
Structure, orientation and a¤nity for interfaces and lipids of ideally
amphipathic lytic LiKj(i = 2j) peptides

Sabine Castano a, Bernard Desbat b, Michel Laguerre a, Jean Dufourcq a;*
a Centre de Recherche Paul Pascal, CNRS, Avenue A. Schweitzer, 33600 Pessac, France
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Abstract

The behavior of lytic ideally amphipathic peptides of generic composition LiKj(i = 2j) and named LKn, n = i+j, is
investigated in situ by the monolayer technique combined with the recently developed polarization modulation IR
spectroscopy (PMIRRAS). A change in the secondary structure occurs versus peptide length. Peptides longer than 12
residues fold into K-helices at interfaces as expected from their design, while enough shorter peptides, from 9 down to 5
residues, form intermolecular antiparallel L-sheets. Analysis of experimental and calculated PMIRRAS spectra in the amide I
and II regions show that peptides are flat oriented at the interfaces. Structures and orientation are preserved whatever the
nature of the interface, air/water or DMPC monolayer, and the lateral pressure. Peptide partition constants, K2

aff , are
estimated from isobar surface increases of DMPC monolayers. They strongly increase when 2 decreases from 30 mN/m to
8 mN/m and they vary with peptide length with an optimum for 12 residues. This non-monotonous dependence fits with data
obtained in bilayers and follows the hemolytic activity of the peptides. Lipid perturbations due to peptide insertion essentially
detected on the PO3

4 and CO bands indicate disorder of the lipid head groups. Lysis induced on membranes by such peptides
is proposed to first result from their flat asymmetric insertion. ß 1999 Elsevier Science B.V. All rights reserved.

Keywords: Cytolytic peptide; FT-IR spectroscopy; Monolayer; Lipid^peptide interaction; Amphipathic peptide; L-Sheet at interface;
K-Helix at interface

1. Introduction

Over the past decades, a wide range of cytotoxic
peptides have been isolated from the defense systems
of various species. Some of them display speci¢c
antimicrobial activities like magainins and cecropins,
while others kill all types of cells like melittin [1]. It is
now well established that these peptides enhance the
permeability of biological membranes via direct in-

teraction with the lipid matrix [2^4]. They generally
display a positive net charge and a high amphipathic
propensity that allow them to adopt amphipathic
secondary structures in membrane environment.

Because of this amphiphilic character, numerous
natural peptides like melittin [5], N-hemolysin [6],
bombolittin [7] and defensin [8] are surface active
and spontaneously form rather stable ¢lms at the
air/water interface. Monomolecular ¢lms formed at
the interface of a Langmuir trough provide a unique
and convenient model to try to understand at least
some steps of the action mechanism of such peptides
by studying both pure peptide ¢lms at the air/water
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interface and the peptide insertion into phospholipid
monolayers spread at the interface [9]. Though a
phospholipid monolayer cannot account for the
membrane behavior since it has a di¡erent symmetry,
this well-oriented planar system is particularly well
suited to study the lipid a¤nity and the structure of
peptides.

It has been claimed for a long time that there is no
direct relation between surface and biological activ-
ities. Synthetic melittin analogues and fragments
have proved that hemolytic activity can be totally
lost while the peptides are still tensioactive [10]. Sim-
ilarly an unfolded cardiotoxin without hemolytic ac-
tivity is more surface active than the native toxin
[11]. About the general synergism of such peptides
for activation of phospholipase, melittin and sea ane-
mone toxin II have similar surface activities but dif-
ferent abilities to increase PLA2 activity, while toxins
II and III, which have similar hydrophobicities, have
di¡erent synergistic activities [12]. Melittin and the
LiKj peptides studied herein have a rather similar
synergistic ability to activate bee venom phospholip-
ase A2 [13]. Then all active peptides have to be
tensioactive, but this is not su¤cient to give lytic
activity.

The secondary structure of such amphipathic mol-
ecules strongly modulates their lytic activity. An
abundant literature has now established K-helix as
a major requirement for cell lysis [14,15]. L-Sheet
structures are also often involved but with very dif-
ferent peptides [1,14]. First designed with a minimal-
ist approach, LiKj(i = 2j) peptides lyse erythrocytes
and fold into K-helices [16,17]. Correlation between
the helicity on lipid membrane and the hemolytic
activity was also established for other types of LK
peptides [18]. More recently a short linear L-sheeted
LiKj peptide has also proved to be hemolytic [19].

Peptides orientation and packing at the interfaces
are also determinant factors for the mechanism of
action. Several antagonist models called either `rafts',
`carpets' or `bundles' [20^22] have been proposed.
Peptides can stand with their helix axis (i) either
parallel to the interface as for magainin 2 [23,24] or
the 22 residue long LiKj(i = 2j) [17] or (ii) perpendic-
ular to the interface by making bundles thus gener-
ating transient channels or holes of variable size [25^
27]. Intermediates can be considered by variations of
the angle between the molecular axis and the inter-

face [28]. Unfortunately peptide orientation still re-
mains controversial and it can change according to
experimental conditions, for instance the sample's
hydration degree critically modulates both secondary
structure and orientation, as observed for melittin by
infrared spectroscopy [25,29]. Therefore in situ and
non-invasive characterization at the air/water inter-
face is primordial. But the observation of IR spectra
in these conditions is di¤cult because of the water
absorption band. Using D2O in the subphase, inter-
nal re£ection absorption (IRRAS) set-ups were suc-
cessful to obtain proper structures both for lipids
and proteins and their reciprocal perturbations [30^
32]. Peptides orientation at the interface was docu-
mented either by comparing polarized spectra [33]
or by direct acquisition of polarization modulated
IRRAS (PMIRRAS) spectra [34]. Indeed this tech-
nique is powerful to determine peptides conforma-
tion and orientation of peptides in situ at the inter-
faces [17,19,33,35,36] even though secondary struc-
ture in lipid monolayers may di¡er from that in
bilayers [37].

In the present paper, correlations between lipid
a¤nity/lytic activity and peptide structure and orien-
tation/lytic activity are studied for a homogeneous
series of LiKj(i = 2j) model peptides with a length
of 5^22 residues. With a 2:1 L/K ratio, these peptides
are designed to have a single charged K residue per
putative K-helical turn to generate ideally amphi-
pathic helices (Fig. 1) [16]. They are strongly lytic
towards erythrocytes and liposomes [16,38], and pre-
vious PMIRRAS studies showed that the 22 residue
long peptide has an K-helical structure [17] while a
shorter 9-mer folds into L-sheets [19]. The e¡ects of
peptide length on the properties of pure peptide or
mixed peptide/DMPC ¢lms are systematically inves-

Fig. 1. Sequence and usual names of the LiKj(i = 2j) peptide
series.
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tigated at the air/water interface to quantitatively (i)
de¢ne the peptide a¤nity for interfaces, (ii) deter-
mine the peptides' structures and orientations and
(iii) settle correlations between peptides' physical
properties (hydrophobicity, structure, orientation)
and lytic activities.

2. Materials and methods

2.1. Materials

Peptides of 5^15 residues were provided by Neo-
system (Strasbourg, France), longer ones synthesized
by Fournier Pharma (Heidelberg, Germany) [16], all
had a purity higher than 97% on HPLC and their
masses agreed with the calculated ones. They were
stored as dry powders at 320³C and dissolved in
MeOH to give stock solutions of about 0.3 mM.
The peptide concentrations were estimated from ab-
sorbance measurements on a Pye Unicam Philips
8800 spectrophotometer. For dansylated peptides
ODns

340nm = 4640 M31 cm31, for W containing peptides
OW

280nm = 5600 M31 cm31 [38,39].
Dimyristoylphosphatidylcholine (DMPC) and a

fully deuterated analogue (d54-DMPC) from Avanti
Polar Lipids (Birmingham, AL) were solubilized in
chloroform at about 5 mM.

The organic solvents MeOH and CHCl3, pur-
chased from Prolabo, and Tris from Sigma are the
purest available.

