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RESUMO 

A falcipaína-2 (FP-2) é uma hemoglobinase chave do Plasmodium falciparum, frequentemente 

selecionada como alvo para o planejamento de fármacos antimaláricos. Apesar dos esforços, 

nenhum inibidor da FP-2 tem entrado em fase de ensaios clínicos, pois a inibição cruzada de alvos 

humanos constitui um obstáculo. Neste trabalho, abordamos questões relacionadas à inibição 

seletiva da FP-2 através de diferentes técnicas computacionais, como simulações de dinâmica 

molecular, triagem virtual, ancoramento molecular, análise da comunidades e cálculos de volume 

de cavidades e energia livre. Ademais, realizamos ensaios de inibição in vitro para validar as 

predições. Apresentamos os compostos HTS07940 e HTS08262, que inibem a FP-2 e culturas de 

P. falciparum com boa seletividade respeito à catepsina K humana (hCatK) e à linha celular HeLa. 

Os inibidores foram identificados por meio de uma estratégia de triagem virtual que descartou 

ligantes com alta afinidade pela hCatK. Outras formas de atingir inibição seletiva são exploradas, 

como a busca por inibidores alostéricos, que ligam tipicamente sítios menos conservados. 

Analisamos uma região da FP-2 equivalente a um sítio alostérico da hCatK previamente 

caracterizado, o sítio 6, e predizemos vários ligantes potenciais. Após avaliação experimental, dois 

compostos, ZINC03225317 e ZINC72290660, são confirmados como inibidores não competitivos 

da FP-2, o que reforça a relevância deste sítio para o planejamento de fârmacos. A busca de 

cavidades alostéricas é expandida a outros sítios, baseada em informações experimentais prévias 

relacionadas a uma E-chalcona identificada acidentalmente como inibidor não competitivo da FP-

2. Os resultados revelam a ocorrência de uma cavidade transiente numa região denominada sítio 3, 

que permanece maioritariamente ocluída pela cadeia lateral do resíduo K34. O modo de ligação 

predito da E-chalcona é consistente com os dados experimentais disponíveis e fornece informação 

sobre o mecanismo alostérico a nível molecular. Por fim, estudamos os determinantes moleculares 

da alta seletividade pela FP-2 de nitrilos que contêm substituintes de 3-piridina em P2, previamente 

estudados. Segundo as nossas predições, pontes de água envolvendo os resíduos I85 e D234 da FP-

2 e o nitrogênio da piridina explicam os perfis experimentais de atividade. Portanto, inibidores 

seletivos da FP-2 podem ser planejados promovendo a formação de pontes de água no fundo do 

subsítio S2 e/ou introduzindo grupos químicos que substituem a molécula de água envolvida. 

Palavras-chave: Malária. Plasmodium falciparum. Falcipaína-2. Inibidores. Seletividade. 

Alosteria. Dinâmica molecular. Triagem virtual. Energia livre. Ensaios de inibição. Cavidades 

transientes. Modo de ligação. Comunidade. Rota de sinalização. Ponte de água.



 

 

ABSTRACT 

Falcipain-2 (FP-2) is a key hemoglobinase of Plasmodium falciparum that has been extensively 

targeted in antimalarial drug discovery projects. Despite the efforts, none of the existing FP-2 

inhibitors has entered the clinical trials yet, as cross-inhibition of human off-targets remains a major 

concern. Here, we tackle issues related to selective FP-2 inhibition by employing different 

computational techniques, such as molecular dynamics simulations, virtual screening, docking, 

community analysis and pocket volume and free energy calculations. We also perform in vitro 

inhibition assays to validate the predictions. We report two compounds, HTS07940 and HTS08262, 

displaying inhibition against FP-2 and P. falciparum cultures with good selectivity with respect to 

human cathepsin K (hCatK) and HeLa cell line. The inhibitors were identified through a virtual 

screening strategy that ruled out ligands with high affinity for hCatK. Moreover, other ways to 

achieve selective inhibition are explored, such as the search for allosteric inhibitors, which bind to 

typically less conserved sites. We analyze an FP-2 region equivalent to a previously-characterized 

allosteric site of hCatK, termed site 6, and predicted various potential ligands. After experimental 

