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ABSTRACT

Here we present the synthesis and evaluation of the biological
activity of new hybrid compounds, ureido-type (UT)
harmiquins, based on chloroquine (CQ) or mefloquine (MQ)
scaffolds and B-carboline alkaloid harmine against cancer cell
lines and Plasmodium falciparum. The hybrids were prepared
from the corresponding amines by 1,1-carbonyldiimidazole
(CDI)-mediated synthesis. In vitro evaluation of the biological
activity of the title compounds revealed two hit compounds.
Testing of the antiproliferative activity of the new UT harmi-
quins, and previously prepared triazole- (TT) and amide-type
(AT) CQ-based harmiquins, against a panel of human cell lines,
revealed TT harmiquine 16 as the most promising compound,
as it showed pronounced and selective activity against the
tumor cell line HepG2 (ICs, = 5.48 + 3.35 umol L™). Screening of
the antiplasmodial activities of UT harmiquins against erythro-
cytic stages of the Plasmodium life cycle identified CQ-based UT
harmiquine 12 as anovel antiplasmodial hit because it displayed
low IC;, values in the submicromolar range against CQ-sensitive
and resistant strains (ICs, 0.06 + 0.01, and 0.19 + 0.02 pmol L7,
respectively), and exhibited high selectivity against Plasmodium,
compared to mammalian cells (SI =92).

Keywords: chloroquine, mefloquine, B-carboline, harmine, anti-
plasmodial activity, antiproliferative activity

Cancer and malaria are pathophysiologically and etiologically completely different
diseases. However, according to the World Health Organization, both diseases are global
health threats, have high incidence rates, and are leading causes of mortality worldwide,
especially in low and middle-income countries with reduced access to quality healthcare.
In 2021, there were 247 million malaria cases and 619,000 deaths, representing an increase
in mortality of approximately 10 % compared with 2019, attributed to the disruption of
services due to COVID-19 (1). Despite the significant progress that has been made in the
field of cancer therapies, cancer continues to have a major impact around the world and
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was the cause of nearly 10 million deaths worldwide in 2020 (2). The problem of drug
resistance remains the most important limiting factor in curing cancer patients and has
similarities to drug resistance in the field of malaria control, as therapies for both diseases
are challenged by highly proliferating aggressors that can adapt and overcome the effects
of drugs (3). As a consequence, the treatments of both diseases are based on combination
therapies to avoid early drug failure.

Interestingly, several anticancer drugs show antiplasmodial activities and are used as
valuable lead compounds for the discovery of new antimalarial agents (4). Conversely,
some antimalarial drugs have been shown to have anticancer effects and have been impli-
cated in the therapy of various cancers (5). For example, the known antimalarial drugs
chloroquine (CQ) and mefloquine (MQ), 4-substituted quinolines, exhibit anticancer pro-
perties through inhibition of autophagy, affection of the Toll-like receptor 9/nuclear factor
kappa B, CXCL12/CXCR4, and the p53 signaling pathways, tumor vasculature and immune
system, augmentation of TRAIL-induced apoptosis and induction of G2/M phase arrest in
human cancer cells (6, 7).

Harmine, a naturally occurring alkaloid of the B-carboline type, is one of the compo-
nents of the extract of Peganum harmala, which is used in traditional Chinese medicine for
the treatment of cancer and malaria (8). Numerous studies show that harmine signifi-
cantly influences the cell cycle of various cancer cell lines by induction of G2/M cell-cycle
arrest, intercalation into DNA and induction of DNA fragmentation, upregulation of p53
and p21 expression, and downregulation of cyclin Bl, p-cdc2, cdc2, cde25, and p-cdc25
expression necessary for G2/M transition (9, 10). On the other hand, harmine was identified
as a selective inhibitor of P. falciparum heat shock protein 90 (PfHsp90), and its antimalarial
activity was corroborated in vitro and in vivo (11).

Such findings resulted in extensive research on the design and synthesis of p-carbo-
line-based antitumour and antimalarial agents. Most of the modifications could be divided
into several groups: 1) substitutions at positions 1, 2, 3, 6, and 9 of the B-carboline core,
resulting in mono, di- and trisubstituted B-carbolines, 2) dimerization of B-carbolines
employing various spacers resulting in bivalent $-carbolines, 3) hybridization of f-carbo-
lines with other biologically active scaffolds and 4) preparation of B-carboline-based metal
complexes (ruthenium(II), rhenium(I), copper(Il), nickel(Il), iridium (II)) (12-18). Different
biological targets and mechanisms of anticancer and antimalarial action were explored,
for example, DNA intercalation or groove binding, enzyme inhibition (topoisomerase,
kinases, such as DYRK1A, haspin kinase and cyclin-dependent kinases, histone deacety-
lase, Pf phosphodiesterase, PFATP4), PfHsp90 and others (14, 15, 17, 18).

