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ABSTRACT: Two cationic antimicrobial peptides, salvicin K (sal K) and antimicrobial-like bacteriocin β (alb β) from
Lactobacillus salivarius K4 were isolated from chicken intestine. In the active form, each peptide contains 47 amino acids
with 2 cysteine residues. The antimicrobial activity showed that sal K could inhibit the food pathogens Enterococcus
faecalis JCM 5803, Lb. plantarum ATCC 14917, and Streptococcus sp. TISTR 1030. The alb β showed activity against
E. faecalis JCM 5803, Leuconostoc mesenteroides subsp. mesenteroides JCM 6124, Lb. sakei TISTR 890, Lb. plantarum
ATCC 14917, and Streptococcus sp. TISTR 1030. A high concentration of these bacteriocins was found to cause hemolysis
in rat erythrocytes. Each peptide was predicted to have a mixed secondary structure of α-helix, β-sheet, and random coil
structure with one disulphide bond. Two antimicrobial peptides were found to be unstructured in Tris-Cl pH 9. These
two peptides adopted an α-helix conformation in 10% SDS micelles (to simulate the bacterial cell wall). In zwitterionic
dodecylphosphocholine micelles and liposome, these two peptides adopted a β-sheet structure. The results suggest that the
α-helix is an important conformation for these peptides to express their antimicrobial activity.
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INTRODUCTION

The production of small antibiotic peptides is a com-
mon defence strategy against bacteria displayed not
only by microorganisms, but also by animals and
plants1–3. These antibiotics are often small cationic
membrane-active compounds that form pores in the
target cells, disrupting membrane potential, and caus-
ing cell death. The antimicrobial peptides (AMPs)
have been reported to kill or inhibit a variety of
organisms or cells, including gram-positive, gram-
negative bacteria, viruses, protozoa, parasites, fungi,
and cancer cells4–6. The AMPs can be classified
into four structural groups. First, the peptides exhibit
the amphipathic α-helical structure in a lipid mem-
brane. These peptides are often unordered in solution.
Second, the β-sheet peptides contain one or more
disulphide bonds. The third group consists of loop-
structured peptides containing one or more disulphide
bonds. The fourth group comprises extended peptides
with one or two amino acids predominating7–9. Well
characterized antimicrobial peptides have a size vary-
ing from 30 to over 100 residues and consist of a
wide range of different amino acids10. The mode of

action of these peptides can be categorized into two
mechanisms: transmembrane pore-forming mecha-
nisms and modes of intracellular killing11, 12. The
transmembrane pore-forming mechanisms have been
proposed for three models: barrel-stave model12, 13,
carpet model14, and toroidal pore model15.

Bacteriocins are antimicrobial peptides synthe-
sized by bacterial ribosomes16–18. They are produced
by many bacterial species including several mem-
bers of lactic acid bacteria (LAB). The bacteriocins
from LAB have a potential use as food preservatives
to substitute the chemical preservation. There are
many reported examples of LAB inhibition against the
spoilage and pathogenic bacteria Pseudomonas fluo-
rescens and Staphylococcus aureus19. Two antimi-
crobial peptides, salvicin K (sal K) and antimicrobial-
like bacteriocin β (alb β), are produced from Lacto-
bacillus salivarius K4 isolated from chicken intestine.
A previous report described two peptides in Lacto-
bacillus salivarius K7 isolated from chicken intestine.
These peptides were found to function against the food
pathogens Leuconostoc mesenteroides and Bacillus
coagulans20. In this study, sal K and alb β were
synthesized, their activities characterized, and their
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structures determined under various conditions. Our
results show that these cationic peptides could inhibit
some food-spoilage bacteria and exhibit an α-helix
structures in a membrane-mimicking environment.

MATERIALS AND METHODS

Synthetic peptides

Sal K and alb β are cationic peptides. The active
forms of sal K and alb β contain 47 amino acids.
These two peptides were synthesized without any
modification at both N- and C-termini (AAPPTec).
These peptides were confirmed by HPLC and MS
analyses. The amino acid sequence of active sal K
from N- to C-termini is KRYPNCTGKFLGGLAKGA
ALGAISGGGVPGAVIGGNIGMVAGAISCL. The
amino acid sequence of active alb β from N- to C-
termini is KNGYGGSGIRWVHCGAGIVSGALM
GSIGGNAWGAVAGGISGGIKSCR.

