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Antimicrobial peptides (AMPs) have attracted considerable attention for their broad-spectrum antimi-
crobial activity and reduced tendency to cause bacterial resistance. Emerging concerns over the host
cytotoxicity of AMPs, however, may ultimately compromise their development as pharmaceuticals. In
order to optimize AMPs with potent cell specificity and anti-inflammatory activity, we designed b-
hairpin hybrid peptides based upon progetrin-1, bovine lactoferricin and cecropin A. The synthetic hybrid
peptides LB-PG and CA-PG demonstrated high selectivity over a wide range of microbes from Gram-
positive and Gram-negative bacteria in porcine red blood cells. Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) show that these peptides kill microbial cells by penetrating
the cell membrane and damaging the membrane envelope. Gel retardation demonstrates that the
peptides have a high affinity for DNA, indicating an additional possible intracellular bactericidal mech-
anism. Moreover, the hybrid peptides inhibit the expression of LPS-induced proinflammatory cytokines
and chemokines, such as tumor necrosis factor-a (TNF-a), inducible nitric oxide synthase (iNOS),
macrophage inflammatory protein-1a (MIP-1a) and monocyte chemoattractant protein 1(MCP-1),
following LPS stimulation in RAW264.7 cells. Our results indicate that these hybrid peptides have
considerable potential for future development as antimicrobial and anti-inflammatory agents.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Antimicrobial peptides (AMPs) are an evolutionarily conserved
component of the innate immunity of organisms which provide
a foolproof mechanism for fighting invasion of various microbial
pathogens, and are amongst the most promising candidates for
future antibiotic drugs [1]. While these molecules have been re-
ported to exist in random structures in their native forms, they
often adopt different secondary conformations such as a-helices, b-
sheets, linear or loop structures in membrane-like environments
[2]. In spite of variations in lengths and primary structures, AMPs
share several common features, such as: net cationic charge;
amphiphilicity; primarily targeting cell membranes instead of
specific receptors; and possessing antimicrobial activity through
disruption of the microbial cell membrane [3e6]. The robust
capability of AMPs to destroy microbial membranes suggests that
they can potentially evade mechanisms involved in multidrug
x: þ86 571 88982650.
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resistance. For example, Navon-Venezia et al. reported that
repeated exposure of Gram-positive bacteria towards different
AMPs at sub-minimum inhibitory concentrations did not alter the
minimum inhibitory concentration (MIC) value significantly for up
to 10e15 bacterial passages [7].

Even though natural AMPs have shown to be superior in over-
coming multidrug resistance, issues such as being easily degrad-
able, costliness and a lack of information about systemic toxicity are
likely to be serious obstacles to further development of natural
peptides as antibacterial drugs [8]. Nowadays, peptide-based
biomaterials have gained much attention due to their ability to
overcome such disadvantages and provide excellent templates for
a wide range of bioengineering and biomedical applications,
including regenerative medicines, biomimetic materials, thera-
peutic delivery and antimicrobial agents [9e12]. Various
approaches have been employed to optimize the native sequence of
AMPs, e.g., through modification and/or optimization of natural
peptide/protein sequences, and are designed to improve antimi-
crobial effects whilst reducing undesirable cytotoxic effects in
mammalian cells [13e16]. There remains however a lack of
systematic scientific rationale in the design principles of AMPs.
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Hybridization is one novel method to design peptides
combining the advantages of different native peptides. Given their
inherent amphiphilic character and ability to readily aggregate in
bulk solution, these peptides showgreat potential at interfaces [17].
However, there is little research describing such design methods.

Most recently, we have compared the antibacterial activity,
cytotoxicity and mechanisms of cathelicidin peptides and found
that porcine protegrin-1(PG-1), a b-hairpin peptide, showed high
antimicrobial potency but was also more toxic to eukaryotic cells
[18]. Bovine lactoferricin (LfcinB), a 25-residue disulfide cross-
linked peptide from the N-terminus of lactoferrin, possesses
very low hemolytic activity towards porcine red blood even at
concentration of 256 mg/mL [19]. Cecropin A (CA), one of the first
reported AMPs, is found in the hemolymph of Hyalophora cecropia
pupae and has the capacity to kill bacteria by making their cell
membranes leaky, but has few effects on insect or mammalian
cells [20]. In this study, we designed hybrid peptides by
combining the 1e16 or 5e17 b-fold regions of protegrin-1 with
the N-terminal cationic amphipathic region of cecropin A (1e8) or
the active center of bovine lactoferricin (4e9). We speculate that
with these modifications, the effects of amphiphilicity and charge
on bactericidal capacity can be better conserved and the cyto-
toxicity of PG-1 can be reduced. The peptides were first charac-
terized for their secondary conformation by circular dichroism
(CD) in membrane-mimicking environments, such as sodium
dodecyl sulfate (SDS) and trifluoroethyl alcohol (TFE). The anti-
microbial properties of the peptides were studied using bacte-
riostatic MIC measurement against a broad selection of practically
threatening microbes from Gram-positive bacteria: S. aureus,
Gram-negative bacteria: Escherichia coli, Salmonella, and Pseudo-
monas aerogenosa. Scanning electron microscopy, transmission
electron microscopy and DNA binding assays were employed to
investigate potential membrane destruction mechanisms as well
as possible intracellular targets of the peptides. The potential
cytotoxic effect of peptides against mammalian cells was char-
acterized by measuring their hemolytic effect on porcine red
blood cells (pRBCs). To investigate whether these antimicrobial
peptides show anti-inflammatory activities, peptide inhibition of
TNF-a production and TNF-a, iNOS, MIP-1a and MCP-1 gene
expression in LPS-stimulated mouse macrophage RAW264.7 cells
were examined. Finally, the capability of the peptides to synergize
with antibiotics was evaluated using the checkerboard titration
method. The overall objective of the study is to facilitate the
development of peptide-based strategies to treat microbial
infection by regulating immune activity.
2. Materials and methods

2.1. Hybrid peptides design

We constructed the hybrid peptides by combining the 1e16 or 5e17 b-fold
regions of protegrin-1 with the N-terminal cationic amphipathic region of cecropin
Table 1
Key physicochemical parameters of parental and hybrid peptides.

Peptides Sequence Theoretical MW

PG-1 RGGRLCYCRRRFCVCVGR 2160.6
LB FKCRRWQWRMKKLGAPSITCVRRAF 3125.8
CA KWKLFKKIEKVGQNIRDGIIKAGPAVAVVGQATQIAK 4004.8
LB-PG RRWQWRLCYCRRRFCVCVG 2547.1
CA-PG KWKLFKKIRGGRLCYCRRRFCVCV 3019.8

a Measured by MALDI-TOF, apparent MW ¼ [MW þ H].
b The mean hydrophobicity (H) is the total hydrophobicity (sum of all residue hydrop
c The relative hydrophobic moment (mHrel) of a peptide is its hydrophobic moment

amphipathicity using different scales. A value of 0.5 thus indicates that the peptide has
A (1e8) or the active center of bovine lactoferricin (4e9). The amino acid sequences
of the parental and hybrid peptides are listed in Table 1.

