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ABSTRACT

Objective: This study aimed to identify key genes and proteins involved in zinc homeostasis and to evaluate the potential of sea cucumber
(Holothuria scabra) peptides as zinc-binding agents targeting the zinc transporter protein ZIP2, which plays a central role in zinc deficiency.

Methods: Bioinformatics analyses were conducted to identify genes associated with zinc deficiency and related pathways. Protein-protein interaction
(PPI) networks were used to determine key target genes involved in zinc homeostasis. Molecular docking simulations assessed the binding affinity of six
H. scabra peptides to the ZIP2 protein compared with ZnSO, and Zn-carnosine as controls. Molecular dynamics (MD) simulations, including RMSD and
RMSF analyses, were performed to evaluate the stability and interaction dynamics of the most promising peptide-protein complex.

Results: A total of 90 target genes associated with zinc deficiency were identified, involving multiple biological processes and pathways. Ten key
protein-coding genes were found to play significant roles in zinc homeostasis, including nine zinc transporter genes (SLC39A2, SLC30A3, SLC39A4,
SLC30A2, SLC30A4, SLC39A13, SLC29A8, TEX11, and C904f84) and one zinc-sensing receptor gene (GPR39). PPI network analysis revealed SLC3942
(Z1P2) as the central gene in zinc homeostasis. Among the six tested peptides, the PY peptide exhibited the most favorable binding affinity to ZIP2 (-
6.1 kcal/mol), surpassing both control compounds. MD simulations indicated stable interaction of the PY peptide at the active site of ZIP2
throughout the observation period.

Conclusion: The study highlights SLC39A2 (ZIP2) as a pivotal protein in zinc homeostasis and identifies the PY peptide from H. scabra as a
promising zinc-binding agent. These in silico findings provide a foundation for future in vitro and in vivo investigations into potential peptide-based
interventions for zinc deficiency.
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INTRODUCTION Zinc mineral supplementation therapy is a global strategy employed
by the Food and Agriculture Organization and World Health
Organization to address mineral deficiency [14]. However, both
organic and inorganic zinc supplements have drawbacks, including the
risk of gastrointestinal irritation, a lack of absorption potency, and low
bioavailability [14, 15]. As a result peptide-bound zinc
supplementation of peptides was developed, resulting in a third-
generation zinc supplement that is expected to outperform the
previous generations [2]. Targeted therapy on transporter proteins in
the digestive tract is expected to be effective in zinc deficiency therapy
[16]. While general classes of zinc transporters are known, detailed
understanding of specific transporters critical for peptide-bound zinc
absorption in the intestine remains limited, justifying the
computational approach to identify and characterize these
interactions. Therefore, more studies are needed to ensure that
peptide-bound zinc supplementation therapy is effective.

Zinc deficiency is caused by the insufficient intake or dysregulation
of zinc metabolism. Zinc deficiency causes a variety of health issues
in humans, including growth retardation, cognitive impairment,
immune system dysfunction, neurological dysfunction, increased
oxidative stress, and cytokine production [1]. Due to the high
demand for this micromineral during growth and development,
children are particularly vulnerable to zinc deficiency. Long-term
zinc inadequacy damages children’s health, resulting in growth
retardation [2-7]. Therefore, zinc deficiency is regarded as a major
health problem worldwide, especially in developing countries,
highlighted by the World Health Organization [8, 9]. Zinc deficiency
related to nutrition insufficiency, however, is more often the result
of inadequate absorption of zinc from the diet. The human body’s
zinc homeostasis is mostly governed by intestinal absorption [10].

Zinc transport was initially thought to occur via co-transport with
aspartate, cysteine, and histidine, which shows the highest
absorption concentration [11]. Zinc transport-specific genes in cell
membranes were later discovered in mammals [12]. In mammals,
zinc transporters are classified into two types: ZIP (Zrt-and Irt-like
proteins and SLC39A, which increases zinc levels in the cytosol) and

Thus, peptide-bound zinc supplementation of peptides is carried out,
and a third-generation zinc supplement is expected to improve the
previous generation of zinc supplements [2]. Peptide-bound zinc’s
solubility and stability in the intestinal tract are increasing, and these
factors make zinc bioavailability beneficial and harmless to organisms
[17]. Related studies have been published on the discovery of collagen

ZNT (solute-linked carrier 30 and SLC30A, which decreases zinc
levels in the cytosol). In addition, metallothionein is involved in zinc
transport in a cellular context. These genes play specific roles in zinc
transport in specific organs of the human body, particularly the
digestive tract, which is the primary location of zinc deficiency
conditions [13]. Although zinc is absorbed throughout the small
intestine, the primary site of intestinal absorption and the main type
of transporters in humans are still debated.

peptides in nature in several food sources, such as whey [18], octopus
[17], sesame [19], oyster [20], and fish by-products [21]. In a previous
study, peptides in these food sources were used for zinc binding, and
the peptides reported from sea cucumber were WLTPTYPE from
whole protein in sea cucumber [22]. Our previous research has
successfully mapped the potential of secondary metabolites from
Holothuria scabra as phytate inhibitors of the zinc transporter [23]. In
addition, we report on the potential as a zinc chelating peptide by ex
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vivo evaluation test, which will be discussed in silico in this paper [24].
In addition, a human zinc transporter protein model that is not yet
available in protein databases has been successfully homology
modelled and characterized for use as a molecular simulation of drug
candidate compounds [25]. However, more research on the peptides
from sea cucumber collagen is needed to discover their bioactivity.

