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ABSTRACT: Malaria, leishmaniasis, and sleeping sickness are
potentially fatal diseases that represent a real health risk for more
than 3,5 billion people. New antiparasitic compounds are urgent
leading to a constant search for novel scaffolds. Herein,
pyrazino[2,1-b]quinazoline-3,6-diones containing indole alkaloids
were explored for their antiparasitic potential against Plasmodium
falciparum, Trypanosoma brucei, and Leishmania infantum. The
synthetic libraries furnished promising hit compounds that are
species specific (7, 12) or with broad antiparasitic activity (8).
Structure−activity relationships were more evident for Plasmodium
with anti-isomers (1S,4R) possessing excellent antimalarial activity, while the presence of a substituent on the anthranilic acid moiety
had a negative effect on the activity. Hit compounds against malaria did not inhibit β-hematin, and in silico studies predicted these
molecules as possible inhibitors for prolyl-tRNA synthetase both from Plasmodium and Leishmania. These results disclosed a
potential new chemotype for further optimization toward novel and affordable antiparasitic drugs.
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Parasitic diseases such as malaria, leishmaniasis, and
trypanosomiasis affect billions of people, being responsible

for almost half a million fatalities per year.1−4 Although
vaccines for leishmaniasis and trypanosomiasis are still not
available, several vaccine candidates, with different modes of
action, are in various stages of development to prevent
Plasmodium falciparum and P. vivax infections.1 The European
Medicines Agency released a positive scientific opinion in 2015
about RTS,S/AS01, which enabled a pilot implementation of
this vaccine in some African countries in 2019.1 Recently, the
World Health Organization (WHO) recommended that this
vaccine may be used for the prevention of P. falciparum malaria
in children living in regions with moderate to high trans-
mission.4 The lack of vaccines to prevent the fatalities
associated with parasitic diseases, associated with the fact
that common chemotherapies are usually suboptimal, lead to
growing concerns related to the emergence of resistance.1−4

Malaria is an infectious tropical disease caused by a unicellular
and intracellular eukaryotic protozoan parasite belonging to
the genus Plasmodium.5 There are five species identified that
cause human malaria, namely, P. falciparum, P. vivax, P.
malariae, two subspecies of P. ovale (P. ovale curtisi and P. ovale
wallikeri), and P. knowlesi.6 P. falciparum and P. vivax are the

most predominant and represent the majority of the global
malaria cases, with P. falciparum being the most virulent
species of human malaria.6 The WHO Global technical
strategy for malaria 2016−2030, updated in 2021, sets
ambitious but achievable global targets, including the reduction
of malaria case incidence and mortality rates by at least 90% by
2030.1 Nonetheless, in the 2021 malaria report, the WHO
estimated 14 million more malaria cases and 47 000 more
deaths in 2020 compared to 2019, due to disruptions to
services during the COVID-19 pandemic.4 The milestones of
WHO’s global malaria strategy have been missed, and without
immediate and dramatic action the 2030 targets will not be
met.4 Evidence of a multidrug-resistant P. falciparum parasite
lineage in some countries in Southeast Asia especially at
Greater Mekong Subregion (GMS), including the Lao People’s
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Democratic Republic, Thailand, Cambodia, Myanmar, and
Vietnam,4 represents a serious threat to global malaria control
and eradication. The frontline therapies for the treatment of
symptomatic malaria are artemisinin combination therapies
(ACTs) for P. falciparum infections and chloroquine (CQ), or
ACTs are usually employed for infections with P.vivax.
However, these strategies were not so effective due to the
slower parasite clearance cases that were observed.7 This
evidence, along with widespread resistance to existing
antimalarial drugs, shows the need to identify new chemical
structures, ideally with novel antimalarial modes of action.
Leishmaniasis is the generic name of a group of neglected

diseases (ND) caused by Leishmania sp., transmitted to
humans by infected female sandflies. The three most significant
forms of leishmaniasis are cutaneous (CL), mucocutaneous
(ML) and visceral (VL). The latter is the most severe form,
characterized by fever episodes, loss of weight, anemia, and
hepatosplenomegaly. VL is highly widespread in the Indian
subcontinent and in East Africa, where an estimated 200 000−
400 000 new cases occur each year, being also prevalent in the
Mediterranean basin (Portugal, Spain, Greece, and Italy), and
South America.2 In fact, leishmaniasis is also a major health
issue and a social problem. There is the global commitment as
stated by the 2012 London Declaration on Neglected Tropical
Diseases to eradicate this disease.
Human African trypanosomiasis (HAT) or sleeping sickness

is a potentially fatal disease caused by two trypanosome species
reported in different areas, Trypanosoma brucei gambiense in
West and Central Africa and Trypanosoma brucei rhodesiense in
East Africa.8 Prone to fatal epidemic outbreaks that killed
thousands, this disease has been controlled due to accessibility
to new drugs. This led to its enclosure in the WHO Roadmap
for extermination, elimination, and control of neglected
tropical diseases.3

