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Abstract

Designed to model ideally amphipathic L-sheets, the minimalist linear (KL)mK peptides (m = 4^7) were synthesized and
proved to form stable films at the air/water interface, they insert into compressed dimyristoylphosphatidylcholine
monolayers and interact with egg phosphatidylcholine vesicles. Whatever the interface or the lateral pressure applied to the
films, FT-IR and polarization-modulated IRRAS spectroscopy developed in situ on the films indicated that all the peptides
totally fold into intermolecular antiparallel L-sheets. Calculated spectra of the amide region allowed us to define the
orientation of the L-strands compared to the interface. It is concluded that such L-sheets remain flat-oriented without deep
perturbation of zwitterionic phospholipids. Dansyl labelling at the N-terminus indicates that all the peptides are monomeric
at a low concentration in aqueous buffer and bind to lipids with similar Dns burying. The affinities for zwitterionic lecithin
mono- and bilayers, quantitatively estimated from buffer to lipid partition constants, monotonically increased with peptide
length, indicating that hydrophobicity is a limiting parameter for lipid and membrane affinities. Peptides induced
permeability increases on zwitterionic liposomes, they are strongly hemolytic towards human erythrocytes and their activity
increases concurrently with length. Taking into account the lipid affinity, a hemolytic efficiency can be defined: at the same
amount of peptide bound, this efficiency strongly increases with the peptide length. It is proposed that the first determinant
step of membrane disturbance is the invasion of the outer membrane leaflet by these ideally amphipathic L-sheeted structures
lying flat at the interface, like large rafts depending on the number of L-strands. ß 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Short cytotoxic peptides isolated from the defense
systems of diverse species commonly play both o¡en-

sive and defensive roles against external aggressions.
Some are speci¢cally antimicrobial while others are
cytotoxic against all types of cells, most act by en-
hancing the permeability of the biological membrane
by a direct disturbance of the lipid matrix [1^4].
These peptides generally display a positive net charge
and a high amphipathic character, most of them
adopting amphipathic secondary structures, often
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K-helical, in a lipid environment [1^3,5]. The en-
hancement of these parameters increases their bind-
ing ability and hence their membrane activity [6^10].

If amphipathic K-helical peptides gave rise to a
huge literature [11], amphipathic L-sheeted ones
have been less intensively studied [2]. They mainly
display antimicrobial activities. Unlike many K-heli-
cal amphipathic peptides, only a few natural L-
sheeted compounds are hemolytic [12,13], like car-
diotoxins from snake venoms (W60 residues)
[14,15] and the 10 residues cyclic gramicidin S [12].

Their L-sheeted structure is generally stabilized in-
tramolecularly either by cyclization or by disul¢de
bridges. For instance, defensins from vertebrates
[13,16^18], plants [18] or insects [3,19,20] are small
proteins (6 60 residues) containing a high amount of
L-sheets stabilized by S^S bridges. That is also the
case for the short tachiplesins and protegrins (16^18
residues) isolated from blood cells of horseshoe and
pig crabs [18,21^23], the cationic dodecapeptide bac-
tenecin from bovine neutrophils [24] and the 25 res-
idue long bovine amphipathic lactoferricin B [25].

Only a few biophysical studies have been per-
formed to de¢ne the mechanism of action of these
natural L-sheeted peptides [13,14,21,23,26^28]. Some
attempts were done to synthesize rationalized amphi-
pathic [29^32] or totally apolar [33] L-structures but
few studies were devoted to structure^function rela-
tionships in order to settle the peculiarities of the L-
sheet motif when involved in toxins which induce a
membrane permeability increase. A L-sheeted struc-
ture was established in the presence of lipids for
some amphipathic oligopeptides such as (VEV-
Orn)3V [31,34], (LS)n and (VT)n [31,35]. Model
(SVKV)n, n = 1^3, and (KV)n, n = 2^4, peptides adopt
L-structures in acidic phospholipid bilayers and also
induce leakage from vesicles, but they are not anti-
microbial [31]. A linear analog of cyclic tachiplesin I
is less potent both in antibacterial activity and in
lipid bilayer permeabilizing ability [21,23]. Synthetic
analogs of gramicidin S, with various ring sizes, per-
meabilize acidic liposomes and are antimicrobial [12]
while other cyclic gramicidin S analogs from 10 to 14
residues exhibit a L-sheet structure and are highly
hemolytic [28].

Conformational studies in aqueous solution at the
air/water interface and in C18-membrane mimetic en-
vironment have been reported for only two LK pep-

tides, namely Fmoc(LK)3L and (KL)9 peptides
[36,37]. Very recently, we showed that short linear
LiKj (i = 2j) peptides (9 nine residues) are L-sheeted
and hemolytic without being ideally amphipathic
[6,7,38].

In the present paper, we report a homologous se-
ries of synthetic linear (KL)mK peptides from 9 to 15
residues. These short basic peptides have a strict 2-
fold periodicity in the sequence to generate ideally
amphipathic L-strands, with a perfect segregation
of the charged K residues on the same side of the
putative intermolecular L-sheets. After an evaluation
of their hemolytic activity, the evolution of their
physico-chemical properties was systematically inves-
tigated using dansyl labelling. The conformation and
orientation of peptides in situ at the interfaces, either
air/water or inserted into a lipid monolayer on Lang-
muir troughs, were determined using the polariza-
tion-modulated IRRAS (PMIRRAS) technique [38^
42]. The a¤nities for lipid mono- and bilayers were
estimated to quantitatively correlate physical proper-
ties and biological activity of the peptides.