2.2. Sequence analysis of hybrid peptides

Primary sequence analysis of the peptides was performed by bioinformatics
programs including ProtParam (ExPASy Proteomics Server: http://www.expasy.org/
tools/protparam.html) and Pepstats (EMBOSS biology software: http://www.ebi.ac.
uk/Tools/emboss/pepinfo/). The mean hydrophobicity, mean hydrophobic moment
and relative hydrophobic moment were calculated online using CCS scale: http://
www.bbcm.univ.trieste.it/wtossi/HydroCalc/HydroMCalc.html. The secondary
structure type for each residue was predicted by PSIPRDE v3.0 (http://bioinf.cs.ucl.
ac.uk/psipred/) and online by I-TASSER (http://zhanglab.ccmb.med.umich.edu/I-
TASSER/). The helical wheel projection and physicochemical profiles were calcu-
lated online using the Helical Wheel Projections: http://rzlab.ucr.edu/scripts/wheel/
wheel.cgi.

2.3. Peptides synthesis

Based on the calculated physicochemical parameters and the predicted
secondary structures, the parental peptides protegrin-1, LfcinB and cecropin A, and
the hybrid peptides LB(4e9)-PG(5e17) (LB-PG), CA(1e8)-PG(1e16) (CA-PG) were
synthesized and purified by GL Biochem (Shanghai, China) and their molecular
weights further confirmed via matrix-assisted laser desorption/ionization them-of-
flight mass spectroscopy (MALDI-TOF MS, Model Autoflex, Bruker Daltonics Inc.,
U.S.A.), using a-cyano-4-hydroxycinnamic acid as the matrix. The purity of the
peptides was determined at more than 95%with analytical reverse phase (RP)-HPLC.
a-cyano-4-hydroxycinnamic acid (HCCA) was purchased from SigmaeAldrich
(Singapore) and used in saturated acetonitrile/water (1:1 volume ratio) after re-
crystallization. Peptides were then dissolved in pure water at a concentration of
3.0 mg/mL and the peptide solutions were stored at �20 �C before subsequent
antibacterial and structural assessments.

Aureomycin and neomycin were purchased from the National Institute for the
Control of Pharmaceutical and Biological Products. Stock solutions of each medicine
(3.0 mg/mL) were prepared in endotoxin-free water, pH of 7.4, and stored in 20 mL
aliquots at �20 �C until used.

2.4. CD analysis

To investigate conformational changes induced by membrane environments,
peptides were dissolved at 0.1 mg/mL in deionized (DI) water, 25 mM SDS surfactant
or 50% TFE. CD spectra were recorded at 25 �C on a JASCO J-815 spectropolarimeter
fitted with a PTC-423S single position. The Peltier temperature controller and
percent of each structure was calculated using a spectra manager. The secondary
structure of the peptides was investigated at wavelengths ranging from 190 to
250 nm using a quartz cell with a path length of 0.1 mm using a 3.0-nm spectral
bandwidth, 0.2 nm step resolution, 100 nm/min scanning rate and 2 s response time
and averaged over 3 runs of each sample. The acquired CD signal spectra were then
converted to mean residue ellipticity using the following equation:

qM ¼ ðqobs=10Þ � ðMRW=c$lÞ

where qM is residue ellipticity (deg. M�1 m�1), qobs is the observed ellipticity cor-
rected for the buffer at a givenwavelength (mdeg), MRW is residuemolecular weight
(MW/number of amino acids), c is peptide concentration (mg/mL), and l is the path
length (cm).

2.5. Measurement of antimicrobial activity (MIC)

The antimicrobial activities of peptides against seven Gram-negative bacterial
strains, included isolated strains, and two Gram-positive bacterial strains were
determined using an improved broth microdilution technique as previously
described [21]. Briefly, serial diluted (4e256 mg/mL) aliquots of the peptides were
Measured MW
a Retention time (min) Hb mHrelc Net charge

2156.7 8.87 �2.55 0.23 þ6
3123.8 9.85 �1.46 0.24 þ8
4004.86 11.16 �1.37 0.22 þ6
2543.09 11.58 �1.46 0.27 þ6
3015.80 12.61 �1.46 0.18 þ9

hobicity indices) divided by the number of residues.
relative to that of a perfectly amphipathic peptide. This gives a better idea of the
about 50% of the maximum possible amphipathicity.
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added to sterile 96-well polypropylene microtiter plates (cat. 3790, Costar, Cam-
bridge, MA) in a volume of 10 mL, followed by the addition of 90 mL of diluted bacteria
(2e7 � 105 colony-forming units (CFUs)/mL; exponential phase). After incubation
for 18e20 h at 37 �C, MICs were determined as the lowest peptide concentration at
which no bacterial growth was observed. A negative control of pure broth without
microbes was used for the MIC tests, each of which was reproduced 3 times using 6
replicates for each experiment.

Standard strains E. coli ATCC25922, E. coli K88, E. coli K12, E. coli EPECO78:K88, S.
choleraesuis CMCC50020, S. typhimurium CMCC50013, Pseudomonas aeruginosa
CMCC27853, S. aureus ATCC25923, S. epidermidis ATCC12228 were purchased from
China General Microbiological Culture Collection Center (Beijing, China). The strains
above were grown in Mueller-Hinton (MH) broth (Difco, England), pH 6.8 at 37 �C.
Probiotic bacteria, Bifidobacterium suis ATCC27533 (B. suis) and Lactobacillus acid-
ophilus ATCC4356 (L. acidophilus) were also used, which were purchased from China
General Microbiological Culture Collection Center (Beijing, China), and maintained
at 37 �C under anaerobic conditions in Peptone Yeast Glucose (PYG) and de Man
Rogosa Sharpe (MRS) media, respectively.

2.6. Antibacterial mechanism study

The mechanisms of action of the antimicrobial peptides were elucidated by
direct observation of the bacterial membrane structure by scanning (SEM) and
transmission (TEM) electron microscopy, as well as by indirect intracellular target
observation using a DNA binding assay.

2.6.1. SEM characterization
For SEM sample preparation, bacterial cells were cultured in MH at 37 �C

under constant shaking at 250 rpm. In this study, E. coli ATCC25922 and S. aureus
ATCC25923 were cultured to an exponential phase, harvested by centrifugation,
washed twice with 10 mM PBS and re-suspended. Approximately 2 � 107 cells
were incubated at 37 �C for up to 60 min with different peptides at a concentra-
tion of 1 � MIC. Controls were run without peptides. After incubation, the cells
were mixed and centrifuged at 5000 � g for 5 min. Bacterial pellets were then
washed 3 times with PBS, and subjected to similar centrifugation after each wash.
Following that, fixation of bacterial cells was performed with 2.5% (w/v) glutar-
aldehyde at 4 �C overnight, followed by washing with PBS twice. Cells were
harvested and post-fixed with 1% osmium tetroxide for 1 h then dehydrated for
15 min in each of a graded ethanol series (50, 70, 80, 90, 95 and 100%). They were
then transferred to absolute acetone for 20 min, a mixture (v:v ¼ 1:1) of alcohol
and iso-amyl acetate for 30 min, then pure iso-amyl acetate for 1 h. Finally,
specimens were dehydrated in a Hitachi Model HCP-2 critical point dryer with
liquid CO2. The dehydrated specimens were coated with gold-palladium and
observed in a Philips Model XL30 ESEM.

