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Targeting neuronal precursor cell-expressed developmentally down-regulated 4 (NEDD4) offers a promising
strategy for cardiovascular therapies. NEDD4, a ubiquitin ligase enzyme, is crucial in protein degradation and
cellular signaling. Earthworms (Lumbricus genus) are noteworthy for their rich biochemical composition and
pharmacological properties. This study investigated the interactions between Lumbricus-derived proteins and NEDD4
to identify potential cardiovascular therapeutic candidates. Using advanced computational techniques, including
3D structure modeling, protein-protein docking simulations, 100 ns molecular dynamics (MD) simulations, and
Molecular mechanics/Poisson—Boltzmann surface area (MM/PBSA) calculations, we assessed the binding affinities
and functional impacts of these proteins on NEDD4 activity. The findings indicated that Lumbricus-derived proteins
such as Lumbrokinase, heat shock protein, and elongation factor 1 (EF-1)-alpha showed activities similar to standard
antagonists in modulating NEDD4. These results aligned with previous studies showing the inhibitory effects of heat
shock protein and EF-1 on NEDD4 ubiquitination and ligase activity. Additionally, MM/PBSA calculations revealed
favorable binding free energies for these compounds, underscoring their therapeutic potential in cardiovascular
diseases. In conclusion, this study highlighted the potential of Lumbricus-derived compounds in cardiovascular
disease therapy via the NEDD4 pathway, warranting further biochemical and preclinical validation and exploring
broader therapeutic applications.
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INTRODUCTION

Cardiovascular diseases (CVDs) constitute one of the
most significant public health challenges worldwide, exerting a
profound impact on morbidity, mortality, and healthcare systems.
The World Health Organization (WHO) reports that CVDs
are responsible for a staggering 17.9 million deaths annually,
making them the leading cause of mortality globally [1]. The
spectrum of CVDs encompasses a diverse array of conditions
that affect the heart and blood vessels, each with its unique
pathophysiological mechanisms and clinical manifestations

*Corresponding Author

Nasser Alotaiq, Health Sciences Research Center, Imam Mohammad Ibn
Saud Islamic University (IMSIU), Riyadh, Saudi Arabia.

E-mail: naalotaiq @ imamu.edu.sa

[2,3]. Among the most prevalent CVDs are coronary artery
disease, hypertension, stroke, heart failure, and peripheral
artery disease. These conditions arise from multifaceted
pathological processes, including endothelial dysfunction,
atherosclerosis, inflammation, thrombosis, and vascular
remodeling, which collectively contribute to the disruption of
cardiovascular homeostasis [4,5]. Despite advancements in
medical science and healthcare delivery, traditional treatment
modalities for CVDs primarily focus on managing risk factors,
alleviating symptoms, and modifying disease progression
[6]. Pharmacological agents such as statins, antiplatelet
drugs, and antihypertensive medications have demonstrated
efficacy in reducing cardiovascular morbidity and mortality.
However, these therapies are not without limitations, as they
may be associated with adverse effects, drug interactions, and
suboptimal response rates in certain patient populations [7,8].
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Moreover, the emergence of drug resistance poses a significant
challenge to the long-term effectiveness of existing treatments,
highlighting the need for alternative therapeutic approaches
[9,10].

Targeting neural precursor cells expressed
developmentally downregulated 4 (NEDD4) represents a
promising avenue for innovative cardiovascular therapeutics.
NEDD4 is a ubiquitin ligase enzyme that plays a pivotal role
in the regulation of protein degradation and cellular signaling
pathways [11]. Its intricate involvement in these fundamental
cellular processes positions it as a key player in maintaining
cardiovascular homeostasis [12]. Mounting evidence from
preclinical and clinical studies suggests that dysregulation
of NEDD4 expression and activity is implicated in the
pathogenesis of various cardiovascular disorders. One such
disorder is cardiac hypertrophy, a condition characterized
by an abnormal enlargement of the heart muscle cells, often
in response to chronic stressors such as hypertension or
myocardial injury. Dysregulated NEDD4 expression has been
linked to aberrant signaling cascades involved in cardiac
hypertrophy, leading to adverse structural and functional
changes in the heart [13]. Additionally, NEDD4 has been
implicated in the development of heart failure, a progressive
condition marked by the heart’s inability to pump blood
effectively, resulting in symptoms such as fatigue, shortness
of breath, and fluid retention [14,15]. By modulating key
signaling pathways implicated in heart failure pathogenesis,
targeting NEDD4 holds promise for mitigating disease
progression and improving cardiac function. Moreover,
NEDD4 has emerged as a potential therapeutic target for
addressing arrhythmias, which are abnormal heart rhythms
that can significantly impair cardiovascular function and
increase the risk of adverse cardiac events. Dysregulated
NEDD4 activity has been implicated in the modulation of
ion channels and cardiac electrical conduction, contributing
to the development and maintenance of arrhythmias [16,17].
By targeting NEDD4-mediated signaling pathways, novel
therapeutic interventions may offer the potential to restore
normal cardiac rhythm and reduce the burden of arrhythmic
events in affected individuals.

In addition to targeting NEDDA4, natural products have
garnered increasing attention as potential sources of bioactive
compounds with therapeutic potential for CVDs. Earthworms
belonging to the Lumbricus genus have emerged as particularly
intriguing sources of bioactive molecules due to their rich
biochemical composition and pharmacological properties
[18]. With a history of use in traditional medicine systems
spanning centuries and across cultures, earthworms have
been employed for various ailments, including inflammatory
conditions, wounds, and gastrointestinal disorders [19]. This
historical precedent underscores the potential of earthworm-
derived bioactive compounds in addressing contemporary
healthcare challenges, including CVDs. Notably, earthworms
have been shown to possess potent fibrinolytic effects attributed
to their bioactive component, Lumbrokinase. Lumbrokinase
has been reported to exhibit thrombolytic activity, facilitating
the breakdown of fibrin clots, and thereby potentially
preventing or overcoming cardiac fibrosis, a hallmark of

several cardiovascular pathologies [20,21]. The bioactive
compounds found in earthworms may exert beneficial effects
on cardiovascular health through a variety of mechanisms,
including anti-inflammatory, antioxidant, and vasodilatory
actions [22,23]. By modulating these pathways, earthworm-
derived compounds have the potential to mitigate the underlying
pathological processes driving CVDs and improve clinical
outcomes for affected individuals. Furthermore, the exploration
of earthworm-derived bioactive compounds represents a novel
and promising approach to drug discovery and development,
offering the potential for the identification of new therapeutic
agents with improved efficacy and safety profiles for the
treatment of CVDs.

Molecular  simulation  approaches, including
molecular docking and molecular dynamics (MD)
simulations, play a crucial role in modern drug discovery,
particularly in elucidating protein-protein interactions and
facilitating the identification of potential therapeutic agents
[24,25]. In the context of CVDs, where the molecular
mechanisms underlying pathogenesis are often intricate and
multifactorial [26,27], molecular simulation techniques offer
valuable insights into the interactions between bioactive
molecules and their target proteins. The aims of this study
encompassed a comprehensive investigation into the
potential therapeutic benefits of targeting NEDD4 in CVDs
through interactions with bioactive compounds derived
from earthworms (Lumbricus genus). First, we aimed to
elucidate the intricate protein-protein interactions between
bioactive compounds sourced from earthworms and NEDD4
utilizing molecular docking techniques. By simulating the
binding of these compounds to specific regions within the
NEDD4 protein structure, we sought to identify potential lead
molecules that exhibited high binding affinity and favorable
interactions, thereby guiding the selection and optimization
of promising therapeutic candidates. Subsequently, our
study endeavored to predict the binding affinities and modes
of interaction between the identified earthworm-derived
compounds and distinct binding sites on the NEDD4 protein.
Through molecular docking simulations, we aimed to
characterize the molecular recognition events that underlay
the formation of stable protein-protein complexes, providing
valuable insights into the structural basis of compound-target
interactions. Furthermore, we sought to explore the dynamic
behavior and structural stability of protein-protein complexes
formed between earthworm-derived compounds and NEDD4
using MD simulations. By simulating the movements and
interactions of atoms within the protein-protein complexes
over time, we aimed to elucidate the conformational dynamics
and energetics governing the binding process, thus enhancing
our understanding of the underlying mechanisms of action.
Moreover, our study aimed to investigate the therapeutic
potential of the identified earthworm-derived compounds in
the context of CVDs by targeting NEDD4. Through in silico
analyses and computational modeling, we aimed to assess the
efficacy and selectivity of these compounds in modulating
NEDD4 function and mitigating the pathological processes
associated with CVDs, thereby laying the groundwork for
future preclinical and clinical studies.
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MATERIALS AND METHODS

