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Abbreviations: Ac, acetyl; aKA, a-ketoamide; All, allyl; ACT, artemisinin-based combination 

therapy; ART, artemisinin; BOC, tert-butyloxycarbonyl; BOP, benzotriazole-1-yl-oxy-tris-

(dimethylamino)-phosphonium hexafluorophosphate; tBu, tert-butyl; Cpg, cyclopentylglycine; 

Dab, 2,4-diaminobutyric acid; Dabsyl, 4-dimethylaminoazobenzene-4’-sulfonyl; Dap, 2,3-

diaminopropionic acid; DCM, dichloromethane; DIEA, diisopropylethylamine; DMF, 

dimethylformamide; DMP, Dess-Martin Periodinane; DMSO, dimethylsulfoxide; DODT, 3,6-dioxa-

1,8-octanedithiol; EDANS, 8-(2-aminoethylamino)-1-naphthalenesulfonic acid; EtOAc, ethyl 

acetate; Fmoc, fluorenylmethyloxycarbonyl; FRET, Fluorescence Resonance Energy Transfer; 

HATU, 1-[[(dimethylamino)methylene]-N-methylmethanaminium]-1H-1,2,3-triazolo[4,5-

b]pyridinium-3-oxide hexafluorophosphate; Hex, hexane; LC-MS, liquid chromatography coupled 

to mass spectrometry; Mtt, 4-methyltrityl; NMP, N-methyl-pyrrolidone; PDB, protein data bank; 

Pip, piperidine; PS, polystyrene; RMSD, root mean square deviation; RP-HPLC, reverse phase high 

performance liquid chromatography; SAR, structure-activity relationships; TEA, triethylamine; TFA, 

trifluoroacetic acid; TFE, trifluoroethanol; THF, tetrahydrofuran; TIS, triisopropylsilane; TNBS, 

trinitrobenzenesulfonic acid; Tza, tetrazolylalanine. 
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ABSTRACT. 

Plasmodium multi-resistance, including against artemisinin, seriously threatens malaria treatment 

and control. Hence, new drugs are urgently needed, ideally targeting different parasitic stages, 

which are not yet targeted by current drugs. The SUB1 protease is involved in both hepatic and 

blood stages due to its essential role in the egress of parasites from host cells, and, as potential new 

target, it would meet the above criteria. We report here the synthesis as well as the biological and 

structural evaluation of substrate-based a-ketoamide SUB1 pseudopeptidic inhibitors encompassing 

positions P4-P2’. By individually substituting each position of the reference compound 1 (MAM-

117, Ac-Ile-Thr-Ala-AlaCO-Asp-Glu(Oall)-NH2), we better characterized the structural 

determinants for SUB1 binding. We first identified compound 8 with IC50 values of 50 and 570 nM 

against Pv- and PfSUB1, respectively (about 3.5-fold higher potency compared to 1). Compound 8 

inhibited P. falciparum merozoite egress in culture by 37% at 100 µM. By increasing the overall 

hydrophobicity of the compounds, we could improve the PfSUB1 inhibition level and antiparasitic 

activity, as shown with compound 40 (IC50 values of 12 and 10 nM against Pv- and PfSUB1, 

respectively, IC50 value of 23 µM on P. falciparum merozoite egress). We also found that 8 was 

highly selective towards SUB1 over three mammalian serine peptidases, supporting the promising 

value of this compound. Finally, several crystal 3D-structures of SUB1-inhibitor complexes, 

including with 8, were solved at high resolution to decipher the binding mode of these compounds. 

 

 

Keywords: Malaria; SUB1 inhibitors; a-ketoamides; pseudopeptides; SAR; crystal structures. 
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1. Introduction 

In 2021, 247 million cases of malaria and 619,000 deaths were reported worldwide, representing a 

significant decline in mortality since 2000, partly due to the massive and coordinated use of 

artemisinin (ART)-based combination therapy (ACT) [1]. However, the decrease rate has been 

slower since 2014 and an increase is observed since 2020, which is presumably related to service 

disruptions during the COVID-19 pandemic and shows the fragility of progress in malaria control. 

Importantly, the efficacy of ACTs in South-East Asia has been worryingly decreasing since 2008, 

due to the emergence of ART-resistance, thus impacting the global strategy to fight this major 

infectious disease [2,3]. The recent emergence of ART-resistant P. falciparum in Africa, where 

95% of the deaths occurred, in combination with Anopheles resistance to insecticides, worringly 

menaces the control of malaria burden [4-7]. Therefore, this situation reinforces the need for the 

development of new antimalarials, particularly targetting novel pathways essential at different 

stages of Plasmodium life cycle. Targeting Plasmodium hepatic and blood schizonts is a priority 

mentioned by Medicines for Malaria Venture (MMV) [https://www.mmv.org], since these stages 

correspond to parasite asexual multiplication in humans. The egress of merozoites from schizont-

infected hepatocytes and erythrocytes is a yet untargeted essential step that strictly depends upon a 

cascade of parasite proteases, thus defining these enzymes as potential novel drug targets distinct 

from those addressed by existing anti-malarials. 

The Plasmodium subtilisin-like protease 1 (SUB1) [8] is a key player during the finely regulated 

egress of merozoites from host-infected cells and has been defined as a highly promising target. 

Indeed, SUB1 is crucial for merozoites egress from both infected erythrocytes [9] and hepatocytes 

[10,11], and their subsequent invasion into new erythrocytes [12]. It has also recently been shown 

to be essential for the egress of male gametes, thus being involved in Plasmodium transmission to 

its vector, the Anopheles mosquito [13]. This SUB1 multi-stages pivotal role implies that SUB1-

specific inhibitors would have both prophylactic, therapeutic and transmission blocking properties, 

and therefore would fulfil the criteria expected for the next generation of anti-malarials, i.e. 

targeting all Plasmodium life cycle phases in human [14,15]. Furthermore, SUB1 active site is 

similar to bacterial subtilisins and thus significantly differs from human serine peptidases, which 

should be favourable for inhibitor selectivity [16,17]. In addition, an unusual feature of SUB1 is 

that its binding site allows interaction with not only the non-prime but also the prime side residues 

of its substrates, which significantly broadens the possibilities of designing effective inhibitors 

[18,19]. Finally, the crystal structures of full-length SUB1 from P. vivax (PvS1FL) [20] and P. 

falciparum (PfS1FL) [21], the two most devastating human-infecting parasites, have been reported. 

Both structures showed the SUB1 catalytic domain in complex with its cognate propeptide. 

Furthermore, the 3D structures of the active propeptide-free PvS1 catalytic domain (PvS1CD) and of 
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its complex with a substrate-derived pseudopeptidic inhibitor MAM-117 (here named reference 

compound 1, see below) have recently been described [19]. The Pf/PvS1 structures showed that 

both active sites are virtually identical, which is consistent with the observed similar inhibition (Ki 

values of » 10 µM) of both enzymes by the substrate-based inhibitor, JMV5126 [20]. 

Several SUB1 inhibitors have been discovered by following two approaches. The first one was the 

random screening of small molecule libraries that led to identify only poorly effective inhibitors 

with negligible prospects for optimization [9,17,22-24]. The more rational second approach aimed 

at developping structure- and mechanism-based pseudopeptidic inhibitors derived from (i) SUB1 

native substrates and containing an electrophilic ketone (i.e. a-ketoamide and 

difluoromethylketone) [18,20,25,26] or (ii) natural serine protease inhibitors [27,28]. However, 

despite some of these compounds had micromolar range inhibitory activity, most of them were 

devoid of significant effect on parasite growth in vitro, possibly because of low stability and/or cell 

permeability. A series of peptide-boronates showing PfS1 inhibitory potencies in the nanomolar 

range and able to inhibit P. falciparum merozoites egress at the micromolar range has recently been 

reported [29,30], supporting the promising potential of SUB1 as an anti-malaria target. Whereas 

these compounds were shown to be selective toward serine peptidases of the S1 family [31], they do 

not contain P’ residue, which could increase the risk of limited selectivity on other enzymes. Also, 

nothing is known regarding their potential impact on P. falciparum stages that lack SUB1 to 

evaluate eventual off-target antiparasitic effect. 

Following the report of the pseudopeptide JMV5126 (Figure 1) [20], we pursued the development 

of inhibitors containing the a-ketoamide (aKA) serine peptidase targeting warhead. In the aKA 

group, the electrophilic ketone located between the P1 and P1’ residues of the inhibitor forms a 

reversible covalent adduct with the hydroxyl group of the catalytic serine of the peptidase, 

mimicking the substrate/enzyme transition state and allowing reaching nanomolar levels of 

inhibition [32]. Moreover, such inhibitors are easily chemically assembled using solid phase 

strategy and they can span both S and S’ sides of the binding cleft, allowing more specific 

interaction due to the presence of P’ residues as specified above. The aKA group has largely been 

used in serine peptidase inhibitors and could lead to drugs as Telaprevir, an orally active anti-HCV 

serine protease agent, marketed to treat Hepatitis-C [32]. 

JMV5126 encompassed the positions P6-P4’ of the main SUB1-promoted maturation site present 

within the Serine Repeat Antigen 4 (SERA4), a putative cysteine peptidase involved in merozoite 

egress from host infected cells [9,33] (Figure 1). With Ki values in the 10 µM range against both Pf- 

and PvS1, JMV5126 was about 10-fold less potent than other reported aKA SUB1 inhibitors with 

an Ala side chain at the P1 position [25]. A plausible reason is the existence of an equilibrium 
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between the active a-ketoamide form and an inactive cyclic form arising from the reaction of the 

side chain of Gln with the a-keto group [25] (Figure 1). Therefore, to avoid this issue, we replaced 

the Gln P1 residue by Ala, which precursor is also much easier to synthesize. We also reduced the 

peptidic length to span the P4-P2’ positions and replaced the P2’ Asp residue by an allyl-protected 

Glu, leading to the recently reported reference compound 1 (MAM-117) (Figure 1) [19].  