As already stated above, standard-of-care for both cancer and malaria includes drug
combinations, although drug-drug interactions and lower treatment adherence could pose
a problem for successful therapy. One of the approaches that may overcome pitfalls of drug
combinations is the molecular hybridization concept, a rational strategy in the drug design
where two or more biologically active molecules or their pharmacophores are combined
to form a new hybrid compound (19). We have applied the same concept for the design and
synthesis of a library of CQ-based triazole- (TT) and amide-type (AT) harmiquins, which
showed excellent antiplasmodial properties (20).

To broaden our knowledge about the influence of the 4-aminoquinoline and the linker
on the harmiquins biological activity, we synthesized novel hybrid compounds, comprising
[-carboline and CQ, or MQ-based 4-aminoquinoline motifs linked by a urea, i.e. ureido-type
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Fig. 1. Structures of novel UT harmiquins.

(UT) harmiquins (Fig. 1). As both constituents of hybrid drugs exert anticancer and anti-
plasmodial properties, we also conducted a screening of their biological activities against
a panel of human cell lines and erythrocytic stages of the P. falciparum life cycle.

EXPERIMENTAL
General

Melting points were determined on a Stuart Melting Point (SMP3) apparatus (Barlo-
world Scientific, UK) in open capillaries with uncorrected values. Microwave-assisted
reactions were performed in a microwave reactor CEM Discover (CEM, USA) in a glass
reaction vessel. FTIR-ATR spectra were recorded using a Fourier-Transform Infrared
Attenuated Total Reflection Spectrum Two spectrophotometer (PerkinElmer, USA) in the
range from 450 to 4000 cm™. 'H and *C NMR spectra were recorded on a Bruker Avance
IIT HD operating at 400 or 600 MHz for the 'H and 100, 101, or 151 MHz for the *C nuclei
(Bruker, USA). Samples were measured in DMSO-d, solutions at 20 °C in 5 mm NMR tubes.
Chemical shifts are reported in parts per million (ppm) using tetramethylsilane (TMS) as
areference in the 'H and DMSO residual peak as a reference in the *C spectra (39.52 ppm).
Coupling constants (J) are reported in hertz (Hz). Mass spectra were recorded on Agilent
1200 Series HPLC coupled with Agilent 6410 Triple Quad (Agilent Technologies, USA).
Mass determination was performed using electron spray ionization (ESI) in positive mode.
The purities of all final compounds were determined on an Agilent Ultivo LC/TQ system,
and all were >95 %. A Phenomenex Gemini C18 column (4.6 x 150 mm, 5 pm) was used as
a stationary phase. The column temperature was 25 °C, with a sample injection volume of
10 pL and a flow rate of 0.8 mL/min. The mobile phase consisted of ultrapure water with
0.1 % formic acid (LC/MS grade, Sigma-Aldrich) (eluent A) and MeOH (LC/MS grade, Carlo
Erba) with 0.1 % formic acid (eluent B). The gradient was 0-10 min 10-100 % B; 10-15 min
100 % B; 15-16 min 100-10 % B. The absorption was measured using a diode array detector
at 230, 254, 300, 330, and 366 nm. All compounds were routinely checked by TLC with
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Merck silica gel 60F-254 glass plates (Merck, Germany) using cyclohexane/ethyl acetate/
methanol 3:1:0.5 or 1:1:0.5 and dichloromethane/methanol 7.5:2.5, 8:1 or 1:1 as solvent sys-
tems. Spots were visualized by short- (A = 254 nm) and long-wave UV light (A = 366 nm),
and iodine vapor. Column chromatography was performed on silica gel 0.063-0.200 mm
(Sigma-Aldrich, USA) with the same eluents used for TLC.

All chemicals and solvents were of analytical grade and purchased from commercial
sources. Anhydrous solvents were dried and redistilled prior to use. N'-(7-chloroquinolin-
4-yl)ethane-1,2-diamine (CQA), N'-(2,8-bis(trifluoromethyl)quinolin-4-yl)ethane-1,2-di-
amine (MQA), harmine-based amines 1, 4, 7, and 10, and harmine benzotriazolide 11 were
synthesized according to our previously described procedures (20-25).

Syntheses

N'-(7-chloroquinolin-4-yl)ethane-1,2-diamine (CQA)

CQA was prepared from 4,7-dichloroquinoline and ethylenediamine according to the
previously published procedure (20).

N'-(2,8-bis(trifluoromethyl)quinolin-4-yl)ethane-1,2-diamine (MQA)

A mixture of 4-chloro-2,8-bis(trifluoromethyl)quinoline (0.400 g, 1.335 mmol) and ethyl-
enediamine (0.895 mL, 13.351 mmol) was stirred under microwave irradiation (150 W) at 95 °C.
After 60 min, the reaction mixture was diluted with dichloromethane (70 mL), extracted
with 5 % NaOH (3 x 50 mL), and washed with water (2 x 50 mL). The organic layer was dried
over anhydrous sodium sulfate, filtered, and evaporated under reduced pressure. After
trituration with diethyl ether, a pale pink solid MQA was obtained (0.309 g, 72 %) (22).