2.2. Film formation and surface pressure
measurements

The experiments were performed on a computer
controlled Langmuir ¢lm balance (Nima Technol-
ogy, Coventry, UK). The rectangular trough
(110 cm3, 145 cm2) and the barrier are made of tef-
lon. The surface pressure (2) was measured by the
Wilhelmy method using a ¢lter paper plate. Experi-
ments at constant area were carried out on a smaller
circular trough (7 cm3, 28.5 cm2) to limit the peptide
consumption. Troughs were ¢lled with an aqueous
bu¡er (20 mM Tris, 130 mM NaCl, HCl, pH = 7.5)
using ultrapure water (Milli-Q, Millipore) and
T = 25 þ 2³C.

A few Wl of MeOH peptide stock solutions were

injected in the subphase to de¢ne the total peptide
concentration. Compression isotherms and compres-
sion/expansion cycles were performed by moving the
barrier at 5 cm2/min.

To obtain mixed peptide/DMPC ¢lms, pure
DMPC was ¢rst spread at the air/water interface
from chloroform solutions using a Hamilton micro-
syringe to reach lateral pressures of 2^3 mN/m. At
pressure equilibrium, after V15 min, the phospho-
lipid ¢lm was compressed (5 cm2/min) up to the se-
lected pressure, 8 mN/m or 30 mN/m. A few Wl of
concentrated peptide solutions were then progres-
sively injected into the subphase and the surface in-
creases (vS) were registered at each peptide concen-
tration after 30^40 min.

2.3. Estimate of partition coe¤cients and a¤nities for
interfaces

From the analysis of the 2 = f(c) curves at the air/
water interface, one can extract a partition constant
of the peptides between the bulk phase and the inter-
face (KA=W

p ). Since 2 = f(c) curves saturate at 2max,
Clim is de¢ned as the minimal peptide concentration
allowing interface saturation. KA=W

p = Ns
p/Nv

p, where
the number of peptide molecules at the interface
Ns

p = Strough/Smol and the number of peptide mole-
cules in the bulk phase Nv

p = ClimUVtroughUNav3Ns
p

and NAv = 6.02U1023.
A partition constant (K2

aff ) for the transfer of pep-
tide from the aqueous solution into the lipid mono-
layer is extracted from the plots vS/S03f(c) for se-
lected lateral pressures (8 mN/m or 30 mN/m). The
classical de¢nition for a peptide/bilayer interaction is
used [9]:

K2
aff �

Cp
b

Cp
f UC0

L

; with Cp
b �

vS
SmolNavV

;

C0
L �

S0

A2
L NV

and Cp
f � Cp

total3Cp
b

Cp
b, the concentration of bound peptide in the total

subphase volume (100 ml), is estimated assuming
that (i) the total surface results from additivity rules
and (ii) the molecular surface of each compound at
the interface is constant along the binding process;
Smol is the molecular surface of the peptide;
NAv = Avogadro number.
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C0
L, the lipid concentration, is calculated as S0/A2

L ,
the ratio of the initial surface of spread DMPC by
the molecular area of DMPC at a de¢ned 2 (at 8
mN/m, A8

L = 82.5 Aî 2 ; at 30 mN/m, A30
L = 60 Aî 2 [40]).

Cp
f , the concentration of free peptide in the sub-

phase.
The relation between K2

aff and the P2
p slopes of the

vS/S0 = f(c) plots is then de¢ned as follows:

K2
aff � P2

p U
Cp

totalU
A2

L

Smol

�CP
total3

vS
SmolNAvV

�

2.4. FT-IR spectroscopy measurements

Absorbance spectra of bulk samples of pure pep-
tides were obtained by conventional transmission
spectroscopy from a methanolic solution evaporated
on a ZnSe window.

At the air/water interface, peptides and mixed pep-
tide/DMPC monolayers were studied in situ by
PMIRRAS [34,41]. Spectra were recorded on a Nico-
let 740 spectrometer equipped with a HgCdTe detec-
tor cooled at 77 K, generally 200 or 300 scans were
pooled at resolution of 4 cm31 or 8 cm31 for pure
peptide or mixed peptide/DMPC monolayers respec-
tively. Brie£y, PMIRRAS combines FT-IR re£ection
spectroscopy with fast modulation of the incident
beam between parallel (p) and perpendicular (s) po-
larization. The two-channel processing of the de-
tected signal gives the di¡erential re£ectivity spec-
trum vR/R = (Rp3Rs)/(Rp+Rs). To remove the
contribution of liquid water absorption, the spectra

are divided by those of the subphase. With an inci-
dence angle of 75³C, transition moments in the inter-
face plane give strong and upward oriented bands,
while transition moments perpendicular to the inter-
face give weaker and downward oriented bands
[34,41].

The decomposition of the amide I and amide II
spectral region (1500^1800 cm31) into individual
bands was performed with the Peaksolve software
(version 3.0, Galactic) and analyzed as a sum of
Gaussian/Lorentzian curves, with consecutive opti-
mization of amplitudes, band positions, half-width
and composition of the individual bands.

3. Results

3.1. Peptide monolayers at the air/water interface

3.1.1. Compression isotherms
When a few Wl of the peptide stock solutions are

injected in the subphase, surface pressure changes
indicate peptide surface activity. To reach an initial
pressure equilibrium of about 2 = 2^3 mN/m bulk
concentrations of 40 þ 5 nM are necessary for the
longer peptides (nv 12) while decreasing the peptide
length requires an increase of concentration (Table
1). Then if longer peptides display a comparable sur-
face activity, the latter decreases for peptides shorter
than 12 residues. The addition of 130 mM NaCl in
the subphase favors the rising of the peptide at the
air/water interface by reducing the electrostatic repul-
sions [34].

The shape of the compression isotherms are quite

Table 1
Characteristic data of pure peptide ¢lms and critical pressure (v2c) for peptide insertion into DMPC monolayers and peptide a¤nity
for the air/water interface, KA=W

p

Peptide c (nM) v2S (mN/m) S2 (cm2) v2Coll (mN/m) v2max (mN/m) v2c (mN/m) KA=W
p

DnsLK5NH2 150 7.5 70 10 þ 2 10 þ 2 6 30 0.6
DnsLK8 60 16.0 95 25 þ 2 25 þ 2 30^35 3.3
DnsLK9NH2 ^ ^ ^ ^ ^ ^ 5.3
DnsLK12 41 25.0 108 37 þ 2 32 þ 2 s 35 2.2
DnsLK15 35 28.0 108 35 þ 2 32 þ 2 s 35 1.4
DnsLK19 45 31.5 110 34 þ 2 32 þ 2 s 35 ^
DnsLK22 ^ ^ ^ ^ ^ ^ 1.3

c = peptide bulk concentration to reach v20 = 2 þ 2 mN/m; v2S measured at S = 80 cm2 ; S2 measured at v2 = 10mN/m;
v2Coll = collapse pressure of pure peptide ¢lms; v2max = maximal surface activity obtained on 2 = f(c) curves; ^: not determined.
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similar for the longer peptides (nv12) but di¡er
when the length decreases from 12 to 5 residues
(Fig. 2). The areas (S2), measured at 10 mN/m for
the various peptides, increase concurrently with
length from 5 to 12 amino acids then reach a plateau
for longer peptides (Table 1). Since S2 is proportion-
al both to the number of peptide molecules at the
interface (n) and to the molecular area (Smol) of each
peptide, its increase necessarily results from Smol and/
or n increase. Similarly at a given area (80 cm2) 2S

increases concurrently with peptide length from 5 to
12 residues to reach a quasi-plateau for the longer
peptides (Table 1).

The collapse pressure (2coll) of the various peptide
¢lms also increases with length from 5 to 12 residues

(Fig. 2, Table 1) and reaches a plateau (2coll = 35 þ 2
mN/m) for lengths v12. As a comparison, the 26
residue long natural melittin gives a lower value,
2coll = 22 þ 2 mN/m (data not shown), in agreement
with the literature (2coll = 24.5 mN/m [42,43]).