 

 
Figure 1. Structures of JMV5126 showing the putative intramolecular reaction between Gln side chain and the a-keto 
group [25], and of compound 1 (MAM-117), the reference compound of the series presented herein. Both compounds 
are derived from the PfSERA4 maturation site 306LKITAQ¯DDEE315. 
 

 
Figure 2. Sequence logo of cleavage site of SUB1 native substrates, including SUB1 auto-maturation and P. falciparum 
MSP1 cleavage sites, also the ones of P. falciparum and P. vivax families of SERA [34,35]. 
 

Considering the consensus substrate recognition motif of SUB1 (Figure 2) [28], we explored each 

position of compound 1 to identify more favourable residues for SUB1 inhibition and/or for the 

inhibition of P. falciparum merozoite egress. A significant improvement in inhibitory potencies 
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with IC50 values in the 10 nM range against Pv- and PfS1 was observed when introducing a 

cyclopentylglycine (Cpg) at the P4 and P2’ positions. In addition, this increase in potency toward 

SUB1 correlated with increased antiparasitic activity in vitro. Finally, three novel crystal structures 

of PvS1CD/inhibitor complexes are presented. 

 

2. Results and Discussion 

2.1. Synthesis 

2.1.1. Synthesis of amino acid derivatives 

The a-ketoacyl residues were obtained from the Fmoc-protected corresponding b-amino-a-

hydroxy-acid precursors (norstatine-like derivatives) or from the alanine-derived a-ketoacid 

protected with 1-(4-methoxyphenyl)-2,2-dimethylpropane-1,3-diol [36]. We also prepared the 

Fmoc-protected tetrazolylalanine derivative as a bioisoster of aspartic acid. 

2.1.1.1. Synthesis of norstatine-like derivatives VII and IX. The precursor of the a-ketoacyl residue 

with an alanine side chain, VII ((3S)-3-(Fmoc-amino)-2-hydroxybutanoic acid) was obtained in 

four steps from Fmoc-Ala-OH (Scheme 1). The Fmoc-protected amino acid was coupled with N,O-

dimethylhydroxylamine to yield the Weinreb amide I, which was reduced to the aldehyde III using 

LiAlH4. The aldehyde was reacted with acetone cyanohydrin giving compound V, which was 

converted to the norstatine derivative VII in acidic conditions. 

 

 
Scheme 1. Synthesis of norstatine derivatives. Reagents and conditions. (a) HN(OMe)Me,HCl (1.3 equiv.), HATU (1.3 
equiv.), DIEA (1.5 equiv.), DCM, 16h (I: 91%; II: 73%); (b) LiAlH4 (1.5 equiv.), THF, -15 °C, 1h; (c) acetone 
cyanohydrin (3 equiv.), TEA (0.6 equiv.), DCM, 16h (two steps: V: 52%; VI: 90%); (d) conc. HCl/dioxane (2:1), reflux, 
8h (VII: 59%; VIII: 47%); (e) Ac2O (3 equiv.), DIEA (4 equiv.), DCM, 0 °C, 30 min (58%). 
 
We also introduced at the P1 position a side-chain analogue of glutamine, which possessed the 

same atomic composition and an amide bond. Its precursor IX ((3S)-2-acetyloxy-4-acetamido-3-

(Fmoc-amino)-butanoic acid) was prepared from protected 2,3-diaminopropanoic acid, Fmoc-

Dap(Boc)-OH (Scheme 1). The first four steps were similar as for compound VII and yielded the 
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side-chain deprotected compound VIII. Treatment with acetic anhydride led to acetylation of both 

side-chain amine and hydroxyl groups (compound IX). 

2.1.1.2. Fmoc-protected (L)-tetrazolylalanine (Fmoc-Tza-OH) XI. Due to the acidic property of the 

aspartyl residue present at position P1’ of the reference compound 1, which might hamper cell 

membrane penetration, we considered replacing the side-chain carboxylic group by its tetrazole 

bioisostere [37]. Therefore, we synthesized the Fmoc-protected tetrazole analogue of Asp (XI) [38]. 

Compound XI was prepared from Fmoc-Asn-OtBu in three steps (Scheme 2). After dehydration of 

the side-chain amide using cyanuric chloride, the cyano compound X was treated with tributyltin 

azide, followed by acidic cleavage of the tert-butyl ester, to yield tetrazole derivative XI [39,40]. 

 

 
Scheme 2. Synthesis of Fmoc-Tza-OH XI. Reagents and conditions. (a) Cyanuric chloride (1.3 equiv.), DMF, 0 °C, 30 

min (60%); (b) (i) n-Bu3SnN3, 80 °C, 48h (ii) 5N HCl, 1h; (c) 50% of TFA/TIS/H2O (95:2.5:2.5) in DCM, 1h (88%). 

 

2.1.2. Peptide synthesis 

All peptidic compounds (Tables 1 and S1) were assembled on the solid phase using a Fmoc-

protected Rink amide resin, following the Fmoc strategy and using HATU (N-[(dimethylamino)-

1H-1,2,3-triazolo-[4,5-b]pyridin-1-ylmethylene]-N-methylmethanaminium hexafluorophosphate N-

oxide) as the coupling agent. In the case of the protected alanine-derived a-ketoacid, this derivative 

was introduced with BOP (benzotriazole-1-yl-oxy-tris-(dimethylamino)-phosphonium 

hexafluorophosphate) instead of HATU. When a norstatine-like precursor (i.e. VII, IX) was used, 

its hydroxyl group was oxidized by treatment with Dess-Martin Periodinane (DMP) after peptide 

assembly and before acidic cleavage to yield the a-ketoacyl residue (Scheme 3). 

 

 
Scheme 3. General solid-phase peptide synthesis pathway. Reagents and conditions. (a) Pip/DMF (20:80), rt, 10 + 25 
min; (b) Fmoc-AA-OH (3 equiv.), HATU (3 equiv.), DIEA (4 equiv.), DMF, rt, 2h; (c) in the case of IX-derived 
norstatine residue: Na2CO3 (2 eq.) in THF/H2O (7:3), rt, 1h; (d) DMP (3 equiv.), DCM, rt, 2 x 3h; (e) TFA/TIS/H2O 
(95:2.5:2.5), rt, 2h. Global yields are presented in Table S1. 
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ketoacyl residue was present, the peptide-resins were cleaved and deprotected with a mixture of 

TFA/TIS/H2O/DODT (91:3:3:3) [36]. 

 

2.2. Biological evaluation and study of structure-activity relationships 

2.2.1. Inhibition of SUB1 recombinant enzymes and inhibition assay of P. falciparum merozoite 

egress from human erythrocytes in vitro 

The inhibitory potency of the compounds was assessed on purified recombinant SUB1 proteins 

using a previously described enzymatic assay, which follows the digestion of a FRET-based peptide 

substrate [17]. All compounds were tested against P. vivax full length SUB1 (PvS1FL) and its free 

catalytic form PvS1CD, prepared as previously described [19]. Overall, the IC50 values measured for 

both PvS1 forms were similar. PvS1FL inhibition data are shown in Table 1 while IC50 values for 

PvS1CD (compared with PvS1FL) are presented in Table S2. The yield of PfS1FL production being 

significantly lower than the one of PvS1FL, only selected compounds have also been tested on 

PfS1FL (Table 1). Finally, the most potent SUB1 inhibitors were selected to assess their ability to 

inhibit the egress of P. falciparum merozoites from human erythrocytes in vitro as previously 

described (T0-T8 assay, Figure S1A) [41]. Briefly, infected erythrocytes containing mature 

schizonts (T0) were incubated with the compounds (at 100 and/or 25 µM), and newly invaded rings 

were counted eight hours later (T8) by cytometry. For this experiment, we prepared and used as a 

reference the compound named “49c”, which has been described to prevent merozoite egress via 

inhibiting the parasite aspartyl proteases plasmepsins IX/X thought to participate in SUB1 

activation [42,43]. As expected, “49c” fully inhibited merozoite egress with an IC50 value of 1.1 nM 

(Table 1). 

The present study of structure-activity relationships (SAR) was based on the reference inhibitor 1, 

which encompasses positions P4-P2’ of SUB1 maturation site of SERA4 where the P1 Gln and P2’ 

Asp residues have been replaced by the a-ketoacyl derivative of Ala and an allyl-protected Glu 

residue, respectively. Compound 1 inhibited PvS1FL and PfS1FL with IC50 values of 0.18 and 1.95 

µM, respectively (Table 1). The 10-fold lower efficiency toward PfS1FL was unexpected since both 

active sites are highly conserved and their substrate profiles are similar [17,18,20]. This difference 

could be due to the inhibition mode of the aKA compounds. Indeed, these inhibitors react with the 

catalytic serine to form a covalent but reversible hemi-ketal adduct and the IC50 at least partially 

depends on the half-life of this covalent complex, which could be less stable in the case of PfS1. 

Compound 1 showed a poor 13% inhibition of merozoite egress at 100 µM. 

To guide the SAR study, we took in consideration a map of structural preferences at each position, 

derived from the analysis of SUB1 native substrates: while no clear preference can be associated 
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with the P3 position, P4 and P2 residues should be hydrophobic and small, respectively, while P1, 

P1’ and P2’ residues are mainly polar or acidic [28,44] (Figure 2). The crystallographic structures 

of Pf- and PvS1 indicate that the preferred type of residues at P4, P2, P1 and P1’ is related to well-

defined corresponding subsites in the substrate binding site [20,21]. To better define the structural 

requirements at these positions and to possibly obtain more efficient analogues, we examined each 

position by introducing close and/or bulkier residues (Figure 3, Table 1). As structurally close 

residues can exhibit slightly different physico-chemical properties, hydrophobicity and bulkiness, 

these changes may lead to increased affinity. We also explored the P3 and P2’ positions to improve 

the bioavailability and/or stability of these compounds and thus their activity in parasite culture. 

