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Abstract

The emergence of drug resistance is a major limitation of current antimalarials. The discovery of
new druggable targets and pathways including those that are critical for multiple life cycle stages
of the malaria parasite is a major goal for the development of the next-generation of antimalarial
drugs. Using an integrated chemogenomics approach that combined drug-resistance selection,
whole genome sequencing and an orthogonal yeast model, we demonstrate that the cytoplasmic
prolyl-tRNA synthetase (PfcPRS) of the malaria parasite Plasmodium falciparum is a biochemical
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and functional target of febrifugine and its synthetic derivatives such as halofuginone. Febrifugine
is the active principle of a traditional Chinese herbal remedy for malaria. We show that treatment
with febrifugine derivatives activated the amino acid starvation response in both P. falciparum and
a transgenic yeast strain expressing PfcPRS. We further demonstrate in the P. berghei mouse
model of malaria that halofuginol, a new halofuginone analog that we developed, is highly active
against both liver and asexual blood stages of the malaria parasite. Halofuginol, unlike
halofuginone and febrifugine, is well tolerated at efficacious doses, and represents a promising
lead for the development of dual-stage next generation antimalarials.

Introduction

Almost one-third of the world’s population is exposed to malaria, with the highest burden of
disease found in low-income nations in Asia, South America, and Africa. The World Health
Organization (WHO) estimates that malaria parasites infect over 200 million people each
year, killing approximately 600,000 people---mostly young children and pregnant women in
sub-Saharan Africa---while many more suffer permanent disabilities (1).

The causative agents of malaria are protozoan parasites of the genus Plasmodium that are
transmitted between human hosts by mosquitoes. In humans, parasites progress through a
liver stage, an asexual symptomatic stage and a sexual blood stage. The emergence and
spread of clinical resistance to mainstay drugs, including artemisinin and its derivatives, is
the major limitation of current antimalarial drugs (2—4). Developing therapies that act on
unexploited vulnerabilities in the Plasmodium parasite is necessary for renewed worldwide
efforts to ultimately eradicate malaria (5). Thus, the discovery not only of new chemical
classes of potential anti-malaria compounds, but also of new druggable targets and pathways
is essential (6).

To address this need, we chose to target the prolyl-tRNA synthetase (PRS) of P. falciparum
based on our previous work demonstrating that the natural product febrifugine and its
synthetic derivative halofuginone (Fig. 1A) potently inhibit activity of the bifunctional
glutamyl-prolyl-tRNA synthetase (EPRS) of mammalian cells (7). Aminoacyl-tRNA
synthetases (aaRSs) are validated targets in several microorganisms and have more recently
been proposed as attractive targets for chemotherapeutic intervention in malaria (8-14).

The natural product febrifugine constitutes the curative ingredient of an ancient Chinese
herbal remedy that has been used for over 2000 years for the treatment of fevers and malaria
(15-17). However, poor tolerability has precluded the clinical development of either
febrifugine or its synthetic derivative halofuginone for the treatment of malaria (17). Thus,
our aim was to elucidate the molecular basis of the anti-parasitic activity of febrifugine
analogs and to identify derivatives with improved tolerability that could serve as a starting
point for rational drug development.

We have previously identified EPRS as the target of febrifugine analogs in metazoans (7).
However, the tRNA synthetase machinery differs greatly between humans and P. falciparum.
In humans, EPRS is the only enzyme with PRS-activity and forms the central framework of a
multi-subunit complex that is involved in a diverse number of biological processes in
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addition to its canonical synthetase activity (18). In contrast, P. falciparum expresses two
putative PRS enzymes, one that acts in the apicoplast (PfaPRS, PF3D7_0925300) and one
that acts in the cytoplasm (PfcPRS, PF3D7_1213800) (19). Due to the difference in tRNA
synthetase machinery and the large evolutionary distance between humans and P.
falciparum, we selected an unbiased approach to identify the target of febrifugine
derivatives in P. falciparum.

