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Abstract

Arasin 1 is a 37 amino acid long proline-rich antimicrobial peptide isolated from the spider crab, Hyas araneus. In this work
the active region of arasin 1 was identified through structure-activity studies using different peptide fragments derived from
the arasin 1 sequence. The pharmacophore was found to be located in the proline/arginine-rich NH2 terminus of the
peptide and the fragment arasin 1(1–23) was almost equally active to the full length peptide. Arasin 1 and its active
fragment arasin 1(1–23) were shown to be non-toxic to human red blood cells and arasin 1(1–23) was able to bind chitin, a
component of fungal cell walls and the crustacean shell. The mode of action of the fully active N-terminal arasin 1(1–23) was
explored through killing kinetic and membrane permeabilization studies. At the minimal inhibitory concentration (MIC),
arasin 1(1–23) was not bactericidal and had no membrane disruptive effect. In contrast, at concentrations of 56MIC and
above it was bactericidal and interfered with membrane integrity. We conclude that arasin 1(1–23) has a different mode of
action than lytic peptides, like cecropin P1. Thus, we suggest a dual mode of action for arasin 1(1–23) involving membrane
disruption at peptide concentrations above MIC, and an alternative mechanism of action, possibly involving intracellular
targets, at MIC.
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Introduction

Since the widespread resistance of bacterial pathogens against

conventional antibiotics often makes antibiotic treatment ineffi-

cient, medical treatment of bacterial infections is today no longer a

simple matter of prescribing antibiotic therapy. Therefore the

interest in novel natural products with antimicrobial activity, as

substitutes for the conventional antibiotics and new drug leads, is

steadily increasing. Antimicrobial peptides (AMPs) are cationic

and amphipathic molecules widely distributed amongst organisms

of probably all taxonomic phyla and act as innate antibiotics. They

are constitutively produced or synthesized after infection or injury,

and exhibit desirable antimicrobial properties such as a rapid

action and a broad activity spectrum [1,2]. Approximately 1800

AMPs have been characterized [3], with the majority originating

from natural sources. Substantial research remains in exploring

these molecules’ mechanism of action, and creating stable and

easier-to-produce peptide analogs for medical applications.

Most AMPs inhibit microbial growth by permeabilizing cell

membranes through a mechanism involving pore formation or

other types of lytic effects allowing the efflux of essential ions and

nutrients [4–6]. Examples of peptides believed to destroy

membrane integrity include cecropins [7], magainins [8,9] and

many others [5]. Membrane active AMPs are not completely

selective against microbial cells and are therefore potentially toxic

to eukaryotic cells [10]. This is a drawback for these AMPs as

candidates for new antimicrobial drugs, but they have a potential

as anticancer drugs. Other AMPs showing higher selectivity for

microbial cells are those which permeate bacteria without

membrane disruption. These peptides do not target bacterial

membranes, but instead bind to and inhibit intracellular molecules

as their primary strategy of growth inhibition [11,12].

Proline-rich AMPs (PR-AMPs) belong to the group of AMPs

having intracellular targets [13]. They have a high content of

proline and arginine residues and have shown to be predominately

active against Gram-negative bacteria [14–18]. However, some

PR-AMPs inhibit Gram-positive bacteria and exhibit broad-

spectrum antifungal activity [19,20]. PR-AMPs include the

mammalian PR-39, Bac5 and Bac7 [15,16], insect apidaecin

[14], drosocin [21], pyrrhocoricin [17], shrimp penaeidins [22]

and some other invertebrate peptides [13]. Studies on model

membranes showed that such peptides were capable of binding to

lipids or other membrane components, but they did not induce

membrane lysis [23,24]. Instead, PR-AMPs seem to interact with

intracellular molecules involved in metabolic processes as

PLOS ONE | www.plosone.org 1 January 2013 | Volume 8 | Issue 1 | e53326



evidenced by PR-39, which inhibits protein synthesis [7], and the

insect peptides drosocin, pyrrhocoricin and apidaecin which

inhibit the molecular chaperon DnaK [25,26].

We have previously described the proline-rich AMP arasin 1

which was isolated from the hemocytes of the small spider crab

Hyas araneus [27]. Arasin 1 is composed of 37 amino acids where

proline and arginine account for a total of 32% and 19%,

respectively. The overall structure of arasin 1 shows some

similarity to penaedins [22]. It contains an N-terminal region

dominated by proline and arginine residues, and a C-terminal

region containing four cysteine residues forming two disulphide

bridges. Arasin 1 shows activity against both Gram-positive and

Gram-negative bacteria [27]. In contrast to membrane-active

peptides like polymyxin B, cecropin P1 and B and lactoferricin B,

arasin 1 generally displays minimal bactericidal concentration

(MBC) values higher than minimum inhibitory concentration

(MIC) values [27]. This pronounced difference between MBC and

MIC suggests an alternative mechanism of action for arasin 1

compared to lytic AMPs.

In the present study we investigated the structure-activity

relationship of arasin 1. A variety of synthetic arasin 1 fragments,

covering the full-length peptide as well as the proline-rich N-

terminus and the Cys-rich C-terminus were tested against a

number of different microorganisms to evaluate the importance of

the C- and N-terminal regions, and ultimately to develop a

peptide, which is shorter and easier to synthesize. Moreover,

killing kinetics, cell viability testing and membrane permeabiliza-

tion assays were used to address the mechanism of action of the

shortest fragment displaying full activity, arasin 1(1–23).

Materials and Methods

Synthetic peptides
Deletion peptides arasin 1(1–20) and (1–14) were provided by

Thermo Fisher Scientific (Ulm, Germany), while a truncated

version of PR-39, named PR-39(1–26) [28], and two linear thiol

protected analogues of the full-length arasin 1 and its arasin 1(20–

37) deletion peptide, named arasin 1-Acm and arasin 1(20–37)-

Acm, respectively, were purchased from Biomol International

(Exeter, UK). The thiol groups of these Acm-peptides were

protected with acetamidomethyl groups to prevent any disulfide

bridge formation. The full length (bicyclic) arasin 1 peptide and its

arasin 1(1–23) deletion peptide were synthesized, cyclized and

purified as previously described [27,29]. Cecropin P1 and

cecropin B [30,31] were synthesized and purified as described

by Kjuul et al. [32]. Arasin 1(3–23), (5–23), (7–23) and (9–23) were

synthesized on a Tribute synthesizer (Protein Technologies Inc,

Tucson, AZ, USA) following standard solid-phase Fmoc-chemistry

protocols. After cleaving the completed peptides from the Rink

amide resin (Novabiochem, Nottingham, UK), the crude peptides

were purified on a C18 (100 Å; 5 mm; 206250 mm) Inertsil ODS-

3 column (GL Sciences Inc., Torrance, CA, USA) using a mixture

of acetonitrile and water containing 0.1% TFA and a UV

detection set at 214 nm. The purity of peptides were all greater

than 95%, as determined by analytical RP-HPLC using a C18

(100 Å; 5 mm; 4.6625 mm) SunFire column (Waters Associates,

Millipore Corp., MA, USA) with the same conditions as described

above. The correct molecular masses of the peptides were

confirmed by MALDI-ToF mass spectrometry (MALDI micro

MX, Waters Micromass Technologies, Münster, Germany).

