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Given the severe side effects of prolonged morphine use, the search for safer alternatives is a global
priority. This study investigates marine bacteria from sediments along the Bejaia coast, Algeria, to
identify opioid-like bioactive compounds with potential analgesic properties. A total of 45 bacterial
strains were isolated using six different culture media, with 18 strains exhibiting antimicrobial
activity. Molecular identification based on 16S rRNA gene sequencing classified these strains into

six genera: Streptomyces, Nocardiopsis, Alloalcanivorax, Pseudonocardia, Sinomicrobium, and
Lysinibacillus. One strain, S5T2H1, was identified as a new Streptomyces species through a polyphasic
approach. LC-HRESIMS analysis of secondary metabolites revealed that strain S56T3J31 produced
A58365A, antimycin A, and three potentially novel compounds. However, strain S5T2H1 synthesized
cyclo(phenylalanyl-prolyl) and niphimycin la, along with three unidentified metabolites, while strain
S7T2H1 secreted a single compound identified as berberifuranol. Molecular docking and molecular
dynamics simulations demonstrated that A58365A exhibited strong interactions with the p-opioid
receptor (5C1M), showing a stable binding affinity comparable to morphine. These findings highlight
marine-derived bacterial compounds as promising candidates for opioid drug development.

Keywords Isolation, Marine-derived bacteria, Marine sediment, p-opioid receptor, Metabolic profiling,
Molecular modeling

The opioid drugs, such as morphine, heroin, and fentanyl, are widely used as potent analgesics for managing
moderate to severe pain'. In addition to their primary role in pain relief, these drugs are also utilized in other
medical applications, including the treatment of drug dependence®. Morphine, the prototypical opioid, is a
naturally occurring alkaloid derived from the opium poppy (Papaver somniferum)>. It exerts its analgesic effects
by binding activating the p-opioid receptor, which is primarily located in the nervous system. This interaction
triggers a cascade of physiological responses, ultimately leading to pain relief'. However, prolonged use of
morphine is associated with severe side effects, including respiratory depression, sedation, constipation, and
nausea®. As a result, morphine-related deaths have risen dramatically in recent years.

Given these challenges, the search for alternative analgesics that retain the therapeutic efficacy of morphine
while minimizing its adverse effects has become a global priority. In this context, marine environments have
emerged as a valuable source of bioactive secondary metabolites with diverse pharmacological activities®.
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Notably, several marine-derived compounds have demonstrated opioid-like activity, presenting promising leads
for the development of safer analgesics’.

Among these marine ecosystems, the Algerian coast, which forms part of the larger Mediterranean coastline,
spans approximately 1600 km from the western border of Tunisia to the eastern border of Morocco®. This region
harbors a wealth of untapped habitats that support unique microbial communities, many of which remain
largely unexplored’. Due to the specific and diverse microclimatic conditions of these coastal environments,
some microbial species found in these regions may be endemic!?. Therefore, exploring marine microorganisms
isolated from Algerian coastal ecosystems could lead to the discovery of novel, safer alternatives to conventional
opioid drugs, offering a potential solution to the severe side effects associated with morphine. In this context,
this study focuses on culturable bacteria from marine sediments along the Bejaia coastline (Algeria) to identify
bioactive compounds with pharmaceutical relevance as potential alternatives to morphine. The main goals of this
study were to: (i) Investigate the biodiversity of culturable bacteria isolated from marine sediments collected from
the Bejaia coastline (Algeria). (ii) Assess their antimicrobial potential against various target microorganisms, in
order to select the potent strains. (iii) Identify and annotate secondary metabolites from the selected strains
using High-Performance Liquid Chromatography coupled with High-Resolution Mass Spectrometry (HPLC-
ESI-HRMS), and. (iv) Exploring the identified marine-derived compounds secreted by selected marine bacterial
strains as potential alternatives to morphine, through in silico approaches, including docking studies, molecular
dynamics simulations and MM/GBSA binding free energy calculations.

Materials and methods

Sampling of marine sediments

The isolation of marine bacterial strains was carried out from marine sediments samples collected from four
different sites, located on the west coast of Bejaia, Algeria: Tazboujth (36°48'13 0.96”N and 5°00'52.17"E), Cap
Sigli (36°53'520.65"N and 4°45’'31.00"E), fishing port (36°49'31.68"N and 4°56" 49.97"E), Saket (36°49'50 0.44"N
and 4°56'10.35"E). The samples were collected at a depth of 2 to 3 m, packed in sterile bags, and stored at 4 °C
for further analysis.

Determination of physicochemical properties of sediments

The physicochemical parameters of the sediments, including pH, salinity (g/L), and organic matter (%), were
analyzed for each sediment sample collected from Tazeboujth, Port de Péche, Saket, and Cap Sigli in Bejaia,
Algeria. pH was measured using a pH meter (Hanna HI5120), and salinity was determined using an electrical
conductivity meter (Hanna HI5120). However, organic matter content was determined by drying the samples
at 100 °C for 24 h, followed by ashing at 550 °C, with calculations based on weight loss. Peat humification was
assessed using the method of Schumacher!.

Isolation of marine bacterial strains

The marine sediment samples were air-dried at room temperature to reduce moisture content and eliminate
fast-growing, non-spore-forming bacteria. One gram of each dried sediment sample was diluted in 3 mL of
sterile seawater (dilution 1/3) to resuspend microbial cells while maintaining osmotic balance. This was followed
by moderate heat treatment at 55 °C for 6 min to selectively enrich heat-resistant and spore-forming bacteria,
such as actinobacteria and certain Bacillaceae members'2. An aliquot of 100 pL was taken from this suspension
and spread in duplicate on agar plates containing six different media: Casein Starch Agar (SCA)'3, Marine 2
Medium (M2)'4, NaST21Cx Agar'®, Nutrient-Poor Sediment Medium (NPS), Nutrient-Rich Sediment Medium
(NRS), and Selective Mannitol Peptone Medium (SMP)!2, each designed to support the growth of diverse marine
bacterial taxa with potential bioactive metabolite production.

