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ABSTRACT: The amphipathiax-helix is a common motif found in many cell lytic peptides including
antimicrobial peptides. We have recently shown that significantly altering the amphipathic structure of a
lytic peptide by reshuffling its sequence and/or replacing aifeamino acids with theip-enantiomers

did not significantly affect the antimicrobial activity of the peptides nor their ability to bind and permeate
negatively charged (PE/PG) membranes. However, a pronounced effect was observed regarding their
hemolytic activity and their ability to bind and permeate zwitterionic (PC/Cho) membranes. To shed light
on these findings, here we used surface plasmon resonance (SPR) with mono- and bilayer membranes.
We found that the-amino acid (aa) peptides bound-125-fold stronger to PC/Cho bilayers compared

with monolayers, whereas the diastereomers bound similarly to both membranes. A two-state reaction
model analysis of the data indicated that this difference is due to the insertion ofathh@eptides into

the PC/Cho bilayers, whereas the diastereomers are surface-localized. In contrast,dhifplardifference

was found with negatively charged membranes. Changes in the amphipathicity markedly affected only
the insertion of the-aa peptides into PC/Cho bilayers. Furthermore, whereas theaallpeptides bound
similarly to the PC/Cho and PE/PG membranes, the diastereomers bd0@ifold better to PE/PG
compared with PC/Cho membranes, and selectivity was determined only in the first binding step. The
effect of the peptides on the lipid order determined by using ATR-FTIR studies supported these findings.
Besides shedding light on the mode of action of these peptides, the present study demonstrates SPR as a
powerful tool to differentiate between non-cell-selective compared with bacteria-selective peptides, based
on differences in their membrane binding behavior.

Interactions between bioactive polypeptides and phospho-others are also toxic to mammalian cells. Since the outer
lipid membranes play a key role in many cellular processes. surface of mammalian membranes is predominantly zwitter-
A major family within bioactive peptides contains gene- ionic, the interaction of lytic peptides with these membranes
encoded antimicrobial peptides isolated from almost all living needs to be governed mostly by hydrophobic interactions;
organisms, including plants and humans, which are used inspecifically, they need to penetrate into the hydrophobic core
their defense and offense systenis-§). Many of these  of the membrane. This is in contrast to bacteria-selective
peptides are able to lyse various types of cél|¥) including antimicrobial peptides, which interact mainly with the
be}cFeria, fungi, and mammalian qells. Regardle;s of their headgroups of negatively charged membranes.
origin, most of these peptides are linear and relatively short, To investigate the parameters involved in selective anti-

having less than 60 amino acids. Despite their remarkable . . L ) )
. : microbial activity, we have synthesized and studied a new
sequence diversity, most of them have common features, . . . .
group of 15-mer peptides derived from an amphipathic

namely, a net positive charge and a potential to form an . ; ;
amphipathic structure when bound to membranes. TheseOL'he"C"JII lytic peptide composed of only Leu and Lyl

properties are believed to be responsible for their ability to These p_eptldes either were _synthgsued_ in their-ak form

bind and disrupt negatively charged bacterial membranes®" C°"‘_ta'“e_d both- andp-amino acids (d|aster_eomers). The .
better than the zwitterionic membranes composing the outer@MPhipathic structure of some of these peptides was drasti-
leaflet of mammalian cells5( 8—10). However, despite these ~ cally altered. Importantly, we found that the aiha peptides

similarities, antimicrobial peptides differ in their spectrum PoSsessed both antimicrobial and hemolytic activities and
of activity. Some selectively kill microorganisms whereas preserved their potential to bind and permeate zwitterionic
and negatively charged membranes. The activity was only
"This research was supported by European Community Project partially reduced upon sequence alteration. However, all of
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To shed light on the mode of action of the edaa peptides ~ from Sigma. Cholesterol (extra pure) was supplied by Merck
compared with their diastereomers, we utilized the surface (Darmstadt, Germany). All other reagents were of analytical
plasmon resonance (SPRg¢chnigue and ATR-FTIR spec- grade. Buffers were prepared in double glass-distilled water.
troscopy. SPR has been used extensively to follow up in real Peptide Synthesis and Purificatiofeptides were synthe-
time the binding behavior of a macromolecule in solution sized by a solid-phase method on 4-methylbenzhydrylamine
to another macromolecule immobilized on the surfdd®.( resin (0.05 mequiv)17) using the Boc strategy. Pardaxin
Unlike other methods, the SPR technique has the ability to was synthesized by a solid-phase method on butyloxycar-
monitor the amount of adsorbed complex with high sensitiv- bonyl-(amino acid)-(phenylacetamido)-methyl resin (0.05
ity, therefore yielding important information about the mmol) (17). All resin-bound peptides were cleaved from the
kinetics of the binding event. A few studies were recently resins by hydrogen fluoride (HF) and, after HF evaporation
reported on the interaction of proteins or short peptides with and washing with dry ether, extracted with 50% acetonitrile/
phospholipid membranes. Most of them utilized hybrid lipid water. HF cleavage of the peptides bound to 4-methylben-
monolayers (using HPA sensor chif)3( 14), and only a zhydrylamine resin resulted in C-terminal amidated peptides.
few reported on the use of lipid bilayers (using the L1 sensor Each crude peptide contained one major peak, as revealed
chip) (15), which comprise biological membranes. Recently, by RP-HPLC, that was 5070% pure by weight. The
we have used monolayer and bilayer phospholipid mem- peptides were further purified by RP-HPLC on & &verse-
branes and have shown that the SPR technique enabled uphase Bio-Rad semipreparative column (26Q0 mm, 300
to differentiate between pore-forming and non-pore-forming A pore size, 5um particle size). The column was eluted in
lytic peptides. Moreover, we showed that melittin formed 40 min using a linear gradient of ®0% acetonitrile in
pores only in zwitterionic membranes, whereas both melittin water, both containing 0.05% TFA (v/v), at a flow rate of
and the antimicrobial peptide magainin had a detergent-like 1.8 mL/min. The purified peptides were shown to be
effect on negatively charged membranes, similar to what hashomogeneous>98%) by analytical HPLC. The peptides
been predicted by other methods$), Here we used the SPR  were further subjected to amino acid analysis and electro-
technique to investigate the mode of membrane binding for spray mass spectroscopy to confirm their composition and
all of the 15-mer peptides. In addition, we used ATR-FTIR molecular weight.
spectroscopy to study the extent of membrane disruption by Preparation of Small Unilamellar Vesicles (SUVSPUVs
the peptides. The data revealed a clear difference betweerwere prepared by sonication of PC/Cho (10/1 w/w) or PE/
the mode of action of the all-aa peptides compared to their PG (7/3 w/w) dispersions as previously describd®).(
diastereomers, as well as differences between amphipathidriefly, dry lipid mixtures were dissolved in a CHZMeOH
and nonamphipathic peptides. The SPR studies were inmixture (2/1 v/v). The solvents were then evaporated under
agreement with the data obtained by using ATR-FTIR a stream of nitrogen, and the lipids (at a concentration of
spectroscopy, thus demonstrating the power of the SPR7.2 mg/mL) were subjected to a vacuunt fbh and then
technique for studying the mode of action of membrane- resuspended in the PBS by vortexing. The resulting lipid
binding peptides. Furthermore, the common features founddispersions were then sonicated for 10 min in a bath-type
for hemolytic compared to nonhemolytic peptides should sonicator (Bransonic B3-R sonicator; Branson Ultrasonics
enable SPR to serve as a rapid method for screening potentiaCorp., Danbury, CT) until clear. To avoid degradation of
antimicrobial peptides, urgently needed due to the increas-unsaturated lipids, sonication was performee &0 °C under
ing resistance of bacteria to the currently available anti- a nitrogen atmosphere. Vesicles were visualized using a