The most recent bioinformatics techniques for studying drug and
protein or transporter interactions are network pharmacology and
molecular  simulation approaches. Network pharmacology
techniques are used to collect specific gene and protein data from
databases, particularly for proteins located in the intestines, thereby
identifying transporters in zinc absorption. Furthermore, the
bioinformatics approach can provide a scientific foundation for
predicting the mechanism of action of peptide-bound zinc therapy
against specific transporters. The present study examined the
molecular interactions between collagen peptides from sea sand
cucumbers H. scabra and target transporters affecting zinc
absorption in the intestine in silico.

MATERIALS AND METHODS
Identification of target transporters in zinc absorption

The DisGeNET database (www.disgenet.org) was utilized to determine
the target gene encoding proteins that affect zinc deficiency. DisGeNET
is a database for obtaining information about the relationships
between genes and certain diseases. The keywords used were “zinc
deficiency (CUI: C0235950)”. Ninety genes that affect zinc deficiency
were obtained. All obtained genes were downloaded in xlsx format.
Metascape was used to analyze the pathways from 90 target gene-
encoding proteins that affect “zinc deficiency” [26].

Protein-protein network constructions in zinc deficiency

The STRING database (www.string-db.org) was utilized to predict
the network construction and protein-protein interactions with the
highest confidence (0.900). In addition, for visualization, we used
Cytoscape 3.9.0 (www.cytoscape.org) on the 90 genes obtained from
DisGeNET. As for the topology calculation, the CytoNCA tool on
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Cytoscape was used, and the CytoCluster tool was used to divide
genes based on their clusters. The topology and cluster analysis of
the zinc transporter protein were used to determine the genes with
the most significant influences on zinc deficiency [26, 27].

Pathway in target-disease and the target-pathway network

Proteins with the best topology analysis results in the zinc
transporter cluster were further examined with gene ontology (GO)
analysis using ShinnyGO 0.82
(https://bioinformatics.sdstate.edu/go/database), with the analyzed
components being biological process, cellular component, and
molecular function. As for pathway visualization using wikipathways
(www.wikipathways.org) with the keyword “zinc homeostasis” [27].

Peptides isolated from Holothuria scabra

Six peptides isolated from H. scabra (DDAFQAFC, TDNL, LGC, PGT,
SC, and PY) have been registered in patent number P00202211622
[24, 28]. The peptide structure visualization in fig. 1. In briefly,
before HPLC analysis, H. scabra peptides (HsP) hydrolysates were
prepared and then filtered through a 0.45 um syringe filter to ensure
sample clarity and protect the HPLC system. Based on the resulting
chromatogram, two distinct fractions, HsP1-1 and HsP1-2, were
carefully collected. These collected peptide fractions, HsP1-1 and
HsP1-2, were subsequently reacted with zinc to evaluate their
binding capabilities. The purified HsP1-1 fraction, identified for its
superior Zn(II)-chelating capacity compared to HsP1-2, underwent
further analysis using LCMS-8060 Triple Quadrupole LC-MS/MS.

ADMET prediction of peptides from Holoturia scabra

SwissADME (www.swissadme.ch) was used to predict the
Absorption, Distribution, Metabolism, Excretion (ADME) of the
six peptides from H. scabra. ADME analysis of peptides also
includes drug-likeness analysis based on Lipinsky’s rule of five
and its oral bioavailability [26]. AdmetSAR 2.0
(https://lmmd.ecust.edu.cn/admetsar3/index.php) was used to
predict the toxicity of peptides [29].
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Fig. 1: Peptides from Holothuria scabra (a) DDAFQAFC, (b) TDNL, (c) LGC, (d) PGT, (e) SC, (f) PY, (g) Zinc-carnosine
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Molecular docking of peptides with target proteins

Molecular dockings were conducted on six peptides from collagen
hydrolysates: DDAFQAFC, TDNL, LGC, PGT, SC, and PY. The target
protein was based on the results of prior steps. Molecular docking
was performed using AutoDock Vina software with AutoDock Tools
1.5.6 (www.vina.scripps.edu). The peptide structure was visualized
and prepared using MarvinSketch 20.12 (www.chemaxon.com),
while the target protein structure was visualized and prepared using
Biovia Discovery Studio 19.1.0 (www.discover.3ds.com). This study
was through a blind docking technique with the grid box size: x, y,
and z sizes of 52, 54, 80, respectively. Molecular docking used is
flexible docking to determine the most stable conformation and
orientation with minimal energy between the peptide and ZIP2
receptor [30]. All peptide and target protein structures were saved
in. pdb and. pdbqt formats [26, 27].

Molecular dynamics simulation

The validity of molecular docking is validated by using molecular
dynamics simulation. In this study, peptide PY with the best Gibbs
energy will be complexed with ZIP2 protein, one of the receptors
obtained through network pharmacology. MD simulation starts from
energy minimization in the system. The temperature is increased

Response to metal ion
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from 0 to 298 K with an NVT-constant parameter of 500 ps, the
temperature is kept at 298 K at a pressure of 1 atm using a Langevin
thermostat [31-33].

The protein binding complex with the test compound in pdb form is
then input into the (www.yasara.org) and run with the md_run. mcr
file. In the md_run. mcr file, several parameters need to be
considered; the pH used, which is 7.4; ions Na and C], a temperature
of 298K, the shape of the cube simulation box, a duration of 50 ns or
50000 ps, a save interval of 10000 ps or every 10ns, and an
Amber14 forcefield. The results of Rg, RMSD, and RMSF from
molecular dynamics simulations are analyzed and visualization in
YASARA analysis functions [34, 35].

