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Abstract. Losung F, Ginting EL, Abdjul B, Kapojos MM, Maarisit W, Mentang F, Sumilat DA, Balansa W, Mangindaan REP. 2023.
Antimicrobial and FAD synthetases modulating activities of leporins A-C isolated from the sponge-associated fungus Trichoderma sp.
Biodiversitas 24: 6502-6515. The emergence of microbial resistance poses a formidable threat to human health, requiring the discovery
of new antibiotics. In this study, we investigated the antimicrobial potential and molecular structures of the metabolites produced by a
sponge's symbiont fungal species, Trichoderma sp., in vitro against S. aureus 1AM 12544T and Candida albicans IFM 4954 and in-
silico against the emerging antibacterial target, prokaryotic bifunctional synthetases (FADS). The molecular structures were determined
using spectroscopic techniques (1D, 2D NMR, HRESIMS), while the assessment of biological activities, physicochemical properties,
and molecular modifications was performed through a slightly modified disk agar diffusion method, molecular docking, SwissAdme and
pkCMS tools, and bioisosterism, respectively. The analysis of spectroscopic data supported the identification of leporins A-C (1-3) as
the metabolites, which exhibited strong binding affinities against the 2XO0K protein target (-8.9 to —9.4 kcal/mol). Despite their being
slightly weaker than known FADS modulators such as compounds 4 (-10.5 kcal/mol) and 5 (-10.5 kcal/mol), leporins A-C
demonstrated a stronger binding affinity than compound 6 (—9.6 to —10.5 kcal/mol). Notably, substituting a methyl group with a fluorine
atom in 1-3 resulted in lepofluorins A-C (1a-3a), which exhibited enhanced binding affinities and improved physicochemical properties
compared to the existing FADS modulators. These findings suggest that leporins A-C (1-3), particularly lepofluorins A-C (1a-3a), have
potential as putative novel modulators of FADS. This study provides valuable insights into the design and development of new

antibiotics to combat microbial resistance.
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Abbreviations: FMN: Favin Mononucleotide, FAD: Flavine Adenine Dinucleotide

INTRODUCTION

Infectious diseases remain a profound and global health
concern for humanity, posing a substantial threat to public
health (Iscla et al. 2015; Dinghra et al. 2020; Tondi 2021;
Pariente et al. 2022). Despite their debatability (de Kraker
et al. 2016), they are expected to cause an estimated 10
million deaths annually by 2050 (O’Neil 2014). However,
while bacterial infections are on the rise, the advancement
of new antibiotic discoveries in both preclinical and clinical
stages has stagnated (WHO 2021; Tondi 2021). According
to The World Health Organization (WHO), only twelve
antibiotics have received FDA approval since 2017,
notably ten belonging to known classes featuring
recognized mechanisms of antimicrobial resistance. One
possible explanation for this trend is that the majority of
new antibiotic candidates are derivatives of existing
antibiotics (Iscla et al. 2015; Hutchings et al. 2016),
resulting in shorter periods of efficacy against pathogenic

bacteria compared to novel antibiotics (Coates et al. 2011).
Collectively, these factors highlight the pressing demand
for the discovery of new antibiotics (Theuretzbacher et al.
2015; Thakare et al. 2020), particularly those derived from
natural sources, due to their molecular complexity, multiple
microbial targets, and lower susceptibility to microbial
resistance (Terenni et al. 2021).

Many natural products, especially microbial natural
products, demonstrate significant chemical diversity and
antibiotic efficacy, including but not limited to teixobactin
(Ling et al. 2015). Armed with a unique scaffold,
teixobactin Kills bacteria through a two-pronged attack on
the bacterial cell envelope (Shukla et al. 2022), therefore
escaping the pre-existing resistance issue and suggesting a
valid solution to fight microbial resistance (Ling et al.
2015). Additionally, while more than 90% of soil and
marine microorganisms remain uncultivated (Ling et al.
2015; Indraningrat et al. 2016), the majority of clinically
used antibiotics are derived from microorganisms or
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microbial derivatives, underscoring the untapped potential
of microbes, especially uncultivated microbes, as a major
source of new antibiotics (Ling et al. 2015; Schneider et al.
2021). However, the antibiotics were mainly isolated from
microbes cultivated using various culture-dependent
techniques, which were considered tedious, time-
consuming, and non-reproducible (Khabthani et al. 2021).
Moreover, according to Schneider et al. (2021),
bioprospecting microbial antibiotics is labor-intensive,
expensive, and low yield, limiting the microbes’ ability to
serve as a major source of new antibiotics. Together, these
factors highlight the limitations of traditional antibiotic
discovery strategies and the need to complement them with
emerging technologies such as computational studies to
support new antibiotic discovery endeavors (Khabthani et
al. 2021).

Indeed, the emergence of bioinformatics has resulted in
a significant change across a wide range of academic
disciplines, including antibiotic drug discovery (Farhat et
al. 2023). The authors highlight the accelerated and
efficient nature of the in-silico methodology, which is
reshaping modern drug discovery, including antibiotic
discovery. This method simplifies the identification of
potential antibiotics through diverse approaches, one of
which involves molecular docking to specific protein
targets crucial for bacterial biosynthesis, such as
prokaryotic  bifunctional FAD synthetases (FADS)
(Sebastian et al. 2018). Considering the pivotal role of
FADS in synthesizing flavin mononucleotide (FMN) and
flavin adenine dinucleotide (FAD) within bacterial contexts
(Serrano et al. 2013), compounds modulating bacterial
FADS hold promise as selective antimicrobial agents
(Serrano et al. 2013; Sebastian et al. 2018). Nevertheless,
while FAD modulators show potential as an emerging
target in antibiotic discovery (Serrano et al. 2013;
Sebastian et al. 2018) and in silico studies have
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demonstrated their efficiency in discovering new
antibiotics (Iscla et al. 2015; Khabthani et al. 2021; Stokes
et al. 2020), the search for new FAD modulators through
computational studies, particularly leveraging marine
resources, remains limited.

