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Abstract: The battle against bacterial infections in both young and elderly populations continues to be a
tocus for researchers worldwide. This issue has led to the discovery of the most effective antibacterial
ARG-TRP-ARG-based peptides through density functional theory and molecular modeling analysis. In
this research, the inhibitory effectiveness of an ARG-TRP-ARG-based peptide was evaluated using in
silico methods. The optimization was carried out with density functional theory, while molecular
modeling studies were performed using induced-fit docking and molecular dynamics simulations.
Compounds 3 and 4 showed promising responses regarding their HOMO energy, with compound 3
displaying a stronger propensity for favorable reactions in terms of energy gap. It was noted that
compound 10, which possessed the lowest LUMO energy value, had the highest ability to accept
electrons from nearby compounds. Additionally, when testing the compounds against thymidylate
kinase from gram-positive bacteria (4HLC) and gyrase B from Thermus thermophilus (1KIJ),
compounds 9 and 5 demonstrated the most significant inhibition of the targeted receptors. Molecular
dynamics simulations confirmed the effectiveness of the lead compounds as predicted by the docking
approach. Furthermore, the binding affinities were predicted from the calculated descriptors using
Python (v8.11), and the results were presented accordingly.
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1. Introduction

The reports by various scientists have revealed peptides as effective disease-fighting agents with
numerous biological roles. These agents are used as drugs to cure various conditions, such as hormonal
issues, bacterial infections, tumors, and metabolic disorders. In 1920, reports showed that scientists
discovered insulin as the first peptide-based drug [1, 27. This class of drugs is viewed as fairly
contemporary and comprehensive, featuring more than 60 approved healing agents globally, along with
around 400 additional agents currently in clinical trials [1-87. The attractiveness of peptides arises from
their remarkable specificity and effectiveness, commonly ascribed to their capacity to target protein—
protein interactions that small compounds are unable to handle. There are, however, several
shortcomings associated with peptide-based medications, including their limited stability due to
degradation by proteases, brief half-lives, low oral bioavailability, and inadequate cell permeability [47].
In tackling these challenges, novel drug designs such as terminal modifications and lipid attachments,
along with drug delivery techniques combined with computational support approaches, have been
suggested to improve stability, affinity, and specificity [5-77.

Bacteria are essential organisms for human existence. They contribute significantly to numerous
aspects related to health, bioengineering, and the environment [87. Also, they play a crucial role in
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essential nutrient cycles; certain types of bacteria convert atmospheric nitrogen into forms that can be
absorbed by plants, while decomposers effectively reprocess carbon, phosphorus, sulfur, and other
elements. Moreover, this stabilization and recycling of nutrients are important for a stable ecosystem.
According to Bonadonna et al. [97], many enzymes and drugs have been produced from bacterial
modification, and this is considered advantageous due to the swift duplication rate of bacteria and the
probability of designing nearly limitless bacterial genomes. Also, as reported by many scientists, there is
a need for efficient drug-like compounds to curb bacterial resistance among humans [10-127. This work
is therefore aimed at investigating the biochemical mechanism and analysis of ARG-TRP-ARG-based
peptides against Gram-positive thymidylate kinase (4hlc) (1387 and Thermus thermophilus gyrase B

(1kij) (147

2. Materials and Methods
2.1. Ligand Optimization

Two-dimensional structures of eleven compounds were modeled using ChemDraw 22.2.0 version,
and they were further converted to three-dimensional structures for optimization and minimization
processes using the density functional theory method via Spartan 14 software [157. The compounds
were assessed in vacuum, and energy and equilibrium geometry calculations at the ground state were
performed from their current geometry, featuring a neutral charge with zero (0) unpaired electrons. The
optimization completion of the analyzed ligands was found to depend on the number of atoms in the
compounds. Therefore, several descriptors that explain the activities and reactivity of the studied
compounds were presented and prepared for additional analysis.

