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Malaria is responsible for nearly one million deaths annually, and the increasing prevalence of multi-
resistant strains of Plasmodium falciparum poses a great challenge to controlling the disease. A diverse
set of flavones, isosteric to 4(1H)-quinolones, were prepared and profiled for their antiplasmodial activity
against the blood stage of P. falciparum W2 strain, and the liver stage of the rodent parasite Plasmodium
berghei. Ligand efficient leads were identified as dual stage antimalarials, suggesting that scaffold opti-
mization may afford potent antiplasmodial compounds.

� 2013 Elsevier Masson SAS. All rights reserved.
1. Introduction

The success of drug discovery programs relies heavily on inno-
vation, in particular on the design of new chemical entities capable
of modulating drug target functions [1]. This is especially true in the
case of malaria, which remains the world’s top-priority tropical
disease due to its highmortality andmorbidity. The emergence and
spread of multidrug-resistant Plasmodium falciparum, the most
virulent human malaria parasite, is still a major obstacle in con-
trolling malaria [2]. Most currently used drugs act against the
parasite forms that invade erythrocytes and cause malarial symp-
toms [3]. However, the parasite’s life cycle in the human host also
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includes an asymptomatic, and obligatory developmental phase in
the liver, where exo-erythrocytic forms (EEFs) develop in hepato-
cytes prior to bloodstream infection [4]. The life cycles of two other
human malaria parasites, Plasmodium vivax and Plasmodium ovale,
also include hypnozoites, which persist in the liver for long periods
of time, and can cause relapses after successful clearance of
bloodstream infections. Primaquine (1, Fig. 1) is the only available
drug to treat hypnozoites of P. vivax and P. ovale, but its use is
limited due to toxic effects [5,6]. Recently, efforts have focused on
discovering safer drug candidates capable of blocking the devel-
opment of the malarial liver stage [7e9], and of eliminating hyp-
nozoites [10e12]. For example, 4(1H)-quinolones and analogs are
highly effective against erythrocytic forms and EEFs of Plasmodium
spp. [13e19]. Most commonly, cytochrome bc1 is the main drug
target for these compounds [20,21], but in some cases, such as 2
and 3 (Fig. 1), NADH:ubiquinone oxidoreductase (PfNDH2) is also
blocked [17,22]. Docking studies using a crystal structure of the bc1
complex from Saccharomyces cerevisiae suggest that 4(1H)-quino-
lones bind to the Qo site of cytochrome bwith a pose similar to that
of stigmatellin, (4, Fig. 1). Key interactions in this binding model are
the H-bond bridges with Glu272 and His181 (from the Rieske irone
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Fig. 1. Structures of antimalarial compounds 1e5.
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sulfur protein) [15,22]. Thus, flavones isosteric with quinolones 2
and 3 could provide further insight into the molecular basis of
cytochrome bc1 inhibition, since the endocyclic oxygen atom can
only interact as a hydrogen bond acceptor, in contrast to the qui-
nolone NH. While flavones have shown activity against blood
stages of P. falciparum [23e25], their activity against the liver stage
of malaria parasites has not yet been reported, except for the
related isoflavone genistein (5, Fig. 1) [26]. Hence, to assess the
potential of the aforementioned scaffold as a 2-aryl-4(1H)-quino-
lone isostere, we now report the synthesis and dual stage anti-
plasmodial activity of a diverse set of synthetic flavones.
Fig. 2. (A) Superposition of the most favorable docked poses of compound 2 (carbon
atoms in gray) and flavones 6a (carbon atoms in green) and 6q (carbon atoms in blue);
(B) Predicted binding poses for quinolone 2 (carbon atoms in blue) and flavone 6a
(carbon atoms in green). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
2. Results and discussion

2.1. Molecular modeling

The structureeactivity relationships (SAR) of known bc1 com-
plex inhibitors were taken into account for the design of com-
pounds 6 [17,27e29]. For example, diaryl ether and biphenyl side
chains were shown appropriate for maintaining a high overall
lipophilicity [30] and occupying the hydrophobic Qo pocket. In or-
der to evaluate the potential of hydrophobic flavones as bc1 com-
plex inhibitors we performed a docking study using the
homologous enzyme from S. cerevisiae as previously described [31].
In the absence of a crystallographic structure for the bc1 complex of
P. falciparum, much of the key structural and mechanistic infor-
mation has been derived from the yeast bc1 system, which shows
high sequence identity to the P. falciparum orthologous enzyme
[32]. 4(1H)-Quinolone 2 was first docked into the Qo active site of
the S. cerevisiae bc1 complex (PDB code 3CX5 [33]). Several flavones
containing chemically distinct side chains were also modeled and
compared with compound 2 in terms of binding pose and free
energy. Superposition of the binding poses obtained for 2, 6a and
6q suggests that flavones and 4(1H)-quinolones may exert similar
interactions within the Qo site (Fig. 2A). The aromatic core of both
classes of inhibitors most likely occupies the same part of the
pocket. More specifically, in this model, the binding modes of 2 and
6a are comparable, as both may interact with the protonated His181

residue e 2.4 or 3.1 �A, respectively (Fig. 2B). Strong interactions
with His181 are considered of extreme importance for Qo site in-
hibition since this residue is coordinated to the Rieske ironesulfur
protein, an extremely mobile subunit of the bc1 complex with
recognized significance for electron transfer and, therefore, for
functional activity [34,35]. In the case of 2, reported models suggest
a water-mediated hydrogen bond between the NH group of the
quinolone ring and Glu272, a highly conserved residue [36]. For
flavones in general, this kind of interaction may be missing since
they do not contain a hydrogen-bond donor. However, when
considering the most favorable pose obtained for 2 and flavone 6a,
both inhibitors display binding free energy values in the same
range, �9.95 kcal/mol and �10.12 kcal/mol, respectively. As previ-
ously reported, these results suggest the importance of hydro-
phobic interactions for bc1 complex inhibition [37]. Also, the
comparable binding poses suggest that these two classes of com-
pounds may share the same mechanism of action against
P. falciparum.
2.2. Chemistry

