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Abstract 

Melittin is the peptide toxin found in bee venom and is effective against cancer cells. In order 

to enhance its activity, a branched dimeric form of melittin was designed. The monomeric 

form of the peptide was more cytotoxic against gastric cancer cells at low concentrations (1-5 

M) than the dimer form, while the cytotoxic effect was comparable at higher concentrations 

(10 M). Confocal microscopy showed that both the monomer and dimer forms of melittin 

with fluorescent label at the C-terminus penetrated the cytoplasm and localized at the cell 

nucleus and disrupted the cell membrane. The results indicated that both peptides localized in 

the nucleus and no significant difference in penetration was observed between monomer and 

dimer of melittin. Although the C- and N-termini are important for melittin activity, using C-

terminus for dimerization of the peptide resulted in similar activity for the monomer and 

dimer against bacteria and gastric cancer cells. 

 

 

Introduction 

Cancer is a serious health issue and novel anticancer drugs are needed urgently due to 

harmful side effects of chemotherapy (Huang et al. 2015). Increasingly, natural products such 

as biotoxins (Liu et al. 2016) are being investigated for the treatment of cancer. Melittin, a 

cationic peptide of 26 amino acids from bee toxin (Jamasbi et al. 2014), is a promising 

candidate for cancer therapy due to anti-cancer effects in mouse models and preclinical cell 

cultures (Rady et al. 2017). Anti-cancer properties of melittin against different cell lines such 

as HeLa (Jamasbi et al. 2015), ovarian cancer (Jo et al. 2012) and gastric cancer (Kong et al. 

2016) have been reported. Amongst these, gastric cancer is recognized as the fourth most 

common cancer and the second cancer leading to death worldwide (Giordano and Cito 2012; 

Siegel et al. 2013). Melittin potentially prevent metastasis of tumour cells by minimizing cell 

motility (Jamasbi et al. 2016). Conjugation of melittin with hormone receptors and gene 

therapy carrying melittin are a novel candidate for the treatment of prostate and breast cancer 

(Orsolic 2012). However, the mechanisms of anti-metastasis remain elusive (Liu et al. 2008). 

Application of melittin as an anti-cancer drug is a challenge due to its non-specific 

cytotoxicity and haemolytic activity  (Liu et al. 2016). 

 

The conformation of melittin depends on its environment but how melittin self-assembles 

under different conditions is unclear. The peptide has a range of different conformations, 
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including random coil, -helix and a self-assembled tetramer (Qiu et al. 2005; Miura 2012). 

Melittin is unstructured at neutral pH and low ionic and peptide concentrations (Gribenko et 

al. 2002). The α-helical tetramer conformation can be induced at high pH, salt and peptide 

concentrations (Othon et al. 2009). Melittin is often active in a tetrameric form (Terra et al. 

2007) when inserted into lipid bilayers (Sun et al. 2015) and exists as a dimer of dimers 

(Iwadate et al. 1998). The tetrameric form consists of two helical regions (residues 2-11 and 

13-23) separated by a proline residue and unstructured C-terminus region (Iwadate et al. 

1998).  

 

We previously have shown that blocking the N-terminus of melittin resulted in a decrease of 

cytotoxic activity against HeLa cells (Jamasbi et al. 2015). To gain better understanding of 

melittin action and determine the role of dimerization and C-terminus in melittin activity, we 

synthesized a dimeric form of melittin conjugated at the C-terminus using 3,3ʹ-

diaminobenzidine (Dab). The peptides were also tagged with fluorescent label AlexaFluor 

430 and activity against gastric cancer cells was studied. To determine the effect of the 

blocked C-terminus on the peptide activity of melittin, we used four bacterial lines and three 

gastric cancer cell lines (NUGC-3, MKN-7, MKN-74), and studied the cellular binding and 

localization as well as cytotoxicity. For comparison, monomeric and dimeric forms of 

melittin labelled utilizing the C-terminus were used for the study. 

