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ATP mimetics targeting prolyl-tRNA
synthetases as a new avenue
for antimalarial drug development

Siddhartha Mishra,1,2,4 Nipun Malhotra,1,5,6 Benoı̂t Laleu,3 Soumyananda Chakraborti,2,4 Manickam Yogavel,1

and Amit Sharma1,7,*

SUMMARY

The prolyl-tRNA synthetase (PRS) is an essential enzyme for protein translation and a validated target
against malaria parasite. We describe five ATP mimetics (L95, L96, L97, L35, and L36) against PRS, exhib-
iting enhanced thermal stabilities in co-operativity with L-proline. L35 displays the highest thermal stabil-
ity akin to halofuginone, an established inhibitor of Plasmodium falciparum PRS. Four compounds exhibit
nanomolar inhibitory potency against PRS. L35 exhibits the highest potency of �1.6 nM against asexual-
blood-stage (ABS) and �100-fold (effective concentration [EC50]) selectivity for the parasite. The macro-
molecular structures of PfPRS with L95 and L97 in complex with L-pro reveal their binding modes and cat-
alytic sitemalleability. Arg401 of PfPRS oscillates between two rotameric configurations when in complex
with L95, whereas it is locked in one of the configurations due to the larger size of L97. Harnessing such
specific and selective chemical features holds significant promise for designing potential inhibitors and
expediting drug development efforts.

INTRODUCTION

Malaria, caused by the apicomplexan parasite Plasmodium, remains a global burden due to morbidity and mortality.1 Reports of resistant

Plasmodium strains emerging toward approved antimalarials, including artemisinin combination therapies (ACTs), remain a threat to malaria

control and elimination.2,3 The likelihood of the plasmodial parasite gaining one or more highly advantageous mutation(s) and overcoming

clearance by artemisinin is a significant threat.4,5 To that end, continuous design and development of next-generation antimalarials with novel

mechanisms of action are highly crucial for fighting this infectious disease.

Aminoacyl-tRNA synthetases (aaRSs) are essential enzymes that charge tRNAmolecules with their cognate L-amino acid for ribosome pro-

cessing and protein translation.6 The aaRSs hold promise as molecular targets since their inhibition stalls protein synthesis. These aaRSs have

three druggable catalytic pockets—the amino acid pocket, the ATP pocket, and the 30-tRNA-binding pocket.6,7 Additional editing and auxil-

iary sites alsomanifest in certain conditions.6,7 Therefore, inhibition of parasite aaRSs is a promising route for inhibiting parasite growth.8 Mul-

tiple Plasmodium aaRSs have been validated as promisingmolecular targets, and several inhibitors have been identified.9–27 Prolyl-tRNA syn-

thetase (PRS), amember of the aaRSs enzyme family that charges amino acid L-proline to its cognate tRNA, has been extensively explored as a

target. Halofuginone (HFG), an established inhibitor of Plasmodium and human PRSs, has been shown to have single-digit nanomolar po-

tencies. It is known to block both the L-pro and 30-tRNA binding pockets, rendering the PRS enzyme inactive.14,15,18,28,29 Multiple scaffolds,

including HFG analogues, that bind to the PRS enzyme’s substrate sites, thereby inhibiting enzyme activity, have been reported.13,18,29–31

The active site of P. falciparum PRS has been explored in several studies.6,7 Along those lines, the Takeda Pharmaceutical Company

Limited designed and derivatized �300 pyrazinamide- and pyrrolidine-based compounds to specifically target the ATP pocket of PRS

from Homo sapiens.30,32 Subsequently, cell-based inhibition activities from the same library against P. falciparum 3D7 cell lines were re-

ported.33 Tye et al. explored the pyrazinamide scaffold to derivatize multiple molecules that were highly potent against the asexual blood

stage (ABS) of Pf.27 They designed compounds utilizing the pyrazinamide and HFG scaffold with linkers that bind simultaneously to all three

druggable pockets of Plasmodium PRS with high affinity. Many groups have been working on synergistic/antagonistic tandem inhibitor com-

binations, which were discussed in patent documentation as early as 2019. There is an interest in inhibiting an enzyme by blocking all catalytic
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sites within it. This aligns with our previous work relating to the double-drugging of Toxoplasma gondii PRS (apicomplexan intracellular para-

site responsible for toxoplasmosis), which served as a proof-of-concept for simultaneous targeting of multiple pockets (STOMP), an attractive

paradigm for anti-infective therapeutic development.29

In this study, we have investigated the pyrrolidine-basedATPmimetic parent scaffold—L95, and four of its derivatives (L96, L97, L35, and L36)

against theplasmodial andhumanPRSs, andagainst theABSofP. falciparum (Figure1).33Ourdata showthat all fiveATPmimetics independently

bind to parasite and human PRSs by making stable complexes, particularly in the presence of L-pro (Figure 2; Table 1). All five mimetics inhibit

PfPRS potently, and four compounds exhibit nanomolar inhibitory concentration (IC50) values. L97 is more selective toward PfPRS than HsPRS

(Tables 2 and S1). L35 was observed to be the most selective and potent against the malarial parasite, followed by L95 according to SI-EC50

(Tables 2 and S2). We also present two high-resolution crystal structures of PfPRS in complex with L95 and L97, both in the presence of L-pro.

The structureselucidate the specificmolecular interactions thatmaydrive their selectivity andpotencies.Bindingaffinities (Kds) of thecompounds

weremeasuredbymicroscale thermophoresis (MST) andprovidedawindow for understandingdrugbinding efficacies (Figure 3; Tables 2 and3).

Thus, our work paves the path to more potent and selective drug design and development efforts against malaria.

RESULTS

All five novel ATP mimetics bind to PfPRS, making stable complexes

For comparisons within a protein-substrate-inhibitor system, DTm from the protein’s apo form (the reference Tm) aids in determining relative

thermal stability. Our analysis revealed that all five ATP mimetics (L95, L96, L97, L35, and L36) individually bind to both Pf and Hs PRSs, giving

A

B

C

D

E

F

G

H

Figure 1. Inhibition profiles of novel ATPmimetics against asexual blood stage of Plasmodium falciparum (Pf) and recombinantly purifiedHomo sapiens

(Hs) and Pf prolyl-tRNA synthetases (PRSs)

(A–E) The chemical structures of 1-(pyridin-4-yl) pyrrolidin-2-one scaffold derivatives L95, L96, L97, L35, and L36 are shown. The red circles highlight the unique

defining moieties of the compound from the other compounds within this group.