We synthesized a small library of decorated flavones, 6aer, with
the main purpose of probing chemical space. The backbone for the
required side chains was acquired from condensation of 4-
fluorobenzonitrile, 7, with diverse hydroxyl-containing building
blocks (Scheme 1A). Subsequently, nitriles 8aedwere converted in
H2O2 [38] to the corresponding carboxylic acids, 9aed, in excellent
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Scheme 1. Synthesis of flavone derivatives 6aer. Reagents and conditions: (i) phenol or alcohol, DMF, Na2CO3, reflux; (ii) EtOH, MeOH, KOH, H2O2, reflux; (iii) SOCl2, reflux; (iv)
pyridine, 9aed, DBU, reflux; (v) pyridine, 9aed, DBU, MW, 150 �C; (vi) 6i, NBS, CCl4, benzoyl peroxide, reflux; (vii) 6i, NBS, ZrCl4, CCl4, rt; (viii) R3B(OH)2, PdCl2(Ph3P)2, Na2CO3 1 N,
dioxane, 100 �C.
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yields, which were converted to their acid chlorides 10aed coun-
terparts by reaction with SOCl2. The acid chlorides were used
without purification to obtain flavones 6aej, isosteric to 2 and 3, in
a one-pot BakereVenkataraman procedure [39]. The protocol
consisted of refluxing suitable acid chloride derivatives and the
required 2-hydroxyacetophenones in dry pyridine and DBU for
24 h. Compounds 6aej were obtained in moderate overall yields
(11e37% for a total of 4 steps) (Scheme 1B). The same procedure
was reproduced inmicrowaves at 150W,150 �C for 40min to afford
flavones in comparable yields. The identification of a key singlet at
ca. d 6.8 ppm for H-3 in the 1H NMR spectrum confirmed the final
cyclization step. Bromination of 6i was performed using NBS and
benzoyl peroxide or ZrCl4 [40] to give 6k and 6l (Scheme 1B).
Finally, we expanded the diversity at the aryl moiety in ring B, by
performing Suzuki coupling reactions with the 2-(4-bromophenyl)
flavone 6j and appropriate boronic acids to give compounds 6mer,
which are isosteric with 3, in 42e82% yield (Scheme 1C).

2.3. In vitro antiplasmodial activity

The in vitro antiplasmodial activity of compounds 6 was eval-
uated against the chloroquine-resistant P. falciparum W2 strain
(Table 1), according to the procedure described by Semenov et al.
[41]. All compounds exhibited moderate antiplasmodial activity, in
the range reported for other flavones [23,42]. Inspection of data in
Table 1 shows that derivative 6k, with an IC50 value of ca. 6 mM, is at
least 4 times more active than its 7-methyl counterpart 6l.
Replacement of the 4-phenyl group at ring B by a 4-aryloxy moiety
has a detrimental effect on antiplasmodial activity (6i vs. 6e and 6f),
but a 4-(20-trifluoropropoxy) moiety, 6h, affords a compound
equipotent to 6g.

On the other hand, flavones containing a basic group at the 4-
phenyl moiety in ring B, 6q and 6r, displayed improved activity
when compared to their non-basic counterparts 6m-p. In partic-
ular, the antiplasmodial potency displayed by 6q may be driven by
the lowest clog P value among series 6 (Table 1). With the exception
of 6q, these flavones present high clog P values and low aqueous
solubility that may lead to poor cell permeability and explain the
IC50 values against the W2 strain.

Ligand efficiency (LE) is a useful metric to prioritize hits and
guide hit-to-lead optimization efforts. Irrespective of IC50 values,
compounds showing LE � 0.30 are generally accepted as good
starting points for optimization [43e45]. In that regard, 6q meets
the requirements of an early lead (LE ¼ 0.32), with the added value
of presenting low molecular weight. Thus, 6q provides ample op-
portunity for medicinal chemistry.



Table 1
Antiplasmodial activity of flavones 6aer against P. falciparum W2 strain and their
calculated molecular properties.a

O

O

R1

R2 R4

R3

A

B

C

Cpd. R1 R2 R3 R4 IC50 � SD
(mM)

clog P log S MW LEb

6a H H OC6H4-4-Cl H 21.0 � 0.37 5.62 �6.78 358 0.26
6b H Cl OC6H4-4-Cl H >25.0 6.23 �7.51 382 ND
6c Cl H OC6H4-4-Cl H 12.6 � 0.25 6.23 �7.51 382 0.26
6d Me H OC6H4-4-Cl H 19.7 � 2.98 5.93 �7.12 362 0.25
6e Me Cl OC6H4-4-Cl H 23.2 � 0.11 6.54 �7.86 396 0.24
6f Me Cl OC6H4-4-OCF3 H >25.0 6.76 �8.14 446 ND
6g H H OC6H4-3-OCF3 H 14.9 � 1.20 5.83 �7.06 398 0.23
6h Me Cl O(CH2)3CF3 H 17.2 � 0.86 5.80 �6.15 382 0.26
6i Me Cl Ph H 14.0 � 0.59 6.20 �6.91 346 0.27
6j H H Br H >25.0 4.29 �4.58 300 ND
6k CH2Br Cl Ph Br 5.96 � 0.07 6.96 �8.66 502 0.27
6l Me Cl Ph Br >25.0 6.66 �7.74 424 ND
6m H H Ph H >25.0 5.27 �5.83 298 ND
6n H H C6H4-4-Cl H >10.0 5.89 �6.57 332 ND
6o H H C6H4-4-F H >25.0 5.33 �6.14 316 ND
6p H H C6H4-4-CHO H >25.0 4.96 �6.15 326 ND
6q H H 5-(Pyridin-2-NH2) H 3.88 � 0.37 3.95 �5.64 313 0.32
6r H H 3-Quinoline H 5.17 � 0.10 5.59 �6.54 349 0.27
CQ 0.186 � 0.060 4.37 �4.06 319 0.47

a Molecular properties were calculated using the OSIRIS property explorer
(http://www.organic-chemistry.org/prog/peo/).

b Whole cell (W2 strain) ligand efficiency [LE ¼ �1.4�log(IC50)/HA, where
HA ¼ number heavy atoms]; CQ e chloroquine; ND e not determined.
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Based on the reported activity of genistein against Plasmodium
liver stages (IC50 ca. 20 mM) [26], flavones 6were also evaluated for
dual stage activity, by assessing their ability to inhibit development
of Plasmodium berghei sporozoites in human hepatoma Huh-7 cells
[46]. The results presented in Fig. 3 show that compounds 6aer
decreased the infection load of Huh-7 cells to different extents
when compared to untreated controls. IC50 values were determined
for flavones 6a, 6d, 6i and 6q, which were the most potent in-
hibitors in the preliminary two-concentration screen (Fig. 3).
Compound 6q presented an IC50 value of 1.9 mM and favorable
ligand efficiency (LE ¼ 0.33). On the other hand, 6i presented an
IC50 value of 8.5 mM,while 6a and 6d displayed IC50 values of 6.2 mM
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Fig. 3. Antiplasmodial activity of compounds 6 against the liver stage of P. berghei. The lum
percentage of the infection of solvent-treated control cells. Cell confluency was determine
percentage of solvent-treated control cells. Compounds 6 and primaquine were tested at two
equivalent to that used in the highest compound concentrations.
and 4.1 mM, respectively. Interestingly, potency against the liver
stage does not correlate with that against erythrocytic-stage par-
asites. These results suggest (i) different drug targets for different
stages of the life cycle and (ii) the value of flavones as ligand effi-
cient leads for liver stage malaria (Table 2). Additionally, our data
suggests that most of the promising compounds had no significant
cytotoxicity at assayed concentrations.
3. Conclusions

