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ARTICLE INFO ABSTRACT

Anti-lipopolysaccharide factors (ALFs) are a representative host defense protein in crustaceans. In this study, we
successfully developed two novel antimicrobial peptides (AMPs), named crab-ALF2A and crab-ALF6A, which
contain changes to the amino acid sequences of the lipopolysaccharide binding domain and signal peptide,
respectively, of the ALF of the swimming crab Portunus trituberculatus. The crab-ALF2A peptide showed potent
antimicrobial activity against the Gram-positive bacteria Bacillus cereus, Staphylococcus aureus, and Streptococcus
iniae (minimal effective concentration [MEC] 1.51-1.93 ug/mL) and the Gram-negative bacteria Pseudomonas
aeruginosa and Escherichia coli (MEC 1.87-1.98 ug/mL), with maximal bactericidal activity at a peptide con-
centration of 5ug/mL. The crab-ALF6A peptide also showed potent antimicrobial activity against B. cereus, S.
aureus, and S. iniae (MEC 1.49-2.3 ug/mL) and P. aeruginosa and E. coli (MEC 1.72-1.19 ug/mL) at a peptide
concentration of 5ug/mL. Notably, the crab-ALF2A and crab-ALF6A peptides exhibited strong activity against
Candida albicans (MECs of 2.11 and 1.95ug/mL, respectively). These activities were stable following heat
treatment. Moreover, the effect of crab-ALF2A and crab-ALF6A peptide treatment on microbe cell morphology
was confirmed by scanning electron microscopy. Membrane disruption and damage, and the leakage of cyto-
plasmic content were clearly observed. A downsizing peptide approach illustrated that the hexapeptide ALF6A8
(RVLLRL) was the shortest peptide showing significant antimicrobial activity. Our approach allows for the
generation of novel antimicrobial peptides in a cost effective manner as potential next-generation antibiotics.
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1. Introduction

The inappropriate use of antibiotics in human and animal health
care for the treatment and prevention of infections has caused a rapid
increase in antibiotic-resistant pathogenic bacteria in recent decades.
Therefore, there is an immediate need for the development of novel
antimicrobial drugs with different mechanisms of action on target mi-
croorganisms than that of existing antibiotics [1]. Antimicrobial pep-
tides (AMPs), which are ubiquitous in nature, play an important role as
a first line of defense. All multicellular organisms, microorganisms,
plants, and animals have an innate immune defense system that secretes
AMPs. Endogenous AMPs are produced when infections occur and can
also be stored in exposed tissues of animals and plants, constituting a
rapid and efficient first line of defense. These peptides have broad-
spectrum antimicrobial activity and are able to mount repair and
adaptive immune responses in a concerted manner against multidrug-
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resistant bacteria [2].

A significant amount of research is currently focused on the devel-
opment of novel AMPs that exhibit enhanced antimicrobial activity but
decreased toxicity against eukaryotic cells. Various strategies in the
design of novel synthetic analogs of AMPs have been applied, including
modification of the typical features of AMPs such as chain length, net
charge, hydrophobicity, and structure [3-6]. Among the various stra-
tegies used in the design of novel AMP analogs, the sequence-based
approach, which correlates antimicrobial activity to the presence of
specific amino acids or fragments at a specific position, is a direct and
efficient method [7]. In our previous studies, we successfully developed
novel and effective AMPs based on the amino acid sequence of several
AMPs or proteins such as lipopolysaccharide (LPS) binding protein/
bactericidal permeability-increasing protein of flounder [8] and LPS
and 3-1,3-glucan binding protein of abalone [9] by modification or
substitution of particular amino acid residues. This approach is simple
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in design and does not usually require high-level computational tech-
niques.

Anti-lipopolysaccharide factors (ALFs) belong to an important AMP
family and are distributed exclusively in marine chelicerates and
crustaceans. The first ALF was identified in the horseshoe crab (Limulus
polyphemus) and numerous ALF homologs have subsequently been re-
ported in many other crustacean species, including shrimp [10-13],
lobster [14], crayfish [15,16], freshwater prawns [17,18], and crabs
[19-27].

