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Abstract—We have designed novel short peptides expressing both antimicrobial and Shiga-toxin (Stx) neutralization activities
by combining nuclear localization signal (NLS) peptides (RIRKKLR, PKKKRKV, and PRRRK) tandemly with globotriao-
side (Gb3) mimic peptide (WHWTWL). These fusion peptides exhibited excellent antimicrobial activity against both
gram-positive and gram-negative bacteria. A peptide WHWTWLRIRKKLR (Trp-His-Trp-Thr-Trp-Leu-Arg-Ile-Arg-Lys-Lys-
Leu-Arg), especially, exhibited about 100 times higher activity than the original NLS peptide. SPR analysis demonstrated
that the binding of this peptide to both Stxs was strong: Kd = 6.6 · 10�6 to Stx-1 and 6.8 · 10�6 to Stx-2. The in vitro
assay against Stx-1 using HeLa cells showed that this peptide increased the survival rate of HeLa cells against the infection
of Stx-1. The peptide has been found to maintain high antimicrobial activity, Stx neutralization activity, and no cytotoxicity
at its concentration of 7.8–31.3 lg/mL (4.2–16.7 lM). The present peptide design has a prospect of developing potent mul-
tifunctional drugs to destroy proteinaceous toxin-producing bacteria and to simultaneously neutralize the toxins released by
bacteriolysis.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Antimicrobial peptides are a major component of innate
self-defense system.1 They provide an immediate re-
sponse to invading microorganisms and display a broad
spectrum of bactericidal or bacteriostatic actions. Vari-
ous kinds of antimicrobial peptides have been identified
from multicellular organisms, such as animals,2 plants,3

and insects,4 during the past two decades. Development
of resistance by sensitive microbial strains against these
antimicrobial peptides is improbable because many anti-
microbial peptides exert their effect by forming pores in
microbial membranes or disrupting membrane struc-
tures.5 Further efforts have been devoted to improve
activity, specificity, and toxicity of antimicrobial pep-
tides and to broaden clinical applications as next gener-
ation antimicrobials with high commercial potentials.
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We have developed a new type of antimicrobial peptide
based on NLS (nuclear localization signal) sequences.6

NLS sequences consisting of several basic amino acids
mediate the selective transport of proteins into the
nucleus in eukaryotic cells.7 NLS peptides are produced
by eucaryotes and viruses as part of nuclear proteins.8

We recently found that various types of NLS peptides
displayed antimicrobial activity against gram-negative
and gram-positive bacteria as a function different from
nuclear localization signal, although their antimicrobial
mechanism is still unknown.

We have also found that a peptide �WHWTWLSEY�
bound Shiga toxins (Stxs: Stx-1 and Stx-2) strongly
and neutralized the toxins effectively.9 Stxs produced
by enterohemorrhagic Escherichia coli (EHEC)
O157:H7 are known to cause hemolytic uremic syn-
drome (HUS).10,11 Stxs consist of one toxic A-sub-
unit and five carbohydrate-binding B-subunits.12

Stxs infection is induced by binding the B-subunits
to globotriaosyl (Gb3) ceramides in membrane
surfaces and subsequently delivering the cytotoxic
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A-subunit into target cells.13 Various types of Stx
neutralization agents have been developed on the ba-
sis of Gb3 derivatives.14 We have reported Stx-neu-
tralizing glyco nanomaterials15 and recently focused
on Gb3 mimic peptides which were selected with bio-
panning from a phage display library against anti-
Gb3 antibody.9,16

This paper reports that tandem fusion peptides be-
tween NLS peptides and Gb3 mimic peptides expressed
a multifunction of both antimicrobial and Stx neutral-
ization activities. Conventional antibiotics possess anti-
microbial activity but no neutralization activity against
bacterial toxins. The enterotoxins released by bacteriol-
ysis cause serious HUS in colon and consequently
damage human bodies seriously. It is expected that
the proposed novel peptides can destroy bacteria and
neutralize the released toxins simultaneously. More-
over, another effect on antimicrobial activity is expect-
ed by conjugating the NLS peptides rich in basic
amino acids and the Gb3 mimic peptides rich in hydro-
phobic amino acids. Many antimicrobial peptides are
known to possess two common features: overall posi-
tive charges, and distinct hydrophobic and hydrophilic
faces.17 In these respects, we have designed several fu-
sion peptides and investigated their antimicrobial effi-
ciency and interactions with Stxs.
Table 1. Antimicrobial activity of synthetic peptides

