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Introduction  

 The negative impacts of tributyltin-based antifouling coatings on 

the marine environment and human health have raised serious concerns 

about marine antifouling prevention.1 Therefore, recent research has 

shifted towards the development of environmentally friendly 

antifouling solutions, using bioactive compounds sourced from and 

based on marine natural products.1,2 Over the years, many compounds 

with antifouling properties have been discovered from marine 

microorganisms, e.g., α,β-unsaturated ketone from Sarcophyton 

associated fungus Aspergillus elegans, diindol-3-ylmethanes from 

Pseudovibrio denitrificans, butanolide from Streptomyces albidoflavus, 

and polyketides from gorgonian-derived fungus, Aspergillus sp., non-

ribosomal peptides from seaweed associated fungus Undaria 

pinnatifida, alkaloids and terpenoids from coral and sponges.3–6  
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Sponge, in particular, have garnered interest due to their production of 

bioactive compounds, which aid in biofouling prevention.7,8 Despite the 

growing library of antifouling compounds, only butenolide derivatives 

have undergone further evaluation in field studies.9 This is in part due 

to limited material supply, which remains a significant obstacle in 

marine drug discovery and the search for novel antifouling agents.10-12  

Preliminary investigations of crude extracts obtained from five 

Caribbean sponges (Agelas tubulata, Amphimedon sp., Dysidea fragilis, 

Aplysina fulva, and Neopetrosia proxima) have shown promise as a 

source of new antifouling agents.13 Similarly, Henrikson et al. 

demonstrated antifouling activity in crude extracts and/or fractions of 

four marine invertebrates including two sponges, suggesting the 

potential use of crude extracts from marine invertebrates in antifouling 

studies.14 Because sponges are also considered holobionts and contain 

diverse array of marine microorganisms capable of producing 

antifouling agents (i.e., Alteromonas sp., Pseudoalteromonas piscicida, 

Bacillus licheniformis, Bacillus cereus, Bacillus sp., Pseudomonas 

fluoroscens),15 sponge-associated bacteria are presumably a more 

sustainable source of antifouling agents.3-6  

The integration of bioinformatics to reveal new molecular targets for 

antifouling has streamlined such efforts; furthermore, bioinformatics 

prioritizes samples and can be used to generate ideas about putatively 

active molecules by modeling against known targets to predict their 

toxicity profiles.16 Additionally, antifouling discovery can benefit from 

utilizing identified molecular targets such as receptors, ion channels, or 

enzymes, enabling the testing of both new and known molecules for 

new functions and/or repurposing for antifouling treatment.17 Such 
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Biofouling poses a significant threat to fisheries and maritime sectors, capable of damaging ship 

hulls, mariculture facilities, and marine structures. Despite the effectiveness of tributyl tin (TBT)-

based antifouling in solving biofouling problems, it threatens the marine environment and human 

health, necessitating the exploration of ecofriendly antifouling agents. Marine sponges have 

evolved unique antifouling strategies that may contain potential solutions to this problem. Hence, 

an epoxy resin coating enriched with powder from the sponge Agelas nakamurai underwent field 

testing on polyethylene nets. Analysis of variance (ANOVA) demonstrated that nets pre-treated 

with 100, 200, and 300 mg/mL of the epoxy resin and sponge powder mix had a significant effect 

on biofouling growth (P < 0.05). Post-hoc Tukey’s test indicated that the 100 mg/mL treatment 

significantly differed from other treatments. Since the authors previously characterized and 

predicted the presence of agelasines A-F (1-6) and agelasidine A (7) from the same sponge using 

NMR/LC-MS and MS-MS annotation, the currently studied A. nakamurai contains the same 

molecules. Molecular docking studies identified agelasines A-F and agelasidine A as promising 

acetylcholinesterase (AChE) inhibitors, rivaling or surpassing the AChE specific inhibitors, such 

as synoxazolidinones A (8) and C (9), and the antifouling agents Seanin_211 (10) and 

Irgarol_1501 (11). In silico ADME-T and TEST analyses on compounds 1-11 indicated that, while 

agelasines A-F need further optimization, agelasidine A was the most promising compound 

identified as potential antifouling agent in this research. This study marks the initial step in 

evaluating agelasines and other marine-derived molecules as eco-friendly antifouling agents 
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combinatorial research supports modern drug discovery and allows for 

the computational high-throughput screening of compounds to identify 

new indications.18 Notably, the veterinary sedative medetomidine was 

repurposed as the antifouling solution Selektope®. through in silico 

analysis targeting the octopamine receptor.19 Despite being the major 

target for Alzheimer diseases,20,21 acetylcholinesterase (AChE) has 

recently emerged as a potential antifouling target,22 albeit relatively 

unexplored.23 AChE inhibitors have been found to prevent the 

settlement and attachment of barnacles such as  Balanus amphitrite and 

Pollicipes pollicipes,23-24 bryozoan Bugula neritina,25 and ascidian 

Ciona intestinalis.26 

Another noteworthy aspect lies in the correlation between antifouling 

antibacterial properties. Furthermore, the antifouling efficacy of well-

established antibacterial compounds, such as epi-agelasine C and 

agelasine D against Ulva sp. and Balanus improvisus has been 

experimentally proven.27 Given that the biofouling process involves the 

attachment of marine bacteria to submerged surfaces, followed by the 

formation of structured microbial communities known as biofilms, 

which facilitate micro and macrofouling,1 compounds with antibacterial 

activity may also serve as antifouling agents.28 However, despite the 

fact that many agelasine-type compounds are known to exhibit strong 

antibacterial activity,29 many of these compounds have not been 

explored as antifouling agents.  

Here, we aimed to test the antifouling potential of Sangihe sponge 

Agelas nakamurai in a field study while simultaneously performing in 

silico investigations on the putative binding of previously characterized 

and predicted Sangihe A. nakamurai metabolites, agelasine A and D as 

well as agelasine A-F and agelasidine A,30-31 to the target AChE. This 

combinatorial study intends to shed light on the role of field and in silico 

studies for the discovery of novel antifouling agents.  

 

Methodology 

Net Preparation 

The polyethylene net (Prime Grade High Density Polyethylene, 

AQUATEC, AquaTec Indonesia) with a mesh size of 1 inch (2.54 cm) 

was cut into 10x15 cm2 pieces. Then, both the upper and undersides of 

each net were tied to the upper sides of the cage whereas the underside 

was on buoys, resembling the position of a cage floating net during fish 

farming. 