From a drug-development perspective, Nature is a reservoir
for providing antiparasitic drugs because (1) malarial chemo-
therapy has always been successfully isolated from natural
products and natural product mimetics, (2) the latest advanced
technologies are now conveying issues associated with natural
product discovery, and (3) functional group diversities from
synthetic analogues and scaffold platforms engineered into
living organisms during biosynthesis continue to provide
biologically active mimics and selective ligands for cellular
targets.9 From this point of view, approaches used for the
development of novel antiparasitic drugs include the discovery
of new active molecules from natural products,9 regeneration
of existing drug, development of hybrid compounds,10 and
rational drug design with chemical modifications of existing
drugs and hits.11

Screening of the recently publicized Tres Cantos Anti-
malarial Set (TCAMS) of GlaxoSmithKline (GSK)12 suggested
that the next generation of antimalarial drugs should include
compounds bearing an indole group. This functional group is
known to be an essential fragment in several lead drug
candidates expressing new mechanisms of action, such as the
spiroindolone and aminoindole derivatives.13,14 For example,
TCMDC-134281 exhibited very potent antiplasmodial proper-
ties against the P. falciparum 3D7 strain (EC50 = 34 nM).15

However, although this compound showed no significant
cytotoxicity against the human HepG2 hepatoma cell line
(EC50 > 10 μM), the presence of the 4-aminoquinolyl
fragment (an essential pharmacophore of CQ) might be
responsible for cross-resistance with CQ and poor druglike
properties.
Indole-containing pyrazino[2,1-b]quinazoline-3,6-diones

(Figure 1) constitute a subclass of alkaloids mostly isolated
from marine and terrestrial sources.16,17 These structurally
unique alkaloids contain simultaneously a quinazoline core
which can be found in the structure of the natural febrifugine

Figure 1. Current antimalarial drugs artemisinin and chloroquine, indole containing antimalarial compounds spiroindolone and TMCDC-134281,
natural antimalarial compound febrifugine, and scaffold of the target compounds 1−28, an indole-containing pyrazino[2,1-b]quinazoline-3,6-dione.
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and an indole moiety commonly found in several drug lead
candidates such as spiroindolone and TCMDC-134281
(Figure 1). This hybrid structure, containing both moieties,
led us to hypothesize the antimalarial potential of derivatives
with this scaffold and their ability to overcome the observed
cross-resistance with CQ and ACTs (Figure 1). In previous
works, three series of derivatives were built aiming to explore
the chemical and biological space of indole-containing
pyrazino[2,1-b]quinazoline-3,6-diones, with three molecular
changes to naturally occurring fiscalins (Figure 2): (1) C-1 and
C-4 stereochemistry modifications;18 (2) C-1 side chain and
stereochemistry variation;19 and (3) introduction of halogen
atoms in the aromatic ring of anthranilic acid.20 In the present
study, we explored these series and a fourth series consisting of
ring A variations on the pyrazino[2,1-b]quinazoline-3,6-dione
scaffold or with an additional indole moiety (Figure 2). The
four series (compounds 1−28) were assayed against the CQ-
sensitive P. falciparum 3D7 strain. Since febrifugine-related
compounds are promising antiparasitic candidates, compounds
were further investigated against T. brucei and L. infantum.
New indole-containing pyrazino[2,1-b]quinazoline-3,6-dinones
22−28 were synthesized via a highly effective and environ-
mentally friendly microwave-assisted multicomponent poly-
condensation of amino acids.21 This methodology allowed us
to prepare the fourth series of pyrazinoquinazoline alkaloids
through treatment of the anthranilic acid (i) derivatives with
N-Boc-L-amino acids (ii) under classic heating conditions (55
°C, 16−24 h). Further addition of D-tryptophan methyl ester
hydrochloride (iii) and the use of microwave irradiation (300
W, 220 °C, 1.5 min) allowed us to obtain the targeted products
22−28 (Table 1). The low yields (1−12%, Figure 2) of this
one-pot reaction can be attributed to the high temperature
applied in the last step, essential to convert the intermediate
Boc-protected-benzoxazin-4-one to the final products.18 The
steric hindrance at C-1 could also be a reason, as previously
noted by Liu et al.21 This methodology was characterized by
producing partial epimerization; the enantiomeric ratios of
compounds 22−28 were determined by HPLC to be in the

