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Conjugation of fatty acids with different lengths modulates the antibacterial
and antifungal activity of a cationic biologically inactive peptide
Amir MALINA and Yechiel SHAI1

Department of Biological Chemistry, The Weizmann Institute of Science, Rehovot, 76100 Israel

Many studies have shown that an amphipathic structure and a
threshold of hydrophobicity of the peptidic chain are crucial for
the biological function of AMPs (antimicrobial peptides). How-
ever, the factors that dictate their cell selectivity are not yet clear.
In the present study, we show that the attachment of aliphatic acids
with different lengths (10, 12, 14 or 16 carbon atoms) to the N-ter-
minus of a biologically inactive cationic peptide is sufficient to
endow the resulting lipopeptides with lytic activity against differ-
ent cells. Mode-of-action studies were performed with model
phospholipid membranes mimicking those of bacterial, mam-
malian and fungal cells. These include determination of the struc-
ture in solution and membranes by using CD and ATR-FTIR
(attenuated total reflectance Fourier-transform infrared) spectro-
scopy, membrane leakage experiments and by visualizing bac-
terial and fungal damage via transmission electron microscopy.
The results obtained reveal that: (i) the short lipopeptides (10 and
12 carbons atoms) are non-haemolytic, active towards both bac-
teria and fungi and monomeric in solution. (ii) The long lipo-
peptides (14 and 16 carbons atoms) are highly antifungal, haemo-

lytic only at concentrations above their MIC (minimal inhibitory
concentration) values and aggregate in solution. (iii) All the
lipopeptides adopt a partial α-helical structure in 1 % lysophos-
phatidylcholine and bacterial and mammalian model membranes.
However, the two short lipopeptides contain a significant fraction
of random coil in fungal membranes, in agreement with their
reduced antifungal activity. (iv) All the lipopeptides have a mem-
branolytic effect on all types of cells assayed. Overall, the results
reveal that the length of the aliphatic chain is sufficient to control
the pathogen specificity of the lipopeptides, most probably by
controlling both the overall hydrophobicity and the oligomeric
state of the lipopeptides in solution. Besides providing us with
basic important information, these new lipopeptides are potential
candidates that can target bacteria and/or fungi, especially in cases
where the bacterial flora should not be harmed.

Key words: antifungal, antimicrobial peptide, diastereomeric
peptide, fatty acid, inactive peptide, lipopeptide.

INTRODUCTION

During the last two decades, the vast repertoire of a novel type
of natural AMPs (antimicrobial peptides) has been identified,
sequenced and studied both functionally and structurally [1–4].
The target of many of these peptides is most probably the cyto-
plasmatic membrane [5–7]. AMPs are employed as a protective
device by most of the known organisms, from prokaryotes, such as
bacteria, to arthropods, vertebrates and mammals, including hu-
mans. They serve as a non-specific defensive mechanism, which
complements the highly specific, and relatively slow, adaptive
immune system. Shortly after microbial infection, the AMPs are
released and rapidly mobilized to neutralize a broad range of
microorganisms. The growing resistance of both bacteria and
fungi to existing drugs has made AMPs attractive potential drug
candidates with a new mode of action.

So far, hundreds of different AMPs from different sources have
been isolated and many have been designed de novo [8–15].
These peptides vary considerably in their length, sequence and
structure. Most of them, however, share two common features:
their net charge is positive and they are moderately hydrophobic
and typically membrane-active. Moreover, when in contact with
membranes, most of these peptides adopt an amphipathic arrange-
ment that contains α-helical, β-sheet, or both structures, with
hydrophobic and positively charged faces at opposite directions.
AMPs can be classified according to their spectrum of activity

into two general subgroups: (i) peptides that selectively act against
microbial cells and (ii) non-cell-selective peptides that are toxic
both to microorganisms and to normal mammalian cells. Since
fungi and mammalian cells are both eukaryotic, peptides that are
active on the membrane of one cell type usually have the potential
to damage the membrane of the other as well [7].

