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Abstract

Chloroquine (CQ) is a cost effective antimalarial drug with a relatively good safety profile (or therapeutic index). However,
CQ is no longer used alone to treat patients with Plasmodium falciparum due to the emergence and spread of CQ-resistant
strains, also reported for P. vivax. Despite CQ resistance, novel drug candidates based on the structure of CQ continue to be
considered, as in the present work. One CQ analog was synthesized as monoquinoline (MAQ) and compared with a
previously synthesized bisquinoline (BAQ), both tested against P. falciparum in vitro and against P. berghei in mice, then
evaluated in vitro for their cytotoxicity and ability to inhibit hemozoin formation. Their interactions with residues present in
the NADH binding site of P falciparum lactate dehydrogenase were evaluated using docking analysis software. Both
compounds were active in the nanomolar range evaluated through the HRPIl and hypoxanthine tests. MAQ and BAQ
derivatives were not toxic, and both compounds significantly inhibited hemozoin formation, in a dose-dependent manner.
MAQ had a higher selectivity index than BAQ and both compounds were weak PALDH inhibitors, a result previously reported
also for CQ. Taken together, the two CQ analogues represent promising molecules which seem to act in a crucial point for
the parasite, inhibiting hemozoin formation.
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Introduction

Malaria is one ol the most prevalent parasitic diseases in the
world. It alfects approximately 500 million individuals throughouwt
the tropical and subtropical areas of developing countries and

causes considerable morbidity and mortality with about 800,000

deaths worldwide each year [1]. £ jfaleiparam inlection in non-
immune adults and children is olien associated with severe
cerebral malaria. The global importance of this disease. current
limitations ol vector control and the absence ol an eflective
vaccine, makes the development of therapeutic antimalarial drugs
the main sirategy ol malaria control [2].

CQ is a cost eflective antimalarial drug with a relativelv good
salety profile [3]. However, CQ) is no longer used alone due 1o the
n’llf'l
more recently, of P wvar [4-6]. Artemisinin-based combination

emergence and spread ol P falaparam CO-resistant strains and,
malaria
ACT and the

parum 1o artemisinin derivatives

therapy [ACT) is the first line wreatment in £ ja
WHO, 2009). However, the limited availability ol

decreased susceptibility ol P fa
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[7=8] have required the development of novel antimalarial drugs
[9=11]. Previous studies have deseribed the discovery of novel
antimalarial drugs through analysis of medicinal plants [12] and
through novel drug synthesis protocols [153-14]. however, no new
active compound has been shown to be as ellective as CO.

Despite the resistance of £ jfaleiparum 10 GO, novel drug
candidates based on the structure of GO continue to be considered
[15-18]. In the present work, GO analogs were synthesized as
mono- and bisquinoline-based derivatives, referred as MAQ and
BAQ. respectively. The main  structural  aspects  considered
included the maintenance ol the 4-aminoquinoline pharmaco-
phore group and the presence ol proton-accepting sites to increase
drug bioavailability in the digestive vacuole ol the parasite. The

compounds were tested: (i) as blood schizonticides against 7
and against £ bergher malaria in mice: (i) for their
i cytotoxicity; (iii) lfor their ability to inhibit hemozoin

formation: and (iv) for their binding mode to lactate dehvdroge-
nase and dimeric hematin i silico.
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Results

Synthesis and characterization of CQ analogs

The structure of the two aminoguinoline derivatives, MAQ and
BAQ), and their syithesis strategy are depicted in Scheme S1. Both
CQ) analogs possess the conserved 4-aminoquinoline moiety (a
crucial pharmacophore group), and have a chlorine substituent at
the 7 position on the quinoline ring. and, both have amino groups
on the alkyl chain [19]. MAQ, a new monoguinoline molecule,
and BAQ, a previously synthesized bisquinoline already tested
against P, faleiparin and proven to be active [20], were prepared
from 4. 7-dichloroquinoline and diethylenetriamine. These reac-
tions occurred via a SyAr synthesis step, which eliminated the use
ol solvents [21]. MAQ and BAQ were obtained by controlling the
stoichiometric relationship between these reagents. The synthesis
protocol for the bisquinoline compound BAQ was described
previously [20].