 

Sponge Powder Preparation 

The sponge Agelas nakamurai was hand-collected using self-contained 

underwater breathing apparatus SCUBA (Cressi, Cressi USA) from 

Enepahembang beach in Tahuna Sangihe Islands Regency, North 

Sulawesi, Indonesia, on 9 June 2019, at a depth of 7 meters. After 

collection, the specimen was placed in a plastic bag and transported to 

the laboratory at Nusa Utara Polytechnic. It was then stored at -16°C in 

a freezer (Aqua AQF 160w, Japan) until further use. Subsequently, the 

specimen, weighing 250 grams, was cut into small pieces and dried 

under the sun for 6 hours. The dried sponge pieces were finely ground 

using a blender (Philips HR2115, Phillips Indonesia), resulting in fine 

sponge powder. 

 

Anti Fouling (AF) Application 

Three antifouling concentrations (100, 200, and 300) mg/mL were 

prepared in triplicate by mixing sponge powder and epoxy resin 

(Durevole DPX 3100, Duravole Paint Indonesia) in the following 

treatments. In Treatment I, a 1:10 ratio (w/v) of sponge powder to epoxy 

resin was created to achieve a 100 mg/mL concentration. Treatment II 

and III achieved concentration of 200 mg/mL and 300 mg/mL, 

respectively. Treatments were then applied to polyethylene nets 

accordingly and air-dried for 6 hours at room temperature before 

installation at a mariculture’s facility. In addition, untreated nets 

(negative control) and nets treated with epoxy resin (positive control) 

were also prepared in triplicate. 

 

Data Analysis  

To evaluate the effectiveness of different treatments (I, II, III alongside 

positive and negative controls) in preventing fouling, a systematic 

approach was adopted. The approach involved using the following 

equation to calculate the difference between the final wet weights of all 

net samples and their corresponding initial wet weights:  

 

𝑊𝑛 = 𝑊𝑓 −𝑊𝑜 (1) 

 

Where Wn signifies the net weight of biofouling affixed to nets, Wf 

represents the ultimate weight of the nets in addition to the biofouling 

affixed to the nets subsequent to being submerged in seawater for a 

duration of 31 days, and Wo denotes the original saturated weight of the 

nets in the absence of fouling, as quantified subsequent to a brief one-

minute immersion in seawater before installation. Lighter nets indicated 

strong antifouling activity, while heavier nets indicated weaker 

antifouling effects. To quantitatively assess antifouling efficacy across 

treatments, a complete randomized design analysis of variance 

(ANOVA) was used, and statistical analysis was performed using the 

Statistical Package for Social Science (SPSS) 16.0 Program. The 

analysis compared average wet weights among treatment groups, 

providing valuable insights into the relative antifouling performances of 

the treatments. 

 

In Silico Docking Experiments 

The docking of all ligands (agelasines and the known 

acetylcholinesterase inhibitors including synoxazolidinone A and C as 

well as the commercial antifouling such as Seanin_211 and 

Irgarol_1501) inside the protein targets (6UGI) was performed using 

Molergo Virtual Docker 6.0. The PDB data file for the crystal structure 

of the target protein was retrieved from the protein databank website 

(http://www.rcsb.org/pdb) PDB ID: 6UGI, resolution 2.85 Å. Before 

docking, all errors in amino acid residues of the target protein were 

repaired and optimized with the neighboring residues. 

The structures of all ligands were drawn using ChemDraw Ultra 12.0 to 

obtain 2D structures. The cdx files of all ligands and AChE inhibitors 

(synoxalidinones A and C) were subjected to energy minimization using 

Chem3D Pro and were saved in the Mol2 type format. 

The selected cavities for all docking were the binding sites for 

acetylcholinesterase (PDB ID: 6G1U). Using Molegro Virtual Docker 

(MVD) 6.0, the cavities were centered at 37.09, 93.40, and 18.81 at 14 

Å and run with RMDS value of <1.00 for acetylcholinesterase. We 

further confirmed the binding affinity of agelasines A-D, agelasidine A, 

synoxalidinones A and C as well as Seanin_211 and Irgarol_1501 

against the acetylcholine using CB-Dock 2.32 

 

 

In Silico ADME-T (Absorption Distribution Metabolism Excretion 

Toxicity) and TEST (Toxicity Estimation Software Tool) Assessments 

Except for synoxalidinones A and C, the isomeric SMILES (Simplified 

Molecular Input Line Entry System) of all molecular structures of the 

ligands were obtained from PubChem for the small molecules available 

in the database. Because the SMILES from synoxalidinones A and C 

were read as errors, the structures of the molecules were first drawn 

using ChemDraw 12 and later converted to SMILES before being 

uploaded into the web tools at 

http://biosig.unimelb.edu.au/pkcsm/prediction for pkCSM,33 and at 

http://www.swissadme.ch/ for SwissADME.34  

 

Results and Discussion 

Prior research has demonstrated a strong antifouling activity of 

agelasine, epi-agelasine C, and agelasine D against Ulva sp35 as well as 

Balanus improvisus larvae.27 Interestingly, Hertiani et al.,36 reported 

that while agelasine D (4) inhibited the growth of Staphylococcus 

epidemidis (MIC < 0.0877 μM), it did not stop biofilm formation. In 

contrast, its oxime derivative showed the reverse antifouling activity, 

failing to inhibit the bacterial growth but succeeding to prevent biofilm 

formation. These investigations were conducted in laboratory settings, 

thereby limiting their practical application, whereas the present study 

evaluates antifouling potentials of epoxy resin enriched sponge powder 

on polyethylene nets administered at 100, 200, and 300 mg/mL for a 

period of 31 days in a mariculture facility, representing a real-world 

antifouling application. Furthermore, this study also assessed the 

antifouling potential of agelasines A-F (1-6) and agelasidine A (7) 
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against AChE enzyme in silico, underscoring the potential of agelasine-

typed molecules as practical antifouling with the intention of providing 

valuable insights for future research and development in this field.  

The results showed a significant variation in the degree of fouling 

organisms attaching to the treated nets versus controls (Figure 1). The 

negative control (treatment V) exhibited the heaviest fouling, weighing 

49 g/150 cm2 (Figure 2). In contrast, the positive control (treatment IV) 

was moderately settled by fouling organisms, with a weight of 36 g/150 

cm2 (Figure 2). All treated nets displayed much lower attachment of 

biofouling organisms, with 22g/150 cm2 recorded for both treatment II 

and III, and considerably less (17 g/150 cm2) for treatment I (Figure 2). 