In summary, a small library of flavones isosteric to 4(1H)-quin-
olones was synthesized and profiled against blood and liver stage
malaria. Our preliminary studies identified ligand efficient com-
pounds as dual stage antimalarials. In particular, 6q presents
physicochemical properties in the lead-like chemical space,
providing ample opportunity for medicinal chemistry optimization.
To the best of our knowledge this is the first report of synthetic
flavones with activity against the liver stage of malaria parasites,
against which new drugs are urgently sought. In addition, the re-
sults herein reported are consistent with the current bindingmodel
of bc1 Qo inhibitors, highlighting the importance of the interactions
with Glu272 and His181 for optimal activity.
4. Experimental section

4.1. Chemistry

Flash chromatography was performed on Kieselgel 60 GF254
silica (Merck) of 0.040e0.063 mm. Thin layer chromatography
(TLC) was performed on aluminum sheets with silica gel F250
(Merck) and visualized under UV light or by exposure to iodine
vapor. All reactions were monitored by TLC. Melting points were
determined using a Kofler camera Bock Monoscope M and are
uncorrected. The IR spectra were determined as films on a Nicolet
Impact 400 FTIR spectrophotometer, and only the most significant
absorption bands are reported. Low-resolution mass spectra (MS)
were recorded using a VG Quattro LCMS instrument. High-
resolution mass spectra (HRMS) were performed on a Bruker
MicrOTOF equipped with ESI ion source from the Mass Spectrom-
etry and Proteomics Unity of the University of Santiago de Com-
postela, Spain. Elemental analyses were performed using an EA
1110 CE Instruments automatic analyzer. The NMR spectra were
recorded on a Bruker Avance 400 NMR spectrometer (1H, 400MHz;
13C, 101 MHz). 1H and 13C chemical shifts, d, are expressed in ppm
(parts per million) with the solvent signal as internal standard
[CDCl3: d (1H) 7.26 ppm and d (13C) 77.2 ppm]. Coupling constants
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inescence (bars) measures the extent of Plasmodium hepatic infection and is given as
d by fluorescence (dots) following incubation with AlamarBlue, and is also given as
concentrations (10 mM and 2 mM). Control e Cells incubated with an amount of DMSO
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Table 2
Antiplasmodial activity of 6a, 6d, 6i and 6q against P. berghei liver stage.

Compound IC50 (mM) LEa CC50 (mM)

6a 6.2 0.30 >180
6d 4.1 0.30 >50
6i 8.5 0.28 >90
6q 1.9 0.33 >15
Genistein 20 0.33 ND
Primaquine 7.5 0.38 ND

a Ligand efficiency (LE) based on whole cell assay (Huh-7 cells infected with
P. berghei sporozoites); ND e not determined.
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(J) are reported in Hertz (Hz). The microwave-assisted synthesis
was performed in a CEM Corporation Discover� Labmate�.

4.1.1. General procedure for the preparation of 4-phenoxybenzonitriles
(8aed)

A suitable phenol or alcohol (1 M eq.), 4-fluorobenzonitrile
(1 M eq.) and Na2CO3 (2 M eq.) were suspended in DMF (3.5 mL/
mmol) and heated. The reactionwas followed by TLC, hexane:diethyl
ether (9:1), and after completion (approximately 24 h), the desired
product extracted with CH2Cl2 (3 � 50 mL). The crude product was
purified by flash chromatography, using hexane:diethyl ether (100:1)
as eluent.

4.1.1.1. 4-(4-Chlorophenoxy)benzonitrile (8a). White solid; 100%;
mp 67e68 �C; 1HNMR (CDCl3, 400MHz) d 7.01e7.04 (4H,m, AreH);
7.40 (2H, d, J ¼ 6.8 Hz, AreH); 7.63 (2H, d, J ¼ 6.8 Hz, AreH).

4.1.1.2. 4-(4-(Trifluoromethoxy)phenoxy)benzonitrile (8b). Yellow oil;
100%; 1H NMR (CDCl3, 400 MHz) d 7.04 (2H, d, J ¼ 9.0 Hz, AreH); 7.11
(2H, d, J ¼ 9.0 Hz, AreH); 7.28 (2H, d, J ¼ 9.0 Hz, AreH); 7.64 (2H, d,
J ¼ 9.0 Hz, AreH).

4.1.1.3. 4-(4,4,4-Trifluorobutoxy)benzonitrile (8c). Transparent oil;
94%; 1H NMR (CDCl3, 400 MHz) d 2.12 (2H, m, CH2CH2CH2); 2.35
(2H, m, CH2CH2CF3); 4.09 (2H, t, J ¼ 6.0 Hz, CH2CH2CH2CF3); 6.96
(2H, d, J ¼ 8.4 Hz, AreH); 7.62 (2H, d, J ¼ 8.4 Hz, AreH).

4.1.1.4. 4-(3-(Trifluoromethoxy)phenoxy)benzonitrile (8d).
Yellow oil; 100%; 1H NMR (CDCl3, 400 MHz) d 6.97 (1H, br. s, AreH);
7.02 (1H, dd, J ¼ 8.6 and 2.0 Hz, AreH); 7.05e7.14 (3H, m, AreH);
7.45 (1H, t, J ¼ 8.2 Hz, AreH); 7.67 (2H, d, J ¼ 9.0 Hz, AreH).

4.1.2. General procedure for the preparation of 4-phenoxybenzoic
acids (9aed) [47]

Benzonitrile (1 M eq.) and KOH in pellets (18 M eq.) were sus-
pended in MeOH (0.6 mL/mmol), and EtOH (2.6 mL/mmol). H2O2
30% (1.0 mL/mmol) was added dropwise to avoid rapid heating and
effervescence. After heating to reflux temperature, for 4 h, the re-
action mixture was acidified with concentrated HCl, and the solid
extractedwith CH2Cl2 (3� 20mL) to afford the required compound.