BACQ and MAQ were isolated as white solids, which underwent
a satislactory elemental analvsis and were fully characterized by
NMR and IR spectroscopy. On the "H NMR spectrum, MAQ
showed live ol the expected signals of the aromatic region
(between 8.32 and 6.50 ppm) and lour signals related o the
methylenic groups (between 3,47 and 2.78 ppm). The hydrogen
signals of the amino groups were either not present or had an
integration level lower than the predicted value due to the fast H/
D} exchange with the deuterated solvent. In the P NMR
spectrum, it was possible 1o identily nine signals related 1o the
aromatic carbons (between 152 and 97 ppm) and the four signals
associated with the methylenic carbons (50 1o 40 ppm). In the
infrared spectrum of MAQ), the typical absorption bands for this
kind of chemical structure were observed and the "H NMR
spectrum was consistent with the live typical aromatic signals
(between 8.25 and 6.46 ppm). However, only two signals related to
the methvlenic groups were observed due to the symmetry of the
molecule (3.45 and 2.95 ppm). In the "C NMR spectrum of
BACQ). the expected nine signals related to the aromatic carbons
(between 152 and 97 ppm) and the two possible signals of the
methylenic carbons (46.8 and 41.8 ppm) were observed. The
infrared  spectrum  of BAQ  exhibited the absorption  bands
predicted for this structure.

BAQ and MAQ activities against P. falciparum in vitro
The 4-aminoquinoline  derivatives MAQ and BAQ were
compared with €O lor their antiplasmodial activities against the
W2 clone of 2. jaleiparam (CQ-resistant and melloquine-sensitive)
and against a CO-sensitive strain 317, All compounds showed
activity in the nanomolar range in the HRPI and hypoxanthine

Table 1. The anti-P. falciparum activities of BAQ and MAQ
determined in parallel with chloroquine, by the ELISA anti-
HRPIl assay or by *H hypoxanthine incorporation.

Antimalarial Activity of Chloroguine Analogs

tests (Table 1. The IC5; values were similar in both assavs,
although somewhat lower [or BAQ in the hypoxanthine test with
W2 parasites. As expected, the IC5 values of BAQ and MAQ
were lower with the CO- sensitive 3D7 strain than with W2 CO-
resistant in most tests.

Neither MAQ or BAQ were toxic against hepatoma (HepG2) or
kidney (BGM) cell lines, and important, the new C.Q analog MAQ
was less toxic than BAQ), based on MTT assay (Table 2} or neutral
red method (data not shown). Additonally, the GO analogs were
not lytic to human ervthrocytes. Even at doses 100 times higher
than the IC5; values no hemolysis was detected.

The selectivity index- IS (the ratio between MDLs, and 1C5,)
was determined and both compounds had an IS greater than 90,
The IS was particularly high for MAQ), 384 and 038, against
BGM and HepG2 cells respectively (Table 2). Nevertheless,
neither compound was better then €GO (IS=3083)

BAQ and MAQ were also active in vivo against rodent
malaria

The antimalarial activity of the new C() analogs was evaluated
in mice with 2 berghed and is summarized in Table 3. MAQ and
BACQ) were active ir vioo at a dose ol 50 mg/ke on days 5, 8 and 10
days post-infection, at 25 mg/ke only MAQ was active. MAQ
caused a 95% reduction of parasitemia on day 5. However, only
COQ caused 100% suppression ol parasitemia and increased the
animal survival, but the survival dillferences were not significant
from the other groups.

The antimalarial activity of BAQ and MAQ involves
inhibition of hemozoin formation

Whether ant P. faleiparum activity ol BAQ and MAQ involves
inhibition of hemozoin formation was evaluated using an indirect
i witro test. Both compounds signilicantly  inhibited hemozoin
formation i witre (Figure 1) in a dose-dependent reaction. The
inhibition was more evident with MAQ than with BAQ or €O
[Figure 1A).

