
Membrane-Active Action Mode of Polybia-CP, a Novel Antimicrobial
Peptide Isolated from the Venom of Polybia paulista

Kairong Wang, Jiexi Yan, Ru Chen, Wen Dang, Bangzhi Zhang, Wei Zhang, Jingjing Song, and Rui Wang

Key Laboratory of Preclinical Study for New Drugs of Gansu Province, School of Basic Medical Sciences, Institute of Biochemistry and Molecular Biology, School of Life
Sciences, Lanzhou University, Lanzhou, People’s Republic of China

The extensive use of antibiotics in medicine, the food industry, and agriculture has resulted in the frequent emergence of multi-
drug-resistant bacteria, which creates an urgent need for new antibiotics. It is now widely recognized that antimicrobial peptides
(AMPs) could play a promising role in fighting multidrug-resistant bacteria. Antimicrobial peptide polybia-CP was purified
from the venom of the social wasp Polybia paulista. In this study, we synthesized polybia-CP and studied its action mode of anti-
bacterial activity. Our results revealed that polybia-CP has potent antibacterial activity against both Gram-positive and Gram-
negative bacteria. The results from both the real bacterial membrane and the in vitro model membrane showed that polybia-CP
is membrane active and that its action target is the membrane of bacteria. It is difficult for bacteria to develop resistance to poly-
bia-CP, which may thus offer a new strategy for defending against resistant bacteria in medicine and the food and farming
industries.

In May 2011, an increased number of cases of enterohemorrhagic
Escherichia coli (EHEC) infections with severe disease courses

and fatalities occurred in Europe, which were caused by EHEC-
contaminated food (e.g., vegetables, fruits, or meat). This event
caused panic all over the world, for the isolated EHEC is resistant
to antibiotics and caused severe economic losses in the agriculture
industry. As we know, E. coli, one of the bacillus species, is widely
distributed in nature and has a remarkable ability to survive under
strong environmental stresses (18). In the food industry, bacillus
contamination occurs often and always originates from soil, wa-
ter, processing equipment, and the processing environment (1).
Thus, the food safety situation is not so optimistic, and people
should pay more attention to the problem of microbial contami-
nation of food. In addition, nowadays the food industry suffers a
growing pressure to reduce reliance on synthetic chemical preser-
vatives. Consequently, alternative preservatives based on natural
compounds and uncorrelated to the conventional multidrug-re-
sistant mechanism are urgently needed.

At present, antimicrobial peptides (AMPs), which are heat tol-
erant and have rich sources (from prokaryotes [9], plants [14],
insects [3], amphibians [17], and animals including humans
[27]), have attracted more and more attention. AMPs have a
broad antimicrobial spectrum and no cross-resistance compared
with conventional antibiotics. Most conventional antibiotics tar-
get bacterial functions or growth processes (4), such as interfering
with the synthesis of bacterial cell wall, essential bacterial enzymes,
and proteins (8). The genome mutation of microbes could induce
resistance to these antibiotics (12). Compared with conventional
antibiotics, AMPs exhibit cytotoxity mainly by interacting with
the lipid bilayers of membrane and destroying the integrity of cell
membrane (23). It is difficult for microbes to develop resistance to
them (24). In addition, AMPs could be degraded easily in vivo and
their secondary metabolites are free amino acids, which prove that
they have minimized side effects. Thus, AMPs may serve as a po-
tentially significant group of food preservatives.

Polybia-CP belongs to a family of cationic antibacterial pep-
tides and was originally isolated from the venom of the social wasp
Polybia paulista (19). It is a typical �-helical, amphiphilic peptide

and has limited toxicity against rat peritoneal mast cell and rat
erythrocytes (19). In addition, its cytotoxity exhibition mode
against tumor cells was membrane active (25). In the present
study, we investigated the antimicrobial activity and the proposed
mechanism of polybia-CP to support its potential to be used as a
novel food preservative.

MATERIALS AND METHODS
Peptide synthesis. Polybia-CP was synthesized by the stepwise solid-
phase method using N-9-fluorenylmethoxy carbonyl (Fmoc) chemistry
as previously reported (7). The peptides were purified by Sephadex gel
column and reverse-phase high-performance liquid chromatography
(HPLC; Waters) using a �Bondapak C18 19-mm by 300-mm column with
gradient elution of 20% to 75% CH3CN/H2O with 0.1% trifluoroacetic
acid (TFA) at a flow rate of 8 ml/min. The atomic mass of the synthetic
peptides was confirmed by electrospray ionization-mass spectrometry
(ESI-MS).