(F–H) Dose-response parasite inhibition assays performed on the asexual blood stage of Pf against halofuginone (HFG), febrifugine (FF), and the ATP mimetics

(L95, L96, L97, L35, and L36) (F). Aminoacylation activity inhibition assays performed for HFG and the ATP mimetics (L95, L96, L97, L35, and L36) against (G) Pf and

(H) Hs PRSs are also shown. The dose-dependent sigmoidal curves were used to calculate EC50 (for F)/IC50 (for G and H) values for each compound in at least two

independent biological replicates with three technical replicates each. Error bars represent mean G SD.
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rise to thermally stable complexes, albeit the complexes with PfPRS tend to be comparatively more stable than withHsPRS (Figures 2 and S2;

Table 1). Further, the presence of L-pro makes the enzyme-substrate-compound complexes comparably or more thermally stable with both

HsPRS and PfPRS (Figures 2 and S2; Table 1). L35 with both PfPRS andHsPRS is�3� more stable in the presence of L-pro, whereas L36 is about

4.7� and 13.7� more stable, respectively (See Table 1).

The thermal shift assays (TSAs) reveal that L35 displayed the best thermal stability in complex with PfPRS in the presence of L-pro + ATP,

matching close to HFG, which is an established inhibitor of PRSs that binds to the L-pro and tRNA binding sites (DTm-HFGPf: L-pro+ATP = 34.9,

DTm-L35Pf: L-pro+ATP = 29.8). On the other hand, L97 showed better stability with HsPRS in the presence of both natural ligands

(DTm-HFGHs: L-pro+ATP = 23.7, DTm-L97Hs: L-pro+ATP = 25.9) (Figure 2; Table 1). The least thermally stable complexes with PfPRS individually

were of HFG and L36 (DTm-HFGPf = 1.0, DTm-L36Pf = 12.6), while in the presence of both natural ligands it was L36 (DTm-L36Pf: L-pro+ATP =

19.1) (Table 1). These were tested in Enzyme:Compound ratio of 1:50 in molar terms. Higher compound ratios give higher Tms as reported

earlier.15,16 In the case of HsPRS, similar to PfPRS, L36 forms the most minor thermally stable complex individually (DTm-L36Hs = 4.0), but it

is closely followed by L96 when in the presence of both natural ligands (DTm-L96Hs: L-pro+ATP= 18.5,DTm-L36Hs: L-pro+ATP= 19.7). Such thermal

stability profiles of L35 and L36 are particularly interesting, considering that both are enantiomers.

L96 displayed the highest binding affinity to both PRSs (Kds of 87.5 and 4.7 nM for the Pf and Hs PRSs, respectively, determined via MST)

(Figure 3; Tables 2 and 3). L95 has a Kd of �278 nM with the Pf enzyme but that of 28 nM against the Hs enzyme. L97 and L36 have the least

binding affinities to the human enzyme, i.e., that of�2288 nM and 1478 nM. Interestingly, SI-Kd values reveal L97 and L36 to be the most and

second-most selective toward the parasite (L97-SI-Kd = 10.3, L36-SI-Kd = 3.8), albeit both of them are not thatmuchmore selective only based

on thermal profiles (see Figures 2 and 3; Tables 1, 2 and 3).

Figure 2. PRS melt profiles with different reactants.

Thermal shift assays were performed to evaluate the melt temperatures of PfPRS andHsPRS in 7 groups i.e., in addition to natural conditions (Nat_Con), and also

with the ligands HFG, L95, L96, L97, L35, and L36. These were computed in ‘‘Apo condition’’ (black circle), ‘‘Enzyme + Inhibitor (E + I)’’ condition (blue circle), in

presence of L-pro condition (coral triangle), in presence of ATP condition (green square), and in presence of both L-pro and ATP condition (yellow diamond). For

exact Tm values, please refer to Table 1 and Figure S3.

Table 1. PfPRS and HsPRS melting temperatures (Tm)

Pf Hs Pf Hs Pf Hs Pf Hs

CMP Apo

51.7 (0.0)

Apo

49.8 (0.0)

L-pro

54.7 (3.1)

L-pro

64.7 (14.9)

ATP

53.0 (1.3)

ATP

59.9 (10.1)

L-pro + ATP

68.6 (16.9)

L-pro + ATP

68.3 (18.5)

HFG 50.7 (1.0) 61.4 (11.6) 54.7 (3.1) 64.3 (14.5) 87.7 (36.0) 79.8 (30.1) 86.6 (34.9) 73.5 (23.7)

L95 67.9 (16.2) 63.7 (13.9) 76.5 (24.9) 70.6 (20.8) 68.3 (16.6) 64.1 (14.3) 77.3 (25.6) 70.1 (20.3)

L96 71.1 (19.4) 62.4 (12.6) 78.4 (26.7) 67.4 (17.7) 70.8 (19.1) 62.0 (12.2) 78.3 (26.6) 68.3 (18.5)

L97 69.2 (17.6) 61.2 (11.4) 75.1 (23.4) 75.2 (25.5) 69.7 (18.0) 63.7 (13.9) 75.7 (24.0) 75.6 (25.9)

L35 78.5 (26.8) 66.7 (17.0) 81.5 (29.8) 69.6 (19.8) 77.2 (25.5) 64.6 (14.9) 81.5 (29.8) 71.2 (21.4)

L36 64.2 (12.6) 53.8 (4.0) 69 (17.3) 67.5 (17.7) 62.6 (10.9) 53.0 (3.2) 70.8 (19.1) 69.5 (19.7)

All values have been rounded off to the nearest significant value after first decimal. Values in parentheses are the difference in temperature from the reference

Apo Tm values (italicized): PfPRS – 51.7�C, HsPRS – 49.8�C.
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L95, L96, L97, and L35 inhibit PfPRS at nanomolar concentration