RESULTS AND DISCUSSION

Ninety targeted genes expressed proteins related to zinc
deficiency

Target genes expressing proteins (obtained using the keyword “zinc
deficiency” through DisGeNET showed 90 target genes (Suppl data
1). The biological process of these genes is shown in fig. 2. According
to the figure, of the 90 genes that were obtained the biological
process enrichment from gene ontology analysis.
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Fig. 2: Biological process enrichment from gene ontology analysis. Y-axis: Lists various biological processes (GO terms) that have been
identified as enriched. X-axis: Represents "N. of Genes," indicating the number of genes associated with each particular GO term that were
found to be enriched in the dataset

The fig. 2 illustrates the results of a gene ontology (GO) enrichment
analysis, specifically highlighting biological processes that are
significantly over-represented within a given gene set. The x-axis
represents "Fold Enrichment," indicating how many times more
frequently a GO term appears in the gene set compared to random
expectation. The y-axis lists various biological processes. The size of
each circle corresponds to the "N. of Genes" associated with that
particular GO term, with larger circles indicating a greater number of
genes. The color of each bar and circle denotes the statistical
significance of the enrichment, expressed as "-logl0(FDR)" (False
Discovery Rate). A higher-log10(FDR) value, depicted by a shift from
purple to red, signifies a more statistically significant enrichment.

From the plot, "Response to metal ion" exhibits the highest fold
enrichment and is highly significant, as indicated by its deep purple
colour. Similarly, "Response to inorganic substance" also shows a
substantial fold enrichment and is among the most significant terms,
appearing in red. Several GO terms related to cell death, including
"Reg. of cell death,” "Apoptotic proc.," "Programmed cell death," and
"Cell death," are enriched to a lesser extent but still show notable
significance (blue/purple). Other enriched terms include "Homeostatic
proc.," "Response to organic substance,” "Cellular response to chemical
stimulus,” and "Response to chemical," all displaying varying degrees
of enrichment and statistical significance. The varying sizes of the
circles across different terms suggest that the enriched biological
processes involve different numbers of genes, providing insight into
the scale of genetic involvement for each GO term.

wo

In reference to biological processes related to inflammation and the
immune system. Zinc influences the production of numerous
cytokines, which are signaling molecules that orchestrate the
immune response. It can both positively and negatively regulate
cytokine expression, depending on the specific cytokine and cellular
context [36, 37]. Zinc deficiency is often associated with increased
levels of pro-inflammatory cytokines. This occurs through several
mechanisms, including the dysregulation of NFkB and impaired
antioxidant defenses. Zinc is a crucial component of superoxide
dismutase (SOD), an enzyme that helps neutralize harmful reactive
oxygen species produced during inflammation. Zinc deficiency can
impair SOD activity, leading to increased oxidative stress, which
further fuels inflammation. Zinc contributes to the production of NK
cells by stem cells [11, 38]. Research on young stem cells shows that
zinc can increase the development of CD34+cells (expressing
CD56+CD16-phenotype). Meanwhile, old stem cells express CD56-,
CD16+or CD56+, CD16+through the increased expression of GATA-3
as a transcription factor [39]. According to in vivo studies and
studies in humans, zinc deficiency is associated with decreased
cytotoxicity in the cells [40]. Research related to zinc supplementation
in children with diarrhea has reported that oral rehydration solution
therapy decreased the duration of acute diarrhea for 17 h [41]. Zinc
deficiency is associated with immunity and prognosis of many diseases,
including the common cold, sepsis, and malaria [42, 43]. Hence, the data
obtained through database construction indicates the relevance of
clinical, animal, and in vitro studies on inflammatory, immune, and
infectious mechanisms due to zinc deficiency.
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Related to the biological function of transporters, zinc needs to be
transported and distributed within the scope of cell organelles to
accomplish many functions. The process of transport and distribution
occurs through a complex mechanism that involves genes that express
transporter proteins. The estimated total amount of zinc in the human
body is no more than 2.6 g, with most of it distributed in bones and
skeletal muscles. Zinc distribution in the body binds to albumin and
transferrin proteins with high binding affinity [44, 45]. Studies involving
genetic knockout or knockdown of specific transporter genes have
revealed their necessity for development and organ-specific functions.
For example, mutations in SLC30A2 (encoding ZnT2), which
transports zinc into milk vesicles, can impair zinc secretion into breast
milk, affecting infant zinc nutrition. Mutations in SLC39A4 (encoding
ZIP4), a key intestinal zinc importer, cause Acrodermatitis
Enteropathica, a severe genetic disorder characterized by profound zinc
deficiency [46, 47].

Several genes targeted in the zinc homeostasis pathway

Protein-protein interaction (PPI) by network pharmacology is beneficial
to finding the target protein/gene of a drug candidate, thereby increasing
efficiency in discovering new drugs [48]. It was carried out using the
STRING database and the visualization of analysis funds using Cytoscape
software on 90 target proteins. The results of the Cytoscape analysis
through cluster construction on CytoCluster revealed three clusters in 90
target proteins that affect “zinc deficiency.” One of the clusters is a
collection of genes that express 10 target proteins on zinc homeostasis
(table 1, fig. 3). This research using highest confidence (0.900) for
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reducing false positives to focus on strong related genes in zinc
deficiency to experimentally supported interactions.