2. Materials and methods

2.1. Materials

Peptides were synthesized on solid phase using the
base labile Fmoc-protecting group [43] by Fournier
Pharma (Heidelberg, Germany) and puri¢ed by high
performance liquid chromatography (HPLC) on a
CN column eluted with a CH3CN gradient. All
were of v97% purity and their masses corresponded
to the calculated ones. They were stored as dry pow-
ders at 320³C and dissolved in MeOH before use to
give stock solutions of about 0.3 mM. All the pep-
tides were amidated at the C-terminus and labelled at
the N-terminus by a £uorescent dansyl group. Pep-
tide concentrations were then estimated from absor-
bance measurements on a Pye Unicam Philips 8800
spectrophotometer with ODns

340nm = 4640 M31 cm31 [44].
Egg phosphatidylcholine (EPC), prepared and pu-

ri¢ed from egg yolks as usually [6], was used as mix-
tures of EPC-cholesterol (EPC-Chol) (5%). Dimyris-
toylphosphatidylcholine (DMPC) from Avanti Polar
Lipids (Birmingham, AL, USA) was solubilized in
chloroform at about 5 mM.
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The organic solvents, MeOH and CHCl3 from
Prolabo, Tris and calcein from Sigma and CoCl2
and Triton X-100 from Aldrich-Chemie were the
purest available.

2.2. HPLC analysis

The retention times (RT) of the peptides were
measured by reversed phase (RP)-HPLC on a C18

reverse phase Purospher RP-18 end-capped semi-
preparative column (125U4 nm, 5 Wm particle size),
in conjunction with a Waters millennium HPLC sys-
tem as previously described [6].

2.3. Hemolytic assay

Fresh human blood from a healthy O� donor was
collected on citrate and centrifugated at 980Ug for
3 min. The erythrocyte pellet was washed three times
in saline bu¡er (20 mM Tris, 130 mM NaCl, pH 7.4)
and resuspended in bu¡er to obtain 107 cells/ml,
which corresponded to an absorbance OD = 2.0 of
Hb (O414 = 4.2U105 M31 cm31). Experiments were
performed as already described [6].

2.4. Lipid vesicle preparations

Small unilamellar vesicles (SUVs) were prepared
from a lyophilized lipid mixture (EPC-Chol 20/1 mo-
lar ratio) hydrated by bu¡er (Tris 20 mM, pH = 7.4)
at about 5^10 mM. After vortexing at 25³C, the dis-
persions were tip-sonicated under N2 at a constant
temperature (V10³C) for 10 min using a Vibracell
72405 apparatus. This gave SUVs as already checked
by light scattering and gel ¢ltration [45].

Large unilamellar vesicles (LUVs) composed of
phosphatidylcholine and cholesterol, PC-Chol 20/1
molar ratio, were formed by extrusion in the
presence of calcein as used previously [6]. The pro-
gressive leakage of the dye was followed through the
decrease in the £uorescence intensity at 505 nm
under stirring at 25³C after dropwise addition of
de¢ned amounts of peptides. That decreased inten-
sity resulted from the total quenching of the released
calcein by external Co2�, [Co2�] = 0.25 mM, [46]. The
total release of calcein was assessed by Triton X-100
addition at the end of the process induced by the
peptide.

2.5. Fluorescence spectroscopy

Emission spectra of peptides were obtained on a
Fluoromax spectro£uorimeter from Spex. Spectra of
bu¡er as well as bu¡er with lipids were subtracted
from sample spectra to eliminate Raman and light
scattering contributions. The degree of £uorescence
polarization, P, was obtained on a SLM 8000 spec-
tro£uorometer modi¢ed to automatically record Iv,
Ih alternately. The polarization values were averaged
over seven acquisitions of Iv and Ih measured for 40 s.
The temperature was maintained at 25 or 20³C by
Peltier devices and the solutions were stirred with a
magnetic device [6].

2.6. 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 were made of te£on.
The surface pressure (2) was measured by the Wil-
helmy method using a ¢lter paper plate. Troughs
were ¢lled with an aqueous bu¡er (20 mM Tris,
130 mM NaCl, HCl, pH = 7.5) using ultra pure water
(Milli-Q, Millipore). The experiments were carried
out at 25 þ 2³C. A few Wl of MeOH peptide stock
solutions was always injected into the subphase to
de¢ne the total peptide concentrations.

To obtain mixed peptide/DMPC ¢lms, pure
DMPC was spread at the air/water interface from
chloroform solutions using a Hamilton microsyringe
until low lateral pressures (W2^3 mN/m) were
reached. At pressure equilibrium, i.e. after W15
min, the phospholipid ¢lm was slowly compressed
(5 cm2/min) up to 30 mN/m. In a second step, a
few Wl of concentrated peptide solutions was injected
into the subphase and the surface increases (vS) was
recorded for each peptide concentration after 30^40
min.

2.7. FT-IR spectroscopy measurements

Absorbance spectra of pure peptides as bulk sam-
ples were obtained by conventional transmission
spectroscopy after a methanolic solution was evapo-
rated on a ZnSe window.
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Interface study of peptides and mixed peptide/
DMPC monolayers was done in situ by PMIRRAS
[39,40]. The spectra were recorded on a Nicolet 740
spectrometer equipped with a HgCdTe detector
cooled at 77 K. Generally, 200 or 300 scans were
pooled at a resolution of 4 or 8 cm31 for pure pep-
tide or mixed peptide/DMPC monolayers, respec-
tively. Brie£y, PMIRRAS combines FT-IR re£ection
spectroscopy with fast polarization modulation of
the incident beam between parallel (p) and perpen-
dicular (s) polarization. Two-channel processing of
the detected signal allows us to obtain the di¡erential
re£ectivity spectrum:

vR=R � ��Rp3Rs�=�Rp � Rs��J2

To remove the contribution of liquid water ab-
sorption and the dependence on Bessel functions
J2, the monolayer spectra are divided by that of
the subphase. With an incidence angle of 75³, tran-
sition moments preferentially oriented in the plane of
the interface give intense and upward oriented bands,
while perpendicular ones give downward oriented
bands.