This study aimed to determine the molecular structures
of the isolated metabolites from the sponge-associated
fungus Trichoderma sp., to assess the in vitro antimicrobial
activity of the metabolites against the Gram-positive S.
aureus IAM 12544T and the fungus Candida albicans IFM
4954 and to conduct molecular docking as well as
ADMETox analysis of these metabolites against the
specific target protein (2XO0K) associated with the FAD
enzyme. This study sheds new light on the antibacterial
potential of Trichoderma sp. metabolites as potential new
modulators of the FADS enzyme by combining in vitro and
in silico approaches.

MATERIALS AND METHODS

Study area

The sponge from which the fungus Trichoderma sp.
isolated was collected from Malalayang Beach in Manado
Bay, North Sulawesi, Indonesia, as indicated by a red dot
on the map.

Procedures
Sample collection

The sponge was collected by hand using SCUBA
diving in the coastal waters of Malalayang at a depth
between 5 and 10 m, about 100 m from the shoreline, in
July 2015 (Figure 1). The seawater salinity was 30 ppt, and
the temperature was 25-28°C during the specimen
collection.

124°48'9"E 124°49'57"E

1°27°54"N
1°27'54"N

1°26'7"N
1°26’7"N

124°48'9"E

124°49'57"E

Figure 1. Location of Malalayang Beach Manado Bay (red dot), indicating the sampling sites of the sponge Stelletta clavosa (01°27°39”
N dan 124°47°31”’E), Manado, North Sulawesi, Indonesia (Google Maps 2023)
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Fungal identification

The fungus was isolated from a marine sponge, Stelletta
clavosa, collected between 5 and 10 m deep in Malalayang
Beach, Manado Bay, Indonesia, at a geographical position
of 01°27°39” N and 124°47°31” E. A small portion of the
sponge (~1 cm) was taken, washed twice in 2 mL of
sterilized 50%  seawater containing 200 pg/mL
chloramphenicol, and dipped in a sterilized plate for four
hours containing the same solution. Each piece was then
inoculated onto a yeast-soluble agar (YSA) plate and
incubated for three days at room temperature. Harvested
mycelia were cultivated on an agar plate (glucose 2%,
polypeptone 1%, yeast extract 0.5%, chloramphenicol 200
pg/mL, and agar 2% in 90% seawater). Only taxonomically
identified fungal colonies would be subjected to further
chemical investigation. The fungus was inoculated into
flasks containing rice medium and incubated for two weeks
at room temperature. Only Total fungal DNA extraction
was conducted using the Innu Prep DNA Micro Kit
(Analityk Jena, Germany). ITS1 (5-TCC GTA GGT GAA
CCT GCG-3") and ITS4 (5'-TCC TCC GCT TAT TGA
TAT GC-3") primers were used to amplify the nuclear
ribosomal internal transcribed spacer (ITS) region using
Polymerase Chain Reaction (PCR) MyTaq™ HS Red Mix
(Bioline) according to White et al. (1990). Reaction
condition for PCR using two primers: denaturation at 94°C
(five minutes), followed by 35 denaturation cycles at 95°C
(30 seconds), annealing at 52°C (30 seconds), and
extension at 72°C (30 seconds). Every reaction (40 uL)
contained 15 pmol of each primer and DNA template.
Reaction composition: 20 uL MyTag HS Red Mix, 1.5 pL
each primer (10 pM), 15 pL ddH20, and 2 puL DNA
template. The PCR results were separated using
electrophoresis gel agarose 0,8% (in TBE buffer 1x) and
electrified for 30 minutes at 100 V. It was observed using a
UV-transilluminator after being stained with ethidium
bromide for 10 minutes. PCR’s success was marked by the
presence of a single band (600 bp). The PCR results and
both primers were sent to First Base CO (Malaysia) for
sequencing. The obtained DNA sequences were modified
and compared using the ClustaW algorithm (Thompson et
al. 1994). Identification was done using GenBank
(www.ncbi.nlm.nih.gov). The phylogenetic tree was
constructed using the software Geneious v5.6 and the
Neighbor-Joining algorithm.

Fungal isolation and extraction

Four fungal isolates (FL541, FL542, FL543 and FL544)
from the sponge Stelletta clavosa were isolated using the
'‘Bathing' method (Kobayashi et al. 2006). Briefly, sterile
seawater (50%) with 200 pg/mL chloramphenicol was used
to wash sponge pieces, followed by a 24-hour soak. The
sponge pieces were then placed on Yeast Extract Agar
(YSA, DIFCO) with antibiotics and incubated. Fungi
around the sponge pieces were observed, separated, and
recultivated on antibiotic-free media. Different fungal pure
colony were separately inoculated on sterile rice media and
cultured for two weeks. All cultivated fungi were harvested
and individually underwent maceration with ethyl acetate
(EtOAC), and their EtOAc crude extracts, obtained after
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filtration and evaporation, were tested against S. aureus and
C. albicans FH2173. Only isolates whose extracts showed
strong antimicrobial activity (isolate FL541) underwent
further detailed chromatographic and spectroscopic
analyses.

Antimicrobial assay

The anti-microbial activity of fungal crude extract was
tested using the agar diffusion method (Kirby-Bauer). In
brief, to the sterilized Mueller Hinton Agar (DIFCO)
medium was added 1.0 mL of the test bacteria E. coli
ATCC35218 and S. aureus ATCC33592 with a density of
103 CFU/mL. After the medium was dry, a paper disc
(diameter 6 mm) was placed on it, then dripped with 50 pL
of the test extract and incubated at room temperature for 24
hours. The antibiotic chloramphenicol and ketoconazole
(100 pg/mL) (Kimia Farma) were used as positive controls,
while the ethyl acetate (EtOAc) solvent was used a
negative control. Following the incubation, inhibition zone
was observed, diameter was measured and compared to the
controls.