Similarly, docking studies with MAQ and BAQ) showed that the
MolDock Score energies between the antimalarials and the
[Table 4) were approximately —100.000 keal -
similar to C:Q), were able

dimeric hematin
I o o R
mol . Both aminoguinoline derivatives

to interact with dimeric hematin 1o form a complex. The best
conformations (Figure 2) obtained {or the complexes showed that
the aromatic rings ol both compounds were parallel 1o the hematin
ferriprotoporphyrin - group  (Figure 3).
5.0 keal mol 1)
demonstrating that the hvdrophobic interactions were the main

Weak hydrogen bonds
[approximately corroborate  previous  studies

contributors for the binding between €0 and the dimer [22-23].
Table 2. Cytotoxicity of BAQ and MAQ against a human

hepatoma cell line (HEPG2) and a monkey kidney cell line
(BGM) determined by the MTT assay.

Compounds W2 (CQ resistant) 3D7 (CQ sensitive) Compounds MDL;, (uM) Selectivity index*
IC50 (NM) HRPII Hypoxanthine HRPII Hypoxanthine BGM HepG2 BGM HepG2
BAQ 550+0.0 6020 3548 1057 BAQ 5030 5000 90 90
MAQ 260+ 20 320270 2642 6645 MAQ 100:-0.0 270210 384 1038
Q 120+20.0 180+0.0 69409 74412 cQ 370+00 49000 3083 4083

All compounds were active at nanomolar doses in both tests.

ICso =dose that inhibits 50% of blood parasites growth, evaluated in three or
four different experiments for each test.
doi:10.1371/journal.pone.0037259.t001

@_ PLoS ONE | www.plosone.org

[Data expressed as the minimal lethal dose for 50% of cells (MDLS0), used to
calculate the selectivity index against either cell.

*Selectivity index= MDLsg/ICso.

doi:10.1371/journal.pone.0037259.1002
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during three consecutive days.

Antimalarial Activity of Chloroguine Analogs

Table 3. Antimalarial activity of BAQ and MAQ in mice infected with P. berghei after treatment with daily doses of the compounds

Percent reduction of parasitemia*

Compounds Dose (mg/kg) Time of survival (in days)
56 8¢ 104
BAQ 25 o4 26 37 2542
50 21 75 43 2441
MAQ 25 91 a1l 70 2441
50 95 71 76 25+1
ca 20 100 100 100 =30
Cantrol (4] o 4] 0 1947

The antimalarial action of BAQ and MAQ involves binding
to lactate dehydrogenase

Table 5 presents the H-bond energy and MolDock Scores of the
resicues NADH as
protonated forms of chloroquine, BAQ and MAQ docked 1o

involved in H-bonds with well as the
PILDH. Figure 4 shows that these compounds presented the most
stable energy conformations in the binding site of NADIH. This
suggests that they are NADH competitors. The H-bond energy
chloroquine and the Wils

between  the  protonated

5.8 keal mol

H-bond energy |

cl11zyIme
' a high value compared with that of NADH
35.3 keal mol
between the enzyme and the protonated Torms of MAQ were
approximately —250.00 keal mol ', Furthermore, MAQ like the
protonated chloroquine, bound to the active site of PILDH: BAC)-
I and BAQ-2 presented the lowest energies, which were extremely

Ty i .y .
. The energy of interaction

large when compared to NADIH. These findings suggest that all
these compounds are weak inhibitors of PILDH. as previously
reported [or chloroguine [24].

Discussion

A large series ol bisquinoline derivatives containing proton-
accepling amino groups on the aliphatic chain moiety has already
[19]
compounds for weating drug-resistant malaria parasites. Two
MAQ and BAQ  were

antimalarvial prototypes, which s important considering  tha

heen  described and  consiclered  a

€O analogs obtained  as  low-cost
disease transmission is concentrated in developing countries aned
is most [requent among the impoverished classes ol several

promising class of

*Reductions =30% were considered as inactive, 30-50% as partially active and =50% as active drugs.

endemic countries [9]. Comparisons between their antimalarial
activities aimed to evaluate  the molecular  stmctural-activity
relationship between mono- and bisquinoline compounds.

We showed that MAQ and BAQ are active i sifio against CO)-
resistant and CO-sensitive £, faleipammm parasites at nanomolar
doses in the hypoxanthine incorporation test and in an enzyme-
linked immunosorbent assay (ELISA) using antibodies against the
histidine-rich protein 2 (HRP-II}. a parasite protein.Our results
show that MAQ. a new monoquinoline, has a higher IS, in
consonance with the tendency of a decreased toxicity when
comparing mono- to bisquinoline analogs. Such i sifs activity was
confirmed /i vieo in mice infected with 2. besgher; MAQ was more
elfective as proven by parasitemia reduction in response to drug
treatment.