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

2.8. Calculations of the peptide hydrodynamic volume
by the Perrin equation

The degree of polarization, P, of a £uorescent
group is related to the dynamics of the molecule,
according to the Perrin equation [47]:

1
P
3

1
P0

� �
� 1

P0
3

1
3

� �
1� RTd

RVh

� �
where T = absolute temperature, R= viscosity of
the medium, d= £uorescence lifetime, Vh = hydro-
dynamic volume of the £uorophore and P0 = funda-
mental degree of polarization. For the Dns-labelled
(KL)7K peptide, the graph P31 = f(T/R) was plotted
through changes on the viscosity of the solution, R,
by successive glycerol additions at 298 K. The hydro-

dynamic volume of the peptide, Vexp
h , was estimated

from the slope of the linear plot,

s � 1
P0

3
1
3

� �
RTd
Vh

and the independent measurement of d. This value
was compared to the calculated hydrodynamic vol-
ume of a monomeric (KL)7K, Vmono

h :

Vmono
h � M

Nav
�V2 � N V 0

1�

where V2 is the partial speci¢c volume of the peptide,

V2 �

Xn

1

niwiVi

Xn

1

niwi

(wi, Vi) are, respectively, weight and speci¢c volumes
of the amino acid i [48] and (236 g/mol, 0.74 cm3/g)
for the Dns; V0

1W1 cm3/g = speci¢c volume of
solution; M = peptide molecular weight; Nav =
6.02U1023 ; N= hydration degree. For native globular
proteins, N= 0.3 g/g [49], but it could be higher for
other protein shapes (1^2 g/g) [50].

2.9. Estimate of the partition coe¤cients from the
aqueous solution to the lipid monolayer

A partition constant, K30
aff , for the transfer of the

peptide from the aqueous solution to the lipid mono-
layer compressed at 30 mN/m can be extracted from
the plots vS/S0 = f(c). The classical de¢nition for a
peptide/bilayer interaction is used [7,51]:

K2
aff �

Cp
b

Cp
f UC0

L

; with Cp
b �

vS
SmolNAvV

;

C0
L �

S0

A2
L NAvV

and Cp
f � Cp

total3Cp
b

Cp
b, the concentration of bound peptide in the total

subphase volume (110 ml), is estimated from the
measured surface increase, vS, assuming that (i) the
total surface results from additivity rules and (ii) the
molecular surface of each compound at the interface
is constant throughout the binding process. Smol is
the peptide molecular surface, Nav is the Avogadro
number.
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C0
L, the lipid concentration with respect to the to-

tal subphase volume (110 ml) is calculated as S0/A2
L ,

the ratio of the initial surface of spread DMPC to
the molecular area of DMPC at 30 mN/m (A30

L = 60
Aî 2 [52]).

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

phase.
The relation between K2

aff and the slopes P2
p of the

vS/S0 = f(c) plots is then de¢ned as:

K2
aff � P2

p U
CP

totalU
A2

L

Smol

CP
total3

vS
SmolNAvV

� �

3. Results

3.1. Design of amphipathic peptides

The (KL)mK peptides of 4 to 7-mer in length were
designed to generate ideally amphipathic L-sheets,
they have a L/K = 1 ratio and a strict 2-fold perio-
dicity throughout the sequence (Table 1). The in-
crease in length from 9 to 15 residues, when a
(KL) motif was added, led to a regular increase in
net charge from +5 to +8. Their hydrophobic mo-
ment, WH, which is a quantitative estimate of amphi-
pathicity, was estimated using the consensus scale of
hydrophobicity [53]. Maximal values were obtained

for the L-sheet structure, with a linear increase of WL
H

from 7.6 to 12.5 when the peptide length increased
from 9 to 15 residues.

To check for a real progressive increase in amphi-
pathicity in the series, the a¤nity of the peptides for
C18 chains of a RP-HPLC column was assayed and
their RT were measured [54]. The four peptides
studied eluted for a similar CH3CN gradient
(44 þ 1%) at very short RT, thus con¢rming their
high hydrophilicity and relatively low a¤nity for
the stationary phase. The good linear correlation be-

Table 1
Names, sequences and physico-chemical characteristics of the peptides studied

Fig. 1. Calculated total hydrophobic moment, WL
H, of the

(KL)mK peptides (m = 4^7) versus experimental RT on a C18

column by RP-HPLC eluted with a CH3CN gradient. The
straight line corresponds to correlation factor R = 0.995.
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tween RT values and WL
H (Fig. 1) showed that the

peptides eluted in the order expected for increasing
their total hydrophobicity, i.e. their L content.

3.2. Peptide behavior in aqueous solution

All (KL)mK peptides studied had a dansyl group
at the N-terminus. They displayed similar £uo-
rescence emission parameters in aqueous Tris
bu¡er with Vem

max = 547 þ 1 nm and Iem
max = 0.16 þ 0.03.

These values are very close to those of DnsK,
which was used as reference for a Dns totally ex-
posed to the solvent: Vem

max(DnsK) = 546 nm and
Iem

max = 0.17 þ 0.02. Whatever the peptide, their low
polarization degree, P = 0.075 þ 0.010, pointed to a
high mobility of the Dns. The hydrodynamic volume,
Vexp

h , of (KL)7K was estimated using the Perrin iso-
therm (Fig. 2). The slope of the linear plot and the
independent measurement of the Dns £uorescence
lifetime, dW3.8 ns (data not shown), gave
Vexp

h W4110 Aî 3, in agreement with the theoretical
hydrodynamic volume for a monomeric (KL)7K,
3925 Aî 3 6Vmono

h 6 6331 Aî 3, according to hydration
degrees (0.3^1 g/g). Therefore, the longest peptide
was monomeric in aqueous solution. As this was
the most hydrophobic of the series, all the peptides
were thus monomeric in aqueous solution at the low
concentrations used here (2 WM).