Mellitin B was purchased from Sigma-Aldrich (Haverhill, UK).

Circular dichroism
The propensity of the peptides to assume a structure was probed

by CD spectroscopy using a Jasco J-715 spectropolarimeter (Jasco,

Tokyo, Japan), in 2-mm path-length quartz cells and with a

peptide concentration of 20 mm, in either 10 mM sodium

phosphate buffer (SPB) pH 7.0, in the absence or the presence

of 10 mM SDS. All spectra are the mean of at least two trials, each

with the accumulation of three scans. Ellipticity has been

expressed per residue.

Microorganisms
Escherichia coli (ATCC 25922), E. coli HB101, Pseudomonas

aeruginosa (ATCC 27853), Staphylococcus aureus (ATCC 9144) and

Corynebacterium glutamicum (ATCC 13032) were grown at 37uC in

Mueller Hinton agar (MH; Difco Laboratories, Detroit, USA).

The yeasts Candida albicans (ATCC 10231) and Saccharomyces

cerevisiae spp and the mold Botrytis cinerea 101 [33] were cultivated

on potato dextrose agar supplemented with 2% glucose at room

temperature (RT).

Antibacterial and antifungal assays
Determination of the MIC against bacteria was performed by

continuous monitoring of bacterial growth using a Bioscreen C

microbiology reader (Labsystems Oy, Helsinki, Finland). The

synthetic peptides were tested for antibacterial and antifungal

activity at final concentrations (prepared from serial two-fold

dilutions) ranging from 0.2 mM to 100 mM. The test was

performed in 100-well flat-bottomed honeycomb plates, in which

50 ml peptide solution was incubated with 50 ml of a suspension of

an actively growing culture of bacteria diluted to a starting

concentration of 2.56105 CFU/ml in Mueller Hinton Broth

(MHB). The growth chamber was maintained at 37uC during the

incubation period. The absorbance was measured by a turbido-

metric method with vertical light photometry and a wide band

filter (420–580 nm). MIC was defined as the lowest concentration

resulting in no visible bacterial growth after 24 h.

Fungal spores were dissolved in potato dextrose broth (Difco,

Lawrence, KS, USA) and the cell concentration was determined

and adjusted after counting in a Bürker chamber. Botrytis cinerea

was filtered through a piece of cotton before counting. An aliquot

of 50 ml of fungal spores (final concentration 26105 spores/ml)

were inoculated in 96-well NunclonTM microtitre plates (Nagle

Nunc Int. Roskilde, Denmark) along with 50 ml of synthetic

peptide dissolved in Milli-Q water. Cultures were grown in a dark

moist chamber without shaking at 20uC for S. cerevisiae and B.

cinerea, and at 37uC for C. albicans. Growth inhibition was

determined microscopically after 48 h of incubation. Inhibitory

concentrations (IC50) was defined as the lowest concentration

tested which yielded less than 50% visible growth compared to the

growth control (fungi). Each peptide was tested in parallels in three

individual runs for the antimicrobial assays.

Hemolytic assay
Arasin 1 and arasin 1(1–23) were tested for toxicity against

eukaryotic cells using human red blood cells (RBC). Four milliliters

of blood were collected from a healthy person into a polycarbonate

tube containing heparin to a final concentration of 10 U/ml. The

erythrocytes were pelleted by centrifugation at 4506g for 10 min

and washed three times with phosphate-buffered saline (PBS;

320 mOsm, pH 7.4). The cell pellet was resuspended in 4 ml PBS

and adjusted to a suspension giving 10% RBC. The test was

performed in a 96 well U-shaped microtiter plate (NunclonTM

Surface, No. 163320; Nagle Nunc Int., Roskilde, Denmark), in

Antimicrobial Activity of Arasin 1 Fragments
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which 50 ml peptide were incubated with 40 ml PBS and 10 ml

RBC suspension. The synthetic peptides were tested at final

concentrations ranging from 0.2 to 100 mM. After incubation in a

shaker at 37uC for 1 h, the plate was centrifuged at 2006g for

5 min. The supernatants (60 ml) were carefully transferred to a

new flat-bottomed polycarbonate microtiter plate (NuncTM

No. 269620, Nagle Nunc Int., Roskilde, Denmark), and absor-

bance was measured at 550 nm. Baseline hemolysis and 100%

hemolysis were defined as the amount of hemoglobin released in

the presence of PBS and 0.05% Triton X-100 (Sigma-Aldrich,

Saint Louis, MO, USA), respectively. The EC50 value was taken as

the mean concentration of peptide producing 50% hemolysis.

Bactericidal assay
An actively growing culture of E. coli HB101 was diluted in 50%

MHB to a starting concentration of 16106 CFU/ml, and

incubated at 37uC with shaking for 4 h in the presence of arasin

1(1–23), cecropin P1 (positive control) or water (negative control).

The final concentrations of peptide in suspension were 4 mM and

20 mM for arasin 1(1–23), and 1 mM for cecropin P1. During

incubation, aliquots were removed at different time intervals,

washed in buffered high salt solution (10 mM Na-phosphate,

400 mM NaCl, 10 mM MgCl2), diluted and plated on MH plates.

The number of bacterial CFU was determined after approxi-

mately 48 h of incubation at 37uC.

Cell viability assay
E.coli HB101 was transformed with the plasmid pCGLS-11 to

enable constitutive bacterial luciferase expression from the

luxCDABE operon. The resulting strain was used for cell viability

assays as follows. An overnight culture in MH medium with

ampicillin (100 mg/ml) was pelleted at 30006g for 10 min and

washed in MH medium before re-suspending the cells in 50% MH

medium with a final OD600 of approximately 0.2. After 30 min of

incubation at 30uC the cells were again adjusted to an OD600 of

0.2. An aliquot of 95 ml of bacterial solution was dispensed into

each well of a black 96 well microtiter plate with transparent

bottom (Falcon, Bredford, MA, USA). To achieve the indicated

concentrations, a multi-channel pipette was used to add 5 ml of a

two-fold dilution series of peptide solution in water to 8 wells

simultaneously. The plate was loaded into a Perkin-Elmer

Envision microtiter plate reader immediately after addition of

the peptide (arasin 1(1–23), PR-39(1–26) or cecropin P1) and the

measurement started 30 sec later because of handling events and

2 seconds of shaking inside the plate reader. Light production and

growth (OD595) of the sensor bacteria was followed for 3 h under

repeated shaking cycles before each measurement at 30uC.

