Biophysical Chemistry 180-181 (2013) 10-21

Contents lists available at ScienceDirect

BIOPHYSICAL
CHEMISTRY

Biophysical Chemistry

journal homepage: http://www.elsevier.com/locate/biophyschem

The helical propensity of KLA amphipathic peptides enhances their
binding to gel-state lipid membranes

@ CrossMark

Ahmad Arouri **, Margitta Dathe , Alfred Blume ?

@ Institute of Chemistry, Martin-Luther-University Halle-Wittenberg, von-Danckelmann-Platz 4, D-06120 Halle(Saale), Germany
Y Institute of Molecular Pharmacology, Robert-Rossle-Strasse 10, D-13125 Berlin, Germany

HIGHLIGHTS GRAPHICAL ABSTRACT

 KLA peptides with low helical propensity
have high tendency to form beta-
structures.

* KLA helical peptides bind more efficiently
than beta-structured peptides to gel-
state membranes.

* The peptide helical propensity enhances
binding to lipid membranes.

* Stoichiometry values from ITC ex-
periments can be used to comment on
peptide translocation across membranes.
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Article history: The role and importance of the conformation of antimicrobial peptides for their binding and incorporation
Received 11 April 2013 into lipid membranes as well as for their bioactivity are still not well understood. In this paper, we studied the
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ceepte vay and the anionic gel-state lipid DPPG (1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol). Of particular interest
Available online 24 May 2013 . . . A e
was the influence of the peptide conformation and membrane surface properties on the electrostatic binding
process. Dynamic light scattering (DSL) showed that generally the KLA peptides possess high aggregation
power but modest solubilization power. Circular dichroism spectroscopy (CD) spectra revealed that the KLA
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peptides with the low helical propensity tend to form beta-structures at low lipid/peptide ratios. Differential
scanning calorimetry (DSC) thermograms showed that the helical KLA peptides stabilize the DPPG bilayer,
whereas the beta-structured peptides induce pronounced membrane perturbations. Isothermal titration
calorimetry (ITC) isotherms showed that the helical KLA peptides bind more efficiently to DPPG vesicles than
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the beta-structured KLA peptides, and that the binding affinity of the peptides is proportional to the peptide
helical propensity and membrane negative surface charge. The stoichiometry values (N) deduced from the ITC iso-
therms suggest that the helical KLA peptides have a higher capacity to translocate the DPPG lipid bilayer. The new
data presented in this study demonstrate the flexibility of KLA peptides in adopting various conformations in re-
sponse to the surrounding and also how the peptide structuring controls the mode of peptide-membrane

interaction.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Bacterial resistance is a growing problem that threatens our ability
to treat infections, particularly as it is not adequately compensated by
the development of new generations of antibiotics. For instance, 16
new antibiotics were introduced during 1983-1987 as compared with
5 during 2003-2007 [1]. Moreover, of the 13 new antibiotics approved
by the Food and Drug Administration (FDA) between 1998 and 2007,
only three were with novel mechanisms of action [2]. This calls
for new approaches to treat infections that are less prone to induce
bacterial resistance. Bacteriophages, bacterial cell wall hydrolases, and
antimicrobial peptides are among the most promising candidates [3].
Antimicrobial peptides interact with the lipid components of bacterial
membranes, and their non-specific mode of action hampers the devel-
opment of bacterial resistance. The selective attraction of antimicrobial
peptides to bacterial membranes, which contain appreciable amounts of
negatively charged lipids like phosphatidylglycerol (PG) and cardiolipin,
is furnished by their cationic nature. The peptide amphipathicity is also
necessary for its incorporation into lipid membranes [4,5]. It is widely
accepted that the final target of antimicrobial peptides is to disrupt the
permeability barrier, function, and integrity of bacterial membranes.
This may take place by perforating and breaking down the lipid
membrane, or interfering with the organization of the lipid species in
the membrane via, for instance, peptide-induced lipid demixing, domain
formation, and formation of non-lamellar phases [6-15]. The scenario
of action depends on the interplay between the peptide macroscopic
properties and the composition of the target membrane [6].

KLA peptides are model cationic a-helical peptides that were syn-
thesized to study the structure-activity relationship of antimicrobial
peptides [16-19]. The nomenclature and sequences of the KLA peptides
used in this study are shown in Table 1, and their properties and activities
are shown in Table 2. Except that KLA1 peptide has a slightly lower
hydrophobicity, the studied peptides differ only in their helical propen-
sity. The 18-mer KLA peptides posses a nominal charge of + 6 provided
by five Lys residues and an uncapped N-terminus, whereas the C-
terminus is amidated. In an a-helical KLA peptide, the charged residues
cover a 90° angle of the peptide interface, whereas the non-polar amino
acids (Leu, Ala, Trp) form the hydrophobic part of the amphipathic pep-
tide. The a-helical structure of KLA1 peptide is shown in Fig. 1. Double
D-substitution, where two consecutive L-amino acids are replaced
with their D-analogues, was utilized to disturb, or sometimes improve,
the intrinsic helicity of KLA peptides without affecting other properties.
Compared with the all L-peptide KLAL, the double D-substitution in
the middle of the KLAL chain pronouncedly disturbed the peptide
helicity as in kg,a;o-KLAL and l11,k;>-KLAL peptides, whereas the double

Table 1

The nomenclature and sequences of KLA peptides.*
Peptide Sequence
KLA1 KLAL KLAL KAW KAAL KLA-NH,
ky,1>-KLAL KIAL KLAL KAL KAAL KLA-NH,
ko,a10-KLAL KLAL KLAL kaL KAAL KLA-NH,
111,k12-KLAL KLAL KLAL KAI kAAL KLA-NH,

2 The one letter code is used to give the sequence; K: lysine, L: leucine, A: alanine,
W: tryptophan. The capital and small letters are used to show L-amino acids and
D-amino acids, respectively.

D-substitution at the C-terminus enhanced the peptide helicity, as in k1,
,-KLAL peptide [16,19]. Besides the helicity (o), the peptide charge,
amphipathicity, hydrophobicity (H), hydrophobic moment (u) and
the hydrophobic/hydrophilic domain ratio (P/¥) were investigated
(see Table 2).