4.1.2.1. 4-(4-Chlorophenoxy)benzoic acid (9a). White solid; 100%;
mp 150e152 �C; 1H NMR (CDCl3, 400 MHz) d 7.02e7.06 (4H, m, Are
H); 7.39 (2H, d, J ¼ 6.8 Hz, AreH); 8.10 (2H, d, J ¼ 6.8 Hz, AreH).

4.1.2.2. 4-(4-(Trifluoromethoxy)phenoxy)benzoic acid (9b). White
needles; 98%; mp 141e143 �C; 1H NMR (CDCl3, 400 MHz) d 7.05 (2H,
d, J ¼ 6.8 Hz, AreH); 7.12 (2H, d, J ¼ 6.8 Hz, AreH); 7.28 (2H, d,
J ¼ 6.8 Hz, AreH); 8.12 (2H, d, J ¼ 6.8 Hz, AreH).

4.1.2.3. 4-(4,4,4-Trifluorobutoxy)benzoic acid (9c). Pinkish solid;
95%; mp 97e99 �C; 1H NMR (CDCl3, 400 MHz) d 2.12 (2H, m,
CH2CH2CH2); 2.35 (2H, m, CH2CH2CF3); 4.09 (2H, t, J ¼ 6.0 Hz,
CH2CH2CH2CF3); 6.96 (2H, d, J ¼ 8.4 Hz, AreH); 7.62 (2H, d,
J ¼ 8.4 Hz, AreH).

4.1.2.4. 4-(3-(Trifluoromethoxy)phenoxy)benzoic acid (9d). Yellow
gum; 96%; 1H NMR (CDCl3, 400 MHz) d 6.98 (1H, br. s, AreH); 7.03
(1H, dd, J¼ 8.2 and 2.0 Hz, AreH); 7.04e7.10 (3H, m, AreH); 7.43 (1H,
t, J ¼ 8.2 Hz, AreH); 8.13 (2H, d, J ¼ 9.0 Hz, AreH).

4.1.3. General procedure for the preparation of flavones 6aei
The benzoic acids 9aed (1 M eq.) were refluxed with SOCl2

(3 mL/mmol) for 24 h. The solvent was evaporated and the acid
chlorides 10aed were used without further purification. DBU
(2.2 M eq.) was added to a solution of 2-hydroxyacetophenone
(2 M eq.) and benzoyl chloride (1 M eq.) in dry pyridine (4 mL/
mmol). Themixturewas stirred for 6e24 h at reflux, cooled to room
temperature and poured into HCl 1 N (20e25 mL), containing ice.
The solution was extracted with CH2Cl2 (3 � 50 mL), the combined
extracts were dried upon Na2SO4 and evaporated to dryness in
vacuum. The crude product was purified by flash chromatography
eluting with hexane:EtOAc (9:1).

4.1.3.1. 2-(4-(4-Chlorophenoxy)phenyl)-4H-chromen-4-one (6a).
Pale yellow solid; 30%; mp 132e133 �C; 1H NMR (CDCl3, 400 MHz)
d 6.80 (1H, s, AreH3); 7.07 (2H, d, J ¼ 8.8 Hz, AreH); 7.31 (2H, d,
J¼ 8.8 Hz, AreH); 7.40 (2H, d, J¼ 8.8 Hz, AreH); 7.45 (1H, t, J¼ 7.2 Hz,
AreH); 7.59 (1H, d, J ¼ 7.2 Hz, AreH); 7.73 (1H, t, J ¼ 7.2 Hz, AreH);
7.93 (2H, d, J¼ 8.8 Hz, AreH); 8.27 (1H, d, J¼ 7.2 Hz, AreH); 13C NMR
(CDCl3, 101 MHz) d 106.9; 118.0; 118.3; 121.2; 123.9; 125.3; 125.7;
126.5; 128.2; 129.7; 130.1; 133.8; 154.4; 156.2; 160.3; 162.9; 178.4; IR
(film): nmax 1638; 1472; 1402; 1364; 1243 cm�1; ESI-MSm/z (abund.):
349 [M þ H]þ (100); Anal. Calcd. (C21H13ClO3$0.1EtOAc): C, 71.88; H,
3.89%. Found: C, 72.14; H, 3.76%.

4.1.3.2. 6-Chloro-2-(4-(4-chlorophenoxy)phenyl)-4H-chromen-4-one
(6b). Pale yellow solid; 15%; mp 165e167 �C; 1H NMR (CDCl3,
400 MHz) d 6.78 (1H, s, AreH3); 7.05 (2H, d, J ¼ 8.8 Hz, AreH); 7.11
(2H, d, J ¼ 8.8 Hz, AreH); 7.39 (2H, d, J ¼ 8.8 Hz, AreH); 7.55 (1H, d,
J ¼ 8.8 Hz, AreH); 7.67 (1H, dd, J ¼ 8.8 and 2.4 Hz, AreH); 7.91 (2H,
d, J¼ 8.8 Hz, AreH); 8.21 (1H, d, J ¼ 2.4 Hz, AreH); 13C NMR (CDCl3,
101 MHz) d 106.8; 118.3; 119.7; 121.3; 124.9; 125.2; 126.0; 128.3;
129.8; 130.2; 131.2; 133.9; 154.2; 154.5; 160.6; 163.2; 177.1; IR
(film): nmax 1625; 1479; 1434; 1351; 1236; 824 cm�1; ESI-MS m/z
(abund.): 383 [M þ H]þ (100); Anal. Calcd. (C21H12Cl2O3): C, 65.82;
H, 3.16%. Found: C, 66.17; H, 3.07%.

4.1.3.3. 7-Chloro-2-(4-(4-chlorophenoxy)phenyl)-4H-chromen-4-one
(6c). Yellow solid; 32%; mp 179e181 �C; 1H NMR (CDCl3, 400 MHz)
d 6.75 (1H, s, AreH3); 7.06 (2H, d, J ¼ 7.2, AreH); 7.12 (2H, d, J ¼ 8.0,
AreH); 7.40 (2H, d, J ¼ 7.2, AreH); 7.41 (1H, dd, J ¼ 8.4 and 2.0 Hz,
AreH); 8.62 (1H, d, J¼ 2.0, AreH); 7.91 (2H, d, J¼ 8.0 Hz, AreH); 8.19
(1H, d, J ¼ 8.4 Hz, AreH); 13C NMR (CDCl3, 101 MHz) d 107.1; 118.1;
118.3; 121.3; 122.5; 126.0; 126.1; 127.1; 128.3; 129.8; 130.2; 139.8;
154.3; 156.3; 160.6; 163.2; 177.5; IR (film): nmax 1645; 1479; 1415;
1364; 1242 cm�1; ESI-MS m/z (abund.): 383 [M þ H]þ (100); Anal.
Calcd. (C21H12Cl2O3): C, 65.82; H, 3.16%. Found: C, 65.56; H, 3.09%.

