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Abstract Invasion of the red blood cell by Plasmodium

falciparum parasites requires formation of an electron

dense circumferential ring called the Moving Junction

(MJ). The MJ is anchored by a high affinity complex of two

parasite proteins: Apical Membrane Antigen 1 (PfAMA1)

displayed on the surface of the parasite and Rhoptry Neck

Protein 2 that is discharged from the parasite and imbedded

in the membrane of the host cell. Structural studies of

PfAMA1 revealed a conserved hydrophobic groove local-

ized to the apical surface that coordinates RON2 and

invasion inhibitory peptides. In the present work, we em-

ployed computational and biophysical methods to identify

competitive P. falciparum AMA1–RON2 inhibitors with

the goal of exploring the ‘druggability’ of this attractive

antimalarial target. A virtual screen followed by molecular

docking with the PfAMA1 crystal structure was performed

using an eight million compound collection that included

commercial molecules, the ChEMBL malaria library and

approved drugs. The consensus approach resulted in the

selection of inhibitor candidates. We also developed a

fluorescence anisotropy assay using a modified inhibitory

peptide to experimentally validate the ability of the se-

lected compounds to inhibit the AMA1–RON2 interaction.

Among those, we identified one compound that displayed

significant inhibition. This study offers interesting clues to

improve the throughput and reliability of screening for new

drug leads.
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Introduction

The phylum Apicomplexa includes some of the most im-

portant pathogenic parasites of man and animals, the

deadliest of which is the malaria parasite Plasmodium

falciparum, responsible for approximately 627,000 human

deaths in 2012 [1]. Despite continuous efforts in vaccine

development, prevention of malaria remains difficult, and

the spread of drug-resistant parasites highlights the critical

need for new antimalarial strategies [2].

Apicomplexa parasites have developed a unique inva-

sion mechanism involving a tight interaction formed be-

tween the host cell and the parasite surface membranes

called the Moving Junction (MJ) [3]. The MJ plays a

central role in invasion as it anchors the parasite to the

host surface while the parasite’s actin–myosin motor is
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proposed to provide forward motion into the host cell [4,

5]. Formation of the MJ is initiated by injection of the

Rhoptry Neck (RON) complex into the host cell, where

RON2 spans the membrane and functions as a receptor for

Apical Membrane Antigen 1 (AMA1) displayed on the

parasite surface [6, 7]. Recently, the topology of RON2 at

the host cell membrane has been determined and the region

of RON2 that binds to AMA1 has been identified [8, 9].

Furthermore, it has been shown that peptides derived from

this region of PfRON2 (PfRON2sp) are able to compete in

the nanomolar range with the native PfRON2 for PfAMA1

interaction in vivo [8–10]. Since both AMA1 and RON2

are highly conserved, specific to Apicomplexa, and crucial

for invasion [11, 12], interruption of the AMA1–RON2

interaction represents a potential intervention point for the

development of anti-infective agents [13–19]. PfAMA1 is

also a major target of anti-malarial vaccine development

[20] and AMA1 subunit vaccines may be highly effective

when presented to the immune system as an invasion

complex with RON2 [21]. The tractability of the PfAMA1–

RON2 complex for pharmacological intervention as also

recently been investigated. Srinivasan et al. [22] used an

HTS assay to screen a library of 21,733 compounds leading

to the discovery of one small size inhibitor

(NCGC00015280) of molecular weight of 370 with in-

hibitory effect in the micromolar range. Soon afterwards,

however, a thorough binding analysis of this family of

molecules by NMR suggested weaker binding affinities and

unfavorable properties for further development [23]. Ge

et al. [24] conducted a fragment-based screening campaign

and identified competitive inhibitors of R1 peptide but their

precise binding mode remains unclear making optimization

difficult. More recently, Alam [25] reported a virtual

screening of peptidomimetics but without experimental

assessment. These studies highlight the importance of

structural insight and experimental validation to the design

of novel AMA1–RON2 inhibitors.