2.2.1.1. Position P4. In SUB1 substrates, the P4 position is highly important for enzyme binding 

and is preferentially occupied by an aliphatic residue such as Val or Ile (Figure 2). Compound 1 

possesses an Ile residue that has been replaced by various unnatural amino acids with similar but 

bulkier and more hydrophobic side chains (Figure 3, Table 1). Most compounds (2-5, 7) appeared 

as potent as 1 against PvS1 activities with IC50 values comprised between 0.20 and 0.46 µM. 

Compound 5 also inhibited PfS1 in the same range as 1. In addition, compounds 3, 5 and 7 did not 

show better antiparasitic activity. Compound 6, which possesses the bulkiest P4 residue in this 

series, cyclohexylalanine (Cha), was around 20-fold less efficient against PvS1 and PfS1 than 1 and 

its close analogue 5 with cyclohexylglycine (Chg), indicating that the Cha side chain was too large 

to properly fit into the SUB1’ S4 subsite. In contrast, compound 8 with a cyclopentylglycine (Cpg) 

residue at P4 was around 4-fold more potent against PvS1 and PfS1 activities (IC50 values of 50 and 

570 nM, respectively) than 1 and its closest analogue 5. It is remarkable that a minor structural 

difference (i.e. a CH2 between Chg in 5 and Cpg in 8) led to such significant improvement. The 

reason of this effect is not yet fully understood, but clearly Cpg, despite an additional carbon over 

Ile, is made compact by its cyclization and it can "point" favorably in the P4 cavity. It is interesting 

to note that compound 2 with an Aep, which side chain has the same number of carbons as Cpg but 

can be considered as an open cyclopentyl moiety, is close to 10-fold less potent than 8 on PvS1. It 

confirms that the cyclic restraint is essential for the observed effect. This is consistent with similar 

results we previously obtained in another protein/ligand binding context by replacing an essential 

Leu residue by a Chg [45]. As illustrated by the X-ray structures of the complexes (see below), the 

P4 residues Ile (compound 1 [19]) and Cpg (compound 8) fit similarly the S4 subsite (Figure S6B). 

One hypothesis is that the constrained and less flexible Cpg side chain could impact the binding by 

reduction of the number of side chain conformations in the free form (entropic contribution). A 

similar result was obtained by E. Lidumniece et al., who also reported the interest of Cpg at P4 

position to inhibit PfS1 with peptide boronate compounds [29]. 
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Figure 3. Structure of the non-proteinogenic amino acid residues used in this study. The positions where they have been 
individually introduced are indicated. The P4 Ile residue is included for comparison with residues introduced at this 
position. Abu, 2-aminobutyryl; Aep, 2-amino-3-ethyl-pentanoyl; Aib, a-aminoisobutyryl; tBuAla, tert-butyl-Ala; 
tBuGly, tert-butyl-Gly; Cha, cyclohexyl-Ala; Chg, cyclohexyl-Gly; Cml, Ca-methyl-Leu; Cpg, cyclopenbtyl-Gly; 
Dab(pyr), N4-pyrazinoyl-2,4-diamino-butyryl; Dap, 2,3-diamino-propanoyl; Dha, dehydroalanine; Hse, homoserine; 
Nml, N-methyl-Leu; Phg, phenylglycine; Sar, sarcosine; Tfma, trifluoromethyl-Ala; Tza, tetrazole-Ala. 
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As observed for compound 1, compounds 5, 6 and 8 showed a constant 9- to 10-fold lower 

inhibitory potency against PfS1 than toward PvS1. In the case of compound 8, it means that the 

replacement of Ile by Cpg improved as well (3- to 4-fold) the activity against PfS1 (IC50 value of 

0.57 µM vs 1.95 µM for 1). Interestingly, the higher potency of 8 against PfS1was accompanied by 

a 3-fold increase in the antiparasitic activity. 

Overall, a Cpg at the P4 position was found to be of high interest for both PvS1 and PfS1 inhibition, 

and therefore this residue was used during the study of other positions. Finally, in this series, the 

best PfS1 inhibitor 8 was also the most potent in the T0-T8 assay, supporting that the observed 

merozoite egress inhibition correlates with a potent inhibition of SUB1 enzymatic activity.  

2.2.1.2. Position P3. SUB1 has no clear preference at the P3 position of its substrates (Figure 2). 

This observation is consistent with the crystal structures of PfS1FL and of PvS1CD in complex with 

MAM-117, which, respectively, showed that the P3 side chain of the bound pro-peptide (i.e. serine) 

and of MAM-117 (i.e. threonine) points outside the enzyme binding cleft [19,21]. Therefore, this 

position might be modified to improve cell penetration as well as metabolic stability. 

The threonine residue at P3 position of compound 1 was first substituted with the hydrophobic and 

aromatic Trp residue (9), and basic residues like Lys (10) and Dab loaded with a pyrazinoyl moiety 

(Figure 3) (11) to enhance membrane crossing and intracellular accumulation. Unfortunately, 

although these compounds inhibited PvS1 similarly to 1, none of them showed improved 

antiparasitic activity (Table 1). We also modified compound 8 by introducing a second Cpg residue 

at position P3. The corresponding compound 12 displayed a slightly lower IC50 value against PvS1 

but showed a 6-fold more potent PfS1 inhibition. In fact, this compound similarly inhibited both 

PvS1 and PfS1 (IC50 values of 0.08 and 0.10 µM, respectively). This higher PfS1 inhibition might 

explain that 12 was slightly more potent than 8 in the merozoite egress assay. Replacing Cpg by a 

Tyr residue at P3 (13) led to similar results, suggesting that a bulkier and/or more hydrophobic 

residue at P3 was more favourable for PfS1 inhibition. 

Finally, to stabilize compound 8 toward putative peptidasic degradation and potentially increase its 

lifetime in the parasite egress assay, we introduced either a D-alanine (ala) (14), a Ca-methyl-

leucine (Cml) (15) or a Na-methyl-leucine (Nml) (16) (Figure 3). However, these changes led to a 

strong decrease in inhibitory potency and therefore lack of antiparasitic activity. Possible causes 

include steric hindrance due to the methyl group with the D configuration and/or disruption of the 

b-strand structure adopted by the inhibitor when binding to the enzyme. For compound 15, the fully 

substituted a carbon stiffens the main chain, restricting to a non entirely canonical beta structure 

that could prevent tight fit in the groove.  In the case of compound 16, N-methylation of the P4-P3 

peptide bond prevents the hydrogen bond with the Ser436 carbonyl group of the enzyme. 
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Table 1. PvS1 and PfS1 inhibitory potencies and percentage of merozoite egress inhibition at 100 
(25) µM of a-ketoamide compounds 1-41 and of PM-IX/X reference inhibitor “49c”. 

 
Cpd 

 
Structurea IC50 (µM)b Merozoite 

egress 
inhibition at 
100 (25) µMc 

& IC50 

PvS1FL PfS1FL  

1 Ac-Ile-Thr-Ala-AlaCO-Asp-Glu(O-all)-
NH2 

 0.18 ± 0.02  1.95 ± 0.18 13% 

P4 position 

2 Ac-Aep-Thr-Ala-AlaCO-Asp-Glu(O-all)-
NH2 

 0.46 ± 0.12 NDd 8% 

3 Ac-tBuGly-Thr-Ala-AlaCO-Asp-Glu(O-
all)-NH2 

 0.21 ± 0.04 ND 4% 

4 Ac-tBuAla-Thr-Ala-AlaCO-Asp-Glu(O-
all)-NH2 

 0.39 ± 0.07 ND NIe 

5 Ac-Chg-Thr-Ala-AlaCO-Asp-Glu(O-all)-
NH2 

 0.20 ± 0.06  1.95 ± 0.28 13% 

6 Ac-Cha-Thr-Ala-AlaCO-Asp-Glu(O-all)-
NH2 

 4.08 ± 0.47  34.9 ± 8.9 NI 

7 Ac-Phg-Thr-Ala-AlaCO-Asp-Glu(O-all)-
NH2 

 0.22 ± 0.07 ND 9% 

8 Ac-Cpg-Thr-Ala-AlaCO-Asp-Glu(O-all)-
NH2 

 0.05 ± 0.01  0.57 ± 0.08 37% 
 

P3 position 

9 Ac-Ile-Trp-Ala-AlaCO-Asp-Glu(O-all)-
NH2 

 0.24 ± 0.03 ND 5% 

10 Ac-Ile-Lys-Ala-AlaCO-Asp-Glu(O-all)-
NH2 

 0.14 ± 0.03 ND 9% 

11 Ac-Ile-Dab(pyr)-Ala-AlaCO-Asp-Glu(O-
all)-NH2 

 0.39 ± 0.08 ND 10% 

12 Ac-Cpg-Cpg-Ala-AlaCO-Asp-Glu(O-all)-
NH2 

 0.08 ± 0.01 0.10 ± 0.01 46% 
(6%) 

13 Ac-Cpg-Tyr-Ala-AlaCO-Asp-Glu(O-all)- 0.025 ± 0.15 ± 0.02 44% 
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NH2 0.014 