range of 30−47:53−70, with the exception of 28, that
presented an enantiomeric ratio of 99:1, probably due to the
steric hindrance of the tryptophan moiety at C-1 (Figure 2).
Twenty-eight quinazolinones consisting of 21 compounds of

the first three series (1−21) and seven compounds from the
fourth series (22−28) were tested for investigating their
antiparasitic activity using distinct in vitro models for three
different diseases malaria, leishmaniasis, and sleeping sickness.
The principles of the in vitro susceptibility tests are distinct,

but they aim to evaluate, in biologically relevant settings, the
activity of the compounds. In this context, for malaria, the
readout was to assess the degree of development of parasites P.
falciparum with different concentrations of compounds (Table
2). Regarding the assays related to the sleeping sickness, T.
brucei bloodstream forms were used and for leishmaniasis
evaluation intracellular L. infantum amastigotes was considered
the relevant model to be used in this assay (Table 3).
To evaluate the antiparasitic potential of the indole-

containing pyrazino[2,1-b]quinazoline-3,6-dinones scaffold,
our first approach was to screen the first series of compounds
(1−8), having four types of stereoisomers (Figure 2). We
observed that anti-isomers (1S,4R) (e.g., 3 and 7) exhibited
the highest antimalarial activity while syn-isomers (1S,4S) were
inactive (1 and 5). When compared to the obtained results for
the anti-isomers, the syn-isomers (1R,4R) showed a decreased
in activity (4 and 8). For T. brucei syn isomers, 1, 4, and 8 were
the most active; this last compound was also active on
Leishmania, suggesting a distinct isomer preference than
Plasmodium. Compound 7, having an isobutyl group at C-1,
demonstrated higher antimalarial activity than 3 with an
isopropyl group at the same position, which might indicate that
increasing the size of C-1 can lead to an improved antimalarial
activity. The same trend was evident for Leishmania and T.
brucei, with 8 being more active than 4.
To further evaluate the effect of C-1 substituent on the

activity, the second series of compounds (9−13) was
evaluated, and structure−activity relationship (SAR) studies
indicate that a sulfur substituent at C-1 does not favor activity

Figure 2. Structures of the four series of indole-containing pyrazino[2,1-b]quinazoline-3,6-diones 1−28 investigated in this study.
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(compound 11). From this series, no compound was active
against Leishmania while 12 was active against T. brucei. For
the third series of compounds (14−21) with different
substituents on the A ring, only compound 26 having a
chlorine atom at position 9 and 11 showed favorable
antimalarial activity with an IC50 value of 0.2 μM (weaker
than compounds 8 and 7), while other derivatives (substituted
with Br or I) were shown to be inactive. These results correlate
with other studies highlighting the effect of halogen
substituents.22 For T. brucei, the A ring substitutions with
electronegative groups like (Cl, Br, I, or OH) originated active
compounds with similar activity profiles (16−19 and 22).
Unlike the trend for Plasmodium, for Leishmania, only the Br
and I derivatives (18 and 19) were active among the
compounds from the third series. For the fourth series of
indole-containing pyrazino[2,1-b]quinazoline-3,6-dinones
(22−28), isosteric substitutions with the nitrogen atom at

two different positions of the ring A (positions 10 and 11) led
to decreased/abolished antimalarial activity (25 and 26).
Compounds 22 and 24 each bearing a hydroxy or methoxy
group at position 9 of ring A also showed a decrease in activity.
Contrary to other reports of febrifugine derivatives,23,24

compound 27 with a tetrazole group at position 10 also
showed weak activity against P. falciparum. This fourth series
was also not active against T. brucei and Leishmania.
An important criterion in the evaluation of active

compounds is their cytotoxicity in a mammalian host. In this
context, the methylthiazolyl diphenyl-tetrazolium bromide
(MTT) assay was used with different cells types. THP1 cells
were used for primary general toxicity evaluation, while V79
cells from a nontumor cell line of Chinese hamster lung
fibroblasts were also used for the most promising antimalarial
hits, 3, 7, and 16.25 The SARs from the first series of
compounds suggest that a bigger C-1 substituent in
conjugation with syn-isomerism is associated with cytotoxicity;
in fact, 5 and 8 are the most toxic compounds from this first
series. Compounds from the second series presented mixed
cytotoxic profiles, and A ring substitutions in the third series
lead to some toxicity, without evident SAR. Compounds from

Table 1. Microwave-Assisted Multicomponent Synthesis of
Fourth Series Indole-Containing Quinazolinone Alkaloids
22−28

aObtained after purification. bDetermined by enantioselective liquid
chromatography.

