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A novel member of the insect defensins, a family of antibacterial peptides, was purified from larvae of the

coconut rhinoceros beetle, Oryctes rhinoceros, immunized with Escherichia coli. A full-size cDNA was cloned

by combining reverse-transcription PCR (RT-PCR), and 5 0- and 3 0-rapid amplification of cDNA ends (RACE).

Analysis of the O. rhinoceros defensin gene expression showed it to be expressed in the fat body and hemocyte,

midgut and Malpighian tubules. O. rhinoceros defensin showed strong antibacterial activity against Staphylo-

coccus aureus. A 9-mer peptide amidated at its C-terminus, AHCLAICRK-NH2 (Ala22±Lys30-NH2), was

synthesized based on the deduced amino-acid sequence, assumed to be an active site sequence by analogy with

the sequence of a defensin isolated from larvae of the beetle Allomyrina dichotoma. This peptide showed

antibacterial activity against S. aureus, methicillin-resistant S. aureus, E. coli and Pseudomonas aeruginosa. We

further modified this oligopeptide and synthesized five 9-mer peptides, ALRLAIRKR-NH2, ALLLAIRKR-NH2,

AWLLAIRKR-NH2, ALYLAIRKR-NH2 and ALWLAIRKR-NH2. These oligopeptides showed strong antibacterial

activity against Gram-negative and Gram-positive bacteria. The antibacterial effect of Ala22±Lys30-NH2

analogues was due to its interaction with bacterial membranes, judging from the leakage of liposome-entrapped

glucose. These Ala22±Lys30-NH2 analogues did not show haemolytic activity and did not inhibit the growth of

murine fibroblast cells or macrophages, except for AWLLAIRKR-NH2.
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Insect antibacterial peptides have unique properties that disrupt
bacterial membranes via peptide±lipid interactions [1], and
some are known to be effective against antibiotic-resistant
pathogenic bacteria such as methicillin-resistant S. aureus
(MRSA) and P. aeruginosa [2±4], suggesting their potential
use as therapeutic agents. To develop novel antibiotics, many
trials have been conducted using insect antibacterial peptides.
Shortened cecropin A±mellitin hybrid 15-mer peptides, for
example, have shown strong antibacterial activity [5]. Trun-
cated antibacterial peptides have also been synthesized, and
some of them were effective against bacteria [6±8]. Amphi-
pathic a-helical regions have been identified as active sites of
antibacterial peptides [9±11]. Modifications of these peptides
can lead to greater and broader antibacterial activity than the
original peptide [12,13]. The C-terminal b-sheet domain of an
antibacterial peptide was found to be an active site and showed
activity against fungi and Gram-positive and Gram-negative
bacteria [14].

We have designed and synthesized oligopeptides based on
the amino-acid sequence of Allomyrina dichotoma defensin
[15]. These oligopeptides (8- to 12-mer peptides) were effective
against both Gram-positive and Gram-negative bacteria includ-
ing MRSA and P. aeruginosa isolated from patients. The
antibacterial effect was due to their interaction with bacterial
membranes. Oligopeptides showed no haemolytic activity and
did not inhibit the growth of murine fibroblast cells.

In this work, we have purified and characterized a defensin
from O. rhinoceros larvae and cloned its cDNA to synthesize
short novel peptides that have strong antibacterial activity and a
wide antibacterial spectrum against bacteria, including patho-
genic bacteria. For this, we modified a putative active site of
O. rhinoceros defensin and synthesized five novel 9-mer
peptides. These synthetic oligopeptides indicated strong anti-
bacterial activity and were demonstrated to interact with
liposomal membranes of S. aureus and E. coli types. Peptides
did not show haemolytic activity. Although one of the oligo-
peptides inhibited the growth of murine macrophages, other
peptides did not suppress their growth or that of fibroblast cells.

M A T E R I A L S A N D M E T H O D S

Experimental insects

O. rhinoceros larvae were collected in the field on Okinawa and
Ishigaki Islands, Japan. Third instar larvae were used to purify
antibacterial peptides and to analyse gene expression.

Immunization and collection of haemolymph

O. rhinoceros larvae were cooled on ice and injected with
50 mL of E. coli JM109 (2 � 105 cells per larva) suspended in
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physiological saline (150 mm NaCl/5 mm KCl). Larvae were
kept at 25 8C for 24 h. The haemolymph was collected by
cutting off a leg in an ice-cooled tube containing 1 tablet of
protease inhibitor cocktail, COMPLETE (Boehringer). After
centrifugation at 4 8C for 50 min at 39 000 g to remove
hemocytes, the clear supernatant was heated in a boiling water
bath for 10 min and cooled on ice. The heated solution was
centrifuged under the same conditions as above.