14 Ac-Cpg-ala-Ala-AlaCO-Asp-Glu(O-all)-
NH2 

58,4 ± 2.8 ND NI 

15 Ac-Cpg-Cml-Ala-AlaCO-Asp-Glu(O-all)-
NH2 

5.67 ± 0.47 ND NI 

16 Ac-Cpg-Nml-Ala-AlaCO-Asp-Glu(O-all)-
NH2 

13.2 ± 3.2 ND ND 

P2 position 

17 Ac-Ile-Thr-Gly-AlaCO-Asp-Glu(O-all)-
NH2 

 1.28 ± 0.35 ND ND 

18 Ac-Ile-Thr-Dha-AlaCO-Asp-Glu(O-all)-
NH2 

 0.33 ± 0.04 ND NI 

19 Ac-Ile-Thr-Abu-AlaCO-Asp-Glu(O-all)-
NH2 

 0.35 ± 0.03 ND ND 

20 Ac-Ile-Thr-Tfma-AlaCO-Asp-Glu(O-all)-
NH2 

 3.60 ± 0.65 ND ND 

21 Ac-Ile-Thr-Dap-AlaCO-Asp-Glu(O-all)-
NH2 

 13.2 ± 1.2 ND ND 

22 Ac-Cpg-Thr-Ser-AlaCO-Asp-Glu(O-all)-
NH2 

0.50 ± 0.17 ND 
 

NI 

23 Ac-Cpg-Thr-Sar-AlaCO-Asp-Glu(O-all)-
NH2 

4.70 ± 0.90 ND ND 

24 Ac-Cpg-Thr-Aib-AlaCO-Asp-Glu(O-all)-
NH2 

> 100 ND NI 

25 Ac-Cpg-Thr-ala-AlaCO-Asp-Glu(O-all)-
NH2 

NI ND NI 

P1 position 

26 Ac-Ile-Thr-Ala-Dap(Ac)CO-Asp-Glu(O-
all)-NH2 

23.1 ± 0.7 ND ND 

27 Ac-Cpg-Thr-Ala-Dap(Ac)CO-Asp-
Glu(O-all)-NH2 

2.39 ± 0.14 ND NI 

P1’ position 

28 Ac-Ile-Thr-Ala-AlaCO-Asn-Glu(O-all)-
NH2 

 5.23 ± 1.80 ND 31% 

29 Ac-Ile-Thr-Ala-AlaCO-Glu-Glu(O-all)-
NH2 

 2.90 ± 0.81 ND ND 

30 Ac-Ile-Thr-Ala-AlaCO-Ser-Glu(O-all)-  41.8 ± 5.4 ND ND 
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NH2 

31 Ac-Cpg-Thr-Ala-AlaCO-Ser-Glu(O-all)-
NH2 

 10.9 ± 0.7 32.2 ± 1.0 11% 

32 Ac-Ile-Thr-Ala-AlaCO-Hse-Glu(O-all)-
NH2 

 38.8 ± 14.6 ND ND 

33 Ac-Cpg-Thr-Ala-AlaCO-bdiMeAsp-
Glu(O-all)-NH2 

0.18 ± 0.03 1.03 ± 0.15 3% 

34 Ac-Ile-Thr-Ala-AlaCO-Tza-Glu(Oall)-
NH2 

 1.24 ± 0.08 24.4 ± 3.8 2% 

35 Ac-Cpg-Thr-Ala-AlaCO-Asp(O-all)-
Glu(O-all)-NH2 

1.32 ± 0.31 ND 17% 

P2’ position 

36 Ac-Ile-Thr-Ala-AlaCO-Asp-NH2 0.17 ± 0.02 ND 3% 

37 Ac-Cpg-Thr-Ala-AlaCO-Asp-NH2 0.10 ± 0.03 0.55 ± 0.06 32% 

38 Ac-Ile-Thr-Ala-AlaCO-Tza-NH2  1.77 ± 0.05 ND NI 

39 Ac-Cpg-Thr-Ala-AlaCO-Asp-Glu-NH2  0.030 ± 
0.003 

0.088 ± 
0.006 

NI 

40 Ac-Cpg-Thr-Ala-AlaCO-Asp-Cpg-NH2 0.012 ± 
0.003 

0.010 ± 
0.003 

100% 
(60%) 

22.6 ± 5.7 
µM 

41 Ac-Cpg-Thr-Ala-AlaCO-Asp-Ile-NH2 0.014 ± 
0.002 

0.017 ± 
0.005 

99.8% 
(25%) 

PM-IX/X reference inhibitor 
49c 

 

NI ND 1.1 nM 

aAbu, 2-Aminobutyryl; Aep, 2-Amino-3-ethyl-pentanoyl; all, allyl; Aib = a-aminoisobutyryl; tBuAla, tert-Butyl-Ala; 
tBuGly, tert-Butyl-Gly; Cha, Cyclohexylalanine; Chg, Cyclohexylglycine; Cml, Ca-MeLeu; Cpg, Cyclopentylglycine; 
Dab, 2,4-Diaminobutyryl; Dab(pyr), 2,4-Diaminobutyryl, N4-pyrazinoyl; Dap, 2,3-Diaminopropionyl; Dha, 
dehydroalanine; Hse, Homoserine; Nml, Na-methyl-leucine; Phg, Phenylglycine; Sar, Sarcosine; Tfma, 
Trifluoromethylalanine; Tfmg, Trifluoromethylglycine; Tza, Tetrazole-Ala. bThe activity of PvS1 and PfS1 was 
assessed using a FRET substrate (Dabsyl-KLVGADDVSLA-EDANS and Dabsyl-KLVSADNIDIS-EDANS for PvS1 
and PfS1, respectively) [17] and followed by measuring the EDANS fluorescence (lexc at 360 nm and lem at 500 nm). 
All measurements were performed in triplicate. cCompound effect on P. falciparum merozoite egress from infected 
human erythrocytes was assessed as previously described [41]. All measurements were performed in triplicate. dND, not 
determined. eNI, no inhibition. 

 

N

O
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2.2.1.3. Position P2. In SUB1 substrates, the P2 position is exclusively limited to the small residues 

Gly and Ala due to the restricted size of the S2 subsite (Figure 2). Substituting the Ala P2 residue of 

1 with the smaller Gly (17) led to a 6-fold decrease in inhibitory potency towards PvS1 (Table 1). 

The introduction of a dehydroalanine (Dha, Figure 3) residue (18), of comparable size but inducing 

a local conformational change, was well tolerated. Side chain extension with additional methylene 

(i.e. 2-aminobutyryl (Abu), compound 19) only slightly decreased the inhibitory efficacy. However, 

replacing Abu by its bulkier trifluorinated derivative trifluoromethylalanine (Tfma) in compound 20 

led to a 10-fold decrease in activity. Adding an amino group to Ala (i.e. Dap, compound 21) was 

even worse as the IC50 value of 21 was about 70-fold higher than that of 1. In addition to a probably 

too large size, the potentially charged amino group of Dap may also not be favourable to interact in 

the S2 subsite. In fact, a polar but uncharged residue with comparable bulkiness to Dap (Ser in the 8 

analogue 22) was better tolerated with a 10-fold potency decrease compared to 8. Finally, we 

replaced Ala of compound 8 by its Na-methylated isomer sarcosine (Sar) in compound 23, its Ca-

methyl analogue a-aminoisobutyryl (Aib) in 24 and its D isomer in 25. While compound 23 still 

inhibited PvS1 but with about more than 400-fold lower potency, no inhibition was observed for 24 

and 25. A comparable result was previously reported in the case of Aib [25]. Again, steric 

hindrance and/or b-strand stiffening and/or loss of an important hydrogen bond may be responsible 

of these very low potencies. 

Overall, Ala remained the most favourable residue at this position in this series. Only compounds 

22, 24 and 25 were tested on the parasite culture and they were inactive (Table 1). 

2.2.1.4. Position P1. In SUB1 substrates the P1 position is generally occupied by polar (Gln, Asn), 

charged (Glu, Asp) or small (Ala) residues (Figure 2) [28,44]. Whereas Gln is the most frequent, its 

a-ketoamide derivative is unstable and replacing the Ala side-chain by the Glu one slightly 

decreased the inhibitory potency [25]. Regarding Asp, a protected a-ketoacid derivative usable in 

solid phase synthesis has never been reported to our knowledge. Our attempts to prepare it 

following the synthetic pathway reported by J. W. Bode’s laboratory [36] led to very low yields of 

the desired compound. Furthermore, peptide synthesis using this derivative was hampered by 

important secondary reactions, hence we could not obtain a sufficiently pure product. 

In this context, we designed an unprecedented a-ketoamide derivative where the side chain was 

formed by Nb-Dap acetylation. Its side chain was isomeric to that of Gln and contained an amide 

group in different orientation and position, which should prevent any intramolecular cyclization. 

The P1 AlaCO residue of compounds 1 and 8 was therefore replaced by the Dap(Ac)CO analogue 

(Figure 3) to yield compounds 26 and 27, respectively. Unfortunately, an important loss of 

inhibitory potency was observed and 27 was inactive in the cell assay (Table 1). Notably, 
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compound 27, which contains a Cpg at P4, was about 10-fold more potent than 26, confirming the 

high interest of this residue. 

Further efforts are needed to optimize this position as the small methyl side-chain of AlaCO does 

not optimally fill the S1 subsite and the acquired knowledge about the aKA binding mode ([19] and 

the present study) should help the design of better matching P1 side chains. It has to be highlighted 

that, in this aKA series, the P1 residue is a b-amino acid and it is anchored by a covalent bond. 

Both facts might induce constraints on the side chain position and orientation and significantly 

change the side chain specificity in S1. 