Bacteria and reagents. Bacterial strains used in this study were pur-
chased from the American Type Culture Collection (ATCC): Escherichia
coli (ATCC 25922), Pseudomonas aeruginosa (ATCC 27853), Bacillus sub-
tilis (ATCC 23857), Staphylococcus aureus (ATCC 29213), and Staphylo-
coccus epidermidis (ATCC 12228). All the bacteria were cultured in Muel-
ler-Hinton (MH) broth. Prior to assays, the cells were grown overnight to
stationary phase at 37°C in 5 ml MH broth. After incubation, 100 �l of
bacteria was suspended in 5 ml of fresh MH broth (1/50 dilution) for an
additional hour at 37°C to obtain a mid-log-phase culture.

1-N-Phenylnaphthylamine (NPN) was purchased from J&K Scientific
Ltd. Egg yolk L-�-phosphatidylethanolamine (EYPE) and egg yolk L-�-
phosphatidyl-DL-glycerol (EYPG) were purchased from Avanti Polar.
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Plasmid DNA (PBR322) was purchased from Fermentas. Propidium io-
dide (PI) was purchased from Invitrogen.

Antimicrobial assay. The MIC was determined using a standard serial
dilution method described previously (5). In brief, 100-�l 2-fold serial
dilutions of peptides in a range from 1 to 500 �M in MH broth were
arranged in sterile 96-well plates, after which 10-�l aliquots of the cell
suspension (1 � 106 CFU/ml) were added to each well and MH broth was
added to a final volume of 200 �l. The antibacterial activity of polybia-CP
was evaluated by visible turbidity in each well after incubation at 37°C for
18 h. The MICs were expressed as the minimum concentration of each
sample required for a visible inhibition of growth. The experiment was
conducted in triplicate.

Bactericidal activity. The minimum bactericidal concentration
(MBC) of polybia-CP was determined using the serial dilution assay de-
scribed with modifications. Briefly, 100 �l of bacteria was incubated at
37°C overnight in the presence of different concentrations of polybia-CP
(serial 2-fold dilutions) dissolved in phosphate-buffered saline (PBS) to a
final volume of 200 �l. Following incubation, appropriate aliquots were
plated on MH agar plates to accurately determine the 99.9% killing. The
number of surviving bacteria was determined after overnight incubation
at 37°C. Controls consisting of 100 �l PBS without peptide were added.

Temperature stability test. In order to determine the effect of tem-
perature on the stability of polybia-CP, polybia-CP was incubated in the
water bath with different temperatures (20°C, 40°C, 60°C, 80°C, and
100°C) first; then, they were cooled down to room temperature and the
MICs of polybia-CP toward E. coli were determined according to the
antimicrobial assay described above.

Extracting E. coli genomic DNA. Extraction of genomic DNA from E.
coli ATCC 25922 by the N-cetyl-N,N,N-trimethyl ammonium bromide
(CTAB) method was performed according to a procedure described pre-
viously (21).

OM permeabilization assay. The outer membrane (OM) permeabi-
lization of E. coli by peptides was evaluated by using the hydrophobic NPN
(1-N-phenylnaphthylamine) fluorescent probe (11, 22). E. coli cells were
harvested, washed, and resuspended in 5 mM HEPES, pH 7.2, with an
optical density at 600 nm (OD600) value of 0.5 � 0.02. The concentrations
of peptides were the same as those described in the previous section. One
hundred microliters of E. coli and 50 �l of peptides were mixed with 50 �l
of 40 mM NPN in a 96-well black fluorotiter plate; the control was carried
out with 5 mM HEPES alone. An increase in fluorescence due to parti-
tioning of NPN into the OM was recorded as a function of time until no
further increase in intensity was observed. Excitation and emission wave-
lengths were set at 350 nm and 420 nm, respectively.

Confocal fluorescence microscopy. E. coli cells were incubated in the
presence of polybia-CP (50 �M, final concentration) or in buffer alone.
The mixture was incubated for 2 h at room temperature. Then, PI (100
�g/ml) was added and the suspension was further incubated for 5 min at
room temperature in the dark. Microscopic analysis was done with laser
confocal scanning microscope (Zeiss LSM 710 Meta).

