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ARTICLE INFO ABSTRACT

Keywords: Leishmaniasis and malaria are two debilitating protozoan diseases affecting millions globally, particularly in

Calamenene tropical and subtropical regions. Current therapeutic options face significant challenges due to emerging drug-

I/flpinel‘s resistant strains, necessitating the discovery of novel antiprotozoal agents. This study explores, for the first
etabolites

time, the antiprotozoal potential of calamenenes and their dimers, naturally occurring sesquiterpenes found in
essential oils, through a novel chemo-enzymatic synthesis approach. Using the laccase from Trametes versicolor,
atropoisomeric dimers of (—)- and (4)-8-trans-hydroxycalamenene were synthesized from commercially avail-
able (—)- and (+)-menthol. Structural elucidation was achieved via 2D-NMR spectroscopy, electronic circular
dichroism, and DFT calculations. In vitro profiling against Leishmania spp and drug-resistant Plasmodium falcip-
arum revealed that calamenene dimers exhibited significantly higher antiprotozoal activity compared to their
monomeric counterparts, highlighting the potential of dimeric terpenoids as promising antiprotozoal agents. This
work lays the foundation for developing novel antimalarial drugs based on calamenene scaffolds, encouraging
further interactome studies to optimize their pharmacological properties.
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Plasmodium falciparum Malaria

therapeutic options face significant challenges as drug-resistant strains
diminish their efficacy and long-term sustainability. Accordingly, to

1. Introduction

Leishmaniasis and malaria are two protozoan diseases affecting
millions of people worldwide, particularly in tropical and subtropical
regions. Leishmaniasis, caused by the Leishmania parasite, manifests in
various forms, ranging from cutaneous lesions to potentially fatal
visceral infections [1]. Malaria, on the other hand, is caused by Plas-
modium parasites, with P. falciparum (P.f.) being the most lethal strain,
responsible for severe illness and high mortality rates. [2] These human
parasitosis, have respectively caused more than 600 000 deaths (76 % of
them are children aged under 5 years) and an estimated number of 700
000 to 1 million new cases worldwide, according to the World Health
Organization (WHO) annual reports for 2023 [3,4].

Despite ongoing efforts to control and treat these diseases, current
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outpace the evolving resistance patterns of protozoan parasites, an ur-
gent need of novel antiprotozoal agents with unique mechanisms of
action or biological targets is currently emerging [5-10]. In this
framework, different strategies of drug design and development have
been explored by our group comprising the repositioning or repurposing
of FDA-approved drugs, [11,12] the rational design of protein-targeting
antiprotozoal candidates [13,14] and the de-novo investigation of che-
motypes never reported as antiprotozoal pharmacophores (Fig. 1)
[15-17].

The exploration of what Nature has to offer has largely inspired
medicinal chemists during the scaffold hopping stage, since the struc-
tural complexity of the natural products (NP) represents a treasure in
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terms of biodiversity [18].

Terpenes, a diverse class of NP produced by plants, fungi, and marine
organisms, are crucial players of many biological processes in vivo and
serve as precursors to various bioactive molecules [19-21]. Among
them, calamenenes and their hydroxylated metabolites (Fig. 2a) are
representative bioactive sesquiterpenes found in several essential oils of
different plant sources and often associated with diverse biological ac-
tivities, from antioxidant to antiproliferative and anticancer [22-33].

Interestingly, calamenenes-containing essential oils have been
related also with antiprotozoal activities highlighting how calamenene
skeleton could represent a natural product lead for the development of
novel antiprotozoal agents [34-39]. However, dose-response studies on
isolated calamenenes were rarely conducted as only essential oils (or
calamenenes-enriched derivatives of them) were usually screened in
vitro [38]. Moreover, stereochemical indications were generally missing
[38,40]. In addition, as highlighted by recent studies, the dimerization
of NP (either natural or synthetically induced) offers an easy entry to
novel compounds potentially endowed with unique biological profiles as
structural modifications can significantly influence their interaction
with biological target(s) as well as their pharmacokinetic properties
[41-44]. Interestingly, only few reports dealing with dimeric calame-
nenes, usually referred as bicalamenenes, can be found in the literature
(Fig. 2b) and their biological profiles remain practically unknown
[32,33,40,45,46].

In this scenario, we got interested in the possibility of proposing a
convenient synthetic entry to bicalamenenes, scaffolds that exist in the
peculiar form of stable atropisomers [40,45,46]. Moreover, considering
the lack of specific dose-response studies regarding the antiprotozoal
activity of calamenene terpenoids, a detailed in vitro profiling of the
growth inhibitory activity of both the parental calamenenes and their
corresponding dimers against parasite culture of Leishmania spp and P.f.
was programmed.

Accordingly, a novel chemoenzymatic synthesis of the dimers of (—)-
and (+)-8-trans-hydroxy calamenene (8-trans-HC) was built starting
from commercially available (—)- and (+)-menthol (Scheme 1). Briefly,
(—)- and (+)-menthol were respectively converted into (—)- and (+)-8-
trans-HC following a synthetic protocol previously reported by us [47],
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and based on the benzannulation of substituted 3-alkoxycarbonyl-3,5-
hexadienoic acids as a key step [48]. Then, the laccase from Trametes
versicolor (TvLac), an enzyme able to activate normally inert Csp>-H
bonds at the expense of molecular oxygen [49,50], allowed the easy
preparation of the target compounds via the oxidative dimerization of
the two substrates. Finally, the target products were structurally and
biologically characterized.

2. Materials and methods
2.1. General

Abbreviations used: DCM: dichloromethane; AcOEt = ethyl acetate;
TMEDA: N,N,N,N-tetrametil-etilendiammina; r.t. = room temperature;
DMF = N,N-Dimethylformamide; THF = Tetrahydrofuran; TEA = trie-
thylamine; DMSO = dimethyl sulfoxide; TvLac = Trametes versicolor
laccase; TLC = thin-layer chromatography; isolated yield: isolated yield;
C¢D¢ = Deuterated benzene; DFT = Density Functional Theory; EDC =
Electronic Circular Dichroism; SI = Supporting Information; Rt =
Retention factor; tg = Retention time.

All solvents and reactants, and the enzyme were purchased from
Sigma-Aldrich (St. Louis, MO, USA) whereas (+)-menthol was pur-
chased from TCI Europe N.V. (Zwijndrecht, Belgium).

The laccase from Trametes versicolor (TvLac) was purchased from
Sigma-Aldrich. The enzyme activity was evaluated according to litera-
ture assay based on ABTS (2,2-azino-bis(3-ethylbenzothiazoline-6-sul-
fonic acid)) as model substrate [51].

