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Abstract: Infection-related cardiovascular diseases (CVDs) represent a significant health challenge, 
necessitating novel therapeutic strategies targeting key receptors involved in inflammation and 
infection. Antimicrobial peptides (AMPs) offer a promising approach, potentially disrupting 
pathogenic processes. This study aimed to investigate the efficacy of AMPs as therapeutic agents by 
examining their interactions with critical CVD-related receptors. A comprehensive computational 
approach was utilized to assess the interactions between AMPs and receptors associated with CVDs. 
Molecular docking studies were conducted to evaluate AMP binding to target receptors: ACE2, 
CRP, MMP9, NLRP3, and TLR4. The top-performing AMPs were further analyzed through 100 ns 
molecular dynamics (MD) simulations, and their binding affinities were quantified using MM/PBSA 
calculations. The analysis revealed that Tachystatin, Pleurocidin, and Subtilisin A exhibit strong 
binding affinities to key CVD-related receptors, including ACE2, CRP, and MMP9. These AMPs 
demonstrated the potential for disrupting receptor-peptide interactions critical to infection and 
inflammation. MD simulations confirmed the stability of AMP-receptor complexes, with MM/PBSA 
calculations showing significant binding energies. Future directions include conducting in vitro and 
in vivo studies to validate the therapeutic efficacy and safety of these AMPs in clinical settings. 

Keywords: antimicrobial peptides; cardiovascular disease; molecular docking; molecular dynamics 
 

1. Introduction 

Infections and cardiovascular diseases (CVDs) share a complex, bidirectional relationship. 
Pathogenic microorganisms can initiate or exacerbate CVDs through direct infection of 
cardiovascular tissues, immune system dysregulation, or the induction of chronic inflammatory 
states [1,2]. For instance, respiratory pathogens such as influenza virus and bacterial pathogens like 
Chlamydia pneumoniae and Helicobacter pylori have been associated with an increased risk of 
myocardial infarction and atherosclerosis [3,4]. The chronic inflammation induced by these 
pathogens accelerates the formation of atherosclerotic plaques, a major cause of coronary artery 
disease. Among the most prominent mechanisms is the activation of the innate immune system via 
receptors such as Toll-Like Receptors (TLRs), which recognize pathogen-associated molecular 
patterns (PAMPs) [5–7]. TLRs initiate signaling cascades upon activation that produce pro-
inflammatory cytokines, resulting in endothelial dysfunction and plaque instability. Another key 
player in this inflammatory process is the NLRP3 inflammasome, which responds to infectious and 
non-infectious stimuli, including viral RNA, bacterial toxins, and cholesterol crystals [8,9]. Once 
activated, the NLRP3 inflammasome promotes the secretion of IL-1β, a potent pro-inflammatory 
cytokine implicated in the progression of atherosclerosis [10,11]. Furthermore, angiotensin-
converting enzyme 2 (ACE2), a receptor known for regulating blood pressure, has gained 
considerable attention due to its interaction with the SARS-CoV-2 virus [12,13]. The binding of the 
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virus to ACE2 receptors impairs its physiological functions, leading to cardiovascular complications, 
including myocardial injury and arrhythmias [14]. Matrix metalloproteinases (MMPs), a family of 
proteolytic enzymes involved in extracellular matrix remodeling, also play a critical role in CVD 
progression, particularly in the degradation of the fibrous cap of atherosclerotic plaques, leading to 
plaque rupture and subsequent cardiovascular events [15,16]. 

Treating infections related to cardiovascular diseases typically involves using antimicrobial 
agents such as antibiotics, antivirals, and antifungals, depending on the pathogen involved. For 
bacterial infections, antibiotics such as macrolides and β-lactams are commonly prescribed. For 
example, azithromycin is often used to treat Chlamydia pneumoniae infections associated with 
atherosclerosis [17,18]. However, the use of antibiotics poses several challenges, including the 
emergence of antibiotic resistance, which has become a significant global health threat. The overuse 
and misuse of antibiotics have led to the development of multidrug-resistant (MDR) strains, which 
are not only harder to treat but also contribute to higher mortality rates in patients with CVDs [19–
21]. Moreover, the long-term use of antibiotics has been associated with adverse cardiovascular 
outcomes, including arrhythmias and QT interval prolongation [22]. As a result, there is growing 
interest in exploring alternative therapeutic strategies, such as the use of antimicrobial peptides 
(AMPs), which have the potential to overcome the limitations of current therapies and provide more 
targeted interventions. One of the significant advantages of AMPs is their ability to selectively target 
microbial membranes, which reduces the likelihood of developing resistance compared to traditional 
antibiotics [23,24]. Unlike conventional antimicrobial agents that often target specific bacterial 
proteins or enzymes, AMPs disrupt microbial membranes by interacting with their lipid bilayers, 
leading to cell lysis and death [25]. This mode of action is less prone to resistance, as microbes would 
need to undergo significant changes in membrane composition to evade AMP activity [26,27]. 

This study aimed to explore the therapeutic potential of AMPs in targeting key receptors 
involved in infection-related CVDs. Using a comprehensive approach that combined molecular 
docking and molecular dynamics simulations, we assessed the binding affinity, stability, and 
interaction dynamics of various AMPs with critical receptors. This study offered a novel, in-depth 
understanding of how AMPs can modulate critical receptors in infection-driven CVDs by employing 
these cutting-edge techniques. The findings from this study contributed to the growing field of 
peptide-based therapies, offering new perspectives on how AMPs could be utilized to combat 
cardiovascular diseases linked to infections, especially in cases where conventional treatments have 
limitations. This research underscored the therapeutic potential of AMPs and laid the groundwork 
for future investigations into peptide-based drug design for complex cardiovascular and 
inflammatory conditions.  

2. Materials and Methods 

2.1. Selection and Preparation of the Receptors Associated with Infection-Related CVDs 

In this study, five key receptors associated with infection-related CVDs were selected for 
analysis: Angiotensin-Converting Enzyme 2 (ACE2), C-reactive protein (CRP), Matrix 
Metalloproteinase-9 (MMP9), NLRP3 Inflammasome, and Toll-Like Receptor-4 (TLR4) (Table 1). To 
ensure accurate molecular docking and dynamics simulations, these proteins were chosen based on 
their well-characterized functions and the availability of high-resolution 3D structures in the Protein 
Data Bank (PDB). The preparation process involved retrieving the structural data, optimizing the 
protein structures, and refining them using Swiss-PdbViewer [28] to correct potential issues and 
enhance model accuracy. This refinement process included adjusting side-chain conformations, 
adding missing residues, and validating structural quality, ensuring the proteins were suitable for 
precise interaction modeling. Additionally, their active sites were defined using CASTp 3.0 [29], 
facilitating detailed docking studies with the selected antimicrobial peptides.  

Table 1. Overview of target receptors, their PDB IDs, and active sites. 
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Receptors Associated with 
Infection-related CVDs 

PDB ID 
Active Site          

(Number of Residues) 
Ref 

Angiotensin-Converting Enzyme 
2 (ACE2) 

6M0J 24, 30, 35, 38, 41, 42, 83, 353 [30] 

C-reactive protein (CRP) 1B09 
58, 60, 61, 66, 74, 81, 138, 139, 140, 147, 

150 
[31] 

Matrix Metalloproteinase-9 
(MMP9) 

1GKC 

131, 149, 165, 175, 177, 182, 183, 185, 
186, 187, 188, 189, 190, 197, 199, 201, 
203, 205, 206, 208, 211, 212, 213, 214, 
215, 393, 401, 402, 405, 421, 422, 423 

[32] 

NLRP3 Inflammasome 6NPY 
165, 166, 167, 229, 230, 231, 232, 379, 

411, 414, 520 
[33] 

Toll-Like Receptor-4 (TLR4) 3FXI 
363, 364, 365, 386, 409, 410, 411, 433, 

458, 507, 533 
[34] 

2.2. Selection and Preparation of Antimicrobial Peptides (AMPs) 

Specific criteria were employed to guide the selection of AMPs for this study, ensuring the 
relevance and reliability of the molecular docking and dynamics simulations. Only peptides with 
available 3D structures in the PDB were considered, guaranteeing the availability of accurate 
structural data necessary for effective modeling and simulation. The peptides chosen were classified 
under the SCOP (Structural Classification of Proteins) as “peptides.” The resolution of the structural 
data was restricted to 0.5 - 2.5 Å, as high-resolution structures are preferred for their detailed and 
accurate depiction of peptide conformation, which is crucial for precise docking simulations. The 
active sites of the AMPs were analyzed using CASTp 3.0 [29]. The complete dataset, including type, 
PDB ID, sequence, and active residues of the selected AMPs, is provided in Supplementary Data S1. 

