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The mechanisms underlying antimicrobial and anti-endotoxic effects were investigated for a series of
structurally related peptides derived from the C-terminal region of S1 peptidases. For this purpose, results on
bacterial killing were compared to those on peptide-induced liposome leakage, and to ellipsometry and dual
polarization interferometry results on peptide binding to, and disordering of, supported lipid bilayers.
Furthermore, the ability of these peptides to block endotoxic effects caused by bacterial lipopolysaccharide
(LPS), monitored through NO production in macrophages, was compared to the binding of these peptides to
LPS, and to secondary structure formation in the peptide/LPS complex. Bacteria killing, occurring through
peptide-induced membrane lysis, was found to correlate with liposome rupture, and with the extent of
peptide binding to the lipid membrane, no adsorption threshold for peptide insertion being observed.
Membrane and LPS binding was found to depend on peptide net charge, illustrated by LPS binding increasing
with increasing peptide charge, and peptides with net negative charge being unable to lyse membranes, kill
bacteria, and block LPS-induced endotoxic effect. These effects were, however, also influenced by peptide
hydrophobicity. LPS binding was furthermore demonstrated to be necessary, but not sufficient, for anti-
endotoxic effect of these peptides. Circular dichroism spectroscopy showed that pronounced helix formation
occurs in peptide/LPS complexes for all peptides displaying anti-endotoxic effect, hence potentially linked to
this functionality. Similarly, ordered secondary structure formation was correlated to membrane binding,
lysis, and antimicrobial activity of these peptides. Finally, preferential binding of these peptides to LPS over
the lipid membrane was demonstrated.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The innate immune system constitutes a first line of defense against
invading microbes. Thus, antimicrobial peptides (AMPs) exert direct
bactericidal effects, but may also display immunomodulatory functions,
e.g., chemotaxis, angiogenesis, and anti-endotoxic effects [1–5]. Among
several classes of such peptides, we have investigated anti-inflammatory
as well as direct antimicrobial actions of peptides derived from
coagulation-related proteins. For example, C-terminal peptides of
human thrombin have been identified as a novel class of host defense
peptides with antimicrobial as well as anti-inflammatory proper-
ties [6,7]. Such peptides not only display potent antimicrobial action
through direct membrane disruption, but also binding to lipopolysac-
charide (LPS) from Gram-negative bacteria, and are able to reduce LPS-
induced inflammatory responses, evidenced from NO production in
macrophages, as well as from results in animal models of septic shock
induced by LPS [6] or bacteria [7].
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In Gram-negative bacteria, LPS (also referred to as endotoxin)
constitutes the major component of the outer leaflet of the outer
bacterial membrane, where it covers >70% of the membrane [8]
(Supporting material, Fig. S1a). Through this, AMPs and host defense
peptides encounter an LPS barrier, which will have to be passed in
order to reach the inner plasma membrane of the bacteria. LPS
consists of a lipid component (lipid A), a core oligosaccharide region,
and an outer (O-antigen) polysaccharide region [9] (Fig. S1b).
Through phosphate and carboxyl moieties, LPS is negatively charged.
Through the combined action of lipid A and the carbohydrate region,
LPS is able to bind cationic and amphiphilic AMPs [10]. While
structure–activity-relationship investigations have been extensively
investigated with regard to AMP-membrane interactions and result-
ing antimicrobial function, studies on how peptide physicochemical
properties such as length, charge (distribution), hydrophobicity
(distribution), and secondary structure affect peptide-LPS interaction
and resulting anti-endotoxic effects, are quite few in literature, as are
studies on the interplay between, and relative importance of, AMP
binding to LPS and lipid membranes [11–17]. In order to address this,
we here report on investigations of membrane and LPS interactions
for a series of peptides derived from the S1 peptidase family.
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Table 1
Primary structure and key properties of the peptides investigated.

Holoprotein Sequence IP Znet
(pH 7.4)

μHrel ZnetμHrel

Coagulation factor
IX (FIX)

KYGIYTKVSRYVNWIKEKTK 10.00 +5 0.41 2.05

Coagulation factor X
(FX)

KYGIYTKVTAFLKWIDRSMK 10.00 +4 0.46 1.84

Coagulation factor
XI (FXI)

RPGVYTNVVEYVDWILEKTQ 4.68 −1 0.40 −0.40

Kallikrein 5 (KLK5) RPGVYTNLCKFTKWIQETIQ 9.20 +2 0.46 0.92
Kallikrein 8 (KLK8) KPGVYTNICRYLDWIKKIIG 9.52 +3 0.45 1.35
Kallikrein 9 (KLK9) RPAVYTSVCHYLDWIQEIME 4.65 −2 0.45 −0.90
Putative testis serine
protease 5 (TSSP5)

