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Abstract: Antibacterial peptides have been isolated from a wide range of species. Some of these peptides act on microbial
membranes, disrupting their barrier function. With the increasing development of antibiotic resistance by bacteria, these
antibacterial peptides, which have a new mode of action, have attracted interest as antibacterial agents. To date, however, few
effective high-throughput approaches have been developed for designing and screening peptides that act selectively on microbial
membranes. In vitro display techniques are powerful tools to select biologically functional peptides from peptide libraries. Here, we
used the ribosome display system to form peptide-ribosome-mRNA complexes in vitro from nucleotides encoding a peptide library,
as well as immobilized model membranes, to select specific sequences that recognize bacterial membranes. This combination of
ribosome display and immobilized model membranes was effective as an in vitro high-throughput screening system and enabled
us to identify motif sequences (ALR, KVL) that selectively recognized the bacterial membrane. Owing to host toxicity, it was
not possible to enrich any sequence expected to show antimicrobial activity using another in vitro system, e.g. phage display.
The synthetic peptides designed from these enriched motifs acted selectively on the bacterial model membrane and showed
antibacterial activity. Moreover, the motif sequence conferred selectivity onto native peptides lacking selectivity, and decreased
mammalian cell toxicity of native peptides without decreasing their antibacterial activity. Copyright © 2006 European Peptide
Society and John Wiley & Sons, Ltd.
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INTRODUCTION similar approaches [8,9]. To date, however, there have
been no reports showing that peptides capable of acting
specifically on the membranes of microorganisms can
be obtained successfully from random peptide libraries.
In addition, it is difficult to synthesize libraries of pep-
tides with long chain lengths and to determine the
amino acid sequence of a peptide directly after screen-
ing. These drawbacks can be avoided by associating
the amino acid sequence of the peptide with its genetic
information; i.e. the amino acid sequence of the peptide
can be determined from the DNA sequence encoding
it [10,11]. All these techniques rely on living cells for
protein expression and must include a step that uses
the functions of an organism, such as a microorganism
or a phage. Therefore, it is not possible to use these
techniques for the selection of peptide sequences that
have potential antimicrobial properties or that affect
the growth of organisms, such as host defense pep-
tides.

To overcome these problems, in vitro techniques,
such as ribosome display, in which all steps in the
screening procedure are carried out in a cell-free
system, have been developed [12-14]. In the case of
ribosome display, a protein-ribosome-mRNA complex
is formed and screened for proteins with a specific

Over the last two decades, antimicrobial peptides
(AMPs) have been identified for a wide range of organ-
isms. These peptides belong to a subset of host defense
peptides and occur widely in plants, insects, inver-
tebrates, and vertebrates, including humans [1,2]. In
particular, a specific type of host defense peptide,
which acts on the biomembranes of microorganisms,
has been shown to kill microorganisms by destroying
the barrier function of their membranes [3,4]. The mem-
branes of microorganisms are distinguished from those
of mammalian cells by their structural composition of
phospholipids and cholesterols. On the basis of their
mechanism of action and their specificity, these AMPs
may act as antibiotics with a low potential for induc-
ing antibiotic-resistant microbials [5]. To obtain more
effective host defense peptides with stable and desired
antibacterial spectra, attempts have been made to mod-
ify known sequences to produce peptides with improved
activity [6,7], but current methods are time-consuming
and the efficiency obtained is not as high as expected.
In recent years, high-throughput screening has been
performed frequently using combinatorial chemistry or
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function [15,16]. Such methods make it possible to
select the amino acid sequence of a peptide that is
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potentially lethal toward microorganisms. It is difficult,
however, to generate selection pressure during peptide
screening. Here, we report that a combination of
ribosome display and an immobilized model membrane
can enrich the sequences that selectively recognize
membrane structures (Figure 1(B)).

EXPERIMENTAL PROCEDURES

Library Construction

To construct a DNA library, genes were constructed in three
portions (Cassette 1, Cassette 2, and Cassette 3; Figure 1(A))
so that they could be applied to the design of any library.
Cassette 1 involved the insertion of the cDNA sequence of
the gene corresponding to a member of the library to be
screened; this sequence lacked a termination codon so that
the translated peptides and the mRNA would be coupled
via the ribosome in a peptide-ribosome-mRNA complex. An
Ndel site was incorporated at the 5 end and an Xbal site
was incorporated at the 3’ end of Cassette 1, for ligation to
Cassettes 2 and 3, respectively.

Cassette 2 involved the introduction of a ¢cDNA sequence
encoding a FLAG epitope tag for prescreening at its 5’ end,
followed by a sequence encoding a 3’ stem-loop to increase
the stability of the mRNA and a linker sequence (Gly-
Gly-Gly-Ser) to enable flexible movement of the translated
peptide. The linker could be extended by including multiples
of the unit sequence (Gly-Gly-Gly-Ser), and (Gly-Gly-Gly-
Ser)s was used in this study. Furthermore, an Xbal site
was incorporated at the 5 end of Cassette 2 for ligation to
Cassette 1.