Bacterial strains

To determine the antimicrobial activities of peptides,
food-spoilage bacteria were used. The bacteria in-
cluded lactic acid bacteria group and gram-positive
group. The lactic acid bacteria were Enterococcus fae-
calis JCM 5803, Leuconostoc mesenteroides subsp.
mesenteroides JCM 6124, Lactobacillus sakei TISTR
890, Lactococcus cremoris TISTR 1344, Lactobacil-
lus plantarum ATCC 14917, and Streptococcus sp.
TISTR 1030. The gram-positive bacteria were Bro-
chothrix campestris NBRC 11547, Listeria innocua
ATCC 33090, P. fluorescence TISTR 358, Staphylo-
coccus aureus TISTR 118, and Bacillus coagulans
TISTR 1447. These bacteria were obtained from
the Department of Biochemistry, Faculty of Science,
Kasetsart University.

Antimicrobial activity

The antimicrobial activity of each peptide was tested
by a broth microdilution assay9. The lactic acid
bacteria were grown overnight in de Man, Rogosa,
Sharpe (MRS) broth at 250 rpm, 30 °C. The gram-
positive bacteria were grown overnight in tryptic soy
broth (TSB) at 250 rpm, 30 °C. The overnight cultures
were diluted in either MRS or TSB to a final concen-
tration of 107 cells/ml. A stock of each peptide was
prepared in water at 500 µg/ml and diluted twofold in
serial dilution up to 15.6 µg/ml. Then 10 µl of each
concentration of peptide was aliquoted into microtitre
plates. For synergism experiment, sal K and alb β
were mixed in a ratio of 1:1 in each concentration.
The 100-µl diluted overnight cultures were then added
into the plates. The samples were left overnight at

room temperature and the culture turbidity visually
examined. MICs are reported as an interval from a
to b, where a is the highest concentration tested at
which bacteria are still growing and b is the lowest
concentration that causes complete growth inhibition.

Haemolysis activity

Haemolysis in the microtitre plate was determined.
The 2% of rat erythrocytes was prepared in PBS
buffer. A stock of each peptide was prepared in water
at 500 µg/ml and diluted two-fold serial dilution to
15.6 µg/ml in microtitre plates. Each well containing
10 µl of each concentration of peptides mixed with
100 µl of diluted rat erythrocytes was left at room
temperature overnight. For synergism experiment, sal
K and alb β were mixed in a ratio of 1:1 in each
concentration. The 0.1% triton X-100 was used as
positive control for 100% haemolysis. The absorbance
at 540 nm was monitored by NanoDrop 2000 UV-
Vis spectrophotometer (Thermoscientific) to measure
the release of haemoglobin. The percentage of
haemolysis was calculated as (As − Ab)/(Ap − Ab),
where As = A540 sample, Ab = A540 PBS buffer,
and Ap = A540 positive control.

Structural characterization by circular dichroism

Circular dichroism (CD) spectra of peptides were
measured by J-715 spectropolarimeter (Jasco, Japan).
The concentrations of sal K and alb β were prepared at
0.1 mM in various conditions which were (i) Tris-Cl
pH 9, (ii) 10% SDS pH 9, (iii) 2 mM dodecylphos-
phocholine (DPC) pH 9, and (iv) liposomes pH 8.
The spectra were measured at room temperature in
1-mm path length quartz cell. The scanning speed
was 50 nm/min from 190–260 nm. Each spectrum
was the average of three scans. The percentage of
the secondary structures was analysed by SELCON
Version 321.

Sequence alignment and structural prediction

Amino acid sequences of sal K and alb β were
aligned in the antimicrobial peptide database aps.
unmc.edu/AP/main.php22 and analysed for protein
structure prediction in www.predictprotein.org23. The
sequence with the highest similarity for each peptide
was shown. The percentages of secondary structure,
disulphide bond, and transmembrane region were pre-
dicted.

RESULTS

Antimicrobial activity of sal K and alb β

The active forms of sal K and alb β were synthesized.
Each peptide was diluted to concentration in the range
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Table 1 MICs of bacteriocins sal K and alb β.

Bacterial strain MIC (µg/ml)

sal K alb β

E. faecalis JCM 5803 15.6–31.3 15.6–31.3
Leuconostoc mesenteroides subsp. mesenteroides JCM 6124 > 500 62.5–125
Lactobacillus sakei TISTR 890 > 500 250–500
Lactococcus cremoris TISTR 1344 > 500 > 500
Lactobacillus plantarum ATCC 14917 15.6–31.3 250–500
Streptococcus sp. TISTR 1030 15.6–31.3 15.6–31.3
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Fig. 1 Haemolysis activities of sal K and alb β were tested
against rat erythrocytes. Triton-X 100 (0.1%) was used as
positive control for 100% haemolysis and PBS buffer for
negative control.

