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ABSTRACT: Endotoxin [lipopolysaccharide (LPS)] covers more than 90% of the outer monolayer of the
outer membrane of Gram-negative bacteria, and it plays a dual role in its pathogenesis: as a protective
barrier against antibiotics and as an effector molecule, which is recognized by and activates the innate
immune system. The ability of host-defense antimicrobial peptides to bind LPS on intact bacteria and in
suspension has been implicated in their antimicrobial and LPS detoxification activities. However, the
mechanisms involved and the properties of the peptides that enable them to traverse the LPS barrier or
to neutralize LPS endotoxic activity are not yet fully understood. Here we investigated a series of
antimicrobial peptides and their analogues with drastically altered sequences and structures, all of which
share the same amino acid composition (K6L9). The list includes both all-L-amino acid peptides and their
diastereomers (composed of both L- and D-amino acids). The peptides were investigated functionally for
their antibacterial activity and their ability to block LPS-dependent TNF-R secretion by macrophages.
Fluorescence spectroscopy and transmission electron microscopy were used to detect their ability to bind
LPS and to affect its oligomeric state. Their secondary structure was characterized in solution, in LPS
suspension, and in LPS multibilayers by using CD and FTIR spectroscopy. Our data reveal specific
biophysical properties of the peptides that are required to kill bacteria and/or to detoxify LPS. Besides
shedding light on the mechanisms of these two important functions, the information gathered should
assist in the development of AMPs with potent antimicrobial and LPS detoxification activities.

Endotoxin [lipopolysaccharide (LPS)]1 plays a dual role
in Gram-negative bacteria pathogenesis: as one of the
barriers, by defending the bacteria from their surroundings,
and as an effector molecule, by initiating immune response
against the invading bacteria (1). LPS covers more than 90%
of the outer monolayer of the outer membrane of Gram-
negative bacteria, creating the first permeability barrier that
makes this membrane relatively impermeable to hydrophobic
antibiotics, detergents, and host proteins (2). Mode of action
studies suggest two mechanisms that explain the function
of LPS as a permeability barrier (2). The first states that the
barrier properties of LPS are mediated through its saccharidic
portion, which acts as a hydrophilic shield that prevents the
passage of hydrophobic molecules (3). The second hypothesis

states that a series of intermolecular links form a cross bridge
with divalent cations and by that mechanism tightly link LPS
molecules in the outer membrane to form an impenetrable
barrier (4).

Upon being shed from bacteria as a consequence of cell
division, death, or antibiotic treatment (5), LPS forms
oligomers in suspension that are recognized as a pathogen-
associated molecular pattern (PAMP) by innate immune cells
(6). This process of recognition involves binding of LPS to
serum proteins [such as LPS-binding protein (LBP)] (7)
followed by binding to membrane-bound proteins (CD14 and
TLR-4). This initiates a cascade of intracellular signaling
processes that lead to innate immune cell activation (8). This
activation is characterized by the induction and secretion of
pro-inflammatory cytokines, such as TNF-R and IL-6, as well
as enhancement of their phagocytic activity (9). Controlled
production and secretion of pro-inflammatory cytokines is
essential for the development of local inflammation, but in
extreme cases, when bacteria reach the bloodstream, uncon-
trolled activation of phagocytes takes place, resulting in
massive secretion of cytokines. These cytokines are mediators
in the development of severe sepsis, followed by systemic
damage, and in some cases even death (10). The role of LPS
both in bacterial resistance and in pathogenesis of septic
shock emphasizes the importance of improving our under-
standing of the properties involved in the interactions
between LPS and LPS-binding molecules.
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Antimicrobial peptides (AMPs) are important components
of the innate immune system of all life species (11). Several
of these peptides can bind LPS and exhibited both antibacte-
rial and LPS detoxification activity (12–14). AMPs are
produced at the site of infection or inflammation in large
quantities and act rapidly to clear the invading microorganism
(15). These functions are of great interest because of the
increasing number of pathogenic bacteria resistant to con-
ventional antibiotics. Therefore, many studies focused on the
antibacterial activity of AMPs both in vitro and in
vivo (11, 13). However, studies on the anti-endotoxic activity
of AMPs were reported for only a limited number of native
peptides and their derivatives. These peptides neutralize LPS
activity both in vitro and in vivo (14, 16–20). However, the
precise underlying mechanisms and properties of the peptides
required for this activity are not yet clear (21).

Aiming to achieve this goal, we investigated a series of
AMPs and their analogues, all sharing the same amino acid
composition (K6L9), but their sequences and structures were
drastically altered. The list includes all-L-amino acid peptides
and their diastereomers (composed of both L- and D-amino
acids). Other all L-amino acid peptides composed of K and
L have been studied previously for their hemolytic and
antimicrobial activities (22, 23). Here the peptides were
investigated functionally for their antibacterial activity, their
ability to block LPS-dependent TNF-R secretion by mac-
rophages, and their ability to bind LPS and affect its
oligomeric state. Their secondary structure was characterized
in solution, in LPS suspension, and in LPS multibilayers by
using CD and FTIR spectroscopy. We discuss our data in
light of the findings of the different peptides’ properties
required for LPS detoxification and for antimicrobial activity.