NPGVYTRITKYTKWIKKQMS 10.30 +5 0.38 1.90

Hyaluronan-binding
2 (HABP2)

RPGVYTQVTKFLNWIKATIK 10.46 +4 0.45 1.80

Coagulation factor II
(Prothrombin)
(THRB)

KYGFYTHVFRLKKWIQKVID 10.00 +4 0.46 1.84

IP: isoelectric point; Znet: net charge; μHrel relative hydrophobic moment on the Kyte–
Doolittle scale [35]. Conserved amino acids marked in bold.
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From a structural perspective, C-terminal peptides of thrombin, as
well as those from related coagulation factors, are characterized by
the pattern sequence X-[PFY]-X-[AFILV]-[AFY]-[AITV]-X-[ILV]-X(5)-
W-[IL]-X(5,26) [18]. Strikingly, this evolutionary well-preserved
sequence pattern can be found also in the functionally diverse family
of S1 peptidases. Given this, as well as the direct antimicrobial and
anti-inflammatory properties of C-terminal thrombin peptides, we
previously demonstrated that a wide range of C-terminal S1-derived
peptides share characteristics common with thrombin-derived
C-terminal peptides, including direct antimicrobial effects due to
membrane rupture and potent immunomodulatory effects [18].

While clear biological effects were thus demonstrated for both
thrombin- and S1-derived C-terminal peptides, the underlying mode
of action remains unclear. Although this most likely involves a series
of biological functions in the complex and interconnected coagulation
and inflammatory cascades, a natural starting point for such in-
vestigations is the peptide interaction with bacterial membranes and
bacterial lipopolysaccharides. Given the cationic and amphiphilic
nature of many antimicrobial and host defense peptides, it is not
entirely unexpected that these may bind to bacterial and fungal
lipopolysaccharides. Indeed, several studies have demonstrated such
interactions qualitatively, and peptide scavenging by LPS has also
been suggested as a mechanism by which such peptides counteract
endotoxic responses triggered by LPS [11]. Despite this, quantitative
aspects of the interaction between host defense peptides and LPS, and
on how this may influence membrane interactions, and vice versa,
remain relatively sparse in literature. Given this, as well as the
previously demonstrated antimicrobial and antiinflamatory proper-
ties of S1-derived C-terminal peptides [18], we here report on
investigations of the interaction of a series of such peptides with
lipid membranes and LPS, by combining studies on membrane
rupture (liposome leakage), peptide binding to lipid membranes
and LPS (ellipsometry and dual polarization interferometry; DPI), and
peptide conformation on binding to liposomes and LPS (CD
spectroscopy). Results from these model system investigations are
furthermore compared to leakage induction in bacteria, bacteria
killing, as well as anti-endotoxic effects of these peptides.

2. Experimental

2.1. Peptides

Peptides (Table 1) were synthesized by Biopeptide Co., San
Diego, USA, and were of >95% purity, as evidenced by mass spectral
analysis (MALDI-TOF Voyager).

2.2. Microorganisms

Escherichia coli ATCC 25922 was obtained from the Department of
Clinical Bacteriology at Lund University Hospital, Sweden.

2.3. Viable-count analysis

E. coli ATCC 25922 was grown to mid-logarithmic phase in Todd-
Hewitt (TH) medium. Bacteria were washed and diluted in 10 mM
Tris, pH 7.4, 5 mM glucose, 0.15 M NaCl. 50 μl of 2×106 cfu/ml
bacteria was incubated at 37 °C for 2 h in the presence of peptide at
the indicated concentrations. Serial dilutions of the incubation
mixture were plated on TH agar, followed by incubation at 37 °C
overnight and cfu determination.