Membrane integrity assay I
Escherichia coli HB101 was transformed with the plasmids

pCSS962 and the helper plasmid pGB3 to allow for constitutive

expression of the eukaryotic luciferase gene lucGR. The resulting

strain was isogenic to the other E. coli strains used. The membrane

permeabilization assay used is a modification of the protocol

described by Virta et al. [34]. The assay is based on E. coli cells,

expressing a eukaryotic luciferase, depending on externally added

D-luciferin as a substrate to emit light. At neutral pH the bacterial

cytoplasmic membrane efficiently prevents uptake of external D-

luciferin. However, disruption of the membrane by e.g. a

membrane active AMP enhances D-luciferin influx and thereby

induces bacterial light emission. Preparation of the cells and the

assay plate was done as described for the viability assay above.

However, chloramphenicol (30 mg/ml) was added in addition to

ampicillin to the overnight culture, and D-luciferin sodium-salt

(Biosynth, Staad, Switzerland) was added to the bacteria to final

concentration of 1 mM. To allow shorter measurement intervals,

only 8 wells were measured simultaneously. Arasin 1(1–23), PR-

39(1–26) and cecropin P1 were tested for their membrane

disruptive capacity.

Membrane integrity assay II
The effect of arasin 1(1–23) and cecropin P1 on membrane

permeabilization was also studied by measuring the percentage of

propidium iodide (PI) positive cells by flow cytometry. Samples of

16106 cells/ml of E. coli HB101 were incubated in 50% MH with

peptides at 37uC for different time span. After incubation, PI

(Sigma Aldrich, Saint Louis, MO, USA) was added to the peptide-

treated bacteria at a final concentration of 10 mg/ml. The cells

were analyzed after 4 min of incubation with PI at 37uC in the

flow cytometer as described [35].

Chitin-binding assay
The ability of arasin 1(1–23) and arasin 1(20–37)-Acm to bind

chitin was estimated using a modified protocol from Kawabata et

al. [36]. Briefly, 50 mg of peptide was incubated with 40 mg chitin

in 800 ml buffer (50 mM Tris-HCl, 0.1 M NaCl, pH 8.0).

Sequentially chitin was incubated at RT with 800 ml buffer

containing 0.1 M NaCl and 1 M NaCl, respectively, and finally at

95uC with 10% acetic acid. All incubations were performed for

10 min, and chitin was collected by centrifugation at 10006g for

5 min between each step. Supernatants were subjected to RP-

HPLC using a SunfireTM Prep C18 column (Waters; 100 Å 5 mm;

106250 mm, MA, USA), with a linear gradient from 8 to 60%

acetonitrile and a flow of 3 ml/min over 60 min. Absorbance was

monitored at 220 nm and the resulting chromatograms were

compared.

Results

Antimicrobial activity of arasin 1 and truncated peptide
fragments thereof

To address which part of arasin 1 is responsible for the

antimicrobial activity, a series of truncated arasin 1 peptides were

synthesized (Fig. 1), and their antimicrobial activity was deter-

mined and compared to arasin 1. The truncated peptides were

derived from both the N- and the C-terminal part of arasin 1. In

addition, a linear arasin 1 peptide (arasin 1-Acm) with protected

thiol groups to prevent disulfide bridge formation was prepared.

The results outlined in Table 1 represent the MIC and IC50 values

Figure 1. Overview of synthetic arasin 1 and its deletion
peptides. Shaded letters indicate characteristic residues for arasin (Cys:
black) and for proline-rich AMPs (Pro, Arg: grey). Acm = Acetamido-
methyl. Predicted disulphide bridges are indicated for arasin 1 [27].
doi:10.1371/journal.pone.0053326.g001
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of synthetic arasin 1 and peptide fragments derived from arasin 1

against bacteria and fungi respectively.

The full length arasin 1 proved to be active not only against

Gram-positive and Gram-negative bacteria, but also against the

tested yeasts and mold at concentrations comparable to that of

cecropins and PR-39(1–26). The linearization of the peptide

(arasin 1-Acm) caused a strong decrease of antimicrobial activity

especially in the case of Gram-negative bacteria. Arasin 1(1–23),

corresponding to the N-terminal and proline-rich region of arasin

1, displayed activity comparable to the full length peptide. Further

shortening from the C-terminus, resulted in a dramatic decrease or

loss of antimicrobial activity, as demonstrated by arasin 1(1–20)

and arasin 1(1–14), respectively. Differently, removal of 2–8

residues from the N-terminus of arasin 1(1–23) caused a drop of

the antibacterial activity, in particular against Gram-negative

bacteria. The C-terminal linear fragment arasin 1(20–37)-Acm,

corresponding to the C-terminal and cysteine-rich region,

displayed no antimicrobial activity up to 100 mM. MIC determi-

nations showed identical MICs for arasin 1(1–24) and arasin 1(1–

23) against all the strains from Table 1 (data not shown).

Overall these results indicate that the N-terminal proline-rich

region of arasin 1 is responsible for the antibacterial and antifungal

activities, and that a peptide consisting of the first 23 amino acids

could be used in place of the complete peptide for further studies.

Circular dichroism studies
To strengthen the hypothesis that arasin 1(1–23) fragment may

be used in place of the complete peptide, CD spectra for arasin 1

were recorded and compared to that of the fragment arasin 1(1–

23). Spectra have been acquired in phosphate buffer or in presence

of micellar SDS, used as a model of the negatively charged

bacterial membranes. The two peptides showed a similar spectrum

in aqueous solution, typical of that of unstructured peptides (Fig. 2).

By the addition of the membrane-mimic SDS a small change in

conformation was observed with the arasin 1(1–23). In this

condition it adopted a spectrum more similar to that of the whole

peptide which remained unchanged suggesting a more rigid

structure (Fig. 2). As expected, cecropin P1 showed a CD spectrum

with high a-helical content (data not shown).

Killing kinetics of arasin 1(1–23)
Killing kinetics of arasin 1(1–23) was studied against E. coli

HB101. Exposure to MIC concentration (4 mM) of arasin 1(1–23)

caused inhibition of bacterial growth without decreasing the

number of viable cells (Fig. 3). A bactericidal effect was observed at

20 mM (56MIC), causing a 1-log reduction of viable E. coli cells

after 30 min. It is notable that the lytic peptide cecropin P1 (1 mM,

MIC) killed all the bacteria in approximately 15 min, indicating a

much higher rate of killing compared to that of arasin 1(1–23).

After 2 and 4 h incubation with 20 mM peptide, unusual high

standard deviations in the number of CFU/ml was observed. At

this peptide concentration the bacteria seem to be very sensitive to

small conditional variation associated with individual assay set-ups.