Further in oo analysis showed that the compounds interacted
with dimeric  hematin  and inhibited heme  polvmerization.
Although the mechanism of action of CQ is not well understood.
several experimental studies describe the interaction between GO
and the dimeric form ol heme [25.26.27.28]. This interaction
seems responsible for the inhibition ol hemozoin formation. a
hypothesis further supported by docking studies. which also
suggest that all protonated forms of NAQ and BAQ interact with
the rings parallel to the heme group. as described previously Tor
GO [26.27,28.29].

The presence ol two quinoline moieties in BACQ) increases the
probability of hvdrophobic interactions when compared with
MAOQ and also results inlower docking energies [or all protonation
states of the amino groups. The results of this study suggest tha

. "I’]::'t'J r=0.678 #=1.000
066 ol 20000+ p=0.109 20000 p=0.004
* * - =
3 o 3 = =
< 15000 T = 15000- 1 = 15000- o o=
. .
E 10000 - § 10000 E 10000 =
i = < 4
062 125 25 & 10 20 40 062 125 25 5 10 20 40 062 125 25 5 10 20 40

MAQ (ma/mL)

Figure 1. Inhibition of hemozoin formation by the CQ analogs BAQ and MAQ (mean

BAQ (mg/mL)

Chioroquine (mg/mL)

SD from triplicates), in two different

experiments. Statistical differences as compared to drug-free controls are indicated in each graph by an asterisk (p=<0.05). The p and r values

represent the statistical correlation analyses.
doi:10.1371/journal pone.0037259.g001
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Figure 2. Chemical structures of the protonated forms of the CQ analogs BAQ and MAQ.

doi:10.1371/journal.pone.0037259.g002

the protonated BAQ at the central nitrogen (BAQ-1) should be
more ellective at inhibiting heme polymerization.

Experimental and modeling studies have shown thar chloro-
quine binds 1o PILDIHL suggesting that GO} possesses another
mechanism of drug action or a mechanism complementary o the
one already proposed [24.29]. Although PILDH is not a direet
chloroquine target, experimental data have shown its weak
hinding 1o chloroguine [30]. The existence of this shared target-

binding site suggests that PILDH is related 1o drug effectiveness.
The docking data (Figure 4) suggest that the protonated forms of
BAQ and MAQ present the most stable energetic conlormations
at the binding site of NADH inside PILDH. The H-bond energy
and MaolDock Scores, the residues involved in the H-bonds with
NADH and the protonated lorms of chlorogquine as well as BAQ
and MAC) binding to PILDH (Table 5)
compounds are NADH competitors. The H-bond energy between
5.8 keal mol l__ A

high value compared with the H-bond energy of NADH

suggest  that these
pratonated chloroquine and the enzyme is
(—55.5 keal mol The energies of interaction between  the
enzyvme and the protonated lorms of MAQ were approximately

25010 keal mol
similar behavior at the active site of PILDH compared with

Furthermore. MAQ compounds showed a

protonated chloroguine, BAQ-1 and BAQ-2 possessed the lowest
energies, which were extremely large compared with NADIL
Cwerall, these lindings suggest that all ol these compounds are
weak inhibitors of ZALDIL as previously reported for chloroguine
[22-23].

Omne ol the recent strategies to develop elfective antimalarial
agents is based on the development of metal-drugs [31.52.33].
Thus, MAQ and BAQ were associated with metals readily
available to be wested for their antimalarial activity, in promising
ongoing tests (data not shown). Metallocomplexed drugs, consid-
ered lirst-line antcancer drugs [3-
develop anti-parasitic agents [36,37 .38

35]. are increasingly used 1o

@_ PLoS ONE | www.plosone.org
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Materials and Methods

Reagents and drug synthesis

All reactions lor drug synthesis were perlormed under a 100%
argon atmosphere wsing a dual vacuum/argon line and standard
Schlenk technigues. Reagents and solvents were purchased from
Sigma Aldrich and used without [urther purification. The IR
spectra were recorded on a Varian 640-IR with an ATR device
and the elementary analyses were conducted at the analvtical
center, University of Sao Paulo. The 'H NMR spectra were
recorded at 400,130 MHz and the "C NMR  spectra at
100,613 MHz on a Bruker instrument (Bruker Avance H00) and
were  externally  relerenced to the tetramethylsilane  (TMS).
Chiemical shifis (d) and coupling constants () were expressed in
ppm and Hz. respectively. The melting or decomposition points of
the structures were determined on a MOAPF 302 apparatus.