2.4. LPS effects on macrophages in vitro

Cells used were RAW 276.4 (ATCC TIB 71, American Type Culture
Collection, Manassas, USA). 3.5×105 cells were seeded in 96-well
tissue culture plates (Nunc, 167008) in phenol red-free DMEM
(Gibco) supplemented with 10% FBS and antibiotics. Following 6 h
of incubation to permit adherence, cells were stimulated with 100 or
10 ng/ml E. coli (0111:B4) (Sigma, St. Louis, USA), with and without
peptide of various doses. The levels of NO in culture supernatants
were determined after 24 h from stimulation using the Griess
reaction [19]. Briefly, nitrite, a stable product of NO degradation,
was measured by mixing 50 μl of culture supernatants with the same
volume of Griess reagent (Sigma, G4410) and reading absorbance at
550 nm after 15 min. Phenol-red free DMEM with FBS and antibiotics
were used as a blank. A standard curve was prepared using 0–80 μM
sodium nitrite solutions in ddH20.
2.5. Liposome preparation and leakage assay

The liposomes investigatedwere anionic (DOPE/DOPG75/25mol/mol).
DOPG (1,2-dioleoyl-sn-Glycero-3-phosphoglycerol, monosodium salt)
and DOPE (1,2-dioleoyl-sn-Glycero-3-phosphoethanolamine) were
from Avanti Polar Lipids (Alabaster, USA) and of >99% purity.
The lipid mixture was dissolved in chloroform, after which solvent
was removed by evaporation under vacuum overnight. Subsequently,
10 mM Tris buffer, pH 7.4, was added together with 0.1 M carboxy-
fluorescein (CF) (Sigma, St. Louis, USA). After hydration, the lipid
mixture was subjected to eight freeze–thaw cycles, consisting of
freezing in liquid nitrogen and heating to 60 °C. Unilamellar liposomes
of about Ø140 nmwere generated bymultiple extrusions (30 passages)
through polycarbonate filters (pore size 100 nm)mounted in a LipoFast
miniextruder (Avestin, Ottawa, Canada) at 22 °C. Untrapped CF was
removed by two subsequent gel filtrations (Sephadex G-50, GE
Healthcare, Uppsala, Sweden) at 22 °C, with Tris buffer as eluent. CF
release from the liposomes was determined by monitoring the emitted
fluorescence at 520 nm from a liposome dispersion (10 μM lipid in
10 mM Tris, pH 7.4). For the leakage experiment in the presence of LPS,
0.02 mg/ml LPS was first added to the above liposome dispersion (which
did not cause liposome leakage in itself; results not shown), after which
peptide was added and leakage monitored as a function of time. An
absolute leakage scale was obtained by disrupting the liposomes at the
end of each experiment through addition of 0.8 mM Triton X-100
(Sigma-Aldrich, St. Louis, USA). A SPEX-fluorolog 1650 0.22-m double
spectrometer (SPEX Industries, Edison, USA) was used for the liposome
leakage assay. Measurements were performed in triplicate at 37 °C.
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2.6. CD spectroscopy

Circular dichroism (CD) spectra were measured by a Jasco J-810
Spectropolarimeter (Jasco, Easton, USA). The measurements were
performed in duplicate at 37 °C in a 10 mm quartz cuvette under
stirring with a peptide concentration of 10 μM. The effect on peptide
secondary structure of liposomes at a lipid concentration of 100 μM
was monitored in the range 200–260 nm. For measurements in the
presence of LPS, 0.2 mg/ml was used. To account for instrumental
differences between measurements, background subtraction was
performed routinely. Signals from the bulk solution were also
corrected for. Measurements were performed at 37 °C.

2.7. Ellipsometry

Peptide adsorption to supported lipid bilayers was studied in situ by
null ellipsometry, using an Optrel Multiskop (Optrel, Kleinmachnow,
Germany) equipped with a 100 mW argon laser. All measurements
were carried out at 514 nmand an angle of incidence of 67.66° in a 5 ml
cuvette under stirring (300 rpm). Both the principles of null ellipso-
metry and the procedures used have been described extensively before
[20]. In brief, by monitoring the change in the state of polarization of
light reflected at a surface in the absence and presence of an adsorbed
layer, the mean refractive index (n) and layer thickness (d) of the
adsorbed layer can be obtained. From the thickness and refractive index
the adsorbed amount (Γ) was calculated according to:

Γ ¼ n−n0ð Þ
dn=dc

d ð1Þ

where dn/dc is the refractive index increment and n0 is the refractive
index of the bulk solution. Corrections were routinely done for changes
in bulk refractive index caused by changes in temperature and excess
electrolyte concentration.

LPS-coated surfaces were obtained by adsorbing E. coli LPS to
methylated silica surfaces (surface potential −40 mV, contact angle
90° [21]) from 5 mg/ml LPS stock solution in water at a concentration
of 0.4 mg/ml over a period of 2 h. This results in a hydrophobically
driven LPS adsorption of 0.8 mg/m2, corresponding to plateau in the
LPS adsorption isotherm under these conditions. Non-adsorbed LPS
was removed by rinsing with Tris buffer at 5 ml/min for a period of
30 min, allowing buffer stabilization for 20 min. Peptide addition was
performed at different concentrations of 0.01, 0.1, 0.5 and 1 μM, and
the adsorption monitored for at least 1 h after each addition. All
measurements were performed in at least duplicate at 25 °C.

