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Abstract: Melittin, a naturally occurring antimicrobial peptide, demonstrates broad-
spectrum activity, effectively suppressing and eliminating both Gram-positive and Gram-
negative bacteria, including specific drug-resistant strains. In this study, molecular sim-
ulation software was employed to investigate and modify the structure of melittin with
the aim of synthesizing a modified peptide exhibiting enhanced antibacterial potency and
assessing its bacteriostatic and antibacterial properties. The primary research objectives
were as follows: 1. Preparation and characterization of melittin-modified peptide—Using
molecular simulation software, the structure of the melittin-modified peptide was adjusted
to predict its activity and select the most appropriate amino acid sequence. The peptide was
synthesized through solid-phase peptide synthesis employing the Fmoc strategy and subse-
quently purified using liquid chromatography. The yield of the purified modified melittin
was determined to be 30.97%, and the identity of the product was confirmed by LC-MS
and MALDI-TOF-MS. 2. Evaluation of the antimicrobial activity of the melittin-modified
peptide—The minimum inhibitory concentration (MIC) and minimum bactericidal concen-
tration (MBC) of melittin and its modified peptide were measured using gradient dilution
and plate counting techniques. The results revealed that both melittin and its modified
peptide exhibited strong antibacterial efficacy against Gram-positive and Gram-negative
bacteria, as well as certain drug-resistant strains. This showed that melittin and its modified
peptide have the same antibacterial (killing) effect. A scanning electron microscope analysis
indicated that both melittin and its modified peptide were capable of disrupting bacterial
cell structures, leading to bacterial cell death.

Keywords: melittin-modified peptide; solid-phase synthesis; antimicrobial property

Key Contribution: The manuscript highlights the use of molecular simulation software to
modify the structure of melittin, a natural antimicrobial peptide. This led to the synthesis of
a modified peptide with comparable antibacterial efficacy against a wide range of bacteria,
including drug—resistant strains, as demonstrated through various characterization and
activity—testing methods.

1. Introduction
The persistent increase in bacterial mutation rates, exacerbated by the overuse of

antibiotics, has intensified the antibiotic resistance crisis, rendering it a significant global
concern. Antibacterial peptides are distinguished by their broad-spectrum antibacterial
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activity for bacteria, viruses, and tumor cells. Their potent inhibitory effects have attracted
considerable attention within the scientific community [1].

Natural antibacterial peptides display significant diversity and are sourced from
various origins, with insect-derived peptides forming a prominent subgroup. Melittin,
extracted from bee venom, exemplifies a class of venom-derived peptides. This cationic
linear amide peptide consists of 26 amino acids and exhibits amphipathicity in its primary
sequence. At a physiological pH, melittin carries a net charge of +6 [2]. Its secondary
structure predominantly assumes a canonical amphipathic α-helical conformation [3]. The
presence of proline residues within this α-helical framework causes the peptide backbone to
kink at a specific angle [4]. Research has clearly shown that upon interaction with biological
membranes, melittin’s secondary structure folds at a defined angle, which is believed to aid
in the disruption of bacterial cell membranes, thereby augmenting melittin’s antibacterial
efficacy [5]. Melittin inserts into the cell membrane in a directional manner, forming
cavities on the bacterial membrane surface. Upon penetration, melittin can hydrolyze DNA
and RNA, and it exerts an inhibitory effect on protein synthesis. A study by Fennell in
1968 demonstrated that melittin exhibits antibacterial activity against penicillin-resistant
strains of Staphylococcus aureus [6]. In 2002, Lazarev et al. confirmed that melittin can impair
human Mycoplasma and Chlamydia trachomatis infections through a cytotoxic mechanism [7].
Research by Pan in 2008 revealed that melittin exhibits significant inhibitory effects on
Gram-negative and Gram-positive bacteria, fungi, and certain mold spores [8].

In recent years, melittin has attracted significant attention in the emerging field of com-
bination therapies with traditional antibacterial agents, such as antibiotics. This has been
supported by previous research. Guha et al. [9] provided an overview of the rich history of
scientific research into the many activities of melittin, highlighting its potential in antibacte-
rial applications. Kmeck et al. [10] also discussed the synergies and resistance related to
membrane-active peptides, including melittin. In 2022, Rasoul Mirzaei et al. [11] demon-
strated the efficacy of melittin against multi-drug-resistant Methicillin-Resistant Staphylo-
coccus aureus (MDR-MRSA) isolates. The therapeutic indices of the melittin–vancomycin
and melittin–rifampicin combinations were found to be 32.08-fold and 12.82-fold higher,
respectively, than those of the antibiotics when used individually, indicating a notable
degree of synergy and representing a promising strategy for the treatment of MDR-MRSA
infections. Studies show that melittin has anti-tumor effects. It can inhibit tumor cell
growth, metastasis, migration, and invasion, reduce cell viability, and induce apoptosis.
In 2020, research indicated its therapeutic effect on HPV-positive cervical cancer cells [12].
Also in 2020, it was found to inhibit bladder cancer cell growth [13]. In 2022, it was shown
to regulate breast cancer cell metastasis and viability [14]. In 2023, it was reported to inhibit
non-small cell lung cancer cell proliferation [15]. This study aimed to utilize bioinformatics
methodologies and molecular simulation software to investigate the structure of melittin,
analyze factors influencing its antibacterial efficacy, and modify and synthesize melittin.
Additionally, we conducted antibacterial efficacy assays against various bacterial strains.
The objective was to develop a modified melittin peptide that exhibits enhanced antibacte-
rial performance, thereby providing a valuable framework for the structural modification
of melittin to combat drug-resistant bacterial strains.