2.2.1.5. Position P1’. Asp and Ser are the most frequently observed residues at P1’ position, while 

Asn and Glu are much less prevalent (Figure 2) [28,44]. In fact, replacing the Asp residue of 

compound 1 by Asn (28) or Glu (29) led to about 30- and 16-fold decrease in potency against PvS1, 

respectively, suggesting the necessity of a negatively charged group at this position and a limited 

space available in the S1’ subsite. The importance of a negative charge was confirmed by 

substitution with a Ser residue as an even greater loss of activity (>200-fold) was measured for 

compound 30. Again, the presence of a Cpg at P4 was favourable as 31 was about 4-fold more 

potent than 30 with Ile at this position. The adverse effect observed for Ser was not expected as it 

was shown that PfS1 was able to cleave equally well a SERA4-derived decapeptidic substrate and 

the analogue in which the P1’ Asp residue was substituted with Ser [18]. This significant difference 

regarding the impact of the P1’ residue questions the relevance of using the in vivo P. berghei 

rodent malaria model since the PbS1 orthologue has a strong preference for Ser at position P1’ and 

poorly cleaves substrates with Asp [18]. We also introduced the Ser homologue homoserine (Hse) 

(i.e. 32), but without change in potency compared to 30. Replacing Asp of compound 8 by its 

bulkier and more hydrophobic b-dimethyl analogue (compound 33) led to about 3- and 2-fold lower 

inhibition of PvS1 and PfS1, respectively, confirming the limited volume of the S1’ subsite. In 

addition, this compound was only poorly active in the parasite egress assay. Considering that the 

negative charge of Asp is very probably detrimental to membrane crossing while being important 

for efficient binding, we substituted the carboxylic group with its 1H-tetrazole bioisostere (Figure 

3) [46,47]. Unfortunately, although the Tza-containing compound 34 was a better PvS1 inhibitor 

than the corresponding Asn (28) and Glu (29) analogues, it was approximately 7-fold less potent 

than 1 and inactive in the cell assay. This result might be due to the larger size of the tetrazole 

moiety compared to the carboxylic group. Finally, we prepared compound 35 containing an allyl-

protected Asp P1’ residue to remove the negative charge and favour cell penetration, hopping 

intracellular ester hydrolysis. As expected, a strong decrease (200-fold) in inhibitory potency 

toward PvS1 was observed, while modest (17% inhibition at 100 µM) antiparasitic activity was 
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measured, partially but insufficiently validating our design strategy. Overall, the present results 

suggested that an Asp at P1’ position is mandatory to preserve significant potency against Pv/PfS1. 

Other smaller carboxylic isosteres should be evaluated, which requires the synthesis of the 

appropriate Fmoc-protected amino acids. 

2.2.1.6. Position P2’. To assess the possible role of the P2’ Glu(O-all) residue, we prepared 

compounds 36, 37 and 38, which are analogues of 1, 8 and 34, respectively, devoid of this residue.  

They showed similar IC50 values as their parent analogues against PvS1 enzymes, indicating that 

the P2’ side-chain does not contribute to binding. This result is consistent with the X-ray structure 

of the PvS1CD/1 complex, in which the side chain of the P2’ residue could not be resolved 

suggesting an important flexibility due to the absence of interaction with PvS1CD catalytic groove 

[19]. However, their antiparasitic activity was decreased. Deprotecting the P2’ side chain of 8 (i.e. 

compound 39) slightly increased the inhibitory potency toward PvS1 (IC50 value 0.03 vs 0.05 µM 

for 8). Interestingly, a stronger improvement (about 6-fold) was observed against PfS1 (IC50 value 

of 0.088 µM) but the antiparasitic activity was fully abolished. This result is presumably due to the 

presence of a second negatively charged residue, decreasing the ability to cross cell membranes. 

Finally, we substituted the Glu(O-all) moiety by more hydrophobic residues as Cpg and Ile in 

compounds 40 and 41, respectively. Unexpectedly, this change led to an increase inhibitory potency 

against both Pv- and PfS1. In particular, a 50-fold increase was observed for PfS1 in the case of 

compound 40 compared to 8 (IC50 values 0.010 vs 0.57 µM). In fact, compound 40 is the best 

inhibitor of both Pv- and PfS1 in this study, with close IC50 values. In addition, it displayed the 

highest antiparasitic activity, for which an IC50 value of 22.6 ± 5.7 µM was measured (Figure S1). 

Apart its higher PfS1 inhibitory potency, this result may also be due to the higher hydrophobicity of 

the compound compared to most other analogues, a property expected to be favourable for cell 

penetration. The calculation of clogP for selected compounds (1, 8, 12, 40, 41) confirmed their 

expected relative hydrophobicities (Table S3). It is interesting to note that the presence of a Cpg 

residue at several positions, P4 (8), P3 (12) and P2’ (40) was favorable to SUB1 inhibition and 

antiparasitic activity. 

To support that the observed antiparasitic activity was related to SUB1 inhibition, we determined if 

compound 40 had an effect during the trophogony, the first part of the intra-erythrocytic cycle of 

Plasmodium sp., where active SUB1 is known to be absent. Compound 40 was incubated in a 

synchronous parasite culture containing young rings, corresponding to parasites prepared 0-3 hours 

post-invasion into human erythrocytes, and cultivated for 28 h. After compound removal and 

further culture for 38 h, 6% and 0% growth inhibition, not related to SUB1, were measured in the 

presence of 100 and 25 µM compound 40, respectively. A selectivity index (SI = 1 - (% trophogony 
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inhibition/% T0-T8 merozoite egress assay inhibition) of 0.94 was calculated at 100 µM (1.0 was 

calculated at 25 µM), suggesting that the antiparasitic activity of 40 was indeed specific to the 

second part of the erythrocytic life cycle up to the egress and invasion steps where SUB1 is 

involved. 

2.2.2 Thermal stability, dissociation kinetics, enzyme selectivity analysis and stability in human 

serum 

Differential scanning fluorimetry (DSF) was employed to evaluate the DTm values for PvS1CD in 

the presence of various inhibitors, including compounds 2, 3, 5, 6, 7, 8, 17, and 40 (Figure S2). Our 

analysis revealed a positive correlation between inhibitory potencies (indicated by IC50 values) and 

DTm values. It is noteworthy that binding with the most potent inhibitors 8 (14.3 ± 0.1 °C) and 40 

(12.7 ± 0.3 °C) yielded the highest DTm values and thus the greatest thermal stabilities. In contrast, 

the complex with the least potent inhibitor 6 exhibited the lowest DTm value (6.8 ± 0.2 °C). 

The dissociation kinetics of compounds 1, 5, 8, 34 and 37 on PvS1CD were examined using a jump 

dilution assay. Complex formation was facilitated through overnight incubation, followed by the 

initiation of dissociation by dilution in a fluorescent substrate solution. Enzymatic activity recovery 

was monitored over a two-hour period and the experimental data were fitted to the function F(t) = 

Vs x t + (Vi - Vs) x [1 – exp (kobs x t)]/kobs to determine the dissociation rate constant (kobs ≈ koff). 

Compound 8 displayed the most favourable dissociation kinetics, with a koff of 0.023 min-1 and a 

bound half-life (t1/2off) of 30 minutes (Table 2). In comparison, the shortened analogue 37 had a koff 

value of 0.034 min-1 and a t1/2off of 20 minutes, while the reference compound 1 had a koff value of 

0.074 min-1 and a t1/2off of 10 minutes. Interestingly, the jump-dilution assay failed to reveal koff 

results for compounds 5 and 34, possibly due to their high release rates.  

 

Table 2. Inhibitor binding kinetics and half-lives on PvS1CD.a 

Cpd IC50 (µM) on 
PvS1CDb koff, min-1 Bound half-life 

(t1/2off), min 

1 0.10 ± 0.04 0.074 10 

5 0.15 ± 0.05 ND NA 

8 0.070 ± 0.003 0.023 30 

34 2.22 ± 0.44 ND NA 

37 0.150 ± 0.005 0.034 20 
aND and NA stand for not determined and not applicable, respectively. bIC50 values from Table S2. 
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Our findings suggest that compounds 1, 8, and 37 behave as slow tight-binding inhibitors, and that 

the increased in vitro potency and biological effect of compound 8 may be attributed to its enhanced 

capacity for slow reversibility. 

Furthermore, the selectivity of compound 8 was evaluated against three mammalian peptidases, 

trypsin, chymotrypsin and elastase. As anticipated, no significant inhibition of trypsin and 

chymotrypsin was observed. In contrast, significant inhibition of elastase was detected (Figure S3), 

which was expected due to the elastase preference for small uncharged residues at the P1 position. 

Nevertheless, the IC50 value measured against elastase (i.e. 36 µM) was 720- and 63-fold higher 

than for PvS1FL and PfS1FL, respectively, indicating a high selectivity of 8 toward the plasmodial 

enzymes. Similar results were obtained for a peptide boronate SUB1 inhibitor, while it displayed a 

lower IC50 value of 0.82 µM against elastase [29]. 

 

 
Figure 4. (A) Comparison of the in vitro metabolic stability of SUB1 inhibitors 1 and 8 in human serum. Results are 
presented as the means ± SEMs of two independent LC-MS experiments (N = 2). In order to show the absence of 
significant differences in the concentration of intact substrate at each time interval, a two-way ANOVA with 
Bonferroni’s post-tests was done. Bonds potentially cleaved in compounds 1 (B) and 8 (C) are marked with a red 
dashed line. 
 

Finally, the stability of compounds 1 and 8 was assessed in human serum at 37 °C, which contains 

potentially degrading proteases (Figure 4). Samples were taken at different time intervals (0-24 h) 
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of incubation and analysed using LC-MS. Both analogues exhibited very high stability toward 

enzymatic degradation with around 95% of each compound still being intact after 24 h (Figure 4A). 

Analysis of the metabolites by LC-MS, predicted by their theoretical masses, showed that only one 

amide bond, between P2 and P1 residues, was hardly hydrolysed (Figure 4B and 4C and Table S4, 

Figures S4 and S5). Overall, this result suggests that the compounds are fully stable during the in 

vitro parasite growth assay. 

Taken together, these findings indicate that compound 8 is a potent inhibitor of PvS1, exhibiting 

slow tight-binding properties, high selectivity toward tested enzymes and high stability in biological 

media such as serum. 