The KLA peptides can adopt different conformations depending on
the surrounding and on the experimental conditions. The peptides are
unstructured in buffer up to millimolar concentrations, whereas they
assume an a-helical structure in trifluoroethanol (TFE) or when added
to lipid vesicles. However, the peptides tend to form B-structures at
higher peptide concentrations, low lipid to peptide ratios (L/P) or
high temperatures [16,20-22]. When bound to 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoglycerol (POPG) vesicles at relatively high L/P ratios
(230-500), the order of the peptides according to their helical content
is kq,,-KLAL (74%) > KLA1 (54%) > ko,a10-KLAL (48%) > 11,k1>-KLAL
(47%) (see Table 2). The structuring of the bound peptide is induced pre-
dominately by the hydrophobic interaction of the peptide residues with
the membrane hydrophobic core, whereas the key role of the positive
charge of the peptide is to increase its accumulation on negatively
charged lipid membranes [16]. The helical structuring, which induces
amphipathicity, enhances the incorporation into lipid membranes as
well as the antimicrobial and hemolytic activities of the peptide. This
enhancement is caused by the greater disturbance of the lipid headgroups
and hydrocarbon chains of lipid membranes [4,23]. The KLA peptides
interact strongly with anionic lipid membranes, whereas their affinity
towards uncharged membranes of phosphatidylcholine (PC) and phos-
phatidylethanolamine (PE) is modest [16,21,22,24]. The peptides also
exhibit pronounced membrane perturbation and permeabilizing activi-
ties [16,24].

In this study, we characterized the electrostatic interaction between
a set of KLA peptides and anionic gel-state membranes. Of particular
interest was the influence of the peptide conformation and membrane
surface properties on the binding process. Anionic large unilamellar
vesicles (LUVs) were prepared of 1,2-dipalmitoyl-sn-glycero-3-
phosphoglycerol (DPPG). Circular dichroism (CD) spectroscopy
was utilized to determine the conformation of the peptides bound
to DPPG, dynamic light scattering (DLS) was utilized to follow the
aggregation of the DPPG-peptide complexes, differential scanning
calorimetry (DSC) was utilized to determine the phase behavior of
the peptide-bound DPPG bilayers, and isothermal titration calorimetry

Table 2
The properties and activities of the studied KLA peptides.®
Peptide H n Helicity MIC ECso
(%) (M) (MM)
TFE POPG DPPG E. coli S.epidermidis RBC
KLA1 —0.025 0329 73 54> 159 52 - 11
ki, l,-KLAL ~ —0.016 0.334 68 74 684 4 4 7
li1,ki2-KLAL —0.016 0.334 34 47 74 32 32 540
ko,aj;o-KLAL  —0.016 0.334 43 48 24 16 16 56

2 Adapted from Refs. [16,17,19], except the helicity (a%) values in DPPG which were
determined as described in Section 2.3. The helicity values (%) of the peptides in 50%
TEE (v/v) or in POPG were determined in Tris buffer using 10 uM peptide concentration.

> L/P = 500.

€ L/P = 230.

4 L/P = 10-40.
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Fig. 1. An illustration showing the amphipathic structure of the helical KLA1 peptide,
where the basic amino acids are oriented in one direction and the hydrophobic residues
are aligned in the opposite direction. In the side view (A) and the Connolly surface
(B), Lys (K) is blue, Leu (L) is green, Ala (A) is gray, Trp (W) is pink, and the backbone is
light gray.

(ITC) was utilized to quantify the thermodynamic parameters of the
interactions between KLA peptides and DPPG LUVs.

2. Materials and methods
2.1. Materials

KLA1 (KLAL KLAL KAW KAAL KLA-NH,) and the other p-amino acid
analogues (Table 1) were synthesized using the Fmoc technique and
purified by reversed phase high performance liquid chromatography
RP-HPLC [16] and applied as HCl salt. The peptide solutions were freshly
prepared in an aqueous Tris buffer (10 mM Tris/Tris-HCl, 154 mM
NaCl, pH 7.4) by weighing the lyophilized samples, dissolving them
in buffer, and diluting the samples to the required concentration. The
one-letter code is used to give the sequences.

1,2-Dipalmitoyl-sn-glycero-3-phosphoglycerol (DPPG), 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and 1,2- dipalmitoyl-
sn-glycero-3-phosphoethanolamine (DPPE) were purchased from

Genzyme GmbH, Germany. All lipids were used as received without
any further purification or modification. The concentration was
calculated from the weight of the dry lipid samples (weight/volume).

Tris, Tris-HCl, NaCl, chloroform, and methanol were purchased
from Sigma-Aldrich (Steinheim, Germany).

2.2. Preparation of liposomes

The lipid mixtures were prepared in a chloroform/methanol 2:1 (v/v)
mixture, after which the organic solvent was evaporated under vacuum.
The liposomes were freshly prepared using the Avanti Mini Extruder
(Avanti Polar Lipids), where the lipid dispersions were extruded 15
times through two 100 nm diameter polycarbonate filters at a tempera-
ture higher than the phase transition temperature of the lipid or lipid
mixture. The lipid samples were prepared in an aqueous Tris buffer
(10 mM Tris/Tris-HCl, 154 mM NaCl, pH 7.4).

2.3. Circular dichroism spectroscopy (CD)

Far UV-CD spectra were obtained using Jasco ]J810 spectropolarimeter
equipped with a Peltier device. The peptides (25-100 pM) and the
extruded lipid vesicles (1 mM) were prepared in an aqueous Tris buffer
and mixed in a 0.1 cm cuvette to achieve an L/P ratio of 10 to 40.
Thereafter, 10 to 20 accumulations of the CD spectra were recorded
in the range of 190-260 nm. The spectra were corrected from the
circular dichroism and differential scattering due to lipid vesicles and
then averaged and smoothed. The peptide helicity [a] was determined
from the mean residue ellipticity [@]yrw at 222 nm according to the
relation [©]2; = —30,300 [a]-2340 [25].