In contrast, nets treated with the lowest concentration used in this study 

(treatment I) were the least fouled by fouling organisms (Figure 2). 

These results indicate that treatment I exhibited the most potent 

antifouling activity, followed by treatments II and III. Since we 

previously characterized agelasines A and D through NMR (Nuclear 

Magnetic Resonance)/Liquid Chromatography Mass Spectrometry 

(LC-MS)30 and identified agelasines A-F (1-6) and agelasidine A (7) 

through an MS-MS based annotation approach from Agelas nakamurai 

specimen derived from Sangihe and Sitaro,31 the observed antifouling 

activity was likely due to a mixture of the agelasine compounds 1-7.  

To measure the effect of the treated and untreated nets and between 

treatments, we conducted a randomized ANOVA data analysis on the 

weight of biofouling attached to the nets during the field study. The 

ANOVA data analysis demonstrated that treatments I-III at 

concentration of 100, 200 and 300 mg/mL had a significant effect on 

biofouling growth in comparison to both positive and negative controls 

(P < 0.05) (Table 1).  To further evaluate the effectiveness of the three 

different treatments, we conducted a post-hoc Tukey's test, which 

provided further evidence that treatment I exhibited a statistically 

significant difference from the other treatments (Table 2). The present 

results align with findings from Puentes and colleagues, who reported 

statistically significant differences in the total coverage of fouling 

organisms on panels painted with extracts from sponges Agelas 

tubulata, Holothuria glaberrima, and Neopetrosia proxima.13 However, 

the present results did not align with the report from Hendriksen and co-

workers who documented that the antifouling activity of extracts from 

two sponges, one hydrozoan, and one alga when compared to the control 

were statistically insignificant.14 The different coatings applied and 

organisms used between Hendriksen’s group (gel),14 Puentes’s group 

(rosin resin),13 and our present research (epoxy resin) may explain the 

different results obtained in these studies. Also, unlike the first two 

studies, the present study evaluated three different concentrations of 

extract/resin mixture, illuminating the lowest concentration as the most 

effective, which indicates that the surface characteristics of the 

polyethylene nets may also contain answers with respect to antifouling 

activity. 

One explanation for this is that polyethylene nets are inherently 

characterized by their coarse  and large surface area, which are  

attractive to biofouling attachment.37,38,39 Hence, nets in the positive 

control (i.e. treated with epoxy resin) instead had a smooth surface and 

were burdened by fewer biofouling organisms at 36.6 g/150 cm2 than 

the negative control with 49 g/150 cm2 (Figure 2). 

 
Figure 1: Polyethylene nets treated with 100 mg/mL sponge 

powder/epoxy resin (A1-A5, treatment I), 200 mg/mL (B1-B5, 

treatment II), 300 mg/mL (C1-C5, treatment III), epoxy resin 

(D1-D5, treatment IV), and no treatment (E1-E5, treatment V). 
 

 
Figure 2: Biofouling weight of polyacetylene nets treated with 

100 mg/mL sponge powder/epoxy resin (treatment I, 17.0 g/150 

cm2), 200 mg/mL (treatment II, 22.0 gr/150 cm2), 300 mg/mL 

(treatment III, 22.0 g/150 cm2), treatment IV or Net + epoxy 

(positive control, 36.66 g/150 cm2) and negative control (Net, 

49.0 g/150 cm2). 
 

 

 

Table 1: Statistical Data analysis 
 

ANOVA 

Replicate  Sum of squares Df Mean F sig 

Between Groups 2100,667 4 525,1667 4,551695 0,024 

Within groups 1162,667 10    

Total 3263,333 14    
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Table 2: Tukey Test 
 

Tukey HSD     

Antifouling          N Subset for alpha = 

          1 2 

10%         3 17  

30%         3 22 22 

20%         3 22 22 

Net+epoxy         3 36.66667 36,66 

Net          3  49 

Sign  0.24 0,071 

More for groups in homogenous subsets are displayed 

 

 
 

Similarly, nets treated with a more diluted antifouling solution or a less 

sponge powder (i.e., treatment I) featured a smoother surface and were 

fouled by fewer biofouling organisms compared to nets in the more 

concentrated antifouling treatments II (22.0 g/150 cm2) and III (22.0 

g/150 cm2) respectively (Figure 2).  

The results are consistent with earlier reports emphasizing the 

importance of the surface characteristics of immersed objects for the 

attachment of fouling organisms. For instance, Yoda et al. found that 

bacteria attached more readily to rough surfaces than to those that are 

smooth, as the former provides better surface attachment and adhesion 

for bacteria.40 Additionally, bacteria use rough surfaces to protect 

themselves from shear forces, making the detachment of bacteria from 

the substrate difficult.41 Indeed, rough surfaces have consistently been 

associated with the proliferation of bacterial colonies and biofilms, as 

observed for Staphylococcus epidermidis, Pseudomonas aeruginosa, 

and Streptococci.42,43,44  Moreover, studies on titanium discs have shown 

that bacterial adhesion tends to be higher on surfaces measuring 

between 109 and 214 nm compared to smoother, grooved surfaces of 

less than 113 nm.45,46  

 

Molecular docking studies 

To further elaborate on the field study described above and earlier 

investigations of agelasines A and D (1, 4), agelasines A-F (1-6) and 

agelasidine A (7) in A. nakamurai from Sangihe Islands,30-31 in silico 

docking was employed. The objective was to evaluate the antifouling 

activities of agelasines A-F (1-6) and agelasidine A (7), synoxalidinones 

A and C (8-9) (known acetylcholine enzyme inhibitors), Irgarol-1501 

(10), and Seanin-211 (11) (commercial antifouling agents) (Figure 3) 

against a novel antifouling target, AChE.23,47 

 

 

                    

 
Figure 3: The structures of agelasines A-F (1-6), agelasidine A (7), synoxazolidinones A & C (8-9) and Irgarol_1501 (10) and 

Seanin_211 (11). 
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Figure 4. The binding of agelasines D, E and synoxalidinone C 

on the binding site of one of the dimmers 6GIU-A (A1-A3). 

Hydrogen bonds are denoted with blued doted lines and steric 

interactions with red dotted lines) (B1-B3). 
 