2.6.2. TEM observations
Pretreatment with bacteria samples was conducted in the same way as for SEM

treatment. After treatment with a series of ethanol solutions (50, 70, 80, 90, 95 and
100%) for 15 min each, bacterial cells were transferred to absolute acetone for
20 min. The specimens were then transferred to 1:3 and 1:1 mixtures of absolute
acetone and resin for 1e3 h then to a final resin overnight. Finally, specimens were
placed in capsules containing embedding medium and were heated at 70 �C for
about 9 h. Specimens were stained by uranyl acetate and alkaline lead citrate for
15 min and observed by TEM (Model JEM-1230, JEOL, Japan).

2.6.3. DNA binding assay
Gel retardation experiments were performed by mixing 400 ng plasmid DNA

(pGEM-bGAL; Promega, Madison, WI, USA) with increasing amounts of peptides in
20 mL binding buffer 5% glycerol, 10 mM TriseHCl, pH 8.0, 1 mM EDTA, 1 mM
dithiothreitol, 20 mM KCl and 50 mg/mL bovine serum albumin） as previously
described by Park et al. and Ulvatne et al. [22,23]. The mixture was incubated for 1 h
at room temperature. Subsequently, 4 mL of the native loading buffer (10% Ficoll 400,
10 mM TriseHCl, pH 7.5, 50 mM EDTA, 0.25% bromophenol blue and 0.25% xylene
cyanol) was added to each vial and a 12 mL aliquot was applied to a 1% agarose gel,
followed by electrophoresis in 0.5 � Tris borateeEDTA buffer.

2.7. Synergy with conventional antibiotics

The checkerboard titrationmethod is widely used for evaluation of properties of
different antibacterial combinations [24]. The fractional inhibitory concentration
(FIC) index is used to determine the synergy between antimicrobial agents. An
inoculum of logarithmic-phase bacteria (2e7 � 105 CFU/mL) was cultured at 37 �C
for 24 h in each well of a 96-well flat-bottomed culture plate containing 100 mL of
MH broth with peptides or antibiotics, alone or in combination. Two-fold serial
dilutions of aureomycin and neomycin were tested in the presence of a constant
amount of peptide, equal to one-quarter of the peptide MIC. The FIC index was
calculated as follows: FIC index ¼ (MIC drug A in combination) / (MIC drug A
alone) þ (MIC drug B in combination) / (MIC drug B alone). An FIC index of less than
0.5 is considered to demonstrate synergy.
2.8. Measurement of hemolytic activity

The hemolytic activity of each peptide was evaluated by determining hemo-
globin release from erythrocyte suspensions of healthy pigs (Large white， obtained
from Zhejiang University, Hangzhou, China). The blood cells were washed three
times in sterile phosphate buffer (100 mM NaCl, 80 mM Na2HPO4, 20 mM NaH2PO4,
pH7.4) and centrifuged at 370 � g for 10 min at room temperature. The 90 mL
erythrocyte suspensions (final concentration around 1%) were then mixed with
10 mL of test peptides at different concentrations (4e256 mg/mL) and the mixtures
were incubated at 37 �C under 5% CO2 for 24 h. After incubation, plates were
centrifuged at 370 � g for 5 min and supernatants were transferred into 96-well
ELISA plates (cat. 3590, Costar, Cambridge, MA) and the optical density was
measured at 576 nm using Multi-Mode Microplate Readers (SpectraMax M5,
Molecular Devices, USA). Two control groupswere provided for this assay: untreated
pRBC suspension (as a negative control), and a pRBC suspension treated with 0.1%
Triton-X (as a positive control). Each solution was tested in triplicate.

Hemolysis (%) ¼ [(O.D.576 nm of the treated sample � O.D.576 nm of the
negative control) / (O.D.576 nm of positive control � O.D.576 nm of negative
control)] � 100%.

2.9. Resistance to proteolytic digestion

Sample preparation for the resistance to proteolytic digestion assay was carried
out both with broth microdilution assay and reverse phase high-performance liquid
chromatography (RP-HPLC) assay. (1) Broth microdilution assay. Ten microliters of
artificial gastric juice (1 g porcine pepsin (Sigma P7012) or trypsin (Sigma P1750)
added to 100mLwater) was used to dilute the peptides (stock solution) to yield a final
peptide concentration of 2�MIC. After incubation at 37 �C for 1 h,10 mL of themixture
was added to 90mL bacterial suspension (2e7�105 CFU/mL) and incubated at 37 �C for
overnight. Bacterial growth inhibition was determined by measuring absorbance at
600 nm with a Multi-Mode Microplate Readers (SpectraMax M5, Molecular Devices,
USA). (2) RP-HPLC assay. RP-HPLC analysiswas performedwithWater-600 seriesHPLC
system using a Zorbax SB C18 (250 � 4.6 mm I$D, 5 mm) column(flow ¼ 1 mL/min,
detection ¼ 214 nm). Enzymatic stability was assessed with simulated gastric fluid
(SGF) and simulated intestinalfluid (SIF) individually. SGFwaspreparedasdescribed in
the Chinese Pharmacopoeia and consists of 10mg/mL pepsin in 0.03MNaCl at pH 1.5.
SIF consists of 10 mg/mL of pancreatin in 0.05 M KH2PO4, pH 7.5. Nine microliters of
SGF or SIF were added to 10 mL of peptides dissolved in distilled water at 3.0 mg/mL
concentration. After incubation periods of 0, 5, 15, 30, 45 and 60 min at 37 �C, 1 mL of
0.1MNaOHwere added to SGF or 0.5% trichloroacetic acid (TFA)were added to the SIF.
Sixty microliters of acetonitrile were added to the mixture, and centrifuged at
13,000 rpm for 10 min. The supernatant was submitted to a determination of the
relative concentrations of the remaining peptides by RP-HPLC.

2.10. Cells and conditions

The murine macrophage cell line RAW264.7 was obtained from the Institute of
Biochemistry and Cell Biology, SIBS, CAS (Shanghai, China) and cultured in DMEM
medium (Gibco) supplemented with 100 U/mL penicillin and 100 mg/mL strepto-
mycin (Invitrogen), 2 mM L-glutamine, and 10% fetal bovine serum (Gibco). Cells
were grown at 37 �C and 5% CO2 in humidified air and passaged every 2e3 days.

2.11. Cytotoxicity (WST-1 proliferation and LDH release assay)

The viability of peptide-treated RAW264.7 cells was determined using a WST-1
assay (Roche Molecular Biochemicals; Mannheim, Germany). Cells were pre-seeded
on a 96-well plate at a density of 2� 105 cells/mL in DMEMmedium (supplemented
with 10% heat inactivated FBS). Ten microliters of varying concentrations of peptide
solution were added and cells were incubated for another 24 h at 37 �C in 5% CO2.
Wells containing untreated cells served as controls. Subsequently, 10 mL of WST-1
solution was added to each well and the plates were incubated for 2 h at 37 �C.
The absorbance at 450 nm was measured using a Microplate autoreader (Spec-
traMax M5, Molecular Devices, USA).