Here, we report the validation of PfcPRS as the functional target of febrifugine analogs. We
identify halofuginol as a new halofuginone analog that may be a promising lead compound

with potent in vivo efficacy against the liver and blood stages of the mouse malaria parasite

P. berghei.

The Cytoplasmic Prolyl-tRNA Synthetase of P. falciparum is a Molecular Target of
Febrifugine and its Analogs

To identify the molecular target, we chose the select-seq experimental design in which we
selected, in vitro, independent drug resistance P. falciparum parasites and sequenced the
genomes to identify genetic mutations in P. falciparum associated with resistance to
febrifugine and its analogs (20) (21). We carried out resistance selections in the wildtype
Dd2 strain of P. falciparum exposed to halofuginone (ECgg = 0.5 nM) resulting in two
highly resistant parasite lines that were independently selected: HFGR-I (halofuginone
resistant line I; ECsp = 180 nM) and HFGR-1I (ECgg = 30 nM) (Fig. 1B) (22). Both resistant
strains were found to be cross-resistant to febrifugine (table S1).

To identify the genetic loci that contribute to halofuginone resistance we sequenced the full
genome of the HFGR-1 and HFGR-II P. falciparum strains along with the parental Dd2
strain (23, 24). The only gene with nonsynonymous single nucleotide polymorphisms
(SNPs) identified in both resistant lines was PF3D7_1213800, which was annotated as a
putative cytoplasmic proline amino acyl tRNA synthetase that resembled the P. falciparum
PRS isoform with closest homology to the human orthologue (19). The independently
selected mutations, T1445A and C1444T, occurred in the same codon of PfcPRS (Fig. 1C)
translating into a L482H (HFGR-1) and L482F (HFGR-II) amino acid change. Both SNPs
were independently confirmed by high resolution melting genotyping (fig. S1) and were
verified by Sanger sequencing (25). None of the SNPs identified through our selection
experiments corresponded to any of the 9 nonsynonomous SNPs in PF3D7_1213800 that are
catalogued in PlasmoDB in naturally occurring P. falciparum strains (26). These data are
consistent with our observation that halofuginone is equally active in a panel of 31
representative P. falciparum clinical isolates with diverse drug resistance profiles (fig. S2).
These results suggest that PfcPRS may be the primary target of halofuginone and
febrifugine. This possibility was further supported by the observation that addition of
exogenous proline to the in vitro culture media of P. falciparum increased the 1C50 of
halofuginone in a concentration dependent manner, although only ~3-fold shift in inhibition
was observed following a 50-fold increase in proline concentration in the culture media (fig.
S3).
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Replacement of Yeast PRS by PfcPRS Confers Sensitivity to Halofuginone in Yeast

To validate PfcPRS as the functional target of halofuginone, we used a yeast transgenic
system. The PRS of the yeast Saccharomyces cerevisiae (SCPRS, YHR020w) is similar to
the PfcPRS. However, we discovered that S. cerevisiae was not sensitive to halofuginone.
This allowed us to use yeast as an orthogonal model for both target confirmation of
halofuginone and validation of the resistance phenotype of the mutant alleles identified in
our drug resistance selections (fig. 2).

First, we performed a complementation test of PfcPRS in S. cerevisiae. We found that
episomal expression of PfcPRS could complement deletion of the chromosomal copy of
ScPRS, an essential gene and the only locus that encodes a PRS in S. cerevisiae. Next, we
generated transgenic yeast strains that would episomally express only ScPRS or only
PfcPRS (fig. 2A). Whereas both strains exhibited comparable growth characteristics, only
the PfcPRS-expressing strain displayed a dose-dependent sensitivity to halofuginone
treatment (fig. 2B, fig. S4), which was attenuated by addition of free L-proline (fig. S5).

To validate the resistance allele L482H, we also generated a yeast strain expressing L482H
PfcPRS (fig. 2A). This strain was viable both in the presence and absence of halofuginone
consistent with the L482H mutation conferring resistance to halofuginone (fig. 2B). Similar
activity was observed for the L482F mutant, while none of the tested yeast strains were
susceptible to inhibition by the control compound MAZ1310 (fig. 1A), a halofuginone
analog that does not bind to PRS (7, 27). These results taken together confirmed that PfcPRS
is the functional target of febrifugine and halofuginone and that mutation of amino acid 482
in PfcPRS conferred resistance to febrifugine and halofuginone.