2. Results
2.1. Structural Modification and Activity Prediction of Melittin

The PLDDT was employed as the metric for evaluating the confidence level of the
melittin-modified peptide. Residues with PLDDT values exceeding 90 were classified as
exhibiting high confidence. Residues with PLDDT values ranging from 70 to 90 were
categorized as having medium to high confidence. Conversely, residues with PLDDT val-
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ues below 50 were considered potentially disordered structures or isolated non-structural
elements. The variations in PLDDT at individual sites and throughout the peptide se-
quences of 20 modified melittin peptides were plotted, as depicted in Figure 1. This study
employed PyMOL software to visualize multiple sequences of melittin-modified peptides
and construct a fundamental model. The angle that was formed by the central carbon
atoms of the 12th to 14th amino acids in the melittin backbone indicated the angle between
the N-terminal α-helix and the C-terminal α-helix of the melittin-modified peptides, as
illustrated in Figure 2. The predicted data for the angles between the α-helices at both
termini of the 20 arranged melittin-modified peptides are presented in Table 1, providing
a comprehensive and quantitative summary of the structural characteristics that were
under investigation. In the experiment, Ala was selected to replace the 12th Gly of melittin
for the purpose of realizing the structural transformation of melittin. Due to its simple
hydrophobic side chain structure, Ala is capable of increasing the α helix angle between the
two ends of melittin, thereby enhancing the binding ability of melittin to the bacterial cell
membrane while not altering the charge number of melittin. It has no significant influence
on the folding of the secondary structure of the peptide chain.
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Table 1. Predicted data for angle of α helix at both terminals of melittin-modified peptide.

Amino Acid Ile Val Leu Cys Met Phe Trp Tyr Ala Thr

α/◦ 98.4 98.6 97.4 98.2 96.5 97.5 98.3 96.0 97.6 97.3

Amino acid Gly Gln Glu Ser Lys His Arg Asn Asp Pro
α/◦ 96.9 95.7 95.8 96.7 95.8 96.2 95.2 95.6 96.2 96.6

2.2. Melittin-Modified Peptide Characterization

The characterization of the melittin-modified peptide was conducted using the LC-MS
and MALDI-TOF-MS techniques. In the LC-MS analysis, the observed mass-to-charge
ratios (m/z) of 716.3 and 954.5 corresponded to the ions [M + 4H]4+/4 and [M + 3H]3+/3,
respectively. The theoretical values for these ions were 715.9 and 954.3, thereby confirming
the purified sample as the melittin-modified peptide (see Figure 3). Supporting data from
MALDI-TOF-MS indicated the molecular weight of the product, with peaks at 2859.694
and 1430.849 being observed (see Figure 4). The former represents the molecular ion peak,
while the latter corresponds to a doubly charged ion peak associated with [M + 1]+ and
[M + 2]2+/2. The theoretically calculated molecular weights of these ions were 2960.7 and
1430.9, respectively, confirming the peptide’s identity. After a vacuum-drying process
lasting four hours, the Rink-amide PEG matrix resin demonstrated an increase in weight of
0.202 g, indicating successful conjugation with the melittin-modified peptide chain, which
retained side chain protection. The relative molecular weight of the protected melittin was
found to be 4401.62. The crude yield of melittin was 91.78%, and subsequent processing
and lyophilization of the crude peptide resulted in a yield of 44.27 mg. A total of 0.05 mmol
of the peptide was synthesized using Liberty Blue, with a theoretical yield of 142.94 mg
and an actual pure product yield of 30.97%. The purity of the peptide was elucidated
using HPLC (see Figure 5). A peak observed prior to 9.027 min in the chromatogram was
attributed to mobile phase switching and peptide solubility, rather than an impurity. The
peptide peak was distinctly registered at 9.027 min, with no additional impurity peak being
detected, confirming a purity of 100%.

Toxins 2025, 17, x FOR PEER REVIEW 5 of 16

2.2. Melittin-Modified Peptide Characterization

The characterization of the melittin-modified peptide was conducted using the LC-
MS and MALDI-TOF-MS techniques. In the LC-MS analysis, the observed mass-to-charge 
ratios (m/z) of 716.3 and 954.5 corresponded to the ions [M + 4H]4⁺/4 and [M + 3H]3⁺/3, 
respectively. The theoretical values for these ions were 715.9 and 954.3, thereby confirm-
ing the purified sample as the melittin-modified peptide (see Figure 3). Supporting data 
from MALDI-TOF-MS indicated the molecular weight of the product, with peaks at 
2859.694 and 1430.849 being observed (see Figure 4). The former represents the molecular 
ion peak, while the latter corresponds to a doubly charged ion peak associated with [M + 
1]⁺ and [M + 2]2⁺/2. The theoretically calculated molecular weights of these ions were 
2960.7 and 1430.9, respectively, confirming the peptide’s identity. After a vacuum-drying 
process lasting four hours, the Rink-amide PEG matrix resin demonstrated an increase in 
weight of 0.202 g, indicating successful conjugation with the melittin-modified peptide 
chain, which retained side chain protection. The relative molecular weight of the protected 
melittin was found to be 4401.62. The crude yield of melittin was 91.78%, and subsequent 
processing and lyophilization of the crude peptide resulted in a yield of 44.27 mg. A total 
of 0.05 mmol of the peptide was synthesized using Liberty Blue, with a theoretical yield 
of 142.94 mg and an actual pure product yield of 30.97%. The purity of the peptide was 
elucidated using HPLC (see Figure 5). A peak observed prior to 9.027 min in the chroma-
togram was attributed to mobile phase switching and peptide solubility, rather than an 
impurity. The peptide peak was distinctly registered at 9.027 min, with no additional im-
purity peak being detected, confirming a purity of 100%.

Figure 3. LC-MS spectrum of melittin-modified peptide.Figure 3. LC-MS spectrum of melittin-modified peptide.



Toxins 2025, 17, 98 5 of 15
Toxins 2025, 17, x FOR PEER REVIEW 6 of 16

Figure 4. MALDI-TOF-MS of melittin-modified peptide.

Figure 5. Liquid chromatogram of melittin-modified peptide.

