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ABSTRACT. To understand relationships between membrane-binding properties of cytolytic peptides and
resulting cytotoxicity, we investigated interactions of dermaseptin analogues with model bilayers by means
of surface plasmon resonance. First, we tested the system by comparing two native dermaseptins, S1 and
S4, whose binding properties were previously characterized in different experimental systems. Validation
experiments revealed deviations from the one-to-one interaction model and indicated the binding to proceed
by a two-stage mechanism. By calculation of apparent affinity constants and individual affinities for both
steps of the interaction, the biosensor technology was able to distinguish between surface-bound peptides
that subsequently penetrated into the bilayer and peptides that remained essentially superficially bound.
This data interpretation was sustained after analysis of a series of dermaseptin S4 derivatives whose binding
data were compared with cytotoxicity, revealing cytolytic activity to correlate mainly with insertion affinity.

The data indicate that the potency of highly cytolytic peptides suchyisskS4 is not due to the highest
membrane adhesion affinity but to the highest propensity for the inserted state. Similarly, truncated
derivatives of 16, 13, and 10 residues showed a progressive reduction in cytotoxicity that best correlated
with progressive reduction in insertion affinity. Support for the adhesion versus inserted states was provided
by proteolytic experiments with RBC-bound peptides that demonstraikdytS4 to be protected from
enzymatic cleavage, unlike its 13-mer derivative. Overall, using the two-stage model proved instrumental
in investigating membrane-binding properties of antimicrobial peptides and capable of explaining the
cytolytic properties of closely related analogues.

After a half century of virtually complete control over preferred accumulation of antimicrobial peptides on microbial
microbial infections, antibiotic resistance has become of greatmembranes, inducing their disruption. Numerous studies
concern. Resistance has developed to almost all antimicrobialdemonstrated that the peptides’ physicochemical properties,
drugs, and bacterial strains resistant to all available antibacte-including amphipathy, positive charge content, and hydro-
rial agents have been identifietl, ). The development of  phobicity, are the main factors affecting membrane-lytic
new classes of antibiotics is thus becoming increasingly activity (11—14). The cytoplasmic membrane was proposed
important. As possible candidates, the ubiquitously producedas one of the ultimate targets of antimicrobial peptid®s (
in nature cationic antimicrobial peptide3, @) were shown Being cationic, they are able to interact electrostatically with
to escape some of the mechanisms involved in multidrug the negatively charged headgroups of bacterial phospholipids
resistance and are thus attracting increasing research andnd then insert into the membrane bilayer. Membrane lysis
clinical interest ). Through extensive studies of these is proposed to proceed via numerous mechanisms involving
peptides during the past decades, it has become indisputablynembrane perforation/disruption/solubilizatidrb(16). For
evident that they represent an essential component of theinstance, pore formation was proposed for the hemolytic
innate defense mechanisn&—0Q). peptide melittin 17) whereas the mechanism of action of

Antimicrobial peptides often exhibit potent activity against cecropin P1 was proposed to proceed by membrane disrup-
a wide spectrum of microorganisms at concentrations thattion (18). Thus, although the precise mechanism of action
are nontoxic to normal eukaryotic cells. The molecular basis 'emains to be better understood, the microbicidal effect is
for this selectivity is ill-defined but is believed to result from  believed to result from the peptides’ capacity to permeabilize
differences in lipid composition of target versus nontarget the membrane of target cells. Indeed, most antimicrobial
cells, such as membrane fluidity, high negative charge Peptides provoke an increase in plasma membrane perme-
density, and possession, by the peptide-susceptible organismability, dissipate the transmembrane electrical poteriti(
of a large negative transmembrane electrical potertial ( 23), conductions across lipid bilayera4), and display direct

11) These differences seem to be responsib|e for the correlation between permeabilization ab|||ty and antimicro-
bial effect (L0, 25). It should be noted that other studies have
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There is thus a clear need for improving our understanding MATERIALS AND METHODS
of the modes of the peptides’ interaction with the membrane ) ) ) )
of target cells and defining precisely how this would lead to ~ Peptides.Peptides were synthesized by the solid-phase
cell death. In this respect, it was recently stipulated that, Method as described4), applying the Fmoc (9-fluorenyl-
independently of the mechanism of membrane permeabili- Methyloxycarbonyl) active ester chemistry on a fully auto-
zation, cationic antimicrobial peptides have two distinct states Mat€d, programmable Model 433A peptide synthesizer
of binding: parallel to the membrane surface at low peptide- (APplied Biosystems). [4-(Hydroxymethyl)phenoxy]methyl
to-lipid ratios (surface state) and perpendicular to the plane CO-POlystyrene-1% divinylbenzene resin (Wang resin) and
of the bilayer at high peptide-to-lipid ratios (insertion state) 4-methylbenzhydrylamine resin (Novabiochem) were used
(30-32). Accordingly, the action of antimicrobial peptides to obtain free carboxyl or amidated peptides, respectively.
is affected by the transition from the surface to insertion state After cleavage from the resin, the crude peptide was extracted
(32). This transition takes place at some threshold concentra-With 30% acetonitrile in water and purified to chromato-
tion of the membrane-bound peptide, which is roughly the 9raPhic homogeneity in the range of 98% H9% by
same as the critical concentration required for cytotoxic "€verse-phase HPLC (Alliance-Waters). HPLC runs were
activity, implying that peptide insertion into the membrane Performed on a semipreparative C4 column (Vydac) using
is responsible for cytotoxicity. In accordance with this model, @ linear gradient of acetonitrile in water (1%/min), both
microbicidal activity exhibits strong concentration depen- solvgnts containing 0.1% trlfluqroacgnc acid. -The purified
dence. At lower concentrations, the peptides are virtually peptides were subjected to amino aud analy_sp and/or_mass
inactive until a critical concentration is reachetb,( 16), spectrometry in order.t.o verify their coznposfuon. Pe_p'udes
suggesting that the active form of the peptide is an oligomer V'€ storedas a Iyqphlllzed powder-20 C. Prior to being
and that peptide self-assembly on the membrane surface cafested, fresh solutions were prepared in water, vortexed,