evaluation, two compounds, ZINC03225317 and ZINC72290660, are confirmed as non-

competitive inhibitors of FP-2, thus reinforcing the suitability of site 6 as a druggable allosteric 

cavity. The search for potential cavities is expanded to other sites on the basis of previous 

experimental information related to a serendipitously-identified E-chalcone displaying non-

competitive inhibition against FP-2. Our results reveal the occurrence of a transient pocket in a 

region termed site 3, which remains occluded most of the simulation time by the side-chain of 

residue K34. The predicted binding mode of the E-chalcone is consistent with the available 

experimental data and sheds light upon important features of the allosteric mechanism at molecular 

level. Finally, we study the molecular determinants of the high selectivity for FP-2 of previously-

reported nitriles containing 3-pyridine substituents at P2. Our results reveal that water bridges 

involving residues I85 and D234 of FP-2, and the pyridine nitrogen, explain the experimental 

activity profiles. Therefore, selective FP-2 inhibitors can be designed by promoting the formation 

of water bridges at the bottom of the S2 subsite and/or by introducing substituents that replace the 

bridging water molecule. 

Keywords: Malaria. Plasmodium falciparum. Falcipain-2. Inhibitors. Selectivity. Allostery. 

Molecular dynamics simulation. Virtual screening. Free energy. Inhibition assays. Transient 

pockets. Binding mode. Community. Signaling Pathway. Water bridge.
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1 INTRODUCTION 

Malaria is still a major problem of public health. Nearly half of the world's population lives 

in areas where this disease is endemic, mainly in tropical low-income countries.1, 2 According to 

the World Health Organization (WHO), approximately 290 million cases and 435 000 related 

deaths were reported in 2017.2 The disease is caused in humans by five species of Plasmodia, i.e, 

P. falciparum, P. ovale, P. vivax, P. malariae and P. knowlesi, the former being responsible for the 

most lethal form of the disease.3, 4 Unfortunately, after a period of success in controlling malaria 

worldwide, the progress has stalled over the last years.2  

Figure 1.1. Life cycle of P. falciparum. The parasites have a complex life cycle involving female 

mosquitoes of the genus Anopheles, where they undergo a sexual development, and human beings, where 

the asexual blood stage inside the erythrocytes takes place.  

 
Source: Taken from ref. 5. 

 

The life cycle of malaria parasites is complex and involves a number of different asexual 

and sexual developmental stages within both the vector and the vertebrate host (Fig. 1.1). In 

humans the disease is transmitted when bitten by an infected female Anopheles mosquito. The 

sporozoites are then injected into the dermal tissue and actively move into the circulatory system 
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and colonize the liver.3 Once in the liver, each sporozoite differentiates and divides into thousands 

of merozoite forms, which are released from hepatocytes into the bloodstream and invade the 

circulating erythrocytes. Within the new host cell, the parasite undergoes a maturation process from 

a ring-stage trophozoite to a pigmented trophozoite before finally undergoing mitotic nuclear 

divisions into daughter merozoites at the schizont stage. At this point, the infected erythrocytes 

rupture and release daughter merozoites into the bloodstream, which resume another round of 

asexual reproduction after having infected new erythrocytes.3 Finally, some parasites differentiate 

into sexual forms, called gametocytes, which may be ingested by a feeding mosquito and undergo 

a sexual life cycle within the vector leading to parasite transmission to other human beings.3 

The efforts to control malaria have been focused on two main approaches, i.e., killing the 

vector and killing the parasite. The first alternative comprises the extensive use of insecticides and 

habitat transformations, i.e., use of bed nets. Although this would be the most desirable method, its 

implementation has been largely unsuccessful due to the vast areas involved and the emergence of 

insecticide-resistant mosquito strains.3 Alternatively, human beings can be immunized against 

malaria parasites. However, none of the developing vaccines is functional yet and there are no 

prospects for any of them to become available soon. In fact, the most promising vaccine to date, 

termed RTS,S, has shown, upon completion of phase III clinical trial, that its efficacy is limited 

and its effect depends on the geographic region.6 Therefore, drug therapy remains an important 

approach to treat and prevent this infectious disease.3, 7  

The discovery of antimalarials has been mostly serendipitous and the mechanism of action 

is still largely unknown for many of them.3 Most drugs are directed against blood-stage parasites. 