(1-Methyl-9H-pyrido[3,4-bJindol-3-yl)methanamine (1)

Harmine-based amine 1 was prepared from tryptophane methyl ester according to
the previously published procedure (23).

1-(2-((7-Chloroquinolin-4-yl)amino)ethyl)-3-((1-methyl-9H-pyrido[3,4-b]indol-3-yl)methyl)urea
(2)

A solution of amine 1 (0.036 g, 0.170 mmol) in dry DMF (1 mL) was added dropwise to
a solution of CDI (0.036 g, 0.220 mmol) in dry DMF (1 mL). The reaction mixture was stirred
at 0 °C. After 2 h, CQA (0.034 g, 0.153 mmol) was added, and the mixture was stirred at r.t.
for 3 days. The reaction was quenched with water, and the resulting precipitate was fil-
tered off and recrystallized from ethanol to give a pale purple solid 2 (0.023 g, 33 %).

1-(2-((2,8-bis(Trifluoromethyl)quinolin-4-yl)amino)ethyl)-3-((1-methyl-9H-pyrido[3,4-blindol-
3-yl)methyDurea (3)

A solution of amine 1 (0.019 g, 0.089 mmol) in dry DMF (1 mL) was added dropwise to
a solution of CDI (0.017 g, 0.107 mmol) in dry DMF (1 mL). The reaction mixture was stirred
at 0 °C. After 4.5 h, MQA (0.035 g, 0.107 mmol) was added, and the mixture was stirred at
r.t. for 2 days. The reaction was quenched with water and the resulting precipitate was
filtered off. After purification by column chromatography (cyclohexane/ethyl acetate/
methanol 1:1:0.5), and precipitation from ethanol/water, a white solid 3 (0.014 g, 28 %) was
obtained.
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2-((1-Methyl-9H-pyrido[3,4-blindol-6-yl)oxy)ethan-1-amine (4)

Harmine-based amine 4 was prepared from 5-methoxytryptamine according to the
previously published procedure (23).

1-(2-((7-Chloroquinolin-4-yl)amino)ethyl)-3-(2-((1-methyl-9H-pyrido[3,4-blindol-6-yl)oxy)ethyl)
urea (5)

A solution of amine 4 (0.042 g, 0.172 mmol) in dry DMF (1 mL) was added dropwise to
a solution of CDI (0.033 g, 0.204 mmol) in dry DMF (1 mL). The reaction mixture was stirred
at 0 °C. After 2 h, CQA (0.032 g, 0.143 mmol) was added, and the mixture was stirred at r.t.
for 3 days. The reaction was quenched with water and the resulting precipitate was filtered

off. After consecutive trituration with methanol, DMF, water, and diethyl ether, a pale
yellow solid 5 (0.029 g, 41 %) was obtained.

1-(2-((2,8-bis(Trifluoromethyl)quinolin-4-yl)amino)ethyl)-3-(2-((1-methyl-9H-pyrido[3,4-bJindol-
-6-yl)oxy)ethyl)urea (6)

A solution of amine 4 (0.029 g, 0.119 mmol) in dry DMF (1 mL) was added dropwise to
a solution of CDI (0.023 g, 0.142 mmol) in dry DMF (1 mL). The reaction mixture was stirred
at 0 °C. After 2.5 h, MQA (0.046 g, 0.142 mmol) was added, and the mixture was stirred at
r.t. for 2 days. The reaction was quenched with water and the resulting precipitate was
filtered off. The crude product was purified by column chromatography with dichloro-
methane/methanol 7.5:2.5 as a mobile phase and triturated with diethyl ether to give a pale
yellow solid 6 (0.049 g, 70 %).

2-((1-Methyl-9H-pyrido[3,4-blindol-7-yl)oxy)ethan-1-amine (7)

Harmine-based amine 7 was prepared from harmole according to the previously pub-
lished procedure (24).

1-(2-((7-Chloroquinolin-4-yl)amino)ethyl)-3-(2-((1-methyl-9H-pyrido[3,4-blindol-7-yl)oxy)ethyl)
urea (8)

A solution of amine 7 (0.032 g, 0.133 mmol) in dry DMF (1 mL) was added dropwise to
a solution of CDI (0.026 g, 0.159 mmol) in dry DMF (1 mL). The reaction mixture was stirred
at 0 °C. After 1 h, CQA (0.035 g, 0.160 mmol) was added, and the mixture was stirred at r.t.
overnight. The resulting precipitate was filtered off and washed with water, ethyl acetate,
and ethanol to give a white solid 8 (0.028 g, 43 %).

