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Recognition of bacterial cellular com-

ponents is a key innate defensive fea-

ture of a variety of plant and animal

species (1,2). A classic example of one

such component is bacterial lipopoly-

saccharide. Lipopolysaccharides are

amphiphilic molecules that make up a

large majority of the outer membrane

surface of virtually all gram-negative

bacteria. Once expressed on the surface

of the bacterium or shed as a result of

cell lysis, specific molecular patterns

(contained within segments of the

lipopolysaccharide molecule) are

then available for recognition by an
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Background and Objective: Host responses following the recognition of bacterial

lipopolysaccharide can range from acute inflammation to septic shock. The aim of

this study was to evaluate the ability of the KSL-W decapeptide to bind to and

block the endotoxic effects of lipopolysaccharide.

Material and Methods: An enzyme-linked immunosorbent assay-based binding

assay using fluorescently labeled KSL-W to detect adsorbed Escherichia coli

O55:B5 lipopolysaccharide was employed. A commercially available recombinant

Factor C lipopolysaccharide detection assay, hemagglutination of rabbit ery-

throcytes as well as E-selectin expression in human umbilical vein endothelial cells

were used to assess the anti-endotoxic effects after KSL-W exposure to E. coli

lipopolysaccharide as well as to oral lipopolysaccharide samples.

Results: Lipopolysaccharide-binding assays using E. coli O55:B5 lipopolysac-

charide revealed both a higher maximal binding range (532–713 lM) and a

half-maximum binding concentration (70–185 lM) for the KSL-W peptide when

compared with its analog control. Significant inhibition of E-selectin expression in

human umbilical vein endothelial cells (p < 0.0001) as well as hemagglutination

of rabbit erythrocytes occurred after the interaction of KSL-W with E. coli lipo-

polysaccharide. Recombinant Factor C enzyme detection inhibition revealed dose-

dependent inhibition values ranging from 1.0–51.8 lM, which were dependent

upon the type of lipopolysaccharide sample tested.

Conclusion: These results demonstrate that for the concentrations tested, the

KSL-W decapeptide was nontoxic to mammalian cells and could bind to and

block the host recognition and response towards enteric, as well as oral,

lipopolysaccharide samples.
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assortment of host cells or proteins

(3–8). This recognition event has been

examined extensively and, in turn, can

lead to a series of sequential inflam-

matory host events ranging from

localized acute inflammation to sys-

temic endotoxic shock (4,9,10).

Between 500–800 synthetic and nat-

urally occurring antimicrobial peptides

have been reported and provide an

initial and effective defensive front

against foreign components and

microbial invasion (2,11–13). The vast

majority of these antimicrobial pep-

tides have a broad spectrum of biologic

activity that is linked to the chemical

and physical properties of the peptides

themselves. For example, structure–

activity relationship studies have

determined that peptide length (> 20

peptides), three-dimensional shape

(a-helix and b-sheet), as well as charge
potential, assist in microbial membrane

adherence and lytic activity of the

antimicrobial peptide (11,12,14,15).

However, over the last 5–10 years of

antimicrobial research, increasing

emphasis has been placed on identify-

ing critical internal sequences in an

attempt to reduce the size of these

peptides while still maintaining their

inherent antibacterial activity (15) and/

or their ability to bind to and neutral-

ize microbial components such as

lipopolysaccharide (16–18).

Previous laboratory studies have

demonstrated significant antimicrobial

activity of a short antimicrobial peptide

(KSL) on a wide range of bacteria and

fungi (19–21), as well as its ability to

disrupt oral biofilm growth (22).

Recently, KSL-W, an analog of KSL,

was synthesized and has shown

improved stability in the oral cavity,

safety in the gastrointestinal tract and

bactericidal activity (23). However,

what has yet to be established is the

ability of this small, positively charged

KSL-W peptide to interact with and

potentially affect microbial products

such as lipopolysaccharide. Therefore,

in this study we employed the use of

enzyme-linked immunosorbent assay

(ELISA), commercially available lipo-

polysaccharide detection systems as

well as specific host cell assays to

determine the ability of this peptide to

bind to and alter the host recognition

and response towards lipopolysaccha-

ride from both oral and enteric bacteria.

Material and methods

Lipopolysaccharide

Lipopolysaccharide from Escherichia

coli O55:B5 was purchased from Sigma

(Sigma-Aldrich, St Louis, MO, USA).

Lipopolysaccharide from Porphyro-

monas gingivalis ATCC 33277, Prevo-

tella intermedia ATCC 25611,

Fusobacterium nucleatumATCC 10953,

Aggregatibacter actinomycetemcom-

itans (formerly Actinobacillus actino-

mycetemcomitans) ATCC 43718 was

obtained from lyophilized whole cells

via the TRI-reagent extraction method

(24) incorporating the following modi-

fications. Briefly, 50 mg of lyophilized

whole bacterial cells were suspended in

1 mL of TRI-reagent (Tri-reagent,

MRC Inc., Cincinnati, OH, USA).

Complete mixing of this initial suspen-

sion is critical and was accomplished by

vortexing and sonication as needed.

Samples were allowed to incubate for

15–30 min at room temperature to

complete the homogenation process.

After incubation, 200 lL of chloroform

was added and the mixture was vor-

texed again and subjected to further

incubation at room temperature

(24.4�C) for 15–30 min. Aqueous and

organic phase separation were accom-

plished by centrifugation, as described

previously (24). Only the aqueous

phase, which contains the lipopolysac-

charide–lipid A complex, was removed

and saved. Repeated extractions of

lipopolysaccharide from the organic

phase were conducted by adding endo-

toxin-free distilled water to the original

remaining organic phase and repeating

the vortexing, incubation and centri-

fugation procedures as before. All

additional aqueous phase separation

products were removed and combined

with the first aqueous extraction. These

pooled extractions were snap frozen,

stored at )80�C overnight and then

lyophilized (Freezone 4.5; Labconco

Corp., Kansas City, MO, USA). Before

use, these lipopolysaccharide prepara-

tions were purified using the cold

MgCl2–ethanol purification procedure

(25).

