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The synthesis, physico-chemical characterization and in vitro antiproliferative activity against the promastigote
form of Leishmania amazonensis of two new cobalt(II) coordination compounds (i.e. [Co(HL1)Cl,]0.4,2H20 (1)
X-fay ) ) and [Co(HL2)(CD)(CH30H)](ClO4).2H20 (2)) are reported, where HL1 = 4-{3-[bis(pyridin-2-ylmethyl)amino]-2-
i:;;ﬁz&z:fz;ﬁﬁm hydroxypropoxy}-2H-chromen-2-one and HL2 = 7-{3-[bis(pyridin-2-ylmethyl)amino]-2-hydroxypropoxy}-2H-
Molecular docking Y chromen-2-one. X-ray diffraction studies were performed for complex (2) and the structure of complex (1) was
Apoptotic mechanism built through Density Functional Theory (DFT) calculations. Complex (1) presented no cytotoxicity to LLC-MK2,

but complex (2) was toxic. ICso against promastigotes of L. amazonensis for complex (1) were 4.90 (24 h), 3.50
(48 h) and 3. 80 pmol L' (72 h), and for complex (2) were 2.09, 4.20 and 2.80 pmol L respectively. Due to the
high toxicity presented by complex (2) against LLC-MK2 host cells, mechanistic studies, to shed light on the
probable mode of leishmanicidal activity, were carried out only for the non-cytotoxic complex. Complex (1) was
able to elevate mitochondrial membrane potential of the parasites after treatment. Transmission electron mi-
croscopy revealed typical apoptotic condensation of chromatin, altered kinetoplast and mitochondria structures,
suggesting that apoptosis-like cell death of the protozoa is probably mediated by an apoptotic mechanism
associated with mitochondrial dysfunction (intrinsic pathway). Molecular docking studies with complex (1) upon
protein tyrosine phosphatase (LmPRL-1) suggests a plausible positive complex anchoring mainly by hydrophobic
and hydrogen bond forces close to the enzyme’s catalytic site. These promising results for complex 1 will prompt
future investigations against amastigote form of L. amazonensis.

1. Introduction well as a neglected tropical disease. An estimated of 1.5-2 million new

human cases of leishmaniasis per year are reported from nearly 100

Leishmaniasis consists of a wide spectrum of diseases caused by >20
different species of obligate intracellular protozoa belonging to the
genus Leishmania, which are transmitted by the bite of infected female
sand flies to mammalian hosts [1,2]. This disease is considered by the
World Health Organization as an important public health problem, as
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endemic countries, including Asia, Africa, the Americas and the Medi-
terranean region [3].

Parasites belonging to the Leishmania genus have a complex life cycle
that involves both vertebrate and invertebrate hosts. Two stages of
development are found: (i) promastigote, proliferative form found in the
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lumen of the intestine of the phlebotomine sand flies and (ii) amastigote,
proliferative form found in various types of mammalian host cells [4],
which can be hematopoietic or not, such as keratinocytes, Langerhans
cells, neutrophils, macrophages and fibroblasts [5-8].

Leishmaniasis is a poverty-related disease with two main clinical
forms: cutaneous (CL) and visceral leishmaniasis (VL) [3]. CL affects the
skin, while VL affects the internal organs of the infected patients. VL is
fatal in 95% of the cases if left untreated [9]. CL is caused by L. major and
L. tropica in the Middle East and Central Asia, and L. braziliensis and
L. mexicana complex in the Americas. Mucocutaneous leishmaniasis
(MCL) is a serious and chronic infection [10]. In Brazil, L. amazonensis is
one of the species responsible for the cutaneous form of the disease; in
some individuals the immune system cannot fight the parasite, leading
to clinical manifestations of diffuse cutaneous leishmaniasis (DCL) [1].
DCL was first reported in the Brazilian Amazon, in the state of Para by
Silva [11], who described the first clinical findings on a rare form of CL,
highlighting the nature of keloid lesions on the skin and lesions in the
bone tissue of the extremities (hands and feet).

Clinical features depend on the species of Leishmania and the im-
mune response of the host. The mechanisms through which the parasite
resists killing within the toxic environment of the phagolysosome
remain incompletely defined. This is an increasing problem where HIV-
infected individuals live in Leishmania endemic areas. Leishmaniasis is
controlled through cell-mediated immune defenses [12], and it has been
shown, in murine systems, that IFN-y synergizes with TNF-a, inducing
the expression of nitric oxide synthase to produce nitric oxide, killing the
intracellular parasites [13].

Currently, the pentavalent antimonial compound, Glucantime®
(meglumine antimoniate), and Amphotericin B are used in the treatment
of leishmaniasis as first and second line drugs, respectively, being
applied intramuscularly or intravenously. Further than their high cost,
both are not very efficient because they often cause side effects, such as
arthralgia, myalgia, nausea, tachycardia, fever and vomiting [14-16].
Given the scenario, there is an imminent need to develop new drugs.

Some studies have already shown that coordination compounds can
be an alternative for pharmacological control of tropical parasitic dis-
eases. In 2009, Gambino and co-workers have reported the antiparasitic
activity against Kinetoplastids Leishmania spp. and Trypanosoma cruzi of
a dinuclear gold(I) complex (ICsp of 1 pmol LY. This complex was
obtained employing the bioactive co-ligand pyridine-2-thiol N oxide
(mpo), an effective NADH fumarate reductase inhibitor of T. cruzi epi-
mastigotes. This gold(I) complex presents a potent leishmanicidal effect
against promastigotes of L. mexicana while on L. braziliensis only a
leishmanistatic effect was reported. The coordination of gold(I) to the
bioactive ligand mpo improved the antiproliferative effect against both
Leishmania species and T. cruzi, which was associated to the inhibition of
NADH fumarate reductase (absent in mammalian cells) [17].