2.4. Dynamic light scattering (DLS)

The dynamic light scattering measurements were performed
by means of ALV-NIBS/HPPS high performance particle sizer (ALV-
Laser Vertriebsgesellschaft m.b.H., Langen, Germany). The system is
equipped with a HeNe laser of 3 mW output power at a wavelength of
632.8 nm, a backscattering arrangement (the scattering angle is 173°)
and an avalanche photodiode as a detection system. The temperature
of the sample compartment can be regulated by a software-controlled
Peltier device. The titration experiments were carried out by 10-50 pl
multi-step titrations of 1 mM vesicle suspension into 500 pl of 5-
10 M peptide solution (starting volume and concentration) placed in
a disposable 1 cm poly(methyl methacrylate) (PMMA) cuvette (Brand
GmbH + Co. KG, Wertheim, Germany). After the addition of the lipo-
somes, the sample in the cuvette was equilibrated for one minute after
which the autocorrelation function was recorded for 180 s (6 x 30 s),
and the autocorrelations were then averaged. The data were fitted and
analyzed using the ALV-5000/E/EPP software (Version 3.0) supplied
with the instrument, which is based on CONTIN software package [26]
that uses Laplace transforms for the inversion of the autocorrelation
function. The normalized unweighted particle size distributions, which
correlate the particle size with its respective scattering intensity, were
determined using the linear regularized fit model.

2.5. Differential Scanning Calorimetry (DSC)

The DSC measurements were carried out using VP-DSC from
MicroCal™ Inc. (Northampton, MA). The lipid-peptide mixtures with
the desired ratio were freshly pre-mixed prior to the DSC experiments.
The final lipid and peptide concentrations were 1-2 mM and 5-200 puM,
respectively. The samples were degassed for 10 min before being loaded.
A scanning rate of 1 °C min™' was applied. The reference cell was filled
with buffer. Several heating and cooling scans were performed to ensure
the reproducibility of the thermograms.
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2.6. Isothermal titration calorimetry (ITC)

The ITC measurements were carried out using a VP-ITC from
MicroCal™, Inc. (Northampton, MA). Prior to each experiment, the
sample cell and the syringe were washed with freshly distilled
water, rinsed using chloroform/methanol 2:1 (v/v), and dried using
an air stream. The reference cell was filled with degassed water. The
1.4 ml reaction cell was loaded with the peptide solution (5 pM),
whereas the injection syringe (nominal volume 250 pl) was filled
with the vesicle suspension with a concentration of 500 pM. The
instrument was equilibrated at a temperature 5 °C below the experi-
mental temperature with an initial delay of 60 s. The reference power
and the filter were set to 10 ucal s~! and 2 s, respectively. Each
experiment was carried out in duplicates or more. After the point of
the first injection was discarded, the titration curves were analyzed
using the one-site binding model in the ORIGIN® software provided
with the calorimeter. In this model, and when titrating lipid vesicles
to peptides, the lipid molecules are treated as ligands and the peptide
is assumed to have n number of independent and equivalent binding
sites.

3. Results
3.1. Circular dichroism spectroscopy (CD)

CD spectroscopy was utilized to determine the conformation
of KLA peptides bound to DPPG LUVs at low L/P ratios (10-40).
As the CD spectra in Fig. 2 show, the kj,l,-KLAL peptide preserves to
a large degree its helical conformation (68%, see Table 2), as evident
by the negative ellipticity at 207 and 222 nm and the positive CD band
below 200 nm. In contrast, the helical content of the KLA1 peptide
drops to 15%, whereas the peptides with the lower intrinsic helicity I,
kq2-KLAL and kg,a;0-KLAL assume [3-strands and their helical content
is only 7% and 2%, respectively. Unpublished Fourier transform
infrared spectroscopy (FT-IR) data propose that the KLA peptides
form B-aggregates rather than normal 3-strands [27]. It is possible
that the helical content of the peptides is slightly underestimated
due to peptide-induced vesicle aggregation and precipitation (see
Section 3.2), which could increase the light scattered off the samples
as well as decrease the peptide available for the light beam. We
refrained from the deconvolution of our CD data to determine the
fractions of the different conformations due to the lacking of proper
reference data, albeit the presence of robust algorithms.
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Fig. 2. CD spectra of KLA peptides (25-100 uM) in DPPG suspension (~50 nm radius,
1 mM, L/P 10 to 40) at 20 °C. The samples were prepared in Tris buffer (10 mM Tris,
154 mM NacCl, pH 7.4).

3.2. Dynamic light scattering (DLS)

DLS serves as a potent tool to investigate interactions of
membrane-active agents with lipid vesicles, and such interactions
are usually associated with altering the size and shape of the vesi-
cles [28,29]. As a result, one obtains a direct evidence of the ligand
affinity and selectivity. We utilized DLS to monitor the influence
of KLA peptides on the average size of extruded DPPG and DPPC
vesicles. To mimic ITC experiments, lipid vesicles were titrated into
peptide solutions in the cuvette. The average size distribution of the
lipid vesicles without peptide was controlled prior to each experiment.
This procedure helps to achieve low L/P ratios after the first injection
of lipid vesicles. However, this will also cause the aggregation of lipid
vesicles hindering the detection of any possible changes in the size of
individual lipid vesicles, for instance due to vesicle solubilization. The
further additions of vesicles continuously will increase the lipid fraction
in the system until the aggregation capacity of the peptides is exceeded,
which will drive the dissociation of the aggregates. As a result, it will be
possible to observe the size distribution of the individual vesicles and
see the effect of low L/P ratios achieved at the beginning of the titration.

Fig. 3 shows the unweighted radius size distribution of extruded
DPPG (54 nm average radius) without peptide and of DPPG titrated into
KLA1 (high helical propensity) and kg,a;0-KLAL (low helical propensity)
solutions. The unweighted size distribution, also known as intensity-
weighted, shows the intensity of the light scattered off the particles as
a function of particle size. The titrations were performed at 25 °C at
which DPPG is in gel state. At an L/P ratio of 2, a broad radius size
distribution centred ~320 nm is observed with both peptides. The
further addition of DPPG vesicles causes a peak splitting showing
two populations with distinct average size distributions. Upon increas-
ing the L/P ratio, the larger structures continue to grow, whereas the
smaller structures decompose into, most probably, individual vesicles.
At and above an L/P of 20, the position of the two peaks remains
unaltered whereas their intensity keeps changing upon the addition of
vesicles in favor of the peak belonging to the individual vesicles. Since
the intensity of the scattered light is usually higher for larger particles,
the unweighted distribution function underestimates the number of
smaller particles. One can conclude therefore that only few aggregates
are present in the sample at the end of the titration (high L/P).