1-(2-((2,8-bis(Trifluoromethyl)quinolin-4-yl)amino)ethyl)-3-(2-((1-methyl-9H-pyridol3,4-blindol-
7-yDoxy)ethyl)urea (9)

A solution of amine 7 (0.029 g, 0.119 mmol) in dry DMF (1 mL) was added dropwise to
a solution of CDI (0.023 g, 0.142 mmol) in dry DMF (1 mL). The reaction mixture was stirred
at 0 °C. After 1 h, MQA (0.046 g, 0.142 mmol) was added, and the mixture was stirred at r.t.
overnight. The reaction was quenched with water and the resulting precipitate was filtered
off. The crude product was dissolved in water, pH adjusted with 5 % NaOH to 11, and
extracted with ethyl acetate. The organic layer was dried over anhydrous sodium sulfate,
filtered, and evaporated under reduced pressure. After trituration with diethyl ether, a
white solid 9 (0.044 g, 63 %) was collected.
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2-(7-Methoxy-1-methyl-9H-pyrido[3,4-bJindol-9-yl)ethan-1-amine (10)

Harmine-based amine 10 was prepared from harmine according to the previously
published procedure (24).

N-(2-(7-Methoxy-1-methyl-9H-pyrido[3,4-blindol-9-yl)ethyl)-1H-benzo[d][1,2,3]triazole-1-carbox-
amide (11)

Harmine benzotriazolide 11 was prepared from amine 10 and 1-benzotriazole carbox-
ylic acid chloride according to the previously published procedure (25).

1-(2-((7-Chloroquinolin-4-yl)amino)ethyl)-3-(2-(7-methoxy-1-methyl-9H-pyrido[3,4-bJindol-9-yl)
ethyDurea (12)

A mixture of amine 10 (0.064 g, 0.290 mmol), harmine benzotriazolide 11 (0.058 g, 0.145
mmol), and TEA (0.040 mL, 0.290 mmol) in dichloromethane (2 mL) was stirred under
microwave irradiation (150 W) at 65 °C for 30 min. Upon completion, the precipitate was
filtered off. After consecutive trituration of the residue with diethyl ether and recrystalli-
zation from ethanol, a white solid 12 (0.039g, 53 %) was obtained.

1-(2-((2,8-bis(Trifluoromethyl)quinolin-4-yl)amino)ethyl)-3-(2-(7-methoxy-1-methyl-9H-
pyrido[3,4-bJindol-9-yl)ethyl)urea (13)

A solution of amine 10 (0.029 g, 0.119 mmol) in dry DMF (1 mL) was added dropwise
to a solution of CDI (0.033 g, 0.204 mmol) in dry DMF (1 mL). The reaction mixture was
stirred at 0 °C. After 1.5 h, MQA (0.046 g, 0.142 mmol) was added, and the mixture was
stirred at r.t. overnight. The reaction was quenched with water and the resulting precipi-
tate was filtered off. The crude product was purified by column chromatography with
dichloromethane/methanol 8:2 as a mobile phase and triturated with diethyl ether to give
a white solid (0.042 g, 58 %).

In vitro drug sensitivity assay against erythrocytic stages of P. falciparum

Antiplasmodial activity of new harmiquins was evaluated against two strains of P.
falciparum (3D7 — CQ-sensitive, provided by BEI resources, MRA-102 and Dd2 — multidrug-
resistant, provided by BEI resources, MRA-159), as previously described, using the histi-
dine-rich protein 2 (HRP2) assay (26, 27). Briefly, 96-well plates were pre-coated with the
tested compounds in a three-fold dilution before ring-stage parasites were added to the
complete culture medium at a hematocrit of 1.5 % and parasitaemia of 0.05 %. After three
days of incubation at 37 °C, 5 % CO, and 5 % oxygen, plates were frozen until analyzed by
HRP2-ELISA. All compounds were evaluated in duplicate in at least two independent
experiments. The IC;, was determined by nonlinear regression analysis of log concentra-
tion-response curves using the drc-package v0.9.0 of R v2.6.1 (28).

Cytotoxicity assay in human cell lines

The experiments were carried out on five human cell lines purchased from American
Type Culture Collection (ATCC): HepG2 (hepatocellular carcinoma; ATCC® HB-8065™),
SW620 (colorectal adenocarcinoma; ATCC® CCL-227™), HCT116 (colorectal carcinoma;
ATCC® CCL-247™), MCF-7 (breast adenocarcinoma; ATCC® HTB-22™), and Hek293T
(embryonic kidney cells; ATCC® CRL-3216™). All cell lines were cultured as monolayers and
maintained in Dulbecco’s modified Eagle medium (DMEM) (Capricorn Scientific, USA),
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supplemented with 10 % fetal bovine serum (FBS) (Capricorn Scientific, USA), 100 U mL™
penicillin, and 100 pg mL! streptomycin (Capricorn Scientific, USA) in a humidified atmo-
sphere with 5 % CO, at 37 °C. Cells were seeded in 96-well plates (Corning, USA) at 5,000
7,000 cells per well (depending on the cell doubling time of a specific cell line) in 0.1 mL
media and cultured for 24 h. The next day, the medium was aspirated, and cells were
treated for 72 h. Only the compounds that led to more than a 50 % reduction in mitochon-
drial metabolic activity at a concentration of 50 pumol L™ were selected for further analysis.
The following concentrations of selected compounds were used: 25, 10, 5, and 1 umol L.
Working dilutions were freshly prepared on the day of the testing. A fresh growth medium
was added to untreated control cells, which were defined as 100 % viable. DMSO (0.13 %)
in DMEM was considered a negative control. 5-Fluorouracil (5-FU) and harmine were used
as positive controls. At the end of treatment, media was removed, and cells were incubated
for 1 h with 0.5 mg mL™" MTT (Abcam, USA) dissolved in serum-deprived DMEM. The
MTT-containing media was then removed, and 0.1 mL isopropanol was added per well to
lyse cells and dissolve formazan. The optical density was measured at 570 nm using a
microplate reader (VICTORS3, PerkinElmer). Each test point was performed in triplicate.
The absorbance was directly proportional to cell viability. The IC;, values were calculated
by using linear regression on the sigmoidal dose-response plots and are expressed as
mean * SD.