MATERIALS AND METHODS

Materials. Rink amide MBHA resin and 9-fluorenyl-
methoxycarbonyl (Fmoc) amino acids were purchased from
Calibochem-Novabiochem AG. Other reagents used for
peptide synthesis included trifluoroacetic acid (TFA, Sigma),
N,N-diisopropylethylamine (DIEA, Aldrich), methylene chlo-
ride (peptide synthesis grade, Biolab), dimethylformamide
(peptide synthesis grade, Biolab), and benzotriazolyl-n-
oxytris(dimethylamino)phosphonium hexafluorophosphate
(BOP, Sigma). Dulbecco’s modified Eagle’s medium
(DMEM), heat-inactivated fetal calf serum (FCS), L-
glutamine, penicillin-streptomycin amphotericin B antibiot-
ics, and a nonessential amino acid solution (1:100) were
supplied by Biological Industries (Beit Haemek, Israel).

Bovine serum (BS) was purchased from Hyclone. Li-
popolysaccharide from Escherichia coli 0111:B4, and fluo-
rescein isothiocyanate (FITC)-conjugated lipopolysccharides
were supplied by Sigma.

Peptide Synthesis and Purification. Peptides were synthe-
sized by a solid phase method on rink amide MBHA resin
(0.05 mequiv) by using an ABI 433A automatic peptide
synthesizer. Labeling of the N-terminus of the peptides with
7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD) was done on the
resin-bound peptide as previously described (24). The resin-
bound peptides were cleaved from the resins by TFA, washed
with dry ether, and extracted with a 30% acetonitrile/water
mixture. TFA cleavage of the peptides bound to rink amide
MBHA resin resulted in C-terminally amidated peptides.
Each crude peptide contained one major peak, as revealed
by RP-HPLC, that was 50-70% pure by weight. The
peptides were further purified by RP-HPLC on a C18 reverse
phase Bio-Rad semipreparative column (250 mm × 10 mm,
300 Å pore size, 5 µm particle size). The column was eluted
in 40 min, using a linear gradient from 20 to 60% acetonitrile
in water, both containing 0.1% TFA (v/v), at a flow rate of
1.8 mL/min. The purified peptides were shown to be
homogeneous (>98%) by analytical HPLC. The peptides
were further subjected to amino acid analysis and electro-
spray mass spectroscopy to confirm their composition and
molecular weight.

Antibacterial ActiVity of the Peptides. A set of clinical
isolates from distinct patients as well as two standard
laboratory strains were included in this study: Staphylococcus
simulans 22; Micrococcus luteus ATCC 1856; Enterococcus
faecium (I-11054); Staphylococcus epidermidis, methicillin-
resistant (MRSE; LT1324); Staphylococcus aureus, methi-
cillin-susceptible (5185); S. aureus, methicillin-resistant
(MRSA; LT1338); Citrobacter freundii (I-11090); Klebsiella
pneumoniae (I-10910); E. coli (O-19592); Stenotrophomonas
maltophila (I-10717); Pseudomonas aeruginosa (I-10968);
and Candida albicans (I-11134). In addition, the following
control strains were used for activity tests of the peptides:
E. coli ATCC 12795 and E. coli 0111:B4. The strains were
maintained on Mueller-Hinton (MH) agar or on blood agar.
The determination of the minimal inhibitory concentrations
(MICs) of the peptides was performed in microtiter plate
assays. Since cationic peptides bind to polystyrene, 96-well
polypropylene plates (Life Technologies) were used through-
out. A series of 2-fold dilutions in MH broth was prepared
from a stock solution of the respective peptide. The indicator
strains were grown to an optical density (600 nm) of 1.0 in
half-concentrated MH broth and diluted 1:105 with the same
medium. Then 100 µL of this suspension was mixed with
100 µL of the peptide dilution in the well of a microtiter
plate. After incubation for 18 h (24 h for M. luteus) at 37
°C, the MIC was read as the lowest concentration of
antimicrobial agent resulting in the complete inhibition of
visible growth, and the results are mean values of two
independent determinations.

EValuation of Secretion of TNF-R from RAW264.7 Mac-
rophages. RAW264.7 macrophages were cultured overnight
in a 96-well plate (2.5 × 105 cells/well). The medium was
then removed followed by the addition to each well of fresh
DMEM supplemented with 5% bovine serum. The cells were
stimulated with different concentrations of LPS (10, 100, or
1000 ng/mL or 2.5, 25, or 250 nM, respectively) in the

Table 1: Peptide Designations, Sequences, and HPLC Retention Times

peptide
designation sequencea

RP-HPLC
retention

time (min)b

amphipathic-L L K L L K K L L K K L L K L L-NH2 38.10
amphipathic-D L K L L K K L L K K L L K L L-NH2 23.80
scrambled-L K L K L L K L L K L L K L L K-NH2 28.05
scrambled-D K L K L L K L L K L L K L L K-NH2 24.70
segregated-L L L L L L K K K K K K L L L L-NH2 21.60
segregated-D L L L L L K K K K K K L L L L-NH2 27.66

a Underlined and bold amino acids are D-enantiomers. All the
peptides are amidated at their C-termini. b A C18 reverse phase analytical
column was used. The peptides were eluted in 60 min, using a linear
gradient from 20 to 80% acetonitrile in water, both containing 0.05%
TFA (v/v).
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presence 10 µM amphipathic-L, amphipathic-D, scrambled-
L, scrambled-D, segregated-L, or segregated-D amino acids.
Cells that were stimulated with LPS alone and untreated cells
served as controls. The cells were incubated for 6 h at 37
°C followed by collection of samples of the medium from
each well. The TNF-R concentration in each of the samples
was evaluated using the mouse TNF-R ELISA kit according
to the manufacturer’s protocol (BIOSOURCE, USA). All
experiments were repeated twice.