At an L/P > 20, the DPPG-KLA1 structures (~1200 nm) are larger
than the structures with kg,a;o-KLAL (~600 nm) suggesting that the
aggregation capacity of KLA1 exceeds that of ko,a;o-KLAL At
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Fig. 3. Unweighted distribution of hydrodynamic radii obtained from DLS measurements
of DPPG vesicles (1 mM, ~54 nm average radius) before and after multi-step additions to
KLA1 and kg,a;0-KLAL solutions (500 pl, 10 uM) at 25 °C. The samples were prepared in
Tris buffer (10 mM Tris, 154 mM Nadl, pH 7.4).
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temperatures higher than the phase transition temperature of DPPG
(>41 °C) the aggregation power of the peptides is reduced (data not
shown). In the titrations with DPPC, the peptides barely affect the size
distribution of DPPC vesicles (data not shown).

The origin of the large DPPG-peptide structures cannot be disclosed
by DLS experiments; whether they are aggregated or fused vesicles.
However, the generally slow kinetics of peptide-induced vesicle fusion
(>1 h[30]) as well as the fact that the large structures observed with
DLS dissociate at high L/P ratios suggest that these large structures are
mainly aggregated DPPG vesicles. The self-association of DPPG vesicles
can be driven by peptide molecules that bridge between two or more
vesicles and/or by peptide-peptide interactions between peptide mole-
cules bound to DPPG vesicles.

3.3. Differential scanning calorimetry (DSC)

A fully hydrated DPPG bilayer undergoes a pretransition (Tpre)
from lamellar gel L to ripple gel Py at ~ 33 °C and a main transition
(Tm) to Ly at ~ 41 °C. As shown in Fig. 4(A-D), the KLA peptides
supress the pretransition of DPPG, particularly at high peptide contents,
and pronouncedly alter its main phase transition.

The interaction of KLA1 with DPPG (see Fig. 4(A)) decreases the
enthalpy and cooperativity of the main phase transition in a concen-
tration dependent manner. The effect on T, is modest at L/P ratios of
200 to 20, whereas the phase transition is significantly broadened and
T is reduced to ~39 °C at an L/P of 10. In contrast, kq,1,-KLAL peptide
(see Fig. 4(B)) apparently induces the formation of two domains; a ky,
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1,-KLAL-poor domain with a transition temperature (~40 °C) slightly
lower than T,, of unbound DPPG and a k;,l,-KLAL-rich domain with a
higher transition temperature (~42 °C). The ratio between the two
domains is regulated by the peptide content (L/P ratio). Again, at an
L/P of 10 only a broad peak with very low intensity can be observed.
The peptides with the lowest helical propensity, i.e. 1;1,ki>-KLAL
(Fig. 4(C)) and ko,a10-KLAL (Fig. 4(D)), decrease T, by ~1 °C at an
L/P of 200, whereas the peak position at the other L/P ratios is similar
to unbound DPPG. At low L/P ratios, the 1;7,k;,-KLAL and Ko,a;o-KLAL
peptides pronouncedly suppress the enthalpy and cooperativity of
DPPG main transition, which is almost abolished at an L/P of 10.

As the DSC thermograms reveal, the peptide with the highest
helicity kq,l,-KLAL shows a strong electrostatic interaction with
DPPG vesicles, as the peptide stabilizes the DPPG bilayer and induces
domain formation, particularly at high L/P ratios. On the other side,
KLA1 and more considerably l;1,k;,-KLAL and Kke,a10-KLAL destabilize
the DPPG bilayer decreasing T,, and the transition enthalpy and
cooperativity. This behavior is primarily due to the deep burial of the
hydrophobic moieties of the peptides into the core of DPPG bilayers
and to the consequent perturbation of the acyl chain packing.

3.4. Isothermal titration calorimetry (ITC)

3.4.1. Interaction of KLA peptides with DPPG LUVs

The ITC isotherms and their fits for the binding of the four peptides
to DPPG extruded LUVs (~50 nm radius) measured at 15 °C are shown
in Fig. 5 and the thermodynamic parameters are listed in Table 3.
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Fig. 4. First heating DSC curves of DPPG LUVs (2 mM) before (black line) and after the addition of (A) KLA1, (B) kq,1-KLAL, (C) l;1,k;2-KLAL and (D) ke,a10-KLAL peptides with L/P
ratios of 200, 40, 20 and 10. The inset in A if a magnification of the DPPG pre-transition. The samples were prepared in Tris buffer (10 mM Tris, 154 mM NaCl, pH 7.4).
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The dilution enthalpy of extruded DPPG LUVs titrated into 10 mM Tris
buffer (154 mM NaCl, pH 7.4) is 250-350 cal mol ™! at 15 °C.

The interactions are entropy driven, with favorable positive TAS®,
compensated by a moderate endothermic contribution with unfavorable
positive AH°. The apparent binding affinity (Kapp) of KLA peptides
to DPPG correlates well with their helical propensity, and the decrease
in K,pp is almost entirely of entropic origin. As shown in Table 3, Kypp,
of ki,l-KLAL, the peptide with the highest helical propensity, is
1.16 x 10 M~ ! at 15 °C and 154 mM NaCl, which is one order of
magnitude higher than Ky, of ke,a10-KLAL, the peptide with the lowest
helical propensity. For the peptides ki,l,-KLAL, KLA1 and 1;1,k;,-KLAL,
the favorable TAS® decreases with the helicity while the endothermic
AH? increases. Ko,a10-KLAL shows the lowest K,pp, AH® and TAS® values
among all KLA peptides. The decrease in the K,p, values with helicity is
not dramatic, possibly because the KLA peptides with the low intrinsic
helicity can form P-structures at low L/P ratios, i.e. at the beginning
of the ITC titration, which also can bind to DPPG vesicles. However,
the decrease in K,pp, indicates that the helical KLA peptides bind more
efficiently to DPPG vesicles than [3-structured KLA peptides.