ALFs typically share a conserved three-dimensional structure, con-
sisting of three a-helices packed against a four-stranded [3-sheet, and
contain a conserved LPS-binding domain (LBD), which is formed by a
disulfide bond between two conserved cysteine residues where a cluster
of hydrophilic and hydrophobic residues are present [28]. Typical ALF
LBDs often display an alternating series of positively charged hydro-
philic and hydrophobic residues with an amphipathic molecular
structure [29]. Many synthetic peptides corresponding to these LBDs
have been shown to possess antibacterial or antiviral activity and are
used to mimic the functions of whole molecules, although some LBD
peptides do not exhibit significant antibacterial activity [30]. Apart
from amino acids in the LBD, some amino acids outside the LBD have
also been predicted to participate in antibacterial activities [29]. Some
synthetic cationic LBD peptides exhibit antimicrobial activity by dis-
rupting the bacterial cell wall [31].

A signal peptide is a short (5-30 amino acids) peptide present at the
N-terminus of the majority of newly synthesized proteins/peptides
destined for the secretory pathway. These proteins/peptides include
those that reside inside organelles, such as the endoplasmic reticulum,
Golgi, or endosome, are secreted from the cell, or inserted into cellular
membranes. Interestingly, there are several common features in amino
acid composition or structure between AMPs and signal peptides. The
common structure of signal peptides from various proteins/peptides is
often described as a positively charged N-region, followed by a hy-
drophobic H-region and a neutral but acidic polar C-region. To be more
detailed, almost all signal peptides begin with a short positively
charged stretch of amino acids (N-region), which may help to enforce
proper binding or topology of the polypeptide during translocation. The
core of the signal peptide contains a long stretch of hydrophobic amino
acids (5-16 residues) that has a tendency to form a single a-helix (H-
region) for insertion into the membrane [32]. These features suggest
that signal peptides can be used as a template for the design of novel
membrane-targeted AMPs.

The aim of this study was to develop novel AMPs derived from a
known protein sequence through structural or physiochemical mod-
ification. These data will provide useful information for the develop-
ment of antimicrobial drugs with high activity.

2. Materials and methods
2.1. Structural and physiochemical prediction of the peptides

The secondary structure of the peptides was predicted using the
Garnier-Osguthorpe-Robson (GOR) method (ExPASy). The molecular
weight, theoretical isoelectric point (plI), net charge, and instability and
aliphatic indices were calculated using the ProtParam tool (ExPASy)
[33]. Helical wheel diagrams were produced using the EMBOSS Pep-
wheel program (European Bioinformatics Institute, Cambridge, UK)
[33].

2.2. Peptide synthesis

The designed peptides were synthesized by Anygen Co., Ltd.
(Gwangju, Korea) using solid-phase peptide synthesis methods. The
peptides were dissolved in acidified distilled water (0.01% acetic acid)
and stored at —20 °C until use.
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2.3. Antimicrobial assays

The antimicrobial activity of each peptide was tested by ultra-
sensitive radial diffusion assay (URDA) as described previously [34].
The antimicrobial activities of the synthetic peptides were tested
against the Gram-positive bacteria, Bacillus cereus ATCC21772, Sta-
phylococcus aureus ATCC6538, Streptococcus iniae FP5229, and Strepto-
coccus mutans KCTC3065; the Gram-negative bacteria, Escherichia coli
KCTC1116 and Pseudomonas aeruginosa KCTC2004; and the yeast,
Candida albicans KCTC7965. The bacterial strains were grown in brain-
heart infusion medium (BHI; BD Biosciences, San Jose, CA, USA) at the
appropriate temperature (25 °C for P. aeruginosa and S. iniae, and 37 °C
for the other strains). The yeast strain C. albicans was grown in yeast
medium (YM) at 25 °C. After 16-18 h of incubation, the bacterial and C.
albicans suspensions were diluted to a McFarland turbidity standard of
0.5 (Vitek Colorimeter #52-1210; Hach, Loveland, CO, USA) corre-
sponding to approximately 10® colony forming units (CFU)/mL for
bacteria and 10° CFU/mL for C. albicans. A 500-mL aliquot of the di-
luted bacterial or C. albicans suspension was added to 9.5mL of un-
derlay gel containing 5 X 10° or 5 X 10* CFU/mL in 10 mM phosphate-
buffered saline (PBS; pH 6.6) with 0.03% tryptic soy broth or 0.03%
Sabouraud dextrose broth and 1% type I low-electroendosmosis
agarose. The purified peptide was serially diluted two-fold in 5 pL of
acidified water (0.01% HAc), and each dilution was added to 2.5-mm
diameter wells made in the 1-mm thick underlay gel. After a 3-h in-
cubation at 25 °C (P. aeruginosa, S. iniae, and C. albicans) or 37 °C (the
remaining strains), the bacterial or yeast suspension was overlaid with
10mL of double-strength overlay gel containing 6% BHI or 6% YM
prepared in 10 mM PBS (pH 6.6) and 1% agarose. The plates were in-
cubated for an additional 18-24h, after which the clearing zone dia-
meters were measured. After subtracting the diameter of the well, the
clearing zone diameter was expressed in units (0.1 mm = 1 U).