Cassette 3 comprised all the cDNA sequences required
for transcription and translation (a T7 promoter sequence, a
Shine-Dalgarno sequence (SD), and a 5’ stem-loop to increase
the stability of post-transcriptional mRNA). The T7 promoter
and the SD sequence were separated by the optimal distance.
An Ndel site was incorporated at the 3’ end of Cassette 3 for
ligation to Cassette 1.

DNA sequences corresponding to the peptide library for
screening were chemically synthesized to prepare Cassette
1. Cassettes 1 and 2 were ligated via the restriction sites
described above using DNA ligase, and the ligated product was
amplified using primers 3 and 4. The resultant PCR product
was digested with Ndel, purified, and ligated to Cassette 3
using DNA ligase. The resultant ligation product was amplified
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Figure 1 Screening scheme for ribosome display combined with immobilized model membrane. (A) Schematic representation of
DNA constructs. The full-length DNA library consisted of three cassettes. Cassettes 2 and 3 were common to each component in
the library, whereas Cassette 1 carried the unique sequence for screening. (B) In vitro selection of mRNA-encoded peptides. The
DNA library was transcribed and translated in one tube, and the reaction was stopped by cooling on ice. Following stabilization
of the peptide-ribosome-mRNA complex by addition of 50 mm Mg?*, it was incubated with the model membrane immobilized on
magnetic beads via streptavidin. mRNA was eluted from the bound complex in buffer containing EDTA, amplified by RT-PCR, and
used for the next round of screening.
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using primers 1 and 4, and the PCR product was used as the
DNA library.

Transcription and Translation of DNA in Cell-Free
System

We used 0.5 pg of the constructed DNA library in a one-step
transcription/translation system, which contained Escherichia
coli S30 extract solution and 20 amino acids, in a total volume
of 20 pl. Following the addition of 0.8 ul T7 RNA polymerase,
the solution was incubated at 37°C for 30 min, RNase-free
DNase I was added, and the solution was incubated at 37°C
for 20 min to completely digest the template DNA. The solution
was cooled on ice, and 1 M magnesium acetate was added to a
final concentration of 50 mwm to stabilize the peptide-ribosome-
mRNA complex (PRM complex).

Prescreening

The prescreening process was used to remove complexes that
did not contain a full-length peptide of interest, owing to
the generation of a termination codon by an error in DNA
synthesis or PCR. This reduced the probability that incomplete
DNA sequences were included in the actual screening
system. Biotinylated antiFLAG antibodies were immobilized
on magnetic beads coated with streptavidin and incubated
with the PRM complex solution for 1 h. DNAs containing a
frameshift or a termination codon did not correctly express
the FLAG tag and were therefore not bound by antiFLAG
antibodies or subsequently recovered by the magnet, and
remained in the supernatant. The beads recovered by the
magnet were washed five times with cold TBS (20 mm Tris-
HCl, 150 mm NaCl, pH7.6) containing 50 mM magnesium
acetate. It was then incubated on ice for 10 min with 20 mm
EDTA to elute the mRNAs, which were purified on a G-25
microspin column (Amersham Biosciences, Little Chalfont,
Buckinghamshire, UK) and reverse transcribed and amplified
using a Campylobacter therm. polymerase One-Step RT-PCR
kit (Roche, Indianapolis, IN, USA). Each 25 ul reaction solution
contained 0.3 pM of primers 2 and 4, 10 pg to 2 ng of mRNA,
0.4 mm of each dNTP, 5% DMSO, 0.5% DTT, and 0.8 units
of RNase inhibitor. The amplification protocol consisted of
30 min at 60°C and 5 min at 95°C, followed by 25 cycles of
denaturation at 95°C for 30 sec, annealing at 57 °C for 30 sec,
and extension at 72°C for 1 min, with a final extension step
of 72°C for 6 min. After RT-PCR, the resultant amplification
product was purified and subjected to additional screening.

Preparation of Immobilized Membrane Model

The bacterial membrane model employed was a liposome
preparation consisting of a 1:1 mixture of phosphatidyl
choline and phosphatidyl glycerol, plus 1.4% biotinylated
phosphatidyl ethanolamine. The mammalian cell membrane
model employed was a liposome preparation consisting of
a 10:1:1 mixture of ‘phosphatidyl choline, phosphatidyl
glycerol, and cholesterol, plus 1.4% biotinylated phosphatidyl
ethanolamine. Biotinylated small unilamellar vesicles (SUV),
of diameter 100 nm or less, were prepared as described in
the literature [7]. Biotinylated liposomes with a phospholipid
content of 16.8 ug were immobilized on magnetic beads coated
with streptavidin (Roche, Indianapolis, IN, USA).

