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ARTICLE INFO ABSTRACT

Keywords: Background: Falcipain 2 (FP-2) is the hemoglobin-degrading cysteine protease of Plasmodium falciparum most
Falcipain 2 extensively targeted to develop novel antimalarials. However, no commercial antimalarial drugs based on FP-2
Plasmodium falciparum inhibition are available yet due to the low selectivity of most FP-2 inhibitors against the human cysteine pro-
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teases.

Methods: A structure-based virtual screening (SVBS) using Maybridge HitFinder™ compound database was
conducted to identify potential FP-2 inhibitors. In vitro enzymatic and cell-growth inhibition assays were per-
formed for the top-scoring compounds. Docking, molecular dynamics (MD) simulations and free energy calcu-
lations were employed to study the interaction of the best hits with FP-2 and other related enzymes.

Results and conclusions: Two hits based on 4-(9H-fluoren-9-yl) piperazin-1-yl) methanone scaffold, HTS07940
and HTS08262, were identified as inhibitors of FP-2 (half-maximal inhibitory concentration (ICs¢) = 64 uM and
14.7 uM, respectively) without a detectable inhibition against the human off-target cathepsin K (hCatK).
HTS07940 and HTS08262 inhibited the growth of the multidrug-resistant P. falciparum strain FCR3 in culture
(half-maximal inhibitory concentrations (IC50) = 2.91 pM and 34 uM, respectively) and exhibited only mod-
erate cytotoxicity against HeLa cells (Half-maximal cytotoxic concentration (CC50) = 133 pM and 350 pM, re-
spectively). Free energy calculations reproduced the experimental affinities of the hits for FP-2 and explained the
selectivity with respect to hCatK.

General significance: To the best of our knowledge, HTS07940 stands among the most selective FP-2 inhibitors
identified by SBVS reported so far, displaying moderate antiplasmodial activity and low cytotoxicity against
human cells. Hence, this compound constitutes a promising lead for the design of more potent and selective FP-2
inhibitors.

1. Introduction

Malaria is a mosquito-borne infectious disease prevalent in tropical
regions, where > 3.2 billion people live under the risk of infection [1].
According to the World Health Organization (WHO), approximately
216 million cases of malaria and 445,000 deaths were reported in 2016.
Alarmingly, after a period of success in global malaria control, the
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progress has currently stalled [2]. Five species of parasites of the genus
Plasmodia, i.e., P. falciparum, P. vivax, P. ovale and P. knowlesi, are the
causative agents of malaria in humans, the former being responsible for
the most common and lethal form of the disease [3,4].

So far, various antimalarials, e.g., quinine, chloroquine, artemisinin
and atovaquone, have been discovered. However, the development of
resistance to the available drugs is becoming a major health concern
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and, consequently, the identification of novel antimalarials is urgently
needed [1,3]. In this sense, the development of new drugs has been
directed to vital processes of the parasites, such as i) biosynthesis, ii)
membrane transport and signalling and iii) hemoglobin catabolism [4].
The latter process is carried out by a battery of proteases active inside
the food vacuole of parasites during the intraerythrocytic stage of their
life cycle [4]. Of note, two C1 cysteine proteases, FP-2 (MEROPS ID:
C01.046) and FP-3 (MEROPS ID: C01.063), have been identified as
promising drug targets among the currently known hemoglobinases of
P. falciparum [1,4].

Several falcipain (FP) inhibitors have been reported in literature,
which can be classified into three main categories: i) peptide-based, ii)
peptidomimetic and iii) non-peptidic compounds [1,4,5]. Although the
most potent FP inhibitors identified so far are of peptide nature, their
suitability for therapy is limited, since they are likely to undergo pro-
teolytic cleavage in vivo and possess low permeability through cell
membranes [5]. On the other hand, peptidemimetic and non-peptidic
FP inhibitors, though typically less potent than the peptidic ones, can
display improved pharmacokinetic and pharmacodynamic parameters,
which makes them more adequate for therapy [5]. Remarkably, despite
the important role of FPs, no commercial antimalarial drugs targeting
these proteases are available yet; therefore, the search for new com-
pounds capable of inhibiting FPs remains active [1].

Various approaches have been employed to identify FP inhibitors,
some of them combining experimental and computational tools
[1,3-5]. In particular, the SBVS of chemical databases has proven a
widely-used and successful strategy [1,3]. Potential hits in the SBVS
approach are typically identified by docking each compound of the
chemical database into the binding site of the target molecule with
known tridimensional (3D) structure. The compounds are then ranked
according to their docking scores and subsequently subjected to ex-
perimental evaluation [1,3].

Previous works have shown that docking algorithms may fail to
identify the correct binding mode of a ligand as the top-scoring pose
[6,7]. Therefore, post-docking refinement steps are generally required
in order to accurately predict the lowest-energy conformation. Com-
putational methods such as Molecular Mechanics Poisson-Boltzmann
(Generalized Born) Surface Area (MM-PB(GB)SA) free energy calcula-
tions, performed either on ensembles generated through molecular
dynamics (MD) simulations or on single structures, can be employed for
that purpose [6,8-11]. In addition, enhanced sampling techniques, e.g.,
metadynamics and accelerated molecular dynamics (aMD) simulations,
have also proven useful to identify the native binding modes of ligands
[6,12].

The present work aims to discover new FP inhibitors through an
integrated strategy that involved SBVS, experimental evaluation and in
silico analyses of the interaction of the identified hits with FPs. We
screened the Maybridge HitFinder™ (http://www.maybridge.com/)
collection of compounds against the crystal structures of FP-2, FP-3 and
also that of hCatK (EC 3.4.22.38), which was included to account for
potential cross-inhibition effects in the human host. Nine compounds
displaying high affinity and specificity for both parasitic proteases with
respect to hCatK based on SBVS results, were purchased and subjected
to experimental evaluation. From the experimental results, we identi-
fied two compounds, HTS07940 and HTS08262, displaying ICs, values
in the 107° to 10> M range against FP-2 and P. falciparum cultures,
and low cytotoxicity and inhibition against HeLa cells and hCatK, re-
spectively. Remarkably, HTS07940 and HTS08262 belong to a novel
non-peptidic scaffold of FP-2 inhibitors. We also conducted a thorough
computational study to determine the binding modes of HTS07940 and
HTS08262 to FP-2, FP-3 and hCatK. Our predictions accurately re-
produced the experimental affinities for FP-2 and the specificity with
respect to hCatK. This provides a reliable structural knowledge that
may help the future optimization of the identified inhibitors.
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2. Material and methods
2.1. PSI-Blast and structural alignment

A PSI-Blast search for human homologs of FP-2 in the Protein Data
Bank was conducted using the BLAST web server available at https://
www.ncbi.nlm.nih.gov/BLAST/ with default parameters [13]. The 3D
structures retrieved from this step plus FP-3 (PDB: 3BWK) were struc-
turally aligned to FP-2 (PDB: 20UL) using the salign 3D routine im-
plemented in Modellerv9.9 [14]. Based on the structural alignment, the
conservation degree of residues involved in ligand binding throughout
the set of human proteases with respect to FP-2 and FP-3 was analyzed.
The human homolog having the largest sequence identity (ID) [15] in
the binding site region with both FPs was selected for potential cross-
inhibition analysis in silico, as described below. The binding site was
defined by the broadest set of residues contacting the ligands within a
cutoff radius of 6 A in various 3D structures of human cathepsins and
FPs in complex with organic ligands (PDBs: 3BWK, 3BPF, 1AYV, 3BC3).