Isolation of compounds 1-3

The fungal EtOAc extract was evaporated under
reduced pressure, and the residue (1.2 g) was fractionated
by an ODS column (100 g). The column was eluted
stepwise with each 500 mL of MeOH in H,O (30, 50, 70,
85, and 100%). The fractions (1-5) were collected and
analyzed. The active fraction 4 (85% MeOH eluate, 85.3
mg) was purified in an isocratic mode using an HPLC
column (Pegasil ODS, Senshu Sci. Co. Ltd., Tokyo, Japan),
10 x 250 mm; 76% MeOH solvent; flow rate, 2.0 mL/min;
and UV detection at 210 nm. Preparative HPLC was
carried out using the L-6200 system (Hitachi Ltd., Tokyo,
Japan). PerkinElmer Spectrum One Fourier transform
infrared spectrometer (Waltham, MA, USA) was used to
measure the IR spectra. EI mass spectra were obtained
from a JMS-MS 700 mass spectrometer (JEOL, Tokyo,
Japan). NMR spectra of 1H and '3C were recorded on a
JNM-AL-400 NMR spectrometer (JEOL) at 400 MHz for
'H and 100 MHz for *3C in CD30D (8H 3.30, 5C 49.0).

Structure determination of leporins A and B

Leporin A (3): Yellow oils; EIMS m/z 365 [M]*; 'H
NMR (CD3;0OD) & 7.71 (s, *H, H-3), 7.29-7.42 (m, 5H, H-
18, H-19, H-20, H-21, H-22) 5.82 (dg, J=16.0, 8.0 'H, H-
15), 5.39 (dd, J=16.0, 8.0, *H, H-14), 4.93 (m, H, H-13),
4.00 (s, 3H, H-23), 2.76 (dd, J=12.0, 4.0, 1H, H-7), 1.76
(m, *H, H-12), 1.72 (dd, J=8.0, 4.0, 3H, H-16), 1.63 (m, *H,
H-8), 1.01-1.83 (m, 6H, H-9, H-10, H-11), 0.95 (d, J =6.0,
3H, H-23) ; 3C NMR (CD30D) § 160.4 (C-1), 158.3 (C-5),
135.7 (C-17), 133.3 (C-3), 132.5 (C-15), 130.7 (C-14),
130.4 (C-18, C-22), 129.1 (C-19, C-21), 128.5 (C-20),
113.7 (C-4), 111.8 (C-6), 79.5 (C-13), 65.5 (C-24), 39.3
(C-7), 37.2 (C-8, C-12), 36.5 (C-9), 27.6 (C-11), 21.8 (C-
10), 21.1 (C-23), 17.9 (C-16).

Leporin B (2) : Yellow oils; EIMS m/z 351 [M]*; 1H
NMR (CD3;0OD) & 7.63 (s, *H, H-3), 7.28-7.42 (m, 5H, H-
18, H-19, H-20, H-21, H-22), 5.81 (dqg, J=14.0, 8,0, 1H, H-
15), 5.40 (dd, J=14.0, 8.0, 'H, H-14), 4.90 (m, 'H, H-13),
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2.77 (br d, J=12,0 1H, H-7), 1.76 (m, H, H-12), 1.72 (br d,
J=8.0, 3H, H-16), 1.60 (m, H, H-8), 1.28-1.79 (m, 6H, H-
9, H-10, H-11), 0.95 (d, J =8.0, 3H, H-23) ; ¥C NMR
(CD30OD) 6 160.4 (C-1), 158.3 (C-5), 135.7 (C-17), 133.3
(C-3), 132.5 (C-15), 130.7 (C-14), 130.4 (C-18, C-22),
129.1 (C-19, C-21), 128.5 (C-20), 113.7 (C-4), 111.8 (C-6),
79.5 (C-13), 65.5 (C-24), 39.3 (C-7), 37.2 (C-8, C-12), 36.5
(C-9), 27.6 (C-11), 21.8 (C-10), 21.1 (C-23), 17.9 (C-16).

Leporin C (1): Yellow oils; [a]22D -17.6 (c 0.10,
MeOH); IR (KBr) vma 3431, 2927, 2864, 1642, 1452,
1428, 1217,965 cm-1; 'H and **C NMR (CD;OD), see
Table 1; EIMS m/z = 335 [M]*; HREIMS m/z 335.1885
[M]*, A 0.0 mmu.

Docking studies

Target protein preparation. The docking of all ligands
(leporin A and B) and FDA-approved drugs (anastrozole,
citacapebin, and epirubicin) inside the protein targets
(2XO0K) was performed using CB-Dock 2 (Liu et al. 2022).
The pdb files for the crystal structures of the protein target
(PDB ID: 2X0K: resolution 3.01 A) was retrieved from the
protein databank website (http://www.rcsb.org/pdb).

Ligand preparation. The 2D structures of all ligands
were drawn using ChemiDraw Ultra 12.0. The cdx files of
the 2D structures were uploaded, optimized (MM2),
converted to, and saved in Mol2 file format by Chem3D
Pro 12 before using them in molecular docking.

Molecular docking. Molecular docking was performed
using the CB-Dock2 server (http://cadd.labshare.cn/cb-
dock2/index.php), adopting a blind approach (Liu et al.
2022). According to the authors, CB-Dock2 achieved an
85.9% success rate within the top-ranking pose of 2.0 A
root mean squared deviation (RMSD) compared with the
crystal structure. In addition, it exceeded 69.4% of CB-
Dock or 83.5% of FitDock significantly, and when
compared to other state-of-the-art blind docking servers,
such as MtiAutoDock, SwissDock, and COACH-D, CB-
Dock2 was claimed to exhibit a 16% higher success rate
(Liu et al. 2022).

ADMET assessment. The isomeric SMILES of all
molecular structures of the FADS modulators were
retrieved from PubChem for the small molecules available
in the database and from 3D Chem for the remaining
ligands. The SMILES were uploaded to the ADMET
property analysis online tool at
http://www.swissadme.ch/website (Daina et al. 2016).