Table 2. Selected antimicrobial peptides (AMPs) based on the employed criterion. 

Antimicrobial Peptide PDB ID Active Site (Number of Residues) Ref 
Aurein 1VM5 1, 2, 5 [35] 

Beta-defensin 2 1FD4 6, 7, 9, 10, 11, 12 [36] 
Bombinin 2AP7 1, 3, 4, 6, 7 [37] 

Cathelicidin 2K6O 1, 4, 5, 8 [38] 
Cecropin 1D9J 7, 9, 10, 11, 12 [39] 

Chim2 8EB1 10, 11, 14, 15 [40] 
Dermcidin 2NDK 18, 19, 22, 25, 26, 29 [41] 
Esculentin 5XDJ 2, 3, 6 [42] 
Exendin-4 3C59 26, 27, 28, 29, 32, 33 [43] 
Hepcidin 3H0T 13, 14, 16, 18, 19, 20, 21, 22 [44] 

Hs05 6VLA 5, 8, 9 [45] 
Indolicidin 1HR1 9, 10, 11, 12, 13 [46] 
Lactoferrin 1LFC 1, 23, 25 [47] 

Lavracin 2N8D 1, 3, 4, 6 [48] 
Magainin 2MAG 1, 2, 6, 9, 17, 21 [49] 
Melittin 2MLT 13, 16, 17, 20 [50] 

Microcin J25 4CU4 9, 10, 19, 20, 21 [51] 
Nisin 1WCO 9, 12, 17, 19, 20, 21 [52] 

Pardaxin 2KNS 2, 3, 5, 6, 9, 15, 22, 23, 26, 27, 29, 30, 33 [53] 
Piscidin 6PEZ 3, 4, 7 [54] 

Pleurocidin 2LS9 10, 13, 14, 17, 20, 23, 24 [55] 
Polyphemusin I 1RKK 7, 9, 12, 14 [56] 

Protegrin-1 1PG1 5, 6, 7, 14, 15, 16 [57] 
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Antimicrobial Peptide PDB ID Active Site (Number of Residues) Ref 
PvHCt 2N1C 14, 15, 16, 17, 18, 19, 20, 22, 23 [58] 

Subtilisin A 1PXQ 1, 4, 5, 7, 9, 10, 24, 25, 29, 30, 33 [59] 
Tachyplesin-1 2RTV 1, 2, 3, 16, 17 [60] 

Tachystatin 1CIX 5, 11, 12, 15, 18, 22, 23, 29 [61] 
Temporin-L 6GS5 4, 7 [62] 

Thanatin 8TFV 11, 13, 16, 17, 18 [63] 
Thermolysin 6FHP 258, 263, 267, 305, 306, 309, 310 [64] 

Based on these criteria, a set of 30 AMPs was chosen (Table 2), including Exendin-4, a notable 
AMP with similarities to GLP-1, and has been investigated for its potential to influence ACE2 activity 
[65]. CRP is a marker of inflammation often elevated in cardiovascular diseases [66]. Lactoferrin, an 
iron-binding glycoprotein known for its antimicrobial properties, has been shown to affect CRP levels 
[67], thus, Lactoferrin potentially influences cardiovascular outcomes and highlights its role in 
controlling inflammation in cardiovascular diseases. Cathelicidin, another well-studied AMP, has 
been shown to modulate the NLRP3 inflammasome, a critical component of the inflammatory 
response linked to cardiovascular diseases [68]. These examples illustrate how AMPs interact with 
key receptors involved in cardiovascular diseases, offering valuable insights into their potential 
therapeutic applications for modulating receptor activity and managing disease progression. 

2.3. Molecular Docking Simulations 

In this phase, molecular docking simulations were meticulously performed to investigate the 
interactions between a selected set of AMPs and specific receptors implicated in cardiovascular 
diseases. These receptors are critical targets in cardiovascular diseases and infections, influencing 
disease progression and inflammatory responses. The simulations were executed using the stand-
alone version of HADDOCK (High Ambiguity Driven protein-protein DOCKing) [69], a robust and 
versatile docking software that enables detailed exploration of binding modes and energetic 
interactions between complex biomolecules. HADDOCK is well-regarded for incorporating 
experimental data into the docking process, allowing for a more accurate prediction of the possible 
binding conformations between AMPs and target receptors. The DX600 peptide (sequence: 
GDYSHCSPLRYYPWWKCTYPDPEGGG) was used as a reference standard due to its known 
interaction with ACE2 (IC50: 10.1 μM) and therapeutic implications in cardiovascular conditions [70]. 
The 3D structure of peptide 35409 was generated using AlphaFold [71], providing a precise model 
for further analysis. DX600 peptide was utilized as a benchmark to evaluate the efficacy of other 
AMPs in binding to the target receptors. Using this standard peptide allowed for a comparative 
analysis of the binding efficiency and inhibitory potential of other AMPs. The insights gained from 
these simulations are intended to guide the selection of AMPs with the highest potential for 
therapeutic applications. To further refine and validate the docking results, PRODIGY (PROtein 
binDIng enerGY prediction) [72] was employed to predict the binding affinity of the AMP-adhesion 
protein complexes. PRODIGY is an advanced computational tool that leverages state-of-the-art 
algorithms to estimate the binding affinity between interacting proteins and ligands based on 
structural data [73]. This prediction of binding free energy is critical for ranking the AMP candidates, 
as it provides a quantitative measure of how strongly an AMP binds to a target receptor. By 
identifying the AMPs with the most favorable binding affinities, PRODIGY helps narrow down the 
candidates most likely to impact cardiovascular disease receptors effectively. All molecular docking 
simulations were conducted on a high-performance computing workstation with an Intel® Core™ i7-
12650H processor, an NVIDIA™ RTX 4060 graphics card with 8 GB VRAM, and 16 GB of DDR5 RAM. 

2.4. Molecular Dynamics (MD) Simulations 

Molecular dynamics (MD) simulations were utilized to explore the dynamics and stability of 
AMP-receptor complexes, specifically focusing on interactions between AMPs and receptors 
implicated in infection-related CVDs. The simulations were conducted using GROMACS 2022.5 [74], 
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a highly regarded tool known for its accuracy and efficiency in modeling biomolecular systems. The 
Optimized Potentials for Liquid Simulations (OPLS-AA/L) force field was employed to accurately 
represent molecular interactions within these complexes [75]. Simulation boxes were configured 
using default cubic box parameters to accommodate the AMP-receptor complexes effectively. 
Standard procedures were followed, including adding water molecules via the Single Point Charge 
Extended (SPCE) model and incorporating counterions to ensure system neutrality [76]. Energy 
minimization was conducted using the steepest-descent method to eliminate steric clashes and 
stabilize the system. Equilibration was performed in two stages: first, in the number of particles, 
volume, and temperature (NVT) ensemble to stabilize temperature and system conditions, and 
second, in the number of particles, pressure, and temperature (NPT) ensemble to maintain constant 
pressure and temperature [77,78]. Following equilibration, production MD simulations were 
conducted for 100 nanoseconds to observe the long-term dynamics of the AMP-receptor complexes. 
During the simulations, parameters such as Root Mean Square Deviation (RMSD), Root Mean Square 
Fluctuation (RMSF), Radius of Gyration (RoG), potential energies, and intermolecular hydrogen 
bonding interactions were monitored and analyzed to evaluate the stability and conformational 
dynamics of the complexes. Molecular visualization software, including PyMOL [79] and UCSF 
Chimera [80], was used to visualize critical residues and intermolecular interactions within the 
simulated complexes. This analysis provided valuable insights into the binding mechanisms and 
stability of the AMPs with the cardiovascular disease receptors. 