Febrifugine and Halofuginone Induce the Amino Acid Starvation Response in P.
falciparum

Following validation of PfcPRS as a molecular target of febrifugine and its analogs, we next
investigated how halofuginol dysregulates the amino acid sensing mechanism in the
parasite. In mammalian cells, inhibition of EPRS by halofuginone or direct amino acid
deprivation results in phosphorylation of the eukaryotic initiation factor 2a (elF2a) and
consequent activation of the amino acid response (AAR) pathway (fig. S6) (7, 28). Recent
research has confirmed the existence of a functional AAR in the intraerythrocytic stage of P.
falciparum and has demonstrated induction of phosphorylated elF2a in response to amino
acid starvation (13, 29).

To probe for the activation of the AAR, we treated asynchronous P. falciparum Dd2 cultures
with halofuginone, febrifugine, or MAZ1310 as a negative control and quantified the
amount of elF2a and phosphorylated elF2a by Western blot analysis compared to amino
acid deprivation. Halofuginone and febrifugine treatment increased elF2a phosphorylation
in a dose-dependent manner that was comparable to elF2a phosphorylation during amino
acid starvation (fig. 2C, fig. S7). DMSO and MAZ1310 control treatments failed to increase
elF2a phosphorylation.

Next, we investigated the effect of halofuginone treatment on elF2a phosphorylation in
yeast strains expressing PfcPRS or ScPRS. Only the halofuginone-sensitive PfcPRS
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expressing strain exhibited robust induction of phosphorylated elF2a in response to
exposure to the compound (fig. 2D), whereas no difference in elF2a phosphorylation was
observed in the SCPRS expressing yeast strain. These results taken together demonstrate that
halofuginone treatment induced the amino acid starvation pathway through direct inhibition
of PfcPRS.

Molecular Characterization of the Ligand-Target Interaction

To provide a structural rationale for the experimental results and to aid rational drug design
efforts, we modeled the binding mode of the PfcPRS to ATP and halofuginone based on the
recently published structure of the ternary human PRS complex (PDB: 4HVC) (30). Our
model showed that the N-protonated hydroxypiperidine moiety of halofuginone was
stabilized by a network of hydrogen bond interactions (fig. 3A), which were not formed by
MAZ1310. The interactions between halofuginone, ATP and PfcPRS were similar to the
binding mode observed for human PRS consistent with the similarity of the PfcPRS core
catalytic domains. These results show that halofuginone is a competitive inhibitor of the
proline and tRNA binding sites of PfcPRS (30).

Within the core class Il catalytic domains, SCPRS shares 77% and 70% similarity with
human and Plasmodium enzymes, respectively (fig. S8). Comparison of PfcPRS to SCPRS
provided insights into the unexpected differential activity of halofuginone in P. falciparum
and S. cerevisiae. Even though the active site residues that interact with halofuginone were
identical in both organisms, molecular dynamic simulations revealed the origin of the
experimentally observed insensitivity of S. cerevisiae SCPRS, which was not recognized by
halofuginone in a standard docking approach. Unlike PfcPRS, the geometry of the ternary
ScPRS-halofuginone-ATP complex was not stable, resulting in significant structural
rearrangement of several amino acid side chains and the reorientation of the quinazoline
moiety of halofuginone (compare Fig. 3A with Fig. 3B). We speculated that the structural
change may be attributable to a threonine to serine mutation in position 512 (numbering
based on PfcPRS). T512 is conserved in the PRS of all halofuginone-sensitive apicomplexan
parasites, and also in the EPRS of mouse and human. The presence of S512 in the yeast PRS
resulted in a slightly altered binding mode for adenosine, which in turn impacted the
halofuginone-ATP interaction and consequently altered the orientation of halofuginone (fig.
3B). The critical role of ATP for halofuginone binding is consistent with our previous
finding that ATP is required for tight binding of halofuginone to human EPRS (7, 30).
Furthermore, Hwang and Yogavel have recently solved the structures of free human EPRS
and PfcPRS, respectively, demonstrating significant conformational changes in the apo-
enzyme (31, 32).