2.4. Minimum effective concentrations (MECs)

All tested bacteria and yeast were prepared as described above. The
minimum effective concentration (MEC; ug/mL) of the synthetic pep-
tides was calculated as the x-intercept of a plot of the above-described
units against the log;o of the peptide concentration [34]. The anti-
microbial assay was performed in triplicate, and the results were
averaged.

2.5. Bactericidal test

Bactericidal tests of the analogs were performed with E. coli ML35p
using the broth microdilution method and plate assay [35]. The bac-
terial strain was grown overnight to mid-logarithmic phase as described
above and diluted to an appropriate concentration. The diluted bac-
terial suspension (90 pL of 10° CFU/mL) was added to each well of the
96-well polypropylene microtiter plates (Costar; Corning Incorporated,
Corning, NY, USA) and 10 pL serially two-fold diluted analog solution
in 0.01% acetic acid was loaded into the 96-well polypropylene mi-
crotiter plates for a final concentration ranging from 100 to 3.13 pg/
mL. The plate was incubated at 37 °C for 16-18 h. After 16-18 h, 10 uL
aliquots were withdrawn from each well, plated on TSA plates, and
incubated overnight at 37 °C for 16-18 h. The bactericidal activity was
determined by the concentration of analog without bacterial growth.

2.6. Effects of pH, temperature, and salt on antimicrobial activity

The influence of pH (5.0, 6.0, and 7.0), temperature (heating at
80 °C for 6 h), and supplementation with NaCl (0.5, 1.0, 1.5, and 2.0%)
on the activities of crab-ALF2A and crab-ALF6A were evaluated with
the URDA. To explore thermal stability at different pH levels, the
peptide was dissolved in 50 mM sodium acetate buffer (pH 5.0 or 6.0)
or Tris-HCI buffer (pH 7.0), incubated at 80 °C for 6 h, cooled, and used
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Fig. 1. Prediction of the secondary structure of
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anti-lipopolysaccharide factor (ALF) from the
swimming crab, Portunus trituberculatus
(ADU25042). The signal peptide and the lipo-
polysaccharide-binding domain are underlined
and double underlined, respectively. The par-

ceeceece

ental sequences used for the design of the antimicrobial peptide analogs are highlighted in gray. h, c, and e represent the helix, random coil, and extended strand

secondary structures, respectively.

(A)

(B)

Crab-ALF6N

Crab-ALF6A

Fig. 2. Schiffer-Edmundson helical wheels projection of crab-ALF2 (A) and crab-ALF6 series (B). The hydrophobic residues are yellow, positively charged hydrophilic
residues are blue, small polar residues are purple, and small neutral residues are gray. The hydrophobic face is indicated by an arrow.

in the URDA against B. cereus, E. coli, and C. albicans. To explore the
effect of salinity, the underlay medium was supplemented with NaCl at
the desired concentrations (0.5, 1.0, 1.5, and 2.0%) and overlaid with
medium containing each microbe. The plates were incubated for 24 h,
after which zones of inhibition were measured.

2.7. Inner membrane permeabilization assay

To assess the bacterial inner membrane permeabilizing activity of
crab-ALF analogs, o-nitrophenyl-p-p-galactoside (ONPG) and total nu-
cleotide leakage were determined with E. coli. The inner membrane
permeabilization was determined by measuring the [3-galactosidase
activity of E. coli ML35p, a lactose permease-deficient strain, using
ONPG as a substrate as previously described [36]. In brief, the over-
night culture of E. coli ML35p was inoculated in fresh Luria-Bertani (LB)
medium containing 1 mM isopropyl (3-p-1-thiogalactopyranoside to in-
duce the expression of B-galactosidase. At each time point (0, 10, 20,
30, 40, 50, and 60 min), the supernatant was collected and ONPG was
added to a final concentration of 0.4 mM and incubated at 37 °C for
10 min.

2.8. DNA binding assay
DNA binding assays were performed to examine the inhibition of

the rate of migration of DNA bands through agarose gels. A commercial
molecular weight marker, A-HindIll-digested DNA (50ng) (Roche,

666

Basel, Switzerland), was mixed with varying amounts of peptide (0,
0.156, 0.313, 0.625, and 1.25pg) in 0.01% acetic acid, incubated at
room temperature for 5 min, and electrophoresed in a 1.0% agarose gel
containing 0.5 pg/mL ethidium bromide (EtBr).