Killing kinetics of peptide-treated bacteria were also evaluated

using a luminescence-monitoring assay using an E. coli HB101

Figure 2. CD spectra of arasin 1(1–23) (A) and arasin 1 (B). Peptides were analyzed at a final concentration of 20 mM in 10 mM sodium
phosphate buffer pH 7.0 (solid line) or with the addition of 10 mM SDS (dotted lines). Spectra are the smoothed means of at least two measurements,
each composed of three different scans.
doi:10.1371/journal.pone.0053326.g002

Figure 3. Killing kinetics of E. coli cells treated with arasin 1(1–
23) or cecropin P1. Colony forming units (CFU) of E. coli HB101
subjected to peptide treatment or water (negative control) are shown.
Sample aliquots were withdrawn and washed in high salt solution at
the time points indicated and subsequently plated for colony counts.
Data are expressed as the average number of colony forming cells 6
S.D. for three independent experiments.
doi:10.1371/journal.pone.0053326.g003
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strain carrying the constitutively expressed lux operon [37]. Arasin

1(1–23)-treated bacteria maintained more than 60% luminescence

after 10 min even at concentrations of 10-fold its MIC values

(Fig. 4), indicating that most cells remained metabolically active.

At MIC values (5 mM), the luminescence was more than 80%

compared to untreated bacteria. Cells treated with PR-39(1–26)

showed a similar decrease of cell viability (Fig. 4), whereas a

dramatic drop in metabolic activity was observed after cecropin P1

treatment (MIC) with 60% reduction of light emitted within the

first 10 min after addition of the peptide (Fig. 4). The number of

bacteria (OD = 0.2) which was used in this assay was much higher

than for the MIC and the former killing assay. This should be

considered when comparing the results of the different assays. The

killing caused by cecropin P1 occurred very rapidly when

compared to arasin 1(1–23) which occurred more slowly. Full

length arasin 1 was also tested, and the results were similar to those

of arasin 1(1–23) (data not shown).

Effect of arasin 1(1–23) on bacterial membranes
A real-time assay was used for in vivo detection of membrane

permeation by arasin 1(1–23). Relative light production by E.coli

HB101 constitutively expressing an insect luciferase requires

externally added D-luciferin as its substrate. Light induction

results from the increased passage of D-luciferin into the bacteria

in response to decreased membrane integrity induced by the

treatment with AMPs. Minimal amounts of light were emitted by

cells treated with arasin 1(1–23) at a concentration around MIC

value when compared to the effect due to cecropin P1 treatment

(Fig. 5). At concentrations above MIC, arasin 1(1–23) seemed to

be affecting membrane integrity as indicated by diagram doubling

of light emission. Unlike cecropin P1, which permeabilized the

membrane and lysed the cells within the first seconds, permea-

bilization caused by high concentrations of arasin 1(1–23) peaked

after approximately 10 min. Also, unlike cecropin P1 light

emission did not fall below the original level even after 50 min

of incubation (results not shown), indicating viable cells. PR-39(1–

26) shows a luminescence profile similar to that of arasin 1(1–23),

in agreement with the results achieved from the viability assay.

To support the above results, we used flow cytometry to analyse

the effect of arasin 1(1–23) on membrane integrity on the level of

individual cells. Non-viable, permeabilized cells were marked

using the fluorescent probe PI that incorporates and stains the

nucleic acids only in cells with damaged membranes. Treatment of

E. coli with arasin 1(1–23) at MIC amounts caused a low level of

permeabilization (,10%) (Fig. 6). The percentage of PI-positive

cells increased (30%) when arasin 1(1–23) was used at 56MIC,

and a more rapid and marked effect was observed when E. coli was

incubated with peptide at 106MIC. In this case, after 15 min of

treatment, approximately 75% of the cells became permeabilized

(Fig. 5). By comparison, cecropin P1 induced damage of the

membrane after only 5 min of incubation at MIC, showing a

typical behaviour of lytic peptides and supporting a different mode

of action for the two peptides. As shown in the cell viability assay

(Fig. 2), a relatively high standard deviation at 20 mM peptide

concentration has also been observed in this case.

The antimicrobial N-terminal arasin 1(1–23) display
chitin-binding properties

Arasin 1(1–23) and the C-terminal fragment arasin 1(20–37)-

Acm were tested for association to chitin. Arasin 1(1–23) remained

bound to chitin after washing with salt and most peptide was not

eluted before incubation with 10% acetic acid, indicating a strong

binding of the peptide to chitin (Fig. 7). On the contrary, arasin

1(20–37)-Acm, did not bind tightly to chitin, as the bulk of the

Figure 4. Effect of arasin 1(1–23), PR-39(1–26) and cecropin P1
on E. coli viability. Relative light units (rlu) produced by E.coli HB101,
constitutively expressing the luxCDABE operon are shown, after AMP
treatment at different concentrations. Light emission is shown relative
to the untreated control for the 4 selected incubation times. The mean
of three independent measurements is indicated 6 S.D. MIC against E.
coli HB101 is 4, 1 and 1 mM for arasin 1(1–23), PR-39(1–26) and cecropin
P1, respectively.
doi:10.1371/journal.pone.0053326.g004
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peptide was eluted by 0.1 M NaCl and only remnant peptide was

found in the proceeding eluates.

Hemolytic activity of arasin 1 and arasin 1(1–23)
Toxicity for eukaryotic cells was determined by testing arasin 1

and arasin 1(1–23) against human red blood cells (RBC). The

peptides were incubated at final concentrations ranging from 0.2

to 100 mM in a 1% RBC suspension and EC50 values calculated

after measuring the absorbance of released hemoglobin at

550 nm. Arasin 1 and arasin 1(1–23) showed no detectable

hemolytic effect up to 100 mM concentration, compared to the

100% hemolysis and zero control. In contrast, the hemolytic

mellitin B and cecropin B showed EC50 values of 2 and 40 mM,

respectively.

Discussion

Arasin 1 which is a PR-AMP [27], was active against the whole

panel of test strains used in this study (Table 1). Thus, it seems to

have an activity spectrum which is broader than the spectra of

some other known PR-AMPs. For example the penaeidins, a

proline-rich peptide family with a unique di-domain structure

similar to arasin 1, are active predominantly against Gram-positive

bacteria and fungi [19,20]. In contrast, the activity of the

mammalian proline-rich peptides Bac7 and Bac5, and the insect

peptides pyrrhocoricin, drosocin and apidaecin, are mainly

directed against Gram-negative bacteria [14,15,17,18].