3.3. Peptide structure by FT-IR and PMIRRAS

FT-IR absorption spectra of (KL)4K and (KL)7K
in the bulk solid state display a very sharp and in-
tense amide I band around 1625 cm31 which was
attributed to L-sheets (Fig. 3). The strongest one
around 1677 cm31 is mainly due to L-turns [55^57]
but can also contain a weak contribution of the TFA
counter ions used for puri¢cation [56]. The deconvo-
lution of the spectra of all the peptides (Table 2)
con¢rms the major contributions of L-turns and L-
sheets. The band around 1625 cm31 is well ¢tted by
three components at 1632, 1626 and 1615 cm31,
which likely represent the split amide I vibrational
mode of a mixture of parallel (1632 cm31) and anti-
parallel L-sheets (1626 and 1615 cm31) [55^60]. The
weak contribution around 1694 þ 1 cm31 also char-
acterizes antiparallel L-sheets and some random
structures around 1650 cm31 are present on the
(KL)6K and (KL)7K spectra (Table 2). The amide
II mode absorbs around 1544 cm31. The band
around 1625 cm31 sharpens in parallel to the peptide
length increase and the relative proportion of L-
sheets increases to become highly predominant (Ta-
ble 2).

The peptides formed ¢lms at the air/water inter-
face (see below) and their in situ PMIRRAS spectra
display similar shapes (Fig. 4). The major amide I
band, split into two components around 1622 cm31

(AI) and 1694 cm31 (AI0), characterizes a quasi-pure

Fig. 2. Dns £uorescence polarization degree of peptide (KL)7K
in solution. Perrin plot, 1/P = f(1/R), P is the polarization degree
and R the viscosity of the medium. [(KL)7K] = 2 WM, T = 20³C,
20 mM Tris^HCl, pH = 7.5 bu¡er. R was progressively increased
by glycerol additions. The straight line corresponds to correla-
tion factor R = 0.994.

Fig. 3. IR absorption spectra in bulk state for the amide vibra-
tion domain: dashed line (KL)4K, line (KL)7K.
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folding into L-sheets. The contributions of the L-
turns and random structures now vanish, which is
indicative of a strict L-structure induced by the inter-
face. The spectra registered for two di¡erent com-
pression states of the ¢lms show that the absorption
frequencies are lateral pressure-independent in the 1^
20 mN/m and 15^25 mN/m domains for the 9- and
15-mer, respectively (Fig. 4).

The peptides also insert into compressed DMPC
monolayers spread at the air/water interface. On all
the in situ PMIRRAS spectra (Fig. 5), the character-
istic lipid absorption bands of DMPC: Xester

c�0 around
1730 cm31, NCH2 around 1470 cm31 and Xantisym

P�0
around 1225 cm31, which are intense and well de-
¢ned for the pure DMPC ¢lm at 30 mN/m, decreased
in intensity when the peptides were inserted in the
monolayer. In the mixed peptide/DMPC ¢lms, the
amide I mode is split into a very sharp intense AI

band (W1622 cm31) and a weaker AI0 one (W1693
cm31), characteristic of peptide antiparallel L-sheets
in the lipid environment. Similar data were obtained
for the 11- and 13-mer (spectra not shown). There-
fore, whatever the experimental conditions, all the
peptides folded into antiparallel L-sheets.

3.4. Peptide orientation in situ by PMIRRAS

PMIRRAS spectra also gave information about
the peptide orientation at the interface. With the ex-
perimental set-up used, absorption transition mo-
ments in the plane of the interface give strong up-

ward-oriented bands, while perpendicular ones give
medium and/or downward-oriented bands [40]. Since
all the (KL)mK peptides form antiparallel L-sheets at
the interfaces, simulations were performed using a
general software program to estimate their orienta-
tion [61]. The optical anisotropic index of the ¢lms
was generated by taking into account the infra-red
(IR) absorptions and dichroism for amide IP (1685
cm31), amide I (1625 cm31) and amide II domains
measured on spectra of pure L-sheeted peptides and
using the optical anisotropic index of water [62].
Brie£y, the L-sheet structure can be considered as 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 peptidic chain while the amide I (1625 cm31) one,
perpendicular to the former, corresponds to inter-
chain hydrogen bonds. In the bulk state, the relative
intensity ratio is IAI�1626 cm31�/IAI0�1685 cm31�V10. An-
other amide I transition moment (AI0 0) absorbs
around 1670 cm31 and is perpendicular to the L-
sheet plane but its intensity is much weaker
(IAI�1625cm31�/IAI0 0�1670cm31�V20) [55,63], so it was not
introduced in the simulations. According to the se-
lection rules at the air/water interface and for the
three following extreme orientations, it results that
(i) a L-sheet £at oriented at the interface plane gives
a weak positive amide IP (1685 cm31) band and a
strong positive amide I (1625 cm31) one; IAI/
IAI0V9 is then close to what is observed in the

Table 2
Frequencies and band assignments in the amide I domain for deconvoluted IR mass spectra of (KL)nL peptides

Peptide cm31 Relative area (%) Band width (cm31) Assignment

(KL)4K 1693 1 6.5 L-Sheet
1677 77 35.0 L-Turn (+TFA)
1632-1613 22 31-13 L-Sheet

(KL)5K 1690 1.1 17 L-Sheet
1677 54.8 38 L-Turn (+TFA)
1627 44.1 25 L-Sheet

(KL)6K 1693 7.6 14.8 L-Sheet
1678 32.1 38.0 L-Turn (+TFA)
1650 5.8 17.1 Random
1632-1626-1616 54.4 14.2-10.2-16.9 L-Sheet

(KL)7K 1695 9.7 14.7 L-Sheet
1676 29.0 28.5 L-Turn (+TFA)
1650 3.2 15.6 Random
1632-1626-1613 58.1 18.9-11.6-12.2 L-Sheet
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bulk state, (ii) a L-sheet oriented perpendicular to the
interface with the peptidic chains parallel to the in-
terface gives a positive amide IP band and a strong
negative amide I one, (iii) a L-sheet perpendicular to
the interface with the direction of the peptidic chains
perpendicular to the interface plane gives a negative
amide IP band and a strong positive amide I one.