Supported lipid bilayers were generated from liposome adsorption.
DOPE/DOPG (75/25 mol/mol) were prepared as described above, but
the dried lipid films resuspended in Tris buffer only with no CF present.
In order to avoid adsorption of peptide directly at the silica substrate
(surface potential −40 mV, and contact angle b10° [21]) through any
defects of the supported lipid layer, poly-L-lysine (Mw=170 kDa,
Sigma-Aldrich, St. Louis, USA) was preadsorbed from water prior to
lipid addition to an amount of 0.045±0.01 mg/m2, followed by removal
of nonadsorbed poly-L-lysine by rinsing with water at 5 ml/min for
20 min [22]. Water in the cuvette was then replaced by buffer
containing also 150 mM NaCl, which was followed by addition of
liposomes in buffer at a lipid concentration of 20 μM, and subsequently
by rinsing with buffer (5 ml/min for 15 min) when the liposome
adsorption had stabilized. The final layer formed had structural
characteristics (thickness 4±1 nm, mean refractive index 1.47±0.03),
suggesting that a layer fairly close to a complete bilayer is formed. After
lipid bilayer formation, temperature was raised and the cuvette content
replaced by 10 mM Tris buffer at a rate of 5 ml/min over a period of
30 min. After stabilization for 40 min, peptide was added to a
concentration of 0.01 μM, followed by three subsequent peptide
additions to 0.1 μM, 0.5 μM, and 1 μM, in all cases monitoring the
adsorption for 1 h. All measurements were made in at least duplicate at
25 °C.

2.8. Dual polarization interferometry

Peptide adsorption to DOPE/DOPG supported bilayers were also
investigated by dual polarization interferometry (DPI), using a Farfield
AnaLight 4D (Biolin Farfield, Manchester, U.K.), operating with an
alternating 632.8 nm laser beam. The technique is based on a dual slab
waveguide, consisiting of an upper sensing waveguide (supporting the
lipid bilayer) and a lower referencewaveguide. The changes induced by
the peptide/lipid adsorption were monitored through changes in the
transverse electric and transverse magnetic modes as described
previously [23]. As for ellipsometry, Eq. (1) was used for determining
the mass adsorbed, using refractive index increments of 0.135 and
0.182 cm3/g for lipid and peptide, respectively. Although treating
phospholipids as optically isotropic systems is a reasonably accurate
approximation for disorganized phospholipid bilayers, these actually
display some optical birefringence, which is measurable with the
sensitive DPI technique. The birefringence (Δnf), obtained from the
refractive indices for the TM and TE waveguide modes (assuming the
bilayer thickness to be constant), reflects ordering of the lipidmolecules
in the bilayer, and decreases with increasing disordering of the bilayer
[24,25]. Consequently, Δnf can be used to monitor disordering
transitions in lipid bilayers, e.g., as a result of peptide binding and
incorporation, and therefore offers a simpler alternative to, e.g., order
parameter analyses in 2H NMR spectroscopy [26]. In the present study,
DOPE/DOPG liposomes (75/25 mol/mol) were prepared as described
above for ellipsometry, and the liposomes (at a lipid concentration of
0.2 mg/ml in 10 mM HEPES buffer, containing also 150 mM NaCl and
1.5 mM CaCl2) fused to the silicon oxynitride/silicon substrate (contact
angle b5°) at a flow rate of 25 μl/min for 8 min. This resulted in bilayer
formation, characterized by a refractive index of 1.47, a thickness of
4.5±0.3 nm, and an adsorbed amount of 4.4±0.3 ng/mm2 (the latter
corresponding to an area per molecule of 54 Å2) (results not shown).
After bilayer formation, current buffer was changed with 10 mM Tris
buffer, allowing continous flushing (at flow rate, 50 μl/min) for
10 min, after which peptide was added at the desired concentration.
Peptide adsorption was monitored for 1 h. Measurements were
performed at least in duplicate at 25 °C.