Scanning electron microscopic (SEM) examination of bacterial
membrane. Mid-log-phase E. coli cells were resuspended at 1 � 108

CFU/ml in sodium-phosphate buffer, at a pH of 7.4, supplemented with
100 mM NaCl, and then incubated with polybia-CP at room temperature.
Controls were run in the absence of peptide solution. After 30 min, the
cells were fixed with an equal volume of 5% (vol/vol) glutaraldehyde in
0.2 M sodium-cacodylate buffer, at a pH of 7.4. After 2 h of fixation at 4°C,
the samples were filtered on Isopore filters (0.2 �m pore size, Millipore,
Bedford, MA) and washed extensively with 0.1 M cacodylate buffer, at a
pH of 7.4. The filters were then treated with 1% (wt/vol) osmium tetrox-
ide, washed in 5% (wt/vol) sucrose in cacodylate buffer, and subsequently
dehydrated with a graded series of ethanol. After lyophilization and gold
coating, the samples were evaluated on a scanning electron microscope
(JSM-6380Lv).

Calcein leakage assay. The interaction and permeabilization of pep-
tides against liposome were assayed by measuring calcein leakage. E. coli

model cell membrane (EYPE-EYPG 70:30 mol %) was used in this study
(16). Calcein-entrapped liposomes were prepared for use in dye leakage as
described previously (26). First, the lipid was dissolved in chloroform.
Then, the solvent was dried under a stream of nitrogen and the sample was
kept under vacuum for at least 4 h to ensure complete solvent removal,
and the obtained lipid films were hydrated in buffer (10 mM Tris, 154 mM
NaCl, 0.1 mM EDTA in 18.2 M� Milli-Q water, pH 7.4) containing 70
mM calcein (fluorescein-bis-methyliminodiacetic acid; Sigma). Finally,
the suspension was freeze-thawed in liquid nitrogen for nine cycles and
extruded 30 times through polycarbonate filters (two stacked 0.1-�m-
pore-size filters) using an Avanti Mini-Extruder (Avanti Polar Lipids Inc.,
Alabaster, AL). Calcein-entrapped vesicles were separated from free cal-
cein by gel filtration chromatography on a Sephadex G-50 column. En-
trapped large unilamellar vesicles (LUVs) in suspensions containing 100
�M lipids were incubated with various concentrations of the peptide (2 to
64 �M). The fluorescence of the released calcein was assessed with a spec-
trofluorometer (Tecan Infinite M200) at an excitation wavelength of 480
nm and an emission wavelength of 520 nm. Complete (100%) release was
achieved via the addition of Triton X-100 to a final concentration of 1%.
Spontaneous leakage was determined to be negligible at this time scale.
The experiments were conducted at 25°C. The apparent percentage of
calcein release was calculated in accordance with the following equation
(28): release % � 100 � (F � F0/Ft � F0), in which F and Ft represent the
fluorescence intensity prior to and after the addition of the detergent,
respectively, and F0 represents the fluorescence of the intact vesicles.

Negative staining TEM. Large unilamellar vesicles for transmission
electron microscopy (TEM) analysis were prepared as described above for
the calcein leakage assay. The liposomes in the presence or absence of
polybia-CP were applied to glow-discharged carbon-coated copper grids
and dried naturally. The grids were negative stained with (2% [wt/vol])
phosphotungstic acid for 1 min. Then, the additional phosphotungstic
acid was soaked up by filter paper, and electron micrographs were then
recorded (JEM1230) at nominal magnification (�20,000 to �40,000)
with an accelerating voltage of 120 kV.

DNA-binding assay. Gel retardation experiments were performed for
polybia-CP as described previously (2). Briefly, 300 ng of the plasmid
DNA was mixed with increasing amounts of peptide in 30 �l of binding
buffer (10 mM Tris-HCl, 1 mM EDTA buffer, pH 8.0). Reaction mixtures
were incubated at room temperature for 30 min. Subsequently, native
loading buffer was added (10% Ficoll 400, 10 mM Tris-HCl, pH 7.5, 50
mM EDTA, 0.25% bromophenol blue, and 0.25% xylene cyanol), and a
20-�l aliquot was subjected to 1.5% agarose gel electrophoresis. The mi-
gration of DNA was detected by the fluorescence of ethidium bromide
(Bio-Rad).