PMIRRAS spectra of the (KL)4K and (KL)7K at
the air/water interface and inserted in the DMPC
monolayer (Figs. 4 and 5) display a positive, very
sharp strong band around 1622 cm31 and another
positive one around 1693 cm31, both indicative of

transition moments oriented in the interface plane.
The high values of the intensity ratios IAI�1622 cm31�/
IAI0�1693 cm31 )s 8 at the air/water interface and s 6 in
the DMPC monolayer characterize antiparallel L-
sheets £at-oriented or slightly tilted at the interface,
whatever the peptide. Furthermore, at the air/water
interface, this ratio remains constant whatever the
compression state, so the £at orientation is also lat-
eral pressure-independent.

From such structure and orientation conclusions, a
molecular area for each peptide at the interface, Smol,
can be estimated: an antiparallel L-sheet parallel to
the interface plane occupies nU3.4 Aî U4.7 Aî = 16Un
Aî 2, where n is the number of residues [64^67]. Add-
ing 80 Aî 2 to account for the Dns group led to 226,
256, 288 and 320 Aî 2 for the (KL)4K, (KL)5K,
(KL)6K and (KL)7K, respectively.

3.5. Surface activity and a¤nity for a DMPC
monolayer

When a few Wl of the peptide stock solutions was
injected in the subphase, signi¢cant surface pressure
changes indicated the surface activity of the peptides,
as previously shown by obtaining the pure peptidic
¢lms at the air/water interface used for the PMIR-
RAS in situ study (Fig. 4). All peptides were highly

Fig. 4. PMIRRAS spectra of pure peptidic ¢lms in situ at the
air/water interface at di¡erent lateral pressures, 2 : a (top):
(KL)4K (62.2 nM): dashed line 2= 1 mN/m, line 2= 20 mN/
m; b (bottom): (KL)7K (20 nM): dashed line 2= 15 mN/m,
line 2= 25 mN/m. Subphase: 20 mM Tris, 130 mM NaCl,
HCl, pH = 7.5, T = 25³C.

Fig. 5. In situ PMIRRAS spectra of peptides inserted into a
DMPC monolayer at constant pressure, 2= 30 mN/m: dotted
line, pure DMPC; line, mixed (KL)4K (60 nM)/DMPC; dashed
line, mixed (KL)7K (40 nM)/DMPC. Subphase: 20 mM Tris,
130 mM NaCl, HCl, pH = 7.5, T = 25³C.

BBAMEM 77721 28-12-99

S. Castano et al. / Biochimica et Biophysica Acta 1463 (2000) 65^8072



surface-active and formed densely packed ¢lms at the
interface. The ¢lms were stable up to their collapse
pressures, 2coll, which could be up to 30 mN/m (data
not shown).

The lipid a¤nity of the peptides was monitored by
measuring the area increase of a pre-formed lipid
monolayer at constant surface pressure [51] using
2= 30 mN/m to mimic lipid bilayers or biological
membranes [68]. Peptide injection in the subphase
led to surface increases and the changes in the rela-
tive area of the mixed peptide/lipid ¢lms (vS/S0) ver-
sus the total peptide concentration (c) (Fig. 6) show
that, in the concentration range of 1038^2U1037 M,
all the peptides were inserted in the DMPC mono-
layer. The experimental data are well ¢tted by linear
plots (Fig. 6). Their slopes, P30

p , monotonically in-
crease in parallel with the peptide length: 114 þ 5,
200 þ 5, 233 þ 5 and 508 þ 5 WM31 for the 9-, 11-,
13- and 15-mer, respectively. They are proportional
to the number of peptide molecules in the ¢lm, i.e.
related to their partition coe¤cient, K30

aff , between the
DMPC monolayer and the aqueous phase and to the
molecular surface for each peptide at the interface,
Smol, (see above). Estimates of K30

aff give W0.33U106

M31 for the (KL)4K, W0.53U106 M31 for the
(KL)5K, W0.54U106 M31 for the (KL)6K and

W1.18U106 M31 for the (KL)7K, so lipid a¤nity
increases with peptide length.

3.6. Interaction with EPC-Chol (20/1 ratio) SUVs
and a¤nity for bilayers as followed by
£uorescence

To validate the results obtained on DMPC mono-

Fig. 6. Relative ¢lm surface increases due to peptide insertion
at constant pressure, 2= 30 mN/m, in pre-formed DMPC
monolayers for the (KL)mK peptides (m = 4^7) on increasing
their bulk concentration in the subphase: b (KL)4K, R
(KL)5K, F (KL)6K, S (KL)7K. Subphase: 20 mM Tris,
130 mM NaCl, HCl, pH = 7.5, T = 25³C.

Fig. 7. Interaction of (KL)mK peptides (m = 4^7) with EPC-
Chol (20/1 ratio) SUVs as followed by changes in the Dns
emission parameters versus Ri, the lipid to peptide molar ratio.
a (top): Changes in the emission maximum wavelength of the
dansyl group, Vem

max. b (bottom): Changes in the fraction of
bound peptide, K, as estimated from £uorescence intensity
changes at 510 nm. Lines are the best ¢ts according to the pep-
tide partition. b (KL)4K, R (KL)5K, F (KL)6K, S (KL)7K.
Peptide concentrations = 2 WM, Vexc = 340 nm, Tris 20 mM, pH
7.5 bu¡er, T = 25³C.
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layers, peptide interactions with lipids were moni-
tored by £uorescence for successive additions of
EPC-Chol (20/1 ratio) SUVs to increase the lipid to
peptide molar ratio, Ri. For all the peptides of the
series, the initially exposed Dns with an emission
maximum at Vem

maxW547 þ 1 nm was similarly and
progressively buried to Vem

max = 517 þ 2 nm for
Ri = 150 (Fig. 7a) and the £uorescence intensity was
increased to vI/I0 = 50%. Whatever the length from
9 to 15 residues, low Dns £uorescence polarization
values, P = 0.075 þ 0.01, were obtained for the pep-
tides free in bu¡er. On lipid addition, very signif-
icant increases gave a similar average value,
P = 0.188 þ 0.012 at Ri = 150, but P remained weaker
than P0W0.33 obtained for a totally immobilized
£uorophore. Therefore, all the (KL)mK peptides
bound to the lipid vesicles with a burying of their
N-terminus and a restricted Dns motion. Very sim-
ilar £uorescence parameters in the presence of a lipid
excess indicated a similar Dns location whatever the
peptide length.