The results are arranged based on betweenness using CytoNCA.
Betweenness ranks the number of shortest paths that pass through
each node of the network. The shortness of paths in any given node
is used as an indicator of importance. Betweenness centrality is
often chosen as a primary topological parameter for ranking
importance in networks because it effectively identifies nodes that
act as bridges or intermediaries in the flow of information,
resources, or influence within a network. The betweenness rank
described in fig. 3 shows that there are 10 important target protein
genes in zinc homeostasis [49]. Nine genes—SLC39A2, SLC30A3,
SLC39A4, SLC30A2, SLC30A4, SLC39A13, SLC29A8, TEX11, and
C904f84—play a role in zinc transporters [50, 51]. The TEX11 gene
expresses Testis-expressed protein 11 with the synonym ZIP4 on zinc
transport in the testis (UniProtKB: Q8IYF3) [52], while the C904f84
(SHOC1) gene expresses the shortage chiasmata protein one ortholog
with the synonym ZIP2 (UniProtKB: Q5VXU9) [53]. While, GPR39 gene
expresses G-protein coupled receptor 39 (UniProtKB; 043194) play
role is zinc sensing receptor for detecting changes in extracellular zinc
levels and initiate signalling pathways in response [54]. Nine genes
from the zinc transporter family, both from the ZnT and ZIP families,
are associated with zinc deficiency based on PPI analysis (table 1). The
SLC39A2 gene has the highest betweenness, indicating that it has
many network links between nodes in the zinc homeostasis gene
cluster.

Fig. 3: Cytoscape analysis using CytoCluster found three clusters distinguished by colour: blue, purple, and green. One of the clusters
comprises genes that express target proteins dominated by the zinc homeostasis family (purple). Ten of the target genes contained in the
cluster are dominated by the zinc transporter family (SLC39A and SLC30A)

Table 1: PPI network topology data of gene clusters in zinc homeostasis

Symbol Ensembl Gene ID Betweenness  Entrez Species Chr Position (Mbp) Description

SLC39A2 ENSG00000165794  17.4 29986 Human 14 20.9993 solute carrier family 39 member 2
TEX11 ENSG00000120498 16.0 56159 Human X 70.5289 testis expressed 11

SLC30A3 ENSG00000115194 9.4 7781 Human 2 27.2537 solute carrier family 30 member 3 [
SLC39A4 ENSG00000147804 8.4 55630 Human 8 144.4097 solute carrier family 39 member 4
SLC30A2 ENSG00000158014 7.0 7780 Human 1 26.0373 solute carrier family 30 member 2
SLC30A4 ENSG00000104154 1.0 7782 Human 15 45.4796 solute carrier family 30 member 4
SLC39A8 ENSG00000138821 0.4 64116 Human 4 102.2511 solute carrier family 39 member 8
SLC39A13 ENSG00000165915 0.4 91252 Human 11 47.4071 solute carrier family 39 member 13
GPR39 ENSG00000183840 0.0 2863 Human 2 132.4168 G protein-coupled receptor 39
C90RF84 ENSG00000165181 0.0 158401 Human 9 111.79 shortage in chiasmata 1

(SHOC1)
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Table 1 provides of genes implicated in zinc homeostasis, a critical
physiological process. Among these, the Solute Carrier (SLC)
families, specifically SLC39A (ZIP transporters) and SLC30A (ZnT
transporters), represent the primary machinery for cellular zinc
transport. ZIP transporters, such as SLC39A2, SLC39A4, SLC39A8,
and SLC39A13, facilitate the influx of extracellular zinc into the
cytoplasm or its release from intracellular organelles, thereby
increasing intracellular zinc concentrations. Conversely, ZnT
transporters, including SLC30A2, SLC30A3, and SLC30A4, are
responsible for reducing cytoplasmic zinc levels by either promoting
its efflux from the cell or sequestering it into intracellular vesicles.
The intricate balance between these two families is paramount for
maintaining appropriate intracellular zinc concentrations, which in
turn influences a myriad of cellular processes, including enzyme

Int ] App Pharm, Vol 17, Issue 6, 2025, 277-289

activity, gene expression, and signalling pathways [55]. As for GPR39
gene functions as a zinc-sensing G protein-coupled receptor. It is
activated by extracellular zinc ions, leading to downstream
signalling pathways that can influence various cellular processes,
including ion transport, cell growth, and inflammatory responses. Its
role as a direct sensor of zinc levels positions it as a key regulator in
maintaining zinc homeostasis by initiating cellular adaptations to
changes in zinc availability [56]. For COORF84 gene, also known as
SHOC]1, is involved in meiotic recombination and chromosome synapsis,
similar to TEX11. Its primary function is in maintaining genomic
integrity during cell division. While not directly a zinc transporter, its
inclusion in a zinc homeostasis network might suggest that zinc plays a
regulatory role in these fundamental cellular processes, or that SHOC1's
activity is sensitive to cellular zinc levels [53].
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Fig. 4: Gene ontology analysis of 10 target proteins in a zinc homeostasis cluster under zinc deficiency conditions: (a) biological process,
(b) cellular component, and (c) molecular function
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According to PPI analysis, SLC39A2 is an important gene in regulating
zinc transport in organisms. However, further analysis needs to be done
to simulate animal models to determine the expression of the SLC39A2
gene and other interacting genes. The SLC39A2 is a gene encoding
human ZIP2 located on human chromosome number 14, with its protein
sequence and reference number NM_014579, is composed of 309 amino
acids, including 26 amino acid signal peptides. ZIP2 gene expression is
also found in the small intestine, liver, spleen, and bone marrow [51].
Consequently, while SLC39A2 is indisputably implicated in zinc
transport and the maintenance of cellular zinc levels, its direct
contribution to systemic zinc deficiency, in a similar conspicuous manner
as a complete loss of SLC39A4 function, is less pronounced. Instead, its
impact is more likely observed in tissue-specific dysregulation of zinc
homeostasis, contributing to local zinc deficiencies that can underpin
various pathological conditions, including inflammatory responses and
certain diseases like carotid artery disease and potentially even cancer.
Further research is underway to fully elucidate the intricate role of
SLC39A2 in the broader landscape of human health and its precise
correlation with various forms of zinc deficiency.