The molecular docking analysis with MDV 6.0 showed strong binding 

of all agelasine-typed compounds against the target protein 6G1U 

(Figure 4, A1-A3) with all compounds showing a rerank score >150 

except for Irgarol-1501 and Seanin-211 (rerank score <150) (Table 3). 

On the other hand, synoxazolidinone A and C showed rerank scores 

slightly higher or lower than all agelasines in this study (Table 3). As 

the strength of the binding affinity refers to the lowest binding affinity 

score, the highest rerank scores (-105.82, -102.19 and -96.80) kcal/mol 

in synoxazolidinones C (9), Seanine_121 (10), and Irgarol-1501 (11) 

respectively place them in the category of weak AChE binders. In 

contrast, agelasines A-C, F (1-3, 6) showed slightly lower rerank scores 

of -108.34, -117.84, -120.0, and -116.51, indicating their moderate 

binding capacity to AChE. Low rerank scores of -143.39, -143.39, and 

-125.87 kcal/mol for agelasines D (4), E (5), and agelasidine A (7) 

categorize them as strong AChE binders (Table 3). Notably, agelasine 

D (4) exhibited three intramolecular hydrogen bonds within the cavity 

of 6G1U, two of which had greater binding energy (-2.49 kcal/mol) and 

(-2.5 kcal/mol), and one with lesser energy (-0.27 kcal/mol). Agelasine 

D (4) also showed strong steric interactions with 6G1U at C-0, C-3, C-

6, and C-30 with several amino acid of the 6G1U. Agelasine E (5) also 

exhibited steric interaction with 6G1U, where C-26 and C-30 of 5 

shared interactions with two amino acid residues of 6G1U. Each of the 

two amino acid residues Trp84 and Trp432 shared one steric interaction 

with 6G1U, with moderate (1.29 strength, distance 3.09Å) and weak 

(0.93 strength, 3.15 Å) energy for the former and the latter (Table 3). 

Moreover, agelasidine A (7) formed four hydrogen bonding interactions  

with 6G1U, all of which exhibited strong affinity with Trp84, Tyr70, 

Gln69, Tyr121, as well as steric interactions with Trp84, Glu199, 

Asn85, Tyr130, Gln69, Tyr70, Tyr121, Phe330 (Table 2). Thus, of all 

the ligands tested in this study, agelasines D, E (4, 5) and agelasidine A 

(7) showed the strongest binding affinity (Table 3).   

The molecular docking was further confirmed with CB Dock-2.32 The 

later docking study revealed that agelasines A-E exhibited stronger 

binding affinity towards 6G1U compared to the other ligands in the 

present investigation, with the least binding affinity being -10.5, -10.7, 

-10.7, and -11.8 kcal/mol for agelasines E, A, B, and D, respectively 

(Table 4). In contrast, agelasine A and F displayed slightly weaker 

binding affinity of -8.4 and -9.2 kcal/mol respectively than the specific 

inhibitors of AChE, synoxazolidinones A and C (binding affinity of -

8.8 and -9.8 kcal/mol, respectively) but stronger than the antifouling 

agents Seanin-211 and Irgasol-1501 with binding affinities of -7.9 

kcal/mol and -7.4 kcal/mol, respectively (Table 4). 

Interestingly, despite some minor variations in the binding affinity of 

agelasine-type compounds, both Molegro Virtual Docker and CB-dock 

2 demonstrated that all agelasine-type compounds displayed strong 

binding affinity to 6G1U, with agelasine D exhibiting the most potent 

antifouling activity (Table 3 and 4). Furthermore, all agelasine 

compounds in this study, except for agelasidine A (7), exhibited lower 

binding affinity than the specific AChE inhibitors synoxazolidinones A 

and C and the commercial antifouling compounds Seanin-211 (10) and 

Irgarol-1501 (11), indicating their stronger binding affinity to the target 

protein than both AChE inhibitors and the commercial antifouling. It is 

also worth noting that, except for Irgarol-1501, all compounds bound to 

pocket C2 chain A of the 6G1U protein target (Table 4). 

 

 

 

Table 3: Docking results (Moldock Score, Rerank Score, H-bond, etc.,) of agelasine-type compounds, acetylcholine-specific 

inhibitors, and known antifouling compounds against the target protein 6G1U using MDV 6.0 
   

Acetylcholinesterase (6G1U) 

Ligands  Moldock 

Score  

Rerank score  H-bond  Interact. Amino 

acids 

Steric 

Interactions 

Interact. 

Distance 

(Amstrong) 

Interact. 

Energy  

H-bond 

(Kcal/mol) 

Agelasine D (4) 173.90 

 








Tyr334, Asp72 

 

Tyr121, Asp72, 

Tyr334 Trp84 







Agelasine E (5) 

 

 


 

Tyr334, Asp72 

 

Asp72, Try334, 

Trp432, Trp84 







Agelasidine A (7) 

 

 


 

 


 

 

Trip84, Try70, 

Gln69, Tyr121 

 

Trp84, Glu199, 

Asn85, Tyr130, 

Gln69, Tyr70, 

Tyr121, Phe330 

 
 

 

Synoxazolidinone-A (8) 
 

 

 


 

 

 


 

 

 

Ser122, Ser81, 

Tyr334, His440 

 

 

Asn85, Trp84, 

Ile439, Ser81, 

Asp72, Trp432, 

Tyr334, Phe330, 

His440, Tyr121, 

Ser122 









 

Agelasine C (3) 

 
























Trp84, Phe330, 

Tyr121, Asp72, 

Tyr334, Gly80, 

Trp432 


 

 







Agelasine B (2) 











Tyr334, Asp72 

 

Tyr121,Phe331, 

Tyr70, Ser81, 
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    Asp71, Trp84, 

Tyr334 

Agelasine F (6) 























Gly119, Gly118, 

Ser200, Tyr70, 

Asp72 

 

 

 

Asn85, Ser122, 

Trp84, Gly123, 

Glu199, Gly119, 

Gly118, Ser200, 

GLy441, Tyr70, 

Aps72, Tyr121, 

Ser81 





















Agelasine A (1) 





























Ser122, Gly199 

 

 

 

 

Tyr130, GLy199, 

Ser122, Phe290, 

Phe330, Tyr121, 

Arg289, Phe331, 

Ile287, Phe288 




















Synoxazolidinone C (9) 











Tyr122 

 