Binding Assay. The experiments were conducted as
described previously (25). Briefly, an LPS solution [20 ng/
µL (5 µM) in DDW] was added successively to 0.5 µM
NBD-labeled peptides (amphipathic-L, scrambled-L, segregated-
L, and their diastereomers all dissolved in DDW). The
changes in NBD emission (530 nm) were monitored as a
function of the LPS:peptide molar ratio using an SLM-
AMNICO luminescence spectrometer, with excitation set at
467 nm (8 nm slit) until the system reached equilibrium. To
account for background, the emissions of both DDW and
LPS alone at the same wavelength were monitored. The
changes in the probe emission represented the amount of
LPS bound to the peptide because NBD is known to change

its emission in a hydrophobic environment (25) and, there-
fore, enable us to evaluate binding of LPS to the peptides.
Our system reached binding equilibrium at a certain LPS:
peptide ratio. Therefore, the affinity constant could be
calculated from the relationship between the equilibrium level
of NBD-labeled peptide emission and the LPS concentration,
using a steady state affinity model. The affinity constants
were, thus, determined by nonlinear least-squares (NLLSQ)
fitting using the following equation:

Y(x))KAX∆Fmax⁄(1+KAX) (1)

where X is the LPS concentration, ∆Fmax is the maximal
change in NBD-labeled peptide emission (represents the
maximum LPS bound or equilibrium binding response), and
KA is the affinity constant.

Effect of the Peptides on LPS-FITC Aggregates. The assay
was conducted as described previously (14). Briefly, LPS-
FITC (0.5 µg/mL) was treated with increasing concentrations
of the peptides. The changes in the emission of FITC (515
nm) were monitored by using an SLM-AMNICO lumines-
cence spectrometer with excitation set at 488 nm (8 nm slit).
The emissions of both DDW and peptides alone were taken

Table 2: Peptide Antibacterial Activities As Reflected in Their Minimal Inhibitory Concentrations (MICs)a

peptide
E. coli
19592

E. coli
0111:B4

E. coli
ATCC 12795

P. aeruginosa
I-10968

St. maltophilia
I-10717

C. freundii
I-11090

K. pneumoniae
I-10910

amphipathic-L 12.5 12.5 12.5 12.5 25 25 25
amphipathic-D 0.78 0.78 0.78 1.56 1.56 0.78 1.56
scrambled-L 1.56 3.125 1.56 6.25 3.125 NT NT
scrambled-D 0.78 0.78 0.78 1.56 6.25 0.78 25
segregated-L 50 50 >50 25 50 >50 >50
segregated-D 0.78 1.56 1.56 3.125 50 3.125 50

peptide
En. faecium

I-11054 S. simulans 22
S. aureus

5185

S. epidermidis,
methicillin-

resistant LT1324

S. aureus,
methicillin-

resistant LT1338
M. luteus
I-11134b

Ca. albicans
ATCC 1856

amphipathic-L 12.5 12.5 12.5 12.5 12.5 6.25 6.25
amphipathic-D 0.78 0.78 0.78 0.39 1.56 0.195 6.25
scrambled-L NT NT NT NT 3.125 NT NT
scrambled-D 1.56 0.78 3.125 0.78 6.25 0.39 1.56
segregated-L 12.5 25 >50 50 >50 3.125 3.125
segregated-D 1.56 1.56 12.5 0.78 25 0.39 50
a Peptide MICs are in micromolar. b MIC determination after 24 h instead of 18 h because of slow growth. NT, not tested.

FIGURE 1: Effects of the peptides on LPS-induced TNF-R secretion by macropages. Cells were stimulated with different concentrations of
LPS [10 ng/mL (white columns), 100 ng/mL (black columns), and 1000 ng/mL (gray columns)] in the presence or absence of peptides (10
µM). After incubation, the TNF-R concentration in the cell medium was evaluated using a mouse TNF-R ELISA kit. Untreated cells
(dotted gray columns) served as controls.
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as a background. Dissociation of the aggregates results in
an increase in the fluorescence of FITC due to dequenching
(26). We followed the changes in FITC emission until the
system reached a steady state.

Electron Microscopy. We used transmission electron
microscopy (TEM) to visualize the effect of the peptides on
LPS aggregates. An LPS suspension in PBS (1 mg/mL) was
incubated for 1 h with 20 or 50 µM amphipathic-L (an
effective LPS neutralizer) or with the same concentration of
scrambled-D (weak LPS neutralizer). A drop from each
treatment was deposited onto a carbon-coated grid and
negatively stained with uranyl acetate (1%). The grids were
examined using a JEOL JEM 100B electron microscope
(Japan Electron Optics Laboratory Co., Tokyo, Japan), at
60 kV, with a magnification of 30000×. Untreated LPS was
used as a control.