Synthesis of the 4-aminoquinolines, MAQ and BAQ
MAQ, . N2 aminoethyl -, V- J-chloroquinol-d-vljethane-1,2-diamine.
was prepared according to the synthesis procedures described Dy
Musonda and collaborators [39]. Briefly, a mixture of 4.7-
dichloroquinoline (0898 ¢, 4.9 mmol} and  diethvlenetriamine
(2.7 mL. 25 mmol} was heated at 80l for | I without stirring,
following by heating at 135U for 3 h with stirring. The mixiure
was cooled to room temperatre, alkalized with an agueous
soluton of 10% NaOH (30 mLy. extracted with hot EtOAc
(56 50 mL; and dried over NasSC) The solvent was removed
under vacuum and the residue was crystallized with CHoCle/
hexane, thereby leading to a white solid. Chemical and spectral
analvses revealed the lollowing: Yield: 0.52 g, 40%. ML.F:
Cipal ZOINg: MM 26475 e¢/mol Elem. Anal. theoretical:
G ZCIN. G 58.98; H. 6.47; N, 2116, experimental:
CisH;CIN, Ho0O, C, 55.25; H, 6.54; N, 1922, M.P: 99
oo LR, (N, cm b 3256 (Ar- NHj; 3065 (CH quinoline

May 2012 | Volume 7 | Issue 5 | e37259
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Figure 3. Compounds docked in dimeric hematin. (A} Protonated CQ, (B} MAQ-1, (C) MAQ-2, (D) MAQ-3, (E) BAQ-1, (F) BAOQ-2.

doi:10.1371/journal.pone.0037259.g003

ringp: 2929 and 2839 (CH,, and CHsp 1607, 1577 and 1528
[C =0 quinoline ring); 49 (CHyk 1280 (Ar-C-Njp 11535 (C-N):
874, 795 and 761 (d= C-I owt-ol-plane aromatic ring). RMN 'H
(400 MHz, CDyOD: d 1,93 (s, NH amine), 2.78 (1. 7=5.76 Hz.
2H. CHs-l6), 283 (1, 7=5.76 Hz, 2H. CH,-153). 2.95 (.
J=6.38 He, 2H. CHy-13), 347 (1. 7=06.38 Hz, 2H. CH,-12),
370 (s, NH aniline), 6.50 (d, 7=5.71 He, |H. A= C-3), 7.55
[de. 7=901 Hz. J=2.14 He. H. Ae-ff GG 773 (e
J=2 04 Hee 1H. Ar-H C-8). 807 (d. 7=9.01 Hz. 1H Ar-H

Table 4. Docking energies of the protonated forms of the CQ
analogs BAQ and MAQ.

H Bond Energy MolDock Score

Structure (kcal mol ") (kcal mol *)
Protonated £Q —343 —105.97
MAQ-1 -195 —100.57
MAQ-2 —5.00 —92.16
MAQ-3 —3.50 —76.50
BAG —250 —119:69
BAQ-2 —250 —116.89

doit10.1371/journal.pone 003 7259.t004

@ PLoS ONE | www.plosone.org

C-5), 8.32 (. 7=5.62 Hz, 1H. Ar-H -2, RMN "C (100 MHz.
CD,OD: d 1511 (C-2), 98.28 (C-3), 1514 (G4 12406 (C-5),
123.08 (C-6). 134.9 (C-7), 126.2 (C-8), 148.2 (GO}, 117.32 (C-10),
20005 (C-125. 42,08 (C-15), 39.9 (C-15), 3846 (C-16).