3. Results and discussion

In a previous study, we identified 68 S1 peptide sequences of
potential interest as antimicrobial and host defense peptides [18].
From antimicrobial screening experiments, a number of these were
found to display antimicrobial activities in low as well as physiolog-
ical salt conditions. Broad spectrum activities of a number of the
peptides were also demonstrated by results for Gram-negative
P. aeruginosa and E. coli, Gram-positive S. aureus, and the fungus
C. albicans. A number of the peptides were also found to possess anti-
inflammatory properties, demonstrated by inhibition of NO release
frommacrophages stimulated by LPS or zymosan. In line with a range
of AMPs, the antimicrobial activity of the S1-derived peptides was
found to increase with the relative hydrophobicity (μHrel) and the
positive net charge (znet). A similar correlation was found for the
anti-endotoxic activity. Quantitative structure–activity relationship
(QSAR) analysis showed that a number of descriptors significantly
contributed to the antimicrobial and anti-endotoxic effect of these
peptides, including net charge and hydrophobicity, as well as
additional complex descriptors comprising electrostatic and hydro-
phobic components. The detailed mechanisms behind these effects
remained unclear, however, e.g., regarding bacteria membrane
rupture, binding competition of these peptides to LPS and phospho-
lipid components in the bacteria membranes, and the correlation
between LPS binding and anti-endotoxic effects of these peptides.
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Fig. 1. (a) Antimicrobial effect, as determined by viable count assay in 150 mM NaCl,
10 mM Tris, pH 7.4, against Gram-negative E. coli. (b) Effects of the indicated peptides
on NO production by macrophages. RAW264.7 mouse macrophages were incubated
with LPS from E. coli in presence of peptides at the indicated concentration. NO
production in the culture media 24 h after the treatment was determined using the
Griess reagent.
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In order to address these issues, we selected a series of S1-derived
peptides, all of which display both antimicrobial and anti-endotoxic
properties (Table 1 and Fig. 1), and all of which characterized by a
high μHrel and a net positive charge (znet). As negative controls, we
included also two peptides (from KLK9 and FXI, respectively), with
high relative hydrophobic moment, but a net negative charge. As can
be seen in Figs. 2 and S2, peptides derived from FIX, FX, KLK5, KLK8,
THRB, TSSP5, and HABP2 all display concentration-dependent
permeabilization of DOPE/DOPG liposomes, the TSSP5 peptide
somewhat less so, while the net negatively charged FXI and KLK9
peptides do not lyse liposomes to any larger extent. From the
comparison between antimicrobial effect and liposome lysis, it is
clear that membrane disruption plays an important role in the
antimicrobial activity of the investigated peptides (Fig. 1a), in line
with findings of peptide-induced release of intracellular material for
both S. aureus and P. aeruginosa caused by THRB, HABP2, and KLK8
peptides, absent for the FXI peptide [18]. In analogy to the findings on
liposome rupture, the peptides from FX, KLK5, KLK8, THRB, and
HABP2 all displayed high adsorption densities at DOPE/DOPG
supported bilayers, while the TSSP5 peptide and even more so the
FXI peptide displayed somewhat lower adsorption densities, and the
KLK9 peptide very low adsorption (Figs. 3 and S3). Quantitatively,
and in line with previous findings [27], there is a correlation between
the amount of peptide bound to the lipid membrane, and the extent
of peptide-induces membrane disruption (Fig. 4a).

For all the peptides investigated, DPI experiments on DOPE/DOPG
supported bilayers demonstrated a similar mode of membrane
disruption. Thus, as shown in Figs. 5 and S4, peptide addition in all
cases result in an essentially linear decrease in bilayer birefringence
with an increasing peptide incorporation. In analogy to the ellipso-
metry experiments (although DPI giving slightly higher absolute
values than ellipsometry), the saturation amounts differ between the
different peptides, notably being much lower for the FXI and KLK9
peptides, but until that point is reached, a given amount of peptide
incorporated induces the same degree of membrane disorganization.
Importantly, there is no onset density, which means that peptides are
incorporated into the membrane (as opposed to sitting on-top)
throughout the binding process. This is analogous to results found for,
e.g., aurein 1.2 on E. coli extract and DMPE/DMPG bilayers [25] and
C3a C-terminal peptide CNYITELRRQLARASLLGLAR (CNY21L) on
DOPC mono- and bilayers [28], and is expected from the relatively
high hydrophobicity of the peptides investigated.