The effect of peptides on plasma membrane integrity of RAW264.7 cells was
examined using an LDH release assay (Roche Molecular Biochemicals; Mannheim,
Germany). Cell supernatants were analyzed for LDH enzymatic activity, which under
control conditions is exclusively intracellular. RAW264.7 cells (2 � 105 cells/well)
were cultured for 24 h at 37 �C in 5% CO2 in the absence or presence of peptides at
concentrations ranging between 4 and 128 mg/mL. The maximal LDH release of cells
was determined by addition of lysis solution (1% Triton X-100) at 37 �C for 15 min.
Untreated cells served as controls for spontaneous LDH release. Absorbance was
subsequently measured in a microtiter plate reader at 490 nm, using 900 nm as
a reference wavelength. LDH release activity was expressed as the percentage of
maximal LDH.

2.12. Effect of peptides on LPS-stimulated cytokine Induction

RAW264.7 cells were preincubated with or without 10 mg/mL peptides for
30 min before the addition of 100 ng/mL LPS (E. coli, O55:B5, SigmaeAldrich,



Y. Liu et al. / Biomaterials 34 (2013) 237e250240
Germany) and further incubation for 5 h at 37 �C. After stimulation, the cells were
detached from the wells and washed once with ice-cold phosphate-buffered saline.
Total RNA was extracted using TRI� reagent according to the manufacturer’s
instructions. The quality and quantity of the RNA samples were determined by
NANODROP 2000 Spectrophotometer (Thermo, USA). The RNA samples were used
as a template in qRT-PCR. The cDNA products were amplified in the presence of 30

and 50 primers (TNF-a, 50-ATAGCTCCCAGAAAAGCAAGC-30 and 50-CACCCCGAAGTT-
CAGTAGACA-30; iNOS, 50-CTGCAGCACTTGGATCAGGAACCTG-30 and 50-GGGAG-
TAGCCTGTGTGCACCTGGAA-30; MIP-1a, 50-CCCAGCCAGGTGTCATTTTCC-30 and 50

-GCATTCAGTTCCAGGTCAGTG-30; MCP-1, 50-GGAAAAATGGATCCACACCTTGC-30 and
50-TCTCTTCCTCCACCACCATGCAG-30). A housekeeping gene, 18s (50-
TAAGTCCTGCCCTTTGTACACA-30 and 50-GATCCGAGGGCCTCACTAAAC-30), was
amplified in each experiment as control. The cycling condition steps for the
amplification reaction consisted of a single 2-min heating step at 94 �C followed by
40 cycles of denaturation at 94 �C for 10 s, annealing at 60 �C for 30 s, and an
extension at 72 �C for 1 min. The PCR-amplified products were electrophoresed and
visualized on a 1% agarose gel. The intensities of the amplified products were
analyzed using a StepOne Plus Real-Time PCR System (Applied Biosystems, USA).
Data were analyzed according to the comparative threshold cycle (Ct) method,
where the amount of target, normalized to an endogenous reference and relative to
an experimental control.

2.13. Evaluation of TNF-a release from LPS-stimulated RAW264.7 cells

RAW264.7 cells were cultured overnight in a 96-well plate (2.5 � 105 cells/mL).
Medium was removed before addition of fresh DMEM supplemented with 10%
bovine serum. Secretion of TNF-a was monitored after treatment of RAW264.7 cells
with the peptides at a concentration of 10 mg/mL for 30 min before treatment for 5 h
at 37 �C with LPS (100 ng/mL). Samples of the medium from each treatment and
untreated negative controls were then collected and the TNF-a concentration
evaluated using a mouse TNF-a enzyme-linked immunosorbent assay kit according
to the manufacturer’s protocol (ELISA, Boster). All experiments were done in
triplicate.

2.14. Statistical analysis

All experiments were carried out on three independent occasions unless
otherwise stated. All values are expressed as the mean � standard error mean.
Statistical comparisons were carried out by unpaired Student t-test or by analysis of
variance (ANOVA) with SPSS 16.0.
Fig. 1. Helical wheel projections of LB-PG and CA-PG. By default the output presents the hy
charged as triangles, and potentially positively charged as pentagons. Hydrophobicity is co
decreasing proportionally to the hydrophobicity, with zero hydrophobicity coded as yel
(uncharged) residue, and the amount of red decreasing proportionally to the hydrophilicity.
color in this figure legend, the reader is referred to the web version of this article’).
3. Results

3.1. Peptide design and characterization

The structure andmolecularweight of the peptideswere verified
by MALDI-TOF MS. Table 1 summarizes the theoretically calculated
and measured molecular weights of each peptide. All peptides had
measured molecular weight values in agreement with their theo-
retical values, suggesting that the peptides were successfully
synthesized. The designed hybrid peptides showed the same mean
hydrophobicity (�1.46) and increased hydrophobicity compared
with protegrin-1 (�2.55). The relative hydrophobicity of hybrid
peptides in aqueous solution indicated that differences in hydro-
phobicity were reliably reflected by different HPLC retention times.
The retention times for LB-PG and CA-PGwere 11.58 and 12.61 min,
respectively, indicating the hydrophobic order: LB-PG ＜ CA-PG.

The wheel-diagram and the relative hydrophobic moments
showed that LB-PG (0.27) has a better balance between the
hydrophobic and hydrophilic phases compared with cecropin A
(0.22), LfcinB (0.24) and PG1 (0.23). In fact, all the hydrophilic
amino acid residues of these peptides are located on one side,
whereas the hydrophobic amino acid residues are on the other side
of the helix in the helical wheel diagram (Fig. 1).

3.2. Secondary structure

It has been reported that PG-1 forms a b-hairpin structure in
membrane-mimetic environments such as TFE, SDS micelles or
liposome [25]. Accordingly, in this study, we investigated the second
structure of the hybrid peptides. Fig. 3 shows the CD spectra of the
parental and hybrid peptides at 0.1 mg/mL in DI water, 25 mM SDS
and 50% TFE and Table 2 shows the calculated percentages of a-helix,
b-hairpin, b-turn and random coil structures in parental and hybrid
drophilic residues as circles, hydrophobic residues as diamonds, potentially negatively
lor coded as well: the most hydrophobic residue is green, and the amount of green is
low. Hydrophilic residues are coded red with pure red being the most hydrophilic
The potentially charged residues are light blue. (‘For interpretation of the references to



Fig. 2. Three-dimensional structure projections of LB-PG (left) and CA-PG (right).