Copyright © 2006 European Peptide Society and John Wiley & Sons, Ltd.
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Screening of DNA Library using Immobilized
Membrane Model

Using a one-step transcription/translation system, we utilized
0.5 ug of the prescreened DNA library in a total volume
of 20 ul to form a PRM complex. The latter was incubated
with magnetic beads on which biotinylated liposomes (either
the bacterial or the mammalian membrane model) had
been immobilized. The beads were recovered with a magnet,
washed with cold tris buffered saline (TBS) containing 50 mM
magnesium acetate, and incubated on ice with 20 mm EDTA
solution for 10 min to dissociate the mRNA. The eluted mRNA
was purified, reverse transcribed, and amplified using primers
2 and 4. The amplified product was further purified and
subjected to another cycle of screening.

Five cycles of screening were performed in order to enrich
for peptides that could act specifically on the bacterial
or mammalian cell membrane. TA cloning and nucleotide
sequencing were performed after the final RT-PCR step, and
the amino acid sequence was obtained.

Screening by a Combination of Phage Display
and Immobilized Membrane Model

To compare our approach with previously developed systems,
we performed a screening in which phage display (T'7 phage
system; Novagen, Madison, WI, USA) was combined with an
immobilized membrane model system, as described above.

Evaluation of the Membrane Specificity of the
Peptides using Liposomes with Entrapping Calcein

Peptides synthesized by Sawady Technology (Tokyo, Japan)
were purified to at least 95% by HPLC, and the molecu-
lar weight of each purified peptide was determined by mass
spectrometry. The three model membranes consisted of the fol-
lowing: liposome A, phosphatidylcholine : phosphatidylglycerol
(PC:PG = 1:1), representative of a typical bacterial mem-
brane model; liposome B, (PC:PG = 10: 1), a model in which
the negative charge of liposome A was decreased; and lipo-
some C (PC:PG:Cholesterol = 10:1:1), representative of a
healthy mammalian cell membrane. Each type of liposome
contained the fluorescent dye calcein [17], and the peptide
activity toward each liposome was evaluated by monitoring
calcein leakage. Standard assays were done in 96-well Fluoro
Nunc Plate (Nunc, Denmark). Each type of calcein-containing
liposomes was diluted to 70 pm with 10 mm HEPES buffer
and added to 96-well Fluoro Nunc. To each well containing
100 pl calcein-containing liposomes, aqueous peptide solu-
tion was added till final concentrations of 0.5, 1, 2, 3, 4, 5,
7.5, and 10 um were reached. Following incubation at 25°C
for 1 min, the amount of leaked calcein was measured using
a micro plate fluorometer (SPECTRAmax GEMINI; Molecular
Devices Corp., Sunnyvale, CA, USA) at an excitation wave-
length of 485 nm and an emission wavelength of 538 nm;
where indicated, fluorescence intensity was measured every
2 min thereafter. Calcein does not emit fluorescence within
the liposomes owing to fluorescence quenching; however, in
the presence of a peptide that destabilizes liposomes, calcein
will leak out of the liposomes and emit fluorescence at the exci-
tation wavelength. As a positive control, we added Triton X-100
to a final concentration of 1%; as a negative control, we added

J. Pept. Sci. 2006; 12: 643-652
DOI: 10.1002/psc



646 XIE ET AL.

buffer solution. The peptide concentration that caused 50%
calcein efflux (EC5p) was determined from the dose-response
curve.

Evaluation of Hemolytic Activity

Hemolytic activity was evaluated as described previously
[7]. Briefly, 80 ul aliquots of an isotonic solution of each
peptide were incubated for 30 min at 37°C with 720 ul of an
erythrocyte suspension (2 x 107 cells/ml). Each suspension
was centrifuged at 700 g for 5 min, and the hemoglobin
recovered in the supernatant was measured by determining
the absorbance at 540 nm. As a positive control, we added
Triton X-100 to a final concentration of 1%; as a negative
control, we measured the absorbance of isotonic solution
alone.

Analysis of the Interaction of Peptide with Liposomes

Small unilamellar vesicles (SUV) were prepared as described
in the literature [17]. The interaction of peptides with SUV was
analyzed by circular dichroism (CD) spectroscopy, recorded
at 25°C on a Jasco J-820 spectropolarimeter (Jasco, Tokyo,
Japan) using a quartz cell with a pathlength of 1 mm.
Each peptide sample was dissolved to 50 um in 10 mm
phosphate buffer (pH7.0) and mixed with 0.7 mm SUVs. Each
sample was scanned five times at 10 nm/min over the range
195-250 nm.

