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ABSTRACT

Vespula vulgaris (V. vulgaris), commonly known as the common wasp, poses a significant health threat due to its venom-induced allergic reactions.
This research focused on the exploration of bioactive compounds from Bryophyllum pinnatum as potential inhibitors for V. vulgaris allergen proteins,
including Phospholipase Al (Ves V1), Hyaluronoglucosaminidase (Ves V2), and Antigen 5 (Ves V5). Through a multidisciplinary approach involving
literature reviews, molecular docking analyses, ADMET assessments and Molecular Dynamics Simulations (MDS) of 100ns we identified two
promising drug candidates from four bioactive compounds- Bryophyllin A, Bryophyllin B, Bryotoxin A, and Bryotoxin B of Bryophyllum pinnatum.
Molecular docking results revealed strong binding interactions, with Bryophyllin B and Bryotoxin A consistently exhibiting the highest affinity
(—9.6 kcal/mol and —10.0 kcal/mol) across the allergen proteins. ADMET analyses highlighted Bryophyllin B as a favorable candidate, showing
high absorption (HIA: 92.1 %), minimal metabolic interactions (CYP1A2: No), and a low toxicity profile (LDsq (rat): 2.431). MDS analysis revealed
Bryophyllin B and Bryotoxin A as promising drug inhibitors, exhibiting the highest binding stability with the allergen proteins of V. vulgaris, as
indicated by the lowest Root Mean Square Deviation (RMSD), Root Mean Square Fluctuation (RMSF), Radius of Gyration (RG) values and highest
protein-ligand contacts. Our study provides valuable insights into the therapeutic potential of Bryophyllum pinnatum compounds as inhibitors for
V. vulgaris allergen proteins having two promising candidates- Bryophyllin B and Bryotoxin A.

1. Introduction

Vespula vulgaris (V. vulgaris), commonly known as the common wasp, poses a significant health threat due to its venom-induced
allergic reactions in humans. The venom of V. vulgaris contains a complex mixture of bioactive compounds, including allergen pro-
teins such as Phospholipase Al (Ves V1), Hyaluronoglucosaminidase (Ves V2), and Antigen 5 (Ves V5) [1,2], which are known to
trigger allergic responses in susceptible individuals [3-6]. These allergen proteins elicit a cascade of immunological reactions upon
exposure, leading to various adverse effects ranging from localized swelling and itching to potentially life-threatening systemic re-
actions like anaphylactic shock [1,7,8].

The mechanism of allergic sensitization to wasp venom involves the recognition of these allergens by the immune system, leading
to the production of specific immunoglobulin E (IgE) antibodies and subsequent activation of mast cells and basophils, resulting in the
release of inflammatory mediators such as histamine and leukotrienes [9-12]. As the incidence of wasp venom allergies continues to
rise globally, there is an urgent need to explore innovative therapeutic strategies to mitigate allergic reactions induced by V. vulgaris
venom [13]. Traditional treatment options for wasp venom allergies include allergen-specific immunotherapy (desensitization) and
symptomatic management with antihistamines, corticosteroids, and epinephrine for severe reactions [10,14-16,16]. However, these
approaches have limitations, including the need for long-term treatment and potential adverse effects [17-20].
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In this context, the exploration of natural compounds with potential inhibitory effects on V. vulgaris allergen proteins presents a
promising avenue for novel therapeutic interventions. Bryophyllum pinnatum, a succulent plant with a rich history in traditional
medicine, has emerged as a source of bioactive compounds with pharmacological properties, including anti-inflammatory and
immunomodulatory effects. Through a comprehensive literature review, four bioactive compounds- Bryophyllin A, Bryophyllin B,
Bryotoxin A, and Bryotoxin B - have been identified within Bryophyllum pinnatum, showing promising inhibitory effects against
different allergen proteins.

This study aimed to delve into the molecular interactions between the identified bioactive compounds and V. vulgaris allergen
proteins. Through molecular docking analyses and structural examinations, we sought to elucidate the binding mechanisms and
potential inhibitory effects of Bryophyllum pinnatum compounds on the allergen proteins. The insights gained from this exploration
could pave the way for the development of novel therapeutics to alleviate the allergic burden imposed by V. vulgaris venom. As we
embarked on this investigation, it is important to underscore the urgency of finding effective interventions for wasp venom allergies
and the potential of natural compounds from Bryophyllum pinnatum as promising candidates.

2. Materials and methods
2.1. Data retrieval

The allergen proteins of V. vulgaris were identified through a comprehensive literature review. Subsequently, their three-
dimensional structures were obtained from the RCSB PDB server [21]. The active compounds from Bryophyllum pinnatum were
selected based on literature highlighting their potential as inhibitors, particularly in the context of COVID-19 cytokine storm therapy
[22-24]. The chemical structures of these compounds were retrieved in sdf format from the PubChem server (https://pubchem.ncbi.
nlm.nih.gov/). This approach ensured a thorough and well-informed selection of both the target proteins and the active compounds,
laying the foundation for subsequent molecular docking analyses to explore potential inhibitory interactions between Bryophyllum
pinnatum compounds and V. vulgaris allergen proteins.