Fig. 3. The CD spectra of CA (A), LfcinB (B), PG-1, LB-PG and CA-PG in 25 mM SDS (C
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peptides in the various solutions. As shown in Fig. 3, the CD spectrum
indicated that parental and hybrid peptides had random coil
conformations in DI water. Anionic surfactants such as SDS and
fluorinated alcohols such as TFE are often used to mimic the cell
membrane environment. CA exhibited well-defined positive and
negative peaks at around 195 nm and two negative minimum bands
at 208 and 222 nm in SDS and TFE, respectively, indicating
predominance of a-helix structures (Fig. 3A). Fig. 3C and D show the
CD spectra of LB-PG and CA-PG and the parental peptide PG-1mixed
into SDS and TFE in aqueous solution. In the membrane-like milieu,
LB-PG and CA-PG adopted the same predominantly b-hairpin
conformation as PG-1. However, the spectrum of CA-PG in SDS
showed a substantial change, marked by intensification of both the
negative peak around 200 nm and the peak around 225 nm, char-
acteristic of a triple helix structure. Nevertheless, neither hybrid
peptide exhibited a significant difference in b-hairpin content in
a cellmembranemimicking environment such as TFE solution or SDS
micelles (Table 2). We interpret these data to indicate that the b-
hairpin structural characteristic of thepeptidemayplayan important
role in killing bacterial cells, but that its b-hairpin contentmay not be
correlated to its antibacterial activities.
3.3. Antimicrobial activity

The antimicrobial activity of different concentrations of the
peptides against Gram-negative strains and Gram-positive strains
), and 50% TFE solution (D), the peptide concentrations are fixed at 0.1 mg/mL.



Table 2
Percentage of different secondary structure in parental and hybrid peptides in various solutions.

peptide DI water 25 mM SDS 50%TFE

a-Helix b-Sheet Random a-Helix b-Sheet Random a-Helix b-Sheet Random

PG-1 0 69.1 30.9 7.5 76.4 16.1 0 64.4 35.6
LfcinB 0 40.0 60.0 0 53.2 46.8 0 48.5 51.5
CA 0 54.3 45.6 40.3 23.2 36.5 56.9 0 43.1
LB-PG 0 69.1 30.9 1.5 73.5 25.0 6.5 60.7 32.8
CA-PG 0 67.4 32.6 0 70.7 29.3 5.5 63.1 31.4
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and beneficial bacteria is summarized in Table 3. The hybrid
peptide LB-PG displayed antimicrobial activities similar to the
natural peptide PG-1, and had approximately 2e8 fold higher
antimicrobial activity than LfcinB, with an overall MIC of 8 mg/mL
across the bacterial species. In comparison, the overall MIC of CA-
PG was 32 mg/mL. While CA-PG did not maintain the same anti-
bacterial activity as PG-1, it was higher than CA, and possessed an
extended antibacterial spectra, especially against Gram-positive
bacteria S. aureus and S. epidermidis. These assays confirmed that
the hybrid AMPs have an extended range of activity in comparison
to at least one of their parent peptides.

The inhibitory action of these peptides and antibiotics were also
tested against intestinal commensal bacteria. Almost all peptides
showed no activity against L. acidophilus and B. suis, while aureo-
mycin and neomycin showed a marked inhibitory effect on L. acid-
ophilus and B. suis.

3.4. Disruption to bacterial membrane integrity

Natural antibacterial peptides kill bacteria mainly via
membrane permeabilization and subsequent structural disruption.
SEM allowed us to directly observe cell morphology and integrity
after peptide treatment. Based on their MIC and hemolytic values,
the hybrid peptides appear to be more potent than the parental
peptides. Hence, the microbicidal properties of these peptides were
studied by observing the integrity of the bacterial cell membrane.
As shown in Fig. 5, treatment with all peptides induced significant
membrane damage in comparison to the control, which showed
a bright and smooth surface without cellular debris. E. coli cells
Table 3
Antibacterial activity of parental and hybrid peptides.

MIC （mg/mL） Aureomycin Neomycin

PG-1 LfcinB CA LB-PG CA-PG

Gram-negative
bacteria

E. coli ATCC25922 8 32 16 8 32 4 2
E. coli K88 8 64 16 8 32 4 1
E. coli K12 8 32 32 8 16 2 2
E. coli EPEC

O78:K88
32 128 64 16 32 64 1

S. choleraesuis
CMCC50020

4 64 32 8 32 4 2

S. typhimurium
CMCC50013

4 32 16 8 16 4 2

P. aeruginosa
CMCC27853

8 128 32 16 32 2 4

Gram-positive
bacteria

S. aureus
ATCC25923

2 16 ＞256 8 32 0.06 0.13

S. epidermidis
ATCC12228

4 16 256 8 32 0.13 0.5

Probiotic bacteria
B. suis ATCC27533 128 ＞256 ＞256 ＞256 ＞256 32 4
L. acidophilus

ATCC4356
＞256 ＞256 ＞256 ＞256 ＞256 8 64
treated for 60 min with LB-PG and CA-PG at 1 � MIC became fila-
mentous and elongated (Fig. 5E and F), and, similar to cells treated
with LfcinB, did not appear to be dividing in a regular manner.
Moreover, the membrane surface of peptide-treated E. coli cells
showed more roughening and blebbing, as evinced by the forma-
tion of aggregates on the cell surface, and blebbing was more
frequent in LB-PG-treated cells than in CA-PG-treated cells. In
addition, treatment with CA-PG, which was not effective in inhib-
iting the growth of E. coli, resulted in minimal membrane damage
in a small population of the bacteria. By comparison, the effects of
peptides at 1 � MIC on S. aureus were shown in Fig. 6. Again, the
morphological changes of the treated bacteria were obvious
compared to the control (Fig. 6A). The cell surface became rough-
ened and decorated with discrete blebs when treated with LB-PG
and CA-PG. Moreover, LB-PG and CA-PG treated cells were
damaged and became filamentous.

In addition to SEM, TEMwas employed to study themorphology
and intracellular alteration of bacteria. Fig. 7 shows that the
integrity of the E. coli membrane upon the treatment with LB-PG
and CA-PG was significantly adversely affected. AMP molecules
disrupted the membrane of E. coli, changing the overall
morphology of the bacterial cells, and some cytoplasmic clear zones
could be seen. After 1 h of incubation with LB-PG, the S. aureus cell
outer membranes appeared detached from the inner membrane,
with a floral-like loop appearance (Fig. 8D). Leakage of intracellular
contents was observed in the CA-PG-treated S. aureus cells,
presumably due to the more severe loss of membrane integrity
upon prolonged treatment of the bacteria.

3.5. DNA binding

Since there was no clear evidence that the mechanism of action
of the peptides was restricted to membrane permeabilization, we
investigated the possibility of the intracellular effects, such as the
Fig. 4. Concentration-response curves of the peptides against porcine red blood cells.
The hemoglobin release was monitored with a Microplate autoreader by measuring
the absorbance at 576 nm.



Fig. 5. SEM micrographs of E. coli ATCC25922: (A) Control; (B) PG1-treated; (C) LfcinB-treated; (D) CA-treated; (E) LB-PG-treated, and (F) CA-PG-treated. Bacteria were treated with
peptides at 1 � MIC for 1 h. The control was done without peptides. Scale bar ¼ 2 mm.
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DNA-binding properties of peptides. As shown in Fig. 9, LB-PG
inhibited DNA migration above a weight ratio of 1.0. Similar
patterns of migration were observed with the parental peptides
LfcinB and PG-1. In contrast, CA-PG did inhibited DNA migration
only above a ratio of 8.0, which was possibly due to a lack of
intracellular targets of CA (data not shown).