Isotherms are reversible in the 0^30 mN/m pres-
sure domain as shown for instance for DnsLK15

(Fig. 2, bottom), the ¢lm at the interface is in the
equilibrium state. But for the 5-mer, at high com-
pressions, a slow quasi-monotonous increase of 2
does not make it possible to reach a well de¢ned
collapse plateau.

3.1.2. 2 = f(c) measurements
Performed to investigate the relative a¤nity of

DnsLiKj(i = 2j) for the air/water interface, 2 versus
peptide concentration curves display a common sig-
moidal shape (Fig. 3).

The bulk concentrations (c2) required to reach
8 mN/m, for instance, decrease by about seven-
fold and a further three-fold when peptide length
increases from 5 to 8 residues then from 8 to
12 residues (1 WM, 0.15 WM and 0.05 WM respec-
tively). A plateau is reached for nv 12
(c2 = 0.05 þ 0.01 WM). Then the peptide's ability to
cover the air/water interface increases in the order
DnsLK5NH2 6 DnsLK8 6 DnsLK12 WDnsLK15 9
DnsLK22, in agreement with the results from the
compression isotherms (Fig. 2, top). v2max values,
corresponding to the maximal surface activity of

Fig. 2. Peptidic ¢lms formed at the air/water interface. (Top)
Compression isotherms: short dashes: DnsLK5NH2 (150 nM);
long dashes: DnsLK8 (60 nM); solid line: DnsLK12 (41 nM);
dot-dashed line: DnsLK15 (35 nM); dotted line: DnsLK19

(45 nM). (Bottom) Compression/expansion cycles of a DnsLK15

¢lm. Peptide concentration: 25 nM. Subphase: 20 mM Tris,
130 mM NaCl, HCl, pH = 7.5, T = 25³C.

Fig. 3. Surface pressure, 2, changes induced versus bulk pep-
tide concentration: b : DnsLK5NH2, a : DnsLK8, F : DnsLK12,
E : DnsLK15, R : DnsLK22. Subphase: 20 mM Tris, 130 mM
NaCl, HCl, pH = 7.5, T = 25³C.
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each peptide, are quite similar to the 2coll ones (Ta-
ble 1).

3.1.3. Structure of peptides by PMIRRAS at the
air/water interface

PMIRRAS spectra in situ at the interface of pure
peptide ¢lms of DnsLK8, DnsLK12 and DnsLK22

clearly show structural changes within the peptide
series (Fig. 4, top).

For DnsLK8, a main amide I band is split into a
weak band around 1685 cm31 and a sharp and in-
tense one at 1627 þ 2 cm31, while the amide II mode
absorbs at 1540 cm31. Such frequencies are attrib-
uted to antiparallel L-sheet structure [44,45].
DnsLK5NH2 displays a similar spectrum while for

DnsLK9NH2 the weak contributions around 1673,
1655 and 1645 cm31 (Table 2) are attributed to
L-turns, K-helix and random structures respectively
[46]. Then short peptides adopt quasi-pure L-sheeted
secondary structure at the air/water interface.

The longer peptides (nv15) present a strong amide
I band at 1657 þ 2 cm31 attributed to K-helix
[35,36,46^48] as already found for LK22 [17]. For
DnsLK12, the weak shift to 1661 cm31 of the amide
I band and its signi¢cant broadening (Fig. 4, top) are
due to a more £exible K-helix with looser inter-pack-
ing and weaker intramolecular hydrogen bonds [49].
After deconvolution [50^52], the amide I band at
1658 þ 3 cm31 is always well ¢tted by a dominant
contribution of K-helix (Table 2). Though the use
of PMIRRAS to a priori quantitatively estimate
the relative amounts of structures which can orien-
tate di¡erently is questionable, the relative increase
of K-helix content (Table 2) looks signi¢cant. Con-
comitant with length increase from 12 to 22, the
amide I band sharpens (Table 2), indicating a stricter
helix structuration and a better packing by intermo-
lecular interactions at the interface.

Peptides conformations were also studied by FT-
IR absorption spectroscopy in the bulk solid state
which is representative of randomly oriented densely
packed peptides. For the shorter peptides (DnsLK8

and DnsLK9NH2), maximum intensities and major
components of amide I bands are observed at 1670
cm31 and 1625 cm31 and around 1542 cm31 for the
amide II component (Fig. 4, bottom, Table 2). The
band around 1670 cm31 is mainly characteristic of
L-turns, but can also contain a weak contribution of
the TFA counter ions used for the peptide puri¢ca-
tion [52]. Bands in the 1615^1635 cm31 domain and
at 1690 cm31 are typical for L-sheets [44,46,52]. Be-
tween 1615 and 1635 cm31, a convolution of three
components at 1635, 1625 and 1615 cm31 likely rep-
resents the split amide I vibrational mode of a mix-
ture of parallel (1635 cm31) and antiparallel L-sheet
(1625 and 1615 cm31) [44,46,52^55]. The weaker
component around 1645 cm31 characterizes random
structures. For longer peptides (nv12), a major
amide I component at 1655 þ 3 cm31 can be properly
¢tted by three individual bands around 1682 þ
2 cm31, 1655 þ 3 cm31, 1627 þ 2 cm31 respectively
(Fig. 4, bottom, Table 2). The amide II region was
decomposed into two modes at 1543 þ 2 cm31 and

Fig. 4. (Top) PMIRRAS spectra of pure peptide ¢lms in situ at
the air/water interface: solid line: DnsLK8 100 nM, 2 =
30 mN/m; long dahses: DnsLK12 200 nM, 2 = 25 mN/m; short
dashes: DnsLK22 40 nM, 2 = 30 mN/m. Subphase: 20 mM
Tris, 130 mM NaCl, HCl, pH = 7.5; T = 25³C. (Bottom) IR ab-
sorption spectra in bulk state for the amide vibrations domain.
Solid line: DnsLK8, dahsed line: DnsLK15.
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Table 2
Positions and assignments of the individual bands resolved in the amide I and amide II domains in FT-IR spectra obtained under var-
ious sample conditions for the (Dns)LiKj(i = 2j)(NH2) peptide series

Peptide Sample conditions Spectral
region

cm31 Relative
area (%)a

Band width
(cm31)a

Band
assignment

DnsLK5NH2 air/water interface amide I 1691-1682 12.0 6.5 L-sheet
(150 nM 2 = 8 mN/m) 1646 3.0 8.2 random

1629*-1616 85.2 12.0 L-sheet
mixed peptide/DMPC amide I 1690 L-sheet
¢lm (0.1 WM 2 = 30 mN/m) 1631 L-sheet

Xester
�C�O�DMPC 1731

DnsLK8 bulk amide I 1689 10.0 20.5 L-sheet
1671* 39.8 25.3 L-turn
1645 16.9 29.3 random
1635-1626*-1616 2.5-18.9-11.8 9.8-9.5-17.2 L-sheet

air/water interface amide I 1692 5.3 10.2 L-sheet
(0.1 WM 2 = 30 mN/m) 1626* 94.6 20.9 L-sheet
mixed peptide/DMPC ¢lm amide I 1691 L-sheet
(0.1 WM 2 = 30 mN/m) 1624 L-sheet

Xester
�C�O�DMPC 1735

DnsLK9NH2 bulk amide I 1690 6.4 14.0 L-sheet
1673* 37.8 30.2 L-turn
1650 2.5 13.0 random
1637-1626*-1617 7.6-33.2-12.5 15.2-10.1-17.0 L-sheet

air/water interface amide I 1694-1685 19.6 20.0 L-sheet
(300 nM 2 = 21.6 mN/m) 1667 4.6 13.2 L-turn