2.3. Antibacterial Performance Outcome

2.3.1. Comparison of Antibacterial Rate Between Melittin and Melittin-Modified Peptide

The average bactericidal rates of S. aureus, E. coli, and methicillin-resistant MRSA for 
various concentrations of melittin and its modified peptide were calculated (refer to Ta-
bles 2 and 3). An analysis of the data from these tables was conducted alongside the as-
sessment of colony growth in bacteria that were treated with 2 µg/mL of both melittin and 
its modified peptide (see Figure 6). At a bacterial concentration of 2 × 102 colony-forming 
units per milliliter (CFU/mL), both 4 µg/mL melittin and 2 µg/mL of the modified peptide 
exhibited 100% antimicrobial efficacy against S. aureus and MRSA. For E. coli, melittin and 
the modified peptide displayed similar antibacterial trends, with the modified peptide 
demonstrating slightly higher effectiveness. The antibacterial activity against E. coli was 
less pronounced than that against S. aureus, likely due to differences in cell structure or 
binding sites. Additionally, 2 µg/mL melittin achieved a higher antimicrobial rate against 
MRSA compared to S. aureus. The comparative analysis of the percent inhibition indicated 
that the modified peptide exhibited superior efficacy compared to melittin against these 
bacteria. The increase in the α-helix angle at both termini of melittin enhanced the local 
hydrophobicity of the peptide chain, improved the stability of the secondary structure, 
and augmented its antibacterial and bactericidal properties. These findings provide 

Figure 4. MALDI-TOF-MS of melittin-modified peptide.

Toxins 2025, 17, x FOR PEER REVIEW 6 of 16

Figure 4. MALDI-TOF-MS of melittin-modified peptide.

Figure 5. Liquid chromatogram of melittin-modified peptide.

2.3. Antibacterial Performance Outcome

2.3.1. Comparison of Antibacterial Rate Between Melittin and Melittin-Modified Peptide

The average bactericidal rates of S. aureus, E. coli, and methicillin-resistant MRSA for 
various concentrations of melittin and its modified peptide were calculated (refer to Ta-
bles 2 and 3). An analysis of the data from these tables was conducted alongside the as-
sessment of colony growth in bacteria that were treated with 2 µg/mL of both melittin and 
its modified peptide (see Figure 6). At a bacterial concentration of 2 × 102 colony-forming 
units per milliliter (CFU/mL), both 4 µg/mL melittin and 2 µg/mL of the modified peptide 
exhibited 100% antimicrobial efficacy against S. aureus and MRSA. For E. coli, melittin and 
the modified peptide displayed similar antibacterial trends, with the modified peptide 
demonstrating slightly higher effectiveness. The antibacterial activity against E. coli was 
less pronounced than that against S. aureus, likely due to differences in cell structure or 
binding sites. Additionally, 2 µg/mL melittin achieved a higher antimicrobial rate against 
MRSA compared to S. aureus. The comparative analysis of the percent inhibition indicated 
that the modified peptide exhibited superior efficacy compared to melittin against these 
bacteria. The increase in the α-helix angle at both termini of melittin enhanced the local 
hydrophobicity of the peptide chain, improved the stability of the secondary structure, 
and augmented its antibacterial and bactericidal properties. These findings provide 

Figure 5. Liquid chromatogram of melittin-modified peptide.

2.3. Antibacterial Performance Outcome
2.3.1. Comparison of Antibacterial Rate Between Melittin and Melittin-Modified Peptide

The average bactericidal rates of S. aureus, E. coli, and methicillin-resistant MRSA
for various concentrations of melittin and its modified peptide were calculated (refer to
Tables 2 and 3). An analysis of the data from these tables was conducted alongside the
assessment of colony growth in bacteria that were treated with 2 µg/mL of both melittin and
its modified peptide (see Figure 6). At a bacterial concentration of 2 × 102 colony-forming
units per milliliter (CFU/mL), both 4 µg/mL melittin and 2 µg/mL of the modified peptide
exhibited 100% antimicrobial efficacy against S. aureus and MRSA. For E. coli, melittin and
the modified peptide displayed similar antibacterial trends, with the modified peptide
demonstrating slightly higher effectiveness. The antibacterial activity against E. coli was
less pronounced than that against S. aureus, likely due to differences in cell structure or
binding sites. Additionally, 2 µg/mL melittin achieved a higher antimicrobial rate against
MRSA compared to S. aureus. The comparative analysis of the percent inhibition indicated
that the modified peptide exhibited superior efficacy compared to melittin against these
bacteria. The increase in the α-helix angle at both termini of melittin enhanced the local
hydrophobicity of the peptide chain, improved the stability of the secondary structure, and
augmented its antibacterial and bactericidal properties. These findings provide insights
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into the structural modifications of melittin and their effects on antibacterial activity, which
may inform the development of more effective antimicrobial agents.

Table 2. Comparison of the percent inhibition of different concentrations of melittin acting on three
strains of bacteria.

Concentration µg/mL 2 4 8 16 32 64

S. aereus percent inhibition 38.16% 100% 100% 100% 100% 100%
E. coli percent inhibition 22.09% 30.92% 34.54% 40.16% 42.97% 37.35%
MRSA percent inhibition 50.34% 100% 100% 100% 100% 100%

Table note: the number of parallel tests n = 3.

Table 3. Comparison of antimicrobial rates of melittin-modified peptide at different concentrations
among the three strains.

Concentration µg/mL 2 4 8 16 32 64

S. aereus percent inhibition 100% 100% 100% 100% 100% 100%
E. coli percent inhibition 49.40% 51.41% 55.02% 56.22% 91.16% 82.33%
MRSA percent inhibition 100% 100% 100% 100% 100% 100%

Table note: the number of parallel tests n = 3.
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2.3.2. MIC and MBC of Melittin and Melittin-Modified Peptide