Materials

The protein and peptide sequences sourced from
earthworms belonging to the Lumbricus genus were retrieved.
To acquire these sequences, a systematic search strategy was
employed using UniProt, a comprehensive database of protein
sequences and functional information. The search strategy
was based on UniProtKB with the MeSH term “Lumbricus”,
which allowed for the specific targeting of proteins and
peptides associated with the Lumbricus genus. Following the
search, the data were meticulously curated to eliminate any
duplicate entries, ensuring the integrity and accuracy of the
dataset used for subsequent analyses. This process of data
curation was crucial for minimizing redundancy and potential
biases, thereby enhancing the reliability and validity of the
study outcomes. Through rigorous data retrieval and curation
procedures, a comprehensive and high-quality dataset was
obtained, serving as the foundation for investigations into
the bioactive components derived from earthworms and their
potential therapeutic applications in CVDs.

Methods

3D structure modeling

Various computational tools were employed to
construct the 3D structures of the protein and peptide sequences
obtained. This process resulted in the retrieval of a substantial
dataset comprising 979 records. The application of rigorous
criteria during the selection process of peptide and protein
sequences from earthworms (Lumbricus genus) aimed to ensure
the quality and reliability of the dataset used for subsequent
analyses. Several key criteria were employed to filter and refine
the initial dataset obtained, thereby minimizing the likelihood
of generating incomplete or inaccurate structural models [28].
Additionally, stringent quality control measures were applied
to screen for sequencing errors, ambiguous residues, or other
anomalies that could compromise the reliability of subsequent
analyses. Sequences failing to meet quality standards were
excluded from upholding the overall accuracy and robustness
of the dataset [29]. Furthermore, duplicate entries within the
dataset were identified and removed to prevent redundancy and
potential biases in subsequent analyses. Moreover, ensuring the
taxonomic identity of the earthworm species represented in the
dataset was crucial for maintaining specificity and relevance to
the Lumbricus genus. Taxonomic verification procedures [30]
were employed to confirm that all sequences originated from
earthworms of the Lumbricus genus, thereby preventing the
inclusion of irrelevant or misclassified data.

I-TASSER  (Iterative = Threading =~ ASSEmbly
Refinement) [31] was employed for proteins and peptides that
possessed templates in the protein data bank (PDB). I-TASSER
is particularly adept at constructing 3D structures when template
structures are available in the PDB, leveraging these templates
to predict the tertiary structure of the query sequences. For
proteins and peptides lacking templates in the PDB, AlphaFold
[32] was utilized to generate their 3D structures. It predicted
the spatial arrangement of amino acids by iteratively refining

its predictions based on attention mechanisms and multiple
sequence alignments. Subsequently, the active sites of the
proteins and peptides from Lumbricus were analyzed using
CASTp 3.0 [33]. Accessing the CASTp 3.0 server through a
web interface, protein structures were uploaded and the analysis
was initiated. CASTp 3.0 employed algorithms to analyze
the protein surfaces and identify potential active sites based
on geometric and analytical criteria, generating quantitative
measurements such as surface area and volume of identified
cavities. Furthermore, the NEDD4 receptor, serving as the
target for subsequent docking studies, was retrieved from the
PDB with the identifier 2XBB (resolution of 2.68 A) [34]. This
step ensured the availability of the target receptor structure
for subsequent molecular docking simulations, facilitating
the investigation of protein-protein interactions between the
bioactive compounds from Lumbricus and NEDD4.

Protein-protein docking simulation

In this part, we conducted a detailed exploration
of the intermolecular interactions between the proteins
and peptides sourced from Lumbricus and NEDD4 (target
receptor). Utilizing protein-protein docking simulations, our
objective was to elucidate key aspects of the binding process,
including the identification of crucial residues responsible for
forming protein-protein complexes, elucidation of the types
of intermolecular interactions involved, determination of
binding affinities, assessment of binding modes, and analysis of
orientations. To delineate the binding sites of the target receptor,
we analyzed protein-protein interactions using PDBSum [35].
Initially, the 3D structures of the target receptor and interacting
proteins were retrieved from the PDB and prepared for analysis.
Accessing the PDBSum web interface, protein structures
were uploaded for detailed analysis. PDBSum employed its
algorithms to identify and characterize binding sites between
the target receptor and interacting proteins, providing insights
into residues involved in binding interfaces, their interactions
including hydrogen bonds and van der Waals contacts, and
any structural motifs or domains contributing to interaction
specificity. This analysis allowed us to gain insights into the
spatial arrangement of key residues within the binding site
of NEDD4 and their potential interactions with the proteins
and peptides from Lumbricus. To ensure the accuracy of our
analysis, the receptor was refined using Swiss-PdbViewer
v4.1.1 [36] before proceeding with protein-protein docking
analysis, ensuring a reliable foundation for our subsequent
investigations. To further characterize the potential agonistic
or antagonistic properties of the Lumbricus-derived proteins
and peptides towards NEDD4, we employed a standard agonist
(polyubiquitin, PDB ID: 2XBB) [34] and antagonist (name
PDB ID: 8T48) [37] molecules for comparative analysis. This
approach enabled us to evaluate whether the proteins and
peptides from Lumbricus could potentially act as agonists or
antagonists to NEDD4, providing valuable insights into their
functional roles in modulating NEDD4 activity.

Subsequently, protein-protein docking calculations
were performed using the advanced interface option within the
high ambiguity driven protein-protein docking (HADDOCK)
stand-alone version [38]. By leveraging this approach, we were
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able to assess the interactions between the proteins and peptides
from Lumbricus and NEDD4, facilitating the prediction of
potential binding modes and affinity. The selection of optimal
protein-protein docking results for each resultant complex
was based on two critical criteria: first, the highest number of
clusters or populations observed, indicating the robustness of the
predicted interactions, and secondly, the highest docking score
(HADDOCK score), which serves as a measure of the strength
of the binding affinity between the proteins and peptides from
Lumbricus and NEDD4 within the protein-protein complex.
The molecular docking results provide a comprehensive
overview of the binding affinity, structural parameters, and
cluster characteristics of the various NEDD4 complexes
formed with earthworm-derived proteins and peptides. Notably,
comparisons were drawn with standard agonist and antagonist
complexes, NEDD4:Polyubiquitin and NEDD4:N4BP1,
respectively, serving as benchmarks for evaluating the efficacy
of the Lumbricus-derived compounds. One of the primary
indicators of the strength of interaction between molecules is
the binding affinity, represented by the AG (Gibbs free energy)
value. Lower AG values indicate stronger binding, implying
more stable and favorable interactions between the proteins or
peptides and NEDD4.