Absorption titration. DNA and polybia-CP were dissolved in 10 mM
Tris-HCl buffer (pH 7.2) and then mixed to obtain various DNA/poly-
bia-CP samples with constant DNA concentration and increasing poly-
bia-CP concentrations (0, 5, 10, 25, and 50 �M). Transmittance of the
mixed solutions was measured in the range of wavelengths from 220 to
320 nm (Nanodrop 2000). All measurements were made at a 10-mm
optical path length at room temperature.

RESULTS
Antimicrobial activity and bactericidal activity. To investigate
the antibacterial activity of polybia-CP, it was synthesized by step-
wise solid-phase assay, purified by HPLC, and confirmed by ESI-
MS. The primary sequence of polybia-CP is ILGTILGLLKSL. The
antimicrobial activities of the peptides against two Gram-negative
and three Gram-positive species of bacteria were determined by
the broth microdilution method. Polybia-CP displayed potent an-
tibacterial activity against all the bacteria tested. The MICs of po-
lybia-CP toward E. coli, P. aeruginosa, S. aureus, S. epidermidis,
and B. subtilis were 16 �M, 128 �M, 4 �M, 16 �M, and 4 �M,
respectively. The MBCs of polybia-CP against E. coli, S. aureus,
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and B. subtilis were 128 �M, 16 �M, and 8 �M. The bactericidal
concentration is about 2- to 8-fold higher than its MICs. The
temperature stability of polybia-CP at different temperatures was
also determined. Our results after incubation in different temper-
atures ranging from 20°C to 100°C showed that the MICs were
unaffected by temperature.

Outer membrane permeabilization assay. The ability to per-
meabilize the outer membrane of E. coli was determined by using
NPN. NPN is a hydrophobic fluorescent probe that fluoresces
weakly in an aqueous environment and strongly when it enters a
hydrophobic environment such as the interior of membrane (13).
Normally, NPN is excluded from Gram-negative bacterial cells. In
this study, the maximum excitation wavelength is 350 nm, and the
maximum emission wavelength is 420 nm, similar to the maxima
observed with NPN added to aqueous solution. Compared to cells
with NPN only, polybia-CP induced a rapid increase in fluores-
cence in a dose-dependent manner (Fig. 1). This indicated that
polybia-CP could disrupt the bacterial outer membrane and per-
meabilize the outer membrane.

Permeabilization of membrane of viable bacteria. To deter-
mine the effect of polybia-CP to the integrity of the membrane of
bacteria, DNA-intercalating fluorescent dye PI (15) was used to
incubate with E. coli in the presence or absence of polybia-CP. PI
could pass through the damaged membrane and intercalate into
DNA and then be visualized by confocal laser-scanning micros-
copy. As shown in Fig. 2, the membrane of control bacteria was
integrated and unstained by PI. However, most of bacteria incu-
bated with PI in the presence of polybia-CP were stained by PI.
That is to say, polybia-CP could disrupt the integrity of bacterial
membrane and induce the uptake of PI. Thus, we could conclude
that the cytoplasm also could leak out of the bacteria and lead to
the death of bacteria.

Morphology changes of bacteria after treating by polybia-
CP. The PI uptake assay determined that polybia-CP could
disrupt the integrity of bacterial membrane indirectly. To de-
termine the influence of polybia-CP on the membrane directly,

SEM was used to examine the morphological changes on the
bacteria induced by polybia-CP. As shown in Fig. 3, polybia-CP
could induce the morphological change dramatically. The un-
treated E. coli showed a normal smooth surface, while E. coli
treated with 50 �M polybia-CP revealed a swollen, beruffled
surface likely to represent pore formation. Taking this together
with the results of the PI uptake assay and the OM permeation
assay, we cautiously conclude that the membrane was dis-
rupted. PI could enter into the bacteria through the disrupted
membrane. Correspondingly, the cell content also could leak
out from these pores.

