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ABSTRACT: The interaction between host-defense antimicrobial peptides (AMPs) and the bacterial lipopoly-
saccharide (LPS) governs both the susceptibility of the bacteria to the peptide and the ability of the peptide to
inhibit LPS activation of immune cells. Both functions depend on the biophysical properties of the peptides.
However, the sequence and structural diversity of AMPs makes it difficult to determine common
denominators required for antimicrobial and LPS neutralizing activities. Toward this end, we synthesized
and investigated a series of nine 12-amino acid peptides and their fatty acid-conjugated analogues composed
of both p- and r-isomers of Leu and Lys at various ratios. The positions of the p-amino acids were preserved.
These peptides differ in their net positive charge and hydrophobicity. However, their overall structure in the
membrane is similar, as determined by Fourier transform infrared spectroscopy. The peptides and their
analogues were functionally tested for their antibacterial and hemolytic activity, their ability to permeate LPS
vesicles, their ability to neutralize LPS activation of macrophages, and their effect on LPS morphology,
determined by negative staining electron microscopy. The data revealed that increasing the ratio between
hydrophobicity and the net positive charge increases both antimicrobial and LPS neutralization activities, but
with different modes of contributions. Whereas antimicrobial activity increases linearly with the increase in
the peptides’ hydrophobicity, peptides with different hydrophobicities are endowed with similar LPS
neutralizing activities. Besides adding important information regarding AMP parameters involved in
antimicrobial and anti-LPS activities, this study suggests the use of such diastereomers as potential templates

for the development of simple molecules that conduct both types of functions.

Antimicrobial peptides (AMPs) are evolutionarily ancient
natural antibiotics, produced by all forms of life (1—3). Despite
a vast diversity in their sequences, all of them show a specific or
broad range of antimicrobial activities against bacteria, yeast,
fungi, and viruses (3—5) (online sequences of all reported
molecules can be found at http://www.bbem.univ.trieste.it/~tossi/
antimic.html). Accumulating data show that in addition to their
direct antimicrobial activity, some linear AMPs have immuno-
stimulatory, immunomodulatory, and anti-inflammatory acti-
vities (5—9). Others are capable of blocking the activation of
immune cells induced by bacterial cell wall components such as
lipopolysacchride (LPS) in Gram-negative bacteria and lipotei-
choic acid (LTA) in Gram-positive bacteria (/0—15). The
immune system has evolved to recognize LPS and LTA as
pathogen-associated molecular patterns (PAMPs), which are
released from bacteria after treatment with conventional anti-
biotics. Upon their recognition, LPS and LTA stimulate the
innate immune cells, inducing the secretion of pro-inflammatory
cytokines (e.g., TNF-a, IL1, and IL6), mainly by mononuclear
cells and macrophages (16, 17). These cytokines can rapidly lead
to the development of septic shock, which in extreme cases can
cause death (18, 19). LPS can stimulate immune cells much better
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than LTA, and therefore, it is an excellent target for in-depth
studies for its interaction with LPS-neutralizing AMPs (20).
However, the exact underlying mechanism and whether similar
parameters are required for both antimicrobial and anti-LPS
neutralizing activities are not yet well understood (2/—25).

In limited cases, mostly studies with the cathelicidin family, it
was reported that the peptides bind directly to the proteins of the
LPS recognition signaling complex (6, 9, 11, 12, 26). Never-
theless, direct binding of the peptides to LPS or LTA is thought to
be the main mechanism that prevents them from binding to the
signaling complex (23, 27, 28).

The electrostatic interaction between cationic AMPs and the
negatively charged LPS is the initial and rate-limiting step that
governs both their antimicrobial and LPS neutralizing activities.
For some AMPs, the LPS layer is a physical barrier that prevents
them from reaching and permeating the inner membrane
(27, 29—32), whereas others can overcome this barrier and traverse
the inner membrane (33—36). Although the ability of the peptides
to traverse the outer membrane is the main and initial step
governing their antibacterial activity, most studies focused
mainly on the interactions between the peptides and the model
membranes that mimic the cytoplasmic membrane of the bacteria
(37, 38). Limited studies on LPS—AMP interactions were
investigated in the context of the ability of AMPs to neutralize
the LPS endotoxic effect (23, 28, 39, 40). However, because of the
diversity in the sequences and the structures of these peptides, it is
difficult to extract specific criteria regarding the important
parameters that govern the interaction between AMPs and
LPS, which leads to LPS neutralization.
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Table 1: Designations, Sequences, and Relative Hydrophobicities of Peptides

designation sequence’ net charge retention time” (min) relative hydrophobicity“ (% acetonitrile)
KL, KKLLKLLLKLLK-NH, +6 27.5 38.75