Biotransformations were performed in a G24 Environmental Incu-
bator New Brunswick Scientific Shaker (Edison, USA) or in a Thermo-
mixer Comfort (Eppendorf, DE). Flash column chromatography was
performed on a silica gel 60 (70-230 mesh, Merck, DE).

Novel compounds were characterized by 'H- and '3C NMR, HR-mass
spectrometry, and, when necessary, by measuring their optical rotation
values. The structures of the compounds previously reported in the
literature were confirmed by comparing their 'H spectra and HR mass
spectra with reported data.

'H- and !3C NMR spectra were recorded at 24 °C degrees with a
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Fig. 1. Examples of the antiprotozoal candidates developed by our research group through the years. [11-17].
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Fig. 2. (a) Structures and stereoisomers of calamenene and their hydroxylated metabolites; (b) Literature-reported hydroxycalamenene dimers. [33,40,45,46].
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Scheme 1. A novel chemoenzymatic entry to 8-trans-HC dimers as potential antiprotozoal agents.

Bruker Avance spectrometer (400 MHz) in CDCls.

High-resolution mass spectra (HRMS) were conducted on FT-
Orbitrap mass spectrometer in positive electrospray ionization (ESI).

Optical rotations were measured in a 1.0 cm tube with a Jasco P-
2000 polarimeter.

Electronic circular dichroism spectra were recorded on a nitrogen
flushed Jasco J-1100 spectropolarimeter (Easton MD, USA) interfaced
with a thermostatically controlled cell holder. The analyses were per-
formed in the range between 200 and 400 nm at 25 °C in quartz cuvettes.
The purified compounds were dissolved in methanol (0.15 mg mL™}
final concentration).

GC-MS analyses were performed using an HP-6890 gas chromato-
graph equipped with a 5973 mass detector and using an HP-5MS column
(30 m x 0.25 mm, 0.25 pm film thickness; Hewlett Packard, Palo Alto,
CA, USA) used with the following temperature program: 60° (1 min)-6°/
min-150° (1 min)-12°/min-280° (5 min); carrier gas: He; constant flow
1 mL/min; split ratio, 1/30; tg given in minutes.

Reactions were monitored by TLC of precoated silica gel 60 matrix
with fluorescent indicator 254 nm on Al foils analyzed with UV lamp or
developed with the Komarovsky reagent (p-hydroxybenzaldehyde 15 g,
H2SO4 50 % 100 mL, MeOH 1 L) or the phosphomolybdic reagent

((NH4)6MOO4 42 8 CE(SO4)2 2 8, HzSO4 62 mL, Hgo 1 L).

2.2. Synthetic chemistry

2.2.1. Preparation of (+)-8-trans-HC

(+)-Menthone (i). To a mechanically stirred solution of (+)-menthol
(50 g, 320 mmol) in diethyl ether (350 mL) Jones reagent (sulfuric acid-
chromium trioxide mixture, 1.65 eq) was added dropwise, maintaining
the temperature of the mixture below 25 °C with the aid of an ice bath.
After completion of the reaction (by TLC analysis, 2 h), the organic layer
was separated, and the aqueous one extracted with diethylether. The
combined organic phases were washed with a saturated solution of
NaHCOs, dried over anhydrous NaySO4 and evaporated under reduced
pressure. The residue obtained was distilled at reduced pressure to
afford the pure (i) (37 g, 240 mmol, 75 % yield) as a colorless oil.

'H NMR (400 MHz, CDCl3) & 3.42 (td, J = 10.5, 4.3 Hz, 1H),
2.25-2.14 (m, 1H), 2.01-1.83 (m, 1H), 1.75-1.64 (m, 1H), 1.64-1.59
(m, 1H), 1.58-1.34 (m, 2H), 1.18-1.07 (m, 1H), 1.03-0.95 (m, 2H), 0.93
(dd, J = 9.3, 6.8 Hz, 6H), 0.89 - 0.84 (m, 1H), 0.82 (d, J = 7.0 Hz, 3H).
13C NMR (100 MHz, CDCl3) 6 71.52, 50.14, 45.06, 34.55, 31.64, 25.82,
23.14, 22.21, 21.01, 16.09. [alp (¢ 0.5, CHCl3): +27.6. Data in
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agreement with literature values [52].

Aldehyde (ii). (a) Intermediate (i) (1.0 eq, 2.3 M in DCM) was slowly
added to an ice-cooled, mechanically stirred DCM suspension of p-tol-
uenesulfonyl hydrazine (0.74 eq), and the mixture was stirred for
approximately 2 h at 0 °C. Hence, the reaction was diluted with the same
volume of hexane and then was slowly concentrated under reduced
pressure using a rotavapor equipped with a cooled bath (0-10 °C). When
almost all solvent was removed the hydrazone start to precipitate. This
material was suspended in hexane, was cooled (0 °C), filtered on a
Buchner funnel and the filtrate was washed with cold hexane.

(b) The obtained hydrazone was suspended in a 2:1 mixture of
hexane/TMEDA (1.2 M, 1.0 eq) and was cooled to —78 °C. Then, the
reaction was mechanically stirred and a hexane solution of BuLi (2.5 M,
5.0 eq) was added dropwise, under nitrogen atmosphere. The mixture
was stirred for 10 min at —78 °C and then allowed to warm to r.t. for one
additional hour (nitrogen evolution occurred at temperature superior to
0 °C). Hence, the mixture was cooled again at —78° C and DMF (10 eq)
was added. The reaction was left to reach room temperature and finally
was quenched with saturated aqueous NH4Cl and extracted with a 1:1
(v/v) mixture of hexane and diethyl ether. The combined organic layers
were dried over anhydrous NaySO4 and evaporated under reduced
pressure. The residue obtained was purified by silica gel column chro-
matography (hexane:AcOEt, from 100:0 to 90:10) and distilled affording
pure (ii) as an oil (55 % isolated yield).

H NMR (400 MHz, CDCl3) 6 9.32 (s, 1H), 6.64 - 6.51 (m, 1H), 2.49 —
2.18 (m, 3H), 1.88 - 1.70 (m, 2H), 1.61 (dtd, J = 13.5, 6.7, 3.4 Hz, 1H),
1.49 - 1.29 (m, 1H), 1.03 (d, J = 7.3 Hz, 3H), 0.84 (d, J = 7.0 Hz, 3H),
0.62 (d, J = 6.9 Hz, 3H). '3C NMR (400 MHz, CDCl3) 5 194.4,158.3,
143.8,37.6, 31.4, 28.7, 27.9, 20.6, 20.6, 20.5, 17.0. EI-MS m/z 166 (61),
151 (11), 137 (12), 123 (100), 109 (49), 95 (74), 81 (36), 67 (23). [a]lp
(c 3, CHCl3): —89.8.