BAQ. N =(7-chio roquinnl-4-yij- N2 2= F-chloroquinol-4-if Jami-
i fethyl Yethane-1,2-dianine, was svithesized according o the syn-
thesis procedures deseribed by Zhang and collaborators [40].
Briefly, a mixture of 47-dichloroquinoline [1.20 g, 6.00 mmol)
and diethylenetriamine (0.22 ml. 2.00 mmol) was heated at 80U
for 6 I without strring and then at 13000 for 3 h with stirring.
The reaction mixture was cooled to room temperature and the
resulting solid that lormed was washed with an agqueous solution of
10% NaOH (30 mL) and recrvstallized with MeOH/ water. The
solid was recuperated by lilration and dried under vacuum, which
lead 10 a white solid. Chemical and spectral analvses revealed the
following:  Yield: 043 g, 50%. MTF: CyHy ClN5: ML
426.34 g/mol. Elem. Anal.. theoretcal: Cooly ClaN;, G 61.98:
H. 496 No 16,43 experimental: CaoIHy ClN; AHL0, G, 535.05:
H. L9 No LLO7. MNP 21221500 IR, (g 0 cm ')z 3272
[Ar- NHj: 3071 (CH quinoline ring): 2901 and 2843 [CHa .0
LGOS, 1576 and 1531 (C=0C quinoline ring); 1441 (CHgp: 1328
[Ar-GN}: 1156 [G-Njz 865 and 798 (d out-ol-plane aromatic ring).
"H RMN (400 MHz, CDOD: d 297 (1 ]=6.22 He, 2H, CH,-
13 345 (1. 7=6.24 Hz, 2H. CHy-12). 645 (d. 7=5.69 Hz, 1H.
Ar-H C-3)0 7.20 (dd. =901 He j=2.14 He, [H. £ C-6)

May 2012 | Volume 7 | Issue 5 | e37259
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Figure 4. Best conformations of the protonated forms of chloroquine, MAQ and BAQ (in green) in the binding pocket of NADH (in
CPK) as generated by the MVDH software. (A} Protonated chloroguine, (B) MAQ-1, (C) MAQ-2, (D) MAQ-3, (E) BAQ-1, (F) BAQ-2.
doi:10.1371/journal pone.0037259.g004

F07d, F=2.12 He LH, Ae-FTC-8),7.87 (d, ] = 3.9{? He. A-H - Continuous cultures of P. fg{cfpgrum

5. 8.24 (d. J=5.61 Hz, 1H, Ar-H C-2). RMN "C (100 MHz, P jaleipanon blood parasites (W2 clone, CO-resistant and

MeOD): d 150.9 (C-2), 98.3 (C-3). 151.2 [C-4), 1246 (C-5), 122.6 mefloguine-sensitive) were maintained in continuous culure as

(C-6). 134.9 (C-7), 126.2 (C-8), 1468, 14 (G-9), 1173 [G-L0), 46.8 (G- previously described [41] with slight modifications [42]. The 3D7

12), 418 (G-13) strain, GO- sensitive, originally received from the New York
University Medical School. was also used. Brielly. the parasites

Table 5. Docking results of NADH and the protonated forms of chloroquine, BAQ and MAQ in the active site of PALDH.

Ligands H Bond Energy (Kcal mal ') MolDock Score (Kcal mol ') Residues (H Bond interactions)

NADH —35.3 —4323 AspS3, Thra7, Gly29, TyrB5, Leu25s, Met30,
His126, Vals5, Glu122, Phel00, His195

Protonated —38 —252.4 Gly99

Chloroguine

MAQ-1 -8 —247.5 Asp53, Gly99

MAQ-2 —-29 —266.2 Asps3, Gly99

MAQ-3 —05 —249 Asp53

BAQ-1 —17.4 —337.2 Gly99, Thr97, AspS3, Asn140

BAQ-2 0 —2973 -

doit10.1371/journal.pone.003 7259.t005

@ PLoS ONE | www.plosone.org 6 May 2012 | Volume 7 | Issue 5 | e37259



were kept at 37U in human erythroevies (AT} with complete
medium (RPMID 1640 supplemented with 10% human serum
blood group AT, 2% ghuamine and 7.5% NaHCO,) in Pewi dishes
in a candle jar or in a 25-cm culture flask in a defined ammosphere
fwith 3% Oy, 5% GOy and 91% Ny). Human erythrocytes (A1)