Screening for antimicrobial activity of marine bacterial strains

Preparation of bacterial suspension

The antibacterial activity of the marine bacterial strains was evaluated against nine pathogenic bacterial species.
Among them, five Gram-positive bacteria, including Staphylococcus aureus ATCC 25923, methicillin-resistant
Staphylococcus aureus (MRSA) ATCC 43300, Listeria innocua CLIP 74915, Bacillus subtilis and Enterococcus
faecalis, were tested. Similarly, four Gram-negative bacteria were also assessed: Escherichia coli ATCC 25922,
Klebsiella pneumoniae ATCC 700603, Pseudomonas aeruginosa ATCC 27853, and Proteus sp. It is worth
mentioning that two of the tested strains, Enterococcus faecalis and Proteus sp., were obtained from the University
Hospital Center Khellil AMRANE in Bejaia, having been isolated from clinical samples collected from patients.
Furthermore, the antifungal activity was tested against nine microscopic fungi, including seven filamentous
fungi, such as Aspergillus niger 939N, Aspergillus carbonarius A731C, Aspergillus flavus NRRL, Aspergillus
ochraceus NRRL3174, Aspergillus parasiticus CB5, Mucor rammanianus NRRL 1829, Fusarium polyferatum,
Botrytis cinerea, and one yeast, Candida albicans.

To prepare microbial suspensions, the tested bacterial strains were inoculated into nutrient broth and
incubated at 37 °C for 18 h. However, the yeast Candida albicans was seeded in MYG medium (1.0% phytone
peptone, 1.0% glucose, 50 mM HEPES [11.9 g/L], pH 7.0) and incubated at 30 °C for 48 h. In addition, the tested
microscopic filamentous fungi were grown in Malt Extract Agar (MEA) at 25 °C for 5 days.

For each tested bacterial and yeast suspension, the turbidity was adjusted to 0.5 McFarland and 0.1
McFarland, respectively, measured at 600 nm using a Shimadzu UV spectrophotometer 1240. However, for
the tested microscopic fungi, spore suspensions were adjusted to 107 spores/mL in physiological saline using a
hemocytometer'®. This standardized suspension was then utilized in subsequent antimicrobial activity assays.
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Antimicrobial activity of marine bacterial strains

The marine bacteria isolates were inoculated on 5294 plates medium (Glucose: 15.0 g/1; Soymeal 15.0 g/l; Corn
steep 5.0 g/l; CaCO, 2.0 g/; NaCl 5.0 g /I; Eau distillée: 1000 ml. pH=7.2), and incubated at 30 °C for 14 days.
The antibacterial activity of marine bacteria strains was evaluated by agar cylinder method. 6 mm cylinders
were cut from the well-developed culture of bacteria strains and then placed on the surface of Muller Hinton
medium for bacteria'’, MYG for yeast and MEA medium for microscopic filamentous fungi'®, already seeded
with test microorganisms. The plates were maintained at 4 °C for 4 h to ensure good diffusion of bioactive
compounds secreted by bacteria strains, followed by incubation to the suitable temperature. The inhibition areas
were measured after 24 h (bacteria and yeasts) and 48 h (microscopic fungi)®.

Molecular identification of active marine bacterial strains

The genomic DNA of bacteria strains has been extracted using Invisorb Spin Plant Mini Kit (Invitek. GmbH,
Berlin, Germany), following the manufacturer’s protocol. The quality of the achieved DNA was checked via
an 0.8% agarose gel electrophoresis. The 16S rRNA gene region was amplified through PCR with 2 universal
primers on the positions 27F (AGA GTT TGA TCC TGG CTC AG) and 1525R (AAG GAG GTG WTC CAR
CC). The PCR reaction was conducted using a special master mix containing primers, PCR water and “Jump
Start Ready Mix (JSRM)” including, 99% pure deoxynucleotides, JumpStart Taq DNA polymerase, and buffer in
an optimized reaction concentrate®.

The PCR reaction was performed in 200 pL microtubes containing: 22 ul PCR water, 25 ul JSRM, 1 ul
reverse and forward primer dilution as well as 1 pl of the template DNA. One tube remains without DNA and
therefore serves as control. The PCR reaction was conducted in a Mastercycler Gradient (Eppendorf, Hambourg,
Germany) under the program: Initial denaturation at 95 °C for 5 min, 35 cycles of denaturation at 94 °C for 30
s, annealing at 52 °C for 30 s, elongation at 72 °C for 120 s, and a final extension at 72 °C for 10 min. Before 16S
rRNA sequencing, the PCR products have been purified from the reaction residues using NucleoSpin® Gel and
PCR Clean-up kit (MachereyNagel, Diiren, Germany). The success of the PCR was checked by electrophoresis.
16S rRNA genes of bacteria strains were sequenced using two primers such as 27F and R518°%.

The obtained sequences were checked for quality and assembled using the program “Bioedit alignment, v
7.0.5.3”. The obtained sequences were compared to an online databank using the “Basic Local Alignment Search
Tool” (BLAST) of the National Center for Biotechnology Information (NCBI)?. Selected strains, which exhibited
low percentages of similarity with the closest type species, were subjected to morphological, physiological, and
biochemical characterization. The results were compared to the closest species described in the Compendium of
Actinobacteria: https://www.dsmz.de/collection/catalogue/microorganisms/special-groups-of-organisms/comp
endium-of-actinobacteria.

Cultural characteristics were determined according to the methods described by Shirling and Gottlieb?!.
Physiological characterization, including growth at different temperatures and NaCl concentrations, was assessed
using GYM medium as the basal medium after two weeks of incubation. The ability of the selected strains to
utilize ten different carbon sources (glucose, arabinose, sucrose, xylose, inositol, mannose, fructose, rhamnose,
raffinose, cellulose) was tested at 30 °C, following the methods outlined by Shirling and Gottlieb*'. Enzymatic
activities, including nitrate reductase, urease, gelatin liquefaction, and H.,S production, were determined using
API' CORYNE, API' CAMPY, and API’ Zym test strips (bioMérieux, Marcy-I'Etoile, France).