S. aureus was selected as the representative Gram-positive bacterium, E. coli for Gram-
negative, and MRSA for drug-resistant bacteria. At a concentration of 3.2 µg/mL or lower,
solutions of S. aureus, E. coli, and MRSA exhibited turbidity after 24 h of incubation. How-
ever, at concentrations of 6.4 µg/mL or higher, these solutions became clear, exhibiting
optical density (OD600) values that were comparable to those of the negative control. The
MIC of melittin for these bacteria was determined to be 6.4 µg/mL, based on an initial
bacterial concentration of 5 × 105 CFU/mL. For the melittin-modified peptide, the same
turbidity was observed at concentrations of 3.2 µg/mL or lower after 24 h. At 6.4 µg/mL
or higher, the solutions were likewise clear, showing OD600 values that were similar to
the negative control, with the MIC also at 6.4 µg/mL for the same initial concentration.
These results provide insights into the antibacterial activities, highlighting the importance
of MIC determination. The similar MICs suggest that the modification of melittin did not
significantly alter the inhibitory concentration. Future studies could investigate the differ-
ences in mechanisms and killing kinetics. The experimental data indicate that treatment
with melittin and its modified peptide at concentrations of 6.4 µg/mL or higher effectively
eliminated turbidity in solutions of S. aureus, E. coli, and MRSA after 24 h of incubation.
Observations of the bacterial colony growth on agar plates that were treated with melittin at
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concentrations of 51.2, 25.6, 12.8, and 6.4 µg/mL revealed no colony formation for S. aureus,
E. coli, and MRSA. Consequently, for an initial bacterial concentration of 5 × 105 CFU/mL,
the MBC of melittin and its modified peptide against S. aureus, E. coli, and MRSA was found
to be 6.4 µg/mL. Moreover, results from both the MIC and MBC experiments demonstrated
that at a bacterial concentration of 2 × 105 CFU/mL, both the MIC and MBC of melittin and
its modified peptide for S. aureus, E. coli, and MRSA remained consistently at 6.4 µg/mL.

2.3.3. Bacterial Growth Curve of Melittin and Its Modified Peptide

The bacterial growth curves of S. aureus, E. coli, and MRSA induced by melittin and
its modified peptide were constructed. The absorbance at 600 nm was measured for each,
and the bacterial growth curves of S. aureus, E. coli, and MRSA within 24 h were plotted
(Figure 7). By analyzing the growth trend of the S. aureus growth curve in Figure 8, it
was observed that melittin and its modified peptide at a concentration of 6.4 µg/mL or
higher could effectively inhibit the growth of S. aureus. When comparing the change trends
of the bacterial growth curves of 3.2 µg/mL and 1.6 µg/mL melittin and its modified
peptide, it was evident that the antibacterial activity of the melittin-modified peptide at
3.2 µg/mL and 1.6 µg/mL was superior to that of melittin at the same concentrations. The
experimental results demonstrated that the antimicrobial and antibacterial activities of
the modified peptide were enhanced as a result of the structural modification of melittin
compared to the unmodified melittin.
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its modified peptide. (a) The growth curve of S. aureus bacteria under the influence of melittin and 
Figure 7. The bacterial growth curves of the three bacteria in response to the action of melittin and
its modified peptide. (a) The growth curve of S. aureus bacteria under the influence of melittin and
its modified peptide; (b) the growth curve of E. coli under the impact of melittin and its modified
peptide; (c) the growth curve of MRSA under the effect of melittin and its modified peptide.
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Figure 8. The effect of melittin and its modified peptides on different genus of bacteria. (a) The
morphological structure of S. aureus upon treatment with melittin, (b) the morphological structure
of S. aureus following treatment with the melittin-modified peptide, (c) the morphological structure
of E. coli after treatment with melittin, and (d) the morphological structure of E. coli following
melittin-modified peptide treatment.

2.3.4. Scanning Electron Microscope

The influence of melittin and its modified peptide on the morphological architecture of
S. aereus and E. coli was meticulously examined using scanning electron microscopy (Figure 8).
Upon exposure to melittin and its modified peptide, the bacteria underwent significant alter-
ations, characterized by the roughening of their surfaces, which indicates initial impacts on the
integrity of the cell envelope. The structural components that are critical for maintaining nor-
mal physiological functions and bacterial viability were severely compromised. This damage
manifested as disruptions and deformations, resulting in pronounced distortions of the cell
morphology. Notably, some cells exhibited adherence to one another, a phenomenon that is
potentially attributable to alterations in their surface properties and the release of intracellular
components, leading to aggregate formation. The findings from the electron microscopy un-
equivocally demonstrated that melittin and its modified peptide can disrupt and dismantle
bacterial cell structures. By impairing the structural integrity, these peptides effectively interfere
with fundamental processes that are essential for bacterial survival, including nutrient and
metabolite transport across the cell membrane, the maintenance of osmotic balance, and proper
functioning of the genetic machinery. Consequently, this disruption facilitates efficient bacterial
killing, underscoring the potential of melittin and its modified peptide as potent antibacterial
agents. The detailed visualization of these morphological changes not only vividly demon-
strates direct antibacterial effects but also provides insights into the underlying mechanisms of
action, allowing for a more profound understanding of how melittin and its modified form
interact with bacterial cells at a structural level. Such knowledge is essential for unraveling
the complex processes that are involved in antibacterial activity. Furthermore, comparing the
morphological alterations that are induced by melittin and its modified peptide may reveal
differences in their modes of action, which could be leveraged for optimizing and developing
more effective antibacterial strategies.