2.5. Molecular Mechanics/Poisson–Boltzmann Surface Area (MM/PBSA) Calculations 

The Molecular Mechanics/Poisson-Boltzmann Surface Area (MM/PBSA) method evaluated the 
peptide-receptor interactions involving AMPs and receptors implicated in infection-related CVDs. 
This method utilizes MD simulation data to calculate the binding free energy of the AMP-receptor 
complexes, providing insights into the strength and stability of these interactions. The MD 
simulations generated a variety of receptor conformations, and representative snapshots from these 
simulations were selected for detailed analysis [81]. Comprehensive energy computations were 
performed for each snapshot, including gas-phase energy calculations, solvation energy estimation 
using a continuum solvent model, and entropy calculations. These components were integrated to 
determine the overall binding free energy of the AMP-receptor complex [82,83]. The calculations used 
the gmx_MMPBSA module available within the GROMACS simulation package [84,85]. It is well-
regarded for its precision and efficiency in calculating binding free energies for biomolecular 
complexes. The MM/PBSA method is precious for predicting binding affinities, as it accounts for the 
energetic and solvation contributions to the binding process [86]. The binding free energy 
(ΔG_binding) was computed using the following equation: 

ΔG_binding = ΔG_complex - ΔG_peptide - ΔG_protein 
where: 

ΔG_binding: the binding free energy associated with forming the peptide-protein complex. 
ΔG_complex: the free energy of the fully solvated peptide-protein complex.  
ΔG_peptide: the free energy of peptide in its solvated state when unbound. 
ΔG_protein: the free energy of protein in its solvated state when unbound. 
By calculating the difference between the free energy of the complex and the combined free 

energies of the unbound AMP and receptor, this method provided insights into the energetic changes 
that occur upon complex formation, elucidating the interaction’s strength and stability. 

3. Results 

3.1. Molecular Docking Simulations of AMPs and Receptors Implicated in Infection-Related CVDs 

The molecular docking simulations aimed to investigate the interactions between the selected 
AMPs and CVD-related receptors associated with infection and inflammation pathways. Key 
interaction parameters were analyzed to understand better how AMPs bind to these target receptors. 
The docking results included an evaluation of the HADDOCK score, free binding energy (kcal/mol), 
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van der Waals energy, electrostatic energy, and desolvation energy for various AMP-receptor 
combinations. The best binding poses of AMPs and ACE2 (as one of the target receptors) are 
presented in Figure 1. The HADDOCK score provided an overall measure of the docking quality by 
integrating both the spatial and energetic fit of the AMP to the receptor. Free binding energy, 
measured in kilocalories per mole, offered a quantitative assessment of the binding strength between 
the AMPs and the receptors [77]. The van der Waals and electrostatic energies were also analyzed to 
gain insight into the non-covalent forces driving the interactions, which are crucial for understanding 
how these peptides interact at the molecular level. Additionally, desolvation energy, which reflects 
the energy of displacing water molecules from the receptor surface upon peptide binding, was 
calculated to understand the binding thermodynamics [87]. These results laid the groundwork for 
further molecular dynamics simulations to explore the stability and dynamics of the AMP-receptor 
complexes. 

 
Figure 1. Molecular docking simulations illustrate the optimal binding orientations for interactions 
between AMPs and ACE2. (a) ACE2:DX600 peptide (standard antagonist) complex. (b) 
ACE2:Hepcidin complex. (c) ACE2:Pleurocidin complex. (d) ACE2:Tachystatin complex. (e) 
ACE2:Thermolysin complex. (f) ACE2:PvHCt complex. 

Figure 2 presents the free binding energy (kcal/mol) scores for the top-performing AMPs 
interacting with different target proteins, focusing on Tachystatin, Thermolysin, Pleurocidin, and 
Subtilisin A as consistent performers. Tachystatin emerged as a potent peptide across multiple 
targets. When docked with ACE2, Tachystatin achieved a HADDOCK score of -102.0 ± 3.7 a.u. and a 
binding energy of -10.7 kcal/mol, outperforming the standard inhibitor DX600 (-8.6 kcal/mol). The 
van der Waals energy was -48.4 ± 4.4 kcal/mol, and the electrostatic energy was -220.9 ± 32.4 kcal/mol, 
reflecting strong interaction forces, while the RMSD value of 1.5 ± 0.0 Å indicates a relatively stable 
conformation. Tachystatin similarly showed strong binding with MMP9, achieving a HADDOCK 
score of -136.4 ± 3.4 a.u. and a binding energy of -12.2 kcal/mol. These results highlight Tachystatin’s 
consistent performance across different proteins. 

Thermolysin was also identified as a highly effective AMP, particularly with ACE2 and NLRP3. 
In the ACE2 complex, Thermolysin achieved a HADDOCK score of -91.4 ± 2.4 a.u. and a binding 
energy of -10.7 kcal/mol, comparable to Tachystatin. Its van der Waals energy of -49.2 ± 2.5 kcal/mol 
and electrostatic energy of -131.8 ± 20.5 kcal/mol indicate a well-balanced interaction. Thermolysin’s 
performance with MMP9 also stood out, yielding a binding energy of -10.6 kcal/mol with a 
HADDOCK score of -114.4 ± 3.8 a.u., and it demonstrated a stable RMSD of 1.2 ± 0.2 Å. Pleurocidin, 
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another top-performing peptide, demonstrated robust binding across multiple proteins. In complex 
with ACE2, Pleurocidin achieved a HADDOCK score of -104.8 ± 1.9 a.u. and a binding energy of -
11.2 kcal/mol, with a van der Waals energy of -46.6 ± 6.0 kcal/mol and an electrostatic energy of -220.6 
± 23.5 kcal/mol, indicating strong non-covalent interactions. Similarly, Pleurocidin exhibited a strong 
interaction with MMP9, with a HADDOCK score of -143.7 ± 4.0 a.u. and a binding energy of -9.7 
kcal/mol. The stability of these interactions was underscored by an RMSD of 1.2 ± 0.1 Å. Subtilisin A 
demonstrated strong binding interactions, particularly with CRP and NLRP3. In the CRP complex, 
Subtilisin A achieved a HADDOCK score of -128.1 ± 8.3 a.u. and a binding energy of -12.0 kcal/mol, 
significantly surpassing the binding energy of DX600 (-9.7 kcal/mol). The electrostatic energy was -
306.9 ± 57.8 kcal/mol, indicating powerful electrostatic interactions, while the RMSD value of 0.6 ± 0.5 
Å reflects a stable interaction. In the NLRP3 complex, Subtilisin A showed similar effectiveness, with 
a HADDOCK score of -138.7 ± 2.8 a.u. and a binding energy of -12.1 kcal/mol, demonstrating its 
strong and consistent performance. The results, as summarized in Table 3, demonstrate the strong 
binding affinity and stability of the top-performing AMPs—particularly Tachystatin, Thermolysin, 
Pleurocidin, and Subtilisin A—toward key protein targets implicated in infection pathways related 
to CVDs. These AMPs exhibit the potential to inhibit receptor-mediated adhesion and signaling 
processes, which play a critical role in infection onset and progression. Their stable interactions with 
these receptors suggest promising therapeutic applications in preventing CVD-associated infections. 
Detailed molecular docking results are available in Supplementary Data S2. 
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Figure 2. Molecular docking results of optimal target receptor-AMP complexes, highlighting the 
lowest binding energy values indicative of a superior affinity. (A) ACE2 complexes. (B) CRP 
complexes. (C) MMP9 complexes. (D) NLRP3 complexes. (E) TLR4 complexes. 

Table 3. Molecular docking results of top 5 performing target protein-AMP complexes compared to 
the standard inhibitor (DX600 peptide). 

Complex 
HADDOCK 
score (a.u.) 

Binding 
energy 

(kcal/mo
l) 

Van der 
Waals 
energy 

Electrostatic 
energy 

Desolvatio
n energy 

RMSD 

ACE2 Complexes 
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Complex 
HADDOCK 
score (a.u.) 