Chloroquine and other quinine alkaloids derivatives were extensively used to treat malaria during 

the 20th century across the world. Antifolate drugs, such as pyrimethamine, an inhibitor of folate 

metabolism, constitute another group of antimalarials. New drugs based on the artemisinin scaffold 

have been discovered during the last decades.3 Currently, however, the emergence of P. falciparum 

strains resistant to the available drugs is becoming a great concern, as it poses a tremendous 

challenge for disease control in most parts of the world. Therefore, the development of new 

antimalarials is urgently needed, as well as the concomitant search for new drug targets.7 Regarding 

the latter aspect, a great progress has been made since the unveiling of P. falciparum genome in 

2002.3 Potential drug targets have been grouped into three main categories, based on their function 

during the parasite’s life cycle: i) targets involved in macromolecular and metabolite synthesis, ii) 
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targets associated with membrane transport and signaling and iii) targets involved in hemoglobin 

degradation.3 Of note, process (iii) occurs within the food vacuoles of intraerythrocytic malaria 

parasites, and is carried out by a variety of proteases acting at an optimum pH within the range of 

4.5-5.0, i.e., that of the food vacuole.8 Amino acids derived from hemoglobin degradation are 

incorporated into parasite proteins or utilized as an energy source. It has also been suggested that 

removal of hemoglobin during its breakdown provides space in the erythrocyte for parasite growth 

and prevents early erythrocyte lysis.8 

Figure 1.2. Structural features of FP-2 and FP-3. Both enzymes have the typical folding of C1 cysteine 

proteases, which consists of two domains. Mature FP-2 and FP-3 are made up of single polipeptides of 241 

and 243 residues, respectively and share a 68% of sequence identity (ID).4, 8 The catalytic residues of FP-

2/3 are shown as sticks and labeled accordingly. The distinctive β-hairpin and nose-like insertions of both 

FPs are indicated by arrows. The crystal structures of FP-2 and FP-3 2OUL and 3BWK were taken for 

representation. 

 
Source: Prepared by the author. 

The abrogation of hemoglobin degradation with a variety of protease inhibitors leads to 

parasite death, thereby indicating the importance of hemoglobin-degrading enzymes as antimalarial 

drug targets. Among them, the P. falciparum C1 cysteine proteases, termed falcipain-2 (FP-2)9 and 

falcipain-3 (FP-3)10, are considered as particularly promising targets for antimalarial drug 

discovery.4, 7, 8, 11 Both proteases are synthesized as membrane-bound proforms that are processed 

to soluble mature forms probably by auto-proteolysis after exiting the endoplasmic reticulum/Golgi 

network. Besides being associated with hemoglobinase activity, FP-2 and FP-3 are involved in the 
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conversion of proplasmepsins, another group of hemoglobin-degrading aspartic proteases, into 

their mature active forms. FP-2 is also engaged in the degradation of erythrocyte membrane skeletal 

proteins at neutral pH, which suggests its involvement in erythrocyte rupture and release of mature 

merozoites into the bloodstream.8 The disruption of FP-2 gene leads to trophozoites with swollen, 

dark-staining food vacuoles, consistent with markedly diminished hemoglobin degradation. 

However, more mature knockout parasites display normal phenotypes. In contrast to these results, 

repeated attempts to obtain FP-3 knockout parasites have been unsuccessful, although replacement 

of the FP-3 gene with a functional copy encoding a tagged protease was readily accomplished.4, 8, 

12 This indicates that FP-3 is essential to intraerythrocytic parasites and, thus, the development of 

cysteine protease inhibitors as antimalarial drugs should be directed against both FP-2 and FP-3.8  

Figure 1.3. Active sites of FP-2 and FP-3. The active sites of both enzymes are made up of five subsites, 

from S3 to S2’, which are colored differently according to the legend. The most important residues are 

shown as sticks and labeled accordingly. The representations correspond to the crystal structures 2OUL and 

3BWK of FP-2 and FP-3, respectively. 

 
Source: Prepared by the author. 