2.9. DNA polymerase inhibition assay

The crab-ALF2A and crab-ALF6A were dissolved in 0.01% acetic
acid at a concentration of 1 mg/mL. To assess polymerase chain reac-
tion (PCR) inhibition, various concentrations of crab-ALF2A or crab-
ALF6A (2.5, 1.25, 0.625, or 0.313 ug/mL) were added to the respective
reaction mixtures. Genomic DNA of E. coli (100ng) was used as a
template for PCR with the primers 16S—F1 (5-CTCCTACGGGGGCAG
CAG-3’) and 16S-R3 (5’'—CCAGGGTATCTAATCCTG-3’) and a predicted
amplicon of approximately 1.5 kilobases. The PCR was performed as
follows: 30 cycles each of 30 sat 95 °C, 30sat 55 °C, and 1 minat 72 °C.
After the PCR, all amplicons were electrophoresed in 1.0% agarose gels
containing EtBr.

2.10. Scanning electron microscopy (SEM)

The morphology of E.coli, S. aureus or C. albicans following treat-
ment with the crab-ALF analogs were observed by scanning electron
microscopy (SEM). Mid-logarithmic phase cultures of E.coli, S. aureus,
or C. albicans were prepared as described above and resuspended in
495 L of fresh PBS buffer. Each microbe mixed with 5ug of crab-
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Table 1
Sequences and physiochemical properties of the peptides used in this study.
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Peptide name Sequence Length MW pl Net charge Hydro phobicity (kcal/mol) Boman index (kcal/mol) Instability index
Crab-ALF2N FRVMPRLRSW-NH, 10 1347.65 12.3 +3 —0.41 3.15 108.6
Crab-ALF2A FRLMLRLLRW-NH, 10 1403.80 12.3 +3 —3.02 1.74 104.8
Crab-ALF6N MARVSLLLIVL-NH, 11 1227.61 9.5 +1 -1.53 —1.68 12.59
Crab-ALF6A MARVLLRLIRL-NH, 11 1353.78 12.3 +3 -0.11 1.08 37.82

MW, molecular weight; pI, isoelectric point.

Table 2
Antimicrobial activities of the peptide analogs crab-ALF2A and crab-ALF6A.
Microbe Gram Minimal effective concentration (pg/mL)
Crab-ALF2A Crab-ALF6A
B. cereus + 1.51 1.88
S. aureus RM4220 + 1.87 1.79
S. iniae FP5229 + 1.93 2.3
S. mutans + 1.73 1.49
P. aeruginosa KCTC2004 - 1.98 1.72
E. coli - 1.87 1.79
C. albicans KCTC7965 Yeast 211 1.95

ALF2A or crab-ALF6A for 2 h and collected, individually. The untreated
cells were used as a control. The collected cells were subsequently fixed
in 2.5% (v/v) glutaraldehyde in 0.1 M phosphate buffer (pH 7.4)

(A)

pH5 pH6

Control
pH5
Crab-ALF2A

Crab-ALF6A

(B)

pH5 pH6

Control

pH5+heat™ pH6

overnight, washed three times with 0.1 M phosphate buffer (pH 7.4),
and dehydrated with a graded ethanol series (30, 50, 70, 90, 95, and
100%). After critical point drying, the samples were mounted on 1-cm
stubs and platinum-coated using a sputter coater (Q150T, Quorum
Technologies, Laughton, East Sussex). The specimens were then ob-
served under SE2 mode (ETH = 5kV) with SEM (SUPRA-55VP, Carl
Zeiss, German).

3. Results
3.1. Design and synthesis of peptide analogs

To develop a novel AMP, we designed peptide analogs of the crab
ALF (NCBI accession no. ADU25042) based on the amino acid se-

quences of its LBD and signal peptide. Two parent peptides were se-
lected using the GOR algorithm (ver. 4) and named crab-ALF2N and

pH7

pH6+heat “pH7 _ pH7+heat

pH7

pH5 pH5+heat ~pHG6 pHo6+heat =~ pH7 pH7+heat

Crab-ALF2A

Crab-ALF6A

©

Control

Crab-ALF2A

Crab-ALF6A

Fig. 3. pH and thermal stability of crab-ALF analogs with activity against Bacillus cereus (A), Escherichia coli (B), and Candida albicans (C). The ultrasensitive radial
diffusion assay (URDA) was performed by incubating the crab-ALF2A or crab-ALF6A peptides in the various pH conditions (pH 5, 6, and 7) with or without heating at
80 °C. The antimicrobial activities of peptides were not altered by pH or heat treatment.