be a precursory condition for membrane-lytic activity. sonigated, centrifuged, and then di_Iuted. in_ the appropriate
medium. Buffers were prepared using distilled water (mQ,

The dermaseptins are a large family of linear cationic \jjjinore). All other reagents were of analytical grade.
peptides 83—35) displaying cytolytic activity against a broad Linosome PreparatiorE IkL-a-phosphatidvicholin
spectrum of pathogens. The cytolytic activity of members an dp- S_(()ji almi?(F)) | h(?s r?gti){j(i)c ;C(ix dpwgrsel.? uie dytg Ore eare
of this family is mediated by interactions of their amphipathic . L-0-dip yIphosp ) prep
N-terminal domain with plasma membrane phospholipids Ilposomes. Small_ unilamellar vesicles .(SUV) (;omposed of
(14, 36—44). Unlike most natural dermaseptins, dermaseptin phosphatidyicholine (PC) or phosphatidylcholine/phospha-

e i fmi ' : tidic acid (PC/PA, 1:1 molar ratio) were prepared in PBS
S4 is highly toxic to erythrocytes presumably mediated by by the extrusion methods(). Briefly, dry PC and PA were
intermonomer hydrophobic interactions leading to self- d?/ssolved in EtOH or CHQI resyécti\);el The resultant
assembly in solutionld, 42, 45). Fluorescence-based studies . . Pectively.

solution of PC and an equimolar mixture of PC/PA were

using liposomes revealed dermaseptin S4 to partition into .
- . o - added to glass vials, and the solvents were evaporated under
the lipid phase with a surface partition coefficieh,) of . . S
1 /1 . O stream of nitrogen for at least 30 min. Dried lipids were then
nearly 16 M~! (Jimut Ghosh, private communications). . g
. . o . ; resuspended in PBS buffer at 0.5 mM total lipid concentra-
Tampering with the composition of the hydrophobic terminal . : . ;
domains led to disassembly2) and to improved antimi tion. The obtained suspension was vigorously vortexed,
P briefly sonicated, and passed (21 times) through 100 nm

crobial properties both in vitro and in vivd®, 47). Recently, ) X > .
X L : - olycarbonate membranes in a LiposoFast-Basic extrusion
dermaseptin S4 and selected derivatives were investigate ; ; )
apparatus (Avestin, Inc.) to give a translucent solution of

with respect to relations between physicochemical properties_ " " . .

- AN X vesicles with a mean diameter of 100 nm.
(composition, structure, and organization in solution) and o
interaction with target membrane&4j. Surface plasmon _Surface Plasmon Resonance (SPR) AnalyBeptide
resonance (SPRwas used to study the peptides’ lipid- binding to phqsphohpld membranes was determined using
binding behavior. Dermaseptin S4 and various derivatives € optical biosensor system (BlAcore 3000, Uppsala,
were shown to bind to model-charged membranes with Sweden) based on the prl_nC|pIes of surface plasmon reso-
association affinity constant&f) in the range of 19107 nance §1). The sensor chip L1 (a carboxymethyldextran
M-, However, these calculations were based on the as-nYdrogel derivatized with lipophilic alkyl chain anchors)
sumption that the binding process proceeds by simple deS|g_ned to facilitate I|posome—meQ|§1teq hydrophob|c_ ad-
association between the peptide and lipid. Recent reports orSCPtion 62) was used to prepare a lipid bilayer as described
SPR binding analysis between magainin or melittin and lipid (14)- Briefly, after the chip was washed with octyl glucoside
mono- and bilayer surfaces proposed that kinetic analysis (40 MM), the liposomes (0.5 mM) were injected over the
with more complex models resulted in an improved 4i,( Ch'P surf_ace at a flow rate of 2/min at 25°C o allow
49). In this study, using dermaseptin analogues, we appliedfus'on with the hydrophobic surface of the _ch|p._ I_rregular
the SPR technology to bilayer surfaces in an attempt to and Ioo;ely bound structures such as multiple lipid Iaye.rs
improve our understanding of the relationships between and partially fused liposomes were washed away by a brief