We assessed the potency of all five compounds against PfPRS and HsPRS using enzyme inhibition assays . Since aminoacylation is a two-step

reaction, we studied the aminoacyl-adenylate complex formation andmeasured the release of pyrophosphate (PPi) via amalachite greendye-

based assay. Themeasured half-maximal inhibitory concentration (IC50) values for individual inhibitors L95, L96, L97, L35, and L36 are shown in

Figures 1F and 1G for PfPRS and HsPRS. HFG was used as a positive control to assure assay fidelity, considering it is an established PfPRS

inhibitor.13,31 The high potency of four of the five inhibitors (L95, L96, L97, and L35; except L36) is evident from their nanomolar IC50 values

for PfPRS (Figure 1F). L95 is the most potent against PfPRS compared to HsPRS (Figure 1; Tables 2 and S1). Furthermore, L96 (SI-IC50 = 10.6)

and L97 (SI-IC50 = 19.0) were discernibly selective toward PfPRS compared to the human counterpart in vitro,with L97 being themost selective

(Tables 2 and S1). L35 and L36 remain comparably non-specific, with SI-IC50 being �1, although L35 is nearly 20 times more potent than L36

against both Pf and Hs PRSs (Tables 2 and S1).

L95, L96, L97, and L35 in-cellular inhibition observed against parasite and mammalian cells

We assessed the in-cellulo potency of L95, L96, L97, L35, and L36 in addition to HFG, febrifugine (FF), chloroquine (CQ), and dihydroartemi-

sinin (DHA), which were used as controls. As expected, HFG is the most potent of all inhibitors screened. L35 is the most potent and selective

toward the parasite among the ATP mimetics, with an effective concentration (EC50) of�1.6 nM against Pf 3D7 culture and cytotoxic concen-

tration (CC50) values of 295 nM and 134 nM against ARPE19 and MDA231 cell lines, respectively (Figure 1; Tables 2 and S2). L95 is the second

most potent and selective among the ATP mimetics after L35, with an EC50 of 48.7 nM and CC50 values of 672 nM and 382 nM (see Figure 1;

Tables 2 and S2). Furthermore, although L96 is more potent than L97, it is more selective toward the parasite (SI-EC50 = 2.8 and 1.4 of L96 vs.

3.1 and 10.1 of L97, Tables 2 and S2). In line with the enzyme binding and inhibition analyses, L36 exhibited no significant inhibitory effect on

the parasitic or mammalian cell lines up to 2 mM.

Structural intricacies in PfPRS complexes with L95 and L97 in the presence of L-pro

To elucidate the structural basis of bindingmodes of ATPmimetics, assess the apparent higher thermal stability in the presence of L-pro, and

reveal insights into selectivity between the PfPRS and host HsPRS, we attempted to co-crystallize PfPRS with all five compounds in the pres-

ence of L-pro. We successfully obtained crystals for L95-bound PfPRS (PfPRS-L-pro-L95) and L97-bound PfPRS (PfPRS-L-pro-L97) in Morpheus

A9 and E11, respectively (Table 4). One PfPRS-L-pro-L95 monomer crystallized in the P 32 2 1 space group, while PfPRS-L-pro-L97 two dimers

crystallized in P 21 21 21. The superposition of 494 Ca-atoms of the two chains of AB dimer of L97-bound PfPRS shows a root-mean-square

deviation (RMSD) of 0.5–1 Å. The RMSD between 494 Ca-atoms of chains A of PfPRS-L-pro-L95 and PfPRS-L-pro-L97 monomer is low at

0.2–0.4 Å. The temperature factors reveal that the structures are well-ordered and display low mobility (Table 4). These structures showed

that ATP has a much more connected interaction network around its binding shell than either L95 or L97 (see Figures S2, 4C, and 4D).

Structural analysis of PfPRS-L-pro-L95 reveals L-pro bound in the amino acid pocket and L95 binding in the ATP pocket as it interacts with

PfPRS via multiple hydrophobic interactions, a pi-pi stacking interaction with Phe405 of PfPRS, three hydrogen bond interactions with the side

chain and main-chain atoms, and one water-mediated interaction with Arg390 (Figure 4C). PfPRS-L-pro-L97 displays a highly similar interac-

tion profile with PfPRS except for two additional interactions with Arg403—one pi-cation interaction and a hydrogen bond by the presence of

its fluorinated moiety (see Figure 4D). This added interaction degree could account for L97’s high potency against PfPRS.

Figure 5A shows L95 and L97 bound within the PfPRS protomer. As in Figure 5B, L97 fills up additional free space beyond L95 such that a

snug fit is achieved for the complex. For this, L97 induces rotameric displacements of Glu392, Lys394, Arg401, and Arg403 (Figure 5C). Arg401

seems to oscillate between two rotameric positions (wide-open and closed-locked) when PfPRS is bound to L95, but in complex with L97, it

gets locked into only the closed-locked position due to the steric hindrance by the 3-methylpyrazole moiety of L97 (Figure 5). Arg390 and

Lys394 also move outwards to accommodate the larger L97 molecule. Arg403, on the other hand, moves closer to the compound by the

two additional interactions it makes with L97 in contrast to L95. These rotameric configurations encourage the compounds to enter, fit in,

and sit well within the ATP pockets of these enzymes.

