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Dimerization of cell-penetrating buforin II
enhances antimicrobial properties
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Abstract

Antimicrobial peptides (AMPs) that selectively permeabilize bacterial membranes are promising alternatives to
conventional antibiotics. Dimerization of AMP is considered an attractive strategy to enhance antimicrobial and
membrane-lytic activity, but it also increases undesired hemolytic and cytotoxic activity. Here, we prepared Lys-
linked homodimers of membrane-permeabilizing magainin II and cell-penetrating buforin II. Dimerization did not
significantly alter conformational behavior, but it had a substantial impact on antimicrobial properties. We found
that while the magainin II dimer showed increased antimicrobial and cytotoxic effects, the buforin II dimer
conferred much greater antibacterial potency without exhibiting cytotoxic activity. Interestingly, the buforin II dimer
was highly effective against several antibiotic-resistant bacterial isolates. Membrane permeabilization experiments
indicated that the magainin II dimer rapidly disrupted both anionic and zwitterionic membranes, whereas the
buforin II dimer selectively disrupted anionic membranes. Like the monomeric form, the buforin II dimer was
efficiently translocated across lipid bilayers. Therefore, our results suggest that the dimerization of cell-penetrating
buforin II not only disrupts the bacterial membrane, but also translocates it across the membrane to target
intracellular components, resulting in effective antimicrobial activity. We propose that dimerization of intracellular
targeting AMPs may present a superior strategy for therapeutic control of pathogenic bacteria.
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Introduction
Antimicrobial peptides (AMPs) are ubiquitous among
unicellular and multicellular organisms and are respon-
sible for first-line host defenses against invading patho-
gens (Haney et al. 2019; Hilchie et al. 2013; Zhang and
Gallo 2016). Resistance to AMP remains at very low
levels, making it a promising candidate to overcome
antibiotic-resistant bacterial infections (Biswaro et al.
2018; de Breij et al. 2018; Kumar et al. 2018; Lohner
2016; Mahlapuu et al. 2016). AMPs of multicellular or-
ganisms have a killing and/or inhibitory effect on a wide
range of microorganisms, including gram-positive and
gram-negative bacteria. It is widely accepted that most
AMPs kill bacterial cells by permeabilizing the negatively

charged cytoplasmic membrane (Guha et al. 2019; Mat-
suzaki 2019; Sani and Separovic 2016; Stone et al. 2019).
In contrast to the membrane-lytic mechanism, it has
been proposed that some AMPs act intracellularly by
binding to DNA or altering enzyme activity (Le et al.
2017; Lee et al. 2019). For example, magainin II is a
well-known membrane-permeabilizing antimicrobial
peptide, whereas buforin II exerts potent antimicrobial
activity without causing membrane lysis (Imura et al.
2008; Takeshima et al. 2003). Indeed, previous confocal
fluorescence microscopic studies showed that magainin
II is localized to the bacterial surface, whereas buforin II
accumulates mainly in the cytoplasm (Park et al. 2000).
The self-association of membrane-active peptides ap-

pears to be a crucial parameter for antimicrobial mode
of action in either membrane permeabilization or pep-
tide translocation across the membrane to target intra-
cellular components (Petkov et al. 2019; Yang et al.
2006a). Many studies have shown that the dimerization
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of membrane-permeabilizing peptides significantly
changes their biological and biophysical properties
(Gunasekera et al. 2020; Lorenzon et al. 2019). For ex-
ample, parallel and antiparallel magainin II dimers have
greater biological activity and greater ability to interact
with membranes than the monomeric form does (Mukai
et al. 2002). The pore formed by the magainin II dimer
is characterized by a larger pore diameter and longer
lifetime than that of the monomer (Hara et al. 2001).
Although dimerization of AMPs may be a promising
strategy to improve antimicrobial potency, dimerization
of membrane-permeabilizing AMPs increases cytotox-
icity against mammalian cells (Gunasekera et al. 2020).
These unwanted cytotoxic effects should be minimized
or eliminated. On the other hand, although dimerization
of cell-penetrating peptides leads to enhanced cellular
uptake and drug delivery (Hoyer et al. 2012), little is
known about their antimicrobial properties.
In this study, we synthesized membrane-

permeabilizing magainin II, cell-penetrating buforin II,
and their counterpart homodimeric peptides with a
branched Lys core; sequences are listed in Table 1. We
tested their antibacterial activities against gram-positive
and gram-negative bacteria as well as cytotoxicity against
mammalian cells, and we evaluated the roles of
dimerization in their antimicrobial properties. Interac-
tions of the peptides with the lipid bilayer were investi-
gated by circular dichroism and fluorescence
spectroscopy in membrane mimetic environments. We
showed that the Lys-linked buforin II dimer exerted
greater antibacterial potency against both gram-positive
and gram-negative bacteria, including several antibiotic-
resistant bacterial isolates, without inducing cytotoxicity
against mammalian cells. Our findings indicated that
both membrane-permeabilizing and cell-penetrating
abilities of the buforin II dimer seem to influence more
efficient and selective killing of pathogenic bacteria.