membrane-binding properties and the hypothetical out- injection of NaOH (50 mM) at a high flow rate (1Qa/
come: cytolytic agti\iaity.p vp min). Bovine serum albumin (BSA) was used to assess the

degree of surface coverage. About 5000 resonance units (RU)
of lipid were immobilized under these conditions, corre-
! Abbreviations: PC, egg yolk-a-phosphatidylcholine; PA,-a- sponding to a surface lipid density of 4.6 ng/Mm(B3). The

phosphatidic acid; PBS, phosphate-buffered saline; HPLC, high- (inA; IR ; ;
performance liquid chromatography; RBC, red blood cells; SPR, surface blndmg assay was performed by injecting peptide solutions

plasmon resonance; SUV, small unilamellar vesicles; RU, resonancein PBS at five different concentrations (typically 6:5.5
units. or 10uM, respectively, for native peptides and derivatives)
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in duplicates at a flow rate of GL/min at 25°C. Surface

regeneration between consecutive binding cycles included a

sequential injection of NaOH (50 mM) and HCI (50 mM).

A run time of 3 mins was necessary for complete regenera- s1

tion of the phospholipid membrane.

Data Analysis.(1) Linearization AnalysisThe method
involves a linear transformation of the binding data to
determine kinetic parameter54) and is intended for the
interactions that follow a simple bimolecular association
(Langmuir kinetics) between peptide P and lipid L:

P+ L < PL

The corresponding differential rate equation for this reac-
tion is

dR/dt = kaCA(Rmax -

where R is the response in RU that corresponds to the
concentration of the molecular complex formég), is the
concentration of the peptidBnaxis the maximum response
(corresponds to the total concentration of immobilized lipids),
and k, and ky are the association and dissociation rate
constants, respectively.

In the case of a simple bimolecular interaction the
association ratekf) can be determined from the slope of the
response signal changeR/dt) versus the respons&)(or,
in logarithmic terms, In(B/dt) versus time (s). The dissocia-
tion rate Ky) can also be determined via linearizing the
dissociation phase by plotting R{R) versus time (s)Ro
is the response at time zero aRds the response at tire

R) — kR

Gaidukov et al.

Table 1: Sequence of the Dermaseptin Peptides Investigated

Peptide Amino acid sequence®
ALWKTMLKKLGTMALHAGKAALGAAADTISQGTQ

S4 ALWMTLLKKVLKAAAKAALNAVLVGANA

K,K,,-54 e mKmmmmmmm e = Keomommmo o
K,-S4(1-16)a e cKemmmm e e -
K,-S4(1-13)a O -

K,-S4(1-10)a —eeK--mm - -

a2The amino acid sequence is in the standard one-letter code; a
amide. Dashes represent amino acids identical to those in S4.

The rate constants are derived from the differential equations

(59):

dRy/dt = Ky Ca(Ryax = Ry — R) = kyyRy — KRy + kR,
dR/dt = KRy — KR,

total responseR,; + R,

Kai(kar'kar) and Kaz(kadks2) are the association affinity
constants of the first and second stages of the reaction,
respectively. Their produckp; x Kaz) yields the association
affinity constantKapparent

Cytolytic Actwvity. Membrane-lytic activity was assessed
with human red blood cells (RBC) ariceishmania major
promastigotes as describety.

Susceptibility of Membrane-Bound Peptides to Proteolysis.
RBC-bound peptides were submitted to proteolytic treatment,

Linear slopes should be observed in the case of a simplethen extracted, and analyzed by HPLC basically as described

bimolecular interaction. However, nonlinear slopes reflect

(46) with the following variation. Human RBC were rinsed

either mass transfer limitations or complex interactions, and in PBS by centrifugation, and then 0. of packed cells

the rate constants cannot be accurately determis®dThe
shape of the In(@/dt) versust plot provides information on
the nature of the interaction involved; i.e., the plot is linear
for the 1:1 interaction, and it has a convex form for the 1:1

was exposed to 1M K4Kz0-S4 (28.6ug) or Ks-S4(1—

13)a (15.1ug) in 1 mL of PBS. After an incubation period
(15 min under shaking at 37C) unbound peptide was
washed away by repeatedqBcentrifugation, and cell pellets

interaction limited by mass transfer and has a concave formwere resuspended in 1 mL of PBS alone or PBS containing

for complex interactions [manufacturer’s instructioBg){.
(2) Two-Stage ModelAssociation and dissociation rate

1 unit of proteinase K for 15 min incubation under shaking
at 37°C, including several short vortex/sonication cycles to

constants are calculated using BlAevaluation 3.0 software Optimize enzyme contact with the cells. Incubation was

(Biacore AB) by nonlinear fitting of the primary sensorgram
data with algorithms for numerical integratidsbf and global
analysis $6). To compensate for the variation of baseline

followed by a rinse cycle, and then the membrane-bound
peptides were extracted from the resulting cell pellets using
0.2 mL of octyl glucoside (1%, 2 min, 28C) and analyzed

level between the injection cycles, the maximum response PY reverse-phase HPLC.