C6-KsL, CH5(CH,);CO-KKLLK LLLKLLK- NH, +5 326 46.4

C8-KsL; CH;(CH,)¢CO-KKLLKLLLKLLK- NH, +5 34.7 49.5

K7Ls KKLLKKLKKLLK- NH, +8 2.1 30.65

C6-K4Ls CH;(CH,),CO-KKLLKKLKKLLK- NH, +7 26 36.5

C8-K,Ls CH;(CH,)CO-KKLLKKLKKLLK- NH, +7 28 39.5

KoLs KKKLKKLKKKLK- NH, +10 16.5 22.25

C6-KoL;3 CH;(CH,),CO-KKKLKKLKKKLK- NH, +9 19.8 27.2

C8-KoL;3 CH;(CH,)¢CO-KKKLKKLKKKLK- NH, +9 22.1 30.65

“All peptides are amidated at their C-termini. Fatty acids are attached to the N-termini of the peptides. Underlined and bold letters represent p-amino
acids. PRP-HPLC retention time in the C18 column by using a gradient of 5 to 65% acetonitrile in water for 40 min. “Relative hyrophobicity is reflected by the

percent of acetonitrile at the retention time.

Here we investigated the contribution of the net positive
charge and hydrophobicity to LPS neutralizing and antimicro-
bial activities of a group of structurally similar AMPs. This group
includes a new series of 12-mer peptides composed of D,L-amino
acids and their fatty acid conjugates. The peptides were investi-
gated functionally for their antimicrobial, hemolytic, and LPS
neutralizing activities. Their mode of interaction with LPS was
determined by using various biophysical methods, including
fluorescence, Fourier transform infrared (FTIR), and negative
staining electron microscopy. The results are discussed in con-
nection with the contribution of the net positive charge and the
hydrophobicity of the peptides in bestowing them with the two
activities: bactericidic and LPS neutralizing.

MATERIALS AND METHODS

Materials. Rink amide MBHA resin, 4-methylbenzhydryl-
amine resin (BHA), and 9-fluorenylmethoxycarbonyl (Fmoc)
amino acids were obtained from Calbiochem-Novabiochem AG.
Hexanoic acid and caprylic (octanoic acid) were purchased from
Sigma Chemical Co. Other reagents used for peptide synthesis
included trifluoroacetic acid (TFA) (Sigma), piperidine (Merck),
N,N-diisopropylethylamine (DIEA) (Sigma), N-methylmorpho-
line (NMM) (Fluka), N-hydroxybenzotriazole hydrate (HOBT)
(Aldrich), 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU), and dimethylformamide (DMF,
peptide synthesis grade) (Biolab). Lipopolysaccharide from
Escherichia coli O111:B4 (LPS) was purchased from Sigma.
Potential sensitive dye diS-Cs-5 was purchased from Molecular
Probes (Eugene, OR). Tissue culture medium, serum, antibiotics,
and supplements were purchased from Biological Industries (Beit
Haemek, Israel).

Peptide Synthesis, Acylation, and Purification. Peptides
were synthesized by a 9-fluorenylmethoxycarbonyl (Fmoc) solid-
phase method on Rink amide MBHA resin, by using an ABI
433A automatic peptide synthesizer (for the list of the peptides,
see Table 1). The lipophilic acid was attached to the N-terminus
of a resin-bound peptide by standard Fmoc chemistry. Briefly,
after removal of the Fmoc from the N-terminus of the peptide
with a solution of 20% piperidine in DMF, the fatty acid (7 equiv,
1 M in DMF) was coupled to the resin under similar conditions
used for the coupling of an amino acid. The peptides were cleaved
from the resin with 95% TFA and were purified by reverse-phase
high-performance liquid chromatography (RP-HPLC) on a C18
Bio-Rad semipreparative column (250 mm x 10 mm, 300 A pore
size, 5 um particle size). The purified peptides were found to be
homogeneous (>98%) by analytical RP-HPLC. Electrospray

mass spectroscopy was used to confirm their molecular weight,
and amino acid analysis was used to confirm the composition of
the peptidic moiety.