RESULTS AND DISCUSSION

Sponge symbiotic  microorganisms have  been
recognized as a good source of antimicrobial agents for
many years (Indraningrat et al. 2016). According to the
authors, bacteria were the most abundant sponge symbiont,
accounting for 35 genera of bacteria compared to 12 genera
of fungi, with the latter accounting only for 34% of all
known sponge symbionts. The data suggest the rarity of
metabolites in sponge-associated fungi, as well as their
relatively unexplored potential compared to sponge-
symbiotic bacteria. Furthermore, studies have frequently
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reported leporins A-C (1-3) as the major metabolites of
terrestrial fungi such as Aspergillus with insecticidal,
antimicrobial, anticancer, and antidiabetic type-2 activities
(TePaske et al. 1991; Tao et al. 2017; Okamoto 2022).
However, the present study describes for the first time
leporins A-C from sponge-associated fungi of the genus
Trichoderma. Although a fungus belonging to the same
genus has been reported as a sponge symbiont (Setyowati
et al. 2017), to date, leporins have never been reported
from Trichoderma fungi. More importantly, we were the
first to conduct an in-silico study to explore the
antibacterial potential of leporin A-C against the emerging
antibacterial target, FADS enzyme. Therefore, this study
gives a new insight into marine sponge symbiotic fungi as a
new source of leporin A-C as well as the antibacterial
activity of the rare pyridone-containing compounds against
the FADS enzyme, as follows:

Fungal identification

The molecular identification of fungal isolate code 4
has been achieved and resulted in a striking 100% genetic
similarity to the Trichoderma fungus. This resemblance
was visually confirmed through a phylogenetic tree (Figure
2).

Structure elucidation of leporins

Compound 1 was obtained as yellow oil. The
HRESIMS of 1 showed a molecular ion at m/z 335.1885
[M]* (Figure 3A) corresponding to a molecular formula of
C22H2sNO; with 11 degrees of unsaturation. The *H (Table
1) and BC (Table 1) NMR spectra of compound 1 (in
CD30D) revealed the presence of four major functional
groups: mono-substituted benzene (6 7.38, 7.34, 7.27,
7.34.7.38, d¢ 130.3, 129.1, 128.2, 129.1 and 130.3, 135.7),
a pyridone (3w 7.18, 6C 165.4, 132.6, 117.2, 162.2, 112.7
and 38.6), a fused dihydropyran (84 1.76, 4.93; 37.2, 79.5,
38.6, 162.2, 112.7) and a cyclohexane ring (6n 1.61, 162,
1.23, 153, 1.28, 179, 1.61, 1.76; &c 38.6, 37.4, 36.5, 21.8,
27.6, 37.2) (Figure 3B). Together, they feature four rings
and six double bonds, constructing 10 of the 11 degrees of
unsaturation in 1, indicating 1 as a tetracyclic molecule.

The presence of one aromatic and three non-aromatic
rings in 1 was established by analyzing the 1D and 2D
NMR data of 1 (Table 1) and comparing them to the
reported values for the known leporin C as follows: A
monosubstituted benzylic moiety was confirmed by two
pairs of identical ortho and meta-coupled aryl protons at &
7.38 (dd, J = 8.2, 1.4 Hz) (H-18, H-22) and at 4 7.34 (dd,
J = 8.2, 7.2 Hz, H-19, H-21), one multiplet aryl proton at
dn 7.23 (H-20), a benzylic carbon at 6 135.7 (C-17), and
HMBC correlations for H-19/C-17, H-20/C18, H-21/C-17,
H-18/C-4, H22-C-4 (Table 1), thus placing the aromatic
group at C-4 of the pyridone moiety. The pyridone was
supported by HMBC correlations between H-3 and C-1, C-
4, and C-5. The existence of a dihydropyran was
established by two methine protons at dn 2.71 (dd, 10.9, 3.6
Hz) and HMBC correlations between H-7 and C-5, C-6, C-
7, and C-12. Moreover, contagious COSY correlations
from H-7 to H-8 through H-12 and HMBC correlations
between H-7 and C-8, C-5, C-6, C-9, and C-12 supported
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the presence of a fused cyclohexyl and the dihydropyrans
rings. The HMBC connections between H-23/C-7, C-8, and
C-9 placed the methyl group at C-8 of the cyclohexyl
moiety. Further, extensive COSY correlations from H-13 to
H-14 through H-16 and HMBC correlations between H-13
and C-7, C-12, C-14, and C-15 positioned a propenyl
moiety at C-13 of the dihydropyran functionality (HBMC
and COSY correlations (Figure 4A). Finally, because of the
large coupling constants of the vinyl protons at & 5.40 (J =
15.2 Hz) and & 5.82 (J = 15.2 Hz), the propenyl was
assigned the E geometry and satisfied the 11 double bond
equivalents in 1. Collectively, they allowed the assignment
of the planar structure of 1 as shown, matching that of
leporin C (TasPaske 1991).

To determine whether compound 1 was a new
derivative or the known compound leporin C, we
investigated the relative stereochemistry of 1 by measuring
and analyzing the NOESY spectrum in CD3;OD. NOE
correlations between H-8 (dn 1.61)/H-13 (8 4.93) and H-
12 (6 1.76)/H-14 (8 5.40) revealed that compound 1’s
relative configurations at position 7, 8, 12, and 13 were
identical to those of leporin B (Zhang et al. 2013). This was
reinforced further by the coupling constant between H-7/H-
8 (J 7,8=10.9 Hz) and H-12/H13 (J 12,13=11.1 Hz). As a
result, the structure of compound 1 was elucidated, as
shown in Figure 2, featuring the exact structure of the
known pyridone-containing molecule called leporin C, first
reported as a synthetic intermediate product of (+/-)-
leporin A (Snider and Lu 1996) and later as a natural
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product from the fungus Scytalidium cuboideum (Turner
2017).

Leporins A (2) and B (3)

Compounds 2 and 3 were also obtained as yellow oil.
Their molecular formula was estimated as C2H2sNO3 and
Ca3H27NO3 based on their molecular ions at m/z 351
[M+H]* and 365 [M+H]* respectively and showed similar
'H NMR and *3C spectra to leporin C except for the
presence of hydroxyl and methoxyl groups in 2 and 3
respectively. This was further supported by compounds 2
and 3 being 16 and 30 mass units heavier, compared to
compound 1, indicating 2 and 3 as hydroxylated and
methoxylated derivatives of compound 1 respectively
(Figure 4B). The relative stereochemistry of 2 and 3 were
tentatively assigned similarly to 1 because they were
isolated from the same sample. Hence, the structures of
leporins A-C were established as shown in Figure 3.
Leporin C has been reported to exert various biological
activities, including potent anti-insect activity against and
moderate antibacterial activity (Turner 2017) and anti-viral
Sar-Cov-2 (Forrestall et al. 2021). In addition, while
leporin B was reported as an anticancer and anti-diabetic
(Okamoto et al. 2022), leporin A was documented as a
potent antibacterial against seven bacteria including MRSA
(Tao et al. 2017). To date, there has been no single report
on leporin A-C from sponge symbiotic fungus, nor has
their antimicrobial potential against the FADS enzyme
been investigated.