Table 2. Summary of all IC50, EC50, and Kd-mean values with the respective SI values on the basis of each parameter

CMP Pf-IC50 (nM) Hs-IC50 (nM) SI-IC50 Pf-EC50 (nM)

Hs-CC50 (ARPE19/

MDA231) (nM) SI-EC50 Kd-Pf (nM) Kd-Hs (nM) SI-Kd

HFG 2.8 10.9 3.9 0.2 ND/ND ND/ND 73.8 53.2 0.7

L95 21.7 45.6 2.1 48.7 672/382 13.8/7.8 277.8 28.0 0.1

L96 101.3 1078 10.6 283.7 783/393 2.8/1.4 87.5 4.7 0.1

L97 73.5 1399 19.0 356.5 1120/3600 3.1/10.1 221.7 2288.1 10.3

L35 81.8 76.0 0.9 1.6 295/134 185.5/84.3 288.1 123.7 0.4

L36 1771 1953 1.1 2763 ND/ND (>2 uM) ND/ND 393.4 1478.0 3.8

All values have been rounded off to the nearest significant value after first decimal.
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Selectivity of L95 and L97 toward PfPRS based on structural features with HsPRS

Our selectivity analyses reveal L97 tobe themost selective towardPfPRSwhencompared toHsPRS (Figures 1F and1G; Tables 2 andS1).Only L97

was identified as selective toward PfPRS among the other compounds tested. To explore the structural basis of the selectivity of L95 and L97, we

aimed to compare their interaction profiles in complexes with PfPRS andHsPRS. Our group recently communicatedwork on another intracellular

parasite, Toxoplasma gondii (Tg) PRS, wherein the same novel ATP mimetics were explored and described via structural complexes with both

TgPRS and HsPRS.34 The overall folds of the Pf and Hs PRS dimers were similar to those in previously reported structures.13–15,17,18,29,35 Utilizing

theHsPRS complexeswith L95 and L97 fromour previously communicated study, weused structural comparisons betweenPf andHs complexes.

Intriguingly, Thr478 (Thr1240 in Hs) is seen in two rotameric conformations—the hydroxyl group facing the ligand in Pf is in contrast to it

facing away in Hs (see Figures 4C, 4D, 6A, and 6B). In addition to rotameric differences, the interaction profiles of L95 in PfPRS-L-pro-L95 and

HsPRS-L-pro-L95 are identical except for an additional water-mediated hydrogen bond between the phenylacetamide moiety of L95 and

Arg390 of PRS in PfPRS-L-pro-L95 which is absent in the Hs complex (Figures 4C, 4D, and 6A). This extra hydrogen bond could explain

the higher potency of L95 against PfPRS compared to HsPRS. Arg401 (Arg1163 in Hs) is seen in two rotameric configurations (wide-open

and closed-locked [as in PfPRS-L-pro-L97]) in PfPRS, but in HsPRS, only the wide-open conformation of Arg1163 (Arg401 in Pf) is observed.

HsPRS interacts with L95 also by Pro1158 (Pro396 in Pf) and Arg1278 (Arg514 in Pf) as well (see Figure 6A).

Furthermore, L97 makes three additional hydrogen bonds with Glu1154, Gln1237, and Arg1278 in HsPRS-L-pro-L97 (Figure 6B). This sce-

nario wouldmake L97 a better inhibitor with stronger binding; however, it lacks the pi-cation interaction and the hydrogen bondwith Arg1165

in HsPRS, as seen with Arg403 in PfPRS-L-pro-L97 (Figure 6B). This indicates a better binding of L97 to PfPRS—although melt temperature

values reveal thermal stability and selectivity tending toward HsPRS (Figure 2). Moreover, Arg401 in PfPRS (Arg1163 in Hs) appears to have

a more closed-locked conformation, which might be another reason for its more thermally stable complex (Figures 2 and 6B). These data

correlate with the relative thermal stability of complexes and enzyme inhibition assays.

Pyrrolidine-based vs. pyrazinamide-based ATP mimetics

NCP26 and other pyrazinamide-based ATP mimetics recently described by Tye et al. exhibit sub-micromolar potencies against the ABS of

Pf.27 Notedly, NCP26, 34, 35, 36, and 40 are highly potent, evident from their EC50 values of 67.4 nM, 6.8 nM, 18.7 nM, 18.7 nM, and

21.9 nM (Table S3). Furthermore, they bind with high affinities, but they also encounter similar selectivity concerns as with the pyrrolidine-

based ATP mimetics described in this study (see Table S3). L35 remains the most potent against ABS of Pf at an EC50 of �1.6 nM among

all these inhibitors. None of the most potent inhibitors described from the two chemotypes, pyrazinamides or pyrrolidines, exhibit more

than 1003 selectivity. However, an interesting observation is that pyrrolidines seemmore selective toward Pf than pyrazinamides, as indicated

by the cellular, enzymatic and Kd-based SI values (Tables 2 and S1–S3).

Regarding the resistance-conferringmutations for these two chemotypes, we compared the crystal structure determined binding sites of the

most potent derivatives of both scaffolds inmutant lines generated inPf for the pyrazinamide scaffold (NCP26) andTg for the pyrrolidine scaffold

(L35) as described by Tye et al. and Manickam et al. previously.27,34 For NCP26, the mutants generated included PRS variants PfPRS-F405L and

PfPRS-T512S,while forL35,TgPRS-T477AandTgPRS-T592Smutantswereaccounted for (seeFigure6). There ishighconservation in theATPbind-

ing (9 of 10) and L-pro binding (5 of 6) residues between the Pf and Tg PRSs (see Figure S1). Interestingly, the PfPRS-F405L mutant had a copy

number variation of �3-fold amplification with 1 mutant and 2 wild-type (WT) alleles, which was not the case in the PfPRS-T512S mutant.34 For

Table 3. Statistical and Kd parameters of HFG, L95, L96, L97, L35, and L36 with Hs and Pf PRSs

S. No CMP Kd-Pf (nM) (n = 1, 2) aRA bSER cSTN

Kd-Hs (nM)

(n = 1, 2) aRA bSER cSTN

1 HFG 74.8, 72.9 9.8, 6.7 1.9, 1.2 6.3, 6.6 42.4, 61.9 11.2, 50.7 0.6, 2.0 22.5, 30.4

2 L95 312.7, 242.9 8.2, 26.9 1.7, 1.9 5.6, 15.7 20.8, 35.2 10.1, 46.0 0.8, 1.1 14.7, 49.5

3 L96 96.4, 78.6 8.0, 8.4 1.7, 1.4 5.4, 7.3 4.0, 8.2 6.7, 12.9 0.2, 0.7 43.2, 20.6

4 L97 242.7, 200.7 9.3, 7.2 0.7, 0.7 17.2, 12.0 1994.7, 2581.4 17.4, 35.0 0.5, 0.9 39.5, 46.1

5 L35 258.1, 318.2 7.5, 12.3 0.5, 1.7 18.8, 9.2 123.8, 123.7 11.4, 7.6 2.1, 0.3 6.4, 28.0

6 L36 412.5, 374.3 26.9, 10.4 1.5, 0.7 21.0, 17.5 1164.8, 1791.1 20.1, 50.0 0.5, 0.9 46.0, 61.5

All values have been rounded off to the nearest significant value after first decimal.
aRA, Response Amplitude (RA).
bSER, Standard error of regression.
cSTN, Signal to noise.