and serum blood group A+ were kindly donated by Center of

(HEMOMI-
NAS). Immediately belore the tests, ring stage-parasites were

Hemotherapy and Hemathology of Minas Gerais

synchronized in sorbitol [43]. Synchronized parasites were stained
with orange green in pre=dried coverslips [44] then immediately
examined wunder a luorescent microscope. The suspension was
adjusted for parasitemia and hematoerit as described below for
cach test. The infected red blood cells were distributed ina 96-well
microtiter plate (Corming, Santa Clara, CAL EUA) at 180 pL/well,
in which 20 pL of the test drugs and controls were previously
diluted ar dilTferent concentrations (400-0.625 ng/ml) in 0.005%

DMSCY (v/v) [Siegma, USAL

In vitro assays with P. falciparum infected erythrocytes
The ellects of BAQ and MAQ on the W2 and 3D7 P falciparan:
blood cultures were assayed through the incorporation of *H
hypoxanthine PerkinElmer, Waltham. MA, EUA) [45] and with
monoclonal anubodies 1o the parasite histudine and alanine-rich
protein (HRPIL (MPFM ICLLAB-35AH MPFGS5P ICLLABH.
USA) |

at 1% parasitemia and |

Nocedl 2002). The [*H]-hypoxanthine assay was performed
Y hematocrit and the level of sotope
incorporation was read in a beta-counter (PerkinElmer, Waltham.,
MA. EUAL The anti-HRPID test was performed at 0.05%
parasitemia and 1.5% hematocrit and the HRPID guantification
was read at 450 nm o a
Max340PC*! Molecular Devic

drug activity assavs were expressed as the mean ol the hall

spectrophotometer  [(Spectra-

. The results of three of these

maximal inhibitory dose (IC55) and compared with the drug-free
controls. Curve-fitting was perlormed using Origin 8.0 soltware
[OriginLab Corporaton, Northampton., MA, USA) [46].

Inhibition of hemozoin assay

The hemozoimn inhibition assay was performed as described by
Neokazi er al., (2002) [47] with some modifications. Brieflv,
10,1 pLe of the aminoquinoline derivatives at different concentra-
tons (40-0.62 mg/mLj and 101.2 pL of the hematin stock solution
[1.68 mM in 0.1 M NaOH) were combined in triplicate in a lat-
hottomed 96-well plate. The solutions were Turther mixed and
58.7 pL of acetate solution (12,9 NL pH 5.0) then added 10 each
well, Alter incobation ar 60U, 80 pL of 30% (v/v) pyridine
solution - 20 mM HEPES, pH 7.5, were added at room
temperature. The solids Tormed were resuspended and allowed
to setde for 15 min at room temperature, Then, 38 pl of the
supernatant were translerred 1o a new plate and diluted 1o 250 pl.
with a 30% (v/v) pyridine solution (20 mM HEPES, pH 7

color reaction was read in a spectophometer at 405 nm and the

results were expressed as the concentration of free heme in each

well, which was caleulated rom the standard absorbance curve of

a known hemin solution. €O was used as a positive control and
the et off was determined by the amount of free heme in the drog-
free control. Each compound was evaluated in two  dillerem
experiments.

Antimalarial tests against P. berghei in mice

A suppressive parasite growth test was used with 22 berplier,
NK65 strain (originally received from the New York University
Medical School) infected mice as deseribed previously [48] with
some  modilications [49]. Brielly, adult Swiss outhred  mice
[20+2 o weigh) were inoculated with 16 107 red blood cells
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infected with 2 derghed, by intraperitoneal route. The infected mice
were maintained together for at least 2 h and then divided
randomly o groups of 3-5 animals per cage. which were
subsequently treated with 25 and 50 mg/ke ol cach compound
diluted in DMSO 3% (v/v) given dailv by oral gavage for three
consecutive davs. Two control groups were used in parallel, one
reated with €O (20 mg/ke) and one with the vehicle. Blood
smears rom mouse tails were prepared on days 5. 8 and 10 post-
infection and then methanol-fixed, stained with Giemsa and
examined microscopically. The parasitemia was evaluated and the
percent inhibition of parasite growth caleulated in relation to the
untreated control group  (considered  100%  growth) using the
[ollowing equation: [(C - T)/C] & 100: where Cis the parasitemia
in the control group and T is the parasitemia in the treated group.