2.2. Molecular docking analysis

The allergen proteins of V. vulgaris (1QNX - Ves V5, 2ATM - Ves V2, and 4QNN - Ves V1) were prepared using the Discovery Studio
tool, involving tasks such as energy minimization, removal of water molecules, and assignment of appropriate charges. Additionally,
drug binding cavities of the allergen proteins were identified utilizing the CBDOCK2 online server. For the active compounds from
Bryophyllum pinnatum (Bryophyllin A, Bryophyllin B, Bryotoxin A, and Bryotoxin B), similar preparations were performed using the
Open Babel tool, involving energy minimization and structural refinement. The molecular docking analysis was executed using PyRx
software, wherein the prepared compounds and allergen proteins were docked to predict their binding interactions [25]. The
site-specific docking was performed, using the coordinates and dimensions of the cavities detected by the CBDOCK2 online server [26].
The molecular docking results were subsequently analyzed to assess the binding affinities and key interactions between the active
compounds and the allergen proteins, providing valuable insights into the potential inhibitory effects of Bryophyllum pinnatum com-
pounds on V. vulgaris allergens.

2.3. Molecular properties and ADMET analysis of the bioactive compounds

ADMET properties refer to the pharmacokinetic characteristics of a drug candidate, encompassing Absorption, Distribution,
Metabolism, Excretion and Toxicity. These properties play a crucial role in determining the bioavailability, efficacy, and safety of a
drug [27-30]. The molecular properties and ADMET analysis of the active compounds from Bryophyllum pinnatum, three online
servers-pkCSM (Predicting the Activity and Specificity of Kinases using Molecular Signatures), SwissADME and Protox-II were
employed. For molecular properties, the pkCSM and SwissADME servers were utilized to predict key physicochemical characteristics
such as molecular weight, LogP, rotatable bonds, hydrogen bond acceptors and donors, surface area, Lipinski Rule of Five violations
and ADME properties [31-34]. pkCSM provided insights into absorption (Caco-2 permeability and human intestinal absorption) [35],
distribution (blood-brain barrier and central nervous system permeability), metabolism (CYP1A2 inhibition) [36], and excretion (total
clearance). On the other hand, Protox-II contributed toxicity predictions including hepatotoxicity, mutagenicity, cytoxicity, carci-
nogenicity, and immunotoxicity [37,38]. The combined utilization of these servers enabled a comprehensive evaluation of the mo-
lecular properties and pharmacokinetic parameters of the compounds, offering valuable information for further assessment of their
drug-likeness and safety profiles.

2.4. Molecular dynamics (MD) simulation of the protein-ligand complexes

Molecular dynamics (MD) simulations are commonly utilized to assess the stability of candidate drug compounds bound to target
proteins [39-41]. In this study, we conducted MD simulations lasting 100 ns using the Desmond software package by Schrodinger LLC.
Prior to simulation, preprocessing steps were applied to the protein-ligand complexes, including optimization and minimization, using
either the Protein Preparation Wizard in Maestro software or the System Builder tool. The simulations were set up in an orthorhombic
simulation box with TIP3P solvent model to mimic realistic environmental conditions [42]. OPLS_2005 force field was employed, and
counter ions were added as necessary to neutralize the system [41]. To mimic physiological conditions, a 0.15 M salt solution (NaCl)
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Table 01
Four bioactive compounds from Bryophyllum pinnatum.
Compounds Pubchem ID Formula Canonical Smile
Bryophyllin A 5488801 Co6H320g CC12CC(C3C(C1(CCC2C4=COC(=0)C=C4)0)CCC56C3(C7CC(C5)0C(07)(06)C)C=0)0
Bryophyllin B 44575928 Ca6H3409 CC(=0)0C1CC(CC2(C13C4C(CC2)C5(CCC(C5(CC40C30)C)CE=COC(=0)C=C6)0)0)O0
Bryotoxin A 441848 C32H42012 CC1CC(C(01)OC2CCC3(C4C(CCC3(C2)0)C5(CCC(C5(C(=0)C40)C)C6=COC(=0)C—=C6)0)C—0)0)OC(=0)C
Bryotoxin B 5489391 Ca6H3209 CC12C(CCC1(C3CCC45CCH6CC(C4(C3C(C2=0)0)CO)OC(06)(05)C)0)C7—=COC(=0)C=C7
Table 02
Molecular Docking analysis.
Protein Compound Docking Score CurPocket ID Cavity Volume(A®) Center (x, y, z) Docking size (x, y, z)
1QNX (Ves V5) Bryophyllin A —8.4 c2 187 21, 31, 36 23, 23, 23
Bryophyllin B -9.6 Cc2 187 21, 31, 36 23, 23,23
Bryotoxin A -8.3 C3 184 15, 25, 31 26, 26, 26
Bryotoxin B —-8.3 Cc2 187 21, 31, 36 23,23, 23
2ATM (Ves V2) Bryophyllin A -7.7 C1 504 19, 29, 8 23,23, 23
Bryophyllin B -8.2 c1 504 19,29, 8 23,23, 23
Bryotoxin A -9.1 C1 504 19, 29, 8 26, 26, 26
Bryotoxin B —8.0 C1 504 19, 29, 8 23,23, 23
4QNN (Ves V1) Bryophyllin A -9.9 C1 9257 -7,-7,13 35, 33,35
Bryophyllin B 9.4 c1 9257 ~7,-7,13 35,33, 35
Bryotoxin A -10.0 C2 3809 -3,15, -20 32, 26, 26
Bryotoxin B -9.0 c2 3809 -3, 15, -20 32, 23, 30