HPLC-UV-HRMS analysis of crude extracts from selected marine bacterial strains

Bioactive compounds in crude extracts from selected marine bacterial strains were annotated and identified
through analysis using HPLC [Agilent 1260 series RP-HPLC system: column 50 x 2.1 mm Acquity UPLC BEH
Cy (Waters); solvent A: 0.1% formic acid in H,0, B: 0.1% formic acid in acetonitrile; gradient system: 5% B
for 0.5 min, in 19.5 min to 100% B and maintained for 5 min at 100% B; flow rate 0.6 mL/min; 40 °C; DAD-
UV detection at 200-600 nm], coupled to mass spectrometry, High resolution electrospray ionization mass
spectrometry (HRESIMS), data were recorded on a MaXis ESI-TOF-mass spectrometer (Bruckers Daltonics).
Molecular formulas were calculated including the isotopic pattern with the Smart Formula algorithm (Bruckers).
Comparison of results was performed by Dictionary of Natural Product. Compounds annotation were only
be concluded if the respective mass shown distinctive molecular ion cluster ((M+H]*, [M+Na]*, [2M+H]", or
[2M+Na]*.

In silico study

Molecular docking

The Glide program, part of the Schrédinger suite and enhanced with Extra Precision (XP) capabilities, was
used to attach ligands into the crystal structure of the mu-upload receptor in association with the BU72 agonist
protein. XP docking, which is more thorough and selective than the standard precision (SP) technique, takes
longer due to its complex methodology. It is designed for ligands that have already obtained high scores in
SP docking, and it uses a comprehensive scoring methodology that requires stronger compatibility between
ligand and receptor geometries. This meticulous process aims to eliminate the false positives often encountered
with SP, by imposing penalties on ligands that poorly match the chosen receptor conformation?. To perform
the molecular docking both the receptor (Crystal structure of active mu-opioid receptor bound to the agonist
BU72 with 5C1M PDB) and ligands, were prepared through addition of hydrogen, removal of water molecules
and energy minimization. The active site of the receptor was identified via existing binding affinity of 4VO
((2S,3S,3aR,5aR,6R,11bR,11cS)-3a-methoxy-3,14-dimethyl-2-phenyl-2,3,3a,6,7,1 1 c-hexahydro-1H-6,11b-
(epiminoethano)-3,5a-m ethanonaphtho[2,1-g]indol-10-ol). As a result, docking against numerous receptor
conformations is advised in order to find ligands with appropriate binding energies for molecular dynamic
simulation analysis.
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Molecular dynamics simulations

The Desmond software, version 2.0 (Schrodinger Release 2024-4) https://www.schrodinger.com/platform/
products/desmond/, was used to evaluate the stability of receptor-ligand complexes generated by molecular
docking?*-%’. The simulation setup included the TIP3P water model within a cubic periodic box measuring
10 A on each side, utilizing the Simple Point Charge (SPC) technique, combined with the OPLS all-atom force
field from 200528 To achieve charge neutrality, sodium ions were introduced. A number of regulated processes
were used to reduce the energy of the complexes and prepare them for equilibrium. Molecular dynamics (MD)
simulations were run using periodic boundary conditions, using the OPLS 2005 force field parameters, a 1 ps
relaxation duration, and a constant temperature of 300 K and volume in the NPT ensemble?®, To achieve charge
neutrality, sodium ions were introduced. A number of regulated processes were used to reduce the energy of the
complexes and prepare them for equilibrium. Molecular dynamics (MD) simulations were run using periodic
boundary conditions, using the OPLS 2005 force field parameters, a 1 ps relaxation duration, and a constant
temperature of 300 K and volume in the NPT ensemble.

MM-GBSA (molecular mechanics generalized born surface area) binding energies

The MM-GBSA and MM-PBSA approaches were used to calculate the binding free energies of protein-ligand
complexes. The PRIME module in Maestro 11.4, together with the OPLS-2005 force field, was utilized to
calculate the binding energies of the ideally docked ligand-receptor couples. The binding energy is calculated
using a particular formula:

AGBgina = AEMmym + AGsolv + AGsa

where AEMM denotes the energy difference after minimization of the protein-ligand complex, AGSolv is the
discrepancy in GBSA solvation energy between the complex and the individual protein and ligand energies, and
AGSA refers to the change in surface area energies within the protein-ligand complex compared to the sum of
their separate surface energies. The minimization of the protein-ligand complexes was achieved through the
local optimization feature in PRIME®.

Results and discussion

Physicochemical analysis of marine sediment

The physicochemical analysis, presented in Supplementary Table SI, includes pH, salinity, and organic
matter, was conducted for four marine sediment samples collected from different regions of Bejaia, Algeria.
These parameters are key environmental factors influencing microbial diversity’!. Results indicated that all
sites exhibited alkaline conditions (pH 7.78-8.13), likely due to carbonate-rich coastal sediments, which can
support alkaliphilic bacteria. However, Tazeboujth had the lowest salinity (0.468 g/L) and organic matter content
(1.07%), which may limit microbial diversity due to nutrient scarcity. In contrast, Saket (8.248 g/L) and Cap
Sigli (7.216 g/L) exhibited high salinity and organic matter content, potentially favoring halotolerant microbial
communities*?. These findings suggest that each site harbors a distinct microbial ecosystem shaped by variations
in acidity/alkalinity, salinity, and nutrient availability. The interplay between these factors likely influences the
composition and adaptability of microbial communities in each marine sediment®33,

Isolation of marine bacterial strains

The investigation of microbial diversity in marine sediment collected from four different sites in the Bejaia
region, Algeria, using different culture media led to the isolation of 45 distinct marine strains, selected based
on their diverse morphological characteristics (Supplementary Fig. S1). Exploring the microbial diversity of
the underexplored Algerian coast presents a unique opportunity to identify potent marine-derived compounds
targeting the p-opioid receptor, potentially providing innovative scaffolds for safer and more effective
analgesics*®. To date, few studies have investigated bacterial diversity in this region, making our findings valuable
for expanding the current understanding of marine microbial communities in Algeria®®.

The comparison between the efficiency of the culture media used indicates that Casein Starch Agar (SCA)!334
was the most effective medium for isolating bacteria from marine sediments collected in the Bejaia region,
Algeria (Fig. 1). A total of 24 isolates were obtained using this medium, while 14 isolates were recovered from
M2, 5 from NaST21Cx'%, and 2 from NRS®. No isolates were obtained using NPS or SMP media'2. This
difference could be explained by the presence of starch and casein in SCA medium, which stimulate the growth
of several bacteria, including actinomyceteslg. Several studies have confirmed that this medium is effective for
the selective isolation of bacteria from various ecosystems®>~%.