Assay for antibacterial activity

Throughout purification, antibacterial activity was analysed by
measuring the bacterial growth inhibition zone [16] on thin
agarose plates containing bacteria. Briefly, melted agar (20 mL)
containing 1 � 106 logarithmic-phase cells of S. aureus was
poured into sterile Petri dishes (8.4 cm diameter). Wells (2 mm
diameter) were cut in the freshly poured plates after agar
solidified. Each well held a 5-mL aliquot of the fraction. Plates
were incubated overnight at 37 8C and the diameters of clear
zones were recorded (after subtracting the well diameter). To
determine the effect of purified defensin, different doses of the
antibacterial peptide were added to a bacterial culture (50 mL)
of S. aureus. Logarithmic-phase cells of the bacterium cultured
in MuÈller and Hinton broth (Difco) were first suspended in
30 mm phosphate buffer, pH 7.0 containing 60 mm NaCl, and
10 mL of this suspension (1.5 � 105 cells) was then added
to 40 mL of the fresh broth and cultured for 20 h at 37 8C with
shaking. The culture was chilled and the bacterial concentration
determined by measuring absorbance at 550 nm using a
spectrophotometer (Beckman, DU-650). The minimal inhibi-
tory concentration of peptides was observed 20 h after incu-
bation at 37 8C.

Purification of O. rhinoceros defensin

A haemolymph sample (20 mL) was acidified with 0.1%
trifluoroacetic acid and applied to a Sep-Pak Vac C18 cartridge
(Waters Associates), previously equilibrated with 0.1% tri-
fluoroacetic acid. The adsorbed materials were eluted stepwise
with 10, 20, 30, 40, 50 and 100% acetonitrile containing 0.1%
trifluoroacetic acid. Fractions containing antibacterial activity
were dried under a vacuum. Dried materials were dissolved in
0.05% heptafluorobuthanoic acid and applied to reverse-phase
HPLC with a Resource RPC column (1 mL, Pharmacia),
equilibrated with 0.1% heptafluorobuthanoic acid connected to
an AÈ KTA system (Pharmacia), equilibrated with 0.05% hepta-
fluorobutyric acid. Adsorbed materials were eluted with a linear
gradient of acetonitrile/0.05% heptafluorobuthanoic acid
(0±20%) for 5 min followed by a second gradient (20±40%)
for 40 min at 1 mL´min21. Fractions having antibacterial
activity were pooled and dried under a vacuum. Dried materials
were dissolved in 0.05% trifluoroacetic acid and applied
to reverse-phase HPLC with a mRPC 3.2/3 column
(3.2 � 30 mm, Pharmacia) equilibrated with 0.05% trifluoro-
acetic acid, connected to a SMART system (Pharmacia). The
column was washed with 0.05% trifluoroacetic acid and
adsorbed materials were eluted with a linear gradient of
acetonitrile/0.05% trifluoroacetic acid (0±20%) for 5 min
followed by a second gradient (25±35%) for 40 min at
0.2 mL´min21. Fractions showing antibacterial activity were
again purified by reverse-phase HPLC with a mRPC 2.1/10
column at 0.1 mL´min21 under the same conditions described
above.

Molecular mass measurement

Matrix-assisted laser desorption/ionization time of flight
(MALDI-TOF) MS was conducted on a Voyager RP Biospec-
trometry System (PerSeptive Biosystems) using a-cyano-4-
hydrocinnamic acid (Aldrich) as a matrix.

Amino-acid sequence analysis

The amino-acid sequence was determined using a Beckman
LF-3400 gas phase sequencer.

cDNA cloning and nucleotide sequencing

mRNAs were isolated from fat bodies of third instar larvae 10 h
after immunization with E. coli JM109 (2 � 105 cells) using a
Quick Prep mRNA Purification Kit (Pharmacia). First-strand
cDNA was synthesized using a First Strand cDNA Synthesis Kit
(Pharmacia). Sixty nanograms of first-strand DNA was used for
reverse-transcription (RT)-PCR conducted with the following
degenerate primers: 5 0-TGT/CGAT/CC/TTA/C/G/TT/CA/C/G/
TT/AC/GA/C/G/TTTT/CGA-3 0 for the forward primer and 5 0-
A/GCAA/G/TATA/GCAA/C/G/TACA/C/G/TCCA/C/G/TCG/
TT/CT-3 0 for the reverse primer. The forward primer was based
on the amino-acid sequence of O. rhinoceros defensin and the
reverse primer was designed based on the amino-acid sequence
of the C-terminal conserved region of coleopteran defensins.
PCR reactions were carried out with a step-down protocol [17],
i.e. 5 min preheating at 94 8C, five cycles (94 8C for 30 s,
60 8C for 30 s and 72 8C for 30 s), five cycles (94 8C for 30 s,
55 8C for 30 s and 72 8C for 30 s), five cycles (94 8C for
30 s, 45 8C for 30 s and 72 8C for 30 s), 10 cycles (94 8C for
30 s, 40 8C for 30 s and 72 8C for 30 s) and a 7-min elongation
at 72 8C. A 120-bp fragment obtained in this step was
subcloned into a pCR2.1 vector using the Original TA Cloning
Kit (Invitrogen). The nucleotide sequence of this fragment was
determined by dye terminator cycle sequencing using a DNA
sequencer (ABI 373 A). 3 0-RACE was carried out by step-
down PCR as descibed above using a first-strand cDNA as a
template, an O. rhinoceros defensin specific primer (5 0-AGC-
TAAGGGTTTTGCTGCCA-3 0) and the adaptor primer
(5 0-AACTGGAAGAATTCGCGGC-3 0). Nested PCR was
carried out using the PCR product as a template, the nested
primer (5 0-ATCACAGCCTGTGCGCTG-3 0) and the adaptor
primer under the same conditions as described above. 5 0-RACE
was carried out using a 5 0-RACE kit (Gibco) with O. rhino-
ceros defensin-specific antisense primers, 5 0-GATCTATCT-
TCTGCACACA-3 0, 5 0-CAAACCCCATTTTGACAAGCA-3 0
and an anchor primer, 5 0-GGCCACGCGTCGACTAGTACGG-
GIIGGGIIGGGIIG-3 0. Finally, a full-size sequence encoding
O. rhinoceros defensin was amplified using the primer
5 0-TGACTCATACAACAAATCGCA-3 0 and an adaptor primer
under the following conditions: preheating for 5 min, 35 cycles
(94 8C for 30 s, 48 8C for 30 s and 72 8C for 30 s) and
elongation at 72 8C for 7 min. A 316-bp PCR product obtained
in the final step was subcloned and nucleotide sequencing was
conducted as described above.