Fig. 1. The binding of compounds to the cavities of the allergen protein Antigen 5 (Ves V5) of Vespula vulgaris. Specifically, A. Bryophyllin A, B.
Bryophyllin B, C. Bryotoxin A, and D. Bryotoxin B are shown binding in cavities C2, C2, C3, and C1, respectively.

was introduced. Throughout the simulation, equilibrium was maintained using NVT and NPT ensembles, with temperature and
pressure held constant at 300 K and 1 atm, respectively, to conserve moles (N), pressure (P), and temperature (T). Pre-simulation
relaxation procedures were conducted, and parameters such as radius of gyration (RG), solvent-accessible surface area (SASA), root
mean square deviation (RMSD) [43], root mean square fluctuations (RMSF), and torsion angles [44] were computed to evaluate
simulation stability for both the control and top four selected complexes.
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Fig. 2. The binding of compounds to the cavities of the allergen protein Hyaluronoglucosaminidase (Ves V2) of Vespula vulgaris. Specifically, A.
Bryophyllin A, B. Bryophyllin B, C. Bryotoxin A, and D. Bryotoxin B are all shown binding in cavities C1.

Fig. 3. The binding of compounds to the cavities of the allergen protein Phospholipase Al (Ves V1) of Vespula vulgaris. Specifically, A. Bryophyllin
A, B. Bryophyllin B, C. Bryotoxin A, and D. Bryotoxin B are shown binding in cavities C1, C1, C2 and C2 respectively.
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Fig. 4. Molecular docking: Binding of the four bioactive compounds- A. Bryophyllin A, B. Bryophyllin B, C. Bryotoxin A, and D. Bryotoxin B from
Bryophyllum pinnatum with the allergen protein Antigen 5 (Ves V5) of Vespula vulgaris.

Fig. 5. Molecular docking: Binding of the four bioactive compounds- A. Bryophyllin A, B. Bryophyllin B, C. Bryotoxin A, and D. Bryotoxin B from
Bryophyllum pinnatum with the allergen protein Hyaluronoglucosaminidase (Ves V2) of Vespula vulgaris.

3. Results and discussion
3.1. Data retrieval

Three allergen proteins from V. vulgaris were identified through a literature review: Phospholipase Al (Ves V1), Hyalur-
onoglucosaminidase (Ves V2), and Antigen 5 (Ves V5). The 3D structures of these proteins were obtained from the RCSB PDB server,
with PDB IDs 4QNN, 2ATM, and 1QNX, respectively. Specifically, 4QNN (Ves V1) consists of four chains (chain A, B, C, and D) and has
a length of 300 amino acids. 2ATM (Ves V2) comprises a single chain (chain A) with a length of 331 amino acids, while 1QNX (Ves V5)
consists of a single chain (chain A) and comprises 209 amino acid residues.

In addition, we identified four bioactive compounds within Bryophyllum pinnatum from literature review. They are Bryophyllin A,
Bryophyllin B, Bryotoxin A, and Bryotoxin B [23]. The molecular structures of these compounds were retrieved from the PubChem
server [45,46], with PubChem IDs 5488801, 44575928, 441848, and 5489391, respectively (Table 01).

3.2. Molecular docking analysis

The molecular docking results for the active compounds (Bryophyllin A, Bryophyllin B, Bryotoxin A, and Bryotoxin B) of Bryo-
phyllum pinnatum with the allergic proteins of V. vulgaris demonstrated robust binding interactions [47]. Across proteins 1QNX (Ves
V5), 2ATM (Ves V2), and 4QNN (Ves V1), all compounds consistently exhibited low docking scores, indicating strong binding affinities
(Table 02). For 1QNX, Bryophyllin B displayed the highest affinity with a score of —9.6 kcal/mol, followed closely by Bryotoxin B with
a score of —8.3 kcal/mol. In 2ATM, Bryotoxin A exhibited the highest affinity with a score of —9.1 kcal/mol. In 4QNN, Bryotoxin A
again demonstrated the strongest binding with an impressive score of —10.0 kcal/mol. The identified binding pockets (Table S1), such
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Fig. 6. Molecular docking: Binding of the four bioactive compounds- A. Bryophyllin A, B. Bryophyllin B, C. Bryotoxin A, and D. Bryotoxin B from
Bryophyllum pinnatum with the allergen protein Phospholipase Al (Ves V1) of Vespula vulgaris.