Tyr70, Tyr121, 

Phe330, Phe331, 

Tyr334, Ser286 









Seanin-211(10)     Tyr130, His440  
Irgarol-1501(11) 











His440 

 

Glu199, His440, 

Ile439, Phe330, 

Trp84 









 

 

 

Table 4: Docking results of agelasines A-F (1-6), agelasidine A (7), specific inhibitors of AChE (8-9) and common antifouling 

compounds (10-11) against 6G1U using CB-dock 2  

 
Ligands Binding Capacity 

(Kcal/mol)  

Amino acid residues 

Agelasine D (4) 

 

Agelasine C (3) 

 

Agelasine A (1) 

-11.8  

 

-10.8 

 

-10.7 

Pocket C2, Chain A: Tyr70 Asp72 Gly80 Ser81 Glu82 Trp84 Asn85 Tyr121 Ser122 Trp279 Ser286 

Ile287 Phe288 Arg289 Phe290 Phe330 Phe331 Tyr334 Gly335 Trp432 Ile439 His440 Trp442.  

Pocket C2, Chain A: Tyr70 Val71 Asp72 Gly80 Ser81 Trp84 Asn85 Gly118 Try121 Ser122 Trp279 

Ser286 Ile287 Phe288 Arg289 Phe290 Phe330 Phe331 Tyr334 Gly335 Trp432 His440 Try442 

Pocket C2, Chain A: Tyr70 Val71 Asp72 Gln74 Gly80 Ser81 Glu82 Trp84 Asn85 Tyr121 Trp279 Ser286 

Arg289 Phe290 Phe330 Phe331 Tyr334 Gly335 Trp432 His440 Try442 

Agelasine B (2) 

 

Agelasine E (5) 

 

Synoxazolidinone C (9) 

 

 

Agelasine F (6) 

 

-10.7 

 

-10.5 

 

-9.8 

 

 

-9.2 

 

Pocket C2, Chain A: Gln69 Try70 Val71 Asp72 Trp84 Asn85 Pro86 Gly117 Gly118 Try121 Ser122 

Gly123 Trp279 Ser286 Ile287 Phe288 Arg289 Phe290 Phe330 Phe331 Tyr334 Gly335 

Pocket C2, Chain A: Tyr70 Asp72 Trp84 Asn85 Gly117 Gly118 Gly119 Tyr121 Ser122 Gly123 Ser124 

Leu127 Tyr130 Glu199 Trp279 Ser286 Ile287 Phe288 Arg289 Phe290 Phe330 Phe331 Try334 

Gly335 His440 Gly441 Ile444 

Pocket C2, Chain A: Gln69 Tyr70 Val71 Asp72 Ser81 Trp84 Asn85 Tyr121 Ser122 Trp279 Leu282 

Ser286 Ile287 Phe288 Arg289 Phe290 Phe330 Phe331 Tyr334 Gly335 

Pocket C2, Chain A: Tyr70 Asp72 Trp84 Asn85 Gly117 Gly118 Gly119 Tyr121 Ser122 Gly123 Tyr130 

Glu199 Ser200 Trp279 Leu282 Ser286 Ile287 Phe288 Arg289 Phe290 Phe330 Phe331 Tyr334 

Gly335 His440 

Synoxazolidinone A (8) 

 

Agelasidine A (7) 

 

 

Seanin_211 (10) 

 

Irgarol_1501 (11) 

-8.8 

 

-8.4 

 

 

-7.9 

 

-7.4 

 

Pocket C2, Chain A: Gln69 Tyr70 Val71 Asp72 Ser81 Trp84 Asn85 Tyr121 Ser122 Trp279 Ser286 

Ile287 Phe288 Arg289 Phe290 Phe330 Phe331 Tyr334 Gly335.  

Pocket C2, Chain A: Tyr70 Asp72 Gly80 Ser81 Glu84 Asn85 Tyr116 Gly117 Gly11 8 Tyr121 Ser122 

Gly123 Leu127 Tyr130 Glu199 Ser200 Trp279 Ser286 Ile287 Phe288 Arg289 Phe290 Phe330 

Phe331 Tyr334 His440 Ile444.  

Pocket C2, Chain A: Gly80 Ser81 Trp84 Gly117 Gly118 Gly119 Tyr121 Ser122 Glu199 Ser200 Ala201 

Phe288 Phe290 Phe330 Phe331 Trp432 Met436 Ile439 His440 Gly441 Tyr442 

Pocket C1, Chain B: Tyr70 Val71 Asp72 Ser81 Trp84 Asn85 Gly118 Gly119 Tyr121 Ser122 Gly123 

Ser200 Phe290 Phe330 Phe331 Ile439 His440 Gly441 Tyr442  

 

 
In silico ADME/T and TEST Predictions   

The results of the SwissADME analysis varied among ligands. All 

compounds exhibited favourable non-rotatable bond (nrtb) value (< 10) 

except for agelasidine A, which has a nrtb value of 11 (Table 5). 

Predicting Small Molecules Pharmacokinetics and Toxicity Properties 

(pkCSM) analysis also showed that agelasines A-D (1-4) and Seanin-

211 (10) could penetrate the Blood Brain Barrier (BBB) while 

agelasines E-F (5-6), agelasidine A (7) and Irgarol-1501 (11) unable to 

(Table 6). However, along with the AChE inhibitors (8, 9) and 

commercial antifouling (10, 11), agelasidine A (7) displayed better 

physicochemical properties such as Log Po/w value < 4.15, resulting in 

all five compounds meeting the Lipinski Rule of Five (RoF) without 

any violations (Table 6). Whereas all ligands were potential substrates 

and inhibitors of P-glycoprotein (PgP), 7, 10 and 11 are non-PgP 

substrate (Table 6). Also, although toxicity, as assessed using the 

Loomis & Hayes criteria categorized all compounds in this study as 

slightly toxic (LD50 = 2.48 to 2.88 mol/kg), the pKCSM test revealed 

that agelasines A-F (1-6) and Irgarol-1501 (11) displayed mutagenic, 

hepatotoxic, or both issues (Table 7). In contrast, agelasidine A (7) 

showed neither mutagenic nor hepatotoxic concerns (Table 7). 

Collectively, the results indicate a more favourable ADME-T profile for 

Seanin-211 (11) and agelasidine A (7) than other ligands in this study.   