Protein–protein interactions (PPIs) play crucial roles in

most cellular processes and represent an important type of

targets for drug development with now some emerging

success stories [26–29]. Additionally, with the benefit of

hindsight resulting from experiences on enzyme inhibitors, it

is acknowledged that drugs that mimic interactions of the

endogenous ligand may improve affinity of weak hits [30]

and, even overcome resistance mutations [31]. Ideally,

tractable targets are transient ones possessing hotspots lo-

calized to a groove or pre-existing cavity that can accom-

modate a drug-sized molecule [32]. Structural studies of

AMA1 revealed stacked three-domain architecture (DI, DII

and DIII) with a conserved hydrophobic groove localized to

the apical surface of DI that can accommodate a loop ex-

tending from domain II, called the DII loop [16, 33–39]. The

co-structure of PfAMA1 in complex with the PfRON2sp1

peptide [2021–2059] is characterized by an extensive buried

surface area of 1700 Å2 and significant shape complemen-

tarity [17]. In addition, by extensive mutagenesis in both

PfRON2 and PfAMA1, ‘hotspots’ have defined key residues

governing the interactions between PfAMA1 and PfRON2

[17]. Key interactions are also supported by the co-structure

of PfAMA1 with the invasion-inhibitory peptide R1, a pep-

tide screened by phage display that inhibits invasion [13–15,

17, 40, 41]. It is now acknowledged that using hotspots as the

starting point for ligand identification is an efficient strategy

when targeting PPIs [42, 43]. Since peptide-based

therapeutics are difficult to develop, alternative compounds

can be designed or identified through peptidomimetic ap-

proaches. In this study, we applied both ligand-based simi-

larity and structure-based docking approaches to identify

potential small molecule inhibitors of AMA1–RON2 inter-

action. To experimentally validate hits, we developed and

optimized a fluorescence anisotropy (FA) assay [44] with a

fluorescein labeled peptide, called F*R1-13A1, that binds

PfAMA1 at the same pocket as does native PfRON2. Using

these combined approaches, nine compoundswere identified

based on their pharmacophore and docking scores and were

experimentally tested, and one molecule was found to have

an IC50 of 24 lM.

Materials and methods

Screening collection preparation

The structure of compounds from eight sources were pre-

pared individually in 3D SDF format for virtual screening:

(Ambinter (http://www.ambinter.com/), DrugBank (http://

www.drugbank.ca/downloads), Chuprina’s library (re-

ferred as DL for ‘Drug Like’) [45], ChemBridge’s Com-

biLib and EXPRESS-Pick (http://www.chembridge.com),

ChEMBL Malaria compounds (https://www.ebi.ac.uk/

chemblntd/download) including the Malaria Box (http://

www.mmv.org/malariabox), Chimiothèque Nationale

(http://chimiotheque-nationale.enscm.fr) and e-Drug3D

(http://chemoinfo.ipmc.cnrs.fr/MOLDB/index.html) [46].

Each structure was processed using Filter and Flipper

programs to filter out inorganic 2D SDF structures and

generate stereoisomers when necessary, respectively

(OMEGA version 2.4.3., OpenEye Scientific Software,

Santa Fe, NM., http://www.eyesopen.com). Molecules were

then converted from 2D SDF to 3D SDF using the program

Omega2 [47]. The most probable protonated and tautomeric

forms at pH 7.4 were generated by the program QuacPac:

tautomers (OpenEye Scientific Software, Santa Fe, NM.,

http://www.eyesopen.com). Finally, Omega2 was used to

enumerate accessible conformations and Corina (Molecular

Networks GmbH, http://www.molecular-networks.com/)
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was used to generate ring conformations [48]. Conformers

are essential when collections are filtered by rigid 3D-phar-

macophore search programs. This processing resulted in

203,738,892 three-dimensional structures.

Virtual screening process (Fig. 1)

Ligand-based screens as initial filters

A pharmacophore model was generated using three different

programs: (a) In Align-it (version 1.1.0; [49]; http://silicos-

it.com), screens were performed by using the combination of

the three-point pharmacophore model as well as 577 exclu-

sion spheres mimicking the spatial constraints of the active

site. Candidate compoundswere retrieved if theymapped the

three features with a Tversky_ref score above 0.6, leading to

a final list of 2,519,562 candidate structures. (b) In PHAR-

MER [50], the four-point pharmacophore models are char-

acterized by their class, their position specified in Cartesian

coordinates and a radius of 1 Å for the three hydrophobic/

aromatic features and 3 Å for the exclusion sphere repre-

senting the tolerance spheres to search around this position.

PHARMER uses a root mean squared deviation (RMSD)-

based method to rank the distance of the feature group of the

screened molecule to the pharmacophore feature center. A

set of 36,290 compound candidates was retrieved from the

screening collections. (c) PepMMsMIMIC is a web server

dedicated to peptidomimetic compound virtual screening

based on a multi-conformers three-dimensional (3D)-simi-

larity search strategy (http://mms.dsfarm.unipd.it/pepMMs

MIMIC) [51]. The web service allows the screening of a

library of 17 million conformers calculated from 3.9 million

commercially available chemicals collected in the

MMsINC� database. At our request, PepMMsMIMIC’s

authors also kindly expanded their database with the

ChemBridge’s EXPRESS-Pick collection. Starting from the

crystal structure of PfAMA1–PfRON2sp1 complex (PDB

code 3ZWZ) and the three-point pharmacophore model,

commercial molecules were ranked using the combined

shape (40 %) and pharmacophoric fingerprint similarity

(60 %) score. As a result, we selected the best top 1000

peptidomimetic candidates from ChemBridge’s EXPRESS-

Pick collection and the best top 200 molecules from

MMsINC� database.