Media with a low concentration of organic nutrients, such as NPS and NRS, delay the growth of fast-growing
bacteria for a sufficient period, enabling slow-growing bacteria to emerge*’. However, in our case, we were
only able to obtain two isolates using NRS. Different pretreatment procedures and selective isolation media
are recommended for the isolation of marine bacteria, such as Actinobacteria. There is no universal isolation
technique, but it is always necessary to vary the methods and media in the same screening*..

Screening for antimicrobial activity

Antibacterial activity

The antibacterial activity of the 45 marine bacterial strains was assessed against four Gram-negative and five
Gram-positive bacteria, with the results presented in Supplementary Table S2. Among the 45 tested isolates,
11 strains exhibited antimicrobial activity against at least one tested bacterium. Among them, three strains
demonstrated activity exclusively against Gram-positive bacteria, while two strains showed activity only against
Gram-negative bacteria. Additionally, six strains displayed activity against both Gram-positive and Gram-
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Fig. 1. Distribution of the number of bacteria isolates according to the culture medium.

negative bacteria. Among the marine bacterial isolates, strain S5T2H1 was the most active, exhibiting significant
inhibition zones, particularly against Gram-positive bacteria. It showed an inhibition zone of 35 mm against
Staphylococcus aureus, 30 mm against both MRSA and Enterococcus faecalis, and 28 mm against Listeria innocua.
Additionally, this strain demonstrated activity against the Gram-negative bacterium Pseudomonas aeruginosa,
with an inhibition zone of 23 mm (Supplementary Fig. S2).

Regarding the resistance of the tested bacteria, both K. pneumoniae and Proteus sp. exhibited the highest
resistance, as none of the marine bacterial strains showed activity against them. In contrast, Bacillus cereus
was the most susceptible. The susceptibility of Gram-positive bacteria to the bioactive compounds secreted
by marine bacterial strains, compared to Gram-negative bacteria, may be attributed to differences in their cell
wall structure. The presence of lipopolysaccharides in the outer membrane of Gram-negative bacteria reduces
permeability to lipophilic compounds, making them more resistant*2.

The stronger the antimicrobial activity exhibited by the marine bacterial strains, the more it suggests that these
isolates secrete a diverse array of bioactive compounds, potentially extending beyond antibacterial properties to
include metabolites with pharmacological potential?>~*°. Therefore, given that many secondary metabolites from
marine microorganisms interact with human receptors, the marine strains isolated from the Algerian coast
could serve as a valuable source of novel compounds for targeting the p-opioid receptor, providing promising
scaffolds for the development of safer and more effective analgesics*®4”.

Antifungal activity

The antifungal activity of the 45 marine bacterial strains was evaluated against eight filamentous fungi and one
yeast. The results are presented in Supplementary Table S3. The results indicate that eleven strains exhibited
antifungal activity against at least one of the eight tested filamentous fungi (Supplementary Fig. $3). Among these,
S5T2H1 was the most active strain, exhibiting potent antifungal activity against five tested filamentous fungi,
along with the yeast Candida albicans, with inhibition diameters ranging from 13 to 35 mm (Supplementary Fig.
S3). Additionally, Candida albicans exhibited greater sensitivity to the bioactive compounds secreted by marine
actinomycete strains compared to the tested filamentous fungi, as indicated by the inhibition zones ranging from
15 to 28 mm (Supplementary Fig. S3).

Marine bacteria are a valuable resource for drug discovery against various diseases®*. Therefore, the
antifungal activity of the secondary metabolites secreted by marine bacteria isolated from the Algerian littoral
suggests their ability to interact with eukaryotic cells, such as filamentous fungi and Candida albicans. This
indicates that these marine strains could be promising candidates for producing compounds that may interact
with the human p-opioid receptor, offering potential scaffolds for the development of new analgesics®*>L.

Molecular identification and phylogenetic study of selected actives strains

The eighteen marine bacterial strains, selected from the 45 obtained isolates for their significant antimicrobial
activity, were subjected to molecular identification based on 16S rRNA gene sequencing, as they could be
promising candidates for producing compounds that may interact with the human p-opioid receptor. The
obtained sequences were compared to the closest homologs registered in the GenBank database using the
BLAST tool, with the results presented in Supplementary Table S2. The results revealed that the identified
isolates belong to six different genera, including seven Streptomyces strains, six Nocardiopsis strains, and three
strains each affiliated with Alloalcanivorax and Pseudonocardia. Additionally, a single strain was identified as
Sinomicrobium, and another as Lysinibacillus.
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Among the identified strains, four Nocardiopsis isolates were assigned to N. terra (S29T3]31, S57T3]31; 99.65-
99.70% similarity) and N. umidischolae/N. alborubida (S3T311, S7T2H1; 99.40% similarity) (Supplementary
Table S4). Three strains (S5T3I1, SIT2Kmr, S6T311) showed high similarity to Pseudonocardia species (99.80-
100%), supported by strong phylogenetic bootstrap values (Fig. 2). Additionally, two strains, SIPHmr, SIPKmr,
were related to the species Streptomyces antimycoticus and Streptomyces aculeolatus, respectively, with 100%
similarity. Meanwhile, strains S56T3]31, S2T2H1, and S6T2H1 were identified as S. humidus, S. albogriseolus,
and S. chitinivorans, respectively, with 99.30-99.75% similarity.