3.4.2. Influence of surface charge density

We tested the effect of the membrane negative surface charge
density on the binding profiles of the peptides via mixing DPPG
with DPPC or DPPE at various molar ratios. Fig. 6 shows the ITC titra-
tions for the interaction of KLA1 with DPPG, DPPC, DPPE and the
mixed membranes DPPG/DPPC and DPPG/DPPE with varying molar
ratios. The measured isotherms are composed of an exothermic dilu-
tion enthalpy overcompensated in the beginning by an endothermic
part associated with the binding process. The binding process and
the associated endothermic part are found to be highly dependent on
the negative charge content of the bilayer. Reducing the DPPG fraction
to 50% in both mixed systems leads to titration curves without signifi-
cant changes in the heat effects indicating negligible binding under
our experimental conditions.

The KLA peptides interact only weakly with uncharged lipids
[16,17,24]. Binding isotherms derived from CD spectra were utilized
to determine K,p, of binding to 1-palmitoyl-2-oleoyl-sn-glycero-3-
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Fig. 5. The experimental power signals (top) and the integrated peaks (bottom) as a function
of DPPG/peptide ratio. The solid lines are the hypothetical fits of the integrated peaks. In the
experiments, DPPG LUVs (500 uM) in the syringe were titrated into KLA peptides (5 uM) or
buffer in the reaction cell at 15 °C. The samples were prepared in Tris buffer (10 mM Tris,
154 mM NaCl, pH 7.4).

phosphocholine (POPC) and POPG/POPC 1:3 vesicles and the values
were found in the order of 10 and 10* M~ !, respectively [16]. Due
to these low apparent binding constants and a small AH® value, the
binding cannot be detected by ITC. In an earlier study, we had observed
similar effects, as it was also not possible to detect the weak interactions
between KLA peptides and uncharged monolayers using Langmuir
monolayer experiments [21].

The thermodynamic parameters for the interactions of kq,l,-KLAL
and KLA1 with DPPG/DPPC 3:1 and DPPG/DPPE 3:1 mixed membranes
are presented in Table 3. We refrained from fitting the binding
isotherms of kg,a;o-KLAL and 1;1,k;,-KLAL due to the low reaction
enthalpy with the mixed membranes. The binding affinities and ener-
gies obtained for DPPG/DPPC 3:1 and DPPG/DPPE 3:1 are comparable,
however, slightly lower than DPPG. Again, the proportionality between
the helical propensity and the binding affinity is also observed in both
mixed systems. In principle and since the interactions of the peptides
are driven by electrostatics, reducing the DPPG fraction will lower
the surface concentration of the peptides. However, the decrease in
the surface charge density in the membrane might give the peptide
the opportunity to pack better on the vesicle surface [31] and to sink
deeper in the membrane [32].

3.4.3. Influence of salt concentration

Due to the charge screening effects of salt ions, inspecting the influ-
ence of ionic strength on biomolecular interactions is a common proce-
dure to validate the electrostatic contribution to the binding process. For
electrostatically driven associations, a substantial inverse-dependence of
the binding affinity on salt concentration was established, which was pre-
dominately of entropic origin [33-36]. In fact, the interaction of charged
peptides with the uncharged POPC was found to be weaker at high salt
concentrations [37]. In contrast, peptide—protein interactions of hydro-
phobic origin were barely affected by increasing the salt concentration
[38].

We performed ITC titrations of DPPG LUVs into KLA1 at 15 °C
using 154, 300, 500 and 1000 mM NaCl. A comparison between
the recorded isotherms (see Fig. 7(A)) shows the strong influence
the salt concentration has on the binding constant and the reaction
enthalpy, since no binding could be detected at 1000 mM NacCl. The
effect of varying the NaCl concentration on the binding parameters
(AH®, TAS® and AG®) is shown in Fig. 7(B) and the numerical values
are listed in Table 3. Increasing the NaCl concentration efficiently
reduces Kpp, the endothermic AH®, and TAS®.

According to the equation logK = logK; — zlog[Na™], plotting the
experimental logK,, as a function of log[Na*] should be linear. The
slope z is the amount of Na™ released upon the binding to one DPPG
molecule, whereas the Y-intercept represents logKr. Kt is the binding
constant at 1 M Na™ concentration; commonly known as K onionic
since at this salt concentration the electrostatic binding is highly
suppressed [34,39]. In these calculations, the ions coming from the
DPPG and peptide samples are not taken into consideration since
their amounts are negligible in comparison to the salt concentration
in buffer. The binding of KLA1 peptide to one DPPG molecule releases
in average 1.4 Na™ ions, whereas the nonionic binding constant Ky is
6.3 x 10* M~ . This analysis of the influence of NaCl concentration points
again to the importance of the electrostatic attraction for driving the
binding of KLA peptides to negatively charged lipid vesicles. Nonetheless,
the hydrophobic effects in the interaction process should not be affected.

3.4.4. Influence of temperature

To further characterize the interaction of KLA1 with DPPG vesicles,
ITC titrations were carried out over the temperature range of 5-50 °C.
The binding isotherms measured at 5-25 °C and their fits are shown
in Fig. 8(A). The results show that with increasing temperature,
the reaction enthalpy becomes more endothermic and the saturation
occurs at lower DPPG/KLA1 molar ratios (discussed later).
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Table 3

The thermodynamic parameters of the interactions of KLA peptides with lipid vesicles at different conditions.*