3. Discussion
3.1. Structural Modification and Activity Prediction of Melittin

Considering the helix–hinge–helix structure and its mechanism for penetrating cell mem-
branes, the Gly-X-Pro sequence in the hinge region serves as a prevalent turning motif. Melittin
experiences torsion and kinking within the Gly-X-Pro hinge region, generating a spatial angle
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between the N-terminal α-helix and the C-terminal α-helix. The presence of this hinge region
facilitates the folding of melittin’s secondary structure, which influences the binding affinity
of the α-helices at both termini to the phospholipid bilayer of the bacterial cell membrane.
Notably, proline residues, due to their five-part ring structure, resist rotation and lack amide
hydrogen bonds, rendering them incapable of forming intra-chain hydrogen bonds. Conse-
quently, proline residues play a key role in determining the rotation angle of melittin’s main
chain. Accordingly, in this study, we selected the 12th amino acid of melittin as the modifi-
cation site to achieve structural modifications of the original melittin sequence through the
prediction of activities that are associated with various modified peptide sequences. The confi-
dence levels of single-site and local regions of 20 melittin-modified peptides were predicted.
The PLDDT values for single sites and the entire peptides were 90.75 and 88.81, respectively.
Substituting specific amino acids for the 12th Gly of melittin resulted in higher confidence
levels for the modified peptide at both single sites and local regions, indicating a more stable
secondary structure. An analysis of the predicted α-helix angles revealed that some amino
acid substitutions increased the angles between the central carbon atoms at positions 12–14 of
melittin, while others decreased them. Overall, the analysis indicated that increased α-helix
angles at both ends of the melittin-modified peptide enhanced peptide conservation and the
secondary structure’s stability. Based on the binding mechanism, replacing the 12th Gly in
melittin alters the α-helix angle and folding angle in the hinge region, thereby enhancing the
binding affinity with the bacterial cell membrane and optimizing the antibacterial performance.
In the experimental procedure, alanine (Ala) was selected to replace glycine (Gly) at the 12th
position of melittin, resulting in a structural alteration of the peptide. Due to its straightforward
hydrophobic side chain architecture, Ala can increase the α-helix angles at both termini of
melittin, thereby enhancing its binding affinity to the bacterial cell membrane while preserving
the overall charge of melittin. Additionally, because of its simple side chain structure, Ala exerts
minimal impact on the folding conformation of the secondary structure of the peptide chain.
The hydrophobicity predictions for each amino acid site of melittin and its modified peptide,
as determined by Empasy (Figure 9), further indicate that the modified peptide exhibits greater
average hydrophobicity for the amino acids located at positions 8–16 compared to melittin.
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3.2. Modification of Melittin Structure and Synthesis of Modified Peptides

In the transformation of melittin, molecular simulation software—including Discovery
Studio, the Alphafold2 protein 3D structure prediction model, and PyMOL visualization
software—was utilized to simulate the structures of melittin and several modified peptides.
Various influencing factors were analyzed, including the PLDDT, α-helix angles at both
ends of the modified peptide, peptide chain conservation, secondary structure stability,
hydrophobicity, and the number of charges. It was observed that the PLDDT increased, the
α-helix angles rose at both ends of the modified peptide, the peptide chain conservation
and secondary structure stability improved, and the hydrophobicity increased.

During the synthesis and preparation of the modified peptides, the Fmoc strategy
was employed. The yield of the modified melittin peptide was determined to be 30.97%,
with a purity of 100%, as established by the area normalization method. In the solid-phase
synthesis, due to the challenge of coupling Fmoc Arg, arginine was conjugated twice,
and the microwave temperature was maintained at 75 ◦C to improve the coupling yield
and minimize the formation of defective peptides. Ultimately, the purity of the melittin-
modified peptide was determined to be 71.8%. The crude modified peptide was isolated
and purified using preparative liquid chromatography, and successful purification was
achieved by adjusting the minimum collection threshold of the sample discharge peak
multiple times.

3.3. Evaluation of Antibacterial Effect

When the bacterial concentration was 2 × 104 CFU/mL, the antibacterial efficacy of
4 µg/mL melittin and 2 µg/mL modified peptide against S. aureus and MRSA reached
100%, indicating that the antibacterial capacity of the modified peptide was at least doubled
relative to the original peptide. The next step involved identifying the inflection point
in the antibacterial rate based on 2 µg/mL of the modified peptide. The antibacterial
trends of melittin and its modified peptide against E. coli remained consistent, with the
modified peptide demonstrating a higher antibacterial rate than melittin to a certain extent.
The antibacterial activity of both melittin and its modified peptides against E. coli was
comparatively weaker when contrasted with S. aureus, potentially due to differences in the
cell structure or binding sites. Notably, at a concentration of 2 µg/mL, the antibacterial rate
of melittin against MRSA was greater than that against S. aureus, an observation warranting
further investigation. The antibacterial rate data indicate that the melittin-modified peptide
exhibits improved efficacy against S. aureus, E. coli, and MRSA compared to melittin
alone. This finding validates our original molecular design hypothesis, specifically that
increasing the angle between the α helix at both ends of melittin, enhancing the local
hydrophobicity of the peptide chain, and improving the stability of the melittin’s secondary
structure positively influence its antibacterial ability and bactericidal efficacy. At a bacterial
concentration of 2 × 105 CFU/mL, the minimum inhibitory concentration and minimum
bactericidal concentration of melittin and its modified peptide for S. aureus, E. coli, and
MRSA were both 6.4 µg/mL, signifying that antimicrobial peptides can efficiently eliminate
microorganisms while inhibiting their growth. According to the bacterial growth curve,
the melittin-modified peptide demonstrated enhanced antibacterial characteristics and
efficacy compared to melittin. The scanning electron microscopy results illustrated that
both melittin and its modified peptide disrupt the bacterial cell structure effectively, leading
to bacterial cell death.

4. Conclusions
In this study, molecular simulation techniques were employed to modify the structure

of melittin and predict its activity, thus achieving the synthesis and preparation of melittin-



Toxins 2025, 17, 98 11 of 15

modified peptide antibacterial materials and exploring the antibacterial properties of the
modified peptide. When determining the amino acid sequence of the melittin-modified
peptide, based on the factors influencing the structure and antibacterial performance
of melittin, and by virtue of the comprehensive and efficient features of bioinformatics,
molecular simulation software was innovatively used for structural modification and
activity prediction of melittin, and PyMOL was used for visualizing the melittin-modified
peptide. The amino acid sequence of the fitted melittin-modified peptide was screened
and determined. The evaluation of antibacterial effects showed that the antibacterial
performance of the modified peptide was improved to some extent compared with that of
melittin, confirming our hypothesis.