Gene Ontology (GO) enrichment analysis is a fundamental
computational method in systems biology employed to identify
statistically significant functional categories within a given gene list.
The three bubble plots collectively indicate that the analyzed gene
set is highly enriched for biological processes, cellular components,
and molecular functions pertaining to metal ion homeostasis and
transport, particularly zinc. The consistently highest and most
statistically significant enrichments in "Regulation of sequestering of
zinc ion" (fig. 4. (a)), "Late endosome" (fig. 4. (b)), and "Cobalt/Zinc
ion transmembrane transporter activity” (fig. 4. (c)) strongly suggest
a crucial role for these genes in the intracellular and extracellular
management of these essential elements.

Title: Zinc homeostasis
Organism: Homo saplens
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More specifically, fig. 4. (a), which focuses on Biological Processes,
demonstrates that these genes are actively involved in the regulation
and transport of zinc ions. "Reg. of sequestering of zinc ion" exhibits
the highest Fold Enrichment (>1500) and an exceptionally high
statistical significancs (-log10(FDR)approx16). Zinc serves as a vital
cofactor for hundreds of enzymes and structural proteins, in addition
to its roles in cellular signaling and immune responses [57]. Therefore,
a tight regulation of zinc availability and localization is paramount for
cellular function. This finding is consistent with literature indicating
that zinc dyshomeostasis can contribute to various pathological
condition [58]. Furthermore, the Cellular Component analysis in fig. 4.
(b) predominantly highlights the localization of these genes to
organelles involved in the endosomal-lysosomal/vacuolar pathway,
notably the "Late endosome" and "Lysosomal membrane," with the
highest Fold Enrichments (approximately 22 and 19, respectively) and
high significance (-logl0(FDR) approx2.75). Endosomes and
lysosomes are critical sorting and degradation centers that also play a
role in the storage and release of metal ions [59]. This correlation
suggests that zinc management may be highly integrated with the
cellular endomembrane system, facilitating regulated zinc uptake,
storage, or release. Fig. 4. (c), illustrating Molecular Functions,
confirms metal ion transporter activity as a dominant function, with
"Cobalt ion transmembrane transporter activity” and "Zinc ion
transmembrane transporter activity” being the most enriched and
significant categories. Although "Cobalt ion transmembrane
transporter activity” shows the highest Fold Enrichment
(approximately 850) with only one gene, "Zinc ion transmembrane
transporter activity" also possesses very high enrichment
(approximately 600) but involves a larger number of genes (6-7
genes). This underscores that specific mechanisms for zinc and other
transition metal transport across membranes are core functions of this
gene set, highlighting the importance of transmembrane proteins in
maintaining metal homeostasis [60].
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Furthermore, Wikipathway was used to determine the target
proteins in a clear zinc homeostasis pathway (fig. 5). SLC39A2,
SLC30A3, SLC39A4, SLC30A2, SLC30A4, SLC39A13, and SLC29A8
are found in the cell membrane and the endosome. The zinc
transport mechanism at the cellular level begins when zinc ions pass
through the proteins in the SLC39A family (i. e., SLC39A1-SLC30A 14,
which are in the cell membrane). Afterward, zinc binds to the
metallothionein family (MTs), which comprises MT1A-MT1H, MT1L,
MT1M, MT1X, MT2A, MT3, and MT4. Zinc ions in the cytoplasm are
distributed in organelles such as endosomes, neurons, lysosomes,
and many other organelles with specific zinc transporter proteins.
The zinc transporter family that functions to transport zinc from the
cytoplasm to cell organelles is the SLC30A family: SLC30A1-
SLC30A10. The zinc ions that are transported from the cell
organelles to the cytoplasm are facilitated specifically by the SLC39A
protein. Zinc ions from the cytoplasm to the blood vessels (to be
distributed to other organs) exit through the cell membrane
facilitated by the SLC30A1 gene.

Toxicity and ADME prediction properties of six peptides

In the table 2 described the toxicity properties of six peptides from
Holothuria scabra by AdmetSAR. In essence, AdmetSAR leverages a
combination of diverse machine learning algorithms, trained on
extensive datasets of chemical structures and their associated
ADMET properties, to generate its toxicity predictions [61]. The
choice of algorithm often depends on the specific ADMET endpoint
being predicted (e. g, Ames mutagenesis, hERG inhibition, acute
toxicity, carcinogenicity), as some algorithms perform better for
certain types of data or prediction tasks.
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The AMES test is a widely utilized biological assay that evaluates
chemical compound's mutagenic potential. The bacterium utilizes
specific strains of Salmonella typhimurium, which have been
genetically modified to be incapable of synthesizing histidine. The
peptides as "non-AMES toxic" in the data signifies that they did not
demonstrate mutagenic potential in the Ames test. This outcome is
considered favorable, as it suggests a low propensity to induce DNA
damage or mutations. A carcinogen is any substance, radionuclide,
or radiation that promotes carcinogenesis, the formation of cancer.
This classification is often based on long-term animal studies,
epidemiological data, and mechanistic understanding. "Non-
carcinogens” in the data means that the peptides are not currently
classified as carcinogens. This is another favorable safety indicator.
LD50, or Median Lethal Dose, is a metric used to quantify the acute
toxicity of a substance. It represents the dose that is lethal to 50% of
the exposed animal population (e. g, rats) within a given time
period. A higher LD50 is indicative of lower acute toxicity, signifying
that a greater dose is required to cause death in half of the
population. The LD50 values, ranging from 1.8808 to 2.1232 mol/kg,
signify the concentration that results in 50% of the rats tested
perishing. The hERG potassium channel is critical for cardiac
repolarization; its inhibition can prolong the QT interval, risking a
fatal arrhythmia called Torsades de Pointes. This renders hERG
inhibition a major drug development safety concern. The "weak
inhibitor" designation in the data indicates that these peptides
demonstrate some, albeit not potent, hERG channel inhibition. While
weak inhibition is generally preferable to strong inhibition, any
hERG inhibition must be meticulously evaluated during drug
development, as its significance can vary based on the therapeutic
dose and other factors.