Fourier-Transform Infrared (FTIR) Spectroscopy Mea-
surements. This technique was used to obtain information
about the influence of LPS on the secondary structure of the
peptides. Spectra were obtained with a Bruker equinox 55
FTIR spectrometer equipped with a deuterated triglyceride

sulfate (DTGS) detector and coupled to an ATR device as
previously described (27). Briefly, a mixture of LPS (1 mg)
alone or with a peptide (∼80 µg) (LPS to peptide molar ratio
of ∼5:1) was deposited on a ZnSe horizontal ATR prism
(80 mm × 7 mm). Lipid/peptide mixtures were prepared by
dissolving them together in a 1:2 MeOH/CH2Cl2 mixture and
drying under a stream of dry nitrogen while moving a Teflon
bar back and forth along the ZnSe prism. Spectra were
recorded, and the respective pure phospholipid spectra were
subtracted to yield the difference spectra. The background
for each spectrum was a clean ZnSe prism. Hydration of
the sample was achieved via introduction of excess deuterium
oxide (2H2O) into a chamber placed on top of the ZnSe prism
in the ATR casting and incubation for 15 min before
acquisition of the spectra. H-D exchange was considered
complete after the total shift of the amide II band. Any
contribution of 2H2O vapor to the absorbance spectra near
the amide I peak region was eliminated by subtracting the
spectra of pure lipids equilibrated with 2H2O under the same
conditions.

ATR-FTIR Data Analysis. Prior to curve fitting, a straight
baseline passing through the cordinates at 1700 and 1600
cm-1 was subtracted. To resolve overlapping bands, the
spectra were processed using PEAKFITTM (Jandel Scien-
tific, San Rafael, CA). Second-derivative spectra were
calculated to identify the positions of the component bands
in the spectra. These wavenumbers were used as initial
parameters for curve fitting with Gaussian component peaks.
Position, bandwidths, and amplitudes of the peaks were
varied until (i) the resulting bands shifted by no more than
2 cm-1 from the initial parameters, (ii) all the peaks had
reasonable half-widths (<20-25 cm-1), and (iii) good
agreement between the calculated sum of all the components
and the experimental spectra was achieved (r2 > 0.99). The
relative contents of the different secondary structure elements
were estimated by dividing the areas of individual peaks,
assigned to a specific secondary structure, by the whole area
of the resulting amide I band. The results of two independent
experiments were averaged.

The interactions of the peptides with LPS headgroups were
studied by monitoring the symmetric stretching vibration of
the negatively charged phosphate groups, υs(PO2

-), ranging
from 1200 to 1280 cm-1 (28).

Circular Dichroism (CD) Spectroscopy. The CD spectra
of the peptides were measured with a Jasco J-500A spec-
tropolarimeter after the instrument had been calibrated with
(+)-10-camphorsulfonic acid. The spectra were scanned at
25 °C in a capped, quartz optical cell with a path length of
0.5 mm. Spectra were obtained at wavelengths of 250-190
nm. Eight scans were taken for each peptide at a scan rate
of 20 nm/min. Mean residue ellipticities were expressed as
[θ] (degrees square centimeters per decimole). The peptides
(25 µM) were scanned in the presence or absence of LPS
(25 µM) dissolved in PBS. Fractional helicity was calculated
from the dichroic minimum at 222 nm, as previously
described (29, 30). The θ222/θ208 ratio was calculated to
estimate helix-helix interactions (31).

RESULTS

Peptide Synthesis, Purification, and Antimicrobial ActiVity.
Six cationic peptides were synthesized and investigated. The
parental 15-mer peptide (K6L9) was designed to fold into an

FIGURE 2: Binding of LPS to AMPs. Changes in the fluorescence
intensity of the NBD-labeled peptides (∆F) as a function of the
lipid:peptide molar ratio. NBD-labeled peptides (0.5 µM) were
titered with LPS. The decrease in NBD emission after addition of
LPS relative to the emission of NBD-labeled peptide alone reflects
the extent of peptide associated with LPS. Black squares, circles,
and triangles represent data for the all-L-amino acid peptides; white
symbols represent data for the D,L-peptides. The results are the
means of three independent experiments with a standard deviation
of (10%.
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ideal amphipathic R-helix in its all-L-amino acid form. The
second peptide had a scrambled sequence of hydrophobic
and positively charged amino acids, and in the third one,
we segregated the hydrophobic and positively charged amino
acids. The other three peptides were the corresponding
diastereomers of the mentioned peptides (see Table 1). Note
that all the peptides share the same amino acid composition.
However, the HPLC retention time was different, indicating
that sequence alteration affected the peptides’ effective
hydrophobicity. In general, the incorporation of D-amino
acids into the sequence of the peptides caused a reduction
in their retention time, indicating that their effective hydro-
phobicity is lower. Interestingly, the opposite trend was
observed with the segregated peptides in which the retention
time of the all-L-peptide is shorter than that of the D-peptide.
Note that the segregated-L peptide adopts mainly an ag-
gregated �-sheet structure in solution and when bound to

hydrophobic surfaces (LPS). Such large aggregates could
elute earlier than expected for less aggregated forms. The
antimicrobial activity of the peptides was tested against 13
different strains of Gram-negative and Gram-positive bacteria
and one fungal strain, among them nine clinically isolated
strains that are multiresistant to conventional antibiotics. The
data reveal that all the peptides, despite their drastic sequence
alterations, are antimicrobial, most of which are of very high
potency. Interestingly, the overall trend is that the D,L-amino
acid analogues are significantly more active than their all-
L-amino acid parental peptides (Table 2).