203 738 892 structures
7 975 822 compounds

36 290 structures

2 996 structures

2 519 562 structures 1 200 structures

5 compounds

4 156 structures

3 compounds 0 compound

Ligand-based step

Structure-based step

Visual inspec�on

9 structures

Screening collec�on
(stereoisomers and

conformers)

Pharmer Align-it PepMMsMIMIC

DC DC DC

Fig. 1 Graphical representation

of the workflow of the ligand-

and structure-based virtual

screening
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Docking as secondary filter

The PfAMA1–PfRON2sp1 co-structure (PDB code 3ZWZ)

was used as the protein target structure in docking ex-

periments with the PLANTS program [52]. All waters and

ligand molecules were removed. Protons were assigned

automatically at pH 7 by the program reduce (version 3.14)

[53]. PLANTS is a semi-rigid docking program where the

ligands are treated as flexible and the proteins as rigid.

Multiple orientations of the ligand are sampled. Input

structures and parameters files were generated by using

LEA3D tools [54]. The binding site was a sphere of 12 Å

centered on the oxygen atom of the side chain of Tyr-251.

No water molecules were included in the binding site.

PLANTS (version 1.1.) was used to generate ten poses with

the ChemPLP score function. For the subsequent step, the

best-scoring pose was selected.

Interaction checking and molecular visualization

The binding poses from PLANTS were analyzed through

LIGPLOT [55] for their interaction with PfAMA1 residues

Tyr-234, Phe-183 and Val-169 which are in direct contact

with the pharmacophore features. The PyMOL Molecular

Graphic System, Version 1.5.0.4 Schrödinger, LLC was

used for all molecular visualizations and image rendering.

PPI-HitProfiler

All selected compounds were profiled using the program

PPI-HitProfiler to ensure that they were compliant with

protein–protein interaction inhibitor’s chemical space [56].

Peptides synthesis (Table 1)

The fluorescein-labeled peptide F*PfRON2sp1 was pur-

chased from Kinexus (Vancouver, Canada). Unlabeled

PfRON2sp1, R1, fluorescein-labeled peptides F*R1, F*R1-

13A1 and F*PfRON2sp3 were purchased from GeneCust

Europe (Dudelange, Luxembourg) with a purity C95 %.

Recombinant protein production PfAMA1

(108–441)

A codon-optimized gene encoding DI and DII of PfAMA1

3D7 [57] (residues 104–438; numbering based on the ini-

tiation methionine in the signal sequence, PF11_0344) was

synthesized by GenScript and subcloned into a modified

pAcGP67B vector (Pharmingen) for expression in insect

cells using established protocols [17, 37]. PfAMA1-His

was purified by Ni-affinity chromatography, cleaved with

thrombin to remove the hexa-histidine tag, further purified

by size exclusion chromatography, and concentrated to

4.5 mg/mL for use in biophysical assays. Final yield of

recombinant protein was approximately 3 mg/L of culture.

Fluorescence anisotropy

All measurements were carried out in PBS buffer at pH of

7.4; on 96-well, black, flat microplates, made of a non-

binding surface (NBS) polystyrene nonionic hydrophilic

surface (Cat No. 3993; Corning, Amsterdam, Netherlands).

The temperature inside the wells was carefully measured

with a thermocouple VWR traceable� (-200 to ?1370 �C)
with an error range of ±0.1 �C. Data acquisition was car-

ried out on a Wallac 2103 HTS Microplate EnVision

Reader, PerkinElmer (Wallac Oy) operated by Wallac

EnVision Manager 1.12. The anisotropy (r) and total

fluorescence (F) values were measured and stored in

spreadsheets. The instrument was equipped with an

EnVision-2102 temperature control; Hamamatsu photo-

multiplier tube (R10130-10, serial No. AP7666); UV-

Xenon fast tube lamp with spectral range 230–1100 nm; an

optical module (481 FITC FP, D505fp/D535, diameter

150 mm), containing: 480 nm excitation filter (X480, band

width 30 nm, 70 % T, diameter 150 mm), 535 nm S ori-

entated emission filter (band with 40 nm, 80 % T,

150 mm), 535 nm P orientated emission filter (band with

40 nm, 80 % T, diameter 150 mm). Scans were carried out

by row-bi-directional, ten flashes, 5–6 mm height, with a G

factor of 1.04 and 750 PMT gain.