1655 6.0 17.0 K-helix
1644 9.6 9.8 random
1628* 60.2 17.4 L-sheet

mixed peptide/DMPC ¢lm amide I 1690 L-sheet
(37 nM 2 = 30 mN/m) 1628 L-sheet

Xester
�C�O�DMPC 1730

DnsLK12 bulk amide I 1685 18.7 33.4 L-sheet
1658* 63.7 31.6 K-helix
1629 17.6 34.3 L-sheet

air/water interface amide I 1685 7.9 23.0 L-sheet
(20 nM 2 = 25 mN/m) 1661* 87.4 36.8 K-helix

1628 4.8 15.1 L-sheet
mixed peptide/DMPC ¢lm amide I 1662 K-helix
(8 nM 2 = 30 mN/m) Xester

�C�O�DMPC 1735
DnsLK15 bulk amide I 1684 11.2 L-sheet

1656* 73.2 28.6 K-helix
1627 15.1 L-sheet

air/water interface amide I 1691 8.2 L-sheet
(0.2 WM 2 = 37mN/m) 1657* 88.8 29.8 K-helix

1645 1.8 7.0 random
1632 1.2 L-sheet

mixed peptide/DMPC ¢lm amide I 1659 K-helix
(30 nM 2 = 30 mN/m) Xester

�C�O�DMPC 1730
DnsLK22 bulk amide I 1680 10.7 L-sheet

1655* 81.0 27.3 K-helix
1625 8.2 L-sheet

air/water interface amide I 1680 3.6 11.2 L-sheet
(40 nM 2 = 30 mN/m) 1656* 72.0 22.4 K-helix

1632-1615 8.8-15.6 11.0-33.2 L-sheet

(Table continued on next page)
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1525 þ 2 cm31. All such features characterize pre-
dominant K-helical structures and compare quite
well with the literature [36,44,52,54,56]. A compari-
son of the amide III spectral regions (1350^1200
cm31) for DnsLK12 and DnsLK22 (not shown)
con¢rms that DnsLK12 is folded into K-helix [57],
even if its amide I band is slightly shifted. The two
minor bands of the amide I region (with relative area
6 35%) are attributable to L-sheet conformations. As
observed at the interface, the width of the amide I
component at 1655 cm31 decreases while the relative
area of the K-helical conformation increases concur-
rently with peptide length (Table 2).

Then in the bulk state as well as at the air/water
interface, the shorter peptides (n9 9) fold into anti-
parallel L-sheets while only the longer ones (nv 12)
adopt the expected K-helical structures. For the
shorter peptides, the random and L-turn conforma-
tions observed in the bulk state are no longer de-
tected at the air/water interface, indicating that the
interface induces a more strictly de¢ned structure.

3.1.4. Orientation of peptides by PMIRRAS at the
air/water interface

All PMIRRAS spectra of longer peptides (nv 12)
exhibit a strong positive amide I band around 1657
cm31 and a very weak amide II one around 1535
cm31. The strong AI/AII intensity ratios (v 6) are
much higher than those observed for the bulk spectra
(V2.5) indicating an anisotropic peptide orientation
at the interface. The amide I band of a pure K-helix
can be decomposed into transition moments oriented

parallel to the chain axis (Az) and perpendicular (Ax,
Ay). They all absorb around V1655 cm31 but the
relative contribution to the intensity of the Az mode
is the strongest [44], then the amide I band of K-helix
is mainly due to transition moments oriented parallel
to the helix axis. Therefore the tilt angle (a) of the
helix axis compared to the interface normal was esti-
mated from PMIRRAS spectra calculated for di¡er-
ent helix orientations [17]. The plot of ratio IAI/IAII

versus a (Fig. 5, top) shows that for a= 90³ where
the main amide I transition moment is in the inter-
face plane, a strong positive amide I band and a
weak positive amide II one are expected and corre-
spond to IAI/IAII v 6. In contrast, an helix perpendic-
ular to the interface (a= 0³) displays a downward
oriented amide I band and a strong positive amide
II one which leads to IAI/IAII 6 0 (Fig. 5, top). Then,
LiKj(i = 2j) peptides from 12 to 22 residues, with IAI/
IAII v 6, are preferentially oriented with their helix
axis parallel to the interface, i.e. with as 80³.

Similar analyses were performed for L-sheeted
short peptides (n6 12) using a general software pro-
gram [58]. Optical anisotropic index values of the
¢lms were generated taking into account the infra-
red absorptions and dichroism for amide IP (1685
cm31), I (1625 cm31), and II domains measured on
spectra of pure L-sheeted peptides. The L-sheet struc-
ture can be considered a two-dimensional unit cell
with two reference axes corresponding to the average
orientations of the amide IP and amide I transition
moments. The amide IP (1685 cm31) transition
moment is oriented along the peptide chain while

Table 2 (continued )

Peptide Sample conditions Spectral
region

cm31 Relative
area (%)a

Band width
(cm31)a

Band
assignment

mixed peptide/DMPC ¢lm amide I 1659 K-helix
(8 nM 2 = 30 mN/m) Xester

�C�O�DMPC 1730
ia-LK15W14 bulk amide I 1694 10.9 26.6 L-sheet

1676 13.0 21.0 L-turn
1657* 52.2 25.3 K-helix
1632 24.0 30.0 L-sheet

air/water interface amide I 1681 4.7 12.0 L-sheet
(300 nM 2 = 21.6 mN/m) 1659* 75.1 20.8 K-helix

1632 20.2 32.0 L-sheet
mixed peptide/DMPC ¢lm amide I 1657 K-helix
(37 nM 2 = 30 mN/m) Xester

�C�O�DMPC 1730

*Major band.
aData from the ¢ts.
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the amide I (1625 cm31), corresponding to inter-
chain hydrogen bonds, is perpendicular to the for-
mer. In the bulk state, the relative intensity ratio
IAI�1625cm31�=IAI0�1685cm31�V10. Another amide I transi-
tion moment (AIPP) absorbs around 1670 cm31 and is
perpendicular to the L-sheet plane but because of its
very weak intensity �IAI�1625cm31�=IAI0 0�1670cm31�E20�
[44,59], it was not taken into account. The orienta-
tion of a L-sheet initially positioned £at at the inter-
face (amide IP and amide I transition moments in the

plane) is de¢ned by a representing rotations around
the peptide chain axis and i traducing rotations
around the hydrogen bonds. The calculated spectra
for di¡erent orientations (Fig. 5, bottom) make it
possible to discriminate three extreme orientations
of a L-sheet: (i) £at on the interface plane (a= 0³,
i= 0³), this gives a weak positive amide IP (1685
cm31) band and a strong positive amide I (1625
cm31) one, resulting in IAI/IAI0W9 that is close to
what is observed in the bulk state; (ii) perpendicular
to the interface with the peptide chains parallel to the
interface (a= 90³, i= 0³) that gives a positive amide
IP band and a strong negative amide I one; (iii) per-
pendicular to the interface with the direction of the
interchain hydrogen bonds parallel to the interface
plane (a= 90³, i= 90³), this gives a negative amide
IP band and a strong positive amide I one.

The PMIRRAS spectra of the short peptides (Fig.
4, top) display a positive, very sharp and strong band
around 1625 cm31 and a positive one around 1685
cm31 indicating transition moments in the interface
plane. The ratio values IAI�1625cm31�=IAI0�1685cm31�s 7
allow us to conclude that the antiparallel L-sheets are
roughly £at oriented at the interface.

3.1.5. In£uence of 2 on the PMIRRAS spectra at the
air/water interface

Lateral pressure changes may modify the struc-
ture, the orientation and the number of molecules
of the peptides at the interface, therefore PMIRRAS
spectra of DnsLK8, ia-LK15W14 and DnsLK22 were
registered at various steps of the pure peptide ¢lm
compression.

For DnsLK8, whatever the compression state, the
two amide I and IP bands characteristic of a L-sheet
are at the same position with the same relative am-
plitude (Table 3). Similarly for ia-LK15W14 and
DnsLK22, the amide I mode at 1659 þ 1 cm31 does
not depend on 2. Then, the peptide secondary struc-
tures at the interface are pressure independent from
10 mN/m up to collapse. At lower pressure the IR
spectrum of Dns LK8 shows deformation in the
amide I band.