667
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(A)
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0.5% 1.0% 15% 2.0%

(B)

0% 0.5%

B. cereus

E. coli

C. albicans

Fig. 4. Salinity stability of the activities of crab-ALF2A (A) and crab-ALF6A (B)
against B. cereus, E. coli, and C. albicans. The ultrasensitive radial diffusion assay
(URDA) showed that NaCl affected the antimicrobial activities of the analogs in
a concentration-dependent manner. In particular, the antimicrobial activities of
crab-ALF2A and crab-ALF6A against C. albicans were abolished with medium
containing 1.5% and 1.0% NaCl, respectively.

crab-ALF6N. The secondary structure of the LBD was predicted to be a
random coil and extended strand and the signal peptide exhibited a
random coil and a-helical structure at residues 51-60 (crab-ALF2N:
FRVMPRLRSW) and 1-11 (crab-ALF6N: MARVSLLLIVL), respectively
(Fig. 1). Schiffer-Edmundson helical wheel projections were also used
to predict an amphipathic structure in which hydrophobic and hydro-
philic residues containing basic residues are positioned on opposite
sides in the secondary structure of the synthetic peptides crab-ALF2A
(FRLMLRLLRW) and crab-ALF6A (MARVLLRLIRL) (Fig. 2).

The predicted pl, net charge, hydrophobicity, and Boman and in-
stability indices are listed in Table 1. The crab-ALF-2A peptide had the
same pl value and net charge as the native parental crab-ALF-2N pep-
tide, but the hydrophobicity and Boman index were lower than those of
crab-ALF-2N. The crab-ALF-6A peptide had a higher plI value and net
charge than the parental crab-ALF-6A peptide.

(A) (B)

crab-ALF-2 MBC: 12.5 crab-ALF-6 MBC: 6.25

©
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Fig. 6. Bactericidal kinetics of the crab-ALF analogs and piscidin-1 against E.
coli ML35p. Bacteria were incubated in the presence of 1 X or 5 X minimal
effective concentration of the crab-ALF analog peptides or piscidin-1. Control
sample did not contain a peptide.

3.2. Antimicrobial activity of synthetic crab-ALF analogs

3.2.1. Minimum effective concentration (MEC)

We determined the antimicrobial activity of the synthetic peptides
by measuring the MECs against several bacterial species and one fungus
(C. albicans) by URDA. While the parent peptides (ALF2N and ALF6N)
did not exhibit any antimicrobial activity against the microbes tested
(data not shown), the crab-ALF-2A peptide showed potent anti-
microbial activity against the Gram-positive bacteria B. cereus, S.
aureus, and S. iniae (MEC 1.51-1.93 pg/mL) and the Gram-negative
bacteria P. aeruginosa and E. coli (MEC 1.87-1.98), with maximal bac-
tericidal activity at a peptide concentration of 5 pg/mL. The crab-ALF-
6A peptide also showed potent antimicrobial activity against B. cereus,
S. aureus, and S. iniae (MEC 1.49-2.3 ug/mL) and P. aeruginosa and E.
coli (MEC 1.72-1.19 ug/mL) at a peptide concentration of 5pg/mL.
Notably, crab-ALF2A and crab-ALF6A exhibited strong activity against
C. albicans (MECs of 2.11 and 1.95 pug/mL, respectively) (Table 2).

3.2.2. Effects of pH, temperature, and salinity

To investigate the effects of pH, heat, and salinity on the anti-
microbial activities of the two analogs, 5 ng/mL of the synthetic crab-
ALF2A or crab-ALF6A peptide was incubated at 80 °C for 6 h at pH 5, 6,
and 7 and cooled before testing in the URDA against E. coli (Gram-
negative), B. cereus (Gram-positive), and C. albicans (fungus). The

Fig. 5. Bactericidal activity of the analogs
and piscidin-1 against E. coli ML35p.
Bactericidal tests of crab-ALF2A (A), crab-
ALF6A(B), and piscidin-1(C) were per-
formed with the broth microdilution
method and plate assay at concentrations of
3.13-100 pg/mL against E. coli ML35p. The
bactericidal concentration was determined
by the concentration of peptide without
bacterial growth.