Table 2. In Vitro Activity against P. falciparum 3D7 Strain of
Compounds 1−28 and Selectivity Index (SI) of Hit
Compounds 3, 7, and 16

P. falciparum (strain 3D7) V79

compd IC50 (μM)a ± SDb LD50 (μM)c ± SDa
selectivity
indexd

1 >10 N.A.e

2 >10 N.A.e

3 0.10 ± 0.02 1.91 ± 0.44 19
4 0.15 ± 0.05 N.A.e

5 >10 N.A.e

6 2.00 ± 0.32 N.A.e

7 0.05 ± 0.02 1.78 ± 0.47 34
8 0.47 ± 0.22 N.A.e

9 3.68 ± 0.62 N.A.e

10 >10 N.A.e

11 >10 N.A.e

12 >10 N.A.e

13 4.18 ± 0.03 N.A.e

14 >10 N.A.e

15 >10 N.A.e

16 0.20 ± 0.14 14.00 ± 1.41 70
17 1.51 ± 0.53 N.A.e

18 >10 N.A.e

19 >10 N.A.e

20 >10 N.A.e

21 4.00 ± 0.02 N.A.e

22 0.73 ± 0.07 N.A.e

23 >10 N.A.e

24 >10 N.A.e

25 4.00 ± 0.02 N.A.e

26 3.76 ± 0.60 N.A.e

27 1.02 ± 0.27 N.A.e

28 >10 N.A.e

CQ 0.1508 ± 0.0008 167.00 ± 42.00 11 074
aIC50: concentration that inhibits 50% growth of P. falciparum
parasite (strain 3D7); bSD: standard deviation; cLD50: lethal dose
required to kill 50% of V79 mammalian cells; dSI: selectivity index,
calculated by LD50/IC50.

eN.A.: not active.
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the fourth series were not toxic in the concentrations tested.
Considering the selectivity indexes obtained, 8 and 12 were the
most promising candidates for T. brucei with more than 60 of
predicted SI. For Leishmania, the expected SIs are inferior to
10, thus making these molecules of lower interest, with the
most promising hit being 8. For malaria, relatively low LD50
and SI values were found for hit compounds 3, 7, and 16
(Table 2).
The calculated SIs for compounds 3, 7, and 16 are between

19 and 70 within the acceptable safety range (SI values greater
than 10 indicate that a compound has an acceptable
therapeutic window in the development of antimalarial
drugs).26

The in vitro hemolysis assay evaluates the liberation of
hemoglobin in the medium due to the lysis of erythrocytes
after exposure to the test compounds. Drug-induced hemolysis
can occur by two mechanisms: allergic and toxic hemolysis.
The allergic hemolysis refers to toxicity cause by an
immunological reaction in people previously sensitized to a
drug while the toxic hemolysis is the direct toxicity of the drug,
drug metabolites, or an excipient in the formulation.27 This
assay was intended to evaluate the potential toxic hemolytic
effect of the hit compounds 3, 7, and 16 on healthy/
nonparasitized erythrocytes (Figure 3). The percent of
hemolysis induced by the compounds was also determined
under standard culture conditions of P. falciparum. The percent
of hemolysis of healthy erythrocytes induced by 3, 7, and 16
was lower than 6% (for all tested concentration 0.04−10 μM;
Figure 3) and within the range of that of CQ at the same
doses. Compounds 3, 7, and 16 and CQ had no hemolytic
activity at ≤10 μM (the highest concentration tested for
antimalarial activity and much higher than the peak plasma
concentration attained during chloroquine treatment of

malaria).28 CQ is considered a nonhemolytic antimalarial
drug in healthy human erythrocytes.29 Compounds 3, 7, and
16 did not present hemolytic activity, since the % hemolysis
was <10% (% hemolysis > 25% is considered as indicative of
risk of hemolysis30).
The evaluation of inhibition of the polymerization of

hemozoin (β-hematin) in vitro was based on the protocol of
Basilico et al.31 with some modifications and was carried out
for compounds 3, 7, 16, and CQ by using hemin solution
(ferriprotoporphyrin IX chloride). CQ was used as a positive
control to evaluate the quality of the test since CQ binds to
portions of hemozoin produced from the proteolytic process of
hemoglobin in infected erythrocytes, thus interfering with
hemozoin detoxification. Compounds, 3, 7, and 16 did not
show inhibition of the polymerization of β-hematin in vitro

Table 3. IC50 Values of Compounds 1−28 against Leishmaniasis and Sleeping Sicknessa