The TUPAC name of the studied compound and its 2-D structures are shown in Table 1.
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Table 1.
Two-dimensional structure of the studied compounds.
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2.2. Induced-Fit Docking Examination

In this study, eleven peptide-based compounds were optimized and further refined using the
Quikprep tool within molecular operating environments (MOE), and the results were saved in .moe
format for subsequent docking analysis. Additionally, thymidylate kinase from gram-positive bacteria
(4HLC) and gyrase B from Thermus thermophilus (1KIJ) were retrieved from the Protein Data Bank
and processed with the sequence editor to eliminate water molecules and any small molecules that
accompanied the receptors. The cleaned receptors were then repaired using the QuickPrep tool before
determining the binding site location. The potential binding sites for the two receptors were identified
based on factors such as ligand binding propensity (PLB), dimensions, hydrophobic areas, surface
teatures, and relevant amino acid residues, utilizing the SiteFinder tool. The processed and prepared
protein structures were saved in .moe format in preparation for docking calculations using the induced
fit approach. The results obtained from the docked complexes were reported in kcal/mol, and the types
of interactions present in the docked complexes were documented and presented.

2.8. Binding Affinity Prediction

In this work, the binding affinity of the studied compounds was predicted using HOMO, LUMO,
and energy gap (descriptors generated from optimized studied structures). The connection between the
three features linked to the predicted binding affinity obtained from the docking of the studied
compounds against Gram-positive thymidylate kinase (4HLC) and Gram-negative gyrase B (1K1J) was
investigated using a decision tree regressor [16].

2.4. Model Training and Optimization

The potential non-linear connection between the calculated descriptors and the predicted binding
affinity was analyzed using a Decision Tree Regressor (Scikit-learn v1.4.2). Hyperparameter
optimization of the model was performed using Grid Search combined with Leave-One-Out Cross-
Validation (LOOCV). The reliability of the developed model was assessed through LOOCV MAE, the
Coefticient of Determination (R?), and comparison against a baseline predictor (mean binding affinity).
Finally, the implementation of the workflow in Python (v3.11) was achieved using these methods:
Pandas, Scikit-learn and Matplotlib [177].
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3. Results and Discussion
3.1. Calculated Features of the Studied Compounds

The examined compounds in this work generated various descriptors that predict their potential
reactivity. Table 2 presents the highest occupied molecular orbital energy (HOMO energy), the lowest
unoccupied molecular orbital energy (LUMO energy), and the energy gap. The HOMO energy
indicates the ability of a reacting compound to donate electrons to nearby molecules; that is, the higher
the HOMO energy value, the greater the compound's capacity to donate electrons. Accordingly, 2-
((285,55,85,118,148)-5,14-bis(3-guanidinopropyl)-11-isopropyl-8-methyl-3-methylene-6,9,12,15-
tetraoxo-1,4,7,10,13-pentaazacyclopentadecan-2-yl)acetamide (Compound 8) and 3-((25,55,8S,118S,145)-
5,14-bis(8-guanidinopropyl)-11-isopropyl-8-methyl-3,6,9,12,15-pentaoxo-1,4,7,10,13-
pentaazacyclopentadecan-2-yl)propanamide (Compound 4) were observed to have the potential to react
effectively according to their HOMO energies. This reactivity, as indicated by HOMO energy, can be
attributed to the presence of amide groups in compounds 3 and 4. As stated by various researchers [15,
187, the presence of electron-withdrawing carbonyl groups and electron-donating nitrogen in a
compound facilitates the stabilization of charge during the transfer of electrons between compounds.
Consequently, the combination of these two influences in compounds 8 and 4 permitted the adjustment
of electron density in adjacent n-systems, which thereby refined their redox potential. Furthermore, the
ability of any compound to receive electrons from any nearby compound also plays a crucial role in the
reactivity of any compound; therefore, as shown in Table 2, it was observed that compound 10 (1,1'-
(((25,55,85,118,14S5)-5-(hydroxymethyl)-14-isopropyl-11-methyl-3,6,9,12,15-pentaoxo-1,4,7,10,13-
pentaazacyclopentadecane-2,8-diyl)bis(propane-3,1-diyl))diguanidine) with the lowest LUMO has the
potential ability to receive electrons more than other studied compounds (Figure 3) Semire et al. [19]
also reported that, the lower the energy gap, the higher the ability of the studied compounds to react
than other studied compounds; therefore, compound 3 proved to have higher potential strength to react
than other studied compounds.

Table 2.
Calculated descriptors from the studied compounds.
Euovo (BV) Evovo (GV) Energy Gap (eV)

1 -5.48 -0.76 4.72
2 -6.05 -0.83 5.22
3 -5.18 -0.91 4.27
Ed -5.18 -0.79 4.39
5 -5.97 -1.00 4.97
6 -5.87 -0.77 5.10
7 -5.87 -0.85 5.02
8 -5.87 -0.74 5.18
9 -5.94 -0.93 5.01
10 -5.89 -1.04 4.85
11 -5.57 -0.43 5.14
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Table 3.
Pictorial representation of HOMO-LUMO overlay.