Phylogenetic analysis confirmed the molecular identification of S37T3J31 and S28T3J31, clustering them
with Sinomicrobium oceani (99.90% similarity) and Lysinibacillus fusiformis (99.80%) (Fig. 2, Supplementary
Table S4). Additionally, Alloalcanivorax strains S1T3J31, S4T3I1, and S2T3I1 formed a stable phylogenetic
clade with A. dieselolei, A. balearicus, and A. xenomutans (Fig. 2). The Actinobacteria genera Streptomyces and
Nocardiopsis have been previously reported in Algerian marine environments. However, this study marks the
first isolation of Pseudonocardia, Sinomicrobium, Alloalcanivorax, and Lysinibacillus from Algerian marine
sediments®>2. The latter three genera have been previously found in deep-sea sediments®>**, methane cold seep
sites®™%, and tidal flats®”>8,

One strain, S5T2H1, shares 98.5% 16S rRNA gene sequence similarity with Streptomyces coelicoflavus, which
is below the threshold for differentiating between bacterial species. According to Kim et al.%, this threshold is
set at 98.65%, meaning that strains with lower similarity are likely considered different species. Fourthermore,
the phylogenetic analysis (Fig. 2) demonstrated that this strain forms a stable and distinct lineage separate from
neighboring species within the tree (bootstrap value >80%). Therefore, it may represent a new species within
the genus Streptomyces. However, to better differentiate strain S5T2H1 from its closest phylogenetic neighbors,
Streptomyces antimycoticus and Streptomyces aculeolatus, additional characterization was conducted, with the
main differences highlighted in Supplementary Table S5.

Several macromorphological differences were observed between strain S5T2H1 and its closest species,
Streptomyces coelicoflavus and Streptomyces fragilis (Supplementary Table S5). The aerial mycelium of strain
S5T2H1 appeared pebble grey on ISP2, white on ISP3, ISP4, and ISP5, and was absent on ISP6 and ISP7. In
contrast, Streptomyces coelicoflavus formed aerial mycelium only on ISP3 and ISP4, with a window grey color.
Meanwhile, the aerial mycelium of Streptomyces fragilis ranged from grey on ISP2, ISP3, and ISP6, to white
on ISP4 and ISP5. The differences between strain S5T2H1 and its two closest species extend to biochemical
characteristics. Strain SST2H1 was able to utilize all the tested carbon sources except lactose. In contrast,
Streptomyces coelicoflavus could not utilize xylose and succinate, while Streptomyces fragilis exhibited a limited
metabolic profile, utilizing only three carbon sources: D-galactose, L-arabinose, and sucrose. Additionally,
Streptomyces fragilis was the only species that exhibited gelatin liquefaction (Supplementary Table S5).

Based on the results of molecular identification, phylogenetic studies, and the observed morphological and
biochemical differences from Streptomyces coelicoflavus and Streptomyces fragilis, strain S5T2H1 is a strong
candidate to be a new species within the genus Streptomyces. However, further investigation, including whole-
genome sequencing and digital DNA-DNA hybridization (dDDH) with these species, is necessary to confirm
its classification.These findings highlight the diversity of bacterial genera in the Algerian marine environment,
including previously unreported taxa. Therefore, these marine bacteria may serve as a valuable source of potent
bioactive metabolites targeting the p-opioid receptor.

Metabolic profile of bioactive compounds secreted by selected strains

The three Actinobacteria strains, SST2H1, S7T2H1, and S56T3]31, were selected for their potent inhibitory effects
against the test microorganisms and their distinct taxonomic positions. Their crude extracts were analyzed using
high-performance liquid chromatography coupled with high-resolution mass spectrometry (HPLC-HRESIMS)
to annotate and identify their secreted secondary metabolites.

Compound annotation of the ethyl acetate extract prepared from strain S56T3]31 revealed nine compounds,
including two known compounds, three unknown compounds, and five originating from the culture medium
itself (Supplementary Fig. S4, Table S6). The medium-derived compounds were detected at retention times of 4.47,
5.20, 6.30, 7.15, and 7.72 min, corresponding to the known isoflavones genistein, genistin, 6”-O-acetyldaidzin,
6"-O-acetylgenistin, and glycitein, respectively. These findings were established based on LC-HRESIMS analysis
of the crude extract prepared from the negative control—5294 medium without strain S56T3J31(Supplementary
Fig. S9, Table S8). This analysis enabled the detection of the same four compounds at identical retention times,
with similar UV-Vis spectra, molecular weights, and molecular formulas. The major natural source of isoflavones
is soybean, which was used as an ingredient in the 5294 medium; therefore, this ingredient is the source of the
three isoflavone compounds detected in the crude extract prepared from strain S56T3]31.

The two known peaks, 8 and 77, detected at retention times of 3.82 and 13.11 min, exhibited molecular
ion clusters of [M+H]+at m/z 268.0811 and [M+H] +at m/z 507.2336, corresponding to molecular formulas
C,,H;;NO¢ and C,.H, N,O,, respectively. A search for similar molecules with these characteristics in natural
product databases, such as Antibase and the Dictionary of Natural Products, revealed that compounds 8 and 77
correlate with A58365A and antimycin A, respectively (Fig. 3, Supplementary Fig. S4, Table S6).

The compound A58365A is a fused tetrahydro-indolizine with carboxyl (position 3), hydroxyl (position
8), and ketone (position 5) functional groups, along with a propanoic acid side chain. It was isolated from
Streptomyces chromofuscus and is primarily known as an angiotensin-converting enzyme (ACE) inhibitor®.
Antimycin A, on the other hand, belongs to the macrodiolide (bis-lactone) family, characterized by a nine-
membered lactone ring. It is produced by Streptomyces spp. and functions as a mitochondrial respiratory
inhibitor. As the active ingredient in Fintrol, Antimycin A is a restricted-use piscicide employed in fisheries
management to eliminate invasive species and protect native fish populations®'.
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Fig. 2. Molecular phylogenetic analysis by maximum likelihood method, based on almost-complete 16S rRNA
gene sequences showing the position and phylogenetic relationship between the some selected strains and the
type strains of the closest species. Numbers at the nodes are bootstrap values; expressed as a percentage of 1000
re-samplings (only values 50% are shown).
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4 5

Fig. 3. Structures of compounds identified from crude extract prepared from selected strains: (1): A58365A;
(2): Antimycin A4; (3): Cyclo(phenylalanyl-prolyl); (4): Niphimycin Ia; (5): Berberifuranol.

The molecular formulas of additional peaks found at retention times of 5.25, 6.42, and 12.06 min were
established using HPLC-UV-HRESIMS as follows: C, H,.NO,, C,,H,,0,,and C,,;H, N,O, (Supplementary Fig.
S4, Table S6). A search across chemical databases revealed no correlated compounds related to actinobacteria or
any other microorganisms with similar properties. Therefore, these compounds can presumably be considered
unknown.