Gene expression analysis in different tissues

RT-PCR was carried out to analyse gene expression of
O. rhinoceros defensin in different tissues. Third instar larvae
were immunized with E. coli. Fat body, hemocyte, midgut
and Malpighian tubules were excised from larvae 10 h after
immunization. As a control, the same tissues were excised from
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nonimmunized larvae. mRNA isolation and cDNA synthesis
were as described above. Sixty nanograms first-strand DNA
was used for RT-PCR with the following primers: 5 0-TGA-
CTCATACAACAAATCGCA-3 0(forward primer) and 5 0-CAA-
ACCCCATTTTGACAAGCA-3 0 (reverse primer). As an
internal marker, the following insect actin primers were syn-
thesized and used [18]: 5 0-AGCAGGAGATGGCCACC-3 0
(forward primer) and 5 0-TCCACATCTGCTGGAAGG-3 0
(reverse primer). Five RT-PCR cycles (25, 30, 35, 40 and 45)
were conducted under the following conditions: 94 8C (30 s),
50 8C (30 s) and 72 8C (30 s). RT-PCR products were subjected
to agarose-gel elecrophoresis (2%) and stained with ethidum
bromide. A 100-bp ladder (Pharmacia Biotech) was used as
DNA size markers.

Peptide synthesis

9-Fluorenylmethoxycarbonyl (Fmoc) l-amino acids and
Fmoc-tris(alkoxy)benzylamide-poly(ethylene glycol)-poly-
styrene resins were purchased from PerSeptive Biosystems.
The 9-mer peptides, AHCLAIGRK, ALRLAIRKR,
ALLLAIRKR, AWLLAIRKR, ALYLAIRKR and ALWLAIRKR
with a free amide group at their C-termini, were synthesized by
a solid-phase method in a 9050 Plus Peptide Synthesizer
(Millipore). Each peptide was purified to homogeneity by the
SMART system or an AÈ KTA Explorer using a reverse-phase
column of mRPC C2/C18 PC3.2/3 or of Resource RPC (1 mL)
(Pharmacia). The column of mRPC C2/C18 PC 3.2/3 was eluted
in 50 min at 0.1 mL´min21, using a linear gradient from 0 to
30% (v/v) acetonitrile in water, both containing 0.05% (v/v)
trifluoroacetic acid. The 1-mL Resource RPC column was

eluted in 20 min at 2 mL´min21, using a linear gradient
from 0 to 25% (v/v) acetonitrile in water, both containing
0.05% (v/v) trifluoroacetic acid.

Assay for liposomal membrane permeability

Liposomes containing trapped glucose was prepared under the
method of Yamada and Natori [19]. Phosphatidylglycerol
(PtdGro) from egg yolk lectin, cardiolipin (CL) from bovine
heart and phosphatidylethanolamine (PtdEtn) from E. coli were
purchased from Sigma. Two types of liposomes were prepared:
the S. aureus type contained a PtdGro/CL molar ratio of 3 : 1
and the E. coli type contained a PtdGro/CL/PtdEtn molar ratio
of 2 : 1 : 7. Two micromoles of the phospholipid mixture in
chloroform was dried under nitrogen gas. After the addition of
0.3 m glucose (0.2 mL), a multilamellar liposome was formed
by vortex mixing. Liposomes thus prepared were washed three
times with 1 mL of 10 mm sodium phosphate buffer (pH 7.0)/
130 mm NaCl to remove untrapped glucose and finally
suspended in 0.6 mL of the same buffer. An aliquot of the
liposome suspension (10 mL) was added to incremental
amounts of peptides dissolved in 10 mL of 10 mm sodium
phosphate buffer, pH 7.0, containing 130 mm NaCl. These
mixtures were incubated for 1 h at 25 8C. Phospholipids in
liposomes were calculated by measuring the amount of ester
groups [20]. Glucose released from liposomes was assayed
using a Glucose CII-Test kit (Wako Chemical). a-Lactalbumin
was used as a negative control.

Haemolytic activity

Erythrocytes were isolated from heparinized rabbit blood by
centrifugation at 800 g for 10 min after washing three times
with isotonic NaCl/Pi (130 mm NaCl, 3 mm KCl, 8 mm
Na2HPO4 and 1.5 mm KH2PO4, pH 7.4) and resuspended in
the same buffer. Erythrocyte solution [0.5% (v/v); final volume
100 mL] was incubated with different concentrations of
peptides for 30 min at 25 8C. Samples were centrifuged at
1000 g for 5 min and the absorbance of supernatants was
measured at 540 nm.