This paper has reported the synthesis, preparation, and study of the antibacterial
properties of a melittin-modified peptide, obtaining certain fundamental results. However,
this research still has considerable room for improvement and research directions, which
are worthy of further in-depth exploration. In future research, the optimal antibacterial
concentration of the melittin-modified peptide against S. aureus and MRSA can be further
explored, providing more favorable theoretical support for studying the antibacterial
efficacy of the melittin-modified peptide against Gram-positive bacteria. The key amino
acid sites in the hinge region of melittin can be modified to explore the influence of
melittin’s structure on antibacterial performance and establish a new method for melittin
structural modification based on bioinformatics, providing a clearer underlying method
for finding antimicrobial peptides with good antibacterial performance. Melittin and
its modified peptides can be conjugated with various antibiotics to break the bacterial
resistance mechanism and achieve effective inhibition of multi-drug-resistant bacteria.

5. Materials and Methods
5.1. Materials and Instruments

Amino acid raw materials and Oxyma were sourced from Jill Biochemical (Shanghai,
China) Co., Ltd. (Shanghai, China), N,N′-Methanetetraylbis(1-methylethylamine) (DIC) was
obtained from Beijing Bo-maijie Technology Co., Ltd. (Beijing, China), and Trifluoroacetic
Acid (TFA) originated from Shandong Xiya Chemical Co., Ltd. (Chengdu, China). Anhy-
drous diethyl ether, piperidine, and phenol were supplied by Sinopharm Chemical Co., Ltd.
(Shanghai, China). Dichloromethane (DCM) was provided by Tianjin City Fuyu Fine Chem-
ical Co., Ltd. (Tianjin, China), while piperidine and N,N-Dimethylformamide (DMF) were
acquired from Beijing Chemical Factory (Beijing, China). LB broth and agar were sourced from
Qingdao Haibo Biotechnology Co., Ltd. (Qingdao, China). Staphylococcus aureus ATCC 6538
(S. aureus), Escherichia coli ATCC25922 (E. coli), and Methicillin-resistant Staphylococcus aureus
ATCC43300 (MRSA) were obtained from Beijing Biobest Biotechnology Co., Ltd. (Beijing,
China). A UV–visible spectrophotometer was acquired from Shanghai Precision Instrument
and Meter Co., Ltd. (Shanghai, China), and a Liberty Blue peptide synthesizer was sourced
from CEM Corporation (Matthews, NC, USA). A dry nitrogen-blowing concentrator was
provided by Shanghai Lichen Bangxi Instrument Technology Co., Ltd. (Shanghai, China),
while the LC-MS system was obtained from Agilent Technologies Ltd. (Santa Clara, CA, USA).
A preparatory liquid chromatograph was sourced from Waters Technologies (Shanghai) Co.,
Ltd. (Shanghai, China), and an analytical liquid chromatograph was supplied by Dalian Ylit
Analytical Instrument Co., Ltd. (Dalian, China).

5.2. Design and Synthesis of Melittin-Modified Peptide
5.2.1. Structural Modification and Activity Prediction for Melittin

Based on the helix–hinge–helix structure of melittin and its mechanism of penetrating
cell membranes [5], Gly-X-Pro in the hinge region is a common turn sequence. Melittin
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undergoes rotational kinking at Gly-X-Pro in the hinge region, forming a spatial angle
between the N-terminal α-helix and the C-terminal α-helix. Due to the presence of the
hinge region, melittin folds in its secondary structure, which has a certain impact on the
binding ability of its two-terminal α-helices to the phospholipid bilayer of the bacterial cell
membrane. Among them, the Pro residue, with its five-part ring structure, is difficult to
rotate, lacks an amide hydrogen, and cannot form intra-chain hydrogen bonds. It is the
main amino acid that provides the rotation angle for the main chain of melittin. Therefore,
in this paper, the 12th amino acid, Gly, of melittin was selected as the modification site.
Through the activity prediction of different modified peptide sequences, the structural
modification of the original melittin sequence was achieved. In this study, the AlphaFold2
protein three-dimensional structure prediction model (available at ColabFold) was utilized
to substitute the 12th amino acid of melittin with each of the 20 natural amino acids. The
amino acid sequence, formatted in FASTA, was input to generate the predicted structure of
the modified peptide.

The parameter settings were as follows: num_queries: 20; use_templates: true;
num_relax:0,relax_max_iterations: 200; ralax_tolerance: 2.39; relax_stiffness: 10.0; re-
lax_max_outer_iterations: 3; msa_mode: mmseqs2_uniref_env; model_type: alphafold2_ptm;
num_models: 5; and num_recycles: 3.

The Predicted Local Distance Difference Test (PLDDT) was selected as an indicator for
evaluating the confidence level of the modified melittin peptide. PyMOL software 2.1 was
employed to visualize multiple sequences of the modified melittin peptide to construct
a fundamental model. This approach also facilitated the prediction of individual site
confidence levels and the local region confidence within the modified melittin peptide.

5.2.2. Synthesis of Melittin-Modified Peptide

The target compound was synthesized using the Fmoc solid-phase synthesis strategy.
The amino acid sequence of the target peptide was identified as GIGAVLKVLTTALPAL-
ISWIKRKRQQ, with an amide moiety at the C-terminus. The primary solvent employed
during the synthesis was DMF. DIC was used as the condensing agent, while Oxyma func-
tioned as the activating agent. The deprotection reagent was a 20% solution of Piperidine
in DMF. The selected resin was a Rink-amide PEG matrix resin with a specification of
0.18 mmol/g. The synthesis was conducted with a quantity of 0.05 mmol in high-swelling
mode, and the resin swelling time was set for 900 s. In the coupling conditions, DMF
served as the solvent, DIC as the condensing agent, and Oxyma as the activating agent.
The quantities of the condensing agent and activating agent used were five times that of
the resin. The standard coupling protocol involved coupling at 170 W and 75 ◦C for 15 s,
followed by coupling at 30 W and 90 ◦C for 115 s. The cycle method was as follows: After
the resin was conjugated with the first amino acid, it was subjected to Fmoc deprotection
to expose the amino functionality. Subsequently, the exposed amino group was coupled
with the carboxyl group of the second Fmoc-protected amino acid. After the coupling
was complete, the Fmoc group on the second amino acid residue that was linked to the
resin was removed, allowing the exposed amino group to be coupled with the carboxyl
group of the third Fmoc-protected amino acid. This iterative process was repeated until
the coupling and Fmoc protection of the last amino acid were completed. The resulting
crude product was stored at a low temperature of 4 ◦C. After being washed with DMF
and DCM, the peptide-loaded resin was dried under vacuum overnight, and then, the
resin was subjected to cleavage. The cleavage solution was a TFA:H2O:phenol:TIPS system
(88:5:5:2), and the cleavage time was 4 h. The melittin-modified peptide was isolated and
purified using HPLC to obtain a purified product for further use. LC-MS and MALDI-
TOF-MS were employed to characterize the pure melittin-modified peptide, providing
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comprehensive insights into its molecular structure and properties. The HPLC conditions
are described below.