THP1 T. brucei L. infantum

compd CC50 μM (95% CI) IC50 μM (95% CI) selectivity index (CC50/IC50) IC50 μM (95% CI) selectivity index (CC50/IC50)

1 >100 4.6 (4.4, to 4.8) SI > 21.7 N.A.b

2 >100 N.A.b N.A.b

3 >100 N.A.b N.A.b

4 >100 7.1 (6.8 to 7.5) SI > 14.1 N.A.b

5 50 < CC50 < 100 N.A.b N.A.b

6 >100 N.A.b N.A.b

7 >100 N.A.b N.A.b

8 25 < CC50 < 50 0.38 (0.36 to 0.41) 65.7 < SI < 131.5 2.6 (2.1 to 3.2) 9.6 < SI < 19.2
12 >100 1.6 (1.5 to 1.8) SI > 62.5 N.A.b

13 >100 N.A.b N.A.b

16 25 < CC50 < 50 5.9 (5.5 to 6.3) 4.2 < SI < 8.5 N.A.b

17 50 < CC50 < 100 5.8 (5.5 to 6.0) 8.6 < SI < 17.2 N.A.b

18 50 < CC50 < 100 4.1 (3.9 to 4.3) 12.2 < SI < 24.4 7.4 (5.3 to 10.5) 6.7 < S I< 13.5
19 50 < CC50 < 100 5.3 (5.1 to 5.6) 9.4 < SI < 18.9 7.8 (4.9 to 12.4) 6.4 < SI < 12.8
21 >100 3.9 (3.7 to 4.0) SI > 25.6 N.A.b

22 >100 8.6 (8.0 to 9.3) SI > 11.6 N.A.b

23 >100 N.A.b N.A.b

24 >100 N.A.b N.A.b

25 >100 N.A.b N.A.b

26 >100 N.A.b N.A.b

27 >100 N.A.b N.A.b

27 50 < CC50 < 100 N.A.b N.A.b

pentamidine >10 2.2c (1.9 to 2.5) SI > 5000 N.A.b

miltefosine 28.8 (24.2 to 34.2) N.A.b 1.0 (0.8 to 1.2) 28.8
aPresented data are obtained from at least three independent assays. bN.A.: not active at 10 μM. cConcentration in nM.

Figure 3. Hemolysis of healthy erythrocytes in vitro induced by the
compounds. The error bars represent the mean ± standard deviation
of % hemolysis of the compounds compared to the positive control
obtained by action of Triton X-100.
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(Supporting Information, Figure S36). Febrifugine significantly
inhibits the detoxification of heme by biopolymerization into
hemozoin which will not allow the parasites to survive. Even
though the indole-containing pyrazino[2,1-b]quinazoline-3,6-
dinones 3, 7, and 16 possess structure similarities with
febrifugine, the results proposed that another mechanism of
action for these derivatives should be involved.
The quinazolinone-type alkaloid febrifugine (FF), the active

compound of the ancient Chinese herb Dichroa febrifuga, and
its derivative halofuginone (HF),32 a semisynthetic analogue in
clinical trials,33 have been described as effective treatments for
malaria disease.32 Recently, the target of HF was disclosed as
prolyl-tRNA synthetase (PRS) enzyme (Figure 4A), a member
of the aminoacyl-tRNA synthetase (aaRS) family that drives
protein translation.32 Therefore, we hypothesized these
compounds could be targeting the malaria protein translation
machinery by inhibition of the P. falciparium prolyl-tRNA
synthetase (PfPRS). Moreover, PRS in L. infantum (LiPRS) is
also described as a therapeutic target for quinazolinones.34

Since the three-dimentional structure of LiPRS is not available,
the homology model was built using the 3D structure of
Leishmania major PRS (LmPRS) (PDB code 5XIL) as a
template (Supporting Information, Figure S37−S39).34 It was
selected because it showed the highest percentage similarity
(99.2%), the highest percentage identity (97.3%), and the
lowest E-value (0.0) (constraint that defines the number of hits
one can expect to see by chance when finding it in a molecular
database).35 The best model was based on the lowest packing
score (2.12) (smaller value means higher probability
structure−sequence combination), the lowest contact energy
(−385.8 kcal.mol−1), the lowest electrostatic solvation energy

(generalized Born/volume integral GB/VI)) (−23 896.0
kcal.mol−1),36 and zero atom clashes.37