Table 03
Interacted amino acid residues of allergen proteins of V. vulgaris with bioactive compounds of Bryophyllum pinnatum.
Protein Compound Contact Residues
1QNX (Ves V5) Bryophyllin A Chain A: CYS8, LYS10, ARG102, PHE151, SER192
Bryophyllin B Chain A: LEU9, LYS10, HIS98, ARG102, ASP103, PHE151, SER192
Bryotoxin A Chain A: CYS8, LYS10, CYS101, ARG102, ASP103, SER147, LYS196
Bryotoxin B Chain A: CYS8, LYS10, THR100, ARG102, PHE151, SER192
2ATM (Ves V2) Bryophyllin A Chain A: TRP119, TYR184, PHE186, PRO190, TYR223, ARG240
Bryophyllin B Chain A: ARG112, TYR180, TYR184
Bryotoxin A Chain A: GLU109, ARG112, ARG116, TRP119, TYR180, TYR184, PHE186, SER189
Bryotoxin B Chain A: TRP119, TYR184, PHE186, PRO190, TYR223, ARG240, GLN266
4QNN (Ves V1) Bryophyllin A Chain A: ASN61, LYS234, CYS227
Chain C: GLU60, ASN61, PHE62, CYS227
Bryophyllin B Chain A: ASN61, GLY217
Chain C: SER55, ASN61, CYS227, THR230
Bryotoxin A Chain B: ASN61, CYS218, GLY219, ILE223, CYS227
Chain D: SER55, GLY224, CYS227, THR230
Bryotoxin B Chain B: ASN61, CYS218, ILE223

Chain D: SER55, ASN61, CYS227

as C2 in 1QNX, C1 in 2ATM, and C1 in 4QNN, were consistent among different proteins, indicating potential shared interaction sites
(Fig. 1(A-D), Fig. 2(A-D) and Fig. 3 (A-D)). Notably, Bryotoxin A consistently stood out as the compound with the highest binding
fitness across all three proteins, suggesting its strong potential for interacting with the allergic proteins of V. vulgaris. The binding poses
of protein-ligand complexes are demonstrated in Fig. 4(A-D), Fig. 5(A-D) and Fig. 6(A-D). The interacted amino acid residues
(Table 03) and bond types are depicted in Fig. 7(A-D), Fig. 8(A-D) and Fig. 9 (A-D).

3.3. Molecular properties analysis

The molecular properties of the active compounds from Bryophyllum pinnatum, including Bryophyllin A, Bryophyllin B, Bryotoxin
A, and Bryotoxin B, were analyzed to gauge their drug-likeness. Bryophyllin A and Bryophyllin B, with molecular weights of 472.534
g/mol and 490.549 g/mol, respectively, demonstrated moderate sizes within the desirable range. Both compounds exhibited favorable
logP values around 1, indicative of a balanced hydrophilic-lipophilic profile for efficient drug absorption and distribution. With two
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Fig. 7. Molecular docking: Binding interactions (Bond types) of the four bioactive compounds- A. Bryophyllin A, B. Bryophyllin B, C. Bryotoxin A,
and D. Bryotoxin B from Bryophyllum pinnatum with the allergen protein Antigen 5 (Ves V5) of Vespula vulgaris.

rotatable bonds, Bryophyllin A and Bryophyllin B showcased reasonable flexibility. Bryotoxin A, characterized by a higher molecular
weight of 618.676 and five rotatable bonds, and Bryotoxin B, with three, indicated a greater degree of molecular flexibility. The
number of hydrogen bond acceptors (HBA) and donors (HBD) varied, with Bryotoxin A possessing higher values, suggesting potential
for increased hydrogen bonding interactions. While all compounds adhered to Lipinski’s rule of five, Bryotoxin A’s two violations
indicate a departure from conventional drug-like criteria. These molecular property assessments provide valuable insights into the
compounds’ pharmacokinetic characteristics, aiding in the evaluation of their potential as drug candidates (Table 04).

3.4. ADMET analysis

The ADMET analysis of the active compounds from Bryophyllum pinnatum provides valuable insights into their pharmacokinetic
properties and potential therapeutic suitability [48-50]. Bryophyllin A and Bryophyllin B exhibited favorable absorption, as indicated
by Caco-2 permeability (C2P) values of 1.351 and 0.57, respectively. Moreover, both compounds demonstrated high human intestinal
absorption (HIA) percentages of 85.237 % and 92.164 %, respectively. Notably, Bryophyllin B showed the highest absorption, sug-
gesting its potential as an orally bioavailable drug. The compounds exhibited negligible P-glycoprotein inhibition (P-gpl), indicating
minimal impact on drug efflux. While Bryotoxin A and Bryotoxin B showed lower HIA percentages, Bryotoxin B displays excellent
Caco-2 permeability. None of the compounds appeared to inhibit CYP1A2, reducing the likelihood of metabolic interactions. The
blood-brain barrier (BBB) and central nervous system (CNS) permeability values suggested limited brain penetration for all com-
pounds. Importantly, no hepatotoxicity was indicated, and the oral rat acute toxicity (LD50) values fallen within an acceptable range,
with Bryotoxin B having the highest LD50 (Table 05).

