.
[CrossRef]

http://doi.org/10.1371/journal.pbio.3001386
http://doi.org/10.1038/nature08610
http://doi.org/10.15252/embj.201695776
http://doi.org/10.1080/19336950.2017.1329999
http://www.ncbi.nlm.nih.gov/pubmed/28494190
http://doi.org/10.3390/membranes10090236
http://doi.org/10.1021/acs.jmedchem.0c00852
http://www.ncbi.nlm.nih.gov/pubmed/32816478
http://doi.org/10.1371/journal.ppat.1006180
http://doi.org/10.1371/journal.pone.0062906
http://www.ncbi.nlm.nih.gov/pubmed/23798988
http://doi.org/10.1371/journal.ppat.1006172
http://www.ncbi.nlm.nih.gov/pubmed/28178358
http://doi.org/10.3390/ph14080757

	Introduction 
	Structures of Small Molecule PfFNT Inhibitors 
	Initial Weak Inhibitors Hinted at the Therapeutic Potential of Targeting Plasmodial Lactate Transport 
	The MMV Malaria Box Contains Two Potent PfFNT Inhibitors 
	Forced Resistance Selection Revealed the Binding Site of PfFNT Inhibitors 
	Circumvention of the PfFNT G107S Resistance Mutation by Introduction of Scaffold Nitrogen Atoms 
	The PfFNT Cryo-Electron Microscopy Structure Confirms the Proposed Binding Mode 

	Conclusions 
	References