Moreover, the Toxicity Estimation Software Tool (TEST) was 

employed to evaluate toxicity in accordance with the directives of the 

European Union. Based on the LC50, IC50, and IGC50 values obtained 

from tests involving Fathead minnow (Pimephales promelas), 
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Tetrahymena phytiformis, and Daphnia magna, the compounds were 

classified according to their impact on aquatic life. The software 

calculated bioconcentration factors, toxicity categories ranging from 

"very toxic" for values below 1 mg/L to "harmful" for those up to 100 

mg/L. Additionally, it measured bioaccumulation, acute toxicity, and 

mutagenicity in humans. Notably, data analysis showed that 

synoxazolidinone C and agelasidine A displayed harmful effects with 

Fathead minnow LC50 values of 250 mg/mL and T. phytiformis LC50 of 

13 mg/mL, respectively. Agelasine A-D exhibited BCF values >100, 

indicating potential long-term adverse effects on aquatic organisms, 

whereas agelasines E-F, agelasidine A, synoxazolidinones A and C, 

seanin-211, and Irgarol-1501 had BCF values <100. Furthermore, the 

acute estimated toxicity (ATE) categorized agelasine F as fatal if 

swallowed (ATE = 23.81 mg/kg), synoxazolidinones C as toxic (ATE 

= 252.62 mg/kg), and Irgarol-1501 (11) as potentially harmful (ATE = 

2059.46 mg/kg), with agelasines A-F, agelasidine A, synoxazolidinone  

A, and Seanin-211 falling into the harmful category (300 < ATE < 2000 

mg/kg) (Table 3). Thus, the TEST results confirmed that agelasidine A 

(7), synoxazolidinone A (8), and agelasidine A (7) exhibited more 

favourable toxicity profiles compared to other tested molecules (Table 

8). 

 

The difference in ADME-T profiles among agelasines A-F and 

agelasindine A are likely attributable to structural variation within the 

structure class. Specifically, agelasine D contains a labdane (highlighted 

in red) and a 9-N-methyladeninium (highlighted in pink) 

functionalities,49 exhibiting both Ames (mutagenicity) and 

hepatotoxicity issues (Figure 5). Labdane moieties in agelasines A and 

C are instead replaced with clerodane and halimene functionalities, 

respectively, resulting in a diminished hepatotoxicity while mutagenic 

cytotoxicity persisted (Figure 5). Similarly, monocyclic agelasines E 

and F exhibit mutagenic toxicity with diminished hepatoxicity. 

Containing an hypotaurocyamine connected to branched diterpene 

instead of a 9-N-methyladeninium unit linked to bicyclic diterpenoid 

skeleton,49 agelasidine A (7) has neither AMES nor hepatotoxicity 

issues (Figure 5).  

 

 

Table 5: Physiochemical Properties of agelasines A-F (1-6) and agelasidine A (7) obtained from SwissAdme 

   

Ligands MiLogP  TPSA Å 
Molecular Weight 

(MW, Da) 

Hydrogen Bonding 

Acceptor (HBA) 

Hydrogen Bonding 

Donor (HBD) 

Non-Rotatable 

Bond (nrotb) 

Agelasine A (1) 4.74 60.13 458.08 2 1 5 

Agelasine B (2) 4.53 60.61 422.62 2 1 5 

Agelasine C (3) 4.53 60.61 422.63 2 1 5 

Agelasine D (4) 4.53 60.61 422.6 2 1 5 

Agelasine E (5) 2.50 60.61 422.64 2 1 8 

Agelasine F (6) 2.50 60.61 422.64 2 1 8 

Agelasidine A (7) 

Synoaxolidinone A (8) 

Synoaxolidinone C (9) 

2.87 

1.90 

1.90 

106.9 

111.9 

103.2 

355.54 

496.58 

494.57 

3 

4 

4 

2 

3 

2 

11 

6 

3 

Seanine_211 (10) 3.32 50.24 282.23 1 0 7 

Irgarol_1501 (11) 1.33 88.5 253.37 3 2 5 

 
 

Table 6: Physiochemical Properties (Log SW, log Po/w, BBB, Substrate PgP, Inhibitor CYP) of agelasines A-F (1-6), agelasidine A 

(7), Seanine_211 and Irgarol_1501 obtained from SwissAdme 
 

 

 

Ligand 

                               Physiochemical properties (SWISSADME) 

  Log S  Log Po/w GI  

Abs. /Sol.  

BBB  

Per. 

                  Substrate PgP/Inhibitor     

                               CYP LoF 

PgP 1A2 2C1 2C9 2D6 3A4 

Agelasine A (1) -5.73 3.22 High/MS Yes Yes No No No No No Yes, 1V 

Agelasine B (2) -5.73 4.23 High/MS  Yes Yes No No No No No Yes, 1V 

Agelasine C (3) -5.73 4.24 High/MS Yes Yes No No No No No Yes, 1V 

Agelasine D (4) -5.98 4.33 High/MS Yes Yes No No Yes No Yes Yes, 1V 

Agelasine E (5) -6.01 4.60 High/PS No Yes No No Yes No Yes Yes, 1V 

Agelasine F (6) -6.01 4.55 High/PS  No Yes No No Yes No Yes Yes, 1V 

Agelasidine A (7) -3.79 3.20 High/S  No No No Yes Yes No No Yes, 0V 

Synoaxolidinone A (8) -5.21 2.33 High/MS No Yes No Yes No Yes No No, 0V 

Synoaxolidinone C (9) -4.47 2.22 High/MS No Yes No Yes No No Yes No, 0V 

Seanine_211 (10) -4.83 4.37 High/MS Yes No Yes Yes Yes No No Yes, 0V 

Irgarol_1501 (11) -3.70 2.37 High/S No No Yes Yes No No No Yes, 0V 

Note. MS = moderate solubility, PS = poorly soluble, S = soluble, 1V = 1 violation, 0V = zero violation 
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Table 7: Physiochemical Properties of agelasines A-F (1-6), agelasidine A (7), Seanin_211 (10) and Irgarol_1501 (11) obtained from 

pKCMS  
 

 

 

Ligand 

                                    Physiochemical properties (pKCMS) 

HI 

(100) 

BBB 

Perm. 

ClTot 

(ml/min/kg) 
AMES Tox. 

LD50 (mol/ 

kg) 

Hepa. 

Tox. 