Evaluation of Antibacterial Activity

Antibacterial activity was evaluated in accordance with the
US National Committee for Clinical Laboratory Standard
(NCLL Documents M7-A3) [18]. Specifically, the minimum
concentration of peptide capable of inhibiting the growth of
bacteria was determined using micro titer plates. Bacteria
were cultured for 16 h in sensitivity measurement broth
medium, and the absorbance at 600 nm (Aggp) was measured.
According to the correlation between the previously obtained
turbidity and the number of colony forming units (CFU),
each bacterial strain was diluted to a prescribed CFU with
sensitivity measurement broth to a final concentration of
5 x 105 CFU/ml, and 50 ul was added to each well of the
96-well microplates. A 5 mm aqueous solution of each peptide
was serially diluted from 800 um to 0.78 um, and 50 ul of
each dilution was added to each well, and the plates were
agitated (the negative control contained no peptide). The plates
were incubated at 37°C for 18 h to determine the minimum
inhibitory concentration (MIC).

Sequences

Primer 1: gatctcgatc ccgegaaatt a
Primer 2: gcgaaattaa tacgactcac tatagggaga ccacaacgg
Primer 3: tgctctagag cagcctccag a
Primer 4: cggaattcc cgcacaccagt a

Copyright © 2006 European Peptide Society and John Wiley & Sons, Ltd.

RESULTS

Selection of Model Antibacterial Peptides

Initially, we attempted to select two model pep-
tides — mast21, which recognizes only bacterial mem-
branes [7], and mastoparanX, which recognizes both
bacterial and mammalian membranes [19] — to confirm
the viability of our in vitro strategy. The DNA sequence
encoding mast21 was inserted into Cassette 1, and a
cycle of ribosome display coupled to the selection on an
immobilized membrane was carried out. A signal was
obtained at the molecular weight expected for the corre-
sponding DNA after RT-PCR only when the model bac-
terial membrane was used (Figure 2, lane 2). This result
was consistent with the specificity of mast 21 toward
the bacterial membrane. When the DNA sequence was
determined after several repeated cycles of screening,
most clones encoded the full-length mast21 sequence,
with only a few clones having deletions. This finding
showed that our method was effective for screening
and enriching peptides that act specifically on bacte-
rial membranes. When we used a combination of phage
display and immobilized model membrane, we found
that its efficiency in concentrating the DNA sequence
encoding the peptide was considerably poorer, and the
obtained DNA sequence always had deletions (data not
shown). This showed that the method allows screen-
ing even when the subject being screened is a peptide
capable of affecting the growth of the host.

The DNA sequence encoding mastoparanX was
inserted into Cassette 1 and the ribosome display-
based screening was performed. Using either the
bacterial or the mammalian model membrane, a signal
corresponding to mastoparanX cDNA was obtained
after RT-PCR (lanes 3 and 6 in Figure 2). This
result was consistent with the lack of selectivity of
mastoparanX, which acts on all types of membranes.
Even when the DNA sequence was determined after
repeated screening cycles, most clones encoded the
full-length sequence and only a few had deletions.
These observations indicated that the method is
effective in screening for a peptide capable of acting
on various biomembranes, including those of bacterial
and mammalian origin. Replacement of the screening
system with a combination of phage display and an
immobilized membrane made the efficiency of cDNA
concentration considerably poorer, with the cDNA
sequence obtained always having deletion mutations.

Selection of Peptides from Random Peptide Libraries

Next, we examined the ability of this approach to select
peptide sequences with antibacterial activity from a
random DNA library. DNA sequences encoding peptides
of 21 random amino acids were inserted into Cassette 1;
note that perfectly random amino acid sequences may
contain termination codons, preventing the generation

J. Pept. Sci. 2006; 12: 643-652
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Figure 2 RT-PCR amplification of DNA encoding mast21
or mastoparanX after selection by ribosome display combined
with an immobilized model membrane. cDNA encoding mast21
or mastoparanX was inserted into Cassette 1. After screening
by the procedure shown in Figure 1(b), the mRNA obtained
was used as a template for RT-PCR. Lanes 1 and 8: molecular
weight marker; lane 2: mRNA obtained after screening the DNA
construct encoding mast21 with a bacterial model membrane
(PC:PG = 1:1); lane 3: mRNA obtained after screening
the DNA construct encoding mastoparanX with the same
bacterial model membrane; lane 4: control mRNA obtained
after screening the DNA construct encoding mast21 with the
same bacterial model membrane in the absence of in vitro
transcription/translation; lane 5: control mRNA obtained after
screening the DNA construct encoding mast21 with the same
bacterial model membrane but without inclusion of amino
acids in the in vitro transcription/translation; lane 6: mRNA
obtained after screening the DNA construct encoding mast21
with a mammalian model membrane (PC:PG:Chl = 10:1:1);
lane 7: mRNA obtained after screening the DNA construct
encoding mastoparanX with the same mammalian model
membrane, using the resultant mRNA as the template. A
specific amplified signal was obtained in lane 2 for mast21,
and in lanes 3 and 7 for mastoparanX.