Table 1 Peptides used in FA assay labeled with 5-carboxyfluores-

cein (5-FAM, F). For the shorter ligands, aminohexanoic acid

(Ahx) was used as linker or spacer between the peptide and 5-FAM

to prevent fluorescence quenching. PfRON2sp1, F*PfRON2sp1 and

F*PfRON2sp3 were disulfide cyclized

Peptide Sequence

Unlabeled PfRON2sp1 (39 aa) DITQQAKDIGAGPVASCFTTRMSPPQQICLNSVVNTALS

F*PfRON2sp1 (39 aa) 5-FAM-DITQQAKDIGAGPVASCFTTRMSPPQQICLNSVVNTALS

F*PfRON2sp3 (25 aa) 5-FAM-Ahx-KDIGAGPVASCFTTRMSPPQQICLN

Unlabeled R1 (20 aa) VFAEFLPLFSKFGSRMHILK

F*R1 (20 aa) 5-FAM-Ahx-VFAEFLPLFSKFGSRMHILK

F*R1-13A1 (13aa) 5-FAM-Ahx-ALPLFSKFGSRMH
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Titration experiments (Fig. S1a)

Titration experiments for KD determination were carried out

at 25 �C with a constant concentration of labeled probe

(10 nM) titrated with increasing amounts of protein (0–

10 lM). Titration data was fitted by nonlinear regression

model embedded in a simplex minimization routine solving

the quadratic version of Eq. 1 where Y is the fraction

saturation, XT is total labeled peptide (F*PfRON2sp1,

F*PfRON2sp3, F*R1 or F*R1-13A1), P and PT are unbound

and total protein (PfAMA1), respectively. Notice, that Eq. 1

is written in terms of increasing protein concentration, which

titrates a constant amount of labeled ligand.

Y ¼ P½ �
KD þ P½ � ¼

PT½ � � PX½ �
KD þ PT½ � � PX½ �ð Þ

¼ PT � Y � XTð Þ
KD þ PT � Y � XTð Þ ð1Þ

Fluorescence anisotropy inhibition assay (Fig. 4)

Inhibition experiments were carried out with the peptide

F*R1-13A1. Preformed 150 lL complex aliquots of

500 nM PfAMA1 and 10 nM F*R1-13A1 were incubated

for 20 min on the plate before adding the selected inhibitor

candidates at concentrations of 20 lM for a primary

screening carried out in triplicate. A secondary screening

was carried out to confirm hits at 20 and 40 lM increasing

the number of samples to 6 instead of 3 in the first

screening. These two concentrations correspond to 0.25

and 0.50 % DMSO, respectively. To prevent systematic

errors, samples were distributed in the 96-well plate ac-

cording to a defined distribution pattern [58]. The data

collection was carried out at incubation times of 1, 2, 3 h

and overnight. The percentage of inhibition was calculated

according to Eq. 2 [59]:

%inhibition ¼ 100 � 1�
r complexþcompoundð Þ � rFree

rcomplex � rFree

� �
ð2Þ

where rfree, rcomplex and rcomplex?compound are the anisotropy

signals of unbound labeled peptide, complex and complex-

inhibitor mixture, respectively.

The concentration required for 50 % inhibition (IC50)

was investigated for peptide R1 and compound 3 and was

determined from a sigmoid dose–response curve (Fig. S1b

and Fig. 6) [60].

Surface plasmon resonance (Fig. 5)

SPR measurements were performed on a T200 apparatus

(GE Healthcare). PfAMA1 proteins were covalently im-

mobilized (17000 RU) on CM7 sensor chips (GE Health-

care) by an amine coupling procedure according to the

manufacturer’s instructions. A reference flowcell was ob-

tained with the same chemical treatment without PfAMA1.

Binding assays of the different compounds were performed

at 25 �C in HBS-EP ? (GE Healthcare) containing 3 %

DMSO. For ranking analysis each samples (0 and 50 lM;

Fig. 5a) were injected for 60 s followed by a 200 s disso-

ciation phase at a flow rate of 30 lL/min. PfRON2sp1 was

injected as the positive ligand to check the response sta-

bility of the coated surface at the beginning and end of the

experiment. Concentrations ranging from 25 to 200 lM
and 25 to 400 lM for compound 3 and 8, respectively,

were injected on immobilized PfAMA1 for dose–effect

analysis (Fig. 5b). Each experimental series included

blanks (running buffer) and solvent corrections. Results

were analyzed by subtracting the signal of the reference

flowcell from the signal of the PfAMA1-bound flowcell

using BiaEvaluation 4:1 software (GE Healthcare).