2.2. Structure-based virtual screening

SBVSs of the Maybridge HitFinder™ database, containing 14,400
drug-like compounds (http://www.maybridge.com/), were performed
in parallel to target the active sites of FP-2, FP-3 and hCatK, the selected
human off-target, using Autodock Vina 1.1.2 [16]. Of note, we in-
corporated FP-3 into the analysis seeking to identify potential dual in-
hibitors, but experimental assays were only carried out with FP-2 due to
availability issues. The crystal structures of FP-2 (PDB: 20UL), FP-3
(PDB: 3BWK) and hCatK (PDB: 1AYV) were transformed into pdbqt
format using the prepare_receptor4.py tool of Autodock tools [17], after
protonation at pH = 5.5 in the webserver PDB2PQR [18]. Then, a box
centered on the catalytic sulfur atom of each protease, with X, Y and Z
dimensions of 18.0, 23.62 and 24.38A, respectively, was created to
dock the ligands. The compounds were protonated at pH = 5.5 using
Open Babel [19] and transformed into pdbqt format with pre-
pare_ligand4.py of Autodock tools [17]. The results of the SBVSs were
processed to select compounds fulfilling the following criteria: i) high
affinity for both FPs (S, < —8.0kcal/mol) and ii) relative binding
free energy (AAG) for at least one FP with respect to hCatK less than
—1.0 kcal/mol (AS,ing = Syina(FP)-Syina(hCatK) < —1.0kcal/mol). The
second condition sought to enhance the specificity of the putative in-
hibitors towards the parasitic targets, thereby potentially reducing
cross-inhibition of the human off-target.

2.3. Expression and purification of recombinant enzymes

FP-2 (MEROPS ID: C01.046) was expressed as inclusion bodies in
BL21(DE3) Escherichia coli strain, purified under denaturing conditions
(final purity: 91%) and refolded to active enzyme [20]. A Pichia pastoris
strain expressing a Ser149Ala (glycosylation -) hCatK (EC 3.4.22.38)
mutant was kindly donated by Dr. Dietter Bromme (University of
British Columbia, Vancouver, Canada). The enzyme was expressed,
activated and purified (final purity: > 85%) as previously described
[21].

2.4. In vitro enzymatic assays

The nine top-scoring compounds from the SBVS results were pur-
chased for experimental assessment. Inhibition assays against FP-2 and
hCatK were conducted as described by Bertoldo et al. [22]. Briefly,
stock solutions of the compounds were prepared at 10-20 mM in di-
methyl-sulfoxide (DMSO). The enzymatic activity of both enzymes was
measured by fluorimetric assays in a buffer (100 mM NaOAc, 10 mM
dithiotreitol (DTT), pH = 5.5) employing Z-Phe-Arg-AMC (15 uM) as
substrate, and fixed concentrations of FP-2 (0.7 nM) and hCatK (1 nM).
Enzymes and compounds were incubated 15 min prior to the addition
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of substrate and the release of AMC was monitored for 600s at 30 °C
with a Thermo Spectronic Aminco Bowman Series 2 spectrofluorometer
(excitation at A = 355nm; emission at A = 460 nm). All scans were
corrected from the corresponding blanks, and controls (FP-2/hCatK
+DMSO 2%, Z-FR-AMC+DMSO 2% and FP-2/hCatK+ Z-FR-
AMC+DMSO 2%). ICso values were determined from dose-response
curves varying the inhibitor concentration, while keeping fixed the
concentrations of the enzyme and the substrate. The curves were fitted
using GraphPad Prism version 5.03 [23]. All measurements were con-
ducted in triplicate.

2.5. Invitro antiplasmodial activity assay

The antimalarial activities of the selected compounds were tested in
vitro employing cultures of erythrocytes infected with a multi-resistant
strain of P. falciparum (FCR3). The parasite cultures were incubated at
37 °C in a pure gas mixture of 5% O,, 5% CO,, and balanced N, en-
vironment, in RPMI 1640 medium supplemented with 25 mM HEPES,
5% (w/v) NaHCOs, 0.1 mg/mL gentamicin, and 10% A+ heat-in-
activated human serum, as previously described [24].

Several concentrations of each compound (from 200 uM to 1.5 pM)
were evaluated. Diphosphate salt of chloroquine (CQ), = 98%, SIGMA
C6628, evaluated in a range of 0.0023 to 2.0uM, and trans-epox-
ysuccinyl-1-leucylamido(4-guanidino)butane (E64), 0.3125 to 20.0 uM,
were used as a treatment control in each assay. Culture medium in the
absence of the compounds was used as a growth control. A suspension
of parasitized erythrocytes with a hematocrit of 2%, a total parasitemia
of 1%, and with a predominance of young forms, was prepared. The
cultures with the treatments were incubated at 37 °C for 48h in the
presence of 5% CO,, 5% O, and 90% N, [25]. After the incubation
period, 50 uL of 0.4% SYBR Green was added to each well and in-
cubated for 10 min, so that the fluorochrome was intercalated into the
DNA of the parasite. After a 10 min incubation, fluorescence emission
detection was performed using the BD AccuriTM C6 flow cytometer
(excitation at A = 485 nm excitation, emission at A = 530 nm) [26].
Each concentration was evaluated in duplicate, and two or more in-
dependent assays were performed. The percentages of parasitemia were
analyzed using a non-linear slope-dependent regression with GraphPad
Prism™ version 5.03 to estimate the ICs, values [23].

2.6. Cytotoxicity assays

Cytotoxicity assays were performed as described previously [27].
Briefly, HeLa cells were cultured in Dulbecco's Modified Eagle's Medium
(DMEM) containing 10% FBS for 24 h at 37 °C under a 5% CO, atmo-
sphere. Serial dilutions of each compound were prepared in DMEM
containing 2% FPBS and 1% DMSO. Cells were incubated with com-
pound dilutions for 72 h at 37 °C under a 5% CO, atmosphere. After the
incubation period, viable cells were stained with crystal violet and
absorption was measured at A = 590 nm. The percentage of viability
was calculated as follows:

%Vlablhty = [(A590nm)sample/(AS‘JOnm)control]'100

where Asgonm Stands for the absorbance at the indicated wave-
length. Half-maximal cytotoxic concentration (CCso) for each com-
pound were estimated by nonlinear regression from dose-response
curves using GraphPad Prism version 5.03 [23].

2.7. Compound parametrization for MD simulations

After experimental evaluation, the most promising compounds
(=Dbest hits) were prepared for MD simulations. Gaussian 09 [28] was
employed to optimize the 3D structures of the compounds and to cal-
culate the electrostatic surface potential (ESP), as detailed elsewhere
[6]. Then, the partial atomic charges were calculated through the Re-
stricted Electrostatic Potential (RESP) approach implemented in the
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antechamber program of Amber14 package [29]. Finally, suitable non-
bonded and Lennard-Jones parameters from the Generalized Amber
Force Field (GAFF) were assigned to the atoms of each parametrized
compound [29,30].

