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Figure S1: Structures of tool compounds 
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Cyclin Like Kinase 3 (CLK3) (High Priority Target) 
PfCLK3 is one of the four cyclin-dependent like protein kinases in Plasmodium. PfCLK3 with 

other members of the PfCLK family plays a key role in the processing of parasite RNA.  
• Chemical Validation.1 TCMDC-135051 (Figure S1) is active in vitro against recombinant 

P. falciparum, P. berghei and P. vivax CLK3 with EC50 values of 110 nM, 33 nM and 13 
nM respectively. TCMDC-135051 is also active against P. falciparum asexual blood 
stages (EC50 110 nM), the P. berghei liver stages (EC50 400 nM) and P. falciparum 
gametocytes (stage II) (EC50 800 nM). Generation of in vitro resistance to this 
compound, followed by whole-genome sequencing revealed mutations in PfCLK3. 
Twice-daily intraperitoneal dosing of TCMDC-135051 into mice infected with P. 
berghei resulted in a dose-related reduction in parasitaemia over a 5-day infection 
period, where the maximal dose (50 mg/kg) resulted in near-complete clearance of 
parasites from peripheral blood. 

• Genetic Validation.1 The essentiality of this enzyme has been demonstrated by a 
variety of different experiments. Conditional knockdown shows essentiality in vitro. 
PiggyBac insertion mutagenesis screen shows the enzyme has a medium likelihood to 
be essential. Generating mutant parasite lines by allelic replacement with the 
resistance mutation (G449P), recapitulates the resistance phenotype observed in vitro. 
Enzymatic assays show a shift in sensitivity to TCMDC-135051. 

• Resistance Potential. Parasites resistant to TCMDC-135051 were generated and 
showed mutations outside of the CLK3 kinase domain (P196R and H259P). EC50 fold 
shift of resistant mutants are between 5 (for the parasite line containing the P196R 
mutation) and 13-fold (with the H259P variant).1 The MIR was estimated at 109. G449P 
mutant parasites demonstrate no apparent fitness defect compared to wild-type in 
asexual blood stage growth assays. 

• Druggability. TCMDC-135051 is a small drug-like molecule, even if it requires 
optimisation to become a candidate. Furthermore, protein kinases are known to be 
druggable.  

• TCP fit. TCMDC-135051 demonstrates multistage activity against asexual blood and 
liver stages and transmission-blocking activity. 

• Toxicity. TCMDC-135051 demonstrates very good selectivity against PfCLK3 compared 
to the human orthologue PRPF4B and the closely-related human kinase CLK2.1 

• Novelty. PfCLK3 is a novel target for P. falciparum. 
• Assay Readiness. Recombinant expression of wild-type PfCKL3 has been demonstrated 

in E. coli along with a high throughput screening assay on the LANCE® platform.1 
• Structural Information. A crystal structure is not available, but a homology model is 

available. 
 
Collectively, these data show that targeting PfCLK3 is a novel strategy with a high potential to 

find a new antimalarial drug with multistage activity.  
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Cyclic GMP-dependent protein kinase (PKG) (High Priority Target) 
PKG is a serine/threonine protein kinase that acts as a key regulator of cGMP signaling. In P. 

falciparum, this kinase plays an essential role in multiple stages of the parasite life cycle, including 
egress and invasion as well as in gametogenesis,2,3 all of which are critical for parasite proliferation 
and transmission.  

• Chemical validation: Chemical inhibition of PfPKG was first demonstrated using ML10 
(Figure S1), the lead compound from an imidazopyridine series of PKG inhibitors, which 
displayed picomolar activity against recombinant PfPKG and in vivo parasite clearance in a 
humanized mouse model of P. falciparum infection.4 More recently, MMV030084 (Figure 
S1), a trisubstituted imidazole with activity against multiple stages of the parasites, was 
identified as a PKG inhibitor by deploying a multi-omics approach to deconvolute its mode 
of action.5 Biochemical assays with this compound demonstrated sub-nanomolar potency 
against PfPKG. Using P. falciparum transgenic lines in which the small gatekeeper T618 
residue was substituted with a bulkier glutamine through allelic replacement at the 
endogenous PKG locus, parasites expressing the PKG 618Q allele were reported to exhibit 
multi-fold loss in sensitivity to PKG inhibitors compared with parental wild-type parasites.3  