The toxicity analysis provides crucial insights into their safety profiles and potential adverse effects. Bryophyllin A, Bryophyllin B,
and Bryotoxin A shared a toxicity class of 2, with predicted LD50 values of 31 mg/kg, indicating moderate toxicity. In contrast,
Bryophyllin B was classified in toxicity class 3, with a higher predicted LD50 of 144 mg/kg, suggesting a comparatively lower toxicity.
Importantly, all compounds exhibited inactive hepatotoxicity, mutagenicity, and immunotoxicity, highlighting their favorable safety
profiles in these aspects. However, cytoxicity was predicted to be active for Bryophyllin A, Bryophyllin B, and Bryotoxin A, suggesting a
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Fig. 8. Molecular docking: Binding interactions (Bond types) of the four bioactive compounds- A. Bryophyllin A, B. Bryophyllin B, C. Bryotoxin A,
and D. Bryotoxin B from Bryophyllum pinnatum with the allergen protein Hyaluronoglucosaminidase (Ves V2) of Vespula vulgaris.

potential impact on cell viability. Carcinogenicity was predicted to be active for Bryophyllin A and Bryotoxin A, emphasizing the need
for further investigation into their long-term effects (Table 06).

Overall, Bryophyllin B emerged as a promising candidate with high absorption, minimal metabolic interactions, and low toxicity
profile, marked by lower predicted oral toxicity and the absence of predicted carcinogenicity.

3.5. Analysis of molecular dynamics simulations (MDS): RMSD, RMSF, RG, SASA, MolSA, PSA and torsion angels

The molecular dynamics simulations provided insights into the dynamic behavior and stability of the protein-ligand complexes
formed by the four bioactive compounds derived from Bryophyllum pinnatum. The RMSD values for the protein-ligand complexes
ranged from 1.530682 At02.111674 A and individually for the ligands are ranges from 0.46445 At00.699878 A, indicating minimal
structural deviation during the 100 ns simulation period (Fig. 10(A-D) and Fig. 11(A-D)). Notably, 4QNN-Bryophyllin A complex
exhibited slightly higher RMSD value (2.111674 A) compared to the other protein-ligand complexes, suggesting some degree of
structural fluctuation. In terms of ligand stability, Bryophyllin A and B demonstrated the lowest RMSD value of 0.46445 A and
0.475028 A, indicating excellent structural preservation within the protein-ligand complex. Conversely, Bryotoxin A exhibited slightly
higher RMSD value of 0.699878 A, indicating relatively more significant structural deviations during the simulation.

The RMSF analysis provided insights into the flexibility of individual atoms within the ligands. Bryophyllin A displayed the lowest
RMSF value of 0.48435 A, indicating minimal atom-level fluctuation, while Bryophyllin B exhibited the highest RMSF value of
3.63705 A, suggesting greater flexibility. Bryotoxin A and Bryotoxin B displayed intermediate RMSF values, indicating moderate
flexibility of atoms within the ligands (Fig. 12(A-D)).

Regarding the radius of gyration (RG), Bryotoxin A exhibited the highest value of 5.792775 A, indicating a larger spread of atoms
from the center of mass, potentially reflecting a more extended conformation (Fig. 10D). In contrast, Bryophyllin B demonstrated the
lowest RG value of 4.348928 A, suggesting a more compact structure within the protein-ligand complex (Fig. 10A).

The solvent-accessible surface area (SASA) values provided insights into the accessibility of solvent molecules to the ligand surface.
Bryophyllin A exhibited the lowest SASA value of 87.32623 A?, indicating relatively lower solvent exposure, while Bryotoxin B showed
the highest SASA value of 310.6630 A2, indicating greater solvent accessibility (Fig. 10B and C).

Furthermore, the molecular surface area (MolSA) and polar surface area (PSA) values reflected the total surface area and the area
occupied by polar atoms, respectively. Bryotoxin A exhibited the highest MoISA and PSA values, indicating a larger molecular surface
area and a greater presence of polar atoms compared to the other compounds (Fig. 10(A-D)). These dynamic properties of the four
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Fig. 9. Molecular docking: Binding interactions (Bond types) of the four bioactive compounds- A. Bryophyllin A, B. Bryophyllin B, C. Bryotoxin A,
and D. Bryotoxin B from Bryophyllum pinnatum with the allergen protein Phospholipase Al (Ves V1) of Vespula vulgaris.

Table 04

Molecule properties of the four bioactive compounds from Bryophyllum pinnatum.

Compounds MW LogP RB HBA HBD Surface Area LOF Violations
Bryophyllin A 472.534 2.2512 2 8 2 197.117 0
Bryophyllin B 490.549 1.2056 2 9 4 202.598 0
Bryotoxin A 618.676 1.1374 5 12 4 254.224 2
Bryotoxin B 488.533 1.2236 2 9 3 201.911 0

Here, LOF: Lipinski rule of five.