Antimicrobial Activity. The antibacterial activity of the
peptides was examined in sterile 96-well plates (Nunc F96
microtiter plates) in a final volume of 100 L as follows. Aliquots
(50 uL) of a suspension containing bacteria (midlog phase) at a
concentration of 10° colony-forming units/mL in culture medium
(LB medium) were added to 50 uL of doubly distilled water
(DDW) containing the peptide in serial 2-fold dilutions in DDW.
After incubation for 18—20 h at 37 °C, inhibition of growth was
assessed by measuring the absorbance at 600 nm with a Micro-
plate autoreader EI309 (Biotek Instruments). The antibacterial
activities were expressed as the minimal inhibitory concentration
(MIC), the concentration at which 100% inhibition of growth
was observed after incubation for 18—20 h. The bacteria used
were E. coli D21, E. coli O111:B4, E. coli 026:B6, Acinetobacter
baumannii ATCC 19606, Pseudomonas aeruginosa ATCC 27853,
and Staphylococcus aureus ATCC 6538P.

Hemolytic Activity. Fresh hRBCs were rinsed three times
with PBS [35 mM phosphate buffer and 0.15 M NaCl (pH 7.3)]
by centrifugation for 10 min at 800g and resuspended in PBS. The
peptides dissolved in PBS were then added to 50 uL of the stock
hRBC solution in PBS to create a final volume of 100 L [final
erythrocyte concentration of 4% (v/v)]. The resulting suspension
was incubated with agitation for 60 min at 37 °C. The samples
were then centrifuged at 800g for 10 min. By measuring the
absorbance of the supernatant at 540 nm, we monitored the
release of hemoglobin. Controls for zero hemolysis (blank) and
100% hemolysis consisted of hRBCs suspended in PBS and 1%
Triton X-100, respectively.

Evaluation of Secretion of TNF-a. from RAWZ264.7
Macrophages. RAW264.7 macrophages were cultured over-
night in 96-well plates (2 x 10° cells/well). The medium was then
removed, followed by the addition of fresh medium to each well.
The cells were stimulated with LPS (10 ng/mL) in the absence or
presence of the different peptides (KsL7, K7Ls, or KgL3) at 0.5, 1,
or 5 uM and their lipopeptide derivatives. Untreated cells served
as controls. The cells were incubated for 6 h at 37 °C; thereafter,
samples of the medium from each treatment were collected. The
TNF-o concentrations in the samples were evaluated using the
mouse TNF-o enzyme-linked immunosorbent assay (ELISA) kit
according to the manufacturer’s protocol (BIOSOURCE, USA).
All experiments were conducted in duplicate.

LPS Destabilization Induced by the Peptides. Membrane
destabilization, which results in the collapse of the diffusion
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potential, was detected fluorimetrically as described previ-
ously (37). Briefly, a LPS large unilamellar vesicle (LUV) suspen-
sion (10 mg/mL in 200 uL) prepared in K™ buffer [50 mM K,SO,
and 25 mM HEPES-sulfate (pH 6.8)] was added to an isotonic
K -free buffer [S0 mM Na,SO, and 25 mM HEPES-sulfate (pH
6.8)] to a final concentration of 50 ug/mL LPS in 10 mL, and then
the dye 3,3'-dipropylthiadicarbocyanine iodide (di-S-C3-5) was
added. The subsequent addition of valinomycin (0.1 M) created
a negative diffusion potential inside the vesicles by the selective
efflux of K™ ions, which resulted in quenching of the dye fluore-
scence (A = —142 mV). The LPS solution was added to serial
dilutions of each of the peptides in K'-free buffer. Peptide-
induced membrane permeation for all of the ions in the solution
caused the diffusion potential to dissipate, manifested by an increase
in fluorescence. The fluorescence was monitored using excitation
and emission wavelengths of 620 and 670 nm, respectively.

FTIR Analysis of the Structures of the Peptides. To
determine the influence of LPS on the secondary structure of
the peptides, we used attenuated total reflectance Fourier trans-
form infrared (ATR-FTIR) spectroscopy. Spectra were recorded
with a Bruker equinox 55 FTIR spectrometer equipped with a
deuterated triglyceride sulfate detector coupled to an ATR device
as previously described (23, 41). Briefly, prior to sample prepara-
tions, the TFA counterions, which associate with the peptides,
were replaced with chloride ions through several lyophilizations
of the peptides in 0.1 M HCI to eliminate an absorption band
near 1673 cm™'. After the ion exchange, the peptides (final
concentration of 100 ug/mL) were dissolved in 400 uL of LPS
solution in DDW (250 ug/mL), deposited on a ZnSe horizontal
ATR prism, and dried under vacuum at 37 °C. Spectra were
recorded, and the respective pure LPS spectra were subtracted to
yield the difference in the spectra. The background for each
spectrum was a clean ZnSe prism. Hydration of the sample was
achieved via introduction of excess deuterium oxide (*H,O) into a
chamber placed on top of the ZnSe prism in the ATR casting, and
incubaton for 15 min before the spectra were recorded. The H—D
exchange was considered complete after a total shift of the amide
IT band. Any contribution of atmospheric vapor and the LPS to
the absorbance spectra near the amide I peak region of the
peptides was eliminated via subtraction of the spectra of pure
LPS equilibrated under the same conditions as the sample in LPS.