15.6–500 µg/ml. Table 1 shows the antimicrobial
activities (MICs) of each peptide against 6 strains of
lactic acid bacteria. Sal K shows activities against
E. faecalis JCM 5803, Lb. plantarum ATCC 14917,
and Streptococcus sp. TISTR 1030, while alb β ex-
presses activities against E. faecalis JCM 5803, Leu-
conostoc mesenteroides subsp. mesenteroides JCM
6124, Lb. sakei TISTR 890, Lb. plantarum ATCC
14917, and Streptococcus sp. TISTR 1030. Synergis-
tic activity of these peptides was not found. For activ-
ity of peptides against gram-positive bacteria, only alb
β had activity against Brochothrix campestris NBRC
11547. Both peptides showed MICs> 500 µg/ml
against other gram-positive bacteria.

Haemolytic activity of sal K and alb β

Haemolytic activity of sal K and alb β shows similar
results (Fig. 1). The concentrations of these peptides
were found up to 500 µg/ml to obtain 90% of haemol-

ysis. The LC50 values of sal K and alb β were 371.8
and 366.2 µg/ml, respectively. Synergistic activity of
these peptides was not found.

Structural characterization by circular dichroism

CD spectra of sal K and alb β were measured in
different conditions: (i) 20 mM Tris-Cl pH 9, (ii) 10%
SDS, (iii) 2 mM DPC, and (iv) liposome. Sal K and
alb β structures were found unordered in the Tris-Cl
buffer solution. In the presence of anionic micelles,
10% SDS, sal K, and alb β showed α-helical structure,
but in 2 mM DPC or liposomes they presented β-sheet
structure (Fig. 2). The percentage of the secondary
structure of each peptide was calculated by SELCON3
(Table 2).

Sequence alignment and structural prediction

The amino acid sequences of sal K and alb β are
aligned in the antimicrobial peptide database. The
highest similarity percentage between sal K and sali-
varicin P is 62%. For alb β, the alignment result shows
that sakacin P has the highest similarity percentage
at 42% (Fig. 3). The amino acid sequences of sal K
and alb β were submitted to www.predictprotein.org
to identify the predicted structure. The results show
that sal K contains a mixed structure in different per-
centages of α-helix, β-sheet, and random coil of 26%,
19%, and 55%, respectively. One disulphide bond is
predicted from Cys6 and Cys46. The transmembrane
region at C-terminal was found from Ala18 to Leu47
(Fig. 4). For alb β, it contains mixed structure of α-
helix, β-sheet, and random coil of 17%, 34%, 49%,
respectively. One disulphide bond is detected between
Cys14 and Cys46. The transmembrane region is found
from Gly15 to Gly41.

DISCUSSION

Antimicrobial peptides show a wide range of activi-
ties, including antibiotic activity against gram-positive
and gram-negative bacteria, antifungal activity, and
antiviral activity. LAB are common bacteria that
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Fig. 2 CD spectra of bacteriocins (a) sal K and (b) alb β. The peptide (0.5 mg/ml) was prepared in various buffers, Tris-Cl
pH 9 (•), 10% SDS (♦), 2 mM DPC (4), and liposome (�).

Table 2 Percentage of secondary structure of sal K and alb
β calculated from SELCON3.

Peptide Buffer α-helix β-sheet turn unordered

sal K 10% SDS 35.6 16.4 25.3 23.3
2 mM DPC 17.6 46.9 2.4 31.1
Liposome 44 24.7 18.3 13.5

alb β 10% SDS 44.6 15.1 15 26
2 mM DPC 0.08 34.7 24.8 32.2
Liposome 3.7 47.1 16 21.5
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Fig. 3 Amino acid sequence alignment of (a) sal K and
salivaricin P and (b) alb β and sakacin P.

can produce bacteriocins with the ability to kill other
bacteria particularly food borne pathogen, E. fae-
calis, P. fluorescens and L. plantarum. In this study,
sal K, bacteriocin from Lactobicillus salivarius K4,
can inhibit food pathogens, E. faecalis JCM 5803,
Lb. plantarum ATCC 14917, and Streptococcus sp.
TISTR 1030. The alb β shows activity against
E. faecalis JCM 5803, Leuconostoc mesenteroides
subsp. mesenteroides JCM 6124, Lb. sakei TISTR
890, Lb. plantarum ATCC 14917, and Streptococcus
sp. TISTR 1030. These two peptides in moderate
concentration display an activity against food borne
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Fig. 4 Protein structure prediction of (a) sal K and (b) alb
β: broken lines indicate disulphide bond, H = α-helix,
E = β-sheet, blank = random coil, M = transmembrane
region.