(Rmay) Was set to a local parameter, i.e., determined separately

RESULTS

for each sensorgram. For reasons detailed below, the sen-
sorgrams were routinely analyzed according to a two-stageé Toward better understanding the modes of interaction
binding model (conformational change) which, in terms of petween peptides and phospholipid membranes, dermaseptin
peptide-lipid interaction, may correspond to stage 1, peptide 53, dermaseptin S4, and a series of derivatives were
(P) binding to lipids (L) to give PL, followed by stage 2, generated (the peptide sequences are listed in Table 1).
the complex PL changing to PL* which cannot dissociate Peptide purity was in the range of 95% t899% as
directly to P+ L and which may correspond to insertion of  determined by analytical HPLC; their identity was confirmed
the peptide into the membrane bilayer: by mass spectrometry and amino acid analysis (data not
shown).

P+L<PLPL* The suitability of Biacore methodology for the analysis

[PL] =R, of peptide-membrane interaction was initially assessed using
. the native peptides S1 and S4, whose binding properties to
[PL] =R, phospholipid vesicles of different compositions were previ-
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\, FiGure 2: Comparison of the fit of one- and two-stage binding
models for S1 binding to PC/PA membrane at two peptide

concentrations. A1l: Overlay plot of the experimental (dotted line)

and calculated (solid line) sensorgrams using a 1:1 Langmuir model

0 (lower plot, 0.75uM; higher plot, 1.25«M). A2: Same overlay

T plots but calculated using a two-stage model. B: Helper plot,
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Run time (s) a function of time.

Response (Resonance Units)
(=]

200

Ficure 1: Overlay of sensorgrams for the binding of dermaseptin . o .
analogues to bilayered membranes immobilized onto the L1 chip. to the complex mode of interpeptide interaction of dermasep-
IT_he)plofjs éjf?icﬂ-tg? int)er?tt:rt]ior;] _kip]eti;:s of t(?ggggﬁggtri?r ;ﬁ) E]d{aessr:g(cjitin S4 (i.e., peptide self-assembly on the membrane surface).
Iné) and >4 {Solld fine) at the nighest pep . (1) Data Analysis To obtain affinity constants of the
\(I\:}ii:?]ﬂPMC)/g]AP(?i)aitnzsa(r:].e:wAe gr?(;avr\',ﬁﬁ grg gforggc?ﬁega:]ejplae.cg\;eclg intefraction., the binding curves were first analyzed assu_ming
sensorgram represents an average curve of two injections. a simple bimolecular association model. Panel Al in Figure
2 shows sensorgrams of S1 binding to the PC/PA bilayer
ously characterized1@, 45). The validation study was superimposed on the theoretical curves given by Biaevalu-
followed by detailed investigation of dermaseptin S4 deriva- ation 3.0 using a 1:1 Langmuir model. When this model is
tive binding and hemolytic properties. valid, the plot of the logarithm of the absolute value of the
Validation of SPR Methodologyo determine the peptide  slope as a function of time for the association phase must
lipophilic properties, small unilamellar vesicles were ad- be linear. Here, the IndR/dt| versus time plots were not
sorbed onto the sensor chip L1 to form a supported lipid linear (Figure 2, panel B), and the residuals (differences
bilayer that chemically and physically resembles the surface between measured and calculated curves) were high and not
of a cell membrane. Typical binding profiles of the peptides randomly distributed, indicating a poor fit of the sensorgrams
to zwitterionic (PC) and acidic (PC/PA) membranes are to this model (as opposed to panel A2, which will be
portrayed in Figure 1 for the highest concentrations tested commented upon later). No mass transfer effects were
(1.5uM). The binding levels of S4 to both PC/PA and PC observed as revealed by the unchanged kinetic constants at
increased as a function of peptide concentrations (data notdifferent flow rates (not shown). Both the concave shape of
shown), which is indicative of specific interaction between the In|dR/dt| versus time plot and the poor fit of the binding
the peptides and the phospholipid membranes. A similar curves to a 1:1 model imply the existence of a complex
pattern was observed for binding of S1 to PC/PA. However, interaction between dermaseptins and the membrane bilayer.
there was no detectable binding between S1 and the PCTo test the existence of linked reactions, we examined the
membrane up to 1.zM, indicating that the affinity of S1  effect of contact time on dissociation rate. A high peptide
to the PC bilayer is too low to be determined under the concentration (M) was injected for 2, 5, and 10 min, and
concentration range used. Comparison of the binding profilesthe dissociation of the bound peptide was followed under
of S1 and S4 to the PC/PA bilayer shows that the peptidesbuffer flow conditions. Figure 3 shows the outcome for
differ in their affinity, as revealed by the binding levels, as dermaseptin S1. The dissociation rate was progressively
well as in the kinetics of the interaction (the rate of response slowed after longer injection times. The same behavior was
signal change for association and dissociation phases).observed for S4 (not shown). If reactions are independent
Dermaseptin S1 associated with the charged membrane inand all binding sites are saturated, the dissociation rates are
fast kinetics readily reaching steady-state level, whereas thenot influenced by contact time and therefore are identical.
binding of S4 proceeded with slower kinetics, but its binding In our case, there is an increase in the stability of the
capacity was significantly larger. The slower dissociation rate peptide-membrane complex over time, which indicates the
too indicated that S4 binds more avidly to the membrane. existence of linked reactions. There are three types of
Moreover, S4 continued to accumulate on the membranekinetically equivalent binding models for complex-linked
surface during the entire injection phase without reaching reactions: bivalent analyte, heterogeneous analyte, and a two-
the equilibrium level. The binding curves did not reach stage reaction. The bivalent analyte reaction, which is used
equilibrium during sample injection even after increased with analytes having two ligand-binding sites, such as
injection times (not shown). This behavior may be related antibody molecules, and the heterogeneous analyte reaction,
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Table 2: Kinetic Rate Constantk.(kg) and Affinity ConstantsK) for the Interaction of Dermaseptins S1 and S4 with Lipid Bilayers of Two
Different Compositions, Determined by Numerical Integration Using a Two-Stage Reaction Model