Materials and methods
Materials and microorganisms
N-α-fluoren-9-yl-methoxycarbonyl (Fmoc) amino acids
with orthogonal side chain protecting groups and Fmoc-
Lys(Fmoc)-OH (for the dimeric peptides) were pur-
chased from Novabiochem (Läufelfingen, Switzerland).

For peptide synthesis, reagents and solvents were pur-
chased from Applied Biosystems (Foster City, CA, USA).
After RP-HPLC purification (above 99% purity), the
correct molecular weights were confirmed by MALDI-
TOF-MS (Shimadzu, Japan). Phospholipids were ob-
tained from Avanti Polar Lipids (Alabaster, AL, USA). A
membrane potential-sensitive fluorescent dye, 3,3′-
dipropylthiadicarbocyanine iodide [DiSC3(5)] was pur-
chased from Molecular Probes, Inc. (Eugene, OR, USA).
Microorganisms were purchased from the Korean Col-
lection for Type Cultures (Daejon, Korea).

Circular dichroism (CD) spectroscopy
The CD spectra of peptides were collected with a J-715
spectrophotometer (Jasco, Japan) as previously described
(Yang et al. 2019). The spectra are expressed as the
mean residue ellipticity [θ] versus wavelength. The ellip-
ticity [θ] given in units of deg⋅cm2⋅dmol-1 was calculated
using the following formula: [θ] = [θ]obs MRW/10lc,
where MRW = mean residue molecular weight of the
peptide, c is the concentration of the sample, and l is the
length of the cell.

Antimicrobial, hemolytic, and cytotoxic activity
The antimicrobial activity of peptides against gram-
positive and gram-negative bacteria, including antibiotic-
resistant pathogens, was measured by the broth microdi-
lution method, as previously described (Lee et al. 2019).
Briefly, single colonies of bacteria cultured on a LB agar
plate were inoculated into LB medium and incubated
overnight at 37 °C. A 50 μl of this culture was trans-
ferred into fresh tube of 10 ml LB medium and grown to
mid-log phase. A set of serial dilutions of peptides (100
μl) were added to 100 μl of 2×106 CFU/ml in 96-well
microtiter plates (Falcon). After incubation at 37 °C for
16 h, the minimal inhibitory concentration (MIC) was
defined as the lowest peptide concentration that com-
pletely inhibited bacterial growth by measuring optical
density (OD) at 600 nm. The MICs were the average of
triplicate measurements in three independent assays.
The hemolytic activities of peptides were determined by
monitoring the release of hemoglobin from human red
blood cells, as described previously (Yang et al. 2019).
Complete hemolysis was induced by 0.1% Triton X-100.
Cytotoxicity of peptides against RAW 264.7 cells was
measured with a 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT) assay, as previously
described (Yang et al. 2019). Cell viability was deter-
mined as the ratio of the absorbance at 570 nm for
peptide-treated cells compared to untreated cells.

Membrane depolarization induced by peptides
The membrane depolarization activities of peptides were
determined using a membrane potential-sensitive

Table 1 Amino acid sequences and cytotoxic activities of
peptides used in this study

Peptides Amino acid sequences HC50
a LC50

b

Magainin II GIGKWLHSAKKFGKAFVGEIMNS > 200 > 200

K-(magainin II)2 (GIGKWLHSAKKFGKAFVGEIMNS)2K 14.3 2.7

Buforin II TRSSRAGLQWPVGRVHRLLRK > 200 > 200

K-(buforin II)2 (TRSSRAGLQWPVGRVHRLLRK)2K > 200 > 200
aPeptide concentration (μM) causing 50% hemolysis
bPeptide concentration (μM) causing 50% growth inhibition of RAW 264.7 cells
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fluorescent dye DiSC3(5), as previously described (Yang
et al. 2006b). Briefly, Staphylococcus aureus cells cultured
to mid-log phase were resuspended in 5 mM HEPES buf-
fer. Upon addition of DiSC3(5) to the suspension of S.
aureus, the fluorescence had quenched and stabilized.
Addition of peptides (2 mM) increased the fluorescence
intensity due to membrane depolarization. After 5 min,
gramicidin D was added to observe the maximum fluores-
cence intensity due to complete dissipation of the mem-
brane potential. The DiSC3(5) fluorescence change was
monitored on a Shimadzu RF-5301 spectrofluorometer at
an excitation/emission wavelength of 620/670 nm.