MD simulation

MD simulations were employed to analyze the
dynamics and stability of the protein-protein complexes formed
between the proteins and peptides from Lumbricus and NEDD4.
The simulations were conducted using GROMACS 2022.5
[39]. To set up the simulations, the optimized potentials for
liquid simulations all-atom force field was employed, providing
accurate descriptions of molecular interactions within the
system [40,40]. The simulation box dimensions were defined
according to default cubic box parameters, ensuring adequate
space for the biomolecular complexes within the simulation
environment. Standard procedures were followed to prepare the
input files for the simulations, including the addition of water
molecules using the single point charge extended model and
the incorporation of counterions to maintain system neutrality
[41]. Energy minimization was carried out using the steepest-
descent approach to remove steric clashes and relax the system
to a stable state. Following energy minimization, a two-phase
equilibration process was conducted. In phase 1, the system was
equilibrated in the number of particles, volume, and temperature
ensemble to control temperature fluctuations and stabilize the
system. Subsequently, in phase 2, equilibration was performed
in the number of particles, pressure, and temperature ensemble
to maintain constant pressure and temperature conditions.
Once equilibration was achieved, production MD simulations
were carried out for a total of 100 nanoseconds to capture the
dynamics of the protein-protein complexes over an extended
period. Throughout the simulations, various parameters such
as root mean square deviations (RMSD), root mean square
fluctuation (RMSF), radius of gyration (RoG), potential
energies, and intermolecular hydrogen bonding interactions
were monitored and analyzed to assess the stability and
conformational dynamics of the complexes. To visualize critical
residues and intermolecular interactions within the anticipated

protein-protein complexes, manual inspection was conducted
using molecular visualization software such as PyMOL [42] and
UCSF Chimera [43]. These tools facilitated the visualization
and analysis of key structural features and interactions within
the simulated complexes, providing valuable insights into
the mechanisms underlying the binding and stability of the
Lumbricus-derived proteins and peptides with NEDD4.

Molecular mechanics/Poisson—Boltzmann surface area (MM/
PBSA) calculations

The MM/PBSA calculation method, which relies
on MD simulations, was utilized to explore the protein-
protein interactions between proteins and peptides sourced
from Lumbricus and NEDD4. MD simulations generated
a diverse ensemble of protein conformations, from which
representative snapshots were selected for further analysis
[44]. The MM/PBSA calculations served as a powerful
tool for assessing the thermodynamic stability and binding
affinity of the NEDD4 protein-protein complexes, offering
valuable insights into their molecular interactions [45]. Each
snapshot underwent comprehensive energy calculations,
including gas-phase energy calculations, solvation energy
estimations employing a continuum solvent model, and entropy
calculations. These individual energy contributions were then
combined to compute the binding free energy of the protein-
protein complex [46,47]47]. To perform these calculations,
the gmx_ MMPBSA module within the GROMACS simulation
package was employed [48,49]49] enabling the efficient and
accurate computation of binding free energies for biomolecular
complexes. The MM/PBSA method is widely recognized for
its capability to predict the binding free energy of protein-
protein interactions, making it a valuable tool in elucidating the
energetics of biomolecular interactions [50]. The calculation of
the MM/PBSA binding free energy is based on the following
equation:

AG binding = AG _complex — AG proteinX1 - AG _proteinX2

where,

AG binding: the binding free energy associated with
the formation of the protein-protein complex.

AG _complex: the free energy of the fully solvated
protein-protein complex.

AG proteinX1: the free energy of protein 1 in its
solvated state when unbound.

AG proteinX2: the free energy of protein 2 in its
solvated state when unbound.

The binding free energy is determined by computing
the difference between the free energy of the complex and
the combined free energies of the unbound proteins. This
calculation provides insights into the energetic alterations that
occur during the formation of the protein-protein complex,
thereby elucidating the strength and stability of the interaction.

Statistical analysis

In this study, statistical analysis was conducted
to ascertain the relationships among all parameters derived
from both molecular docking and MD simulations. The data
obtained from these computational experiments were subjected
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to comprehensive statistical analysis and interpretation using
SPSS 25 statistical software [51] and OriginLab Pro 2022 [52].
This analytical approach enabled the exploration of correlations,
trends, and patterns within the dataset, providing valuable
insights into the relationships between different variables and
parameters. Additionally, statistical analysis facilitated the
validation of computational results and the identification of
significant findings, contributing to a more robust understanding
of the molecular interactions under investigation.

RESULTS

3D structure modeling

In the 3D structure modeling phase of the study,
979 substantial datasets were retrieved and evaluated for
completeness, with sufficient information for accurate 3D
modeling. Thorough comparison and validation of sequence
data ensured that each unique protein or peptide was represented
only once in the final dataset. The obtained database of protein
sequences from earthworms (Lumbricus genus) can be seen
in Supplementary Data 1. Subsequently, the 3D structures of
these proteins and peptides were generated using advanced
computational tools tailored to their structural characteristics.
For proteins and peptides with available templates in the
PDB, the I-TASSER algorithm was employed for the accurate
prediction of tertiary structures based on sequence similarity
and structural homology accuracy, even for sequences with no
homologous structures available in the PDB. By employing
advanced machine learning algorithms trained on vast protein
sequence and structure databases, AlphaFold can accurately
predict the 3D structures of proteins based solely on their amino
acid sequences [32]. The 3D structure modeling phase of the
study utilized cutting-edge computational methodologies to
generate accurate and reliable structural models for the identified
proteins and peptides from earthworms of the Lumbricus genus

(Fig. 1).

Protein-protein docking simulation

The protein-protein docking simulations conducted in
this study aimed to unravel the intricate interactions between
NEDD4 and proteins or peptides sourced from earthworms
(Lumbricus genus), with a specific focus on identifying potential
therapeutic candidates for CVDs. The best binding pose of
standard agonist, standard antagonist, and top-performing protein
from Lumbricus was presented in Figure 2. The comparison
between the top-performing proteins and peptides derived from
Lumbricus and the standard agonist (NEDD4:Polyubiquitin)
and antagonist (NEDD4:N4BP1) complexes, based on binding
affinity, provides valuable insights into the potential efficacy of
Lumbricus-derived bioactive compounds in modulating NEDD4
activity compared to established proteins. First, the standard
agonist, NEDD4:Polyubiquitin, demonstrated a binding affinity
with a AG value of —10.7 kcal/mol and a dissociation constant
(Kd) of 3.00e® M. This indicates a strong interaction between
NEDD4 and Polyubiquitin, highlighting its efficacy as an
agonist for NEDD4 activity modulation. In contrast, the standard
antagonist, NEDD4:N4BP1, exhibited a slightly lower binding
affinity, with a AG value of —9.4 kcal/mol and a Kd of 2.20e”’

M. Despite its lower binding affinity compared to the agonist,
NEDD4:N4BP1 still displayed a notable interaction with
NEDDA4, indicative of its efficacy as an antagonist for NEDD4
activity inhibition. Among the Lumbricus-derived complexes,
Actin-1, Heat shock protein 70, Lumbrokinase-7T1, and EF-
l-alpha emerged as top-performing candidates based on their
low values of binding affinity AG (kcal/mol). Actin-1 exhibited
an AG value of —15.2 kcal/mol, surpassing the binding affinity
of the standard agonist, NEDD4:Polyubiquitin. This suggests
that Actin-1 may possess a stronger interaction with NEDD4,
potentially surpassing the efficacy of Polyubiquitin and N4BP1
in modulating NEDD4 activity. Similarly, Heat shock protein
70, Lumbrokinase-7T1, and EF-1-alpha displayed notable
binding affinities with AG values of —14.1 kcal/mol, —14.1 kcal/
mol, and —13.4 kcal/mol, respectively (Table 1 and Fig. 3c).
These values compare favorably with the binding affinity of
the standard agonist and antagonist, further highlighting the

Figure 1. 3D structure modeling outcomes depicting proteins and peptides
derived from the earthworm (Lumbricus genus). (a) Actin-1. (b) Heat
shock protein 70. (c¢) Elongation factor 1-alpha. (d) Lumbrokinase-7T1. (e)
Fibrinolytic enzyme. (f) CCF-like protein.

Figure 2. Molecular docking simulations depict the best binding poses for
interactions between proteins from the earthworm (Lumbricus genus) and
NEDDA4. (a) NEDD4:Polyubiquitin (agonist) complex. (b) NEDD4:N4BP1
(antagonist) complex. (c) NEDD4:Actin-1 complex. (d) NEDD4:Heat
shock protein 70 complex. (e) NEDD4:Lumbrokinase-7T1 complex. (f)
NEDDA4:Elongation factor 1-alpha complex.
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Table 1. Molecular docking results: binding affinity and structural parameters of NEDD4 interactions with proteins and peptides derived from
earthworm (Lumbricus genus).