Antimicrobial activity of the N-terminal region of arasin 1,

arasin 1(1–23), was comparable to that of the entire peptide

(Table 1). These molecules resemble each other also in their

secondary structure. This indicates that the antimicrobial

pharmacophore resides within the N-terminal region of arasin 1

and that the C-terminal segment is not requisite for antimicrobial

activity. In addition dichroic spectra of both the peptides are

compatible with random coil and the shape of the spectra are not

significantly modified in the presence of liposomes or micelles

indicating that interaction with membranes does not markedly

modify their structure. Arasin 1(1–37)-Acm (with blocked cyste-

ines) was synthesized to explore the role of the disulphide bridges

for antimicrobial activity. This linear peptide expressed lower

activity against Gram-negative bacteria compared to the original

peptide. Except for this, the antimicrobial activity of the linear

peptide was comparable to the activity of arasin 1 and arasin 1(1–

23). There is a slight possibility that the introduced Acm-

modification affects the activity of the synthetic peptide, by

interfering with the uptake mechanism through the outer

membrane of the Gram-negative bacteria. In addition, activity

testing of the linear C-terminal arasin 1(20–37)-Acm, revealed no

antimicrobial activity of this peptide fragment. Altogether, these

results support the conclusion that the cysteine-containing C-

terminus is not essential for antimicrobial activity. On the other

hand, however, the C-terminal residues may have different

properties other than antibacterial activity. AMPs as host defense

peptides have several roles in host immunity, taking part (directly

or indirectly) in combating infections and/or wound healing [38].

Thus, the C-terminus or the entire peptide could be important, if

arasin 1 has such properties. Alternatively, the disulfide bonds and

the loop structure of the C-terminus may offer enhanced stability

to the peptide and consequently reduced sensitivity to proteolytic

Figure 5. Effect of arasin 1(1–23), PR-39(1–26) and cecropin P1
on E. coli membrane integrity after 0.5 and 10 min incubation.
Light induction of luciferase expressing E. coli HB101 after AMP
treatment at different concentrations is shown. The data presented are
relative to the untreated control for the two selected incubation times.
The mean of three independent measurements is indicated 6 S.D. Note
that for the highly membrane active peptide cecropin P1 light emission
for the highest concentrations already peaks before the first
measurement. MIC against E. coli HB101 is 4, 1 and 1 mM for arasin
1(1–23), PR-39(1–26) and cecropin P1, respectively.
doi:10.1371/journal.pone.0053326.g005

Figure 6. Bacterial membrane integrity after treatment with
arasin 1(1–23) or cecropin P1. Percentage of fluorescent cells (PI-
positive) measured by flow cytometry after incubation of E. coli HB101
cells with 4, 20, and 40 mM arasin 1(1–23) or 4 mM cecropin P1 is shown.
The background level of permeabilized cells, obtained using untreated
samples, was always lower than 3% and was subtracted to the
corresponding peptide-treated sample. Data are expressed as the
average of % PI-positive cells 6 S.D. for four independent experiments.
doi:10.1371/journal.pone.0053326.g006
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cleavage. Also other PR-AMPs like Bac5, Bac7 and PR-39 have

been subjected to structure-activity studies and in accordance with

arasin 1, the N-terminus has proven to be the active region

[20,28,39–41]. Like arasin 1, they all have a highly cationic N-

terminal region due to high contents of arginine residues, which is

probably important for attracting these peptides towards target

bacteria. However, the proline-rich region of a class 4 (Pen4-1

from Litopenaeus setifierus) but not a class 3 penaeidin isoform (Pen3-

4 from L. vannamei) expressed antibacterial activity with the same

target species spectrum as the mother peptide. The pro-rich region

of the latter peptide diverge from the bulk PR-AMPs by proving to

be antimicrobial inactive [20]. Still, in accordance with the

findings of arasin 1, the proline/arginine-rich N-terminus seems to

be important for antimicrobial activity of most PR-AMPs.

N- and C- terminal shortening of arasin 1 (1–23) revealed the

importance of the C-terminal residues RPR, but also the N-

terminal residues or a length of 23 amino acids. Antimicrobial

activity of arasin 1(1–24) proved to be identical to that of arasin

1(1–23) against all strains displayed in Table 1, signifying that an

additional proline residue does not seem to affect, and thus have

no role in antimicrobial activity.

The arasin 1 fragments (1–21) and (1–22) however, need yet to

be evaluated. There is the possibility that one of these fragments

shows antimicrobial activity equal to or higher than arasin 1(1–23).

The shortening involves the removal of a hydrophobic proline or a

cationic arginine. The importance of a Pro residue in specific

positions for antibacterial activity, was proven by amino acids

substitution and mutation studies in some insect PR-AMPs

[42,43].

On the other hand, the number of cationic arginines (positive

charge), rather than the percentage of prolines present in the

sequence, seems to affect the antimicrobial activity of AMPs. This

is true for the PR-AMPs Bac5, Bac7 and PR-39 fragments, for

which a minimum charge of +8 was required for full activity

maintenance [41,44–46]. A charge of +7 was necessary for a

maximum antimicrobial effect of the arasin 1 fragments.

Substitution of all arginine residues with lysines in Bac5(1–23)

however, caused the antibacterial activity to drop drastically

although the net charge was unchanged [40]. This indicates that

charge is not the only requisite for antimicrobial activity. The

importance of arginines and other residues in arasin 1 peptides

Figure 7. Chitin binding capacity of (A) arasin 1(1–23) and (B) arasin 1(20–37)-Acm. Fifty micrograms of peptides were incubated with
40 mg chitin, and subsequently washed with 0.1 M, 1 M NaCl, and hot (95uC) 10% acetic acid. The obtained supernatants were subjected to RP-HPLC
on a C18 column. The resulting chromatograms show unbound material and peptides released from chitin by the different washing solutions,
respectively.
doi:10.1371/journal.pone.0053326.g007
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need to be assessed, by replacing specific amino acids for others

and conducting alanine or lysine scans.

In contrast to the results from E. coli and P. aeruginosa, the C-

terminal part of arasin 1(1–23) alone arasin 1(7–23) and 1(9–23)

inhibits C. glutamicum and all the fungi. At the same time this

antibacterial and antifungal activity is strictly dependent on a

fragment between aa 13–23. This indicates a somewhat different

mode of action for Gram- negative and Gram-positive bacteria,

respectively. Likewise the mode of action against fungi is likely

different. It is tempting to speculate that the N-terminal 5–10

amino acids might be involved in arasin 1(1–23) transfer across the

outer membrane while the C-terminal part might bind the

molecular target which is responsible for growth inhibition at low

concentrations. The antimicrobial assays were all performed in

MH or potato dextrose medium at a final concentration of 50%

strength for bacteria and fungi, respectively. This was done

because the arasin 1 fragments were less active (MIC.32 mM)

when medium strength of 100% were used. This means that the

peptides are very sensitive to medium composition, and perhaps

also salinity and/or ionic strength. The mammalian PR-AMPs

PR-39(1–26) and Bac7(1–16) did not change the antimicrobial

activity against E. coli by varying the MH concentration (results not

shown). In some studies, the use of diluted or poor medium instead

of rich medium in MIC and mode of action studies is claimed to

increase the sensitivity of the assays [18,47]. The reasons of the

medium-dependence have not been further evaluated, and 50%

MH was used as the standard medium for the mode of action

studies.