KSL-W antimicrobial decapeptide,
analog and fluorescent
bioconjugates

The KSL-W (KKVVFWVKFK-NH2)

peptide (+4 charge, 60% hydrophobic

residues) was synthesized using an

automatic peptide synthesizer (Model

90; Advanced ChemTech, Louisville,

KY, USA) employing standard solid-

phase procedures and 9-fluorenyl-

methoxycarbonyl chemistry (22).

Purity was determined as previously

described by our laboratory (21). Both

the fluorescently labeled KSL-W and

the KSL-W analog (A6)

(VVVFWVVVF-NH2) HiLyte Fluor

488 bioconjugate, used for binding

assays in this study, were manufactured

commercially (AnaSpec, San Jose, CA,

USA). The net positive ionic charge

was removed from the (A6) analog by

replacing the positively charged lysine

residues (K) with neutral valine (V).

Lipopolysaccharide-binding ELISA
assay

Lipopolysaccharide obtained from

from E. coli O55:B5 [50 lg/mL of

lipopolysaccharide (100 lL/well)] was

first adsorbed overnight onto a flat-

bottom, Hi-White 96-well ELISA plate

(PerkinElmer, Shelton, CT, USA)

using the chloroform–ethanol evapo-

ration method, as described previously

(26,27). Verification of adsorbed

E. coli O55:B5 lipopolysaccharide,

using a commercially obtained lipo-

polysaccharide-Alexa-Fluor 568 con-

jugate (Molecular Probes; Invitrogen,

Carlsbad, California, USA), and non-

specific binding of the KSL-W and

KSL-W (A6) Hi-Lyte 488 conjugates

were determined through experimental

optimization procedures using a

luminescence spectrometer set to fluo-

rescence (Perkin Elmer LS55 Lumi-

nescence spectrometer; FL WINLAB

Software V4.0; Perkin Elmer Instru-

ments, Shelton, CT, USA). After

optimization, an ELISA-based binding

assay was performed according to the

protocol described by Li et al. (16)

with the following modifications. After

overnight incubation with optimal

levels of test lipopolysaccharide, the

plate was washed four times with
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300 lL/well of a standard wash solu-

tion (phosphate-buffered saline

containing 0.05% Tween 20), then a

blocking solution containing 2%

bovine serum albumin (2% bovine

serum albumin in phosphate-buffered

saline containing 0.05% Tween 20) was

applied and the plate was incubated at

37�C for 1 h. The blocking solution

was removed by washing the plate

twice, then increasing concentrations

of the KSL-W-Fluorophore 488 con-

jugate (50 lL/well) were applied and

allowed to interact with the adsorbed

lipopolysaccharide for 3 h at room

temperature. Unbound peptide was

removed by gently washing the plate

seven times with 300 lL/well of the

washing solution. Next, 100 lL of

endotoxin-free distilled H2O was

added to each well and fluorescence

was measured using a luminescence

spectrometer (PerkinElmer LS55; Per-

kin Elmer Instruments, Shelton, CT,

USA) at excitation and emission values

of 503 and 528 nm, respectively.

Values expressed were correlated to the

amount of lipopolysaccharide present

and bound KSL-W bioconjugate.

Lipopolysaccharide neutralization
assay

To test the ability of KSL-W peptide to

interact with and neutralize lipopoly-

saccharide, we employed the use of a

commercial lipopolysaccharide-specific

assay (PyroGene; Cambrex Bio Science

Wakersville, Inc., Walkersville, MD,

USA), as recently described by Li et al.

(16). Briefly, the assay is based on the

ability of a recombinant clotting enzyme

to become activated by lipopolysac-

charide binding, then interact with an

added fluorogenic substrate producing

a fluorescent signal proportional to the

lipopolysaccharide concentration. In

this assay, each individual lipopolysac-

charide sample tested was first opti-

mized to achieve assay values within

the manufacturer�s standardized curve

value for each assay. Next, varying

starting amounts of the KSL-W peptide

were applied to equal volumes of a fixed

concentration of either E. coli O55:B5

lipopolysaccharide or various prepared

oral lipopolysaccharide samples in

sterile, endotoxin-free borosilicate

tubes and allowed to interact at 37�C for

1 h. Next, 100 lL of this mixture was

applied to a sterile microtitre plate

(Hi-White Microtitre plates; Perkin-

Elmer), followed by the addition of

100 lL of freshly reconstituted

recombinant Factor C reagent, buffer

and fluorogenic substrate mixture,

according to the manufacturer�s
instructions. After incubation for 1 h at

37�C, fluorescence was measured

(440 nm emission) and standardized

against the blank readings taken at time

zero for each sample. Percentage

inhibition was calculated as the value

obtained from [(Blank corrected lipo-

polysaccharide standard value))(Blank
corrected sample value)]/(Blank cor-

rected lipopolysaccharide standard

value) · 100 for each individual sample.

To compare results between different

lipopolysaccharide samples, the con-

centration of the KSL-W peptide

required to achieve 50% inhibition of

the recombinant Factor C activity

value was determined from calculated

extrapolation results of recorded data

values obtained within the linear inhi-

bition activity range.