S1 S4
PC PC/PA PC PCIPA

ks (M1 571 nce 2.8 x 10* (+£0.7) 3.3x 10° (+£2.6) 1.1x 10° (£1.1)
ket (s nd 2.6x 1072 (£0.9) 3.3x 1072 (£3.0) 4.8x 1074 (£1.0)
ka2 (S7) nd 2.0x 1073 (+0.7) 2.6x 1073 (+6.0) 8.5x 1075 (+4.0)
ka2 (s7) nd 2.2x 1073 (+£0.4) 6.6x 107 (+1.5) 1.3x 10°5 (£17)
Kapp (M~1)® <7 x 10 9.9x 10° 4% 10° 1.5x 107

Kaz (M~2)° nd 1.1x 10° 1x 100 2.3x 10°

Kz nd 0.9 4 6.5

aNumbers in parentheses are the standard errors (SE) expressed as the percent of parametékytdul&a/ks), apparent association affinity
constant of the interactiofikai/ky;, association affinity constant of the first stage of the interactidaskq,, association affinity constant of the
second stage of the interactiomd, not determined.

peptides’ tendency to insert into the membrane (efficacy of
bilayer penetration by the peptide) and will be referred to as
the insertion affinity. The apparent affinity constant for the
global interactionKa, is a product of the individual affinity
constants:Ka = KaiKao.

For the sake of comparison, phosphatidylcholine and BSA
were assayed under the same experimental conditions and
found to have an affinity constaltpparen0f 4.2 x 101°M 1
0 B , and <1 x 10 M™%, respectively. Note also that the
-800  -400 0 400 800 mathematical model used for calculating the rate constants

Run time (Sec) assumes that the reactants are monomers in solution.
Ficure 3: Effect of increased injection time on the stability of the ~ Therefore, the affinity constants obtained for the aggregated
peptide-membrane complex. Dermaseptin S1 was injecteddi 2 peptides (S4 and to lesser extenikKir-S4) can only be
over the PC/PA bilayer for either 2, 5, or 10 min at a flow rate of considered indicative.

5 uL/min. Dissociation of the bound peptide in PBS buffer flow
was recorded for 10 min.

100+

W
it

Normalized response

We propose the following interpretation of the data shown
in Table 2: The interaction of both peptides was stronger
which is intended for analysis of competing binding reactions with anionic membranes. The absence of binding between
that occur in a mixture of two analytes, seem to be very dermaseptin S1 and the PC membrane at peptide concentra-
unlikely and can be ruled out. A two-stage reaction describestions of up to 1.5¢M indicated that the apparent affinity
the binding process involving a conformational change that constant was lower thanx 10* M~ (the lowest detectable
gradually leads to a more stable complex. This model may concentration is OKp, whereKp = 1/K,). As for the anionic
properly portray the interaction of antimicrobial peptides with  membrane, S1 associated with PC/PA with.avalue of
lipid bilayers as a two-stage process composed of surface2.8 x 10* M~ s ! and dissociated with lay; value of 2.6x
adhesion and membrane insertion stages. The insertion stagel,0~2 s7%, giving the adhesion affinitiKa; of 1.1 x 10° M1,
taking place after the initial adhesion of the peptide to the After membrane adhesion, S1 inserted into the bilayer with
membrane surface, may indicate a conformational changea ka, value of 2.0x 1073 s and “dissociated” (from the
that occurs in the peptidemembrane complex and leads to inserted form into the superficially adhering form) with a
increased stability of the complex. kq2 Value of 2.2x 1073 s7%, giving the insertion affinityKa,