 

2.3. Structural studies 

We have successfully determined the crystal structures of PvS1CD (residues 277-617) in complex 

with compounds 3 (tBuGly at P4), 7 (Phg at P4), and 8 (Cpg at P4) following previously 

established conditions [19] (Table S5). Consistent with what has been observed for compound 1 

(pdb code 8COY), all three complexes crystallized in the same space group (P1). The binding 

pocket structures in complexes with compounds 3 and 7 are illustrated in Figures 5A and 5B, 

respectively. A close inspection of Figure S6A reveals that the PvS1-bound conformation of these 

compounds are nearly identical to that of compound 1 [19]. Comprehensive details regarding the 

crystallographic complexes of compounds 3 and 7 can be found in Supplementary Material. 

The structure of PvS1CD in complex with compound 8 was solved at 1.5 Å resolution (Figure 5C). 

As expected, a molecule of 8 was found to be bound to both of the two PvS1 polypeptide chains 

(i.e. chains A and B) present within the asymmetric unit. Superposition of chains A and B revealed 

that both chains are nearly identical (RMSD of 0.28 Å for all Ca atoms aligned). The complex 

showed clear electron density for the PvS1CD active site of both polypeptides present in the 

asymmetric unit (Figure S7). 

Superposition of binding pockets of chains A and B (residues Asp316, Tyr371, His372, Leu405, 

Lys409, Leu410, Gly411, Arg412, Leu413, Met416, Ser434, Phe435, Ser436, Phe437, Asp438, 

Ser461, Ser463, Asn464, Leu545, Asn546, Gly547, Thr548, Ser549, and Met550) revealed they are 

identical (RMSD of 0.06 Å). Electron density was equally clear around compound 8, which was 

easily modelled (Figure S7C) from the acetyl group to P1', with P2' being only partially visible, 

possibly due to a lack of contact with the protein leading to an increased flexibility, as previously 

observed for compound 1 ([19]; pdb code 8COY). The three Ramachandran outliers (D316, 

catalytic activator; Y371, P1’; S463, P1; 0.9%) observed for the PvS1CD/8 complex structure are 

well-defined in density, and all of them are part of the substrate-binding site, where they interact 

with the bound inhibitor. 
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Figure 5. Details of PvS1CD residues (shown in grey) involved in the interaction with compounds 3, 7 and 8 (A, B and 
C, respectively). Hydrogen bonds are depicted as blue doted lines. P4-P2’ positions of all three compounds are 
indicated. 
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Comparative structural analysis of the complex crystal structures with compounds 1 and 8 indicates 

that the overall structures are nearly identical, with an overall RMSD of 0.30 Å, and of 0.14 Å for 

the peptide binding pocket (Figure S8). Compound 8 also superimposed very well with its analogue 

1 when bound to PvS1CD (Figure S6B). Careful observation of the superposed structures revealed 

that most of the interactions between PvS1CD and the ligands are shared. As observed for compound 

1, the catalytic Ser549 residue is engaged in a covalent bond with the carbon atom of the α-keto 

group of 8, trapping SUB1 in a transition state-like configuration. The hydrogen bonds with 

Tyr371, Lys409, His372, Ser549, Ser434, Gly411, Ser436, Asn464, and Asn546 are equally 

conserved (Figure 5C and S9C). The pattern of predicted hydrophobic interactions is mostly 

conserved (Tyr371, His372, Leu405, Lys409, Leu410, Gly411, Leu413, Met416, Ser434, Phe435, 

Ser436, Phe437, Asn464, Leu545, Asn546, Gly547, Thr548, and Ser549, Figure S9C). Small 

differences include the lack of compound 1 interaction with Met550 and a new interaction with 

Thr493 for the analogue 8. The pattern of hydrophobic interactions slightly differs with respect to 

interactions with the P4 positions of compounds 1 (Ile) and 8 (Cpg). While the Cpg side chain of 8 

was observed to interact with Leu405, Leu413, Met416, Phe435, and Ser436, the Ile side chain of 1 

was found to interact with Leu405, Gly411, Leu413, and Met416. This difference could potentially 

contribute to the higher potency observed for compound 8 over 1. 

 

3. Conclusions 

The pseudopeptide aKA 1 corresponds to the P4-P2’ segment derived from the SUB1-dependent 

maturation site of PfSERA4, where the P1 Gln residue has been replaced by Ala. It inhibited Pv- 

and PfS1’s with IC50 values in the low submicromolar and micromolar ranges, respectively, and 

modestly inhibited the egress of P. falciparum merozoites in culture (13% inhibition at 100 µM). 

Here, we described our first efforts to optimize the reference inhibitor 1 by studying its structure-

activity relationships. By substituting the residues driving SUB1 recognition (i.e. P4, P2, P1, P1’ 

residues) with structurally similar amino acids, we identified up to five-fold more potent Pv/PfS1 

inhibitors. In particular, whereas no change at P2, P1 and P1’ positions was favourable, substitution 

at P4 afforded the largest improvement. Indeed, a Cpg at this position (compound 8) resulted in the 

most important effect. This behaviour was also observed in several other analogues that were 

synthesized in the two versions, Ile or Cpg at P4 (i.e. 27 vs 26, 31 vs 33). A similar result was 

reported independently for PfS1 boronate inhibitors [29]. The reason why the Cpg residue was so 

favourable could be analyzed thanks to the resolution of the crystallographic structure of the 

complex PvS1/8. Yet, structures showed similar binding mode as for compounds 1 [19], 3, 7 and 8 
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and thus did not reveal any striking feature of Cpg. Nonetheless, 8 appeared as an optimum in terms 

of size in the series Ile/Cpg/Chg, with a puckered trapezoidal shape satisfactorily fitting the S4 

subsite. It is also hypothesized that Cpg displays a higher rigidity compared to other tested P4 

residues thanks to its cycle, which could lead to reduced entropic contribution favoring unbounded 

state. Importantly, the improved enzyme inhibition by 8 vs 1 was associated with better antiparasitic 

activity. In addition, compound 8 showed high selectivity for SUB1 over three mammalian serine 

peptidases and was found stable when incubated in human serum for 24 h, making this compound a 

promising basis for further optimization. 

Unexpectedly, modifications at the P3 and P2’ positions, which are not directly involved in SUB1 

binding, could led to improved inhibition, particularly against PfS1 (see compounds 12, 13, 40 and 

41). This improvement might be related to an increase in hydrophobicity. It is noteworthy that the 

IC50 ratio between PvS1 and PfS1 varied from 10 for compound 8 to about 1 for compounds 12, 40 

and 41 with a single change at the P3 or P2’ position. Interestingly, the higher PfS1 inhibitory 

potency was accompanied by a better antiparasitic activity.  

In fact, the variable relative efficiency of a given compound against Pv- and PfS1 (e.g. PfS1/PvS1 

IC50 ratios of 10 (1, 8), 5 (33), 3 (39), 1 (12, 40)) is not clearly understood as the active sites of the 

two enzymes are highly conserved and they share very close substrate profiles [17,18,20]. These 

differences may be attributed to variable reversibility rates of the covalent enzyme/inhibitor 

complexes. 

In addition to the magnitude of SUB1 inhibition, the ability to penetrate cells should also affect the 

efficacy of compounds in blocking merozoite egress. Indeed, the compounds have to cross two 

membranes (i.e. the erythrocytic membrane and that of the parasitophorous vacuole) to reach active 

SUB1. As cell membrane penetration is at least partly dependent on compound hydrophobicity, we 

likewise observed that, with comparable IC50 values, the more hydrophobic the compounds, the 

higher potency in the in vitro parasite assay. For instance, the fully unprotected compound 39 (two 

negative charges) was inactive on the parasite, although it was a 6-fold better PfS1 inhibitor than its 

allyl-protected analogue 8 (one negative charge). As said above, higher hydrophobicity could also 

led to stronger PfS1 inhibition, associated with an increase in antiparasitic activity. In particular, 

compound 40 was the most potent inhibitor of both Pv- and PfS1 (IC50 values of about 10 nM) and 

also displayed the higher antiparasitic activity in this series with an IC50 of 22.6 ± 5.7 µM on 

merozoite egress assay and a selectivity index of 0.94 supporting that parasite growth inhibition was 

related to SUB1 inhibition. 

The wide substitutions at individual positions and their consequences regarding the inhibition of 

SUB1, together with the structural data obtained through the X-rays resolution of four 
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SUB1/inhibitor complexes provide important informations for the rational design of the next 

generation of SUB1-specific inhibitors. Further efforts are indeed needed to improve the anti-

parasitic potency of SUB1 inhibitors, with increased affinity and cell penetration properties. 

Structural driven new syntheses and the modulation of global properties of optimized inhibitors, 

including by exploring N-terminal modifications, could finally define an anti-SUB1 lead compound. 

 

4. Experiment section 

4.1.Materials 

Fmoc-protected amino acids, HATU, BOP and Fmoc-protected Rink amide polystyrene resin were 

purchased from IrisBiotech or Novabiochem. Other reagents and solvents were purchased from 

Acros Organics, Alfa Aesar, Carlo Erba or Sigma-Aldrich and used without further purification. 

Solvents used for HPLC and LC-MS were of HPLC grade. 

4.2. Synthesis of amino acid derivatives 

The synthesis of special Fmoc-protected amino acid derivatives is described in the Supplementary 

Material part. 

4.3. Peptide synthesis 

Peptide chain assembly was stepwise and manually carried out in a plastic syringe equipped with 

frit following the Fmoc/tBu strategy. All final compounds were purified by preparative reverse-

phase HPLC (RP-HPLC) and the purity was assessed by analytical RP-HPLC and LC-MS analyses. 