4.1.3.4. 2-(4-(4-Chlorophenoxy)phenyl)-7-methyl-4H-chromen-4-
one (6d). White solid; 11%; mp 138e139 �C; 1H NMR (CDCl3,
400 MHz) d 2.54 (3H, s, CH3); 6.76 (1H, s, AreH3); 7.06 (2H, d,
J¼ 7.2 Hz, AreH); 7.11 (2H, d, J ¼ 7.2 Hz, AreH); 7.26 (1H, dd, J ¼ 8.0
and 1.2 Hz, AreH); 7.38e7.40 (3H, m, AreH); 7.91 (2H, d, J ¼ 7.2 Hz,
AreH); 8.13 (1H, d, J ¼ 8.0 Hz, AreH); 13C NMR (CDCl3, 101 MHz)
d 21.9; 106.9; 117.8; 118.3; 121.2; 121.7; 125.5; 126.6; 126.7; 128.2;
129.6; 130.1; 145.1; 154.4; 156.3; 160.2; 162.6; 178.3; IR (film): nmax
1632; 1485; 1421; 1370; 1243; 827 cm�1; ESI-MSm/z (abund.): 363
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[MþH]þ (100); Anal. Calcd. (C22H15ClO3): C, 72.83; H, 4.17%. Found:
C, 72.59; H, 4.16%.

4.1.3.5. 6-Chloro-2-(4-(4-chlorophenoxy)phenyl)-7-methyl-4H-chro-
men-4-one (6e). Yellow solid; 21%; mp 185e187 �C; 1H NMR (CDCl3,
400 MHz) d 2.54 (3H, s, CH3); 6.76 (1H, s, AreH3); 7.06 (2H, d,
J¼ 7.2 Hz, AreH); 7.10 (2H, d, J¼ 7.2 Hz, AreH); 7.39 (2H, d, J¼ 7.2 Hz,
AreH); 7.48 (1H, s, AreH); 7.90 (2H, d, J ¼ 7.2 Hz, AreH); 8.20 (1H, s,
AreH); 13C NMR (CDCl3, 101 MHz) d 20.9; 106.7; 118.3; 119.9; 121.3;
123.0; 125.4; 126.2; 128.2; 129.7; 130.1; 131.9; 143.00; 154.3; 154.5;
160.5; 162.9; 177.2; IR (film): nmax 1630; 1481; 1400; 1237; 1163;
827 cm�1; ESI-MS m/z (abund.): 397 [M þ H]þ (100); Anal. Calcd.
(C22H14Cl2O3þ0.2H2O): C, 65.92; H, 3.62%. Found: C, 65.72; H, 3.50%.

4.1.3.6. 6-Chloro-7-methyl-2-(4-(4-trifluoromethoxy)phenoxy)
phenyl-4H-chromen-4-one (6f). Pinkish solid; 40%; mp 171e173 �C;
1H NMR (CDCl3, 400 MHz) d 2.55 (3H, s, CH3); 6.76 (1H, s, AreH3);
7.12e7.14 (4H, m, AreH); 7.28 (2H, d, J ¼ 8.0 Hz, AreH); 7.48 (1H, s,
AreH8); 7.91 (2H, d, J¼ 7.2 Hz, AreH); 8.20 (1H, s, AreH5); 13C NMR
(CDCl3, 101 MHz) d 20.9; 106.8; 118.5; 119.9; 120.9; 122.9; 122.9;
123.0; 123.0; 125.4; 126.4; 128.3; 132.0; 143.0; 145.5; 154.2; 160.3;
162.8; 177.2; IR (film): nmax 1630; 1503; 1251; 1163; 1037; 904;
830 cm�1; ESI-MS m/z (abund.): 447 [M þ H]þ (100); Anal. Calcd.
(C23H14ClF3O4): C, 61.83; H, 3.16%. Found: C, 61.86; H, 3.10%.

4.1.3.7. 2-([1,10-Biphenyl]-4-yl)-6-chloro-7-methyl-4H-chromen-4-
one (6i). Yellow solid; 27%; mp 197e199 �C; 1H NMR (CDCl3,
400 MHz) d 2.56 (3H, s, CH3); 6.87 (1H, s, AreH3); 7.44 (1H, tt,
J¼ 1.2 and 7.2 Hz, AreH); 7.50e7.54 (3H, m, AreH and AreH8); 7.68
(2H, d, J ¼ 8.0 Hz, AreH); 7.78 (2H, d, J ¼ 6.8 Hz, AreH); 8.01 (2H, d,
J ¼ 6.8 Hz, AreH); 8.22 (1H, s, AreH5); 13C NMR (CDCl3, 101 MHz)
d 20.9; 107.2; 120.0; 123.1; 125.4; 126.8; 127.2; 127.7; 128.3; 129.0;
129.1; 130.3; 132.0; 139.7; 143.1; 144.6; 154.5; 177.3; IR (film): nmax
1630; 1451; 1407; 1244; 1051; 908; 827 cm�1; ESI-MSm/z (abund.):
347 [M þ H]þ (100); Anal. Calcd. (C22H15ClO2$0.2CH2Cl2): C, 73.29;
H, 4.27%. Found: C, 73.66; H, 4.31%.

4.1.3.8. 6-Chloro-7-methyl-2-(4-(4,4,4-trifluorobutoxy)phenyl)-4H-
chromen-4-one (6h). Yellow solid; 15%; mp 161e162 �C; 1H NMR
(CDCl3, 400 MHz) d 2.13 (2H, m, CH2CH2CH2); 2.36 (2H, m,
CH2CH2CF3); 2.54 (3H, s, CH3); 4.13 (2H, t, J ¼ 6.0 Hz,
CH2CH2CH2CF3); 6.74 (1H, s, AreH3); 7.03 (2H, d, J ¼ 8.6 Hz, AreH);
7.48 (1H, s, AreH8); 7.88 (2H, d, J ¼ 8.6 Hz, AreH); 8.19 (1H, s, Are
H5); 13C NMR (CDCl3, 101 MHz) d 20.9; 22.1; 29.8; 30.5; 66.3; 106.1;
114.9; 119.9; 123.0; 124.2; 125.4; 128.1; 131.8; 142.8; 154.5; 161.4;
163.4; 177.2; IR (film): nmax 1638; 1504; 1408; 1243; 1019 cm�1;
ESI-MS m/z (abund.): 397 [M þ H]þ (100); Anal. Calcd.
(C20H16ClF3O3): C, 60.54; H, 4.06%. Found: C, 60.49; H, 3.93%.