Peptide-induced dye leakage from calcein-loaded LUVs. As
we know, the true membrane of bacteria contains not only lipids
but also a wide variety of other biological molecules, such as pro-
teins, carbohydrates, and cholesterol. To determine the action tar-
get of polybia-CP, the pure lipid membrane model should be in-
volved. In this study, we studied the ability of polybia-CP to cause
membrane leakage by testing their ability to evoke calcein released
from LUVs made of negatively charged phospholipids. The per-
centage of calcein leakage at 2 min after exposure to the poly-
bia-CP was used as a measurement of membrane permeability.
The dose-response curves of peptide-induced calcein release are
shown in Fig. 4.

FIG 1 Effects of polybia-CP on the permeabilization of the outer membrane
of E. coli.

FIG 2 Effect of polybia-CP on bacterial membrane permeabilization. E. coli
cells were incubated with PBS control (A to C) or polybia-CP (50 �M) (D to F)
for 90 min at room temperature. Bacteria were stained with PI and analyzed by
confocal laser-scanning microscopy to assess the integrity of the bacterial
membrane. Results are the representative of three separate experiments. Poly-
bia-CP could induce the uptake of PI. Bar, 10 �m.

FIG 3 Scanning electron micrographs of E. coli in the absence (A) or presence
(B) of polybia-CP after 30 min of exposure to polybia-CP. Bar, 1 �m.
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Morphology changes of LUVs after treating by polybia-CP.
In order to directly observe the effect of polybia-CP on the model
membrane, TEM was used to monitor the morphological change
of LUVs. As shown in Fig. 5, after a short time exposure to polybia-
CP, the integrity of LUVs was disrupted thoroughly. The smooth,
regular surface of LUVs became loose and fragmented. This result
was consistent with the calcein leakage assay. While exposed to
polybia-CP, the integrity of LUVs was disrupted, and then the
entrapped calcein leaked out of LUVs and made the fluorescence
intensity rise remarkably.

DNA-binding activity. Together with the results of PI uptake
assay, SEM, calcein leakage assay, and TEM microscopy, we can
conclude that polybia-CP could disrupt the integrity of mem-
brane, leading to the leakage of cell content of bacteria. At the
same time, during the process of interaction with membrane, po-
lybia-CP inevitably could enter into cytoplasm, but the effect of
polybia-CP in the cytoplasm is unknown. Thus, we examined the

DNA-binding properties of polybia-CP to attempt to determine
the target of action. The DNA-binding affinities of the peptides
were examined by analyzing the maximum absorption intensity
shifts and the electrophoretic mobilities of plasmid DNA bands at
various peptide/DNA weight ratios. Electronic absorption spec-
troscopy is usually to determine the binding of complexes with the
DNA, for a complex bound to DNA through intercalation could
be characterized by the change of blue shift in wavelength (20). As
shown in Fig. 6, our results showed that polybia-CP could not
induce the shift of maximum absorption intensity of the genome
DNA of bacteria. Compared with LL-37, polybia-CP could not
inhibit the migration of plasmid DNA at concentrations even
above 30 �M, while LL-37 inhibited the migration of DNA at
concentrations above 16 �M (Fig. 7). Then we could cautiously
conclude that polybia-CP did not interact with the genome of
bacteria and that the membrane may be its only target.

DISCUSSION

The extensive use of antibiotics in medicine and agriculture has
resulted in the frequent emergence of resistant bacteria, like those
termed “superbacteria” and EHEC, which put people in the po-
tentially dangerous situation of having no usable antibiotics forth-
coming in the near future. In addition, the use of chemical food
preservatives makes this situation worse and is often associated
with deleterious side effects, such as cumulative toxicity and deg-
radation problems. Also, more and more people are paying atten-
tion to food preservatives, and safer food preservatives have been
required in recent years. The amphipathic �-helical cationic anti-
bacterial peptides, which lack the toxicity of conventional chemo-
therapeutic agents, are degraded easily in vivo, and are unaffected
by common mechanism of chemoresistance, would be ideal food
preservative candidates and attract great interest all over the
world.

The results presented in this study showed that polybia-CP has
potent antimicrobial activity against both Gram-positive and
-negative bacteria. However, the mechanism of the action is un-

FIG 4 Dose-dependent peptide-induced calcein release from negatively
charged EYPE-EYPG (7:3) LUVs. The percentage of dye leakage caused by
polybia-CP was calculated as follows: % dye leakage � 100 � [(F � F0)/(Ft �
F0)], where F is the leaked fluorescence intensity achieved 2 min after addition
of polybia-CP, and F0 and Ft are the intensities seen without the peptide and
with Triton X-100 (full leakage; positive control), respectively.