Enovo (eV) Evomo (eV)
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10

11

3.2. Molecular Docking Analysis

The inhibiting activity of the eleven compounds was examined via induced fit docking against
thymidylate kinase from gram-positive bacteria (4HLC) and gyrase B from Thermus thermophilus
(1K1J). Table 4 presents the inhibiting activity of the eleven compounds via induced fit docking against
thymidylate kinase from gram-positive bacteria (4HLC) and gyrase B from Thermus thermophilus
(1K1)), and compares the inhibiting capacity of the lead compound to the cephalosporins (reference
compound). It is observed that all the studied compounds exhibit greater strength against the studied
receptors, while the reference compound possesses lesser capability.

More so, examination of each of the calculated binding affinities exposed the efficiency of
compounds 9 and 5 against thymidylate kinase from gram-positive bacteria (4HLC) and gyrase B from
Thermus thermophilus (1K1J), respectively. The amino acids involved in the interaction between the
compound 9-4HLC complex were ARG 48, ARG 36, SER 69, and atoms O7, 024, O29 involved in the
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interaction, which resulted in lower binding affinity values. Additionally, GLU 41, GLU 49, VAL 110,
ASN 45, and atoms C26, N38, S39, O24 from compound 5 were involved in the interaction. Therefore,
the efficiency of compounds 9 and 5 could be attributed to the type and position of atoms in each ligand
(Figure 1) (Tables 5-7). Furthermore, the comparisons of the inhibitory effects of the studied
compounds against the two receptors are displayed in Figure 2.

Table 4.
Calculated Scoring of docked studied compounds.
Gram Positive (4HLC) Gram Negative (1KI1J)
Binding Affinity (kcal/mol) Binding Affinity (kcal/mol)

1 -8.49 -7.68
2 -7.4% -8.06
3 -7.28 -8.53
4 -8.51 -7.97
5 -8.23 -8.89
6 -7.94 -8.44
7 -8.61 -7.83
8 -7.58 -6.96
9 -8.63 -6.0%

10 =7.47 =7.2%

11 -8.06 -8.01
ref -6.29 -6.81
Note: Ref: Cephalosporins.
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Figure 1.