The IAI/IAII and IAI/IAI0 ratios are strongly sensi-
tive to the orientation at the interface. IAI/
IAII = 6.8 þ 1 for ia-LK15W14 and DnsLK22 remain
rather constant and high in the whole pressure do-
main, similarly IAI/IAI0 = 9 þ 2 for DnsLK8 despite

Fig. 5. Calculated PMIRRAS intensities and spectra of amide
AI and AII regions according to their orientation compared to
the air/water interface plane. (Top) Calculated IAI/IAII ratio for
pure K-helices when changing the tilt angle, a, between the heli-
cal axis and the normal to the interface. (Bottom) Set of calcu-
lated spectra in amide I and amide II region for pure L-sheets
when changing their orientation. a is the angle between the nor-
mal to the interface and the main peptide chain direction, 8 is
the angle between the normal to the interface and the hydrogen
bond direction. b : a= 0³, 8= 0³; solid line: a= 45³, 8= 0³;
P : a= 90³, 8= 0³; F : a= 45³, 8= 45³; dotted line: a= 90³,
8= 45³; U : a= 90³, 8= 90³.
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larger £uctuations (Fig. 6, top). Then peptide orien-
tation at the interface is essentially pressure inde-
pendent.

Finally, since the peptide structures are constant,
the number of molecules present in the ¢lm on com-
pression can be monitored through intensity changes.
The intensity of amide I band, IAI, is sensitive both
to the surface concentration (n/S), where S is the ¢lm
surface during the compression and n the number of
molecules in the ¢lm, and to their orientation (f(a)).
Then IAIUS is proportional to nUf(a). Neither the
structure nor the orientation is modi¢ed by compres-
sion, then IAIUS will vary directly as n. The
IAIUS = f(S) variations for ia-LK15W14 and
DnsLK22 (Fig. 6, bottom) show a quasi-plateau
then the peptide ¢lm composition is constant in the
10^30 mN/m domain. A decrease for 2 s 30 mN/m
parallels the collapse of the ¢lm and probably re£ects
a decrease in the number of molecules in the ¢lm.
For DnsLK8, the IAIUS plateau in the 15^30 mN/m
pressure domain also shows a constant number of
molecules in the ¢lm. The increase observed at high
surfaces, i.e. 26 10 mN/m, may be not signi¢cant
because of weaker peptide structuration and/or pres-
ence of other structures.

3.2. Mixed peptide/DMPC ¢lms at the air/water
interface

3.2.1. Isotherm and isobar insertion of peptides
The lipid a¤nity of the LiKj(i = 2j) can be directly

monitored through the area increase of a preformed
lipid monolayer at constant surface pressure [9]. A

Table 3
Evolution of frequencies and intensities in the amide region of PMIRRAS spectra versus lateral pressure 2

2 (mN/m) DnsLK8 ia-LK15W14 DnsLK22

X�AI0�
(cm31)

X�AI�
(cm31)

X�AII�
(cm31)

IAI
a

(a.u.)
IAI/IAI0 X�AI�

(cm31)
X�AII�
(cm31)

IAI
a

(a.u.)
IAI/IAII

a X�AI�
(cm31)

X�AII�
(cm31)

IAI
a

(a.u.)
IAI/IAII

a

6.8 ^ ^ ^ ^ ^ ^ ^ ^ ^ 1656 1535 6.940 6.8
10 1689 1625 1540 6.481 7.3 1660 1533 4.820 7.2 ^ ^ ^ ^
15 1691 1625 1539 7.063 11.4 1659 1534 4.939 6.7 1656 1535 7.952 7.9
20 1689 1625 1538 6.885 7.5 ^ ^ ^ ^ ^ ^ ^ ^
25 1692 1625 1540 7.988 11.2 1659 1542 6.369 6.1 1657 1538 8.291 6.9
30 1693 1625 1542 9.375 7.4 1659 1535 6.822 5.8 1657 1537 8.277 7.5
35 ^ ^ ^ ^ ^ 1659 1535 6.926 6.3 1657 1535 8.294 5.1
40 ^ ^ ^ ^ ^ 1658 1536 7.851 5.4 ^ ^ ^ ^

DnsLK8 100 nM; ia-LK15W14 65 nM; DnsLK22 40 nM; 20 mM Tris, 130 mM NaCl, HCl, pH = 7.5 bu¡er.
aIntegrated area under the main amide I band at XAI or integrated area under the main amide II band at XAII.

Fig. 6. Changes in the IR vibration band intensities upon ¢lm
compression. (Top) Plot of intensity ratios IAI/IAII and IAI/IAI0

versus lateral pressure, 2. (Bottom) I�AI�US = f(S) variations
calculated from the PMIRRAS spectra and ¢lm surface of
pure peptide ¢lms during compression (2c = collapse pressure).
a : DnsLK8 (100 nM), E : ia-LK15W14 (65 nM), R : DnsLK22

(40 nM). Subphase: 20 mM Tris, 130 mM NaCl, HCl,
pH = 7.5, T = 25³C.
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DMPC monolayer was ¢rst compressed up to 2 =
30 mN/m, a lateral pressure mimicking lipid bilayers
or biological membranes [60,61]. After peptide injec-
tion into the subphase, the surface increases were
monitored when a constant area was reached at
tW15 min. The changes of the relative area of the
mixed peptide-lipid ¢lms (vS/S0) versus total peptide
concentration (c) (Fig. 7, top) show that, in the con-
centration range of 1038^1036 M, all the peptides out
of the shorter 5-mer increase the surface, then they
insert into the DMPC monolayer. The experimental
data are well ¢tted by linear plots, the slopes, P30

p ,
are then proportional to the number of peptide mol-
ecules incorporated in the ¢lm, i.e. related to their
partition coe¤cient (K30

aff ) between the DMPC mono-
layer and the aqueous phase (Table 4). For

DnsLK5NH2, P30
p = 0 shows the peptide is unable

to insert into the densely packed monolayer up to
the maximal concentration assayed. When length in-
creases from 8 to 12 residues, P30

p increases by a
factor of 10. P30

p reaches the maximum value for
the 12 residue long peptide then it decreases signi¢-
cantly when length increases from 12 to 22 residues
(Table 4). Then the peptide's ability to insert into the
lipid monolayer compressed at 2 = 30 mN/m does
not follow a monotonous evolution versus peptide
length.

Insertion at lower pressure, 8 mN/m, shows that
vS/S0 = f(c) plots (Fig. 7, bottom) are again properly
¢tted by straight lines with quite large slope values,
P8

p, and whatever the peptide P8
pEP30

p (Table 4).
Then, DnsLK5NH2 inserts e¤ciently into the loosely
packed DMPC monolayer. When the peptide length
increases, P8

p evolves as already observed at 30 mN/m
and the shorter the peptides, the stronger the sensi-
tivity of P2

p to the initial pressure of DMPC mono-
layer (Table 4).

3.2.2. PMIRRAS of mixed peptide/DMPC ¢lms
First the characteristic absorption bands of

DMPC are observed on all the PMIRRAS spectra
(Fig. 7, Table 2): Xester

C�O around 1730 cm31, NCH2

around 1470 cm31 and Xantisym
P�O around 1255 cm31.

The bands are more intense and better de¢ned at
30 mN/m compared to 8 mN/m because of the better
organization of molecules at interface. The peptide
insertion into the monolayer always induces a de-

Fig. 7. Relative surface increase on insertion at constant pres-
sure into preformed DMPC monolayers of the LiKj(i = 2j)
peptides on increasing their bulk concentration in the sub-
phase: (top) at 2= 30 mN/m, (bottom) at 2= 8 mN/m.
b : DnsLK5NH2, a : DnsLK8, F : DnsLK12, E : DnsLK15,
O : DnsLK19, R : DnsLK22. Subphase: 20 mM Tris, 130 mM
NaCl, HCl, pH = 7.5, T = 25³C.