Many studies have shown that the amphipathic structure is a key
element in promoting the cytolytic action, rather than precisely
defined structures such as an α-helix or a β-sheet [5,13,16,17].
Other studies showed that a threshold of hydrophobicity and a
net positive charge are sufficient to endow a peptide with anti-
microbial activity [15]. It has also been shown that substitutions
of amino acids that increase the hydrophobicity of cationic AMPs
result in increased antifungal activity [18–20]. Usually such
changes in the peptide sequence cause undesired changes in other
activity-related aspects of the peptides, such as the secondary
structure and amphipathicity. Previous studies have shown that
the attachment of aliphatic acids to AMPs can increase [21] their
antibacterial activity or endow them with antifungal activity [22].
It has also been shown recently that the attachment of a palmitoyl
group, but not shorter fatty acids, to a membrane-inactive
cationic peptide makes it membrane-active [23]. However, cell
specificity was determined by the sequence of the peptidic
chain.

Collectively, these studies revealed that the factors that deter-
mine antimicrobial potency and the ability to target specific cells
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of AMPs have not yet been elucidated. To shed light on these
factors, we used a biologically inactive cationic peptide containing
both D- and L-amino acids (diastereomer), and attached aliphatic
acids with different lengths to its N-terminal. These include: DA
(decanoic acid, 10 carbons), DDA (dodecanoic acid, 12 carbons),
MA (myristic acid, 14 carbons) and PA (palmitic acid, 16 car-
bons). This enabled us to increase the hydrophobicity of the result-
ing lipopeptides without altering the properties of their peptidic
chain. The activity of the lipopeptides was examined against dif-
ferent species of pathogenic fungi and bacteria and against
hRBCs (human red blood cells). Their structure in solution and
in membranes and their plausible mode of action was studied by
using a variety of biophysical methods including fluorescence,
CD, ATR-FTIR (attenuated total reflectance Fourier-transform
infrared) spectroscopy, as well as negative staining electron
microscopy. The data revealed that the length of the aliphatic chain
is sufficient to control the pathogen specificity of the lipopeptides,
most probably by controlling both the overall hydrophobicity and
the oligomeric state of the lipopeptides in solution.

EXPERIMENTAL

Materials

Rink amide MBHA (4-methyl benzhydrylamine resin) resin and
Fmoc (fluoren-9-ylmethoxycarbonyl) amino acids were obtained
from Calbiochem–Novabiochem AG (Läufelfingen, Switzerland).
Other reagents used for peptide synthesis included TFA (trifluoro-
acetic acid; Sigma), piperidine (Merck, Gibbstown, NJ,
U.S.A.), N,N-di-isopropylethylamine (Sigma), N-methylmorpho-
line (Fluka, Rolconkoma, NY, U.S.A.), DMF (dimethylform-
amide, peptide synthesis grade; Bio Lab, Jerusalem, Israel) and
dichloromethane (peptide synthesis grade; Bio Lab). Fatty acids,
namely capric acid (n-decanoic acid), lauric acid (DDA), MA
(tetradecanoic acid) and PA (hexadecanoic acid), PC (phosphat-
idylcholine), egg PG (phosphatidylglycerol), PE (phosphatidyl-
ethanolamine from Escherichia coli), PI (phosphatidylinositol;
from bovine liver), LPC (lysophosphatidylcholine), Triton, PBS,
ergosterol and cholesterol, were purchased from Sigma. diS-C3-5
(3-3′-dipropylthiadicarbocyanine-iodide) was purchased from
Molecular Probes (Eugene, OR, U.S.A.). All other reagents were
of analytical grade. Buffers were prepared in double-distilled
water. Amphotericin B was purchased from Sigma (Rehovot,
Israel). RPMI 1640 was purchased from Biological Industries
(Kibbutz Beit Haemek, Israel).