 

 

Experimental 

 

Solid Phase Peptide Synthesis (SPPS) 

Fmoc solid-phase methods were used to synthesize the peptides(Fields and Noble 1990). 

Peptides were assembled on a CEM Liberty (DKSH Ltd, Melbourne, Australia) microwave 

peptide synthesizer. Using 3,3-diaminobenzidine (Dab) branching (Li et al. 2017; Li et al. 

2015), we synthesized a dimeric form of melittin. An additional cysteine at the C-terminus 

was used to label the peptides (Fig. 1). The peptides were cleaved from the polystyrene resin 

using trifluoroacetic (TFA) in the presence of anisole, triisopropylsilane and water (ratio 

95:3:1:1) for 2 h at room temperature. Reversed-phase high performance liquid 

chromatography (RP-HPLC) in water and acetonitrile with 0.1% TFA was used to purify 

peptides.  
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Peptide labelling 

Monomer and dimer of melittin were labelled using thiol-maleimide conjugation chemistry 

strategy. The peptides with additional cysteine were dissolved in phosphate buffered saline 

(PBS) pH 7.4. The maleimide derivative of AlexaFluor 430 (Invitrogen, Sydney, Australia) 

was dissolved in Milli-Q water at 1 mg/ml. AlexaFluor 430 was then reacted with cysteine-

derivatized peptides. The reaction was carried on for 1 h at room temperature. The product 

was purified by RP-HPLC in water and acetonitrile with 0.1% TFA and characterized by 

MALDI-TOF mass spectrometry. 

 

Antibacterial activity and minimum inhibitory concentration (MIC) 

MICs of melittin peptides against four Gram-negative bacteria namely E. coli, K. 

pnuemoniae, P. aeruginosa and A. baumannii, were determined in Luria broth (LB) 

according to the Lambert and Pearson analysis method. All bacterial strains were cultured on 

blood agar plates (Oxoid blood agar base, no.2; ThermoScientific, Sydney, Australia) 

supplemented with 10% (v/v) lysed horse blood (Equicell, Sydney, Australia) at 37°C. 

2.5×10
5
/ml viable bacterial cells (100 μl of stock suspension) were added to serial dilutions 

of 200 μM peptide in sterile distilled water into LB (10 g of tryptone/L, 5 g of yeast extract/L, 

10 g of NaCl, pH 7.5) in 96-well microtiter plates (Interpath Service, Melbourne, Australia), 

ranging from 0.16-84.7 µM monomer and 0.04-21.2 µM dimer, and incubated at 37°C. The 

bacterial growth to determine MICs was monitored at 20 min intervals over a 16 h period at 

an optical density at 620 nm (OD620) using an iEMS microplate reader (Pathtech Pty Ltd, 

Melbourne, Australia). The optical density of the culture was then adjusted with sterile saline 

to be the same as that of a 0.5 McFarland standard. The cultures were then diluted 1 in 100 in 

cation-adjusted Mueller-Hinton broth (CAMHB). Following inoculation, each well contained 

approximately 5 × 10
5
 colony-forming units/ml. To prevent drying, each tray was sealed with 

plastic tape before incubation overnight at 37°C. Microtiter wells were read visually for 

determination of the MIC. Two growths (no added peptide), and two negative (uninoculated) 

control wells were included for each test strain. The comparative growth was compared with 

maximal growth at each concentration of peptides. The MIC was determined as the lowest 

concentration of peptides that completely inhibited the growth of the bacteria. 
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Binding and localization of melittin in gastric cancer cells 

Peptide localization into cells is a subject of debate in medicinal chemistry. However, 

entrance into cells has been reported for some cationic peptides (Ragin et al. 2002). 