Figure 3. Binding affinity determination via microscale thermophoresis (MST)

Analyses for Kd determination of compounds involved in this study was done via MST using the Monolith Analysis Nano Temper Software. Unlabeled ligands

HFG, L95, L96, L97, L35, and L36 were titrated into a fixed concentration (100 nM) of labeled PfPRS (left column) and HsPRS (right column) in the presence of

100 nM L-proline and 1 mM ATP in two independent replicate experiments (n = 2). Computed Kd-mean values are shown alongside each dose-response curve

in bold. For individual Kd and statistical parameters, please refer to Table 3.
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Tg theT592Sconfers an�33drop inparasite susceptibility to L35whileT477Aconfers an�63drop (L35-EC50:WT—27nM,T477A—186nM, and

T592S—76nM).34Additionally, T477A variant lines exhibit growth impairment, demonstrating a trade-offmechanism theparasite utilizes for drug

pressure relief.34 The corresponding threonines 512 and 592 in Pf and Tg mutate to serine 512 and 592 (see Figure 7).34 This loss of the methyl

substituent on the residue’s beta carbonmight be causing the compound to ‘‘lock in and bind’’ less. This is more pronounced in the relative po-

sitions of themutated residues (Figure 7). Via performing interaction analysis on in-silicomutatedproteins, it was observed that the F405Lmutant

causes a loss of the pi-pi stacking interaction between the 6-methylpyridine and piperazine cores of L35 and NCP26. The T512S/T592S mutation

alsoperturbs theH-bondnetworkaround the compound—as the change toserine causesadecrease inH-bonds that theO-atommakes from4 in

the case of threonine to 2. The lost H-bond interactions in the case of serine are the ones with themain chainN-atoms of T593 and R594 in the Tg

enzyme.

DISCUSSION

The aaRSs have progressed intomolecular targets formany diseases due to their essential nature to accomplish protein translation and highly

conserved evolutionary relationships.6,36–39 The multiple pockets in the active sites within aaRSs enable multiple targeting and allow for the

Table 4. Summary of data collection and refinement statistics

PfPRS-L-pro-L95 PfPRS-L-pro-L97

PDB code 7F96 7F97

Data collection

Space group P 32 2 1 P 21 21 21

Cell dimensions

a, b, c (Å) 103.61, 103.61, 128.04; 82.02, 140.60, 187.09;

a, b, g (�) 90.0, 90.0, 120.0 90.0, 90.0, 90.0

Resolution (Å) 48.02–2.58 (2.64–2.58) 93.77–2.25 (2.31–2.25)

I/sI 26.1 (3.7) 8.4 (1.8)

Completeness (%) 99.4 (92.5) 100 (100)

Redundancy 19.5 (17.1) 13.2 (13.5)

CC1/2 (%) 100 (90.0) 99.0 (99.6)

No. of unique reflection 25534 (1720) 104091 (7634)

Refinement

Resolution (Å) 38.54–2.57 (2.67–2.57) 41.90–2.39 (2.42–2.39)

No. of reflections/test set 25460/1273 85960/4298

Rwork/Rfree (%) 15.5/19.1 17.5/23.2

No. of modeled protein residues 487 487 + 481 + 478 + 475

Total no. atoms 4057 16025

Protein/Water 3949/72 15772/56

Ligand (non-H atoms) L95/L97 + L-Pro 36 (28 + 8) 172 (35 + 8, 35 + 8, 35 + 8, 35 + 8)

Ions/Solvent moleculesa 0/0 11/14

Average B-factors (Å2) 62.0 74.0

RMSD

Bond lengths (Å) 0.007 0.006

Bond angles (º) 0.955 0.874

Ramachandran plot

Favored/Allowed/Outliers (no of residues) (%) 98 (474)/2 (9)/0 (1) 96 (1828)/3 (64)/1 (5)

Clash score 3 7

Disordered Regions A – 330–334, 700-704 A – 250–251, 699-706

B – 250–251, 327–335, 701-705

C – 250–251, 328–334, 698-707

D – 250–251, 331–337, 549–552, 698-706

Values in parentheses are for the highest resolution shell.
aIons: Cl and solvent molecules: 1,4-Butanediol and hexane-1,6-diol.
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Figure 4. Structural interactions made by L95 and L97 with PfPRS

A molecular surface representation of the PfPRS dimer is shown in the center of the montage—with the protein surface (gray) and the ATP binding sites wherein

L95 (olive drab) and L97 (salmon) bind are visible.
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selective design of inhibitors, as some of these pockets consist of organism-specific features revealed upon deeper structural scrutiny.16,17

Along these lines, many existing inhibitors of aaRSs are essentially natural substrate-competitive compounds.8,23,40,41 ATP mimetics are

one such class of promising compounds that can be explored by targeting the ATP-binding pocket on aaRSs.30,32,42

Here, we examined five ATPmimetics (termed L95, L96, L97, L35, and L36) selected from a library of compounds designed by Takeda Phar-

maceutical Company Limited against P. falciparum and human PRSs (PfPRS andHsPRS) to assess their potency and selectivity as inhibitors. All

five mimetics have better binding stability with PRSs in the presence of L-pro (see Figure 2). The L35 and L36 are S and R enantiomers, but L35

has the highest thermal stability with PfPRS—close to that with HFG—while L36 forms the least thermally stable complex. Nevertheless, it is

clear that in the presence of substrate L-pro (i.e., when the L-pro pocket is occupied), the complexes with both PfPRS and HsPRS are either

comparably or more thermally stable. This scenario indicates a cooperative binding mechanism with Pf and Hs PRSs in the presence of L-pro

for ATP site binders.