Membrane disruption induced by peptides
Large unilamellar vesicles (LUVs) were generated by the
extrusion method, and the membrane disruption in-
duced by peptides was determined using the fluorescent
dye calcein, as previously described (Lee et al. 2019).
Briefly, peptides were added to calcein-containing LUVs
composed of anionic PC/PG (1:1) or zwitterionic PC.
Membrane-lytic activity of peptides was defined as the
percent leakage from 100 μM LUVs after 10 min incuba-
tion with peptides (2 μM for PC/PG (1:1) and 20 μM for
PC vesicles). Fluorescence changes due to calcein release
from LUVs were monitored on a Shimadzu RF-5301
spectrofluorometer at excitation/emission wavelength =
490/520 nm. Triton X-100 was added in order to show
the maximum fluorescence intensity due to complete
membrane permeability.

Ability of peptides to translocate into vesicles
LUVs were generated in HEPES buffer (150 mM NaCl,
pH 7.4) with chymotrypsin (200 mM), as described

previously (Lee et al. 2019). External chymotrypsin was
inactivated by the addition of a trypsin-chymotrypsin in-
hibitor (200 mM). Fluorescence transfer from the Trp
residue of peptides to the dansyl group on membranes
by peptide translocation into vesicles was monitored on
a Shimadzu RF-5301 spectrofluorometer at an excita-
tion/emission wavelength of 280/510 nm.

Results
Circular dichroism (CD) studies
CD spectroscopy was used to investigate structural dif-
ferences between monomeric and dimeric peptides in
aqueous buffer as well as in membrane-mimetic environ-
ments (Fig. 1). In aqueous buffer, all peptides had almost
completely random coil structures. In contrast, both
monomeric and dimeric magainin II assumed typical α-
helices in membrane-memetic SDS micelles, as charac-
terized by double minima around 208 and 222 nm.
Compared to membrane-permeabilizing magainin II,
cell-penetrating buforin II showed a negative peak at
204 nm, indicating a somewhat different structure from
a typical α-helix. However, the overall CD spectral pat-
terns of the monomers were similar to those of dimers,
suggesting that dimerization did not significantly alter
the structure of the peptides.

Antimicrobial and hemolytic activities of the peptides
We next determined the ability of peptides to inhibit
bacterial growth by measuring their MIC, which are
listed in Table 2. The magainin II dimer and the buforin
II dimer showed increased antibacterial activity by 4–8
and 8–16 fold, respectively, compared to their respective
monomers. In addition, Table 3 shows that the dimers

Fig. 1 CD spectra of the peptides. The CD spectra of magainin II and K-(magainin II)2 (a) and buforin II and K-(buforin II)2 (b) were obtained at 25
°C in 10-mM sodium phosphate buffer (open symbols) or 30 mM SDS micelles (closed symbols). Spectra were taken at peptide concentrations of
20 μM

Lee and Yang Journal of Analytical Science and Technology            (2021) 12:9 Page 3 of 7



had strong antimicrobial activity, in the range of 0.5–4
μM, against antibiotic-resistant pathogens. These results
suggest that not only the dimerization of membrane-
permeabilizing magainin II, but also the dimerization of
cell-penetrating buforin II, is a good way to enhance
antimicrobial activity. We also evaluated the hemolytic
(HC50) and cytotoxic (LC50) activity against human red
blood cells and RAW 264.7 cells, respectively, which are
presented in Table 1. Both monomeric magainin II and
buforin II showed negligible hemolytic and cytotoxic ac-
tivities. Interestingly, while magainin II dimer showed
strong hemolytic and cytotoxic activity, buforin II dimer
was not hemolytic or cytotoxic. These results indicate
that dimerization of cell-penetrating buforin II improves
selectivity for bacteria over mammalian cells much bet-
ter than dimerization of membrane-permeabilizing
magainin II.