Column: We utilized an XBridge Peptide BEH C18 liquid chromatography column.
This column was chosen for its excellent separation capabilities for peptides, allowing for
efficient resolution of the target peptide from potential impurities.

Concentration: The concentration of the peptide sample that was used for HPLC
analysis was not fixed, as it depended on the availability and purity of the sample obtained
from the previous synthesis steps. However, we aimed to have a sample concentration that
would provide a clear and distinguishable peak without overloading the column.

Sample Volume: The injection volume was 200 µL. This volume was selected to ensure
a sufficiently large sample was introduced into the column for accurate detection and
separation, while also considering the capacity and performance of the column.

Flow Rate: The flow rate was set at 20.00 mL/min. This relatively high flow rate was
used in combination with the gradient elution program to achieve the desired separation
within the specified elution time.

The gradient elution program was as follows:
From 0.00 to 1.00 min, the mobile phase consisted of 10.0% A (ACN with 0.06% TFA)

and 90.0% B (water with 0.06% TFA).
From 1.00 to 8.00 min, the proportion of A changed from 10.0% to 90.0% and B from

90.0% to 10.0%.
From 8.00 to 10.00 min, it was 90.0% A and 10.0% B.
From 10.00 to 10.10 min, A decreased from 90.0% to 10.0%, and B increased from 10.0%

to 90.0%.
From 10.10 to 12.00 min, it was 10.0% A and 90.0% B.
The pressure threshold was maintained between 0 and 4000 psi. The ultraviolet

detector was set to monitor wavelengths at 220, 254, and 280 nm. A minimum collection
threshold was set to collect the sample effluent peaks. After collection, the collected mobile-
phase solution was treated by rotary evaporation under reduced pressure at 35 ◦C to
remove acetonitrile. The remaining aqueous solution was frozen in liquid nitrogen for
20 min and then placed in a freeze-dryer for 24 h to obtain the pure product for further use.

5.3. The Study of the Antibacterial Properties of Melittin-Modified Peptide

S. aereus ATCC6538, E. coli ATCC25922, and MRSA ATCC43300 were selected as the
experimental strains. Bacterial suspensions were prepared for subsequent use. Four groups
were established: a positive control group, a negative control group, a melittin experi-
mental group, and a melittin-modified peptide experimental group. The concentration
gradients of melittin and its modified peptide were set at 2, 4, 8, 16, 32, and 64 µg/mL.
Following incubation at 37 ◦C for 18 h, plate counting was performed. Three sets of paral-
lel experiments were conducted. Then, 0.5 McFarland Standards of S. aereus ATCC6538,
E. coli ATCC25922, and MRSA ATCC43300 were prepared. Melittin solutions and melittin-
modified peptide solutions were subsequently prepared in concentration gradients of 51.2,
25.6, 12.8, 6.4, 3.2, and 1.6 µg/mL. These solutions were then added sequentially to a
96-well enzyme-labeled plate, with positive and negative controls established. Three sets of
parallel experiments were conducted to determine and calculate the minimum inhibitory
concentrations (MICs) of melittin and melittin-modified peptide against S. aereus and E. coli.
We added 100 µL of solutions containing melittin and melittin-modified peptides from a
96-well enzyme-labeled plate, ensuring that their concentrations were above the minimum
inhibitory concentration (MIC). We spread the solutions onto an LB nutrient agar medium
and incubated at a constant temperature of 37 ◦C for 18 to 24 h. After incubation, we
observed the growth of bacterial colonies on the plate. The concentration of melittin or
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melittin-modified peptide that corresponded to a colony count of ≤0.1% was defined as
the minimum bactericidal concentration (MBC) against S. aereus, E. coli, and MRSA. We
prepared suspensions of S. aereus, E. coli, and MRSA at a concentration of 1 × 108 CFU/mL
for subsequent use. Melittin and melittin-modified peptide solutions were sequentially
added to wells B2 through B6 of a 96-well enzyme-labeled plate. Following this, 100 µL
of the diluted bacterial suspension was sequentially added to wells B2 through B6. For
the positive control wells, 50 µL of LB liquid medium and 50 µL of the diluted bacterial
suspension were combined. In the negative control wells, 100 µL of 0.9% physiological
saline, 100 µL of LB liquid medium, and 100 µL of sterile physiological saline were added,
respectively. Three sets of parallel experiments were conducted. The samples were incu-
bated in a constant-temperature incubator at 37 ◦C for 18 h, with measurements taken at
12 time points at 2 h intervals. The absorbance at 600 nm was measured to construct a
bacterial growth curve. The bacterial growth curve was drawn using Graphpad Prism. The
morphology and structure of the bacterial cells were examined post-treatment with melittin
and its modified peptide using scanning electron microscopy

Author Contributions: Methodology; X.X.; Software; X.X.; Validation; X.X.; H.F.; W.W.; D.L. and X.Q.;
Formal analysis; Y.Q.; Investigation; H.F.; L.Z.; T.L. and X.Q.; Resources; T.L.; Data curation; H.F. and
B.Z.; Writing—review & editing; D.L. and B.Z. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wang, G.; Lehrer, R.I. Antimicrobial peptides in immunity: More than just antibiotics. Trends Immunol. 2012, 33, 543–551.
2. Yang, L.; Harroun, T.A.; Weiss, T.M.; Ding, L.; Huang, H.W. Barrel-stave model or toroidal model? A case study on melittin pores.