of full-length peptides. We therefore used the DNA
sequences, (XXB)20XAG, where X represents A, T, G,
or C and B represents T or C; limiting the third
codon to T or C prevents the occurrence of a possible
termination codon [14]. For the ligation cassettes, it
was necessary for the DNA sequence encoding the 21st
amino acid to be XAG, limiting the terminal amino
acid to Try, His, Asn, and Asp. This random peptide
library was inserted into Cassette 1 and ligated to
the other cassettes, followed by prescreening using
the FLAG tag to exclude any sequences that did not
express the full-length peptide; following prescreening,
the library diversity was 10® per pg DNA. Screening
using the immobilized bacterial model membrane was
performed, and the final RT-PCR product obtained after
five screening cycles was purified and subjected to
TA cloning. Of the resultant colonies, 50 clones were

Copyright © 2006 European Peptide Society and John Wiley & Sons, Ltd.
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sequenced, 48 of which encoded 21 amino acids without
a deletion (Table 1A). We were unable to obtain similar
results by phage display or similar techniques.

We obtained a high frequency of motifs consisting
of several specific amino acids (e.g. ALR, RVG)
in the peptides obtained from the random peptide
library. These motifs consisted of a basic amino
acid, K or R, and several hydrophobic amino acids,
and may represent the minimum units essential
for interaction with the bacterial membrane. Since
repeats of these motifs might confer an amphipathic
helix or amphipathic sheet structure on the peptide,
we designed and screened a library to obtain a
peptide capable of binding more effectively to the
bacterial membrane. Specifically, a DNA sequence
library encoding 14 amino acids, ZXXXZXXZXXX7ZXX
(where Z represents K or R and X represents any amino
acid), in which K or R was placed at a position that
would provide an amphipathic peptide, was subjected
to screening with the method used for the semi-random
library. Of the resultant colonies, 50 clones were
subjected to sequencing, of which 47 encoded a full-
length peptide without a deletion (Table 1B). Sequences
such as KVZ and RVZ were present in several of the
peptides, and K/R was often followed by a hydrophobic
amino acid in most of these, and rarely by a hydrophilic
but nonpolar amino acid, but never by a basic or
acidic amino acid. These observations supported our
expectation that peptides obtained by this screening
method were likely to have an amphipathic helix or g-
sheet structure and will be useful as lead sequences for
antibacterial peptides.

Specific Activity of Enriched Peptides

Inspection of the peptide motifs suggested that ALR
and KVL might be the minimum units for acting on
a cell membrane structure. We also hypothesized that
the length of each peptide was related to its ability
to penetrate and destroy the membrane. Therefore,
we chemically synthesized units of ALR and KVL
sequences linked in tandem and tested their abilities
to act specifically on a model membrane. We found
that the activity of each peptide was enhanced as a
function of its length. In addition, we found that (KVL)g
and (ALR)g acted on the bacterial model membrane,
liposome A, but showed significantly weaker action
on the mammalian model membrane, liposome C.
The ability to leak calcein increased markedly when
the acidic phospholipid contents of the liposome
increased (compare liposomes A and B). Moreover,
these minimum motifs conferred selectivity toward
microorganisms. For example, mastoparanX had potent
activity toward liposomes A, B, and C, whereas, when
the KVL motif was fused to mastoparanX, its activity
toward liposome C was markedly reduced (Table 2A).
To determine their activity towards mammalian mem-
branes, we evaluated the activities of these peptides
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Table 1 Amino acid sequences selected by bacterial model

membrane
A

. VWAWVFGASTRERARVGWQGY
. CFVLPGVRPCSSHILTLSFSY

. EGVRDMFRRCLWISLRSWCVH

. GGVYASCASYLLALRSRVGGN

. SDSASVSRVGGLWPTCCPH

. WGRVDNSGSWGRVGAPWRYLH
CAAVYLVTSLFGIVTGVREDH

. DSRGVRAFACDYVLFVLWVPY

. DLAPVRVGFYNALRELRVFRY

. RVGALRYFMVWYLMWFFLLFH
. PVLDAGSVYLGYLGVRFLSY

. VRNRVIARVGGVPYVGGPCYN

. ACCLVRFYSHGRGKRVGFLWY
. LRYSGLLGFPLWVGRIFVCVD

. RMRCVSLELVVYGGGVRMWEN
. FMGYGRSVWVVSSSLVLCIYD

. ARMLWGRGTTLLLIRRRVSAY

. VDLSWYASCRVSICVFVVVY

. WPNYQSREHMALRSRMYYYFY
. CVVALRNVKAAALIPGVVSRH

. WWCLLGYWALGGNHSAALRSY
. YGSYLEALRWGTSACWALRY

. GVAVDCAVVGWALRVLGVHSY
. RCLEAGKIWWGALRSHLAVYD
. GSGSAVGWALRSYASGLAIAY

. HAWARWMGWGHGGVLSWALRY
. FVSWALRYSRCLVWLCWFPNY
. VKGNPVFDHRHFSLWGALREY
. FVQHWSFTAGSRSDRAPYPGH
. AGWVNALRMWSLMPLMWLWSY
. DRTTGRWFYIRRTAEVLGWTY