Phenol (iii). (a) LDA (15 mL of a 2 M solution in THF) was added
dropwise, under a static atmosphere of nitrogen, to a cooled (—60 °C)
solution of dimethyl succinate (3,9 g, 26.7 mmol) in dry THF (15 mL).
After 10 min, aldehyde (ii) (4 g, 24.1 mmol) in dry DMPU (4 mL) was
added dropwise and the reaction was stirred for 1 h. Hence, additional
LDA (12.1 mL of a 2 M solution in THF) was introduced, and the mixture
was left to reach r.t (24 °C). The progress of the reaction was checked by
TLC observing the aldehyde concentration decreasing and the formation
of a dienic acid. When the transformation didn’t proceed any longer (2
h), the mixture was quenched with saturated aqueous NH4Cl, acidified
with diluted HCl aq. and extracted with ethyl acetate. The combined
organic layers were washed with brine, dried over anhydrous NaySO4
and evaporated under reduced pressure. The residue was made up of a
mixture of the product iii, unreacted aldehyde ii unreacted dimethyl
succinate, and a minority amount of the dienic acid isomers, namely the
3-(Z) and the 2,5-dienoic acid isomers. Since the chromatographic sep-
aration of the dienoic acid isomers was unsuccessfully and only 3-(E)-
hexadienoic acid can give benzannulation reactions, the crude reaction
mixture was used as such in the next step.

(b) The obtained crude reaction mixture was taken-up in dry THF
(30 mL), TEA (15 mL) was added, and the mixture was cooled with an
ice-bath. Trifluoroacetic anhydride (5 mL, 36 mmol) was then added
dropwise under magnetic stirring and the mixture was allowed to warm
tor.t. Stirring was prolonged for 1 h, then the reaction was acidified with
diluted HCI aq. and extracted with AcOEt. The combined organic layers
were dried over anhydrous NaySO4 and evaporated under reduced
pressure. The residue obtained was purified by silica gel column chro-
matography (hexane/ethyl acetate, from 100:0 to 95:5) to afford phenol
derivative (iii) (2.65 g, 42 % yield) that can be crystallized from hexane
(mp).

H NMR (400 MHz, CDCl3) 6 7.49 (s, 1H), 7.26 (d, J = 1.5 Hz, 1H),
3.90 (s, 3H), 3.25 - 3.15 (m, 1H), 2.62 - 2.55 (m, 1H), 2.13 - 1.79 (m,
5H), 1.23 (d, J = 7.0 Hz, 3H), 1.01 (d, J = 6.8 Hz, 3H), 0.84 (d, J = 6.8
Hz, 3H). 3C NMR (100 MHz, CDCls) § 168.0, 153.7, 141.5, 135.7,
126.9,123.3,113.2, 52.1, 43.1, 33.2, 27.2, 26.8, 21.9, 20.8, 19.4, 19.0.
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EI-MS m/z 262 (24), 231(8), 219 (100), 187 (40), 160 (10), 145 (11),
131 (4), 115 (7), 105 (2), 91 (3); [alp (c 2, CHCl3): +64.2.

(+)-8-trans-HC (2). (a) LiAlH4 (300 mg, 7.9 mmol) was added to an
ice-bathed, magnetically stirred diethyl ether solution of (iii) (1 g, 3.82
mmol). The mixture was stirred for 30 min and then quenched with a
saturated aqueous NH4Cl, acidified with diluted HCl and then extracted
with diethyl ether. The combined organic layers were dried over
anhydrous NaySO4 and evaporated under reduced pressure.

(b) The crude residue was taken-up with MeOH (25 mL), placed in a
round-bottomed flask equipped with a magnetic stirrer and was hy-
drogenated using 10 % Pd/C (200 mg) as catalyst. The mixture was then
filtered and, after evaporating the solvent under reduced pressure, the
residue obtained was purified by silica gel column chromatography
(hexane:ethyl acetate, from 100:0 to 95:5) to afford (+)-8-trans-HC (2)
(750 mg, 90 % yield).

'H NMR (400 MHz, CDCls) 5 6.51 (s, 1H), 6.36 (s, 1H), 4.51 (s, 1H),
3.04 - 2.94 (m, 1H), 2.39 (td, J = 5.8, 2.9 Hz, 1H), 2.17 (s, 3H), 1.96 —
1.85 (m, 2H), 1.82 - 1.65 (m, 2H), 1.13 (d, J = 7.0 Hz, 3H), 0.91 (d, J =
6.8 Hz, 3H), 0.75 (d, J = 6.8 Hz, 3H). 3C NMR (100 MHz, CDCls) 6
168.0, 153.1, 141.1, 135.0, 126.2, 122.9, 113.5, 43.2, 33.1, 27.4, 26.7,
22.0,21.2,21.0, 19.6, 19.4. EI-MS m/z 218 (29), 203 (2), 175 (100), 160
(13),147 (12), 141 (4), 128 (4), 121 (5), 115 (6), 105 (2), 91 (4); [alp (c
2, CHCl3): +29.2.

2.2.2. TvLac —mediated oxidation of 8-tans-HC: General procedure

TvLac (0.4U mg;}lbstrate) was added to a 25 mM solution of the
selected enantiomer of 8-trans-HC prepared in a 50 % v/v mixture of
acetone and acetate buffer (50 mM, pH 4.5). The resulting mixture was
incubated in orbital shaker at 27 °C under gentle shaking (180 rpm) for
24 h and then extracted with AcOEt. The combined organic layers were
dried over anhydrous Na;SO4 and evaporated under reduced pressure.
The crude residue was purified by silica gel column chromatography
using a petroleum ether and AcOEt (95:5) as mobile phase.

Biooxidation of (—)-8-trans-HC (1). According to the above described
general procedure (2.2.2), the C2-C4’ (=)-(S)ax-trans-HC dimer 1a (18.6
mg, 0.04 mmol, isolated yield: 25 %, TLC Rf: 0.40) and two mixtures of
non-separable C—C (13 mg, 0.03 mmol, isolated yield: 18 %, TLC Rf:
0.60) and C—O dimers (27.0 mg, 0.06 mmol, isolated yield: 38 % TLC
Rf: 0.75) were obtained as yellow oils starting from (—)-8-trans-HC (70
mg, 0.32 mmol) and TvLac (28 U).