According to the information provided by the available crystal structures, FP-2 and FP-3 

adopt the classical papain-like fold, which is divided into L (left) and R (right) domains and the 

active site is located in a cleft at the junction between them (Fig 1.2). Four conserved catalytic 

residues, i.e., Q36/38, C42/44, H174/176 and N204/206, are present in the active sites of FP-2/FP-

3, respectively (Fig. 1.2).13 In spite of the common features shared by both FPs with the other 

papain-like proteases, they possess some unusual structural characteristics, such as an ‘arm-like’ 

β-hairpin (near the C-terminus), which extends away from the protein surface, and a ‘nose-like’ 

projection (at the N terminus) (Fig.1.2). The arm-like structure may act as a distal site for 
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hemoglobin binding, as suggested by mutagenesis studies carried out with FP-2.14 It also displays 

a great flexibility due to solvent exposure as shown by the analysis of different FP-2 crystal 

structures.8 On the other hand, the nose-like projection is essential to proper folding according to 

deletion analysis of its sequence in FP-2.15 Because of the great structural similarity of FP-2 and 

FP-3, it is likely for the nose-like projection to play an analogous role in the latter. 

The active sites of FPs are formed by five subsites: S3, S2, S1, S1’ and S2’ (Fig. 1.3). The 

substrate-specificity requirements of the different subsites of FP-2 and FP-3 have been already 

studied and, despite the sequence similarity of both FPs, some differences in substrate specificity 

were observed.16 The S1 subsite of FP-2 preferentially accommodates Arg residues at the P1 site, 

while that of FP-3 prefers Leu. The S2 subsites of both FPs have strict preference for Leu at P2. 

The S3 subsite of FP2 is rather promiscuous, while Ala at P3 is preferred by the S3 subsite of FP-

3. The S1’ subsite of FP-2 preferentially accommodates hydrophobic residues at P1’ and that of 

FP-3 shows specificity for Arg residues at this site. The specificity of a fifth subsite, S2’, was also 

assessed but it demonstrated no clear preference for any particular residue. These results can 

contribute to devise drug design strategies targeting both FPs.16 

Over the past two decades, dozens of works have reported the discovery of FP-2 (and FP-

3) inhibitors, some of them active against P. falciparum cultures.7, 8, 11, 17 However, none of the 

existing candidates has entered clinical trials yet, and the search for novel inhibitors continues.7 In 

general, the FP inhibitors can be grouped in three main categories according to their chemical 

structures: i) peptide-based, ii) peptidomimetics and iii) non-peptidic inhibitors.4, 7, 8, 11 

Remarkably, peptide-based inhibitors may display high affinities for FPs, as well as the capacity 

to inhibit the growth of malaria parasite cultures at sub-micromolar and even at nanomolar 

concentrations.7, 8 In addition some of them have shown antimalarial effects in vivo using P. vickei-

infected mice.4 Despite the previous achievements, the use of peptide-based inhibitors in therapy 

is limited due to their susceptibility to protease degradation, low capacity to penetrate biological 

membranes and immunogenicity.8, 18 Therefore, in an attempt to overcome the above drawbacks of 

peptide-based inhibitors, the search for other inhibitor classes, e.g., peptidomimetic and 

nonpeptidic compounds, has been conducted.7, 8, 11 In this sense, structured-based virtual screening 

(SBVS) of compound databases has been successfully employed to identify many FP-2 inhibitors, 

especially of non-peptidic nature (Fig. 1.4).7 This underscores the potential of computational 

approaches to discover new antimalarials. 
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Figure 1.4. Some examples of non-peptidic FP-2 inhibitors identified through SBVS directed 

toowards the orthosteric site. The half maximal concentration (IC50) values against the enzyme are 

provided when available. 

 
Source: Taken from ref. 7.  

One of the main concerns regarding the identification of drugs against cysteine proteases is 

the likely occurrence of off-target effects due to lack of selectivity.19 A promising way to tackle 

selectivity issues of molecules binding the orthosteric sites, i.e., the primary functional sites, of 
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target proteins is the search for allosteric inhibitors, i.e., molecules that reduce the functional 

activity by binding to regions different from the orthosteric site.20-23. In fact, allosteric inhibitors 

typically bind to protein regions that are less subjected to evolutionary pressure; which, in turn, 

increases the sequence divergence in the allosteric sites of proteins of the same family if compared 

to that of the orthosteric sites.23 Interestingly, allostery has been already reported for various 

papain-like proteases, such as human cathepsins K, B and S (hCatK, hCatB and hCatS, 

repectively), cathepsin L-like proteases of Leishmania mexicana, Trypanosoma cruzi and 

Trypanosoma brucei, papain and FP-2 itself.24-38 Therefore, the search for allosteric inhibitors 

against these proteases is supported by abundant experimental findings.  