Results and discussion

Screening work-flow

Here we report a PfAMA1 tailored workflow that involves

two consecutive steps: ligand- and structure-based virtual

screenings (Fig. 1). In both steps we used structural in-

formation for the PfRON2sp and R1 peptides, conforma-

tion and interactions, derived from crystal structures (PDB

code 3ZWZ and 3SRJ, respectively). Our pharmacophore

models represent the spatial configuration of PfAMA1–

PfRON2sp1/PfRON2sp2/R1 protein–ligand interaction

sites (also called features) in three-dimensional space. A

minimum number of features have to be defined in order to

efficiently represent a specific binding pattern and to suc-

cessfully capture new active molecules. The ligand-based

virtual screening was performed using three different in

silico pharmacophore mapping programs: PHARMER

[50], Align-it [49] and PepMMsMIMIC [51]. Pharma-

cophore search programs have been shown equally good in

terms of percentage of enrichment of active compounds

among first hits when challenged with benchmark com-

pound set (actives ? decoys) [61]. However, hits did not

necessarily overlap because programs use different ap-

proaches with varying degrees of stringency. Therefore,

increasing success may result from the combination of

several programs. Vulliez-Le Normand et al. [62] showed

by alanine scanning mutagenesis that mutations of Phe-183

and, to a lesser extent of Tyr-234, in PfAMA1 have an

effect on binding. Similarly, mutagenesis highlighted four

critical residues in PfRON2: Pro-2033, Phe-2038, Arg-

2041 and Pro-2044. Of these, Pro-2033 and Phe-2038 are

close to PfAMA1 key residues Tyr-234 and Phe-183, re-

spectively (Fig. 2a). Additionally, Pro-2033 and Phe-2038

J Comput Aided Mol Des (2015) 29:525–539 529

123



align structurally with Leu-6 and Phe-12 of peptide R1,

respectively, highlighting the importance and the physi-

cochemical nature of these anchoring residues (PDB

3SRJ). Therefore, in addition to Pro-2033 and Phe-2038

pharmacophore points, we selected a third hydrophobic

feature that likely contributes to the binding between

PfAMA1 and PfRON2. Indeed, Val-2054 of PfRON2sp1

occupies a hydrophobic pocket at the opposite of the Pro-

2033 pocket and is mimicked by Leu-8 in the R1 peptide.

This constituted our three-point pharmacophore. Finally,

an additional constraint was imposed in PHARMER by the

way of an exclusion volume representing Tyr-251 that

protrudes from the surface of the PfAMA1 binding groove

in the middle of the three-point pharmacophore (Fig. 2b).

Our screening strategy used several collections that were

expanded independently through generation of representa-

tive conformations, leading to a final sum of over

200,000,000 structures. The libraries overlap, at least in

part [63, 64], but each collection has its own interest: di-

verse sets, proprietary compounds or focused libraries like

the ChEMBL Malaria [65] and approved drugs (e-Drug3D)

[46]. The ligand-based step filtered out 98.75 % of the

input and retrieved over 2.5 million structures. The re-

sulting list was further filtered by docking to the crystal

Fig. 2 Graphical representation

of the four-point

pharmacophore. a PfAMA1

surface and pocket residues are

colored in white and co-

crystallized PfRON2sp1

backbone is colored in cyan.

PfAMA1 hotspots are colored in

green and PfRON2sp1

interacting residues are colored

in red. b Pharmacophore model

inside the binding pocket

(orange: matching features,

blue: exclusion sphere)
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Fig. 3 Structures of 10 experimentally tested hits. Compounds 1–6

and compounds 8 and 9 result from the application of the screening

workflow. Compound 7 comes from the docking of the Malaria Box

against the experimental structure of PfAMA1. NCGC00015280 is a

published inhibitor of PfAMA1–PfRON2 interaction [22]. Carbon

stereocenters are indicated by a star. Atom numbering of the 1,4-

diazepin-2-one scaffold is indicated for compound 3
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structure of PfAMA1 (PDB code 3ZWZ) by using