RESULTS AND DISCUSSION

Chemistry

In this work, we report the synthesis of new hybrid compounds, UT harmiquins, that
differ in the type of the incorporated 4-aminoquinoline. CQ-based UT harmiquins 2, 5, 8,
and 12 contain 7-chloroquinoline, whereas MQ-based UT harmiquins 3, 6, 9, and 13 employ
2,8-trifluoromethylquinoline in their structures.

We have decided to explore the utility of the urea linker due to the important role of
ureas in medicinal chemistry. Urea can form multiple stable hydrogen bonds as both
hydrogen bond donor and acceptor, which leads to the stabilization of drug-target interac-
tions and an increase in drug activity and selectivity (29). As a result, urea moiety has been
incorporated in registered anticancer (sorafenib, lenvatinib), antiviral (boceprevir, ritonavir),
antipsychotic (ceriprazine), and antiparkinson (lisuride) drugs, as well as in numerous
biological active agents (anti-HIV, anticancer, antibacterial, antidiabetic agents) (30).

After careful consideration, we decided to prepare UT harmiquins by the 1,1-carbonyl-
diimidazole (CDI)-mediated synthesis, as synthetic routes to the starting compounds,
namely 4-aminoquinoline-based amines CQA and MQA, and p-carboline-based amines 1,
4, 7,10 were already established by us (20, 21, 23, 24). Shortly, CQA and MQA were obtained
from commercially available 4,7-dichloroquinoline/4-chloro-2,8-bis-(trifluoromethyl)-
quinoline and ethane-1,2-diamine, under microwave irradiation, in excellent yields. On
the contrary, the synthesis of amines 1, 4, 7, and 10 involved several steps. The -carbolines
required for the synthesis of amines 1 and 4 were prepared by Pictet-Spengler condensa-
tion of tryptophane methyl ester/5-methoxytryptamine and acetaldehyde dimethyl acetal
under acidic conditions to give tetrahydro-f-carbolines, followed by oxidation. Further
reactions included: 1) reduction of ester in the position C-3 to yield the corresponding
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alcohol, its conversion to azide using ADMP/DBU and catalytic hydrogenation (amine 1);
2) acid-mediated hydrolysis of ethers in positions O-6 and O-7 to obtain corresponding
phenols and 3) O-alkylation of phenols or N-alkylation of secondary amine at N-9 with
2-(Boc-amino)ethyl bromide/Cs,CO;, followed by the removal of the Boc protecting group
under acidic conditions (amines 4, 7, and 10).

In general, the preparation of UT harmiquins started by the in situ formation of N-
substituted carbonylimidazolide from B-carboline-based amine and CDI in DMF, which
subsequently reacted with either CQA or MQA. Interestingly, amine 10 and CQA failed to
react under those reaction conditions. Instead, amine 10 was converted with 1-benzotri-
azolecarboxylic acid chloride (BtcCl) to the corresponding benzotriazolide, followed by
the nucleophilic attack of the primary amino group of CQA to obtain urea 12.

The synthetic pathway towards new CQ- and MQ-based UT harmiquins is depicted
in Scheme 1.
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Table I. Analytical data for UT harmiquins 2, 3, 5, 6, 8, 9, 12 and 13

Yield Molecular M, MS t, HPLC
Compd. R, R R (%) formula (exact mass)  (m/z) (°C) purity (%)
2 a H H 33 CH,CNo 98 48l <95

45816) (M)
560.50 561.1

3 H O CR CR 28 GyHpFNO  Zile gy 197071395 985
488.98 489.1 259.5

5 o H H 4 GHONO e visl)y  (decomp) 97
590.53 591.1 254.5

6 H Ch Ch 70 GHFNO:  Goole o)y (@ecomp)
488.98 4891 2575

8 o H H 8 GHONO s (visl)  (decomp) 99
59053 5911968  196.0

9 H Ch Ch 63 CulFN©O» 501065 (vil)  (decomp) 98

2 Ca H H 4 CHCNo, 20 S03.1 2160 99

(50219)  (M+)*  (decomp.)