2.8. Molecular docking of the best hits

The binding modes of the best hits to FP-2, FP-3 and hCatK were
predicted by conducting five independent random docking simulations
with Autodock-vina, each generating 20 poses into the FP-2 active site
[6]. Several docking poses, chosen by visual inspection, were then
subjected to post-docking refinement steps as detailed below. The ra-
tionale behind the pose selection was to cover most of the conformation
diversity generated by the docking simulations. Besides, we ensured
that all the selected poses occluded, to some extent, the major se-
lectivity pocket (S2 subsite) and the catalytic residues (S1 subsite) of
FP-2.

Finally, the prediction of the binding modes to FP-3 and hCatK was
focused only on the most favorable pose of each hit compound obtained
for FP-2. The initial complex structure was generated by structural
superposition using Modellerv9.9 [14]. Subsequent steps consisting of a
combination of independent accelerated and conventional MD simula-
tions were performed for each complex after appropriate equilibration
steps; see below for more details.

2.9. Conventional MD simulations

The time stability of the selected FP-2 complexes was assessed
through MD simulations in order to identity stable binding modes. Each
complex was centered in an octahedral solvation box with a minimal
distance of 10.5 A between the solute surface and the box edges, and
TIP3P water molecules were added. Electroneutrality was ensured by
adding sufficient counterions to each solvation box (Na* for FPs and
Cl™ for hCatK). Protein parameters were derived from Amber 14SB
force-field [31].

The solvated complex structures were relaxed through two con-
secutive energy minimization (EM), protocols. Then, each system was
heated in the NVT ensemble and then equilibrated in the NPT ensemble
atp = 1 barand T = 298 K, keeping all complex heavy atoms restrained
in both steps. Finally, production NPT runs were conducted for up to
100 ns. The setup of EM and MD simulations was similar to that re-
ported in a previous work [6]. The overall protocol was also applied to
carry out independent 100 ns MD simulations of free FP-2 and hCatK.

2.10. MM-GBSA free energy calculations

Average effective free energies (AG,s) were calculated using the GB-
neck and GB-neck2 models available in MMPBSA.py program of Amber
14 package [29,32]. Both models were selected as they yielded good
correlations with experiment results in a previous work studying the
interaction of FP-2 with peptide-based inhibitors [6]. The system setup
for MM-GBSA free energy calculations can be found in more details in
ref. [6].

In addition, the configurational entropy (AScon0) was calculated by
normal mode analysis using MMPBSA.py of Amber14 [29,32]. In total,
350 frames evenly distributed in the respective 100 ns MD simulations
of the studied complexes were subjected to 50,000 cycles of conjugate-
gradient EM in vacuum. All other parameters were set to the default
values [29]. The number of frames selected for normal mode analysis
was sufficient to attain a standard error of the mean < 0.4 kcal/mol in
the predicted entropic contribution values (T-AS.,,s). The MM-GBSA
free energies including the entropic contribution term will be herein-
after denoted as AGyp;nqg.
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2.11. Accelerated MD simulations

aMD simulations were employed to enhance the phase space sam-
pling of the protein-ligand complexes studied here. The lowest MM-
GBSA energy poses of the ligands in complex with FP-2, and those in-
ferred for the interaction with FP-3 and hCatK, were subjected to aMD
simulations. The dihedral boosting parameter values (Ep and ap) were
calculated through empirical formulae published elsewhere [29,33]. No
total potential energy boost was applied in this work.

Eleven independent 100 ns aMD simulations with identical boosting
parameters were performed for each studied complex. Trajectories were
then independently clustered as detailed below, and the central struc-
tures of each cluster were subjected to single-structure MM-GBSA free
energy calculations [10,11] to identify the lowest-energy binding mode
generated through aMD simulations. Finally, after the equilibration
steps, 100 ns MD simulations were carried out for the identified lowest-
energy complexes and mean MM-GBSA free energies were calculated
based on the generated ensembles.

2.12. Trajectory analysis

Root-Mean-Square Deviation (RMSD) values and representative
structures were determined with cpptraj module of Amber14 package
[29,34]. The average-linkage algorithm [35] was employed to calculate
representative structures, taking into account the RMSD values for the
heavy atoms of the ligand and the protease interface residues, i.e., those
contacting the ligand at a distance <4 A in the starting structure. For
aMD simulations, each 100ns aMD simulations was split into five
clusters. Root mean square fluctuations (RMSF) for the FP-2 residues
were also calculated during the MD simulations using cpptraj [29].

2.13. Principal component analysis

Principal Component Analysis (PCA) [36] were performed to com-
pare the fluctuations of active site loops of FP-2 free and bound states in
two-dimensional subspaces defined by the main eigenvectors, also
known as principal components (PCs). The loops, termed L1, L2, L3, L4
and L5, comprised the following residues 35-41, 77-84, 150-153,
171-174 and 232-234, respectively. The PCA was conducted for the
main-chain plus CP atoms of such loops, to take into account both,
main-chain and side chain fluctuations. The gmx covar and gmx anaeig
programs of Gromacs 5.1.4 were employed to conduct PCA [37].

2.14. Umbrella sampling free energy calculations

Standard binding free energies (AG°) for the formation of the com-
plexes of interest were calculated through umbrella sampling (US),
following the protocol described by Doudou et al. [38]. The previous
protocol was adapted in order to run the MD simulations in Gromacs
51.1.4 (see Text S1 for more details).

3. Results

3.1. Insilico identification of selective FP-2 inhibitors from Maybridge
HitFinder™ database

The screening of large databases of chemical compounds against a
parasite target and its human off-targets is a widely used strategy to
identify selective inhibitors of relevant chemotherapeutic targets in
neglected diseases [1,4,39,40]. In this work, the Maybridge Hitfinder™
database was screened to discover putative selective inhibitors of FPs.
To identify a relevant off-target of FPs for SBVS among the eleven ca-
thepsins expressed in humans [41], those with available 3D structures,
ie., K, L, C B, V, X, Fand S, were retrieved from the PDB after a PSI-
BLAST analysis. The structural alignment of the human cathepsins and
FPs (Fig. S1) allowed the identification of hCatK as the human off-target
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Table 1

Autodock-Vina scores for the selected compounds.®
Compound  Syinq(FP3) AS,ing(FP3- AS,ing(FP2) AS,ina(FP2-

(kcal/mol) hCatK) (kcal/ (kcal/mol) hCatK) (kcal/
mol) mol)

HTS01959 -8.9 -1.2 -8.0 -0.3
SEW01979 -84 -1.4 -9.1 -21
HTS10627 —-8.7 -1.5 —8.8 -1.6
BTB08650  —9.0 -1.1 -8.0 -0.1
HTS07377 —8.6 -1.3 —-8.2 -0.9
HTS08262 -9.4 -11 -9.6 -1.3
HTS12139 -85 —-1.4 —-8.4 -1.3
HTS12945 —-8.9 -13 -8.4 -2.1
HTS07940 —8.8 -0.9 —-9.2 -1.3

2 The compounds were selected based on criteria presented in Materials and
Methods.

having the largest ID with respect to both FPs in the active site region
(see residues enclosed by dashed rectangles in Fig. S1). In fact, the IDs
of hCatK with respect to FP-2 and FP-3 are 53.85% and 61.54%, re-
spectively. Other proteases, such as hCatL and hCatB, were ranked in
second and third places, respectively, with IDs ranging from 46.15% to
48.72% with respect to both FPs (Table S1). In addition, we took into
account that FP-2, FP-3 and hCatK share the same specificity for Leu at
P2; whereas hCatB and hCatL prefer Phe in that position [5,41-46].
Based on these results, we chose hCatK to assess the potential off-target
inhibition of the compounds selected from SBVSs.