Peptidea Mediumb

24 h

E. coli IFO 3972 S. a

1 WHWRIRKKLR NB 3.1

MHB 50 2

MHB-ca 100 10

2 WHWTWLRIRKKLR NB 3.1

MHB 6.3

MHB-ca 12.5

3 WHWTWLPKKKRKV NB 15.6

MHB 125 6

MHB-ca 250 25

4 WHWTWLPRRRK NB 7.8

MHB 15.6

MHB-ca 62.5 1

5 RIRKKLR NB 500 12

MHB >500 >50

MHB-ca >500 >50

6 PKKKRKV NB >500 50

MHB >500 >50

MHB-ca >500 >50

7 PRRRK NB 500 25

MHB >500 >50

MHB-ca >500 >50

8 WHWTWL NB 500 50

MHB >500 >50

MHB-ca >500 >50

a The segments of Gb3 mimic peptides are underlined and the NLS peptides
b NB, nutrient broth; MHB, Mueller–Hinton broth, and MHB-ca, cation ad
2. Results

2.1. Design and synthesis of peptides

Peptides 1–8, listed in Table 1, were synthesized by
the standard solid-phase Fmoc chemistry on Wang
resin, purified by reversed phase HPLC, and charac-
terized by MALDI-TOF-mass spectroscopy. Peptides
1–4 consist of NLS peptide sequences and Stxs-
binding sequences. These fusion peptides have been
designed to be as short as possible to lower antige-
nicity to human bodies and to facilitate chemical
synthesis. C-terminal italic �RIRKKLR� of peptides 1
and 2, �PKKKRKV� of peptide 3, and �PRRRK� of
peptide 4 are NLS peptide sequences composed of
several positively charged basic amino acids. These
NLS peptides were of the low antimicrobial activity
but the shortest peptides among the antimicrobial
NLS library.6 N-terminal underlined �WHW� of pep-
tide 1 and �WHWTWL� of peptides 2–4 are the seg-
ments of Stxs-binding sequence �WHWTWLSEY.�
This peptide was recently selected as a segment of
the most active Gb3 mimic peptide from phage dis-
play library and its N-terminal was reported to bind
Stxs.9 Peptides 5–7 are the original NLS peptide
sequences and peptide 8 is a segment of Stxs-binding
sequence.
MIC (lM)

48 h

ureus FDA 209P E. coli IFO 3972 S. aureus FDA 209P

3.1 3.1 6.3

5 50 25

0 >100 100

1.6 3.1 1.6

3.1 6.3 3.1

6.3 12.5 6.3

7.8 15.6 15.6

2.5 125 125

0 500 250

3.9 7.8 3.9

7.8 15.6 15.6

5.6 62.5 31.3

5 >500 125

0 >500 >500

0 >500 >500

0 >500 >500

0 >500 >500

0 >500 >500

0 500 500

0 >500 >500

0 >500 >500

0 >500 >500

0 >500 >500

0 >500 >500

are italicized.

justed Mueller–Hinton broth.



Table 2. Kinetic constantsa of peptides 1, 2, and 5 to Stxs estimated by

SPR

Peptide Stx ka (1/Ms) kd (1/s) Kd (M)

1 Stx-1 1.7 · 103 1.9 · 10�1 1.1 · 10�4

4 �1 �6
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2.2. Antimicrobial activity

The minimum inhibitory concentrations (MICs) of syn-
thetic peptides were determined against gram-negative
(Escherichia coli) and gram-positive (Staphylococcus
aureus) bacteria (Table 1). The antimicrobial activities
of peptides 5–7 (NLS) and peptide 8 (Stxs-binding se-
quence) were weak, but those of fusion peptides 1–4
were increased. The activity was enhanced with the
length of Stxs-binding sequences in the order of peptide
5 < peptide 1 < peptide 2: peptide 2 was 80- to 150-fold
higher than peptide 5. Among the fusion peptides carry-
ing various NLS sequences, the RIRKKLR sequence in 2
exhibited the highest activity. It is worth noting that
peptide 2 maintained the high activity, even in a cat-
ion-adjusted MHB medium.