In 2019, Yoneyama and co-workers reported that the complex cis-
[Ru(II)(n2 O2CC7H702)(dppm)2]PF¢ (hmxbato) and its precursor cis-[Ru
(IDCly(dppm)s], where dppm is the ligand bis(diphenylphosphino)
methane, promoted apoptosis-like death of L. amazonensis promastigotes
which is related to alterations in parasite mitochondria, rise in ROS and
increase in the formation of autophagic vacuoles in the parasite after 24
h of treatment [18].

Our group has been developing coordination compounds, containing
the first row transition metal ions (Cu(II), Zn(II) and Fe(IIl)), as potential
antiparasitary agents [19-23]. In 2017, we reported anti-Toxoplasma
activity and ultrastructural analyzes of two Cu(II) complexes [21]. Both
complexes irreversibly control the growth of the parasite T. gondii in
vitro, resulting in ICsq values of 3.57 and 0.78 pmol L™}, after 48 h of
treatment. It was observed that these compounds induce the conversion
of part of the parasites from the tachyzoite form to bradyzoite, with their
subsequent death. In 2021 we reported the antichagasic activity of two
isomeric Fe(III) complexes against T. cruzi epimastigotes at concentra-
tions in the nanomolar range (ICso = 97-122 nmol LY, showing low
cytotoxicity to the host cells LLC-MK2, resulting in a high selectivity
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index (106 and 178, respectively). Treatment with both complexes, at
nanomolar concentrations, generated important changes in mitochon-
dria and reservosome of the parasite, which are essential organelles for
their survival [22]. Recently, we reported the anti-toxoplasma activity
and DFT studies of water-soluble complexes (Fe, Cu, Zn) containing the
ligand N-2[(pyridine-2-ylmethyl)amino)ethanol. Among all compounds
investigated, the Fe(III) complex [Fe(HL1)Cls] showed the best reduc-
tion in the infection index, promoting the death of the parasite [23].

In 2020, Eifler-Lima and co-workers demonstrated several examples
of coumarins with remarkable potential against different species of
Leishmania [24]. Recents reports indicate that the physicochemical and
biological properties of coumarins might be enhanced by combining
with metal ions, offering new possibilities in the development of new
coordination compounds with specific and new modes of action
[25-27]. In 2021, Kornicka and co-workers reported that the incorpo-
ration of a metal ion into coumarin derivatives can increase the activity
of such complexes compared to coumarin-based ligands [27]. However,
the leishmanicidal activity of metallic complexes containing coumarin
ligands are rare in the literature, pointed out the importance of the
development of coordination compounds containing coumarin-based
ligands.

Considering that it has already been demonstrated that coordination
compounds can be used as a good antiparasitic agents, and motivated by
our previous results against T. gondii and T. cruzi, the aim of this work
was to evaluate the leishmanicidal effect of two new isomeric Co(II)
complexes in vitro. The study was carried out against the extracellular
form (promastigote) of L. amazonensis. In addition, to investigate the
cytotoxicity in a model host cells (LLC-MK2), as well as the effect of the
isomerism of the ligand on leishmanicidal actiivity of these new Co(II)
complexes containing a coumarin pendant unit. An in silico docking
study between the most active complex and the protein tyrosine phos-
phatase from L. major (LmPRL-1) [28], as a possible biochemical target,
was also performed.

2. Experimental
2.1. Materials and methods

The ligand and their respective complexes were synthesized using
commercial grade reagents. UV-Vis, and ESI-(+)-MS investigations were
carried out employing spectroscopic, HPLC or MS grade solvents. All
chemicals and reagents were purchased from Sigma-Aldrich and used as
such. 'H and '3C NMR spectra were recorded with Bruker AVANCE DRX
400 MHz spectrometer. Chemical shifts (5) are given in ppm, and the
spectra were recorded in deuterated solvents, as indicated. TMS (0 ppm)
was employed as standard. The elemental analysis (CHN) for the com-
plexes was performed with a Perkin Elmer 2400 CHN analyzer. Infrared
spectra were recorded with a Shimadzu FT-IR 8300 spectrophotometer.
The solid samples were prepared in a KBr pellet and the spectra were
recorded over the frequency range of 400-4000 cm !, UV-Vis spectra of
the complexes were recorded in acetonitrile, in a UV-Vis Varian, Cary 50
Bio. The determination of melting points was made in the Microquimica
MOQAPF - 307 apparatus. Full scan mass spectra (MS mode) were ob-
tained on an Electrospray Ionization (ESI-MS) Amazon X Ion Trap MS
instrument (Bruker Daltonics, Germany), in positive mode, ion-source
voltage of 4500 V, flow Injection or flow rate of 180 pL/h, nebulizing
gas (0.4 bar) and dry gas (4 L min~}), ion-source temperature 180 and
200 °C and the scan range was m/z 100-2000. The electrical conduc-
tivity of a 1 x 103 mol dm™ solution of each complex was measured
with a MS Tecnopon mCA-150 apparatus. Single-crystal X-ray diffrac-
tion data were carried out with a Bruker D8 Venture diffractometer
equipped with a Photon 100 detector, Incoatec microfocus Montel optic
X-ray tube with Ag-Ka radiation (A = 0.56086 A). The structure was
solved and refined with the SHELX program package [29,30]. Non-hy-
drogen atoms were refined anisotropically. The molecular structure was
drawn with Diamond program (version 4.6.0) [31]. The crystallographic
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information file (CIF) for the complex (2) was deposited at the Cam-
bridge Crystallographic Data Centre (CCDC) under identification num-
ber 2177601. These data can be obtained free of charge via http://www.
ccede.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystal-
lographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax:
+441,223 336,033). Crystal data and more details of the data collection
and refinement of the complex (2) are provided in supporting infor-
mation material (Table 3S).