Next, we investigated the L482H PfcPRS mutant to understand the experimentally observed
decreased sensitivity of this mutant to halofuginone. L482 is adjacent to the proline-binding
pocket and did not directly interact with either halofuginone or proline. However, our
molecular dynamic simulations revealed that E361 moves from a position where it interacts
with halofuginone (fig. 3C) to a position where it interacts with S508 and Y365. We
hypothesized that this structural change was due to the hydrogen bond that the mutant H482
residue established with S508, thus re-orienting S508 such that it formed a hydrogen bond
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with E361. The experimental observation that the L482H mutant is less strongly inhibited by
halofuginone underscored the critical importance of this interaction. The L482F mutation
observed in the other resistant parasite line in contrast induced steric repulsion with residues
nearby, disrupting the interactions in the binding pocket (fig. S9). The results of our
molecular dynamic simulations were consistent with the biological activity of halofuginone
and established a detailed mechanistic explanation for the L482 resistance mutations and the
unexpected insensitivity of SCPRS, both of which were difficult to rationalize by standard
molecular docking approaches.

Halofuginol is Active Against the Asexual Erythrocytic and Liver Stages of P. falciparum In
Vitro

Dose-limiting toxicity, rather than lack of efficacy, has precluded clinical development of
febrifugine and its analogs such as halofuginone as antimalarial drugs (17). We speculated
that the observed side effects of halofuginone and febrifugine could, at least in part, be
independent from inhibition of the human PRS. We proposed that the off-target effects may
originate from the ability of the compounds to epimerize in solution through formation of a
reactive intermediate enabled by the central ketone common to febrifugine and halofuginone
(fig. S10) (33). Previously reported efforts to remove this functionality resulted in loss of
activity (34). We reasoned that formal reduction of the ketone to yield a secondary alcohol
would eliminate the ability to form a reactive Michael-acceptor, while retaining the
functionality to form the critical hydrogen bonds within the target complex. Introduction of
the alcohol also introduced an additional stereocenter. We therefore established synthetic
approaches to access both epimers (fig. 4A). (7, 34)

Both compounds were tested for in vitro activity against the asexual blood stage of the P.
falciparum 3D7 parasite strain. One epimer, halofuginol, demonstrated low nanomolar
potency (ECgg = 5.8 nM) comparable to febrifugine (ECgg = 4.0 nM), whereas the other
diastereomer, epi-halofuginol, was approximately 700-fold less active than halofuginone
(Fig. 4B). As expected, the principle activity was attributable to one enantiomer, (2'S,2R,
3S)-halofuginol, with the same absolute configuration of the piperidyl substituent as
febrifugine and the active enantiomer of halofuginone (table S1). (35)

Cytotoxicity profiling in primary mouse embryonic fibroblasts (ECgq = 373 nM) revealed
that halofuginol was approximately 65 times more selective for P. falciparum. Halofuginol
had similar activity (ECgg = 14 nM) to halofuginone (ECgg = 17 nM) in the in vitro P.
berghei ANKA liver stage model (fig. 4C) (36). As expected, the activity profile of
halofuginol in the HFGR parasite lines and in the transgenic PfcPRS yeast strains was
comparable to that for halofuginone (fig. S11). In addition, treatment of P. falciparum with
halofuginol in vitro resulted in the phosphorylation of elF2a in a similar manner to that
observed with halofuginone (fig. S12A, B).

Furthermore, in biochemical studies, we demonstrated that the affinity of halofuginol for
mutant PfcPRS (K; = 1120 + 94.4 nM) was approximately 16-fold less compared to the
wildtype enzyme (K; = 71.1 + 9.0 nM). In addition, we found that the L482H resistance
mutation also resulted in a 6.4-fold decreased affinity for proline (Kmt) = 117.0 £ 11.2 yM
and K (LagoH) = 747.7 + 36.5 UM). The biochemical characterization of human EPRS
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revealed virtually identical affinities for halofuginol (K; = 65.7+ 6.3 nM) and proline (K, =
135.4 + 9.8 uM) compared to wildtype PfcPRS. These results, taken together, are consistent
with our hypothesis that reduction of the central ketone to eliminate the undesired ability to
form a reactive Michael-acceptor, while preserving the hydrogen bond acceptor capacity,
would result in reduced cytotoxicity in mammalian cells while retaining on target activity in
Plasmodium spp.