Cytotoxic activity

The cytotoxic activity of peptides was examined in a sterile
96-well plate using the murine macrophage cell line JA-4 [21]
and the fibroblast cell line L929 [22]. Cells were cultured at
37 8C in RPMI 1640 medium (Nissui) containing 10% (v/v)
fetal bovine serum, 100 mg´mL21 streptomycin and 100 U´mL21

penicillin in a 5% CO2 humidified atmosphere. Cultured cells
were suspended in RPM1 medium (105 cells´mL21) and
100 mL of cell suspension was transferred to culture plates.
The mixture of NaCl/Pi (10 mL) containing different concen-
trations of peptides and Alamar Blue (10 mL) (Iwaki) was
added to the cell suspension, which was then incubated at 37 8C
for 24 h. Cell growth inhibition was determined by measuring
fluorescence intensity on a Cytoflour 2300 (Millipore) at an
excitation wavelength of 530 nm and an emission wavelength
of 590 nm.

R E S U LT S

Purification of O. rhinoceros defensin

O. rhinoceros defensin was purified from 20 mL of the
immunized haemolymph. In an initial purification through a

Fig. 1. Final purification profile by reverse-phase HPLC of O. rhino-

ceros defensin. Reverse-phase HPLC was conducted with an mRPC 2.1/10

column connected to a Smart system (Pharmacia). Protein adsorbed on the

column was eluted with a gradient of 0±20% acetonitrile/0.05% trifluor-

acetic acid followed by the gradient (25±35%). Protein content was

monitored by measuring the UV adsorbance at 220 nm. Antibacterial

activity was examined in the plate-growth-inhibition assay using S. aureus.

An arrow indicates a peak fraction having antibacterial activity. The

acetonitrile concentration (%) is shown.
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Sep-pak C18 cartridge, antibacterial activity against S. aureus
was found in the 10, 30 and 40% acetonitrile fractions. Of these
three fractions, 30 and 40% acetonitrile contained stronger
antibacterial activity than the 10%. After Sep-Pak treatment of
the haemolymph, combined 30 and 40% fractions were further
purified by reverse-phase HPLC with a linear gradient of
acetonitrile (20±40%). Antibacterial activity against S. aureus
was eluted with 38±40% acetonitrile. The combined samples
having antibacterial activity were subjected to a final reverse-
phase HPLC. Several protein peaks were eluted with a linear
gradient of acetonitrile (25±35%) and a sharp peak was shown
to be the only fraction containing antibacterial activity against
S. aureus (Fig. 1). This peak fraction was analysed by
MALDI-TOF-MS and confirmed to be a pure substance having

a relative molecular mass of 4466 (data not shown). Four
micrograms of antibacterial material was obtained from 20 mL
of haemolymph.

Determination of partial amino-acid sequence

The amino-acid sequence of the N-terminal region was
analysed by automated Edman degradation, and a sequence
of 15 amino acid residues (LTXDLLXFEAKGFAA, where X is
unidentified amino acid residue) was obtained. Comparison of
this sequence with those of reported proteins by a computer-
aided homology search indicated that this partial amino-acid
sequence has 80% similarity to that of A. dichotoma defensin
[3] and 47% similarity to that of tenesin 1, a defensin from the

Fig. 2. Nucleotide and deduced amino-acid

sequence of a cDNA encoding O. rhinoceros

defensin. The number of nucleotides starting

from the methionine codon is given at the right

side of each line. Deduced amino acids are

expressed by the one-letter code. The amino-acid

residue of O. rhinoceros defensin N-terminus is

boxed. The potential recognition sequence for the

cleavage site within the constitutive secretory

pathway (Arg-Xaa-Lys/Arg-Arg) [36] is double-

underlined. Asterisks indicate the termination

codon.

Fig. 3. Gene expression of O. rhinoceros defensin in different tissues. mRNA samples were extracted from the fat body, Malpighian tubules, hemocytes

and midgut of nonimmunized third instar larvae (C) and those immunized with E. coli (I). RT-PCR products obtained after 25, 30, 35, 40 and 45 cycle

reactions were electorophoresed on a 2% agarose gel. As an internal marker, actin primers were used for RT-PCR.
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beetle Tenebrio molitor [23], suggesting that the purified
substance is an insect defensin.

cDNA cloning and nucleotide sequencing

Molecular cloning of the cDNA by RT-PCR was conducted to
obtain the complete amino-acid sequence of the antibacterial
peptide. A degenerate primer based on the amino-acid sequence
of the N-terminal portion was synthesized for this purpose. The
nucleotide sequence of a 120-bp fragment obtained by the first
RT-PCR was sequenced and it was confirmed that this encoded
the amino-acid sequence expected. 5 0- and 3 0-RACE was
carried out to obtain a full-size cDNA. The nucleotide
sequencing of this cDNA showed that it encodes 79 amino
acids, whose mature portion was assumed to consist of 43
amino-acid residues (Fig. 2). Comparison of the overall amino-
acid sequence of O. rhinoceros defensin with that of the