4.3.1. Manual synthesis 

The Fmoc-protected Rink amide resin (100-200 mesh, 0.5-0.6 mmol/g) was swelled for 30 min in 

DMF. After filtration, the Fmoc group was removed through two consecutive treatments with 

piperidine/DMF (20/80, v/v) for 10 and 25 min. Coupling of Fmoc-protected amino acids (3 equiv. 

according to the resin loading) was carried out in DMF or NMP in the presence of HATU (3 equiv.) 

and DIEA (4 equiv.) for 2 h. After each step, the resin was washed with DMF, MeOH and DCM. 

Monitoring of the deprotection and coupling steps was performed using the 2,4,6-

trinitrobenzenesulfonic acid test (TNBS) [48]. A second coupling was performed when necessary. 

The coupling of the Fmoc-protected norstatine and protected a-ketoacid building blocks was 

performed with two equivalents of the amino acid in the presence of HATU or BOP (2 equiv.) and 

DIEA (3 equiv.) for 5 h. 

To prepare compound 11 (Table 1), which possesses a Ng-pyrazinoyl-Dab at the P3 position, we 

introduced Fmoc-Dab(Mtt)-OH during solid phase synthesis. After complete peptide assembly, Mtt 

was selectively removed by six treatments with the mixture DCM/TFE/AcOH/TIS (7:2:1:0.25, 10 
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mL/g of resin; TFE, trifluoroethanol; TIS, triisopropylsilane) and the free amine was coupled with 

pyrazinoic acid in standard conditions. 

At intermediate steps the on-resin growing peptide was controlled by cleaving it from 2-3 mg of 

resin with 500 µL trifluoroacetic acid (TFA) and analysing the isolated sample by RP-HPLC and 

LC-MS as described in the Supplementary Material part. 

4.3.2. N-terminal acetylation 

Acetic acid was coupled to the N-terminal amine in the same manner as Fmoc-amino acids. 

4.3.3. Formation of the a-ketoamide group from norstatine-like residues 

After peptide assembly, the secondary alcohol function of the norstatine derivatives was oxidized 

using Dess-Martin Periodinane (DMP). The resin was swelled in a mixture of dry DMF/DCM (1:1) 

and 3 equiv. of DMP were added. After overnight stirring at rt and in the dark, the resin was filtered 

and washed with DMF and DCM. The treatment was repeated. 

4.3.4. Cleavage of peptide resins 

The peptides assembled with norstatine-like residues were simultaneously cleaved from the resin 

and deprotected by a 2h treatment with a mixture of TFA, TIS and water (95:2.5:2.5, 10 mL/g). 

After filtration, the TFA was concentrated in vacuo. Compounds were precipitated by addition of 

diethyl ether and recovered after centrifugation. The pellet was washed twice with diethyl ether. 

When the alanine-derived protected a-ketoacid was used, the cleavage was performed in two steps: 

(i) 2h treatment with the mixture TFA/TIS/H2O/DODT (91/3/3/3) (DODT, 3,6-dioxa-1,8-

octanedithiol) followed by filtration, precipitation in diethyl ether and centrifugation. (ii) The pellet 

was then treated with TFA/DODT/H2O for 2h and the fully deprotected compounds were recovered 

as described above. All compounds were purified by RP-HPLC as described in Supplementary 

Material part and yields, RP-HPLC and LC-MS data are presented in Table S1. 

 

4.4. Biological evaluation 

4.4.1. Production of P. vivax and P. falciparum SUB1 recombinant enzymes 

Full-length recombinant PvS1FL and PfS1FL (Genbank JX491486 and FJ536585, respectively) were 

prepared as previously described [17,20]. Briefly, Sf9 cells were infected with recombinant 

baculovirus, and the culture medium containing either PvS1FL or PfS1FL was clarified by 

centrifugation and concentrated/diafiltrated against IMAC loading buffer. Purified fractions were 

then tested for activity using a FRET-based assay and pure active fractions were pooled, 

concentrated, and stored at -20°C [17]. 
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The recombinant prodomain-free catalytic form of PvS1 (PvS1CD) was prepared as previously 

described for both IC50 measurements and co-crystallization trials [19]. Briefly, selected 

Drosophila S2 cells stably transfected with the PvS1FL-ng construct (GenBankTM MZ344794) 

encoding for PvS1FL mutated at positions N356S, N427S and N440S to prevent unwanted N-

glycosylation, were cultivated in Insect-XPRESS medium (Lonza) and PvS1FL-ng expression was 

induced by adding 5 µM of CdCl2 to transfected Drosophila S2 cells. PvS1FL-ng was purified from 

concentrated/diafiltrated culture supernatant by chromatography on a 5-mL TALON metal affinity 

resin (Clontech). PvS1CD was obtained following incubation of PvS1FL-ng in a dissociation buffer 

(50 mM Tris, 2 M MgCl2, pH 8) allowing the dissociation of PvS1FL-ng prodomain and subsequent 

trypsin digestion for 2.5 h at 25 °C. Active pure fractions containing PvS1CD obtained after size-

fractionation onto a HiLoad 16/60 Superdex 75 column equilibrated with 20 mM Tris, 50 mM 

CaCl2 (pH 8) were pooled and stored at -20 °C with 10% v/v of glycerol for activity assays or with 

2% v/v PEG8000 for crystallization studies. 

4.4.2. Enzymatic test and determination of inhibitory potencies 

The activity of PvS1 and PfS1 was assessed using a FRET substrate on a 384-wells plate as 

previously described [17]. Briefly, compounds at 10 different concentrations were incubated with 

PvS1FL or CD or PfS1FL at 37 °C for 15 min in 25 mM CaCl2, 0.1% Chaps, pH 7.5. The reaction was 

initiated by adding the FRET substrate (20 µM) (Dabsyl-KLVGADDVSLA-EDANS and Dabsyl-

KLVSADNIDIS-EDANS for PvS1 and PfS1, respectively) and followed by measuring the EDANS 

fluorescence (excitation at 360 nm and emission at 500 nm) every 2 min under shaking over 1h 

using a Tecan Infinite M1000 spectrofluorimeter. IC50 values were calculated using GraphPad 

PRISM software. All measurements were performed in triplicate. 

4.4.3. Thermal shift assay of PvS1CD in the presence of inhibitors 

To determine the melting temperature (Tm) of PvS1CD by differential scanning fluorimetry (DSF) 

in the presence and absence of inhibitors, 2.5 µg of PvS1CD in 20 mM Tris pH 8.0, 150 mM NaCl, 

25 mM CaCl2, 250 mM MgSO4 and 1 mM dithiothreitol supplemented with either 1 mM compound 

or 5% DMSO was dispensed into 96-well PCR plates (25 µL per well). A 50X solution of Sypro 

Orange (Invitrogen) was added to each well (2.5 µL per well), and the plate was heated from 25 to 

95°C in 1 °C steps of 1 minute each using a CFX96 Touch™ Real-Time PCR Detection System 

(BioRad). Fluorescence increase resulting from the binding of Sypro Orange to the exposed 

hydrophobic regions of the unfolding protein was monitored using the FRET filter. The melting 

temperature (Tm) was defined as the midpoint of the protein unfolding transition. 

4.4.4 Jump dilution assay for dissociation kinetics evaluation 
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The jump dilution assay was adapted from [49]. Initially, to quantify the concentration of active 

enzyme molecules ([E]t) capable of binding the inhibitors, we adopted a method outlined in the 

literature [50]. Briefly, an enzymatic assay with the chosen compounds was conducted using the 

FRET method mentioned above, adjusting the highest concentration in the assay to be 100 times the 

previously calculated IC50. The initial velocities were then plotted against inhibitor concentrations 

and fitted to the Morrison equation to obtain the [E]t values [51]. Subsequently, enzyme:complex 

mixtures were prepared at equal concentrations, taking into account the active enzyme 

concentration [E]t. The mixtures contained 2.8 µM active PvS1CD, 2.8 µM compound, 25 mM 

CaCl2, 0.5 % Chaps, 20 mM Tris pH 7.5, and 10% DMSO (to ensure solubility of the compound) in 

a 30 µM final volume. Non-inhibited control (no compound) and negative control (no enzyme) 

reactions were performed in parallel. The components were mixed in a 96-well microtiter plate, 

which was then sealed and incubated overnight at room temperature. The next morning, the 

enzyme:inhibitor interaction was assumed to have reached binding equilibrium. A two-step 100-

fold dilution was carried out to induce the breakdown of the complex. A 20-fold dilution was 

performed in 25 mM CaCl2, 0.5 % Chaps, 20 mM Tris pH 7.5, and 10% DMSO, followed by a 5-

fold dilution in a solution containing the same components plus 20 µM of the FRET substrate 

(Dabsyl-KLVGADDVSLA-EDANS). The final dilution was transferred to a black 384-well flat-

bottom plate (18 µL per well), spun down, and fluorescence measurements were initiated. The plate 

reader was set up for a 2-hour measurement with readings every minute at 360/500 +/- 10 nm and 

25 °C. The data plots of fluorescence as a function of time were analyzed using nonlinear 

regression and fit to the following equation: F(t) = Vs x t + (Vi - Vs) x [1 – exp(kobs x t)]/kobs. In 

these experiments, kobs is expected to be within 20% of the koff value [49]. The bound half-life 

(t1/2off) was determined from the koff value using the equation: t1/2off = 0.693/koff. 