The characteristic change in intensity for totally
bound peptides was extrapolated from a double re-
ciprocal plot of I510 nm

em versus Ri and the fraction of
bound peptide (K) was quantitatively de¢ned
throughout the binding curves (Fig. 7b). The exper-
imental data were ¢tted with the simple model of
partition between two phases: the aqueous one and
the lipidic one in vesicles [69]. The partition constant,
Kp, de¢ned as the ratio of the peptide concentration
in both phases, monotonically increased throughout
the series from 5.2U103, 5.6U103, 7.7U103 and
11.4U103 for (KL)4K, (KL)5K, (KL)6K and
(KL)7K, respectively. Thus, the a¤nity for the lipidic
phase increased with the length.

3.7. Lytic activity

Since the peptides interact with zwitterionic lipids,
their ability to induce an increase in bilayer perme-
ability was monitored as usually by looking at the
induced calcein dye escape from LUVs [6]. The same
lipid mixture as already used in the binding study
was used, it is assumed to mimic the composition
of the outer lea£et of erythrocytes [70,71]. In the
WM concentration range, peptides induced a fast de-
crease in the dye £uorescence intensity indicative of
signi¢cant leakages of calcein due to their quenching

by the external cobalt. A few minutes after peptide
addition, a plateau is observed. This indicates the
recovery of a non-permeant state of the vesicles
(Fig. 8a). On increasing the peptide concentration,
the % of leakage increased up to total escape for a
very high peptide concentration. For the longer pep-
tide, (KL)7K, 50% escape was observed at RiW13,
i.e. for very larger peptide amounts compared to the
i.a. DnsLK15 [6].

The dose-response curves of hemolysis on human
erythrocytes (Fig. 8b) showed that all the peptides
displayed quite similar sigmoidal curves with total
lysis observed for concentrations 6 30 WM. The con-
centrations required for 50% lysis, LD50 values, reg-
ularly decreased versus peptide length: LD50W22, 8,

Fig. 8. Lytic activity of the studied (KL)mK peptides. a (top):
Kinetics of the calcein leakage, when trapped inside EPC-Chol
(20/1 molar ratio), after peptide addition at t = 0, in the pres-
ence of 0.25 mM external cobalt concentration. The total leak-
age was induced by Triton X-100 addition at t = 18 min. Perme-
ability increase induced at di¡erent Ri values: 9 9 Ri = 130;
ö ö ö Ri = 13; dotted line Ri = 1.3; 9 c9= passive permeabil-
ity of LUVs alone. b (bottom): Dose-response plots of human
red blood cell hemolysis induced by the (KL)mK peptides
(m = 4^7). b (KL)4K, R (KL)5K, F (KL)6K, S (KL)7K. 107

cells per ml in 20 mM Tris, 130 mM NaCl, HCl, pH = 7.5
bu¡er after 30 min at 37³C.
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4 and 1.5 WM for (KL)4K, (KL)5K, (KL)6K and
(KL)7K, respectively.

4. Discussion

4.1. Peptide design, secondary structure and
orientation at the interfaces

With a 1/1 L to K composition and a strict 2-fold
periodicity throughout the sequence, (KL)mK pep-
tides (m = 4^7) were designed to generate ideally am-
phipathic basic L-sheets. That really occurs as shown
by PMIRRAS in situ at the air/water interface for
both pure peptide and mixed peptide/DMPC ¢lms.
These latter displayed main peptide amide I absorp-
tion modes characteristic of antiparallel L-sheet
structures [55^57]. Furthermore, this structure was
preserved whatever the lateral pressure applied.
Therefore, as expected from their design and from
the high values calculated for the hydrophobic mo-
ment WL

H, all the (KL)mK studied peptides fold into
ideally amphipathic antiparallel L-sheets with a strict
clustering of the charged K residues on one face
while the opposite face is constituted by only L res-
idues. Their L-strands length increases from V31.5
to V50 Aî in the direction of the peptidic chain.
These conclusions agree totally with those previously
obtained for a short seven residues long
Fmoc(LK)3K peptide in Langmuir^Blodgett-trans-
ferred monolayers of pure peptide [36] and for a 18
residues long (KL)9 peptide studied by CD when
bound to C18-coated quartz plates assumed to mimic
the membrane environment [37]. They also agree
with the conclusions of the study of (KV)n peptides,
despite that these latter only interact signi¢cantly
with charged lipids, probably due to a lower hydro-
phobicity [31].

PMIRRAS spectra of the peptides alone or in-
serted into a DMPC monolayer made it possible to
conclude that the L-sheet orientation remains £at
whatever the lateral pressure applied and the peptide
length. Such an interfacial orientation is cogent with
the fact that L-sheets of the longer peptides (v 11
residues) would be too long to stabilize the unfavor-
able hydrophilic/hydrophobic interactions with a
transmembraneous orientation in a bilayer core, un-
less they were severely tilted. This also rules out, very

probably, the occurrence of L-barrel structures as
observed in soluble [72] or membrane proteins [73].

Furthermore, when bound to EPC SUVs, all the
(KL)mK peptides displayed very similar Dns £uores-
cence emission parameters, which re£ected similar
Dns location and dynamics. Plotted on an abacus
versus the dielectric constant of the solvent (data
not shown), Vmax

em (Dns) in the bound state character-
izes a burying of the N-terminus of all the peptides in
a still polar position, i.e. not deeply inserted in ali-
phatic chains. Very similar locations have been found
when the Dns is covalently bound to the N-terminus
of LiKj K-helical peptides and to Q25melittin in in-
teraction with lecithin vesicles [6,44]. Such £uores-
cence conclusions totally agree with the PMIRRAS
data on monolayers and strongly support a £at-ori-
ented peptide on the external lea£et of the vesicles.
Similar molecular orientations without deep penetra-
tion into the membranes were also proposed for oth-
er L-sheeted toxins: (SVKV)n and (KV)n peptides
[31], a linear analog of tachyplesin I [23], natural
cardiotoxins [14], lactoferricin B [25] and truncated
pardaxin analogues [70]. However, the exact posi-
tioning of L-sheeted structures within membranes re-
mains an open and important problem. In order to
be addressed, it ¢rst requires to better de¢ne the
number of strands and the type of `motif' on folding.
The relative positions of L-sheeted peptides and lip-
ids could also be modulated by peptide-bound con-
centration and physico-chemical constraints in bu¡er
and in the membrane, as now recognized for K-hel-
ical peptides [74]. This will indeed deserve more at-
tention.