biotics. JEOL JEM 100B electron microscope (Japan Electron Optics
Laboratory Co., Tokyo, Japan) as follows. A drop of vesicles
MATERIAL AND METHODS was deposited on a carbon-coated grid and negatively stained

Materials. 4-Methylbenzhydrylamine resin (BHA) and with uranyl acetate. Examination of the grids demonstrated
butyloxycarbonyl (Boc) amino acids were purchased from that the vesicles were unilamellar with an average diameter
Calibochem-Novabiochem (La Jolla, CA). Other reagents ©f 20-50 nm.
used for peptide synthesis included trifluoroacetic acid (TFA; _ Binding Analysis by Surface Plasmon Resonance (SPR).
Sigma),N,N-diisopropylethylamine (DIEA; Aldrich), meth- SPR experiments were carried out with a BIAco_re 3000
ylene chloride (peptide synthesis grade; Biolab), dimethyl- @nalytical system (Biacore, Uppsala, Sweden) using HPA
formamide (peptide synthesis grade; Biolab), piperidine @d L1 sensor chips (BlAcore). The HPA sensor chip
(Merck, Darmstadt, Germany), and benzotriazolybxytris- contains hydrophobic alkanethiol chains, which are co-
(dimethylamino)phosphonium hexafluorophosphate (BOP; valently bound to its gold surface. A lipid heteromono-
Sigma). Trypsin, egg phosphatidylcholine (PC), egg phos- layer is created by introducing I|posomes to th_e chip. On
phatidylglycerol (PG), phosphatidylethanolamine (PE) (type the other hand, The L1 sensor chip contains hydro-
V, from Escherichia col, N-octyl 3-p-glucopyranoside phobic alkanethiol chains, which contain exposed polar

(OG), and bovine serum albumin (BSA) were purchased Neéadgroups. Thus, a lipid bilayer is being created by
introducing liposomes to the chip. We performed a pro-
1 Abbreviations: ATR-FTIR, attenuated total reflectance Fourier tocol as previously described by Mozsolits et 2B)( Briefy,
transform infrared; BHA, 4-methylbenzhydrylamine resin; Boc, buty- € running buffer used for all experiments was PBS (pH
loxycarbonyl; HF, hydrogen fluoride; PBS, phosphate-buffered saline; 7.4). The washing solution was 40 mM-octyl -b-
PC, egg phosphatidylcholine; PEscherichia coliphosphatidyletha- glucopyranoside. All solutions were freshly prepared, de-

nolamine; PG, egg phosphatidylglycerol; Cho, cholesterol; RP-HPLC, : ;
reverse-phase high-performance liquid chromatography; SUV, small gassed, and filtered through 0.2 pores. The operating

unilamellar vesicles; TFA, trifluoroacetic acid; RU, response units; SPR, {emperature was 25C. After cleaning as indicated by the
surface plasmon resonance. manufacturers, the BlAcore X instrument was left running
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overnight using Milli-Q water as eluent to thoroughly insertion of the peptide into the lipid bilayer. The corre-
wash all liquid-handling parts of the instrument. The HPA sponding differential rate equations for this reaction model
(or L1) chip was then installed, and the alkanethiol sur- are represented by

face was cleaned by an injection of the nonionic detergent

N-octyl 8-p-glucopyranoside (2&L, 40 mM) at a flow rate  dRU/dt = k,,C,(RU,,,, — RU; — RU,) — ky;RU; —

of 5 uL/min. PC/Cho (10/1 w/w) and PE/PG (7/3 wiw) SUVs k,,RU; + k,RU,
(80 uL, 0.5 mM) were then applied to the chip surface at a
flow rate of 2 uL/min. To remove any multilamellar dRU,/dt = k,,RU; — k;,RU,

structures from the lipid surface, we increased the flow rate
to 100 uL/min, which resulted in a stable baseline corre- where RY and RU are the response units for the first and
sponding to the lipid monolayer (or bilayer in the case of second steps, respectively, is the peptide concentration,
L1) linked to the chip surface. The negative control BSA RU. is the maximum peptide binding capacity (or equi-
was injected (2L, 0.1 mgkL in PBS) to confirm complete  librium binding response), ankh, Ky, Kaz, @andkq, are the
coverage of the nonspecific binding sites. The monolayer association and dissociation rate constants for the first and
or bilayer linked to the chip surface was then used to study second steps, respectively. Whkg has 1/(M s) unitskgs,
the peptide-membrane binding. ka2, andkgz have 1/s units; thus the total affinity constant for
Peptide solutions (3QL of PBS solution of 0.01%M— the all processK, has M units. We useg? statistical tests
100 mM peptide) were injected onto the lipid surface at a to validate the model.
flow rate of 5uL/min. PBS alone then replaced the peptide =~ ATR-FTIR MeasurementSpectra were obtained with a
solution for 15 min to allow peptide dissociation. SPR detects Bruker equinox 55 FTIR spectrometer equipped with a
changes in the reflective index of the surface layer of pep- deuterated triglyceride sulfate (DTGS) detector and coupled
tides and lipids in contact with the sensor chip. A sensor- with an ATR device as previously describe2D). During
gram is obtained by plotting the SPR angle against time. data acquisition, the spectrometer was continuously purged
This change in the angle is then translated to response unitswith dry N, to eliminate the spectral contribution of
Analysis of the peptidelipid binding event was per-  atmospheric water. Samples were prepared as previously
formed from a series of sensorgrams collected at different described 21). Briefly, a mixture of PC/Cho or PE/PG (1
peptide concentrations. Our system reached binding equi-or 0.5 mg) alone or with the peptide-40ug) was deposited
librium during sample injection, and therefore the affinity on a ZnSe horizontal ATR prism (80 7 mm). The aperture
constant could be calculated from the relationship be- angle of 48 yielded 25 internal reflections. Lipidpeptide
tween the equilibrium binding response units Raf RUpay) mixtures were prepared by dissolving them together in a 1/2
and the peptide concentratiol€)( using a steady-state MeOH/CHCl, mixture and drying under a stream of dry
affinity model. The affinity constants were thus determined nitrogen while moving a Teflon bar back and forth along
by nonlinear least-squares (NLLSQ) fitting using the equa- the ZnSe prism. Polarized spectra were recorded, and the
tion: respective pure phospholipid in each polarization was
subtracted to yield the difference spectra. The background
RU(X) = KaXRU,/(1 + Ky X) for each spectrum was a clean ZnSe prism. Hydration of
the sample was achieved by introduction of excess deuterium
oxide @H,0) into a chamber placed on top the ZnSe prism