• Genetic validation: PKG was shown to be essential by several genetic methods, including the 
genome-wide piggyBac screen,6 and by conditional knockdowns (cKD) using CRSIPR/Cas9 to 
introduce aTc-dependent downregulation of PKG expression. Under non-permissive 
conditions parasite growth was 97% inhibited compared with controls, and >4-fold 
sensitization to MMV030084 was observed in PKG cKD lines compared to unmodified 
controls.5  

• Resistance Potential: Although selection experiments with Dd2-B2 parasites and 
MMV030084 and the imidazopyridine ML10 yielded a resistant line with a ~3-fold shift in IC50 
compared to the parental line,5 they did not give any mutations in PKG. However, whole-
genome sequencing identified a T1268R mutation in tyrosine kinase-like protein 3 (TKL3, 
PF3D7_1349300), which was validated using CRISPR/Cas9 gene editing as causal for low-
level resistance to PKG inhibitors. This is suggestive that either PKG is a target with a low 
propensity for resistance or that MMV030084 inhibits multiple targets, possibly a diverse set 
of protein kinases.  

• Druggability: Protein kinases are a known druggable target class, with many examples of 
clinically used drugs acting against human targets.7 The ATP binding site present in all 
members of the family is structurally well understood, and several distinct binding modes 
have been determined.8,9 The druggability of PfPKG using small molecule ATP-competitive 
inhibitors has been shown through the potency of ML10 and MMV030084. A recent target-
based biochemical screen of the GlaxoSmithKline (GSK) Full Diversity Collection against 
recombinant PfPKG also identified potent trisubstituted thiazoles, with the frontrunner 
compound exhibiting enzyme and whole cell inhibition with nanomolar potency.  

• TCP fit: MMV030084 showed an EC50 of 199 nM against P. berghei liver-stage parasites and 
an EC50 < 150 nM against P. falciparum asexual blood stage parasites. In addition, 
MMV030084 inhibited male gametogenesis in vitro at an EC50 of 141 nM, highlighting its 
utility as an antimalarial candidate with prophylactic, anti-asexual blood stage and 
transmission-blocking properties.  

• Toxicity/selectivity: The large complement of the human kinome presents challenges with 
respect to obtaining selectivity at the ATP binding site. However, key structural differences, 
particularly in the size of the gatekeeper residue, may be exploited10 to develop selective 
compounds. The structure of PfPKG has also been reported.11 In addition, there is a wealth 
of information on human kinases due to interest in their role in human diseases.12-14 The 
presence of a smaller residue at the gatekeeper position in PfPKG avails a unique small 
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hydrophobic pocket that can be occupied by a small molecule ATP-competitive inhibitor 
thereby conferring selectivity. Targeting the ATP site of PKG is one strategy. The regulation 
of PKG by cyclic GMP also offers an alternative approach to designing ATP-competitive 
inhibitors. Allosteric modulation via the cGMP binding site has been demonstrated and 
potentially offers superior selectivity,15 but potent antimalarials acting via this mechanism 
have not yet been reported. In addition, Plasmodium and human PKG are reported to differ 
in the activation mechanism and regulatory site specificity.16 MMV030084 showed potent 
inhibition of recombinant PKG (IC50 0.4 nM) but exhibited an IC50 of 41.5 µM against HepG2 
cells, providing evidence of low toxicity and antiplasmodial selectivity.  

• Novelty: PKG is a novel antimalarial target as none of the current antimalarial drugs in clinical 
use inhibit this enzyme. Moreover, none of the standard antimalarials or any experimental 
compounds in advanced stage development contain similar substructures to the tool 
compounds ML10 and MMV030084, thus minimizing the likelihood of cross-resistance.  