ATR-FTIR Data Analysis. Prior to curve fitting, a straight
baseline passing through the ordinates at 1700 and 1600 cm ™'
was subtracted. To resolve overlapping bands, we processed the
spectra using PEAKFIT (Jandel Scientific, San Rafael, CA).
Second-derivative spectra were calculated to identify the posi-
tions of the component bands in the spectra. These wavenumbers
were used as initial parameters for curve fitting with Gaussian
component peaks. Positions, band widths, and amplitudes of the
peaks were varied until (i) the resulting bands shifted by no more
than 2 cm ™' from the initial parameters, (ii) all the peaks had
reasonable half-widths (<20—25 cm™"), and (iii) there was good
agreement between the calculated sum of all the components and
the experimental spectra (¥ > 0.99). We estimated the relative
contents of the different secondary structure elements 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.

Electron Microscopy (EM). Samples containing E. coli
O111:B4 (1 x 10° CFU/mL) in PBS were incubated with peptides
(100 uM) for 60 min. A drop containing the bacteria was depo-
sited onto a carbon-coated grid and negatively stained with 2%
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phosphotungstic acid (PTA) (pH 6.8). In another experiment,
LPS suspended in PBS (1 mg/mL) was incubated for 1 h with
each of the peptides at 100 uM. The LPS suspension that was not
incubated with the peptides served as a control. A drop from each
treatment was deposited onto a carbon-coated grid and nega-
tively stained with uranyl acetate (1%). Finally, a drop of solu-
tion from each of the peptides in PBS (100 M) was deposited onto
a carbon-coated grid and negatively stained with 2% PTA (pH 6.8).
The grids were examined on a JEOL JEM 100B electron microscope
(Japan Electron Optics Laboratory Co., Tokyo, Japan).

RESULTS

Antibacterial and Hemolytic Activity of the Peptides and
Lipopeptides. The antibacterial activities of the peptides and
their fatty acid-conjugated derivatives were tested against five
Gram-negative bacterial strains and one representative Gram-
positive strain, and the results are summarized in Table 2. The
data reveal two groups. The first group includes the barely active
K5Ls, KoL, and the two fatty acid derivatives (C6-KoL; and
C8-KyL3), and the second group includes the active KsL;, C6-KsL,
C8-KsL;, C6-K;Ls, and C8-K;Ls. The general trend is that
increasing the hydrophobicity of the peptide either by substitut-
ing lysines for leucines (KsL; vs K;Ls) or by coupling a short
fatty acid strongly improves the antibacterial activity. The
peptides were also tested for their hemolytic activity against
hRBCs. The data revealed practically no hemolytic activity at ele-
vated concentrations (100 M) for all peptides besides C8-KsL5,
which exhibited only 19% activity at high concentrations.

Effect of the Peptides on the Morphology of Bacteria As
Visualized by Negative Staining Electron Microscopy. We
added three representative peptides and lipopeptides, namely, KL,
C8-KsL;, and C8—Kyls, to E. coli O111:B4 cells and followed
changes in the morphology of bacteria (Figure 1). In agreement
with the antimicrobial assay results, C8-KsL; was the only highly
active peptide. It caused complete disruption of the bacterial
membrane followed by leakage of the cytoplasm content. Note
that with C8-KgLs, the bacteria are not damaged but are sur-
rounded by a “cloudlike” material. As seen in Figure 6, this material
most probably consists of micelles of C8-KgLs. This suggests that
the most active peptide, C8-KsL, has a detergent-like activity.

LPS Detoxification by the Peptides. The ability of the
peptides to inhibit the LPS endotoxic effect was determined by
following the TNF-a. concentration secreted by LPS-stimulated
macrophages that were incubated with the peptides at different
concentrations (Figure 2). Similar to the results of the antibac-
terial assay, KoL; and its two lipopeptidic derivatives could not
neutralize LPS-stimulated activation of macrophages. In con-
trast, the other peptides and lipopeptides were active, although
with various potencies. Compared with the unmodified peptides
KsL; and K;Ls, which had similar and low activity only at the
highest concentration tested (5 uM peptide), all of their fatty acid
derivatives, namely, C6-K;sL,, C8-K;sL;, C6-K;Ls, and C8-K,Ls,
were highly active.