The LC-HR-ESIMS analysis of the crude extract from strain S5T2H1 revealed several distinct peaks,
indicating a complex mixture of metabolites. The compounds identified include both known and potentially
novel metabolites, along with two originating from the culture medium at retention times of 5.53 and 7.61 min,
corresponding to genistin and glycitein, respectively (Supplementary Fig. S5, Table S7).

Two known compounds, detected at retention times of 4.43 and 11.00 min, were identified as
cyclo(phenylalanylprolyl) and the non-ribosomal peptide niphimycin Ia, respectively (Fig. 3, Supplementary
Table S7, Fig. S5). Compound Cyclo(phenylalanyl-prolyl), Fig. 3, is a cyclic lipopeptid belonging to the class of
diketopiperazines®?. It is isolated from various microorganisms, including Actinobacetria®, Batrachochytrium
dendrobatidis®®, and Lactobacillus plantarum®. This compound exhibits a broad spectrum of biological activities,
including antimicrobial®, anti-wax moth larvae (Galleria mellonella)®®, and antifungal activities®®. However,
niphimycin Ia is synthesized by several Streptomyces species, such as Streptomyces noursei. This guanidylpolyol
macrolide antibiotic is characterized by its macrolide ring structure, which incorporates guanidyl and polyol
groups that contribute to its bioactivity®’.

Furthermore, compounds detected at retention times of 8.36, 8.97, and 11.61 min exhibited molecular ion
clusters of [M+H]+at m/z 356.2908, 381.3036, and 1047.5862, with molecular formulas determined by HPLC-
UV-HRESIMS as C19H37N3O3, C21H39N303, and C53H78N10012, respectively. A search in chemical databases
revealed no compounds with similar properties, suggesting that these three compounds may represent novel
entities (Supplementary Table S7). These findings align with taxonomic characterization results indicating
that strain S5T2H]1 may represent a new species within the genus Streptomyces, potentially harboring a unique
biosynthetic gene cluster responsible for synthesizing these metabolites. This discovery opens the possibility of
identifying novel bioactive compounds from this strain®. However, confirming the novelty of these metabolites
requires purification and structural elucidation using NMR analysis.

LC-HRESIMS analysis of the crude extract secreted by strain S7T2H1 (Supplementary Fig. S6, Table S8),
revealed a single active peak with a retention time of approximately 9.17 min. This peak was identified as
berberifuranol (Fig. 3) (Supplementary Table S8), exhibiting a molecular ion cluster [M+H]+at m/z 245.1282,
along with UV maxima at 200 nm, 256 nm, and 358 nm (Supplementary Fig. S6). Berberifuranol is a heterocyclic
molecule derived from plants, notably isolated from the roots of Berberis lycium®. This study marks the first
reported instance of microbial strain involvement in the biosynthesis of berberifuranol.

In silico study

Conventional opioids act as agonists by interacting with the p-opioid receptor, providing effective pain relief but
often causing severe side effects. Consequently, there is an urgent need to identify new agonists that can deliver
analgesic effects without the adverse side effects associated with traditional opioids’’. A promising approach
involves exploring secondary metabolites secreted by marine bacteria as potential sources of novel p-opioid
receptor agonists. In this context, the binding affinity and stability of interactions between the p-opioid receptor
and five distinct marine bacteria-derived compounds—A58365A, Antimycin A4, Cyclo(phenylalanyl-prolyl),
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Niphimycin Ia, and Berberifuranol—were compared to each other and to the reference molecule, morphine,
using a combination of molecular docking, molecular dynamics simulations and MM/GBSA calculations.

Molecular docking

Molecular docking was performed using the Schrodinger Glide software with XP mode to estimate the binding
affinity of five secondary metabolites secreted by marine bacterial strains against the active p-opioid receptor
(5C1M). The results, expressed in kcal/mol, are presented in Table 1:

Based on the docking results (Table 1), the compound A58365A exhibited the strongest binding affinity
among the five ligands, with a docking score of — 5.84 kcal/mol, followed closely by Antimycin A4 with a score of
— 5.6 kcal/mol. Both ligands displayed slightly weaker affinities compared to the reference molecule, morphine,
which exhibited the lowest docking score of — 7.04 kcal/mol, indicating the strongest binding interaction. Lower
docking scores reflect stronger predicted interactions between a ligand and the target protein, as less energy
is required for the ligand to bind effectively’!. Therefore, among the tested ligands, compound A58365A is
considered to have the highest binding affinity, suggesting it is more likely to form stable interactions through
the formation of a stable complex within the receptor’s active site of the target protein 5C1M. In contrast,
Cyclo(phenylalanyl-prolyl) and Berberifuranol exhibited weaker interactions, with docking scores of — 3.73
and - 3.95 kcal/mol, respectively. However, Niphimycin Ia did not dock successfully, possibly due to its high
molecular weight (1142 g/mol) and lack of compatibility with the receptor’s binding site (5C1M).

The 3D visualizations were generated to examine the molecular architecture of the binding interactions
between the five secondary metabolites and the key residues within the binding cavities of the yu-opioid receptor’s
active site (5C1M), as illustrated in Fig. 4.

The results in Fig. 4 highlight the critical shared residues, such as Asp147, Met151, Lys233, His297, Val300,
and Tyr326, involved in the interactions of all studied ligands within the binding pocket of the target protein
5C1M. These results align with previously published studies, underscoring the importance of these same key
residues in target-ligand interactions’?. Understanding these interactions provides insights into the potential
effects of these compounds on the receptor’s function. Among the tested compounds, A58365A and Antimycin
A4 demonstrated strong interactions with key amino acids within the binding pocket of the p-opioid receptor
(5C1M), as evidenced by their interaction profiles (Fig. 4.1 and 4.2). A58365A primarily engaged through its
indolizine ring, forming water-mediated hydrogen bonds with Tyr-148 and Asp-147, hydrophobic contacts
with Ile-296, and hydrogen bonding via its propionic acid chain with Lys-269, complemented by a hydrophobic
interaction with Val-236 (Fig. 4.1). Similarly, Antimycin A4 exhibited robust binding, primarily through
hydrophobic contacts with Leu-291, Asp-147, Val-300, Lys-233, and Ile-296, alongside hydrogen bonds with
Cys-217 and Thr-218, and an ionic interaction with Lys-233 (Fig. 4.2). These findings, depicted in Fig. 4, align
with the detailed interaction profiles shown in Figs. 5.