2.3. Cytotoxicity

Figure 1 illustrates the cytotoxicity assay of peptides 1,
2, and 5, and polymyxin B for HeLa cells. Polymyxin
B, a branched-cyclic antibiotic peptide consisting of
11 amino acids produced by Bacillus polymyxa, was
used as a reference. The cell survival rates were deter-
mined with a cell counting kit (WST-8) by measuring
the absorbance at 490 nm at peptide concentrations
from 2000 lg/mL in the four times serial dilutions.
Almost 100% of cell survival rates were kept in the
presence of peptides 1 and 2 at 125 lg/mL (84.5 and
66.5 lM, respectively) concentrations. Peptide 5 was
not cytotoxic, even at much higher concentration, but
polymyxin B was apparently cytotoxic at 2000 lg/mL.
It is important to note that peptides 1 and 2 showed
no cytotoxicity to HeLa cells at their MIC against
bacteria listed in Table 1.
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Figure 1. Cytotoxicity of peptides for HeLa cells. Survival rates of

HeLa cells are indicated as an average of four experiments in the

presence of various peptide concentrations. Weight concentration of

each peptide (lg/mL) can be converted to molar concentration (lM) as

follows: peptide 1: 0.676 lM; peptide 2: 0.532 lM; peptide 5:

1.032 lM; polymyxin B: 0.721 lM.
2.4. Shiga-toxin-binding assay by SPR analysis

The binding affinities of the shortest fusion peptide 1
and the highest antimicrobial peptide 2 to Stx-1 and -2
were examined with a Biacore2000 biosensor (SPR). Ta-
ble 2 lists the equilibrium (Kd) and rate (ka and kd) con-
stants in association and dissociation of peptides.
Peptide 2 exhibited high affinities to both Stxs: its disso-
ciation equilibrium constants (Kd) to Stx-1 and -2 were
6.6 and 6.8 · 10�6, respectively. Their affinities to both
Stxs, in contrast to the reported result of Gb3Cer:
Gb3Cer-incorporated membrane of 1-palmitoyl 2-oleo-
yl-sn-glycero-3-phosphocholine (POPC), exhibited a
lower affinity to Stx-2 (Kd = 1.0 · 10�6) than to Stx-1
(Kd = 2.2 · 10�7).18 The affinity of peptide 5 to both Stxs
was too weak to be determined by the data fitting to a
1:1 Langmuir-binding model. The affinity of peptides 1
and 2 to non-carbohydrate-binding proteins, such as
BSA, trypsin, and fibrinogen, could also not be deter-
mined. We assume that these peptides recognized both
Stxs specifically.

2.5. Neutralization assay of Stx-1 with peptides 2 and 5

HeLa cells were incubated with a mixture of Stx-1 at
5.0 pg/100 lL and peptide 2 or peptide 5 in a range of
concentrations (0–125 lg/mL) for 2 days. Figure 2
shows that the cell survival rate in the presence of
Stx-1 was about 40%, which increased to over 50% by
1 Stx-2 5.3 · 10 1.5 · 10 2.8 · 10

2 Stx-1 2.7 · 104 1.8 · 10�1 6.6 · 10�6

2 Stx-2 2.7 · 104 1.8 · 10�1 6.8 · 10�6

5 Stxs —b — —

a ka, association rate constant; kd, dissociation rate constant; Kd, dis-

sociation equilibrium constant.
b The affinity was too weak to be determined.
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Figure 2. Stx-1 neutralization activity assay of synthetic peptides 2

(WHWTWLRIRKKLR) and 5 (RIRKKLR). Survival rates of HeLa

cells against Stx-1 at 5.0 pg/100 lL are indicated as an average of two

experiments in the presence of various concentrations of these

peptides.
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adding peptide 2 at a concentration of 7.8–31.3 lg/mL
(4.2–16.7 lM). Peptide 2 in 7.8–31.3 lg/mL clearly im-
proved the cell survival rate in comparison with peptide
5. Hence, peptide 2 was suggested to neutralize Stx-1
and protect the HeLa cells against the infection of Stx-
1. The cell survival rate was decreased at 62.5 lg/mL
or higher concentration of 2, suggesting that the cells
were damaged on account of the synergic effect of both
Stx-1 and the peptide.