he affini The affini Jefined in the ATR casting and incubationrf@ h prior to acquisition
the affinity constant. The affinity constants are defined as spectra. H/D exchange was considered complete after total
the ratio of the association and dissociation rate constants

_ ; : ; shift of the amide Il band. Any contribution 8H,O vapor
E:gpgctli(\zjlgfy’/)wnh ke and ks having 1/M s and 1/s units, 5 he ahsorbance spectra near the amide | peak region was

liminated b btracti f th t f lipid
The sensorgrams for each peptidipid bilayer intera- eiminalec Dy s otraction o the spectra o1 pure ipias

. X - i equilibrated with?H,O under the same conditions.
ction (L1 chip) were also analyzed by curve fitting using

. . . . . ATR-FTIR Data AnalysisPrior to curve fitting, a
numerical Integration analy5|_sl$). The BlAevaluation straight base line passing through the ordinates at 1700 and
software offers different reaction models to perform com-

L . 1600 cm! was subtracted. To resolve overlapping bands,
plete kinetic analyses of the peptide sensorgrams. One curvesnq spectra were processed using PEAKFITTM (Jandel

fitting algorithm, the two-state reaction model, was chosen gjentific, San Rafael, CA) software. Second-derivative

on the basis of what is known about the possible binding spectra accompanied by 13-data-point SavitsBpla
mechanisms of antimicrobial peptides. The data were fitted wpere calculatedp to iden)':ify the popsitions of the gom-

globally by simultaneously fitting the sensorgrams obtained ponent bands in the spectra. These wavenumbers were

at different peptide concentrations. The two-state reaction <oy as initial parameters for curve fitting with Gaussian

model was applied to each data set. This model describesComponent peaks. Position, bandwidths, and amplitudes
two reaction steps1@) which, in terms of peptidelipid

. . of the peaks were varied until (i) the resulting bands shifted
interaction, may correspond to by no more than 2 cnt from the initial parameters, (ii) all
ka ke of the peaks had reasonable half-widths20—25 cn?),
P+L e PLoPL* and (i) good agreement between the calculated sum of
all of the components and the experimental spectra was

where (1) peptide (P) binds to lipids (L) to give PL and (2) achieved (> > 0.99). The relative contents of different
the complex PL changes to PL*, which cannot dissociate secondary structure elements were estimated by dividing
directly to P+ L and which may correspond to partial the areas of individual peaks, assigned to a specific second-

whereX is the peptide concentration, Rkl is the maximal
response unit (or equilibrium binding response), &adis
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Table 1: Designations, Sequences, and Retention Times of the Peptides Investigated

RP-HPLC

peptide designation sequence retention time (min)

L-aa peptides

amphipathic-1L LKLLKKLLKKLLKL L-NH; 24.23
scrambled-4L KLKLLKLLKLLKLL K-NH; 24.41
segregated-5L KKKLLLLLLLLLKK K-NH; 23.30
pardaxin GFFALIPKIISSPLFKTLLSAVGSALSSSGGQE-COOH 24.27
diastereomers
amphipathic-1D LKLLKKLLKKLL KLL-NH; 22.95
amphipathic-2D LIKKLLKLL LKL L KK-NH>, 23.12
amphipathic-3D L LK LL K K EI: KKL E K L-NH; 21.31
scrambled-4D KIKLLKLLKLLKLLK-NH; 23.02
segregated-5D KKLLLLLLLLL KKK-NH; 25.05
segregated-6D LLLLKKKKKKLLLL-NH; 26.98

a Amino acids underlined and in bold areenantiomers. All of the model peptides are amidated in their C-terminus.

ary structure, by the whole area of the resulting amide |
band. The results of four independent experiments were
averaged.

Analysis of the Polarized ATR-FTIR Spectiidne ATR
electric fields of incident light were calculated as follows

(22, 23):
2 cosfy/sirf 6 — n,,”

Ex =
J@ = A + n,.2) sint 6 — ny 7

_ 2 cosO
Y1-ny

. 2 sinf cosH
=
\/(1 = N ))[(L + ) Sirf 6 — nyy7]

E

wheref is the angle of a light beam to the prism normal at
the point of reflection (49 andnyy = ny/n; [Ny andn; are
the refractive indices of ZnSe (taken as 2.4) and the

membrane sample (taken as 1.5), respectively]. Under these

conditions,E,, E;, andE; are 1.09, 1.81, and 2.32, respec-
tively. The electric field components together with the
dichroic ratio [defined as the ratio between absorption of
parallel (to the membrane plane),, and perpendicularly
polarized incident light,A] are used to calculate the
orientation order parametet, by the formula:

o 2EZ - RATREy2 +E?
 h@Bcoda - 1)Ez2 - RRE2 - 2E2)

Lipid order parameters were obtained from the symmetric
(~2853 cmY) and antisymmetric 42922 cnm?t) lipid
stretching mode setting = 90° (23).

RESULTS

Here we used SPR and ATR-FTIR spectroscopy to
differentiate between the mode of action of anLaiimino

Ficure 1: Schiffe—Edmundson wheel projectior24) of the
parental model peptide amphipathic-1L. The gray background
indicates hydrophilic amino acids. The empty background indicates
hydrophobic amino acids.

structure of the peptides in PE/PG phospholipid membranes
by using FTIR spectroscopyL{). Here we determined the
structure of the peptides in PC/Cho membranes (Table 6).
The data reveal that amphipathic-1L is indee@D%a-helix.
Regarding amphipathic-1D, amphipathic-2D, and amphi-
pathic-3D, they are also amphipathic. However, they do not
form the classicaft-helical structure but rather a distorded/
3io-helical structure. This type of;@helical structure has
an overall amphipathic character based on NMR spectros-
copy @5). We also used pardaxin, a pore-forming peptide,
as a reference peptid@g—28).

