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Plasmodium parasites kill 435000 people around the world
every year due to unavailable vaccines, a limited arsenal of
antimalarial drugs, delayed treatment, and the reduced clinical
effectiveness of current practices caused by drug resistance.
Therefore, there is an urgent need to discover and develop new
antiplasmodial candidates. In this work, we present a novel
strategy to develop a multitarget metallic hybrid antimalarial
agent with possible dual efficacy in both sexual and asexual
erythrocytic stages. A hybrid of antimalarial drugs (chloroquine
and primaquine) linked by gold(l) was synthesized and
characterized by spectroscopic and analytical techniques. The
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CQPQ-gold(l) hybrid molecule affects essential parasite targets,
it inhibits B-hematin formation and interacts moderately with
the DNA minor groove. Its interaction with PfTrxR was also
examined in computational modeling studies. The CQPQ-gold(l)
hybrid displayed an excellent invitro antimalarial activity
against the blood-stage of Plasmodium falciparum and liver-
stage of Plasmodium berghei and efficacy in vivo against P.
berghei, thereby demonstrating its multiple-stage antiplasmo-
dial activity. This metallic hybrid is a promising chemotherapeu-
tic agent that could act in the treatment, prevention, and
transmission of malaria.

Introduction

Over a long period of time, a number of complementary
strategies were employed to control malaria. The World Health
Organization highlighted that the most advanced malaria
vaccine candidate shows only partial protection against malaria
in young children. It also called attention to insecticide-treated
net as well as indoor residual spraying as powerful ways to
immediately reduce malaria transmission. Regarding the che-
motherapy strategy, the best available treatment for Plasmo-
dium falciparum malaria is artemisinin-based combination
therapy (ACT) using two or three well-known antimalarial drugs.
Despite all the enormous efforts, malaria is still an important
health problem, where in 2018, 228 million cases of malaria and
405000 deaths around the world were reported."’

Malaria treatment with a cocktail of drugs or combination of
drugs is showing critical limitations, such as poor patient
compliance and a high risk of drug-drug interactions.”’ Further
complications are reports of increased resistance to ACT.
Among many different approaches to antimalarial drug discov-
ery and development, the antimalarial organic hybrid molecules
must be cited. A plethora of examples of these kind of
compounds have been studied so far.***! A hybrid compound is
defined as a chemical entity with two or more structural
domains which acts on different or same biological function or
with dual mode of action.? The most classic examples are
trioxaquine,”’ trioxaferroquines” and primaquine/chloroquine
hybrid.”’ The advantages of organic hybrid compounds are the
possibility of additive or synergistic therapeutic response,
improved druggable characteristics of the therapeutic compo-
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nent and prolonged antiparasitic duration” A potential

limitation for the two covalently linked antimalarial drug
moieties is to reach localized targets. This, especially inside of
digestive vacuole of the malarial parasite, can be a challenge.

A valuable approach is to connect two or more existing and
well-known clinical antimalarial drugs with a transition metal to
form a single chemical entity, named as metallic hybrids. It
might be obvious to start designing this antimalarial metallic
hybrid with the most successful antimalarial drug, chloroquine
(CQ; Figure 1). Despite CQ-resistant (CQR) malaria parasites had
spread worldwide, CQ is a potent hemozoin inhibitor,” and
that reflects its remarkable accumulation inside digestive
vacuole.” By inhibiting the formation of hemozoin CQ kills
the malarial parasites and acts in the intra-erythrocytic stage of
the asexual P. falciparum life cycle."”

Another antimalarial drug for such metallic hybrid com-
pound can be primaquine (PQ; Figure 1), This is one of few,
commercially available gametocidal drugs, which acts in the
sexual cycle of P. falciparum and blocks the transmission of the
disease.'”” In addition, PQ has antiparasitic activity against the
liver stage that is important for controlling the disease. As a
limitation, PQ is extensive metabolized into approximately five
major metabolites, where the concentration and composition
vary according to different population, limiting PQ efficacy for
transmission and controlling malaria."™

Gold(l)-based compounds, such as auranofin™ and gold(l)-
chloroquine complexes"*™"” have shown excellent antimalarial
activity against P. falciparum, even against CQ-resistant strains.
Recently, it was demonstrated that gold(l)-phosphine com-
plexes were able to attenuate the viability of parasites,®
reinforcing the potential of gold as a transition metal in
antiparasitic therapy. Gold(l) compounds mainly act as inhib-
itors of the thioredoxin reductase (TrxR) system, which is
present in parasites and also in cancer cells."** According to
molecular modeling techniques gold(l) compounds can be
capable to inhibit the P. falciparum thioredoxin reductase

H\NJ\/VN\/ HZN\/J\NH

‘ X N\
cl N” o Z
Chloroquine (CQ) Primaquine (PQ)

Figure 1. Structure of antimalarial drugs.

(PfTrxR)," which is an essential enzyme for the survival of this
parasite.”? Hence, a novel hybrid compound consisting of these
two, well-known antimalarial drugs connected by gold atom
has been developed in this work that fits with the ‘master key’
compounds and can favorably interact with multiple parasite
targets.”” Additionally, it was envisaged that this rational
design would produce a multiple-stage antiparasitic agent
which can be successful in the treatment, prevention and
transmission of malaria.

Accordingly, the synthesis and characterization of this
multitarget metal-antimalarial drugs hybrid, with possible dual
efficacy in the sexual and asexual plasmodial stages. The
mechanisms of action of our metallic hybrid molecule were
evaluated through its interactions with three essential parasite
targets: DNA (reversible and/or covalent interactions), heme
(interaction with FPIX and inhibition of f-hematin formation),
and PfTrxR using computational modelling studies. Importantly,
antimalarial activity was estimated using both invitro and
in vivo models.

Results and Discussion

Synthesis and characterization of the hybrid gold(l) linker
antimalarial drugs

The development of the hybrid of clinical antimalarial drugs
linked by gold was inspired by the great antimalarial activity
in vitro and in vivo of [AuCQPPh;]PF, complex, which also acts
at least in three distinct parasites targets (hemozoin, thioredox-
in reductase and DNA) as we reported previously."7**%! In view
of that, we designed a gold(l) hybrid that contains not only
chloroquine, but also primaquine, in order to investigate its
potential to act as multitarget and be used against both sexual
and asexual erythrocyte stages (dual phases) in the malarial
parasite. This gold(l)-antimalarial drugs hybrid was obtained in
a two-step reaction (Scheme 1). The first step consisted of the
replacement of tetrahydrothiophene (THT) in the coordination
sphere of Au(THT)CI complex by primaquine that led to the
AuPQClI intermediate. In the second step, this intermediate was
dissolved in acetonitrile and mixed with an excess of NH,PF, at
room temperature to replace the chloride ligand, and the
subsequent rapid coordination of chloroquine at low temper-
ature which resulted in the hybrid [AuCQPQ]PF,. It was isolated
as brown solid. The stability of [AuCQPQIPF,, also known as
CQPQ-gold(l) hybrid was evaluated in DMSO by 'H and *'P NMR

s H /I\/\/ (
\/\)\ | ( N TV
HoN
2 NH A|“ H\NJ\/\/NV CH,CN/ m /’]U
CH,Cl,, 2h \/\)\ NH4PFg, 5 h
| Ny + Cl_Au_SG CHCl 2D HoN NH + § e e N7 HzN\/\)NH PFe
|

~o = N\ a N/ N
~o = ~o Z
intermediate CQPQ-gold(l) hybrid

Scheme 1. Synthesis of [AuCQPQIPF4 hybrid.
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studies after 31 days, in the interim, its stability in propylene
glycol and in culture medium was followed by UV-visible, no
changes were observed and this indicated that the hybrid
[AuCQPQ]PFs molecule is stable in these solutions, which are
also used in the biological tests (Figures S1-54 in the Support-
ing information).

The CQPQ-gold(l) hybrid was characterized using several
analytical and spectroscopic techniques. The IR spectrum
showed the characteristic and relevant bands of the ligands CQ
and PQ slightly displaced when compared to the same bands of
the free ligands. The presence of others important bands at 557
and 844 cm™' correspond to vAu—N™ and the counter ion vPF,
respectively (Figure S5). Similarly, the UV/Vis absorption spec-
trum displayed the peaks associated with both ligands CQ and
PQ slightly shifted (Figure S6). The results obtained from the
elemental analyses and molar conductivity studies in DMSO
confirmed the molecular formula proposed and that this
compound is an electrolyte substance 1:1. The MALDI mass
spectrum of metallic hybrid showed some important peaks
attributed to the molecular fragment of [Au-PQ]* (456.14 m/z),
and the corresponding peak of the free CQ at 320 m/z. Peak for
the molecular ion was not observed (Figure S7).

One- and two-dimensional NMR spectra provided essential
information for the full elucidation of the molecular structure of
CQPQ-gold(l) hybrid, as described in our previous papers® and
also reported by other investigation groups.”’?® The variation
in the 'H and *'C chemical shifts of each signal in the metal
complex compared to those of the free ligands (Ad) can be
used to deduce information about the coordination mode of
the ligands to the metal. Both ligands, PQ and CQ, contain
several, distinct donor nitrogen atoms that are able to
coordinate to the gold ion. The coordination site is indicated by
the largest variation in the 'H and *'C chemical shifts in the
vicinity of these N atoms. The comparative analysis of the 'H
NMR spectra of the free ligands (CQ and PQ) and that of the
gold(l)-antimalarial drugs hybrid (Figure S8) showed displace-
ments of protons Hd' (Ad=0.22), H4',5’ (0.43), H6’ (0.16) in the
CQPQ-gold(l) hybrid, while the rest of the protons were not
affected. These results suggest the coordination of PQ to gold
through the primary amine NH,, and that of CQ through the
tertiary amine. The integration of each signal of 'H NMR
spectrum of CQPQ-gold(l) hybrid confirmed that its composition
and that only one molecule of each antimalarial drug coordi-
nated to gold(l) ion (Figure S9).