2.6. CD spectroscopy

Conformational information of peptide 2 based on CD
spectroscopy is essential for discussing its antibiotic
activity mechanism. Figure 3 shows the CD spectra of
peptide 2 in PBS containing 0–50% trifluoroethanol
(TFE). While the spectrum in PBS had a negative cotton
effect at 200 nm and positive effect around 225 nm, the
spectra in 25% and 50% TFE solution had negative
cotton effects around 208 nm and 220 nm. The negative
cotton effect at 200 nm in PBS buffer indicated that the
random coil conformation19 and the peak around
225 nm were attributable to Trp.20 The addition of
TFE converted the negative peak at 200 nm to larger
negative maximum at 208 nm and smaller shoulder
around 220 nm, indicating the conformation change
from random coil to a mixture of a-helix and 310-helix.

19

The NLS peptide 5 was found to take a random coil
conformation not only in PBS but also in 25% and
50% TFE solution. Hence, the addition of the hydro-
phobic Gb3 sequence to the NLS sequence enhanced
the tendency to form a helical conformation in a hydro-
phobic condition. The relation of the conformation to
antimicrobial activity is described in Section 3.
-15

-10

-5

0

5

10

15

[θ
] 

(1
0-4

de
g 

cm
2 dm

ol
-1

)

190 200 210 220 230 240 250 260

Wavelength (nm)

Figure 3. CD spectra of synthetic peptide 2 (WHWTWLRIRKKLR) in

PBS (blue line), PBS containing 25% trifluoroethanol (green line), and

PBS containing 50% trifluoroethanol (red line) at [peptide] = 200 lM
at 25 �C.
3. Discussion

We have demonstrated that the fusion peptide 2
WHWTWLRIRKKLR carries two distinct chemical
and biological properties: the positively charged NLS
peptide with antimicrobial activity and the hydrophobic
Gb3 mimic peptide with Stx-binding activity.

The antimicrobial activity of the NLS peptide
RIRKKLR has been strongly enhanced by combining
the hydrophobic WHWTWL sequence to its N-termi-
nal. The amphipathic feature is common to many natu-
rally occurring antimicrobial peptides. The activity of
many antimicrobial peptides is explained by the Shai–
Matsuzaki–Huang (SMH) model.21 When a peptide
forms a certain secondary structure, the positively
charged domain is proposed to initiate electrostatic
interaction with the negatively charged components of
the microbe membrane and the hydrophobic domain is
supposed to insert the peptides into the membrane.
Then, the peptides collapse the membrane into frag-
ments and disrupt the target microbial membrane phys-
ically. Although the NLS peptide 5 itself was in a
random coil conformation, peptide 2 has formed a heli-
cal conformation in a hydrophobic condition, as shown
in Figure 3. The basic residues of Arg, His, and Lys, and
the hydrophobic residues of Trp, Leu, and Ile are sup-
posed to be assembled into the separated domain in
the a-helix (Fig. 4). We assume that the separated do-
main structure of peptide 2 can enhance the electrostatic
and hydrophobic interactions to microbe membrane and
that the SMH model can rationalize the excellent anti-
microbial activities of peptide 2. It is also important that
the antimicrobial activity was maintained even after 48 h
incubation, suggesting that this peptide was bactericidal
rather than bacteriostatic.

The affinities of peptide 2 to Stx-1 and -2 were strong en-
ough to neutralize Stxs. In addition to its high antimi-
crobial activity and lack of cytotoxicity, peptide 2
expressed neutralization activity to Stx-1 at a concentra-
tion from 7.8 to 31.3 lg/mL. It is suggested that the
Figure 4. Helical wheel diagram of peptide 2. The white filled circles

are positively charged amino acids and the black filled circles are

hydrophobic amino acids.
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Gb3-mimic domain at the N-terminal bound and neu-
tralized Stx-1, and rescued HeLa cells from the infection
of Stx-1. Conventional antibiotics are often known to
cause deterioration of the HUS because a large amount
of Stxs (particularly Stx-1) is released from the de-
stroyed EHEC. Then, the Stxs neutralization activity
of peptide 2 becomes indispensable. The peptide 2 will
be a potent multifunctional drug to treat patients seri-
ously infected with Stxs-producing bacteria.