Peptide Partitioning and Insertion into Lipid Monolayers
and Bilayers As Determined by Using SPR. (A) Steady-State
Affinity Model for the Peptide’s Insertion and Partitioning
into the MembranesThe sensorgrams of the binding of
amphipathic-1L and amphipathic-1D with PC/Cho mono-
and bilayers and with PE/PG bilayers are given as examples
in Figures 2 and 3. The sensorgram of the binding of the
pore-forming peptide pardaxin with PE/PG bilayers is also
shown in Figure 3. The sonograms revealed a markedly lower
response upon the binding of the elha peptides and
pardaxin with lipid monolayers compared with the bilayers.

acid amphipathic peptide and its analogues in which the On the other hand, the diastereomeric peptides showed
sequence was drastically altered, as well as their diastereosimilar responses with lipid mono- and bilayers. This
meric forms. The amino acid sequences of the peptides areindicates that the inner layer contributes to the binding of
shown in Table 1. Figure 1 shows a Schiffer and Edmundsonthe alli-aa peptides but not to their diastereomers. Further-
(24) wheel structure of the parental amphipathic-1L. The more, all of the.-amino acid peptides showed a similar RU
biological activity of the peptides has been reported previ- response in the PC and PE/PG monolayers or in the PC and
ously (11). Furthermore, we have determined previously the PE/PG bilayers. In contrast, the diastereomers showed a
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FiGure 2: Sensorgrams of the binding of amphipathic-1L (panels 200 A \ZSpM
A and B) and amphipathic-1D (panels C and D) with PC/Cho lipid
monolayers (panels A and C) and bilayers (panels B and D). The 100
concentrations used for amphipathic-1L were 0.015, 0.03, 0.07,
0.15, and 0.3:M and for amphipathic-1D 6.25, 12.5, 25, 50, and U
100 uM. — 1 1 1 T 1 T f
0 100 200 300 400 500 600 700 800
significantly lower response in the PC monolayers and 300 T <«— 030pMm
bilayers compared with the PE/PG monolayers and bilayers, 250 o su C
. . . — 0.15p]
respectively. The sensorgrams also revealed that the intensity (-—J:
of the RU signals increased as a function of the peptide’s 2007 ™ 297w Pardaxin in PE/PG
concentration. This indicates that the amount of peptide 150 _f”"'_ﬂ':\a bilayers
bound to the lipids is proportional to the increase in peptide 100 _’”_"_\_ M
concentration. Our system reached binding equilibrium torsum
during the sample injection, and therefore the affinity 50
constants could be calculated from the relationship between
the equilibrium binding response (RY and the peptide’s 0
concentration €) (Figure 4) using a _stgady-state affinity N R R p e e —
model. Tables 2 and 3 show the affinity constants of the 0 100 200 300 400 500 600 700 800
peptides to zwitterionic and negatively charged membranes, Time (sec)

as well as the ratio between the affinity constants in bilayers Ficure 3: Sensorgrams of the binding of amphipathic-1L (panel
Compared to m0n0|ayeI’S. The data reVeaIed that the afﬂrﬂty/A)l amph|path|c_1D (pane| B)l and pardaxin (pane| C) with PE/
of the diastereomeric peptides to PE/PG membranes@s- PG lipid bilayers. The concentrations of amphipathic-1L and
100-fold higher than to PC/Cho membranes, similar to what pardaxin were 0.015, 0.03, 0.07, 0.15, and A\, and those of
has been obtained by other methods, e.g., maga2@rafid amphipathic-1D were 6.25, 12.5, 25, 50, and 100,
diastereomeric antimicrobial peptid&f). This indicates that
electrostatic interactions play an important role in the affinity membrane bilayers. A similar behavior is observed in PE/
of the diastereomers to the membranes. In contrast, thePG membranes;, however, the ratio is lower. The highest
affinity of the alli-amino acid peptides is even slightly ratio was observed with the pore-forming peptide pardaxin
higher with PC/Cho compared to PE/PG phospholipid with both types of membranes. In contrast, the binding of
membranes, similar to what has been reported by otherthe diastereomers to PC/Cho bilayers is similar to their
methods for other peptides, e.g., native melitti®)( This binding to monolayers (ratie= ~1) (Table 3), indicating
indicates that the affinity of the ail-aa peptides to mem- that the inner leaflet does not contribute to their binding to
branes is driven also by factors other than charge, i.e., helicalPC/Cho bilayers. However, their binding to PE/PG bilayers
content and the ease of formation of hydrophobic and is slightly higher (~2—3-fold) compared with monolayers,
hydrophilic faces independent of the structure of the peptide. suggesting that the inner layer contributes slightly to the
To estimate the contribution of the inner layer to the binding process, similarly to what was observed with the
binding process, we examined the ratio between the affinity all-L.-aa peptides in PE/PG membranes.
constants of the peptides in bilayers compared to monolayers. (B) Two-State Model for the Peptide’s Interaction with
The values of the rati&a pilayed Ka monolayes listed in Table 2, MembranesWe employed numerical integration analysis that
demonstrate that the partition constants of theLdalk uses nonlinear analysis to fit an integrated rate equation
peptides with PC/Cho bilayers arel 0—25-fold higher than directly to the sensorgram4&3). When fitting the peptide’s
with PC/Cho monolayers, indicating that the inner leaflet sensorgrams globally (using different concentrations of
contributes significantly to their binding to zwitterionic peptide) with the simplest 1:1 Langmuir binding model, a
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Table 2: Equilibrium Affinity Constants of the-aa Peptides and Pardaxin in the Presence of PC/Cho and PE/PG Monolayers (HPA Chip) and
Bilayers (L1 Chip) According to a Steady-State Affinity Model

Ka in PC/Cho (10/1 w/w) £ 10*M 1)

Ka in PE/PG (7/3 wiw) €10°M2)

peptide designation monolayer bilayer Ka bilayed Ka,monolayer monolayer bilayer Ka bilayed Ka,monolayer
L-aa peptides
amphipathic-1L 2.1£0.2) 34.8(2.2) 16.6 2.840.2) 10.8 (-1.4) 3.9
segregated-4L 1.440.1) 13.9 ¢-0.9) 9.9 2.5£0.2) 9.1 ¢:0.7) 3.6
segregated-5L 1.240.1) 14.5 ¢1.0) 145 1.540.1) 3.6 (£0.2) 2.4
pardaxin 1.740.1) 42.9 (£2.3) 25.2 1.540.1) 16.0 ¢=1.1) 10.7