Halofuginol is Efficacious In Vivo

To further assess halofuginol in an in vivo system, we used an adapted version of Peters’
suppressive test (37, 38) in a P. berghei mouse model of malaria. We found that halofuginol
dosed daily at 12 mg/kg orally over 4 days reduced P. berghei parasite burden > 99% by day
5 relative to control untreated mice that had an average parasitemia of 8.9% (fig. 4D).
Similar results were observed for i.p. administration of halofuginol at 12 mg/kg g.d. for 10
days (Fig. 4D). Both treatment strategies were very well tolerated and did not induce any
adverse effects or gross pathological changes such as diarrhea, gastrointestinal hemorrhages/
lesions, or discoloration of liver and spleen, which are the principle limiting toxicities
observed with febrifugine and halofuginone treatment at efficacious doses (17). However,
neither dosing strategy resulted in a sterilizing cure and parasites recrudesced after
discontinuation of drug treatment.

We next investigated the in vivo activity of halofuginol in a P. berghei sporozoite challenge
model (38). As shown in figure 5A, halofuginol reduced the load of liver stage parasites by
>99% (at 46 hours post infection) following oral administration of a single 25 mg/kg dose,
which we had established as a safe single dose treatment; treatment with 5 mg/kg i.p. or 10
mg/kg p.o. halofuginol reduced parasite burden by 99% and 95% , respectively (fig. 5B).
Mice treated at 25 mg/kg p.o. were maintained for 14 days post infection or until they
developed blood stage malaria. All mice in the control group developed blood stage malaria
by day 4, whereas development of blood stage malaria was delayed in the treated group and
60% of the test animals were considered cured after 2 weeks (fig. 5C). Importantly, none of
the treated animals displayed signs of adverse drug reactions (fig. S13). Separately, we
tested halofuginone in the same P. berghei sporozoite challenge model and demonstrated
that halofuginone is also efficacious in reducing liver stage infection (fig. S14). However, at
efficacious doses, we observed pronounced gastrointestinal toxicities (4/5) and lethality
(1/5), similar to reports evaluating halofuginone for in vivo blood stage activity (17). These
results are consistent with the reduced cytotoxicity of halofuginol in vitro and support our
hypothesis that chemical modification of the central ketone improves tolerability while
retaining antimalarial activity in vivo.

Discussion

Developing therapies that act on unexploited vulnerabilities in the Plasmodium parasite will
be necessary for renewed worldwide efforts to eradicate malaria (5). Febrifugine was
identified over 60 years ago as the active principle of one of the oldest known antimalarial
herbal remedies (16). However, poor tolerability prevented the clinical use of febrifugine as
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a mainstay antimalarial and previous medicinal chemistry efforts failed to identify viable
alternatives (17).

We set out to address two issues: First, the identification of the functional target of
febrifugine and its derivatives in P. falciparum in order to facilitate rational drug
development. Second, we sought to develop derivatives with reduced cytotoxicity in the
human host.

Using an unbiased target identification approach, we report the identification and validation
of PfcPRS, one of two prolyl-tRNA synthetases encoded in the Plasmodium genome and
show that PfcPRS is the biochemical and functionally relevant target of febrifugine analogs.
We support our findings by target validation in an orthogonal transgenic yeast model and
provide a mechanistic rationale for drug action at a molecular level. We established that
halofuginol, a new halofuginone analog previously developed by our group, had excellent in
vivo activity in two P. berghei malaria mouse models against the liver stage and the asexual
blood stage of the parasite. Dual-stage activity is essential for antimalarial drugs that will be
used to eliminate malaria. However, in vivo activity against the liver stage of the malaria
parasite by febrifugine derivatives has not been demonstrated before. Notably, we were able
to show that a single oral dose of 25 mg/kg halofuginol resulted in >99% reduction in liver
parasites and an overall 60% cure-rate in the P. berghei liver stage model. Halofuginol was
also highly efficacious against the asexual blood stage as demonstrated by >99% reduction
in parasitemia following a 4-day oral treatment at 12 mg/kg, but failed to result in a sterile
cure. Importantly, at pharmaceutically efficacious concentrations, halofuginol was better
tolerated than febrifugine and halofuginone and did not induce any adverse effects even after
daily i.p. administration at 12 mg/kg for 10 days.