Table 4
Slopes, P2

p , of the surface increase of the monolayer versus pep-
tide concentration in the subphase, vS/S0 = f(c), measured for a
DMPC monolayer at di¡erent lateral pressures, and peptide
molecular area, Smol, from geometrical approximations and the
PMIRRAS structure and orientation

Peptide P30
p (WM31)a P8

p (WM31)b Smol (Aî 2)

DnsLK5NH2 0 520 þ 20 160
DnsLK8 209 þ 5 2081 þ 20 210
DnsLK9NH2 1000 þ 10 n.d. 222
DnsLK12 2117 þ 42 3055 þ 25 300
DnsLK15 1225 þ 30 2670 þ 100 350
DnsLK19 464 þ 30 n.d. 422
DnsLK22 534 þ 30 n.d. 480

n.d. = not determined.
a2= 30 mN/m.
b2= 8 mN/m.
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crease in the intensities of the characteristic Xester
C�O and

Xantisym
P�O bands.
Since peptides signi¢cantly contribute to the ¢lm

surface, their in situ secondary structure when in-
serted into the DMPC monolayers can be de¢ned.
These spectra are rather similar to those of pure
peptide ¢lms. For the short DnsLK5NH2 and
DnsLK8 (Fig. 8, top and middle, Table 2), the amide
I mode is again split into a weak positive band (AIP)

at V1690 cm31 and a sharp positive and intense one
at 1627 þ 4 cm31 (AI) characteristic of antiparallel
L-sheets. The value IAI/IAI0 s 7 leads to the conclu-
sion of a £at orientation of the peptides at the inter-
face. For the longer peptides (nv12, Fig. 8, bottom,
Table 2), the amide I absorption around 1660 þ
2 cm31 characterizes an K-helix structure. The weak
amide II mode around 1535 þ 5 cm31 in the case of
DnsLK12 and DnsLK22 and its lack for DnsLK15

again prove a £at orientation at the interface.

3.2.3. Insertion and PMIRRAS of peptides in
deuterated DMPC monolayer

Experiments were performed using d54-DMPC to
more carefully investigate the lipid chain behavior
during peptide insertion since CD2 stretching vibra-
tions of fatty acid chains are sensitive to chain order
[62]. They are detected at Xas

CD2W2195 cm31 and
Xs

CD2W2095 cm31 on the PMIRRAS spectra of
pure lipid ¢lms. At 30 mN/m, DnsLK9NH2 and
DnsLK15 insert into the d54-DMPC monolayer very
similarly compared to DMPC monolayer
(P30

p = 850 þ 50 WM31 and P30
p = 1300 þ 100 WM31

for DnsLK9NH2 and DnsLK15 respectively) and
their secondary structures and orientations are those
observed in DMPC ¢lms (spectra not shown).

No signi¢cant wavelength shift is observed for the
characteristic d54-DMPC vibration bands but the in-
tensities of all bands decrease because of peptide in-
sertion (Table 5). Whatever the band considered,
3vI/I09vS/S0 means that surface dilution of the lip-
ids is not su¤cient to account for the vI/I0 varia-
tions, then mixed peptide/d54-DMPC ¢lms are prob-
ably heterogeneous, with large domains at the
interface and/or change in lipid orientation. For
DnsLK15, vI/I0 is comparable whatever the DMPC
band then all DMPC groups are similarly a¡ected by
the peptide insertion. Furthermore, at the lower pep-
tide content in the ¢lms, the intensity decreases are
comparable to surface dilution (Table 5). Then
DnsLK15 insertion does not induce more isotropic
orientation of speci¢c DMPC groups, the DMPC
molecules remain well organized in the ¢lm. Con-
versely, for the DnsLK9NH2, especially at high pep-
tide concentration, vI/I0 signi¢cantly varies accord-
ing to the band considered. Indeed, vI/I0 for Xester

C�O,
Xas

CD2 and Xs
CD2 are quite comparable (Table 5), while

vI/I0 for Xas
PO3

4
is much stronger, meaning that the

Fig. 8. In situ PMIRRAS spectra of LiKj(i = 2j) peptides in-
serted into a DMPC monolayer. (Top) Dotted line: pure
DMPC (2= 8 mN/m), solid line: mixed DnsLK5NH2 (100 nM)/
DMPC (2= 8 mN/m). (Center) Dotted line: pure DmPC
(2= 30 mN/m), solid line: mixed DnsLK8 (100 nM)/DMPC
(2= 30 mN/m), dashed line: mixed DnsLK22 (8 nM)/DMPC
(2= 30 mN/m). (Bottom) Solid line: mixed DnsLK12 (8 nM)/
DMPC (2= 30 mN/m), dashed line: mixed DnsLK15 (30 nM)/
DMPC (2= 30 mN/m). Subphase: 20 mM Tris, 130 mM NaCl,
HCl, pH = 7.5, T = 25³C.
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DnsLK9NH2 insertion causes a more isotropic ori-
entation of the DMPC head groups without deeper
perturbation.

4. Discussion

4.1. Surface activity of the peptides

All the DnsLiKj(i = 2j) peptides form stable and
dense ¢lms at the air/water interface, signi¢cantly
reducing the surface tension of water. The surface
activity increases concurrently with length up to 12
residues then reaches a plateau for the longer pepti-
des folded into K-helices at the interface. In the liter-
ature, only few LiKi peptides have already been
studied [63]. Seven residue long Fmoc-LKKLLKL
peptide ¢lms collapse at 3 mN/m, which is signi¢-
cantly weaker than what is obtained here for the
DnsLiKj(i = 2j) 5- or 8-mer. However, the surface
activity of long DnsLiKj(i = 2j) peptides (ns 12) is
rather similar to that observed for an K-helical 14
residue long (LKKLLKL)2 peptide with a 1:1 L:K
ratio [63]. Then the surface activity of such struc-
tured peptides depends neither on the length nor
on the apolar to polar ratio.

The strong surface activity of the DnsLiKj(i = 2j)
peptides allows their insertion into preformed
DMPC monolayers at the air/water interface. The
comparison of the slopes P2

p (Table 4) at 8 and
30 mN/m (Fig. 7) shows the same non-monotonous
evolution versus peptide length as observed for ten-
sioactivity. Furthermore, the insertion ability of pep-
tide always decreases when the initial pressure in-
creases (Table 4). An extrapolated critical pressure
(2c) beyond which there is no more peptide penetra-
tion into DMPC monolayer leads to 2c 6 30 mN/m

for DnsLK5NH2, 2cW30/35 mN/m for the 8-mer,
and 2c s 35 mN/m for the longer 12- and 15-mers
(Table 2). For melittin and N-toxin, 2cW38 mN/m
with saturated lecithin monolayer [11,64] while for
defensin, 2cW32 mN/m [8]. Then even the shorter
peptides of the DnsLiKj(i = 2j) series penetrate con-
densed phospholipid monolayers and the longer ones
(nv 12) behave towards zwitterionic lipids quite sim-
ilarly to the most active natural cytotoxins. Further-
more, whatever the peptide, 2collI2c illustrates
that peptides display a higher a¤nity for the lipid
interface than for free air/water one. Then an opti-
mal lateral pressure of the DMPC ¢lm for peptide
insertion must exist.

4.2. Peptide structure in situ at the interfaces

PMIRRAS makes it possible to obtain in situ sec-
ondary structure and orientation of DnsLiKj(i = 2j)
pure peptide and mixed peptide/DMPC ¢lms at the
air/water interface, then peptides fold di¡erently
according to their length whatever the lateral pres-
sure.