Figure 1.5. Predicted and experimentally-confirmed allosteric sites in hCatK. A) Allosteric sites on the 

surface of hCatK predicted through statistical coupling analysis. Sector and well-conserved residues are 

depicted in blue and yellow, respectively, the remaining residues are shown in gray. The structure of 

chondroitin sulfate, an already-known allosteric modulator of hCatK (PDB: 3C9E) was superimposed on 

the protein structure. B) Representation of the crystal structures of the allosteric inhibitors NSC13345 (up) 

and NSC94914 (down). Note that both inhibitors are bound to site6 of hCatK (residues depicted in blue). 

Allosteric sites have been numbered for convenience.  

 
Source: Fig. 1.5-A adopted from ref. 25 and Fig. 1.5-B prepared by the author. 
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Figure 1.6. Allosteric inhibitors of FP-2 reported in literature. The reported inhibitors can be grouped 

in four main scaffolds shown in the figure. Suramin and heme trigger an excess-substrate inhibition. The 

compounds belonging to the remaining scaffolds act as noncompetitive inhibitors. 

 
Source: Prepared by the author. 

Remarkably, a previous work has proposed potential allosteric cavities in hCatK by 

analyzing co-evolving residues in multiple sequence alignment of the C1 cysteine proteases (Fig. 

1.5-A).25 The authors then reported several non-competitive inhibitors of hCatK discovered 

through SBVS directed against the promising cavities, including two with available co-crystal 

structures targeting the so-called site 6 (Fig. 1.5-B).25-27 This information is relevant for the 
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identification of other allosteric inhibitors against cysteine proteases by means of structure-based 

computational approaches. 

Figure 1.7. FP-2 tryptic peptides displaying differences in their hydrolysis rates in the presence of 

either a competitive or a noncompetitive inhibitor. The tryptic peptide shown in blue is protected from 

trypsin degradation in the presence of an orthosteric ligand, whereas the one depicted in orange becomes 

protected when the noncompetitive inhibitor Cpd66 binds the enzyme.36 Trypsin cleavage sites are 

highlighted by depicting the residues forming the scissible peptide bond as sticks. In addition, the residues 

of the catalytic diad, C42 and H174, are represented as sticks. The primary sequences of the tryptic peptides 

are also included in the figure.  

 
Source: Prepared by the author. 

The currently known inhibitors of FP-2 can be classified in four scaffolds: i) suramin and 

derivatives, ii) heme and derivatives, iii) E-chalcones and iv) methacycline (Fig. 1.6).34-36, 38 Heme 

and suramin are able to modulate the enzyme through an excess-substrate inhibition, which 

involves the interaction of a substrate molecule with a secondary binding site.34, 35 The two E-

chalcone derivatives termed Cpd48 and Cpd66 were reported to trigger a classical and mixed non-

competitive inhibition against FP-2, respectively.36 Cpd66 failed to protect from hydrolysis a 

peptide associated to the FP-2 orthosteric site, as determined by comparing the peptide mass 

fingerprints generated through trypsin digestion of the free enzyme and when bound to the 

inhibitor. However, the compound decreased in a concentration-dependent manner the generation 

of a tryptic peptide unrelated to the orthosteric binding site and comprising residues from N204 to 

R213 (loop204-213, Fig. 1.7). These results were interpreted as a supporting evidence of the non-

competitive inhibition mechanism of the compound.36 A valuable clue to locate the FP-2 allosteric 
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pocket that binds Cpd66 emerged from the previous experiment, which can be further exploited to 

propose a novel site for the modulation of the enzyme’s catalytic activity. On the other hand, Cpd48 

was co-crystalized with FP-2 and the solved structure indicates that it binds to a region comprising 

the prime subsites of the enzyme, which seems to be consistent with the mixed inhibition 

mechanism.39 These findings reinforce the suitability of exploring the allosteric modulation of FP-

2 in order to design novel antimalarials.    