Previous reports have suggested that tRNA synthetases represent attractive targets for the
treatment of malaria (8-13, 39). Recently, Winzeler and coworkers identified cladosporin, a
fungal metabolite previously not known to have inhibitory activity against amino acyl tRNA
synthetast,, as a selective and specific inhibitor of the P. falciparum lysyl-tRNA synthetase
with mid-nanomolar in vitro activity against blood and liver-stage parasites (14). In addition,
the isoleucyl tRNA synthetase (IRS) inhibitors mupirocin and the isoleucine analog
thiaisoleucine have been shown to target the apicoplast IRS and cytoplasmic IRS,
respectively, and can kill blood stage parasites at mid-nanomolar and low micromolar
concentrations (13). However, thiaisoleucine did not induce elF2a phosphorylation, which
is a sensitive indicator of the starvation response and a hallmark of isoleucine withdrawal,
suggesting that the antiparasitic activity of thiaisoleucine is due to inhibition of secondary
targets (13). An alternative explanation is that this could be the result of insufficient
inhibition of IRS activity at the tested concentrations due to the short half-life or low
potency of the compound.

In contrast, we show that febrifugine analogs induce elF2a phosphorylation in Plasmodium
parasites and transgenic yeast expressing PfcPRS. This establishes a valuable chemical tool
with which to study the amino acid starvation pathway in P. falciparum and S. cerevisiae,
and also validates PfcPRS as an attractive target for the development of new classes of
antimalarials that are active against both the erythrocytic and liver stages of the malaria
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parasite. Additionally, the transgenic yeast strain reported here in combination with
halofuginone could prove valuable for mechanistically dissecting nutrient deprivation
signaling pathways in eukaryotes and to study the independence and interrelatedness of
nutrient sensing by the AAR and the TOR pathways (40).

We speculate that the broad-spectrum antiprotozoal activity of halofuginone could be due to
conservation of PRS. Halofuginone is currently approved in veterinary medicine to treat
coccidiosis in poultry (caused by Eimeria tenella) and cryptosporidiosis in cattle (caused by
Cryptosporidium parvum) (41-43). Molecular phylogenetics of the catalytic domain
confirms that E. tenella PRS and C. parvum PRS share 81% and 86% similarity with
PfcPRS, respectively (fig. S7). Furthermore, these agents may be effective against other
human malaria parasites such as P. vivax, which shares 95% conservation of the active site
of the PfcPRS , and a wide swath of infectious diseases caused by protozoan parasites
including toxoplasmosis, babesiosis and Chaga’s disease.

The ability to generate and isolate P. falciparum lines that are genetically resistant to
halofuginone was critical to our approach to identify and validate PfcPRS as a target for
malaria drug development. However, as is true for any antimalarial drug, resistance also
constitutes a concern for potential clinical use of PfcPRS inhibitors. Although our studies
did not investigate the long-term stability and fitness costs of the identified resistance
mutations in P. falciparum in the context of competing wildtype parasites, we are
encouraged that all identified mutations in PfcPRS mapped to the same amino acid codon,
which suggests that mutational plasticity could be restricted for this target. Nonetheless,
additional research is needed to investigate this issue in greater detail. In this context, it will
also be of interest to identify drug combinations that synergize with PfcPRS inhibitors.

Although our studies identify halofuginol as an attractive starting point for rational
development of PfcPRS inhibitors as next-generation antimalarials, detailed drug
metabolism and pharmacokinetics studies will be needed to better understand the in vivo
pharmacology of this compound and to guide future drug development. In particular, it will
be important to understand the consequences of blocking human EPRS. PfcPRS inhibitors
with improved biochemical selectivity might be more attractive candidates for clinical
development. Our next goal will be to focus on the development of such compounds.
Combined with our recent identification of the human EPRS as the target of halofuginone,
the computational and mechanistic studies presented here provide a detailed understanding
of the ligand-protein interaction at atomic resolution in both the human and parasite
enzymes, establishing a clear path forward to the design of new inhibitors with dual-stage
activity that selectively target the malaria parasite.