MN486562.1 Clonestachys buxi

MMN4859044.1 Clonostachys candelabrum

KY315566.1 Clonostachys candelabrum

0.04

Figure 2. The phylogenetic tree of isolated fungus coded FL541

KX379187.1 Trichoderma citrinoviride
HQ608036.1 Trichoderma citrinoviride

R_137298.1 Trichoderma citrinoviride
NR_137297.1 Trichoderma citrinoviride
NR144868.1 Trichoderma lentiform

FL541
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Figure 3. Mass spectra of leporin C at m/z 335 (A), *H NMR spectrum and the structure of leporin C (B)
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Table 1. 1D (*H, C) and 2D (COSY, HMBC) NMR data of leporin C (1)

No. Ac type o mult. (J in Hz) COSY HMBC
1 165.4 C
2 (NH) NH
3 132.6 CH 7.18 S 1,4,5,17
4 117.2 C
5 162.2 C
6 112.7 C
7 38.6 CH 2.71 dd (10.9,3.6) 8,12 1,5,6,8,9, 12,13
8 37.4 CH 1.61 m 7, 9a, 23
9 36.5 CH> 1.66 m 8, 10b

1.23 m
10 21.8 CH2 1.53 m

1.28 m 9a, 11a
11 27.7 CH2 1.79 m 9a, 10b

1.61 m 12
12 37.2 CH 1.76 m 11b, 13
13 79.5 CH 4,93 dd (11.1, 8.2) 12,14 12,15
14 130.8 CH 5.40 dd (15.2, 8.2) 13,15 12,13, 16
15 132.2 CH 5.82 dqg (15.2, 6.5) 14,16 13,16
16 17.8 CHs 1.72 dd (6.5, 1.7) 15 14,15
17 135.7 C
18 130.3 CH 7.38 dd (8.2, 1,4) 4
19 129.1 CH 7.34 dd (8.2, 7.2) 17
20 128.2 CH 7.27 m 18, 22
21 129.1 CH 7.34 dd (8.2, 7.2) 17
22 130.3 CH 7.38 dd (8.2, 1.4) 4
23 21.00 CH3 0.95 d (6.8) 8 7,8,9

A —» HMBC
— 'H-'H COSY
B

Figure 4. HMBC and COSY Correlations for leporin (A), structure of leporins C (1), B (2) and A (3) (B)

Biological activity of isolated compounds
Our in-house in vitro antimicrobial test of the isolated

compounds against S. aureus IAM 12544T and C. albicans
IFM 4954 showed that leporine A-C had a moderate
antimicrobial activity (7-9 mm diameter of inhibition zone
at 25 pg/disc) against S. aureus and C. albicans. Taking
advantage of the benefits of computational studies, we
further investigated the antibacterial activity of 1-3.

Molecular docking studies

To determine the antimicrobial potential of the isolated
compounds against FADS, we performed an in-silico test
by evaluating the antimicrobial potential of the three
molecules against the 2XO0K protein and comparing their
binding affinity to three potent FADS modulators, namely
Chicago Blue 68 (4), Gossypol (5), and flunixin meglumine
(6) (Sebastian 2018). The 2X0K protein was docked with
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six ligands: leporins A-C (1-3), Chicago Blue Sky (4),
Gossypol (5), and flunixin meglumine (6). Selected
compound complexes were analyzed based on their Vina
score, interacting amino acids, and hydrogen interactions,
with the docking results presented in Table 2.

The molecular docking results showed that Chicago
Sky Blue 68 or CSB_68 (4) had the strongest binding
affinity (-10.5 kcal/mol), followed by gossypol (-9.6
kcal/mol), leporin B (-9.4 kcal/mol), leporin A (-9.1
kcal/mol), leporin C (-8.9 kd/mol), and flunixin meglumine
(-8.5 kcal/mol) (Table 2). Although two of the newly
reported FADS modulators (CSB_68 and gossypol)
showed slightly stronger binding affinity compared to
leporins A-C (1-3), the isolated compounds exhibited
stronger modulating activity (-8.9 to -9.6 kcal/mol) than
one of the modulators, flunixin meglumine (6).

Moreover, Table 3 displays three different binding
modes of the six ligands on the 2XOK protein. Firstly,
Chicago Sky Blue 68 (4) interacted with amino acids in
both chains A-of pocket 5 of the protein (Table 2).
Additionally, three compounds (leporin A, leporin C, and
flunixin meglumine) interacted with amino acids in pocket
C1, chain B of the protein. Among these, leporin A and C
exhibited virtually the same interacting amino acids, except
for the presence of Tyr1106 in leporin A. However, both
compounds only showed low similarity of interacting
amino acids with flunixin meglumine (Table 2). Finally,
leporin B and gossypol interacted with pocket C3 and
Chain A of the protein, demonstrating more than 50%
similarity of interacting amino acids (Table 2).
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These results indicate that two molecules with similar
structures may or may not bind to similar or different
binding sites of a receptor, as seen in the case of leporin B.
Despite its similar core structure to leporins A and C,
leporin B did not bind to the same pocket or interact with
the corresponding amino acids as leporins A and C.
Instead, it bound to pocket C Chain A and interacted with
various amino acids, similar to those of gossypol, which
has unrelated molecular structures to leporin B (Table 2).
Similarly, although to a lesser extent, flunixin meglumine
(6) bound to pocket C1 and chain B of the receptor and
interacted with Gly1022, Val1023, Phe1054, and His1057,
similar to leporin A (3) and leporin C (1) (Table 2). These
3D interactions highlight the specific and strong
modulating abilities of the isolated compounds with FADS
(Figure 5).