Effect of the Peptides on LPS-Induced Secretion of TNF-R
by RAW264.7 Macrophages. TNF-R is one of the first pro-
inflammatory cytokines secreted by LPS-stimulated immune
cells (9). To explore the effect of the peptides on LPS-
induced TNF-R secretion, we first stimulated macrophages
with LPS at three concentrations, 10, 100, and 1000 ng/mL
(2.5, 25, and 250 nM, respectively). The ability of the
peptides to detoxify LPS was examined by monitoring the
concentration of the secreted TNF-R in the presence of
the peptides (10 µM). The data shown in Figure 1 reveal
that all the peptides reduced the level of TNF-R secretion
when the macrophages were stimulated with 10 ng/mL (2.5
nM) LPS [LPS concentration that is similar to that found in
septic patients (32)]. Note that scrambled-D and segregated-D

were significantly less active compared with the others, which
reduced TNF-R almost to the basal level. However, when
macrophages were stimulated with LPS at higher concentra-

FIGURE 3: Relationship between peptide concentration and the LPS-FITC aggregation state. LPS-FITC (0.5 µg/mL) was treated with decreasing
concentrations of peptides. The change in FITC emission after each treatment was monitored until it reached equilibrium. The emission
increase reflected the change in the LPS-FITC aggregate state. FITC tends to increase its emission when the distance between its monomers
increases.

Table 3: Calculated Affinity Constants of the Different Peptides for LPS
in Suspensiona

peptide affinity constant (M-1) R2

amphipathic-L (2.19 ( 3.0) × 107 0.98
amphipathic-D (2.09 ( 0.22) × 107 0.99
scrambled-L (2.56 ( 0.31) × 107 0.99
scrambled-D (3.20 ( 0.33) × 107 0.99
segregated-L (2.12 ( 0.32) × 107 0.98
segregated-D (2.39 ( 0.19) × 107 0.99

a The affinity constants were determined by nonlinear least-squares
(NLLSQ) fitting.
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tions [100 and 1000 ng/mL (25 and 250 nM, respectively)],
only amphipathic-L, amphipathic-D, and scrambled-L sig-
nificantly reduced the TNF-R concentrations. As we will
discuss later, the most active peptides either adopted an
R-helical structure or had an amphipathic character both in
the all-L or the D,L forms.

Binding of the Peptides to LPS. The ability of antimicrobial
peptides to bind LPS is a prerequisite for their antibacterial
and endotoxin detoxifying activities. We conducted binding
experiments by using NBD-labeled peptides as described
previously (25, 33). Changes in the intensities of the
fluorescence emission of the NBD-labeled peptides (F) were
recorded as a function of the LPS:peptide molar ratios and
are shown in Figure 3. The data were fitted by using NLLSQ
fitting to determine the binding constants (Ka). We found
that all the peptides bound with high and similar affinities
to LPS (Ka ) 107 M-1) (Table 3), despite the differences in
their antibacterial and LPS neutralizing activities.

Effect of the Peptides on LPS-FITC Aggregates. We have
shown previously a direct correlation between the ability of
amphipathic R-helical AMPs to disaggregate LPS oligomers
and their ability to neutralize LPS (14). Here we tested the
ability of all the peptides to disaggregate LPS to determine
whether this is a general property of LPS-neutralizing agents

irrespective of their structure. This was done by monitoring
the changes in the fluorescence of LPS-FITC, which is
dequenched in the aggregated form but increases once the
aggregates dissociate (26). Results are shown in Figure 3.
The data revealed two major groups. The first includes the
most active peptides, namely, amphipathic-L, amphipathic-
D, and scrambled-L, all of which exhibited a strong ability
to dissociate LPS aggregates. The second group includes
scrambled-D, segregated-L, and segregated-D, which were less
active in this assay. These results are in agreement with the
ability of the peptides to detoxify LPS, as reflected in
the reduced level of TNF-R secretion by macrophages
(Figure 1). Note that although all the peptides became active
above a threshold concentration (“all or none effect”), this
concentration was significantly lower (∼1 µM) for the all-
L-amino acid peptides, compared with their diastereomeric
counterparts (>5 µM). This occurs despite the finding that
they all bind to LPS with a stoichiometry of ∼1:1
(Figure 2).

Visualizing the Effect of the Peptides on LPS Aggregates.
TEM was used to visualize the effect of the peptides on LPS
aggregates. On the basis of the results of LPS neutralization
and LPS-FITC disaggregation, we have focused on two
peptides: the active amphipathic-L and the nonactive scram-

FIGURE 4: Electron micrographs of a negatively stained LPS suspension. (A) Untreated LPS. (B and C) LPS treated with 20 and 50 µM
amphipathic-L, respectively. (D and E) LPS treated with 20 and 50 µM scrambled-D, respectively. All samples were negatively stained with
uranyl acetate (1%).
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bled-D. LPS in suspensions formed fiberlike aggregates
(Figure 4). These aggregates were completely broken into
smaller particles by amphipathic-L when used at its high
active concentration (Figure 4C). However, scrambled-D,

although it reduced the number of LPS aggregates at the
high concentration (50 µM), had almost no effect on the
number of aggregates and structure when applied at a lower
concentration (20 µM). This observation supports the results
of LPS-FITC disaggregation (Figure 3), suggesting that the
mechanism of LPS neutralization by these peptides involves
strong binding to LPS followed by breaking LPS aggregates
to smaller particles that are not available to LBP.