4.1.3.9. 2-(4-(3-(Trifluoromethoxy)phenoxy)phenyl)-4H-chromen-4-
one (6g). Yellow solid; 37%; mp 86e87 �C; 1H NMR (CDCl3,
400 MHz) d 6.81 (1H, s, AreH3); 6.99e7.10 (3H, m, AreH); 7.18 (2H,
d, J ¼ 8.8, AreH); 7.41e7.48 (2H, m, AreH); 7.59 (1H, d, J ¼ 7.6 Hz,
AreH); 7.73 (1H, ddd, J ¼ 8.6, 7.2 and 1.6 Hz, AreH); 7.96 (2H, d,
J ¼ 8.8 Hz, AreH); 8.26 (1H, dd, J ¼ 7.6 and 1.6 Hz, AreH); 13C NMR
(CDCl3, 101 MHz) d 107.1; 112.6; 116.5; 117.7; 118.0; 118.4; 118.9;
123.9; 125.3; 125.8; 127.1; 128.3; 130.6; 130.9; 133.8; 156.2; 157.0;
159.6; 162.8; 178.4; IR (film): nmax 1632; 1587; 1478; 1370; 1262;
1172 cm�1; ESI-MS m/z (abund.): 399 [M þ H]þ (100); Anal. Calcd.
(C22H13F3O4): C, 66.34; H, 3.29%. Found: C, 66.40; H, 3.22%.

4.1.3.10. 3-(4-Bromophenyl)-4H-chromen-4-one (6j). white solid;
25%; mp 179e181 �C; 1H NMR (CDCl3, 400 MHz) d 6.80 (1H, s, Are
H3); 7.43 (1H, td, J ¼ 8.0 and 1.0 Hz, AreH); 7.56 (1H, d, J ¼ 8.0 Hz,
AreH); 7.67 (2H, d, J ¼ 8.8 Hz, AreH); 7,71 (1H, ddd, J ¼ 8.4, 7.2 and
1.6 Hz, AreH); 7.80 (2H, d, J ¼ 8.8 Hz, AreH); 8.23 (1H, dd, J ¼ 8.0
and 1.6 Hz, AreH); 13C NMR (CDCl3, 101 MHz) d 107.8; 118.2; 124.0;
125.5; 125.9; 126.4; 127.8; 130.8; 132.5; 134.1; 156.3; 162.4; 178.4;
IR (film): nmax 1640; 1468; 1406; 1130; 752 cm�1; ESI-MS m/z
(abund.): 303 [M þ H]þ (100); Anal. Calcd. (C15H9BrO2$0.5H2O): C,
58.09; H, 3.26%. Found: C, 58.24; H, 3.12%.

4.1.3.11. 2-([1,10-Biphenyl]-4-yl)-3-bromo-7-bromomethyl-6-chloro-
4H-chromen-4-one (6k). Compound 6i (1 M eq.), NBS (1.2 M eq.)
and benzoyl peroxide (0.1 M eq.) were suspended in CCl4 (5 mL/
mmol). The mixture was heated to reflux for 24 h and then cooled
to room temperature. The organic phase was washed with water
and evaporated to dryness in vacuum. The crude product was pu-
rified by flash chromatography, hexane : EtOAc (9:1). Yellow solid;
27%; mp 262e265 �C; 1H NMR (CDCl3, 400 MHz) d 4.67 (2H, s, CH2);
7.45 (1H, t, J ¼ 7.0 Hz, AreH); 7.53 (2H, t, J ¼ 7.4 Hz, AreH); 7.69e
7.71 (3H, m, AreH); 7.79 (2H, d, J ¼ 8.6 Hz, AreH); 7.99 (2H, d,
J ¼ 8.6 Hz, AreH); 8.34 (1H, s, AreH); 13C NMR (CDCl3, 101 MHz)
d 29.0; 109.1; 120.6; 122.4; 127.1; 127.3; 127.4; 128.3; 129.0; 129.9;
131.0; 131.5; 139.7; 141.8; 144.3; 153.9; 162.2; 171.9; IR (film): nmax
1651; 1613; 1549; 1453; 1409; 1332; 1076 cm�1; ESI-MS m/z
(abund.): 503 [M þ H]þ (25); 505 [Mþ3]þ (100); Anal. Calcd.
(C22H13Br2ClO2): C, 52.37; H, 2.60%. Found: C, 52.01; H, 2.51%.

4.1.3.12. 2-([1,10-Biphenyl]-4-yl)-3-bromo-6-chloro-7-methyl-4H-
chromen-4-one (6l). Compound 6i (1 M eq.), NBS (1.2 M eq.) and
ZrCl4 (0.1 M eq.) were suspended in CH2Cl2. The suspension was
stirred at room temperature for 24 h and water was added. The
aqueous phase was extracted with CH2Cl2 (4 � 50 mL), and the
combined extracts were evaporated to dryness under reduced
pressure. The crude product was purified by flash chromatography,
hexane : EtOAc (9:1). Yellow solid; 10%; mp 190e192 �C; 1H NMR
(CDCl3, 400 MHz) d 2.55 (3H, s, CH3); 7.41e7.48 (2H, m, AreH); 7.52
(2H, t, J ¼ 7.6 Hz, AreH); 7.66e7.72 (2H, m, AreH); 7.78 (2H, d,
J ¼ 8.6 Hz, AreH); 7.97 (2H, d, J ¼ 8.6 Hz, AreH); 8.28 (1H, s, AreH);
13C NMR (CDCl3, 101 MHz) d 21.0; 109.0; 119.7; 120.8; 126.0; 127.0;
127.3; 128.2; 129.0; 129.9; 131.4; 132.5; 139.8; 143.7; 144.1; 153.9;
161.7; 172.1; IR (film): nmax 1651; 1606; 1542; 1409 cm�1; HRMS calc.
(C22H14BrClO2): 423.9866/425.9845. Found: 423.9861/425.9839.