1a: 'H NMR (500 MHz, G¢De) 5 6.75 (s, 1H), 6.09 (s, 1H), 4.86 (s,
1H), 4.08 (s, 1H), 3.51 (quint. d, J = 7.0, 2.0 Hz, 1H), 3.31 (quint. br, J =
6.9 Hz, 1H), 2.58 (q, J = 4.0 Hz, 1H), 2.50 (td, J = 6.0, 3.0 Hz), 2.06 (m,
1H), 2.05 (m, 1H), 2.03 (m, 1H), 1.96 (m, 2H), 1.96 (m, 1H), 1.91 (m,
1H), 1.90 (s, 3H), 1.87 (s, 3H), 1.74 (m, 1H), 1.50 (m, 1H), 1.41 (m, 1H),
1.38 (d, J = 6.9 Hz, 3H), 1.31 (d, J = 6.9 Hz, 3H), 1.01 (d, J = 6.9 Hz,
3H), 0.88 (d, J = 6.9 Hz, 3H), 0.74 (d, J = 6.9 Hz, 3H), 0.72 (dz, J = 6.9
Hz, 3H). '3C NMR (125 MHz, C¢Dg) 5 153.45, 150.90, 142.21, 139.51,
136.02,132.20, 128.75, 126.48,125.58, 123.93, 123.24, 114.86, 22.20,
22.11, 21.71, 21.01, 19.75, 19.72, 19.56, 19.54, 19.49, 18.29.

[a]lp (c 1.0, CHCl3): —57.87.

ESI-MS m/z: 457.3 [M + Nal™; 473.2 [M + K]'. HRMS (ESI) m/z
caled for C3gH430, [M + H]™: 435.3263, found: 435.3261.

Biooxidation of (+)-8-trans-HC (2). According to the above described
general procedure (2.2.2), the C2-C4’ (+)-(R)ax-trans-HC dimer 2a (17.7
mg, 0.04 mmol, isolated yield: 22 %, TLC Rf: 0.37) and two mixtures of
non-separable C—C (8.7 mg, 0.02 mmol, isolated yield: 11 %, TLC Rf:
0.44) and C—O dimers (35.6 mg, 0.07 mmol, isolated yield: 39 %) were
obtained as yellow oils starting from (+)-8-trans-HC (80 mg, 0.37 mmol)
and TvLac (28 U).

2a: 'H NMR (400 MHz, CDCl3) 6 6.63 (s, 1H), 6.61 (s, 1H), 4.86 (s,
1H), 4.75 (s, 1H), 4.68 (s, 1H), 3.21-3.10 (m, 2H), 2.49-2.45 (m, 1H),
2.38-2.35 (bt, J = 6 Hz, 1H), 2.05 — 1.99 (m, 3H), 1.85 (s, 3H),
1.82-1.78 (m, 1H), 1.77 (s, 3H), 1.75-1.69 (m, 3H), 1.51-1.45 (m, 2H),
1.19 (d, J = 6.9 Hz, 3H), 1.10 (d, J = 6.9 Hz, 3H), 0.98 (d, J = 6.9 Hz,
3H), 0.85 (d, J = 6.9 Hz, 3H), 0.64 (d, J = 6.9 Hz, 3H), 0.61 (d, J = 6.9
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Hz, 3H). 3C NMR (101 MHz, CDCl3) § 152.9, 150.3, 142.3, 139.3,
136.3,131.9, 128.3,126.1, 125.9, 123.5, 122.9, 114.6, 43.1, 39.6, 33.1,
31.9, 27.2, 26.9, 26.6, 26.6, 22.1, 22.1, 21.6, 20.7, 19.8, 19.6, 19.5,
19.5, 17.8.

[o]p (c 1.5, CHCls): +48.0.

ESI-MS m/z: 457.3 [M + Nal™; 473.2 [M + K]". HRMS (ESI) m/z
caled for CggH430, [M + H]™: 435.3263, found: 435.3262.

2.3. Computational chemistry

2.3.1. Molecular dynamics

All molecular dynamics (MD) simulations either without or with the
enhanced-sampling algorithms provided by Plumed [53] and all the
standard structural analyses were performed with AMBER 23 suite
[54,55] with the CUDA implementation for GPUs. The molecules re-
ported in Fig. 5 (i.e. the two axial diastereoisomers of dimers 1a and 2a)
and methanol were parametrized using the webserver https://www.ch
armm-gui.org using charmm36 force field [56-58]. In the same web-
server was possible to set up the systems for the MD simulations by
placing the solute dimer in a cubic box with volume of 125 nm?, the box
was then filled by methanol molecules until reach the right density of
0.79 g/cm®. Each system before the production MD simulation were
minimized for 5000 steps with steep-descent algorithm. The minimized
systems were then equilibrated at 300 K for 5000 ps using Langevin
coupling, with y equal to 1 ps~! and a non-bonded cut-off of a 12 A with
an integration step of 0.001 ps. The NPT production MD was run at 300
K for 50*10°ps using Langevin coupling, with y equal to 1 ps~* and non-
bonded cut-off of a 12 A with MC barostat with an integration step of
0.002 ps [59]. Trajectory frames for subsequent analysis were saved
every 5 ps for a total of 10,000 conformations. The conformational space
of the two unsaturated 6-membered rings, menthol moieties, was
sampled more extensively using metadynamics with the puckering col-
lective variable described by Cremer and Pople in 1975 and imple-
mented in Plumed as collective variable (CV) by Parrinello and
colleagues in 2007 (plumed version 2.8.1) [60,61]. The enhanced
sampling was applied by adding a hill in cartesian coordinates every 250
steps with a width of 0.05 and height of 0.05 kj*mol . To speed up the
convergence of the simulations, the BIASFACTOR parameter was set
equal to 20. Plumed energetic log (colvar, hills) files were saved every
250 steps, the data used for the clustering analysis were generated by
recalculating the CV on every frame keep during the MD. The collective
variable is written in two forms inside the Plumed log files: one in
spherical coordinates (¢, y, p) and in its projection on the Cartesian axis
X,Y,Z).

2.3.2. Clustering

The projection of the collective variable on the 3 Cartesian axes was
analysed by clustering analysis in order to determine the most probable
conformations sampled by the two molecules during the MD simula-
tions. The R-cuda implementation of the kmeans algorithm was used for
clustering analysis and a total of 30 unique conformations were identi-
fied for each molecule [62,63]. The clustering algorithm was first
applied on the CV in cartesian coordinated of one ring and the clusters
were identified. Then all conformations belonging to a cluster were
further clustered by considering the CVs in Cartesian coordinates of the
second ring.