Table 05

ADME analysis of the four bioactive compounds from Bryophyllum pinnatum.
Compounds Absorption Distribution Metabolism Excretion

C2P HIA (%) P-gpl BBB CNS CYP1A2 TC
(Permeability)

Bryophyllin A 1.351 85.237 No —0.635 -3.077 No 0.254
Bryophyllin B 0.57 92.164 No —0.973 -3.271 No 0.375
Bryotoxin A 0.616 56.276 Yes —1.318 -3.32 No 0.373
Bryotoxin B 1.116 100 No —0.896 —3.356 No 0.343

Here, TC = total clearance and measured in log mL/min/kg; I = inhibitor; Caco-2 permeability (C2P) (log Papp in 10~® cm/s); human intestinal
absorption (HIA) (% absorbed), and P-glycoprotein inhibitor (P-gpl); The blood-brain barrier (BBB) (log BB) and central nervous system (CNS)

permeability (log PS).
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Table 06
Toxicity analysis of the four bioactive compounds from Bryophyllum pinnatum.

Compounds Oral Toxicity Organ Toxicity Toxicity Endpoints Prediction

Toxicity Class Predicted LD50 (mg/kg) Hepatotoxicity Mutagenicity Cyto Toxicity Carcinogenicity Immunotoxicity

Bryophyllin A 2 31 Inactive Inactive Active Inactive Active
Bryophyllin B 3 144 Inactive Inactive Active Inactive Active
Bryotoxin A 2 31 Inactive Inactive Active Inactive Active
Bryotoxin B 2 31 Inactive Inactive Inactive Inactive Active
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Fig. 10. Molecular Dynamics Simulations: Properties (PSA, SASA, MolSA, IntraHB, rGyr and RMSD) of the four bioactive compounds of Bryo-
phyllum pinnatum: (A) Bryophyllin B, (B) Bryotoxin B, (C) Bryophyllin A, and (D) Bryotoxin A.

bioactive compounds are summarized in Table 07 which actually a short form of Table S2.

Understanding the dynamic behavior of amino acids and pinpointing specific modification sites within a protein are critical for
interpreting functional dynamics during molecular dynamics simulations. The root mean square fluctuation (RMSF) analysis offers
valuable insights into the variability of individual amino acids over the simulation trajectory. The average RMSF values for Bryophyllin
B, Bryotoxin B, Bryophyllin A, and Bryotoxin A were determined for three allergen proteins: Antigen 5 (Ves V5, PDB: 1QNX), Hya-
luronoglucosaminidase (Ves V2, PDB: 2ATM), and Phospholipase Al (Ves V1, PDB: 4QNN). Notable fluctuations (1.4-3.8 f%) were
observed in specific residues of Antigen 5, such as LYS_5, ILE_6, LYS 7, CYS_8, LEU_9, LYS_ 10, GLY_11, ASN_194, PHE_195, LYS_196,
ASN_197, GLU_198, and GLU_199, particularly with Bryophyllin B (Fig. 13A). Here LEU_9 and LYS_10 formed alkyl bond and con-
ventional hydrogen bond respectively with Bryophyllin B and these two amino acids showed moderate fluctuation of 3.706 A and
2.548 A respectively which denotes the flexibility the interactions.

For the allergen protein Hyaluronoglucosaminidase, residues including ASN_135, GLU_136, HIS_137, PRO_138, THR_ 139,
TRP_140, ASN_141, LYS_ 142, and LYS_143 exhibited maximum fluctuations ranging from 2.1 to 9.8 A (Fig. 13B). Similarly, for the
allergen protein Phospholipase Al, residues like MET 91, SER_92, GLY_93, ILE_ 94, GLN_95, LEU_96, PRO_169, SER_170, PHE 171,
LYS_172, SER_173, and ASN_174 showed fluctuations ranging from 2.5 to 7.5 A with Bryotoxin B (Fig. 13C). Additionally, amino acid
residues including ARG_18, GLU_19, ASN_20, LYS_21, LYS_22, HIS_23, ASP_24, GLU_89, GLU_90, MET 91, and others exhibited similar
fluctuations with Bryotoxin A (Fig. 13D). Importantly, none of these highly fluctuating amino acid residues were directly involved in
protein-ligand contacts. Despite the observed fluctuations, the protein-ligand complexes for all four compounds remained stable
throughout the simulation. Notably, the allergen proteins Antigen 5, Hyaluronoglucosaminidase, and Phospholipase A1 demonstrated
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Fig. 11. Root Mean Square Deviation (RMSD) of protein-ligand complexes: (A) 1QNX-Bryophyllin B, (B) 2ATM-Bryotoxin B, (C) 4QNN-Bryophyllin
A, and (D) 4QNN-Bryotoxin A.

enhanced stability, indicating robust interactions with the ligands.

The compounds are visually represented in a 2D schematic diagram, showcasing color-coded rotatable bonds (Fig. 14(A-D)). To
provide a clearer understanding of these rotatable torsional bonds, a radial plot and corresponding color bar plots were introduced.
The radial plot depicts the evolution of torsion angles over the simulation period, emanating from the center and extending outward
with time. Bar plots accompanying the radial diagram summarize the probability density of torsion angles, with data expressed in kcal/
mol on the Y-axis. This combined visualization method elucidates the relationship between torsion potential and conformational strain
of the compounds while preserving their protein-bound conformation.