A set of nine compounds were chosen after processing the results of
the SBVSs conducted in parallel against FP-2, FP-3 and hCatK (Table 1
and Fig.1). These hits were also filtered using the PAINS-Remover web
server (http://cbligand.org/PAINS) to exclude PAN Assay Interference
Compounds, i.e., typical false-positive compounds that react with nu-
merous biological molecules in a non-specific fashion [47]. Note that all
the compounds shown in the table fulfill the conditions of affinity and
selectivity stated in Section 2.2.

3.2. Experimental evaluation of the compounds selected from SVBS

To validate SBVS predictions, the compounds shown in Table 1 were
purchased and their putative inhibition against FP-2 was measured in
vitro. In order to confirm the proposed selectivity, we also performed
hCatK cross-inhibition assays. Seven compounds inhibited FP-2 in a
dose-dependent fashion (Fig. 2), confirming our previous computa-
tional predictions. Most of the compounds tested in our work displayed
ICso values against FP-2 in the order of 107 °M (Table 2); with the
weakest inhibitor showing ICs, in the order of 10~ *M and the most
potent one, in the low micromolar range (10 ~6M). On the contrary, the
compounds showed negligible inhibitory activity against human off-
target in the same range of concentrations assayed for FP-2. At the
highest concentration tested for each compound, the maximum in-
hibition against the hCatK control ranged from 8 to 25% (data not
shown), clearly indicating higher inhibitory potency of the selected
compounds against the parasitic enzyme, as intended in this work.

In parallel, we assayed the antiplasmodial activity of the selected
compounds using E64 and CQ as positive controls. Five compounds
showed no activity against P. falciparum at the tested concentrations. In
contrast, four compounds (HTS07377, BTB08650, HTS08262 and
HTS07940) possessed measurable inhibitory activities on P. falciparum
growth, displaying ICs, values in the 10™% - 10~° M range (Table 2). To
further evaluate the selectivity of the observed cellular activity, the four
active compounds were subjected to evaluation of general cytotoxicity
activity against HeLa cells (Table 2).

After the experimental evaluations, two compounds displaying the
greatest potential, ie., HTS07940 and HTS08262, were identified
(Table 2). In addition to moderate and selective FP-2 inhibition with
respect to hCatK, they showed suitable cellular selectivity indices (46
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Fig. 1. Chemical structures, identifiers and IUPAC names of the compounds selected from the SBVS. The identifier of each compound is shown on top of its
structure. The IUPAC names are the following: HTS10627, 6,7-dimethoxy-3-[4-(2-methylquinolin-4-yl)piperazine-1-carbonyl]chromen-2-one; HTS01959, N-(2-hy-
droxy-1,3-dioxoinden-2-yl)-9-oxofluorene-4-carboxamide; HTS07377, N’-(1-naphthoyl)-5-(thiophen-2-yl)nicotinohydrazide; HTS07940, [4-(9H-fluoren-9-yl)piper-
azin-1-yl]-[1-(4-methoxyphenyl)-5-methylpyrazol-4-ylJmethanone; HTS08262, [2-(2,3-dihydro-1-benzofuran-5-yl)-1,3-thiazol-4-yl]-[4-(9H-fluoren-9-yl)piperazin-
1-yllmethanone; SEW01979, 2-[2-chloro-4-(trifluoromethyl)phenyl]-N-[[3-(trifluoromethyl)phenyl]carbamoyl]-1,3-thiazole-4-carboxamide; HTS12139, 3-amino-4-
(furan-2-y1)-N-[(E)-(3-methyl-1-phenylpyrazol-4-yl)methylideneamino]-6-thiophen-2-ylfuro[2,3-b] pyridine-2-carboxamide; HTS12945, 1-[(E)-[3-(4-chlorophenyl)-
1-phenylpyrazol-4-yllmethylideneamino]-4-(4-methylphenyl)piperazine-2,5-dione; BTB08650, 5-tert-butyl-1-N’,3-N’-bis(2,4-dichlorobenzoyl)benzene-1,3-dicarbo-

hydrazide.

and 10, respectively). Remarkably, the ICso value of HTS07940 against
P. falciparum culture was similar to that of E64, the prototypic inhibitor
of C1 cysteine proteases [5], and one order-of-magnitude lower than
that of CQ (Table 2). Overall, the inhibitory activities of HTS07940 and
HTS08262 against P. falciparum cultures are in the typical order of
magnitude shown by many non-peptidic FP-2 inhibitors identified so
far [1]. However, the most promising feature of the identified hits is
their suitable selectivity indices (Table 2).

It is noteworthy that HTS07940 and HTS08262 share a common
scaffold based on (4-(9H-fluoren-9-yl) piperazin-1-yl) R-yl methanone.
Here, R stands for different derivatives of a core structure comprising a
five-membered and a six-membered aromatic ring linked together by a
single covalent bond (see Fig. 1). Remarkably, we realized that a similar
compound, Genz10850, in which R is the indol group, has been pre-
viously characterized in vitro as an inhibitor of reduced nicotinamide
adenine dinucleotide (NADH)-dependent enoyl (acyl carrier protein)
reductases (ENR) of Mycobacterium tuberculosis (InhA, ICsq = 0.16 pM)
and P. falciparum (PfENR, ICso = 18 pM) [48]. Genz10850 also inhibits
in vitro the growth of different P. falciparum strains with ICso values
ranging from 14 to 31uM. The authors also reported the crystal
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structure of InhA in complex with Genz10850 (PDB: 1P44). Using the
bound conformation of this compound, we built a model of a putative
PfENR:HTS07940:NAD ™" ternary complex through structural super-
position with a crystal structure of PfENR (PDB: 20L4), see Text S2 and
Fig. S2, for full details. The results obtained from the MD simulations of
the previous complex suggest that HTS07940 (and, by inference,
HTS08262) might interact with PfENR. Thus, the inhibition of P. fal-
ciparum growth exerted by HTS07940 and HTS08262 (Table 2) might
arise from a combined inhibitory effect on both enzymes. This predic-
tion constitutes an open question requiring future experimental vali-
dation and is beyond the scope of the current work. We also want to
stress that, despite the similarities between Genz10850 and HTS07940/
HTS08262, the former lacks the five-membered ring that connects the
final aromatic group to the carbonyl carbon.

3.3. Prediction of the binding modes of HTS08262 and HTS07940 to FP-2

The binding modes to FP-2 of the two most promising compounds,
HTS08262 and HTS07940, were predicted after subjecting docking
poses to MD simulations. Since both compounds possess a common
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Fig. 2. Dose-response curves for seven FP-2 inhibitors identified by SBVS. The percents of FP-2 residual activity were measured using at least eight increasing
concentrations of the inhibitors. ICs, values were determined by fitting experimental data to the four-parameter model of GraphPad Prism.

scaffold, we assumed that they must share a similar binding mode to the
enzyme. Therefore, a refinement of HTS07940 docking poses into the
FP-2 active site was conducted first to find the most stable binding
mode. Then, an inferred lowest-energy pose of HTS08262 was analyzed
taking into account the results obtained for HTS07940.