3.6. Synergy with conventional antibiotics

One of the known assets of antimicrobial peptides is their
potential to promote the activity of conventional antibiotics. Not all
peptides possess this activity however, and the structural basis for
the synergism has not been investigated. The FICI data for
Fig. 6. SEM micrographs of S. aureus ATCC25923: (A) Control; (B) PG1-treated; (C) LfcinB-tre
1 � MIC for 1 h. The control was done without peptides. Scale bar ¼ 2 mm.
combinations of hybrid peptides are summarized in Table 4. CA-PG
exhibited synergistic effects with both antibiotics against E. coli and
S. aureus cells, and in both cases, FIC indices from 0.375 to 0.5 were
achieved. Although there were no similar synergistic effects
between LB-PG and the antibiotics, the MICs of the antibiotics
decreased noticeably upon addition of the peptides (data not
shown), indicating that LB-PG and CA-PG may have potential as
feed additives to reduce the dietary dose of antibiotics.

3.7. Hemolytic activity

The toxicity of hybrid peptides against eukaryotic cells was
determined as the ability to lyse porcine erythrocytes measured at
ated; (D) LB-PG-treated, and (E) CA-PG-treated. Bacteria were treated with peptides at



Fig. 7. TEM micrographs of E. coli ATCC25922: (A) Control; (B) PG1-treated; (C) LfcinB-treated; (D) CA-treated; (E) LB-PG-treated, and (F) CA-PG-treated. Bacteria were treated with
peptides at 1 � MIC for 1 h. The control was done without peptides. Scale bar ¼ 0.2 mm.
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serial peptide concentrations alongside their parental peptides
(Fig. 4). LfcinB and CA showed the lowest hemolytic activity among
these peptides, namely, 9.57% and 14.10% respectively, even at the
highest concentration of 256 mg/mL. In contrast, PG-1 displayed the
maximal hemolytic activity, with almost 99% lysis, at a concentra-
tion of 256 mg/mL. The hybrid peptides LB-PG and CA-PG demon-
strated relatively low hemolytic activity, showing a 2e4 fold
decrease at each concentration when compared to PG-1. However,
theyweremore hemolytic than the parental peptides LfcinB and CA.

3.8. Resistance to proteolytic digestion

A major limitation of antimicrobial peptides is their inactiva-
tion by proteases, and poor protease stability severely limits the
practical application of many peptides as feed additives. Using an
Fig. 8. TEM micrographs of S. aureus ATCC25923: (A) Control; (B) PG1-treated; (C) LfcinB-tre
1 � MIC for 1 h. The control was done without peptides. Scale bar ¼ 0.2 mm.
antimicrobial assay with E. coli ATCC25922, we therefore exam-
ined the susceptibility of peptides to pepsin and trypsin. As shown
in Fig. 10(A), pepsin treatment of CA completely abolished anti-
microbial activity against E. coli, while pepsin treatment of CA-PG
partially preserved its antimicrobial activity. In contrast, the
antimicrobial activities of hybrid peptide LB-PG and parental
peptides PG-1 and LfcinB were completely preserved after pepsin
treatment. The same trend was observed after treatment with
trypsin (Fig. 10B), although the inhibitory effect of all these
peptides was partially abolished in this case. Next the disap-
pearance of the intact peptides incubated in SGF and SIF was
followed by RP-HPLC. LB-PG seems to confer some stability
against parental peptides in SGF, as it has half-lives of about
10 min (Fig. 11A). While other peptides are degraded quickly with
half-lives of less than 5 min.
ated; (D) LB-PG-treated, and (E) CA-PG-treated. Bacteria were treated with peptides at



Fig. 9. Interaction of peptides with plasmid DNA. Binding was assayed by measuring
inhibition of migration by plasmid DNA. Various amounts of peptides were incubated
with 400 ng for 1 h at room temperature prior to electrophoresis on a 1.0% agarose gel.
A. LfcinB; B. PG-1; C. CA-PG; D. LB-PG. The weight ratio (peptide:DNA) is indicated as
follows: lane 1, plasmid DNA alone; lane2, ratio 1:4; lane3, ratio 1:2; lane 4, ratio 1:1;
lane 5, ratio 2:1; lane 6, ratio 4:1; lane7, ratio 8:1; lane 8, ratio 16:1.
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3.9. Cytotoxicity on RAW264.7 macrophage cells

The effect of the peptides on proliferation of RAW264.7
macrophage cells was evaluated by WST-1 assay and results are
shown in Fig. 12A. In all cases, LfcinB and CA exhibited the lowest
inhibition, while PG-1 showed the highest inhibition. No peptides
exhibited significant cytotoxicity between 2 and 128 mg/mL, which
was also observed in the case of the hybrid peptides LB-PG and CA-
PG.

A dose-dependent increase in extracellular LDH was observed
with all peptides (Fig. 12B). Among all the peptides, PG-1 caused
a loss of plasma membrane integrity. In contrast, treatment of
RAW264.7 cells with hybrid peptides LB-PG and CA-PG, did not
significantly induce LDH release, indicating that LB-PG and CA-PG
maintain the integrity of the plasma membrane in RAW264.7
cells. Peptides exhibiting no cytotoxicity at 10 mg/mL were used in
the experiments described below.

3.10. Inhibition of LPS-mediated cytokines expression

To test whether hybrid peptides could inhibit the LPS-induced
proinflammatory response, the murine macrophage cell line
RAW264.7 was used as a model. qRT-PCR results, shown in Fig. 13,
show that all hybrid peptides and parental peptides were potent
inhibitors. Quantitative analysis showed that LB-PG and CA-PG,
applied at 10 mg/mL in the presence of LPS, caused a remarkable
decrease in mRNA expression of TNF-a (Fig. 13A). The same trend
also occurred with iNOS, MIP-1a and MCP-1 (Fig. 13B, C and D).
Collectively, these data strongly support the potential of LB-PG and
CA-PG as both antibacterial and anti-inflammatory agents.

3.11. Inhibition of TNF-alpha release from LPS-stimulated
RAW264.7 cells

We next used a TNF-a enzyme-linked immunosorbent assay kit
to evaluate TNF-a concentration in the cell medium after LPS
Table 4
The FIC indexesa for hybrid peptides LB-PG, CA-PG in combination with aureomycin
and neomycin against E. coli ATCC25922 and S. aureus ATCC25923.

Strain LB-PG þ
aureomycin

CA-PG þ
aureomycin

LB-PG þ
neomycin

CA-PG þ
neomycin

E. coli ATCC25922 0.75 0.375 1.5 0.375
S. aureus ATCC25923 1.25 0.5 2.0 0.5

a Synergic action is defined as FICI � 0.5, no interaction as 0.5 ＜ FICI � 4 and
antagonistic action as FICI ＞ 4.
(100 ng/mL) stimulation in the presence of the hybrid peptides.
Fig. 14 shows that, consistent with the qRT-PCR result, all peptides
attenuated the level of TNF-a secretion. LB-PG, the most active
peptide, reduced TNF-a secretion to basal level.