Table 3: Equilibrium Affinity Constants of the Diastereomeric Peptides in the Presence of PC/Cho and PE/PG Monolayers (HPA Chip) and
Bilayers (L1 Chip) According to a Steady-State Affinity Model

Kain PC/Cho (10/1 wiw) £ 10*M 1)

Ka in PE/PG (7/3 wiw) € 10°M 1)

peptide designation monolayer bilayer Ka bitayed Ka monolayer monolayer bilayer Ka pilayed Ka,monolayer
diastereomers
amphipatic-1D 0.09840.011)  0.10540.010) 1.1 3.8440.20) 6.60 £-0.56) 1.7
amphipatic-2D 0.10040.013)  0.10340.007) 1.0 4.6840. 41) 8.04 £0.77) 1.7
amphipatic-3D 0.110#0.009)  0.10140.010) 0.9 5.4540.62)  10.4141.11) 1.9
scrambled-4D 0.089#0.006)  0.08940.004) 1.0 2.6240. 06) 5.71 £0.44) 2.2
segregated-5D 0.08@-0.005)  0.08440.009) 1.1 1.7140.07) 4.29 0.29) 25
segregated-6D 0.086:0.006)  0.08040.006) 0.9 1.9140.22) 5.00 £-0.18) 2.6
300 to the surface, followed by a second step in which the peptide
250 — A is inserted into the hydrophobic core of the membrane. A
200 — set of peptide sensorgrams with different peptide concentra-
150 — . Amphipathic 1-L tions was used to estimate the kinetic parameters. The
100 — in PE/PG bilayers average values for the rate constants obtained from the two-
50 — state model analysis are listed in Tables 4 and 5 for the all-
0 I | I | | L-amino acid peptides and their diastereomers, respectively.
0 0.07 015 023 030 0.37 The data are shown only for peptidbilayer interactions
(L1 chip). The results can be summarized as follows: (i)
600 B The affinity constantsK (Tables 4 and 5), determined by
g 500 * * using the two-state model are similar to those obtained by
a 400 — o directly fitting the data using a steady-state model (Tables 2
300 — iAn“I}ll;'/‘l‘}gtbhi‘lzl;:_)s and 3), which further validates the two-state model as the
200 Y appropriate one. Note that in the steady-state model there is
100 — no specific assumption on the kinetic behavior of the
0 I I I | I peptides. (i) The amphipathic structure of a peptide is not a
0 25 50 75 100 125 prerequisite for its affinity to the membrane in the first
300 —f " binding step, but rather in the second step. This is illustrated
250 — C by the similark,; values obtained for the amphipathic and
200 — , ) nonamphipathic all-aa-containing peptides (Table 4) and
150 - _ Pardaxin by the higherk,, values for the amphipathic peptides
100 - in PE/PG bilayers compared with the nonamphipathic ones (including the
50 — diastereomeric counterparts; Table 5). (iii) All of the dia-
stereomers interacted preferentially with anionic lipids
0 | T | | T i Harioni i :
0 007 015 023 030 037 compared with the zwitterionic ones in the first step but

Ficure 4: Relationship between the equilibrium binding response

Peptide Concentration (pM)

(RUg¢ and the peptide concentratioB)(using BlAcore’s steady-

state affinity model with PE/PG lipid bilayers. The concentrations
of amphipathic-1L (panel A) and pardaxin (panel C) were 0.015,

0.03, 0.07, 0.15, and 08\, and those of amphipathic-1D (panel
B) were 6.25, 12.5, 25, 50, and 1QMM. The RUyq for each

concentration is the average of three independent measurementgf the first step Ky, initial binding). The experiments were
with a standard deviation not exceeding 10%.

poor fit was obtainedy > 100), confirming that this model
does not represent the lipid binding mechanism of the Phospholipid Membrane As Determined by FTIR Spectros-
peptides. However, a significantly improved fig?(< 10)
was obtained using numerical integration of the two-state ary structure of the peptides within the PC/Cho phospholipid
reaction model with the binding sensorgrams. This model membranes. Similar experiments were performed previously
describes two steps in the binding process between thein the presence of PE/PG membrantR (To resolve helical

peptides and lipids: the first step is the binding of the peptide from unordered structures, we exchanged hydrogen with

interacted similarly with both kinds of lipids in the second
step. In contrast, all of the allamino acid peptides
interacted similarly with both kinds of lipids in the first step
but interacted preferentially (four to eight times more) with
zwitterionic lipids compared with the anionic ones in the
second step. (iv) In all cases the contribution of the second
step K, insertion) was much smaller than the contribution

repeated three times with a standard deviation of 10%.
Secondary Structure of the Peptides in the PC/Cho

copy FTIR spectroscopy was used to determine the second-
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Table 4: Associationki, ka2 and Dissociationky, ko) Rate Constants Determined by Numerical Integration Using the Two-State Reaction
Model, the Affinity ConstantsK; andKo, for the First K1 = ka/kq1) and SecondK, = ka/kqs) Steps, Respectively, and the Affinity Constant
(K) Determined ask/kyr)(Kakaz)?

peptides lipid Ka1 [1/(M s)] ka1 (1/s) Ky (x10* M) Kaz (1/s) ka2 (1/s) K> K(x10*M™1)
L-aa peptides

amphipathic-1L PC/Cho 18.2 0.0006 3.03 0.480 0.033 14.55 441
PE/PG 18.1 0.0007 2.58 0.058 0.012 4.83 125

scrambled-4L PC/Cho 17.8 0.0007 2.54 0.255 0.042 6.07 15.4
PE/PG 18.3 0.0008 2.29 0.067 0.010 6.7 15.3

segregated-5L PC/Cho 17.7 0.0007 2.53 0.242 0.039 6.2 15.7
PE/PG 18.0 0.0006 3.0 0.038 0.021 181 5.4

pardaxin PC/Cho 18.3 0.0006 3.05 0.362 0.019 19.1 58.1
PE/PG 17.8 0.0006 2.96 0.107 0.013 8.23 24.4

2 The peptides are in the presence of PC/Cho and PE/PG bilayers (L1 chip).

Table 5: Associationk;s, ka2) and Dissociationk,, ki) Rate Constants Determined by Numerical Integration Using the Two-State Reaction
Model, the Affinity ConstantsK; andK,, for the First K1 = ka/kq1) and SecondK, = kadks2) Steps, Respectively, and the Affinity Constant
(K) Determined askhi/kar)(KaoKaz)?