Human umbilical vein endothelial
cells E-selectin assay

To assess whether KSL-W binding to

lipopolysaccharide would alter E-se-

lectin activation in human umbilical

vein endothelial cells, an ELISA-based,

human umbilical vein endothelial cell

E-selectin assay was utilized. First,

assay optimization experiments were

performed to determine the linear

range of E-selectin stimulation that

occurred, using the E. coli O55:B5

lipopolysaccharide as a stimulation

control. Then, a lipopolysaccharide

concentration (10 ng/mL) that was

within this linear stimulatory range of

E-selectin expression was co-incubated

with increasing amounts of KSL-W in

sterile, endotoxin-free borosilicate

tubes and allowed to interact at 37�C
for 1 h. The E-selectin assay, as well as

the maintenance of human umbilical

vein endothelial cells, were performed

as previously described (28). Interleu-

kin-1b is known to produce a strong

E-selectin response in human umbilical

vein endothelial cells (29) and was also

used as an additional positive control

for this assay. Cell viability studies to

determine the extent of toxicity from

KSL-W exposure were performed by

comparing interleukin-1b-induced
E-selectin expression with the Trypan

blue exclusion assay. In these assays,

separate cellular suspensions of human

umbilical vein endothelial cells were

exposed to Trypan blue after pre-

incubation with increasing concentra-

tions of KSL-W. After 3 min of

exposure to Trypan blue, cell suspen-

sions were placed on a hemocytometer

and observed under a light microscope.

Viable cell percentage calculations

were made by dividing the total num-

ber of viable cells per millilitre of ali-

quot by the total number of cells per

millilitre of aliquot multiplied by 100.

Next, to determine the maximal KSL-

W concentration before loss of cellular

viability, cell perturbation studies were

correlated to the interleukin-1b
expression values, performed in addi-

tional human umbilical vein endothe-

lial cell suspensions after co-incubation

with the same increasing concentra-

tions of KSL-W.

Hemagglutination assay

It has been well reported that lipo-

polysaccharide from various bacteria

can induce hemagglutination in ery-

throcytes (30–33). We therefore tested

the ability of the KSL-W peptide to

block E. coli O55:B5 lipopolysaccha-

ride-induced hemagglutination. In this

assay, rabbit erythrocytes were

exposed to this lipopolysaccharide

alone or combined with KSL-W, as

described above. Erythrocyte prepara-

tion and the hemagglutination assay

were performed as described previ-

ously with the following modifications

(34,35). Briefly, rabbit erythrocytes

[rabbit blood (alsevers); PML Micro-

biologicals, Wilsonville, OR, USA]

were washed twice in 0.01 M phos-

phate-buffered saline, pH 7.4 (Sigma)

and resuspended in NCN buffer

(150 mM sodium chloride, 3 mM

sodium citrate) to make a 2% (v/v)

suspension. Then, 50 lL of sample

solutions [increasing concentrations of

E. coli O55:B5 lipopolysaccharide

combined with equal volumes of
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phosphate-buffered saline, increasing

lipopolysaccharide combined with

equal volumes but a constant concen-

tration of the KSL-W peptide (500 lg/
mL), or experimental controls] were

incubated for 1 h at 37�C and then

added to 50 lL of washed erythrocyte

solution in a V-bottom 96-well mic-

rotitre plate (Costar #3896; Corning,

NY, USA). Samples were allowed to

interact with this erythrocyte solution

within the microtitre plate wells incu-

bated at 37�C for 30 min while sub-

jecting the plate to slight agitation.

Plates were then removed from incu-

bation and stored overnight at 4�C.
The following day, positive agglutina-

tion results were scored visually and

identified as those wells containing a

thin to thick but adherent layer of

agglutinated red blood cells on the

sides of the wells with no significant red

blood cell lysis. Experimental controls

used were as follows: whole cells

washed and resuspended in phosphate-

buffered saline buffer from P. inter-

media strain #17 (optical density at

600 nm = 1.5) were used as the posi-

tive control (34) and phosphate-

buffered saline alone, which formed a

dense spot of erythrocytes at the bot-

tom of the well without any adherence

layer, was used as the negative control

for each assay.

Statistical analysis

Significance of differences between

stimulatory control values and KSL-W

peptide co-applied were analysed using

the unpaired Student�s t-test. The

Bonferrroni correction was applied to

reduce the potential for increased

experimental wide alpha error after

t-test analysis of multiple groups.

Nonlinear regression (one-site binding

hyperbola) was used to analyse a sat-

uration isotherm and to determine

maximal binding and half-maximal

binding values.

Results

KSL-W decapeptide binds to
lipopolysaccharide

The ability of KSL-W to bind to

E. coli O55:B5 lipopolysaccharide was

determined and compared with a con-

trol peptide, designated as KSL-W

decapeptide analog (A6), that con-

tained a charge-altered (positive to

neutral replacement) sequence. In these

assays, the KSL-W peptide showed a

dose response and saturation affinity

for adsorbed E. coli O55:B5 lipopoly-

saccharide. Nonlinear regression was

used to display the saturation binding

curve for the KSL-W peptide by

determining the appropriate curve fit

of the observed data points. Analysis

revealed that the maximal binding

concentration range for KSL-W was

531.5–713.0 lM with a half-maximal

binding concentration range of 70.4–

184.6 lM. By contrast, the control

peptide KSL-W (A6) did not signifi-

cantly bind to lipopolysaccharide

under identical increasing concentra-

tion conditions (Fig. 1). These results

are in agreement with previous reports

identifying the importance of positive

charge and lipopolysaccharide binding

(11,12,36–39).

KSL-W inhibits E. coli
lipopolysaccharide-induced
recombinant factor C activity

To determine whether KSL-W binding

to E. coli O55:B5 lipopolysaccharide

would inhibit recognition and poten-

tially its endotoxic properties, we first

employed the use of a commercially

available recombinant Factor C fluo-

rometric assay. Preliminary optimiza-

tion experiments resulted in routine

preparation and use of the 1 enzyme

unit (1 EU/mL) commercial standard

for the lipopolysaccharide assay con-

trol concentration in all recombinant

Factor C inhibition assays. Percentage

inhibition calculations from these

experiments revealed that KSL-W was

able to neutralize more than 85% of

the combined control lipopolysaccha-

ride at a starting peptide concentration

of 7.6 lM (Fig. 2). A 10-fold reduction

in this starting concentration of KSL-

W resulted in a drop of approximately

50% in lipopolysaccharide neutraliza-

tion, whereas a 10-fold increase above

a 7.6 lM concentration resulted in

lipopolysaccharide neutralization

saturation at approximately 90–95%

(Fig. 2). Calculation of the 50%
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Fig. 1. KSL-Wpeptide andbinding capacity

for Escherichia coli O55:B5 lipopolysaccha-

ride compared with the KSL-W analog (A6).