PLANTS [52]. We then used LIGPLOT to select those that

dock into the groove while interacting with the three key

residues Tyr-234, Phe-183 and Val-169. This second step

filtered out 99.72 % of docked compounds leading to 7161

structures. However, due to low throughput assays at that

time, we had to stringently inspect and prioritize remaining

candidates. We visually checked the superimposition of the

molecular envelope of candidate inhibitors with the 3D

shape of PfRON2sp1 and favored molecules possessing an

aromatic ring mimicking PfRON2sp1 Phe-2038. As we

proceeded, we realized that few structural families possess

these characteristics. Finally, we selected and purchased 8

potential inhibitors representing approximately one-in-a-

million of the screened collections (compound 1–6 and

compounds 8 and 9 in Fig. 3). In addition, given the size of

the Malaria Box (400 compounds), we directly carried out

the docking of this library against PfAMA1 leading to the

selection of one commercially available candidate (com-

pound 7, MMV019881). Finally, we investigated the

compliance of our compound selection with some physi-

cochemical parameters related to known inhibitors of

protein–protein interactions by using the program PPI-

HitProfiler [56]. As a result, all compounds positively

featured characteristics of known PPI inhibitors such as

high number of aromatic rings, high number of multiple

bonds and spatial distribution around a central scaffold

[66].

On closer inspection of these nine selected molecules,

compounds 1–5 belong to the same structural class of 1,4-

diazepin-2-one which possess three substituents at position

1, 4 and 6 (Fig. 3, compound 3). With the exception of

compound 2, both PHARMER and Align-it tools selected

the same structural class but not the same structures

(Table 2). Compound 8 (Goserelin) is a FDA approved

gonadotropin releasing hormone (GnRH) agonist whereas

compound 9 (Indinavir) is a HIV protease inhibitor. In-

terestingly, studies on the antimalarial activity of Indinavir

suggested the existence of Plasmodium falciparum targets

but did not identify them [67]. An a posteriori analysis of

the different chemotypes present among the structure-

based hits showed that four selected compounds (com-

pounds 2, 3, 5 and 8) fell into three clusters among the 20

most populated ones (Fig. S5). Comparing ligand-based

methods, this analysis also showed that 7 out of 9 selected

compounds represent chemotypes that have been selected

both by PHARMER and Align-it methods.

Development of a fluorescence anisotropy binding

assay for PfAMA1

In order to test candidate inhibitors, we developed a sensitive

competition assay based on fluorescence anisotropy signal T
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changes (FA) that follows a binding event betweenPfAMA1

and a ligand. This assay requires a labeled probe with a

relative weak KD to facilitate its displacement by a non-

optimized small size candidate inhibitor. Indeed, the affinity

of known peptide inhibitor F*PfRON2sp1 for PfAMA1 is in

the nanomolar range [17] and is too high to observe dis-

placement with our candidate inhibitors. Therefore, we first

designed and tested a truncated and modified version of

F*PfRON2sp1, called F*PfRON2sp3, which resulted in a

peptide with 5.4-fold weaker KD of 92.2 nM at 25 �C
(Table 1 and Fig. S1a). As the affinity of F*PfRON2sp3 was

still too high, we then tested a shortened 13 aminoacid analog

of the R1 peptide {KD = (80–177) nM [15, 17, 40, 41]} that

was generated based on the analysis of the three-dimensional

crystal structure (PDB code 3SRJ) [17]. This peptide, called

F*R1-13A1, was obtained by removing N-terminal and

C-terminal aminoacids of R1 and by mutating Phe-5 into

alanine (Table 1). Our objective was to affect the affinity

without compromising the overall binding paradigm. In-

deed, Phe-5 is an anchor point of R1 occupying a hy-

drophobic pocket [17, 41] that is otherwise filled by Phe-367

of theDII loop in the apo form ofPfAMA1 (PDB code 1Z40)
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Fig. 4 a Inhibition competition

primary screening of inhibitor

candidates by fluorescence

anisotropy at 22 �C after 3 h

and overnight incubation.

Complex was incubated for

20 min following the addition

of inhibitor candidates (20 lM).

Medium and strong positive

controls were prepared adding

to the complex unlabeled R1

(100 nM) and PfRON2sp1

(1 lM), respectively. Complex

in 0.25 % DMSO was used as

the negative control. Assay was

performed in triplicate with the

error bars corresponding to 1

standard deviation. Compound 3

and NCGC00015280 were

possible hits and were further

tested. b Inhibition competition

secondary screening at 20 and

40 lM at 22 �C with six

samples per concentration.

Error bars correspond to 1

standard deviation
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and left vacant when the DII loop is displaced. The KD of

F*R1-13A1 peptide was measured to be 422.3 nM at 25 �C
which is 26-fold weaker than F*PfRON2sp1 and 2.9-fold

weaker than F*R1 while binding the same pocket as R1 and

PfRON2sp1 as shown in competitive binding experiments

(Figs. S1a, b). This value is in agreement with the binding

affinity of 990 nM that has been recently obtained bySPR for

the closest published truncated peptide R15–16 [40].
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Fig. 5 Surface plasmon resonance studies of candidate inhibitors.

a The binding responses obtained by the injection of the different

molecules on immobilizedPfAMA1 are plotted as bars along the x axis.