2.2. Synthesis

2.2.1. Synthesis of the ligands HL1 and HL2

Ligand HL1 was prepared by the reaction beteween bis-(pyridin-2-
ylmethyl)amine (BMPA) [32] (0.02 mol, 4.00 g) and 4-(oxiran-2-ylme-
thoxy)-chromen-2-one (0.02 mol, 4.36 g), in ethanol (Scheme 1). The
mixture was stirred for 14 days at 50 °C, which was follow by TLC, using
methanol:ethyl acetate (9:1) as eluent. Subsequently, the solvent was
removed under reduced pressure and the product was diluted with 50
mL of dichloromethane. The compound was washed with brine, dried
over anhydrous MgSOy, filtered and concentrated under reduced pres-
sure. A brown oil was obtained. Yield: 6 g (72%). IR (em™b): v(OH),
3200-3400; v(CHar.a), 2800-3200; v(C=0), 1733; 1(C=C), 1613;
U(C=Cay), 1600-1450; ¥(C—0), 1280 and 5(C-Hpiridine ring)> 769- 'H NMR
(400 MHz, CDCl3) 6/ppm: 2.83-2.89 (m, 1H), 3.88-4.03 (m, 6H),
4.17-4.23 (m, 1H), 4.20-4.33 (m, 1H), 5.55-5.70 (m, 1H), 7.08-7.22
(m, 2H), 7.11-7.23 (m, 2H), 7.30-7.34 (m, 2H), 7.40-7.47 (m, 1H),
7.50-7.60 (m, 2H), 7.67-7.78 (m, 1H) and 8.43-8.48 (dd, 2H). >*C NMR
(400 MHz, CDCl3) 6/ppm: 54.10, 60.49, 68.81, 71.05, 90.48, 115.53,
116.70, 122.36, 122.52, 123.34, 123.96, 132.54, 136.85, 149.13,
153.25, 158.68, 163.06 and 165.61. Fig. 1S-3S present the H NMR,
COSY and HSQC spectra for HL1. Assignments were made according to
2D NMR data (Table 18S).

Ligand HL2 was prepared by the reaction between bis-(pyridin-2-
ylmethyl)amine (BMPA) [32] (0.02 mol, 4.00 g) and 7-(oxiran-2-
methoxy)-chromen-2-one (0.02 mol, 4.36 g), in ethanol (Scheme 1). The
mixture was stirred for 14 days at 50 °C, which was follow by TLC, using
methanol:ethyl acetate (9:1) as eluent. Subsequently, the solvent was
removed under reduced pressure and the product was diluted with 50
cm?® of dichloromethane. The compound was washed with brine, dried
over anhydrous MgSOy, filtered and concentrated under reduced pres-
sure. A brown oil was obtained. Yield: 6.1 g (79%). IR (cm™b): v(OH),
3200-3400; v(CHg.a), 2800-3200; v(C=0), 1733; v(C=C), 1613;
W(C=Ca), 1600-1450; ¥(C—O0), 1280; 6 (CHpiridine ring)> 769- H NMR
(400 MHz, CDCl3) 6/ppm: 2.84-3.04 (m, 2H), 3.85-4.02 (m, 4H), 4.15
(d, 2H), 4.20 (m, 1H), 6.22 (m, 1H), 6.75-6.88 (m, 2H), 7.13-7.20 (m,

EtOH
EtOH

7 0 J
(6] (0] O~ 0
2% =
\ HL1 \ HL2

Scheme 1. Scheme of synthesis for ligands HL1 and HL2.
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Fig. 1. Thermal ellipsoid plot at the 50% probability level for the complex (2),
obtained by X-ray crystallography.

Table 1
Selected bond lengths (10\) and angles (°) for complex (2).
Bond lengths Angles
Co (1)-N (1) 2.0910(19) N (1)-Co (1)-0 (1) 155.44(7)
Co (1)-0 (1) 2.1196 (17) N (1)-Co (1)-N (3) 97.64(7)
Co (1)-N (3) 2.125(2) 0 (1)-Co (1)-N (3) 90.63(7)
Co (1)-0 (5) 2.1642 (18) N (1)-Co (1)-0 (5) 81.97(7)
Co (1)-N (2) 2.169(2) 0O (1)-Co (1)-0 (5) 86.24(7)
Co (1)-C1 (1) 2.3511(11) N (3)-Co (1)-0 (5) 170.84(7)
N (1)-Co (1)-N (2) 78.32(7)
O (1)-Co (1)-N (2) 80.46(7)
N (3)-Co (1)-N (2) 79.88(8)
0 (5)-Co (1)-N (2) 91.10(7)
N (1)-Co (1)-C1 (1) 103.11(6)
O (1)-Co (1)-C1 (1) 98.50(5)
N (3)-Co (1)-Cl (1) 98.18(6)
O (5)-Co (1)-C1 (1) 90.81(6)
N (2)-Co (1)-C1 (1) 177.76(5)

2H), 7.25-7.40 (m, 3H), 7.55-7.69 (m, 3H) and 8.50-8.57 (dd, 2H). 13¢
NMR (400 MHz, CDCl3) &/ppm: 57.95, 60.43, 67.68, 69.40, 101.56,
112.63, 112.94, 113.05, 121.94, 123.17, 128.70, 136.72, 143.47,
148.95, 155.74, 158.90, 161.28 and 162.07. Fig. 4S-6S present the 'H
NMR, COSY and HSQC spectra for HL2. The assignments were made
according to 2D NMR data for HL2 (Table 2S).