Figure 1.8. Chemical structures and experimental IC50 values of the studied compounds against FPs 

and hCats. Compounds marked with asterisks were tested as racemic mixtures in the inhibition assays 

instead of pure S enantiomers. Therefore, the actual IC50 values for these compounds are half of those 

reported by Nizi et al., as the R enantiomers are inactive. N.d. stands for non-determined values. For all 

compounds, except for NitPhe, the values shown in the table correspond to apparent IC50’s, since they 

undergo ionization in water. All experimental values were taken from the work by Nizi et al.40  

 
Source: Prepared by the author. 

Despite the promising results that can be expected from allosteric compounds, their 

inhibitory activity is relatively modest if compared to that of orthosteric inhibitors. Instead, recent 

literature has drawn the attention to reversible covalent inhibitors of these enzymes, i.e., small 

molecules forming reversible covalent bonds with the catalytic Cys, as a good balance between 

affinity and selectivity can be reached by fine-tuning non-covalent interactions with the target and 

warhead reactivity.19 Some studies have addressed this issue and have reported promising 

reversible covalent inhibitors of FP-2.40-43 In this regard, a work by Nizi et al. is particularly 

relevant, as it demonstrates that it is possible to achieve selectivity against human cysteine 

cathepsins B, K, L and S (hCatB, hCatK, hCatL and hCatS, respectively) by focusing on the P2 

position of peptidomimetic nitriles, i.e., peptide analogs bearing the cyano (-C≡N) warhead.40 

Interestingly, the authors reported noticeable changes in the activity and selectivity profiles of 
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isomeric compounds with pyridine moieties at P2, in which the aromatic N atom (Npyr) lies at 

different positions (Fig. 1.8).  

Among the compounds with different P2 substituents tested by Nizi et al., it was Nit3Pyr 

(Nit stands for the nitrile core structure and 3Pyr, for the P2-pyridine with the Npyr atom at position 

3) the one showing the highest affinity for FP-2 (IC50=23 nM) and selectivity against hCats (9 to 

120-fold more active).40 On the other hand, isomers Nit2Pyr and Nit4Pyr displayed no inhibitory 

activity against FP-2 (Fig. 1.8) up to 5 μM; whereas other Nit3Pyr derivatives, e.g., Nit6Cl3Pyr 

and Nit6OMe3Pyr, though still active, did not improve the affinity and selectivity of the parent 

compound (Fig. 1.8). Moreover, Nit3Pyr inhibits FP-3 (IC50=117 nM) and outperformed the 

inhibition against FP-2 of compounds with structurally-similar yet more hydrophobic P2 moieties, 

such as NitPhe (IC50=667 nM, Fig. 1.8).40 Compound Nit3Pyr was further redesigned at P3 

position, which led to better affinity and selectivity for FP-2, micromolar inhibition of P. 

falciparum growth in vitro and non-detectable cytotoxicity against human cell lines.40 Despite these 

promising findings, currently there is no detailed structural knowledge on the complexes formed 

by the nitriles and proteases mentioned above. This lack of information precludes the rational 

optimization of P2-pyridine moieties and the structure-based design of novel inhibitors mimicking 

the Nit3Pyr properties.  

On the basis of all the previous information, it becomes clear that the search for FP-2 

inhibitors constitutes an active and relevant field. In spite of the current interest in this enzyme, 

there are some aspects requiring further study to foster the discovery of more selective FP-2 

inhibitors. Therefore, in this work we intend to achieve the following general objective: 

To propose new inhibitors, druggable allosteric sites and molecular determinants for selective 

orthosteric inhibition of FP-2.   

To accomplish this objective, we will conduct the specific objectives shown below: 

1. To identify novel competitive inhibitors of FP-2 through a combination of SBVSs and rescoring 

steps by taking into account the potential interaction with human off-targets, and to assess their 

inhibitory activity in vitro against FP-2, P. falciparum cultures, hCatK and HeLa cell-line.  