4. Discussion

AMPs represent a class of antibiotic agents that may be useful in
the treatment of a range of infectious diseases, some of which have
also been found to exert immunoregulatory effects [26]. Most AMPs
kill bacteria through targeting and disrupting the integrity of
plasma membranes, and such a unique mode of action significantly
reduces the occurrence of bacterial resistance [27]. The use of
synthetic biomaterials, however, often leads to interactions
between them and the host, inducing ectopic cytotoxic and
immunogenic responses and posing potential threats to public
health [28,29]. To circumvent these inherent limitations, a number
of technological hurdles must be addressed, including optimizing
peptide stability and antimicrobial activity, reducing high hemo-
lytic activity, and creating peptidomimetics which recapitulate the
critical biophysical properties of antibacterial peptides such as
positive charge and amphiphilicity. Deficits exist however in the
rational design of peptide structures, as well as in correlations
between such information and their performance. It is thought that
by promoting their incorporation into membranes, an amphipathic
secondary structure is especially crucial for antimicrobial activity
[30]. An overall positive charge favors their binding to negatively
charged membranes through electrostatic attraction and thereby
imposes selectivity [31]. The molecular hydrophobicity reflects the
intrinsic ability of a peptide to move from aqueous into hydro-
phobic phase [32].While these structural parameters have not been
stringently correlated to antimicrobial activity, an appropriate
balance among them is required to maintain desirable activities
while removing undesirable properties [33].

Hybridization is an effective strategy for the design of novel
antimicrobial peptides [17], since hybrid peptides ideally possess
a more desirable combination of various parameters than their
parental peptides. Previous studies focused on designing hybrid
peptides which form a-helices, which is the major structure of
AMPs [34e36]. Others have created novel hybrid AMPs with the
aim of increasing antibacterial activity or reducing the hemolytic
activity of the parental peptides [37]. It is of interest to note that of
all the hybrid peptides designed, cecropin A has been the peptide
most frequently used as the parental peptide, possibly due to its
high a-helical conformation. Jin et al. reported that antimicrobial
peptides that can form amphipathic b-hairpin conformations may
offer a selective advantage over a-helical peptides in targeting
bacterial cells [30].

In the present study therefore, two hybrid b-hairpin peptides
termed LB-PG (LfcinB residues 4e9 followed by PG-1 residues 5e
17), and CA-PG (cecropin A residues 1e8 followed by PG-1 resi-
dues 1e16) were designed and studied. While both hybrid peptides
are inherently amphiphilic and adopt amphiphilic structures, LB-
PG has a higher potential to form amphiphilic structure than CA-
PG (Table 1). Most previously reported natural amphiphilic anti-
microbial peptides adopt flexible random structure in aqueous
solutions and assemble into a more rigid a-helical structure in the
presence of a simulated membrane environment. In order to
investigate the proclivity of the conformational structures of the
hybrid peptides in both water and membrane-like environments,
they were first tested with CD spectroscopy technique at room
temperature, by using both water and the membrane-like SDS
micelle and TFE solutions as the solvents (Fig. 3 and Table 2). Our
results indicated that LB-PG and CA-PG have higher b-hairpin
probability than the parental peptide PG-1, which was in line with



Fig. 10. Inhibition of antimicrobial activity of the peptides against E. coli ATCC25922 by pepsin (a) and trypsin (b) assessed using the broth microdilution method.
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the prediction by I-TASSER (Fig. 2). Consequently, LB-PG and CA-PG
can be classified as b-hairpin cationic amphipathic peptides.

The antimicrobial assays demonstrated that LB-PG and CA-PG
possessed remarkable antimicrobial activity and broader antimi-
crobial spectra when compared to at least one parental peptide
(Table 3). This result is most likely due to an increase in the net
positive charge, amphipathicity, and b-hairpin propensity. As
observed in previous reports, an increase in cationic charge favors
the initial electrostatic attraction of peptides to the negatively
charged membranes of bacteria [31]. In this study, CA-PG (þ9) has
higher net charge than LB-PG (þ6), and while we would accord-
ingly expect enhanced antibacterial activity for CA-PG, this was not
observed e rather, LB-PG had more effective bactericidal capacity.
CA-PG did not display any improvement in antibacterial activity
over PG-1, although it had a higher antibacterial activity than CA.
The retention time of peptides on a reverse-phase matrix has been
reported to be related to peptide hydrophobicity [38]. With an
increase in retention time, the molecular hydrophobicity of CA-PG
was also enhanced. There is no simple correlation with antibacte-
rial effect however. For example, although CA-PG is the most
hydrophobic molecule (retention time ¼ 12.61 min), its antibacte-
rial activity is weaker than LB-PG. This situation was similar to the
phenomenon reported by Chen et al. for a-helix peptides [37] and
for the lipopeptides designed by Laverty et al. [39]. In both cases,
there was a threshold of hydrophobicity related to peptide
Fig. 11. Degradation of peptides in SGF (A) and SIF (B). The peptides were incubated with
determined by RP-HPLC.
membrane disrupting power: an initial increase in hydrophobicity
enhances the antimicrobial activity as in the case of LB-PG, but
a further increase in hydrophobicity, as in the case of CA-PG, makes
themolecules too hydrophobic to retain the antibacterial activity. It
is likely that in our case amphipathicity may be the most important
factor in the design of hybrid peptides. LB-PG has a higher potential
to form amphiphilic structure than CA-PG, which is in agreement
with its ability to inhibit the growth of bacteria. Increasing
amphipathicity would result in increasing antibacterial capacity
because the charge increase might facilitate stronger peptide
binding to the negatively charged membrane surface of bacteria.
The length of the designed peptides should also be taken into
consideration, although this property is not as important as those
discussed above.

The peptides designed in this study were aimed to fight against
infectious disease with reduced hemolysis. Since hemolysis of
erythrocytes is often thought to be one of the bottlenecks for the
application of AMPs, it was important to evaluate the cytotoxic
effect of the peptides. The hemolytic assays showed that both LB-
PG and CA-PG had lower hemolytic activity than the parental
peptide PG-1, but higher activity than LfcinB and CA (Fig. 4). At the
MIC levels for most bacteria tested, LB-PG and CA-PG induced 7.17%
and 14.84% hemolysis, respectively, reflecting good selectivity of
these peptides towards the anionic constituent of microbial cell
membranes over the zwitterionic mammalian cell membranes.
the SGF or SIF for different time periods and the remaining peptide amounts were



Fig. 12. Cell viability (A) and LDH release (B) of RAW264.7 cells in the absence or presence of hybrid peptides and parental peptides.
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Presumably, this improved selectivity was due to the increased
hydrophobicity and better amphiphilicity of these peptides. While
it is well known that higher hydrophobicity often correlates with
more hemolytic activity, our study indicates that this may not be
the case for b-hairpin AMPs. Low hemolytic activity at relatively
high peptide concentrations, together with modified antibacterial
Fig. 13. Neutralization of LPS by hybrid peptides and parental peptides. A, blockage of L
expression by AMPs. C, blockage of LPS-induced MIC-1a gene expression by AMPs. D, blockag
30 min with 10 mg/mL peptides and then stimulated with 100 ng/mL LPS or left untreated
results.
activity, is an attractive combination of properties for many appli-
cations of these peptides in the development of novel antibiotics. It
is worth noting that hemolytic activity often correlates with
improved antimicrobial activity due to similar determinants such
as helical probability and hydrophobicity. In this context, it is not
surprising that CA-PG seemed to possess greater ability to
PS-induced TNF-a gene expression by AMPs. B, blockage of LPS-induced iNOS gene
e of LPS-induced MCP-1 gene expression by AMPs. RAW264.7 cells were pretreated for
for 5 h. Data shown are representative of three independent experiments with similar