A set of 14 docking poses, clustered into six groups (labeled from A

Table 2
ICs, values and selectivity indices for the selected compounds.

to F) based on the ligand RMSD values (Fig. S3), were subjected to
100ns MD simulations. Individual poses within each group were
identified with a number following the cluster label. The final struc-
tures generated through MD simulations (Fig. S4), allowed the identi-
fication of two stable binding modes, ie., pose A3 and pose FI1.
Furthermore, pose F2 transitioned to a conformation similar to pose A3

Compound 1Cso (FP-2) (uM) ICsp (hCatK) (uM) Selectivity index” 1Cso (Pf)" (UM) CCso (HeLa) (uM) Selectivity index®
HTS01959 326(56)" > 261 >1 Inactive - -
SEW01979 77(25) > 142 >1 Inactive - -
HTS10627 n.d. n.d. n.d. Inactive - -
BTB08650 7.4(0.5) > 314 > 42 29(5) 34(5) 1.17(0.03)
HTS07377 71(8) > 469 >6 163(6) <335 <0.2
HTS08262 14.7(0.8) > 521 > 35 34(7) 350(14) 10(2)
HTS12139 15(2) > 294 > 20 Inactive -
HTS12945 n.d. n.d. - Inactive - -
HTS07940 64(5) > 565 >8 2.91(0.04) 133(10) 46(3)

E64 £ 1.3(0.1) - -

CQ 0.14(0.01) - -

2 Selectivity index for FP-2 calculated as follows: Selectivity index = ICso(hCatK)/IC50(FP-2).

b pf stands for a culture of P. falciparum-infected erythrocytes.
c

d

f Measurement not performed.
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Selectivity index for parasite cells calculated as follows: Selectivity index = CCso(HeLa)/ICso(Pf).
Standard deviations calculated from three independent measurements are shown between parentheses.
¢ ICsp values were not measured due to low water solubility of the compounds.
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Fig. 3. Structures of FP-2 in complex with compounds HTS07940 and HTS8262. A) Three-dimensional representation of the FP2:HTS07940 complex interface.
B) Three-dimensional representation of the FP2:HTS8262 complex interface. FP-2 subsites are colored according to the legend. The depicted interfaces correspond to
the representative structures generated by clustering each 100 ns MD trajectory into a single cluster, and considering only the RMSD values for the heavy atoms of the

protein interface residues and the ligand.

during the MD simulation (Fig. S4). Subsequent MM-GBSA free energy
calculations based on the last 100 frames of each trajectory, identified
pose A3 as the most stable one (Table S2).

To further enhance the sampling of the conformational space ac-
cessible to pose A3 of HTS07940, we subjected to aMD simulations
eleven frames collected from the 100 ns MD simulation of this pose.
Based on MM-GBSA ranking of central structures of the aMD simula-
tions, we predicted pose A3b as the most likely binding mode of com-
pound HTS07940 to FP-2 (Fig. S5). The structural features of the
complex interface are depicted in Fig. 3A. Furthermore, the most-likely
binding mode of compound HTS08262 to FP-2 inferred from pose A3b
of HTS07940 is shown in Fig. 3B. The binding modes fulfill previous
structural determinants for the interaction with FP-2. The condensed
aromatic rings of both compounds occupy the S2’ of the enzyme, where
they are likely to establish st-t stacking interactions with the conserved
residue W206, as has been described for other complexes involving C1
cysteine proteases [49]. In addition, the 2,3-dihydrobenzofuran-5-yl
and p-methoxyphenyl moieties of HTS08262 and HTS07940, respec-
tively, are placed within the S2 subsite, the major specificity determi-
nant of FP-2 and most C1 cystein proteases [5,49,50]. This is consistent
with the well-known preference of FP-2 for hydrophobic (aliphatic and
aromatic) amino acid side chains at P2 position [5,42,51]. Moreover,
the carbonyl groups of both compounds lie within the S1 subsite, in
agreement with the already-established proneness of electrophilic
groups to interact with the catalytic residue (C42) [52].

Remarkably, the proposed binding mode of HTS07940 (Fig. 3A) was
not found among the docking poses (Fig. S3); nor was it obtained after
the subsequent 100 ns MD simulation (Fig. S4). In fact, we resorted to
aMD simulations to generate more stable poses. By comparing the
predicted representative structures of the FP-2:HTS08262 and FP-
2:HTS07940 complexes with the crystal structure of FP-2 used as
starting point for SBVS (PDB: 20UL), we noticed some conformational
changes in the active site region (Fig. 4A). These changes, which mainly
involved five loops (L1, L2, L3, L4 and L5), led to a more open con-
formation of the active site in the complex structures (see arrows in
Fig. 4A). The previous phenomenon, in turn, allowed a tighter fit of the
compounds into the FP-2 binding cleft, as corroborated by MM-GBSA
free energy calculations (Fig. S5).

We further investigated the motions of loops L1-L5 in free FP-2 and
in the FP-2:HTS07940 complex through PCA. As shown in Fig. 4B, these
loops correspond to the most flexible regions in FP-2 active site;
therefore, they account for the most significant motions in this region of
the protein. Moreover, the three main eigenvectors calculated through
PCA account in total for nearly 50% of the L1-L5 fluctuation in free FP-2
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(Fig. 4C). The 2D projections of L1-L5 fluctuations in free FP-2 (blue)
and when bound to HTS07940 (red) onto the PC subsets 1,2 and 1,3
calculated from the MD simulations of free enzyme, indicate the
overlap in the phase space accessible to both states (Fig. 4D and E).
Furthermore, the fluctuation of loops L1-L5 in the bound state samples
just a fraction of the phase space of free FP-2 according to the projec-
tions. This result, though consistent with a decreased loop flexibility in
the FP-2 bound state, has to be taken with care, as the simulation time
for the free and bound states are quite different. Our major purpose
with the current analysis was to demonstrate that conformations similar
to the bound state are sampled by free FP-2, as can be straightforwardly
deduced from the phase space overlap in the chosen PCs.

We also projected the crystal structure of FP-2 (PDB: 20UL) onto the
PCs 1,2 and 1,3 of free FP-2 (see green dot, Fig. 4D and E), and noticed
that the conformation of loops L1-L5 in the crystal structure lies outside
the ensemble of conformations generated from the MD simulation of
FP-2 bound to HTS07940. To reinforce this result, we compared the
crystal structure and a frame extracted from the MD simulation of free
FP-2, with PCs lying within the region that overlaps the bound state
distribution in Fig. 4D and E (Fig. S6). Note that the frame extracted
from the MD simulation largely matches the conformation of loops L1-
L5 of FP-2 bound to HTS07940 (RMSD 1.57 }D\), while the crystal
structure differs more appreciably from the latter (RMSD 2.21 A). The
surface representations of the active sites of the MD frame and the
crystal structure show that compound HTS07940 only fits well into the
former (Figs. S6B and S6C). This corroborates our previous observation
that the lowest-energy pose could not be obtained from docking si-
mulations into the crystal structure binding site (Fig. S3). Overall, our
results suggest that HTS07940 can bind to pre-existing free FP-2 con-
formations, which constitutes the basis of the so-called conformational
selection mechanism [53]. The previous conclusion is also extensible to
compound HTS08262 (data not shown).