604.56 605.1 236.4
1B H CR R S8 GHFNO: o0 vy @ecompy Y

Structures of new UT harmiquins were confirmed by MS, IR, 'H, and *C NMR
spectra. All compounds, except inactive hybrid 2, showed a high degree of purity, > 98 %
(assessed by HPLC analysis). Analytical and spectral data are given in Tables I and II

Antiproliferative activity

Screening of the antiproliferative activity of UT harmiquins was performed against
four human tumor cell lines: MCF-7, HepG2, SW 620, and HCT 116, and one non-tumor cell
line, Hek293T (Table III), using the method described previously (31). The anticancer drug
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5-FU and harmine were used as positive controls. In addition, we decided to evaluate the
antiproliferative activity of the previously established library of AT and TT harmiquins
(21), to determine the structural features of CQ-based harmiquins relevant to antiprolife-
rative activity (Table III, compounds 14-28). Pre-screening against tumor cell lines was
performed using 50 pmol L™ of the compound tested. Only compounds that resulted in
more than a 50 % reduction in mitochondrial metabolic activity at 50 pmol L™ concentration
were selected for further analysis. Evaluation of antiproliferative activity against Hek293T
was performed only if the hybrid compound had an ICs, value of less than 50 pmol L™
against any tumor cell line.

First, we turned our attention to UT (2, 5, 8, 12), TT (14-21), and AT (22-28) CQ-based
harmiquins and carefully analysed the influence of the linker between two structural
motifs and of the position of the B-carboline substitution. We have found that, in general,
AT harmiquins exert the strongest and nonselective activity against all cell lines tested,
followed by TT harmiquins, whereas only one UT harmiquine, compound 12, showed
pronounced antiproliferative activity. Significant differences in the activity of the com-
pounds prepared at different B-carboline positions were also found. TT harmiquine 14,
prepared at C-1, showed selective activity against HCT 116 only, whereas the correspond-
ing AT harmiquine 22 exerted more pronounced activity against all cell lines tested. There
was some degree of selectivity against tumor cell lines, albeit a small one. At C-3, both UT
(2) and TT (15) harmiquins were inactive, whereas AT harmiquine 23 had pronounced, but
non-selective activity. At O-6, UT (5) and AT (24) harmiquins were inactive, but TT
harmiquine 16 showed a single-digit IC5, value against HepG2. Fortunately, it was inactive
against non-tumor cells. UT harmiquine (8), prepared at O-7, was inactive, whereas TT (18,
19) and AT (25) harmiquins showed significant non-selective activity. Surprisingly, the
most active compound prepared at the N-9 position of the B-carboline was UT harmiquine
12, followed by TT harmiquins 20 and 21, and in the third place AT harmiquins 27 and 28.

Altogether, the most active compounds among CQ derivatives were UT harmiquine
12, and TT harmiquins 18 and 19, which showed IC;, values in the one-digit micromolar
range against all cell lines tested, while TT harmiquine 16 was the only selective compo-
und against MCF-7 cell line, in comparison to Hek293T (selectivity index, calculated as the
fractional ratio between the IC5, values for Hek293T and MCF-7, was above 9).

MQ-based UT harmiquins 3, 6, 9, and 13 showed predominantly potent and non-
-selective activity against all cell lines (only compound 9 exerted low selectivity against
tumor cell lines). In particular, the antiproliferative activity of hybrids prepared at posi-
tions C-3, O-6, and O-7 of the -carboline ring was more pronounced than the activity of
their CQ-based counterparts 2, 5, 8. The activity of the two N-9 substituted UT harmiquins,
12 and 13, was similar.

Antiplasmodial activity

Antiplasmodial activity of UT harmiquins against the erythrocytic stage of the Plas-
modium life cycle was evaluated in vitro, against two strains of P. falciparum, CQ-sensitive
(Pf3D7) and CQ-resistant (PfDd2), according to the method described previously (Table IV)
(26-28). Harmine and CQ were used as positive controls. The selectivity of UT harmiquins
against P. falciparum was assessed by calculating the selectivity index (SI), as a fractional
ratio between the IC;, values for Hek293T and P. falciparum 3D7 strain.

549



K. Pavi¢ et al.: Synthesis, antiproliferative and antiplasmodial evaluation of new chloroquine and mefloquine-based harmiquins, Acta

Pharm. 73 (2023) 537-558.

10
i H
R o N
pu 87V ¥ 84'8¢C 0s < 0s< 0s < N /\/n\__/n\/\ _ = 8
N
2\ A\ =z
€40
H
N N
€00FETe 6 T+907 6L°0F£0€ 19°0+81°¢ [AVEX 187 7\ n n | 084 9
N o0 /__\ /\/ﬂ X _
— o «
H
N s
H H |
P N N
pu 0S < 0s < 0s < 05 < JON 0 NG NN <
— H
o
10
€40
H
N7 NZ N
60CTFTLSL COTF29TL 190 F I¢°ST CTFILYL SITOFF0°CT ¢4 _ n n €
X NN /__\ X
H
o)
I
NF _ NZ N
Y H H
pu 0c < 0S < 08 < 06 < S z
A NN /=\ x
I
[¢]
10
LE6CPH 91T LOH 029 MS oday L-dDOIN
2INdNIg pdwo)

(1= rowr) <1

(LE6T¥9H “9LL LOH ‘0279 MS ‘TOoH ‘L-IDN) saut] ja0 uviuny jsuivdp sumnbruivy 11 jo Ayanov aaiypiafijoidipun onra ug ‘Iij ajquL,

550



K. Pavi¢ et al.: Synthesis, antiproliferative and antiplasmodial evaluation of new chloroquine and mefloquine-based harmiquins, Acta

Pharm. 73 (2023) 537-558.