Grey and black bars represented 0 and 50 lM responses, respectively.

The dashed line is the threshold value corresponding to three times the

average of buffer responses (8.8 RU). Compounds 3 and 8were positive

hits whereas sensograms revealed the limit solubility of compound 9

and NCGC00015280 (ncgc). b Sensorgrams of compounds 3 and 8

indicated a binding event with PfAMA1 but saturation is not obtained

likely due to an aggregation at high concentration
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Biochemical evaluation of inhibitor candidates

The nine selected compounds were then validated ex-

perimentally using the FA-based inhibition assay to de-

termine their ability to disrupt the PfAMA1–F*R1-13A1

complex. The recently published PfAMA1–PfRON2 in-

hibitory molecule NCGC00015280 (Fig. 3) was also in-

vestigated [22] although in our model the docked pose for

this compound did not overlap the three-point pharma-

cophore. We checked DMSO effect (up to 1 %) as well as

complex stability in overnight incubation (Fig. S2) because

of the slow complex dissociation process observed for the

native complex PfAMA1–PfRON2sp1 (Fig. S3). The assay

showed a very good Z0-value from 0.60 up to 0.77. A Z0-
value of 0.5 is acceptable and used to determinate the

optimal signal window and assay discrimination capa-

bilities [68]. Compounds 3 and NCGC00015280 showed

moderate complex disruption (Fig. 4a) in the first screening

with triplicate samples at 20 lM. Therefore, a secondary

screening was carried out with six samples at 20 and

40 lM (Fig. 4b) confirming the inhibition potency of

compound 3 and NCGC00015280.

Since each biophysical technique has limitations, bind-

ing affinities were also measured by SPR. The binding of

compound 3 and NCGC00015280 to PfAMA1 were con-

firmed (Fig. 5), but as compound 3 failed to saturate

(Fig. 5b) and the sensorgram for NCGC00015280 showed

a low solubility profile type (data not shown), the estima-

tion of the apparent equilibrium dissociation constants KD

was precluded. SPR analysis also showed binding with

candidates 8 and 9 (Fig. 5a, b) though the binding with

candidate 9 at 50 lM was inconclusive (Fig. 5a). However,

since these two compounds were not positive hits in FA-

based assay, we did not characterize them further.

Dose–response experiments were then investigated us-

ing the fluorescence anisotropy change and IC50 values was

measured to be of 24 lM (±2 lM) for compound 3

(Fig. 6). On the contrary, IC50 for NCGC00015280 was not

measurable due to the scattering of light when concentra-

tion exceeded 50 lM (data not shown). This aggregation

phenomenon was also reported by Devine et al. [23].

Compound 3 showed a moderate affinity but it had been

tested as a racemic mixture whereas the R enantiomer only

had been selected by virtual screening. The carbon

stereocenter at position 6 of the 1,4-diazepin-2-one ring is

indicated by a star in Fig. 3. We would expect a better IC50

for this enantiomer if tested separately.

The predicted docked pose of compound 3 is shown in

Fig. 7a, b. Aromatic ring groups (green sticks) are over-

lapping key interacting residues of PfRON2sp1 (red sticks)

directly in contact with hotspots (white sticks) of PfAMA1

(white surface). Its interactions with PfAMA1 involves:

(1) A p-stacking between the [1, 2, 4] triazolo[1,5-

a]pyrimidin-6-yl group with Tyr-142, Tyr-234 and Tyr-

251; this group is predicted to mimic Pro-2033 of

PfRON2sp1 and superimposes well with Lys-368 of the

DII loop when it packs against the groove (PDB 1Z40); (2)

A hydrogen bond between the carbonyl of the oxopropyl

with the hydroxyl of Tyr-236; (3) A p-stacking between the
fluorophenyl ring with key residue Phe-183; this ring is

predicted to mimic Phe-2038 of PfRON2sp1 and super-

imposes with Phe-12 of R1 (PDB 3SRJ); (4) A p-stacking
between the methoxyphenyl ring with Tyr-251; This sub-

stituent is predicted to mimic Val-2054 of PfRON2sp1 (or

Leu-8 of R1 (PDB 3SRJ)).

Compounds 1–5 overlap well with the three-point

pharmacophore due to their star-shaped structure (Fig.