We expect that the antimicrobial activity may further be
enhanced by modification of the terminal carboxylate
group and that the Stxs neutralization activity of peptide
2 may further be enhanced by extension of the Stxs-
binding sequence, as well as by expression of the multi-
valency effect. It is also suggested that the high antimi-
crobial activity of peptide 2, even in cation-rich
medium conditions, is effective as a drug for an intrave-
nous or subcutaneous injection.
4. Conclusion

Fusion peptide 2 (WHWTWLRIRKKLR) between the
NLS peptide RIRKKLR and the Gb3 mimic peptide
WHWTWL has successfully expressed a multifunction
of antibacterial activity against gram-positive and
gram-negative bacteria, as well as neutralization activity
against Stx. The present design of fusion peptides is a
promising strategy to develop a new type of antimicro-
bial drugs that express another function, such as pro-
teinaceous toxin neutralization activity, by appropriate
combinations between various kinds of antimicrobial
peptides and carbohydrate mimic peptides.
5. Experimental

5.1. Solid-phase peptide synthesis

Peptides were synthesized, according to the standard
solid-phase synthesis techniques with a Milligen 9050
synthesizer (PerSeptive Biosystems, Framingham,
MA). Protected amino acids and chemicals were pur-
chased from Novabiochem (San Diego, CA), Applied
Biosystems (Foster, CA), and Peptide Institute, Inc
(Osaka, Japan). The Wang resin (0.1 mmol scale)
was treated with piperidine (20%) in dry DMF and
then with a mixture of Fmoc-amino acid (4-fold ex-
cess), O-(7-azabenzotriazol-1-yl)-N,N,N 0,N 0-tetrameth-
yluronium hexafluorophosphate (HATU), and N,N 0-
diisopropylethylamine. All the other Fmoc-amino
acids were sequentially coupled to a growing peptide
chain for 1.5 h. A solution of piperidine (20%) in
dry DMF was used to remove the Fmoc group at
all steps. After deprotection of the last Fmoc group,
the peptide resin was washed with methanol and dried
in vacuo to yield the protected peptide resin. Depro-
tection and cleavage from the resin were carried out
with a mixture of 80% trifluoroacetic acid, 6% ethan-
edithiol, 12% thioanisole, and 2% m-cresol with stir-
ring at room temperature for 4 h. After filtration of
the exhausted resin, the residue was crystallized in
diethyl ether to finish the product as a white powder.
The product was purified by reverse-phase HPLC on a
C18 column (X-Terra MS C18 4.6 · 15 mm: Waters,
Milford, MA) for 30 min, using a linear gradient of
5–60% acetonitrile in water containing 0.1%
trifluoroacetic acid (v/v), at a flow rate of 1.5 mL/
min. The purified peptide was lyophilized and the
molecular weight was determined by
MALDI-TOF-mass spectroscopy. (Voyager-DETM

PRO: PerSeptive Biosystems, Framingham, MA).
Calcd for peptide 1 [M+H]+: 1479.9. Found: 1479.2.
Calcd for peptide 2 [M+H]+: 1880.3. Found: 1879.8.
Calcd for peptide 3 [M+H]+: 1794.3. Found: 1794.1.
Calcd for peptide 4 [M+H]+: 1623.0. Found: 1622.4.
Calcd for peptide 5 [M+H]+: 970.3. Found: 969.7.
Calcd for peptide 6 [M+H]+: 884.2. Found: 883.9.
Calcd for peptide 7 [M+H]+: 712.9. Found: 712.4.
Calcd for peptide 8 [M+H]+: 929.1. Found: 928.4.

5.2. Bacteria culture

Escherichia coli (IFO 3972) and S. aureus (IFO 12732)
were cultured on Mueller–Hinton agar (Difco Laborato-
ries, Detroit, MI) at 37 �C for 18 h and the growth was
measured (OD660) just before the MIC examination.