In summary, molecular dynamics simulations revealed distinct properties of the four bioactive compounds from Bryophyllum
pinnatum. All compounds showed stable interactions within the protein-ligand complex, but differences in structural stability, flexi-
bility, and surface properties were observed. These findings provide valuable insights for further investigation and development of
these compounds as potential therapeutic agents.

3.5.1. Analysis of MDS: protein-ligand contacts

Based on the analysis of protein-ligand interactions during the 100ns molecular dynamics simulations, the interactions between the
four bioactive compounds from Bryophyllum pinnatum and the respective allergen proteins of V. vulgaris were assessed, focusing on
different types of interactions, including water bridges, hydrogen bonds, ionic interactions, and hydrophobic interactions.

For the protein-ligand complex Antigen 5 (Ves V5, PDB: 1QNX) with Bryophyllin B, a substantial number of interactions were
observed, primarily dominated by water bridges (24 amino acid residues) and hydrogen bonds (10 amino acid residues). These in-
teractions persisted for an average duration of 47 % and 8 % of the simulation period, respectively, indicating a notable engagement
between Bryophyllin B and the Antigen 5 (Ves V5) protein (Fig. 15A). Among them, TYR_162 demonstrated hydrophobic interaction
throughout the whole simulation period and PHE_151 for 40 % time period. Again, ASN_194 showed both H bond and water bridge
interaction for 50 % time of simulation period. These long-time interactions denote the compact nature and strong stability of the
protein-ligand contacts.

In the case of the protein-ligand complex Hyaluronoglucosaminidase (Ves V2, PDB: 2ATM) with Bryotoxin B, fewer interactions
were observed compared to 1QNX-Bryophyllin B. However, hydrogen bonds were the predominant interaction type, involving 4 amino
acid residues and persisting for 60 % of the simulation time. Water bridges and hydrophobic interactions were also present, albeit to a
lesser extent (Fig. 15B). The amino acid residues TYR_67 and ASN_127 showed H bond interactions for 120 % and 60 % time of

simulation time periods. PHE_128 showed hydrophobic interaction for 70 % time period which denote the strong binding stability with
Bryotoxin B.
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Table 07

Molecular Dynamics Simulations: The Summary of Properties of the top four compounds.
Ligand Protein- ligand complex Ligand

RMSD (&) RMSD (&) RMSF (&) RG (A) SASA (A?) MolSA (A%) PSA (A%

Bryophyllin A 2.111674 0.46445 0.48435 4.41730 123.3923 361.1234 176.326
Bryophyllin B 1.613691 0.475028 3.63705 4.348928 201.2910 377.2109 243.1312
Bryotoxin A 1.617276 0.699878 0.5681 5.792775 87.32623 498.5362 294.2162
Bryotoxin B 1.530682 0.557712 1.8984 4.209431 310.6630 269.8755 206.4726
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Fig. 13. Molecular Dynamics Simulation: RMSF plotting of allergen proteins- Antigen 5 (Ves V5, PDB: 1QNX), Hyaluronoglucosaminidase (Ves
V2, PDB: 2ATM), and Phospholipase A1l (Ves V1, PDB: 4QNN) with (A) Bryophyllin B, (B) Bryotoxin B, (C) Bryophyllin A, and (D) Bryotoxin A
respectively.

Moving to the protein-ligand complex Phospholipase A1 (Ves V1, PDB: 4QNN), both Bryophyllin A and Bryotoxin A exhibited
significant interactions. Bryophyllin A formed water bridges with 24 amino acid residues, hydrogen bonds with 10 amino acid resi-
dues, and ionic interactions with 3 amino acid residues. These interactions persisted for 65 %, 34 %, and 2 % of the simulation time,
respectively. Similarly, Bryotoxin A formed water bridges with 27 amino acid residues and hydrogen bonds with 12 amino acid
residues, with durations of 70 % and 87 % of the simulation time, respectively (Fig. 15C and D). Both the amino acid residue B:
THR_230 and D:LEU_220 exhibited H bond interaction for 65 % and 98 % of simulation time period. Again, B:THR_54, B:CYS_218, D:
THR_54, D:SER_56, D:THR_59 and D:ASN_61 all exhibited water bridges interactions with Bryotoxin A for more than 40 % time of the
simulation time period. A timeline representation of these protein-ligand contacts was supplemented on Figs. S1(A-D).

Overall, the interactions between the compounds and the allergen proteins varied in terms of types and durations. Bryophyllin B
and Bryotoxin A exhibited extensive interactions with the Phospholipase A1l (Ves V1) protein, while Bryophyllin B displayed notable
engagement with the Antigen 5 (Ves V5) protein. These findings suggest distinct binding modes and potential binding affinities of the
compounds with their respective target proteins, providing valuable insights for further drug development efforts.

4. Discussion

Different analysis in this study provides valuable insights into the potential therapeutic efficacy and safety profiles of bioactive
compounds derived from Bryophyllum pinnatum against allergen proteins from V. vulgaris. Through a comprehensive analysis
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Fig. 14. Torsions of the four bioactive compounds- (A) Bryophyllin B, (B) Bryotoxin B, (C) Bryophyllin A, and (D) Bryotoxin A.

encompassing molecular docking, molecular properties assessment, and ADMET profiling, we have shed light on the promising
candidates for inhibiting allergic reactions induced by wasp venom.