Increasing amounts of fluorescently labeled

KSL-W peptide (+4 charge), as well as the

neutral KSL-W analog peptide (A6), were

added to determine binding affinity to the

adsorbed lipopolysaccharide. Nonlinear

regression analysis was employed to deter-

mine the maximal binding concentration

range as well as the concentration to achieve

half-maximal binding for KSL-W. The

results from these experiments revealed

that the KSL-W peptide bound to the lipo-

polysaccharide in a dose-dependent manner

as compared to the analog (A6) control, with

binding saturation occurring at or above a

KSL-W concentration of 530 lM. The data

presented are representative of more than

three separate experiments. Bmax, maximal

binding; C50, half-maximal binding.
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Fig. 2. Recombinant Factor C assay and

neutralization of Escherichia coli O55:B5

lipopolysaccharide by KSL-W. Percentage

inhibition of fluorescence was calculated for

each concentration of the KSL-W peptide

after co-incubation with the E. coli lipo-

polysaccharide sample. The results indicate

that binding of KSL-W to lipopolysaccha-

ride inhibits the lipopolysaccharide-induced

recombinant Factor C fluorescent activity in

a dose-dependent manner, with approxi-

mately 50% inhibition calculated within the

1.0–4.3 lM peptide concentration range.

Mean results and standard deviation were

generated from three separate experiments

with triplicate wells.
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inhibition value revealed that a starting

concentration range of approximately

1.0–4.3 lM was required to achieve

50% inhibition of recombinant Factor

C fluorescent activity.

KSL-W inhibits E-selectin expression
of lipopolysaccharide in human
umbilical vein endothelial cells

The potential of the KSL-W peptide to

block the direct stimulation of E-se-

lectin in human umbilical vein endo-

thelial cells was also examined (Fig. 3).

E-selectin expression was evaluated in

human umbilical vein endothelial cells

after 4 h of exposure to either E. coli

lipopolysaccharide alone or to E. coli

lipopolysaccharide pre-incubated with

KSL-W. Similarly to previous reports

using lipopolysaccharide (28,40,41),

we observed consistent E-selectin

responses within the human umbilical

vein endothelial cells assay system that

required as little as 1–100 ng/mL of

E. coli lipopolysaccharide to yield a

significant response. Optimization as-

says revealed that this concentration

(10 ng; E. coli O55:B5) was in the

middle of the linear stimulation range

for E-selectin expression in human

umbilical vein endothelial cells and was

therefore used as the stimulation dose.

In contrast to this, when the same

concentration of E. coli lipopolysac-

charide was pre-incubated with

increasing concentrations of KSL-W,

significant inhibition of E-selectin

expression occurred (p < 0.0001;

unpaired t-test) starting at 25 lg/mL

and continuing through the 200 lg/mL

KSL-W concentration range (Fig. 3).

Endothelial cell viability after stimula-

tion was checked as described previ-

ously (28) as well as by evaluating the

interleukin-1b-induced E-selectin

expression after co-incubation with the

same increasing KSL-W concentra-

tions, as described in the Material and

methods section (data not shown).

KSL-W inhibits lipopolysaccharide
hemagglutination in red blood cells

The ability of lipopolysaccharide to

induce erythrocyte hemagglutination

has been reported as a functional

property of the direct interaction of

erythrocytes with differing segments

within the polysaccharide portion

(30,33,42) as well as with the lipid A

segment (43) of the lipopolysaccharide

molecule. Therefore, to explore

whether KSL-W binding to lipopoly-

saccharide would alter the lipopoly-

saccharide-induced hemagglutination

of rabbit erythrocytes, we compared

various E. coli lipopolysaccharide

sample concentrations pre-incubated

with the KSL-W peptide with matched

lipopolysaccharide control samples

alone (Fig. 4). For experimental con-

trols, P. intermedia strain #17 whole

cells caused routine and consistent

hemagglutination of washed rabbit

erythrocytes (positive control),

whereas phosphate-buffered saline

alone did not induce any hemaggluti-

nation (Fig. 4B). The results from

these experiments indicated that

KSL-W, at a fixed concentration, was

able to block the induced hemaggluti-

nation over a wide and increasing dose

range of lipopolysaccharide (Fig. 4A).

Blocking or overwhelming this

observed hemagglutination inhibition

was achieved at a lipopolysaccha-

ride : peptide ratio of approximately

5:1 (Fig. 4B). Furthermore, the assay

design revealed that the application of

a constant amount of KSL-W (25 lg/
well) did not spontaneously result in a

rabbit erythrocyte hemagglutination

reaction (see Fig. 4A, lipopolysaccha-

ride 0 lg/well + KSL-W 25 lg/well
co-incubation) and allowed for func-

tional hemagglutination activity when

lipopolysaccharide concentrations

became maximal (see Fig. 4B, lipo-

polysaccharide 125 lg/well + KSL-W

25 lg/well).