A. dichotoma defensin indicated that the antibacterial peptides
have 81% similarity (data not shown). The position of six
cysteine residues of O. rhinoceros defensin was perfectly
conserved among 16 insect defensins from A. dichotoma [3],
T. molitor [23], Zophobas atratus [24], Apis mellifera [25],
Pyrrhocoris apterus [26], Sarcophaga peregrina [2,27],
Drosophila melanogaster [28], Eristalis tenax [29] and Aedes
aegypti [30]. Gene expression of O. rhinoceros defensin was
analysed with RT-PCR and showed that this gene is expressed
in the midgut, Malphigian tubules, fat body and hemocyte
(Fig. 3). In the latter three tissues, gene expression of this
antibacterial peptide was induced by bacteria, whereas con-
stitutive expression was seen in the midgut. The same gene
expression pattern was observed in the case of rhinocerosin,
another antibacterial peptide from O. rhinoceros larvae [31].
Midguts of O. rhinoceros larvae may be constantly infected by
bacteria, because they feed on dung of cattles and grow in
compost. Another possible explanation is that this gene is
constitutively expressed in the midgut at a low level, as is the
case with lyzozymes of Hyalophora cecropia [32] and Bombyx
mori [33]. Mechanisms of differential gene expression among
tissues remain to be an open question for the future.

Effect of O. rhinoceros defensin dossage on the growth of
S. aureus

To determine the effect of O. rhinoceros defensin dossage,
S. aureus was cultured in the presence of different concentra-
tions of the antibacterial peptide. The growth of S. aureus was
strongly inhibited by a low dose (0.2 mg´mL21) as observed for
A. dichotoma defensin [3], suggesting its potential use as a
therapeutic agent (Fig. 4).

Effect of the synthetic Ala22±Lys30-NH2 fragment and its
analogues on the growth of bacteria

We first synthesized a peptide fragment, AHCLAIGRK-NH2

(Ala22±Lys30-NH2), assuming that this fragment contains
antibacterial activity by comparison of the amino-acid sequence
with that of A. dichotoma defensin [15]. The active site,
LCAAHCLAIGRR-NH2 of A. dichotoma defensin has an
identical amino-acid sequence, except for the last amino acid
residue, to that of residues 19±30 of O. rhinoceros defensin.
We examined the antibacterial activity of the Ala22±Lys30-
NH2 fragment of O. rhinoceros defensin against S. aureus,
MRSA, E. coli and P. aeruginosa. As we expected, this
fragment showed antibacterial acitivity against these bacteria
(Table 1). We then synthesized five 9-mer peptides modified
based on the amino-acid sequence of the Ala22±Lys30-NH2

and determined their minimal inhibitory concentration against

Fig. 4. Effect of O. rhinoceros defensin dosage on the growth of

S. aureus. Growth rate of S. aureus was determined in the presence of

different concentrations of O. rhinoceros defensin (0, 0.1, 0.2, 0.4 and

0.8 mg´mL21). Bacterial growth rate without O. rhinoceros defensin was

expressed as 100%.

Table 1. Antibacterial activity of synthetic Ala22±Lys30-NH2 fragment and analogues. MRSA and P. aeruginosa were isolated from infected patients.

MIC, minimal inhibitory concentration.

MIC (mg´mL21)

Sample S. aureus MRSA E. coli P. aeruginosa

AHCLAIGRK-NH2 (Ala22±Lys30-NH2) 25 . 50� 25 . 50�

ALRLAIRKR-NH2 5 . 48 4 15�

ALLLAIRKR-NH2 4 40 6 4

AWLLAIRKR-NH2 3 25 5 4

ALYLAIRKR-NH2 3 30 4 4

ALWLAIRKR-NH2 4 40 10 10
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bacteria. Modified peptides showed strong antibacterial activity
against Gram-positive and Gram-negative bacteria (Table 1).

Effect of synthetic peptides on liposomal membrane
permeability

We prepared S. aureus and E. coli type liposomes with
entrapped glucose to examine the direct effect of five synthetic

Ala22±Lys30-NH2 analogues on membrane permeability. The
change in permeability was assayed by measuring glucose
leaking into the buffer solution. Results indicated that
liposomal membrane permeability increased proportionally to
the increment of the peptide concentration (Fig. 5). Glucose
leakage from the S. aureus-membrane-type was greater than
that from the E. coli-membrane-type and parallel to the
antibacterial activity of analogues (Table 1).

Fig. 5. Effect of the Ala22±Lys30-NH2

analogues on glucose release from liposomes.

S. aureus (PtdGro/CL, 3 : 1, mol/mol) (A) and

E. coli (PtdEtn/PtdGro/CL, 7 : 2 : 1) (B) types of

liposomes with entrapped glucose were prepared.

The amount of glucose released by 0.3% Triton

X-100 was defined as 100%. The amount of

glucose entrapped in liposomes was 1.2 mol of

glucose per mol of S. aureus-membrane-type

phospholipids and 0.9 mol of glucose per mol of

E. coli-membrane-type was phospholipids. The

phospholipid concentration of the reaction

mixture for the S. aureus-membrane-type was

275 mm and that for the E. coli-membrane type

was 240 mm.

Fig. 6. Haemolytic activity of Ala22±Lys30-NH2 analogues. Rabbit

erythrocytes were incubated with different concentrations of the Ala22±

Lys30-NH2 analogues described in the figure. As a positive control, melittin

was used. For details of experimental conditions, see Materials and

methods.