Membrane depolarization by peptides
To determine whether membrane depolarization is re-
lated to bacterial death, we next determined the ability
of monomeric and dimeric peptides to depolarize the
cytoplasmic membrane of S. aureus using the membrane
potential-sensitive fluorescent dye DiSC3(5). As shown
in Fig. 2a, monomeric magainin II effectively depolarized
the cytoplasmic membrane of S. aureus at the value
lower than MIC; however, buforin II did not induced
membrane depolarization even at the MIC value. Al-
though there was no direct correlation between cytoplas-
mic membrane depolarization and MIC values, these
results support that magainin II exerts antimicrobial

activity by inducing membrane depolarization, whereas
the potent antimicrobial activity of buforin II is not re-
lated to the membrane depolarization. Both monomeric
and dimeric magainin II efficiently dissipated the mem-
brane potential of S. aureus, although the magainin II
dimer induced more effective membrane depolarization
than its monomer. Intriguingly, the buforin II monomer
showed negligible membrane depolarization ability,
whereas the buforin II dimer dissipated over 50% of
membrane potential. These results suggest that the add-
itional ability of buforin II dimer to induce membrane
depolarization appears to be associated with potent anti-
microbial activity.

Dye leakage from liposomes
To determine whether peptides were able to
permeabilize membranes, we examined the ability of
peptides to disrupt anionic vesicles composed of L-α-
phosphatidylcholine (PC) and L-α-phosphatidylglycerol
(PG) (1:1), as well as zwitterionic vesicles composed of
PC by monitoring the efflux of fluorescent dye from the
vesicles (Fig. 2b). Consistent with their respective abil-
ities to depolarize bacterial membranes, magainin II
showed strong calcein release from the PC/PG (1:1) vesi-
cles with 50% leakage at 2 μM, whereas buforin II
showed no membrane-lytic activity. These results sup-
port the mode of action that membrane disruption rep-
resents a major killing event for magainin II, but not for
buforin II. When added to PC liposomes, both magainin
II and buforin II elicited no calcein release, even at 20
μM, which agrees with results obtained for hemolytic

Table 2 Antimicrobial activities of peptides against gram-positive and gram-negative bacteria

Organism Antimicrobial activity (MIC: μM)

Magainin II K-(magainin II)2 Buforin II K-(buforin II)2

Gram-positive bacteria

Bacillus subtilis 8 2 8 0.5

Staphylococcus aureus 16 2 8 1

Staphylococcus epidermidis 16 4 16 2

Gram-negative bacteria

Escherichia coli 32 4 8 1

Salmonella Typhimurium 16 2 4 0.5

Pseudomonas aeruginosa 32 4 16 2

Table 3 Antimicrobial activities of peptides against antibiotic-resistant bacterial isolates

Antibiotic-resistant bacteria Antimicrobial activity (MIC: μM)

Magainin II K-(magainin II)2 Buforin II K-(buforin II)2

Methicillin-resistant Staphylococcus aureus (1) [MRSA (1)] 16.0 4.0 8.0 1.0

Methicillin-resistant Staphylococcus aureus (2) [MRSA (2)] 16.0 2.0 8.0 0.5

Vancomycin-resistant Enterococcus faecalis (1) 32.0 4.0 16.0 1.0

Vancomycin-resistant Enterococcus faecalis (2) 16.0 4.0 8.0 1.0
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and cytotoxic activity. Dimerization of magainin II
strongly increased the membrane-lytic activity against
both anionic and zwitterionic liposomes. Interestingly,
the buforin II dimer had relatively strong membrane-
lytic activity (~60%) against anionic liposomes, but did
not show any dye leakage from PC liposomes. These
findings indicate that dimerization of membrane-
permeabilizing magainin II non-selectively increases
membrane-lytic ability between negatively charged and
neutral membranes, whereas cell-penetrating buforin II
dimer leads to selective membrane-disrupting activity
only for anionic membranes. Although membrane-lytic
activity of peptides was related to their respective anti-
microbial activity, these variables were not entirely
linear.

Ability of peptides to translocate into liposomes
To determine whether a peptide can enter a cell, we ex-
amined the ability of peptides to translocate across lipid
bilayers (Fig. 3). The extent of peptide translocation
across PC/PG/dansyl-PE (50:45:5) vesicles was estimated
by monitoring peptide degradation by chymotrypsin en-
capsulated within vesicles using a fluorescence reson-
ance energy transfer system with a Trp donor and
dansyl acceptor. We observed no fluorescence decrease
throughout the 500 s with magainin II, indicating a
complete lack of membrane translocation. In contrast,
buforin II caused a time-dependent decrease in

fluorescence intensity, indicating that the peptide effect-
ively crossed the lipid bilayer and entered vesicles. These
results are in agreement with previously published trans-
location data. Similar to monomer results, the buforin II
dimer translocated more effectively and rapidly across
the membrane than the magainin II dimer. These results
suggest that both monomeric and dimeric buforin II can
cross the bacterial membrane and target intracellular
molecules.