In the *C NMR spectrum of CQPQ-gold(l) hybrid (Figure S10)
was observed all the carbon signals correspond to each carbon
of the ligands (PQ and CQ), it was also noticed that C6' (Ad=
1.85 ppm), Cb’ (Ad=1.28 ppm), Cc’ (A6=6.37 ppm) and Cd’
(A6 =2.66 ppm) were significantly shifted. This is consistent
with'H NMR results, namely that the PQ and CQ coordination to
gold occurred trough the nitrogen (N3 for CQ and Nc for PQ)
atoms. CQ coordination to gold through N3 was already
described for Au"—CQ complex." In the *'P NMR (Figure S11) a
septuplet at —144 ppm was observed, confirming the presence
of the counter ion PF,".

'H,®N gHMBC correlations (Figures S12-S14) were per-
formed in order to provide additional structural data and to
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unequivocally establish the coordination of each ligand (PQ and
CQ) to gold ion via the nitrogen atoms. Table 1 shows the
chemical shifts of each signal for PQ, CQ and CQPQ-gold(l)
hybrid which confirm that CQ binds to the gold ion by N3
atom, corroborating the coordination mode described above.
The values obtained are also in good agreement with the
literature.””

The results discussed above suggest that the CQPQ-gold(l)
hybrid, consisting of the gold linked the antimalarial drugs
primaquine (gametocytocidal agent) and chloroquine (schizo-
nticidal agent), which is a cationic metal complex with linear
geometry and hybridization sp.

The density functional theory (DFT)-optimized structure of
the CQPQ-gold(l) hybrid (Figure 2) shows two conformers.
Structure A was found slightly more stable than B by only
3.1 kimol™", suggesting that both forms could coexist in a polar
solvent. Of note, such ligand flexibility might be a favorable
factor for a multitarget agent.

The 'H and *C NMR chemical shifts were calculated for CQ
and PQ ligands and for the CQPQ-gold(l) hybrid structure A. In
the CQ ligand, low field shifts are predicted for H3' (Ad=
0.41 ppm), H4',5" (A0 =0.39 ppm) and H6' (A6 =0.17 ppm) and
similarly, in the PQ ligand for Hc'" (A6d=0.19 ppm) and Hd’
(A6 =0.09 ppm). Concerning the C NMR, low field shifts are
predicted for C4' (Ad=4.76 ppm), C5' (Ad=4.56 ppm), C6&
(A0=1.47 ppm) in the CQ side, and in the PQ side for Cd’
(A6=2.18 ppm) and a high field shift for Cc'(Ad=—1.78 ppm)
and Cb’ (Ad=—2.43 ppm). These two latter results are distinct
from experimental results, which suggest pronounced low field
shifts for Cb’, Cc’ and Cd’ nuclei. The reason for such
discrepancy between the experimental and calculated values
has not been fully understood. One would not expect an error
larger than 5% for "C calculated chemical shift, especially,
when relative values are concerned. One possible reason for
this is that the solvation model does not account for specific

Table 1. "N RMN chemical shifts () for the free ligands (PQ and CQ) and
the [AUCQPQIPF; hybrid in [DJDMSO.
CQ J (ppm) PQ 6 (ppm) [AuCQPQ]PF¢ hybrid (ppm) A (ppm)
N1 268.02 Na 295.26 N1 265.16 2.86
N2 94.08 Nb 81.82 N2 93.94 0.14
N3 43.68 Nc - N3 52.35 8.67
Na 295.27 0.01
Nb 80.53 1.29
Nc - -
ol
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Figure 2. DFT-optimized structure of the CQPQ-gold(l) hybrid. Two distinct
conformations are shown, with form A being 3.1 kJmol™' more stable than
B. The Au—N bond length is given in A and the N~Au-N angle in degrees.
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Figure 3. Interaction studies of [AuCQPQ]PF; with CT-DNA. A) Spectrophotometric titrations. B) Viscosity studies. C) Competitive DNA-binding studies.

solute-solvent interactions. Despite this disagreement with the
experimental results, most of the relative chemical shifts from
the theoretical NMR signals suggest complex structure A in
alignment with the experimental interpretation of the proposed
coordination mode as represented in Figure 2. The Figure S15
compares the calculated and experimental chemical shifts for
all H and C atoms in the CQPQ-gold(l) hybrid structure. The
average absolute errors were 7.4 ppm for '*C and only 0.56 ppm
for 'H, corresponding to an overall relative error of only 11%.

Gold(l) linker antimalarial drugs hybrid as a multitarget drug
Interaction studies of [AuCQPQ]PF, with DNA

Reversible interactions between [AuCQPQ]PF, with the DNA
helix have been studied through the classical spectrophotomet-
ric titrations.®*3? The results are displayed in Figure 3A, the
hybrid [AuCQPQ]PF, exhibits two intense absorption bands in
the range 200-270 nm and 310-370 nm which is attributed to
n—m* and m—x* transition absorptions, respectively. The
increased amount of DNA added to a solution of CQPQ-gold(l)
hybrid until saturation caused hypochromism in both bands.
The band maximums at 257 and 343 nm showed a significant
decreased in the absorbance (32.8 and 34.4% respectively) and
slight blue shift of 2 nm. These results are comparable to those
observed with other compounds with known interactions with
DNA, such as ethidium bromide (EB; Table 2) and with other
metal complexes with antimalarial activity.?® The binding
constants (K,) obtained for CQPQ-gold(l) hybrid, CQDP (chlor-
oquine diphosphate) and EB are shown in Table 2. The K, value
of our antimalarial gold(l) hybrid is similar than those listed or
those previously reported for antitumor metal complexes.®*=®

Table 2. Data obtained from different spectroscopic and analytical
methods for DNA interaction with compounds.

Property EB cQbpP [AuCQPQIPF,
absorbance® (&1 nm) 286 340 342
hypochromism® (£02%)  67.1% 19.5% 37.5%

Ky x 10° (M) 1334£002 10194015  1.19+£0.02
K, x 105 (M~1)®? - 3114029 0124001

[a] Absorbance measurements. [b] Fluorescence measurements.
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The constant is in the same range as that of the similar
compound [Au(CQ)(PPh;)]PF, reported by us, that shows an
antimalarial activity superior to the CQDP (chloroquine diphos-
phate) specifically in resistant strains* the values of the
constant are in the same range. Given all these results, some
reversible interactions, such m-m stacking, and interaction
dipole or hydrogen bridging appear to be taking place.

Additional information to explore the CQPQ-gold(l) hybrid-
DNA interactions was collected from the viscosity measure-
ments; these studies were performed using an Osward
viscometer. The hydrodynamic behavior of DNA, specifically in
the presence of small molecules (metallodrug) in different ratios
[compound]/[DNA], can be examined through the changes in
the viscosity of DNA, which is associated with the modes of
binding. This can be distinguished effectively, as covalent and
noncovalent binding modes display different hydrodynamic
characteristics. Noncovalent interaction such as intercalators
induce extension and unwinding of the DNA backbone, while
for noncovalent major and minor groove binding compounds
cause little or no distortion to the DNA.®” The results for CQDP
and CQPQ-gold(l) hybrid with DNA are shown in Figure 3B.
Chloroquine increased the relative viscosities of DNA, acting
predominantly as intercalate compound,’”*® what was already
expected, once free CQ intercalates into DNA.”¥ CQPQ-gold(l)
hybrid slightly increased the relative viscosity of the DNA at
lower [compound]/[DNA] ratio, but at higher ratio only small
variations of the relative viscosity of DNA were observed. The
analyses of this data suggest that our metallic hybrid can
interact with the DNA by reversible binding, and it can interact
by intercalation or minor groove interaction with DNA. The
mode of binding could be concentration dependent.®

In view of the results of the viscosity studies, the effect of
interaction between the [AuCQPQ]PF, hybrid and DNA was also
investigated using ethidium bromide as a fluorescence probe.
EB emits intense fluorescence in the presence of DNA because
of the strong interaction between the adjacent base pairs of
DNA (K, =1.4x10° M~").“ The [AuCQPQIPF, does not show any
significant fluorescence at room temperature in the presence or
absence of CT DNA, when excited at 471 nm. Furthermore, the
addition of the CQPQ-gold(l) hybrid to a solution containing EB
alone does not provoke quenching of free EB fluorescence and
appearance of any new peak in the spectra. Therefore, any
changes observed in the fluorescence emission spectra of a

© 2020 Wiley-VCH GmbH
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solution containing the EB-DNA system at 471 nm when adding
the metallic hybrid is because of the ability of the compound to
interfere with the EB-DNA system. The addition of [AuCQPQIPF,
at different Cb/[DNA] ratio to the EB-DNA system, decreases the
intensity of the emission band at 607 nm (Figure 3C). This
demonstrates the moderate interaction of the compound with
the EB-DNA system, possibly due to the displacement of EB
resulting in fluorescence quenching.

According to the Scatchard equation,“" a plot of r/C; versus
r gave K, values of (0.12+0.05)x10° and (3.1140.09)x 10° M
from the fluorescence data for the CQPQ-gold(l) hybrid and
CQDP respectively, showing a possible displacement of EB
similar to other metal complexes with reported biological
activity."**¥ This displacement can indicate intercalation or
minor groove interaction.”™*¥ The results also show that the
DNA-binding affinity of CQPQ-gold(l) hybrid is mild, which
agrees with the results obtained from electronic absorption
spectra and viscosity measurements.

We also evaluated this interaction with the DNA by gel-
electrophoresis, where the presence of interaction is deter-
mined through the variation of the electrophoretic mobility of
the DNA. The pBR322 plasmid, is a supercoiled (SC) DNA, but it
can be converted into open circular (OC) or linear (L) when in
contact with some harmful agents. SC is the form that migrates
faster, L is intermediate and OC is the one with greater difficulty
to migrate in the agarose gel.®” The effect of the interaction of
CQPQ-gold(l) hybrid with the DNA plasmid on the variations of
the electrophoretic mobility of the DNA plasmid was examined.
The results obtained from this experiment (Figure S16) revealed
no significant changes in the electrophoretic mobility between
that of the free plasmid pBR322 and that with incubated with
CQPQ-gold(l) hybrid for 17 h. The hybrid ([AuCQPQ]PF,) does
not cleave the DNA supercoil and does not alter the tertiary
structure of the DNA under these conditions, suggesting that
the CQPQ-gold(l) hybrid interacts with the DNA in a non-
covalent manner, in the same way shown for metal-chloroquine
complexes.***¥

The in silico analysis showed that the CQPQ-gold(l) hybrid
binds to the minor groove of the DNA (Figure S17). The ligands
do not intercalate between the base pairs, but instead the CQ
moiety is hydrogen bonded to a phosphate group with distance
of 1.82 A, and the PQ ligand is twisted out from the minor
groove. The binding energy (AE,) calculated over 500 frames
from MD trajectory was —94.440.3 kcalmol™', ~85% due to
electrostatic interaction and ~15% from van der Waals
contributions. It is noted in Figure S17D that the DNA structure
maintains its structure close to the solid state with an average

[41

root mean square deviation (RMSD) of only 1.98 A. This is a
consequence of the weak ligand-DNA interaction, in agreement
with the experimental findings.