Interestingly, in the presence of ATP alone, the stability of the complexes appears to remain constant or erode when compared to stability

profiles in thepresenceofL-pro. Summarily, L35was themostpotent andselective toward theparasite incell-basedassays, followedbyL95,which

has the highest inhibitory potency against both the Pf andHs PRS enzymes. Interaction profiles of L35 and L36 with PfPRS remain currently unex-

ploreddue to the lack of diffraction-quality crystals. A particular trend for enantio-preference for the S enantiomer compared to the R one isman-

ifested in the case of the L35-L36 pair, which warrants further exploration. Structural elucidation via two high-resolution three-dimensional struc-

turesof L95 andL97 in complexwithPfPRS reveal L97with twoadditional interactionswithArg403ofPfPRS. L97 is an interestingcompoundmainly

because it is themost selective against theparasite both in termsof IC50 (SI-IC50=19) andKd (SI-Kd=10.3) (seeTables2, 3, S1, andS2). SI-Kd values

also show the least potent compoundagainst the enzymeandABSof theparasite, L36 (SI-Kd = 3.8), to be the secondmost selective in terms ofKd

Figure 4. Continued

(A and B) Composite omit maps generated at �2.6 Å and 2.4 Å resolution, contoured at 1.5 s, show bound L95 (olive drab) and L97 (salmon) respectively with

L-pro (forest green), confirming their presence in the ATP binding site within PfPRS.

(C and D) Molecular interactions made by L95 (olive drab) (C) and L97 (salmon) (D) with PfPRS are also displayed. Dashed black lines depict water-mediated

interactions, cyan depicts pi-pi stacking interactions, and green points to the pi-cation interactions, while the dashed red lines show the hydrogen bond

interactions. Bonds with main-chain N/carbonyl groups are depicted by a capital N/C on the ribbon representation.

A

C

B

Figure 5. Comparing L95 and L97 bound PfPRS structures

(A andB) An overlay of L95 (olive drab) and L97 (salmon) within the ATP binding pocket in presence of L-pro (forest green) is shown in (A), and (B) shows the same in

molecular surface representation depicting the snug fit of the compounds within the protomer catalytic cavity.

(C) The molecular agility exhibited by PfPRS active site to accommodate L95 and L97 in comparison to each other.
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toward thePfenzyme. In contrast, all other compoundsdisplay selectivity toward the humanenzyme (seeTables2, 3, S1, andS2). Intriguingly, L35,

which is the most selective in terms of EC50 values (185.5/84.2), has a fractional SI-Kd (SI-Kd = 0.4) (Tables 2, 3, S1, and S2).

The ATP-binding pocket, one of the three druggable pockets on aaRSs, is a promising site to target the enzyme, and thus, ATP mimetics

hold potential as inhibitors. In this context, it is essential to consider that ATPmimetics can be indiscriminate and have adverse off-site effects.

Recently, Adachi et al. designed compounds that competitively bind to the ATP pocket ofHsPRS as anti-fibrosis inhibitors.32,42 Many of those

compounds also had anti-plasmodial effects evident from low EC50 values, as shownbyOkaniwa et al., 2021.33 The current understanding sup-

portedby suchevidencesuggests thatbecauseenzymes recognizeATPbyahighly uniqueandspecificmolecularmechanism, thepossibility of

off-site targets of specifically designedATPmimetics for an enzyme based on a structure can be low for a select few. However, the problem of

not achieving orthologous selectivity remains due to the highly conserved pockets for ATP catalysis in the same enzyme inmultiple organisms.

To achieve selectivity for different scaffolds in the case of PRS and other aaRSs, one could envision derivatizing each scaffold for a particular

organismbyexploiting subtle structural differences such that a specific core canbeworkedupon to inhibit thatorganismspecifically. The selec-

tivity distinctionbetween thepathogenandhost PRS is paramount for successful drugdevelopment efforts, andATP-mimeticsmaybe aprom-

ising option. The possibility of ATPmimetics having the potential to be exploited for designing target-specific and organism-selective tandem

inhibitors along with quinazolinone-based inhibitors (QBIs) is encouraging.29,34 The principles of structure-based targeting of orthologous

pathogen proteins (STOPP) and STOMP have the potential to propel current drug design and development efforts to fruition.16,29

Limitations of the study

This study lacks malaria model experiments in animals, which would be very informative for understanding the drug-like properties of the

compounds studied here. Also, a wider variety of ATP mimetics based on these compounds may have provided better starting points for

lead inhibitor development.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:
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Figure 6. Structural overlay showing distinct active site configurations induced by L95 and L97 among PfPRS and HsPRS

(A and B) An overlay of only the distinct interacting residues among PfPRS andHsPRS with (A) L95 (PDB IDs: 7F96 and 7F98) and (B) L97 (PDB IDs: 7F97 and 7F9A) is

shown. Differing side-chain rotameric configurations can be seen.
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Glycerol HiMedia GRM1027

Imidazole HiMedia GRM559

Maltose Monohydrate Sigma-Aldrich 6363-53-7

Potassium Chloride Sigma-Aldrich 7447-40-7

Magnesium Chloride Sigma-Aldrich 7786-30-3

Tween 20 Sigma-Aldrich 9005-64-5

L-proline Sigma-Aldrich 147-85-3

Na-ATP Sigma-Aldrich 34369-07-8

Hypoxanthine Sigma-Aldrich 68-94-0

Gentamicin Sigma-Aldrich 1405-41-0

Saponin Sigma-Aldrich 8047-15-2

Deposited data

PDB ID – 7F96; Plasmodium falciparum Prolyl-tRNA

Synthetase (PfPRS) in Complex with L-proline

and compound L95

This Paper https://doi.org/10.2210/pdb7F96/pdb

PDB ID – 7F97; Plasmodium falciparum Prolyl-tRNA

Synthetase (PfPRS) in Complex with L-proline

and compound L97.