Fig. 14. Effects of the peptides on LPS-induced TNF-a secretion by macrophages. Cells were stimulated with LPS (100 ng/mL) in the presence or absence of peptides. After incu-
bation, the TNF-a concentration in the cell medium was evaluated using a mouse TNF-a ELISA kit.
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penetrate and/or disrupt the cell membrane due to the increased
hydrophobicity of the longer peptide molecule, hence exhibiting an
increased hemolytic activity. In our case, CA-PG exhibited lower
hemolytic activity than LB-PG. An optimal balance therefore exists
between hydrophobicity and amphiphilicity when designing
peptides.

Most AMPs have cationic and amphipathic properties which
disrupt membranes or pore/ion channel formation in the cyto-
plasmicmembranes of susceptible bacteria [40]. Othermechanisms
of action have been reported, including inhibition of cellular
functions by binding to DNA, RNA, and proteins, thereby inhibiting
DNA, RNA, and/or protein synthesis [41]. Our SEM and TEM studies
confirmed that these amphiphilic b-hairpin hybrid peptides kill
bacteria via the same action (membrane disruption) as that of their
parental peptide PG-1. LB-PG treated bacteria displayed disrupted
membranes with the appearance of some holes. CA-PG showed
similar membrane disturbance, but to a lesser extent, consistent
with its different microbicidal capacity. Elongation of bacteria
suggested that other bactericidal target of hybrid peptides might be
present inside the cell. LB-PG inhibited the migration of DNA on the
gel at a ratio of 2:1, suggesting it may have a role in interfering with
bacterial DNA synthesis. In contrast, CA-PG bound DNA only at
much higher concentrations, indicating that similar to the parental
peptide CA, membrane disruption is its primary mode of action.

It has recently been shown that synergistic effects among
antibiotic agents could improve the antibacterial effect, especially
in the case of drug-resistant bacteria [42]. This is in turn may
decrease the side effects of antibiotics in applications such as
residues in animal products, and inducement of drug-resistant
bacteria. Little is known regarding synergistic effects between
AMPs and animal feed additives however. Our data indicate that the
hybrid peptide CA-PG exhibited synergistic actionwith aureomycin
and neomycin against E. coli ATCC25922 and S. aureus ATCC25923
(Table 4). Although there was no synergistic effect between LB-PG
and antibiotics towards the two strains, MICs of aureomycin were
12e50% of those when used individually, suggesting that in
combination, CA-PG and LB-PG could potentially be used to
decrease the dose of antibiotics.

The suppression of antimicrobial peptide activity by proteolytic
digestion has hampered efforts to develop safe and effective
peptides for clinical use. In our study, LB-PG and CA-PG retained,
respectively, complete and partial antimicrobial activity after
pepsin and trypsin treatment, indicating that these peptides are
candidates for clinical therapeutic use. It is possible that the inac-
tivity of CA-PG may be due to proteolytic susceptibility,
a phenomenon that has previously been reported for other AMPs
exposed to trypsin [43]. Cylization can be a viable strategy to
constrain the peptide structure and thereby enhance antimicrobial
activity [44]. This approach has been used for an analogue of
indolicidin, where a disulfide-bridged peptide was more resistant
to trypsin degradation than its linear counterpart [45]. We assume
that the disulfide is essential for stabilizing the b-sheet structure of
LB-PG, as it appears 69.2% b-sheet structure in aqueous solution.

Another undesirable property of biomaterials stems from
immunogenicity arising from the interaction of AMPs and the host
organism via Toll-like Receptor (TLR) pathways, which occurs in
a medical condition referred to as hypercytokinemia or cytokine
storm, and which causes further severe inflammation [46]. LPS
released from Gram-negative bacteria is one of the most powerful
stimulants of the immune system, and activates TLR4 on macro-
phages, monocytes, and neutrophils, which then release prototypic
pro-inflammatory cytokines (e.g., TNF, iNOS) and chemotaxin (e.g.,
MIP-1a and MCP-1) [47,48]. Certain AMPs, including LL-37 [49],
indolicidin [50] and defensin [51], can suppress cytokine produc-
tion by LPS-stimulated macrophage cells. A combination of anti-
microbial and anti-inflammatory properties makes AMPs attractive
candidates in applications such as feed additives in diets. In
particular, LB-PG and CA-PG exhibited good anti-inflammatory
activity at concentrations which were not associated with cyto-
toxicity. These peptides significantly inhibited TNF-a production
and gene expression in LPS-stimulated RAW264.7 cells at
a concentration of 10 mg/mL. In addition, iNOS is characterized as
a key mediator of inflammation, which might be responsible for
oxidative/nitrosative tissue injury [52]. In this study, LB-PG and CA-
PG significantly reduced iNOS mRNA expression compared with
LPS-stimulated RAW264.7 cells. Similarly, preincubation with LB-
PG and CA-PG reduced the release of chemokines, a phenomenon
reported to play important roles in a wide variety of diseases by
inducing accumulation and activation of monocytes, and which
may contribute to the lethal outcome of sepsis [53]. MIP-1a is
produced by monocytes, neutrophils, activated lymphocytes, and
fibroblasts and is chemotactic for macrophages and T lymphocytes
[54]. Moreover, it has been shown to be critically involved in the
TNF-a-induced recruitment of leukocytes [55].
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5. Conclusion

In this study, we have highlighted that design of AMPs via the
hybridization of different AMPs significantly broadens their anti-
microbial activity against Gram-positive and Gram-negative
bacteria, and reduces their hemolytic activity. This excellent
selectivity was due particularly to a combination of proper
hydrophobic-cationic balance, stronger inclination to form b-
hairpin conformation in a membrane-like environment, and an
optimum facially amphiphilic structure conformation. The antimi-
crobial mechanism of this peptide is shown not only by pore
formation and membrane damage, but also by intracellular DNA-
binding. The hybrid peptides significantly inhibited the expres-
sion and production of pro-inflammatory cytokines (TNF-a and
iNOS) and chemokines (MIP-1a and MCP-1) in LPS-stimulated
mouse macrophage RAW264.7 cells. The findings reported in this
study provide a strong rationale for further developing these AMPs
as active anti-infective agents for treating drug resistant infection
caused by various microbes. Although the results reported here
reflect the in vitro situation and are at an early stage, the ration-
alization of peptide design and optimization will be useful during
future assessments of in vitro and in vivo models, with the ultimate
aim of exploiting their antibacterial potential in technological
applications such as biomedical coatings, cosmetic and healthcare
formula.
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