Binding 
energy 

(kcal/mo
l) 

Van der 
Waals 
energy 

Electrostatic 
energy 

Desolvatio
n energy 

RMSD 

ACE2:DX600 
peptide (standard 

inhibitor) 
-76.8 +/- 0.9 -8.6 -38.7 +/- 2.9 -79.0 +/- 28.3 -26.1 +/- 4.2 1.4 +/- 0.2 

ACE2:Hepcidin -96.3 +/- 7.2 -11.3 -44.7 +/- 1.2 -250.1 +/- 24.0 -3.1 +/- 4.7 0.5 +/- 0.3 
ACE2:Pleurocidin -104.8 +/- 1.9 -11.2 -46.6 +/- 6.0 -220.6 +/- 23.5 -18.0 +/- 2.2 1.5 +/- 0.1 
ACE2:Tachystatin -102.0 +/- 3.7 -10.7 -48.4 +/- 4.4 -220.9 +/- 32.4 -20.0 +/- 4.3 1.5 +/- 0.0 
ACE2:Thermolysi

n 
-91.4 +/- 2.4 -10.7 -49.2 +/- 2.5 -131.8 +/- 20.5 -19.0 +/- 1.1 0.7 +/- 0.5 

ACE2:PvHCt -94.0 +/- 2.8 -9.9 -44.8 +/- 2.2 -117.5 +/- 15.6 -28.6 +/- 1.0 0.6 +/- 0.4 
CRP Complexes 

CRP:DX600 
peptide (standard 

inhibitor) 
-90.7 +/- 8.8 -9.7 -40.8 +/- 4.6 -171.9 +/- 13.0 -15.7 +/- 2.1 0.8 +/- 0.5 

CRP:Nisin -79.3 +/- 4.1 -13.1 -43.0 +/- 4.4 -198.5 +/- 14.5 3.1 +/- 1.3 2.6 +/- 0.6 
CRP:Subtilisin A -128.1 +/- 8.3 -12.0 -46.5 +/- 6.1 -306.9 +/- 57.8 -22.6 +/- 7.6 0.6 +/- 0.5 
CRP:Protegrin-1 -92.7 +/- 4.0 -11.3 -37.5 +/- 3.9 -330.3 +/- 21.8 9.7 +/- 2.4 1.3 +/- 0.1 

CRP:Pardaxin -102.4 +/- 2.9 -11.0 -50.1 +/- 0.3 -202.1 +/- 37.0 -16.5 +/- 5.7 1.7 +/- 0.2 
CRP:Magainin -108.2 +/- 5.6 -10.6 -25.2 +/- 4.2 -352.4 +/- 45.0 -14.6 +/- 1.7 1.0 +/- 0.2 

MMP9 Complexes 
MMP9:DX600 

peptide (standard 
inhibitor) 

-98.3 +/- 2.5 -9.4 -55.5 +/- 3.8 -205.3 +/- 34.7 -22.0 +/- 2.3 1.4 +/- 0.3 

MMP9:Tachystatin -136.4 +/- 3.4 -12.2 -85.2 +/- 7.8 -235.8 +/- 14.4 -28.6 +/- 3.1 1.6 +/- 0.0 
MMP9:Thermolysi

n 
-114.4 +/- 3.8 -10.6 -70.3 +/- 6.6 -173.2 +/- 46.2 -27.6 +/- 3.6 1.2 +/- 0.2 

MMP9:Beta-
defensin 2 

-93.6 +/- 4.7 -10.0 -55.2 +/- 3.8 -285.5 +/- 37.5 -3.9 +/- 1.5 0.5 +/- 0.3 

MMP9:Exendin-4 -48.2 +/- 3.2 -9.8 -47.3 +/- 5.7 -55.4 +/- 20.3 -14.5 +/- 1.5 0.9 +/- 0.5 
MMP9:Pleurocidin -143.7 +/- 4.0 -9.7 -62.7 +/- 6.7 -406.5 +/- 40.9 -27.8 +/- 2.8 1.2 +/- 0.1 

NLRP3 Complexes 
NLRP3:DX600 

peptide (standard 
inhibitor) 

-87.9 +/- 2.7 -10.5 -50.1 +/- 6.8 -237.3 +/- 44.7 -5.9 +/- 4.6 0.9 +/- 0.5 

NLRP3:Subtilisin 
A 

-138.7 +/- 2.8 -12.1 -75.8 +/- 4.3 -271.9 +/- 59.6 -31.2 +/- 6.0 0.7 +/- 0.4 

NLRP3:Dermcidin -98.6 +/- 14.7 -12.0 -45.9 +/- 4.1 -374.3 +/- 87.9 11.9 +/- 4.2 1.0 +/- 0.6 
NLRP3:Tachystati

n 
-100.1 +/- 8.7 -11.3 -50.4 +/- 9.3 -281.3 +/- 36.1 -0.2 +/- 5.0 1.4 +/- 0.2 

NLRP3:Thermolys
in 

-82.3 +/- 4.9 -11.3 -51.1 +/- 4.7 -193.6 +/- 19.4 0.3 +/- 2.8 1.2 +/- 0.9 

NLRP3:Pleurocidi
n 

-110.5 +/- 9.2 -11.0 -63.0 +/- 6.9 -253.8 +/- 21.7 -15.0 +/- 6.3 1.1 +/- 0.7 

TLR4 Complexes 
TLR4:DX600 

peptide (standard 
inhibitor) 

-78.4 +/- 4.4 -12.9 -41.0 +/- 7.0 -111.4 +/- 34.1 -22.9 +/- 5.1 1.3 +/- 0.2 

TLR4:Tachystatin -125.7 +/- 2.9 -14.7 -71.8 +/- 3.2 -172.7 +/- 15.0 -23.1 +/- 2.0 0.4 +/- 0.2 
TLR4:Dermcidin -91.1 +/- 8.6 -14.3 -57.5 +/- 3.3 -137.5 +/- 37.3 -10.2 +/- 1.9 1.0 +/- 0.6 
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Complex 
HADDOCK 
score (a.u.) 

Binding 
energy 

(kcal/mo
l) 

Van der 
Waals 
energy 

Electrostatic 
energy 

Desolvatio
n energy 

RMSD 

TLR4:Subtilisin A -108.7 +/- 3.4 -13.6 -59.9 +/- 2.4 -70.5 +/- 21.6 -40.4 +/- 3.5 1.3 +/- 0.1 
TLR4:Nisin -94.6 +/- 6.3 -13.5 -55.8 +/- 5.0 -153.0 +/- 28.9 -13.6 +/- 3.1 1.3 +/- 0.1 

TLR4:Chim2 -93.3 +/- 4.4 -13.3 -47.7 +/- 5.0 -119.0 +/- 23.8 -27.3 +/- 5.7 0.4 +/- 0.3 

The correlation matrix depicted in Figure 3 provides a detailed analysis of the interplay between 
different energy components—van der Waals energy, electrostatic energy, and desolvation energy—
and their contributions to the binding energy of AMP-receptor complexes, specifically in receptors 
associated with infection-related CVDs. This matrix is essential for understanding the nuances of 
molecular interactions that govern the stability and affinity of AMP binding to these receptors. The 
correlation coefficients, ranging from -1 to 1, indicate the strength and direction of the relationships 
between binding energy and individual energy components. Positive values suggest a direct 
relationship, while negative values indicate an inverse relationship, offering valuable insights into 
the binding mechanisms of these AMP-receptor complexes. In the ACE2 complexes, a moderate 
positive correlation (r = 0.68) between binding energy and van der Waals energy suggests that van 
der Waals interactions significantly stabilize these complexes. This implies that the physical 
interactions between the AMP and the ACE2 receptor are primarily driven by non-covalent van der 
Waals forces, contributing to a strong binding affinity. In contrast, electrostatic energy (r = 0.12) and 
desolvation energy (r = 0.31) show much weaker correlations, indicating that these energy 
components have a minimal impact on the overall binding energy in ACE2 complexes. The 
dominance of van der Waals interactions in these complexes suggests that designing AMP-based 
therapies targeting ACE2 receptors for preventing infection-related CVDs should prioritize 
optimizing hydrophobic and steric interactions to enhance binding stability. 