Materials and Methods

Study Design

The objective of this study was to identify and validate the target of febrifugine and its
derivatives in Plasmodium falciparum and to assess their in vivo efficacy and tolerability in
mouse models of liver and blood stage malaria. First, two halofuginone resistant lines were
independently selected under intermittent drug pressure and sequenced. Whole-genome
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analysis identified the cytoplasmic prolyl tRNA synthetase (PfcPRS, PF3D7_1213800) as
the only gene with mutations in both strains. Next, PfcPRS was validated as a mechanistic
target in a transgenic yeast system by replacing the halofuginone-insensitive yeast homolog
ScPRS with wild-type and mutant PfcPRS, which yielded halofuginone-sensitive and
halofuginone-insensitive strains, respectively. Separately, wild-type and mutant PfcPRS
were purified and biochemically characterized to confirm PfcPRS as a molecular target of
halofuginone analogs, and functional validation led to identification of resistance mutations.
In addition molecular dynamic simulations were performed to provide a mechanistic
rationale for the identified resistance mutations and the lack of affinity of halofuginone for
yeast PRS. All in vitro experiments were repeated at least twice. Finally, halofuginone and
the modified analog halofuginol were evaluated in mice for efficacy against liver and blood
stage malaria. Mice were infected and randomized into different groups before drug
treatment. Investigators were not blinded for animal allocation, compound administration,
clinical evaluation of mice, or during the evaluation of collected tissues.

All in vivo protocols were approved by the Animal Care Committee of the Instituto de
Medicina Molecular, University of Lisbon; and were performed according to the regulations
of the European guidelines 86/609/EEG. Guidelines for humane endpoints were strictly
followed for all in vivo experiments.

Statistical analysis

Statistical analyses were performed in Prism 6.0 (GraphPad Software Inc.). Data are shown
as means + SD. Analytical tests for statistical significance and P values are specified in each
figure legend. ECgq values were calculated using a four-parameter nonlinear regression
curve fit. Ordinary one-way ANOVA (Sidak’s multiple comparison test) was used for
comparison of 3 or more groups. Mann-Whitney test was used for two groups. For survival
data, the Kaplan-Meier method and log-rank (Mantel-Cox test) was used for comparisons
between groups.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Accessible Summary

Malaria is a devastating disease. It is caused by a unicellular parasite and claims more
than 600,000 lives every year - mostly young children and pregnant women. Renewed
worldwide efforts to eradicate malaria demand novel therapeutic approaches to overcome
the emergence and spread of clinical resistance to mainstay drugs.

We here validated the Plasmodium cytoplasmic prolyl-tRNA synthetase as the enigmatic
target of the natural product febrifugine, the active principle of an herbal malaria remedy
that has been used for millennia in Traditional Chinese Medicine, and establish a path
forward to the rational development of next generation antimalaria therapies.
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Figure 1. Identification and confirmation of Pfc PRS of P. falciparum as a tar get of halofuginone
(A) Shown are chemical structures for febrifugine and its analogs halofuginone (relative

stereochemistry) and MAZ1310 (relative stereochemistry). (B) Independent selection

experiments under intermittent and dose-adjusted drug pressure starting with the Dd2 lab
strain of P. falciparum yielded two highly resistant clones (HFGR-I and HFGR-II). (C)
Whole genome sequencing identified nonsynonomous mutations in the highly resistant
clones HFGR-I and HFGR-I1 that map to the same amino acid codon, L482, in PfcPRS
(PF3D7_1213800).
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Figure 2. Confirmation of Pf cPRS asthe functional target of halofuginone using a heter ologous
yeast model

(A) +/-YHRO020w (ScPRS) heterozygous S. cerevisiae was transformed with a YHR020w-
containing plasmid, and haploid spores were selected for genomic deletion of YHR020w.
The intermediate strain was transformed with a second plasmid with an orthogonal selection
marker and YHRO020w, wildtype PfcPRS (codon optimized) or mutant PfcPRS (codon
optimized), and subsequently selected for loss of the first plasmid. (B) Only transgenic S.
cerevisiae expressing wildtype PfcPRS (green) displayed dose-dependent sensitivity to
halofuginone, whereas strains expressing ScPRS (blue) or the L482H PfcPRS mutant (red)
were insensitive to halofuginone treatment up to 100 uM (all strains were pdrl,3 deleted).
The control compound MAZ1310 did not affect growth of PfcPRS expressing yeast
(orange). (C) Halofuginone and febrifugine treatment or amino acid starvation (-AA) induce
phosphorylation of elF2a (p-elF2a) after 90 minutes. Western blot analysis of
phosphorylated elF2a and total elF2a protein in drug-treated asynchronous Dd2 P.
falciparum cultures is shown. Histone H3 is the loading control and the blot is representative
of two independent replicates. (D) Halofuginone (HGF) treatment induced pronounced
elF2a phosphorylation in PfcPRS but not in SCPRS-expressing S. cerevisiae.
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Figure 3. Models of the ternary complex of PRSwith ATP and halofuginone
Shown are molecular dynamic simulations of the ternary complex of PRS with ATP and