LPS Permeation Induced by the Peptides. The peptides
and lipopeptides were tested for their ability to dissipate the
diffusion potential in LPS LUVs as a measure of their potential to
permeate LPS. The data revealed that within each subgroup,
the longer the fatty acid, the stronger the activity (Figure 3).
The most active group includes C6-KsL; and C8-KsL; the
second group with moderate activity includes KsL;, C6-K5Ls,
and C8-K,Ls, and the third group, which is inactive, includes
unmodified K-Ls and K¢L; and its fatty acid derivatives.
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Table 2: Antibacterial and Hemolytic Activities of the Peptides

P. aeruginosa S. aureus % hemolysis

E. coli O111:B4 E. coli D21 E. coli O26:B6 A. baumannii ATCC 19606 ATCC 27853 ATCC 6538P (at 100 M)
KL, 25 33 25 50 37.5 37.5 0
C6-KsL4 12.5 6.25 12.5 10 10 6.25 0
C8-K;sL 6.25 4.5 6.25 4.5 3 3.12 19
K,Ls 50 50 50 >100 >100 >100 0
C6-K4Ls 25 25 12.5 37.5 37.5 50 0
C8-K4Ls 12.5 10 6.25 19 15 20 0
KoL; 50 50 50 >100 >100 >100 0
C6-KoL5 50 50 50 100 100 100 0
C8-KoL;3 50 50 50 50 50 100 0

“The antimicrobial activity is represented by the average minimal inhibitory concentration (MIC, in micromolar).

E. ColiO111:B4

FiGuURreE 1: Visualizing the effect of the peptides on intact bacteria. Electron micrographs of negatively stained bacteria treated with different
peptides. All samples were negatively stained with 2% phosphotungstic acid (pH 6.8).
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F1GURE 2: Effect of the peptides and lipopeptides on TNF-a secre-
tion by macrophages stimulated with LPS. RAW264.7 macrophages
were stimulated with LPS (10 ng/mL) in the absence or presence of
each of the different peptides at 0.5, 1, or 5 uM. After 6 h, medium
samples were evaluated for their TNF-a concentrations with an
ELISA. The results represent the percentage of TNF-a secretion
normalized to cells that were stimulated with LPS only. Untreated
cells served as controls. The results represent the average of three
independent experiments, each performed in duplicate. Bars repre-
sent the standard deviation.

Correlation between Hydrophobicity and Functions.
Figure 4 shows a correlation between the relative hydrophobicity

of the peptides (as reflected by the percentage of acetonitrile
required to elute the peptide from the hydrophobic C18 column)
and their three different functions: (i) their antibacterial activity,
as reflected by the mean of their MICs against all Gram-negative
bacteria strains that were tested (panel A); (ii) their ability to dis-
sipate the LPS LUV diffusion potential (panel B); and (iii) their
activity (at 5 uM) in neutralizing endotoxin, as reflected by the
percentage of inhibition of LPS-induced TNF-a. secretion (panel C).
The data revealed that although both antimicrobial and LPS
neutralizing activities show a similar trend, meaning that higher
activity correlates with higher hydrophobicity, the patterns of
these correlations are different (Figure 4). There is a linear
correlation between the increase in the relative hydrophobicity
and improved antibacterial activity, which is reflected by lower
MIC values (Figure 4A) (R* = 0.87). In comparison, the anti-
endotoxic activity shows a weak trend with more scatter
(Figure 4C). Peptides with similar hydrophobicities have signifi-
cant differences in their LPS neutralizing activities (KsL, and
C8-K;Ls), and peptides with the same activity have significant
differences in their hydrophobicities (KsL; and K;Ls, C6-KsL;
and C6-K7L5, and C8-K5L7 and Cg-K7L5).
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F1GURE 3: Effect of the concentrations of different peptides on the
diffusion potential induced in LPS LUVs. The effect of the peptides
on the diffusion potential was followed by monitoring the changes in
the fluorescence of the potential sensitive dye diS-Cs-5. (A) KsL,
peptides, (B) K5Ls peptides, and (C) KoL3 peptides: () nonconju-
gated peptides, (H) peptides conjugated to hexanoic acid, and (A)
peptides conjugated to octanoic acid. The results represent the
average of two independent experiments each performed in duplicate.
Bars represent the standard deviation.

Figure 4B shows a linear correlation (R* = 0.92) between the
experimental hydrophobicity and the activity of the peptides in
the dissipation of diffusion potential experiments. This curve is
similar to that obtained for the MICs (Figure 4B). Note that the
absolute values of the slopes of the curves are similar (0.30 and
0.26 for the antimicrobial and dissipation of diffusion potential,
respectively). The slopes of the curves are inverted, since high
antimicrobial activity is reflected by low MICs, whereas high LPS
permeating activity is reflected by a high percentage of leakage.