peptides lipid Ka1 [1/(M S)] ka1 (1/s) Ky (x10¢°M™Y) ka2 (1/s) ka2 (1/s) Kz K(x10*M™1)
diastereomers
amphipathic-1D PC/Cho 1.64 0.0091 0.018 0.042 0.022 1.9 0.04
PE/PG 15.7 0.0007 2.240 0.054 0.024 2.3 5.71
amphipathic-2D PC/Cho 1.34 0.0086 0.016 0.023 0.011 21 0.03
PE/PG 13.1 0.0006 2.180 0.045 0.009 4.8 8.93
amphipathic-3D PC/Cho 1.96 0.0073 0.029 0.038 0.013 2.9 0.11
PE/PG 18.2 0.0006 3.030 0.065 0.015 4.3 11.8
scrambled-4D PC/Cho 2.14 0.0011 0.194 0.003 0.003 0.9 0.21
PE/PG 17.7 0.0007 2.530 0.003 0.003 1.3 3.03
segregated-5D PC/Cho 1.98 0.0019 0.104 0.005 0.003 1.8 0.29
PE/PG 12.8 0.0008 1.600 0.008 0.004 1.8 3.27
segregated-6D PC/Cho 2.59 0.0023 0.113 0.009 0.005 1.7 0.23
PE/PG 11.59 0.0009 1.290 0.009 0.003 2.7 3.21

a2 The peptides are in the presence of PC/Cho and PE/PG bilayers (L1 chip). The results are the average of three independent repetitions with a
standard deviation of 10%.

deuterium, since the absorption of the random structure shiftsTable 6: Peptide Structure As Determined by ATR-FTIR
to a higher extent than the-helical component after ~ Spectroscopy from the Deconvolution of the Amide | Bands of the
deuteration. Therefore, we examined the IR spectra of theﬂ&;b&i‘g]é:‘; Diastereomeric Peptides Incorporated into PC/Cho
peptides after complete deuteration. Second derivatives, .
accompanied by 13-data-point Savitskgolay, were cal- f-sheet .

. : .. . aggregated distorted/
culated to |dent|fy the positions of the component bands in peptide designation strands (%) o-helix (%)  3i-helix (%)
the spectra (figure not shown). These wavenumbers were

L-aa peptides

used as initial parameters for curve fitting with Gaussian amphipathic-1L 51 80+3 15+1
component peaks. We assigned the different secondary scrambled-4L 653 35+£2
. . . - segregated-5L 82 30+ 2
structures to the various amide | regions similarly to what  ji-ciereomers
has been described for these peptides incorporated into PE/  amphipathic-1D 106:1 40+ 2 50+ 3
PG membranesl(). The derived structures shown in Table amphipathic-2D 262 ra+2
6 based on the following assignments: The amide |  2mPhipathic-3D %2 *2
aré base 9 gnments. _ scrambled-4D 4% 2 57+ 3
region from 1656 to 1670 cm is characteristic of 3-helix segregated-5D 58 3 4042 10+ 1
or dynamic/distortedx-helix as was previously suggested segregated-6D 4% 2 30+1 25£2

in a study that examined structural changes in phospholipase *A 120/1 lipid/peptide molar ratio was used. The results are the
A; (31). The assignment of the amide | region from 1656 to average of three independent experiments.

1670 cm! to dynamic helix is based on studies that

examined distorted-helical structures (ahelices) in bac- The data reveal high similarities between the structures
teriorhodopsin and other protein82( 33). These studies  of the peptides in PC/Cho compared with their previously
demonstrated that distortedhelical structures are character- reported structures in PE/PG membrarl.(As expected,
ized by increased amide | frequencies compared with pure amphipathic-1L is predominantty-helix (80%). In contrast,
o-helical structures (16451654 cntl). The assignment of  both scrambled-4L and segregated-5L are predominantly
the amide | region between 1670 and 1680 €émemains aggregate@-strands, with some contribution of anhelical
uncertain. Previous studies have correlated this region with structure. Regarding the amphipathic diastereomers, they all
pB-turns @4), possibly sterically constrained non-hydrogen- adopt mainly distorted/g-helix with that of amphipathic-
bonded amide €0 groups within turns35), or the high- 1D containing 40%u-helical structure. Interestingly, despite
frequency -sheet component36), which arises as a a difference in the distribution of Lys and Leu in the
consequence of a transition dipole couplidd)( diastereomeric segregated-5D and -6D, both have similar
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Table 7: ATR Dichroic Analysis of Phospholipid Multibilayérs of PE/PG membranes. Simi_lar r_eS_UItS were O_btainecj when
we used 1/60 or 1/120 peptide/lipid molar ratios.

Vantisymmetri£CH2)

samplé R f DISCUSSION
PC/Cho 1.23 0.37 . ) o
PC/Cho+ amphipathic-1L 1.38 0.29 We utilized SPR to follow real time kinetics of the
PC/Cho+ scrambled-4L 1.38 0.28 peptide’s binding to lipid monolayers and binding and
PC/Chot segregated-5L 1.39 0.28 insertion into lipid bilayers. Combined with ATR-FTIR
PC/Cho+ pardaxin 1.40 0.29 t hed light th de of acti f
PC/Cho+ amphipathic-1D 130 0.33 spectroscopy, we shed light on the mode of action of a non-
PC/Cho+ amphipathic-2D 1.28 0.36 cell-selective lytic peptide, its analogues with altered se-
PC/Cho+ amphipathic-3D 1.29 0.34 guences and structures, and their bacteria-selective diaster-
gggﬂﬁ igﬁrengb;fgf% 112350 %%63 eomers. Pardaxin, a natural pore-forming toxin, was used
PC/Chot segregated-6D 130 0.33 as a control_ p_eptlde_. The data support a two-step process:
PE/PG 1.27 0.30 initial association with the outer surface of the membrane
PE/PG+ amphipathic-1L 1.39 0.24 followed by an insertion step. Lytic peptides with differences
PE/PG+ scrambled-4L 137 0.23 in these steps are characterized by different biological
PE/PG+ segregated-5L 1.37 0.25 functions
PE/PG+ pardaxin 1.42 0.20 ’
PE/PG+ amphipathic-1D 1.39 0.23 Involvement of Electrostatic and Hydrophobic Forces in
Egggi ampE!patE!c-gg igg g-gg the Binding Process<Electrostatic forces contribute signifi-
amphipathic- : : cantly to the binding of positively charged peptides to PE/
PE/PG+ scrambled-4D 1.38 0.24 L ) .
PE/PG+ segregated-5D 1.35 0.24 PG membr_anes, whereas hydrophobic interactions contribute
PE/PG+ segregated-6D 1.38 0.23 to the binding to both PC/holesterol and PE/PG membranes.
aThe results are the average of three independent repetitions with aln Contr?St to the all-aa peptides, which b_ound 5tr0ng|y
standard deviation of 10%. and similarly to both PE/PG and PC/Cho, their corresponding