2.3.3. Electronic circular dichroism (ECD) spectra calculation

The QM calculations were repeated on each of the 30 unique con-
formations identified by the clustering analysis for the molecules re-
ported in Fig. 3, i.e. the two axial diastereoisomers of dimers 1a and 2a.
The ECD spectra were calculated with Gaussian v.16 at DFT/TDDFT
level using for all the calculation the functional PBE1PBE with the basis
set 6-311 + G**. [64-66]. The solvation model used to mimic the effect
of methanol on the molecule is Polarizable Continuum Mode (PCM) with
permittivity € = 32.613F/m [https://doi.org/10.1021/cr9904009]
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[67]. All conformations found by clustering analysis were minimised
and the minimum conformations were verified to be true minima by
frequency calculation. From frequency calculation were also saved the
free energies and the zero-point energy (ZPE) that will be used later for
the mean ECD spectra calculation. With the TDDFT were calculated the
ECD spectra and were calculated the first 60 singlet excited states. Using
the program SpecDis version 1.71 was possible analyse and calculate the
ECD mean spectra. [68,69] The Boltzmann-weighted summation was
used to calculate the mean ECD spectra using the free energy corrected
by the ZPE.

2.3.4. Rotational energy barrier estimation

Metadynamics was used to sample the probable conformations
adopted by molecule dimer 2a during the rotation around the bond that
generate atropisomerism, i.e. T1 [67]. The MD protocol is the same
described in section 2.3.1 but the collective variable this time is the
torsion T1 and the enhanced sampling was applied by adding a hill in
cartesian coordinates every 250 steps with a width of 0.15 and height of
0.15 kj*mol 1. The clustering analysis on 10,000 conformations, as
described in section 2.3.2, for T1 select 17 conformations. The energies
of these conformation were evaluated by DFT using for all the calcula-
tion the functional B3LYP with the basis set 6-31G.

2.4. Biology

2.4.1. Promastigote stage of Leishmania spp cultures and antileishmanial
activity

Promastigote stage of L. infantum strain (MHOM/TN/80/IPT1,
kindly provided by Dr. M. Gramiccia and Dr. T. Di Muccio, ISS, Roma)
and L. tropica (MHOM/IT/2012/1SS3130) were cultured in RPMI 1640
medium (EuroClone) supplemented with 15 % heat-inactivated fetal calf
serum (EuroClone), 20 mM Hepes, and 2 mM t-glutamine at 22 °C. The
MTT (3-[4.5-dimethylthiazol-2-yl]-2.5-diphenyltetrazolium bromide)
method [11,14] was used to estimate the 50 % inhibitory concentration
(ICsp), with some modifications. Compounds were dissolved in DMSO
and then diluted with medium to achieve the required concentrations.
Drugs were placed in 96 wells round bottom microplates and seven se-
rial dilutions made. Amphotericin B was used as the reference anti-
leishmanial drug. Parasites were diluted in complete medium to 5 x 10°
parasites/mL and 100 pl of the suspension was seeded into the plates,
incubated at 22 °C for 72 h. Then 20 pl of MTT solution (5 mg/mL) was
added into each well, after 3 h the plates were centrifuged, the super-
natants discarded and the resulting pellets dissolved in 100 pl of lysing
buffer consisting of 20 % (w/v) of a solution of SDS (Sigma), 40 % of N,
N-dimethylformamide (Merck) in H,0. The absorbance of the obtained
solutions was measured at a wavelength of 550 nm with a reference at
650 nm with a microplate spectrophotometer (Synergy 4-Biotek) and
analyzed with the Gen5® software for data processing. The results are
expressed as ICsp, the dose of compound is necessary to inhibit cell
growth by 50 %; each ICsq value is the mean =+ standard deviation of at
least three separate experiments performed in duplicate [11,14].

2.4.2. P. Falciparum cultures and drug susceptibility assay

P.f. cultures were carried out according to Trager and Jensen with
slight modifications [70]. The CQ-susceptible strains D10 and the CQ-
resistant strain W2 were maintained at 5 % hematocrit (human type
A-positive red blood cells) in RPMI 1640 (EuroClone, Celbio) medium
with the addition of 1 % AlbuMax (Invitrogen, Milan, Italy), 0.01 %
hypoxanthine, 20 mM Hepes, and 2 mM glutamine. All the cultures were
maintained at 37 °C in a standard gas mixture (1 % 02,5%COs, and 94 %
Ny). All compounds were dissolved in either water or DMSO and then
diluted with medium to achieve the required concentrations (final
DMSO concentration < 1 %, non-toxic to the parasite). Drugs were
placed in 96-well flat-bottomed microplates (Costar) and serial dilutions
made. Asynchronous cultures with parasitaemia of 1-1.5 % and 1 %
final hematocrit were aliquoted into the plates and incubated for 72 h at
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37 °C. Parasite growth was determined spectrophotometrically (OD650)
by measuring the activity of the parasite lactate dehydrogenase (pLDH),
according to a modified version of the method of Makler in control and
drug-treated cultures. The antiplasmodial activity is expressed as 50 %
inhibitory concentrations (ICsg); each ICsq value is the mean + standard
deviation of at least three separate experiments performed in duplicate
[15,16].

2.4.3. Cytotoxicity against HepG2 cell line

HepG2 is a cell line exhibiting epithelial-like morphology that was
isolated from a human hepatocellular carcinoma. Cells were maintained
in standard conditions at 37 °C in 5 % CO» incubator in DMEM medium,
supplemented with 10 % fetal calf serum and 2 mM glutamine. For the
toxicity experiments, HepG2 cells at 1.5 x 10* cells/100 ul/well were
plated in 96-well plates and incubated at 37 °C, 5 % CO5, overnight. Cells
were than treated with serial dilutions of test compounds for 72 h, and
cell proliferation was evaluated by using the MTT assay already
described [71].

3. Results & discussion
3.1. A novel chemo-enzymatic synthesis of bicalamenenes

The preparation of (—)-trans-HC was previously accomplished
starting from (—)-menthol applying a synthetic protocol developed by us
[47]. Accordingly, (+)-8-trans-HC was synthesized in the framework of
this study via the straightforward application of the same synthetic
strategy but using the commercially available (+)-menthol as starting
material (Scheme 2).