KSL-W inhibits lipopolysaccharide
from oral bacteria

It has been reported that structural

variations exist between lipopolysac-

charide samples that have been

extracted from different gram-negative

bacteria (44). Lipopolysaccharide

structural variation has also been

shown to be critical in the differential

host responses towards different oral

bacterial lipopolysaccharide samples

(8,45,46). Therefore, because of the

observed heterogeneity that exists

within lipopolysaccharide between

(and within) different genera, several

different oral bacterial lipopolysaccha-

ride samples were extracted, purified

and co-incubated with the KSL-W

peptide, and then screened in the

recombinant Factor C endotoxin

assay. These experimental assays

revealed that KSL-W, at a starting

concentration of 76.4 lM, was able to

neutralize approximately 70–90% of

the oral bacterial lipopolysaccharide

tested (Fig. 5). However, a 10-fold

decrease in this starting concentration

resulted in a substantial reduction of

lipopolysaccharide inhibition from the

F. nucleatum 10953 and P. gingivalis

33277 samples. This variability in

KSL-W-induced inhibition was evident

in the 50% inhibition calculations for

the different oral lipopolysaccharide

samples tested (P. gingivalis 33277
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Fig. 3. Inhibition of E-selectin expression

by Escherichia coli O55:B5 lipopolysaccha-

ride in human umbilical vein endothelial

cells. A stimulatory E. coli lipopolysaccha-

ride (10 ng/mL) concentration was utilized

alone or co-incubated with KSL-W before

applying to a monolayer of cells in their

third to fourth passage, as described in

the text. After a 4-h incubation period, the

plates were washed and assayed for the

presence of E-selectin by an enzyme-linked

immunosorbent assay utilizing a monoclo-

nal antibody to E-selectin. The results

indicate that a significant reduction

(p < 0.0001) of lipopolysaccharide-induced

E-selectin expression occurred when KSL-

W was co-applied over a concentration

range of 25–200 lg/mL. The data presented

are representative of at least three separate

experiments using triplicate wells for each

sample. A450, absorbance at 450 nm; LPS,

lipopolysaccharide.
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lipopolysaccharide 50% inhibition =

17.2–51.8 lM; P. intermedia 25611

lipopolysaccharide 50% inhibi-

tion = 3.9–5.4 lM; A. actinomycetem-

comitans 43718 50% inhibition = 5.1–

6.7 lM; F. nucleatum 10953 50%

inhibition = 9.4–45.0 lM).

Discussion

In this study, we investigated whether

an antimicrobial decapeptide (KSL-

W), was capable of binding to and

neutralizing the effects of lipopolysac-

charide. Bacterial components such as

lipopolysaccharide are continuously

released into locally infected tissue as

a result of naturally occurring bacte-

rial cell growth and lysis but are sub-

sequently scavenged and cleared by

host innate cells. However, it has been

shown that antibiotic treatment of

bacterial infections releases significant

quantities of toxic products as a result

of the systematic disruption and lysis

of bacterial cells (47,48), which may,

in turn, overwhelm the abilities of

these local host cells to clear infected

tissues. It is also known that release of

toxic products, such as lipopolysac-

charide, into the bloodstream can set

up a septic state and if unregulated,

this systemic lipopolysaccharide-in-

duced cytokine release can lead to

devastating organ system compromise

or failure associated with septic shock

(4,49,50).

Using ELISA-based techniques, we

demonstrated that the KSL-W peptide

was able to bind to E. coli O55:B5

lipopolysaccharide. Peptide-binding

saturation was achieved with KSL-W

at an approximate starting concentra-

tion of 500 lM. This was not observed

in the KSL-W analog (A6), which was

designed using the (positively charged)

K fi (neutral) V replacement scheme,

suggesting that the KSL-W–lipopoly-

saccharide binding was related more to

the cationic charge of the molecule

than the hydrophobic residue interac-

tion. However, we are still trying to

ascertain the extent of the effects that

these hydrophobic interactions may

have regarding the stability of the

binding event between the peptide and

lipopolysaccharide (or the lipid A

component).

Cationic peptide binding to lipo-

polysaccharide has been well docu-

mented and has been related to a

number of structural features con-

tained within the peptide itself (16–

18,36,51–54). Although specific charge

groups and overall length of the pep-

tide have been shown to be essential in

the lipopolysaccharide–peptide binding

interaction (11,12,15,55), increasing

evidence is mounting which suggests

that even small or shortened peptides

(< 15 mers) retain significant lipo-

polysaccharide binding and immuno-

modulatory function (13,15,56).

Additional experimental analysis with

cationic charge elimination or signifi-

cant truncation of the KSL-W deca-

peptide [KSL-W analogs (A1–5)]

resulted in variable (reduced or absent)

binding to lipopolysaccharide within

our assay systems (data not shown).

This is in agreement with the results of

Scott et al., who, using the dansyl

polymyxin B displacement assay,

reported that the binding affinity to
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Fig. 4. Hemagglutination assay in rabbit erythrocytes. Equal volumes of a standard, fixed concentration of the KSL-W peptide (500 lg/mL)

were co-incubated with increasing concentrations of Escherichia coli O55:B5 lipopolysaccharide resuspended in phosphate-buffered saline.

The final results were scored visually and against experimental controls as described in the Material and methods. (A) The results indicate that

hemagglutination was inhibited with the KSL-W–lipopolysaccharide co-incubated samples over a range of concentrations compared with the

lipopolysaccharide-stimulated control lanes. (B) This observed hemagglutination inhibition by KSL-W was abrogated using a 5:1 ratio of

E. coli O55:B5 lipopolysaccharide : KSL-W. Data displayed were taken from one of more than three separate and independent experiments

and also served as a visual representation of results. LPS, lipopolysaccharide; Pi 17 WC, Prevotella intermedia 17 whole cells; PBS, phosphate-

buffered saline.
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E. coli O111:B4 lipopolysaccharide

was considerably affected when altera-

tions in charge, hydrophobicity or

length were employed during synthesis

of a similar type of a-helical peptide

(36).

Interestingly, previous information

regarding the biologic activity of cat-

ionic peptides was mainly focused on

antimicrobial spectrums (13). How-

ever, recent reports have determined a

wide range of biologic activity for both

naturally occurring as well as synthet-

ically derived peptides (11–14,16,17).

In a commercial recombinant Factor

C–lipopolysaccharide detection assay,

a KSL-W peptide starting concentra-

tion of 7.6 lM was able to inhibit

approximately 85% of the lipopoly-

saccharide present in the assay system.