Peptide Lipid [NaCl]/mM T/°C N Kapp x 107°/M ™1 AH°/kcal mol~! TAS® /kcal mol ™! AG®/kcal mol ™!
k1,1,-KLAL DPPG 154 15 7.6 £ 0.1 11.6 + 2.3 0.81 + 0.02 8.80 + 0.09 —7.99 + 0.10
KLA1® DPPG 154 15 6.4 + 0.1 88+ 16 0.91 + 0.02 8.75 + 0.07 —7.84 + 0.10
111,kq2-KLAL DPPG 154 15 85 + 0.2 3.6+ 0.6 0.97 + 0.03 8.28 + 0.06 —7.31 + 0.09
Kko,a10-KLAL DPPG 154 15 9.1+ 05 26+ 04 0.78 + 0.07 791 + 0.04 —7.13 + 0.09
k1,l5-KLAL DPPG/DPPC 3:1 154 15 16.6(12.5) + 0.3 63 + 21 0.81 + 0.02 8.45 + 0.14 —7.64 + 0.16
KLA1 DPPG/DPPC 3:1 154 15 11.4(8.6) + 0.1 57+ 08 0.58 + 0.01 8.16 + 0.06 —7.59 + 0.07
Kq,1-KLAL DPPG/DPPE 3:1 154 15 10.3(7.7) £+ 0.2 74 +26 1.16 4 0.04 8.89 + 0.14 —7.73 £ 017
KLA1 DPPG/DPPE 3:1 154 15 9.0(6.8) + 0.3 53+ 14 0.66 + 0.03 8.20 + 0.11 —7.54 + 0.14
KLA1 DPPG 154 5 11.7 £ 0.3 39+ 1.0 0.66 + 0.02 7.77 + 0.10 —7.11 £ 0.13
KLA1 DPPG 154 10 9.6 + 0.1 99 4+ 1.6 0.84 + 0.01 8.60 + 0.07 —7.76 + 0.08
KLA1® DPPG 154 15 6.4 + 0.1 88 + 1.6 0.91 + 0.02 8.75 + 0.07 —7.84 + 0.10
KLA1 DPPG 154 20 5.6 + 0.1 63 +£08 1.02 + 0.02 8.79 + 0.05 —7.77 £ 0.07
KLA1 DPPG 154 25 3.1 +01 29 405 1.74 4+ 0.10 9.18 + 0.01 —7.44 + 0.09
KLA1P DPPG 154 15 6.4 + 0.1 88 + 1.6 0.91 + 0.02 8.75 + 0.07 —7.84 + 0.10
KLA1 DPPG 300 15 88 + 0.3 28 + 0.6 0.58 + 0.02 7.76 + 0.09 —7.18 £ 0.11
KLA1 DPPG 500 15 55+ 05 1.7 £ 0.7 0.37 + 0.05 727 +0.14 —6.90 + 0.18

2 The peptides are ordered according to their helicity in DPPG (see Table 2).

b Rows were repeated to ease comparison. N in parenthesis shows N values per DPPG molecules. Each experiment was carried out in duplicates or more. The titration curves were
analyzed using the “one- site” binding model provided by ORIGIN® software in order to determine the apparent binding constant (K,p,), the binding enthalpy (AH") and the lipid/peptide
binding stoichiometry (N). The standard free energy (AG®) and entropy (AS°®) of the binding were calculated using the standard equations AG® = — RTInKj, and AS® = (AH® — AG°)/T,

respectively.

Interesting ITC isotherms were obtained at 30 and 35 °C (see
Fig. 8(B)). They show an endothermic process at low DPPG/KLA1 molar
ratios, which disappears at a molar ratio of ~6 until another exothermic
event starts above the DPPG/KLA1 molar ratio of ~12. As discussed earlier
(Section 3.3), the DSC thermograms reveal that the acyl chain packing of
DPPG bilayers is pronouncedly perturbed by the binding of KLA peptides.
We propose that at temperatures >30 °C and during the first part of
the ITC titration at an L/P < 6 (equimolar lipid-peptide charge ratio),
a peptide-induced gel to fluid phase transition of DPPG takes place
(endothermic) due to the presence of excess KLA1. The further titration
of DPPG vesicles into the peptide solution will continuously cause a pep-
tide redistribution, which will decrease the local surface peptide concen-
tration. Eventually, above the molar ratio of 12 (full coverage of the outer

leaflet) this phenomenon will be reversed, which will be accompanied by
the release of heat. Increasing the temperature from 30 to 35 °Cenhances
the endothermic peptide-induced phase transition and consequently
the exothermic event at the end of the titration. This behavior does
not appear for the interaction with fluid DPPG at 50 °C (see Fig. 8(B)),
where a barely detectable enthalpy change is seen. This supports our
interpretation for this phenomenon.

The temperature dependence of the thermodynamic parameters
(AH®, TAS®, and AG®), which were acquired by fitting the 5-25 °C
isotherms (see Fig. 8(A)) is shown in Fig. 9 and the values are listed
in Table 3. The binding affinity at 5 and 10 °C are 3.9 x 10°
and 9.9 x 10° M~!, respectively, whereas it is slightly reduced to
2.9 x 10° M~ ! at 25 °C. The unfavorable AH® and the favorable
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Fig. 6. The experimental power signals of the binding of KLA1 (5 uM) to DPPG/DPPC (left) and DPPG/DPPE (right) LUVs (total lipid concentration 500 uM) as well as to the single
components (500 uM) at 15 °C. The samples were prepared in Tris buffer (10 mM Tris, 154 mM NaCl, pH 7.4).
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TAS® of the binding process are slightly increased by increasing
the temperature, yet, AG® is barely altered due to the known enthalpy-
entropy compensation.

The slope of the temperature dependence of AH® (5-25 °C) can be
used to calculate the change in molar heat capacity (ACp), assuming a
temperature-independent AC,. A AC, value of +46.8 cal mol~' K™
was determined. Though it remains difficult to determine the origin
of the positive ACp, it is obvious that it is related to some processes
that take place only with DPPG in the gel phase. We anticipate that
it is due to the temperature enhanced peptide-induced perturbations
and fluidization of the lipid hydrocarbon chains.

3.4.5. Stoichiometry of binding

The stoichiometry (N) of binding can be obtained directly from the
employed fits, namely from the molar ratio at the inflection point of
the ITC curve. The N values, in our case presented as a DPPG/peptide
ratio, can be used to estimate the extent of the molecular interactions
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Fig. 8. (A), (B) The experimental power signals (top) and the integrated peaks (bottom) as a
function of DPPG/KLA1 ratio. The solid lines (A) are the hypothetical fits of the integrated
peaks. In the experiments, DPPG LUVs (500 pM) in the syringe were titrated into KLA1
peptide (5 uM) in the reaction cell at temperatures of 5 to 25 °C (A) and of 30 to 50 °C (B).
The samples were prepared in Tris buffer (10 mM Tris, 154 mM NaCl, pH 7.4).

between DPPG and the peptides. For instance, since liposomes are com-
posed of two leaflets, the peptides need to translocate the lipid bilayer
to interact with the inner leaflet. If the peptide can translocate the
lipid bilayer, the peptide in the cell will be “consumed” sooner as it
will bind to two leaflets, which will decrease the N value. Also, peptide
as well as liposome aggregation can trap peptide molecules and hinder
their interaction with lipids, which will also “consume” the peptide
sooner and result in a lower N value.