Fig. 7. Cytotoxic activity of Ala22±Lys30-NH2 analogues on murine

macrophages. The murine macrophage cell line JA-4 was used to observe

growth inhibition by the Ala22±Lys30-NH2 analogues described in the

figure. Details of experimental conditions are given in Materials and

methods.
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Haemolytic and cytotoxic activity of Ala22±Lys30-NH2

analogues

The effect of Ala22±Lys30-NH2 analogues on haemolytic
activity against rabbit erythrocytes was examined. None of the
five analogues had haemolytic activity, whereas a bee venom,
melittin, as a positive control showed strong activity (Fig. 6).

The cytotoxic activity of analogues against murine macro-
phages and fibroblast cells was also examined and we found
that none had cytotoxic activity towards fibroblast cells
(, 2000 mg´mL21 peptide) (data not shown). For macro-
phages, four analogues showed no cytotoxic activity, whereas
one peptide, AWLLAIRKR-NH2, suppressed the growth strongly
(34% inhibition at 1000 mg´mL21 and 52% inhibition at
2000 mg´mL21) (Fig. 7).

D I S C U S S I O N

The main problems of using peptide antibiotics for direct
therapeutic treatment are their antigenicity and cytotoxicity.
Considerable attention has been paid to reducing the size and
haemolytic and cytotoxic activity of antibacterial peptides
[5±8,34]. In line with this approach, we synthesized novel short
peptides that were modifications of O. rhinoceros defensin.
Antibacterial activity and gene expression of O. rhinoceros
defensin suggest that this antibacterial peptide is, in principle,
similar to other insect defensins (Figs 1±4). We noted that the
amino-acid sequence deduced from the nucleotide sequence of
O. rhinoceros defensin cDNA was highly similar (86.0%) to
that of A. dichotoma defensin [3]. Taking advantage of this
result, we deduced its active site, as we had previously
determined the active site of A. dichotoma defensin [15]. The
active site of A. dichotoma defensin, Leu19±Arg30-NH2

fragment, was highly similar (91.7%) to an amino-acid sequence
of O. rhinoceros defensin. A shorter peptide of A. dichotoma
defensin, Ala22±Arg30-NH2, was still contained significant
antibacterial activity, thus we synthesized a Ala22±Lys30-NH2

fragment and confirmed its antibacterial activity (Table 1).
Amidation at the C-terminus of A. dichotoma defensin was
found to be indispensable for antibacterial activity [15].

Previous results suggested that the C-terminal region of the
Ala22±Arg30-NH2 fragment, i.e. RR-NH2, is important in
antibacterial activity [15], so we synthesized five novel Ala22±
Lys30-NH2 analogues, whose C-terminal portions were
KR-NH2, based on Ala22±Lys30-NH2, and confirmed that all
five peptides showed strong antibacterial activity (Table 1).
Results suggest that the first arginine of the RR-NH2 can be
replaced with another basic amino acid residue, lysine, and that
basic amino acid residues may play an important role in
interacting with acidic phospholipids in bacterial membranes.
Of the five synthetic peptides, AWLLAIRKR-NH2 and
ALYLAIRKR-NH2 showed especially strong antibacterial
activity, including activity against pathogenic species, and its
minimal inhibitory concentration was similar to that of
AWLLAIRRR-NH2 and ALYLAIRRR-NH2, which were syn-
thesized based on A. dichotoma Ala22±Arg30-NH2 [15].
Interestingly, AWLLAIRKR-NH2 from O. rhinoceros defensin
and AWLLAIRRR-NH2 from A. dichotoma defensin exhibited
similar cytotoxic activity towards murine macrophages but
not towards fibroblast cells, although other synthetic peptides
from O. rhinoceros (ALRLAIRKR-NH2, ALLLAIRKR-NH2,
ALYLAIRKR-NH2 and ALWLAIRKR-NH2) and from
A. dichotoma (ALRLAIRRR-NH2, ALLLAIRRR-NH2,
ALYLAIRKR-NH2 and ALWLAIRRR-NH2) [15] did not
have this activity. The evidence strongly suggests that the

second amino-acid residue from the N-terminus, tryptophan,
causes synthetic oligopeptides cytotoxicity towards murine
macrophages. These data also support our previous assumption
that no 9-mer analogues of an A. dichotoma defensin active site
lyse eukaryotic cells, whose membranes contain cholesterol,
and whose outer leaflet consists of zwitterionic and sphingo-
myelin phopholipids [35]. Although insect defensins are
generally active against Gram-positive but not Gram-negative
bacteria, our modified Ala22±Lys30-NH2 was active against
Gram-negative bacteria, such as E. coli and P. aeruginosa, and
Gram-positive bacteria. This wide antibacterial spectrum was
confirmed by the interaction of these peptides with S. aureus
type and E. coli type liposomal membranes (Fig. 5). Results
suggest that the target of Ala22±Lys30-NH2 analogues is the
bacterial membrane and that bacterial cell wall components,
such as lipopolysaccharide present only in Gram-negative
bacteria and teichoic acid present only in Gram-positive
bacteria, do not interfere with peptide±lipid interaction. Results
of glucose leakage tests from liposomes showed that S. aureus-
membrane-type liposomes were more sensitive than E. coli-
membrane-type liposomes to Ala22±Lys30-NH2 analogues.
The results were consistent with our previous observation using
a 22A-30R-NH2 fragment [15]. These 9-mer peptides thus have
a higher affinity for a bacterial membrane with a high content
of acidic phospholipids seen in Gram-positive bacteria.
O. rhinoceros defensin Ala22±Lys30-NH2 analogues were
effective against drug-resistant pathogenic bacteria isolated
from patients (Table 1), suggesting that the unique character-
istics described above are very important in developing new
antibiotics effective against drug-resistant bacteria. We think
that these synthetic peptides and Ala22±Arg30-NH2 analogues
from A. dichotoma defensin will be able to serve as lead
peptides in developing antibiotics effective against infectious
diseases caused by drug-resistant bacteria, for example, in
cystic fibrosis patients.