(2) Kinetic Analysis of the DermaseptiMembrane of 0.9. These individual affinity constants resulted in an
Interaction. The entire data set was analyzed by a global apparent binding affinity of 9.% 10° M~1. Compared with
fitting using a two-stage binding model. Panel A2 in Figure S1, therefore, dermaseptin S4 associated with PC/PA with
2 shows the sensorgrams for S1 binding to PC/PA bilayer 25-fold slower kineticsk,; = 1.1 x 10° M~ s7%), but the
analyzed using the two-stage model. The calculations showeddissociation rate was 54-fold slowég{= 4.8 x 1074 s™1),

a good fit of experimental data to this model. The residuals thus resulting in a 2-fold higher adhesion affinitfaf =
were lower than the residuals obtained with a 1:1 model 2.3 x 10° M~%). The kinetics of the second stage of the
(Figure 2, panel Al), indicating a much better fit of the two- interaction was also much slower for dermaseptin S4,
stage model for both the association and the dissociationespecially for the dissociation phase, resulting in a 7-fold
phases. Table 2 summarizes the obtained kinetic ratehigher insertion affinity Ka; = 6.5) and in an overall 15-
constants and the derived affinity constants for the interactionfold larger apparent binding affinity for S4<§,, = 1.5 x

of dermaseptins S1 and S4 with PC and PC/PA bilayers as10” M~1). The slow off-rate of the second stade,) for S4
determined using integrated equations of a two-stage model.is at the lower end of the instrument range, where there is
The individual affinity constants of each stage of the considerable error associated with its calculation because of
interaction were calculated as the ratio of the respective the significant influence of even marginal baseline drift.
association and dissociation rate constafts, the associa-  Interestingly, the interaction of S4 with the zwitterionic PC
tion affinity constant of the first stage of the interaction, bilayer proceeded with faster kinetics compared to PC/PA.
indicates the peptides’ affinity for adhesion to the membrane Nevertheless, the calculated affinity constants demonstrated
surface, whereaka, is a unitless constant that reflects the a 2-fold higher affinity for membrane adsorption and a 1.6-
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Table 3: Kinetic Rate Constants for Dermaseptin S4 Derivatives Interacting with the PA/PC Bilayer, Determined by Numerical Integration

Using a Two-Stage Reaction Model

peptide ka1 (1P M1 ki1 (10357 ka2 (10457} ka2 (1045
sS4 1.1 ¢1.1p 0.48 (-1.0) 0.85 (-4.0) 0.13 (-17)
KK 20-S4 23.9 {£2.0) 26.2 (£2.7) 38.8 (£2.3) 2.23 {2.9)
K4-S4(1-16)a 5.5 §-3.2) 15.8 (4.9) 30.1¢3.7) 9.91 ¢-2.8)
K4S4(1-13)a 2.424:2.8) 20.3 £1.7) 14.1 (£3.9) 15.6 (£2.0)
K4-S4(1-10)a 0.21 42.3) 20.2 ¢-3.0) 16.3 (£3.0) 28.7 (1.0)

aNumbers in parentheses denote the standard error (SE) expressed as the percent of parameter values, which were based on measurements &

five different concentrations in duplicates.

Table 4: Association Affinity Constants for Dermaseptins Binding
to the PC/PA Bilayer, Compared with the Peptides’ Cytolytic
Activity against Human Erythrocytes argishmaniaPromastigotes

LCso (uM)?
Kadhesion Kapparent

peptide (M) Kinserion (M) RBC L. major
S1 1.1x10f 09 99x10° 12 45+ 15
S4 2.3x 10° 6.5 15x10° 1.44+0.2 15+05
KaK20-S4 9.1x 1®° 17.4 1.6x 10’ 05+0.1 1.5
KsS4(1-16)a 3.5x 16 3.0 1.1x10° 10+05 6
KsS4(1-13)a 1.2x1® 0.9 1.0x10°P 57+3 943
Ks-S4(1-10)a 1.0x 10* 0.6 6.0x 16° >100 >50

aLCso: peptide concentration producing 50% lysis of RBC or

Leishmanigpromastigotes afte3 h ofincubation (meas: SD). Kagnesion
and Kinseriion represent the affinity constants of the first and second

binding stages, respectively. Note: because of their aggregation state

in solution (4) the affinity values of S4 and ¥K,-S4 cannot be
accurate and should be considered as indicative only.

fold higher affinity for membrane insertion in the case of

loss of apparent affinity by almost 2 orders of magnitude
(6 x 1M,

Relationships between Membrane-Binding and Cytolytic
Activity. Human erythrocytes and. major promastigotes
were used as a more realistic model to the peptide
membrane interaction compared with PA/PC membrane,
believing that cytolytic activity in other cell types may be
governed by related properties. Our Biacore experiments
describing the direct binding to the PC/PA membrane
represent a fair simulation for peptide interaction with
erythrocytes andleishmanigbecause of the exposed nature
of their plasma membrane (as opposed to bacteria, for
example) and the surface abundance of either phosphatidyl-
choline, which is the major component of the outer leaflet
of erythrocyte membran&T), or anionic lipophosphoglycans
in the leishmanial membran&g).