This observation is also in agreement

with a recent study by Li et al. in which

they demonstrated an approximate

80% inhibition of lipopolysaccharide

using a 10 lM concentration of the

Sushi 3 antimicrobial peptide (34 mer)

within the same commercial assay

system. Ten-fold concentration chan-

ges (increase/decrease) dramatically

altered the ability of the Sushi 3 pep-

tide to neutralize lipopolysaccharide,

which was also observed in our exper-

imental assay using KSL-W. We then

extended this observation to include

experimentation with oral lipopoly-

saccharide isolated from selected

groups of periodontopathic organisms.

Similar neutralization effects were also

observed with lipopolysaccharide

obtained from these oral bacteria

samples. These results suggest that

small, positively charged peptides such

as KSL-W may potentially serve as a

therapeutic adjunct to attenuate

some of the toxic effects associated

with bacterial-induced inflammatory

periodontal disease(s).

Although multiple lipopolysaccha-

ride effects have been reported to be

obtunded by various types of anti-

microbial peptides (16–18,36,52–

54,57), little is known about the effects

on E-selectin expression or hemagglu-

tination. The present study also

showed that the decapeptide KSL-W,

throughout a wide concentration

range (25–200 lg/mL) was able to

obtund the lipopolysaccharide-induced

expression of E-selectin in human

umbilical vein endothelial cells. Simi-

larly, a fixed KSL-W peptide concen-

tration was able to block the

lipopolysaccharide-induced hemagglu-

tination of rabbit red blood cells over a

wide lipopolysaccharide stimulatory

range. Previous reports detailing the

hemagglutination activities of lipo-

polysaccharide have sometimes been

performed after specific portions of the

lipopolysaccharide molecule have been

removed or purified to define or

enhance activity (42,43). Here we used

commercially obtained lipopolysac-

charide and rabbit erythrocytes to

determine if this peptide could block
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Fig. 5. Recombinant Factor C assay and neutralization of oral lipopolysaccharide. Different oral lipopolysaccharide samples from selected

periodontopathic bacteria were extracted from lyophilized whole bacterial cells as described in the Material and methods. Different con-

centrations of the KSL-W peptide were incubated for 1 h at 37�C with equal volumes of a fixed and standardized concentration of oral

lipopolysaccharide. Percentage inhibition of fluorescence was calculated as previously described. The results indicate that binding of KSL-W

to oral lipopolysaccharide inhibits the lipopolysaccharide-induced recombinant Factor C fluorescence in a dose-dependent manner that was

unique for each oral lipopolysaccharide sample tested. Mean results and standard deviation are displayed as a composite and a representative

example obtained from three individual and independent assay results for each optimized oral lipopolysaccharide sample and assay control.

Aa, Aggregatibacter actinomycetemcomitans 43718; Fn, Fusobacterium nucleatum 10953; LPS, lipopolysaccharide; Pg, Porphyromonas gin-

givalis 33277; Pi, Prevotella intermedia 25611.
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the inherent hemagglutination ability

of a standard, unaltered commercial

lipopolysaccharide. Further investiga-

tion of the extent of, as well as eluci-

dation of the specific mechanisms

responsible for this peptide-induced

hemagglutination inhibition (utilizing

different lipopolysaccharide samples

within different types of erythrocytes),

will need to occur.

It has been reported that toxicity

towards mammalian cells is a signifi-

cant concern regarding many antimi-

crobial peptides (1,58). To address this

issue we incorporated the interleukin-

1b induction of E-selectin (which

stimulates E-selectin expression

through a different extracellular com-

ponent than lipopolysaccharide) as a

positive control as well as a cellular

vitality reporter in the human umbili-

cal vein endothelial cells assay system.

From this we were able to determine

that within these cells, the interleukin-

1b-induced E-selectin expression was

similar to control values, even when

co-applied with concentrations as high

as 300–500 lg/mL of the KSL-W

peptide. Additional Trypan blue

experiments in human umbilical vein

endothelial cells suggested that con-

centrations at or above these values

were associated with mild-to-moderate

cellular perturbation and therefore we

limited our reported experimental

observations to below these ranges.

Furthermore, rabbit erythrocytes were

functional, and agglutination ability

was consistently unaltered in the pres-

ence of the KSL-W peptide at con-

centrations up to 250–500 lg/mL. This

coincides with previous observations

that KSL, the parent peptide of KSL-

W, when applied at concentrations up

to 1 mg/mL did not induce the cellular

death of treated human gingival fibro-

blasts, as reflected by the ability of

treated cells to reduce 3-(4,5-dim-

ethylthiazol-2-yl) 2,5-diphenyltetrazo-

lium bromide (MTT) at the same levels

as the untreated cells (21). Using the

same MTT assay, we also demon-

strated that KSL-W at concentrations

as high as 500 lg/mL did not induce

the cell death of treated Vero cells

(data not shown). Together, the results

generated thus far have suggested that

the concentrations reported in this

study are nontoxic to mammalian

cells.

In total, increasing evidence reveals

that certain antimicrobial peptides do

possess the ability to bind to and,

either directly or indirectly, alter

specific host responses towards lipo-

polysaccharide. Furthermore, smaller

or truncated products of larger parent

peptides have been shown to retain

potent antimicrobial activity as well as

specific and important immunomodu-

latory abilities. Smaller peptides have

many unique advantages that permit

simplified synthesis and alteration,

which enables increased screening for

these various modulatory properties.

Further analysis will be required to

determine the overall effect that smal-

ler antimicrobial peptides, such as

KSL-W, will have in relation to or

combined with other innate host

response elements, as well as being

employed as potential therapeutic

adjuncts.

Acknowledgements

This study was supported by the US

Army Medical Research and Materiel

Command for dental disease and

trauma research. The views expressed

in this article are those of the authors

and do not reflect the official policy or

position of the Department of the

Army, the Department of Defense or

the US Government.

References

1. Hancock RE, Brown KL, Mookherjee N.

Host defence peptides from invertebrates –

emerging antimicrobial strategies.

Immunobiology 2006;211:315–322.

2. Rosenfeld Y, Shai Y. Lipopolysaccharide

(endotoxin)-host defense antibacterial

peptides interactions: role in bacterial

resistance and prevention of sepsis. Bio-

chim Biophys Acta 2006;1758:1513–1522.