We further investigated the interactions between the
ligands and the receptors by focusing on the hydrogen
bonds and hydrophobic interactions of the six ligands with
2XO0K (Figure 6). The known FADS modulators, except for
Chicago Sky Blue 68, mainly interacted with the protein
target through hydrogen bonds (Table 3). In contrast,
leporins A-C (1-3) interacted with 2X0K mainly through
hydrophobic interactions (Table 3). These results suggest
that the significant binding affinity of leporins A-C is
largely determined by the hydrophobic interactions of the
pyridone-containing molecules with the protein target
rather than by hydrogen bonding.

Table 2. Docking on leporins A-C and FADS modulators against 2X0K target protein

Interacting amino acids

Pocket C1, Chain B, 1887 A: Gly1022, Val1023, Phe1054, His1057, Prol058, Val1059,
Phe1062, Phel094, Leul098, Asn1125, Phell26, Thr1127 Phell28, Gly1129, Asnl1131,

Pocket C3: Chain A, 1203 A: lle21, Gly22, Val23, His28, Gly30, His31, Leu34 Val122,
Gly123, Asn125, Phel26, Thr127, Leul54, Leul55, lle162, Serl63, Serl64 Thr165, Argl68.

Pocket C1, Chain B, 1887 A: Gly1022, Val1023, Phel054, His1057, Pro1058, Val1059,
Phel1062, Phel094, Leul098, Tyrl106, Asnl1125, Phell26 Thr1127, Phel128, Gly1129,

Chain A: Asp55 His57 Ser60 Arg65 Ala67 Pro68 Leu69 Gly70 Thr73 Ala75 Glu76 Thr190
Gly191 Pro192 Tryr212 Phe213 His214 Thr216 Val217 Leu232 Pro233 Thr234 Asp282.
Chain B: Pro1192 Arg1195 Leul232 Prol233 Thr1234 Glul235 Alal236 Tyr1279 Gly1280

Pocket C3: Chain A, 1203 A: lle21, Gly22, Val23, Phe24, His28, His31, Leu34 Phe54, His57,
Pro58, Phe62, Phe94, Ser99, Asnl125, Phel26, Thr127, Gly129 Asn13l, Alal32, Leul54,

. Vina score
Ligands (Kcal/Mol)
Leporin C (1) -8.9
Alal132 (16).
Leporin B (2) -9.4
Leporin A (3) -9.0
Asn1131, Ala1132 (17).
Chicago Sky -10.5 Pocket C5, Chain A and B, Cavity volume 959 A.
Blue_68 (4)
His1281 Asp1282.
Gossypol (5) -9.6
Serl164, Thr165, Arg168 (23).
Flunixin meglumine -8.5

(6)

Pocket C1: Chain B, 1887 A: Gly1022, Val1023, Phe1024, Asp1025, His1028 Gly1030,
His1031, Leul034, His1057, Gly1123, Alal124, Asnl1125, lle1152, Aspl1153, Leull54,
Leul155, 1le1162, Ser1163, Ser1164 (19).
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Table 3. Protein ligand interaction between ligands (1-6) and 2XO0K protein

Ligand Hydrogen Bonds Hydrophaobic interaction

Leporin A Gly1129B Val1023B, Phe1054B, Pro1058B, Phe1062B, Phel062B,
Alall32B

Leporin B - Val1023B, Phe1054B, Phel1062B, Phe1062B, Alal132B

Leporin C - Val1023B, Phe1054B, Phe1062B, Phe1062B, Alal132B

Chicago Sky Blue_68  Trp4A, Tyr5A, Asp93A, Gly1200B, Tyr5A, Arg1199B, Lys1202B, Asp1275B

Lys1202B, Ser1239B, Ser1239B, Gly1240B,
Gly1240B, Asp1275B, Asp1275B Asp1275B.

Gossypol Val23A, Phe54A, Pro58A, Phe62A, Phe94A, His31A, Ser164A
Phe94A, Phel26A
Flunixin meglumine Asn125A, Asn125A, Serl64A, Serl64A, Val23A, Leu34A

Serl64A, Serl64A, Thrl65A, Thri65A

Y1106 '

S L10ss’, R16E
: )

'

mes )
TgR2  tv s16R8
T asey N
H

Figure 6. 3D structure of all ligands (leporins A-C, 1-3) and FADS modulators (4-6) against 2X0K protein with solid lines representing
hydrogen bonds and dotted brown lines representing hydrophobic interactions
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Interestingly, although the contribution of hydrophobic
interactions to binding affinity has often been overlooked
in comparison to hydrogen bonding and electrostatic
interactions in nucleic acids, increasing evidence indicates
that hydrophobic interactions play a crucial role (Patil et al.
2010; Xiao et al. 2020). According to Xiao et al. (2020),
hydrophobic interactions possess unique properties, such as
high tunability for application interest, low effect on
nucleic acid functionality, and sensitivity to external
stimuli. Moreover, Feng et al. (2019) revealed the role of
hydrophobic interactions in DNA in dictating biological
activity, presumably due to their catalytic roles in
activating DNA polymerase, implying the importance of
hydrophobic interactions for biomedical applications. This
appears to be the case for the binding affinity of leporins
A-C towards 2X0K in the present study, although further
research is needed to fully understand this claim.

Drug likeness and ADME evaluation

Finally, we evaluated the physiochemical properties of
leporins A-C against the 2XOK ligand by using
SwissADME on the canonical SMILES of the molecules
obtained from PubChem (Table 4). The results showed that
leporins A-C have high gastrointestinal absorption,
moderate water solubility, and a bioavailability score of
0.55. Although the consensus log Po/w coefficient (log
Po/w) of all compounds was greater than 1.2-1.8, an ideal
drug-likeness for oral drugs, and leporin A and B violated
one of the five Lipinski rules, all compounds were
moderately lipophilic with Log P less than 5.0 and met the
Lipinski rules of 5 (Lipinski 2004). Whereas all of the
FADS’ modulators (compounds 4-6) had a low water
solubility, except for flunixin meglumine and Gl absorption.
Leporins A-C, on the other hand, showed moderate water
solubility and high Gl absorption, indicating the potential
of leporins A-C as specific modulators of FADS.
Nevertheless, pkCSM data analysis showed that, despite
having acceptable physicochemical profiles, leporins B and
C exhibited hepatotoxicity (Table 4).