As shown in Figs. 3b and S3b, all peptides but that from KLK9, and to
some extent also that from FXI, displayed extensive binding to E. coli
LPS. Given the negative charge of the LPS carbohydrate region caused by
phosphate and carboxylate groups [9], and the hydrophobicity
introduced through its lipid A component, such extensive peptide
binding may be caused by both electrostatic and hydrophobic
interactions. Having said that, it should be noted that the LPS is likely
to be anchored at the underlying hydrophobic surface through the lipid
A component, in analogy to, e.g., structurally somewhat similar
proteoglycans [29]. Since the LPS adsorption at the underlying
hydrophobic surface is quite high (0.8 mg/m2), the lipid A moieties
will therefore be at least party screened by the LPS carbohydrate chains.
Correlating the peptide adsorption to the LPS surface with the peptide
net charge, mean hydrophobicity moment, and the product thereof,
however, indicate that peptide binding to LPS is determined by both
charge and hydrophobicity, the latter exemplified by LPS binding by the
net negatively charged FXI peptide (Fig. 3b), while the latter is
illustrated by the increasing LPS binding with increasing peptide net
charge (Fig. 4b). Similarly, while adsorption of these peptides to the
DOPE/DOPG membrane is determined also by peptide charge and
hydrophobicity, ordered secondary structure induction at the mem-
brane is correlated to high peptide binding (Fig. 4a), presumably due to
the induced amphiphilicity of the induced helix (Figs. S5 and S6)
providing an additional driving force for membrane incorporation. In
parallel, the increased membrane binding displayed by the peptides
able to form an amphiphilic helix, causes increased membrane lysis
(Fig. 4a).

CD experiments demonstrate that the peptides investigated are
largely disordered in buffer, with low (b15%; FIX, FX, THRB, TSSP5,
KLK5, KLK9) or modest (15–20%; FXI, KLK8, HABP2) helix content. On
binding to DOPE/DOPG liposomes, induction of ordered α-helix and
β-sheet structures are found, notably for the FX, KLK5, KLK8, THRB,
and HABP2 peptides (Figs. 6a and S5). Similarly, a number of the
peptides result in pronounced helix signatures in the presence of LPS
(Fig. 6b). Since many polysaccharides have the capacity of helix
formation, and since LPS in itself displays a (albeit minor) CD
signature, the helix formation observed could in principle be due
either to the peptide, LPS, or the two components together. However,
it has previously been demonstrated that peptides unable to form
helices, but with otherwise structural features similar to those of the
peptides investigated here, result in minor or no helix signatures in
CD together with LPS [30]. The latter is supported also by findings of
both truncations and of spaced D-amino acid substitutions in GKY25
result in loss in helix induction of this peptide in the presence of
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DOPE/DOPE and E. coli liposomes, as well as in the presence of
LPS (to be published). Consequently, the helix induction here
observed in the presence of LPS is primarily due to the peptide,
and not LPS.

Given the extensive binding to both DOPE/DOPG bilayers and LPS
of all but the FXI and KLK9 peptides, the next question is which of
these are preferred for peptide binding. At first thought, the
concentration increment of the peptide adsorption isotherms could
provide this information, as could interpretation of the “on” and “off”
rates on adsorption and desorption, respectively. However, due to
strong electrostatic and hydrophobic interactions, dilution-induced
peptide desorption from both DOPE/DOPG and LPS is quite limited,
hence precluding analysis based on adsorption/desorption kinetics.
Furthermore, due to the LPS molecules forming an adsorbed layer
density distribution reaching into the bulk solution, while the DOPE/
DOPG bilayer forming a largely 2-dimensional surface, the effective
surface area of the two systems are not directly comparable. In
addition, on binding of positively charged peptides to oppositely
charged polyelectrolytes (such as LPS), there is generally a substantial
contraction of the latter [31–33], thereby influencing the accessibility
to further peptide binding. All these effects disqualify simple analysis
based on the initial slope of the adsorption isotherm. Qualitatively,
however, it is straightforward to elucidate which of LPS or the lipid
membrane has the highest binding affinity for the peptides investi-
gated. To demonstrate this, we compared peptide-induced liposome
leakage in the absence and presence of LPS. In these experiments, LPS
concentration was chosen as to not give any effect on liposome
leakage in itself (results not shown). As can be seen in Figs. 2b and
S2b, the presence of LPS caused a considerable reduction in peptide-
induced liposome leakage for all peptides investigated, except for the
net negatively charged FXI and KLK9 peptides. While this could, at
first sight, be taken to indicate increased resistance to peptide defect
formation of LPS-containing membranes, this is unlikely, since LPS is
added above its critical micellization concentration in these experi-
ments, thus decreasing the driving force for LPS incorporation in the
phospholipid membrane. Instead, the results indicate that the net
positively charged peptides bind preferentially to LPS.