Subsequently, docking studies in both PfPRS and LiPRS
were performed to comprehend the underlying molecular
mode of action of that class of compounds. Positive controls
[febrifugine (FF), halofuginone (HF), 6-fluorofebrifugine (6F-
FF), and tetrahydroquinazolinone febrifugine (Th-FF)] were
predicted as having a high binding affinity to the PRS enzyme
target, with docking scores from −9.3 to −9.7 kcal·mol−1 in
fPRS and from −7.9 to −8.2 kcal·mol−1 in LiPRS. The docking
scores of all tested compounds range from −7.3 to −11.5 kcal·
mol−1 and from −8.0 to −10.5 kcal·mol−1 for PfPRS and
LiPRS, respectively (Table 4). The most active antimalarial
(compounds 3, 4, 7 and 16) and antileishmania (compounds
8, 18, and 19) agents in vitro presented docking scores from
−9.1 to −11.4 kcal·mol−1 and from −8.7 to −9.0 kcal·mol−1

for PfPRS and in LiPRS, respectively, therefore being predicted
as forming stable complexes with PRS enzymes.
HF is described as being a mimetic of the enzyme-substates

L-Pro and adenine-76 of tRNA, binding to the active site
compartment simultaneously with ATP.32 In addition to HF,
other quinazolinone-based compounds such as FF, 6F-FF, and
Th-FF have also been described as specific for PRS, when in
the presence of the ATP analogue AMPPNP.38 The structure
of the ternary complex of PfPRS-adenosin 5′-(β,γ-imido)-
triphosphate (AMPPNP)-HF shows hydrogen interactions
with Thr359, Glu361, Arg390, Thr478, and His480 and π-
stacking interactions with Phe33538 (Figure 4B). Compound 4
fits the same binding pocket as HF, binding with some of the
same residues as HF. The N atom of the indole ring forms
hydrogen bonds with Thr478, His480 and with AMPPNP
phosphate groups; and the pyrazinoquinazolinone ring is

Figure 4. (A) Ribbon representation of P. falciparium prolyl-tRNA synthetase (PfPRS) (PDB code: 4YDQ) with crystallographic HF and top
scored test molecules. (B) Crystallographic HF (light blue sticks); (C) 4 (pink sticks), (E) 3 (white sticks), 7 (dark blue sticks), and 16 (salmon
sticks) docked into the PRD active site. Relevant amino acids are represented as capped sticks and labeled. AMPPNP is represented as yellow
sticks. Polar interactions are represented in yellow broken lines. π-Stacking interactions are represented with double arrows. Capped surface
representation of PRS with docked conformations of (D) crystallographic HF and 4, and (F) crystallographic HF, 3, 7, and 16. Some PRS residues
are omitted for simplification. AMPPNP = yellow; crystallographic HF = light blue; 4 = pink; 7 = blue; 16 = salmon; 3 = white. Polar interactions
are represented by yellow broken lines. On the surface, carbons, oxygens, nitrogens, and hydrogens are represented in green, red, blue, and gray,
respectively.
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mainly stabilized by hydrogen interactions with Glu361 and π-
stacking contacts with Phe335 (Figure 4C−D).
The pyrazinoquinazolinone 4 does not establish polar

interactions with Arg390, suggesting chemical spaces available
for additional modifications or derivatizations. Compounds 3,
7, and 16 bind in the same position in the PRS cavity, but they
are not predicted to establish hydrogen interactions with
AMPPNP. Hydrogen interactions are formed with residues
Glu361, Leu325, and Asn330; π-stacking interactions are
established with Phe335 and His331 (Figure 4E, F). The
indole ring of 3, 7, and 16 docks into a lateral cavity flanked by
His331, that is not occupied by HF (Figure 4F). The binding
pose of 9, different from the binding poses of 3, 7, and 16,
provides a hint on the relevance of chirality in the affinity of
the binding to PRS target. The binding pocked in LiPRS is
essentially identical (Figure 5A), thus suggesting that the active
site for quinazolinone derivatives is the same in different PRS.
The indole groups of 8, 18, and 19 establish polar

interactions with Ser323; the pyrazinoquinazolinones of 18
and 19 also bind to Glu324 and Ser323; 8 establishes
hydrogen interactions with AMPPNP phosphate groups
(Figure 5B). The shape of the target active site is narrow,
with tight recesses, which will cause steric hindrance if the
ligand does not have the appropriate geometry and, thus, a
favorable chirality (Figure 6).
In order to better understand what descriptors are crucial for

the activity against P. falciparum of the tested indole-containing
pyrazinoquinazoline compounds, a quantitative SAR (QSAR)
model was built (see the Supporting Information for details).