S4). Only one enantiomer of each compound was present

in our results whereas commercial products are racemic

mixtures. This family of structures has been designed and

synthesized by Chembrige Corporation but has not yet

been associated with any biological activity. Comparing

docking poses of these five candidates revealed that

compound 3 overlaid the best with PfRON2sp1. It is

noteworthy that compound 3 mimics Pro-2033 and was

the only selected compound able to form a parallel p-
stacking arrangement with Tyr-142 and Tyr-251. Com-

pound 1, 2 and 3 possess three aromatic substituents

whereas compounds 4 and 5 have two or one non aro-

matic substituents, respectively. Compound 1 superim-

poses well with compound 3 but the substituent at

position 4 has a linker with one carbon shorter and the

connected ring plane is perpendicular to Tyr-142 and Tyr-

251. Compound 2 is the compound that overlaid the worst

with compound 3 because of a flip that superimposes the

substituent at position 1 with substituent at position 6,

respectively. The relative enantiomer at position 6 is
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Fig. 6 Competition binding experiment between F*R1-13A1 and

compound 3 using 600 nM of PfAMA1, 10 nM of F*R1-13A1 and an

increasing concentration of candidate compound. The mixture was

incubated for 3 h at 20 �C. The corresponding IC50 for compound 3

was measured to be 24 lM (±2 lM)
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inverted when compared with compound 3. Compound 4

possesses a linker with one carbon shorter at position 4

and the ring at position 6 is not aromatic. Finally, com-

pound 5 is different from compound 3 by its substituent at

position 4 that led us to suggest that an aromatic or ca-

tionic group at this sub-site lined by aromatics (Tyr-142,

Tyr-234, Tyr-236 and Tyr-251) is required for binding of

a non-peptide inhibitor. This feature may be as important

as the presence of a p-stacking with Phe-183.

The nature of the PfAMA1–PfRON2 interface with its

extensive, but relatively deep, solvent accessible groove

and the presence of PfAMA1 DII loop make it a chal-

lenging target for traditional drug discovery. The structural

family of 1,4-diazepin-2-one provides multiple and widely

spaced hydrophobic groups predicted to interact with the

PfAMA1–PfRON2 hotspots. However, based on our re-

sults, it is clear that the R enantiomer of compound 3 must

be tested separately and, if conclusive, be modified to make

PHE-2038

PRO-2033

VAL-2054

TYR-234

TYR-251

VAL-169

PHE-183

TYR-234

TYR-251

PHE-183

VAL-169

TYR-236

TYR-142

Posi�on 4
Posi�on 6

Posi�on 1

(a)

(b)

Fig. 7 a Predicted binding mode of compound 3 (carbon atoms in

green) in the groove of PfAMA1 (white surface and side-chains of

hotspots in sticks). Co-crystallized PfRON2sp1 backbone is colored

in cyan and the three-point pharmacophore side chains are in red.

Labels of key residues are indicated in red and grey for PfRON2sp1

and PfAMA1, respectively. b A close view of the interactions

between PfAMA1 and compound 3. A hydrogen bond is depicted in

orange between the hydroxyl of Tyr-236 and carbonyl of the

oxopropyl of compound 3. PfAMA1 residues in white (hotspots) and

blue are predicted to interact with compound 3. Position number of

substituents on the 1,4-diazepin-2-one scaffold are indicated in green
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additional polar interactions with other PfAMA1 sub-sites

as well as with the surrounding water molecules. These

candidates are rather large but it will not necessarily hinder

their optimization since reported PPI inhibitors tend to be

larger in molecular weight than drug-like molecules [66,

69] and often violate Lipinski’s ‘rule of five’ [29, 70]. As

an extreme example, the phase II candidate Navitoclax is

orally bioavailable despite its molecular weight of 974

[71]. When working with PPI inhibitors, the traditional

drug-like chemical space must be expanded to borderline

molecules and it is now accepted that existing compound

libraries are not yet sufficiently populated with complicated

(larger and more three-dimensional) molecules [26].

Conclusions

In the present work, we aimed at exploiting both mutage-

nesis and structural data of the target protein PfAMA1 to

explore a large set of molecules for PfAMA1–PfRON2

complex inhibition by an integrated computational and

biophysical approach. Nine small molecules were selected

with respect to their predicted interactions with key resi-

dues Val169, Phe183 and Tyr234 and their commercial

availability for biological evaluation. We showed that FA

and SPR assays were able to corroborate the moderate

binding of published NCGC00015280 and to establish an

IC50 of 24 lM for compound 3 to PfAMA1. These ex-

perimental data must be now validated by a co-crystal-

lization study with PfAMA1 protein to obtain structural

information about the binding mode that can be used to

logically direct the design of more potent inhibitors. Such

results would support the validity of our virtual screening

protocol and allow us to screen and select other families of

compounds for a second experimental screen. We also

anticipate that more positive hits may be found if a specific

chemical library dedicated to inhibit PPI was screened.
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