Comparing LPS binding to the anti-endotoxic effect of the
peptides, it is worth noting that the negatively charged KLK9 peptide
is unable to block LPS-induced NO production in macrophages (Fig. 1)
[18]. All the other peptides, which bind to LPS, are able to block LPS-
induced NO release to some extent. Of these, the weakly negatively
charged FXI and the weakly positively charged KLK5 peptides display
lower LPS binding than the higher charged peptides (e.g., FIX and
HABP2), and also less blocking of LPS-induced NO release. Thus, LPS
binding seems to be a necessary requirement for the anti-endotoxic
effect of these peptides. An important question, however, is whether
LPS binding is a sufficient requirement for the latter, i.e., whether the
anti-endotoxic effect is merely an effect of “peptide scavenging”, e.g.,
through preventing “free” LPS to trigger the endotoxic cascade. While
addressing this complex issue at any depth is outside the scope of the
present investigation, and subject of ongoing studies to be reported
separately, it is worth noting that NO blocking of the FIX peptide is
significantly lower than that of e.g., the FX peptide (Fig. 1b). On the
other hand, LPS binding of the FIX peptide is higher than that of the
FX peptide (Fig. 3). While it should be noted that the direct
comparison between the model biophysical experiments and those
on cells should not be drawn too far due to methodologically
motivated differences in, e.g., medium composition, the latter results
indicate that LPS binding is a necessary condition for the anti-
endotoxic effect of the presently investigated peptides, but not a
sufficient one. The latter is indicated also by NO blocking by the FIX
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and FX peptides being only marginally affected by the order of LPS
and peptide addition (Fig. S7), despite this being expected to affect
complex formation between LPS and peptide.

Although LPS covers >70% of the outer leaflet of Gram-negative
bacteria [8], thereby constituting an important barrier for antimicro-
bial peptides before they can disrupt the inner plasma membrane and
kill the bacteria, the interaction between antimicrobial peptides and
LPS has only been relatively sparsely investigated in literature, at least
beyond demonstrating LPS binding of various positively charged
peptides [10,34]. There are, however, some good previous studies
worth noting in this context. For example, Andrä et al. investigated
the interaction of the antimicrobial peptide NK-2 and LPS, and found
hydrophobic interactions to be necessary for efficient neutralization
of the biological activity of LPS, but that the carbohydrate chains of
LPS also provide electrostatically driven binding [14]. Similarly, the
same authors found that C12 derivatization of the lactoferricin-
derived peptide LF11 results in much stronger inhibition of LPS-
induced cytokine generation [15]. The importance of both hydropho-
bic and electrostatic effects on the binding of LF11 to LPS was
also found by Japelj et al. [16]. In a broad early investigation,
Rosenfeldt et al. investigated the binding and anti-endotoxic effects
of LL-37, magainin, and a 15-mer all-L synthetic K/L peptide and its
D,L-counterpart [11]. These peptides were found to bind to LPS, and
were suggested to disintegrate LPS aggregates (with the exception
of magainin). It was suggested that anti-endotoxic effects of these
peptides were accomplished through LPS binding and disintegration
of LPS aggregates, thereby preventing (by unspecified mechanisms)
LPS from binding the LPS-binding proteins of macrophages, and to
trigger NF-κΒ transcription factor activation. Interestingly, however,
LPS binding in itself was not found to be sufficient for anti-endotoxic
effect of these peptides. Furthermore, no correlation was observed
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Fig. 3. Peptide binding to (a) supported DOPE/DOPG (75/25 mol/mol) bilayers, and (b) pre
pH 7.4.
between the antimicrobial and anti-endotoxic properties of these
peptides, suggesting that different peptide properties are needed for
these activities. In a follow-up study, Rosenfeld et al. investigated a
more homogenous set of K6L9 peptides with regard to charge
distribution and D-substitutions [13]. While the effect of the size of
the K and L “blocks” on LPS binding and disintegration was relatively
minor, as were effects of partial D-substitutions in these peptides, the
latter caused significant reduction in TNF-α generation. Since the
helical and the disordered peptide variants displayed comparable LPS
binding, the anti-endotoxic effect of these peptides seems to be
related to the helix induction in the peptides for unknown reasons.
For K5L7 peptides, on the other hand, the same authors reported the
partly D-substituted peptide variant to display significantly lower LPS
binding than the all-L variant [17], pointing to the importance of
further studies of these effects. In a recent follow-up study, these
authors continued their investigations with KL peptides (all contain-
ing 12 amino acids in total), this time varying the K/L ratio, and
modifying the peptides with hexanoic and octanoic chains in order to
further investigate the effects of peptide hydrophobicity [12]. With
increasing acyl length, both antimicrobial and anti-endotoxin activity
of the lipopeptide increased. Varying the K/L ratio resulted in less
conclusive results, suggesting both peptide charge and hydrophobic-
ity to be of importance to both antimicrobial and anti-endotoxic
effect, thus increasing peptide hydrophobicity by replacing K with L at
constant peptide length promotes hydrophobic interactions but
simultaneously reduces electrostatic interactions.