• Assay Readiness: Multiple technologies exist for assaying protein kinases, usually involving 
a small peptide phospho-acceptor, with ATP as the phospho-donor substrate. While 
historically the radiolabelled separation assay is the gold standard, other platforms are more 
amenable to high-throughput screening, for example HTRF®, ALPHAScreen™, or ATP 
consumption assays such as Promega’s ATP-Glo™. The increasing use of mass spectrometry 
for assay read-outs has also encompassed protein kinases.17 PfPKG has been expressed and 
purified in amounts sufficient to support HTS campaigns. Several cell lines have also been 
developed and optimized for studying this enzyme, including conditional knockdown lines 
and CRISPR/Cas9 engineered lines expressing mutant TKL3 alleles that confer resistance to 
MMV030084.  

• Structural Information. The cGMP-free crystal structures of PKG from P. falciparum (PDB: 
5DYK) and P. vivax (PDB: 5DYL) are available - revealing how key structural components are 
arranged in the enzyme’s inactive state.4,11 Molecular modelling showed docking of 
MMV030084 and its analogue into the ATP-binding pocket of PKG.  

 
A recent review of kinases as malaria targets provides insight into the progress that has been 

made for several Plasmodium kinases, including PKG.18 Altogether, these findings justify the 
attractiveness of PfPKG as an antimalarial target and highlight the potential of ML10 and 
MMV030084 as good starting points for enhanced medicinal chemistry efforts to support lead 
development. 
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Cytoplasmic Prolyl tRNA Synthetase (ProRS) (High Priority Target) 
ProRS is a member of the tRNA synthetase family, many of which are attractive targets for 

human diseases.19 These proteins are responsible for charging amino acids to their cognate tRNA 
molecules for protein synthesis.  

• Chemical Validation. ProRS has been chemically validated by studies with halofuginone 
(Figure S1) an analogue of febrifugine (Figure S1) that has long been known to possess 
antimalarial activity. However, this molecule also exhibits potent human ProRS activity, 
resulting in toxicity.20  

• Genetic Validation. ProRS was shown to be essential by the piggyBac insertion mutagenesis 
screen.6 

• Resistance Potential. Resistance mechanisms have been elucidated for ProRS; notably the 
short-term exposure of asexual blood stage parasites to halofuginone results in a large 
increase in the intracellular proline concentration,21 thereby reducing the compound’s 
efficacy. As halofuginone binds to the proline-binding site in an ATP-dependent manner,22 
this mechanism of resistance suggests that inhibition through binding to the proline site is 
not suitable. 

• Druggability. Drug-like molecules exist for ProRS, and for other tRNA synthetase enzymes 
across various species.23,24 There are also approved antifungals that inhibit aaRS enzymes.25 

• TCP fit. This target has the potential to fulfil TCP1 or TCP4. 
• Toxicity. Halofuginone exhibits limited selectivity over the human enzyme. Selectivity is a 

key criterion for advancing any inhibitor for this target. 
• Novelty. ProRS is not the target of known antimalarial drugs. aaRS are known targets in other 

microbes and this class has been proposed as a target in malaria. 
• Assay Readiness. PfProRS has been expressed recombinantly to facilitate high-throughput 

screening and crystallography.26 Assay options for high-throughput screens include ATP 
depletion assays and phosphate generation assays.27,26 

• Structural Information. The crystal structure of PfProRS has been solved, along with the 
human orthologue, allowing a detailed structural comparison. The enzymes show a high 
degree of identity, and the residues involved in binding halofuginone are identical between 
the human and Plasmodium forms, making it unlikely that selective analogues of this 
molecule could be developed. However, there are differences in the active site that could 
potentially be exploited, and allosteric inhibitors have been identified for ProRS that 
demonstrate much greater selectivity for PfProRS over HsProRS.25 

 
Inhibition of this target is likely to be lethal for the parasite. The key issue is to improve 

selectivity against the human orthologue. Inhibitors that bind to the proline-binding site are unlikely 
to be efficacious due to the significant accumulation of proline that results from inhibition of ProRS. 
Accumulated proline will then compete with any inhibitor for binding at this site. 
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Cytoplasmic Phenylalanine tRNA Synthetase (PheRS) (High Priority Target) 
• Chemical Validation. PfPheRS has been validated through compounds from the Broad 

Institute “Diversity Oriented Synthesis” library.28 The target of the compounds was identified 
by resistance generation followed by whole-genome sequencing. 