Fluorescent melittin peptides were prepared to study colocalization of melittin peptides with 

cell membranes. Confocal microscopy was used to image cells after treatment with melittin 

peptides. 25,000 gastric cancer cells per well were seeded in 8 well chambered slides 

(Nunc™ Lab-Tek™ II Chamber Slide™ System) and incubated overnight. Actin 

cytoskeleton was labelled with 5 g/mL TRITC-conjugated Phalloidin (Sigma-Aldrich) 

(excitation/emission maxima ~540/565 nm) and incubated for 10 min. The nucleus was 

stained with Hoechst 33342 (Invitrogen H3570, 10 mg/ml) (Ex/Em: 350/461) diluted 1:2000 

in Hank’s balanced salt solution (HBSS). The cells were then treated with 250 µL of 1 µM 

melittin peptides in HBSS, while performing the live cell imaging using an inverted Olympus 

FluoView FV1000 confocal laser scanning microscope. 

 

Cytotoxicity assay 

Cell viability was determined using MTS assay (Riss 2004). The MTS compound is bio-

reduced by cells into a colored formazan product that is soluble in tissue culture medium. The 

quantity of formazan product as measured by the amount of 490 nm absorbance is directly 

proportional to the number of living cells in culture. Three gastric cancer cell-lines were 

chosen for testing the cell viability when treated with monomer or dimer of melittin. Cells 

were seeded at a density of 10
4
 cells per well and grown in complete RPMI medium (with 

10% serum) then trypsinized and harvested and maintained in a humidified incubator at 

37°C, 5% CO2 for 24 h. Cells were then treated with 0.05, 1, 5, 10 and 20 µM melittin 

peptides and incubated for 24 h after which 100 µl of the conditioned media was transferred 

to a 96-well flat-bottom plate, and the cell toxicity was measured using the Celltiter 96 

Aqueous One Solution cell proliferation assay (Promega, USA), according to manufacturer’s 

instruction. Absorbance was measured at 490 nm in the Tecan infinite Pro200 

spectrophotometer. Maximum fluorescence intensity was determined by adding 2 µl of 9% 

Triton X-100 to cells as a positive control; cells incubated with PBS were the vehicle control.  

 

Reactive oxygen species (ROS) 

200,000 NUGC-3 gastric cancer cells were seeded in a glass bottom dish and allowed to 

attach overnight. Following a gentle wash with HBSS, cells were treated with 250 l of 10 
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M melittin, melittin dimer or 100 uM tert-butylhydroperoxide (positive control) and 

incubated at 37C for 15 mins. Thereafter, cells were treated with 25 M carboxy-2',7'-

dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA) for 30 mins at 37°C protected 

from light. The cells were then counterstained with Hoechst 33342 and cell mask deep red for 

5 mins before imaging using an inverted Olympus Fluoview FV1000 confocal laser scanning 

microscope. 

 

Haemolysis 

Female Balb/c nude mice, 12–15 weeks of age, weighing an average of 21 g were obtained 

from InVivos, Singapore. All procedures were approved by the Institutional Animal Care and 

Use Committee, NUS, Singapore (Protocol approval number: R15-0242) and performed in 

accordance with international standards. The mice were anaesthetized by intraperitoneal 

injection of 200 µl of an anaesthetic cocktail (ketamine:diazepam:saline, 6: 9: 10) before 

drawing blood via cardiac puncture. Red blood cells (RBCs) were separated from fresh mice 

blood (~800 µl) by centrifuging at 1500 rpm for 15 min at 4°C. Isolated RBCs were further 

washed three times with sterile PBS by centrifugation until the supernatant was clear, and 

resuspended in 2 ml sterile PBS. 100 µl of the RBC suspension was then treated with 100 µl 

of either melittin or melittin dimer at different concentrations (range 1 – 10 M). Following 2 

h incubation at 37°C under constant shaking, the suspensions were centrifuged at 1500 rpm 

for 15 min at room temperature. Subsequently, 100 µl of supernatant from each centrifuge 

tube was used to analyse hemoglobin release by microplate reader (Tecan Safire2, 

Männedorf, Switzerland) at wavelength of 576 nm. Control experiments were performed 

under the same experimental conditions, where 100 µl of the RBC suspension was added to 

100 µl of PBS as a negative control and to 100 µl of 0.5% Triton X-100 as a positive control. 