Biophys. J. 2001, 81, 1475–1485. [CrossRef]
3. Hong, J.; Lu, X.; Deng, Z.; Xiao, S.; Yuan, B.; Yang, K. How melittin inserts into cell membrane: Conformational changes,

inter-peptide cooperation, and disturbance on the membrane. Molecules 2019, 24, 1775. [CrossRef] [PubMed]
4. Yang, S.T.; Lee, J.Y.; Kim, H.J.; Eu, Y.J.; Shin, S.Y.; Hahm, K.S.; Kim, J.I. Contribution of a central proline in model amphipathic

alpha-helical peptides to self-association, interaction with phospholipids, and antimicrobial mode of action. FEBS J. 2006, 273,
4040–4054. [CrossRef] [PubMed]

5. Zhou, C.; Zhou, C. Design, Synthesis and Applications of Antimicrobial Peptides and Antimicrobial Peptide-Mimetic Copolymers.
Prog. Chem. 2018, 30, 913–920.

6. Fennell, J.F.; Shipman, W.H.; Cole, L.J. Antibacterial action of melittin, a polypeptide from bee venom. Proceedings of the Society
for Experimental Biology and Medicine. Soc. Exp. Biol. Med. 1968, 127, 707–710. [CrossRef]

7. Lazarev, V.N.; Parfenova, T.M.; Gularyan, S.K.; Misyurina, O.Y.; Akopian, T.A.; Govorun, V.M. Induced expression of melittin, an
antimicrobial peptide, inhibits infection by chlamydia trachomatis and mycoplasma hominis in a HeLa cell line. Int. J. Antimicrob.
Agents 2002, 19, 133–137. [CrossRef] [PubMed]

8. Pan, L. Study on Antibacterial Effect and Gene Expression of Melittin. Master’s Thesis, Liaoning Normal University, Dalian,
China, 2007.

9. Guha, S.; Ferrie, R.P.; Ghimire, J.; Ventura, C.R.; Wu, E.; Sun, L.; Kim, S.Y.; Wiedman, G.R.; Hristova, K.; Wimley, W.C. Applications
and Evolution of Melittin, the Quintessential Membrane Active Peptide. Biochem. Pharmacol. 2021, 193, 114769. [CrossRef]
[PubMed]

10. Kmeck, A.; Tancer, R.J.; Ventura, C.R.; Wiedman, G.R. Synergies with and Resistance to Membrane-Active Peptides. Antibiotics
2020, 9, 620. [CrossRef]

https://doi.org/10.1016/S0006-3495(01)75802-X
https://doi.org/10.3390/molecules24091775
https://www.ncbi.nlm.nih.gov/pubmed/31067828
https://doi.org/10.1111/j.1742-4658.2006.05407.x
https://www.ncbi.nlm.nih.gov/pubmed/16889633
https://doi.org/10.3181/00379727-127-32779
https://doi.org/10.1016/S0924-8579(01)00479-4
https://www.ncbi.nlm.nih.gov/pubmed/11850166
https://doi.org/10.1016/j.bcp.2021.114769
https://www.ncbi.nlm.nih.gov/pubmed/34543656
https://doi.org/10.3390/antibiotics9090620


Toxins 2025, 17, 98 15 of 15

11. Mirzaei, R.; Alikhani, M.Y.; Arciola, C.R.; Sedighi, I.; Irajian, G.; Jamasbi, E.; Yousefimashouf, R.; Bagheri, K.P. Highly synergistic
effects of melittin with vancomycin and rifampin against vancomycin and rifampin resistant staphylococcus epidermidis. Front.
Microbiol. 2022, 13, 869650. [CrossRef] [PubMed]

12. Kim, D.H.; Lee, H.W.; Park, H.W.; Lee, H.W.; Chun, K.H. Bee venom inhibits the proliferation and migration of cervical-cancer
cells in an HPV E6/E7-dependent manner. BMB Rep. 2020, 53, 419–424. [CrossRef] [PubMed]

13. Yan, R. Effect and Mechanism of Melittin on Bladder Cancer. Master’s Thesis, Southern Anhui Medical College, Hefei, Anhui, 2021.
14. Kwon, N.Y.; Sung, S.H.; Sung, H.K.; Park, J.K. Anticancer activity of bee venom components against breast cancer. Toxins 2022, 14, 460.

[CrossRef] [PubMed]
15. Hou, S. Effect and Mechanism of Melittin on Proliferation of Human Non-Small Cell Lung Cancer a549 Cells. Master’s Thesis,

Youjiang Ethnic Medical College, Baise, China, 2022.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fmicb.2022.869650
https://www.ncbi.nlm.nih.gov/pubmed/35814659
https://doi.org/10.5483/BMBRep.2020.53.8.031
https://www.ncbi.nlm.nih.gov/pubmed/32317085
https://doi.org/10.3390/toxins14070460
https://www.ncbi.nlm.nih.gov/pubmed/35878198

	Introduction 
	Results 
	Structural Modification and Activity Prediction of Melittin 
	Melittin-Modified Peptide Characterization 
	Antibacterial Performance Outcome 
	Comparison of Antibacterial Rate Between Melittin and Melittin-Modified Peptide 
	MIC and MBC of Melittin and Melittin-Modified Peptide 
	Bacterial Growth Curve of Melittin and Its Modified Peptide 
	Scanning Electron Microscope 


	Discussion 
	Structural Modification and Activity Prediction of Melittin 
	Modification of Melittin Structure and Synthesis of Modified Peptides 
	Evaluation of Antibacterial Effect 

	Conclusions 
	Materials and Methods 
	Materials and Instruments 
	Design and Synthesis of Melittin-Modified Peptide 
	Structural Modification and Activity Prediction for Melittin 
	Synthesis of Melittin-Modified Peptide 

	The Study of the Antibacterial Properties of Melittin-Modified Peptide 

	References