To understand the relationships between peptide binding
to a membrane and the resulting cytotoxicity, binding

the PC/PA bilayer, leading to a nearly 4-fold higher apparent parameters of the dermaseptin analogues were first compared

affinity of S4 to the anionic membrane. However, as
dermaseptin S4 forms aggregates in soluti@d),( these
values should be considered as indicative only.

Binding Properties of Dermaseptin S4 Deatives. To

with their hemolytic activity. The membrane-lytic activity
was assessed by measuring the peptides’ ability to induce
hemoglobin leakage in PBS and is expressed as the peptide
concentration that produced 50% hemolysis {)CAs

further challenge the Biacore system, we next determinedshown in Table 4, a strong correlation was found between
the membrane-binding affinities of a series of dermaseptin the peptides’ apparent membrane affinity and their hemolytic
S4 derivatives to the negatively charged bilayer (PC/PA) as activity. Thus, the hemolytic activity of S4 was increased
described above and the binding data analyzed with the two-by 3-fold after substitution of positions 4 and 20 with lysines,
stage model. Table 3 presents the calculated kinetic rateand in parallel, the apparent affinity also increased due to a
constants of the interactions while Table 4 shows the derived 3-fold increase of the insertion affinity. Interestingly, despite
affinity constants of the interactions, compared with the its weaker hemolytic activity S4 adhered to the erythrocyte

cytolytic activity of the peptides.
With the exception of the 10-mer derivative, all longer

membrane more avidly thanyK,-S4, suggesting that higher
surface binding does not necessary result in stronger cytolytic

derivatives displayed faster kinetics than S4 for all stages activity, which depends on the subsequent ability of the

of the interaction (Table 3). This probably reflects the

membrane-adsorbed peptide to be incorporated within the

significant hydrophobicity of the native peptide as expressed bilayer. Truncation of the peptide’s C-terminus down to 16

by its high apparent affinity for the phospholipid membrane.
The insertion affinity value Kinserion = 6.5) indicated that

and 13 residues, which resulted in progressive reduction of
the apparent affinity, also led to a gradually reduced cytolytic

after the initial adhesion S4 has a high propensity to be activity. Finally, Ks;-S4(1-10)a, which significantly lost the

incorporated within the bilayer. Addition of two positive

ability to bind and insert within the bilayer, became virtually

charges to the native peptide further enhanced this propensityunable to affect the integrity of the cell membrane.

by nearly 3-fold increased insertion affinitiifsertion= 17.4)

Similar conclusions can be drawn from the interaction of

even though the adhesion affinity was somewhat reduced.these peptides with. major promastigotes (Table 4).

Compared with KK,0-S4, its C-terminal deletion derivative
K4-S4(1-16)a displayed a 3-fold reduced adhesion affinity
and a 6-fold reduced insertion affinity, leading to an overall
15-fold decrease of apparent binding affinity (1< 10°
M™Y. Further truncation of the peptide’s C-terminus by

Peptide Orientation in the Membrand&o verify the
assumption thaKa, yields information on the peptides’
inserted state, we further characterized peptide binding to
the RBC membrane. On the basis of the Biacore results, we
selected two peptides, one highly hemolytieKky-S4, and

another three residues resulted in another 3-fold loss of bothone weakly hemolytic, kS4(1-13)a, that differ markedly
adhesion and insertion affinities, leading to a 10-fold reduced (20-fold) in their insertion affinities (Table 4). If our

apparent affinity (1.0x 10° M™%Y). Finally, additional

postulation is correct, it requires that upon interaction with

truncation of the peptide, down to 10 residues, led to further RBC K,-S4(1-13)a should be significantly more susceptible
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Expectedly, when the peptides were replaced by their
D-amino acid isomers, the extracted quantities were similar
to that of theL-isomers in the absence of proteinase K (not
shown). Overall, these results demonstrate that, in agreement
with the Biacore data, upon adhesion to the cell membrane,
K4K20-S4 becomes deeply buried inside the hydrophobic core
of the bilayer, whereas membrane-bound-34(1-13)a
mostly remains in a superficial orientation.

1.0 1-28

1-26

0.5]

o

0.3]

DISCUSSION

Biosensor technology was previously used to evaluate the
membrane affinity of several antimicrobial peptidés, 49,
59, 60). The first study on cecropin peptide&0j was based
on a simplifying assumption that the binding process
proceeds by a simple bimolecular association between the
peptide and the lipidg1l). A later report on magainin and
melittin interacting with lipid monolayers proposed that curve
fitting with more complex algorithms including a two-stage
binding and the parallel binding model yielded an improved
fit (48). Here we examined the membrane-binding mecha-
nism, particularly from the perspective of how binding data
can be correlated with cytotoxicity. Our binding curves fitted
well to a two-stage interaction model. A two-state model of
action of antimicrobial peptide82) supports such a binding
mechanism. We find that the Biacore two-stage model