3. Ulevitch RJ, Tobias PS. Receptor-depen-

dent mechanisms of cell stimulation by

bacterial endotoxin. Annu Rev Immunol

1995;13:437–457.

4. Glauser MP, Zanetti G, Baumgartner JD,

Cohen J. Septic shock: pathogenesis.

Lancet 1991;338:732–736.

5. Watson RW, Redmond HP, Bouchier-

Hayes D. Role of endotoxin in mono-

nuclear phagocyte-mediated inflammatory

responses. J Leukoc Biol 1994;56:95–103.

6. Kirschning CJ, Bauer S. Toll-like

receptors: cellular signal transducers

for exogenous molecular patterns causing

immune responses. Int J Med Microbiol

2001;291:251–260.

7. Ulevitch RJ, Mathison JC, Schumann

RR, Tobias PS. A new model of macro-

phage stimulation by bacterial lipopoly-

saccharide. J Trauma 1990;30:S189–S192.

8. Dixon DR, Darveau RP. Lipopoly-

saccharide heterogeneity: innate host

responses to bacterial modification of lipid

a structure. J Dent Res 2005;84:584–595.

9. Aderem A, Ulevitch RJ. Toll-like

receptors in the induction of the innate

immune response. Nature 2000;406:782–

787.

10. Calandra T. Pathogenesis of septic shock:

implications for prevention and treatment.

JChemother 2001;13(Spec.No. 1):173–180.

11. Epand RM, Vogel HJ. Diversity of anti-

microbial peptides and their mechanisms

of action. Biochim Biophys Acta

1999;1462:11–28.

12. Zasloff M. Antimicrobial peptides of

multicellular organisms. Nature 2002;

415:389–395.

13. Bowdish DM, Davidson DJ, Scott MG,

Hancock RE. Immunomodulatory activ-

ities of small host defense peptides.

Antimicrob Agents Chemother 2005;

49:1727–1732.

14. Devine DA. Antimicrobial peptides in

defence of the oral and respiratory tracts.

Mol Immunol 2003;40:431–443.

15. Giangaspero A, Sandri L, Tossi A.

Amphipathic alpha helical antimicrobial

peptides. Eur J Biochem 2001;268:5589–

5600.

16. Li P, Wohland T, Ho B, Ding JL. Per-

turbation of lipopolysaccharide (LPS)

micelles by Sushi 3 (S3) antimicrobial

peptide. The importance of an inter-

molecular disulfide bond in S3 dimer for

binding, disruption, and neutralization of

LPS. J Biol Chem 2004;279:50150–50156.

17. Rosenfeld Y, Papo N, Shai Y. Endotoxin

(lipopolysaccharide) neutralization by

innate immunity host-defense peptides.

Peptide properties and plausible modes of

action. J Biol Chem 2006;281:1636–1643.

18. Thomas CJ, Surolia N, Surolia A. Kinetic

and thermodynamic analysis of the inter-

actions of 23-residue peptides with

endotoxin. J Biol Chem 2001;276:35701–

35706.

19. Hong SY, Park TG, Lee KH. The effect of

charge increase on the specificity and

activity of a short antimicrobial peptide.

Peptides 2001;22:1669–1674.

20. Oh JE, Hong SY, Lee KH. Structure–

activity relationship study: short anti-

microbial peptides. J Pept Res 1999;53:

41–46.

21. Concannon SP, Crowe TD, Abercrombie

JJ et al. Susceptibility of oral bacteria to

The anti-endotoxic effects of the KSL-W decapeptide 429



an antimicrobial decapeptide. J Med

Microbiol 2003;52:1083–1093.

22. Leung KP, Crowe TD, Abercrombie JJ

et al. Control of oral biofilm formation by

an antimicrobial decapeptide. J Dent Res

2005;84:1172–1177.

23. Na DH, Faraj J, Capan Y, Leung KP,

Deluca PP. Stability of antimicrobial

decapeptide (KSL) and its analogues for

delivery in the oral cavity. Pharm Res

2007;24:1544–1550.

24. Yi EC, Hackett M. Rapid isolation

method for lipopolysaccharide and lipid A

from gram-negative bacteria. Analyst

2000;125:651–656.

25. Darveau RP, Hancock RE. Procedure for

isolation of bacterial lipopolysaccharides

from both smooth and rough Pseudomo-

nas aeruginosa and Salmonella typhimur-

ium strains. J Bacteriol 1983;155:831–838.

26. Bantroch S, Buhler T, Lam JS. Appro-

priate coating methods and other condi-

tions for enzyme-linked immunosorbent

assay of smooth, rough, and neutral lipo-

polysaccharides of Pseudomonas

aeruginosa. Clin Diagn Lab Immunol

1994;1:55–62.

27. Freudenberg MA, Fomsgaard A, Mitov I,

Galanos C. ELISA for antibodies to lipid

A, lipopolysaccharides and other hydro-

phobic antigens. Infection 1989;17:322–

328.

28. Darveau RP, Cunningham MD, Bailey T

et al. Ability of bacteria associated with

chronic inflammatory disease to stimulate

E-selectin expression and promote neu-

trophil adhesion. Infect Immun

1995;63:1311–1317.

29. Ebisawa M, Bochner BS, Georas SN,

Schleimer RP. Eosinophil transendothelial

migration induced by cytokines. I. Role of

endothelial and eosinophil adhesion mo-

lecules in IL-1 beta-induced transen-

dothelial migration. J Immunol 1992;

149:4021–4028.

30. Kirikae T, Inada K, Hirata M, Yoshida

M, Galanos C, Luderitz O. Hemaggluti-

nation induced by lipopolysaccharides and

lipid A. Microbiol Immunol 1986;30:269–

274.

31. Neter E, Zalewski NJ, Ferguson WW.

Escherichia coli hemagglutinin response of

adult volunteers to ingested E. coli 055

B5. Proc Soc Exp Biol Med 1953;82:215–

219.