2.2.2. Synthesis of [Co(HL1)Cl5].4,2H>0 (1) and [Co(HL2)(CD
(CH30H)](ClO4).2H30 (2)

The cited compounds (Scheme 2) were prepared reacting the ligands
HL1 (1 mmol, 417 mg) or HL2 (1 mmol, 417 mg) and [Co(H20)6]Cls (1
mmol, 238 mg), in methanol, with constant stirring at 60 °C for 2 h.
Thereafter, a green solid was obtained immediately after the reaction
with HL1 and 1 mmol (106 mg) of LiClO4 was only added to the solution
containing the ligand HL2, resulting in a light purple solution. After
allowing the solution to stand for a few days, light purple crystals,
suitable for crystallographic analysis, were collected for complex (2),
washed with cold propan-2-ol and dried in a desiccator. Complex (1)
was obtained as a green solid and unfortunately no good quality crystals
were obtained, after several recrystallizations. For complex (1): Yield:
0.29 g (47%). m.p. 200 °C. IR (Cmfl): v(OH), 3510-3200; v(CH),
3100-3000; v(CHy), 3000-2800(s); v(C=0), 1704; v(C=Cy),
1600-1450; 1(C—0), 1239; & (CHpiridine ring); 769. (Fig. 7S presents the
IR spectrum for the ligand HL1 and for complex (1)). Anal. Calcd for [Co
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Scheme 2. Synthesis of complexes (1) and (2).

(HLl)C12]0.4.2H20 (1) (COC24H31_4C12N308.2, MW = 622.98 g mol’l):
C, 46.27; H, 5.08; N, 6.74. Found: C, 46.06; H, 4.71; N, 6.86%. UV-Vis
Mnm) data (e, L mol~* em™"): 588 (660), 629 (541), 658 (609) and 684
(647). (Fig. 17S) Q (CH3CN) = 17.44 pS cm~! (non electrolyte). ESI-
(+)-MS in acetonitrile: [M]" = 511: [Co(HL1)CI]" (Fig. 4, Fig. 9S and
10S). For complex (2): Yield: 0.41 g (64%). m.p. 173 °C. IR (em™b):
V(OH), 3450-3200; V(CHgr.q1), 3100-2800; v(C=0), 1701; 1(C=Cy),
1600-1450; v(C—O0), 1230; v(Cl04), 1085, 1116 and 1156; 5 (CHpiridine
ring)> 769. (Fig. 8S presents the IR spectrum for the ligand HL2 and for
complex (2)). Anal. Caled for [Co(HL2)(OHCH3)Cl]ClO4.2H20 (2)
(CoCg5H31CloN3017, MW = 679.34 g mol™1): G, 44.24; H, 4.57; N, 6.19.
Found: C, 44.30; H, 4.24; N, 6.32%. UV-Vis A(nm) data (e, dm? mol ™!
cm™1): 486 (87), 508 (93), 603 (94), 623 (87) and 780 (21) (Fig. 3).
Qcusen = 133.7 pS em~! (1:1 electrolyte). ESI-(4+)-MS in acetonitrile:
[M]" = 511: [Co(HL2)CI]' (Fig. 11-16S). X-ray diffraction data in-
dicates the absent of water molecules as hydration solvent. Elemental
analysis indicates the presence of two water molecules as hydration
solvent. The crystals were kept in desiccator until analysis and this
justify this difference.

2.3. Anti-Leishmania activity and host cell viability

2.3.1. Culture of Leishmania amazonensis

The promastigote form of L. amazonensis (Josefa strain), obtained
from the differentiation of amastigotes isolated from lesions in Balb/C
mice, were grown in Schneider medium (Sigma®) containing 20 pg/L
hemin (Sigma®), 10 pg/mL folic acid (Sigma®) and 10% of fetal bovine
serum (FBS) (Gibco-Thermo Fisher Scientific®). Passages were per-
formed by addition of 5% volume inoculum in 25 cm? cultures flasks
kept at 28 °C. Parasites were maintained through weekly passages up to
a total of six passages, ensuring parasites virulence.

2.3.2. Cultivation of LLC-MK2 host cell line

The LLC-MK2 cell line (epithelial morphology) from the kidney of
Macaca mulatta (ATCC® CCL-7 ™) was kept in 75cm? culture flasks,
containing Dulbecco’s Modified Eagle Medium (DMEM) (Sigma®) sup-
plemented with 10% FBS, penicillin (100 U/mL) and streptomycin (130
U/mL). Cells were cultured at 37 °C in a 5% CO; atmosphere. After the
formation of confluent monolayers, cultures were treated with trypsin/
EDTA solution to obtain subcultures of these cells. In the day before the
experiments, 1 x 10° were plated in 96-well plates (Kasvi®) and
cultured as above.

2.3.3. Anti-Leishmania activity

Complexes (1) and (2) were diluted in DMSO at a stock concentra-
tion of 50 mmol L' and stored at —22 °C. After 24 h of promastigote
culture, complexes (1) and (2) were added directly to the culture me-
dium containing the parasites, resulting in concentrations of 0.5, 1.0,
5.0, 10.0, 20.0, 25.0 and 50.0 pmol L~L. The final concentration of
DMSO (Dimethyl sulfoxide - Merck®) in the medium never exceeded
0.01% (v/v). Complexes were not added in the control group. The par-
asites were cultured in the presence of the complexes for up to 96 h.
Aliquots were taken every 24 h for counting in a Neubauer chamber,
after dilutions (1:10 and 1:100) in 4% of formaldehyde in PBS (phos-
phate buffered saline - 0.01 M / pH 7.2), using a phase-contrast optical
microscope. ICsg was calculated as previously described [22].