Ficure 4: Evidence for superficial localization versus inserted state enables dissection of the_ binding pr_oce;s |_nFo two distinct
of dermaseptin derivatives. RBC were exposed §4§-S4 or to component.s, each of which describing md_'V'dL_Ja' steps of
K4-S4(1-13) at 10uM each. Excess peptide was washed away, the interaction. This allows us not only to distinguish between
and peptide-bound RBC were exposed to proteinase K followed peptides according to their membrane affink) but also

by extraction and HPLC analysis of the extracts. Relevant UV- g characterize them by their behavior at different steps of
absorbing peaks were identified by mass spectrometry. The upper,

panel shows overlay chromatograms of extracts from cells treatedthe interaqtion with the membra_ne, nz_imely, by elucidating
with K4K,-S4 in the presence (blue) and absence (black) of the the adhesionK; or Kagnesio) and insertion K, or Kinsertion

Absorbance (220 nm)

0.2

0.1:

oo

0

10
Retention time (min)

20

proteolytic enzyme. In the presence of enzymgKjs-S4 (labeled
1-28) and two C-terminally truncated versions (labele2® and
1-24) were extracted, indicating that the peptide is predominantly

affinity constants.

Note that a similar conclusion was drawn from isothermal
titration calorimetry (ITC), wher&Kinserion Was referred to

protected but exposes slightly its C-terminal end. The lower panel et ) se !
shows the same for the 13-mer derivative in the presence (green)as the intrinsic (hydrophobic) partition coefficient. Coef-
and absence (brown) of proteinase K. Less than 10% of the peptideficients were calculated for various cationic peptides using
e e e ooy oporae oot ociza. e Gous Chapman theary (correcing for electrostai
tion). NoFt)e ?hat lﬁszo-S 1 extracts%upp?er panel) Ibokecleaner” Since effects) in combination with surface partition equilibriu62(
most cell constituents present in64(1-13)-treated RBC were 63).
washed away after exposure to the hemolytic peptide. According to the two-state modeB2) the insertion step

is concentration-dependent and occurs when a critical
to proteolysis than KK»-S4 due to their respective positions  (threshold) concentration of the membrane-bound peptide is
on versus within the membrane. To test this assumption, RBCreached. Assembly of surface-adsorbed monomers is believed
were allowed to interact with equimolar quantities of each to be required for a subsequent membrane permeabilization
peptide. After the incubation period, unbound peptide was activity. Peptides that do not assemble are randomly distrib-
washed away, and the peptide-bound RBC were exposed tauted on the membrane surface, are unable to insert within
the powerful proteolytic enzyme, proteinase K; then the the bilayer, and consequently are unable to permeabilize the
membrane-bound peptides were extracted with a detergentell. Such a “naive” binding was observed, for instance, with
and analyzed by HPLC. The identity of the extracted peptide nonaggregating dermaseptin S4 derivatives, S2@) or Ks-
was established by mass spectrometry analysis of theS4(1-13)a (4, 46). These peptides were shown to bind
collected UV-absorbing HPLC peak (Figure 4). Extracts from rather avidly to the membrane of model liposomes or cells
untreated (no protease) samples showed that both peptidedut did not cause cell destruction, demonstrating that binding
became membrane-bound after the incubation with RBC. of antimicrobial peptides to the cell membrane does not
Yet, the relative peak intensities revealed thakKl-S4 necessarily lead to cytotoxicitK, may indicate, therefore,
bound to a much larger extent, reflecting a significantly not only the peptides’ tendency to insert into the membrane
higher apparent membrane affinity. After the proteolytic but also their ability to assemble within the membrane and
cleavage, only a small portiorr(L0%) of K-S4(1—13)a was subsequently transit from the surface state to the insertion
recovered whereas nearly all of#zo-S4 could be extracted ~ state, which leads to membrane permeabilization.
either in its intact form or as shorter forms corresponding to  In accordance with previous data9( 45) dermaseptins
truncation of the last two and four C-terminal residues. S1 and S4 interacted preferentially with acidic phospholipids,
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reflecting the importance of electrostatic interactions in the  In conclusion, the present study confirmed that the
binding process. The calculated affinity constants (Table 2) biosensor technology using a lipid bilayer is a powerful
appear biologically reasonable and similar to the values foundsystem for investigations of peptidgenembrane interactions
for magainin and melittin binding to zwitterionic and anionic and that a two-stage model is a reliable algorithm for data
membranes 48, 49). S4 possessed higher adhesion and analysis that allows qualitative and quantitative comparisons
higher insertion affinity than S1 to both kinds of membranes, between closely related analogues. More importantly, our
probably due to higher positive charge (four versus three) results suggest that the system can be exploited for the
and larger hydrophobicity of S4 compared with S38)( The selection of designed molecules with the desired membrane-
calculated insertion affinities showed that dermaseptin S4 binding properties, either molecules with a high membrane
was highly efficient in penetrating into both the PC and PC/ penetrating ability or molecules that merely strongly adhere

PA bilayers, whereas dermaseptin S1 was able to insertto the membrane.

slightly into PC/PA but was virtually unable to interact with

the PC membrane. These results are in good agreement witfiREFERENCES
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