Complex HADDOCK Score Binding Affinity Kd Cluster size RMSD
(a.u.) AG (kcal/mol) (M) A)
Standard

NEDDA4:Polyubiquitin —159.1 +/-2.7 -10.7 3.00e-8 170 0.3+4/-0.2
(Standard Agonist)

NEDD4:N4BP1 —91.0+/~-0.9 -9.4 2.20e-7 36 2.7+4/-0.2
(Standard Antagonist)

Protein and peptide derived from earthworm (Lumbricus genus)

NEDD4:Actin-1 —124.2 +/-3.9 -15.2 2.00e-11 33 1.8+/-0.3
NEDD4:Actin-2 —127.2+/-4.3 -14.6 5.30e-11 22 33+4/-0.3
NEDD4:Heat shock protein 70 —127.1 +/-12.6 —-14.1 1.20e-10 49 0.8+/—0.5
NEDD4:Lumbrokinase-7T1 -112.2+/-31.7 —-14.1 1.10e-10 55 1.24/-0.8
NEDD4:Elongation factor 1-alpha -177.5+/-10.4 -13.4 3.60e—10 135 0.8+/—0.5
NEDD4:ABC transporter —96.7+/- 6.8 -12.4 1.80e—9 14 224/-0.2
NEDD4:Extracellular hemoglobin linker L3 subunit —119.9 +/—24.5 -12.3 2.10e-9 6 1.3+/-0.8
NEDD4:CCF-like protein —91.3 +/-4.1 -12.0 3.40e—9 43 2.8+/-0.6
NEDD4:NADH-ubiquinone oxidoreductase chain 2 —111.0 +/- 8.4 -12.0 3.30e—9 13 3.0+/-0.2
NEDD4:Cytochrome ¢ oxidase subunit 3 —135.4+/-8.8 -11.8 4.70e-9 23 2.0 +/-0.0
NEDD4:NADH-ubiquinone oxidoreductase chain 4 -1229+/-7.8 -11.8 4.80e—9 90 34+/-04
NEDD4:Galactose-binding lectin -93.5+/-0.7 -11.7 6.10e—9 30 1.6+/-0.5
NEDD4:ATP synthase subunit a —153.3+/-12.6 -11.5 7.50e-9 12 204/-22
NEDD4:Fibrinolytic enzyme -110.5+/-2.3 -11.5 8.20e—9 78 0.8+/—0.5
NEDD4:High-affinity serotonin transporter protein -106.0 +/— 1.9 -11.5 8.20e-9 30 2.0+/-0.1
NEDDA4:Cytochrome b —115.6 +/=21.9 -11.4 9.20e—9 5 2.0+/-0.2
NEDD4:Extracellular globin-1 —1304+/-7.7 -11.4 8.50e—9 39 0.8 +/-0.6
NEDD4:Preprocarboxypeptidase —120.1 +/-9.2 -11.3 1.10e—8 13 0.6 +/—0.4
NEDD#4:Small ribosomal subunit protein uS12 —122.9 +/- 14.0 -11.3 1.10e—8 4 29+/-0.1
NEDDA4:Catalase —117.5+/-6.9 —-11.1 1.50e—8 18 23+4/-0.2
NEDD4:Extracellular globin-4 —93.8+/-8.5 —11.1 1.40e—8 13 3.9+/-0.0
NEDD4:Histone H3 —108.6 +/-14.4 -11.0 1.60e—8 5 2.3+/-0.1
NEDD4:Small ribosomal subunit protein uS15 —115.4+/-8.0 -11.0 1.80e—8 7 0.8+/—0.5

potential of these Lumbricus-derived compounds as effective
modulators of NEDD4 activity for cardiovascular disease
intervention. The complete docking results can be seen in
Supplementary Data 2.

Furthermore, the cluster size and RMSD values
offer valuable structural information about the protein-protein
complexes. Cluster size refers to the number of distinct
conformations or poses observed within the generated ensemble
of protein-protein complexes [53]. A larger cluster size suggests
a greater structural diversity, indicating the presence of multiple
binding modes or orientations between the proteins and peptides
from Lumbricus and NEDD4. This structural diversity within
the complexes reflects the potential for various interaction
configurations, which may influence the functional properties
and biological effects of the complexes [54,54]54]. For instance,
the standard agonist NEDD4:Polyubiquitin complex exhibits

a notably large cluster size of 170, indicating the presence of
diverse conformations or binding modes between NEDD4 and
polyubiquitin. This diversity suggests the potential for versatile
interactions, which could play crucial roles in various cellular
processes regulated by ubiquitination. Conversely, the standard
antagonist NEDD4:N4BP1 complex has a smaller cluster size of
36, implying fewer distinct binding configurations compared to
the agonist complex. This difference in cluster size may reflect
the specific nature of the antagonist interaction and its regulatory
role in modulating NEDD4 activity. Analyzing the Lumbricus-
derived protein/peptide complexes, it is evident that the cluster
sizes vary across different interactions. For instance, complexes
involving proteins like EF-1-alpha and Fibrinolytic enzyme
exhibit relatively larger cluster sizes (135 and 78, respectively),
suggesting structural diversity and potential functional
versatility in their interactions with NEDD4. On the other hand,
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Figure 3. Overview of molecular docking results. (a) Relationship between HADDOCK score and RMSD. (b) Correlation between HADDOCK score and binding
affinity. (c) Binding affinity values of the top-performing protein derived from the earthworm (Lumbricus genus), with a threshold of —11.0 kcal/mol. (d) Correlation
matrix depicting the relationship of binding energy (kcal/mol) with individual energy components.

complexes such as NEDD4:Extracellular hemoglobin linker
L3 subunit and NEDD4:Small ribosomal subunit protein uS12
have smaller cluster sizes (6 and 4, respectively), indicating a
more limited range of binding configurations.

On the other hand, RMSD values quantify the
structural deviations or differences between individual
conformations within the same cluster. Lower RMSD values
indicate minimal deviation or closer structural resemblance
between different conformations, suggesting a higher degree
of stability and consistency in the binding interactions over
time [55]. This stability is indicative of the robustness of the
protein-protein complexes and their ability to maintain specific
structural configurations despite fluctuations or perturbations in
the surrounding environment [56]. For instance, the standard
agonist NEDD4:Polyubiquitin complex exhibits a low RMSD
value of 0.3 A, indicating minimal structural deviation among
its conformations and suggesting a stable and well-defined
binding mode. Similarly, Lumbricus-derived complexes like
NEDD4:Heat shock protein 70 and NEDD4:Fibrinolytic
enzyme show low RMSD values (0.8 A), indicating stable
binding interactions and consistent structural configurations.
In contrast, complexes with higher RMSD values, such as
NEDD4:Actin-2 (RMSD = 3.3 A), suggest greater structural

variability among their conformations, potentially reflecting
dynamic binding interactions with NEDD4. These higher
RMSD values could indicate conformational flexibility or
transient interactions, which may have implications for the
functional roles of these complexes in cellular processes [57].
The statistical analysis conducted to investigate the
relationship between the HADDOCK score and RMSD revealed
a Pearson correlation coefficient (r) of 0.234. This coefficient
indicates the strength and direction of the linear relationship
between the two variables. A value of 0.234 suggests a weak
positive correlation, meaning that as the HADDOCK score tends
to decrease (indicating better docking quality), the RMSD tends
to decrease slightly as well. However, it is important to note that
the correlation is relatively weak, indicating that other factors
beyond the HADDOCK score contribute to the variability in
RMSD values. Further analysis revealed that approximately
51.94% of the proteins and peptides derived from Lumbricus
demonstrated favorable RMSD values, defined as RMSD
values equal to or less than 2.00 A (Fig. 3a). These favorable
RMSD values suggest that a significant portion of the predicted
protein-protein complexes exhibit structural conformations
that closely resemble experimental or reference structures.
This finding underscores the overall success of the docking
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Figure 4. Analysis of molecular dynamics (MD) simulations for complexes between proteins derived from the earthworm (Lumbricus genus) and NEDD4. (a) Root
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illustrating structural compactness, and (d) Number of hydrogen bonds highlighting intermolecular interactions.

simulations in accurately predicting the structural arrangements
of the complexes. However, despite the majority of proteins
and peptides exhibiting favorable RMSD values, the analysis
also identified three outlier points characterized by very large
RMSD values. These outlier points indicate instances where the
predicted structures deviate significantly from the experimental
or reference structures. Such deviations may result from various
factors, including inaccuracies in the docking algorithm,
limitations in the experimental data used as input, or inherent
complexities in the protein-protein interactions being studied
[58].