This Paper https://doi.org/10.2210/pdb7F97/pdb

Experimental models: Cell lines

Plasmodium falciparum 3D7 Strain BEI Resources MRA-102

Software and algorithms

Protein Thermal Shift Software Applied Biosystems

by Thermofisher

https://www.fishersci.fi/shop/products/

protein-thermal-shift-software-v1-4/15440340

GraphPad Prism Version 6.0.0 for Windows GraphPad Software, San Diego,

California, USA.

www.graphpad.com

NanoTemper Monolith Instrument (NT.115)

Control and Analysis Software Package

NanoTemper https://nanotempertech.com/

microscale-thermophoresis/

DIALS, CCP4. Winter et al., 201848 https://www.ccp4.ac.uk/download/#os=mac

Phenix Adams et al., 201050 https://phenix-online.org/download/

Phaser McCoy et al., 200749 Within Phenix

Coot Emsley et al., 200451 https://scottlab.ucsc.edu/xtal/coot/

Chimera Pettersen et al., 200454 https://www.cgl.ucsf.edu/chimera/download.html
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RESOURCE AVAILABILITY

Lead contact

Further information and request regarding the resources should be directed to the lead contact, Siddhartha Mishra (siddhartha96123@

gmail.com).

Materials availability

This study did not generate any new unique reagents.

Data and code availability

� The PDB IDs 7F96 and 7F97 have been deposited at the Protein Data Bank and are now publicly available. The link for the same is avail-

able in the key resources table.
� No new original code was generated within this study to be made publicly available.

� Any additional information required to re-analyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This study uses the 3D7 Plasmodium falciparum strain from BEI resources with identifier MRA-102 for the in vitro experiments. No in vivo or

human studies have been performed as part of this study.

METHOD DETAILS

Protein purification

P. falciparum PRS and H. sapiens PRS were purified following previously published methods.17 Briefly, protein expression was induced by

adding 0.6 mM isopropyl b-D-thiogalactopyranoside (IPTG) to cells grown at 37�C for 4 h and 18 h post-induction at 18�C. Cells were har-

vested by centrifugation at 4500 g for 20 min. The bacterial pellet was suspended in a buffer containing 50 mM Tris–HCl pH 8.0, 200 mM

NaCl, 3 mM bME, 15% v/v glycerol, 0.1 mg mL�1 lysozyme and EDTA-free protease inhibitor cocktail (Roche). Cells were lysed by sonication

and cleared by centrifugation at 13000 g for 45 min. The cleared supernatant with MBP and His6 tagged proteins was applied to amylose

beads (NEB) or NiNTA beads (GE). Protein was eluted with buffer 50 mM Tris–HCl pH 8.0, 200 mM NaCl, 10 mM b-mercaptoethanol

(bME), and 25 mM maltose or increasing concentration gradient of imidazole from 10 mM to 1 M, respectively. The eluted protein fractions

were dialyzed against 30mMHEPES pH 7.5, 20mMNaCl, 1mMDTT, and 0.5mMEDTA (buffer A). The protein was further purified by heparin

chromatography (GE Healthcare) using NaCl gradients with buffer B containing 30 mMHEPES pH 7.5, 500 mMNaCl, 1 mMDTT, and 0.5 mM

EDTA. A protein peak was found at 40% buffer B. The tags (MBP and His tag) were removed by incubating with TEV protease at 20�C over-

night. Cleaved PfPRS andHsPRS proteins were concentrated using a 10 kDa cut-off Centricon centrifugal device (Millipore) and purified by gel

filtration chromatography on Superdex 200 column 16/60GL (GEHealthcare) equilibratedwith 20mMHEPES pH 7.5, 200mMNaCl and 2mM

DTT. Bovine serum albumin (66 kDa, Sigma) was used as a standard for molecular mass estimation. SDS-PAGE checked eluted fractions, and

pure ones were pooled, concentrated and stored at �80�C.

Thermal stability assays

Fluorescence-based TSAs were performed to assess the binding potencies of the five novel ATP mimetics for PfPRS and HsPRS in the pres-

ence or absence of substrates (L-pro and ATP). Purified PRS enzymes with their substrates and inhibitors were heated from 25�C to 99 �C at

1 �C min�1. A quantitative real-time PCR system monitored fluorescence signals of the SYPRO orange dye (Life Technologies). The ’Enzyme:

Compound’ ratiosmaintained were 1:50 for the Pf (1:50 mM) enzyme and 1:100 for theHs (1:100 mM) enzyme. The substrates were at saturating

concentrations of 2 mM. The high ratio with the human enzymewas utilized to capture any sub-populations Tm for any specific condition. The

displayedmelt temperature averages threemeasurements, and data were analyzed using Protein Thermal shift software (v1.3, Thermofisher).

The controls used included the inhibitors and substrates alone in assay buffers, and no PRS enzyme and flat lines were observed for these

fluorescence readings across the temperatures. HFG was used as an additional positive reference for the assay. Analysis of specific mixed

species of ’enzyme-ligand’ complexes was performed. The ’Rule of Elimination’ was utilized to analyze unique individual melt temperatures

when multiple products/complexes are likely to be formed in the reaction well. This was not done based on the peak height (the ratio of the

areas under the different peaks might shed light on the fraction of sub-populations). For instance, in a situation where the control/previous

Continued
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experiment shows T1 is the Tm for some condition C1 and for a condition C2 two peaksmanifest at temperatures T1 and T2. In this case, while

analyzing the Tm for C2, we followed T2 and not T1.

Enzyme inhibition assays

All enzymatic assays were done as per previously established methods.16,43 Standard aminoacylation buffer reagents include 30 mM HEPES

buffer (pH 7.5), 140mMNaCl, 30mMKCl, 40mMMgCl2, 1mMDTT, 25 mMATP, 25 mML-pro and 400 nM recombinant PRSs. For the inhibition

assays in particular – the compounds were incubated with the novel ATP mimetics at 50 mM to 0.05 nM in 100 mL and incubated for about

100 min at 37�C. Guidelines for deciding on the concentration and incubation time for computing half-maximal values have been explored

by Jarmoskaite et al..44 This allowed us to use the best combination that provided for plateauing of the readout and the colorimetric visual

saturation of the aminoacyl-adenylate forming reaction. Figure S4 shows the rationale for using this concentration and incubation time regime

for the PRSs.