Long peptides (v12 residues) fold into K-helices at
interfaces, in agreement with previous ¢ndings of a
critical length of about 12 residues for K-helix stabil-
ity in bu¡er solution [65]. In contrast, shorter pep-
tides, which are unfolded in solution [66], fold into
antiparallel intermolecular L-sheets though the 3.6
periodicity of K in their sequence is adequate for a
helical structure but because they are too short to
stabilize intramolecular hydrogen bonds. This di¡ers
from the studies of (LK) peptides with a ratio
L/K = 1 where the periodicity in the sequence im-
poses the folding into K-helix or L-sheet respectively
[63]. Our conclusion agrees better with data in low
dielectric solvents where the minimal chain lengths

Table 5
Changes induced by DnsLK9NH2 and DnsLK15 insertion into a deuterated DMPC monolayer

Peptide c (nM) vS/S0 (%) 3vI/I0 (%)

Xester
C�O XPO3

4
Xas

CD2
Xs

CD2

DnsLK9NH2 55 43.9 31.4 46.6 39.5 41.5
70 58.5 14.6 29.7 14.5 14.0

DnsLK15 30 43.0 40.4 40.8 40.3 46.8
45 68.8 44.0 44.0 40.3 39.2

Film surface changes (vS/S0) and PMIRRAS intensity variations (3vI/I0) of the main DMPC bands were determined for various pep-
tide bulk concentrations.
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for K-helix and L-sheet formation are settled at 13
and 4 respectively for amino acid homopolymers
[67]. For alternated (SL)n or (SVKV)n peptides, the
critical length for the formation of L-structures is
about 8 residues [68,69].

If L-sheets of the 7 residues long (LK)3L peptide
[63] are ideally amphipathic with all the positive
charges segregated on one side of the structure, in
DnsLK5NH2 and DnsLK9NH2, apolar residues are
present on both faces. Then the hydrophobic mo-
ments of the L-structure [70], WL

H, are weaker than
those of ideal (LK)n L-sheets, but remain consider-
ably higher than those calculated for K-helices (2.73
versus 2.41 for the 5-mer and 4.36 versus 3.44 for the
9-mer respectively). For DnsLK8, the non-ideal sec-
ondary amphiphilic feature is well depicted by the
low value WL

HW1.63. Then, for short DnsLiKj(i = 2j)
peptides (6 10 residues) surface activity and secon-
dary structure are exclusively controlled by peptide
length; contrary to what was previously mentioned
in the literature [63,69], neither the hydrophobic pe-
riodicity in the amino acid sequence nor the intrinsic
ability to form L-structures at the air/water interface
are determinant for the formation of stable L-sheets.
Furthermore the presence of K-helices is not an es-
sential criterion for the surface activity of proteins
[71].

4.3. Peptide orientation in situ at the interfaces

PMIRRAS spectra of the peptides both at the air/
water interface and inserted into a DMPC monolayer
allowed us to conclude to a £at orientation whatever
the lateral pressure, the length and the secondary
structure of the peptides.

Nevertheless, L-sheets of short 8- and 9-mers are
V30 Aî long in the direction of the peptide chain,
which would be su¤cient to span a bilayer. But the
unfavorable hydrophilic/hydrophobic interactions in
the bilayer core would be di¤cult to compensate
even by self-association. Therefore the interfacial
£at orientation for the L-sheets, con¢rmed by MD
calculations (data not shown), is the most favorable
to optimize these interactions.

The longer peptides (v15 residues) in K-helices are
long enough to be transmembranous and then the
monolayer model, which reproduces neither the
thickness nor the curvature of the bilayer, would

not be adequate. But again both PMIRRAS data
and MD calculations (data not shown) for a LK15

lead to conclude to an K-helix axis parallel to the
interface whatever the conditions, as already ob-
served on LK22 [17] and in agreement with solid state
NMR on oriented bilayers using 15N labelled LK
peptides with a 1/1 L/K ratio [72].

Peptide molecular surfaces at the interface, Smol,
can be approximated: an antiparallel L-sheet parallel
to the interface plane occupies a surface of nU
3.4 Aî U4.7 Aî = 16Un Aî 2, whereas a similarly ori-
ented K-helix occupies nU1.5 Aî U12 Aî = 18Un Aî 2,
where n is the number of residues [73^76], a surface
of 80 Aî 2 was added to account for the Dns group
(Table 4).

4.4. Lipid perturbations and physical state of the ¢lms

From vS measurements and Smol estimated here
above, the lipid to peptide ratio in the ¢lms at the
interface (Rs) is estimated making the assumptions
that molecular areas are simply additive and the lipid
and peptide molecular areas are not signi¢cantly
changed by the presence of the other partner within
mixed ¢lms. Rs = Npept/Nlipid, where Npept = number
of peptide molecules at the interface =vS/Smol and
Nlipid = number of DMPC molecules at the inter-
face = S0/A2

L , S0 = initial surface of spread DMPC;
A2

L = molecular area of DMPC at a de¢ned 2 (at
30 mN/m, A30

L = 60 Aî 2 [40]). Then Rs = 19, 36, 84
and 120 for the 8-, 12-, 15-, and 22-mer respectively
for the PMIRRAS spectra obtained with d54-DMPC
(Fig. 8). The intensity decrease of Xester

C�O (around 1730
cm31) and Xantisym

P�O (around 1255 cm31) is correlated
neither to the vS/S0 interface increase nor to the Rs

ratio variations. For the short peptides (8, 12 resi-
dues), whose ¢lms are rich in peptide compared to
the longer ones (15, 22 residues), greater perturba-
tions of the characteristic phospholipid bands could
be expected, but the reverse is observed. Two com-
plementary hypotheses can then be formulated. First,
peptide interaction with and insertion into the
DMPC monolayer introduce some disorder at the
phospholipid interface. Then C = O and P = O vibra-
tion moments can adopt a more isotropic orientation
that di¡ers according to the peptide structure and Rs.
This will lead to a decrease of the band intensity
since PMIRRAS is mainly sensitive to anisotropic
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orientation. However, even in the case of a total
isotropic orientation, the intensity will at worst be
divided by two while, for DnsLK15 and DnsLK22,
the bands almost vanish. Second, the formation of
inhomogeneous mixed ¢lms with a partial segrega-
tion into peptide-rich domains and lipid ones could
explain the rather arbitrary variations of the charac-
teristic phospholipid bands. Experiments performed
on deuterated DMPC monolayer accredit the prob-
ably existence of large domains in the case of
L-sheeted and K-helical peptides. Furthermore,
when the compression cycles of the mixed ¢lms are
completed (from 30 down to 20 then to 30 mN/m),
some phospholipid characteristic bands reappear.
This can result from a homogenization of the ¢lms
(results not shown).

Insertion into d54-DMPC monolayers and MD
calculations (data not shown) show that the pertur-
bations on the lipids are di¡erent according to the
peptide secondary structures. L-Sheeted peptides do
not penetrate deeply into the monolayer, inducing a
more isotropic orientation only of the PO3

4 lipid
groups. Conversely, the longer K-helical peptides
strongly perturb the C = O ester group but without
severe disorder of the lipid chains. All happens as if
the peptides push some lipid molecules, probably
leading to weak changes in the molecular area per
lipid in the presence of peptides in the ¢lms.

4.5. Peptide a¤nities for the interfaces

The partition constants, KA=W
p , of the peptides be-

tween the bulk phase and the air/water interface fol-
low an unexpected behavior in the DnsLiKj(i = 2j)
series (Fig. 9): KA=W

p increases with length up to a
maximum for the 9-mer then it slightly decreases to
reach a plateau value for Ls 15. This biphasic evo-
lution, di¡erent from the expected monotonous in-
crease of the a¤nity versus peptide length, can be
explained both by the self-association process that
occurs when length increases [15,38] and by the
changes in the secondary structure and then the lo-
cation of the peptides at the interface documented
herein. For shorter peptides (L9 12), which are
mainly monomers in the bulk phase [38], the a¤nity
increases with peptide hydrophobicity. Longer pep-
tides (Lv 15) oligomerize in the subphase [38], then
the self-association equilibrium competes with the

partition at air/water interface and decreases the `ap-
parent' peptide a¤nity for the interface.