. RFINPTSHCFGSLSLWRQLSY

. VGCLVSVGSVWGCSSVVVRVY
. RMESGAPLAAYGKMRLRPGTH
. VWNRVIARVGGVLYVGGPCTN

. SGHMHSYWPTTWILVLIRRTY

. LEVLVWYSLWSYWLDVAAASH

. SWGGGFYDWSYVGGGAYWAY
. MGLFRSYKYRFVHDSESSFN

. MALYLAWYGCSDSAVVMLADD
. MYCWRMLANSCALRMVLAMRN
. VIVNVAVLYRRCWPCAEFWPY

. RLGSFYPLLWRLVSHEYSLWH

. RYWFGRWRCFYGPFVSSYFLY

. VCCCRCLPWSYMCEWGSMRLY
. VLKIHSWHNWVYGVMLYDMEY
. MGYAWDLALRMGPYFLMDLIN
. SDKCAPVCYVMDRLCLANWD

©ONO TR WD
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Nucleotide sequences (XXB)9oXAG (where X represents A,
T, G, or C, and B represents T or C) were inserted into
Cassette 1 and the resultant DNA constructs were screened
using the bacterial model membrane as described in the
Methods section. Amino acid motifs appearing over 5 times
are highlighted in bold. The most frequent motifs (ALR, RVG)
are underlined and ALR is marked in italics.

Copyright © 2006 European Peptide Society and John Wiley & Sons, Ltd.

. RPVFRTYRSVVKSG

. NRACLKRPRYLRKH

. KACVRFSKSTSKRY
RFRPKAVRYRIKFN
RSHFRRVKRHSKTP
KDVLRNHKHSDRVG
. KSARKVLKLYRKIT

. KKNSCRDGRFSRKC
. KGYFRGRRSYLRAF

. KGCAKVLKRITRHI

. KGRHRHCRYILRGN
. KCTFRRRVLIIKPS

. KTDWFKVLMTFLMD
. RGFVRLIKPYAEAS

. RNLCRSLRSHLEA

. KIPGRFTRAGRKTT

. KSDHKVLKNLPKTI
. RRTGRIDKVSVKAY
. KVLIKLAKCCIRIS

. RAACRDSKLCSRYY
. KHFVRCPKCAVRSS
. KISDRNSKHHCRSS
. KVGLIVDKASVKTA
. RDVCKSSRHSHKGS
. RFVSKGTDAINRRS
. KGNCRLYRLRCKVV
. RLLLKAVRFCCKCF
. KGGGKVGKHTRSR
. RHFRKNCKFCHRHC
. KRCTKVLRAYTKLT
. KSYGKAPKFVGRIC

. RAAIRHFRSATKRP

. KYSARFCKYGGRSH
. RFTARVRKSVFRSC
. KVYSRSSKSAHKCF
. KRAYKDARHIYLCS

. KIFVRTIRAAHKRD

. KGGGKVGKHTRSR
. KSLTKCCKVLRLSC
. RCDIKSVKHILRCS

. KASVRNSKVLPRFC
. KGAFRLAKVLIRHY
. RHVPKANKGADRSC
. KISWVRAAALVVVH
. KSVNKDVRISLRD

. KCIARRGRLPVKRY
. KVLFRHARSSCKHY

© 0 NO U W~

—
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cDNAs encoding ZXXXZXXZXXXZXX (where Z represents K/R,
and X represents any amino acid) were inserted into Cassette
1 and the resultant DNA constructs were screened using
the bacterial model membrane as described in the Methods
section. The amino acid motif (KVL), which appeared over 5
times, is highlighted in bold.

on erythrocytes. Whereas mastoparanX, which can act
on mammalian cell membranes, had high hemolytic
activity, all the peptides obtained from the screening
exhibited a low level of hemolysis (Table 2A). These
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Table 2 Properties of selected peptides
A: Specific membrane activity of peptides synthesized according to the enriched motif sequences.