Briefly, (4)-menthol was oxidized to the corresponding ketone (i)
that underwent a two-step process of carbon homologation based on the
Shapiro reaction to afford the aldehyde (ii). This compound was con-
verted into the bicyclic phenol (iii) via C4 homologation to the corre-
sponding substituted 3,5-hexadienoic acid followed by a benzannulation
reaction [48]. Finally, target (+)-trans-HC was obtained via two
sequential reduction steps. Accordingly, compound (iii) was treated
with LiAlH,4 that reduced the benzoic ester group into the corresponding
benzylic alcohol group. The intermediate was not isolated and was
further reduced to (+)-trans-HC by hydrogenation in the presence of Pd/
C as catalyst [47].

The core of the proposed chemo-enzymatic bicalamenene synthesis
was the biocatalyzed oxidative dimerization of the above described 8-
trans-HC mediated by the laccase from T. versicolor (TvLac). TvLac
catalysis allows, in fact, the activation of normally inert Csp?-H bonds
(generally of phenols and anilines) as highly reactive radical species
under mild conditions, at the only expense of molecular oxygen and
forming water as the byproduct of the process. The destiny of the formed
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radical(s) can vary from simple functional group oxidation, C—H hy-
droxylation and C—C or C—O dimerization, to the production of com-
plex carbonaceous skeletons via multistep mechanisms relaying on the
chemical features of the substrates [49,50]. We previously reported the
exploitation of this enzymatically triggered radical-cation chemistry to,
e.g., successfully prepare heterocyclic derivatives of naturally occurring
phenols. In this way benzofuran-based libraries of antioxidant NPs and
of allosteric ligands of the molecular chaperone Hsp90 were obtained
[13,72-74]. Moreover, this approach allowed us to easily prepare C—C
dimers of phenolic NP and, most importantly in the context of this work,
to install stereogenic axes on the obtained dimeric products [51,75].

Thrilled by these findings and aiming at synthesizing bicalamenenes,
we investigated the reaction outcomes of the biooxidation of (—)-8-
trans-HC (1, selected as model substrate) catalyzed by TvLac. Briefly, the
biotransformation was first investigated on analytic scales to identify the
proper reaction medium, evaluating the substrate conversion and the
product(s) formation by simple TLC analyses. Different water miscible
cosolvents (methanol, acetonitrile, acetone, dimethyl sulfoxide and
dimethyl formamide) were investigated using different v/v ratios
working in the presence of increasing substrate and enzyme loadings
(1-10 mggsubstrate mL~! and U mggﬁbstrate, respectively), and selecting
acetate buffer (50 mM, pH 4.5) as the main reaction solvent. Biphasic
systems (50 % v/v of AcOEt) were also considered. Eventually,
balancing different factors, a 25 mM solution of (—)-8-trans-HC prepared
in a 50 % v/v solution of acetone in acetate buffer in the presence of
TvLac (0.4 U mg;}lbstrate) was selected to proceed with the preparative
scale reactions. Specifically, we considered (1) substrate’s solubility, (2)
the enzyme stability (measured as residual activity following reported
protocols [51]), (3) substrate’s conversion and (4) the formation of TLC
spots characterized by retention factors (Rf) potentially attesting for
unitary dimers instead of oligomers/degradation products.

Accordingly, (—)-8-trans-HC was oxidized with TvLac and the ob-
tained mixture was purified via flash column chromatography on silica
gel isolating in both cases the products corresponding to three different
TLC spots having the following Rf (petroleum ether/AcEOt = 95:5):
0.75, 0.60 and 0.35 (Scheme 3a).

Products were at first characterized by ESI-MS and 'H NMR. While
all the three products shared a mass value compatible with dimeric
structures of (—)-8-trans-HC, only the most polar spot (dimer 1a, Rf:
0.35) was identified to be a single product. On the contrary, the other
two isolated materials, corresponding to the TLC spots with Rf 0.75 and
0.60, revealed themselves as inseparable and not-fully characterizable
mixtures of dimers, with the former potentially being an ensemble of
different regioisomeric C—O dimers according to the lower polarity. The
structure of 1a was elucidated by NMR (Table S1 of SI) on the basis of
NOE experiments recorded in CgDg (Scheme 3b).

According to the structure reported in Scheme 3 the proton H-4

Bicalamenene 1a Bicalamenene 2a

Fig. 3. (a) Experimental EDC spectra of dimer 1a and dimer 2a. (b) Structures of the four stereoisomeric bicalamenene applied in the DFT calculations.
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Scheme 2. Chemical synthesis of (+)-8-trans-HC. Reagents and conditions: (a) Jones reagent, diethyl ether, ice bath; (b) p-toluenesulfonyl hydrazine, DCM, 0 °C; (c)
2:1 mixture of hexane/TMEDA, BuLi, DMF, from —78 °C to 24 °C; (d) LDA, dimethyl succinate, THF, from —60 °C to 24 °C; (e) TEA, trifluoroacetic anhydride, THF,
24 °C; (f) LiAlH4, diethyl ether, 0 °C; (g) 10 % Pd/C,H; gas, MeOH, 24 °C.

(a)

OH
/:\

0, H,0

- A

Mixture of C-C Dimers Mixture of C-O Dimers
C-C Dimer 1a (Rf: 0.60, i.y.: 18%) (Rf: 0.75, i.y.: 38%)
(Rf: 0.35, i.y.: 25%)

(-)-8-trans-HC (1)

Scheme 3. (a) TvLac-mediated oxidation of (—)-8-trans-HC and the corresponding isolated products. (b) Schematization of the NOE effects related to the to the H-4
and H-2' nuclei (®, depicted respectively in blue and orange) and to the Me-3 and Me-8 groups (*, depicted respectively in red and green) of dimer 1a.

shows NOEs with the Me-3, H-5 and the C5-isopropyl group while H-2' two calamenene units is potentially limited by the steric interaction of
displays effects only with Me-3' and OH-1' thus confirming that the the methyl, hydroxy and isopropyl groups close to carbons C2 and C4'.
dimerization occurred between the C-2 and C-4’ carbons. Considering that the thermal energy of a free molecule in solution is

As specified by different literature reports [32,33,40,45,46], bica- estimated to be 25 kecal mol ™!, we proceeded to calculate the barrier
lamenenes exist as stable atropisomers, stereoisomers formed when the rotational energy of the C2-C4' single bond via Density Functional
energy differences due to steric strain (or other contributors) create on a Theory (DFT). An energy barrier of 28.40 kcal mol ! was obtained,
single C—C bond a rotational barrier high enough to allow the isolation suggesting the presence of a conformationally restricted diaryl system
of the individual conformers. In the case of the bicalamenene 1a, the and the establishment of a stereogenic axis stable at room temperature.
conformational freedom of the Csp?-Csp? single bond connecting the Accordingly, some NOEs observed between nuclei belonging to the two
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calamenene units further advised for a rigid spatial orientation of the
two terpene units along the C2-C4’ axis and allowed also to hypothesise
their relative orientation in the space. In particular, the methyl Me-3
(1.90 ppm) showed strong contacts with H-5' (2.58 ppm) and weaker
NOE effects with Me-8' (1.31 ppm) and the methyl Me-8 (1.38 ppm)
weakly interacted with the Me’ (isop) (0.72 ppm). These observations
could imply that the substituted cyclohexene ring of 1a (carbons C-5, C-
6, C-7/, C-8)) should be oriented at the same side of the Me-8 methyl
group (Scheme 3b). Moreover, the NMR spectra of dimer 1a suggested
that the biooxidation resulted in the formation of only one atropoiso-
meric bicalamenene, as single sets of signals were registered attesting
the presence of only one of the two possible diastereomeric dimers
(Fig. 3b).