4.1.4. General Suzuki coupling for the preparation of flavones 6mer
To a solution of compound 6i in dry 1,4-dioxane at room tem-

perature was consecutively added PdCl2(Ph3P)2 (0.1 equiv.), Na2CO3
1 N (3 equiv.), and boronic acid (1.2 equiv.). After degassing during
5 min, the resulting mixture was heated at 100 �C, under N2 at-
mosphere, during 3e5 h. The mixture was then cooled to room
temperature, diluted with DCM and filtered through a pad of celite.
The filtrate was concentrated under reduce pressure and the crude
product was purified by flash chromatography (hexane:EtOAc, 8:2)
or thin layer chromatography (EtOAc:hexane:Et3N, 6:4:0.5).

4.1.4.1. 2-([1,10-Biphenyl]-4-yl)-4H-chromen-4-one (6m). White
solid; 75%; mp 135e137 �C; 1H NMR (CDCl3, 400 MHz) d 6.88 (1H, s,
AreH3); 7.38e7.46 (2H, m, AreH); 7.49 (2H, t, J¼ 7.5 Hz, AreH); 7.60
(1H, d, J ¼ 8.4 Hz, AreH); 7.66 (2H, d, J ¼ 7.5 Hz, AreH); 7.69e7.78
(3H,m, AreH); 8.02 (2H, d, J¼ 8.5 Hz, AreH); 8.25 (1H, dd, J¼ 7.9 and
1.3 Hz, AreH); 13C NMR (CDCl3,101MHz) d 107.6; 118.2; 124.1; 125.4;
125.9; 126.9; 127.3; 127.8; 128.4; 129.2; 130.6; 133.9; 139.9; 144.6;
156.4; 163.3; 178.6; IR (film): nmax 1645; 1574; 1464; 1409;
1243 cm�1; ESI-MS m/z (abund.): 299 [M þ H]þ (100); Anal. Calcd.
(C21H14O2$1.9H2O): C, 75.84; H, 5.41%. Found: C, 75.94; H, 5.74%.

4.1.4.2. 2-(40-Chloro-[1,10-biphenyl]-4-yl)-4H-chromen-4-one (6n).
White solid; 50%; mp 208e210 �C; 1H NMR (CDCl3, 400MHz) d 6.88
(1H, s, AreH3); 7.41e7.49 (3H, m, AreH); 7.56e7.63 (3H, m, AreH);
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7.69e7.76 (3H, m, AreH); 8.02 (2H, d, J ¼ 8.6 Hz, AreH); 8.25 (1H,
dd, J ¼ 7.9 and 1.5 Hz, AreH); 13C NMR (CDCl3, 101 MHz) d 107.7;
118.2; 124.2; 125.5; 125.9; 127.0; 127.7; 128.5; 129.4; 131.0; 134.0;
134.6; 138.3; 143.2; 156.4; 163.1; 178.6; IR (film): nmax 1651; 1466;
1371; 1130; 810 cm�1; ESI-MS m/z (abund.): 333 [M þ H]þ (100);
HRMS (ESI) m/z calcd. for [C21H14ClO2]þ: 333.06768 [M þ H]þ;
found: 333.06777.

4.1.4.3. 2-(40-Fluoro-[1,10-biphenyl]-4-yl)-4H-chromen-4-one (6o).
White solid; 64%; mp 182e184 �C; 1H NMR (CDCl3, 400 MHz)
d 6.87 (1H, s, AreH3); 7.17 (2H, t, J ¼ 8.7 Hz, AreH); 7.43 (1H, td,
J¼ 8.0 and 1.0 Hz, AreH); 7.56e7.64 (3H, m, AreH); 7.67e7.75 (3H,
m, AreH); 8.00 (2H, d, J ¼ 8.6 Hz, AreH); 8.24 (1H, dd, J ¼ 8.0 Hz,
1.5 Hz, AreH); 13C NMR (CDCl3, 101 MHz) d 107.6; 116.1; 118.2;
124.1; 125.4; 125.8; 126.9; 127.6; 128.9; 130.6; 134.0; 136.0;
143.5; 156.4; 162.5; 164.3; 178.6; IR (film): nmax 1638; 1472; 1402;
1364; 1243; 822 cm�1; ESI-MS m/z (abund.): 317 [M þ H]þ (100);
Anal. Calcd. (C21H13FO2$3.4H2O): C, 66.79; H, 5.30%. Found: C,
67.08; H, 5.70%.

4.1.4.4. 40-(4-Oxo-4H-chromen-2-yl)-[1,10-biphenyl]-4-carbaldehyde
(6p). White solid; 80%; mp 218e220 �C; 1H NMR (CDCl3, 400 MHz)
d 6.89 (1H, s, AreH3); 7.44 (1H, t, J ¼ 7.6 Hz, AreH); 7.60 (1H, d,
J ¼ 8.4 Hz, AreH); 7.72 (1H, t, J ¼ 8.4 Hz, AreH); 7.79 (2H, d,
J ¼ 8.0 Hz, AreH); 7.81 (2H, d, J ¼ 8.4 Hz, AreH); 8.00 (2H, d,
J ¼ 8.0 Hz, AreH), 8.04 (2H, d, J ¼ 8.4 Hz, AreH); 8.24 (1H, d,
J ¼ 7.6 Hz, AreH); 10.10 (1H, s, CHO); 13C NMR (CDCl3, 101 MHz)
d 107.9; 118.2; 124.1; 125.5; 125.9; 127.1; 127.9; 128.1; 130.5; 131.8;
134.1; 135.9; 142.9; 145.7; 156.4; 162.8; 178.5; 191.9; IR (film): nmax
2918; 2749; 1705; 1640; 1466; 1377; 1128; 817 cm�1; ESI-MS m/z
(abund.): 327 [M þ H]þ (100); Anal. Calcd. (C22H14O3$1.2H2O): C,
75.93; H, 4.76%. Found: C, 75.93; H, 4.66%.