The percentage haemolysis was calculated using the following equation: 

Haemolysis (%)    = (OD576 sample − OD576 negative control)/ (OD576 positive control –  

OD576 negative control) ×100% 

 

Statistical analysis 

All data were obtained from at least three biological replicates and expressed as mean ± 

standard deviation as indicated by the error bars. Statistical analysis was carried out using 

univariate analysis of variance (ANOVA). 
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Results and Discussions  

 

Synthesis of melittin peptides 

Melittin is a lytic peptide that forms -helices which aggregate on the membrane and form 

pores (Raghuraman and Chattopadhyay 2007). Dimerization of melittin is proposed to be an 

important step in the mechanism of pore formation. The melittin cysteine monomer and its 

dimer were synthesized using solid phase peptide synthesis. To determine the role of the C-

terminus in the action mechanism of melittin, a melittin dimer and dimer with additional 

cysteine in C-terminus were synthesized using Dab branching synthesis. Additional cysteine 

at the C-terminus was used for labelling the monomer and dimer of melittin with AlexaFluor 

430 as described previously (Jamasbi et al. 2015). The RP-HPLC profile and MALDI-TOF 

mass spectra of the peptides are shown in Figure 2. 

 

Antibacterial activity 

Binding of melittin to cell membranes is required for pore formation(van den Bogaart et al. 

2008) which leads to cell lysis (Jamasbi et al. 2016). Following the dimerization of the 

melittin peptide, the antimicrobial activity of monomer and dimer were compared against the 

Gram-negative bacterium in LB broth, to find out if blocking the C-terminus would affect the 

antibacterial activity of the dimer. In addition to that, it is also important to examine if the 

dimeric form of melittin enhanced the lytic activity of the peptide in comparison to the 

monomer. In the case of K. pneumoniae ATCC 13883, the dimer was more effective than the 

monomer (MIC 3.5 vs. 15 M) (Table 1). The MIC values for the dimer were lower than that 

induced by the monomer for all four bacterial strains tested but approximately within a factor 

of two (Table 1). It is to be noted that the antibacterial activity of melittin dimer was not lost 

despite utilization of the C-terminus for the synthesis of dimer. Presumably, the antibacterial 

activity of melittin might be fulfilled by its N- rather than C-terminus.  

 

Peptide localization in gastric cancer cells 

To better understand the importance of its C-terminus, we further analysed the anticancer 

activity of melittin peptides using gastric cancer as a model. Melittin has the ability to cross 

the cytoplasmic barrier and enter the  cell nucleus (Zhang et al. 2016). Melittin entry into 

cells have been reported to involve endocytic receptors neuropilin-1, low-density lipoprotein-
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related protein receptor 1 (LRP1) and transferrin receptors (Kohno et al. 2014). The entry and 

localization of the synthesized melittin peptides in gastric cancer cells were studied by 

confocal microscopy. Our results indicated that both monomer and dimer forms of melittin 

localized in the cytoplasm and even at the membrane of the nucleus as early as 30 min (Fig. 

3A & 3B). Furthermore, there was no difference in the amount of monomer and dimer of 

melittin peptides that localized in the cells after 30 as well as 60 min treatment (Fig. 4 and 

Fig. 5), showing that the dimer was as effective as the monomer in penetrating and localizing 

within the cancer cells. The monomers in solution may remain as monomers and penetrate 

the cell membrane bilayer with higher efficiency due to their smaller size. Once in the cell 

membrane, melittin may form dimers and pores that lead to cell death (Jamasbi et al. 2016). 