The laccase mediated oxidation of (+)-trans-8-HC, conducted in the
same optimized conditions used for the (—)-enantiomer, gave very
similar results (Scheme 4). The characterization of dimer 2a can be
found in the SI and agrees with the structural data reported by Nishi-
zawa et al. in 1985 for a naturally occurring bicalamenene synthetically
derived from (+)-8-trans-HC [40].

3.2. Determination of the absolute configuration of dimers 1a and 2a

The next step of our investigation was the elucidation of the ste-
reochemical outcome of the biooxidation reactions. The optical rotatory
power (ap) of 1a and 2a were measured and the two bicalamenenes
shared their steric series with their respective parental compounds as a
positive value was obtained for the former and a negative one for the
latter. Electronic circular dichroism (EDC) analyses were than con-
ducted on 1a and 2a to investigate the stereochemical relationship of the
two compounds which could be atropoenantiomers or atropodiaster-
eomers, depending on the absolute configuration of their stereogenic
axes. Obtained EDC spectra (Fig. 3a) attested that the two biscalame-
nenes are enantiomers in nature suggesting that the TvLac-mediated
oxidative coupling of their parental compounds occurred via a stereo-
specific mechanism. Similar results were reported in 1985 for the FeCls-
triggered dimerization of (+)-8-trans-HC as only one atropisomer,
characterized by the same connectivity of dimer 2a, was obtained from
the enantiopure substrate [40]. The identical IH NMR spectra of 1a and
2a (see the CDCl3 spectra reported in the SI) further confirmed their
atropoenantiomeric stereochemical relationship highlighting that the
two dimers are the two enantiomeric forms of the same bicalamenene.

To assign the absolute configuration of the stereogenic axes installed
on the couple of enantiomeric dimers 1a and 2a, a strategy based on the
in-silico prediction of the experimentally EDC spectra of the two isolated
atropisomers was applied. Briefly, the ECD spectra of the four possible
diastereoisomers that could theoretically be obtained from the bio-
oxidation of the enantiomers of 8-trans-HC (Fig. 3b) were simulated via
DFT calculations and compared to experimentally obtained ones,

, ¢

TvLac
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according to literature protocols applied to similar cases [69,76,77].

Although the four molecules appear to lack significant degrees of
freedom around the stereogenic axes that generates the atropisomerism,
the two terpene (p-menthane) moieties may retain some conformational
freedom. Accordingly, to properly describe the conformational dy-
namics of the two dimers in solution, metadynamics simulations were
used, since they allow to sample the conformational space with greater
efficiency in less time than normal molecular dynamics (MD) [60,61].
Obtained results confirmed the initial hypothesis and highlighted that
the p-menthane moieties occupy a wide range of conformations, as
depicted by the tight blue cloud of Fig. 4, with some exhibiting greater
stability than the others and thus sampled during the simulations. The
dynamicity of the p-menthanes were described in this way by 30 stable
(and unique) conformations that were this used for the calculation of
dimers 1a and 2a ECD spectra (Fig. 5). For more details consult the
Supporting information Fig. S1, which summarized the significant
fluctuations in the collective variable in Cartesian coordinates and
Table S2 in which the clustering analysis of the conformations sampled
during the metadynamics simulations is reported.

All the 30 conformations for each dimer were first minimized at
quantum mechanical level using DFT with 6-311G** as basis set. The
subsequent frequency analysis was used to verify that all the final con-
formations were all local minimum, their heat of formation, corrected by
the zero-point energy (ZPE), are reported in Table S2 of the SI. The
program SpectDis v1.71 was used to analyze and visualize the ECD
spectra calculated with Gaussian [66,68,69]. The final spectrum for each
of the four stereoisomeric dimers (reported and compared with the
experimental ones in Fig. 5) was the result of the Boltzmann weighted
sum over all 30 conformations representing its conformational freedom.

Furthermore, the program enabled the calculation of the degree of
similarity (reported as Similarity Indexes in Fig. 5) between the exper-
imental ECD spectra of 1a and 2a and the simulated spectra of the
corresponding axial atropoisomeric diastereoisomers (i.e. (—)-(R)ax Or
(—)-(S)ax bicalamenene and (+)-(R)ax or (+)-(S)ax bicalamenene,
respectively). Besides simple qualitative confrontations, these indexes
were therefore employed to assign the absolute conformation of dimers
la and 2a. Accordingly, dimer 1a was identified as the (—)-(S)ax ste-
reoisomer (Similarity Index = 0.8511), while compound 2a, as ex-
pected, was associated with the absolute configuration of its
enantiomer, the (+)-(R)ax stereoisomer (Similarity Index = 0.7279).