Collectively, our results suggest that our CQPQ-gold(l)
hybrid binds the DNA primarily through noncovalent interac-
tions through moderate electrostatic contacts at the minor
groove region and m-m stacking interactions between them
could also happen. Once the interaction of our metallic hybrid
was evaluated with the DNA, one of the important parasite
targets, we went further to validate our rational design of
[AuCQPQIPF, being a multitarget drug. The second identified
essential target (inhibition of 3-hematin formation) for malarial
parasite was evaluated and the results are shown in the
following section.

Heme as an important target for [AuCQPQ]PF;

Malaria parasites digest hemoglobin for their growth and to
replicate, however in this process heme is accumulated which is
toxic to the parasite. To avoid death, the parasite converts
heme into the insoluble and inert hemozoin crystals in its
digestive vacuole. This vital process for the parasite survival
stands out as a selective target to be attacked by the
antimalarial drug, in fact, this is the most accepted mechanism
of action of chloroquine."”

CQ have been shown to form adducts with Fe"PPIX"® and
consequently inhibiting the hemozoin formation. Converting
Fe"PPIX is a target for anti-malarial drugs. Therefore, the
interaction of CQPQ-gold(l) hybrid with ferriprotoporphyrin was
first evaluated by UV/Vis spectroscopic titration to determine
the association constant (logK) of the compound with Fe"PPIX,
and also to monitor the presence of perturbations in the Soret’s
band of porphyrin (402 nm) with increasing concentration of
the CQPQ-gold(l) hybrid. The observed logK for the CQPQ-gold
(1) hybrid (Table 3) was similar to CQ. The increasing concen-
tration of the metallic hybrid also caused a hypochromism of
65% (Figure 4). This result indicates that the CQPQ-gold(l)
hybrid interacts with ferriprotoporphyrin similarly to CQ and
metal-CQ complexes under same experimental condictions.®
As the CQPQ-gold(l) hybrid interacts with ferriprotoporphyrin, it
might have the ability to inhibit the B-hematin formation,
therefore we evaluated the capacity of the hybrid to inhibit -
hematin formation.

Synthetic p-hematin is identical to hemozoin (malaria
pigment).*? The inhibition of B-hematin formation by a simple
and cheap technique such as the Infrared spectroscopy, has

Table 3. Interaction with hemin, inhibition of $-hematin formation and lipophilicity studies.

Interaction with hemin

Inhibition of $-hematin formation

Lipophilicity studies

Compound logK IR HAly, (mM) in buffer HAI, (mM) at interface® logD (pH 5.1) logD (pH 6.9)
0.14+0.06 (1,3) 0.71+0.08 (4) + —-2.0 0.98

cQ 4,99+0.01 + 0.114+0.03 (1) 2.82+0.09 (1) —1.53 0.38

PQ n.d.” - —0.41 2.0

HAl;, is the drug-to-hemin ratio required to inhibit 50% of heme aggregation against a control experiment in the absence of drugs. [a] pH~5. [b] Not
detectable. [c] After 24 h of reaction. [d] After 2 h of reaction. Values in parentheses are the relative activity with respect to CQDP.
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2.0+ In order to obtain quantitative data for the heme aggrega-

184 o l tion inhibition activity (HAIA) of [AuCQPQ]PF,, a set of experi-

" ... ments were performed in acetate buffer and also at the

\ A ., interface of n-octanol/aqueous buffer; the results were then

1.4 i M compared to those for CQDP as control. The ICy, value

1.2 L S R e W measured for CQPQ-gold(l) hybrid in acetate buffer at pH5

2 10 Concentration complex indicates that the metallic hybrid is able to inhibit the heme

< % aggregation process and displays an activity very similar to that
8 of CQDP in these conditions.

Subsequently in another experiment with more realistic
conditions using the interfaces of n-octanol/water where the f3-
hematin assembles rapidly and spontaneously, following an

- adaptation of the procedure described by Egan et al.*? and also

T
400 500
Wavelength (nm)

Figure 4. Spectroscopic titration of ferriprotoporphyrin with the CQPQ-gold
(I) hybrid. Conditions: 40% DMSO, pH 7.5 and [CQPQ-gold(l) hybrid]
=0.02 mM.

been well documented by Egan et al.*” thus, this method was
utilized in the present work for evaluating if our [AuCQPQ]PF is
able to inhibit 3-hematin formation.

B-Hematin is a dimer of Fe"PPIX, where the ionized heme-
propionate side chain of one Fe"PPIX coordinates to the Fe of
the other, characterized by two bands in the infrared spectrum:
1663 cm™' from C=0 and 1210cm™' from C-O stretch of
carboxylate group coordinated to the Fe" center.”" Knowing
that CQ inhibits the hemozoin formation, we first investigated
the qualitative inhibition of 3-hematin formation by our metallic
hybrid in solid state, using FTIR spectroscopy to characterize
the reaction products. The resulting IR spectrum (Figure 5)
shows no IR bands corresponding to C=0 and C-O stretch,
while these bands are present for primaquine (negative control)
and absent for CQ (control positive) indicating that our metallic
hybrid inhibits f-hematin formation in a similar manner to
CQ.[SO]

Contro
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Figure 5. FTIR spectroscopic characterization of the inhibition of 3-hematin
formation by chloroquine, primaquine, CQPQ-gold(l) hybrid and the control.
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reported by Sanchez-Delgado etal.” At this interface, the
[AuCQPQIPF, is significantly more potent than CQDP for
inhibiting heme aggregation near the interface, more interest-
ing, this result is similar to [Au(CQ)(PPh,)IPF, reported by us.*”
These results suggest that the CQPQ-gold(l) hybrid shows anti-
plasmodial activity similar to CQDP in sensitive strains, while in
resistant strains enhanced activity, to avoid resistance, as was
observed for other metal-CQ complexes with antimalarial
activity, for example [RuCl,(CQ)1,,*® [Au(CQ)(PPh,)IPF*? or Au
(cQcn.t

In silico study of interaction of CQPQ-gold(l) hybrid with P.
falciparum thioredoxin reductase (PfTrxR) enzyme

Molecular modeling techniques were applied to gain some
molecular insights on the [AuCQPQIPFs—PfTrxR binding mode.
The first approach was to perform a docking study in order to
select representative poses for ligand-enzyme complex (see
Figure S18 and the related discussion). Docking results are
semi-quantitative only and more accurate potential need to be
used to expand and quantify the analysis. This was done by MD
simulation, in which the ligand-enzyme structures obtained
from the docking study were used as starting point for MD
simulation.

There are two equivalent binding sites in the enzyme, but
just one ligand was considered as docked at the site formed by
the C-terminal of monomer 2 and N-terminal of monomer 1.
Overall, the structure of the enzyme does not change signifi-
cantly due to the ligand binding, as shown by the RMSD values
along the MD trajectory in Figure ST9A. When the root mean
square fluctuation (RMSF) data are compared in Figure S19B we
noted that the enzyme structure becomes more rigid (lower
values of RMSF) in the ligand-enzyme complex in Pose 1 and 2
and more flexible in Pose 3 (higher values of RMSF). For the last
Cys in the C-terminal motif (Cys540 in the original PDB
numbering or Cys1007 in the current numbering scheme), the
RMSF drops from 6.36 A (free protein) to ~3 A (Poses 1 and 2)
and to 4.9 A (Pose 3). An important parameter in these poses is
the S(Cys540)—Au distance, which must be short enough to
allow the approach of Cys540 by the metal center. The distance
varies along the MD trajectory and the average values are (in
A: 11+1 (Pose 1), 7.5£0.7 (Pose 2) and 6.0+0.9 A (Pose 3).
These results suggest that the CQPQ-gold(l) hybrid and S(Cys)
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in Poses 2 and 3 are close enough to bind, and this state could
be viewed as a pre-reactive arrangement, representing the
Michaelis-Menten type complex.*¥

The [AuCQPQIPF,—PfTrxR binding modes are visualized in
the snapshots of Figure 6 (Pose 2 - the most stable) and
Figure S20 (Poses 1 and 3).

Only one frame is represented in Figure 6 and S20, which
does not totally reflect the ligand-enzyme average contact
throughout the entire MD trajectory, however, some important
residues, which are in close contacts with the ligand, are
highlighted and labeled. In Figure S21 A-C the total number of
contacts calculated along the MD trajectory is plotted for every
residue in the protein. Pose 1 (Figure S20A, C) is found deep
inside the binding site (close to the N-terminal motif). Pose 2
(Figure 6) and Pose 3 (Figure S20B, D) are similar to each other,
with contacts preserved in the a-helix including Phe106 and
Ser103. Pose 2 (Figure 6) also showed some significant inter-
actions between the ligand and Asp897 (weak H-bond =2.47 A)
and Lys999 (weak H-bond =2.35 A) residues. Unlike in Pose 1, in
Poses 2 and 3, the C-terminal cysteines are close to the ligand

GLY
1600
RSN
MET 697
K 108
A
102 o
LEU
Cys 104
1007

LYs
959

Figure 6. Binding mode of the CQPQ-gold(l) hybrid and PfTrxR enzyme
obtained from MD simulation in aqueous solution (Pose 2). A) 2D diagram
representing the main residues in contact with the ligand. B) 3D structure of
the drug-receptor complex. C) Enzyme van der Waals surface with colors
representing the frequency of drug-receptor contacts (scale: red: 60, white:
30, and blue: 0).
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and these contacts are frequent in the MD trajectory (Fig-
ure S218B, C).