2.3.4. Host cell viability

LLC-MK2 cells cultured for 24 h on 96-well plates were treated for 48
h with different concentrations of each compound; compound (1): 100,
200, 300, 400, 500 pmol L7 L and compound (2): 1, 10, 20, 50, 200
pmol L~!. Each compound concentration was added to 3 wells con-
taining cells. Negative and positive controls were performed by adding
the same concentration of DMSO used in the highest compound con-
centration and 10% triton-x, respectively. After 48 h, MTT solution (5
mg/mL in PBS) was added to all the wells for 4 h at 37 °C. Subsequently,
the solution was removed, MTT solvent (1:1 of DMSO in isopropanol)
was added to the wells, the plate was covered with aluminum foil and
shaked for 15 min. Reading was performed at an absorbance of 590 nm
(plate reader spectrophotometer - Molecular Probes Versa Max).

2.3.5. Mitochondrial membrane potential of Leishmania amazonensis
Parasites were treated or not with complex (1) at 10 pmol L1 for 96
h, and then washed with PBS and incubated for 20 min at 28 °C with JC-
1 in Schneider medium (final concentration of 10 pg/L). Labeled para-
sites were analyzed on a BD FACSCalibur. Parasite presented green and
red fluorescence indicating low and elevated mitochondria membrane
potential. Independent experiments were performed three times. Data
are presented on dot plots of green and red fluorescence, percentage of
events were generated by gates on intense red signal and were high-
lighted on size and granularity dot plots inferring size of these parasites.

2.3.6. Transmission electron microscopy

L. amazonensis promastigotes were treated or not with complex (1)
(10 pmol L) for 72 h. Parasites were washed with serum-free medium
and fixed with 2.5% glutaraldehyde and 4% recently prepared
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formaldehyde in sodium cacodilate buffer (0.1 M, pH 7.2) for 2 h. Cells
were washed with sodium cacodylate buffer and post-fixed with 1%
osmium tetroxide, 1.6% potassium ferrocyanide and 5 mM calcium
chloride in sodium cacodylate buffer for 1 h. Cells were dehydrated with
acetone employing serial concentrations of 30%, 40%, 50%, 70% and
100%. Inclusion was performed with epoxy resin. Ultrafine sections
were contrasted with uranyl acetate and lead citrate and observed in a
Transmission Electron Microscope Jeol 1400 Plus, using voltage accel-
eration of 80 kV. [33]

2.3.7. Statistical analysis

The test data were expressed as mean + standard deviation. Exper-
iments were repeated at least three times. The data were analyzed using
the One-Way ANOVA test, followed by the Tukey test, using the
Graphpad Prism 5 software. Statistical significance was considered
when P < 0.05.

2.4. DFT calculations

The structure of complex (1) was built from the X-ray structure of
complex (2) using the GaussView 6 program [34]. Both structures were
optimized through Density functional theory (DFT) calculations using
the Gaussian 16 program [35]. The unrestricted UB3LYP functional was
utilized with a mixed basis set including LANL2TZ with pseudo poten-
tials for Co and 6-311G(d,p) for all other atoms [36-44]. The dispersion
effects were included using the Grimme’s function with the Beck-
e—Johnson damping effect (GD3BJ) [45]. The solvent effects of water
were included using the polarizable continuum model (IEFPCM)
[46,47]. Hessians were calculated at the same level of theory as the
optimizations. Thermal, entropy and zero-point vibrational corrections
were added to the final energies at 298 K and 1 atm used for the
discussion.

2.5. In silico docking studies

To this date, structural data are not available for protein tyrosine
phosphatase (PTP) from Leishmania amazonensis. In this sense, in silico
analysis (binding mode) of complex (1) with PTP from L. major (LmPRL-
1) [28] were carried out using the bioinformatic server Patchdock
[48,49]. DFT optimized structural data of (1) was employed and the
LmPRL-1 enzyme structural data was retrieved from the Protein Data
Bank (PDB ID: 3S40). All possible poses have been considered as starting
points and the docking analysis were performed. The first 100 poses
were refined through the FireDock algorithm [50,51] where the global
minimum energy was found for the enzyme-complex adduct. The default
parameters were used for the docking calculation. Visualization of the
adducts were made, and further analyzed with ChimeraX v. 1.4 [52,53].

3. Results and discussion
3.1. Synthesis and structure of cobalt(Il) coordination compounds

The new ligands HL1 and HL2 were designed to increase the bio-
logical activity of coordination compounds, by adding coumarin groups.

Coumarins belong to a family of large and extensively studied
compounds containing 2H-1- benzopyran-2-one core structure, which
consists of fused benzene and a-pyrone rings. As this heterocyclic system
exhibit physicochemical properties and interesting biological activities
reported in the literature [54,55], we decided to attach this group to the
structure of the ligands. Furthermore, Leishmaniasis is the third most
important vector-borne disease. Thus, there is an urgent need to develop
new treatments for this disease [56,57].