FIG 5 Transmission electron microscopy of polybia-CP-treated LUVs.
Transmission electron micrographs showing the morphological changes in
liposomes composed of EYPE-EYPG (7:3) in the absence (A) and presence (B)
of polybia-CP. The inset showed that polybia-CP could disrupt the integrity of
liposome. Bar, 200 nm.

FIG 6 UV spectra of E. coli genomic DNA in the presence of increasing
amounts of polybia-CP. E. coli genomic DNA was treated with increasing
amounts of polybia-CP (peptide concentrations were 0 �M, 5 �M, 10 �M, 15
�M, 25 �M, and 50 �M). UV spectra were measured in the range of wave-
lengths from 220 to 320 nm. All measurements were made at a 10-mm optical
path length at room temperature.
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known. Thus, SEM was used to visualize the morphological
changes of bacteria treated by polybia-CP. The treated bacteria
showed a disrupted surface likely to represent pore formation,
whereas the untreated bacteria were characterized by a normal
smooth surface. In our previous study of the cytotoxity exhibition
mode of polybia-CP, our results demonstrated that polybia-CP
could disrupt the integrity of cell membrane and exhibited its
cytotoxity against tumor cells (25). Thus, we wanted to know if it
also targets the plasma membrane of bacteria, disrupts the integ-
rity of the membrane, and kills the bacteria. In the present study,
we also examined the effect of polybia-CP on the pure lipid LUVs,
which was comprised of EYPE-EYPG and used as the model of
bacterial membrane. The TEM results showed that polybia-CP
could disrupt the integrity of LUVs after a short-term incubation.
In addition, a DNA electrophoresis experiment was employed to
evaluate whether polybia-CP could kill the bacteria through dis-
rupting DNA genome of bacteria. Our results showed that poly-
bia-CP has no effect on the plasmid DNA. Taking this together
with the previous results, we can cautiously speculate that the
target of polybia-CP is the plasma membrane of bacteria.

As we know, both Gram-positive and Gram-negative bacteria
have cytoplasma membrane surrounding the cell, and their mem-
branes are comprised of different phospholipids, with lipoteichoic
acids (LTAs) embedded in Gram-positive bacterial membrane
and lipopolysaccharide (LPS) embedded in Gram-negative bacte-
rial membrane (6). The bacterial resistance was mainly attribut-
able to single genes or different genes encoding some activity
(such as DNA damage repair, membrane permeability and efflux,
rRNA mutation, aminoglycoside modification, etc.) involved
with detoxification or related tasks (10). Cationic and amphi-
pathic polybia-CP can enter into the membrane bilayers and takes
an �-helical conformation. Then, the amino acid residue can in-
teract with lipid molecules and disrupt the lipids’ orderly align-
ment. Finally, water channels form, leading to bacterial death
(25). This process occurs solely due to the physical action of water
flow through the channels, and there is not any other protein or
enzyme involved. In addition, bacterial survival depends on mem-
brane lipid homeostasis and an ability to adjust lipid composition
to acclimatize the bacterial cell to optimize growth in diverse en-
vironments (29). Also, bacterial mechanisms to control the ex-
pression of the genes solely responsible for the formation of fatty
acids and the modification of existing fatty acyl chains to adjust
the biophysical properties of the fatty acids to maintain a stable
membrane are very sophisticated (30). Thus, it is difficult for bac-
teria to develop resistance to polybia-CP unless the nature of the
bacterial membrane changes.

In conclusion, our results indicate that polybia-CP could kill
the bacteria by disrupting the membrane and is not affected by the
common resistance mechanism. Our findings also underscore

that the antimicrobial activity of polybia-CP is unaffected by high
temperature. Furthermore, the fact that polybia-CP could be de-
graded quickly in vivo and that their secondary metabolites are
free amino acids proves that it has minimal side effects compared
with conventional chemotherapeutic agents. Thus, with the in-
creasing resistance to conventional antibiotics, there is no doubt
that polybia-CP could offer a new strategy for defending against
resistant bacteria in medicine and the food and farming indus-
tries. Also, polybia-CP has desirable and novel antibiotic and food
preservative features that can be developed.
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