A C K N O W L E D G E M E N T S

We thank Dr M. Tanaka for his technical assistance and Dr K. Taniai and

K. Kuramori for collecting beetles. This work was supported by Enhance-

ment of Center for Excellence, Special Coordination Funds for Promoting

Science and Technology, Science and Technology Agency, Japan.

R E F E R E N C E S

1. Boman, H.G. (1995) Peptide antibiotics and their role in innate

immunity. Annu. Rev. Immunol. 13, 61±92.

2. Yamada, K. & Natori, S. (1993) Purification, sequence and anti-

bacterial activity of two novel sapecin homologues from Sarcophaga

embryonic cells: similarity of sapecin B to charybdotoxin. Biochem.

J. 291, 275±279.

3. Miyanoshita, A., Hara, S., Sugiyama, M., Asaoka, A., Taniai, K.,

Yukuhiro, F. & Yamakawa, M. (1996) Isolation and characterization

of a new member of insect defensin family from a beetle, Allomirina

dichotoma. Biochem. Biophys. Res. Commun. 220, 526±531.

4. Hara, S., Asaoka, A. & Yamakawa, M. (1996) Effect of moricin, a

novel antibacterial peptide of Bombyx mori (Lepidoptera: Bombyci-

dae) on the growth of methicillin-resistant Staphylococcus aureus

(MRSA). Appl. Entomol. Zool. 31, 465±466.

5. Andreu, D., Ubach, J., Boman, A., Wahlin, B., Wade, D., Merrifield,

R.B. & Boman, H.G. (1992) Shortened cecropin A-melittin hybrids.

Significant size reduction retains potent antibacterial activity. FEBS

Lett. 296, 190±194.

6. Fehlbaum, P., Bulet, P., Chernysh, S., Briand, J.P., Roussel, J.P.,

Letellier, L., Hetru, C. & Hoffmann, J.A. (1996) Structure±activity

analysis of thanatin, a 21-residue inducible insect defense peptide



q FEBS 1999 Modification of a beetle defensin (Eur. J. Biochem. 266) 623

with sequence homology to frog skin antimicrobial peptides. Proc.

Natl Acad. Sci. USA 93, 1221±1225.

7. Fleury, F., Dayem, M.A., Montagne, J.J., Chaboisseau, E., Le Caer, J.P.,

Nicholas, P. & Delfour, A. (1996) Covalent structure, synthesis, and

structure-function studies of mesentericin Y 105 (37), a defensive

peptide from gram-positive bacteria Leuconostoc mesenteroides.

J. Biol. Chem. 271, 14421±14429.

8. Oren, Z. & Shai, Y. (1996) A class of highly potent antibacterial

peptides derived from paradaxin, a pore-forming peptide isolated

from Moses sole fish Pardachirus marmoratus. Eur. J. Biochem. 237,

303±310.

9. Ojcius, D.M. & Young, J.D. (1991) Cytolytic pore-forming proteins

and peptides: is there a common structural motif? Trends. Biochem.

Sci. 16, 225±229.

10. Blondelle, S.E. & Houghten, R.A. (1992) Design of model amphipathic

peptides having potent antimicrobial activities. Biochemistry 31,

12688±12694.

11. Yamada, K. & Natori, S. (1994) Characterization of the antimicrobial

peptide derived from sapecin B, an antibacterial protein of

Sarcophaga peregrina (flesh fly). Biochem. J. 298, 623±628.

12. Alvarez-Bravo, J., Kurata, S. & Natori, S. (1994) Novel synthetic

antimicrobial peptides effective against methicillin-resistant Staphylo-

coccus aureus. Biochem. J. 302, 535±538.

13. Helmerhorst, E.J., Van't Hof, W., Veerman, E.C., Simoons-Smit, I. &

Nieuw Amerongen, A.V. (1997) Synthetic histatin analogues with

broad-spectrum antimicrobial activity. Biochem. J. 326, 39±45.

14. Lee, K.H., Hong, S.Y., Oh, J.E., Kwon, M., Yoon, J.H., Lee, J., Lee,

B.L. & Moon, H.M. (1998) Identification and characterization of the

antimicrobial peptide corresponding to C-terminal b-sheet domain to

tenecin 1, an antibacterial protein of larvae of Tenebrio molitor.

Biochem. J. 334, 99±105.

15. Saido-Sakanaka, H., Ishibashi, J., Sagisaka, A., Momotani, E. &

Yamakawa, M. (1999) Synthesis and characterization of bactericidal

oligopeptides designed on the basis of an insect antibacterial peptide.

Biochem. J. 338, 29±33.

16. Hultmark, D., EngstroÈm, A., Bennich, H., Kapur, R. & Boman, H.G.

(1982) Insect immunity: isolation and structure of cecropin D and

four minor antibacterial components from cecropia pupae. Eur. J.

Biochem. 127, 207±217.