Fig. 2 Ability of peptides to permeabilize membranes. a Effect of peptides on membrane potential of intact S. aureus cells (OD600 = 0.05). After
the fluorescence of DiSC3(5) was stabilized, the peptides (2 μM) were added to S. aureus. b Release of calcein fluorescent probe from anionic PC/
PG (1:1) or zwitterionic PC vesicles. Membrane-lytic activity of peptides was defined as the percent leakage from 100 μM lipid after 10 min
incubation with peptides (2 μM for PC/PG (1:1) and 20 μM for PC vesicles). Average ± SD for three independent experiments. Statistically
significant (p < 0.05) and very significant (p < 0.01) differences are represented by (*) and (**), respectively

Fig. 3 Ability of peptides to translocate into liposomes. Membrane
translocation of peptides was measured by resonance energy
transfer from Trp to DNS-PE. Decreased fluorescence means that the
peptide has entered the vesicle. Lipid and peptide concentrations
were 100 and 1 μM, respectively
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Discussion
Because membrane-active molecules such as antimicro-
bial and cell-penetrating peptides have attracted atten-
tion for therapeutic applications, there is currently much
work underway in order to understand the basic princi-
ples of peptide interaction with target cell membranes
(Avci et al. 2018; Henriques et al. 2006). They generally
share cationic and amphipathic characteristics, which
play important roles in membrane permeabilization and/
or cell penetration. Since peptide self-assembly affects
membrane permeabilization and cell penetration, several
groups have investigated the different structural and bio-
logical functions between monomeric and dimeric forms
(Hoyer et al. 2012; Lorenzon et al. 2019). It is particu-
larly interesting that dimerization of AMPs leads to
greater antibiotic activity against several bacterial species
(Koh et al. 2018; Liu et al. 2017; Lorenzon et al. 2018;
Panteleev et al. 2017; Thamri et al. 2017). Improved anti-
bacterial activity is correlated with an increase in mem-
brane permeabilization, indicating that bacterial
membranes are primarily targeted by dimers. However,
dimerization of AMP with membrane-permeabilizing
modes of action leads to increased cytotoxicity against
mammalian cells, which may hinder therapeutic applica-
tion (Gunasekera et al. 2020; Lorenzon et al. 2019).
Indeed, we showed that membrane-permeabilizing
magainin II dimer displayed potent antibacterial activity,
as well as strong cytotoxicity against mammalian cells.
Our results also demonstrate that the improved antibac-
terial and cytotoxic activity of the magainin II dimer is
associated with strong membrane-lytic activity against
anionic and zwitterionic membranes, respectively. In
contrast, the membrane-penetrating buforin II dimer
had potent broad-spectrum antimicrobial activity,
though it was not cytotoxic to mammalian cells. Similar
to previously reported results (Park et al. 2000), the
buforin II monomer inhibited bacterial cell growth with-
out causing membrane disruption. However, the buforin
II dimer has the ability to depolarize bacterial mem-
branes and permeabilize anionic membranes. In
addition, the buforin II dimer can translocate across
lipid membranes. These results, using both biological
and artificial membranes, indicate that the buforin II
dimer directly collapses the cytoplasmic membrane po-
tential and also interferes with intracellular targets,
which may result in more potent antibacterial activity.
In summary, dimerization was applied to membrane-

permeabilizing magainin II and membrane-penetrating
buforin II. Magainin II dimer increased both antibacter-
ial and cytotoxic effects, whereas the buforin II dimer
enhanced antibacterial activity without cytotoxicity.
Interestingly, the buforin II dimer had the ability to
depolarize the bacterial membrane and to effectively
translocate across lipid bilayers to target intracellular

components. Because of the wide range of antimicrobial
activity against gram-positive and gram-negative bac-
teria, including antibiotic-resistant bacterial isolates, the
buforin II dimer has promising potential in applications
for therapeutic control of multi-resistant pathogenic
bacteria. Although more studies are needed to elucidate
the exact mode of action of the buforin II dimer,
dimerization of intracellular targeting AMPs may be a
promising strategy to improve antimicrobial activity
while reducing cytotoxic activity against mammalian
cells.