Interaction of the Peptides with the LPS Phosphate
Groups. The interaction of the peptides with the LPS
phosphate groups is a way of estimating the depth of the
penetration of the peptides into the LPS layer. This can reflect
the potential of the peptide to traverse the outer membrane
of the bacteria (34, 35). We followed the antisymmetric
stretching vibration of the negatively charged phosphate,
υas(PO2

-) (1200-1300 cm-1). In the range of this vibration,
namely, 1220 and 1240 cm-1, a drastic change in the band
shape is seen as a result of such an interaction (28). The
addition of the peptides led to a reduction in the band
intensities, indicating intercalation of the peptide closer to
the lipid A phosphate groups. Interestingly, the binding of
the diastereomers to LPS led to similar significant reductions
in the band intensity, with the strongest effect induced by
amphipathic-D (Figure 5). These results correlate with the
highest antibacterial activity of all the diastereomers com-
pared with their all L-amino acid counterparts. In contrast,
large differences were found between the all-L-amino acid
peptides. Interestingly, however, the strongest effect was
observed with scrambled-L, which has significantly higher
antimicrobial activity than the other two L-amino acid
peptides. Note, however, that there is no correlation between
LPS neutralizing activity and the intercalation of the peptides
near the phosphate groups, since, for example, amphipathic-D

has the strongest effect on the phosphates whereas amphi-
pathic-L has the weakest effect. Yet both are highly potent
in neutralizing the LPS toxic effect (Figure 1). This is
probably due to the differences in the peptides’ structures
and oligomeric state, which affect their ability to reach the
less exposed inner phosphate group (see below).

Secondary Structure of the Peptides in Solution and in
LPS Suspension Determined by CD Spectroscopy. The
secondary structures of the all-L-amino acid peptides (at 25
µM) were determined in LPS suspension (25 µM) and in
PBS (Figure 6). The diastereomers did not give any detect-
able signal due to the incorporation of the D-amino acids
and therefore are not shown. The data revealed an 100%
R-helical structure for amphipathic-L, both in PBS and in
LPS suspension, characterized by double minima at 208 and
222 nm. Scrambled-L seems to adopt a low level of helical
structure and random coil in PBS but adopted a 37%
R-helical structure in LPS suspension, whereas segregated-L

exhibited a single minimum at 215 nm, both in PBS and in
LPS suspension, typical of a �-sheet structure. None of the
D,L-peptides gave any signal in PBS or in LPS suspension.
A defined R-helical structure of amphipathic-L or �-sheet of
segregated-L in PBS indicates that the peptide probably forms
oligomers. This is because a short peptide can form a distinct
secondary structure in solution when it oligomerizes. In the
oligomeric form, the hydrophobic surfaces are packed one
against another and the hydrophilic surfaces face the
solution (36, 37). As we will show next, the CD structures
in LPS agree with those obtained using FTIR spectroscopy.

FIGURE 5: Influence of the different peptides on the headgroups of
LPS. IR absorbance spectra are shown for LPS multibilayers in
the range of the antisymmetric stretching vibration of the negatively
charged phosphates, υas(PO2

-), for the different peptides: (A) all-
L-amino acid peptides and (B) D,L-amino acid peptides. Designations
are as follows: LPS (s), scrambled (- ·-), segragated ( · · · ),
amphipathic (---).

FIGURE 6: CD spectra of the peptide. Spectra were recorded after
25 µM peptide was dissolved in LPS suspension (25 µM) or in
PBS: (thick line) amphipathic-L, (thin line) scrambled-L, and (dashed
line) segregated-L.
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Secondary Structure of the Peptides in LPS Multibilayers,
As Determined by Spectroscopy. The secondary structure
components of the peptides were determined from the
wavenumbers of the amine I vibration (followed by decon-
volution) after complete deuteration. The amide I region
spectra as well as the fitted band components (obtained by

deconvolution) of the peptides when bound to LPS multi-
bilayers are shown in Figure 7. Assignment of the different
secondary structures to the various amide I regions was
conducted according to the values taken from other
work (38, 39) and from our previous results (40, 41). The
assignments and the relative areas of the component peaks
are summarized in Table 4. The results indicate strong bands
typical of R-helical structures at 1650 cm-1 (90%) and a
small portion of aggregated �-sheet at 1625 cm-1 (10%),
for both amphipathic-L and scrambled-L. Note that amphi-
pathic-D and scrambled-D adopted similar structures with
bands typical of R-helical structures at 1650 cm-1, 310-helix
at 1658 cm-1, and aggregated �-sheet at 1625 cm-1. In
comparison, segregated-L and segregated-D adopted mainly
an aggregated �-sheet structure (85 and 65%, respectively),
and only a small portion of an R-helical structure. Similar
structures were reported previously for these peptides in a
PE/PG model membrane (42).