Table 2: Toxicity properties of zinc-binding peptides

Peptide AMES toxicity Carcinogens Rat acute toxicity LD50 (mol/kg) hERG inhibitor
DDAFQAFC Non-AMES toxic Non-carcinogens 1.9497 Weak inhibitor
TDNL Non-AMES toxic Non-carcinogens 2.0234 Weak inhibitor
LGC Non-AMES toxic Non-carcinogens 2.0117 Weak inhibitor
PGT Non-AMES toxic Non-carcinogens 2.0402 Weak inhibitor
SC Non-AMES toxic Non-carcinogens 1.8808 Weak inhibitor
PY Non-AMES toxic Non-carcinogens 2.1232 Weak inhibitor
Zn-carnosine Non-AMES toxic Non-carcinogens 2.0025 Weak inhibitor

Table 3: ADME properties of zinc-binding peptides based on Lipinski’s rule and physiochemistry

Peptide MW H H logP Theoretical pl Molar Formula Solubility in
(g/mol) acc don refractivity water
DDAFQAFC 915.97 15 13 -3.42 3.35 223.23 C40Hs3N9014S High
TDNL 461.472 10 8 -3.66 3.82 105.92 C18H31Ns09 High
LGC 291.37 5 5 -0.92 5.92 72.00 C11H21N304S High
PGT 273.289 6 5 -2.37 6.39 64.13 C11H19N30s High
SC 208.23 5 5 -2.11 5.81 47.06 CeH12N204S High
PY 278.308 5 4 0.72 6.45 71.96 C14H18N204 Hgh
Zn-carnosine 289.60 5 4 -2.22 7.94 55.56 C9H14N403Zn High

From table 3, described the Lipinski's Rule of Five is a heuristic
employed to predict whether a small molecule has the properties
necessary for passive oral absorption. The parameters designed to
prioritize candidates in the context of drug discovery. Oral
bioavailability is defined as the actual proportion of a pharmaceutical
agent that reaches systemic circulation. It is influenced by a number of
factors, including absorption and metabolism. Peptides frequently
violate Lipinski's rules because their absorption mechanisms are often
active and transporter-mediated, rather than purely passive diffusion.

The physicochemical data provided elucidates critical attributes of a
diverse set of peptides, offering insights into their potential
biological behaviours and suitability for various applications. The
molecular weight (MW) is a fundamental determinant, with values
ranging from 208.23 g/mol (SC) to 915.97 g/mol (DDAFQAFC). This
broad range suggests varied membrane permeability and potential
bioavailability profiles, with smaller peptides like SC generally
exhibiting greater potential for cellular uptake. Furthermore, the
number of hydrogen bond acceptors (H acc) and donors (H don),

ranging from 5-15 and 4-13, respectively, directly correlates with
the peptides' hydrophilicity and aqueous solubility. All compounds
consistently demonstrate high solubility, a desirable trait for
pharmaceutical formulation [62].

The analysis of log P values, ranging from-3.66 (TDNL) to 0.72 (PY),
provides further insight into the lipophilicity of these peptides. The
predominantly negative log P values indicate a strong preference for
aqueous environments, suggesting robust water solubility but
potentially limited passive diffusion across lipid bilayers. Conversely, PY,
with its positive log P, represents the most lipophilic entity within the
dataset, potentially offering a slight advantage in membrane
permeability. Furthermore, the theoretical isoelectric point (pl) varies
from 3.35 (DDAFQAFC) to 7.94 (Zn-carnosine), thus revealing a
spectrum from acidic to slightly basic peptides. This variation in pl is
crucial for understanding the net charge of each peptide at different
physiological pH values, thereby influencing their interactions with
charged biomolecules and their behaviour in separation techniques [61].
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A critical consideration for the oral bioavailability of these peptides
is their compliance with established pharmacokinetic predictors,
such as Lipinski's Rule of Five, which was primarily designed for
small-molecule drugs. It is noteworthy that DDAFQAFC (MW 915.97
g/mol, Molar Refractivity 223.23) and TDNL (MW 461.472 g/mol,
Molar Refractivity 105.92) evidently contravene the molecular
weight (<500 g/mol) and frequently, implicitly, the molar
refractivity rules of thumb, indicating substantial constraints on
passive diffusion across biological membranes. This deviation
suggests that their oral bioavailability via conventional passive transport
mechanisms would likely be poor. However, it is crucial to acknowledge
that peptides frequently contravene Lipinski's rules due to their larger
size, inherent polarity, and susceptibility to enzymatic degradation.
Consequently, achieving oral bioavailability for such peptides, if targeted
for oral supplementation, would necessitate specialised formulation
strategies, including the use of protease inhibitors, absorption
enhancers, or the exploitation of specific active transport systems within
the gastrointestinal tract. Therefore, although conventional small-
molecule predictions indicate difficulties, the capacity of these peptides
to function as efficacious oral supplements is a subject that merits
further exploration, incorporating the utilisation of sophisticated
delivery technologies. [63-66)].