The binding energy was calculated from MD trajectory using
the MMGBSA approach where 250 frames evenly spaced in
time. The values are given in Table S1 which includes the
overall binding energy and the individual contributions. Using a
more accurate approach, Pose 2 was predicted as the most
stable among those tested, followed by Pose 3. The Pose 1 was
the least stable according to the MMGBSA. The values in
Table ST show that the VDW energy contribution is dominant
and drives all binding processes, being more pronounced for
the most extended ligand forms, which have a large contact
surface with the enzyme. Summing up, the MD predicted the
Pose 2 (Figure 6) as the most favorable binding mode, being
the ligand-enzyme interaction driven mainly by the van der
Waals contribution. Moreover, in Pose 2 the Cys540 at the C-
terminal was at 7.5 A on average apart from the Au center
suggesting a pre-reactive arrangement necessary for enzyme
inhibition. Our molecular modeling predicted that CQPQ-gold(l)
hybrid complex can bind to the PfTrxR enzyme at the C-
terminal motif where the ligand assumes an extended con-
formation with the Au center close to the Cys540. This
arrangement is represented by Pose 2 (Figure 6) and might be
viewed as the Michaelis-Menten complex prior the ligand
exchange reaction. A detailed view of Pose 2 binding mode is
represented in Figure 6C where we see the CQ moiety inside
the binding site (in red) and the PQ ligand outside the interface
tunnel (in blue). This suggests a primary role of CQ ligand to
bind effectively to PfTrxR, which is an important finding to
design new and potent hybrid complexes as inhibitors of
PfTrxR.

Lipophilicity studies

Table 3 shows the distribution coefficients (log D) for the CQPQ-
gold(l) hybrid at pH5 and 6.9, calculated by logD=Ilog
[compound in n-octanoll/[compound in water]. LogD <0
suggest that the compound is more hydrophilic, logD >0 more
lipophilic and logD=0 that it has the same affinity for both
phases.®™ Based on the logD values obtained for [AuCQPQIPF,,
it is noticeable that this compound presents similar behavior to
CQ, that is, it is more hydrophilic at pH 5.1 and more lipophilic
at pH 6.9. This fact indicates that at the pH of the malarial
parasite vacuole (pH 5.1) the metallic hybrid accumulates in
aqueous phase so it can act as a good antimalarial agent.

Biological studies of CQPQ-gold(l) hybrid molecule

The growth inhibitory ICs, values on the asexual blood stage of
P. falciparum were determined against CQ-susceptible 3D7 and
CQ-resistant W2 strains (Table 4). CQPQ-gold(l) hybrid presented
activity in low nanomolar range against the susceptible P.
falciparum strain 3D7, being almost as potent as CQ, and 1000-
folds more potent than PQ. Against the resistant P. falciparum
strain W2, CQPQ-gold(l) hybrid was at very least twice as potent
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Table 4. Cytostatic activity against the intraerythrocytic P. falciparum stage, mammalian cell cytotoxicity and selectivity indexes of compounds.

Compounds P. falciparum, ICsy £ S.D. [uM]@ Cells, CCsy+S.E.M. [uM]® Selectivity index!?
CQ-sensitive 3D7 CQ-resistant W2 1774 HepG2 3D7 w2
PQ 1.1173£0.05 0.1823+0.0189 24.6+1.05 25.4+2.65 22 135
cQ 0.018£0.00167 0.460+0.0174 51.5+1.86 ~80 2861 112
CQPQ-gold(l) hybrid 0.0277 +0.0039 0.166 +0.0257 20.9+1.05 214+75 753 126
AuCI(PPh,) >2.0 - 19.74 4.53 - -

[a] Determined 72 h after incubation with compounds. Values were calculated as mean of five independent experiments. [b] Determined 72 h after
incubation with compounds. Values were calculated as mean of at least two independent experiments. 1C;,=inhibitory concentration at 50%. CCso=
cytotoxic concentration at 50%. S.D.=standard deviation. S.E.M.=standard error of the mean. [c] Determined as CCs, (J774 cells) /ICs,.

as CQ and as potent as PQ. Regarding cell toxicity, CQPQ-gold(l)
hybrid presented a profile similar to PQ, being toxic in
concentration equal or above 20 uM. As a result, the selectivity
index of the metallic hybrid was similar to that of PQ and twice
lower than CQ. Based on this, it can be stated that CQPQ-gold(l)
hybrid has conserved the potency of CQ against the susceptible
strain, and equally important, also retained the beneficial profile
of PQ against the resistant strain of P. falciparum. Moreover, the
evaluation of the interaction between these compounds and
the red blood cells at 20 uM concentration, equivalent to 1000-
fold of the IC5, of CQPQ-gold(l) hybrid, the hemolysis was at
10% indicating no interaction with red blood cells at the
proposed treatment concentration and presenting an accept-
able safety profile (Figure $22).

After having ascertained the activity of the metallic hybrid
at the blood stage, the growth inhibitory ICs, values on the liver
stage using P. berghei sporozoites-infected Huh-7 cells were

Table 5. Antiparasitic activity of compounds in inhibiting of P. berghei-
sporozoite development in Huh-7 cells.

Compounds Sporozoites-infected cells, Cells, CCsy £ S.E.M.
ICso 4 S.D. [uM]™ [umy®
1774 HepG2
PQ ~10 246+£1.05 2544265
cQ ~15 51.5+£1.86 ~80
CQPQ-gold(l) 0.63£0.07 209+1.05 214+£75
hybrid

[a], [b] See footnotes in Table 4.

—_—
8+

Parasite burden/ 20 cells

Untreated CQPQ-gold(l) PQ
Hybrid

Compound (500 nM)

Figure 7. Quantification of parasite burden in the P. berghei sporozoite-
infected Huh-7 cells. *p <0.01 (one-way ANOVA).
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determined (Table 5; Figure 7). In this parasite stage CQ has a
very weak potency, while PQ has moderate. In contrast, CQPQ-
gold(l) hybrid has been shown to be very potent, approximately
10-fold more than PQ. The enhanced potency of the CQPQ-gold
hybrid at the liver stage in comparison to PQ led us to analyze
the course of infection and the profile of parasite morphology
following treatment (Figure 8). To this end, Huh-7 cells were
infected with P. berghei sporozoites and treated with PQ or with
CQPQ-gold(l) hybrid. After 24 h of treatment, parasites were
imaged by transmission electron microscopy (TEM) and parasite
burden as well as morphology were analyzed. In comparison to
the untreated parasite control, the treatment with PQ and with
the CQPQ-gold(l) hybrid at the same concentration reduced the
parasite burden. This reduction induced by our metallic hybrid
was approximately twice greater than by PQ. The course of
infection imaged by TEM revealed that in comparison to
uninfected Huh-7 cells, which typically exhibited large and
intact nuclei, untreated infected cells presented fragmented
nuclei and a number of schizonts surrounding cell membrane
as well as being released. A close inspection of the morphology
revealed that PQ treatment was able to delay the course of
infection, where most the Huh-7 cells presented parasites
arrested in the transition from sporozoites into schizonts. The
treatment with the metallic hybrid resulted in the most efficient
delay in the course of infection, where most of the Huh-7 cells
presented parasites arrested in the sporozoite stage. It can be
concluded that the hybrid acts on liver stage in a manner

PQ cQPQ-gold(l) hybrid
500 niv

500 nW
i

Figure 8. Transmission electron microscopy micrographs of Huh-7 cells,
uninfected or infected with P. berghei sporozoites with no treatment or
treated with primaquine or the CQPQ-gold(l) hybrid. Uninfected Huh-7 cells
typically exhibited large and intact nuclei. Untreated infected cells presented
fragmented nuclei and a number of schizonts surrounding the cell
membrane, as well as being released. Huh-7 cells after treatment with
CQPQ-gold(l) hybrid at 500 nM concentration 24 h post-infection have intact
nuclei and healthy morphology (black arrow). Cells treated with primaquine
under the same conditions presented diffuse parasites without a delimited
membrane (red arrow). Scale bars: 2 pm.
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similar to PQ, and it blocks the transition of sporozoites into
schizonts, but with a superior potency. Considering that PQ is
extensively metabolized that explains its modest activity on
liver stage*® the enhanced potency of the CQPQ-gold(l)
hybrid is likely due to the presence of the gold atom attached
to PQ, which either affects the undesirable metabolism or
enhance the PQ uptake.

After demonstrating the potency of the CQPQ-gold(l) hybrid
against the parasite on both the blood and liver stages, we
tested its efficacy against malaria in mice experiments. In the
Peters suppressive test of parasitemia the metallic hybrid
presented strong efficacy in reducing parasitemia and increas-
ing mice survival when applied at the highest dose (33 pmol/
kg). The same dose of CQ cured only 20% of the mice, while
the metallic hybrid cured 100%. The efficacy of the CQPQ-gold
(I) hybrid in curing mice was greater than PQ at a twofold dose,
meaning that it is higher than CQ or PQ alone to confirm this
finding, an experimental group also received an equimolar
mixture of PQ and CQ (denoted here as CQPQ). The results
show that our metallic hybrid at 33 umol/kg dose was even
more effective in curing mice than CQPQ at dose of 66 pmol/kg
confirming that CQPQ-gold(l) hybrid has superior efficacy in
suppressing the onset of infection (Table 6).

Next, we assessed if CQPQ-gold(l) hybrid can demonstrate
efficacy in an established experimental infection setting
(Thompson test), where treatment is given for mice displaying a
patent parasitemia of 3-5% (Figure 9 A). In this experiment, the
treatment with hybrid at 49 pmol/kg dose significantly reduced
parasitemia and increased mice survival in comparison to
untreated infected group (vehicle). In contrast, a similar efficacy
was only observed with CQPQ at 66 pmol/kg dose, again
denoting the higher efficacy of the metallic hybrid than CQPQ
(Figure 9B and C; Table 7). The treatment with CQPQ-gold(l)
hybrid ([AuCQPQIPF,) proved to be efficacious in reducing
parasitemia and increasing survival of mice. However, it did not
cure mice for good, suggesting that a successful therapy of an
already established infection should also contain a fast-killing
antimalarial component.”” It is well-known that neither CQ nor
PQ is a fast-killing antimalarial agent.*® The observation from
the Thompson test results indicates that the enhanced potency
and efficacy of the CQPQ-gold(l) hybrid are not due to a rapid
rate-of-kill property enhancement.