For the C-reactive protein (CRP) complexes, van der Waals energy (r = 0.61) also shows a 
significant positive correlation, reinforcing the importance of these interactions in maintaining strong 
AMP-receptor binding. However, electrostatic energy exhibits a negative correlation (r = -0.27), 
suggesting that unfavorable electrostatic interactions may slightly weaken the binding affinity. The 
relatively modest positive correlation for desolvation energy (r = 0.29) indicates that solvation effects 
do not play a significant role in these complexes. The results imply that, while van der Waals forces 
are crucial, electrostatic repulsion may limit the binding efficiency of AMPs to CRP receptors. In the 
case of MMP9 receptor complexes, van der Waals energy (r = 0.39) shows a weaker correlation with 
binding energy than the other receptors, suggesting a reduced contribution of hydrophobic 
interactions to the binding affinity. Both electrostatic energy (r = -0.13) and desolvation energy (r = 
0.019) display near-zero correlations, indicating that these forces have a negligible impact on binding 
stability. This suggests that, for MMP9 complexes, neither van der Waals nor electrostatic interactions 
are particularly dominant. This may point to other factors, such as peptide conformation or flexibility, 
playing a more prominent role in binding affinity.  
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Figure 3. Correlation matrices illustrate the relationships between binding energy (kcal/mol) and 
individual energy components for each target receptor-AMP complex. These include (A) ACE2 
complexes, (B) CRP complexes, (C) MMP9 complexes, (D) NLRP3 complexes, and (E) TLR4 
complexes. The matrices measure the degree of association between binding energy, van der Waals 
energy, electrostatic energy, and desolvation energy. The correlation values range from -1 to 1, where 
1 denotes a perfect positive correlation, -1 indicates a perfect negative correlation, and 0 signifies no 
correlation. 

NLRP3 complexes present a more balanced interaction profile, with van der Waals energy (r = 
0.44) and electrostatic energy (r = 0.32) showing moderate positive correlations. In contrast, 
desolvation energy (r = -0.39) exhibits a strong negative correlation. This indicates that while van der 
Waals and electrostatic interactions contribute to binding stability, desolvation effects may 
destabilize these complexes. The negative impact of desolvation energy could arise from the 
displacement of water molecules around the receptor site, destabilizing the AMP-receptor complex. 
Optimizing AMPs for NLRP3 could involve minimizing the unfavorable desolvation contributions 
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while enhancing van der Waals and electrostatic interactions. Lastly, the TLR4 complexes reveal a 
strong positive correlation between binding energy and van der Waals energy (r = 0.61), similar to 
the ACE2 and CRP complexes. This suggests that van der Waals forces are again crucial in stabilizing 
the AMP-TLR4 complexes. However, electrostatic energy (r = -0.032) shows a near-zero correlation, 
indicating minimal electrostatic contributions to the overall binding energy. The desolvation energy 
(r = 0.15) exhibits a weak positive correlation, suggesting that solvation effects play a relatively minor 
role in these complexes. 

Note: 
• ICs: Number of intermolecular contacts 
• NIS: Non-interacting surface 

The intermolecular contact (IC) and non-interacting surface (NIS) data in Table 4 provides a 
detailed assessment of the molecular interactions between receptors associated with infection-related 
CVDs and various AMPs, compared to the standard inhibitor DX600. This analysis highlights the 
unique interaction profiles of several top-performing AMPs, including Tachystatin, Thermolysin, 
Pleurocidin, and Subtilisin A, across different receptors such as ACE2, CRP, MMP9, NLRP3, and 
TLR4. These AMPs exhibit consistent binding performance, demonstrated through favorable 
intermolecular contacts across various energy categories and receptor sites, positioning them as 
potent inhibitors for preventing infection-related CVDs. For the ACE2 receptor, Pleurocidin, 
Tachystatin, and Thermolysin demonstrate higher charged-apolar and polar-apolar interactions than 
standard inhibitor DX600. Pleurocidin, with 23 charged-apolar and 11 polar-apolar contacts, indicates 
strong hydrophobic and polar interactions, suggesting a robust binding stability with ACE2. 
Tachystatin also presents significant charged-polar (9) and polar-apolar (12) interactions, enhancing 
its ability to form stable complexes. Thermolysin, with the highest charged-apolar interactions (29), 
further highlights its potential to form energetically favorable contacts with the receptor. These 
enhanced interactions, alongside relatively stable NIS values for all three AMPs, suggest that 
Pleurocidin, Tachystatin, and Thermolysin are strong candidates for inhibiting ACE2-mediated 
infection pathways in CVDs. Subtilisin A and Pleurocidin stand out in CRP receptor complexes with 
substantial intermolecular contacts. Subtilisin A exhibits 29 charged-apolar, 23 polar-apolar, and 14 
apolar-apolar interactions, outperforming the standard DX600 in every category. This strong 
interaction profile and a high NIS apolar value (43.98) suggest that Subtilisin A can efficiently block 
CRP’s role in infection processes linked to CVDs. Pleurocidin also shows considerable interaction 
strengths, with 24 charged-apolar and 18 polar-apolar contacts, making it a competitive AMP in the 
CRP complex. Both peptides demonstrate high binding affinity, which could disrupt CRP’s function 
in inflammatory responses associated with CVDs. 

Table 4. Intermolecular contacts and non-interacting surface areas for receptors associated with 
infection-related CVD complexes with standard inhibitor and antimicrobial peptides. 

Complex 

ICs 
charge

d-
charge

d 

ICs 
charged
-polar 

ICs 
charged
-apolar 

ICs 
polar-
polar 

ICs 
polar-
apolar 

ICs 
apolar

-
apolar 

NIS 
charge

d 

NIS 
apolar 

ACE2 Complexes 
ACE2:DX600 peptide    
(standard inhibitor) 

3 3 14 0 5 6 27.88 33.63 

ACE2:Hepcidin 12 3 28 0 7 7 27.54 33.86 
ACE2:Pleurocidin 8 5 23 0 11 4 27.87 34.61 
ACE2:Tachystatin 5 9 20 2 12 8 26.88 33.76 

ACE2:Thermolysin 4 4 29 2 9 4 27.33 34.11 
ACE2:PvHCt 14 3 16 2 7 2 27.35 34.30 

CRP Complexes 
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CRP:DX600 peptide   
(standard inhibitor) 

4 7 16 2 15 7 26.83 40.24 

CRP:Nisin 1 3 27 1 26 19 24.71 42.35 
CRP:Subtilisin A 5 4 29 4 23 14 25.9 43.98 
CRP:Protegrin-1 9 11 19 0 18 11 29.03 40.00 

CRP:Pardaxin 2 10 24 3 21 18 25.29 44.12 
CRP:Magainin 8 5 20 2 18 10 28.12 42.50 

MMP9 Complexes 
MMP9:DX600 peptide  

(standard inhibitor) 
6 2 26 0 7 30 23.08 43.36 

MMP9:Tachystatin 4 10 22 0 20 28 22.29 41.40 
MMP9:Thermolysin 6 3 29 0 11 33 24.36 42.31 

MMP9:Beta-defensin 2 11 3 28 0 10 24 23.33 47.33 
MMP9:Exendin-4 1 4 19 0 16 22 26.06 43.66 

MMP9:Pleurocidin 12 0 27 1 8 34 22.3 46.04 
NLRP3 Complexes 

NLRP3:DX600 peptide 
(standard inhibitor) 

5 7 23 2 15 8 23.84 42.36 

NLRP3:Subtilisin A 1 10 37 2 19 23 23.74 44.13 
NLRP3:Dermcidin 14 8 28 0 15 14 25.24 42.86 
NLRP3:Tachystatin 8 11 22 5 15 11 23.99 41.14 

NLRP3:Thermolysin 6 11 31 0 8 4 24 41.93 
NLRP3:Pleurocidin 13 6 31 1 10 20 23.97 42.84 

TLR4 Complexes 
TLR4:DX600 peptide   
(standard inhibitor) 

4 6 15 0 23 8 24.43 30.77 

TLR4:Tachystatin 5 10 24 4 26 10 23.90 31.58 
TLR4:Dermcidin 10 2 26 1 21 16 25.49 33.26 
TLR4:Subtilisin A 4 5 16 2 24 28 23.57 32.82 