Abbreviations
AMP: Antimicrobial peptide; RP-HPLC: Reversed-phase high-performance li-
quid chromatography; MALDI-TOF: Matrix-assisted laser desorption
ionization–time of flight; CD: Circular dichroism; MIC: Minimal inhibitory
concentration; LUV: Large unilamellar vesicle; SDS: Sodium dodecyl sulfate;
PC: L-α-phosphatidylcholine; PG: L-α-phosphatidylglycerol; PE: L-α-
phosphatidylethanolamine

Acknowledgements
The authors thank Industry-Academic Cooperation Foundation, Chosun
University.

Authors’ contributions
H Lee and S Yang designed research. H Lee performed most experiments.
The authors analyzed data and wrote the paper. The authors read and
approved the final manuscript.

Funding
This study was supported by a research fund from Chosun University, 2020.

Availability of data and materials
Not applicable

Competing interests
The authors declare that they have no competing interests.

Received: 18 December 2020 Accepted: 10 February 2021

References
Avci FG, Akbulut BS, Ozkirimli E. Membrane active peptides and their biophysical

characterization. Biomolecules. 2018;8(3). https://doi.org/10.3390/biom803
0077.

Biswaro LS, da Costa Sousa MG, Rezende TMB, Dias SC, Franco OL. Antimicrobial
peptides and nanotechnology, recent advances and challenges. Front
Microbiol. 2018;9:855. https://doi.org/10.3389/fmicb.2018.00855.

de Breij A, Riool M, Cordfunke RA, Malanovic N, de Boer L, Koning RI, et al. The
antimicrobial peptide SAAP-148 combats drug-resistant bacteria and biofilms.
Sci Transl Med. 2018;10(423). https://doi.org/10.1126/scitranslmed.aan4044.

Guha S, Ghimire J, Wu E, Wimley WC. Mechanistic landscape of membrane-
permeabilizing peptides. Chem Rev. 2019. https://doi.org/10.1021/acs.
chemrev.8b00520.

Gunasekera S, Muhammad T, Stromstedt AA, Rosengren KJ, Goransson U.
Backbone cyclization and dimerization of LL-37-derived peptides enhance
antimicrobial activity and proteolytic stability. Front Microbiol. 2020;11:168.
https://doi.org/10.3389/fmicb.2020.00168.

Haney EF, Straus SK, Hancock REW. Reassessing the host defense peptide
landscape. Front Chem. 2019;7:43. https://doi.org/10.3389/fchem.2019.00043.

Hara T, Kodama H, Kondo M, Wakamatsu K, Takeda A, Tachi T, et al. Effects of
peptide dimerization on pore formation: antiparallel disulfide-dimerized
magainin 2 analogue. Biopolymers. 2001;58(4):437–46. https://doi.org/10.1
002/1097-0282(20010405)58:4<437::AID-BIP1019>3.0.CO;2-I.

Henriques ST, Melo MN, Castanho MA. Cell-penetrating peptides and
antimicrobial peptides: how different are they? Biochem J. 2006;399(1):1–7.
https://doi.org/10.1042/BJ20061100.

Lee and Yang Journal of Analytical Science and Technology            (2021) 12:9 Page 6 of 7

https://doi.org/10.3390/biom8030077
https://doi.org/10.3390/biom8030077
https://doi.org/10.3389/fmicb.2018.00855
https://doi.org/10.1126/scitranslmed.aan4044
https://doi.org/10.1021/acs.chemrev.8b00520
https://doi.org/10.1021/acs.chemrev.8b00520
https://doi.org/10.3389/fmicb.2020.00168
https://doi.org/10.3389/fchem.2019.00043
https://doi.org/10.1002/1097-0282(20010405)58:4<437::AID-BIP1019>3.0.CO;2-I
https://doi.org/10.1002/1097-0282(20010405)58:4<437::AID-BIP1019>3.0.CO;2-I
https://doi.org/10.1042/BJ20061100


Hilchie AL, Wuerth K, Hancock RE. Immune modulation by multifaceted cationic
host defense (antimicrobial) peptides. Nat Chem Biol. 2013;9(12):761–8.
https://doi.org/10.1038/nchembio.1393.

Hoyer J, Schatzschneider U, Schulz-Siegmund M, Neundorf I. Dimerization of
a cell-penetrating peptide leads to enhanced cellular uptake and drug
delivery. Beilstein J Org Chem. 2012;8:1788–97. https://doi.org/10.3762/
bjoc.8.204.

Imura Y, Choda N, Matsuzaki K. Magainin 2 in action: distinct modes of
membrane permeabilization in living bacterial and mammalian cells. Biophys
J. 2008;95(12):5757–65. https://doi.org/10.1529/biophysj.108.133488.