Table 6. Efficacy evaluation of CQPQ-gold(l) hybrid in suppressing para-
sitemia in P. berghei-infected mice.

Compound Dose Inhibition Median Number of
umol/kg  parasitemia  survival  mice alive after
[mg/kg] [%]@ [days] 40 dpi [%]™
saline (vehicle) - - 20.3 0/15 (0)
cQ 33(11) >99 27 1/5 (20)
PQ 77 (20) >99 >41 3/5 (60)
CQPQ 66" >99 >41 4/5 (80)
[AuCQPQJPF¢ 33 (30) >99 >41 5/5 (100)
11 (10) 71.8+4.9 40 5/10 (50)
3.6 (3.3) 5+3.9 n.d. 0/5 (0)

[a] Values compared to vehicle group, errors are standard deviation. [b]
DPI=days post-infection. [c] Ratio of 1:1 of CQ and PQ, using 33 umol/kg
each.
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Figure 9. Evaluation of the efficacy of different compounds on P. berghei-
infected mice in an established infection experimental setting (Thompson
test). A) Experimental design of curative Thompson test, B) curve of para-
sitemia, and C) animal survival of P. berghei-infected mice. Parasitemia and
animal survival were measured by using an n=6/group. Error bars indicate
S.D. ***p < 0.01 (two-way ANOVA) versus vehicle group. DPI=days post-
infection.

Table 7. Survival evaluation of mice treated with compounds in an
stablished infection experimental (Thompson test).

Compound Dose Median surviv-  Number of mice alive after
[umol/kg]  al [days] 40 dpi [%]™

saline (ve- - 20 0/6 (0)

hicle)

cQrPQ™ 66 34 0/6 (0)

CQPQ-gold(l) 49 37 0/6 (0)

hybrid

[a] DPI=days post-infection. [b] Ratio of 1:1 of CQ and PQ, using 33 umol/
kg each.

Earlier the CQPQ-gold(l) hybrid demonstrated potent inhib-
ition of the B-hematin formation in aqueous phase, similar to
CQ, meanwhile, it was substantially more potent than CQ at the
aqueous/n-octanol interface. This pointed out that the hybrid
conserved the inhibition potency of CQ and that it displayed a
fine-tuned distribution along digestive vacuole. Because of its
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Figure 10. A) Experimental design, B) parasitemia, C) heme species, and summary of results (Table 8) from P. berghei-infected mice within 24 h of oral
treatment. In (B), parasitemia was determined by GFP signal using flow cytometry. In (C), heme species were quantified from the peripheral blood after mouse
euthanasia. Results show the pool of two independent experiments for n=3/group for each experiment. Error bars are mean and 95% Cl. *p < 0.05 (one-way
ANOVA and Newman-Keuls Multiple comparison test) between before versus after drug treatment. Hb, Hemoglobin; Hz, Hemozoin. Cl = confidence interval.

inhibitory effect on hemozoin biosynthesis, the CQPQ-gold(l)
hybrid demonstrated superior antimalarial potency and efficacy
on the blood stage, which is a hallmark of the CQ treatment.
This was investigated in P. berghei-infected mice by simulta-
neous monitoring of parasitemia and three heme species:
hemoglobin, free heme and hemozoin (Figure 10 A). These
experiments revealed that 24 h after administration of a single
subcutaneous dose of 33 umol/kg, CQPQ-gold(l) hybrid reduced
parasitemia by 55.0+8.7% and it was effective in impairing
hemozoin formation by 44.2+4.8% compared to untreated
mice (Table 8). The treatment with 66 pmol/kg, 2-fold the dose
of hybrid, showed that CQPQ did not reduce parasitemia, but it
did significantly reduce hemozoin by 50.2+10.0% (Table §;
Figure 10B and (). Concomitant to the decrease in the
hemozoin levels, both CQPQ and CQPQ-gold(l) hybrid increased

Table 8. Summary of results from P. berghei-infected mice after 24 h of
subcutaneous treatment.

Treatment Inhibition [%]® Free heme
[dose, pmol/kg] Parasitemia Hemozoin increase [%]®
CQPQ-gold(l) hybrid (33) 55.0+8.7 442+438 384+43
CQPQ (66) 0 50.2+10.0 444+79
[a] Compared to vehicle.
A) CQPQ-gold(l ) hybrid B) carPQ
10- &
e &
z .| Lo
: g 11
3 = &
i 2
Untreated 25 z_‘s G Umnat:d‘ 1000 ¥ 25

o

2

the levels of free heme, clearly showing that the treatment is
efficient in interrupting the biosynthesis of hemozoin.

Once we ascertained that the superior potency and efficacy
of CQPQ-gold(l) hybrid is in part due to its remarkable ability in
simultaneously reducing parasitemia and modulating hemozoin
formation, we investigated the effect of the primaquine
component of CQPQ-gold(l) hybrid on the antiparasitic activity
at the blood-stage. To this end, we determined the antiparasitic
activity in vitro in cultured P. berghei and estimated the binding
of compounds to reduced glutathione (GSH). We also inves-
tigated the ability of CQPQ-gold(l) hybrid and CQPQ combina-
tion to block or delay the maturation of P. berghei from rings to
schizonts with in vivo Peters and Thompson tests. The CQPQ-
gold(l) hybrid has reduced parasitemia by 50% at high and
moderate concentrations in comparison to the untreated, unlike
CQPQ which show potential on the rings only at fourfold
concentration (1000 nM) (Figure 11 A and B). Moreover, in
in vitro tests with P. berghei only CQPQ-gold(l) hybrid demon-
strated activity at the common concentrations among the
compounds (Figure 11 C). These findings suggest that the
coordination of CQ and PQ to a gold ion and the creation of
one single molecule is key to the enhanced antiparasitic activity
that has been consistently demonstrated in both in vitro and
in vivo models. It is likely due to the optimized pharmacody-
namics rather than optimized pharmacokinetics. Furthermore,

W CQPQ-gold(l) hybrid [ caorPa
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g
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@
]
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Figure 11. In vitro evaluation of the ability of CQPQ-gold(l) hybrid and CQPQ combination to block or delay of the maturation of P. berghei from rings to
schizonts and the binding of compounds to reduced glutathione. A) The hybrid and B) CQPQ were tested at different concentrations on rings of P. berghei.

C) The hybrid and CQPQ were tested at different concentrations, and the parasitemia was quantified; error bars indicate S.D. ***p < 0.0002 and **p < 0.001
(one-way ANOVA) for hybrid or CQPQ versus untreated group and hybrid versus CQPQ. D) CQ, PQ or hybrid binding was measured by interaction with GSH in

a cell-free assay.
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we also observed that, unlike CQ, the CQPQ-gold(l) hybrid and
PQ are able to interact with GSH in a cell-free assay (Figure 11
D), suggesting that the primaquine component of the metallic
hybrid plays an important role in the blood-stage antiparasitic
activity mediated by GSH depletion.

Conclusion

The novel CQPQ-gold(l) hybrid molecule synthesized in this
work is a multitarget drug that interacts with DNA, inhibits the
p-hematin formation, and also displays potent antiparasitic
activity and selectivity against two different stages of malaria,
the liver and the blood (asexual) stages. Regarding the liver
stage of P. berghei infection, the CQPQ-gold(l) hybrid presented
significantly better potency compared to PQ, while CQ was not
active at all. In the blood stage of infection, the CQPQ-gold(l)
hybrid was as potent against a sensitive P. falciparum strain as
CQ, and against a CQ-resistant strain it was as potent as PQ. In
the experimental malaria infection model, this metallic hybrid
exhibited superior efficacy to CQ and PQ and even to a
combination of both. This synergistic effect is in part explained
by the fact that the [AuCQPQ]PF4 hybrid successfully combines
the CQ ability to impair the hemozoin formation with the ability
to reduce parasitemia in a dose range where both quinolines
drugs are ineffective. In-silico assays suggested that [AuCQPQ]™*
interacts moderately with the DNA minor groove. In addition,
the binding mode of [AuCQPQ]™ with PfTrxR was also predicted
and showed the CQ portion within the interface cavity towards
the N-terminal region of the enzyme. Overall, the binding to the
enzyme was 1.2 times stronger than DNA binding, suggesting
the PfTrxR enzyme is a potential target for our CQPQ-gold(l)
hybrid, and that the CQ ligand essential for binding both
targets. Collectively, our data suggest that gold(l) linked to two
quinoline drugs (CQ and PQ) explains the observed improved
potency and efficacy, a feature which cannot be observed when
only CQ and PQ are given together. The findings are in support
of the idea that CQPQ-gold(l) hybrid presents more potential in
the antimalarial intervention than in a combined therapy.

Experimental Section

Materials and methods

All reactions were made using Schlenk techniques®™ and the
solvents were distilled using the appropriate distilling agents.® All
reagents were used as received with no further purification. The
extraction of chloroquine base and PQ base from their diphosphate
salts were performed according to the literature.”” The THT-Au—Cl
was synthetized as described in the literature.®” The NMR spectra
were obtained at 298 K in [Dg]DMSO solution employing a Bruker
Avance Il HD 500 spectrometer, 9.4 T and the spectra were
calibrated using deuterated solvent. The IR spectra were obtained
in a Bruker Alpha FT-IR Spectrometer in the region of 4000-
400 cm™' with a spectral resolution of 4 cm™'. All UV/Vis experi-
ments were performed on UV-1800 Spectrophotometer Shimadzu
using quartz cuvettes. The mass spectroscopy experiments were
performed on an AXIMA Performance matrix assisted laser
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desorption/ionization time of flight (MALDI-TOF) from Shimadzu
Biotech, employing a nitrogen laser (..., =337 nm) for excitation in
an a cyano matrix. Elemental analyses were obtained in a Perkin
Elmer 2400 CHNS/O Series |l microanalyzer. The conductivity data
were obtained in a Meter Lab CDM2300 instrument and
fluorescence measurements were carried out using a Perkin Elmer
LS45 spectrophotometer with a pulse xenon lamp.