TLR4:Nisin 6 9 20 7 25 14 23.87 31.98 
TLR4:Chim2 6 8 16 1 21 14 25.34 31.51 

For the MMP9 receptor, Thermolysin and Pleurocidin again show superior performance. 
Thermolysin, with 29 charged-apolar and 11 polar-apolar interactions, demonstrates a clear 
advantage in forming hydrophobic interactions crucial for MMP9 inhibition. Pleurocidin, with 27 
charged-apolar interactions, also shows strong binding potential, supported by this complex’s 
highest apolar-apolar contact count (34). These AMPs outperform the standard inhibitor DX600, 
which has only 26 charged-apolar contacts, suggesting that Thermolysin and Pleurocidin can better 
interfere with MMP9’s role in infection-related tissue damage in CVDs. In the NLRP3 receptor, 
Tachystatin, Thermolysin, and Pleurocidin again exhibit consistently strong binding characteristics. 
Tachystatin displays many polar-polar (5) and apolar-apolar (11) contacts, reinforcing its stability 
within the NLRP3 complex. Thermolysin, with 31 charged-apolar and 8 polar-apolar interactions, 
showcases its potent hydrophobic interaction profile, while Pleurocidin leads with the highest 
charged-apolar contact count (31), emphasizing its binding efficiency. These interaction profiles 
indicate that these AMPs can effectively inhibit NLRP3, potentially reducing its involvement in 
inflammatory responses during infection-related CVDs. Finally, in TLR4 receptor complexes, 
Tachystatin, Subtilisin A, and Pleurocidin demonstrate strong intermolecular contacts. Tachystatin, 
with 24 charged-apolar and 26 polar-apolar contacts, highlights its capacity to engage with both 
charged and polar regions of the receptor. With 28 apolar-apolar interactions, Subtilisin A presents a 
solid hydrophobic binding potential. In contrast, Pleurocidin’s interaction profile, including 20 
charged-apolar and 25 polar-apolar contacts, shows its versatility in forming intermolecular bonds. 
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These interactions and comparable NIS values suggest that these AMPs can effectively inhibit TLR4-
mediated infection pathways, often linked to inflammation and cardiovascular complications. 

Table 5 presents a detailed examination of hydrogen bond interactions between infection-related 
CVD receptor complexes and AMPs compared with the standard inhibitor. For the ACE2 complex, 
strong interactions were observed, with the shortest hydrogen bond distance being 2.58 Å between 
Glu23 of ACE2 and Lys24 of Hepcidin. In the CRP complex, notable interactions include the bond 
between Glu147 of CRP and Lys22 of Nisin at a distance of 2.66 Å. MMP9 shows multiple hydrogen 
bonds, with a prominent bond between Glu111 of MMP9 and Leu6 of Tachystatin at 2.66 Å, 
indicating stable interaction. Similarly, the NLRP3 A complex reveals strong binding with the 
shortest bond between Arg452 of NLRP3 and Glu23 of Subtilisin A, both at 2.61 Å. Finally, TLR4 
interactions show consistent hydrogen bonding, particularly between His458 of TLR4 and Val12 of 
Tachystatin at 2.69 Å, contributing to the peptide’s binding efficacy. These hydrogen bonds indicate 
that the antimicrobial peptides, particularly Tachystatin and Subtilisin A, form strong and stable 
interactions with their respective receptors, comparable to or exceeding the standard inhibitor. 

Table 5. Detailed examination of hydrogen bond interactions between receptors associated with 
infection-related CVD complexes with standard inhibitor and antimicrobial peptides. 

Complex 
Residue     

(Receptor) 

Protein 
Atom 

(Receptor) 

Residue 
(Interacting 

Peptide) 

Protein Atom 
(Interacting 

Peptide) 

Interaction 
Distance 

(Å) 

ACE2:Hepcidin 

Ser19 OG Lys24 NZ 2.81 
Glu23 OE2 Lys24 NZ 2.58 
Asp30 OD1 Arg16 NH1 2.71 
Asp30 OD2 Arg16 NH2 2.59 
Asp38 OD2 Lys18 NZ 2.61 

CRP:Nisin 

Asn61 OD1 Cys19 SG 2.94 
Glu147 OE1 Lys22 NZ 2.66 
Glu147 OE2 Asn20 ND2 2.93 
Gln150 NE2 Gly18 O 2.97 
Gln150 NE2 Cys19 O 2.86 

MMP9:Tachystat
in 

Glu111 OE2 Leu6 N 2.66 
Tyr179 OH Arg3 NE 2.90 
Pro180 O Thr20 OG1 2.64 
Asp182 O Arg14 NH2 2.79 
Gly183 O Arg14 NH1 2.88 
Asp185 O Arg14 NH1 2.81 
Leu188 N Tyr38 OH 2.85 
Gln199 OE1 Arg3 NH1 3.11 
Gln199 OE1 Arg3 NH2 2.93 
Tyr393 OH Thr37 OG1 2.89 
His411 O Arg40 NH2 2.86 
His411 ND1 Asn10 N 3.27 
Ser412 O Arg40 NH1 3.28 
Ser412 O Arg40 NH2 2.75 

NLRP3:Subtilisi
n A 

Gln147 OE1 Lys2 NZ 2.70 
Glu150 OE2 Ala5 N 2.95 
Glu150 OE2 Thr6 N 3.17 
Glu150 OE2 Cys7 SG 2.95 
Lys164 O Trp34 NE1 2.77 
Glu425 OE2 Cys13 N 2.68 
Arg452 NE Glu23 OE2 2.61 
Arg452 NH2 Glu23 OE1 2.61 
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Arg502 NH1 Thr6 O 2.78 

TLR4:Tachystati
n 

Asn383 O Arg30 NH1 3.27 
Asn383 O Arg30 NH2 2.94 
Ser386 O Tyr44 OH 2.78 
Lys435 NZ Cys23 O 2.74 
Lys435 NZ Cys24 O 2.94 
Lys435 NZ Leu27 O 2.71 
His458 NE2 Val12 O 2.69 
Arg460 NH2 Gly17 O 2.73 

3.2. Molecular Dynamics (MD) Simulations 

Table 6 overviews the time-averaged structural properties obtained from molecular dynamics 
(MD) simulations of target receptor-AMP complexes. The data reveal that Tachystatin, Thermolysin, 
Pleurocidin, and Subtilisin A exhibit notable structural stability and binding characteristics compared 
to the standard inhibitor, DX600 peptide, across various receptors associated with infection-related 
CVDs. For ACE2 complexes, Tachystatin shows a higher average RMSD (3.327 Å) and average RMSF 
(0.747 Å) compared to the standard inhibitor DX600 peptide (RMSD: 3.559 Å, RMSF: 0.792 Å), 
indicating a slight increase in conformational fluctuations and structural deviation. However, 
Tachystatin has the highest average number of hydrogen bonds (53) and the most favorable potential 
energy (-660,317.634 kcal/mol), suggesting that it forms more stable and energetically favorable 
interactions with ACE2 than DX600 peptide.  

Table 6. Time-averaged structural properties obtained from the MD simulations of target receptor-
AMP complexes. 

Complex 
Average 
RMSD 

(Å) 

Average 
RMSF 

(Å) 

Average  
RoG (Å) 

Number of 
Hydrogen Bonds 
Between the Two 

Proteins 

Potential 
Energy 

(kcal/mol) 

ACE2 Complexes 
ACE2 (apo-protein) 2.870 0.772 2.501 N/A -440,543.758 

ACE2:DX600 peptide 
(standard inhibitor) 

3.559 0.792 2.597 50 -583,916.418 

ACE2:Hepcidin 3.245 0.822 2.548 49 -477,259.112 
ACE2:Pleurocidin 3.218 0.791 2.572 50 -466,473.033 
ACE2:Tachystatin 3.327 0.747 2.658 53 -660,317.634 

ACE2:Thermolysin 3.340 0.789 2.703 54 -572,443.081 
ACE2:PvHCt 3.493 0.795 2.614 51 -603,748.294 

CRP Complexes 
CRP (apo-protein) 2.010 0.726 1.608 N/A -136,101.530 

CRP:DX600 peptide  
(standard inhibitor) 

2.402 0.958 1.735 14 -184,719.286 

CRP:Nisin 2.313 0.787 1.737 16 -288,567.674 
CRP:Subtilisin A 1.977 0.757 1.704 16 -166,979.914 
CRP:Protegrin-1 2.416 0.951 1.653 17 -179,352.210 

CRP:Pardaxin 2.355 0.864 1.687 16 -143,351.144 
CRP:Magainin 2.192 0.814 1.688 17 -145,486.514 

MMP9 Complexes 
MMP9 (apo-protein) 2.078 1.094 1.495 N/A -111,366.323 

MMP9:DX600 peptide 
(standard inhibitor) 