The Co(II) complexes were obtained with the isomeric ligands HL1
and HL2; HL1 presents the group 4-hydroxycoumarin and the ligand
HL2 presents the group 7-hydroxycoumarin. These ligands can be ob-
tained by the reaction between their respective epoxides and the
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secondary amine BMPA, at room temperature, with high yields (=80%).
RMN data confirm the synthesis of the ligands shown in Fig. 1S-6S,
which was also confirmed for HL2 by the X-ray molecular structure
solved to complex (2).The reactions between cobalt(II) chloride and HL1
and HL2, in methanol, resulted in green and light purple complexes,
respectively, with very good yields. Complex (1) was obtained as a green
solid. Complex (2) was obtained as crystalline material after the addi-
tion of LiClO4 to the mother solution, resulting in monocrystals that
allowed the molecular structure resolution by x-ray diffraction. The
structure for complex (1) was proposed by elemental analysis (CHN),
ESI-(+)-MS, electronic and infrared spectroscopies data, as well as based
on that results obtained for complex (2). Furthermore, conductivity
studies in solution suggested that complex (1) is a neutral species and
complex (2) is cationic (1:1 electrolyte type), in CH3CN. Both complexes
are stable in air and soluble in polar solvents such as DMF, DMSO,
CH3CN, ethanol and methanol. They are insoluble in water. Data of ESI-
(+)-MS suggest that both complexes form the same cationic mono-
nuclear species in solution: [M]" = 511: [Co(HL1)Cl]" or [Co(HL2)CI]*.
The chemical analysis indicate that complexes (1) and (2) are very
distinct in solid state; complex (1) is neutral and presents two chloro
ligands coordinated to the Co(II) centre. Complex (2), obtained as a
cationic species, presents, further the ligand HL2, one chloro ligand and
one methanol molecule coordinated to the Co(I) center, and a ClOg
anion as counter-ion. Thus, infrared and electronic spectra for both are
very different (Fig. 2S, 7S, 8S, and 17S). As a result of the isomerism of
the ligand HL1 and HL2, differences in the biological activity of these
complexes can be observed, as this is the first study employing these
isomeric Co(II) complexes containing the groups 4 and 7-hydroxycou-
marin. Thus, one aim of this work is to investigate the effect of isom-
erism on leishmanicidal activity.

3.1. Description of the crystal structure of the complex (2)

The single crystal X-ray diffraction analysis of complex (2) shows
that the asymmetric unit consists of a mononuclear cobalt(II) complex
and one perchlorate anion. A perspective view of the cation is displayed
in Fig. 1. The bond lengths and angles for complex (2) are listed in
Table 1. In (2), the cobalt center is coordinated by a ¢ -N30 donor set
provided by the ligand HL2 through one nitrogen atom from the amine
(N2), two nitrogen atoms from pyridine (N1 and N3), one oxygen atom
from the alcohol group (01), one chloro ligand (Cl1) and a protonated O
from the methanol molecule (O5), resulting in a hexacoordinated cobalt
(II) complex. The geometry for Co(II) in complex (2) is described as
distorted octahedral geometry. The axial positions are occupied by the
nitrogen from the amine (N2) atom and by the chloro ligand (Cl1).

3.2. DFT calculations

Both complexes (1) and (2) were optimized using DFT calculations.
They can exist in the doublet and quartet spin states. In the optimized
structures for both states, electron spins were localized on the Co atom i.
e. 0. 98e and 2.7e for the doublet and quartet states. The high spin
quartet state was found to be the ground state for both complexes i.e.
10.7 and 12.9 kcal/mol lower in energy than the doublet state for
complex 1 and 2, respectively. There are substantial differences in the
metal-ligand bonds in these spin states (Fig. 2). The existence of the
quartet state as a ground state of these complexes is also supported by
the experimental data. Additionally, the geometrical parameters such as
metal-ligand distances and bond angles of the optimized structure of
complex (2) were in good agreement with the corresponding crystal
structure (Table 4S). It validated the choice of DFT functional and basis
set used in these calculations. The planer Co—N distances in both
complexes were comparable. However, the axial Co—N3 bond in com-
plex (1) is 0.05 A longer than the corresponding distance in complex (2)
(Table 5S).
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Fig. 2. DFT optimized structure of complex (1) with key distances (in ;\) and electronic spin (in parenthesis): (A) doublet and (B) quartet spin state.

3.3. Infrared and electronic spectroscopies

The IR spectra of complexes (1) and (2) were analyzed in comparison
with those of their free ligands. For all the complexes, the main bands
showed shifts when compared to the respective free ligands (Fig. 7 and
8S). The bands related to vC=0 where shifted to lower energy (1731 to
1704 cm 1) after coordination to cobalt(Il) salt. The infrared spectrum
of complex (1) displays typical bands of the ligand HL1, and complex (2)
displays bands assignable to the ligand HL2 and the counter-ion ClO4 at
1132 crn’l, which is absent in complex (1).

Fig. 3 shows the electronic spectrum of complex (2), in CH3CN. The
spectrum of complex (1) is presented in the supplementary material
(Fig. 17S). The absorptions observed in the electronic spectra of the
complexes are typical of d-d transition, as indicated by the low coeffi-
cient of molar extinction. This study suggests also that the electronic
features of the complex (1) are significantly different from the com-
plexes (2) which may indicate a different geometry for both complexes,
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Fig. 3. Electronic spectrum of complex (2), obtained in CH3CN, at the con-

centration range of 5.7 10~ to 2.0 1072 mol L1,

in solution.
3.4. ESI-(+)-MS and ESI-(+)-MS/MS

ESI-(+)-MS and ESI-(+)-MS/MS for the isomeric complexes (1) and
(2) present a characteristic set of isotopologue ions due mainly to the
presence of metal and Cl atoms. For complex (1) the ESI-(+)-MS data
indicate the presence of one main peak with m/z 511, revealing the
presence of a mononuclear complex in solution: [Co(HL1)CI] ™" (Fig. 4).
Fig. 10S presents the isotopic profile assigments for the peak observed in
the ESI(+)-MS of complex (1) (Fig. 9S).