Koh JJ, Lin S, Sin WWL, Ng ZH, Jung DY, Beuerman RW, et al. Design and
synthesis of oligo-lipidated arginyl peptide (OLAP) dimers with enhanced
physicochemical activity, peptide stability and their antimicrobial actions
against MRSA infections. Amino Acids. 2018;50(10):1329–45. https://doi.org/1
0.1007/s00726-018-2607-6.

Kumar P, Kizhakkedathu JN, Straus SK. Antimicrobial peptides: diversity,
mechanism of action and strategies to improve the activity and
biocompatibility in vivo. Biomolecules. 2018;8(1). https://doi.org/10.3390/
biom8010004.

Le CF, Fang CM, Sekaran SD. Intracellular targeting mechanisms by antimicrobial
peptides. Antimicrob Agents Chemother. 2017;61(4). https://doi.org/10.112
8/AAC.02340-16.

Lee H, Lim SI, Shin SH, Lim Y, Koh JW, Yang S. Conjugation of cell-penetrating
peptides to antimicrobial peptides enhances antibacterial activity. ACS
Omega. 2019;4(13):15694–701. https://doi.org/10.1021/acsomega.9b02278.

Liu B, Huang H, Yang Z, Gou S, Zhong C, Han X, et al. Design of novel
antimicrobial peptide dimer analogues with enhanced antimicrobial activity
in vitro and in vivo by intermolecular triazole bridge strategy. Peptides. 2017;
88:115–25. https://doi.org/10.1016/j.peptides.2016.12.016.

Lohner K. Membrane-active antimicrobial peptides as template structures for
novel antibiotic agents. Curr Top Med Chem. 2016.

Lorenzon EN, Nobre TM, Caseli L, Cilli EM, da Hora GCA, Soares TA, et al. The
“pre-assembled state” of magainin 2 lysine-linked dimer determines its
enhanced antimicrobial activity. Colloids Surf B: Biointerfaces. 2018;167:432–
40. https://doi.org/10.1016/j.colsurfb.2018.04.034.

Lorenzon EN, Piccoli JP, Santos-Filho NA, Cilli EM. Dimerization of antimicrobial
peptides: a promising strategy to enhance antimicrobial peptide activity.
Protein Pept Lett. 2019;26(2):98–107. https://doi.org/10.2174/09298665266661
90102125304.

Mahlapuu M, Hakansson J, Ringstad L, Bjorn C. Antimicrobial peptides: an
emerging category of therapeutic agents. Front Cell Infect Microbiol. 2016;6:
194. https://doi.org/10.3389/fcimb.2016.00194.

Matsuzaki K. Membrane permeabilization mechanisms. Adv Exp Med Biol. 2019;
1117:9–16. https://doi.org/10.1007/978-981-13-3588-4_2.

Mukai Y, Matsushita Y, Niidome T, Hatekeyama T, Aoyag H. Parallel and
antiparallel dimers of magainin 2: their interaction with phospholipid
membrane and antibacterial activity. J Pept Sci. 2002;8(10):570–7. https://doi.
org/10.1002/psc.416.

Panteleev PV, Myshkin MY, Shenkarev ZO, Ovchinnikova TV. Dimerization of the
antimicrobial peptide arenicin plays a key role in the cytotoxicity but not in
the antibacterial activity. Biochem Biophys Res Commun. 2017;482(4):1320–6.
https://doi.org/10.1016/j.bbrc.2016.12.035.

Park CB, Yi KS, Matsuzaki K, Kim MS, Kim SC. Structure-activity analysis of buforin
II, a histone H2A-derived antimicrobial peptide: the proline hinge is
responsible for the cell-penetrating ability of buforin II. Proc Natl Acad Sci U
S A. 2000;97(15):8245–50. https://doi.org/10.1073/pnas.150518097.

Petkov P, Lilkova E, Ilieva N, Litov L. Self-association of antimicrobial peptides: a
molecular dynamics simulation study on bombinin. Int J Mol Sci. 2019;20(21).
https://doi.org/10.3390/ijms20215450.

Sani MA, Separovic F. How membrane-active peptides get into lipid membranes.
Acc Chem Res. 2016;49(6):1130–8. https://doi.org/10.1021/acs.accounts.
6b00074.

Stone TA, Cole GB, Ravamehr-Lake D, Nguyen HQ, Khan F, Sharpe S, et al.
Positive charge patterning and hydrophobicity of membrane-active
antimicrobial peptides as determinants of activity, toxicity, and
pharmacokinetic stability. J Med Chem. 2019. https://doi.org/10.1021/acs.
jmedchem.9b00657.