Peptide PY has stability energy to bind with ZIP2 protein

Based on the provided data from the fig. 6, the strongest binding
interactions, indicated by the most negative Gibbs energy values, are
observed for PY (-6.1 kcal/mol) and DDAFQAFC (-5.8 kcal/mol).
These highly negative values suggest that PY and DDAFQAFC form
exceptionally stable and highly favourable complexes or interactions
with the target, surpassing all other compounds.
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Fig. 6: Gibbs energy graph of zinc-binding peptides against the
ZIP2 target protein. The most potent zinc peptide is PY (-6.1
kcal/mol), which is better than Zinc-carnosine (-4.9 kcal/mol)
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Fig. 6 demonstrated, PY and DDAFQAFC exhibit significantly more
negative Gibbs energy values than Zn-carnosine. The former exhibits
a Gibbs energy value of-6.1 kcal/mol, and the latter a Gibbs energy
value of-4.9 kcal/mol. This finding suggests that the distinctive
chemical structures and larger molecular surfaces of PY and
DDAFQAFC facilitate more extensive and energetically favourable
interactions with the target in comparison to the chelated zinc-
carnosine complex. While Zn-carnosine demonstrates a favourable
interaction, it is noteworthy that its potency in this regard is
significantly lower than that of PY and DDAFQAFC [67]. A
comparison between the two zinc-containing compounds is
particularly insightful. Zn-carnosine (-4.9 kcal/mol) demonstrates a
substantially more negative Gibbs energy than ZnS04 (-1.2
kcal/mol). This marked difference underscores the notion that the
chelation of zinc by carnosine significantly enhances the overall
binding affinity or interaction strength with the target. It has been
demonstrated that a simple inorganic zinc salt, such as ZnSO,,
exhibits only a very weak and much less favourable interaction. This
finding suggests that the carnosine moiety in Zn-carnosine plays a
crucial role in mediating the interaction, likely by providing
additional binding points or stabilising the complex. This process
would render the zinc more "bioavailable" or effective in its
interaction with the specific target [68-70].

Interactions of molecules include hydrogen bonds, van der Waals
forces, and hydrophobic interactions between the amino acids on
the binding side of the ZIP2 protein to the peptide. The geometry
interaction of the PY peptide and Zn-carnosine with the ZIP2 protein
is shown in fig. 7. The presence of hydrogen bonds formed between
the PY peptide and the ZIP2 protein—namely, at His (216), Arg
(280), and Ser (284)—can also be seen (fig. 7. (a)). While in the Zn-
carnosine control, hydrogen bonds are formed at Glu (281), Arg
(280), Ser (284), and Lys (291) (fig. 7. (b)). In addition, there is an
interaction in the hydrophobic area between Peptide PY and the
ZIP2 protein. The hydrogen bond interaction and hydrophobic area
formed on the amino acid binding side of ZIP2 suggest that the
peptide PY and Zn-carnosine interact on the same ZIP2 binding site.
The geometry and energy of the complex formed between the PY
peptide and the ZIP2 receptor indicate a potential zinc-binding
peptide that could exhibit stability in its binding to the ZIP2 protein.
Some zinc-binding peptides that have been done in previous studies
are peptides with the sequence His-Leu-Arg-Gln-Glu-Glu-Lys-Glu-
Glu-Val-Thr-Val-Gly-Ser-Leu-Lys derived from the oyster [20]. In
addition, peptides with smaller sizes were obtained from sesame,
with peptide sequences Leu-Ala-Asn; Ser-Met; and Asn-Cys-Ser,
which can bind 56-71% zinc [19]. The bioactivity of peptides
depends on the structure of their amino acid composition, sequence,
and size [14]. The mechanism of zinc-chelating peptides has not
been revealed, so there is a need for in-depth investigation. The
molecular docking in this study can be a simulation that illustrates
the interaction between the zinc transporter in zinc transport
through its binding to the peptide.
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Fig. 7: Interactions between the PY peptide (yellow) and (a) Zn-carnosine (yellow) (b) docked to the ZIP2 protein
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Peptide PY is stable with ZIP2 protein in simulations

Molecular dynamics analysis was conducted to determine and validate
the stability of ligand-protein complexes from molecular docking
results according to fluctuations in the stability of interacting atoms in
ligands and proteins. The simulation was performed computationally
with physical and environmental parameters by the human body's
reaction conditions of ligand and protein complexes [35]. Fig. 7 shows
that the PY peptide is a potential peptide for interacting through
hydrogen bonds with the binding site of the ZIP2 protein. To validate
the structural stability of the complex between ZIP2 and peptide PY,
we use several parameters, namely, root-mean-square deviation
(RMSD), root mean square fluctuation (RMSF), and radius of gyration
(Rg). RMSD is a parameter that analyzes the complex stability within a
certain simulation period. RMSF is a measurement to see the flexibility

of each residue in the protein. Meanwhile, Rg parameter is used to
determine stability with changes in protein size and monitor protein
formation complex process [31, 33, 35].