Neither at 8 nor at 30 mN/m, the K2
aff values, i.e.

lipid a¤nities, evolve monotonously with the peptide
hydrophobicity (Fig. 9, top): K30

aff increases concur-
rently with peptide length from 8 to 12 residues (by
a factor of 17) then decreases 3.5-fold and 4-fold
from 12 to 15 then to 19 and reaches a plateau for
the longer peptides (v19). This evolution can be
related to the self-association tendency in solution
as documented from £uorescence polarization [38].

Fig. 9. (Top) Partition constants for the LiKj(i = 2j) peptides
between aqueous phase and DMPC monolayer at di¡erent pres-
sures. b : 2= 30 mN/m; a : 2= 8 mN/m. (Bottom) Experimen-
tal and calculated Gibbs free energy of peptide transfer (vG2

ins,
vGphobe

ins ) from the aqueous phase to the DMPC monolayer for
the LiKj(i = 2j) peptides. Experimental data (vG2

ins) : b : 2=
30 mN/m; a : 2= 8 mN/m. Calculated data (vGphobe

ins ) : S : with
the Eisenberg hydrophobicity scale (1) [70]; vGL =31.06 kcal/
mole, vGDns =30.81 kcal/mole; R : with the Bull and Breese
hydrophobicity scale (2) [77]. vGL =31.65 kcal/mole, vGDns =
31.20 kcal/mole.
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At 8 mN/m, K8
aff values are higher but vary similarly,

the maximum shifts down to shorter peptides. The
shorter 5-mer does not insert into the compressed
DMPC monolayer while it does at 8 mN/m.
K8

affW60 K30
aff for the 8- and 12-mer, and K8

affW30
K30

aff for the 15-mer. This quantitatively documents
that peptide incorporation strongly depends on the
selected lateral pressure of the lipid.

Gibbs free energies of peptide transfer from the
aqueous phase to the phospholipid monolayer,
vG2

ins =3RTln(55.5 K2
aff ), are compared to those ex-

pected for the free energy of transfer for each peptide
from the aqueous solution into an apolar medium.
vGphobe

ins was calculated as vGphobe
ins =g(vGL;Dns), as-

suming that the main driving force for the interac-
tion with a zwitterionic DMPC monolayer is the hy-
drophobic e¡ect, roughly summing the free energies
of transfer of each residue and ignoring the charge
e¡ects. Using vGWWvGDns and the values of the
consensus Eisenberg hydrophobicity scale [70] leads
to vGphobe

ins (Fig. 9, bottom). Using a more relevant
hydrophobicity scale for free energies of transfer
from water to the air interface [77] yields signi¢cantly
larger values. The experimental and calculated vG
values are in the same range but vary di¡erently
(Fig. 9, bottom). Whatever the scale used, the calcu-
lated peptide a¤nity for the interface increases mo-
notonously with length. Experimentally, for short
peptides, 3vG2

ins is higher than calculated vGphobe
ins ,

indicating that lipid a¤nity can be driven by a
more complex mechanism than the solely hydropho-
bic force. For 12- and 15-mers, 3vG2

ins is quite com-
parable to what is expected by the theory, and for
the longer peptides, 3vG2

ins always remains weaker.
Then, in the case of zwitterionic lipids, the hydro-
phobic e¡ect is mainly responsible for the a¤nity
and when Lv12, the positive divergence of 3vG2

ins
from the theory is attributable to the documented
self-association in bu¡er solution [38]. The unfavor-
able contribution of the oligomerization process,
vGass, was roughly estimated. It increases with pep-
tide length: 6.4, 12.2 and 15.5 kcal/mol for the 15-,
19- and 22-mers respectively. These values are weak-
er compared to the 320 kcal/mol obtained for the
tetramerization of two amphiphilic 16 residues long
peptides designed to mimic 4-helix structure [78] or
to the 332 kcal/mol measured for the salt-induced
tetramerization in a solution of (LK2L2KL)2 [63].

Finally, the comparison of the a¤nities estimated
herein for monolayers to those determined for EPC
vesicles by £uorescence [38] shows the same non-
monotonous variations versus peptide length, with
an optimum for the 15 residues long peptide. Then
parameters obtained from monolayers at the air/
water interface are relevant for peptide membrane
interactions. The di¡erence in the absolute values
comes ¢rst from the fact that the real equivalent
pressure in the SUVs used is probably higher than
the 30 mN/m used in the monolayer study.

Fig. 10. (Top) Comparison of the variations of the peptide af-
¢nities for a DMPC monolayer (K30

aff ), for EPC bilayers (Kp)
and the lytic activity towards erythrocytes (1/LD50) versus pep-
tide length for the LiKj(i = 2j) peptides. b : K30

aff ; F : 1/LD50 ;
E : Kp. (Bottom) Correlation between the physical properties of
the peptides determined in the monolayer experiments and the
LD50 concentration for erythrocytes hemolysis, W is the calcu-
lated hydrophobic moment according to the structure deter-
mined at the interface, Smol is the area occupied at the interface
from Table 4.
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4.6. Parallels with biological lytic activity

The DnsLiKj(i = 2j) peptides studied here display a
high lytic activity towards erythrocytes and lipo-
somes [17,38]. Though the important role of the hel-
icity was often correlated with hemolytic activity,
these results support the conclusion that the presence
of K-helices is not mandatory for lytic activity, this
agrees with the dye leakage from acidic liposomes
induced by amphipathic L-sheeted Ac(SVKV)n-
NHCH3 (n = 1^3) or Ac(KV)nNHCH2 (n = 2^4) pep-
tides [69].

The monolayer study also leads to a reconsidera-
tion of the common and well established lysis mech-
anism model of K-helix bundles with transmembra-
nous orientation generating channels or holes of
variable size in membrane. Neither the L-sheet of
the 5-mer, nor the K-helix of the 12-mer is long
enough (V18 Aî ) to span a bilayer (V30 Aî ), even
though both are signi¢cantly lytic [38]. Furthermore,
independent assays using £uorescence show that the
energy transfer between W and Dns of ia-LK15W14

and DnsLK15 could not document the existence of
helix bundles in SUV bilayers [38]. Independent cal-
culations also proved that the hydrophobic part of
the amphiphilic K-helix can penetrate the outer leaf-
let down to the C5 position without giving rise to any
helix bundle [75] and that a helix running parallel to
the bilayer plane can be comfortably accommodated
within the interface [75]. Then lysis induced by
DnsLiKj(i = 2j) could primarily be due to peptides
lying £at on the outer lea£et of membrane without
any secondary structure requirement. This ¢ts with
`carpet' [21] or `raft' [20] models documented for
natural lytic peptides like melittin [17] or magainins
[23,24]. The immediate signi¢cant and asymmetric
surface increase leads to huge mechanical constraints
and the local defects in lipid organization will then
result in transient failure of the membrane perme-
ability barrier.

The a¤nities determined either on DMPC mono-
layer (K30

aff ) or on EPC SUV bilayer (Kp) and the
lethal dose for 50% hemolysis [38] evolve rather sim-
ilarly versus peptide length (Fig. 10, top); the lipid
a¤nities and the lytic activity increase with peptide
lengths up to 12^15 residues then reach a plateau or
slightly decrease. However, even if lipid a¤nity is a
key parameter which ¢rst governs the interaction

with biological membrane, there is no quantitative
correlation with lytic activity (not shown). Then oth-
er parameters have to be considered to explain the
evolution of biological activity versus peptide length.
Lytic activity correlates quite well with the product
WUSmol (Fig. 10, bottom) where W is the hydropho-
bic moment calculated with the peptide structure de-
termined by PMIRRAS. Then W, which takes into
account the in£uence of the hydrophobicity, the top-
ology and the real structure when bound, conforma-
tion and the orientation at the interfaces, of the
LiKj(i = 2j) peptides is more adequate to yield for
the evolution of the lytic activity than the lipid a¤n-
ity alone. This also shows that the lytic activity can
be reasonably well anticipated over a three log scale
by intrinsic parameters of peptides. The lipid a¤nity
and the number of bound molecules which are of
course essential to obtain a signi¢cant activity are
not the sole limiting modulators of lytic activity.
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