4.2. Behavior of peptides in solution and a¤nity for
the interfaces (air/water, phospholipid mono- and
bilayers)

In solution, the (KL)mK peptides eluted on RP-
HPLC, as expected from the linear increase of their
length and their hydrophobic moment. Furthermore,
at comparable length, these highly charged peptides
from +5 to +8 eluted at shorter RT compared to L/
K = 2 peptides [6]. Therefore, under good solvent
conditions, hydrophobicity and amphipathicity are
critical parameters which modulate peptide a¤nity
for the hydrophobic stationary phase. In aqueous
solution, the £uorescence parameters of all the pep-
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tides and the hydrodynamic volume of the 15-mer
indicated a monomeric state, whatever their length.

These conclusions agree with those on other com-
pounds with 1/1 apolar to polar residues [36], but
also with our previous ¢nding of a monomeric
form of KLLLKLLLK, i.e. the nine residues long
LK peptide analogous to (KL)4K but with a 2/1
L/K ratio and which is also L-sheeted when bound
[6,7]. However, in this last series, designed to gener-
ate ideally amphipathic K-helices, a self-association
process concomitant with length increase was dem-
onstrated [6]. So, the low L/K = 1 ratio, which im-
plies a lower hydrophobicity, and the strong electro-
static repulsive e¡ect ensure good solubility in
aqueous bu¡er. The 15-mer peptide which is mono-
meric under the experimental conditions used herein
should oligomerize at higher concentrations and/or
ionic strengths.

Therefore, under the conditions used herein, all the
peptides displayed the same initial monomeric state
in solution and common oligomeric L-sheeted struc-
tures and orientation when bound to lipids. This al-
lows us to compare the evolution of the a¤nities for
various interfaces. Due to their high amphipathic
character, all the (KL)mK peptides formed stable
¢lms at the air/water interface and were signi¢cantly
surface-active. These results are closely related to
those obtained for the Fmoc(LK)3L [36] and with
the LiKj peptides which have a 3.6 periodicity [7].
At the same length, the collapse pressure of the
DnsKL3KL3K folded into pure L-sheets [7] was
about 5 mN/m lower than that of the (KL)4K.
Then, the stability of the ¢lms depends on their
ideal amphipathicity and not on their total hydro-
phobicity. Longer peptides, such as DnsLK15

(DnsKL2KL3KL3KL2K) and (KL)7K, display simi-
lar surface activity (2coll = 36 þ 1 mN/m) despite that
they fold into K-helix and L-sheet, respectively [7,38].
Therefore, it is the ideal amphipathic character of the
peptides and neither the type of secondary structure
nor the L/K ratio which are preponderant for the
surface activity.

The high surface activity allows for these peptides
to insert in DMPC monolayers spread at the inter-
face. The strict linear increase in the ¢lm area versus
peptide concentration could mean ideal mixing of the
two partners or at the opposite phase separation in
the ¢lm. The partition constants, K30

aff , from the sub-

phase to the compressed monolayer regularly in-
creased with peptide length, in agreement with the
RP-HPLC data under good solvent conditions. The
clear correlation between the hierarchies of a¤nity
determined on lipid mono- and bilayer model sys-
tems (Fig. 9) con¢rms that the monolayer system is
particularly well suited for such a lipid a¤nity study
[51]. This also justi¢es retrospectively the approxima-
tions done to interpret the vS changes and validates
the extrapolation to bilayers of the secondary struc-
ture and orientation conclusions obtained by PMIR-
RAS.

Therefore, in this (KL)mK series, the lipid a¤nity
for zwitterionic lipids is mainly driven by the hydro-
phobic e¡ect. Moreover, when compared with the
a¤nities obtained for the monomeric short LK pep-
tides with a L/K = 2 ratio, the lipid a¤nity of the

Fig. 9. Plots of di¡erent properties of the amphipathic (KL)mK
and LiKj peptides versus peptide length: a (top): (b) Hydro-
phobic moment, WL

H, calculated for a L-sheet folding [7,78],
R = 0.998; (a) a¤nity for a DMPC monolayer compressed at
30 mN/m, K30

aff , R = 0.940. b (bottom): A¤nity for EPC-Chol
(5%) SUV bilayers, Kp, for Dns(KL)mK (b), R = 0.984 and for
(Dns)LiKj (i = 2j) (+), R = 0.965. Hemolytic activity, 1/LD50, for
Dns(KL)mK (a), R = 0.997 and for (Dns)LiKj (i = 2j) (U),
R = 0.954. [7,78]. R : correlation factor.
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(KL)mK at comparable length (6 13 residues) is
more than an order of magnitude lower on the
same lipid systems [6,7]. Even the DnsLK15, which
is strongly self-associated in solution, had a greater
a¤nity for mono- and bilayers than the monomeric
(KL)7K. Indeed, the decrease in the relative L con-
tent, which parallels the better water solubility of the
peptides, considerably reduces their lipid a¤nity.
This totally agrees with conclusions reached for K-
helical peptides [75,76].