3.4. Prediction of the binding modes of HTS07940 to FP-3 and to hCatK

The binding mode of HTS07940 to FP-3 was predicted by subjecting
pose A3’ (initially obtained by superposition of pose A3 bound to FP-2
onto FP-3) to multiple independent aMD simulations. Five central
structures obtained from these simulations are shown in Fig. S7. Note
that pose A3’b is similar to the predicted binding mode of HTS07940 to
FP-2, and has the lowest AG.y value (compare Figs. S5 and S7). The
subsequent refinement of pose A3’b through a 100 ns MD simulation
yielded the representative structure depicted in Fig. 5A. The predicted
structure of HTS07940 in complex with hCatK was obtained by means
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Fig. 4. Analysis of the dynamics of loops L1-L5 in free and bound FP-2. A) Superposition of the crystal structure of FP-2 (salmon, PDB: 20UL) onto the
representative structures of FP-2 bound to HTS07940 (yellow and lemon) and HTS08262 (cyan and blue). Arrows indicate the main backbone conformational
changes in the active site region of superimposed structures involving loops L1, L2, L3, L4 and L5, depicted in dark colors. B) Per residue main-chain 4+ Cf3 RMSF
values calculated during the MD simulation of free FP-2. Curve sections corresponding to RMSF values for the active site loops L1-L5 are colored in red, whereas those
corresponding to less flexible interface residues are depicted in blue. C) Eigenvalues for the 15 top-ranked eigenvectors obtained from PCA of loops L1-L5 during a
concatenated 1.2 us MD simulation of free FP-2. The percent of cumulative fluctuation (CF) is shown beside each point in the graph for eigenvectors 1 to 14. D) and E)
Two-dimensional projections of L1-L5 fluctuations in free FP-2 (blue) onto the PCs 1, 2, and 1,3, respectively. In both graphs, the fluctuations of loops L1-L5 sampled
during a 100 ns MD simulation of the FP-2:HTS07940 complex are projected onto the corresponding PCs of free FP-2 (red). The green dot in each graph corresponds
to the equivalent projection of FP-2 crystal structure. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

of a similar strategy, fully described in Text S3. The interface of this
complex is depicted in Fig. 5B.

Residues Y67 and L209 have long been recognized as crucial to
determine the specificity of hCatK S2 subsite [54]. The steric wall
created by these residues at the bottom of the S2 subsite (Fig. S10A)
seems to limit the size of the P2 moieties that can fit into it. Re-
markably, our current predictions suggest that, instead of a rock-solid
wall, the side chains of Y67 and L209 can act like a gate controlling the

access to a distal region of the S2 subsite in hCatK (compare Figs. 5B
and S10A). A similar ‘gating’ phenomenon, involving the equivalent
pairs of residues W69-V209 and L67-E205, was predicted for the pa-
pain-like proteases Fasciola hepatica cathepsin L3 and cruzain, respec-
tively [55,56]. Nonetheless, one must take into account that the even-
tual opening the Y67-L209 gate in hCatK has an energetic cost of
~2.6 kcal/mol that reduces the binding affinity for the ligand (Table
S3). It is noteworthy that the equivalent residues Y86 and E236 of FP-3

HS3 WS2 S1 st S2'

S1 WSt s2

WS3 mSs2

Fig. 5. Structural representation of the interfaces of compound HTS07940 bound to FP-3 and to hCatK. A) FP-3 in complex with HTS07940. B) hCaK in
complex with HTS07940. Enzyme subsites are colored according to the legend. Representative structures were generated by clustering each 100 ns MD trajectory into
a single cluster, and considering only the RMSD values for the heavy atoms of the protein interface residues and the ligand.
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Table 3

MM-GBSA free energy values for the studied complexes.
Energy components” (kcal/mol) Complexes

FP-2:HTS08262 FP-2:HTS07940 FP-3:HTS07940 hCatK:HTS07940

Aanolb —55.21 —54.94 —54.98 —54.12
AGp, (GBn)® 17.76 18.16 20.10 20.06
AGyo (GBn2)* 18.45 19.20 21.09 20.34
~T-ASconf’ 21.3(0.4)’ 23.6(0.4) 24.2(0.4) 22.6(0.3)
AGes (GBn)® —37.45(0.05) —36.78(0.08) —34.88(0.05) —34.06(0.04)
AGes (GBn2)® —36.76(0.04) —35.74(0.08) —33.89(0.05) —33.78(0.04)
AGping (GBn)' —16.2(0.4) —13.1(0.4) —10.7(0.4) —11.5(0.3)
AGying (GBn2)' —15.5(0.4) —-12.1(0.4) —9.7(0.4) —11.2(0.3)
AAG. (GBn)® —0.67(0.09) - 1.90(0.09) 2.72(0.09)
AAG (GBn2)® —1.02(0.09) - 1.85(0.09) 1.96(0.09)
AAGping (GBR)" —3.1(0.6) - 2.4(0.6) 1.6(0.5)
AAGying (GBn2)" —3.4(0.6) - 2.4(0.6) 0.9(0.5)

@ All energy components were calculated based on 100 ns MD simulations of the complexes.

b Non-polar free energy calculated as follows: AGppo; = AE,,, + AGgs, Where AE,,, and AGg, are the variations of the van der Waals energy and of the surface
tension, respectively, associated to the ligand binding.

¢ Polar free energy calculated as follows: AGnyor = AEg + AGgp, Where AE,; and AGgp are the variations of the electrostatic energy in vacuum and of the polar
solvation energy calculated with the indicated GB models, respectively.

4 Contribution of configurational entropy at T = 298K to the binding free energy calculated from Normal Mode Analysis.

¢ Effective free energy calculated by the following equation: AGey = AGpy + AGppor. The AG,,, term was determined using the GBn and GBn2 models.

f Binding free energy calculated as follows: AGping = AGeg + (— T-ASconp)-

& Relative effective free energy calculated as follows: AAGey = AGHX)-AG(FP-2:HTS07940), where X stands for the FP-2:HTS08262, FP-3:HTS07940 or
hCatK:HTS07940 complexes.

b Same as &, but using the AGynq values instead of the AG, ones.

! Standard errors of the mean written between parentheses. The standard errors of AGy,, and AG,,; are not shown, since these energy components are not the
standard output of the MMPBSA.py calculations and, thus, we did not have access to the error values.

tend to adopt a more open conformation in the crystal structure of the inclusion of the configurational entropy term did not alter the previous
enzyme complexed with an organic inhibitor bearing Leu at P2 (PDB: result. Hence, FP-2 seems to be a more important target of compound
3BWK, see Fig. S10B). In fact, residue E236 of FP-3 is not encroaching HTS07940 in P. falciparum than FP-3. Moreover, HTS07940 shows
into the S2 subsite, as L209 of hCatK does. Instead, it bends away to higher selectivity for FP-2 than for the human off-target hCatK, with
form a hydrogen bond with Y238, both in the crystal structure 3BWK relative free energies ranging from 0.9 to 2.7 kcal/mol, depending on
and during nearly 72% of the MD simulation of FP-3 in complex with the GB model and the inclusion of the entropy term (Table 3). Of note,
HTS07940 (Figs. S10C and S10D). Additionally, a close inspection of the previous predictions are in agreement with the experimental re-
the predicted hCatK:HTS0940 structure (Fig. 5B) reveals that, even in lative affinity of HTS07940 for hCatK and FP-2, which is > 1.2 kcal/

the open state of the ‘gate’, L209 is poised to sterically hinder a deeper mol favorable to the latter enzyme (value calculated from selectivity
accommodation of the p-metoxyphenyl moiety of the compound into index shown in Table 2).