Synthesis

AuPQCI: A solution of primaquine (535 mg, 1.99 mmol) in dichloro-
methane was added to a solution of Au(THT)Cl (400 mg,
1.25 mmol) previously synthesized in dichloromethane, and the
solution remained in stirring for 2 h at 0°C. The solvent was
evaporated under vacuum and after diethyl ether addition, the
solvent was evaporated again and the complex was obtained as a
solid. The complex was washed with diethyl ether and dried under
vacuum.

[AuCQPQJPF,: (CQPQ-gold(l) hybrid): A solution of AuPQCI (153 mg,
0.31 mmol) in acetonitrile (10 mL) was added to NH,PF; (90 mg,
0.56 mmol) the mixture was stirred for 2 h. The solution was then
filtered through celite and added drop by drop in a solution of
chloroquine (127 mg, 0.40 mmol) in acetonitrile (10 mL). After 4 h
of agitation at 0°C, the solvent was evaporated and brown oil was
obtained. After washing by diethyl ether and evaporation, the
brown precipitated product was washed with three portions of
diethyl ether and dried under vacuum. Yield: 73%; Molar
conductivity in DMSO, A,,=39.18+£0.06 ohm 'cm”mol~". 'H NMR
((CD,),SO) ppm 8.54 (dd, J=1.5 Hz, 4 Hz, Hb); 8.35 (m, H2, H5); 8.07
(dd, J=8 Hz, J=1.5 Hz, Hd); 7.77 (d, J=2, H8); 7.42 (m, Hc,H6); 6.94
(d, J=7.5Hz, N2H); 6.52 (d, /=5 Hz, H3); 6.49 (d, J=2 Hz, Hg); 6.29
(d, J=2 Hz, He); 6.15 (NbH); 3.82 (s, Hl); 3.76 (m, H1); 3.67 (m, Ha’);
2.76 (m, Hd', H4', H5'); 1.57 (m, Hb’, Hc', H2’, H3"); 1.22 (m, Ha", H1");
1.05 (t, J=7 Hz, H6'); *C{"H} NMR ((CD,),SO) ppm 158.99 (Cf);151.75
(C2); 149.60 (C4); 149.07 (C9); 144.61 (Ci); 144.27 (Cb); 134.85 (Cd);
134.55 (Ch); 133.47 (C7); 129.61 (Cj); 127.30 (C8); 124.35 (C5);123.90
(C6); 122.15 (Cc); 117.47 (C10); 98.88 (C3); 96.29 (Ce); 91.73 (Cg);
55.01 (Cl); 51.31 (C4'); 47.41 (C1’); 46.81 (Ca'); 46.25 (C5); 39.51 (Cd');
32.75 (C2', Cb'); 24.01 (Cc'); 21.61 (C3'); 20.27 (Ca"); 19.83 (C1"); 9.80
(C6'). *'P{'"H} NMR PF,” ppm —144.2 (hep). IR v (N-H) 3634, 3211; v
(NH,) 3422, 3305; v (C=C) 1615; v(C=N) 1580; v (PF¢) 844; v(Au—N)
557. Apax NM in DMSO (g, M~ 'ecm™): 340 (11767). MS (MALDI) (m/z)
caled for [Au-PQ]*=456.14 [CQ+H]"=320.19; found 456.14;
320.15; elemental analysis calcd. (%) for Ci3H,AuCIFGN,OP.3/
2 C4H,40.3/2CH,CN: C 46.11, H 6.13, N 9.60; found: C 46.41, H 5.71, N
9.56.

Biotargets — metallic hybrid interaction studies

DNA as a target

Spectrophotometric titrations: Absorption titration experiments were
carried out by stepwise additions of the calf thymus DNA (CT-DNA)
solution (1.38 mM, in 5mM Tris-HCl, pH 7.54 and 50 mM NaCl
buffer) to the solution of each compound (0.4 uM) in DMSO,
recording the UV/Vis spectra after each addition. Native DNA
absorption was subtracted by adding the same amounts of CT-DNA
to the blank cell. The binding affinity (K,) was calculated from the
spectrophotometric data according to the equation.®

[DNA]

[DNA] 1
(c *

(€0 — &)  Kb(eo — &)

— &)
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Where [DNA] is the concentration of DNA in base pairs, &, is the
extinction coefficient of the observed absorption band at the given
DNA concentration (corresponding to A../[compound]), & is the
extinction coefficient of the free compound in solution, and g, is
the extinction coefficient of the compound when fully bound to
DNA. A plot of [DNAl/[e,—¢&] versus [DNA] gave a slope 1/[¢,—&]
and a y intercept of 1/K,[g,—¢&l. K, is the ratio of the slope to the
intercept.

Viscosity study: Viscosity measurements were carried out using an
Ostwald viscometer immersed in a water bath maintained at 25°C.
The DNA concentration in buffer Tris-HCl was kept constant in all
samples, however the [AuCQPQIPF; hybrid concentration was
increased from 0 to 147 uM. The flow time was measured at 3 times
with a digital chronometer and the value was expressed as the
mean. Data are presented as (17/7,)"* versus the ratio [complex]/
[DNA], where m and n, are the specific viscosity of DNA with the
metallic hybrid and alone, respectively. The specific viscosity values
were calculated using (t—t,)/t,, where t is the observed flow time
and t, is the flow time of buffer.

Competitive DNA-binding studies: Ethidium bromide displacement
assay was carried out essentially as per literature.®” The maximum
quantum yield for ethidium bromide was achieved at 471 nm; so
this wavelength was selected as the excitation radiation for all
samples at room temperature and in the emission range of 500-
750 nm. The CT DNA-EB complex was prepared by adding 50 uL EB
(1 mM) and 100 puL CT DNA (2 mM) in 5 mL of buffer (50 mM NaCl
and 50 mM trizma at pH 7.3). The influence of the addition of each
compound to the DNA-EB system solution was obtained by
recording the variation of fluorescence emission spectra. [AuCQPQ]
PF¢ hybrid did not exhibit emission in the presence of DNA and it
did not influence the emission intensity of the free EB in the
absence of DNA. Thus, the competitive DNA binding of the complex
with EB could provide an evidence for interaction of the metallic
hybrid with DNA base pairs. To quantify the affinity of the binding
of the studied compound to DNA, the intrinsic binding constant
(K,) of the compound to DNA were obtained using the equation.

r
az Kbx(n — r)

Cp = GUF—Fy)/(Frax—Fo)l; where C, is the total compound concen-
tration, F is the observed fluorescence emission intensity at a given
DNA concentration, F, is the intensity in the absence of DNA, and
Frmax is the fluorescence of the totally bound [AuCQPQ]PF, hybrid.
Binding data were graphed as a Scatchard plot of r/C; versus r,
where r is the binding ratio C,/[DNAlt, C; is the free [AuCQPQ]PF,
hybrid concentration and n is the number of binding sites.

Electrophoresis: For the DNA electrophoresis assays, 10 uL samples
of the pBR322 plasmid (20 pg/mL) were combined with the
[AuCQPQIPF¢ hybrid at different ratios (molar ratios of [AUCQPQ]PF
hybrid / DNA (Ri) 1-4) and then incubated for 18 h at 37°C. The
reaction was then quenched by the addition of NaCl (1 M) to give a
final chloride concentration of 0.2 M. Each sample (5 mL) was run
(100 V for 40 min.) on a 0.7% agarose gel with TBE 1X (0.45M
Tris-HCl, 0.45 M boric acid, 10 mM EDTA) and stained with ethidium
bromide. The bands were then viewed with a transilluminator and
the image captured using a camera CoolSnapHQ2 (BIO-RAD),
Universal HOOD Il model 30.

Heme as a target

Interaction with ferriprotoporphyrin (Fe"PPIX): The association con-
stant of [AuCQPQIPF; hybrid with ferriprotoporphyrin IX (hemin)
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was determined in 40% aqueous-DMSO as described previously.®”

The hemin stock solution (pH 7.5) were prepared with 3.5 mg of
hemin in 10 mL of DMSO and the solution of Fe"PPIX in 40%
DMSO, were prepared with 140 pL of this hemin stock solution,
5mL of distilled water, 3.86 mL of DMSO and 1 mL of 0.2 M Tris
buffer (Tris; Tris(hydroxymethyl)aminomethane). CQPQ-gold(l) hy-
brid solution was prepared in 40% DMSO and aliquots of this
solution was added to Fe"PPIX and blank solutions in order to
subtract the absorbance of the drug. The absorbance in Soret band
(402 nm) was measured in presence and in absence of complex
solution and the binding affinity was determined using the data
and the equation A=(A,+A.KIC])/(1+KIC]) for a 1:1 complexation
model using nonlinear least squares fitting, A, is absorbance of
Fe"PPIX, A_, is the absorbance of the gold drug-hemin adduct at
saturation and K is the association constant. The experiment
measurements were made in triplicate.’*®

Determination of inhibition of [(-hematin formation by infrared
spectroscopy: The evaluation of the conversion of hemin to f-
hematin was made as described by Egan et al.®® where 20 mg of
hemin and two equivalents of the compound of interest were
dissolved in 3 mL of 0.1 M NaOH solution and stirred for 30 minutes
at 60°C, then 0.3 mL of HCl 0.1 M solution and 1.7 mL of acetate
buffer (10 M, pH 5) were added at the same temperature. After
120 min the mixture was cooled on ice for 10 min, centrifuged and
washed with water to remove acetate salts. The solid was dried and
infrared spectra were obtained with KBr pallets. Primaquine and
chloroquine were used as negative and positive controls,
respectively.”””