Firstly, the molecular docking analysis revealed robust binding interactions between the bioactive compounds and the allergen
proteins, indicating strong potential for therapeutic intervention. Across all three proteins (Ves V1, Ves V2, and Ves V5), Bryophyllin B
consistently exhibited high affinity (—9.6 kcal/mol), closely followed by Bryotoxin A (—10.0 kcal/mol), suggesting their strong
binding capabilities with allergen proteins from V. vulgaris. The identified binding pockets were consistent among different proteins,
suggesting potential shared interaction sites and highlighting the specificity of the compounds towards the target proteins.

Furthermore, the molecular properties analysis provided insights into the drug-likeness and pharmacokinetic characteristics of the
compounds [51-54]. Bryophyllin A and Bryophyllin B demonstrated moderate molecular weights and favorable logP values, indicative
of balanced hydrophilic-lipophilic profiles essential for efficient drug absorption and distribution. While Bryotoxin A and Bryotoxin B
exhibited higher molecular weights and greater molecular flexibility, they still adhered to Lipinski’s rule of five, albeit with a few
violations, suggesting their potential as drug candidates.

The ADMET analysis further elucidated the pharmacokinetic properties and safety profiles of the compounds [48]. Bryophyllin B
emerged as a promising candidate with high absorption, minimal metabolic interactions, and a low toxicity profile, making it a
favorable choice for further development as a therapeutic agent. Importantly, all compounds exhibited favorable safety profiles in
terms of hepatotoxicity, mutagenicity, and immunotoxicity, although cytotoxicity and carcinogenicity predictions warrant further
investigation.

The analysis of molecular dynamics simulations (MDS) offers a comprehensive understanding of the dynamic behavior and stability
of protein-ligand complexes formed by four bioactive compounds derived from Bryophyllum pinnatum. These simulations provide
valuable insights into various parameters such as RMSD, RMSF, RG, SASA, MolSA, PSA, and torsion angles, shedding light on the
structural dynamics and interactions within the complexes.

The RMSD values, indicative of structural deviation during the simulation period, ranged from 1.530682 A to 2.111674 A for the
protein-ligand complexes, suggesting minimal structural changes. Notably, Bryophyllin A and B exhibited the lowest RMSD values for
individual ligands, indicating excellent structural preservation within the complexes. Conversely, Bryotoxin A displayed slightly
higher RMSD values, suggesting relatively more significant structural deviations [55-57].

The RMSF analysis provided insights into the flexibility of individual atoms within the ligands [58]. Bryophyllin A displayed
minimal atom-level fluctuation, while Bryophyllin B exhibited greater flexibility. Bryotoxin A and B displayed intermediate flexibility,
indicating moderate fluctuation of atoms within the ligands.

Regarding the radius of gyration (RG) [59], Bryotoxin A exhibited the highest value, suggesting a more extended conformation,
while Bryophyllin B demonstrated the lowest RG value, indicating a more compact structure within the complexes.

Solvent-accessible surface area (SASA) values reflected the accessibility of solvent molecules to the ligand surface, with Bryophyllin
A exhibiting relatively lower solvent exposure and Bryotoxin B showing greater solvent accessibility. Additionally, MolSA and PSA
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values indicated differences in molecular surface area and the presence of polar atoms among the compounds.

The analysis of torsion angles provided further insights into the conformational dynamics of the compounds over the simulation
period, elucidating their potential strain and stability within the protein-bound conformation.

Moreover, the analysis of protein-ligand contacts revealed extensive interactions between the compounds and allergen proteins,
including water bridges, hydrogen bonds, and hydrophobic interactions. Each compound exhibited unique interaction profiles with
the target proteins, indicating distinct binding modes and potential binding affinities.

Despite the observed fluctuations in dynamic properties, all protein-ligand complexes remained stable throughout the simulations,
underscoring the robustness of their interactions. Notably, the allergen proteins demonstrated enhanced stability, further supporting
the strong and stable binding affinity of the compounds.

In conclusion, this study highlights the potential of bioactive compounds from Bryophyllum pinnatum as inhibitors of V. vulgaris
allergen proteins. Bryophyllin B, in particular, emerges as a most promising candidate with high binding affinity, favorable phar-
macokinetic properties, a low toxicity profile and strong stability in protein-ligand complex. These findings pave the way for further
research and development of novel therapeutics to mitigate the allergic burden imposed by wasp venom, emphasizing the importance
of natural compounds in drug discovery and development.

5. Conclusion

In conclusion, this study unveiled Bryophyllum pinnatum compounds, particularly Bryophyllin B and Bryotoxin A as promising
inhibitors for V. vulgaris allergen proteins. The strong binding affinities and favorable ADMET profiles make these compounds
attractive candidates for further preclinical and clinical studies. The potential of Bryophyllin B as a lead compound emphasizes the
importance of thorough drug development efforts. As we advance toward the goal of mitigating wasp venom allergies, these findings
contribute valuable insights to the field, offering potential solutions to address the increasing prevalence of allergic reactions induced
by V. vulgaris venom.
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