Thus, a 2D-QSAR model was obtained using Comprehensive
Descriptors for Structural and Statistical Analysis (CODESSA
2.7.2) software, and the heuristic method was chosen to
perform a preselection of descriptors.39 The correlation
coefficient (R2), squared standard error (S2), and Fisher’s
value (F) were used to assess the validity of the regression
equation. As the rules of QSAR establish that there must be
one descriptor for each of the five molecules used to build the
model,40 two descriptors were used to build the QSAR
equation. The multilinear regression analysis using the
heuristic method for 10 compounds in the two-descriptor
model is via eq 1.

μ = ± + ±

× ‐ ‐ − ±

= = = = =

XY XY

n R S F Q

log(1/IC ) ( M) 62.063( 18.730)FNSA3 12.539( 4.6309)

Shadow/ Rectangle 6.4255( 2.8635)

( 10; 0.7603; 0.149; 11.10; 0.616)

50

2 2 2

(1)

where FNSA3 means fractional partial negatively charged
surface area.
The analysis of the molecular descriptors in the regression

model (eq 1) allows the identification of the characteristics
that are expected to be responsible for antimalarial activity of
the studied compounds. Descriptors which appear in this
model are geometric-electronic (FNSA3) and geometrical (XY
shadow/XY rectangle), which reveals the role of electronic and
steric interactions that affect the antimalarial activity of indole-
containing pyrazinoquinazolines. The FNSA3 fractional
charged surface area-type descriptor is important in governing

Table 4. Docking Scores of Test Compounds and Controls
onto P. falciparum and L. infantum PRS Binding Site

docking scores (kcal·mol‑1)

test molecule PfPRS (PDB: 4YDQ) LiPRS model

1 −10.7 −8.3
2 −8.9 −8
3 −9.1 −9.3
4 −11.4 −8.1
5 −9.9 −8.7
6 −7.8 −9
7 −10 −9.2
8 −11.5 −8.7
9 −10.3 −8.2
12 −7.7 −9.4
13 −7.3 −9.9
14 −9.4 −8.9
15 −7.6 −8.9
16 −9.9 −9
17 −8.9 −9
18 −7.3 −9
19 −8.6 −9
21 −8.3 −10.5
22 −8.4 −8.8
23 −9.7 −9
24 −8.6 −8.9
25 −9.4 −9
26 −10.1 −8.6
27 −7.8 −9.6
FF −9.5 −7.9
HF −9.3 −8.2
ThFF −9.5 −7.8
6F-FF −9.7 −8.2

Figure 5. (A) Ribbon representation of L. infantum prolyl-tRNA
synthetase (LiPRS) model with top scored test molecules. (B) 8 (light
blue sticks), 18 (beige sticks), and 24 (brown sticks) on the LiPRS
binding site, with relevant amino acids represented as capped sticks
and labeled. AMPPNP is represented as yellow sticks. Polar
interactions are represented as yellow broken lines.
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the QSAR model with its high t-criterion (3.313). FNSA3 is
the atomic charge weighted negative surface area (PNSA3)
divided by the total molecular solvent-accessible surface area
(TMSA), i.e., PNSA-3/TMSA. This descriptor is calculated by
mapping atomic partial charges on the solvent-accessible
surface areas of individual atoms, meaning that shape and
electronic characteristics of the molecule are relevant for
activity.41 The second largest contributing molecular descrip-
tor is XY-Shadow/XY-Rectangle, which is a geometrical
descriptor, related on size and shape of molecules in terms
of its 3D coordinates. This descriptor represents a two-
dimensional projection on the X−Y plane of a three-
dimensional molecule. A positive sign means that the activity
increases with increasing the value of XY shadow, which means
that a higher area of molecular shadow in the enclosing
rectangle will benefit the activity.42 The examination of the
molecular descriptors led to a better understanding of the
relation between structure and antimalarial activity. Electronic
and geometric properties seem to be important for the activity
of indole-containing pyrazinoquinazolines. As chiral atoms

affect the overall geometry, chirality will probably also affect
antimalarial activity.
In conclusion, the indole-containing pyrazino[2,1-b]-

quinazoline-3,6-dinone scaffold was discovered as a remarkable
source of species-specific bioactive molecules against relevant
parasites. Subtle modifications at the C-1 position and the
introduction of halogens are allowed, but ring A isosteres were
detrimental for antiparasitic activity. The hit compounds that
disclosed activity against the one (7, P. falciparum) or three
pathogens (8, P. falciparum, T. brucei and L. infantum) did not
show significant hemolytic activity in healthy human
erythrocytes or inhibit β-hematin in vitro. In silico molecular
studies predicted prolyl-tRNA as a molecular target of these
compounds similarly to halofuginone and paved the way to
future molecular optimizations. Indole-containing pyrazino-
[2,1-b]quinazoline-3,6-dinone derivatives are herein disclosed
to have antiparasitic activity, and these findings support the
potential of quinazolinones for the development of new
antiprotozoan drugs in medicinal chemistry.