The fungal cell wall is a complex structure composed of chitin,

glucans and other polymers. The tight binding of the antifungal

arasin 1(1–23) to chitin may imply that the peptide, like other

chitin binding antimicrobial proteins and peptides, interferes with

fungal growth by associating to nascent chitin in the fungal cell

wall [48–52]. The strong association with chitin could however be

the initial interaction for a further translocation of the peptide to

the cytoplasmic membrane, and ultimately into the cytoplasm.

The chitin binding properties may also be due to arasin 1 being

involved in wound healing in the host organism, the spider crab.

Chitin from the exoskeleton of the crustacean may be exposed at

the site of a lesion and act as an attractant for arasin 1. The latter

function has been proposed for chitin binding peptides from other

arthropods e.g. penaeidins from the shrimp Penaeus vannamei [53],

tachystatins from the horseshoe crab Tachypleus tridentatus [52], and

hyastatin isolated from the spider crab H. araneus [54].

The bactericidal kinetics of arasin 1(1–23) differed fundamen-

tally from that of cecropin P1. In contrast to cecropin P1, the

killing profile of arasin 1(1–23) was similar to PR-39(1–26),

another proline-rich AMP. While cecropin P1 proved to be a

bactericidal agent - killing bacteria rapidly at MIC, arasin 1(1–23)

and PR-39(1–26) conducted growth inhibition rather than to kill

bacteria at their MICs. However, a bactericidal effect was

observed for arasin 1(1–23) and PR-39(1–26) at concentrations

several times above the MIC, but occurred at a much slower rate

compared to the effect of cecropin P1. This was observed by using

two different assays: killing kinetics and bioluminescence. Note

that, these two methods are not directly comparable, regarding the

order of magnitude. Detectable and reliable relative light unit (rlu)

levels for the bioluminescence based assay, requires a higher

concentration of bacteria compared to the colony count assay.

Regardless of the method used, the results indicate that arasin 1(1–

23) affects and kill bacteria by a different mode of action than

cecropin P1 and seem to be more similar to PR-39(1–26).

Cecropin P1 has been shown to act upon the bacterial cell

membrane and to induce lysis through pore formation [7,55], as

was confirmed in this study. The treatment of bacteria by the

peptide made E. coli fluorescent and luciferase expressing E. coli

started to emit light due to rapid diffusion of PI or D-luciferin,

respectively, from the growth medium into the cytoplasm. Since PI

or D-luciferin influx is obstructed by an intact cytoplasmic

membrane, these results indicate the formation of pore or the

complete lysis of the cell. While addition of cecropin P1 to the

sensor strains instantly resulted in intensive fluorescence or light

emission at MIC, the presence of arasin 1(1–23) and PR-39(1–26)

at MIC did not induce an intensively enhanced signal. The

increased fluorescence and light emission after addition of arasin

1(1–23) above MIC, indicates a decrease in membrane integrity at

high peptide concentrations. This corresponds with the results

obtained for PR-39(1–26). Even though the PR-AMPs rendered

membranes leaky above their MICs, cecropin PI on the other

hand showed a much higher rate of action leading to more PI and

D-luciferin influx.

The outcome of the membrane permeabilization studies are in

accordance with the observed difference in killing kinetics for

arasin 1(1–23) and cecropin P1, and the results by Stensvag et al.

[27] showing that arasin 1, in contrast to membrane-active

peptides (polymyxin B, cecropin P1, cecropin B and lactoferricin

B) has lower MIC than MBC. Therefore we propose that the

mode of antimicrobial action of arasin 1 differs from that of

cecropin P1. Because arasin 1(1–23) is showing a similar behavior

to PR-39(1–26), we speculate that arasin 1 acts in a similar manner

as this mammalian peptide. Studies using model membranes

demonstrated no occurrence of channel formation by PR-39 [24].

Neither did its N-terminal fragment PR-39(1–26) lyse bacterial

cells through pore-formation [28]. In addition, it has been

suggested from isotope incorporation studies that PR-39 kills

bacteria by inhibition of both protein and DNA synthesis [7]. The

PR-39(1–26) and arasin 1(1–23) killing profiles are quite similar,

therefore it is tempting to speculate that the mode of action for

arasin 1(1–23) also involves intracellular target molecules at low,

near MIC concentrations. It has been shown that intracellular

macromolecules are the targets of a number of other proline-rich

AMPs [25] [26]. A stereospecific binding to a putative intracellular

interaction partner DnaK and uptake into E.coli was demonstrated

for fully active Bac7(1–35) [35,56]. In addition, Podda et al. [35]

found that Bac7 fragments at concentrations several times higher

than the MIC, acted also by a second mechanism based on a non-

stereo selective, membranolytic activity. It is interesting to note

that also arasin 1(1–23), at concentrations well above MIC values

showed a similar lytic activity, as did PR-39(1–26).

The high standard deviation values only observed at 20 mM

(56MIC) for both the viability assay (Fig. 3) and the membrane

integrity assay (Fig. 6) indicate that activity around this concen-

tration was very sensitive to individual assay conditions. This

suggests that at approximately 20 mM, arasin 1(1–23) switches

from being membrane non-disruptive to using in addition a

membrane disruptive mechanism and becoming more bactericid-

al. Notably, cecropin P1 which has MBC values against Gram-

negative bacteria at 1–2 mM [27], display high standard deviations

around its MIC/MBC in the viability assay (Fig. 4).

Arasin 1 and arasin 1(1–23) are not toxic to human red blood

cells even at high (100 mM) concentrations. This is in contrast to

mellitin B, which caused hemoglobin release at 2 mM and cecropin

B causing 50% hemolysis at 40 mM. The absence of hemolytic

activity is important when considering the AMPs as candidates for

clinical or food additive purposes.

In this study, the antibacterial and antifungal activity of arasin 1

was addressed to the N-terminal fragment arasin 1(1–23). The

arasin 1 pharmacophore should be further elucidated to reveal
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scaffold amino acids responsible for antimicrobial activity.

Therefore, extended structure-activity studies, including alter-

ations of the peptide sequence derived from the N-terminus of

arasin 1, should be undertaken. Arasin 1(1–23) show a mechanism

of action with most elements resembling that of other PR-AMPs,

while at the same time exhibiting some characteristics such as the

medium-dependent activity and a lytic action when used at higher

concentrations (.20 mM). Overall, these results imply a mem-

brane non-disruptive peptide uptake mechanism for arasin 1(1–

23), which makes us speculate that the antibacterial strategy

involves intracellular target molecules. Our further focus will be on

the internalization mechanism of arasin 1 active fragments, using

MIC and sub-MIC concentrations of the peptide, and further on

search for molecular interaction partners for these peptides. This

will provide valuable information considering peptidomics and

future use of proline-rich peptides in drug design.

Acknowledgments

We thank Professor Øystein Rekdal at the Department of Medical Biology,

University of Tromsø (UoT), for his contribution regarding peptide

synthesis. Dr. Sigmund Sperstad and Hege Devold at the Norwegian

College of Fishery Science, UoT, are acknowledged for their assistance on

the chitin assay and antibacterial assays, respectively. We also thank Dr.