The statistical analysis was also conducted to examine
the relationship between the HADDOCK score and binding
affinity (AG), revealing a Pearson correlation coefficient (r)
of 0.4499 (Fig. 3b). This coefficient indicates the strength and
direction of the linear relationship between the two variables.
A value of 0.4499 suggests a moderate positive correlation,
implying that as the HADDOCK score decreases (reflecting
improved docking quality), the binding affinity tends to
decrease as well. A moderate positive correlation coefficient
like 0.4499 indicates that there is a discernible trend in the
relationship between the HADDOCK score and binding
affinity. In this case, as the predicted quality of the protein-

protein docking improves (reflected by lower HADDOCK
scores), there is a tendency for the binding affinity to decrease,
indicating stronger binding between the proteins involved
in the complex formation. Conversely, higher HADDOCK
scores are associated with weaker binding affinity. This finding
suggests that the HADDOCK scoring system effectively
captures aspects of the protein-protein interaction that influence
binding affinity, such as the complementarity of molecular
surfaces, electrostatic interactions, and van der Waals forces.
The correlation matrix depicted in Figure 3d provided further
insight into the relationship between binding energy (kcal/
mol) and individual energy components. Specifically, positive
correlation scores were observed between binding affinity
and both van der Waals energy (correlation score: 0.64) and
electrostatic energy (correlation score: 0.057). This positive
correlation indicated that as the van der Waals and electrostatic
energy components increased, the binding affinity also tended to
increase, suggesting a stronger interaction between the proteins
involved in the complex formation. Conversely, the correlation
between binding affinity and desolvation energy showed a
negative value (—0.028), indicating an inverse relationship.
This suggested that the binding affinity tended to decrease as
the desolvation energy increased. Desolvation energy refers
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to the energy required to remove solvent molecules from the
binding interface, and a higher value implies greater disruption
to the solvent molecules surrounding the interacting proteins,
potentially weakening the binding affinity [59,60]60]. However,
it is essential to interpret this correlation cautiously, as other
factors beyond the HADDOCK score may also contribute to
variations in binding affinity, such as the specific amino acid
residues involved in the binding interface, post-translational
modifications, or environmental conditions [61,62]62].

The comprehensive analysis of hydrogen bond
interactions between NEDD4 and the top-performing proteins
derived from the earthworm (Lumbricus genus) sheds light
on the molecular mechanisms underpinning their binding
processes (Table 2). These interactions play a crucial role in
stabilizing protein-protein complexes and mediating specific
recognition between the proteins involved [63]. For instance,
in the NEDD4:Polyubiquitin complex, notable hydrogen bond
interactions include Glu554(0OE2)-Arg74(N), Tyr604(0)-
Leu71(N), and Asn628(OD1)-Leu73(N), with interaction
distances ranging from 2.68 to 3.08 A. These interactions are
indicative of the complementarity and specificity between
the receptor and interacting protein residues, contributing
to the overall stability of the complex. Similarly, in the
NEDD4:N4BP1 complex, hydrogen bond interactions such as
Glu554(0E2)-Lys177(NZ), Glu559(OE2)-GIn144(NE2), and
Tyr604(0)-Ser143(0OG) are observed, with distances ranging
from 2.69 to 3.17 A. These interactions highlight the key
residues involved in mediating the binding between NEDD4
and N4BP1, underscoring the specificity of their interaction.
Moreover, in the NEDD4:Actin-1 complex, hydrogen bond
interactions between Ala550(0)-Aspl180(N), Asp578(0)-
Lys285(NZ), and Tyr605(OH)-His74(NE2) are identified,
with distances ranging from 2.74 to 3.13 A. These interactions
suggest the involvement of specific residues in facilitating the
binding between NEDD4 and Actin-1, potentially influencing
the structural conformation and functional properties of the
complex. In the NEDD4:Heat shock protein 70 complex,
hydrogen bond interactions such as Tyr605(OH)-Lys85(NZ),
Gly625(0)-Asn78(ND2), and  Asp630(OD1)-Lys80(NZ)
are observed, with distances ranging from 2.59 to 3.06 A.
These interactions highlight the role of key residues in
mediating the binding between NEDD4 and Heat shock
protein 70, providing insights into the molecular basis of their
interaction. Furthermore, in the NEDD4:Lumbrokinase-7T1
complex, hydrogen bond interactions between Thr551(0G1)-
Argl7(NH1), Cys627(0OD1)-Asp23(N), and Tyr634(OH)-
Lys20(NZ) are identified, with distances ranging from 2.72
to 3.14 A. These interactions underscore the importance of
specific residues in facilitating the binding between NEDD4
and Lumbrokinase-7T1, potentially modulating their biological
functions.

MD simulation

The MD simulation results offer a comprehensive
understanding of the behavior of protein-protein complexes
formed between Lumbricus-derived proteins and NEDD4.
Throughout the 100 ns simulation, NEDD4 maintained a
relatively stable conformation, as evidenced by the average

RMSD values ranging from 2.310 to 2.741 A without
significant spikes (Fig. 4a). This stability suggests that NEDD4
interactions with both standard agonist and antagonist, as well
as Lumbricus-derived proteins, were dynamically consistent
over the simulation period. When analyzing the RMSD values,
which indicate the deviation of protein structures from their
initial conformations, notable differences emerge among the
complexes. For instance, the NEDD4:Polyubiquitin (Standard
Agonist) complex displays a slightly higher average RMSD
(2.439 A) compared to apo-protein NEDD4 (2.310 A).
This observation suggests a moderate increase in structural
flexibility upon the binding of the standard agonist, indicating
potential conformational adjustments required for effective
binding. Conversely, the RMSD value for the NEDD4:N4BP1
(Standard Antagonist) complex (2.442 A) remains similar
to that of the apo-protein, indicating that the binding of the
antagonist may not significantly perturb the structural stability
of NEDD4. Furthermore, the Lumbricus-derived protein
complexes, including Actin-1, Actin-2, Heat shock protein 70,
Lumbrokinase-7T1, and EF-1-alpha, exhibit slightly higher
average RMSD values ranging from 2.424 t0 2.741 A compared
to the standard complexes. These differences suggest potential
variations in the dynamic behavior and conformational changes
induced by the binding of Lumbricus-derived proteins. The
higher RMSD values imply that these Lumbricus-derived
proteins may interact with NEDD4 in a manner that elicits
different structural adjustments or conformational dynamics
compared to the standard agonist and antagonist.

During MD simulations, the RMSF analysis was
conducted to evaluate the flexibility profile of individual amino
acid residues within NEDD4. The obtained average RMSF
values ranged from 0.310 to 0.577 A, indicating moderate
flexibility across different regions of the protein. RMSF analysis
offers crucial insights into the mobility and flexibility of specific
residues within protein structures, shedding light on their
functional roles [64]. Upon investigating the interaction of the
top-performing protein complex from Lumbricus with NEDD4,
it became evident that this interaction led to the disruption of
hydrogen bonds with specific residues, particularly in the region
spanning amino acid residues Pro603 to Tyr634 and Phe707 to
Phe755 (Fig. 4b). Notably, these regions represent the active
binding site of NEDD4 as a target receptor [34]. The disruption
of hydrogen bonds in these critical areas resulted in higher
residue fluctuations compared to the NEDD4 agonist and apo-
protein complex. The observed increase in residue fluctuations
suggests enhanced mobility and flexibility of these residues
upon binding of the top-performing protein from Lumbricus
to NEDDA4. Interestingly, this pattern of increased flexibility
mirrors that of N4BP1, a standard antagonist. The resemblance
in flexibility patterns at these specific residues indicates that
top-performing proteins derived from Lumbricus have the
potential to act as inhibitors akin to standard antagonists.
This finding holds significant implications, as it suggests that
Lumbricus-derived proteins could modulate the activity of
NEDD#4 by acting as inhibitors, similar to known antagonists.
By disrupting hydrogen bonds and inducing higher flexibility
in crucial binding site residues, these proteins may interfere
with the functional interactions of NEDD4, offering promising
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Table 2. Comprehensive analysis of hydrogen bond interactions between NEDD4 (within the binding sites) and top-performing proteins derived
from earthworm (Lumbricus genus), highlighting residues and atoms involved in the binding process.