I
N
' Y
0S < 0S < 08 < 001 < 08 < P I
o = ==
JZ\I/\Z
=N
10
[N
|
S
05 < 8607991 0s< s7< 0s < o\/N/\z pI
0 N=N N A\
o
9y v/lzz
N N
0T'0 7 G424 P50 7 2L 91’0 ¥ G4 19T €59 6907 80'% = \ o €1
£40 _/4 Y,
7N\
54 N
(0]
" VIZI
) N N ///
0€°0 ¥ 6¥'S 100%80°€ TT0F8EE SCTFHF Y 200F¥TE = \ o 41
\
N’
Z\ /
X
H
N O [
€07 9491 $00 7859 5T T 16791 €80T CT'8 ISTFI9F NN _ Ny o 6
A N
= €45

551



K. Pavi¢ et al.: Synthesis, antiproliferative and antiplasmodial evaluation of new chloroquine and mefloquine-based harmiquins, Acta

Pharm. 73 (2023) 537-558.

Nan
’
2\ NN _
890 F 65°0L 9¢0F€LL 08 < ye8+CL6lL IT0*80°¢l N 0¢
N \ o/
10 S
H N~
p N Z\/\ / P N
0T 69V 890+ I8°C STOFEVE 06'TF4T9 €C0F 88T N / O/\A\I T 61
. N7
10
N
H \ )
€ro+999 S0'0F10¢C 9C0+0C'8 L'y + 079 PI'0+89°1T N == 18
N 74 / o) \ J 10
~-N
= N7
H
N
7
J N
19°0 % €291 ¥C0+99Y 7€'0+804 9’1+ €0'Cl 670 F8¢°ClL = \ L1
O\J\l\/ ~—
Ne N /\/ﬂ 10
N
H
N
7
N )
0s < L0F68CL 08 < GeeEF8YS 6€°0F LT'TC == O\J\\/ 9L
Ng N 7 3\
N N

552



K. Pavi¢ et al.: Synthesis, antiproliferative and antiplasmodial evaluation of new chloroquine and mefloquine-based harmiquins, Acta

Pharm. 73 (2023) 537-558.

o 10
H H
o N
0L T*9CCL 9€0F €L 790 ¥ LE6 780+ ¢6'Sl LLOFE]0L N ~ H L_/\ Z _ 14
A\ N
10
N
N z /
0s < 0s < 0s < 0C< 0s < = 74
[e) HN \ /2
o V|\ —
T\
I
N
7\
S'0F819 €5°0F 009 940 F S¥'01 YELF 7981 96 0*81'9 H — €T
74 N
N / \/A
-~ N \
N N/ NH O
1S°0 ¥ 69°CC 0+ VL 71+ 1CTIL 67’1 982 YC0F80%L HN n (14
10 Z\ \
N\ N=n
N
10 \ / /}
6€°0F60'9C 86’0 F ¥8'¢Cl CC0FCI8T VT F66'cl CCT+E0€Cl . N | ¥4
N
7
N\ °Q

553



K. Pavi¢ et al.: Synthesis, antiproliferative and antiplasmodial evaluation of new chloroquine and mefloquine-based harmiquins, Acta

Pharm. 73 (2023) 537-558.

‘7 = U ’[JS F ueaw Juasaxdal s)nsal , {UorjeIuadUO0d Pajsa) 153y 31y a3 Je pajdajap aq A[uo pinod A
-AT}OR SE “paure}qo aq Jou pinod )1 10exa ayy ¢ ‘uonIqryur Yimoid 9, 0g sasned Jetj3 UoreIjuaduod ay} <) , {pauruiialjop Jou “p-u [IeInolonf-¢ ‘N g-¢ ‘dururey Yy H

Yo'l F LSLL COLFEV VL €0+ 106 09°0+059 0£'S+06'¢C - nd-<
70'¢ ¥ 86'0C 0LTF¥92L 69°CFCEL 080 F 0481 OT'TF0S°€T - AVH
N =
e _ n (0]
n\/\/\
VCTL+FVITL 6C0FECL 05 < ar< 05 < [fo) 8T
N
4
N\ N
NZ
| H_o
N u\/\
69°0+9¢” 9’0+ ¥09 LI0OFIE9 8CCF¥8CL IO+ 629 10 LT
N
74
N\ o/
10
o
I
N
ﬁwﬁ/_ﬂ Ny
TT+9LT1L 1C°0+90°'9 90+ Ice VO'T+¥6'8 610+ ¥LL Nx 9T
N
74
N7\ o/
—

554



K. Pavi¢ et al.: Synthesis, antiproliferative and antiplasmodial evaluation of new chloroquine and mefloquine-based harmiquins, Acta
Pharm. 73 (2023) 537-558.