Taken together, the results of the present study are largely in line
with these previous findings. Thus, for the net negatively charged FXI
and KLK9 peptides, the net electrostatic peptide-LPS repulsion
dominates, reducing or eliminating LPS binding and NO production
in macrophages. Similarly, the FXI and KLK9 peptides bound little or
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Fig. 4. (a) Correlation between DOPE/DOPG (75/25 mol/mol) liposome leakage
induction and peptide adsorption density (both at a peptide concentration of 1 μM)
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fractional helix content of the peptides in the presence of DOPE/DOPG liposomes
(Xhelix). (b) Correlation between peptide net charge and adsorption density at
preadsorbed E. coli LPS (ΓLPS≈0.8 mg/m2).
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not at all to DOPE/DOPG bilayers, nor did they cause liposome lysis or
potent bacterial killing. All the other peptides are characterized by a
net positive charge and intermediate hydrophobicity, hence bind
extensively to LPS (and DOPE/DOPG bilayers), and block NO
production in macrophages. Similarly, the weakly positively charged
KLK5 (znet=+2) binds to LPS only sparingly, and block NO
production modestly. Strikingly, however, while LPS binding in-
creases somewhat with peptide net charge, this dependence is not
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Fig. 5. Peptide-induced membrane disordering, monitored by DPI for DOPE/DOPG supporte
data reported as reduction in Δnf, the lipid membrane birefringence, (due to peptide insert
very strong, hence KLK8 (znet=+3) displays higher LPS binding than
both TSSP5 and FIX (znet=+5), most likely an effect of the higher
hydrophobic moment of KLK8, thus demonstrating an interplay
between hydrophobic and electrostatic interactions. Analogously,
NO blocking of KLK8 is the highest of the peptides investigated.
Furthermore, as demonstrated by the LPS binding of FXI and the lack
of such binding for KLK9, LPS binding seems to be a necessary but not
sufficient criteria for anti-endotoxic effect, again in line with the
studies discussed above. A common feature of the S1 peptides
investigated is the conserved as well as varying hydrophobic amino
acids, which are spaced so that helix formation is facilitated. The
extent of helix induction in the presence of DOPE/DOPG varies
between the peptides investigated, being high for KLK5, KLK8, THRB,
FX, and HABP2, but marginal for FIX and TSSP5, and correlates to
liposome leakage induction and bacterial killing. Similarly, a dramatic
helix induction is observed for all the peptides binding to LPS and
causing NO blocking, suggesting a potential functional role of such
secondary structure formation, in line with the previous findings
discussed above.
4. Conclusions

For a series of structurally related peptides derived from the
C-terminal region of S1 peptidases, antimicrobial and anti-endoxic
effects were investigated, and correlated to membrane defect
formation in liposomes, to peptide binding to lipid membranes and
LPS, and to secondary structure formation. Peptide-induced mem-
brane lysis correlated to bacteria killing, and also to the amount of
peptide incorporated into the lipid bilayer. Peptide binding to LPS and
to lipid membranes (of which LPS was demonstrated to have the
higher peptide binding affinity), in turn, depended on peptide net
charge and hydrophobicity. Thus, net negatively charged peptides
displayed low to very low binding to the negatively charged lipid
membrane and to LPS, were unable to kill bacteria through lysis, and
to block LPS-induced endotoxic effect. The dependence on the
peptide net charge, however, is relatively weak, and a lower net
positive charge can be balanced by higher peptide hydrophobicity.
LPS binding was found to be necessary, but not sufficient, for anti-
endotoxic effect of these peptides. Helix formation was observed in
peptide/LPS complexes for all peptides displaying anti-endotoxic
effect, and needs to be further investigated from a functional
perspective. Similarly, helix formation was correlated to membrane
binding, lysis, and antimicrobial effect of these peptides.

Supplementary data to this article can be found online at doi:10.
1016/j.bbamem.2012.03.017.
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