5.3. Antibacterial activity

Minimal inhibitory concentrations (MICs) of peptides
against bacteria were determined using a standard micro-
titer dilution method in nutrient broth, Mueller–Hinton
broth, and cation-adjusted Mueller Hinton broth (Difco
Laboratories, Detroit, MI). Polymyxin B sulfate was
used as a positive control to evaluate the reliability of
each test. The peptide solution was prepared by the
two methods. Aqueous solutions (2 mM) of peptides 2
and 3 were diluted with each medium to yield 100 lM
concentration. The other peptides were dissolved in each
medium to yield 500 lM concentration. Twofold serial
dilutions of peptides (100 lL) were added to 96-well
plates. The bacteria adjusted to 2 · 107 colony-forming
units/mL with physiological saline (5 lL) were added
to each peptide solution. The final inoculum was
1.0 · 106 colony-forming units/mL. The plates were incu-
bated at 37 �C for 24 and 48 h, and the lowest peptide
concentration to inhibit growth was determined as MIC.

5.4. Surface plasmon resonance

Binding of peptides to Shiga toxins (Stx-1 and -2) was
estimated by surface plasmon resonance (SPR) with a
BIAcore 2000 Biosensor (BIAcore, Inc., Uppsala, Swe-
den). Peptides were coupled onto carboxymethyl
dextran biosensor chips (CM-5) using the BIAapplica-
tions handbook protocol for ligand thiol immobiliza-
tion. For kinetics measurements, serial dilutions of
Stx-1 or 2 (3.6 · 10�1, 1.8 · 10�1, 8.9 · 10�2, and 4.5 ·
10�2 lM) were injected in running HBS-N buffer
(10 mM Hepes, pH 7.4, 150 mM NaCl; BIAcore, Inc.)
at a flow rate of 10 lL/min for 1 min, followed by a dis-
sociation period of 0.5 min at 25 �C. The equilibrium
(Kd) and rate (ka and kd) constants in association and
dissociation were determined from a fit of the data to
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a 1:1 Langmuir-binding model using the manufacturer�s
analysis software (BIAevaluation 3.1). The bindings of
BSA, trypsin, and fibrinogen to peptides were also sim-
ilarly estimated.

5.5. Cell culture

HeLa cells were cultured in Dulbecco�s modified Eagle�s
medium (DMEM) under 5% CO2 at 37 �C. The cells
(5.0 · 103 cells/100 lL) in logarithmic growth phase in
DMEMwere plated on 96-well microplates (100 lL/well)
and then incubated under 5% CO2 at 37 �C for 1 day.

5.6. Cytotoxic assay of peptides

After cell adhesion on 96-well microplates, the medium
was removed and replaced with DMEM (100 lL/well)
containing a range of peptide concentrations
(1.0 · 10�1–2.0 · 103 lg/mL) and the plates were incu-
bated under 5% CO2 at 37 �C for 2 days. The Cell
Counting Kit-8 (WST-8) solution (10 lL) (Dojindo
Molecular Technologies, Gaithersburg, MD) was added
to each well. After further incubation under 5% CO2 at
37 �C for 3 h, the cell survival rate was determined by
measuring the absorbance at 490 nm (655 nm as a
reference) with a Microplate Reader Model 550
(Bio-Rad Laboratories, Richmond, CA).

5.7. Neutralization activity of peptides 2 and 5 against
Stx-115

After cell adhesion on 96-well microplates, the medium
was removed and replaced with DMEM (100 lL/well)
containing a mixture of a range of peptide concentra-
tions (0–125 lg/mL) and Stx-1 at 5.0 pg/100 lL. The
plates were incubated under 5% CO2 at 37 �C for 2 days.
The Cell Counting Kit-8 solution (10 lL) was added to
each well. After further incubation under 5% CO2 at
37 �C for 3 h, the cell survival rate against Stx-1 was
determined by the same method as the cytotoxic assay
mentioned above.

5.8. CD spectroscopy

The CD spectra were recorded on a JASCO (Tokyo, Ja-
pan) model J-727 with 190–260 nm wavelength, 0.1 nm
step resolution, 100 nm/min speed, 2 s response time,
1 nm bandwidth, and integration frequency of 4 times
at 25 �C. Sample solutions of peptide 2 (200 lM) were
prepared in PBS (pH 7.4), PBS containing 25% TFE,
and PBS containing 50% TFE.
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