Table 1V. In vitro antiplasmodial activity of UT harmiquins against the erythrocytic stage of P. falciparum
(Pf3D7 and PfDd2 strains)

IC5y (mmol L2

Compd. SI®
Pf3D7 PfDd2

2 0.21 £0.003 © 13.11+5.51 n.d.

3 298 +0.09 8.01 £0.96 5.3

5 0.89 £0.27 1.64 +£0.22 n.d.

6 0.43 +0.06 394 +1.51 7.28

8 046 £0.11 0.32 £0.01 n.d.

9 0.86 £0.22 >5549 19.5

12 0.06 +0.01 0.19 +0.02 91.5

13 0.75 £ 0.002 0.87 £0.005 10.3
CcQ 0.01 £0.002 0.34 +0.08 -
HAR 8.25+2.83 >27.7 -

CQ, chloroquine; HAR, harmine; n.d., not determined; * IC5,, the concentration of the tested compound necessary
for 50 % growth inhibition; ® S, selectivity index, the ratio between ICs, (HepHek293T) and ICy, (Pf3D7);  results
represent mean + SD, n = 2; 4 the exact IC,, could not be obtained, as activity could only be detected at the highest
tested concentration.

In general, UT harmiquins showed antiplasmodial activity, against both strains tested,
significantly higher than that of the parent compound harmine, in the submicromolar and
low micromolar range. CQ-based UT harmiquins were more active than their MQ-based
counterparts, apart from the hybrids prepared in the O-6 position. A comparison of
harmiquins’ activities against both strains revealed stronger activity against Pf3D7, but
unfortunately, these were lower than that of the reference drug CQ. Surprisingly, CQ-
based hybrid 8, prepared in the O-7 position, showed 30 % higher activity against PfDd2
than against Pf3D7, and similar activity to CQ.

The most active hybrid was CQ-based UT harmiquine 12, prepared in the N-9 posi-
tion (ICs, (Pf3D7 = 0.06 + 0.01 pmol L™). Moreover, its activity against PfDd2 was 1.8 times
stronger than the activity of CQ itself. Since it was the most active compound against P.
falciparum, compound 12 had the most favourable S, i.e. it was the most selective compared
to mammalian cells (SI=91).

CONCLUSIONS

Both malaria and cancer remain global health problems, due to the development of
resistance to the currently available drugs. Therefore, the exploration of new agents against
both diseases is of utmost importance. In this study, we employed molecular hybridization
to synthesize new hybrid compounds, UT harmiquins, composed of CQ or MQ-based
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4-aminoquinoline motifs and B-carboline alkaloid harmine. The hybrids were prepared
from the corresponding 4-aminoquinoline amines and B-carboline amines in four posi-
tions of the B-carboline core, C-3, O-6, O-7, and N-9, by the CDI-mediated synthesis. We
further studied their antiproliferative activities in vitro, along with their CQ-based TT and
AT counterparts. The results showed that the 4-aminoquinoline moiety, the linker, and the
position of the substitution at the B-carboline core influenced the activity. Testing of UT
harmiquins antiplasmodial activity revealed CQ-based UT harmiquins as more effective
compounds than their MQ-based analogues. A careful analysis of all obtained results
revealed two valuable hits, namely TT harmiquine 16 as an anticancer and UT harmiquine
12 as an antiplasmodial hit. In our further research, we will focus our efforts on the enrich-
ment of the compound library to determine the structure-activity relationship and develop
new, more potent, and selective compounds.

Supplementary Material is available upon request.

Abbreviations, acronyms, symbols. — AT — amide-type, ATR, attenuated total reflection, Boc — tert-
butyloxycarbonyl, BtH — benzotriazole, CDI — 1,1’-carbonyldiimidazole, CQ — chloroquine, CQA —
chloroquine-based amine, DMF — N,N-dimethylformamide, ESI — electrospray ionization, 5-FU —
5-fluorouracil, HAR — harmine, HCT 116 — human colorectal carcinoma cell line, Hek293 — human
embryonic kidney cell line, HEPES — 2-(4-(2-hydroxyethyl)piperazin-1-yl)ethanesulfonic acid - HepG2
— human liver hepatocellular carcinoma cell line, hpi — hours post infection, HRP2 — histidine-rich
protein 2, IC;,— the concentration of the tested compound necessary for 50 % growth inhibition, MCE-
7 — human breast adenocarcinoma cell line, MQ — mefloquine, MQA - mefloquine-based amine,
Pf3D7 — chloroquine-sensitive strain of P. falciparum, PfDd2 — chloroquine-resistant strain of P. falci-
parum, PfHsp90 — P. falciparum heat shock protein 90, SW 620 — human colorectal adenocarcinoma cell
line, TEA — triethylamine, TMS — tetramethylsilane, TT — triazole-type, TWC - total wavelength
chromatogram, UT — ureido-type.
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