Compound A58365A, Fig. 5A, displayed a high interaction strength due to its diverse and dominant water
bridges, hydrogen bonds, and hydrophobic contacts, while Antimycin A4’s strong binding affinity arose from a
combination of substantial water bridges, hydrophobic contacts, and hydrogen bonds (Fig. 5D). In comparison
with the reference molecule, (Fig. 5E), both A58365A and Antimycin A4 exhibited interactions comparable
to those of morphine, sharing several key amino acids within the active site of 5C1M. These interactions were
characterized by a balanced array of hydrogen bonds with Lys-233, hydrophobic interactions with Trp-293, Ile-
296, and Tyr-326, and an ionic bond with Asp-147 (Fig. 5E). Similarly, Dumitrascuta et al.”® reported interactions
with key amino acids of 5C1M for structurally related compounds of morphine, such as N-methylmorphinans-
6-ones, which engaged hydrophobic residues V236, 1296, and V300. Thereby, these findings suggest a potential
similarity in the mechanisms of action and binding properties of A58365A and Antimycin A4 with Morphine”>.

Berberifuranol, Fig. 5B, and cyclo(phenylalanyl-prolyl), Fig. 5C, exhibited moderate to low interaction
profiles, primarily characterized by water bridges and hydrophobic contacts. Berberifuranol formed fewer
hydrogen bonds involving residues such as Val-236 and Tyr-326, slightly reducing its binding strength compared
to A58365A. Similarly, cyclo(phenylalanyl-prolyl) demonstrated limited hydrogen bonding with Asp-147 and
Val-296, and the absence of ionic bonds further weakened its overall interaction with the receptor.

Molecular dynamic simulation analysis

To investigate the dynamic properties of the docked complexes, Root-Mean-Square Deviation (RMSD) analyses
were performed using the Schrodinger Desmond program to evaluate the stability of the p-opioid receptor
(5C1M) in complex with six different ligands, including the reference molecule, over a 100 ns simulation
period’". Figure 6 presents the RMSD graphs of these complexes during the 100 ns timeframe.

Compounds | Ligands Docking score (kcal/mol)
1 A58365A —-5.84

2 Antimycin A4 =56

3 Cyclo(phenylalanyl-prolyl) | - 3.73

4 Niphimycin Ia Not dock

5 Berberifuranol -3.95

6 Morphine —-7.04

Table 1. Binding energy of docked ligands against the target protein receptor 5C1M.
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Fig. 4. Docked poses of: 1. A58365A, 2. Antimycin A4; 3. Cyclo(phenylalanyl-prolyl). 5. Berberifuranol and 6.
Morphine program (Maestro version 14.2.118, Schrédinger Release 2024-3).

The RMSD plot of 5CIM-A58365A (Fig. 6A) shows an initial fluctuation between 20 and 30 ns before
reaching a relatively stable conformation. After the equilibration phase, the RMSD remains stable, fluctuating
modestly between 3.8 and 4.0 A. A lower and more stable RMSD indicates minimal fluctuation of the complex.
Therefore, the 5C1M-A58365A complex demonstrates greater stability and structural integrity throughout the
interaction’*”>. In contrast, the reference molecule morphine (Fig. 6E) exhibits higher RMSD fluctuations,
ranging from 2.5 to 4.7 A, compared to A58365A. This suggests that the 5C1M-morphine complex undergoes
weaker dynamic binding interactions.

Furthermore, both complexes, 5C1M-Cyclo(phenylalanyl-prolyl), Fig. 6C, and 5C1M-Antimycin A4,
Fig. 6D, show noticeable fluctuations during the early stages of the simulation, with partial stabilization occurring
after ~ 40 ns, eventually exhibiting moderate stability. In contrast, the RMSD values of 5C1M-Berberifuranol
complex, Fig. 6B, remain relatively high with significant fluctuations, indicating a less stable complex’®. The
docked complex was used to analyze the Root Mean Square Fluctuation (RMSF) behavior, and a plot was
generated incorporating the RMSE, B factor, and interactions to assess the flexibility of individual residues in the
ligand-protein complexes. The detailed results are depicted in Fig. 7.

The Root Mean Square Fluctuation (RMSF) analysis evaluates the average positional deviation of residues
in the p-opioid receptor (5C1M) relative to their reference positions throughout the molecular dynamics
simulation””. For the 5C1M-A58365A complex, RMSF values range from 0.8 to 4.0 A (Fig. 7A), with the highest
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Fig. 5. Protein-ligand interaction profile in complexes: (A) 5C1M-A58365A, (B) 5CIM -Berberifuranol; (C)
5C1M-Cyclo(phenylalanyl-prolyl). (D) 5C1M-Antimycin A4 and (E) 5C1M-Morphine. Different bar colors
represent different types of connections: hydrogen bonds (green), hydrophobic contacts (purple), ionic bonds
and water bridges in blue.

fluctuation observed at residue 210, which is located in a non-critical region of the receptor, neither contributing
to the active site nor forming direct interactions with A58365A.

In contrast, the RMSF profile for the 5C1M-morphine complex, Fig. 7E, and the four other marine-derived
compounds exhibits higher fluctuations, ranging from 0.9 to 6.0 A. Notably, A58365A was the only compound
with RMSF values consistently below 4.0 A, indicating greater receptor stability upon binding. Since higher
RMSF values generally correlate with reduced protein stability and weaker binding interactions, while lower
values indicate stronger ligand affinity, these suggest that A58365A provides superior stabilization of the p-opioid
receptor compared to the other tested compounds, including morphine”s.

The atomic flexibility within the 5C1M-A58365A complex was further evaluated using the B-factor curve
(pink line). Peaks in B-factor values indicate regions of high mobility, whereas valleys correspond to structurally
rigid areas. The RMSF and B-factor values, Fig. 7A, align well in both the A58365A and morphine complexes
(Fig. 7E). However, residues 145-155 and 225-235, in both complex (Fig. 7A and E), exhibit notable peaks,
suggesting increased structural flexibility in these regions due to ligand binding. Results from RMSD and RMSF
analyses indicate that A58365A exhibits strong and stable binding interactions with the target protein 5C1M,
compared to morphine. Additionally, A58365A effectively stabilizes the p-opioid receptor’s binding regions
while maintaining natural flexibility in non-essential areas. Therefore, these findings highlight A58365A as a
promising p-opioid receptor agonist for further pharmacological investigation.