Complex Residue (Receptor) Protein atom Residue Protein atom Interaction
(Receptor) (Interacting protein/ (Interacting protein/ distance

peptide) peptide) @)

NEDD4:Polyubiquitin Glu554 OE2 Arg74 N 3.08
(Standard Agonist) Tyr604 0 Leu7l N 277
Asn628 OD1 Leu73 N 2.68

Asn628 ND2 Leu71 (¢} 3.14

Glu629 OE2 Arg42 NH1 2.83

Glu629 OE2 Arg42 NH2 3.07

Tyr634 OH Gly75 N 2.79

NEDD4:N4BP1 Glus54 OE2 Lys177 NZ 2.69
(Standard Antagonist) Glus59 OE2 Glnl44 NE2 2.88
Tyr604 O Ser143 OoG 2.83

Tyr605 OH Glnl144 N 3.17

Tyr605 OH Lys145 N 2.79

11e620 (0] Serl74 oG 2.66

Asp630 OD2 Lys145 NZ 2.53

GIn709 NE2 Glul38 OE2 2.62

NEDD4:Actin-1 Ala550 (6] Aspl180 N 2.83
Asp578 O Lys285 NZ 2.77

Tyr605 OH His74 NE2 3.07

Cys627 O Lys69 NZ 2.74

Gly708 OE1 Arg40 NH1 2.83

Gly708 OE1 Arg40 NH2 3.13

Gly708 NE2 Glyo4 (¢} 2.72

Ala839 OEl Lys192 NZ 2.55

NEDD4:Heat shock protein 70 Tyr605 OH Lys85 NZ 2.69
Gly625 (0] Asn78 ND2 291

Asp630 OD1 Lys80 NZ 2.60

Asp630 0OD2 Lys80 NZ 2.59

His631 NE2 Asp54 (0) 2.84

Phe707 O Asn26 ND2 3.06

GIn709 NE2 Glnl4 (0) 3.05

Glu714 OEl Lys66 NZ 2.61

Lys747 NZ Ile53 (¢} 2.62

Tyr842 OH Glu96 OEl 2.76

NEDD4:Lumbrokinase-7T1 Thr551 0G1 Argl7 NH1 2.84
Cys627 OD1 Asp23 N 2.79

Cys627 ND2 Asp23 (0) 2.88

Tyr634 OH Lys20 NZ 2.72

Phe707 O Arg26 NH1 2.80

Thr792 O Asn213 ND2 3.14

Gly797 (0] Thr159 0Gl1 293

Ser799 oG Thr159 0Gl 2.74

Asn801 ND2 GIn184 OEl 2.80

NEDDA4:Elongation factor 1-alpha Ala550 (6] GIn153 NE2 2.84
Glus54 OE1 Lys156 NZ 2.62

Arg558 NH1 Glul63 OE1 2.83

Met561 O Lys194 NZ 2.79

Gly625 (¢} Lys123 NZ 2.69

Asn628 ND2 Gly159 (0) 2.85

Phe707 (0] GIn321 N 2.81

GIn709 NE2 Gly400 (0) 2.97

Glu840 OE2 Lys363 NZ 2.57
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Table 3. Time-averaged structural properties obtained from the MD simulations of NEDD4 protein-protein complexes.

Complex Average RMSD Average RMSF  Average RoG Number of Potential energy
A) A) A) hydrogen bonds (kcal/mol)
between the two
proteins
Standard
NEDD4 (Apo-protein) 2.310 0.310 2.371 N/A —360731.53
NEDD4:Polyubiquitin 2.439 0.439 2411 32 —357,798.12
(Standard Agonist)
NEDD4:N4BP1 2.442 0.442 2.564 41 -1,176,813.23
(Standard Antagonist)
Protein and peptide derived from earthworm (Lumbricus genus)
NEDD4:Actin-1 2.741 0.484 2717 56 —864,049.74
NEDD4:Actin-2 2.731 0.483 2.719 57 —868,685.90
NEDD4:Heat shock protein 70 2.543 0.543 2.510 39 —622,486.96
NEDD4:Lumbrokinase-7T1 2.449 0.449 2.529 53 —1,072,746.98
NEDD4:Elongation factor 1-alpha 2.424 0.424 2.514 56 —813,330.52
NEDD4:ABC transporter 2.544 0.484 2.547 33 —445,882.96
NEDD4:Extracellular hemoglobin linker L3 subunit 2.684 0.521 3.878 46 —313,064.79
NEDDA4:CCF-like protein 2.638 0.479 3.273 55 —906,523.67
NEDD4:NADH-ubiquinone oxidoreductase chain 2 2.547 0.485 3.036 50 —848,050.92
NEDD4:Cytochrome ¢ oxidase subunit 3 2.437 0.482 2.921 48 —561,299.38
NEDD4:NADH-ubiquinone oxidoreductase chain 4 2.442 0.487 3.087 58 —774,439.00
NEDD4:Galactose-binding lectin 2.551 0.489 2.904 48 —696,995.84
NEDDA4:ATP synthase subunit a 2.473 0.492 3.053 43 —1,001,463.06
NEDDA4:Fibrinolytic enzyme 2.426 0.483 2.757 46 —541,410.98
NEDD4:High-affinity serotonin transporter protein 2.459 0.483 2.722 39 —533,984.34
NEDD4:Cytochrome b 2.472 0.488 2.885 57 —652,674.64
NEDDA4:Extracellular globin-1 2.543 0.483 2.583 39 —357,043.38
NEDDA4:Preprocarboxypeptidase 2.434 0.487 2.906 56 —679,787.85
NEDD4:Small ribosomal subunit protein uS12 2.439 0.577 2.634 37 —566,646.06
NEDDA4:Catalase 2.436 0.477 2.639 39 —538,815.56
NEDDA4:Extracellular globin-4 2.549 0.484 2.582 40 —391,374.04
NEDDA4:Histone H3 2.688 0.517 3.408 32 —267,361.06
NEDD4:Small ribosomal subunit protein uS15 2.656 0.484 2.775 37 —664,091.06

avenues for the development of therapeutic interventions
targeting NEDD4-mediated cellular processes.

The RoG provided insights into the compactness or
the extent of the spreading of protein structures during MD
simulations [65]. For the NEDD4 complexes, the average
RoG values ranged from 2.371 to 2.564 A. The RoG values
for the standard NEDD4 agonist (Polyubiquitin) and antagonist
(N4BP1) complexes were 2.411 A and 2.564 A, respectively.
In contrast, for the Lumbricus-derived protein complexes, RoG
values ranged from 2.510 to 2.529 A, slightly higher than the
standard agonist but comparable to the antagonist. The number
of hydrogen bonds formed between the two interacting proteins
was indicative of the strength and specificity of their interaction.
For the standard complexes, the NEDD4:Polyubiquitin agonist

complex formed 32 hydrogen bonds, while the NEDD4:N4BP1
antagonist complex formed 41 hydrogen bonds. Comparatively,
the Lumbricus-derived protein complexes displayed similar or
slightly higher numbers of hydrogen bonds, with values ranging
from 39 to 56. Notably, the NEDD4:Lumbrokinase-7T1
complex formed the highest number of hydrogen bonds (53),
followed closely by the NEDD4: EF-1-alpha complex (56)
(Table 3). These results suggested that the interactions between
NEDD4 and the Lumbricus-derived proteins were characterized
by comparable or slightly higher numbers of hydrogen bonds
compared to standard interactions. This indicated strong and
specific binding between these proteins, potentially contributing
to their functional relevance. Additionally, the RoG values
suggested that the Lumbricus-derived protein complexes
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Table 4. Result of the MM/PBSA calculations for the NEDD4 protein—protein complexes. The mean AG,

winding 18 Dresented with standard deviation
inding

in units of kcal/mol.