Binding Affinity Comparison (kcal/mol).
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Table 5.
Types of interactions involved in the studied compounds against 4HLC.
Ligand Receptor Interaction Distance E (kcal/mol)
1 o 7 NE ARG 36 (A) H-acceptor ~ H- | 3.08 -1.5
O 13 NE ARG 48 (A) acceptor H-| 2.95 -1.7
O 13 NH2 ARG 48 (A) acceptor H- | 2.67 -2.9
N 46 NH2 ARG 92 (A) acceptor 3.37 -0.6
2 N 40 OE1 GLU 62 (A) NE | H-donor H- | 2.94 -0.6
N 39 ARG 105 (A) acceptor 2.92 -1.4
3 C 9 OE2 GLU 11 (A) OG1 | H-donor H- | 3.02 -0.8
N 40 THR 17 (A)NZ  LYS | donor H- | 2.97 -1.5
O 12 15 (A) NH2 ARG 92 | acceptor H- | 3.06 -1.8
012 (A)N  GLY 14 (A) acceptor H- | 2.78 -4.0
O 28 acceptor 3.14 -1.2
4 N 21 OE1 GLN 101 (A) H-donor H- | 2.92 -2.6
O 30 NH2 ARG 48 (A) acceptor 2.82 -1.3
5 N 22 OD2 ASP 91 (A) H-donor 3.11 -1.5
N 38 OE1 GLU 62 (A) H-donor H- | 3.12 -2.9
O 13 NZ LYS 15 (A) acceptor H- | 3.02 -4.2
O 29 CB SER 96 (A) acceptor 3.35 -0.6
6 - - - - -
7 O 30 NZ LYS 15 (A)NH2 | H-acceptor  H- | 8.25 -3.0
O 30 ARG 92 (A) acceptor H- | 8.18 -2.7
N 38 CD ARG 36 (A) acceptor H- | 8.44 -0.6
N 38 NH2 ARG 386 (A) acceptor 2.86 -5.2
8 N 21 OE2 GLU 387 (A) OE2 | H-donor H- | 2.63 -3.0
C 33 GLU 11 (A) donor H- | 3.15 -0.5
N 438 NE ARG 105 (A) acceptor H- | 8.55 -1.2
N 43 NH2 ARG 105 (A) acceptor H-pi 3.51 -1.4
N 39 6-ring TYR 100 (A) 3.75 -1.6
9 o 7 NH2 ARG 48 (A) H-acceptor ~ H- | 8.56 -0.5
O 24 CD ARG 36 (A) acceptor H- | 3.24 -0.9
O 29 OG SER 69 (A) acceptor 3.28 -0.5
10 N 22 OE2 GLU 11 (A) NZ | H-donor H- | 8.12 -1.1
O 2 LYS 15 (A) acceptor 3.49 -1.4
11 o 7 NE ARG 48 (A) H-acceptor ~ H- | 3.11 -0.5
o 7 NH2 ARG 48 (A) 6-ring | acceptor H-pi 2.83 -3.8
N 35 PHE 66 (A) 6-ring TYR | H-pi 3.55 -0.6
N 38 100 (A) .46 -0.7
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Table 6.
Types of interactions involved in the studied compounds against 1K1J.
Ligand Receptor Interaction Distance E (kcal/mol)
1 N 19 O GLY 118 (A) H-donor H- | 3.05 -1.4
N 47 O GLU 104 (A) N | donor H- | 8.00 -2.2
O 13 GLY 116 (A) acceptor 3.14 -1.3
2 N 13 O LEU 114 (A) O | H-donor H- | 8.27 -0.7
N 13 GLY 116 (A) O LYS | donor H- | 3.23 -0.9
N 21 109 (A) O VAL 110 | donor H- | 8.07 -0.6
N 21 (A) O GLU 104 (A) | donor H- | 8.20 -0.6
N 40 N GLY 116 (A) NZ | donor 3.12 -0.5
O 2 LYS 109 (A) 5-ring HIS | H-acceptor 2.95 -2.0
O 28 98 (A) H-acceptor 2.74 -6.3
C 4 H-pi 4.66 -1.2
3 O 12 OG SER 111 (A) H-acceptor ~ H- | 3.13 -1.5
O 238 N GLY 112 (A) acceptor 3.13 -1.6
4 N 21 ODg2 ASP 48 (A) H-donor H-| 3.19 -2.2
O 23 NE2 GLN 105 (A) N | acceptor H- | 2.97 -1.2
O 42 LYS 109 (A) acceptor 3.27 -0.7
5 C 26 OE2 GLU 41 (A) H-donor H- | 8.46 -0.9
N 38 OE2 GLU 49 (A) donor 3.26 -0.7
S 39 O VAL 110 (A) H-donor 3.12 -1.4
O 24 ND2 ASN 45 (A) H-acceptor 2.84 -0.8
6 C 14 O VAL 110 (A) OE1 | H-donor H-| 3.38 -0.7
C 17 GLU 41 (A) donor H- | 3.30 -0.6
N 18 O SER 111 (A) donor H- | 2.90 -0.9
O 23 N GLY 112 (A) acceptor 3.05 -0.6
O 23 NZ LYS 337 (A) H-acceptor ~ H- | 3.11 -0.7
O 28 OG SER 111 (A) acceptor 3.18 -0.6
S 39 CA HIS 115 (A) N | H-acceptor 3.77 -0.8
S 39 GLY 116 (A) H-acceptor 3.20 -3.4
7 N 21 O GLY 1138 (A) H-donor H- | 3.32 -1.4
N 39 O GLU 104 (A) donor H- | 3.09 3.08 -14
N 39 O ALA 107 (A) N | donor 3.18 -1.4
o 7 GLY 116 (A) H-acceptor  H- | 3.13 -1.0
O 12 N GLY 113 (A) acceptor -0.6
8 N 38 OE1 GLU 265 (A) H-donor 2.96 -1.7
N 13 OE1 GLU 265 (A) H-donor 3.15 -3.9
N 21 OE1 GLU 193 (A) H-donor 3.10 2.86 -2.8
O 12 NH2 ARG 276 (A) H-acceptor -1.2
9 C 926 OE1 GLU 265 (A) H-donor H- | 3.09 -2.2
N 30 OE2 GLU 265 (A) donor 3.50 -1.8
10 N 30 0 ILE 266 (A) O | H-donor H- | 3.01 4.8
0 39 ILE 266 (A) donor 2.75 -0.8
11 N 22 OE1 GLU 193 (A) O | H-donor H- | s.22 -0.8
N 35 GLY 1138 (A) O MET | donor .18 8.33 -0.9
N 38 25 (A) NH1 ARG 276 | H-donor H- | 8.34 -1.1
N 21 (A) N HIS 115 (A) acceptor H- | 3.28 -1.2
N 37 acceptor -2.0
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Table 7.