Figure 8 depicts the ligand characteristics inside the complex, including RMSD, radius of gyration (rGyr),
molecular surface area (MolSA), intramolecular hydrogen bonds (intraHB), solvent-accessible surface area
(SASA) and polar surface area (PSA), of all the three complexes’®. These parameters provide valuable insights into
various facets of ligand behavior, including structural stability, compactness, surface properties, conformational
changes and interactions within the complex, respectively”®.

Considering the results in Fig. 8, among the ligands, A58365A demonstrated the most favorable interaction
profile during the 100 ns simulation. This is due to its small fluctuations, observed between 0.1 and 0.4 A, which
remained below 1 A throughout the entire simulation period with minimal deviation. This indicates stability
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Fig. 6. RMSD plot of u-opioid receptor target and five marine bacteria-derived compounds as a function of
simulation time. (A) 5C1M-A58365A, (B) 5C1M -Berberifuranol; (C) 5C1M-Cyclo(phenylalanyl-prolyl). (D)
5C1M-Antimycin A4 and (E) 5C1M-Morphine.

and minimal displacement from the initial binding pose, reflecting a strong and reliable interaction between the
ligand and the protein”7°.

In contrast, the other four ligands exhibited significant fluctuations in RMSD, ranging between 0.8 and
1.8 A, indicating relatively less stable binding interactions with the protein. However, regarding the reference
compound, morphine, its RMSD values remained consistently lower (~0.15-0.35 A), similar to A58365A, with
relatively small fluctuations. This suggests that the ligand maintains a stable position throughout the simulation’®.
Additionally, A58365A exhibits a stable radius of gyration (rGyr), fluctuating around 3.3-3.5 A, indicating a
relatively compact conformation during the simulation. It also maintains balanced solvent exposure (SASA),

a stable molecular surface area (MolSA), and consistent polar interactions (PSA). These attributes collectively
indicate strong and stable binding to 5C1M.
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MM/GBSA binding free energy calculations

The binding free energy of the complexes was computed using the Maestro prime modules MM/GBSA approach,
which is generally recognized for its efficacy in measuring ligand-binding affinities within protein systems®, the
results are shown in Table 2.

Based on the MM/GBSA profiles of the MD simulations for the five complexes, the 5C1M-A58365A
complex exhibits comparable interaction parameters to the reference morphine, indicating a well-balanced
equilibrium between the different interaction forces®. This balance is reflected in its stable binding free energy
(AG bind =— 46.66 kcal/mol), which is close to that of the reference complex 5C1M-morphine (- 53.55 kcal/
mol). The AG bind Coulomb (- 6.24 kcal/mol) is also similar to that of morphine (- 6.64 kcal/mol), suggesting
comparable electrostatic contributions to binding®!82.

Additionally, the 5CIM-A58365A complex demonstrates a balanced binding profile in other aspects. Its
covalent binding energy (1.75 kcal/mol) is slightly higher than that of morphine (1.26 kcal/mol), ensuring
stability without excessive rigidity. Furthermore, its van der Waals contribution (- 38.53 kcal/mol) is well-
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Antimycin A4 and (E) Morphine, with 5C1M protein, such as RMSD, the radius of gyration (rGyr),

intramolecular hydrogen bonds (intraHB), molecular surface area (MolSA), solvent accessible surface area
(SASA), polar surface area (PSA) on interacting with protein during MD simulation.

balanced, providing optimal hydrophobic interactions without being excessively strong or weak??. These results
confirm the findings from molecular docking and molecular dynamics simulations, further suggesting that
compound A58365A exhibits strong and stable interactions with the target 5C1M. This indicates that A58365A

could potentially serve as a promising candidate for targeting 5C1M with favorable binding properties

Conclusion

68,71

This study highlights the potential of marine-derived bacterial compounds as promising alternatives to
conventional opioid drugs. By investigating bacterial strains isolated from marine sediments along the Bejaia
coastline (Algeria), 45 marine bacteria were obtained using six different culture media, with SCA proving to
be the most effective. Molecular identification, based on 16S rRNA gene sequencing, revealed that 18 strains,
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AG bind
Vander
AG bind AG bind Coulomb | AG bind covalent | AG bind H bond AG binding (kcal/

Complexes (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) SolvGB (kcal/mol) | mol)
5C1M-A58365A —46.66 -6.24 1.75 -0.23 15.94 —38.53
5C1M-berberifuranol -37.77 -797 1.18 -043 14.61 -27.83
5C1M-cyclo(phenylalanyl-prolyl) | — 25.80 —276.80 1.09 —-4.80 269.56 -12.10
5C1IM-Antimycin -55.13 —70.02 0.99 -0.89 90.41 —-56.21
5C1M-Morphie - 5355 - 6.64 1.26 -1.38 10.80 —34.97

Table 2. MM/GBSA profiles of the MD simulated complexes.

selected for their potent antimicrobial activity against various pathogenic microorganisms, belonged to six
genera: Streptomyces, Nocardiopsis, Alloalcanivorax, Pseudonocardia, Sinomicrobium, and Lysinibacillus.
LC-HRESIMS analysis of secondary metabolites secreted by three selected strains (S5T2H1, S56T3/31, and
S7T2H]I) identified five known compounds—A58365A, antimycin A, cyclo(phenylalanyl-prolyl), niphimycin
Ia, and berberifuranol—along with several unknown metabolites. Molecular docking and molecular dynamics
simulations demonstrated that A58365A exhibited strong and stable interactions with the p-opioid receptor
(5C1M), comparable to morphine. These findings suggest that marine bacteria represent an untapped reservoir
of opioid-like bioactive molecules with significant therapeutic potential. Further structural elucidation, in vitro
and in vivo studies, and pharmacokinetic assessments are necessary to validate their efficacy and safety as novel
analgesics. This research underscores the importance of marine microbial biodiversity in drug discovery and
paves the way for developing safer opioid alternatives with reduced side effects.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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