Substrate/Inhibitor CYP 

2D6 3A4 1A2 C19 2C9 2D6 3A4 

Agelasine D (4) 94.2 0.07 0.38 Yes 2.88 Yes No Yes No No No Yes Yes 

Agelasine C (3) 91.4 0.02 -20.4 Yes 2.46 No No No No No No No No 

Agelasine B (2) 94.8 0.20 0.20 Yes 2.73 Yes No Yes No No No Yes Yes 

Agelasine A (1) 91.8 0.02 -20.4 Yes 2.48 No No No No No No No No 

Agelasine E (5) 92.6 0.08 0.78 No 2.97 Yes No Yes No No No No Yes 

Agelasine F (6) 93.1 0.03 0.88 No 2.67 Yes No Yes No No No No No 

Agelasidine A (7) 

Synoxazolidinone A (8) 

Synoxazolidinone C (9) 

70.4 

72.4 

76.2 

-0.86 

-1.36 

-1.36 

0.43 

0.43 

0.23 

No 

Yes 

No 

2.64 

2.34 

2.19 

No 

Yes 

Yes 

No 

No 

No 

No 

Yes 

Yes 

No 

No 

No 

No 

No 

No 

No 

No 

No 

No 

No 

No 

No 

No 

No 

Seanine_211 (10) 90.8 0.36 0.13 No 2.63 No No No Yes Yes No No No 

Irgarol_1501 (11) 95.1 0.31 -0.95 Yes 2.48 No No No No No No No No 

 

Table 8: Toxicity of agelasines A-F (1-6), agelasidine A (7), Seanin_211 (10) and Irgarol_1501 (11) on P. promelas, T. phytiformis and 

D. magna obtained from TEST software.  
 

Compound SMILES Ran 
Bio concentration 

factor (BCF) 

Pimephales 

promelas (mg/mL) 

Tetrahymena 

phytiformis  (mg/L) 

Daphnia 

magna (mg/L) 

Oral Red 

(mg/kg) 

Agelasine A (1) 

 

 

 

 

[H]C12CCC=C(C)C2(C

)CCC(C)C1(C)CCC(=C

C[N+]3=CN(C=4N=CN

=C(N)C43)C)C 

 

192.31 

 

 

 

 

0.45 

 

 

 

 

NA 

 

 

 

 

0.44 

 

 

 

 

610 

 

 

 

 

Agelasine B (2) 

 

 

 

 

 

C[C@@H]1CC[C@@]

2([C@@H]([C@@]1(C

)CC/C(=C/CN3C=[N+]

(C4=NC=NC(=C43)N)

C)/C)CCC=C2C)C 

192.77 

 

 

 

 

0.45 

 

 

 

 

 

NA 

 

 

 

 

0.44 

 

 

 

 

 

610.63 

 

 

 

 

 

Agelasine C (3) 

 

 

 

 

N=1C=NC2=C(C1N)N(

C=[N+]2C)CC=C(C)C

CC3(C4=CCCC(C)(C)

C4CCC3C)C 

 

196.49 

 

 

 

 

0.41 

 

 

 

 

NA 

 

 

 

 

0.41 

 

 

 

 

607.23 

 

 

 

 

Agelasine D (4) 

 

 

 

 

N=1C=NC2=C(C1N)N(

C=[N+]2C)CC=C(C)C

CC3C(=C)CCC4C(C)(

C)CCCC34C 

 

139.74 

 

 

 

 

0.34 

 

 

 

 

NA 

 

 

 

 

0.49 

 

 

 

 

614.83 

 

 

 

 

Agelasine E (5) 

 

 

 

N=1C=NC2=C(C1N)N(

C=[N+]2C)CC=C(C)C

CC=C(C)CCC3C(=C)C

CCC3(C)C 

59.97 

 

 

 

0.26 

 

 

 

NA 

 

 

 

2.56 

 

 

 

527.91 

 

 

 

Agelasine F (6) C[C@@H]([C@@]1(C

C/C(C)=C/CC[C@](C=

C)(S(=O)(CC/N=C(N)\

N)=O)C)C)CCC=C1C=

O 

3.16 0.09 1.76 0.59 23.81 

Agelasidine A (7) O=S(=O)(CCN=C(N)N

)C(C=C)(C)CCC=C(C)

CCC=C(C)C 

7.42 0.16 11.3 0.51 342.51 

Synoxazolidinone A 

(8) 

COC1=C(C=C(C=C1Br

)/C=C\2/C(=O)N[C@@

H](O2)[C@H](CCN=C

(N)N)Cl)Br 

1.9 0.15 3.49 0.51 349.15 
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Synoxazolidinone C 

(9) 

COC1=C(C=C(C=C1Br

)/C=C\2/C(=O)N3[C@

H](C[C@@H]([C@@

H]3O2)Cl)N=C(N)N)Br 

4.85 252.62 3.92 1.04 252.62 

Seanin_211 (10) ClC1=C(Cl)SN(CCCC

CCCC)C1=O 

37.44 0.13 7.3 2.98 767.55 

Irgarol_1501 (11) N=1C(=NC(=NC1NC2

CC2)NC(C)(C)C)SC 

19.29 5.42 NA 9.4 2059.46 

Thus, the field study has provided empirical evidence that supports the 

practical application of sponge powder as a potent antifouling agent. 

The treated nets showed significantly lower levels of settlement by 

biofouling organisms than the controls. Statistical analysis confirmed 

that treatment I (100 mg/mL) demonstrated the strongest antifouling 

activity. These findings not only validate the efficacy of agelasine-type 

compounds in real-world conditions but also underscore the 

significance of surface characteristics in biofouling prevention 

Consequently, restricting the use of powdered materials as antifouling 

agents for polyethylene nets is crucial in reducing surface roughness 

and, in turn, decreasing the attachment of fouling organisms.  