In contrast to the highly curved small unilamellar vesicles (SUVs)
where the outer leaflet contains around 60% of the lipid molecules,
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the lipids in LUVs used in our study are almost equally distributed in
both leaflets. The KLA peptides have a nominal charge of ~+ 6 due to
five Lys residues and an uncapped N-terminus that is partially
charged at neutral pH. Although the effective charge of KLA peptides
can be lower than the nominal charge, as reported for some other
peptides [32,33,40], the stoichiometry values obtained from the ITC
titrations support the assumption that the effective charge of KLA
peptides is close to the nominal one.

Since the interaction of KLA peptides with DPPG is electrostatically
driven and assuming that the peptides can escape the vesicle aggre-
gates and freely redistribute to the newly added vesicles, as suggested
by the DLS data, a DPPG/peptide stoichiometry of 12 will indicate that
the peptide binds exclusively to the outer leaflet of DPPG vesicles.
On the other hand, a DPPG/peptide stoichiometry of 6 will indicate
that the peptide can translocate the lipid bilayer and interact with
the inner leaflet of the vesicles as well. Due to the complex nature
of interactions with amphipathic peptides, the stoichiometry may deviate
from ideality depending on effects like charge screening, steric hindrance,
and the formation of lipid-peptide suprastructures.

Interestingly, the stoichiometry values (listed in Table 3) for
the interactions of the peptides with DPPG at 15 °C are lower than
12, namely ~7 for the peptides with the higher helical propensity
(KLAT and ky,1,-KLAL) and ~9 for the peptides with the lower helical
propensity (ke,a;0-KLAL and 1;1,k;»-KLAL). These stoichiometry values
suggest that either the peptides can translocate the DPPG bilayer and
interact with the membrane inner leaflet or that the peptides cannot
totally escape the lipid aggregates and cannot freely redistribute in the
reaction cell. The generally lower stoichiometry values of KLA1 and k;,
1,-KLAL may indicate their higher ability to translocate the DPPG bilayer
and/or their stronger binding to DPPG vesicles (i.e. less redistribution).
The higher stoichiometry values of kg,a;0-KLAL and 1;1,k;5-KLAL can be
attributed to their formation of (3-aggregates, which do not only bind
less efficiently to lipid membranes but also cannot form structural pores.

The change in the binding stoichiometry with temperature can
also be utilized to comment on the interactions with the DPPG lipid
vesicles over the studied temperature range. As shown in Table 3,
Kapp slightly decreases with temperature, whereas N pronouncedly
decreases with temperature from ~12 at 5 °C to ~3 at 25 °C. This
can indicate that increasing the temperature (T < T,,) enhances the
permeability of the vesicles probably caused by the reduction in
lipid chain packing and the formation of defects due to the expansion
of the membrane. In similar systems, temperature was reported to
ease and accelerate the translocation across lipid membranes [41,42].

Interestingly, the stoichiometry values of interactions with lipid
vesicles are not strictly reproducible as in the case of, for instance,
ligand-protein binding [38]. Therefore, the N values shown in this
study are averages of broader stoichiometry ranges.

4. Discussion and conclusions

Several studies inspected the correlation between the structural
properties of antimicrobial peptides and their antimicrobial activity
and selectivity, based on the fact that the activity is determined
by the macroscopic properties of the peptides rather than the exact
sequence or order of amino acids [4,5,15,43,44]. Despite the large
amount of experimental data available, the influence and importance
of the conformation of antimicrobial peptides for their binding and
incorporation into lipid membranes are still not well-understood [15].
In this study, we focus on the electrostatic binding of several cationic
KLA peptides, which primarily differ in their helical propensity, to
anionic gel-state lipid membranes. Although biological membranes
are fluid in nature, gel-state membranes are more useful to monitor
the events associated with electrostatic binding, since gel-state lipo-
somes behave more like “solid spheres” as compared with fluid lipo-
somes, and therefore processes subsequent to the initial binding, like
peptide reorientation in the membrane and the formation of peptide-
lipid structures and pores, will be much slower in gel-state membranes
than in fluid membranes [45]. Indeed, ITC titrations of POPG vesicles
into KLA peptides revealed a very complex binding process (unpublished
results), a phenomenon that has also been reported by others [33,46].

The main findings of this study are: (1) the KLA peptides generally
show high aggregation power but modest solubilization power,
(2) the KLA peptides with low to moderate intrinsic helicity tend
to form B-structures and aggregates at high lipid contents (low L/P),
(3) the B-structured KLA peptides induce more membrane perturba-
tions as compared with the helical KLA peptides, and (4) the binding
affinity of KLA peptides is proportional to the peptides helical propensi-
ty and membrane negative surface charge.

ITC titrations were performed to determine quantitatively the effect
of the peptide helical propensity and membrane surface properties on
the thermodynamics of electrostatic binding to anionic membranes.
We analyzed the ITC titration curves using the “one-site” binding
model (see Materials and methods section). The surface partitioning
model is also commonly used to analyze the titration data and to derive
the intrinsic binding factors [47]. For interactions of charged peptides
with charged/uncharged lipid membranes, the Gouy-Chapman theory
is commonly employed to correct the enhanced/reduced surface con-
centration of the peptide in comparison to the bulk concentration
[32,48-52]. However, due to the substantial amounts of salt and buffer
present in the solution that screen the surface charge of the interacting
molecules, the influence of the electrostatic attraction/repulsion is
minimized so that corrections due to their effects are small [53,54].
Due to the complexity of our system, it is practically impossible to
resolve the different sub-processes (e.g. binding, partitioning, confor-
mational changes, pore formation, vesicles solubilization, aggregation),
which could take place concurrently during the titration. Therefore,
we believe that the use of the one-site binding model, which indeed
describes our ITC curves fairly well, to determine the apparent thermo-
dynamic properties of the whole interaction process is sufficient.
The one-site binding model was also adequate to describe the binding
isotherms in similar systems [36,40,55-57].