Hence, we performed a bioisosterism approach to
improve both the bioactivity and ADMET profiles of the
leporin structure class. One way is to applying Grimm’s
hydride replacement law, in which fluorine, hydroxyl,
amino and methyl group interchanges (Patani and LaVoie,
1996) in, we putatively replaced a methyl group at the
cyclohexyl functionality of leporin A-C with a fluorine
atom as a bioisostere of the methyl group using
ChemiDraw 12 to obtain leporifluorin A (3a), leporifluorin
B (3b), and leporifluorin C (3c) or by applying a slightly
modified method of the total synthesis of leporin A (Snider
and Lu, 1996). Both molecular docking and ADMET
analysis showed improved binding affinities, with values
changing from -9.6, -9.7, and -9.8 in leporin A-C to -10.5, -
10.7, and -11.1 in leporifluorin A-C (Figure 7). In addition
to improving binding affinity, the substitution of a methyl
group with a fluorine atom also led to improvements in the
physicochemical properties of leporifluorins  A-C,
particularly in terms of herG I, herg Il (Human ether-ago-
go-related Gene (hERG), an unusual target for Protease-
mediated damage (Lamothe et al. 2016), AMES or a
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bacterial bioassay accomplished in vitro to evaluate the
mutagenicity of various environmental carcinogens and
toxins (Vijay et al. 2018) and hepatotoxicity aspects. While
leporin B and C showed herg Il and hepatotoxicity (Table
4), these issues were no longer present in leporins B and C,
except for herg Il in leporin B (Table 5). The results
suggest that although the introduction of a fluorine atom
did not affect the physicochemical properties of leporin A,
it significantly reduced the toxicity of leporins B and C to
some extent. Additionally, the results suggest that the
functional groups at the pyridone moiety dictate the
cytotoxicity of leporin-typed compounds (Table 6).

To date, microbial resistance remains a serious threat to
humankind, representing a major global concern (lIscla et
al. 2015; Dinghra et al. 2020; Tondi 2021; Pariente et al.
2022). Although it was later questioned by de Krakter et al.
(2016), O’Neil (2014) predicted that by 2050, microbial
resistance would be a leading cause of death, claiming 50
million lives each year. This prediction, combined with the
previous lack of new antibiotic discoveries and alarming
bacterial resistance, highlights the urgent need for the
discovery of novel antibiotics (Pariente 2022).

The primary challenge with current antibiotic drug
development is that the majority of existing antibiotics are
derivatives of known antibiotics, to which microbes can
quickly develop resistance (Coates et al. 2011). Reflecting
on the early period of antibiotic discovery from 1920 to
1960, when 20 novel antibiotics were discovered, the
authors emphasized the necessity of discovering 20 new
antibiotics and their derivatives to sustain progress for the
next 50 years. However, only two novel antibiotics have
been developed in the last five decades (Coates et al. 2011),
indicating a significant lack of new antibiotics amidst the
alarming rise of resistant pathogenic microbes.

Although leporins A-C are well-known compounds,
they hold potential to be developed into new antibiotics.
One reason for this is their strong binding affinity against
FADS, exhibiting activity similar to that of potent FADS
modulators (CSB_68 and gossypol). Furthermore, when
leporins A-C were fluorinated at the secondary methyl
position, their binding affinity increased. Additionally, Lao
et al. (2017) reported that leporin A, isolated from a
hydrothermal vent fungus Aspergillus sp., inhibited seven
bacteria at sub-micromolar concentration, including
Methicillin-resistant ~ Staphylococcus aureus bacteria.
Trichoderma fungus represents one of the common soil
fungi that is mostly cultivable (Gottel et al. 2011),
suggesting the possibility for developing antibiotics from
the leporin-typed compounds. Importantly, the presence of
2-pyridone in many bioactive compounds, their unique
properties (Forrestall et al. 2021), and their ability to
restrict the degree of freedom within chemical structures as
well as mimic a peptide backbone (Zhang et al. 2020) offer
many benefits for drug design (Tan et al. 2019).
Furthermore, leporin-containing compounds have also been
reported to play crucial roles in human cell functioning
(Trammell et al. 2016), and many organisms are capable of
retaining, degrading, and utilizing pyridone-containing
molecules (Chen et al. 2018).
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Figure 7. Replacement of a methyl group at cyclohexyl group of leporins A-C by reacting pyridone with 2-fluoro-6E,8E-decadiena
instead of previously proposed 2-methyl-6E,8E-decadiena by Schnider and Lu, (1996) may result in leporifluorin C and further N-

hydroxylation and O-methylation could give lepoflurin B and A respectively.

Table 4. Data of leporins A-C extracted from SwissADME

Physiochemical properties

No. Ligand Canonical smiles Water Gl Lipinski Bio- Consensus
solubility  Absorption P availability Log P

1 Leporin A C/C=C/[C@H](O1)C2C([C@H](C)C Moderately High  Yes; 1 violation 0.55 4.27
CC2)C3=C1C(C4=CC=CC=C4)=CN soluble
(OC)C3=0

2 Leporin B C/C=C/[C@H](O1)C2C([C@H](C)C Moderately High  Yes; 1 violation 0.55 4.00
CC2)C3=C1C(C4=CC=CC=C4)=CN soluble
(O)C3=0

3 Leporin C C/C=C/[C@H](O1)C2C([C@H](C)C Moderately High  Yes; 0 violation 0.55 4.33
CC2)C3=C1C(C4=CC=CC=C4)=CN soluble
C3=0

4 Chicago Sky COC1=C(C=CC(=C1)C2=CC(=C(C Poorly Low  No; 2 violation, 0,17 -9.06

Blue 68 =C2)N=NC3=C(C4=C(C=C3)C(=CC soluble MW=>500,
(=C4N)S(=0)(=0)[O- NorO>10
)S(=0)(=0)[O-
1)O)OC)N=NC5=C(C6=C(C=C5)C(
=CC(=C6N)S(=0)(=0)[O-

)S(=0)(=0)[O-
1) O.[Na+].[Na+].[Na+].[Na+]

5 Gossypol CC1=CC2=C(C(=C(C(=C2C(C)C)0) Poorly Low  No: 2 violation 0.55 5.50
0)C=0)C(=C1C3=C(C4=C(C=C3C) soluble MW>500
C(=C(C(=C4C=0)0)0)C(C)C)0)O