Peptide name (amino acid sequence) ECso (um)
Hemolysis

Liposome A Liposome B Liposome C L(%)
ALR (ALR) nd nd nd nd
ALRs (ALRALRALRALRALR) 6.2 >10 >10 nd
ALRg (ALR ALRALRALRALRALR) 2.6 nd nd 1.8
KVL (KVL) nd nd nd nd
KVL3 (KVLKVLKVL) >10 5.8 nd nd
KVLs (KVLKVLKVLKVLKVL) 6.8 8.2 >10 nd
KVLg (KVLKVLKVLKVLKVLKVL) 3.2 6.9 >10 1.9
KVL-mastX (KVLINWKGIAAMAKKLL) 2.1 0.52 >10 9
MastoparanX (INWKGIAAMAKKLL) 0.31 0.81 1.2 28
No.12 (VRNRVIARVGGVPYVGGPCYN) >10 nd nd nd
No.35 (VWNRVIARVGGVLYVGGPCTN) nd nd nd nd
RVGGs (RVGGRVGGRVGGRVGGRVGG) >10 nd nd 1.9
WALRs (WALRWALRWALRWALRWALR) 5.8 9.3 >10 11
ALRYs (ALRYALRYALRYALRYALRY) 4.6 8.3 >10 12

ECs50 values are the peptide concentrations causing 50% calcein release after 1 min incubation with peptides at 25°C.

The fluorescence intensity corresponding to 100% calcein release was obtained by the addition of Triton X-100 to a final
concentration of 1% (v/v). Liposome A (PC:PG = 1:1); Liposome B (PC:PG = 10:1); Liposome C (PC:PG:Chl = 10:1:1). L (%)
represents the percentage of lysed red blood cells at a peptide concentration of 10 um after 1 h at 37°C.

nd: not detectable.

No.12 and No.35 were sequences in Table 1.

B: Antibacterial activities of peptides synthesized according to the enriched motif sequences.

Peptide B. subtilis S. aureus E. coli E. coli E. coli S. enteritidis S. enteritidis
IFO13722 IFO13276 JCM1649 CR-3 CE-273 ATCC1891 ATCC14028
um um um um um um um
KVL >200 >200 >200 >200 >200 >200 >200
KVL3 200 200 200 200 200 200 200
KVL5 25 100 12.5 25 6.3 25 100
KVL6 3.1 25 25 25 25 25 25
ALR 200 >200 200 200 200 200 200
ALR5 25 >200 100 100 100 100 100
ALR6 25 50 25 12.5 12.5 12.5 12.5
MastoparanX 3.1 1.56 3.1 3.1 3.1 3.1 3.1
No.12 >200 >200 >200 >200 >200 >200 >200
No.35 — — — — — — —
RVGGs >200 >200 >200 >200 >200 >200 >200
WALR3 >200 >200 >200 >200 >200 >200 >200
ALRYs — — — — — — —

Each number represents the Minimum Inhibitory Concentration (MIC) of a peptide, defined as the lowest concentration of peptide
that completely inhibited the growth of tested microorganisms. E. coli 2R-3: 0157 : H7 lacks the vero toxin gene. E. coli CE-273:
0157 :H7, but is not pathogenic.

observations support the validity of our approach, in RVGG, WALR, and ALRY. When we attempted to eval-

which we screened for peptides incapable of acting on uate the activity of tandem repeats of these peptides,
mammalian model membranes. we observed little specific activity to destabilize lipo-

Besides the three amino acid motifs, we observed somes and no antimicrobial activity (Table 2). It is
several longer motifs at high frequency, including possible that tandem repeats of each individual motif
Copyright © 2006 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2006; 12: 643-652
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lack activity, whereas the mixture of several motifs
shows specific activity. Sequence No.12 and No.35 con-
tained several motif sequences and these two closely
resemble each other. So sequences 12 and 35 could
be a common ancestor. Then we checked the ability
of both sequences, however the synthesized peptides
had no activity toward liposomes and microorganisms
(Table 2A, B).

When we monitored calcein leakage induced by
the serial addition of peptides and the time course
of leakage, we found that leakage occurred rapidly
within 1 min (Figure 3). While the addition of low
concentrations of each peptide resulted in partial
leakage, serial addition of peptides every 10 min
continued to induce calcein leakage (Figure 3).