Fig. 118 presents the ESI(+)-MS spectrum of complex (2), in CH3CN.
For complex (2), ESI-(+)-MS data indicate the presence of identical peak
with m/z 511, with additional peaks at m/z 475 and m/z 528. So, ESI-
(+)-MS data suggest that complexes (1) and (2) should have the same
main structure in solution: [Co(HL1)Cl]™ and [Co(HL2)CI]™, respec-
tively, both with m/z 511, since HL1 and HL2 are isomeric ligands.
Fig. 128 presents the isotopic profile assigments for the peak at m/z 511
observed in the ESI(+)-MS of complex (2). The additional peaks at m/z
475 and 528, observed in the spectrum of complex (2), are ascribed to
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Fig. 4. ESI-(+)-MS spectrum of complex (1), in CH3CN.
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mononuclear complexes: [Co(L2)]" and [Co(HL2)(OH)CI]t (with
oxidation to Co(IIl)), respectively. Fig. 13 and 14S present the isotopic
profile assignments for the peak at m/z 528 and 475, respectively,
observed in the ESI-(+)-MS of complex (2). ESI(+)-MS/MS data for
complex (2) indicates that the species with m/z 511 yields the cation
with m/z 475, attributed to [Co(L1)]™. Fig. 15S shows the ESI(+)-MS/
MS for the peak with m/z 511 and Fig. 16S presents the isotopic profile
assigments for the peak at m/z 475 obtained by MS/MS of the signal of
m/z 511, for complex (2).

3.5. Anti-Leishmania activity and host cell viability

Complexes (1) and (2) were analyzed for their antiproliferative ac-
tivity against promastigotes of L. amazonensis. Fig. 5A and B presents the
cytotoxic effects of complex (1) and (2), respectively. The anti-
proliferative effect was higher as the concentration of both complexes
and the time of treatment of both complexes increased. ICsg for complex
(1) were 4.90 (24 h), 2.50 (48 h), 3.80 (72 h) and 3.40 pmol L7196 h),
and for complex (2) were 2.90 (24 h), 4.20 (48 h), and 2.80 pmol L1
(72 h).

The effect of complexes (1) and (2) on the viability of LLC-MK2 was
investigated. Fig. 6A and B presents the effects of complex (1) and (2),
respectively, on the viability activity of the host cell. Complex (1) was
less toxic with reasonable viability at the concentrations of 500 pmol
L. On the other hand, complex (2) exhibited very high cytotoxic effect,
with a 65% reduction of the host cell viability with the concentrations of
10 pmol L1, It is intriguing that these two compounds show so different
citotoxicity on the host cell. This is an effect that have to be better
studied in the future with other compounds to evaluate if it is dependent
on the type of isomer (7-hydroxy-coumarin in (2) and 4-hydroxy-
coumarin in (1)) or due to the presence of methanol in the
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Fig. 5. Antiproliferative effects of complex (1) (A) and complex (2) (B) on
promastigotes of Leishmania amazonensis with treatment times of 24 h, 48 h, 72
h and 96 h (only for complex (1)).
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Fig. 6. Cytotoxic effects of complex (1) and (2) on LLC-MK2 by the MTT
method. Absorbance of MTT crystals of viable LLC-MK2 treated with different
concentrations of complex (1) (A) and (2) (B). Negative control: cells were
cultured in DMEM with FBS without complexes; positive control: cells were
cultured in DMEM with FBS without complexes containing 10% triton-x.

composition of complex (2).
Due to the higher toxicity to host cells of complex (2), further bio-
logical characterization was only performed with complex (1).

3.6. Mitochondrial activity

The effect of complex (1) on mitochondrial activity of the parasite
was evaluated by visualizing the membrane potential of this organelle
with the membrane-permeant JC-1 (5,5,6,6'-tetrachlorol,1’,3,3’'-tetra-
methylbenzimidazolylcarbocyanine iodide), a cationic dye, which has
been used to monitor mitochondrial potential [58]. Leishmania presents
a single mitochondria, an organelle that plays an important role in en-
ergy metabolism, and the dysfunction of this organelle can lead the
parasite death. Fig. 7 shows that control parasites presents a low per-
centage of events on the dot plot gate drawn on the higher red fluo-
rescence signal (FL2) and lower green fluorescence signal region (FL1)
and parasites treated with complex (1) presented a seven fold increase
on this gate. Events in these gates were highlighted in red color on SSC
FSC dot pots showing their small size (Fig. 7, lower dot plots). Thus, the
treatment with complex (1) induced mitochondria hyperpolarization
and reduced the size of these parasites, which is associated with
apoptosis, in accordance with previous results reported in the literature
[59].

3.7. Analysis of cell morphology by transmission electron microscopy

To further understand how complex (1) was acting on the parasite,
we analyzed the ultrastructure of the cells after treatment. Nontreated
parasites presented normal ultrastructure with typical kinetoplast and
nuclear aspects (Fig. 8A, B). After treatment, parasites presented altered
kinetoplast with swelling of the mitochondria (Fig. 8C and D). This
corroborates the higher mitochondria membrane potential observed
after treatment with this complex and smaller size of the parasites. Thus,
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Fig. 7. Effect of complex (1) on mitochondrial membrane potential of promastigotes of Leishmania amazonensis. Parasites were not treated (control) or treated with
complex (1) for 96 h. Control parasites show low percentage of events on higher red fluorescence signal (FL2)/lower green fluorescence signal and treated parasites
presented more events in this gate. Percentage of events were calculated in gates and highlighted in red color on SSC FSC dot pots. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of this article.)

complex (1) was able to alter the structure and function of this impor-
tant organelle. We also observed degraded bodies of the parasite
(Fig. 8E), indicating death by necrosis. In addition, parasites presented
plasma membrane bleb (Fig. 8F), chromatin concentrated in patches at
the nuclear envelop (Fig. 8G and H) and degenerated chromatin
(Fig. 8I). These are typical morphological characteristics of cell death
promoted by apoptosis-like in trypanosomes [60,61]. Therefore, com-
plex (1) may be acting on the mitochondria and inducing an apoptotic-
like cell death process on the parasite. The effect of complex (1) on

mitochondria adds to similar outcomes described by different metallic
complexes [18,22,23]. Therefore, these complexes may be causing cell
stress resulting in mitochondrial changes, which may induce, by the
intrinsic pathway, apoptosis-like cell death.