Additionally, the potential of agelasines A-F as antifouling agents was 

demonstrated through molecular docking of all ligands on AChE using 

Molergo Virtual Docker and CB-dock 2. The binding affinities of the 

sponge-derived molecules were found to be stronger against AChE in 

comparison to the specific acetylcholine esterase inhibitors 

(synoxazolidinones A and C) and commercial antifouling agents 

(Seanin-211 and Irgarol-1501), indicating their efficacy as antifouling 

agents. This discovery not only provides new insights into the 

antifouling activity of agelasine-typed compounds but also confirms the 

previous reports of the antibacterial and antifouling activity of agelasine 

D, which was found to be effective against Balanus improvisus and also 

showed antibacterial effects against both, Gram-negative and Gram-

positive bacteria.30 This finding aligns with report from Do and 

coworkers who reported that daily exposure to the commercial 

antifouling Seanine_211 (DCOIT) at 100 ng/L,50 resulted in retardation 

in morphometric parameters and significant inhibition of AChE activity 

after 4-week treatment of the fouling organism, marine mysid 

(Meomysis awatschensis). The authors claimed that the inhibition is 

related to the impairment of the cholinergic system, which may affect 

the growth of the mysid. Similarly, Lee et al., reported that TBT, diuron 

and Irgarol-1505 showed antifouling activity and toxic cholinergic 

effect on nauplii through AChE inhibition.51 Furthermore, it was also 

reported that compounds that inhibited AChE were capable of inhibiting 

invertebrate larval settlement,23 suggesting a correlation between AChE 

inhibition and antifouling activities to prompt further investigations of 

the enzyme as an emerging target for the discovery of new antifouling 

agents.   

The analysis of ADMET-T for ligands offers valuable insights into the 

potential of antifouling agents and their safety profiles. While 

agelasines A-F and agelasidine A showed strong binding affinity 

against the antifouling target acetylcholine esterase, only agelasidine A 

(7) exhibited favourable ADME-T properties, while others necessitated 

further optimization. The presence of specific moieties in the agelasine 

compounds has been shown to improve ADME-T profiles, (e.g., 

agelasidine A in this study), or to induce different antifouling activities 

(i.e., preventing microfouling and biofilm formation in agelasine D and 

its oxime derivative).36 This also underscores the importance of 

structurally modifying or simplifying the diverse agelasine-type 

compounds to discover new antifouling agents from this structural class. 

This approach is akin to Polanski’s technique, which involves trimming 

unnecessary molecular components, known as “molecular obesity,” to 

enhance pharmacokinetic profiles, reduce side effects, and increase the 

market success of drug leads.52 Eribulin mesylate, fingolimod, 

vorinostat, and devazepide are examples of drugs that owe their success 

to this technique.53

       

                     
Figure 5. The various toxicities of agelasine-typed compounds due to their different molecular structures with agelasine D responsible 

for mutagenic effects (Ames) and hepatotoxicity, agelasine A (Ames toxicity), agelasine B (Ames cytotoxicity and hepatotoxicity), 

agelasine E (hepatotoxicity), agelasine F (hepatotoxicity) 
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The application of computational technology provides numerous 

benefits for the discovery of eco-friendly antifouling agents. Although 

the antifouling activity of agelasine D has already been reported, this 

activity was new for the other molecules tested in this study. 

Additionally, the in silico analysis and field study each demonstrated 

that molecules with antibacterial properties, such as agelasine B and 

D,30 as well as agelasines A-F and agelasidine A,31 are likely to exhibit 

antifouling activities. This finding aligns with the biofouling attachment 

theory, which suggests that bacteria initiate attachment on surfaces, 

form biofilm, and then attract other microorganisms, such as 

invertebrate larvae or algae spores, to attach and metamorphose into 

macrofouling.11,13  

Despite the longstanding problem of material supply issues in natural 

product-based antifouling discovery,54 the use of unrefined extracts or 

combinations of compounds holds potential for practical 

implementation.13 This, in turn, contributes to the pressing need for 

environmentally safe antifouling solutions. Additionally, many sponges 

are thought to remain unaffected by biofouling, since they contain 

bioactive metabolites.7,8 Because many of these molecules present in the 

holobiont are not biosynthesized by the sponge itself but may be derived 

from symbiotic microorganisms or from their interactions,55 it is crucial 

to not only focus on sponge powder or extracts but also on sponge 

microbial symbionts as alternative and sustainable source of novel 

antifouling agents. 

The field study was conducted within a limited timeframe employing 

sponge powder. Despite the recent application of compound mixture in 

antifouling studies,13 it is critical to assess the antifouling activity of 

agelasine-type compounds independently. As such, our future research 

endeavours will replicate the same study utilizing pure compounds for 

an extended period of time (6-12 months), in order to comprehensively 

understand the antifouling potential of the putative antifouling agent(s). 

Moreover, forthcoming investigations should address the ADMET-T 

concerns of agelasines through the implementation of structural 

simplification analysis to optimize their antifouling potential.53 

Furthermore, since the recent findings were derived from a predictive 

study in silico, further optimized in silico and field studies pertaining to 

the present putative antifouling agents are warranted to confirm the 

current outcomes. 

Finally, biofouling is a complex phenomenon, which requires 

multidisciplinary approaches.56 Therefore, in addition to the chemistry 

of sponges or their symbiotic microorganisms, future studies should 

incorporate additional factors such as surface charge, surface 

wettability, roughness, topography, stiffness, and a combination of 

these properties to comprehensively evaluate antifouling activity.57 

Additionally, the exploration of emerging antifouling targets like   

AChE are of equal importance.47 These approaches can help the 

discovery of novel, effective, environmentally friendly, and sustainable 

antifouling lead compounds. 

 

Conclusion 

In summary, there is a pressing need for the discovery of eco-friendly 

antifouling agents to combat biofouling threats in the fisheries and 

maritime sectors. The results of this field study indicate that a treatment 

of 100 mg/mL exhibited the most significant antibiofouling effect, since 

likely effects of the sponge-derived compounds and the surface of the 

coating has to be considered. Because we previously characterized 

agelasine A and D and predicted the presence of agelasines A-F and 

agelasidine A  with the use of NMR/LC-MS and metabolomics, 

respectively , it is assumed that the antifouling activity of the sponge 

powder was due to either agelasine A-F, agelasidine F or a combination 

of the two. Molecular docking analysis revealed that agelasine-type 

compounds could serve as promising antifouling agents due to their 

strong binding to AChE, which was comparable or superior to AChE-

specific inhibitors (i.e., synoxazolidinones A and C), and commercial 

antifouling agents (e.g., Seanin-211 and Irgarol-1501). Although 

ADME-T analysis revealed that, most agelasine-typed compounds 

require further optimisation, agelasidine A showed promising ADME-

T parameters in this study. To validate these findings, additional field 

studies focusing on agelasidine A as a pure compound are necessary. 

This research marks a crucial initial step in exploring marine-derived 

molecules as environmentally friendly antifouling agents, holding 

future practical applications in the field. The observed effects and 

promising parameters warrant further investigation, paving the way for 

future advancements in sustainable antifouling solutions.  
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