The use ol laboratory animals was approved by the Ethics
Committee for Animal Use of the Oswaldo Cruz Foundation -
Fiocruz (CEUA L-0046/08).

Cell cultures and cytotoxicity tests

The human hepatoma cell line (HepG2) was originally received
from the New University ol Lishon. and the monkey kidney cell
line (BGM) from the Federal University of Minas Gerais. These
cells were cultured in 75 em? plates with RPMI 1640 medium
supplemented with  10%  heat-inactivated fetal call’ serum and
40 mg/L gentamicine in a 5% GO, atmosphere at 37U, For the

oot tests, a confluent cell monolayer was rypsinized. washed
with culture medinm, distributed in a fa-hottomed 96-well plate
(56 107 cells/well) and incubated for 18 L at 37U 10 ensure cell
adherence.

The cytotoxicity was evaluated with the MTT assay, 3-(4.5-
bromide — [50].
2 and BGM cell lines were incubated with

Dimethylthiazol-2-v[-2.5-diphenvltetrazolium
Briefly, the HepC

200 pLs of the compounds at dilferent concentrations (1000-1 pg/

ml) for 24 v in a 5% GOy and air atmosphere ar 37U For the
MTT assay. which evaluates mitochondrial viability, 20 pL of
MTT solution (5 mg/ml) were added and the plates were
incubated lor a lurther 3 b Alter incubation, the superatant was
carefully removed [rom the wells. followed by the addition of
1GO gL DMSO with thorough mixing. The optical density at 570
and 650 nm (background) was determined on an ELISA reader
(SpectraMax340PCH, Molecular Devices).

The neutral red assay was used 1o evaluate cell viability by the
accumulation ol dye in the viable cell lvsosome [51]. Briefly, the
cells were incubated for 2 h with 100 pLo of a neutral red solution
(100 pg/mL). Then, the supernatants were discard and 200 pL of
a lormaldehyde (0.5% v/v) and CaCly (1% ) solution were added.
which was followed by another 5 min incubation. Finally. the
supernatant was removed, then 100 pL ol an alcohol-acid solution
added o the sediment. The absorbance was read at 340 nm on an
ELISA reader (SpectraMax340PC*™ | Molecular Devices,. Cell
viability was expressed as the percentage of control absorbance
obtained in untreated cells alier subtracting the ahsorbance of the
appropriate background. Lastly, the minimum lethal dose for 50%
ol the cells (MLD5g) was determined as previously described [52].

Hemolysis assay

The test and control compounds were diluted in a 0.2% (v/v)
DMSO solution and incubated (0-50 pg/mL) with a human
erythrocyvtes suspension [ % hematocrit) ar 3700 for 30 min in a
shaking water batlh. The mixtures were centrifuged at 1000 g lor
10 min and the absorbance of the supernatants was measured at
540 nm in an ELISA reader (SpectraMax340PC*™ . Molecular

Devices). The hemolvtie rate was caleulated in relation 1o the
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hemolvsis of erythroeyvtes in 0L05% saponin, which was considered
1o he 100% [53].

Docking energy calculations

The 3D optimized structure of dimeric hematin was taken from
our previous stucies [29]. The structures of GO and is analogs
were built using the Gaussian View soltware and optimized using
Gaussian 03 [34]. The structural analvsis of GO analogs (BACY
and MAQ)) was performed and all possible protonation forms in
the biological medinm were considered (Figure 2). The geometry
and partal atomic charge
performed using the B3LYP/3-210 level of theory. The caleula-

optimizations distributions  were
tons for the docking energics were perlformed with Molegro
Virtual Docker (MVD) soltware [55] as described previously [25].
The algorithm used i the docking studies was the MolDock
Score, which is an adaptaton of the Diflerential Evolution (DE)
algorithm [53]. The MolDock Score was used because it vields a
higher docking accuracy than other state-ol-the-art docking
algorithms (MVD: 87%, Glide: 82%., Surflex: 75%. FlexX: 58%)

[46].
The 3D structwre of PILDH complexed with NADIH and the

substrate oxamate used in the present work was obtained [rom the
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