halofuginone (HFG) for: (A) the PfcPRS of P. falciparum, (B) the ScPRS of S. cerevisiae
and (C) the PfcPRS L482H mutant of P. falciparum. The differential binding affinity of
halofuginone to PfcPRS and ScPRS can be traced to a T512S mutation in ScPRS that results
in a differential ATP binding geometry. This modification in turn changes the interaction of
ATP with halofuginone and results in a reorientation of the loop consisting of residues 318—
337. Specifically, F335, which stacks against the aromatic ring of halofuginone, is in a
different position in the two structures. Additionally, the position of the triphosphate is
different, which in turn changes the orientation of Arg401. (C) Effect of the L482H
resistance mutation on the interactions of halofuginone in the active site of PfcPRS. Leu482
is adjacent to the proline binding pocket, and although it does not directly participate in the
hydrogen bond network formed between halofuginone and PfcPRS, it does support the
binding geometry of the amino acid residues that directly interact with halofuginone. The
histidine in the L482H mutant provides an alternative hydrogen bond acceptor, thus
destabilizing the network. All residues are numbered based on PfcPRS.
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Figur¢4._ Ha_lofuginol isactive against the asexual erythrocytic and liver stages of the malaria
paraste Invitro

(A) Chemical structures of halofuginol (relative stereochemistry), and epi-halofuginol
(relative stereochemistry). (B) In vitro activity of halofuginone, febrifugine, MAZ1310,
halofuginol, and epi-halofuginol against P. falciparum strain 3D7 erythrocytic stage
parasites. Growth inhibition was quantified after 72 hours by SYBR® green staining. (C) In
vitro dose-response for halofuginol after treatment of luciferase-expressing P. berghei
ANKA liver stage parasites that have infected HepG2 cells.
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Figure 5. Halofuginol is active against the asexual erythrocytic and liver stages of the malaria
parasitein vivo

(A) Blood parasitemia at day 5 post-infection in mice treated with halofuginol (i.p. in saline,
n =5; p.o. in water, n = 7; or vehicle, n = 5) qg.d. for 4 days and 10 days, respectively.
Treatment with halofuginol began 24 h after inoculation with 10° red blood cells infected
with GFP-expressing P. berghei ANKA parasites. Blood parasite numbers were analyzed by
FACS. (B) In vivo potency of halofuginol in the P. berghei mouse model of malaria. Shown
is the relative parasitemia in mouse liver 44 h after infection with luciferase-expressing P.
berghei sporozoites. Mice were treated 1 h post infection with halofuginol (25 mg/kg p.o.)
or vehicle (10% hydroxypropyl-beta-cyclodextrin in 100 mM pH 5.0 citrate buffer). Parasite
load was quantified relative to vehicle control by luminescence measurements. Data are
displayed as mean relative to vehicle treated control, with the mean of the control group set
to 100% (n = 10).(C) Relative parasitemia in mouse livers 44 h after infection with P.
berghei sporozoites. Mice were treated 1hr post infection with halofuginol (i.p. in saline,
p.o. in water, n = 4) Parasite load was quantified relative to vehicle control by gRT-PCR of
P. berghei 18S rRNA. Data are displayed as mean relative to vehicle treated control, with
the mean of the control group set to 100%.(D) Mice were maintained for 14 days post
infection or until they developed blood stage malaria. Significance values (*** p < 0.001,
**** n < 0.0001) were calculated (Graphpad PRISM) by ordinary one-way ANOVA (A-C)
and Log-rank (Mantel-Cox) test (D).
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