Inhibition of 3-hematin formation in buffer and interface: The assay
of 1Cs, of the B-hematin formation in buffer was performed as per
Dominguez.®® Briefly, a solution of hemin (50 uL, 4 mM), dissolved
in DMSO, was distributed in 96-well microplates. The CQPQ-gold(l)
hybrid was dissolved in DMSO and added in triplicate in test wells
(50 pL) to final concentrations of 0-20 mM/well. Controls contained
water and DMSO. Hemozoin formation was initiated by the addition
of acetate buffer (100 uL of 0.2 M, pH 4.4). Plates were incubated at
37°C for 48 h to allow completion of the reaction and centrifuged
at 4000 RPM x 15 min. After discarding the supernatant, the pellet
was washed twice with DMSO (200 pL) and finally dissolved in
NaOH (200 pL, 0.2 N). The solutions were further diluted to 1:2 with
NaOH (0.1 N) and absorbance recorded at 405 nm. The results were
expressed as a percentage of inhibition of hemozoin formation.

B-Hematin formation at a water/octanol interface was followed
with a method modified by Martinez et al..”” Hemin was dissolved
in 0.1 M NaOH solution to generate hematin. Acetone was added
until the acetone to water ratio reached 4:6; the final solution
contained 15 mg hematin/mL. A sample of this solution (200 L)
was carefully introduced close to the interface between n-octanol
(2mL) and aqueous acetate buffer (5mL, 8 M; pH4.9) in a
cylindrical vial with an internal diameter of 2.5 cm. The mixture was
incubated at 37°C for 2 h, and at the end of the incubation the
product (B-hematin) was isolated by centrifugation. The pellet was
collected and washed twice with DMSO (2 mL), centrifuged again
for 20 min, washed with 2 mL of ethanol and then dissolved in
25 mL of 0.1 M NaOH for spectrophotometric quantification. For the
measurements of heme aggregation inhibition activity the appro-
priate amount of the CQPQ-gold(l) hybrid (23 mM in DMSO) was
dissolved; after stirring for 30 min to equilibrate the drug between
the two phases, the hematin solution was added close to the
interface and the procedure was followed as described above. All
experiments were performed in triplicate.
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Molecular modeling studies of the interaction of metallic
hybrid with P. falciparum thioredoxin reductase enzyme and
DNA

Quantum mechanical calculations: The 3D structure of [AuCQPQ]
PF¢ was estimated by density functional theory calculation. The
geometry was optimized in solution (using PCM approach) at
B3LYP/SDD(f)/6-31 + G(2df) level. The same computational pro-
tocol was successfully applied for Au' and Au" complexes in our
previous studies.®”® The vibrational frequencies were also
calculated at the very same level of theory and the force
constants estimated from the Hessian matrix using the Semi-
nario method,”® as implemented in the Visual Force Field
Derivation Toolkit (VFFDT) program.”” The final calculated
geometry was also used to predict atomic charges (at HF/ SDD
(f)/6-31+G(2df) level) and 'H and C NMR chemical shifts
relative to TMS standard (at B3LYP/SDD(f)/6-31 + G(2df) level).
All calculations were carried out in the Gaussian-09 Rev. D.01
program.”®

Molecular docking studies: Firstly, the interaction of [AuCQPQ]
PFs with the P. falciparum thioredoxin reductase was analyzed.
The PDB code 4J56 crystal structure was reported?? for the
mutant PfTrxR“**, which was reconstructed for the native form
with Cys535 at the C-terminal motif. The enzyme structure is a
homodimer containing 1008 residues (monomer 1: 1-504 and
monomer 2: 505-1008-numbering scheme used in our edited
structure) and two FADH, molecules. The goal of the present
molecular modeling study was to predict and quantify the
binding mode between [AuCQPQ]PF, and the PfTrxR enzyme.

Molecular docking studies were conducted in order to obtain
some ligand-enzyme structures. The protocol was applied as in
our previous papers for docking Au complexes in TrxR
enzyme,”*”? but with an update in the parameters file of the
GOLD program® to account for gold atom (Atom type=Au,
van der Waals radius=1.51 A, K value=0.1, lonization poten-
tial=20.521 eV, Polarizability=0.0, Atomic weight=196.97,
Formal charge=1.0, Geometry=CO (coordinated metal ion),
Number of neighbors=0. The Au was defined as donor (D) with
coordination number 2 and 4 and coordination distance of
2.29 A. The maximum hydrogen bond energy was set to —15 to
—10 kcalmol™' (same as Zn). The remaining parameters needed
were set as for Zn (available in the original program).

The CHEMPLP function® was defined for scoring, and the
docking searching used 100 GA runs setting to 200 % of search
efficiency. The C-terminal (Cys535 and Cys540; PDB numbering
scheme) and N-terminal (Cys88 and Cys93; PDB numbering
scheme) residues were used to define the centroid of the
binding site (Figure S23A). The searching space covered a
sphere of 15 A around the centroid that included most of the
interface cavity (Figure S23B).

Two different docking protocols were applied. The first one was
carried out without any constraint and 100 ligand-enzyme
poses were generated. In the second docking protocol, the
same binding site definition was considered but the distance
between S(Cys540; PDB numbering scheme) and Au was con-
strained within a 1.5-3.5 A range. Technically, this means that if
the S—Au distance is out of the boundaries the score is
decreased by an amount proportional to the difference. This
was done based on the most probable action mechanism of Au
complexes as inhibitor of TrxR,*® which passes through
reaction of Au complex with Cys in the C-terminal motif.

Similar protocol was applied for the docking study of [AuCQPQ]
PFs hybrid with the DNA. The structure of B-DNA dodecamer
was taken from PDB ID: 1BNA.®? The docking was performed

ChemMedChem 2020, 15, 1-18 www.chemmedchem.org

over the entire DNA structure by defining the searching space
as a 30 A sphere centered at the geometric center of structure.
In that way the minor and major grooves were mapped. The
CHEMPLP scoring function was used to rank the 100 selected
poses.

Molecular dynamics simulation: In order to improve the docking
studies, the best selected poses were submitted to molecular
dynamics (MD) simulations. The first step was to parametrize
the classical potential GAFF2®® for the gold coordination
sphere. These parameters include atomic charges for all atoms,
bond and angle force constants involving the first and second
coordination spheres (Table S2) and van der Waals parameters
for Au atom. Atomic charges were calculated at quantum
mechanical level as described previously, but at Hartree-Fock
(HF) level instead of B3LYP. The force constants were obtained
at B3LYP level and for the van der Waals parameters the values
adjusted for cisplatin (a Pt" complex) were used as described in
our previous publication.®™ The remaining parameters are
available in the GAFF2 as implemented in the Amber
package.” The force field ff14SB® was used for the enzyme
and the TIP3P model for solvent. For DNA, the OL15 force
field®” was used. The system containing the [AuCQPQIPF, and
PfTrxR enzyme (or the DNA dodecamer structure) (in distinct
docking modes) was neutralized and immersed in a solvent box
containing ~36000 water molecules (~7000 for DNA). The MD
protocol involved the following steps: i) optimization of the
solute, keeping the solvent molecules fixed; ii) optimization of
the entire system; iii) NVT heating up to 310.0 K for 500 ps long;
iv) NPT density equilibration for 1ns long and v) NVT
production for 100 ns long. Only the production phase data
(considering the system in thermodynamic equilibrium) were
analyzed and used to calculate the interaction properties.

Distribution coefficient (D)

The water/n-octanol distribution coefficients were determined
by the stir-flask method,®* water-saturated n-octanol and n-
octanol-saturated water were prepared by shaking equal
volumes of n-octanol and water for one week and allowing the
mixture to separate into the respective phases. A UV/Vis
calibration curve for [AuCQPQ]PF4 hybrid in n-octanol-saturated
water in the 2-50 pM range was prepared. A mixture of 10 mL
n-octanol and 10 mL water (each saturated in the other) was
stirred for 1 h at 37°C, after adding the sample to be analyzed.
Once equilibrium was reached, the organic and aqueous phases
were separated and centrifuged. Finally, the concentration of
[AuCQPQIPF¢ in each phase was measured spectrophotometri-
cally to determine values for logD=log[drug in n-octanol]l/
[drug in water]. Experiments were carried out three times.””

Biological studies of metallic hybrids

In vitro antimalarial activity: The two strains, one of which is
3D7, the CQ-susceptible strain (isolated in West Africa; obtained
from MR4, VA, USA), and the other is W2, the CQ-resistant strain
(isolated in Indochina; obtained from MR4, VA, USA), were
maintained in culture in Roswell Park Memorial Institute
medium (RPMI 1640, Invitrogen), supplemented with 10%
human serum (Abcys S.A. Paris, France) and buffered with 25
mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
and 25 mM NaHCO;. Parasites were grown in A-positive human
blood (Etablissement Frangais du Sang, Marseille, France) under
controlled atmospheric conditions that consisted of 10% O,,
5% CO, and 85% N, at 37 °C with a humidity of 95 %.
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The two strains were synchronized twice with sorbitol before
use,”" and clonality was verified every 15 days through PCR
genotyping of the polymorphic genetic markers msp1 and
msp2 and microsatellite loci.®**3

Chloroquine and primaquine were re-suspended in water in
concentrations ranging between 3.2 to 3231 nM and 3.9 to
20 uM, respectively. [AuCQPQ]PF, was resuspended in DMSO
and then diluted in RPMI/DMSO (99:1, v/v) to obtain final
concentrations ranging from 3.9 to 20.1 pM.

For in vitro isotopic microtests, 25 uL/well of anti-malarial drug
and 200 plL/well of the parasitized red blood cell suspension
(final parasitemia, 0.5%; final hematocrit, 1.5%) were distrib-
uted into 96 well plates. The plates were incubated for 72 h at
37°C in controlled atmosphere at 85% N,, 10% O,, 5% CO.,.
After thawing the plates, hemolyzed cultures were homogen-
ized by vortexing the plates. The drug susceptibility assay was
performed using the HRP2 ELISA-based assay Malaria Ag Celisa
kit (ref KM2159, Cellabs PTY LDT, Brookvale, Australia) as
previously described.® The concentration at which the drugs
were able to inhibit 50% of parasite growth (IC5) was
calculated with the inhibitory sigmoid E,,, model, with
estimation of the IC5, through nonlinear regression using a
standard function of the R software (ICEstimator version 1.2).
ICs, values were validated only if the OD ratio (OD at
concentration 0/0D at concentration max) was greater than 1.6
and the confidence interval ratio (upper 95% confidence
interval of the IC;, estimation/lower 95 % confidence interval of
the ICg, estimation) was less than 2.0. IC5, are expressed as
means of 5 experiments.