Opverall, the data indicate a direct relationship between the
increase in antimicrobial activity and the ability of the peptides to
traverse the LPS barrier, but not with LPS neutralizing activity,
which seems to be dependent on a threshold of hydrophobicity.
Once this hydrophobicity is reached, it is concomitant with
potent, LPS neutralizing activity.

Structure of the Peptides Bound to LPS As Determined
by FTIR Spectroscopy. We used FTIR spectroscopy to
determine the secondary structure components of the peptides
when they are bound to LPS. We have shown in previous studies
that the assignment of structural components of D,L-amino
acid peptides by using FTIR spectroscopy and the appropri-
ate wavenumbers gives results that agree with NMR-derived
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FIGURE 4: Effect of hydrophobicity of the peptides on their biologi-
cal activities. The relative hydrophobicity of the peptides [as reflected
by the percentage of acetonitrile required to elute the peptide from the
hydrophobic C18 column (Table 1)] was extrapolated against (A)
their antibacterial activity, as reflected by the mean of their MICs
against all Gram-negative bacteria that were tested, (B) the ability
of the peptides to dissipate LPS LUV diffusion potential, and (C) the
activity of the peptides in neutralizing endotoxin as reflected by
the percent inhibition of LPS-induced TNF-a secretion by the
peptides.

structures (42, 43). In buffer, all the peptides and lipopeptides did
not show significant signals that could be deconvoluted and
therefore are not shown. Note that satisfactory signals can be
obtained in solutions at concentrations that are 1—2 orders of
magnitude higher that those required for CD and ATR-FTIR
spectroscopy in membranes. Such high concentrations are bio-
logically less relevant in our case. This is probably due to the fact
that they all contain p,L-amino acids. However, when they are
bound to LPS, the spectra of the peptides and the lipopeptides
could be deconvoluted. The amide I region spectra (after
complete deuteration), as well as the fitted band components of
the peptides when bound to LPS (obtained by deconvolution),
are shown in Figure 5. The assignment of the different secondary
structures to the various amide I regions was according to the
values taken from other studies (41, 42, 44—47). The assignments
and the relative areas of the component peaks are summarized in
Table 3. The conjugation of fatty acids did not cause dramatic
changes to the structure of the peptides when they are bound to
LPS (Table 3 and Figure 5). Therefore, the differences seen in
their biological function cannot be explained solely by differences
in their structures, as will be elaborated in Discussion.
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KsL Kils KoLy
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C6-K,L; C6-KqlLy
1600 1620 1640 1660 1680 17001600 1620 1640 1660 1680 1700 1600 1620 1640 1660 1680 1700
C8-K,L, C8-K,L C8-K,lL,
1650 1700
1600 1620 1640 1660 1680 1700 1600 1620 1640 1660 1680 1700 1600 1620 1640 1660 1680 1700

FIGURE 5: FTIR spectral deconvolution of the fully deuterated amide I band (from 1600 to 1700 cm ') of the peptides in LPS. 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 superimposed on the experimental amide I region spectra. Thick lines represent the experimental
FTIR spectra; thin lines represent the fitted components. The figure presents one typical experiment of two independent experiments that were
performed. The inset for C8-KsL; shows an example of the spectrum of LPS alone, which served as a background (bottom line), the spectrum of
C8-KsL; in LPS (top line), and the spectrum of the peptide alone after subtraction of the background.

Table 3: Peptide Structure As Determined by ATR-FTIR Spectroscopy from the Deconvolution of the Amide I Bands of the Peptides Incorporated into LPS¢
o-helix (%) at 310-helix (%) at

f-sheet [parallel and antiparallel (%)) irregular (%) at

designation at 1620—1640 cm ™! 1640—1648 cm™'  1646—1655cm™"  1660—1670 cm™ ' or S-turns (%) at 1640—1675 cm ™!
KsL, 26 £0.5(1630) 434 12(1650) 31+ 12(1663)

C6-KsL, 43 £1.5(1633) 324 5(1650) 25+ 5(1660)

C8-KsL, 39 +5(1630) 36+ 4(1650) 25+ 9(1660)

K;Ls 29 £3(1632) 43+ 7(1646) 27+ 10(1668)

C6-K;Ls 41 £0.5(1628) 454 1.5(1643) 1542 (1665)

C8-K,Ls 39 +£2(1627) 37 +£0.3(1642) 24+ 2(1655)

KoL; 28 +7(1628) 46+0.3 (1649) 28+3(1667)

C6-KoLs 43.5 £5(1630) 43+ 5(1650) 1442 (1668)

C8-KoL; 47 £5(1625) 40 £ 6 (1644) 13 +2(1660)

“The results represent the mean of the deconvolution results of at least two independent experiments.