FIGURE 7: Deconvolution of FTIR spectra of the fully deuterated amide I band (1600-1700 cm-1) of peptides in LPS multibilayers. Second
derivatives were calculated to identify the positions of the component bands in the spectra. The component peaks result from curve fitting
using a Gaussian line shape. The sums of the fitted components superimpose on the experimental amide I region spectra. Solid lines
represent the experimental FTIR spectra; broken lines represent the fitted components.

Table 4: Peptide Structure As Determined by ATR-FTIR Spectroscopy
from the Deconvolution of the Amide I Bands of the All-L and the
Diastereomeric Peptides Incorporated into LPS Multibilayersa

peptide
designation

�-sheet +
aggregated strands

(%), 1620-
1640 cm-1

random coil/
R-helix (%),

1640-
1654 cm-1

distorted/
310-helix (%),

1655-
1670 cm-1

amphipathic-L 10 90 -
amphipathic-D 38 47 15
scrambled-L 10 90 -
scrambled-D 25 50 25
segregated-L 85 15 -
segregated-D 65 35 -

a A 10:1 lipid:peptide molar ratio was used.
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DISCUSSION

The important conclusion from our study is that the overall
biophysical properties of the cationic antimicrobial peptides
studied here needed to kill bacteria are not the same as those
needed to detoxify LPS, and that we identified specific
biophysical properties of the peptides that are required for
each function. These properties include sequence, an am-
phipathic structure, affinity for LPS, the ability to traverse
the LPS layer, and the ability to disaggregate LPS micelles.
These findings can be achieved by using a group of peptides
that all share the same amino acid composition but with
sequences drastically altered. Since all the peptides bound
similarly to LPS (Figure 2 and Table 3), we can assume that
the differences in their activities are not due to differences
in the amount of bound peptide but instead are due to other
properties of the peptides. Note that we used LPS, which is
derived from one of the bacterial strains listed in Table 2
(0111:B4).

Effect of Primary Sequence Alteration on the Biophysical
Properties and the Antimicrobial Potency of the Peptides.
Alteration of the primary sequence of the peptides only
partially affected their antimicrobial activity against the tested
bacteria that also include clinically resistant strains (Table
2). In fact, besides segregated-L, all other drastically altered
peptides improved their antimicrobial activity, compared with
the parental molecule amphipathic-L. It has been suggested
that bacteria can resist a specific antibacterial peptide by
preventing it from traversing LPS, the external barrier of
the bacteria (35, 43). This property is reflected by the
potential of the peptide to decrease the magnitude of
the signal of the antisymmetric stretching vibrations of the
negatively charged phosphate υas(PO2

-) of LPS, located close
to the lipid hydrophobic anchor, lipid A (34, 35). The results
of the ATR-FTIR studies (Figure 5) support this hypothesis,
since sequence alteration improved the ability of the peptides
to penetrate more deeply, closer to lipid A. Thus, the most
potent antimicrobial peptides, namely, amphipathic-D, scram-
bled-D, segregated-D, and scrambled-L, had the strongest
effect on the phosphate groups. An interesting observation
is that in all cases the activities of the D,L-peptides are better
than those of their all-L-forms, which is probably due to the
structural alteration of the D,L-peptides compared with the
L-peptides rather than the ability of the D,L-peptides to resist
enzymatic degradation. In support of this, our results show
a direct correlation between the antibacterial activity and the
disruptive effects of the peptides on the LPS and/or the inner
phospholipid bilayer. For example, the all-L-scrambled
peptide is as potent as its D,L-counterpart, yet it is not resistant
to enzymatic degradation. Nevertheless, we have already

shown that D,L-containing peptides are more resistant to
proteolysis (42). Therefore, we cannot rule out some
contribution from their partial resistance to degradation to
their activity. An interesting question is why the less
structured peptides can better traverse the LPS despite the
finding that all of them bind similarly to LPS (Figure 2 and
Table 3). Our data indicate that the answer could lie in the
differences in the structure of the peptides in solution. CD
spectroscopy results (Figure 6) showed that amphipathic-L

has a predominant R-helical structure in solution, segregat-
ed-L adopted a �-strand structure, whereas scrambled-L did
not adopt a defined structure. The D,L-peptides did not show
any significant results, partly because of the incorporation
of the D-amino acids within the sequences. A short peptide
can have a defined structure in solution, as a consequence
of oligomerization of the peptides, such that the hydrophobic
surfaces are packed one against another and the hydrophilic
surfaces face the solution (37). It is therefore difficult for
such oligomers to traverse the LPS barrier, whereas it is much
easier for the peptides’s monomers to penetrate. In support
of this explanation, the two structured peptides, amphip-
athic-L and segregated-L, are the least potent. In addition,
the better flexibility of the D,L-peptides could allow them to
take the preferred membrane-active structure once they are
bound to the membrane, much easier than the more rigid
and aggregated all-L-amino acid peptides. Sequence alteration
modified the amphipathic property that typifies most cationic
antimicrobial peptides (44, 45). This property is important
for the initial binding of the peptide to the bacteria’s
negatively charged outer surface and for the ability of the
peptide to perturb the membrane (46).