• Genetic Validation. This target has been genetically validated via a variety of approaches. It 
is annotated as essential in the Plasmogem database and was found to be essential in the 
piggyBac screen.6 Conditional knockdown experiments also indicate that the enzyme is 
essential (unpublished data). This is not perhaps surprising, given the essential role of tRNA 
synthetases in protein synthesis and the fact that all others investigated appear essential. 

• Resistance Potential. In an assay to measure resistance generation, this was a low risk for 
resistance.28,29 

• Druggability. The compounds produced by the Broad Institute, which inhibit PfPheRS are 
drug-like. 

• TCP fit. These compounds also are active against liver schizonts and stage IV-V gametocytes, 
although there is some reduction in potency, particularly for the gametocyte assays. 
Compounds were active in mouse chemoprotection and transmission assays. These data 
support the potential for multi-stage activity.28 

• Toxicity. BRD1095 and other analogues showed a high degree of selectivity at both enzyme 
and cellular levels, suggesting that toxicity due to inhibition of the host orthologue can be 
circumvented.30 

• Novelty. There are no clinical candidates against this target. To our knowledge the most 
advanced project targeting this enzyme is that from the Broad Institute, which is now being 
conducted in collaboration with Eisai (Japan). 

• Assay Readiness. Assays have been developed for PheRS, including phosphate production 
and ATP depletion assays.30,31  

• Structural Information. A crystal structure has just been published, which indicates that the 
Broad compound series binds across both the L-phenylalanine binding pocket and an 
auxiliary site, adjacent to the adenine and L-phenylalanine binding sites.30 The structural 
information rationalises the observed selectivity for the Plasmodium enzyme, in that the 
auxiliary pocket is very different in the human enzyme. This is a druggable target with a high 
degree of validation. 
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HSP90 (Target Under Consideration) 
Heat shock protein 90 (HSP90) is an ATP-dependent molecular chaperone. HSP90 supports the 

folding and refolding of proteins to maintain cellular protein integrity, notably for several 
transcription factors and kinases.32 There are different isoforms of HSP90 in both the human and 
Plasmodium genomes33,34 with different cellular localisations and specific client proteins. Some 
isoforms are induced in response to stress, while others are constitutively expressed. The isoform 
most studied is the inducible PfHSP90, which is analogous to the human cytosolic HSP90α. 

• Chemical Validation. Several small molecule inhibitors, including the antibiotic 
geldanamycin (Figure S1), have been shown to inhibit PfHSP90 in vitro with nanomolar 
potency, and to disrupt blood and liver stage parasite growth with sub-micromolar 
potency.35 

• Genetic Validation. The genome-wide studies performed in Plasmodium species suggest 
that disruption of this gene results in impaired parasite growth. 

• Resistance Potential. Preliminary studies place this MIR at > 8.  
• Druggability. Molecules that interact with the ATP binding site are known, and many of these 

have been considered in clinical trials for anti-tumour activity, suggesting that drug-like 
compounds could be developed for this target.35,36 HSP90 is generally known to be 
druggable. 

• TCP fit. Geldanamycin has been shown to inhibit P. falciparum asexual blood stage growth 
with an EC50 of 200 nM and cause a transition block at the ring stage.37 Inhibition of liver 
stages has also been demonstrated.35 

• Toxicity. A number of HSP90 inhibitors have been assessed in human clinical trials for cancer 
but have so far failed as monotherapies due to dose-limiting toxicities.36 The human and 
Plasmodium forms of HSP90 share a high degree of identity and are inhibited to similar 
degrees by geldanamycin. Other compounds known to bind to human HSP90 are also shown 
to interact with PfHSP90. It has also been reported that the hERG channel is dependent on 
HSP90α for maturation and trafficking.38 However, compounds that show selectivity 
between the different human HSP90 isoforms have been identified, and non-ATP site 
binders have also been developed, indicating that selectivity might be possible.35,36,39 

• Novelty. Inhibitors of HSP90 have been shown to act synergistically with other 
compounds,35,40,41 suggesting a potential role for inhibitors of this target as adjunct drugs in 
restoring sensitivity to other drugs where resistance is already a concern.34 Currently, there 
are no inhibitors of HSP90 approved for use. 