Visualizing the Aggregates of the Peptides and Lipopep-
tides and Their Effect on the Morphology of LPS in Sus-
pension. We visualized three representative peptides and lipo-
peptides alone and after their interaction with LPS. The list of the
peptides includes the active C8-KsL; and two nonactive ones,
KsL; and C8-KyL; (at the peptide:LPS ratio used). Note that we
used two methods for staining. The first was PTA, which allowed
us to visualize the peptides’s aggregates [and also the intact
bacteria (Figure 1)], but not LPS. The second stain was uranyl
acetate, which allowed visualization of LPS but not the peptides’
aggregates. In buffer, both C8-KsL, and C8-K¢L; formed
nanostructures that resemble micelles (panels A and B of Figure 6,
respectively). In contrast with the acylated peptides, the unmo-
dified KsL; did not oligomerize in solution and therefore is not
shown. When added to LPS suspension, the two inactive pep-
tides, KsL; and C8-KqL3, did not change the morphology of LPS

but, rather, induced dense clusters (Figure 6D,F). In contrast,
C8-K;sL; changed the morphology of the LPS from fibers to
vesicle-like structures (Figure 6E).

DISCUSSION

Of more than 1000 natural AMPs with potent antibacterial
activity, only a limited number were investigated for their mode
of interaction with LPS and how this interaction affects their
antibacterial activity and their ability to block LPS-induced
cytokine secretion by immune cells (5, 9, 12, 14, 28, 39, 48, 49).
Here we used a group of 12-amino acid peptides and their fatty
acid analogues composed of p- and L-isomers of Lys and Leu.
Changing the ratio between Lys and Leu and attaching short
fatty acids to the N-terminus of the peptides enabled us to
gradually change the ratio between their hydrophobicities and
their net positive charges. Since both active and nonactive
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LPS+C8-K,L,

FIGURE 6: Visualization of peptides’ oligomerization and their effect on LPS aggregates. (A and B) Electron micrographs of a negatively stained
peptide suspension (100 M) in PBS. Samples of peptides were negatively stained with 2% phosphotungstic acid (pH 6.8). (C) Electron
micrograph of a LPS suspension (1 mg/mL) in PBS. (D—F) Electron micrographs of the effect of the peptides on the aggregation state of LPS in
suspension. All samples were negatively stained with uranyl acetate (1%). The EM image of KsL; is not shown since no micelles were detected.

peptides have overall similar components of structures within
LPS (Figure 5), we can assume that the differences in their
activities are mainly due to differences in their charge and
hydrophobicity. This hydrophobicity is an important property,
enabling these AMPs to permeate the outer membrane of
bacteria and to kill the bacteria, concomitant with the ability
to neutralize LPS-induced endotoxic shock. However, the con-
tribution of hydrophobicity to these two functions is not the
same.

Effect of Hydrophobicity on the Antibacterial Activity of
the Peptides. We found that when the structures of the peptides
are not significantly different, the antibacterial activity of the
peptides correlates linearly with their hydrophobicity (Figure 4A).
KsL; is more potent against bacteria compared with K;Ls and
KoL; (Table 2 and Figure 4A). Furthermore, attachment of
hexanoic or octanoic fatty acids to the peptides significantly
increased their antimicrobial activity, with a minor effect on their
cell selectivity. In addition, the data point to a minimal relative
hydrophobic threshold [corresponding to ~30% acetonitrile
required to elute the peptide from a CI8 column (Table 1)],
below which the peptides are inactive. Note that although the
resulting lipopeptides are highly oligomerized and form micelles,
as revealed by negative staining EM (Figure 6), they are more

active compared with their nonacylated parental peptides. This is
in contrast with previous studies in which increasing the hydro-
phobicity of AMPs (induced by amino acid substitution or by
attachment of fatty acids) increased their a-helical structure
content, which in turn induced their oligomerization. In these
cases, a high degree of oligomerization significantly reduced their
antimicrobial activity (50—54). A plausible explanation is that in
this study oligomerization was most probably due to fatty acid
micellization, since short peptides containing both p- and
L-amino acids are not highly structured and therefore tend to
remain as monomers. These fatty acid micelles could dissociate
easily upon their interaction with the lipid A part of bacterial LPS
and allow the lipopeptide to traverse into the inner target
phospholipid membrane. However, in the second case, oligomeri-
zation was also induced by the a-helical peptidic chains, which
makes it difficult for them to dissociate and traverse the LPS
layer. The cutoff size of porins is ~1500 Da, and therefore, AMPs
can potentially permeate through porins, too. However, since the
potent antibacterial peptides listed in Table 2 are also those that
are efficient in permeabilizing LPS (Figure 3), it is more reason-
able to assume that they traverse directly through the LPS. Note
also that in contrast with what we have found with the new series
of peptides, most if not all reports revealed that an increase in the
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net positive charge increases antimicrobial activity and selectivity
toward bacteria compared with erythrocytes.