Cell toxicity: In 96-well plates, HepG2 or J774 cells were seeded
((4.0x 104 in 100 pL per well) of RPMI and Dulbecco’s modified
Eagle’s medium (DMEM), respectively. Drugs were added 24 h
later in a volume of 100 pL of medium and the plates were
incubated for 72 h at 37°C and under 5% CO,. Drugs were
tested in seven concentrations (1.25-80 uM), each one in
triplicate. Doxorubicin chloridrate (Eurofarma, Sdo Paulo, Brazil)
was used as positive control, while untreated cells were
employed as negative controls. Bioluminescence readings were
performed using Filtermax™ F3 & F5 Multi-Mode instrument
(Molecular Devices) using the kit CellTiter-Glo® (Promega).
Mean CC,, values were calculated using data from three
independent experiments.

Hemolysis assay: Fresh uninfected human O™ erythrocytes were
washed three times with sterile phosphate-buffered saline
(PBS), adjusted for 1% hematocrit and 100 pL dispensed in a
96-well round bottom plate. Then, 100 uL of drugs previously in
DMSO and suspended in PBS were dispensed in the respective
wells. Each drug was tested in seven concentrations (0.312-
20 uM), assayed in triplicate. Untreated cells received 100 pL of
PBS containing 1% (v/v) DMSO (negative control), while positive
controls received saponin (Sigma-Aldrich) at 1% v/v. Plates
were incubated for 1 h at 37°C under 5% CO,. Plates were
centrifuged at 1500 rpm by 300g for 10 min and 100 pL of
supernatant were transferred to another plate, in which
absorbance at 540 nm was measured using a SpectraMax 190
instrument. The % of hemolysis was calculated as follow:
[(mean sample absorbance—mean negative control absorb-
ance/mean positive control absorbance—mean negative control
absorbance)]x 100, and plotted against drug concentration
generated using GraphPad Prism 5.01. Two independent experi-
ments were performed.

Activity against P. berghei liver stage: The transgenic P. berghei
parasites expressing green fluorescent protein (GFP) and firefly
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luciferase (Luc), (PbGFP-Luccon, parasite line 676 m1cl1) were
freshly obtained through disruption of salivary glands of
infected female Anopheles stephensi mosquitoes. Human hep-
atoma cell line Huh-7 was cultured in complete RPMI (RPMI-
1640 medium supplemented with 10% (v/v) fetal bovine serum,
1% (v/v) nonessential amino acids, 1% (v/v) penicillin/strepto-
mycin, 1% (v/v) glutamine, and 10 mM HEPES). Inhibition of
hepatic infection was determined by measuring the lumines-
cence intensity in Huh-7 cells infected with the firefly lucifer-
ase-expressing P. berghei parasites as previously described.”"
Briefly, for infection assays, Huh-7 cells (1.0 x 10* per well) were
seeded in 96-well plates one day before drug treatment and
infection. The medium was replaced by medium containing the
appropriate concentration of each compound, approximately
1 h prior to infection with sporozoites. An amount of the DMSO
solvent equivalent to that present in the highest compound
concentration was used as control. Sporozoite addition was
followed by centrifugation at 1800xg for 5 min. Parasite
infection load was measured 48 h post infection by a bio-
luminescence assay (Biotium, Hayward, CA, USA). The effect of
the compounds on the viability of Huh-7 cells was assessed by
the AlamarBlue assay (Life), using the manufacturer’s protocol.

Transmission electron microscopy of P. berghei liver stage: Huh-7
cells (1.0x10° per well) were seeded in 24-well plates. After
drug treatment for 1h, cells were infected with fresh spor-
ozoites. After 24 h of incubation, cells were removed using
trypsin, washed twice in PBS, then fixed with 2% formaldehyde
and 2.5% glutaraldehyde (Electron Microscopy Sciences, Hat-
field, PA, USA) in sodium cacodylate buffer (0.1 M, pH 7.2) for
40 min at room temperature. After fixation, cells were washed 3
times with cacodylate buffer and post-fixed with a 1.0%
solution of osmium tetroxide containing 0.8% potassium
ferrocyanide (Sigma-Aldrich) for 1 h. Cells were subsequently
dehydrated in increasing concentrations of acetone (30, 50, 70,
90 and 100%) for 10 min in each step and embedded in
Polybed resin (PolyScience family, Warrington, PA, USA). Ultra-
thin sections on copper grids were contrasted with uranyl
acetate and lead citrate. Micrographs were taken using a JEM-
1230 microscope (JEOL, Peabody, MA, USA).

Animals, parasites and reagents: Male Swiss Webster mice (18-
22 g) were housed at Instituto Gongalo Moniz (Fiocruz, Bahia,
Brazil), maintained in sterilized cages under a controlled
environment, receiving a rodent balanced diet and water ad
libitum. All experiments were carried out in accordance with
the recommendations of Ethical Issues Guidelines and were
approved by the local Animal Ethics Committee (protocol
number 02/2016). P. berghei expressing GFP was obtained as
previously described®” and kindly supplied by Prof. Antoniana
Ursine Krettli (IRR/Fiocruz). Mitotracker™ deep red FM was
purchased from Life Technology, ketamine and xylazine were
purchased from Syntec (Sao Paulo, Brazil).

Suppressive activity (Peters test): Male Swiss Webster mice (18-
22 g) were infected by intraperitoneal injection of 1x 10’ GFP-P.
berghei-infected erythrocytes per mouse and randomly divided
into groups of n=5. Each compound was solubilized in
propylene glycol/saline (20:80, v/v) prior to administration and
treatment was initiated 24 h post infection and given once a
day for four consecutive days by subcutaneous injection of
100 pL into the skin over the neck. Untreated infected mice
receiving propylene glycol/saline (20:80, v/v) were used as
negative control (vehicle). Parasitemia was determined by flow
cytometry using GFP signal and co-staining with Mitotracker™
deep red FM (33 ng/mL), animal survival was observed daily
until 40 days post-infection. The % of parasitemia reduction was
calculated as follow: [mean vehicle group—mean treated
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group/mean vehicle group]lx 100. Experiments were independ-
ently repeated for drug doses which inhibited >80% the
parasitemia.

Curative activity (Thompson test): Male Swiss Webster mice (18-
22 g) were infected by intraperitoneal injection of 1x10” GFP-
P. berghei-infected erythrocyte. Mice with parasitemia between
3-5% were randomly divided into groups of n=6 and treat-
ment was performed daily for three consecutive days by
subcutaneous route. Untreated infected mice receiving
propylene glycol/saline (20:80, v/v) were used as a negative
control (vehicle). The following parameters were evaluated:
parasitemia counted at days 7, 9, 11 and 14 post-infection and
45 days post-infection animal survival. One experiment was
performed.

Schizont maturation assessment: Male C57BL/6 mice (18-22 g)
were infected by intraperitoneal injection of synchronized 1 x
10" GFP-P. berghei-infected erythrocytes per mouse and then
the blood with 2-5% of parasitemia was collected. After
successive washes with 0.9 % sterile saline, 250 pL/well of GFP-
P. berghei-infected blood was plated in 48-wells plate and the
hematocrit adjusted to 2% when needed. Then, 250 pL/well of
each compound solubilized in DMSO and diluted in RPMI
medium in different concentrations (2.5, 25, 250 and 1000 nM)
were dispensed in the respective wells in triplicate. The plate
was maintained with a standard mixture of gases (3% O,, 5%
CO, and 91 % N,) and incubated at 37°C for 24 h as described.®
Untreated infected-blood was used as negative control. Para-
sitemia was determined by flow cytometry using GFP signal and
co-staining with Mitotracker™ deep red FM (33 ng/mL). Three
independent experiments were performed.

Inhibition of hemozoin biosynthesis: Male Swiss Webster mice
(18-22 g) infected by P. berghei at parasitemia up to 10% were
randomly divided into n=3/group. Treatment was performed
by a single dose given by subcutaneous route. Untreated
infected mice (vehicle) and uninfected mice (naive) were
included as control groups. Parasitemia was determined by flow
cytometry before and after drug treatment. After 24 h treat-
ment, mice were anesthetized using 70 mg/kg ketamine and
12.5 mg/kg xylazine (intraperitoneal), blood was gently aspi-
rated in the brachial plexus using heparin coated tips and
transferred into heparinized blood collection vials. Blood were
centrifuged at 2500 rpm by 500 g at 4°C for 5 min., plasma was
discarded and cell pellet was washed with saline. Equal volumes
of the remaining pellet were transferred to new tubes,
suspended in 1.0 mL of 0.05% saponin and frozen overnight.
Then, samples were centrifuged at 10000 rpmby 2500 g at 4°C
for 10 min., a volume of 0.5mL of saline was added and
centrifugation was repeated twice, the resulting cell pellets
were processed to determining hemoglobin, free heme and
hemozoin according to a previously described method.” At
least two independent experiments were performed.

Binding to reduced glutathione: A solution of reduced gluta-
thione (Sigma-Aldrich, 100 pL, 0.2 mM) dissolved in PBS pH 8.0
was distributed in a 96-well microplate. Testing compounds
were dissolved in DMSO, diluted in PBS and then added in
triplicate in the respective wells (50 uL) to final concentrations
of 0.05 to 0.4 mM. Plate was incubated at 37 °C for 24 h to allow
completion of the reaction, content was transferred into an
opaque plate containing 20 pL of a solution of monochlorobi-
mane at 1.0 mM. After 1 h of incubation at room temperature,
fluorescence was recorded (4,,=360nm, A.,=440nm). The
results were expressed as a percentage of binding or inhibition
in comparison to control without the testing compounds.
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Three in one: A novel multitarget
metallo-hybrid of chloroquine and
primaquine linked by gold(l) with
potent antiparasitic activity and se-
lectivity against two different stages
of malaria - the blood (asexual) and

the liver stage - has been developed.

It acts on at least three identified
targets of the parasite: it inhibits the
B-hematin formation, interacts with
DNA and interacts of PfTrxR.
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