However, at higher concentrations (10 µM) the monomers may form dimers or tetramers 

more readily and thus the binding and cell killing efficiency of monomer is similar to dimer 

at higher concentrations. Hence, the concentration of melittin and form of peptide whether 

monomer or dimer in solution is an important determinant of its cytotoxic efficiency. To 

further determine the effect of addition of the dimer to the cancer cells, we performed live 

time lapse confocal imaging. Within 1 min following the addition of the dimer, membrane 

blebbing was observed, and eventually resulted in shrinkage of the nucleus, probably due to 

disruption of the nuclear membrane (Fig. 6 and Video file). 

 

Cytotoxicity assay 

The cytotoxicity of melittin peptides was evaluated using three different gastric cancer cell 

lines, based on their metastatic activity (Fig. 7). The dimer melittin exhibited a dose 

dependent cytotoxicity but the cytotoxicity of the melittin monomer was comparatively 

higher than that of the dimer, although at the higher concentrations was comparable. The 

results show that both monomer and dimer melittin are toxic against MKN-74 and less 

cytotoxic against MKN-7, which may indicate that metastatic potency of cell lines may be 

important for melittin efficacy. Also, the presence of the fluorescent tag seemed to reduce the 

cell killing efficiency of both melittin monomer and dimer, which is consistent with our 

previous reported findings (Jamasbi et al. 2015). 

 

Reactive oxygen species (ROS) 

Oxidative stress is characterized by over production of ROS which leads to defects in 

mitochondria membrane permeability. ROS induces mitochondrial DNA mutation and 

damage to the respiratory chain (Guo et al. 2013). To further evaluate the mechanistic 
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pathway preceding the activation of apoptotic cell death, ROS generation ability of both 

melittin monomer and dimer were studied by incubating NUGC-3 gastric cancer cells with 

fluorogenic marker of ROS, namely (carboxy-H2DCFDA). Carboxy-H2DCFDA is not 

fluorescent but in the presence of ROS, it is oxidized and becomes fluorescent (Wu and 

Yotnda 2011). Cells were found to have bright green fluorescence indicating the production 

of ROS (Figure 8). The results also indicate that melittin dimer generates ROS more 

efficiently than monomer. Increased ROS production may trigger mitochondrial membrane 

lipid peroxidation, membrane fluidity reduction and membrane lipid degradation, which 

ultimately lead to formation of apoptotic bodies that trigger the apoptotic pathway of cell 

death (Barrera 2012). 

 

Haemolysis  

Haemolytic activity of native melittin has been widely reported (Jamasbi et al. 2014). Red 

blood cell lysis is the results of binding melittin to cell membrane and is observed when  

about 1%  of melittin binding sites are occupied (Tosteson et al. 1985). 1, 5 and 10 µM 

concentrations of melittin peptides were used to assay haemolytic activity and the results 

indicated that the melittin dimer was dose dependent for RBC lysis (Fig. 9). At 10 µM, both 

monomer and dimer were almost 100% lytic but at 1 µM the dimer was more lytic; while at 5 

µM the monomer was more effective against RBCs, possibly due to its smaller size as 

discussed above for the gastric cell penetration. 

 

 

Conclusion 

Melittin peptides are known to enter cells and co-localize at the nuclear membrane. A dimer 

of melittin conjugated at the C-terminus was synthesized and both it and the monomer were 

fluorescently labelled by adding a cysteine at the C-terminus. In earlier work (Jamasbi et al. 

2015), a decrease in activity was observed when the N-terminus was modified but, in the 

present study where the C-terminus has been modified, activity is preserved. The MICs 

observed for the dimer indicated slightly higher activity against bacteria. The cytotoxicity 

assay indicated that the melittin dimer had dose dependent activity and that AlexaFluor 430 

attached to the cysteine at the C-terminus decreased the cytotoxicity of the peptides. Confocal 

microscopy showed that both monomer and dimer melittin entered the cytoplasm and located 

at the nucleus of the cells although more monomer penetrated into the cells. Membrane 

binding of both melittin peptides was observed and, although both produced ROS, which 
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maybe a cause of cell death, the dimer produced more ROS. Although the dimer had about 

twice the activity as the monomer in bacterial cells, this was not the case with cancer and 