2.555 1.267 1.610 11 -164,237.839 

MMP9:Tachystatin 2.209 1.359 1.631 13 -195,363.451 
MMP9:Thermolysin 1.992 1.295 1.666 15 -131,816.946 
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MMP9:Beta-defensin 2 2.498 1.330 1.641 13 -163,272.695 
MMP9:Exendin-4 2.820 1.461 1.661 12 -191,827.586 

MMP9:Pleurocidin 2.274 1.095 1.573 11 -119,726.773 
NLRP3 Complexes 

NLRP3 (apo-protein) 3.176 0.924 3.614 N/A -900,750.476 
NLRP3:DX600 peptide 

(standard inhibitor) 
3.636 1.056 3.652 45 -1,127,743.577 

NLRP3:Subtilisin A 3.621 1.044 3.667 48 -1,070,921.883 
NLRP3:Dermcidin 3.501 1.048 3.728 50 -1,370,475.374 
NLRP3:Tachystatin 3.459 0.972 3.678 49 -1,467,888.897 

NLRP3:Thermolysin 3.362 0.941 3.638 53 -1,239,438.186 
NLRP3:Pleurocidin 3.207 1.051 3.587 49 -977,382.530 

TLR4 Complexes 
TLR4 (apo-protein) 2.642 0.720 3.201 N/A -718,765.881 

TLR4:DX600 peptide 
(standard inhibitor) 

2.968 0.775 3.268 38 -755,432.195 

TLR4:Tachystatin 2.914 0.878 3.221 46 -780,309.925 
TLR4:Dermcidin 2.938 0.900 3.234 43 -708,531.477 
TLR4:Subtilisin A 3.106 0.831 3.194 45 -711,005.102 

TLR4:Nisin 2.962 0.815 3.193 44 -712,561.934 
TLR4:Chim2 3.143 0.918 3.220 45 -743,878.601 

In CRP complexes, Subtilisin A and Pleurocidin display better structural stability with average 
RMSD values of 1.977 Å and 2.313 Å, respectively, compared to the standard inhibitor DX600 peptide 
(2.402 Å). Subtilisin A also has a comparable number of hydrogen bonds (16) and lower potential 
energy (-166,979.914 kcal/mol) than DX600 peptide (-184,719.286 kcal/mol), indicating efficient 
binding and favorable energetics. Pleurocidin exhibits a similar number of hydrogen bonds (16) and 
lower potential energy (-143,351.144 kcal/mol) than the DX600 peptide. For MMP9 complexes, 
Tachystatin and Thermolysin demonstrate lower average RMSD values (2.209 Å and 1.992 Å, 
respectively) compared to the standard inhibitor DX600 peptide (2.555 Å), indicating better structural 
stability. Tachystatin has a higher average number of hydrogen bonds (13) and more favorable 
potential energy (-195,363.451 kcal/mol) compared to DX600 peptide (-164,237.839 kcal/mol), 
suggesting that Tachystatin provides more stable and energetically favorable interactions with 
MMP9. In NLRP3 complexes, Tachystatin and Subtilisin A exhibit better structural stability with 
average RMSD values of 3.459 Å and 3.621 Å, respectively, compared to the standard inhibitor DX600 
peptide (3.636 Å). Tachystatin also shows a higher number of hydrogen bonds (49) and the most 
favorable potential energy (-1,467,888.897 kcal/mol) among the peptides tested, indicating that it 
forms highly stable and energetically favorable interactions with NLRP3 compared to DX600 peptide. 
Finally, in TLR4 complexes, Tachystatin and Subtilisin A have lower average RMSD values (2.914 Å 
and 3.106 Å) compared to the standard inhibitor DX600 peptide (2.968 Å). Tachystatin also exhibits a 
higher number of hydrogen bonds (46) and more favorable potential energy (-780,309.925 kcal/mol) 
than DX600 peptide (-755,432.195 kcal/mol), suggesting that Tachystatin provides a more stable and 
energetically favorable binding interaction with TLR4. 

RMSF values offer a detailed view of residue flexibility within receptors associated with 
infection-related CVD-AMP complexes, as depicted in Figure 4. The results indicate that the AMPs 
exhibit a notable correspondence with the standard inhibitor, DX600 peptide, regarding residue 
flexibility, suggesting that these AMPs can disrupt receptor stability similarly to the standard 
inhibitor. The ACE2 complexes’ RMSF patterns of Pleurocidin, Tachystatin, and Thermolysin closely 
resemble those of the standard inhibitor, particularly within residues Asn330 to Asp355. In CRP 
complexes, the RMSF values of these AMPs show a strong correlation with the standard inhibitor 
around residues Ala55 to Ile65 and Glu130 to Asp155. For MMP9 complexes, the RMSF profiles of 
Pleurocidin, Tachystatin, and Thermolysin match those of the standard inhibitor in residues Ile125 to 
Asp138. In the NLRP3 and TLR4 complexes, the RMSF values of the AMPs align closely with those 
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of the standard inhibitor in crucial binding regions, including residues Ser161 to His175 and Lys375 
to Asn400 for NLRP3, and Ser360 to Leu380 and Gln510 to Leu535 for TLR4. Overall, the RMSF data 
highlight that the AMPs can disrupt receptor stability in a manner similar to the standard inhibitor. 
The ability of these AMPs to induce comparable flexibility in critical binding regions underscores 
their potential as effective disruptors of receptor stability, akin to the DX600 peptide. 

 

Figure 4. Molecular dynamics (MD) simulation results illustrating the Root Mean Square Fluctuation 
(RMSF) profiles, highlighting the flexibility of residues within different complexes: (A) ACE2 
complexes, (B) CRP complexes, (C) MMP9 complexes, (D) NLRP3 complexes, and (E) TLR4 
complexes. 

3.3. Molecular Mechanics/Poisson–Boltzmann Surface Area (MM/PBSA) Calculations 
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The binding affinities of selected AMPs for target receptors were assessed using MM/PBSA 
calculations (based on the MD simulation), with results in Table 7. Among the peptides evaluated, 
Tachystatin, Pleurocidin, and Subtilisin A emerged as the most consistent in exhibiting favorable 
binding energies. For ACE2 complexes, Tachystatin stands out with an average binding energy of -
61.58 kcal/mol, significantly more favorable than the standard inhibitor DX600 peptide, which has an 
average binding energy of -22.28 kcal/mol. Pleurocidin also shows strong binding with an average 
energy of -46.58 kcal/mol, while Subtilisin A’s binding affinity is slightly less favorable at -44.82 
kcal/mol. These results suggest that Tachystatin and Pleurocidin exhibit superior binding capabilities 
compared to the standard inhibitor, with Tachystatin showing the most significant potential. In CRP 
complexes, Subtilisin A exhibits the most favorable binding energy with an average of -70.71 
kcal/mol, followed by Protegrin-1 at -67.56 kcal/mol and Nisin at -38.73 kcal/mol. This contrasts with 
the standard inhibitor DX600 peptide, which has an average binding energy of -27.99 kcal/mol. The 
superior binding energy of Subtilisin A and Protegrin-1 in CRP complexes underscores their 
effectiveness compared to the standard inhibitor. 

Table 7. Time-averaged structural properties obtained from the MD simulations of target receptor-
AMP complexes. 

Complex 
MM/PBSA Calculation Results ΔGbinding 

(kcal/mol) Average 
(kcal/mol) 

I II III 
ACE2 Complexes 

ACE2:DX600 peptide 
(standard inhibitor) 

-22.07 -22.51 -22.27 -22.28 

ACE2:Hepcidin -53.81 -53.35 -52.56 -53.24 
ACE2:Pleurocidin -46.94 -46.17 -46.64 -46.58 
ACE2:Tachystatin -62.34 -60.47 -61.93 -61.58 
ACE2:Thermolysin -44.14 -45.63 -44.70 -44.82 

ACE2:PvHCt -31.42 -31.08 -31.18 -31.22 
CRP Complexes 

CRP:DX600 peptide 
(standard inhibitor) 

-28.23 -27.82 -27.93 -27.99 

CRP:Nisin -38.81 -38.65 -38.75 -38.73 
CRP:Subtilisin A -70.24 -70.99 -70.92 -70.71 
CRP:Protegrin-1 -67.52 -67.86 -67.31 -67.56 

CRP:Pardaxin -60.72 -56.91 -60.72 -59.45 
CRP:Magainin -53.41 -53.47 -53.35 -53.41 