To further correlate between the antibacterial activity and the
mode of interaction of the peptides with LPS, we investigated
their ability to dissipate an artificial diffusion potential created in
LPS LUVs (Figure 3). The data revealed a direct correlation
between this function and both their antimicrobial activity and
their hydrophobicity. Hydrophobicity seems to be one of the
major properties that enables the new peptides to traverse the
LPS barrier and to reach the inner cytoplasmic membrane.

Effect of Hydrophobicity on the Ability of the Peptides
To Neutralize LPS. Peptides’ hydrophobicity, encountered
either with an increase in the ratio of Leu to Lys or by the
attachment of fatty acids, increased the potency of the peptides to
inhibit LPS-induced macrophage activation measured by TNF-a
secretion (Figure 2). KsL; and K5Ls, but not K¢L;, reduced the
extent of TNF-a secretion (~30% inhibition after treatment with
5 uM peptide). Further increasing the hydrophobicity of the
peptides by attaching fatty acids to their N-termini resulted in an
additional increase in their LPS neutralizing activity (Figure 2).
Note that previous studies have shown that both bactericidal and
anti-LPS activities of 18-amino acid analogues of LL37 could be
augmented via substitution of hydrophilic amino acids for
hydrophobic and cationic amino acids (39, 49). Although not
tested in those studies, such amino acid substitutions should
cause other changes in the peptides’ properties, such as the
amphipathic structure as well as the oligomeric state in solution
and in LPS. In another study, it was shown that N-terminal
acylation of a lactoferricin-derived peptide, LF11, with lauric
acid (C12), greatly increased its LPS neutralizing activity com-
pared with that of the nonacylated peptide. Interestingly, how-
ever, LF11 has a specific binding site for lipid A, which is crucial
for its function (40), whereas the interactions reported in this
study are controlled solely by a bulk of electrostatic and hydro-
phobic interactions between the peptides and LPS. This might
explain why both LF11 and its acylated analogue induced a
similar effect on LPS: converting the mixed unilamellar/
nonlamellar aggregate structure of lipid A into a multilamellar
one, although with a higher potency for the acylated ana-
logue (26).

Here, plotting the relative hydrophobicity of the peptides
versus their ability to neutralize LPS revealed that peptides
within a range of certain hydrophobicities showed similar LPS
neutralizing potency (Figure 4C). This differs from the linear
correlation found between hydrophobicity and antibacterial
activity (Figure 4A) or hydrophobicity and the ability to dissipate
the diffusion potential within LPS vesicles (Figure 4B). Because
of the diversity in the sequences of the peptides, it is more
reasonable to assume that the active peptides use nonspecific
electrostatic and hydrophobic interactions when bound to LPS,
rather than a ligand—receptor-like interaction, like the interac-
tion of the membrane active peptide with phospholipid mem-
branes (37, 38). These interactions caused a physical change in the
properties of LPS as revealed by using negative staining electron
microscopy (Figure 6). These data show that fatty acid conjuga-
tion caused the resulting lipopeptides to form micelle-like struc-
tures with different morphologies (Figure 6). Furthermore, when
added to LPS, the peptides had different effects on the morpho-
logy of the oligomers. The two relatively inactive peptides, C8-
Kol; and KsL;, preserved the fiberlike structure of LPS but
caused high levels of condensation in these fibers (Figure 6D,E).
In contrast, the highly active C8-KsL; induced a change in the
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LPS structure and transformed it to both small and large micelles
with an overall morphology that differs from that of the
lipopeptide or LPS by itself (Figure 6F). Increasing or decreasing
the size of LPS micelles upon their interaction with LPS
neutralizing peptides has been reported previously (55—358).

In summary, using a new series of diastereomeric membrane-
active peptides in which their structure is not altered significantly
upon modification reveals that increasing the ratio between
hydrophobicity and the net positive charge increases both anti-
microbial and LPS neutralization activities, but with different
modes of contributions. Besides adding important information
regarding AMP parameters involved in antimicrobial and anti-
LPS activities, the findings that the diastereomers are not
hemolytic suggest them as potential templates for the develop-
ment of simple molecules that include both types of functions.
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