• Assay Readiness. Recombinant PfHSP90 protein has been generated using standard 
expression systems, and assays have been established based on fluorescence polarisation in 
a competitive binding platform.35 The ATPase activity of HSP90 can also be assessed, for 
example by measuring the release of inorganic phosphate.42 Luciferase-based protein 
denaturation assays are also known43 and have been translated to cellular applications.44 
Various other assays have been described and reviewed.45 

• Structural Information. The structure of the N-terminal ATP binding domain have been 
solved for human and Plasmodium HSP90.39,46 

 
The studies conducted to date suggest PfHP90 is an interesting target and that compounds 

targeting this chaperone may act synergistically with other drugs to reduce resistance propensity. 
Demonstration of the ability to obtain appropriate selectivity over human isoforms and further 
genetic validation to demonstrate essentiality would help to promote this as a high-priority target. 
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Farnesyltransferase (Target Under Consideration) 
• Chemical Validation. Tetrahydroquinoline (THQ) derivatives have been reported as 

nanomolar inhibitors of recombinant P. falciparum protein farnesyltranferase (PfPFT) and in 
vitro P. falciparum asexual blood stage parasites. A THQ analogue showed in vivo efficacy in 
the P. berghei mouse model when administered via an osmotic pump.47 Parasites resistant 
to tetrahydroquinolines showed mutations at the lipid substate binding site of PfPFT.48 More 
recently, MalDA members identified two different mutations in amino acid 515 (A515V and 
A515T) in parasite clones resistant to MMV019066 (Figure S1), a sub-micromolar inhibitor 
of P. falciparum growth.49  

• Genetic Validation. This gene was found to be essential in the piggyBac insertion 
mutagenesis and the knockdown screens. Further work is ongoing to genetically validate this 
target using conditional knockdowns and vulnerability testing. 

• Resistance Potential. Resistance studies with MMV019066 indicate an MIR of 8.  
• Druggability. The human orthologue is a well explored target for cancer. Multiple 

farnesyltransferase inhibitors with drug-like properties have been developed for anticancer 
therapy.50 Last year the FDA approved Lonafarnib the first farnesyl transferase inhibitor for 
the treatment of Hutchison-Gilford progeria syndrome.51,52  

• TCP fit. MMV019066 displays a low rate of kill in the PRR assay. Farnesyltransferase is 
conserved across Plasmodium species.  

• Toxicity. There are assays to determine selectivity for the Plasmodium versus the human 
enzyme. THQ and other chemotypes have been reported to inhibit selectively Plasmodium 
farnesyltransferase (> 1,000-fold selectivity vs human enzyme).53 

• Novelty. There are no inhibitors of this target in clinical development for malaria.  
• Assay Readiness. There are several assay platforms for this target including bead-based 

fluorescence assays, and assays to monitor pyrophosphatase formation.  
• Structural Information. There is no crystal structure for Pf farnesyltransferase, however 

there are multiple structures of the human orthologue and a homology model for the 
Plasmodium enzyme has been reported.54  

 
This target has been investigated from both oncology and malaria perspectives. We believe 

that further investigation into this target is warranted. Further investigation into the genetic 
validation and vulnerability to inhibition is required. 
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Hexose Transporter (PfHT) (Target Under Consideration) 
PfHT is responsible for the uptake of glucose (and other hexoses) into the parasite. Glucose 

metabolism is the main energy source for blood stage Plasmodium, and so is likely to be essential 
for parasite survival. 

• Chemical Validation. This has been obtained through a glucose analogue55,56 and 
compounds identified from phenotypic screening.57  

• Genetic Validation. A conditional knockdown study indicates that the target is essential. The 
target is also highlighted as vital in the piggyBac screens.6 

• Resistance Potential. The resistance potential of PfHT is still unknown; experiments to 
determine the MIR are currently ongoing. However, bioinformatic studies suggest that PfHT 
is the only glucose transporter in the parasite, so there is likely to be no by-pass mechanism 
or redundancy. 