The kinetics facet of peptide-lipid membrane interactions is equally
important as the interaction thermodynamics [45,58,59]. Generally, the
initial binding of the peptides to lipid membranes is almost instanta-
neous (milliseconds to seconds), a process that is strongly influenced
by the membrane physical state, acyl chain length, and surface charge
density [60-63]. The peptide dissociation from the membrane is much
slower than the association; usually 3-6 orders of magnitude slower
[45]. The peptide burial into the lipid bilayer and the subsequent
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peptide structural changes and membrane rearrangements will occur
on a time scale of milliseconds to seconds [45,63]. The peptide-peptide
association and their assembly can take place within seconds [63]. The
reorientation of the peptide and lipid molecules in the membrane, the
formation of peptide-lipid structures/intermediates, and the formation
of peptide or peptide-lipid structural pores are usually slow process-
es and may need up to hours, which depends on factors like the L/P
ratio [45,64-66]. During the ITC, DLS and CD experiments/titrations
the peptide-lipid mixtures were only given a few minutes to equilibrate,
which is not long enough for the slow insertion and rearrangement pro-
cesses to take place. In contrast, the samples in the DSC experiments
were given much longer time to equilibrate, because of the relatively
slow scanning rate, and therefore profound membrane perturbations
were observed in the DSC thermograms.

During the ITC titrations, we expect the unordered KLA peptides
to form a-helices proportional to their intrinsic helicity. However,
the low L/P ratios achieved at the beginning of the ITC titrations
will also cause some of the peptides with the low intrinsic helicity
to irreversibly adopt (3-sheet structures and aggregates. It will be of
high interest to determine the (maximum) amount of bound peptide
per lipid or liposome. However, this might not be technically feasible
because the conformation and binding of KLA peptides are highly
sensitive to the preparation procedure, experimental conditions,
and the used technique, all of which will affect the resulted peptide-
lipid complex. In addition, the formation of the peptide-lipid complex
and liposome aggregates is driven by non-covalent bonding and is
therefore reversible (see DLS and ITC data) and any attempts to sepa-
rate the aggregates may drive their dissociation or change their proper-
ties. These analyses are plausible when the peptide is covalently linked
to the liposome surface [67].

The binding of KLA peptides to DPPG is mainly entropy driven as
only a small endothermic binding enthalpy is observed. The entropic
part is due to the increase in the rotational and translational degrees
of freedom of water molecules upon the desolvation of the hydrophobic
residues of the interacting molecules and the liberation of water
from the charged residues. Such behavior is explained in literature by
the classical hydrophobic effects [68]. Earlier studies of similar systems
also revealed mostly entropy driven interactions [32,49,50,55,57].
However, enthalpy driven interactions were also encountered in some
other cases [69].

For peptide-lipid interactions, it was found before that up to 60%
of AG® comes from the exothermic membrane-induced conforma-
tional changes of peptides [51,69-73]. The exothermic enthalpy asso-
ciated with the formation of p-structures is usually smaller than
that associated with the formation of a-helices [73]. A better peptide
structuring will increase the exothermic enthalpy contribution and
will improve the peptide affinity to the membrane. A stronger binding
to lipid membranes is associated with the release of more water mole-
cules, which increases the favorable entropic part. It is expected that
these phenomena also apply to KLA peptides. It is clear from the ITC
data that helical peptides bind stronger to anionic membranes than
p-structures, which concurs with earlier observations [74], and that
the binding is enhanced with helicity. One explanation can be that
helical peptides interact better with membranes than B-sheets. It is
also possible that the peptide-peptide interactions during the forma-
tion of B-structures will hamper peptide-lipid interactions.

Despite the large amount of exothermic energy liberated upon the
conformational changes of the peptides, the experimentally observed
ITC isotherms are moderately endothermic. Therefore, we expect the
interactions of KLA peptides with lipid bilayers to be also associated
with substantial endothermic events that overcompensate the heat
release due to the formation of o-helices and -sheets. Resolving
the underlying enthalpy-associated events that take place during
the titration of liposomes to KLA peptides is difficult, since what is
measured is the net enthalpy change of all the exothermic and endo-
thermic processes. The major exothermic driving forces for the

interaction are the non-covalent bonding and membrane partitioning
[75,76] as well as the structuring of the KLA peptides [51,69-73]. The
profound perturbations upon the burial of the peptides in lipid mem-
branes are endothermic since work must be applied to separate the
lipid molecules. Therefore, the thermodynamic profiles are sensitive
to the hydrocarbon chain packing in the membrane, i.e. the interaction
with well-packed lipid bilayers is associated with a higher endothermic
AH® [42,50,51,72]. As evident by the high favorable entropy, there
will also be high endothermic desolvation energy. Moreover, peptide-
induced lipid phase transitions, which will be endothermic, can have a
substantial contribution [52]. Processes including vesicles aggregation
and solubilization [77], peptide self-association [78], and possible
peptide translocation across the bilayer [33,79,80] can also participate
to the net AH®.

The electrostatic attraction of cationic antimicrobial peptides to
the target anionic membranes is the first thermodynamic step in all
proposed mechanism of actions of antimicrobial peptides [50]. Both
the cationicity of the peptide and the surface charge of the membrane
should, in principle, increase the peptide accumulation on the mem-
brane surface. The structuring of the peptides will enhance their
incorporation in lipid membranes. Despite the high importance of
the peptide helicity and electrostatics in the action of antimicrobial
peptides on model lipid membranes, their biological relevance has
yet to be verified, as it has been shown before that not all phenomena
observed with model membranes are transferable to biological
membranes [81,82]. The antimicrobial activity of the KLA peptides
was tested before on the Gram-negative Escherichia coli (E. coli) and
the Gram-positive Staphylococcus epidermidis (S. epidermidis) bacteria
(see Table 2) [16,17]. The outer and cytoplasmic membranes of Gram-
negative bacteria contain moderate amounts of anionic lipids, typically
below 20%, whereas the cytoplasmic membrane of Gram-positive
bacteria is rich in anionic lipids, typically more than 50% [12]. The anti-
microbial activity of KLA peptides was proportional to their helical
propensity, however comparable on both tested species irrespective
of their composition and negative charge content. This proposes that
in our case study, the peptide helicity is more important than electro-
statics for the antimicrobial activity.
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