17. Hecker, K.H. & Roux, K.H. (1996) High and low annealing

temperatures increase both specificity and yield in touchdown and

stepdown PCR. Biotechniques 20, 478±485.

18. Kasai, S., Shono, T. & Yamakawa, M. (1998) Molecular cloning and

nucleotide sequence of a cytochrome P450 cDNA from a pyrethroid-

resistant mosquito, Culex quinquefasciatus Say. Insect Mol. Biol. 7,

185±190.

19. Yamada, K. & Natori, S. (1994) Characterization of the antibacterial

protein of Sarcophaga peregrina (flesh fly). Biochem. J. 298,

1476±1478.

20. Snyder, F. & Stephens, N. (1959) A simplified spectro-metric

determination of ester groups in lipids. Biochim. Biophys. Acta 34,

244±245.

21. Amano, F. & Akamatsu, Y. (1991) A lipopolysaccharide (LPS)-

resistant mutant isolated from a macrophage like cell line, J774.1,

exhibits an altered activated-macrophage phenotype in response to

LPS. Infect. Immun. 59, 2166±2174.

22. Amano, F., Nishijima, M. & Akamatsu, Y. (1986) A monosaccharide

precursor of Escherichia coli lipid A has the ability to induce

tumor-cytotoxic factor production by a murine macrophage-like cell

line, J774.1. J. Immunol. 136, 4122±4127.

23. Moon, H.J., Lee, S.Y., Kurata, S., Natori, S. & Lee, B.L. (1994)

Purification and molecular cloning of cDNA for an inducible

antibacterial protein from larvae of the coleopteran, Tenebrio molitor.

J. Biochem. 116, 53±58.

24. Bulet, P., Cociancich, S., Dimarcq, J.L., Lambert, J., Reichhart, J.M.,

Hoffmann, D., Hetru, C. & Hoffmann, J.A. (1991) Insect immunity.

Isolation from a coleopteran insect of a novel inducible antibacterial

peptide and of new members of the insect defensin family. J. Biol.

Chem. 266, 24520±24525.

25. Fujiwara, S., Imai, J., Yaeshima, T., Kawashima, T. & Kobayashi, K.

(1990) A potent antibacterial protein in royal jelly. Purification and

determination of the primary structure of royalisin. J. Biol. Chem.

265, 11333±11337.

26. Cociancich, S., Dupont, A., Hegy, G., Lanot, R., Holder, F., Hetru, C.,

Hoffmann, J.A. & Bulet, P. (1994) Novel inducible antibacterial

peptide from a hemipteran insect, the sap sucking-bug Pyrrhocoris

aptarus. Biochem. J. 300, 567±575.

27. Matsuyama, K. & Natori, S. (1988) Molecular cloning of the sapecin

gene during the development of Sarcophaga peregrina. J. Biol.

Chem. 263, 17117±17121.

28. Dimarcq, J.L., Hoffmann, D., Meister, M., Bulet, P., Lanot, R.,

Reichhart, J.M. & Hoffmann, J.A. (1994) Characterization and

transcriptional profiles of a Drosophila gene encoding an insect

defensin: a study in insect immunity. Eur. J. Biochem. 221, 201±209.

29. Hoffmann, J.A. & Hetru, C. (1992) Insect defensin: inducible

antibacterial peptides. Immunol. Today 13, 411±415.

30. Lowenberger, C., Bulet, P., Charlet, M., Hetru, C., Hodgeman, B.,

Christensen, B.M. & Hoffmann, J.A. (1995) Insect immunity:

isolation of three novel inducible antibacterial defensins from the

vector mosquito, Aedes aegypti. Insect Biochem. Mol. Biol. 25,

867±873.

31. Yang, J., Yamamoto, M., Ishibashi, J., Tainiai, K. & Yamakawa, M.

(1998) Isolation, cDNA cloning and gene expression of an

antibacterial protein from larvae of the coconut rhinoceros beetle,

Oryctes rhinoceros. Eur. J. Biochem. 255, 734±738.

32. Sun, S.-C., Isling, B. & Fage, I. (1991) Organization and expression of

the immunoresponsive lysozyme gene in the giant silk moth,

Hyalophora cecropia. J. Biol. Chem. 266, 6644±6649.

33. Morishima, I., Horiba, T., Iketani, M., Nishioka, E. & Yamano, Y.

(1995) Parallel induction of cecropin and lysozyme in larvae of the

silkworm, Bombyx mori. Dev. Comp. Immunol. 19, 357±363.

34. Subbalakshmi, C., Krishnakumari, V., Nagaraj, R. & Sitaram, N. (1996)

Requirement for antibacterial and hemolytic activities in the bovine

neutrophil derived 13-residue peptide indolicidin. FEBS Lett. 395,

48±52.

35. Turner, J.D. & Rouser, G. (1970) Precise quantitative determination of

human blood lipids by thin-layer and triethylaminoethylcellulose

column chromatography. I. Erythrocyte lipids. Anal. Biochem. 38,

423±436.

36. Hosaka, M., Nagahama, M., Kim, W.S., Watanabe, T., Hatsuzawa,

K., Ikemizu, J., Murakami, K. & Nakayama, K. (1992) Arg-X-Lys/

Arg-Arg motif as a signal for precursor cleavage catalyzed by

furin within the constitutive secretory pathway. J. Biol. Chem. 266,

12127±12130.