MMP9 Complexes 
MMP9:DX600 peptide 

(standard inhibitor) 
-53.14 -53.07 -51.63 -52.61 

MMP9:Tachystatin -96.59 -96.7 -96.55 -96.61 
MMP9:Thermolysin -66.02 -68.04 -65.97 -66.67 

MMP9:Beta-defensin 2 -78.69 -78.72 -77.75 -78.38 
MMP9:Exendin-4 -23.95 -23.51 -23.60 -23.68 

MMP9:Pleurocidin -94.82 -94.15 -93.77 -94.24 
NLRP3 Complexes 

NLRP3:DX600 peptide 
(standard inhibitor) 

-43.87 -45.63 -43.57 -44.35 

NLRP3:Subtilisin A -69.45 -71.10 -72.81 -71.12 
NLRP3:Dermcidin -61.90 -62.54 -62.43 -62.29 
NLRP3:Tachystatin -69.04 -69.56 -69.02 -69.20 

NLRP3:Thermolysin -28.14 -28.87 -28.77 -28.59 
NLRP3:Pleurocidin -60.13 -55.24 -60.83 -58.73 
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TLR4 Complexes 
TLR4:DX600 peptide 
(standard inhibitor) 

-33.05 -32.48 -32.93 -32.82 

TLR4:Tachystatin -59.73 -59.72 -59.62 -59.69 
TLR4:Dermcidin -45.92 -46.23 -44.51 -45.55 
TLR4:Subtilisin A -43.62 -42.51 -43.61 -43.24 

TLR4:Nisin -56.90 -57.13 -56.90 -56.97 
TLR4:Chim2 -57.95 -58.19 -58.45 -58.19 

For MMP9 complexes, Tachystatin again demonstrates the highest binding affinity with an 
average energy of -96.61 kcal/mol, followed closely by Pleurocidin at -94.24 kcal/mol. These values 
are significantly lower (more favorable) than the standard inhibitor DX600 peptide, which has an 
average energy of -52.61 kcal/mol. The binding energies of Tachystatin and Pleurocidin indicate their 
strong interaction with MMP9, surpassing that of the standard inhibitor. In NLRP3 complexes, 
Subtilisin A and Tachystatin exhibit comparable binding affinities with averages of -71.12 kcal/mol 
and -69.20 kcal/mol, respectively, outperforming the standard inhibitor DX600 peptide, which has an 
average of -44.35 kcal/mol. This highlights the superior binding potential of Subtilisin A and 
Tachystatin for NLRP3. Finally, in TLR4 complexes, Tachystatin displays a favorable binding energy 
of -59.69 kcal/mol, more favorable than the standard inhibitor DX600 peptide, with an average energy 
of -32.82 kcal/mol. Subtilisin A’s average binding energy is -43.24 kcal/mol, indicating that it also 
binds effectively, though less so than Tachystatin. 

4. Discussion 

4.1. Key Findings from Molecular Simulations and Their Correlation with Other Research 

The molecular docking and dynamics simulations conducted in this study provided significant 
insights into the interactions between AMPs and receptors implicated in infection-related CVDs. 
These findings highlight the potential of AMPs as therapeutic agents and contribute to our 
understanding of their binding mechanisms and stability compared to conventional inhibitors. Our 
simulations highlight that several AMPs—Tachystatin, Thermolysin, Pleurocidin, and Subtilisin A—
demonstrate significant binding affinity towards key receptors such as ACE2, MMP9, CRP, NLRP3, 
and TLR4. These peptides exhibited strong binding interactions, as indicated by favorable 
HADDOCK scores and binding energies. Notably, Tachystatin and Thermolysin showed particularly 
strong binding with ACE2, and Pleurocidin performed well with multiple receptors, including ACE2 
and MMP9. These findings are consistent with previous studies that have demonstrated the potential 
of AMPs to modulate receptor activity in various disease contexts [88,89]. In relation to prior research, 
Tachystatin’s superior binding affinity for ACE2 aligns with a finding that peptides targeting ACE2 
could modulate its activity and influence cardiovascular disease outcomes [90]. Similarly, the strong 
binding of Thermolysin and Pleurocidin to MMP9 and CRP reflects their potential to target 
inflammation-related pathways. These corroborating studies emphasize the role of peptides in 
controlling matrix metalloproteinase activity and inflammatory responses [16,91,92]. MD simulations 
provided insights into the stability and conformational dynamics of AMP-receptor complexes. 
Tachystatin and Pleurocidin, in particular, displayed favorable structural stability with lower RMSD 
and RMSF values compared to the standard inhibitor DX600. These observations are supported by 
previous studies showing the importance of peptide stability in maintaining therapeutic efficacy 
[93,94]. The consistent hydrogen bonding patterns and favorable potential energies observed in our 
simulations underscore the potential of these AMPs to form stable and energetically favorable 
interactions with their targets. Furthermore, our results suggest that van der Waals interactions are 
crucial for binding stability, as corroborated by studies that emphasize the role of non-covalent 
interactions in peptide-receptor binding [95,96]. Our molecular simulations provide valuable insights 
into the binding mechanisms and stability of AMPs interacting with infection-related CVD receptors. 
The results validate previous research on peptide-receptor interactions and highlight the potential of 
these AMPs as therapeutic candidates for modulating infection-related pathways in CVDs.  
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4.2. Clinical Implications and Limitations 

Exploring peptide-receptor interactions has significant clinical implications, particularly in 
developing targeted therapies and precision medicine. Understanding the fundamental mechanisms 
by which peptides bind to their receptors provides crucial insights for designing novel therapeutics 
that target specific biological pathways more effectively. For instance, inhibiting MMPs by peptides 
has been shown to play a critical role in managing cardiovascular diseases by preventing the 
degradation of extracellular matrix components, thereby improving vascular stability and function 
[92,97]. Similarly, peptides that target ACE2 could potentially modulate cardiovascular disease 
outcomes, offering new avenues for treatment [90]. These findings underscore the importance of 
peptide-receptor interactions in crafting targeted therapeutic interventions. However, several 
limitations associated with peptide-based therapies must be addressed. One primary challenge is the 
stability of peptides in physiological conditions, which often impacts their efficacy. For example, 
peptides are susceptible to rapid degradation by proteolytic enzymes, reducing their therapeutic 
potential and necessitating the development of strategies to enhance their stability [98,99]. 
Additionally, the specificity of peptide-receptor interactions is crucial for minimizing off-target 
effects and maximizing therapeutic outcomes [100]. While advances in computational modeling and 
simulations have improved our understanding of these interactions, translating these findings into 
clinical applications remains challenging [101]. Another limitation is the potential for adverse 
immune responses to peptide-based therapies. Peptides can sometimes trigger immune reactions, 
leading to reduced patient efficacy or adverse effects [102,103]. Furthermore, the cost and complexity 
of developing and producing peptide-based drugs can be significant, potentially limiting their 
accessibility and widespread use [104,105]. Therefore, while peptide-based therapeutics offer 
promising prospects, ongoing research and development are needed to address these limitations and 
optimize their clinical application. 

5. Conclusions 

In conclusion, the molecular docking and dynamics simulations provide compelling evidence of 
the efficacy of AMPs in targeting receptors implicated in infection-related CVDs. Our simulations 
highlight that Tachystatin, Thermolysin, Pleurocidin, and Subtilisin A exhibit superior binding 
affinities and stability with key receptors such as ACE2, CRP, MMP9, NLRP3, and TLR4 compared 
to the standard inhibitor DX600. Tachystatin consistently strongly binds with multiple receptors, 
including ACE2 and MMP9, showing favorable HADDOCK scores and binding energies. 
Thermolysin and Pleurocidin also emerged as potent candidates, with notable interaction profiles 
and stability across different receptor complexes. While showing strong performance with CRP and 
NLRP3, Subtilisin A also demonstrated impressive binding characteristics with TLR4. The detailed 
analysis of energy components, intermolecular contacts, and hydrogen bonds further underscores 
the potential of these AMPs to disrupt receptor-mediated infection pathways effectively. The MD 
simulations corroborate these findings, showing that AMPs like Tachystatin and Subtilisin A exhibit 
better structural stability and favorable energetics compared to DX600. These results pave the way 
for future therapeutic applications of AMPs in preventing and treating CVDs associated with 
infection and inflammation, highlighting their promise as potent candidates for further development 
and clinical evaluation. 
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