the S2 bottom. In agreement with this observation, some authors have In addition, we employed US calculations to complement the pre-
attributed a key role to this sole residue in preventing the accom- vious predictions using a method based on more solid theoretical
modation of bulky groups within the S2 subsite of hCatK [57]. The principles. The PMFs for the four complexes studied here are shown in
latter may be the most important factor in determining the lower affi- Fig. 6. The reaction coordinate, i.e., the Cartesian z component of the
nity of HTS07940 and HTS08262 for hCatK with respect to that for FP-2 distance vector between Ca of the catalytic cysteine and the amide
(Table 2). nitrogen of HTS07940 and HTS08262 (Fig. 1), was increased up to

~42 A in all cases (Fig. 6). All PMFs reached a plateau beyond z = 20 Z\,

which was used as a cutoff to define the bound (z < 20 f\) and unbound

3.5. Calculation of the binding free energies for the studied complexes (20A < z < 42A) regions, following the same criterion used by the
authors of the method [38]. Remarkably, the predicted AG® values for

After the binding mode prediction, we carried out MM-GBSA free the binding of HTS07940 and HS08262 to FP-2 are in good agreement
energy calculations for the studied complexes using two GB models with the experimental ones (Table 4). In fact, they overestimated the
(Table 3). Remarkably, the relative effective free energies between the experimentally-determined affinities only by 0.93 and 0.53 kcal/mol,
FP-2:HTS08262 and the FP-2:HTS07940 complexes respectively, which lie within the range of accuracy of the method re-
(AAG = —0.67 kcal/mol), correctly predicted the higher affinity of ported in literature [38]. Furthermore, the relative affinity of both

the former complex (compare Table 2 and Table 3) and were also close compounds for FP-2 (AAG® = 0.46 kcal/mol) matches the experimental
to the experimental value (—0.87 kcal/mol). When including the con- value (0.87 kcal/mol). Overall, both the MM-GBSA and US free energy
tribution of configurational entropy, the prediction does not change calculations consistently predicted the higher affinity of compound
qualitatively, but the relative affinity between both complexes was HTS08262 for FP-2 and relative free energies that correlated well with
overestimated by > 2 kcal/mol (see AAGy;,q values in Table 3). Based the experimental values. This, in turn, suggests the validity of the
on the literature [58,59], it is not surprising that the inclusion of en- binding modes of HTS07940 and HTS08262 to FP-2 proposed in our
tropy in MM-GBSA calculations did not improve the results, especially work.

when dealing with very similar complexes. The AG" values for the binding of HTS07940 to FP-3 and hCatK were

We also extended the MM-GBSA free energy calculations to the also calculated through US (Fig. 6 and Table 4). The compound was
complexes involving compound HTS07940 bound to FP-3 and hCatK predicted to have a lower affinity for FP-3 and hCatK than for FP-2. This
(Table 3). This compound was predicted to possess lower affinities for is agreement with the previous MM-GBSA calculations (Table 3) and, in
FP-3 than for FP-2 in a consistent fashion by both GB models. The
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the case of hCatK, with the experimental measurements (Table 2). Note,
however, that the AAG® values with respect to FP-2 (0.26 kcal/mol in
both cases) are rather small if compared to the relative affinities pre-
dicted through MM-GBSA free energy calculations, and with the ex-
perimental value for hCatK (> 1.2kcal/mol). It is important to high-
light that the US method employed here led to variations of 3.5 kcal/
mol in the AG® values for the same system when varying the orthogonal
restraint constants (see Table 2 in ref. [38]). These variations can even
become larger when changing the path orientation (see Fig. 6 in ref.
[38]). In our work, we tried to minimize the divergence caused by the
previous variables on the individual AG® values by structurally aligning
the complexes prior to pulling on the z direction and by applying the
same orthogonal restraints to all complexes. Nonetheless, the accuracy
of this method in ranking affinities has not been assessed yet. Therefore,
we considered a good result the fact of having predicted AG® values for
the interaction of HTS07940 and HTS08262 with FP-2 close to the
experimental ones, and the correct experimental trend of the relative
affinity of the former compound for FP-2 and hCatK.

4. Discussion

Two promising compounds (HTS07940 and HTS08262) in terms of

their inhibitory activity against P. falciparum and lower toxicity for
HelLa cells, were identified in the current work. The compounds were
selected from the results of SBVSs using FP-2 and FP-3 as target mo-
lecules. We kept into account the specificity issues since the beginning
of our in silico strategy by excluding compounds with potential strong
affinity for hCatK from our selection. Compounds HTS07940 and
HTS08262 share a common scaffold consisting of a (4-(9H-fluoren-9-yl)
piperazin-1-yl) methanone moiety that binds to a variable substituent,
whose core structure comprises a five-membered and a six-membered
aromatic ring attached to each other through a single covalent bond.
The conserved (4-(9H-fluoren-9-yl) piperazin-1-yl) methanone moiety
have been found in a compound (Genz10850) previously characterized
as an inhibitor of PfENR and of P. falciparum growth in in vitro condi-
tions [48]. However, the substituent of Genz10850 attached to the (4-
(9H-fluoren-9-yl) piperazin-1-yl) methanone moiety is an indol group,
which differs from the core structure found in the compounds identified
here.

The structural similarities between Genz108050 and the inhibitors
reported here encouraged us to assess in silico the capacity of HTS07940
to inhibit PfENR in addition to FP-2. Our results based on MD simula-
tions suggested that HTS07940 might bind the former enzyme as well, a
conclusion extensible, in principle, to HTS08262. Therefore, HTS07940

Table 4
Standard binding free energy and its components obtained from US calculations on the studied complexes.
FP-2:HTS08262 FP-2:HTS07940 FP-3:HTS07940 hCatK:HTS07940

L' A) 0.52 0.59 0.79 0.67
AWR" (kcal/mol) —12.31(0.02) —11.22(0.02) —11.21(0.01) —11.01(0.02)
AGpp© (keal/mol) —10.08(0.02) —9.07(0.02) —9.25(0.01) —8.93(0.02)
AGg? (kcal/mol) —0.52(0.01) —1.06(0.02) —0.63(0.01) —0.98(0.02)
AG** (keal/mol) —7.48(0.02) —7.02(0.03) —6.76(0.01) —6.76(0.03)
AG“EXPF (kcal/mol) —6.95(0.02) —6.09(0.03) - > —4
AAG®® (kcal/mol) 0.46(0.04) - 0.26(0.03) 0.26(0.04)

2 Configurational integral of the PMF in the bound region, calculated through eq. 4 in ref. [38].

> PMF depth defined by Eq. (3) in ref. [38].
c
d

f

Standard binding free energy.

Binding free energy change between the bound and unbound sections of the PMF, see Eq. (1) in ref. [38].
Free energy associated to orthogonal xy restraint removal when the ligand is bound, calculated through Eq. (10) in ref. [38].