A free energy of transfer from the aqueous phase
to the lipid one, vGins, was extracted from the ¢t of
experimental data by a straight line. From its slope
and using the equations vGins =3RTln(55.5UK30

aff )
or 3RTln(Kp), the average contribution per (LK)
unit is roughly the same for both lipid systems,
30.20 þ 0.05 kcal/mol. The absolute value is signi¢-
cantly lower than the 1.19 kcal/mol calculated by
simple additivity of the free energy of transfer for
the L and K residues from the aqueous phase to
an apolar medium [77]. Though the fact that an ab-
solute comparison is very di¤cult since the experi-
mental conditions are di¡erent, these results indicate
that peptide a¤nity is also modulated by other and
more complex criteria than the hydrophobicity alone.
The comparison of (KL)7K and DnsLK12,
(DnsKL3KL3KL2K), which are respectively folded
into L-sheet and K-helix in the bound state [7,78]
but have almost the same L content (seven and eight,
respectively), shows that the a¤nity of the L-sheeted
(KL)7K is lower both for DMPC monolayers (W9-
fold) and for EPC bilayers (W6-fold). This could be
due to the very di¡erent hydrophilic contributions
imposed by their composition (eight K for the
(KL)7K and only four for the DnsKL12) and/or
due to an intrinsic di¡erence between K- and L-struc-
tures. This has already been suggested from the com-
parison of two 18 residues long LK peptides with the
same composition: the ideally amphipathic (KL)9

with a 2-fold symmetry displayed a lower a¤nity
for LPC and C18-coated plates than the ideally am-
phipathic one with a 3.6-fold symmetry [37].

4.3. Correlations with hemolytic activity

Due to their ideally amphipathic character and
their a¤nity for zwitterionic lipids, the (KL)mK pep-
tides displayed a signi¢cant hemolytic activity. With

lethal doses in the 1.5^22 WM range, they are prob-
ably the most hemolytic L-sheeted peptides studied
until now despite that they are shorter than all the
natural L-sheeted peptides, out of the cyclic decapep-
tide gramicidin S. All such natural hemolytic L-
sheeted compounds are either cyclic or stabilized by
intramolecular disul¢de bridges [18^21,23]. There-
fore, large L-sheets cannot be formed unless oligome-
rization occurs in the presence of lipids. This has
been proposed to account for channel formation
through membranes [17], but not directly demon-
strated. For the synthetic (KL)mK peptides, which
are the ¢rst linear ones which both fold into ideally
amphipathic L-sheets and display signi¢cant hemo-
lytic activity, the L-sheets are necessarily formed by
tigth intermolecular lock through hydrogen bonds, in
principle able to grow up to very large structures.
This cast some doubt on the concept that only the
intramolecularly constrained L-sheets are su¤cient to
induce permeabilization of biological membranes
[12,21,23].

Throughout this (KL)mK series, the hemolytic ac-
tivity and the lipid a¤nity for mono- and bilayers
linearly increased in parallel with peptide length

Fig. 10. Correlation between peptide physical properties deter-
mined in monolayer experiments and the peptide hemolytic e¤-
ciency de¢ned as the bound peptide concentration, cbound, re-
quired to induce 50% of hemolysis. WL

H is the calculated
hydrophobic moment, Smol is the peptide molecular area occu-
pied at the interface. a (KL)mK (m = 4^7), b (Dns)LiKj (i = 2j)
series [7,78], correlation factor R = 0.92.
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(Fig. 9). Each new added LK motif induces an in-
crease in both lipid a¤nity and lytic activity. There-
fore, the lipid a¤nity is a limiting factor for the lytic
activity of these (KL)mK peptides. When compared
to the LK peptides with a L/K = 2 ratio [6,78,79], the
(KL)mK peptides display a lower lipid a¤nity and
are less active. At the same total peptide length,
the approximate 2.2 factor between their activities
and a¤nities parallels the di¡erence in L content
throughout both series. Beyond the secondary ideally
amphipathic character, hydrophobicity modulates
both lipid a¤nity and lytic activity. This totally
agrees with the conclusions from an K-helical LK
series of 18 residues long peptides in which the L/K
ratio varied from 0.3 to 2.6 [75].

The lytic e¤ciency can be de¢ned as the bound
peptide concentration, cbound, required to induce the
same perturbation on the erythrocyte membranes,
for instance 50% hemolysis. The longer the peptide
in this (KL)mK series, the lower the cbound and, there-
fore, the more e¤cient the peptide is: one (KL)7K is
as e¤cient as seven (KL)4K. Therefore, other criteria
which depend on the intrinsic properties of peptides
also directly modulate lytic activity. For instance,
there is a good correlation between hemolytic e¤-
ciency and the WL

HUSmol product, which takes into
account the amphipathicity, the structure and the
orientation at the interfaces (Fig. 10). Furthermore,
there is no signi¢cant di¡erence in the e¤ciency at
similar length between the L/K = 2 and the L/K = 1
series (Fig. 10). Therefore, while hydrophobicity is a
dominant factor for membrane a¤nity, it is not the
only decisive one to induce lysis. As soon as they are
bound, the ideally amphipathic L-sheets of the
(KL)mK peptides are as e¤cient as the K-helices.
Therefore, more than the nature of the secondary
structure, it is the ideal amphipathic character which
is decisive for e¤ciency.

To summarize, we report the ¢rst systematic study
of a highly simpli¢ed synthetic series of linear
(KL)mK peptides which fold into ideally amphipathic
intermolecular antiparallel L-sheets when bound to
zwitterionic lipids and are both hemolytic as shown
herein and active on mycoplasma (L. Beven, S. Cas-
tano, K. Buttner, J. Dufourcq and H. Wroblewski,
to be published). The ¢rst decisive step of lysis looks
similar to the so-called `raft' or `carpet' models pro-
posed for the K-helical peptides [7,78,80,81]: mono-

meric peptides invade the interface of the outer leaf-
let. However, they form probably large and rigid L-
sheet structures lying £at at the interface with bury-
ing their poly-L face and increasing the outer lea£et
area. Since there is no correlation between bilayer
thickness and peptide length, it is the asymmetric
disturbance in lipid organization that probably leads
to a drastic and transient leakage of the inner con-
tent simultaneously to peptide interaction and accu-
mulation.
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