RBCs. Overall, both the melittin monomer and dimer aggregate through interaction with the 

membrane. However, when considering the dimer, there are several aspects of melittin that 

change, including: (i) the accessibility of the C-terminus, (ii) the double number of melittin 

chains for the same peptide concentration, and (iii) the increase in molecular size. These three 

differences may influence the interactions in a different manner when comparing 

observations for both molecules. For instance, the two-fold increase of antibacterial activity 

for the dimer could be as result that there are two melittin chains for the same molar 

concentration. Further work is needed using model membranes to determine the mechanism 

of action for the melittin dimer. Nevertheless, care needs to be taken when modifying melittin 

as the site of dimerization and the fluorophore affects the peptide activity.  

 

The authors do not have potential conflicts of interest. This research did not involve Human 

Participants and/or Animals and does not require Informed Consent. 
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Table 1. Minimum inhibitory concentration (µM)* of melittin peptides.  

 E. coli 

ATCC 29222 

K. pneumoniae 

ATCC 13883 

P. aeruginosa 

ATCC 47085 

A. baumannii 

ATCC 19606 

MLT 13.2±1.6 14.9±2.0 12.1±0.5 8.3±1.1 

dimer-MLT 6.3±1.4 3.5±0.01 4.9±1.4 4.1±0.1 

 

* Mean of three separate determinations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 14 

Figure captions 

 

Figure 1. Structure of melittin: (A) monomer, (B) monomer AlexaFluor 430, (C) dimer, and 

(D) dimer AlexaFluor 430. 

 

Figure 2. RP-HPLC and MALDI TOF MS traces of: (A) melittin, (B) melittin-AlexaFluor 

430, (C) dimer-melittin, and (D) dimer-melittin-AlexaFluor 430. 

 

Figure 3. Localization of (A) monomer, and (B) dimer melittin peptides in NUGC-3 gastric 

cancer cells using confocal microscopy. Red (TRITC) – actin filament, blue (Hoechst) – 

nucleus, green melittin-AlexaFluor 430 after 30 and 60 mins with 3D reconstruction. Scale 

bar presents 20 µm. 

 

Figure 4. Percentage of co-localization of melittin peptides within gastric cancer cells: 

monomer melittin-AlexaFluor 430 treatment for 30 min (crosshatched) and 60 min (white); 

and dimer melittin-AlexaFluor 430 treatment for 30 min (grey), and 60 min (black).  

 

Figure 5. Binding of (A) monomer, and (B) dimer of melittin peptides to NUGC-3 gastric 

cancer cells. Scale bar presents 20 µm, N=3. 

 

Figure 6. Time lapse image showing the effect of melittin dimer on NUGC-3 cells. 

 

Figure 7. The cell viability of gastric cancer cells, (A) NUGC-3, (B) MKN-7, and (C) MKN-

74, following treatment with 1, 5 and 10 µM of monomer melittin (white), monomer melittin-

AlexaFluor 430 (light grey), dimer melittin (medium grey), and dimer melittin-AlexaFluor 

430 (dark grey), was determined by using the MTT assay after 24 h incubation with each test 

compound. Results are mean +/- SEM, N=3. 

 

Figure 8.  Induction of ROS production following treatment with melittin. NUGC-3 cells 

were treated with 5 µg/ml melittin for 3 h, followed by 30 mins incubation with 25 µM 

carboxy-H2DCFDA. Green fluorescence represents cell with ROS production. 100 µM 

TBHP (tert-butyl hydroperoxide) acts as the positive control. 
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Figure 9. Haemolytic activity of 1, 5 and 10 µM of monomer and dimer of melittin peptides. 

Triton X-100 (black), monomer of melittin (white), dimer of melittin (grey). Results are mean 

+/- SEM, N=3. 
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Figure 1 
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Figure 2 
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Figure 3  
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Figure 4 
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(B) 
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Figure 6 
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Figure 7  
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Figure 8 
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Figure 9 
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