Experimental binding free energy calculated through the following equation: AG® = RTInK;. The K; values were calculated, in turn, based on the ICs, values

shown in Table 2 through the expression relating the K; to the ICs, value for a competitive inhibitor [60]. The Kj, of FP-2 used in the calculations was 17.63 pM and

the initial substrate concentration in the assays was 15 puM.

¢ Relative binding free energy calculated as follows: AAG® = AG°(X)-AG°(FP-2:HTS07940), where X stands for the FP-2:HTS08262, FP-3:HTS07940 and

hCatK:HTS07940 complexes.
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and HTS08262 could act on two P. falciparum enzymes important for
the parasite growth and involved in orthogonal metabolic pathways,
ie., FP-2 degrades hemoglobin, whereas PfENR participates in fatty
acid biosynthesis [51,61]. Interestingly, PfENR is an attractive target
for the design of specific antimalarials, as it is involved in a biosynthetic
pathway absent in humans [48]. Therefore, a putative interaction of the
identified hits with PfENR may not be, in principle, detrimental for
their higher specificity for the parasitic cells. Future assays will be re-
quired to validate the in vivo target(s) of the identified hits. In this
sense, the microscopic inspection of developmental and morphological
changes in the parasite cells is usually conducted to assess the capacity
of the compounds to impair the hemoglobin degradation [62]. On the
other hand, the incorporation of radiolabeled acetate into the fatty
acids chains has been used to detect the inhibition of enzymes involved
in the fatty acid biosynthesis [48].

We also assessed the putative interaction of Genz10850 with FP-2
through 100 ns MD simulations (data not shown). In this case, the FP-
2:Genz10850 complex, built using the predicted structure of FP2 bound
to HTS08262 as a template, was unstable and the compound readily
dissociated the active site during the MD simulation. Thus, the shorter
substituent of Genz10850 (indol ring) attached to the carbonyl group
does not seem to be suitable to interact with FP-2. This result reinforces
the importance of the core structure of the variable substituent present
in HTS07940 and HTS08262 for FP-2 inhibition.

Interestingly, we also found a previously reported FP-2 inhibitor
(ICso = 44.94 uM), ie., 2-((9H-fluoren-9-yl)amino)-2-oxoethyl 4-me-
thylpiperazin-1-carbodithiolate, labeled as compound 19 in ref. [63],
which shares some structural similarities with the best hits identified
here. In fact, compound 19 bears a 9H-fluoren-9-yl moiety that might
bind FP-2 in a similar fashion to that of HTS07940 and HTS08262, i.e.,
by interacting with W206 at the S2’ subsite. Compound 19 also pos-
sesses a piperazinyl moiety, a common structural substituent present in
various FP-2 inhibitors [5], but in this case it is not directly bonded to
the 9H-fluoren-9-yl ring, as it does in the compounds reported here.
Excluding the aforementioned similarities, the structures of compounds
HTS07940 and HTS08262 differ appreciably from that of 19 in other
aspects; thus, they do not belong to the same scaffold. Such structural
differences seem to be quite relevant, since, in contrast to HTS07940
and HTS08262, compound 19 did not show measurable inhibition of P.
falciparum growth in vitro [63]. From the information discussed in this
paragraph, we concluded that the 9H-fluoren-9-yl ring is an important
structural feature for the interaction with FP-2, something not high-
lighted in literature so far.

It is worth noting that the ICsy values of HTS07940 and HTS08262
against P. falciparum cultures are either of the same order or even lower
than their respective ICso, values measured against FP-2. Since the
compounds have to diffuse through various membranes to finally reach
the target enzyme inside the parasite food vacuole, the high efficiency
of these compounds displayed in the P. falciparum growth inhibition
assays may arise from various factors. For example, the interaction with
various targets, such as other cysteine proteases, although in the case of
FP-3, the predicted affinity is lower than that for FP-2, and PfENR. In
addition, both compounds possess amine groups that become proto-
nated in the acidic environment of the food vacuole. Interestingly, it has
been reported before that positively-charged compounds can con-
centrate in acidic cell bodies such as lysosomes and reservosomes [64].
This phenomenon can contribute to enhance the potency of HTS07940
and HTS08262 against FP-2 in the live parasites.

Our experimental results have shown that HTS07940 and
HTS08262 are very weak inhibitors of hCatK, a property that is thought
to minimize unwanted cross-inhibition effects in the host. Of note, the
evaluation of selectivity of SBVS-identified FPs inhibitors against
human off-targets is not a common practice, limiting the possibility to
contextualize our results. Using a compound library potentially-en-
riched in cysteine protease inhibitors, Shah et al. identified 21 com-
pounds carrying FP-2 inhibitory activity (ICso < 50 uM); with six of
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them also inhibiting P. falciparum growth (ICso < 50 uM) [63]. The
seven most potent inhibitors exhibited moderate selectivity for FP-2
over hCatK, hCatL and hCatB; with ICs, values for off-targets being 2.75
to 36-fold higher than those for the plasmodial enzyme. The most se-
lective inhibitor (compound 4) proved to be > 36-fold more selective
for FP-2 than for human cathepsins, but it was inactive against P. fal-
ciparum. This selectivity is very similar to that of HTS07940, the most
selective inhibitor identified here. Using three of the seven compounds
identified in the previous work, the same group searched for similar
compounds in commercial databases through computational methods
[65]. Although 28 FP-2/FP-3 low micromolar compounds were iden-
tified, their selectivity over mammalian proteases was not improved in
comparison with parental compounds. Thus, to the best of our knowl-
edge, HTS07940 stands to date among the most selective FP-2 in-
hibitors identified by SBVS.

The in silico structural and energetic analyses carried out here
confirmed that the affinity of both compounds for hCatK is lower than
that for FP-2. According to the information available in literature
[54,57,66], the presence of residues Y67 and L209 at the S2 bottom of
hCatK precludes the accommodation of bulky moieties into this subsite.
In agreement with the previous statement, we predicted that the ac-
commodation of the p-methoxyphenyl ring of HTS07940 at the S2
bottom would require the opening of a van der Waals wall formed by
the side chains of Y67 and L209, which is associated to an energetic
penalty. Furthermore, the similarities between hCatK and FP-3 at the S2
bottom, may also determine the smaller affinity of HTS07940 for the
latter enzyme when compared to FP-2, as predicted in our work.
However, other structural features of FP-3 active site might have a
negative impact on its affinity for HTS07940. In fact, we observed that
the S2 bottom of latter enzyme is naturally more open than that of
hCatK, but this did not lead to a lower predicted binding free energy of
FP-3 for HTS07940. Overall, the abovementioned findings suggest that
other human cathepsins bearing bulky residues at positions 67 and/or
205 in the papain numbering scheme, e.g., hCatC, hCatF, hCatX and
hCatS, may also have low affinities for HTS07940 and HTS08262.

5. Conclusions

We here reported the identification of two FP-2 inhibitors, ie.,
HTS07940 and HTS08262, by employing an SBVS approach. The
compounds showed micromolar inhibition of in vitro P. falciparum cul-
tures and suitable selectivity indices when tested against HeLa cells and
hCatK. Remarkably, both compounds belong to a novel scaffold of FP-2
inhibitors, thus increasing the chemical diversity of known compounds
with the potential to become future antimalarials. Our work constitutes
a successful example of an integrated workflow of in silico analyses and
experimental procedures useful for drug discovery in a broader context.
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