Filomena Guida and Daniela Xhindoli at the Department of Life Sciences,

University of Trieste, for their contribution regarding CD analysis.

Author Contributions

Conceived and designed the experiments: VSP H-MB MB TH MS KS.

Analyzed the data: VSP H-MB MB JJE. Wrote the paper: VSP. Critically

revised the manuscript: VSP H-MB MB TH OBS MS KS.

References

1. Hancock RE, Diamond G (2000) The role of cationic antimicrobial peptides in
innate host defences. Trends Microbiol 8: 402–410.

2. Peters BM, Shirtliff ME, Jabra-Rizk MA (2010) Antimicrobial peptides: primeval
molecules or future drugs? PLoS Pathog 6: e1001067.

3. Wang G, Li X, Wang Z (2009) APD2: the updated antimicrobial peptide

database and its application in peptide design. Nucleic Acids Res 37: D933–937.

4. Shai Y (1999) Mechanism of the binding, insertion and destabilization of

phospholipid bilayer membranes by alpha-helical antimicrobial and cell non-
selective membrane-lytic peptides. Biochim Biophys Acta 1462: 55–70.

5. Shai Y (2002) Mode of action of membrane active antimicrobial peptides.
Biopolymers 66: 236–248.

6. Wimley WC, Hristova K (2011) Antimicrobial peptides: successes, challenges

and unanswered questions. J Membr Biol 239: 27–34.

7. Boman HG, Agerberth B, Boman A (1993) Mechanisms of action on

Escherichia coli of cecropin P1 and PR-39, two antibacterial peptides from
pig intestine. Infect Immun 61: 2978–2984.

8. Westerhoff HV, Juretic D, Hendler RW, Zasloff M (1989) Magainins and the
disruption of membrane-linked free-energy transduction. Proc Natl Acad

Sci U S A 86: 6597–6601.

9. Ludtke SJ, He K, Heller WT, Harroun TA, Yang L, et al. (1996) Membrane

pores induced by magainin. Biochemistry 35: 13723–13728.

10. Bradshaw J (2003) Cationic antimicrobial peptides: issues for potential clinical
use. BioDrugs 17: 233–240.

11. Park CB, Kim HS, Kim SC (1998) Mechanism of action of the antimicrobial
peptide buforin II: buforin II kills microorganisms by penetrating the cell

membrane and inhibiting cellular functions. Biochem Biophys Res Commun
244: 253–257.

12. Hale JD, Hancock RE (2007) Alternative mechanisms of action of cationic

antimicrobial peptides on bacteria. Expert Rev Anti Infect Ther 5: 951–959.

13. Scocchi M, Tossi A, Gennaro R (2011) Proline-rich antimicrobial peptides:

converging to a non-lytic mechanism of action. Cell Mol Life Sci 68: 2317–2330.

14. Casteels P, Ampe C, Jacobs F, Vaeck M, Tempst P (1989) Apidaecins:

antibacterial peptides from honeybees. EMBO J 8: 2387–2391.

15. Gennaro R, Skerlavaj B, Romeo D (1989) Purification, composition, and activity

of two bactenecins, antibacterial peptides of bovine neutrophils. Infect Immun
57: 3142–3146.

16. Agerberth B, Lee JY, Bergman T, Carlquist M, Boman HG, et al. (1991) Amino

acid sequence of PR-39. Isolation from pig intestine of a new member of the
family of proline-arginine-rich antibacterial peptides. Eur J Biochem 202: 849–

854.

17. Cociancich S, Dupont A, Hegy G, Lanot R, Holder F, et al. (1994) Novel

inducible antibacterial peptides from a hemipteran insect, the sap-sucking bug
Pyrrhocoris apterus. Biochem J 300 (Pt 2): 567–575.

18. Bulet P, Urge L, Ohresser S, Hetru C, Otvos L, Jr. (1996) Enlarged scale

chemical synthesis and range of activity of drosocin, an O-glycosylated
antibacterial peptide of Drosophila. Eur J Biochem 238: 64–69.

19. Destoumieux D, Bulet P, Strub JM, Van Dorsselaer A, Bachere E (1999)
Recombinant expression and range of activity of penaeidins, antimicrobial

peptides from penaeid shrimp. Eur J Biochem 266: 335–346.

20. Cuthbertson BJ, Bullesbach EE, Fievet J, Bachere E, Gross PS (2004) A new

class (penaeidin class 4) of antimicrobial peptides from the Atlantic white shrimp
(Litopenaeus setiferus) exhibits target specificity and an independent proline-

rich-domain function. Biochem J 381: 79–86.

21. Bulet P, Dimarcq JL, Hetru C, Lagueux M, Charlet M, et al. (1993) A novel
inducible antibacterial peptide of Drosophila carries an O-glycosylated substitu-

tion. J Biol Chem 268: 14893–14897.

22. Destoumieux D, Bulet P, Loew D, Van Dorsselaer A, Rodriguez J, et al. (1997)

Penaeidins, a new family of antimicrobial peptides isolated from the shrimp
Penaeus vannamei (Decapoda). J Biol Chem 272: 28398–28406.

23. Tani A, Lee S, Oishi O, Aoyagi H, Ohno M (1995) Interaction of the fragments
characteristic of bactenecin 7 with phospholipid bilayers and their antimicrobial

activity. J Biochem 117: 560–565.

24. Cabiaux V, Agerberth B, Johansson J, Homble F, Goormaghtigh E, et al. (1994)
Secondary structure and membrane interaction of PR-39, a Pro+Arg-rich

antibacterial peptide. Eur J Biochem 224: 1019–1027.

25. Otvos L, Jr., O I, Rogers ME, Consolvo PJ, Condie BA, et al. (2000) Interaction

between heat shock proteins and antimicrobial peptides. Biochemistry 39:
14150–14159.

26. Kragol G, Lovas S, Varadi G, Condie BA, Hoffmann R, et al. (2001) The

antibacterial peptide pyrrhocoricin inhibits the ATPase actions of DnaK and
prevents chaperone-assisted protein folding. Biochemistry 40: 3016–3026.

27. Stensvag K, Haug T, Sperstad SV, Rekdal O, Indrevoll B, et al. (2008) Arasin 1,

a proline-arginine-rich antimicrobial peptide isolated from the spider crab, Hyas
araneus. Dev Comp Immunol 32: 275–285.

28. Shi J, Ross CR, Chengappa MM, Sylte MJ, McVey DS, et al. (1996)
Antibacterial activity of a synthetic peptide (PR-26) derived from PR-39, a

proline-arginine-rich neutrophil antimicrobial peptide. Antimicrob Agents
Chemother 40: 115–121.

29. Strom MB, Rekdal O, Svendsen JS (2000) Antibacterial activity of 15-residue

lactoferricin derivatives. J Pept Res 56: 265–274.