Complex MM/PBSA calculation results AG, ding (kcal/mol) Average (kcal/mol)
I I 11
Standard
NEDD4:Polyubiquitin —84.60 —82.60 —82.60 —83.27
(Standard Agonist)
NEDD4:N4BP1 —35.06 —34.09 —35.00 —34.72
(Standard Antagonist)
Protein and peptide derived from earthworm (Lumbricus genus)
NEDD4:Lumbrokinase-7T1 —104.52 —104.52 —104.59 —104.54
NEDD4:Heat shock protein 70 —83.50 —85.79 —84.62 —84.64
NEDD4:Elongation factor 1-alpha =79.75 =79.94 =79.75 =79.81
NEDD4:ATP synthase subunit a =75.13 =75.16 =75.03 =75.11
NEDD4:Small ribosomal subunit protein uS15 =74.73 —74.98 —75.08 =74.93
NEDD4:NADH-ubiquinone oxidoreductase chain 2 —67.44 —67.2 —67.67 —67.44
NEDDA4:CCF-like protein —62.32 —61.42 —63.23 —62.32
NEDD4:Small ribosomal subunit protein uS12 —60.42 —60.61 —60.61 —60.55
NEDD4:High-affinity serotonin transporter protein —60.23 =57.96 —60.32 —59.50
NEDDA4:Histone H3 =57.79 —57.02 —58.58 —57.80
NEDD4:Catalase —48.65 —48.77 —50.39 —49.27
NEDD4:Cytochrome b —48.09 —48.89 —48.66 —48.55
NEDD4:Extracellular hemoglobin linker L3 subunit —49.66 —47.96 —47.66 —48.43
NEDD4:Cytochrome ¢ oxidase subunit 3 —47.18 —49.74 —47.35 —48.09
NEDD4:ABC transporter —41.32 —48.99 —48.99 —46.43
NEDD4:Actin-1 —44.74 —46.28 —46.36 —45.79
NEDD4:NADH-ubiquinone oxidoreductase chain 4 —44.46 —47.21 —44.46 —45.38
NEDD4:Extracellular globin-4 —44.63 —44.28 —44.04 —44.32
NEDD4:Extracellular globin-1 —43.17 —43.61 —43.26 —43.35
NEDD4:Preprocarboxypeptidase —41.65 —44.8 —42.14 —42.86
NEDD4:Actin-2 —38.49 —38.41 —38.45 —38.45
NEDDA4:Fibrinolytic enzyme -36.75 -36.72 —37.26 -36.91
NEDD4:Galactose-binding lectin -34.92 -34.99 -34.19 —34.70

exhibited similar compactness or spreading compared to
standard complexes, implying that they maintained stable
structural conformations during the simulation period.

MM/PBSA calculations

The strength of the protein-protein interactions was
judged by determining the mean AG,, d].ngvalues, which represent
the binding free energy, for each complex. In the case of the
standard complexes, NEDD4 bound to Polyubiquitin (Standard
Agonist) demonstrated a mean AG,, e of —83.27 kcal/mol,
indicating a substantial level of stability in the interaction.
Conversely, when bound to N4BP1 (Standard Antagonist),
NEDD4 exhibited a lower mean AG, ding of —34.72 kcal/mol,
suggesting a comparatively weaker interaction. However, the
Lumbricus-derived protein complexes presented intriguing

findings, showcasing similar or even more negative mean
AG,, ding values compared to the standard complexes. Notably,
NEDD4 complexed with Lumbrokinase-7T1 displayed a
notably high mean AG, ding of —104.54 kcal/mol, indicative of
a robust and energetically favorable interaction. This suggests
that the Lumbricus-derived protein has a strong affinity for
NEDD4, potentially surpassing the binding strength observed
with the standard agonist and antagonist. Furthermore, the
complexes formed between NEDD4 and Heat shock protein
70 and EF-1-alpha exhibited mean AG,, ing values of —84.64
kcal/mol and —79.81 kcal/mol, respectively (Table 4). These
values suggest strong binding affinities comparable to or even
exceeding those observed in the standard complexes. This

implies that the Lumbricus-derived proteins possess significant
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Figure 5. Binding free energy analysis of individual amino acids in NEDD4
interactions with Polyubiquitin (standard agonist), N4BP1 (standard
antagonist), and top three proteins derived from the earthworm (Lumbricus
genus), as determined by MM/PBSA calculation.

BSA calculation.

potential in modulating NEDD4 activity, potentially rivaling or
surpassing the efficacy of standard proteins.

Furthermore, a granular examination of the binding
free energy of individual amino acid residues within NEDD4
provided deeper insights into the molecular mechanisms
governing binding specificity and affinity. Among these
residues, Gly708 and Asn628 emerged as particularly influential
in dictating the antagonistic activity observed within the
complexes. In the context of the interactions between NEDD4
and the top-performing proteins from Lumbricus, these specific
residues exhibited notably high binding affinity values compared
to the standard agonist complex. The heightened binding affinity
of Gly708 and Asn628 of top-performing proteins suggests
their pivotal roles in mediating the antagonistic effects observed
in the protein-protein complexes (Fig. 5). These residues likely
participate in critical interactions that govern the stability
and specificity of the complexes, thereby influencing their
overall functional outcomes. The elevated affinity observed
in the Lumbricus-derived protein complexes underscores
the significance of these interactions in modulating NEDD4
activity and highlights their potential as key determinants
of therapeutic efficacy. By elucidating the contributions of
individual amino acid residues to the binding energetics, this
analysis provides valuable insights into the structural basis of
protein-protein interactions. The identification of Gly708 and
Asn628 as key contributors to the antagonistic activity enhances
our understanding of the molecular determinants underlying
the complex interplay between NEDD4 and its interacting
partners. These findings pave the way for targeted manipulation
of specific residues to modulate NEDD4 function effectively,
offering promising avenues for the development of therapeutic
interventions targeting NEDD4-associated pathways.

DISCUSSION

The study employed a multifaceted approach to
investigate the interactions between NEDD4 and proteins and
peptides derived from Lumbricus earthworms, with a specific
focus on their potential therapeutic applications in CVDs.
Building upon the foundation of robust data collection and
stringent quality control measures, the study utilized advanced
computational tools and methodologies to model 3D structures,
conduct protein-protein docking simulations, perform MD
simulations, and calculate binding free energies. In the 3D
structure modeling phase, the study leveraged the power of
bioinformatics and computational biology to generate accurate
and reliable structural models of Lumbricus-derived proteins
and peptides. By systematically collecting sequences from the
UniProt database and applying rigorous selection criteria, the
study ensured the quality and relevance of the dataset. This
approach was consistent with previous studies that utilized
bioinformatics tools to predict protein structures with high
accuracy [66]. Moreover, the utilization of both I-TASSER and
AlphaFold algorithms allowed for comprehensive coverage of
proteins and peptides, whether they had homologous structures
in the PDB or not, thereby maximizing the scope and depth of
the structural modeling efforts [32].