When we examined the structure of (ALR)s and
(KVL)g, with or without liposomes, by CD, we found
that their CD spectra in 50% trifluoroethonol (TFE)
showed «-helical patterns (double minima at 208 nm
and 222nm, and a maximum below 200nm), indicating
that both peptides could form helical structures. The
CD spectra of these two peptides showed that they did
not form clear «-helical patterns in buffer solution;
however, following incubation with SUVs, they did
form «-helical structures. Thus, the increase in acidic
phospholipid content is consistent with the increase in
helicity (Figure 4(4), (B) line 2,4)

Next, we evaluated the antibacterial activities of
these sequences. KVL, ALR, and the tandem pep-
tide sequences that acted specifically on the model
microorganism membrane were shown to have antibac-
terial activity. The activities of both KVL and ALR
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Figure 3 Time course of calcein leakage induced by (KLV)g
and (ALR)g. At time zero, 0.5 um of the test peptide was
incubated with 70 um liposome A (PC:PG = 1:1) at 25°C,
and increasing concentrations of the peptides (1, 2, 4, 5, and
7.5 uM) were added at 10, 20, 30, 40, and 50 min, as indicated.
Dye leakage was monitored fluorometrically (excitation at
490 nm and emission at 530 nm) every 2 min. ®: (ALR)6;
A: (KVL)6.
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Figure 4 Circular dichroism of peptides (A) (ALR)s and
(B) (KLV)g. Peptides were dissolved to 50 um in 10 mm
phosphate buffer (pH7.0), 0.7 mm SUV, or 50% trifluoroethanol
(TFE) and their spectra were obtained. 1, buffer; 2, PC:PG
(10:1); 3, PC:PG (1:1) SUVs; 4, TFE.

increased with increasing chain length. The antibac-
terial spectrum of (KVL)g and (ALR)s extended from
Gram-negative bacteria, such as E. coli to Gram-
positive bacteria, such as Staphylococcus aureus. These
observations showed good agreement with our findings
using the model bacterial membrane.

DISCUSSION

We have developed a new high-throughput screening
system for obtaining AMP sequences. This method,
which combined a ribosome display and immobilized

J. Pept. Sci. 2006; 12: 643-652
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model membranes, enriched sequences from random
peptide libraries that selectively recognized bacterial
membranes within a week, and identified two motif
sequences, ALR and KVL. Several motifs of AMPs,
such as RW-rich sequences, have been described.
These motifs are characterized by at least two
charged residues and a minimum of one aromatic
amino acid, and have been found in both native
peptide sequences and a synthetic combinatorial library
[20,21]. Similar to most AMPs, our motifs contain
positively charged residues, e.g. Arg or Lys, which
interact with negatively charged membranes, but do
not contain any aromatic residues. The motifs we
obtained recognized bacterial membranes and showed
antibacterial activity. Moreover, these motifs conferred
selectivity toward bacterial membranes on peptides that
originally lacked selectivity.

We also found that leakage of calcein was induced
within 1 min and that addition of higher peptide
concentrations caused additional leakage. It is not
clear how these peptides destabilize the membranes,
but our results indicate that these peptides do not
lyse liposomes immediately. Rather, the time course
of membrane destabilization by these peptides is
relatively short, similar to that of magainin 2 and
mastoparanX [17]. In addition, the dose-response
relationship between peptide concentration and calcein
leakage activity is not clear, although other peptides
have been found to have a sigmoidal dependence
[22]. These findings suggested that the peptides act
on membranes according to a two-state model [3,23].
According to this model, there may be a concentration
threshold above which these peptides have severe
destabilizing activity. Unfortunately, the antimicrobial
activity of these peptides was not as strong as that
of mastoparanX. However, these peptides showed low
activity toward mammalian type cell membranes.

There have been a number of studies of the
structure/activity relationship of AMPs, and mimics
and hybrids of natural AMPs, as well as novel
AMPs, have been found to have enhanced activity
[24-26]. Using computational tools and algorithms,
these strategies have been combined, giving rise to
in silico-based [26,27], as well as in vivo-based [28]
and in vitro-based [29,30] high-throughput screening
systems. In an in vivo study, bioactive peptides were
isolated successfully from a randomized oligonucleotide
library encoding up to 20 amino acids [31]. While
this approach and its results are very interesting, this
system has difficulties in screening peptides according
to their biological activity, such as destroying bacterial
cell membrane structure.

The increasing resistance of pathogenic bacteria to
conventional antibiotics has become a serious problem,
necessitating the development of antibiotics with novel
modes of action. The host defense AMPs, which act
by disrupting the bacterial cell membranes, can be

Copyright © 2006 European Peptide Society and John Wiley & Sons, Ltd.
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considered a new class of antibiotics. The in vitro
system described here may facilitate the isolation of
novel AMPs from random libraries. Although previously
described invitro systems have the advantage of
allowing synthesis of peptides at high speed and
overcoming the problem of cell toxicity, there have
been few reports of their application to AMPs, perhaps
because some AMPs can bind DNA or RNA and inhibit
peptide synthesis. Another reason is that there are
difficulties in constituting the screening system. The
new in vitro strategy described here has shown that a
combination of ribosome display and an immobilized
model membrane can identify motifs that recognize
bacterial membranes. This strategy could be a powerful
tool for screening lead sequences of AMPs that act
selectively on specific membrane structures and to
develop novel antibiotics.
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