Consequently, normalized percentage inhibition of aminoacylation activity was plotted as a function of the log of compound concentra-

tion. Data were fit to a sigmoidal curve for nonlinear regression analysis usingGraphPad Prism version 6.0.0 forWindows, GraphPad Software,

San Diego, California USA, (www.graphpad.com). Selectivity Indices were computed by arithmetically dividing the host parameter by the

parasitic parameter, i.e., the IC50 of the human enzyme divided by that of the plasmodium enzyme.

P. falciparum culture and assays

Plasmodium falciparum 3D7 strain was cultured in O+ erythrocytes in RPMI 1640 (Invitrogen, USA) supplemented with 0.1 mM hypoxanthine

(Invitrogen, USA), 25 mg mL�1 gentamicin (Invitrogen, USA) and 0.5% AlbuMax-I (Invitrogen, USA), according to standard methods.45 Para-

sites were sorbitol-treated in ring stages to maintain a synchronized culture.46 Plasmodium falciparum was cultured in 96-well plates and syn-

chronized at ring stages. All compounds were prepared as stocks at 20 mM in 100% DMSO. At �1% parasitaemia and 4% haematocrit, in-

hibitor concentrations ranging from 0.001 nM to 10 mM were incubated for 48 h with the parasites. Growth was assayed by SYBR green-I

(Molecular probes) DNA staining assays as described earlier.47 Briefly, 100 mL SYBR green dye in 23 concentration in lysis buffer supple-

mented with 0.1% saponin was added to each well. After 45 min incubation at 37�C, fluorescence was estimated using a multi-well plate

reader (Victor 3, PerkinElmer) with excitation and emission wavelength bands centered at 485 and 530 nm, respectively. CQ and Dihydroar-

temisinin (DHA) were taken as positive controls, and all experiments were in triplicates. The EC50 values were obtained by plotting fluores-

cence values expressed in terms of the percentage of parasite growth at each inhibitor concentration. Analyses were done using nonlinear

regression analysis with GraphPad Prism 6 software. All data are shown for two biological replicates, each with three technical replicates as

means with standard errors. These data with previously published ARPE19 and MDA231 cell lines toxicity screen data of CC50 were used to

compute cellular and enzymatic selectivity indices (See Tables 2 and S2).

Binding affinity (Kd) determination via Microscale Thermophoresis

A NanoTemper Monolith Instrument (NT.115) was used for measuring thermophoresis. Purified PfPRS and HsPRS were labeled with the Red-

NHS 2nd generation lysine-labelling dye. All compounds including HFG, L95, L96, L97, L35 and L36 were titrated (0.0005 nM–5 mM) against

100 nMof labeled PfPRS andHsPRS in 20mMHEPESpH7.5, 200mMNaCl, 2mMDTT, 10mMMgCl2 and 0.05%Tween 20 buffer in addition to

100 nM L-proline and 1mMATP in two independent replicate experiments (n= 2). The sampleswere incubated at room temperature for 30min

and were loaded into MST hydrophilic-treated premium glass capillaries. MST was performed using 100% excitation and 40% MST power at

30�C. All Kd values were computed by guidance of validation by acceptable statistical range parameters (RAR 6; Signal to Noise Ratio (STN)

R 2; Standard error of regression (SER)% 3) and analyzed using Nano Temper software (https://support.nanotempertech.com/hc/en-us/ar-

ticles/18006927752209-Monolith-NT-115-User-Manual-). Kd-mean values were calculated for each and have been displayed in bold in Figure 3.

HFG was used as a positive control to check if MST is a reliable methodology (Figure S5). The drastically reduced Kd value of HFG with both

natural ligands compared to that with the apo HsPRS aligned with previously computed values (Figures 3 and S5).41

Crystallization

Highly purified PfPRS enzyme at 12–15 mg mL�1 was used for crystallization via the hanging-drop vapour-diffusion method at 20�C using

commercially available crystallization screens (Hampton Research and Molecular Dimensions). Initial screening was performed in 96-well

plates using a nanodrop dispensing Mosquito robot (TTP Labtech). Three different drop ratios of purified protein and reservoir (i.e., 1:1,

2:1 and 1:2 drop ratios) were used for the crystallization trials. Each drop was equilibrated against 100 mL of the corresponding reservoir so-

lution. Before crystallization, 1 to 3 mM compounds and 2 mM L-Pro were added to the PRS enzyme, and the mixtures were incubated at 4�C
for 10 min. The diffraction quality crystals were obtained at 20�C by the hanging-drop vapour-diffusion method. The crystallization conditions

and relevant statistics for each enzyme-inhibitor complex are listed in Table 4.

Structure determination and analyses

The X-ray diffraction preliminary datasets were collected on beamline I03 at Diamond Light Source, United Kingdom. Final data collection was

performed in SOLEIL PROXIMA 1. The auto-processing pipelines processed the data using DIALS48 and XDS for integration. The initial

models were determined by the molecular replacement method using Phaser49 and PDB 4YDQ (PfPRS-HFG-AMPPMP)41 as the template.
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The structures were refined by iterative cycles with Phenix50 and model building with COOT.51 Map interpretations and model building were

based on electron densities in Fourier (Fo� Fc) and 2Fo� Fc maps. Model building was guided bymanual inspection of themodel and Rfree in

all stages. The substrate/inhibitor and water molecules were added based on the difference Fourier maps (Fo � Fc). The occupancies of the

ligand molecules were refined, and highly disordered loop regions were not included in the final model. The stereochemical quality of

the models was assessed and corrected usingMolProbity.52 The summary of the refined parameters is given in Table 4. All interactions within

the protein assemblies and with the ligands were assessed utilizing the PLIP server.53 The figures were prepared using Chimera.54

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses for all the assays have been performed utilizing rational approaches of data interpretation. Aminimumof two independent

replicates with technical triplicates were utilized for computation with means as standard errors. Correlation coefficients of the IC50 and EC50

assays were computed with the aid of GraphPad software. Assay fidelity was trusted upon with a threshold of 0.7 for the R2 values. MST and

TSA data were analyzed using arithmetic mean rationales. Individual datasets of the MST and TSA experiments were selected only when in-

dividual statistics were in acceptable ranges as mentioned in the method details of each.
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