Based on the NOE effects described in the previous paragraph, it was
hypothesized that the carbonaceous skeleton of the substituted cyclo-
hexene ring of one p-menthane moiety (carbons C-5', C-6, C-7/, C-8) and
the Me-8 group of the other one should be oriented in the same way with
the respect to the stereogenic axis of 1a. Similarly, the Me-3 group of one
calamenene unit should be spatially near to the H’-5 on the other p-
menthane moiety. A snapshot of MD simulation of the (—)-(S).x enan-
tiomer of dimer la demonstrated that its DFT-attributed absolute

+ Mixtures of

l OH  C-0(39 %) and C-C (11 %) dimers

Dimer 2a
(22 %)

Scheme 4. TvLac mediated oxidation of (+)-8-trans-HC.
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Fig. 4. Each blue point represents a conformation sampled during the MD simulation for one of the p-menthane moieties in Cremer and Pople puckering coordinates.
The points were projected onto the three Cartesian planes (xy,xz,yz), with darker colors indicating a greater concentration of conformations in that area as shown by
the gray scale of the color bar. (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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Fig. 5. Experimental EDC spectra of dimer 1a (a) and of dimer 2a (b) confronted with the simulated EDC spectra of their corresponding diastereoisomeric atro-
pisomers. (c) Similarity indexes between the experimental and the simulated ECD spectra and the identified absolute configurations of 1a and 2a.
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NOE effects of Me-8 and Me-3
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(b) 180°

(-)-(S).x enantiomer of dimer 1a
(from MD-simulations)

Fig. 6. Schematization of the NOE effects involving the Me-3 and Me-8 groups (*) of dimer 1a and two different views of one of its MD-simulated (—)-(S)ax-
configured conformers. The stereogenic axis is depicted in yellow, while Me-8, Me-3, hydrogen H-‘5 and carbons C-5', C-6/, C-7', C-8' respectively in green, red, pink
and blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

configuration agreed with the NMR-suggested spatial orientation of the
Me-8 and Me-3 groups (Fig. 6). Accordingly, the Me-8 group (green
coloured) and carbons C-5', C-6, C-7', C-8' (blue coloured) were properly
placed on the same side of the stereogenic axis (depicted in yellow) as
well as the Me-8 group (red coloured) and the H’-5 hydrogen atom (pink
coloured).

3.3. Antiprotozoal activity profiling

The two parental enantiomers of 8-trans-HC and their corresponding
atropoisomeric C—C dimers were subjected to an in vitro campaign to
profile, for the first time, their antiprotozoal activity via phenotypic
screenings. Specifically, their growth inhibitory activity was assessed
against cultures of P.f. parasites and against promastigotes of Leishmania
infantum and Leishmania tropica. Also, compounds’ cytotoxicity was
preliminarily assessed against the human cell line HepG2. Obtained
results are summarized in Table 1.

In general, the parental calamenenes demonstrated a high-
micromolar range growth inhibitory activity against both the selected
human cell lines and the parasites culture. Specifically, the compounds
showed a very modest leishmanicidal activity while their potency was
slightly higher against P.f. cultures. Moreover, compounds were active
against both the chloroquine (CQ)-sensitive DC10 and the CQ-resistant
W2 P.f. strains. Regardless this, both were poorly selective, as assed by
their calculated selectivity index (S.1.).

Table 1

The two dimers (compounds 1a and 2a) showed a modest decrease in
their aspecific cytotoxicity with the respect to both the parental com-
pounds. Only in the case of the (+)-HC dimer (2a), a more potent
leishmanicidal activity, even if this still in the high-micromolar range,
was attested while the (—)-HC dimer (1a) resulted less active than its
parental compound (—)-8-trans-HC (1).

Interestingly, both the dimers were associated with an increase in
their antiplasmodial activity. Specifically, the (—)-HC dimer (1a) and
the (+)-HC dimer (2a) were found to be 10 and 20-times more potent
than the corresponding 8-trans-HCs against the resistant W2 Pf strain,
respectively. According to the collected data, their calculated S.I. were
also improved. Moreover, both the dimers, as their corresponding
parental compounds, did not demonstrate any sign of cross-resistance
(resistance indexes (R.1.) < 1).

4. Conclusions

A novel and reliable chemo-enzymatic synthesis of the atropoiso-
meric dimers 8-trans-hydroxycalamenene (i.e. the corresponding C2-C4’'
bicalamenenes) was successfully validated starting from commercially
available (—)- and (4)-menthol. Specifically, the core of the proposed
synthetic entry was a biooxidation of 8-trans-hydroxy calamenene
mediated by the laccase from Trametes versicolor which resulted in the
stereospecific preparation of the (—)-trans-(S).x C2-C4' bicalamenene
and the (+)-trans-(R).x C2-C4’ bicalamenene starting, respectively, from

Phenotypic screening for antiprotozoal activity against Leishmania spp and P.f. parasites cultures.

Growth Inhibitory Activity ICsq (M)

Plasmodium Leishmania spp Human

falciparum Promastigotes cell line

D10 strain’ W2 strain® s.1.3 R.L* L. infantum L. tropica HepG2°®
(—)-8-trans-HC (1) 245+7.0 13.1+1.6 5 <1 51.8+ 1.4 36.4 +£8.1 70.0 £9.3
(—)-Dimer (1a) 2.7+05 1.3+0.1 23 <1 > 45 > 45 29.5+7.0
(+)-8-trans-HC (2) 28.1 £9.9 27.0 £ 10.0 2 1 58.50+ 0.6 80.7 £7.1 56.3 + 6.4
(+)-Dimer (2a) 3.2+ 0.6 1.3+0.2 24 <1 34.6 £0.1 23.4+1.6 30.8 £ 6.6
cQ° 0.023 + 0.006 0.5+0.1 22 80 N.T.% N.T.% 40.0 + 9.5
Amph B’ N.T.8 N.T.% N.D.° N.D.° 0.160 + 0.005 0.150 + 0.005 59.1 + 10.6

1 Chloroquine-sensitive P.f. strain; 2 Chloroquine-resistant P.f. strain; 3 Selectivity Index (SI): 1CESP62 /1050 - W2 strain;  Resistant Index (RI): IC¥2/1CR80; 5

Immor-

talized cell line derived from liver cancer cell line; ® CQ = chloroquine, reference antiplasmodial drug; 7 Amph B = amphotericin B, reference leishmanicidal drug; & Not

tested; ° Not defined.
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the (—)- and the (+)-enantiomer of the aforementioned terpene.

The connectivity and the absolute configuration of the obtained C2-
C4' bicalamenene was defined via an integrated strategy comprising 2D-
NMR spectroscopy, electronic circular dichroism and DTF calculations.

Moreover, both the parental terpenes and the obtained bicalamenene
were screened in vitro for their leishmanicidal and antiplasmodial ac-
tivity, profiling, for the first time, their potentialities as antiprotozoal
agents as purified molecules. Interestingly, both the bicalamenenes were
found to be significantly more active than the corresponding calame-
nene against a drug-resistant P. falciparum strain (ICsg in the micromolar
range) further highlighting the potentialities of building dimers adducts
of bioactive natural products to enhance their pharmacological prop-
erties [41-44].

Even if none of the screened natural occurring compounds showed
antiprotozoal potencies comparable to the hit compounds previously
reported by us [11,14-16], this work paves the way to the development
of novel potential antiplasmodial agents starting from the skeleton of
this peculiar atropoisomeric terpenoids and to perform ad hoc designed
interactome studies [78,79].
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