32. Neter E. Bacterial hemagglutination and

hemolysis. Bacteriol Rev 1956;20:166–

188.

33. Alam M, Miyoshi S, Tomochika K, Shi-

noda S. Hemagglutination is a novel bio-

logical function of lipopolysaccharide

(LPS), as seen with the Vibrio cholerae

O139 LPS. Clin Diagn Lab Immunol

1997;4:604–606.

34. Leung KP, Fukushima H, Nesbitt WE,

Clark WB. Prevotella intermedia fimbriae

mediate hemagglutination. Oral Microbiol

Immunol 1996;11:42–50.

35. Okamoto M, Maeda N, Kondo K, Leung

KP. Hemolytic and hemagglutinating ac-

tivities of Prevotella intermedia and Pre-

votella nigrescens. FEMS Microbiol Lett

1999;178:299–304.

36. ScottMG,YanH,HancockRE. Biological

properties of structurally related alpha-he-

lical cationic antimicrobial peptides. Infect

Immun 1999; 67: 2005–2009.

37. Macias EA, Rana F, Blazyk J, Mod-

rzakowski MC. Bactericidal activity of

magainin 2: use of lipopolysaccharide

mutants. Can J Microbiol 1990;36:582–

584.

38. Srimal S, Surolia N, Balasubramanian S,

Surolia A. Titration calorimetric studies to

elucidate the specificity of the interactions

of polymyxin B with lipopolysaccharides

and lipid A. Biochem J 1996;315(Pt

2):679–686.

39. Thomas CJ, Surolia A. Kinetics of the

interaction of endotoxin with polymyxin B

and its analogs: a surface plasmon

resonance analysis. FEBS Lett 1999;

445:420–424.

40. Frey EA, Miller DS, Jahr TG et al. So-

luble CD14 participates in the response of

cells to lipopolysaccharide. J Exp Med

1992;176:1665–1671.

41. Hailman E, Lichenstein HS, Wurfel MM

et al. Lipopolysaccharide (LPS)-binding

protein accelerates the binding of LPS to

CD14. J Exp Med 1994;179:269–277.

42. Alam M, Miyoshi SI, Tomochika KI,

Shinoda S. Purification and characteriza-

tion of novel hemagglutinins from Vibrio

mimicus: a 39-kilodalton major outer

membrane protein and lipopolysacchar-

ide. Infect Immun 1996;64:4035–4041.

43. Ogawa T, Suda Y, Kashihara W et al.

Immunobiological activities of chemically

defined lipid A from Helicobacter pylori

LPS in comparison with Porphyromonas

gingivalis lipid A and Escherichia coli-type

synthetic lipid A (compound 506). Vaccine

1997;15:1598–1605.

44. Ernst RK, Yi EC, Guo L et al. Specific

lipopolysaccharide found in cystic fibrosis

airway Pseudomonas aeruginosa. Science

1999;286:1561–1565.

45. Ogawa T. Chemical structure of lipid A

from Porphyromonas (Bacteroides) gingi-

valis lipopolysaccharide. FEBS Lett

1993;332:197–201.

46. Ogawa T, Uchida H, Amino K.

Immunobiological activities of chemically

defined lipid A from lipopolysaccharides

of Porphyromonas gingivalis. Microbiology

1994;140(Pt 5):1209–1216.

47. Cohen J, McConnell JS. Antibiotic-in-

duced endotoxin release. Lancet

1985;2:1069–1070.

48. Shenep JL, Barton RP, Mogan KA. Role

of antibiotic class in the rate of liberation

of endotoxin during therapy for experi-

mental gram-negative bacterial sepsis.

J Infect Dis 1985;151:1012–1018.

49. Glauser MP. Pathophysiologic basis of

sepsis: considerations for future strategies

of intervention. Crit Care Med

2000;28:S4–S8.

50. Zanetti G, Baumgartner JD, Glauser MP.

Sepsis and septic shock. Schweiz Med

Wochenschr 1997;127:489–499.

51. Hirata M, Shimomura Y, Yoshida M,

Wright SC, Larrick JW. Endotoxin-

binding synthetic peptides with endo-

toxin-neutralizing, antibacterial and

anticoagulant activities. Prog Clin Biol

Res 1994;388:147–159.

52. Nagaoka I, Hirota S, Niyonsaba F et al.

Augmentation of the lipopolysaccharide-

neutralizing activities of human catheli-

cidin CAP18/LL-37-derived antimicrobial

peptides by replacement with hydrophobic

and cationic amino acid residues. Clin

Diagn Lab Immunol 2002;9:972–982.

53. Gough M, Hancock RE, Kelly NM.

Antiendotoxin activity of cationic peptide

antimicrobial agents. Infect Immun

1996;64:4922–4927.

54. Hirakura Y, Kobayashi S, Matsuzaki K.

Specific interactions of the antimicrobial

peptide cyclic beta-sheet tachyplesin I with

lipopolysaccharides. Biochim Biophys Acta

2002;1562:32–36.

55. Storm DR, Rosenthal KS, Swanson PE.

Polymyxin and related peptide antibiotics.

Annu Rev Biochem 1977;46:723–763.

56. Falla TJ, Karunaratne DN, Hancock RE.

Mode of action of the antimicrobial pep-

tide indolicidin. J Biol Chem 1996;

271:19298–19303.

57. Scott MG, Vreugdenhil AC, Buurman

WA, Hancock RE, Gold MR. Cutting

edge: cationic antimicrobial peptides

block the binding of lipopolysaccharide

(LPS) to LPS binding protein. J Immunol

2000;164:549–553.

58. Ohashi K, Niwa M, Nakamura T, Morita

T, Iwanaga S. Anti-LPS factor in the

horseshoe crab, Tachypleus tridentatus. Its

hemolytic activity on the red blood cell

sensitized with lipopolysaccharide. FEBS

Lett 1984;176:207–210.

430 Dixon et al.