2. To evaluate the suitability of site 6 of FP-2 as a druggable allosteric site by identifying ligands 

targeting this site through a combination of SBVSs and rescoring steps, and the subsequent 

determination of their inhibitory activity in vitro against FP-2 and their inhibition mechanism.  
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3. To predict the occurrence of transient allosteric cavities in FP-2 on the basis of experimental 

information related to the non-competitive inhibitor Cpd66 and the performance of computational 

analyses to determine the compound’s binding mode and the inhibition mechanism at molecular 

level. 

4. To identify the molecular determinants for the selective inhibition against FP-2 of nitriles 

containing 3-pyridine derivatives at position P2 through MD simulations and free energy 

calculations in order to enable the discovery of more selective FP-2 inhibitors.   

The methodologies and experimental approaches employed here to carry out the previous 

specific objectives will be presented in the next chapter. Objectives 1 and 2 will be developed in 

Chapter 3, where four FP-2 inhibitors, two of them discovered through SVBSs against the active 

site, and the other two, against site 6, are presented. Chapters 4 and 5 show the results of the 

prediction of a novel allosteric site of FP-2 based on the experimental information related to Cpd66 

and the role of water molecules in the selectivity for FP-2 of nitriles containing 3-pyridine 

derivatives at position P2, respectively. The main conclusions of this work are presented in Chapter 

6, and four appendices (from A to D) provide supporting information to the methods and results. 
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6 CONCLUDING REMARKS 

In this work we have explored different in silico approaches aiming at the identification of 

novel FP-2 inhibitors with improved selectivity. Two promising compounds, HTS07940 and 

HTS08262, were identified through SBVSs directed towards the active sites of FP-2, FP-3 and 

hCatK and subsequent experimental validation. The compounds display inhibitory activity against 

FP-2 in the 10-5-10-6 M range and no inhibition of hCatK was detected. The higher selectivity for 

FP-2 was attributed to differences in the residue composition at the bottom of the S2 subsite among 

the analyzed cysteine proteases. In addition, HTS07940 and HTS08262 possess micromolar 

inhibition of P. falciparum growth in vitro and suitable selectivity indices when tested against HeLa 

cells. Both compounds belong to a new scaffold of FP-2 inhibitor, which increases the chemical 

repertoire of antimalarial drug candidates. We also probed the potential of site 6 of FP-2 as a 

druggable allosteric site through SBVS. Two compounds, ZINC03225317 and ZINC72290660, 

were identified as non-competitive FP-2 inhibitors after the experimental validation. Despite their 

weak inhibitory activity against FP-2, Ki values within the 10-4-10-3 M range, our results show the 

suitability of site 6 as a druggable cavity in FP-2.  

Moreover, the search for other potential allosteric cavities of FP-2 was expanded by 

predicting the binding mode of a reported non-competitive inhibitor, Cpd66, with available 

experimental information on the likely location of its binding site. The formation of a transient 

pocket at the site 3 region of FP-2, which remains mostly occluded by K34 side-chain, was 

revealed. The predicted binding mode of Cpd66 within the identified pocket fulfills all the 

experimental findings, thus reinforcing the potential of site 3 as an allosteric pocket. In accordance 

with the established classical non-competitive mechanism of Cpd66, the absence of conformational 

changes at the active site upon the compound binding was corroborated in silico. It was shown that 

a combination of subtle structural aspects, e.g., variations in loop motions, community and 

signaling pathways rearrangements, and pKa shifts, constitute the likely molecular fingerprint of an 

impaired catalytic function of FP-2 when bound to Cpd66. 

Finally, we conducted a computational study to decipher the bases of the selectivity for FP-

2 of nitriles containing Pyr derivatives at P2. Our results revealed that water bridges involving 

residues I85 and D234 of FP-2, and the deprotonated nitrogen of the 3Pyr moiety at P2, which are 

either less prevalent or nonexistent in the analog complexes involving hCats, explain the SAR data. 
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The presence of water molecules in the crystal structures of the studied enzymes close to the 

bridging water positions reinforces the likelihood of such interactions occurring. The presence of 

the nitrogen atom in positions 2 and 4 of the pyridine ring, also precludes the formation of the 

stabilizing water bridges within the S2 subsite of FP-2. Our results show that selective FP-2 

inhibitors can be designed by promoting the formation of the above-mentioned water bridge and/or 

by introducing substituents that displace the bridging water.  
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