3.8. Insilico docking studies of complex (1) upon the LmPRL-1

Protein tyrosine phosphatase secreted by L. major (LmPRL-1) consist
in a hydrolase which has crucial role in regulating the proliferation,
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Fig. 8. Transmission electron microscopy of promastigotes of Leishmania
amazonensis treated or not with complex (1). (A, B) Control parasites without
complex treatment. Normal appearance of the parasite kinetoplast (arrows) and
nucleus (*). (C to I) Complex (1) treated parasites for 72 h presented altered
kinetoplast structure (C, D - arrow), with clear swelling of the mitochondria (*),
degeneration of the cell body (E), plasma membrane bleb at the parasite surface
(F - arrowheads), and altered nucleus structure, with chromatin concentrated in
patches at the nuclear envelop (G, H - arrowheads) and degenerated chro-
matin (D).
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differentiation, and motility of cells. This enzyme is predominantly
expressed and secreted by promastigotes via the exosome route then, its
inhibition constitutes a strategical target to fight against the parasite
[28]. In order to visualize the plausible interaction between the complex
(1) herein studied and LmPRL-1 (PDB code: 3540), molecular docking
simulations were performed. The most favorable docked pose is illus-
trated in Fig. 9.

As depicted in Fig. 9 (top, left), complex (1) could dock into the
enzyme surface through a hydrophobic pocket, close to the catalytic
active site. One of the pyridine rings of complex (1) is approx. 10 Ato
the catalytic (CYS116) and the regulatory (CYS55) cysteines located into
the Loop-2 and P-Loop, respectively (top, right and bottom). Pyridine
and the coumarin rings from complex (1) can interact with LmPRL-1
with THR58, MSE5 and ASNG6 residues, respectively. The nature of
these interactions is hydrophobic (Van der Waals forces) with the dis-
tance between 2.9 and 3.4 A. A plausible hydrogen bond (3.164 A) can
be observed between the coumarin out-of-ring oxygen and the NH group
of SER32 (peptide bond). The interaction distances are depicted in Fig. 9
(bottom, yellow dashed lines).

The structure of complex (1), selected for in silico docking studies,
upon the LmPRL-1 (Fig. 9) presents two chloro ligands coordinated to
the Co(I) center, according to DFT data. These labile ligands are
changed by DMSO or phosphate groups, in agreement with electrical
conductivity and stability studies, performed in CH3CN, DMSO or 0.1%
DMSO, in PBS buffer or by components of the Schneider medium
(Fig. 17, 18 and 19S). The interactions with LmPRL-1 will be very

>

Fig. 9. Best refined docking pose of complex (1) and LmPRL-1 (PDB: 3540),
considering the surface representation of the enzyme (top, left). Zoomed region
presenting the proximity of the active site (dashed circle) and the docking re-
gion where (1) is lodged (top right). Cartoon representation of the enzyme
(cyan) where active site and the interactions between (1) and the LmPRL-1 are
shown (bottom). Atom colors: Carbon, grey; oxygen, red; nitrogen, blue; green,
chlorine; yellow, sulfur and pink, cobalt). Wan der Waals and hydrogen bonds
are represented by dashed yellow lines. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of
this article.)
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similar, considering chloro ligands or DMSO coordinated to the Co(II)
center, since these groups are out of the enzyme pocket.

Inhibition of protein tyrosine phosphatases (PTPs) are subject of
intense in vitro studies once it is related to a series of metabolic dis-
functions and diseases [62]. Specifically, docking studies of oxo-vana-
dium [63,64], copper [65], zinc and iron complexes [66] have been
performed and strong activity inhibition was observed. In these cases,
metal complexes could inhibit the enzyme activity by blocking their
catalytic site or by docking into different allosteric spots all over the
protein surface.

4. Conclusions

In this report we have introduced two new mononuclear Co(II)
complexes. The coumarin group is presented in the structures of both
complexes, confirmed by X-ray diffraction studies for complex (2),
which presents the group 7-hydroxy-coumarin while complex (1) pre-
sents the group 4-hydroxy-coumarin. Both ligands and complexes were
completely characterized and this work presents, for the first time, the
leishmanicidal activity of these Co(II) complexes obtained with these
isomeric ligands HL1 and HL2.

Complex (1) presented no cytotoxicity to the LLC-MK2 host cells, but
complex (2) was toxic. ICso for complex (1) were 4.90 pmol L1 (24 h),
3.50 pmol L™! (48 h) and 3.80 pmol L™ (72 h), 3.40 (96 h) and for
complex (2) were 2.09 pmol L1 (24 h), 4.20 pmol L1 (48 h), and 2.80
pmol L1 (72 h) against the promastigote form of L. amazonensis. The
high cytotoxicity of complex (2) toward host cells demonstrates the
effect of the isomerism of the ligand, which modulates the biological
activity.

The mechanism of cell death promoted by complex (1) was investi-
gated by analysis of mitochondrial membrane potential and trans-
mission electron microscopy, which suggests that the apoptosis-like cell
death is directly related to mitochondrial dysfunction.

Our work established that the structure of the ligand shows a crucial
effect on the cytotoxicity and reveals the importance of studies con-
taining different isomers.

To the best of our knowledge, this is the first example of metal
complex that had its in silico docking properties tested upon PTP from L.
major. Despite complex (1) did not dock into the active site pocket, its
presence near to it could trigger a non-competitive enzyme inhibition
process for example.
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