pathogens. Effective AMPs to be applied for human
use should contain high antimicrobial activity but low
cytotoxicity against eukaryotic cells4. These two
peptides require high concentration to disrupt erythro-
cytes suggesting that they should not be harmful to
eukaryotic cells. Sal K and alb β are cationic peptides
containing +4 charge of arginine and lysine. In a
cationic antimicrobial peptide, the positively charged
residues of N-terminal interact with the negatively
charged bacterial phospholipid-containing cell wall
during initial binding3, 6, 11. After binding, the α-helix
in the middle part of peptide may penetrate the cell
wall and permeabilize the membrane. Three models
of pore-forming peptides have been proposed, barrel-
stave, carpet, and toroidal. In these three models,
the peptide aligns and inserts into the membrane
making it permeable to solutes. The composition
of the cell membrane is a factor that determines the
function of AMPs. Prokaryotic membranes have a
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high density of negative charge and are predomi-
nantly composed of phosphatidylgylcerol, cardiolipin,
a phosphatidylserine. The mammalian membranes
are composed of zwitterionic phospholipids, phos-
photidylethanolamine, phosphatidylcholine and sph-
ingomyelin4. In this study, the anionic micelles
created by 10% SDS represent the prokaryotic cell
membrane whereas DPC is the zwitterionic micelles
representing an eukaryotic cell membrane24, 25. The
structure of these two peptides are found as helical
structure in 10% SDS micelles which corresponds to
the protein prediction result with the residue 9–20 of
sal K and the residue 18–25 of alb β. The sequence
similarity between sal K and salivaricin P was 62%.
Since the structure of salivaricin P has not yet been
characterized, the 3D structure of either sal K or
salivaricin P needs to be further investigated to explain
the mechanism. The alignment result shows that alb β
and sakacin P have a 42% sequence similarity. The
sakacin P was produced in Lactobacillus sake Lb674.
The residue 18–25 of alb β shows sequence similarity
to the residue 18–33 of sakacin P (Fig. 3). This
region of sakacin P was revealed as helical structure
in a micellar environment by NMR technique26. This
implied that at the residue 18–25, alb β can adopt
a helix conformation similar to that of sakacin P.
The tertiary structure of alb β however needs to be
examined to confirm the results of structural pre-
diction. Other cationic peptides such as halocidin9

and indolicidin10 also show α-helical structure in a
micellar environment suggesting that this structure
may be employed during pore formation. In halocidin,
α-helical structure was found when this peptide was in
TFE and 10% SDS. In DPC, zwitterionic micelle, sal
K and alb β performed structure majority in β-sheet.
These results imply that the active conformation of
sal K and alb β is α-helical structure. Since these
two peptides can release the haemoglobin, they may
be either α-helix membrane pore formers or mem-
brane disrupter as detergent-like model. The pore-
forming peptides or proteins such as, colicin27–30, Cry
toxin31–33, haemolysin E34 can disturb the transmem-
brane potential, pH gradient, and osmotic regulation
of the cells which eventually leading to cell lysis. In
the detergent-like model, protein will aggregate on the
membrane until they could disrupt the structure of the
lipid. Cyt1A is one of the proteins whose function
has been hypothesized in detergent-like model35. The
transmembrane region of these two peptides comprise
hydrophobic residues as predicted from the results.
Sal K amino sequence was similar to salivaricin P36.
This peptide is also found in Lactobacillus salivarius
DPC 6005 which is a different strain from this study.

The salivaricin P shows antimicrobial activity against
E. faecalis similar to that of sal K. The salivaricin P
also exhibits activity against Staphylococcus aureus
and Streptococcus thermophilus. The antimicrobial
activity of sakacin P is found against E. faecalis,
Leuconostoc mesenteroides, and Lb. sakei37 similar
to alb β. In contrast to alb β, sakacin P shows no
activity against Lb. plantarum. No synergism of sal K
and alb β was observed in the antimicrobial activity
or haemolysis assay. These results suggest that these
two peptides may perform independent functions.

CONCLUSIONS

This study reveals the structure and function of sal
K and alb β from Lactobacillus salivarius K4 iso-
lated from chicken intestine. The two antimicrobial
peptides can adopt an unordered structure or α-helix
for antimicrobial activity. These bacteriocins may
be applied to food to protect against food pathogen
bacteria. The details of their structures are needed to
be further investigated by NMR to better explain their
mechanisms of action.
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Biol 224, 639–57.

30. Zakharov SD, Kotova EA, Antonenko YN, Cramer WA
(2004) On the role of lipid in colicin pore formation.
Biochim Biophys Acta 1666, 239–49.

31. Soberón M, Pardo L, Muñoz-Garay C, Sánchez J,
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