Takeshima K, Chikushi A, Lee KK, Yonehara S, Matsuzaki K. Translocation of
analogues of the antimicrobial peptides magainin and buforin across human
cell membranes. J Biol Chem. 2003;278(2):1310–5. https://doi.org/10.1074/jbc.
M208762200.

Thamri A, Letourneau M, Djoboulian A, Chatenet D, Deziel E, Castonguay A, et al.
Peptide modification results in the formation of a dimer with a 60-fold
enhanced antimicrobial activity. PLoS One. 2017;12(3):e0173783. https://doi.
org/10.1371/journal.pone.0173783.

Yang S, Lee CW, Kim HJ, Jung HH, Kim JI, Shin SY, et al. Structural analysis and
mode of action of BMAP-27, a cathelicidin-derived antimicrobial peptide.
Peptides. 2019;118:170106. https://doi.org/10.1016/j.peptides.2019.170106.

Yang ST, Lee JY, Kim HJ, Eu YJ, Shin SY, Hahm KS, et al. Contribution of a central
proline in model amphipathic alpha-helical peptides to self-association,
interaction with phospholipids, and antimicrobial mode of action. FEBS J.
2006a;273(17):4040–54. https://doi.org/10.1111/j.1742-4658.2006.05407.x.

Yang ST, Shin SY, Hahm KS, Kim JI. Different modes in antibiotic action of
tritrpticin analogs, cathelicidin-derived Trp-rich and Pro/Arg-rich peptides.
Biochim Biophys Acta. 2006b;1758(10):1580–6. https://doi.org/10.1016/j.bba
mem.2006.06.007.

Zhang LJ, Gallo RL. Antimicrobial peptides. Curr Biol. 2016;26(1):R14–9. https://doi.
org/10.1016/j.cub.2015.11.017.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Lee and Yang Journal of Analytical Science and Technology            (2021) 12:9 Page 7 of 7

https://doi.org/10.1038/nchembio.1393
https://doi.org/10.3762/bjoc.8.204
https://doi.org/10.3762/bjoc.8.204
https://doi.org/10.1529/biophysj.108.133488
https://doi.org/10.1007/s00726-018-2607-6
https://doi.org/10.1007/s00726-018-2607-6
https://doi.org/10.3390/biom8010004
https://doi.org/10.3390/biom8010004
https://doi.org/10.1128/AAC.02340-16
https://doi.org/10.1128/AAC.02340-16
https://doi.org/10.1021/acsomega.9b02278
https://doi.org/10.1016/j.peptides.2016.12.016
https://doi.org/10.1016/j.colsurfb.2018.04.034
https://doi.org/10.2174/0929866526666190102125304
https://doi.org/10.2174/0929866526666190102125304
https://doi.org/10.3389/fcimb.2016.00194
https://doi.org/10.1007/978-981-13-3588-4_2
https://doi.org/10.1002/psc.416
https://doi.org/10.1002/psc.416
https://doi.org/10.1016/j.bbrc.2016.12.035
https://doi.org/10.1073/pnas.150518097
https://doi.org/10.3390/ijms20215450
https://doi.org/10.1021/acs.accounts.6b00074
https://doi.org/10.1021/acs.accounts.6b00074
https://doi.org/10.1021/acs.jmedchem.9b00657
https://doi.org/10.1021/acs.jmedchem.9b00657
https://doi.org/10.1074/jbc.M208762200
https://doi.org/10.1074/jbc.M208762200
https://doi.org/10.1371/journal.pone.0173783
https://doi.org/10.1371/journal.pone.0173783
https://doi.org/10.1016/j.peptides.2019.170106
https://doi.org/10.1111/j.1742-4658.2006.05407.x
https://doi.org/10.1016/j.bbamem.2006.06.007
https://doi.org/10.1016/j.bbamem.2006.06.007
https://doi.org/10.1016/j.cub.2015.11.017
https://doi.org/10.1016/j.cub.2015.11.017

	Abstract
	Introduction
	Materials and methods
	Materials and microorganisms
	Circular dichroism (CD) spectroscopy
	Antimicrobial, hemolytic, and cytotoxic activity
	Membrane depolarization induced by peptides
	Membrane disruption induced by peptides
	Ability of peptides to translocate into vesicles

	Results
	Circular dichroism (CD) studies
	Antimicrobial and hemolytic activities of the peptides
	Membrane depolarization by peptides
	Dye leakage from liposomes
	Ability of peptides to translocate into liposomes

	Discussion
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Competing interests
	References
	Publisher’s Note