The study delved into the intricate dynamics between
NEDD4 and Lumbricus-derived compounds through protein-
protein docking simulations to uncover potential therapeutic
avenues for CVDs. By meticulously comparing the binding
affinities of Lumbricus-derived proteins against standard
agonist and antagonist complexes, the research pinpointed
promising candidates that demonstrated comparable or
heightened efficacy in modulating NEDD4 activity. This
discovery resonated with prior investigations that underscored
the therapeutic promise of natural compounds in the realm
of cardiovascular disease management. Notably, previous
literature has highlighted the medicinal potential of Lumbricus
earthworm, particularly its primary constituent, Lumbrokinase,
in the treatment of cardiovascular ailments [67]. By elucidating
the molecular intricacies of Lumbrokinase’s interaction with
the NEDD4 pathway, this study contributes novel insights into
the therapeutic potential of Lumbrokinase for cardiovascular
treatment. Additionally, the analysis of cluster size and RMSD
values provided insights into the structural diversity and stability
of protein-protein complexes, offering valuable information for
rational drug design and optimization [68]. MD simulations
further elucidated the dynamic behavior of protein-protein
complexes over time, uncovering potential mechanisms for
modulating NEDD4 activity. The study provided detailed
insights into the structural dynamics and functional implications
of NEDD4-therapeutic protein interactions by examining residue
flexibility and hydrogen bond interactions. This aligned with
previous studies that had used MD simulations to investigate
protein-protein interactions and elucidate their dynamic behavior
[69]. The study observed that Lumbrokinase, heat shock protein,
and EF-1-alpha demonstrated sustained interactions with the
NEDD4 protein throughout the simulation period, akin to
the behavior exhibited by the standard antagonist complex.
Furthermore, the study discussed the structural features and key
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interaction residues within these protein-protein complexes,
elucidating the molecular basis underlying their binding affinity
and activity. By analyzing the conformational changes and
intermolecular forces at play during the MD simulations, the
study highlighted the structural motifs and binding pockets
crucial for stabilizing the interactions between the Lumbricus-
derived compounds and NEDD4. The resemblance in activity
between these Lumbricus-derived compounds and the standard
antagonist suggests that they may function through similar
mechanisms or binding modes, warranting further investigation
into their therapeutic potential.

Our findings align with previous research indicating
that heat shock proteins (Hsp), such as Hsp70, can modulate
the ubiquitination process mediated by NEDD4. Specifically,
it has been shown that Hsp70 plays a critical role in regulating
the ubiquitination and degradation of p63 isoforms by
CHIP (C-terminus of Hsc70-interacting protein), thereby
influencing their stability in cells. By inhibiting CHIP-
mediated ubiquitination, Hsp70 helps maintain the stability
of TAp63 or ANp63 isoforms, which are implicated in various
cellular processes, including cell proliferation, differentiation,
and apoptosis [70]. This previous study provides valuable
insights into the regulatory mechanisms governing protein
ubiquitination and degradation pathways, highlighting the
intricate interplay between Hsp and E3 ubiquitin ligases like
NEDD4. Similarly, another study demonstrated that EF-1
can inhibit the ubiquitin ligase activity of STAH-1 (Seven In
Absentia Homolog 1), further corroborating the findings of
the current study based on MD simulations. EF-1, a highly
conserved protein involved in protein synthesis, exerts its
inhibitory effect on SIAH-1-mediated ubiquitination by
competing for binding to the E3 ligase substrate-binding site
[71]. By blocking the interaction between SIAH-1 and its
substrates, EF-1 interferes with the ubiquitination process,
thereby modulating the stability and turnover of target proteins
involved in cellular homeostasis and signaling pathways.
This study’s findings complement the emerging evidence
implicating protein elongation factors in the regulation of
ubiquitin-mediated protein degradation pathways, highlighting
their multifaceted roles beyond translation elongation.
Together, these previous studies provide additional support
for the current study’s findings regarding the inhibitory
effects of Lumbricus-derived compounds, such as heat shock
protein and EF-1-alpha, on NEDD4 ubiquitin ligase activity.
By elucidating the molecular mechanisms underlying these
interactions, the collective body of research contributes to our
understanding of the intricate regulatory networks governing
protein homeostasis and cellular function, with implications
for therapeutic interventions in various diseases, including
cancer and cardiovascular disorders. The comprehensive
approach and integration of diverse computational techniques
in this study represented a significant advancement in the field
of drug discovery and protein engineering. By combining
bioinformatics, molecular modeling, and simulation
methodologies, the study provided a holistic understanding of
NEDDA4-therapeutic protein interactions and offered valuable
insights into the development of novel therapeutics for
CVDs. Moreover, the findings underscored the importance of

computational approaches in accelerating the drug discovery
process and optimizing therapeutic interventions.

LIMITATIONS AND FUTURE WORKS

Despite the promising findings of this study, several
limitations need to be acknowledged. First, while computational
approaches like MD simulations provide valuable insights into
protein interactions, they are inherently limited by simplifications
and approximations in the underlying models. The accuracy
of these simulations relies heavily on the parameters and
force fields used, which may not fully capture the complexity
of biological systems. Additionally, the predictive power of
computational modeling depends on the availability and quality
of experimental data for validation, which can be limited in the
case of newly discovered or understudied proteins and peptides.
Furthermore, the study primarily focused on in silico analyses,
and the predicted interactions between Lumbricus-derived
compounds and NEDD4 have yet to be experimentally validated.
Experimental techniques such as protein-protein interaction
assays, enzyme activity assays, and cellular studies are necessary
to confirm the binding affinities and functional effects of these
compounds on NEDD4 activity. Moreover, investigating the
pharmacokinetic and pharmacodynamic properties of Lumbricus-
derived compounds, including their stability, bioavailability, and
efficacy in relevant disease models, is essential for translating
these findings into clinical applications.

In terms of future directions, there are several
avenues for further research. First, conducting comprehensive
experimental validation studies to confirm the predicted
interactions between Lumbricus-derived compounds and
NEDD4 would strengthen the credibility of the computational
findings. This could involve biochemical assays, structural
biology techniques, and cell-based assays to characterize the
binding kinetics, specificity, and functional consequences
of these interactions. Additionally, exploring the therapeutic
potential of Lumbricus-derived proteins in preclinical models of
CVDs, such as animal models of hypertension, atherosclerosis,
and myocardial infarction, would provide valuable insights
into their efficacy and safety profiles in relevant physiological
contexts. Moreover, investigating the mechanisms underlying the
observed similarities between Lumbricus-derived compounds
and standard antagonists in modulating NEDD4 activity could
uncover novel regulatory pathways and therapeutic targets. This
could involve elucidating the structural determinants of binding
specificity and affinity, exploring the downstream signaling
cascades affected by NEDD4 inhibition, and identifying
potential synergistic interactions with existing pharmacological
agents. Additionally, considering the multifaceted roles of
NEDD4 in various cellular processes beyond CVDs, such as
cancer, neurodegenerative disorders, and immune regulation,
could expand the scope of potential therapeutic applications for
Lumbricus-derived proteins.

CONCLUSION

In conclusion, this study offered a comprehensive
exploration of the interactions between selected Lumbricus-
derived proteins and NEDD4, shedding light on their potential
therapeutic applications in CVDs. Through a multifaceted
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approach combining bioinformatics, computational modeling,
and MD simulations, valuable insights were gained into the
structural features and binding affinities of Lumbricus-derived
proteins and peptides with NEDD4. The findings suggested
that certain compounds, such as Lumbrokinase, heat shock
protein, and EF-1-alpha, exhibited similar activities to standard
antagonists in modulating NEDD4 activity, highlighting their
potential as therapeutic candidates for CVDs. Moreover, the
study underscored the importance of computational approaches
in drug discovery and development, particularly in the context
of natural products with diverse chemical structures and
biological activities. By leveraging advanced computational
tools and methodologies, the challenges associated with
traditional drug discovery approaches were overcome, and a
large number of candidate compounds were efficiently screened
for their potential interactions with NEDD4. This approach not
only accelerated the drug discovery process but also provided
valuable mechanistic insights into the mode of action of these
compounds at the molecular level. However, it is important
to acknowledge the limitations of this study, including the
reliance on computational predictions that require experimental
validation. Future research should focus on corroborating
the findings through biochemical assays, structural biology
techniques, and preclinical studies in relevant disease
models. Furthermore, exploring the therapeutic potential of
Lumbricus-derived proteins beyond CVDs and investigating
their synergistic interactions with existing pharmacological
agents could open up new avenues for drug development and
personalized medicine.
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