diastereomers bound 5@00-fold better to PE/PG than to
structures, which is about 35@6helix and 45% aggregated PC/Cho. Thus, electrostatic interactions appear to play an
B-strands. Similar results were obtained when 1/60 and 1/120important role in the binding of the diastereomers to the PE/
peptide to lipid molar ratios were used. PG membranes. Note, however, that the contribution of
Orientation of the Phospholipid Membranes and Effect of electrostatic interaction to the binding of positively charged
the Peptides on Phosph0||p|d Acy| Chain Ordgve used |yt|C peptideS to PE/PG is-10-fold less than to the b|nd|ng
polarized ATR-FTIR spectroscopy to determine the orienta- 10 PC/PG or PC/PS membran@$,(40). The strong binding
tion of the lipid membranes without bound peptides and the to PE/PG is due to an-5—10-fold increase in the rate of
effect of the peptides on the acyl chain order. The symmetric 8ssociationKa, and an~10-fold decrease in the rate of
[vsy{CHo) ~ 2853 cnl] and the antisymmetricufnisynr dissociationKq, compared with PC membranes (Table 5).
(CH,) ~ 2922 cnr!] vibrations of lipid methylene €H The equilibrium binding affinity constants (Tables 2 and 3)
bonds are perpendicular to the molecular axis of a fully observed for the different peptides correlate with their mode
extended hydrocarbon chain. Thus, measurements of theof action with monolayers and bilayers. The association rate
dichroism of infrared light absorbance can reveal the order constantsk.; (Tables 4 and 5), of-aa peptides for PC/Cho
and orientation of the membrane sample relative to the prismbilayers are significantly higher than tlie, values of the
surface R values based on the strong&syr{CH,) of PC/ corresponding diastereomers. Sinceltf#a peptides and the
Cho (10/1 w/w, 0.5 mg) and PE/PG (7/3 wiw, 1 mg) diastereomers would have the same degree of cationicity and
multibilayers were 1.23 0.02 and 1.2 0.01, respectively overall hydrophobicity, the observed association constants
(Table 7). On the basis of the dichroic ratio of lipid can be explained in terms of the structure of the peptides.
stretching, the corresponding orientation order paramgter, Indeed, all of theL-aa peptides adopt either-helical or
was calculated. The data indicated that the phospholipid 29regateg@-strand structures, which allow better exposure
membrane is well ordered. The observed antisymmetric andof their hydrophobic faces to the hydrophobic core of the
symmetric peaks at2922 and~2853 cnt?, respectively, membrane. In support of this, previous studies have shown
indicated that the membranes were predominantly in a liquid- that the incorporation of foup-amino acids within the
crystalline phase23, 38), like biological cell membranes.  Sequence of melittin reduced its affinity to PC membranes
The effect of the peptides on the multibilayer acyl chains’ Py ~100-fold compared with native melittir{). This is
order was estimated by comparing the Sitretching dich- because of its flexible distortedghelical structure that does
roic ratio of pure phospholipid multibilayers with that in the Nnot form a classical amphipathic-helical structure in the
presence of peptides_ THRvalues and the Corresponding membrane. ThUS, it prevents the formation of a well-defined
order parameterg’ are summarized in Table 7. The data hydrophObiC face which facilitates blndlng to zwitterionic
reveal that the incorporation of the diastereomers into PC/ membranes.
Cho membranes had a significantly smaller effect on the lipid  Our results demonstrate the role of electrostatic interactions
order compared with the effect of the allaa peptides. This  between the diastereomers and membranes only in the first
supports the SPR data, indicating that theLadla peptides  binding step. This conclusion is supported by the finding
are inserted into the zwitterionic membranes, whereas thethat most of the difference in the binding constants between
diastereomers are not. Furthermore, similar to the findings PC/Cho and the PE/PG membranes is due to differences in
in the SPR experiments, both the elaa peptides and their  the K; values of the two-state model. Differences in e
diastereomers have similar effects on the acyl chain ordervalues are only marginal and are2-fold to the most. In
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contrast, th&; values of the all--aa peptides are practically steady-state model (Table 2). In contrast, there was no
similar, independent of the lipid type used. Note, however, increase in the binding constant of the diastereomers to PC/
that hydrophobic interactions contribute more in the second Cho bilayers compared to monolayers. The ratio between
step in which the peptides insert into zwitterionic membranes. the binding constants in the two systems did not excekd
Peptides that favor a stable amphipathic structure in the This strongly suggests that the diastereomers do not insert
membrane, i.e., amphipathic-1L and the pore-forming peptide into the hydrophobic core of the membrane and therefore
pardaxin, have the highest, values when bound to PC/ they cannot form transmembrane pores. Note that a different
Cho. In addition, a comparison between theLadla helical situation was observed with PE/PG membranes. Tables 2
peptide amphipathic-1L and its corresponding diastereomersand 3 show only an-2.5—4-fold increase in the binding of
with altered helical structures, namely, amphipathic-1D, -2D, the L-aa peptides to lipid bilayers compared with the lipid
and -3D, reveals up to ar7-fold higherK, value for the monolayer and about2-fold in the case of the diastereo-
all-L.-aa peptide compared with the diastereomers whenmers. This suggests that the inner layer contributes only
bound to PC/Cho (Tables 4 and 5). Note also that, with the slightly to the binding process for all of the peptides. The
all-L-aa peptides, the rate of association in the first dtgp, only exception is the pore-forming pardaxin, in which there
is the same for PC/Cho and PE/PG, kutis about 3-fold was an increase of11-fold in its binding to the PE/PG
higher for PC/Cho than for PE/PG (Table 4). A plausible bilayers. This value is similar to that found for melittin in
explanation is the stronger association of the positively PE/PG 40). This suggests that pardaxin acts partially as a
charged peptides with the negatively charged surface of PE/pore-forming peptide in negatively charged membranes as
PG compared with a zwitterionic surface of PC/Cho. This suggested previously28, 43, 44) but partially also as a
binding makes it more difficult for the peptides to insertinto detergent, similarly to melittin1©). Indeed, although par-
the hydrophobic core of PE/PG. In contrast, since the binding daxin has a net charge éf1 compared tot-6 for melittin,
of the diastereomers is predominantly electrostatically driven they have significant homology at their N-terminal 22 aa
and takes place in the first step, thg of each diastereomer pore-forming domain45). In their experiments, White et
is much higher for PE/PG compared with the PC/Cho al. (46) detected the release of encapsulated markers of
membranes, but,, is the same for both types of lipids. different sizes from POPC and POPG vesicles induced by
The biosensor and FTIR results presented here alsomelittin. They showed that melittin is more active on POPC
correlate well with the biological activity of these peptides vesicles than POPG. Furthermore, melittin induced the
reported previously42). More specifically, the low hemoly-  release of encapsulated markers with defined sizes, suggest-
tic activity of the diastereomers compared with the high ing that it forms pores in POPC vesicles. However, no size
hemolytic activity of the all=-aa parental peptides correlates dependence was found with POPG vesicles, suggesting the
with a weak affinity of the diastereomers toward PC/Cho existence of a detergent-like effect with these vesicles. They
lipids compared with the all-aa peptides. Furthermore, the also suggested that melittin induces a “partial detergent-like”
ATR-FTIR studies revealed that the diastereomers had only (partial “carpet”) effect in which peptide aggregates cause
a slight effect on the lipid order of PC/Cho membranes local structural instabilities and fluctuations equivalent to
compared with a stronger effect of the elea peptides transient pores. Similar structures were also described as
(Table 7). Note also that the allaa peptides and the transient pores in toroidal pore formation and the carpet
corresponding diastereomers have a similar effect on the lipid mechanism (review in re46). Therefore, our data suggest
order of PE/PG membranes (Table 6), in agreement with that the mode of action of pardaxin in PE/PG membranes is