Figure 6. Compound 7 (1S,4R) (yellow sticks) in top (A) and site (B) view docked onto PfPRS binding site (docking score of −10 kcal·mol−1).
Compound 6 (1R,4S) (green sticks) in top (C) and site (D) view docked onto PfPRS binding site (docking score of −7.8 kcal·mol−1). The binding
site of the receptor is represented as a capped solid gray surface, whereas compound 7 and 6 surfaces are represented as yellow and green meshes,
respectively. AMPPNP is represented as gray sticks. The binding pocket and compound 7 (1S,4R) have perfect steric complementarity (docking
score of −10 kcal·mol−1). However, if compound 6 (1R,4S) was placed in the binding pocket in the exact same position, there would be steric
clashes between the 1-t-butyl and 4-indol groups in the ligand and the receptor atoms (as represented by the black arrows). Thus, compound 6 will
dock in a different and less favorable pose (docking score of −7.8 kcal·mol−1) as seen by the empty space left in the target cavity (*). Also,
compound 7 docks in such a conformation that maximizes electrostatic interactions, such as π-stacking with Phe-335 or hydrogen interaction with
Asn-330 (Figure 4E). Such interactions are missed by compound 6. Each enantiomeric pair behaves differently, and here compounds 6 and 7 are
used as examples to illustrate the importance of chirality.
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208 Matosinhos, Portugal

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsmedchemlett.1c00589

Author Contributions
E.S. and A.K. conceived the study design. S.L. synthesized the
compounds and elucidated their structure, and A.M.S.S., E.S.,
and M.M.M.P. analyzed the data. D.I.S.P.R. performed the
HPLC analysis. A.P. and N.S. performed the in silico study.
F.N. conceived the P. falciparum susceptibility assays and
discussed and wrote the results, while D.D. and R.O.
performed those studies. A.C.S. conceived the Leishmania, T.
brucei, and THP1 studies. C.C. performed the in vitro assays
for Leishmania, T. brucei, and THP1. N.S. analyzed the data,
wrote the manuscript, and conceived the Leishmania, T. brucei,
and THP1 studies. S.L. and E.S. wrote the manuscript, while all
authors gave significant contributions in discussion and
revision. All authors agreed to the final version of the
manuscript.

Funding
This research was supported by national funds through FCT-
Foundation for Science and Technology within the scope of
UIDB/04423/2020, UIDP/04423/2020, IUD/04413/2020
and under the project PTDC/SAU-PUB/287336/2017
(reference POCI-01-0145-FEDER-028736), cofinanced by
COMPETE 2020, Portugal 2020 and the European Union
through the ERDF and by FCT through national funds, as well
as CHIRALBIOACTIVE-PI-3RL-IINFACTS-2019. This work
is a result of the project ATLANTIDA (reference NORTE-01-
0145-FEDER-000040), supported by the Norte Portugal
Regional Operational Programme (NORTE 2020), under the
PORTUGAL 2020 Partnership Agreement and through the
European Regional Development Fund (ERDF). The work
was also funded by FEDER-Fundo Europeu de Desenvolvi-
mento Regional through COMPETE 2020-Programa Oper-
acional para a Competitividade e Internacionalizaca̧õ (POCI),
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■ ABBREVIATIONS AND ACRONYMS

6F-FF, 6-fluorofebrifugine; aaRS, aminoacyl-tRNA synthetase;
ACTs, artemisinin combination therapies; AMPPNP, adeno-
sine 5′-(β,γ-imido)triphosphate; Boc, tert-butyloxycarbonyl;
CL, cutaneous leishmaniasis; compds, compounds; CQ,
chloroquine; FF, febrifugine; GB, generalized Born; GMS,
Greater Mekong Subregion; HAT, human African trypanoso-
miasis; HF, halofuginone; HPLC, high performance liquid
chromatography; LiPRS, L. infantum Prolyl-tRNA synthetase;
LmPRS, Leishmania major prolyl-tRNA synthetase; ML,
mucocutaneous leishmaniasis; MTT, methyl thiazolyl diphen-
yl-tetrazolium bromide; ND, neglected diseases; PfPRS, P.
falciparium prolyl-tRNA synthetase; PRS, prolyl-tRNA synthe-
tase; SD, standard deviation; SI, selectivity index; TCAMS,
Tres Cantos Antimalarial Set; Th-FF, tetrahydroquinazolinone
febrifugine; VI, volume integral; VL, visceral leishmaniasis;
WHO, World Health Organization
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