Piscidin 1 MBC: 12.5
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Fig. 7. Inner membrane permeabilization of E. coli ML35p by crab-ALF analog
peptides and piscidin-1. Cytoplasmic membrane permeabilization was mon-
itored as an increase in fluorescence intensity by the hydrolysis of the im-
permeable, chromogenic substrate o-nitrophenyl-B-p-galactoside in the pre-
sence of each peptide.

antimicrobial activities of the peptides were not greatly altered by pH
or heat treatment (Fig. 3), as evidenced by their strong antimicrobial
activities against the tested strains. However, the antimicrobial activ-
ities of the peptides were affected by sodium chloride in a concentra-
tion-dependent manner (Fig. 4). In particular, the antimicrobial activ-
ities of crab-ALF2A and crab-ALF6A against C. albicans were abolished
with medium containing 1.5% and 1.0% sodium chloride, respectively.

3.2.3. Bactericidal test

To determine whether the antimicrobial function of crab-ALF2A and
crab-ALF6F was a result of a bactericidal or bacteriostatic activity, a
bactericidal test was performed using E. coli ML35p. The ALF2A and

(A)
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ALF6A showed bactericidal activity at 12.5pug/L and 6.25pug/L, re-
spectively (Fig. 5). These results suggest that the antimicrobial function
of crab-ALF2A and crab-ALF6A is bactericidal same as piscidin-1 used
for control. To evaluate the inhibition mode of the analogs, we per-
formed analysis of bactericidal kinetics against E. coli ML35p at 1 X and
5 X MEC of the analogs (Fig. 6). Crab-ALF2A, crab-ALF6A, and the
control piscidin-1 rapidly killed E. coli ML35p within 5minat 5 x MEC
and within 10 minat 1 x MEC. These results indicate that the inhibi-
tion mode of crab-ALF2A and crab-ALF6A is a bactericidal process.

3.3. Inner membrane permeabilizing assay

Hydrophobicity is also required for bacterial membrane permeabi-
lization. Hydrophobic residues facilitate interactions with the fatty acyl
chains of the bacterial membrane. The relatively low hydrophobicity
prevents binding to the zwitterionic membranes found in mammalian
cells, resulting in low toxicity [37,38]. It is well known that the eu-
karyotic cell membrane, in contrast to the prokaryotic membrane, is
generally characterized by the presence of zwitterionic phospholipids, a
relatively large amount of cholesterol and sphinogomyelin, and the
absence of the high, intracellular negative transmembrane potential
present in prokaryotic membranes. Some studies have demonstrated
that above an optimum level or threshold of hydrophobicity [39], a
further increase leads to a loss of antimicrobial activity and increased
toxicity [40].

Inner membrane permeabilization was investigated using the E. coli
ML35 isolate, which lacks lactose permease, an enzyme that functions
in the uptake of lactose from the extracellular environment into the
bacterial cell, using ONPG as a chromogenic substrate for the f-ga-
lactosidase activity assay (Fig. 7). The o-nitrophenol produced upon
cleavage of ONPG by [-galactosidase was detected spectro-
photometrically by measuring the absorbance at 405 nm (A405). If the
crab-ALF analog permeabilized the inner membrane of E. coli, 3-ga-
lactosidase activity would be detected outside the bacterial cell. Fol-
lowing exposure to the crab analogs, a rapid increase in the A405 value
(B-galactosidase activity) in the supernatant was observed from 0 to
60 min. The [-galactosidase activity of crab-ALF2 was stronger than
that of crab-ALF6.

3.4. DNA-binding and polymerase inhibition assay

To investigate the binding ability of the peptides to DNA, we per-
formed an electrophoretic mobility shift assay with crab-ALF2A and
crab-ALF6A. The electrophoretic mobility of the DNA was almost
completely inhibited following exposure to 1.25 ug crab-ALF2A or crab-
ALF6A compared with non-complexed DNA (Fig. 8A). To determine

Fig. 8. DNA binding and DNA polymerase inhibition
assay of crab-ALF analog peptides. (A) Binding of pep-

Crab-ALF-2A Crab-ALF-6A tides to DNA was assessed by measuring the retardation
of pEGFP C2 vector DNA (500 ng) migration through an
M (- 125 0625 0313 0.156 (=) 125 0625 0313 0156 M agarose gel. The peptide concentration is indicated above
each lane and represents 1.25, 0.625, 0.313, and
- — e e 0.156 ug. The control (—) reaction was performed
without peptide. (B) The effect of the peptides on DNA
- - - - . polymerase was tested by polymerase chain reaction
amplification of E. coli 16S ribosomal DNA. The peptide
concentration is indicated above each lane and represents
2.5, 1.25, 0.25, and 0.313 pg. The control (—) reaction
(B) was performed without peptide.
Crab-ALF-2A Crab-ALF-6A
M (—) 25 125 0625 0313 (=) 25 125 0625 0313 M

669

—
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Control Crab-ALF-2A Crab-ALF-6A

E. coli

S. aureus

C. albicans

Fig. 9. Morphological observations of microbes by scanning electron microscopy. E. coli (A-C), S. aureus (D-F), and C. albicans (G-I) were treated individually with
5 ug of crab-ALF2A (B, E, H) or crab-ALF6A (C, F, I) for 2 h. White arrows indicate coarse surfaces, cellular debris and cell lysis.