4.4.5. Inhibition assays for mammalian serine peptidases: trypsin, chymotrypsin, elastase 

Inhibition assays for mammalian serine peptidases were performed based on the method described 

by Lainé et al. [52]. Trypsin (from porcine pancreas; Sigma-Aldrich T4799), chymotrypsin (from 

bovine pancreas; Sigma-Aldrich C4129), and elastase (from porcine pancreas; Sigma-Aldrich 

E1250) activity measurements were based on the cleavage of the substrates Nα-benzoyl-L-arginine-

p-nitroanilide hydrochloride (Sigma-Aldrich B3133), Nα-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide 

(Sigma-Aldrich S7388), and Nα-succinyl-Ala-Ala-Ala-p-nitroanilide (Sigma-Aldrich S4760), 

respectively. A stock solution of 1 mg/mL for each peptidase was prepared in 100 mM Tris-HCl, 

pH 8.0, and 20 mM CaCl2. The substrates were prepared as 200 mM stock solutions in DMSO. 

Inhibition measurements were performed in 96-well clear, flat-bottom plates. For each peptidase, 5 

µg/mL of trypsin, 0.5 µg/mL of chymotrypsin, or 5 µg/mL of elastase in 98 µL assay buffer (100 

mM Tris-HCl, pH 8.0, and 20 mM CaCl2) was mixed with 2 µL of compound at 10 mM and 
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incubated for 15 min before the addition of 100 µL of substrate pre-diluted in assay buffer to yield a 

final concentration of 1 mM. Phenylmethylsulfonyl fluoride (PMSF) at a final concentration of 2 

mM was used as an inhibition control, while pure DMSO was used as a non-inhibition control. For 

all three enzymes, activity detection was performed by monitoring the absorbance at 405 nm for 

one hour. To estimate the inhibitory potential of compound 8 on elastase, the assay was repeated at 

a range of 10 concentrations of inhibitor starting at 600 µM. The slope values of the linear part of 

the activity curves were obtained with the Magellan software, and IC50 values were calculated using 

the GraphPad Prism software. All measurements were performed in triplicate. 

4.4.6. Evaluation of SUB1 inhibitors on P. falciparum merozoite egress from infected human 

erythrocytes and selectivity index determination 

Parasites were cultured as previously described [17] in RPMI 1640 medium containing L-

glutamine, 25 mM HEPES (Invitrogen) supplemented with 2.5% Albumax II (Gibco), with a 

hematocrit (human red blood cells) of 5%, 100 µM hypoxanthine (C.C.pro, Germany), 25 µg/mL 

gentamycin (SigmaAldrich) at 37 °C in a 5% O2, 5% CO2, and 90% N2 atmosphere. To obtain 

human red blood cells, peripheral blood samples were collected from healthy volunteers through the 

ICAReB platform (Clinical Investigation & Access to Research Bioresources) from the Center for 

Translational Science, Institut Pasteur [53]. All participants received an oral and written 

information about the research and gave written informed consent in the frame of the healthy 

volunteers Diagmicoll cohort (Clinical trials NCT 03912246) and CoSImmGEn cohort (Clinical 

trials NCT 03925272), after approval of the Ethics Committee of Ile-de-France (2009 April 30th and 

2011 jan 18th, respectively). 

Compound effect on P. falciparum merozoite egress from infected human erythrocytes was 

assessed using the method previously described by Bouillon et al. [41] with minor adjustments (T0-

T8 assay). Briefly, P. falciparum cultures were synchronized using successive sorbitol treatments, 

and schizonts were isolated through plasmion purification. The synchronized cultures, mainly 

composed of late schizonts, were adjusted to 2% hematocrit and 1% parasitemia and exposed to 

compounds at the desired concentrations. After an 8-hour incubation at 37°C, the samples were 

fixed with a 0.04% glutaraldehyde solution in phosphate-buffered saline (PBS), permeabilized with 

0.25% Triton X-100, and treated with RNAse (0.05 mg/mL, Sigma-Aldrich) before staining with 

YOYO-1 DNA binding dye (400 nM final concentration, Invitrogen). The flow data were acquired 

using MacsQuant flow cytometer with 100,000 events per sample and analyzed using FlowJo 

software to determine the parasitemia of ring stage parasites after egress and invasion. The 

inhibition percentage was calculated comparing with the parasitemia obtained with the control 

DMSO. Compound 40 was tested on 16 different concentrations from 180 to 0.8 µM to determine a 
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precise IC50 in the T0-T8 assay. The experiment has been done in triplicate and IC50 value was 

calculated using GraphPad PRISM software. 

SUB1 being specific for mature Plasmodium schizonts and involved in the merozoite egress, the 

eventual off-target effect of compound 40 has been evaluated on P.falciparum trophogony, namely 

the phase during which young post-invasion parasites, until early schizogony, when the parasites 

start dividing in daugther merozoites. A synchronous parasite culture (2% hematocrit and 1% 

parasitemia)  of young trophozoites (called “rings”) aged of 0-3 hours post-invasion into red blood 

cells was exposed to 100 and 25 µM compound 40 or an equivalent amount of DMSO (1% and 

0.25% final, respectively) during 28h. The culture medium was then removed, infected red blood 

cells were washed and put back in culture without compound for 38h, allowing the completion of 

the intra-erythrocytic cycle and a merozoite egress/invasion event to occur before the samples were 

fixed and parasitemia were determined as described above. Comparing with the parasitemia 

obtained with the DMSO control, a percentage of parasite growth inhibition not related to SUB1 

was calculated. The selectivity index (SI) corresponds to : SI = 1 - (% trophogony inhibition/% T0-

T8 assay inhibition), % T0-T8 assay inhibition being 100% and 60% at 100 and 25 µM compound 

40, respectively. A SI close to 1 gives an indication on SUB1 target specificity. 

4.4.7. Stability assay in human serum 

A degradation assay was described previously [54] and full details are given in the Supplementary 

Materials part. Briefly, pooled human serum was preincubated in Eppendorf ThermoMixer® 

Comfort (Hamburg, Germany) for 20 min at 37 °C (350 rpm), followed by addition of 20 µL of 

aqueous peptide stock solution (0.6 mM final concentration in serum) and further incubation. At 

selected time intervals, samples of 50 µL were collected and mixed with 200 µL of 

MeCN:H2O:formic acid mixture (89:10:1, v:v:v) to precipitate serum proteins. The suspension was 

vortexed and centrifuged (10 min, 4 °C, 11 000 g). 100 µL of supernatant were collected and 

lyophilized. The samples were reconstituted in 1 mL of 10 mM ammonium formate with 0.1% 

formic acid in water, vortexed and subjected to LC-SWATH-MS (SWATH-MS = Sequential 

Window Acquisition of All Theorical Mass Spectra). Quantification was done by measuring the 

intensity of extracted ion chromatograms (XIC) obtained by MS analysis: for both 1 and 8 we chose 

the fragment ion 573.2492 m/z and its intensity was plotted as a function of time. The electrospray 

ionization (ESI) was operated in positive mode.  

For identification of potential degradation products and quantification (degradation half-life), mass 

spectrometer was operated in mixed HRMS/SWATH-MS/MS acquisition mode with total cycle 

time of 550 ms. To induce fragmentation, collision energy voltage (CE) was set to 35 V and 

collision energy spread voltage (CES) was set to 15 V. 
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To prepare degradation bar graph, peak area was represented in percentage as change relative to the 

value obtained just after mixing peptide with serum (0 h – 100%). GraphPad Prism Version-5.01 

was used to present data and statistics. All results are represented as means ± SEM, determined 

from two independent experiments performed in duplicates. 

4.5. Structural evaluation 

4.5.1. Co-crystallization of compounds with PvS1CD 

Co-crystallization experiments were performed following the method described by Martinez et al. 

[19]. Initially, 1µL of inhibitor solution (5 mM in 50% DMSO) was transferred to a PCR tube and 

incubated at 37 °C for 24-48 hours to evaporate the DMSO. PvS1CD at 14 mg/mL was then mixed 

with the dried inhibitor (final protein:inhibitor ratio of 1:4.4) and incubated at 4 °C for 4 hours prior 

to setting up the crystallization drops. Initial crystals were obtained manually in Linbro plates using 

a hanging drop setup. Optimal crystals of PvS1CD in complex with inhibitors were obtained at 18 °C 

by mixing 1.5 µL of the protein complex with 1.5 µL of the reservoir solution containing 0.5 M 

LiSO4 and 15% W/V PEG8000, and seeded with microcrystals (streak seeding) of PvS1CD grown in 

the absence of the inhibitor under the same crystallization conditions. Plate-like crystals appeared 

within 1-2 weeks, and single crystals were flash-frozen in liquid nitrogen using the mother liquor 

containing 1.25 mM of the respective inhibitor and 25% ethylene glycol as cryoprotectant prior to 

X-ray diffraction data collection. 

4.5.2. X-ray data collection and 3D structure resolution 

The diffraction data sets were collected from a single flash-frozen crystal at 100 K using beamlines 

ID29 and ID30 at ESRF (Grenoble, France) and Proxima-1 at SOLEIL synchrotron (Saint Aubin, 

France). These data were then processed with XDS [55] and scaled with AIMLESS from the CCP4 

suite [56]. The crystal structures were solved by molecular replacement methods using Phaser 

software [57] and the catalytic domains of PvS1FL (pdb code 4TR2, residues Tyr277-Lys611) or of 

PvS1CD (pdb code 8COZ) as model probes. Structure refinement was carried out using BUSTER 

software [58], which incorporated TLS models and non-crystallographic symmetry restraints. 

Automatic TLS segmentation was performed with the TLSMD server. Manual rebuilding was 

performed using COOT [59]. The final data collection and refinement statistics are presented in 

Table S5, and the atomic coordinates and structure factors have been deposited in the Protein Data 

Bank with pdb codes 8QKG (compound 3), 8QKJ (compound 7), and 8QKE (compound 8). 
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of selected compounds). Figure S1 (Inhibition of P. falciparum merozoite egress by compound 40). 
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X-ray structures of SUB1/inhibitor complexes: pdb codes 8QKG (compound 3), 8QKJ (compound 

7), 8QKE (compound 8): Authors will release the atomic coordinates and experimental data upon 

article publication. 
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