• Druggability. Some of the compounds that have been identified as inhibitors57 are compliant 
with Lipinski’s rules, suggesting that the target is druggable, but this needs further 
confirmation.  

• TCP fit. This has still to be fully explored. The hexose transporter is highly conserved across 
the species. The rate of kill of the parasites upon PfHT inhibition has yet to be determined. 

• Toxicity. This has yet to be assessed in detail. There exist several human hexose transporters, 
which could give rise to toxicity if inhibited. Indications are that PfHT is divergent from the 
human transporters. Some compounds show selectivity for PfHT over some human 
transporters, although this needs more work. 

• Novelty. This is novel from a malaria drug discovery perspective. 
• Assay Readiness. Several assay formats to facilitate the interrogation of PfHT as a drug target 

have been developed, including an intracellular glucose FRET sensor. It is also possible to 
recombinantly express the transporter in a variety of cell lines. These assays could also be 
developed to measure selectivity compared to human hexose transporters. 

• Structural Information. The structure of PfHT has recently been solved and key structural 
differences between PfHT and human GLUT’s identified, suggesting a possible path for 
selectivity.58 

 
This target is novel and undoubtably there are some challenges to be overcome prior to 

progressing it. A particular risk here is selectivity compared to homologues in the human host, given 
the function and widespread distribution of glucose transporters, though recent structural 
information suggests this may be possible.69 This is a novel target with a high degree of associated 
risk, but one which we think should be further investigated. 
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Niemann-Pick NCR1 (Target Deprioritised) 
• Chemical Validation.59 Through a chemical genetics approach, PfNCR1 has been identified 

as the molecular target of three structurally diverse phenotypically active small molecules: 
MMV009108, MMV028038, MMV019662.  

• Genetic Validation.59 The essentiality of this enzyme has been demonstrated through a 
variety of methods. Conditional knockdowns show essentiality in vitro. PiggyBac insertion 
screens indicate that the enzyme has a medium likelihood to be essential.6 Reconstitution of 
PfNCR1 mutations found in cells lines resistant to the above compounds, via allelic 
replacement, confirmed they drive resistance.  

• Resistance Potential. MIR studies suggest a value of 106 to 107 with compound-specific 
variation. The corresponding degree of resistance is moderate (3-10´ EC50). Parasites 
resistant to MMV009108, MMV028038 and MMV019662 were achievable through in vitro 
selections. The A1108T mutation was generated in selections with MMV009108; M398I and 
A1208E from selections with MMV028038; and S490L and F1436I were observed in 
selections with MMV019662. In each case, selected resistant mutants did not display 
reduced fitness in vitro.  

• Druggability. Three diverse chemical scaffolds have been shown to target the protein. The 
three small molecule compounds do not have drug like properties, however there is a chance 
that they could be modified to become drugs. 

• TCP fit. This target best aligns with TCP1 because the aforementioned tool compounds are 
exclusively active against the asexual blood stages of P. falciparum (EC50 300-600 nM) and 
inactive against P. berghei liver-stage parasites. Notably, these compounds induce a slow-
kill profile which is not an ideal characteristic for malaria treatment. 

• Toxicity. There is relatively low homology between the Plasmodium and human orthologues 
and good selectivity (SI > 100) has been observed against mammalian cell lines. 

• Novelty. PfNCR1 is a novel target for malaria. 
• Assay Readiness. In the absence of a biochemical assay, miniaturized phenotypic screens 

using the PfNCR1-knockdown line have been developed to sensitize parasites to PfNCR1 
inhibitors. As a secondary screen, a saponin-sensitivity assay has been developed to validate 
the PfNCR1 inhibition phenotype. 

• Structural Information. A Plasmodium structure is not yet available; however, the structures 
of the yeast60 and human61 orthologues are available to support homology modelling. 

 
Although PfNCR1 has been shown, by these data depicted above, to be a valuable, essential 

and novel target for malaria, recent studies have suggested that this target is susceptible to 
relatively easy generation of resistance when challenged with inhibitors. Because of this, combined 
with slow kill and single-stage efficacy, the target has been de-prioritised.  
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