30. Steiner H, Hultmark D, Engstrom A, Bennich H, Boman HG (1981) Sequence
and specificity of two antibacterial proteins involved in insect immunity. Nature

292: 246–248.

31. Andersson M, Boman A, Boman HG (2003) Ascaris nematodes from pig and

human make three antibacterial peptides: isolation of cecropin P1 and two
ASABF peptides. Cell Mol Life Sci 60: 599–606.

32. Kjuul AK, Bullesbach EE, Espelid S, Dunham R, Jorgensen TO, et al. (1999)

Effects of cecropin peptides on bacteria pathogenic to fish. J Fish Dis 22: 387–
394.

33. Sperstad SV, Haug T, Paulsen V, Rode TM, Strandskog G, et al. (2009)

Characterization of crustins from the hemocytes of the spider crab, Hyas

araneus, and the red king crab, Paralithodes camtschaticus. Dev Comp
Immunol 33: 583–591.

34. Virta M, Akerman KE, Saviranta P, Oker-Blom C, Karp MT (1995) Real-time

measurement of cell permeabilization with low-molecular-weight membranolytic
agents. J Antimicrob Chemother 36: 303–315.

35. Podda E, Benincasa M, Pacor S, Micali F, Mattiuzzo M, et al. (2006) Dual mode

of action of Bac7, a proline-rich antibacterial peptide. Biochim Biophys Acta

1760: 1732–1740.

36. Kawabata S, Nagayama R, Hirata M, Shigenaga T, Agarwala KL, et al. (1996)
Tachycitin, a small granular component in horseshoe crab hemocytes, is an

antimicrobial protein with chitin-binding activity. J Biochem 120: 1253–1260.

37. Galluzzi L, Karp M (2007) Intracellular redox equilibrium and growth phase
affect the performance of luciferase-based biosensors. J Biotechnol 127: 188–

198.

38. Steinstraesser L, Kraneburg U, Jacobsen F, Al-Benna S (2011) Host defense

peptides and their antimicrobial-immunomodulatory duality. Immunobiology
216: 322–333.

39. Chan YR, Zanetti M, Gennaro R, Gallo RL (2001) Anti-microbial activity and

cell binding are controlled by sequence determinants in the anti-microbial
peptide PR-39. J Invest Dermatol 116: 230–235.

40. Tokunaga Y, Niidome T, Hatakeyama T, Aoyagi H (2001) Antibacterial activity

of bactenecin 5 fragments and their interaction with phospholipid membranes.

J Pept Sci 7: 297–304.

41. Benincasa M, Scocchi M, Podda E, Skerlavaj B, Dolzani L, et al. (2004)
Antimicrobial activity of Bac7 fragments against drug-resistant clinical isolates.

Peptides 25: 2055–2061.

42. Li WF, Ma GX, Zhou XX (2006) Apidaecin-type peptides: biodiversity,
structure-function relationships and mode of action. Peptides 27: 2350–2359.

Antimicrobial Activity of Arasin 1 Fragments

PLOS ONE | www.plosone.org 10 January 2013 | Volume 8 | Issue 1 | e53326



43. Dutta RC, Nagpal S, Salunke DM (2008) Functional mapping of apidaecin

through secondary structure correlation. Int J Biochem Cell Biol 40: 1005–1015.
44. Sadler K, Eom KD, Yang JL, Dimitrova Y, Tam JP (2002) Translocating

proline-rich peptides from the antimicrobial peptide bactenecin 7. Biochemistry

41: 14150–14157.
45. Shi J, Ross CR, Leto TL, Blecha F (1996) PR-39, a proline-rich antibacterial

peptide that inhibits phagocyte NADPH oxidase activity by binding to Src
homology 3 domains of p47 phox. Proc Natl Acad Sci U S A 93: 6014–6018.

46. Gennaro R, Scocchi M, Skerlavaj B, Tossi A, Romeo D (1994) Synthetic

approach to the identification of the antibactierial domain of bactenecins, Pro/
Arg-rich peptides from Bovine neutrophils. In: Hodges RS, Smith JA, editors.

Proceedings if the Thirteenth American Peptide Symposium; Peptides:
Chemistry, Structure and Biology. Leiden.

47. Kragol G, Hoffmann R, Chattergoon MA, Lovas S, Cudic M, et al. (2002)
Identification of crucial residues for the antibacterial activity of the proline-rich

peptide, pyrrhocoricin. Eur J Biochem 269: 4226–4237.

48. Leah R, Tommerup H, Svendsen I, Mundy J (1991) Biochemical and molecular
characterization of three barley seed proteins with antifungal properties. J Biol

Chem 266: 1564–1573.
49. Broekaert WF, Marien W, Terras FR, De Bolle MF, Proost P, et al. (1992)

Antimicrobial peptides from Amaranthus caudatus seeds with sequence homology

to the cysteine/glycine-rich domain of chitin-binding proteins. Biochemistry 31:
4308–4314.

50. Kolbe S, Fischer S, Becirevic A, Hinz P, Schrempf H (1998) The Streptomyces

reticuli alpha-chitin-binding protein CHB2 and its gene. Microbiology 144 (Pt 5):
1291–1297.

51. Bormann C, Baier D, Horr I, Raps C, Berger J, et al. (1999) Characterization of

a novel, antifungal, chitin-binding protein from Streptomyces tendae Tu901 that
interferes with growth polarity. J Bacteriol 181: 7421–7429.

52. Osaki T, Omotezako M, Nagayama R, Hirata M, Iwanaga S, et al. (1999)
Horseshoe crab hemocyte-derived antimicrobial polypeptides, tachystatins, with

sequence similarity to spider neurotoxins. J Biol Chem 274: 26172–26178.

53. Destoumieux D, Munoz M, Cosseau C, Rodriguez J, Bulet P, et al. (2000)
Penaeidins, antimicrobial peptides with chitin-binding activity, are produced

and stored in shrimp granulocytes and released after microbial challenge. J Cell
Sci 113 (Pt 3): 461–469.

54. Sperstad SV, Haug T, Vasskog T, Stensvag K (2009) Hyastatin, a glycine-rich
multi-domain antimicrobial peptide isolated from the spider crab (Hyas araneus)

hemocytes. Mol Immunol 46: 2604–2612.

55. Gazit E, Boman A, Boman HG, Shai Y (1995) Interaction of the mammalian
antibacterial peptide cecropin P1 with phospholipid-vesicles. Biochemistry 34:

11479–11488.
56. Scocchi M, Luthy C, Decarli P, Mignogna G, Christen P, et al. (2009) The

Proline-rich Antibacterial Peptide Bac7 Binds to and Inhibits in vitro the

Molecular Chaperone DnaK. International Journal of Peptide Research and
Therapeutics 15: 147–155.

Antimicrobial Activity of Arasin 1 Fragments

PLOS ONE | www.plosone.org 11 January 2013 | Volume 8 | Issue 1 | e53326