Table 3
Physicochemical properties and antimicrobial activities of serial downsized crab-ALF6A variants.

No. PI?;:;? Sequence Length M.W. plL C}I;Iaitge pll;lggfg;y Insit::cll)niegty Blggéin cili ceféus albiam
(kcal/mol) (kcal/mol)

1 ALF6A MARVLLRLIRL (-NH;) 11 1353.79 123 +3 -0.11 37.82 1.08

2 ALF6A1 —ARVLLRLIRL (-NH,) 10 1222.59 123 +3 0.12 28.26 1.43

3 ALF6A2 MARVLLRLIR- (-NH;) 10 1240.62 123 +3 0.45 40.60 1.68

4 ALF6A3 —ARVLLRLIR- (-NH,) 9 1109.43 123 +3 0.68 30.29 2.13

5 ALF6A4  —-RVLLRLIR- (-NH;) 8 1038.35 123 +3 0.51 32.83 2.63

6 ALF6AS —ARVLLRLI-- (-NH;) 8 953.24 12.0 +2 -0.13 32.83 0.53

7 ALF6A6  ——-RVLLRLI-- (-NH) 7 882.16 12.0 +2 -0.3 36.09 0.87

8 ALF6A7 ———VLLRLI-- (-NH;) 6 725.97 9.72 +1 -1.11 40.43 -1.46

9 ALF6A8  —-RVLLRL--- (-NH,) 6 769.004  12.0 +2 0.01 40.43 1.84
10 ALF6A9  ———VLLRL--- (-NH,) 5 612816 9.72 +1 -0.8 46.52 -0.77
11 ALF6A10 —--RVLLR---— (-NH;) 5 655.844 12.0 +2 0.57 46.52 3.19
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whether the peptides inhibited DNA polymerase activity, we performed
DNA polymerase inhibition assays using crab-ALF2A and crab-ALF6A.
Crab-ALF2A exhibited complete inhibitory activity at all concentrations
tested (0.313-2.5 pg), but crab-ALF6A showed less inhibitory activity at
1.25 pg compared with crab-ALF2A (Fig. 8B).

3.5. Lysis of microbes observed by electron microscopy

We investigated the effect of peptide analog treatment on the
morphology of microbes (C. albicans, E. coli, and S. aureus) by SEM.
Changes in cell morphology were observed in all the microbes treated
with 5pg/mL crab-ALF2A or crab-ALF6A after 2h. Control microbes
had intact and smooth surface without cell lysis or debris. However,
after treatment with peptide, the morphology of microbes changed
significantly. Compared with the control, microbes treated with crab-
ALF2A or crab-ALF6A exhibited shrinkage, which could be a result of
leakage of cytoplasmic content (Fig. 9).

3.6. Downsizing of AMP

Crab-ALF2A and crab-ALF6A exhibited similar antimicrobial ac-
tivity in the MEC test. However, the instability index of crab-ALF2A was
greater than that of crab-ALF6A (104.80 and 12.59, respectively;
Table 2). The instability index is a measure used to determine whether a
protein will be stable in a test tube. AMPs, with index values less than
40, tend to be considered stable, while a value above 40 predicts that a
protein may be unstable [41]. Therefore, we performed further analysis
with crab-ALF6A to downsize the synthetic peptide while maintaining
antimicrobial activity.

We produced a synthetic peptide series (ALF6A1-ALF6A10) by se-
rial removal of N— and/or C-terminal ends of the template peptide of
ALF6A (Table 3). The antimicrobial activity was observed with a URDA
against E. coli, B. cereus, and C. albicans. The hexa-peptide ALF6A8
(RVLLRL) maintained high antimicrobial activity against E. coli and C.
albicans, but the hexa-peptide ALF6A7 (VLLRLI) did not exhibit anti-
microbial activity. The penta-peptides ALF6A9 and ALF6A10 also did
not exhibit any antimicrobial activity against the tested microbes
(Table 3).