4.1.4.5. 2-(4-(6-Aminopyridin-3-yl)phenyl)-4H-chromen-4-one (6q).
Yellow solid; 42%; mp 244e246 �C; 1H NMR (CDCl3, 400 MHz)
d 4.65 (2H, br. s, NH2); 6.62 (1H, d, J¼ 8.6 Hz, AreH); 6.86 (1H, s, Are
H3); 7.43 (1H, td, J ¼ 8.0 and 1.0 Hz, AreH); 7.59 (1H, d, J ¼ 8.0 Hz,
AreH); 7.67 (2H, d, J¼ 8.5 Hz, AreH); 7.69e7.76 (2H, m, AreH); 7.99
(2H, d, J ¼ 8.5 Hz, AreH); 8.25 (1H, dd, J ¼ 8.0 and 1.6 Hz, AreH);
8.40 (1H, d, J ¼ 2.1 Hz, AreH); 13C NMR (CDCl3, 101 MHz) d 107.5;
108.8; 118.2; 124.2; 125.4; 125.9; 126.3; 126.7; 127.1; 130.2; 133.9;
136.6; 141.7; 146.7; 156.4; 158.3; 163.3; 178.6; IR (film): nmax 2920,
1634, 1593, 1385, 1128 cm�1; ESI-MS m/z (abund.): 315 [M þ H]þ

(100); Anal. Calcd. (C20H14N2O2$0.6H2O): C, 73.87 H, 4.72; N, 8.62%.
Found: C, 73.99; H, 4.65; N, 8.25%.

4.1.4.6. 2-(4-(Quinolin-3-yl)phenyl)-4H-chromen-4-one (6r).
White solid; 82%; mp 211e213 �C; 1H NMR (CDCl3, 400 MHz) d 6.91
(1H, s, AreH3); 7.45 (1H, td, J ¼ 8.0 and 0.8 Hz, AreH); 7.59e7.65
(2H, m, AreH); 7.70e7.80 (2H, m, AreH); 7.89 (2H, d, J¼ 8.5 Hz, Are
H); 7.92 (1H, d, J¼ 8.4 Hz, AreH); 8.10 (2H, d, J¼ 8.5 Hz, AreH); 8.17
(1H, d, J ¼ 8.5 Hz, AreH); 8.26 (1H, dd, J ¼ 8.0 and 1.5 Hz, AreH);
8.39 (1H, d, J ¼ 2.4 Hz, AreH); 9.23 (1H, d, J ¼ 2.4 Hz, AreH); 13C
NMR (CDCl3, 101 MHz) d 107.9; 118.2; 124.2; 125.5; 125.9; 127.2;
127.5; 128.0; 128.1; 128.3; 129.5; 130.1; 131.5; 132.6; 133.7; 134.0;
141.2; 147.8; 149.5; 156.4; 162.9; 178.5; IR (film): nmax 1634; 1574;
1464; 1408; 1373; 1128; 833 cm�1; ESI-MS m/z (abund.): 350
[Mþ H]þ (100); Anal. Calcd. (C24H15NO2$0.7H2O): C, 79.63; H, 4.58;
N, 3.87%. Found: C, 79.73; H, 4.36; N, 3.79%.

4.2. Biology

4.2.1. Blood stage infection measurements
Human red blood cells infected with P. falciparum strain W2 at

w1% parasitemia and synchronized with 5% sorbitol, were
incubated with test compounds in 96-well plates at 37 �C for 48 h,
beginning at the ring stage, in RPMI-1640 medium, supplemented
with 25 mM HEPES pH 7.4, 10% heat inactivated human serum (or
0.5% Albumax/2% human serum), and 100 mMHypoxanthine, under
an atmosphere of 3% O2, 5% CO2, 91% N2. After 48 h the cells were
fixed in 2% HCHO in PBS; transferred into PBS with 100 mM NH4Cl,
0.1% Triton X-100, 1 nM YOYO-1; and analyzed in a flow cytometer
(FACSort, Beckton Dickinson; EX 488 nm, EM 520 nm). IC50 values
were calculated using GraphPad Prism software.

4.2.2. Liver stage infection measurements
Huh-7 cells, a human hepatoma cell line, were cultured in RPMI

1640 medium supplemented with 10% v/v fetal calf serum (FCS),
1% v/v non-essential amino acids, 1% v/v penicillin/streptomycin,
1% v/v glutamine and 10 mM 4-(2-hydroxyethyl)-1-piperazine-
ethanesulphonic acid (HEPES), pH 7, and maintained at 37 �C
with 5% CO2. To measure inhibition of liver stage infection, a firefly
luciferase-expressing P. berghei line, PbGFP-Luccon, was employed,
as previously described [46]. Inhibition of parasite development
was measured when the compounds were added 1 h before the
infection of Huh-7 cells and infection was measured 48 h after
sporozoite addition. The effect of the compounds on the viability of
Huh-7 cells was assessed by the AlamarBlue assay (Invitrogen, UK),
using the manufacturer’s protocol. Non-linear regression analysis
was used to fit the normalized results of the dose-response curves,
and IC50 values were determines using the SigmaPlot software.

4.2.3. In vitro cytotoxicity assessment in HepG2 cells
HepG2 cells (a human hepatoma cell line), cultured in DMEM

medium supplemented with 10% v/v fetal calf serum (FCS), 1% v/v
non-essential amino acids, 1% v/v penicillin/streptomycin, 1% v/v
glutamine and 10 mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulphonic acid (HEPES), pH 7, and maintained at 37 �C with 5% CO2,
were incubated with each compound at varying concentrations for a
period of 48 h in 96-well plates (10,000 cells/well). After this period,
the effect of the compounds on the viability of HepG2 cells was
assessed by the AlamarBlue assay (Invitrogen, UK), using the manu-
facturer’s protocol.

4.3. Docking studies

The bc1 complex crystallographic structure was obtained from
the RCSB Protein Data Bank (PDB code 3CX5) [33]. Bound inhibitors
and other coordinated molecules were removed from the PDB file.
All crystallized water molecules were also removed, except when a
catalytic water molecule was used in the docking calculations. The
protonation states of the residues were assigned using the Pro-
tonate 3D algorithm within the Molecular Operating Environment
(MOE) 2012.10 program (www.chemcomp.com). Only the polar
hydrogen atoms were kept, and the protonated state of His181 was
assigned for each docking experiments. The 3D molecular struc-
tures of the docked molecules were built, parameterized, and en-
ergy minimized with MOE using the MMFF94x force field.
AutoDock 4.0 was chosen for the docking calculations within the
DOVIS 2.0 package [48]. The grid box was set with 40 points in the x
and y and 44 in the z direction. The default value of 0.375 �A for
spacing between grid points was used, leading to a box size of 15�A
in x and y and 16.5 �A in z, allowing the crystallographic pose of
stigmatellin to be in the middle of the box. The Lamarckian genetic
algorithm conformational search with a population size of 150,
250,000 energy evaluations and a maximum of 27,000 generations
per run, were used. 200 docking runs were applied in all calcula-
tions. The docking results were ranked using the AD 4.0 scoring
function, and PyMOL 1.23r3pre (www.pymol.org) was used for vi-
sual inspection of the docking results.

http://www.chemcomp.com
http://www.pymol.org
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