their similar antimicrobial activity 11). as an intermediate (Figure 5C) between the “pore formation”
Binding to Monolayersersus Bilayers: An Approach To (Figure 5D) and “carpet-like” (Figure 5B) mechanisms. It
Understand the Mechanism of Interactidive followed up is possible that a similar “partial carpet” mechanism holds

the binding of the peptides to both the monolayer and bilayer for the all+-aa peptides with PC/Cho membranes (Figure
membranes and used a steady-state model to determine thBC). This is because 15 amino acids are not sufficient to
corresponding binding constants. This allows examining the span the membrane. Indeed, on the basis of the FTIR studies,
contribution of the inner layer of the membrane with regard the amphipathic-1L is predominantlg-helix, and both

to the binding properties of the peptides. This approach hasscrambled-4L and segregated-5L adopt about one-third
been recently reported to differentiate between transmem-o-helical structure and about two-thirdsaggregates, both
brane pore formation by melittin versus membrane disruption of which should have an amphipathic organization. In
by the antimicrobial peptide magainid@). Here we have  between, the diastereomers as well as theic-alinino acid
shown a marked difference between the mode of action of counterparts are only partially inserted into the PE/PG
the L-aa peptides and their diastereomers. Significantly, we bilayers. This is supported by the slightly high&t values
found an~10—25-fold increase in the binding constant of with the PE/PG bilayers compared with the monolayers and
the L-aa peptides to PC/Cho lipid bilayers compared with the low K, values with bilayers obtained by the two-state
the monolayers. This indicates that the inner membrane model (Tables 3 and 5). The model, described in Figure 5C,
contributes to the binding constants, or in other words, the resembles the one proposed recently for the interaction of
L-aa peptides insert into the inner PC/Cho membrane. Furtherthe 15-aa gramicidin with membranesr).

support for this notion comes from the data obtained by using Although only a few detailed studies were conducted with
the two-step model to fit the sensorgrams of the binding of BIAcore, all of which were done by using either monolayers
the peptides to the bilayers. We found that the binding alone or bilayers alone, there is agreement between them
constantK;, which corresponds to the binding of the peptides and other methods used. For example, Wang et al. deter-
to the surface of the bilayer (Table 4), is similar to the minedKx values of~10* for the binding of cecropin B, a
binding constant for the monolayers determined by the natural antimicrobial peptide, to PC/PA monolayetd)(
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Ficure 5: Schematic representation of the different possible
mechanisms of membrane lysis by the peptides. Peptides bind in
the first step predominantly by electrostatic interactions in the case

of the diastereomers and by both electrostatic and hydrophobic
interaction in the case of theaa peptides and align parallel to the

outer membrane surface. Increasing peptide concentration results

in different effects depending upon the peptide: (i) With regard to

the diastereomers interacting with PC/Cho membranes (panel A),
the peptides remain predominantly aligned parallel to the outer
membrane surface without disturbing the membrane structure. (ii)
With regard to all diastereomers and alpeptides with PE/PG

membranes (panel B), the peptides act via the carpet mechanism

to induce micellization, which may include also the formation of
toroidal-like pores %, 8, 16, 52, 53). (iii) With regard to both
amphipathic and nonamphipathic alpeptides binding to zwitte-
rionic and PE/PG membranes and pardaxin binding to PE/PG
membranes, both “carpet-like” and “pore-forming” mechanisms
might be involved (panel C). (iv) With regard to pardaxin binding
to PC/Cho membranes (panel D), the peptide inserts deeply into
the hydrocarbon region of the target cell membrane and forms
transmembrane pores via the “barrel-stave” mechansth (

This value is similar to that obtained for our diastereomers
with PE/PG monolayers (Table 3). In another study Mozsolits
et al. found that magainin bound to DMPG monlaye00-
fold better than to DMPCI(3), similarly to what we found

here with the diastereomers using monolayers (determined

by a steady-state model) or in the first binding step using
the two-step model. Overall, the binding constants obtained
by using the BlAcore biosensor are similar to those values
obtained by using different techniques such as equilibrium
dialysis, centrifugation, high-sensitivity isothermal titration
calorimetry, circular dichroism, and fluorescen8, 39, 41,
48-51).

In summary, this study clearly enables differentiating
between the mode of action of an amphipativibelical lytic

peptide, its sequence-altered analogues, and their diastere-

omers. Their mode of action shed light on their ability to
lyse target cells in a specific or nonspecific manner.

Papo and Shai

Furthermore, we demonstrated that the SPR technology
allows not only determination of the binding constants, as
has been reported previously, but also differentiation between
two major steps: membrane binding and membrane insertion.
Knowing these two steps enables determining whether a
particular membrane-active peptide forms pores and desta-
bilizes the membrane via the carpet mechanism or via another
yet unclear intermediate between these two modes of actions.
Furthermore, the finding that the binding constants calculated
by a steady-state model are practically equal to those
calculated by the two state model, and that both are in
agreement with values determined by other methods, greatly
supports the accuracy of the SPR technology in studying
peptide-lipid interactions. Similar studies should assist in
the rapid screening of cell-selective antimicrobial peptides
urgently needed due to the increasing resistance of harmful
microorganisms to the currently available antibiotics.
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