ATR-FTIR revealed that binding of the peptides to LPS
stabilizes their structure within the membrane (Table 3 and
Figure 7), which is similar with what has been found with
other AMPs when bound to negatively charged phopholipid
vesicles such as PC/PS or PE/PG membranes (34, 47, 48).
The structures of the peptides can be classified into three
different groups: (i) R-helices (amphipathic-L and scrambled-
L), (ii) distorted helix (amphipathic-D and scrambled-D), and
(iii) �-sheet (segregated-L and segregated-D). Table 2 reveals
that there is no structural requirement once there is an
appropriate balance between the number of hydrophobic
amino acids and positively charged amino acids.

Effect of Primary Sequence Alteration on the Capability
of the Peptides To Detoxify LPS. Several AMPs could bind
LPS in suspension and block its endotoxic effects both in
vitro and in vivo (16–20). However, practically all AMPs
tested so far for this activity adopt an amphipathic R-helix
upon their binding to membranes. Here we compared the
LPS neutralizing activity of an amphipathic R-helix (am-

Table 5: Summary of All the Biophysical Properties of the Peptides

peptide structure

peptide
antimicrobial

activity
LPS

detoxification LPS
PE/PG inner
membranea

LPS
disagregation

effect on
phosphate group

binding
to LPS

amphipathic-L + +++ R-helix R-helix +++ + +++
amphipathic-D +++ +++ R-helix/distorted helix R-helix/distorted helix +++ +++ +++
scrambled-L +++ +++ R-helix �-sheet +++ +++ +++
scrambled-D +++ ( R-helix/distorted helix R-helix/distorted helix + +++ +++
segregated-L ( ++ �-sheet �-sheet ++ + +++
segregated-D +++ + �-sheet/R-helix �-sheet/R-helix/distorted helix + +++ +++

a Taken from ref 42.
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phipathic-L) with that of its structurally altered analogues to
determine whether a specific amphipathic structure is indeed
required, and whether there is a direct correlation between
LPS neutralizing and antimicrobial activities. The data reveal
two interesting findings. (i) In contrast with the antimicrobial
activity, potent LPS neutralizing activity, as reflected in the
amount of TNF-R secreted by the macrophages in the
presence of LPS at all concentrations, requires a well-defined
helical structure (amphipathic-L, scrambled-L, and amphip-
athic-D) (Figure 1). (ii) However, when the macrophages
were stimulated with a low concentration of LPS [10 ng/
mL (2.5 nM)], the other peptides also exhibited activity. In
that case, segregated-L was highly potent. Note that this
peptide adopts a predominatly �-sheet structure. To the best
of our knowledge, this is the first example of a linear �-sheet
peptide that is highly potent in detoxifying LPS.

Binding to LPS is the initial step for both antibacterial
activity and LPS neutralization by the peptides. As mentioned
before, all peptides have similar affinities for LPS, and
therefore, other characteristics of the peptides should affect
their ability to neutralize LPS. Previously, we have shown
that the peptides’ ability to neutralize LPS correlates
with their ability to adopt an amphipathic R-helical structure
and to disaggregate LPS in suspension (14). LPS has
previously been shown to form fiberlike aggregates (49, 50).
Here we used this assay and examined whether the peptides
need a specific structure to have LPS neutralizing activity.
Importantly, we found that all the active peptides strongly
bind LPS to form LPS-peptide complexes that are smaller
than LPS aggregates alone (Figures 3 and 4). These particles
probably reduce the availability of LPS to bind LBP,
resulting in a decrease in the level of TNF-R secretion by
macrophages. This activity of the peptides does not depend
on their specific structure, since the R-helical amphipathic-
L, the unstructured scrambled-L, and the �-sheet segregated-L

all can neutralize LPS. Note that other investigators have
shown that some linear and cyclic AMPs cause an increase
in LPS aggregate diameter, suggesting that these peptides
interact with LPS to form large multilammelar stacks (51–53).
Note, however, that the LPS used in these studies was derived
from mutated bacteria that lack some of the saccharidic
portion of LPS, which might explain the differences between
our results and others.

A summary of the activities and biophysical properties of
the peptides is given in Table 5. The data indicate several
biophysical properties that are required for potent antimi-
crobial activity compared to those required for potent LPS
neutralizing activity. (i) Peptides with only potent LPS
neutralizing activity are characterized by having a stabilized
structure in both the outer LPS membrane and the inner PE/
PG membrane (either R-helical or �-sheet). Furthermore, they
have a weak effect on the LPS phosphate groups and are
potent in disaggregating LPS micelles. (ii) Peptides with only
potent antimicrobial activity have unstable structures in both
LPS and PE/PG membranes and have a strong effect on the
LPS phosphate groups. (iii) Peptides with both antimicrobial
and LPS neutralizing activities have defined and flexible
structures, can disintegrate LPS micelles, and have a strong
effect on the LPS phosphate groups.

Besides shedding light on the peptides’ parameters that
are involved in antimicrobial and LPS detoxifying activities,
this study should assist in the development of host-defense

mimicking peptides that carry one function or both antimi-
crobial and LPS neutralizing activities. Such peptides are
urgently needed due to the increasing resistance of bacteria
to available antibiotics.
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