6 Flunixin OC(=0)clccencINcleeecc(c1C)C(F)( Moderately Low  Yes; 1 violation: 0.55 0.91

meglumine F)F.CNC[C@@H]([C@H]([C@@H] soluble
([C@@H](CO)0)0)0)0

NhorOH>5
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Table 5. Data of leporins A-C extracted from pkcSM
Physiochemical properties
No. Ligand Canonical Smiles Intestinal BBB permi- Herg AMES Hepato-
absorption ability /11 toxicity toxicity
1 Leporin A C/C=C/[C@H](01)C2C([C@ 100% High/-0.072 No/No No No
H](C)CCC2)C3=C1C(C4=CC
=CC=C4)=CN(0C)C3=0
2 Leporin B C/C=C/[C@H](01)C2C([C@ 97.40% High/ No/Yes No Yes
H](C)CCC2)C3=C1C(C4=CC -0.122
=CC=C4)=CN(0)C3=0
3 Leporin C C/C=C/[C@H](O1)C2C([C@ 96.68% High/ No/Yes No Yes
H](C)CCC2)C3=C1C(C4=CC -0.033
=CC=C4)=CNC3=0
4 Chicago Sky COC1=C(C=CC(=C1)C2=CC 0% Low/ No/No Yes No
Blue 68 (=C(C=C2)N=NC3=C(C4=C( -1.976
C=C3)C(=CC(=C4N)S(=0)(=
0)[O-])S(=0)(=0)[O-
1)O)OC)N=NC5=C(C6=C(C=
C5)C(=CC(=C6N)S(=0)(=0)
[0-])S(=0)(=0)[O-
1)O.[Na+].[Na+].[Na+].[Na+]
5 Gossypol CC1=CC2=C(C(=C(C(=C2C( 89.39% Low No/Yes Yes No
C)C)0)0)C=0)C(=C1C3=C(
C4=C(C=C3C)C(=C(C(=C4C
=0)0)0)C(C)C)0)O
6 Flunixin OC(=0)clccencINclcece(cl 4.13% Low No/No No Yes
meglumine C)C(F)(F)F.CNC[C@@H]([C
@H]([C@@H]([C@@H](CO
)0)0)0)0
Table 6. Binding affinities and physicochemical properties of leporifluorins A-C (3a-6a)
Vina Physicochemical properties
Ligand score Water Gl S Bio-  Consensus Intestinal BBB Permi hERG /Il  AMES -
(Kcal/mol) solubility absorption Lipinski availability LogP absorption ability inhibitors  toxicity Hepatotoxicity
Lepo -10.5 High Yes Yes 0.55 4.27 95.1% 0.787 No/No No No
fluorin A ov)
(3a)
Lepo -10.7 High Yes Yes 0.55 4.27 94.9% 0.855 No/Yes No No
fluorin B av)
(3b)
Lepo -11.1 High Yes Yes 0.55 411 95.2% 0.787 No/No No No
fluorin C ov)
(3¢9)

In addition to a series of effectively developed synthetic
approaches for leporin-type compounds (Snider and Lu
1994; Glockle and Gulder 2018), the present study also
demonstrates the benefits of the bioisosterism approach in
enhancing the binding affinity and ADMET profiles of
leporins A-C. The modification of leporins A-C by
substituting a methyl group with a fluorine atom
significantly improved the binding affinities and
physicochemical  characteristics of the modified
compounds, leporifluorins 1a-3a. This finding aligns with
numerous recent reports highlighting the positive impact of
fluorine incorporation on the bioactivity of various
molecules, including but not limited to thiosemicarbazone
(Patel et al. 2019) and benzazole analogs (Al-Harty et al.

2020). Moreover, the results supported the findings of
Polanksi et al. (2016), who reported lower side effects and
higher success rates for many fluorinated drug candidates.
Nevertheless, the synthesis of such molecules remains to be
proved in real experiments.

Furthermore, the advancement of bioinformatic
technology has made computational studies a key strategy
for discovering new antibiotics. As mentioned earlier in the
introduction, in-silico studies have significantly contributed
to the discovery of new antibiotic agents (Iscla et al. 2015;
Khabthani et al. 2021; Stokes et al. 2020). This economical
and efficient approach has contributed to the recent
repurposing of known molecules or drugs for new uses.
Forrestal et al. (2021), for example, reported the potential
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of pyridone-containing compounds, particularly leporin A,
as inhibitors of Sar-Cov-2. The present study also
demonstrates that leporins A-C have the potential to be
putative FADS enzyme inhibitors. Additionally, scientists
from Glasco Smith designed antimicrobial compounds
targeting topoisomerase I, successfully developing
compounds with new targets to defeat, such as fluoroquinone,
which represents a breakthrough in combating antimicrobial
resistance (Bax et al. 2010).

However, it should be noted that this study was
conducted using an in-silico approach, which has limitations.
Therefore, further optimized in vitro, in silico, in vivo, or
clinical and synthesis studies are required to corroborate
the findings. Nevertheless, this study provides new insights
of the potential of leporins A-C (1-3) and especially
leporifluorins A-C (1a-3a) as FADS’ modulators, and it
highlights sponge symbiotic fungi as an attractive target for
antimicrobial drug-lead discovery.

In conclusion, to sum up, we discovered three pyridone
alkaloids, leporine A-C, from the symbiotic fungus
Trichoderma sp. isolated from the Indonesian marine
sponge Stella clavosa. While our in-house antimicrobial
test showed that leporins A-C had moderate antimicrobial
activities against S. aureus and C. albicans, computational
studies showed that they had strong binding affinity against
2XO0K, which was nearly identical to that of the newly
reported FADS’ modulators. Importantly, leporins A-C
especially leporifluorins A-C (1a-3a), showed better
physicochemical profiles than the majority of the reported
FADS’ modulators. The results suggest that leporins A-C,
particularly leporins A-C (la-3a), have antibacterial
potential as new FADS’ modulators, although further in
vivo or in-silico studies as well as the synthesis of such
putative modulators in real experiments are required to
validate this finding. This study reveals that sponge symbiotic
fungi remain an attractive source for antimicrobial lead
discovery.
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