Pictorial representation of the interaction between studied ligands and the receptors.
1
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3.3. Binding Affinity Prediction Evaluation

The Decision Tree Regressor trained using EHOMO, ELUMO, and AE effectively developed a
predictive model for binding affinity against the examined bacterial targets. The enhanced model,
discovered through Grid Search with Leave-One-Out Cross-Validation (LOOCYV), produced a Mean
Absolute Error (MAE) of 0.53 kcal/mol and a Coefficient of Determination (R?) of —0.86. Despite the
negative R® value, which reflects the limited dataset size (n = 11) and the model's restricted

generalizability, the Decision Tree offered significant insights into structure—activity relationships
(SAR) (Figure 3).

3.4. Significant Descriptor Examination

An examination of feature importance derived from the model indicated that the energy gap (AE)
was the primary descriptor, accounting for roughly 60% of the predictive effectiveness. This observation
is consistent with established quantum chemical principles, which suggest that a smaller energy gap is
typically associated with heightened reactivity and enhanced binding interactions. ELUMO represented
around 34% of the influence, highlighting the importance of electron-accepting ability in the affinity
between ligands and targets, especially in peptide-enzyme interactions. EHOMO had the least impact
(approximately 6%), indicating that the capability to donate electrons was less directly tied to the
docking scores observed in this particular dataset. Significantly, compounds demonstrating strong
binding affinity, Compound 9 (=8.63 kcal/mol) for Gram-positive 4HLC and Compound 5 (—8.89
kcal/mol) for Gram-negative 1KIJ, showed advantageous AE values alongside well-balanced
HOMO/LUMO energies. This alignment between docking outcomes and feature importance derived
from machine learning enhances the credibility of the SAR analysis (Figures 4, 5; Table 8).
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Figure 3.

Decision tree structure.

Table 8.
LOOCYV Predictions and Errors
EHOMO ELUMO Energy Gap Binding

Sample (eV) (eV) (eV) (kcal/mol) Predicted Binding CV | Absolute Error
1 -5.48 -0.76 4.72 -8.49 -8.61 0.12
2 -6.05 -0.83 5.22 -7.44 -7.58 0.14
3 -5.18 -0.91 4.27 -7.28 -8.51 1.23
4 -5.18 -0.79 4.39 -8.51 -7.28 1.23
5 -5.97 -1 4.97 -8.23 =7.47 0.76
6 -5.87 -0.77 5.1 -7.94 -7.58 0.36
7 -5.87 -0.85 5.02 -8.61 -8.63 0.02
8 -5.87 -0.74 5.13 -7.58 -7.94 0.36
9 -5.94 -0.938 5.01 -8.63 -8.23 0.4
10 -5.89 -1.04 4.85 =7.47 -8.23 0.76
11 -5.57 -0.43 5. 14 -8.06 -7.58 0.48
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4. Conclusions

In this study, ARG-TRP-ARG-based peptides were analyzed using a computational method. The
attributes derived from the optimized compounds indicated the reactivity levels of those compounds.
Compounds 3 and 4 displayed a strong tendency to react in terms of HOMO energy, while compound 3
showed a notable propensity for reaction concerning its energy gap. It was determined that compound
10, which had the lowest LUMO energy value, demonstrated the greatest capacity to accept electrons
from adjacent compounds. Furthermore, when all the compounds were docked against thymidylate
kinase from gram-positive bacteria (4HLC) and gyrase B from Thermus thermophilus (1KLJ),
compounds 9 and 5 showed greater inhibitory effects on the studied receptors compared to the other
compounds, respectively. The effectiveness of the lead compounds was further verified through
molecular dynamics simulations, which confirmed that these lead compounds had a superior ability to
inhibit the studied receptors relative to the reference compound.
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