The RMSD result on the ZIP2 protein shows that there is an
equilibrium phase, this protein has stability after 25 ns until the
completion of the simulation (fig. 8.(a)). This indicates that the
complex between ZIP2 and peptide PY is stable until the end of the
simulation. Fluctuations occur at the beginning of the simulation up
to 25 ns, this is due to interactions between each residue in the ZIP2
protein, including electrostatic interactions, hydrogen bonds, and
interactions between ZIP2 and molecules in the peptide PY ligand.
Fluctuations decrease after 25 ns until the end of the simulation,
which indicates the stability of the complex between the ZIP2
protein and peptide PY.
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Fig. 9: (a) Conformational change of ZIP2 when interacting with PY peptide at 0 ns to 50 ns (b) A) ZIP2 structure before simulation, B)
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part and in the zinc-binding domain in the exterior of the ZIP2 protein in the cytoplasmic part

Meanwhile, at the beginning of the simulation, the ZIP2 complex
and peptide PY experienced a considerable distance, around 23.8
A, and began to get closer as the simulation progressed until the
final simulation process was recorded at a distance of 21.6 A.
Based on the Rg data (fig. 8. (b)), it can be analyzed that, during
the simulation, the ZIP2 complex and peptide PY experienced
stability until the end of the simulation by observing the absence
of high distance fluctuations. The results of the RMSF of amino
acids show a point of fluctuation that tends to be stable,
specifically at amino acid residues 191-300 (fig. 8. (¢c)).

Furthermore, in fig. 7. (a) shows that the PY peptide interacts with
hydrogen bonds and hydrophobic interactions with ZIP2 proteins at
several residues, specifically between residues 200-300. The
interaction of ZIP2 and peptide PY is based on molecular docking,
the residue interactions on the PY peptide and ZIP2 protein are
found at the stable residues on ZIP2. This can be seen from the
stable slight fluctuations in residues 200-300 during molecular
dynamics simulations (fig. 8. (c)). The fluctuations observed in
RMSD, RMSF, and Rg values reflect the inherent flexibility of ZIP2, a
characteristic crucial for its role as a zinc transporter [55].

The dynamic conformational shifts observed in the ZIP2 protein
upon binding with the PY peptide, as illustrated in fig. 9. (a),
provide valuable insights into the potential mechanism by which
this peptide facilitates zinc transport. In the fig. 9. (b), the subtle

increase in the extracellular zinc-carrying domain's distance (42.4
A to 42.7 &) after 50 ns might seem minimal, but it could represent
a critical step in facilitating zinc accessibility. In the context of ion
transporters, even small conformational changes can significantly
alter substrate affinity and transport kinetics [16]. For instance,
studies on other metal transporters have shown that minor
structural rearrangements can create transient binding sites or
lower the energy barrier for ion translocation. The more
pronounced expansion of the cytoplasmic domain (41.7 A to 48.2
A) suggests a potential mechanism for releasing zinc into the
intracellular environment. This observation is consistent with
the "alternating access" model, a widely accepted mechanism for
membrane transport, where transporters undergo
conformational changes to expose substrate-binding sites on
opposite sides of the membrane [31]. This model has been
extensively studied in various ion transporters, highlighting the
importance of domain movements in facilitating substrate
release.

Molecular dynamics simulations, as employed in this study, are
increasingly recognized for their ability to capture the dynamic
nature of protein-ligand interactions, offering a more realistic
representation compared to static docking models [35]. The
identification of the loop structure (residues 127-159) as a key zinc-
binding domain is particularly significant. Loop regions are known
for their flexibility and adaptability, allowing them to participate in
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substrate recognition and binding [33]. Similar loop-mediated
binding mechanisms have been observed in other metal
transporters, where loop regions contribute to substrate selectivity
and binding affinity. The observed opening of this loop during the
simulation suggests a potential mechanism by which the PY peptide
facilitates zinc transfer by creating a more accessible binding site.
The observed conformational changes in ZIP2 are consistent with
the understanding that zinc transporters undergo significant
structural rearrangements to shuttle zinc ions across membrane
[56]. Studies on other members of the ZIP family have also reported
ligand-induced conformational changes, highlighting the importance
of structural flexibility in zinc transport. The observed
conformational changes in ZIP2, particularly the opening of the loop
structure and the expansion of zinc-carrying domains, provide
compelling evidence for the potential of the PY peptide to enhance
zinc transport.

CONCLUSION

In this study, the target protein in zinc deficiency was determined
through network pharmacology, followed by molecular simulation
analysis (i.e, molecular docking and molecular dynamics) to
determine the activity of six sea cucumber H. scabra collagen
bioactive peptides. In network pharmacology, protein-protein
interaction (PPI) was used to determine the target protein in zinc
deficiency through the interactions of 90 genes. Ten genes were
found to play a role in zinc transport, with SLC39A2 having the
highest zinc deficiency-related gene interaction. The SLC39A2 gene
expresses the ZIP2 protein, a zinc transporter found in the intestine.
Six peptides—DDAFQAFC, TDNL, LGC, PGT, SC, and PY—were
successfully recognized as zinc binders and underwent molecular
docking and molecular dynamics simulations to determine their
interaction patterns with the ZIP2 protein. It is known that the six
test peptides have more potential in their interactions with ZIP2
compared with the control Zn-carnosine and ZnS04. For molecular
dynamics simulation, the interaction of ZIP2 with the PY peptide was
analyzed, which is the peptide with the best stable interaction
energy of-6.1 kcal/mol. Meanwhile, the RMSD, RMSF, and Rg results
of the interaction of ZIP2 with the PY peptide indicate stability after
seven ns until the end of the 50-ns simulation. The results showed
that the six bioactive peptides of sea cucumber collagen have
potential application as one of the supplement materials for zinc
binding, and molecular simulations are known to have the potential
for stable binding and delivering zinc to the ZIP2 target protein. It is
believed that after the peptide successfully delivers zinc through the
zinc transporter, the availability of zinc at the cellular level is
sufficient to reduce the impact of zinc deficiency.
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