4. Discussion

ALFs have been regarded as important effectors of the innate im-
mune system in crustaceans [42] and have been shown to exhibit active
antimicrobial activity in vitro against a broad range of Gram-positive
and Gram-negative bacteria, certain fungi, and viruses [31]. These
antimicrobial proteins, including ALFs, are considered good templates
for the development of new antimicrobials. We have previously shown
that synthetic peptides derived from the C-terminus of the olive
flounder LBP/BPI precursor protein (ofLBPs) [8] and derived from the
LPS and f3-1,3-glucan binding protein (LGBP) of abalone (HDH-LGBPs)
[9] exhibited high inhibitory activity against a broad range of microbes.
Additionally, HDH-LGBP analogs showed antitumor activity in human
cancer cell lines [9].

In this study, we used the amino acid sequences of the LBD of ALF as
a parent sequence for designing novel AMPs. Several previous studies
have reported that LBD-derived peptides could rapidly kill both Gram-
negative E. coli and Gram-positive Staphylococcus epidermidis by binding
the bacteria directly with high affinity to LPS and lipoteichoic acid (LA)
[43], thus resulting in the successful design of novel AMPs [31,44].
Additionally, we developed novel AMPs by modifying the signal pep-
tide sequence of ALF as a template. There are several common features
between AMPs and signal peptides, as signal peptides are also short
peptides consisting of 5-30 amino acids at the N-terminus of secreted
proteins. Most signal peptides contain a positively charged N-region,
followed by a hydrophobic H-region and a neutral but polar C-region.
Therefore, we expected that a signal peptide would be a good template
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sequence for the design of novel AMPs.

Antimicrobial activity also depends on various physicochemical
parameters including pl, cationicity (net charge), hydrophobicity, and
amphipathicity. Therefore, many studies have concluded that the nat-
ural biological activities of these peptides are coordinated by a so-
phisticated modulation of the hydrophobicity, amphipathicity, positive
charge, and a reduction in the hydrophobic moment [2,45,46].

The pl is directly correlated with solubility, and proteins are soluble,
and do not aggregate, at pH values greater than 1 or 2 on either side of
the pl. Because AMPs need to access lipid membranes from an aqueous
phase, they need to be soluble in both environments. If AMPs aggregate
in solution, they will lose their ability to interact with the cell mem-
brane. The AMPs used in this study, with the exception of ALF6N, have
a calculated pl greater than 12 (Table 1), which is considered to be
sufficient to avoid self-association driven by a loss of side chain charge
at physiological pH.

Being cationic is a key feature of AMPs with a net charge.
Biophysical studies have provided models for the mechanism under-
lying membrane damage; the main proposed modes of action are the
carpet model, barrel stave model, and toroidal-pore model [47]. In all
of the proposed models, the initial interaction between the peptide and
the bacterial membrane is electrostatic and involves the positively
charged residues of the peptide and the negatively charged moieties on
the surface of the bacterial membrane. Among the parent AMPs, the net
charge of ALF6N was +1, so we substituted two leucine residues with
charged arginine residues to increase the cationicity (Table 1, Fig. 2).

Through SEM observation of the surface of the bacteria, we found
that the ALF2A and ALF6A peptides could disrupt not only the bacterial
membrane but also the fungal membrane and cause cytoplasmic
leakage (Fig. 8).

The variant synthetic peptide series, ALF6A1-ALF6A10, was gen-
erated through peptide downsizing of the N— and/or C-terminal ends of
the ALF6A template peptide (Fig. 9). Antimicrobial activity was ob-
served until the hexa-peptide of ALF6A8 (RVLLRL), but not with
ALF6A7 (VLLRLI). The physicochemical parameters of ALF6A7, such as
pl, net charge, and hydrophobicity, were altered due to the removal of
an arginine residue from the N-terminal end. The ALF6A8 peptide,
which contained a terminal arginine residue, maintained its activity
(Fig. 9). However, the penta-peptides, ALF6A9 and ALF6A10, showed
reduced antimicrobial activity despite maintaining the same pl and net
charge as ALF6AS8. It is thought that some proteins, including peptides,
elicit their biological function through a single short a-helical segment
(usually 4-15 amino acids in 1-4 helical turns) that interacts with
nucleic acids or proteins [48,49]. Taken together, the antimicrobial
activity of crab ALF-derived peptide analogs depends not only on
physicochemical parameters such as pl, cationicity, and hydro-
phobicity, but also sequence length. Our study will be useful for the
development of novel antimicrobial agents.
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