Peptide synthesis, acylation and purification

Peptides were synthesized by a solid-phase method using standard
Fmoc chemistry on rink amide MBHA resin. The fatty acids were
attached to the N-terminus of a resin-bound peptide by the same
Fmoc chemistry. Briefly, after removal of the Fmoc from the N-
terminus of the peptide with a solution of 20% (v/v) piperidine
in DMF, the fatty acid (7 mol, 1 M in DMF) was coupled with the
resin under conditions similar to those used for the coupling of
amino acids. The peptides were cleaved from the resin by 95%
(v/v) TFA. Cleavage of the peptides resulted in C-terminus
amidated peptides. The peptides were then purified by RP (reverse
phase)-HPLC on a C4 (for lipopeptides) or C18 (for the parental
peptide) Bio-Rad semi-preparative column [250 mm × 10 mm;
300 Å pore size (1 Å = 0.1 nm), 5 µm particle size]. The purified
peptides were shown to be homogeneous (>98%) by analytical
RP-HPLC. The column was eluted in 80 min, using a linear
gradient of 0–80% (v/v) acetonitrile in water, both containing
0.05% TFA, at a flow rate of 1.8 ml/min. Electrospray MS was
used to confirm their molecular masses.

Antifungal, antibacterial and haemolytic activities
of the lipopeptides

Antifungal activities of the lipopeptides were performed accord-
ing to the conditions of NCCLS (National Committee for Clini-
cal Laboratory Standards, PA, U.S.A.) document M27-A. The
lipopeptides were examined in sterile 96-well plates (Nunc F96
microtitre plates) in a final volume of 200 µl as follows: 100 µl of
a suspension containing fungi at a concentration of 2 × 103 CFU/
ml (where CFU stands for colony-forming units) in a culture
medium (RPMI 1640, 0.165 M Mops, pH 7.0, with L-glutamine,
without NaHCO3 medium) was added to 100 µl of RPMI 1640
medium containing the peptide in serial 2-fold dilutions.
Amphotericin B served as the control. The fungi were incubated
for 24 h in the case of Aspergillus fumigatus or 48–72 h for
Candida albicans and Cryptococcus neoformans at 35 ◦C in a
Binder KB115 incubator. Growth inhibition was determined by
measuring the absorbance at 620 nm in a microplate autoreader
El309 (BioTek Instruments, Winooski, VT, U.S.A.). Antifungal
activity was expressed as MIC (minimal inhibitory concentration).
The antibacterial activity of the lipopeptides was examined in
sterile 96-well plates (Nunc F96 microtitre plates) in a final
volume of 100 µl as follows. Aliquots (50 µl) of a suspension
containing bacteria, at a concentration of 106 CFU/ml in culture
medium [LB (Luria–Bertani) medium], were added to 50 µl of LB
containing the lipopeptide in serial 2-fold dilutions. Gentamicin
served as the control. Inhibition of growth was determined by
measuring the absorbance at 492 nm with a Microplate autoreader
El309 (BioTek Instruments), after an incubation of 18–20 h at
37 ◦C. Haemolytic activity was tested as described previously
using fresh hRBCs (4%, v/v) with EDTA [23]. The release of
haemoglobin after peptide addition was monitored by measuring
the absorbance of the supernatant at 540 nm. Levels of haemolysis
were determined relative to Triton (1 %), which represents 100%
haemolysis.

Preparation of liposomes

SUVs (small unilamellar vesicles) were prepared by sonication as
described earlier [24]. Briefly, dry lipids were dissolved in chloro-
form/methanol (2:1, v/v). The solvents were then evaporated
under a stream of nitrogen and the lipids were freeze-dried over-
night. The lipids were resuspended in the appropriate buffer
(50 mM K2SO4 and 25 mM Hepes-sulphate, pH 6.8; 7 mg/ml)
with vortex-mixing, and the resulting lipid dispersions were soni-
cated (10–30 min) in a bath-type sonicator (G1125SP1 sonicator,
Laboratory Supplies Company, Hicksville, NY, U.S.A.) until the
turbidity had cleared. Vesicles were visualized using a JEOL JEM
100B electron microscope (Japan Electron Optics Laboratory,
Tokyo, Japan). Three different compositions of lipid films were
prepared: PC/PE/PI/ergosterol (5:2.5:2.5:1, by weight), PE/PG
(7:3, w/w) and PC/cholesterol (10:1, w/w), which mimic the outer
leaflet of the plasma membrane of Ca. albicans [25], E. coli [26]
and hRBCs [27] respectively.

Peptide-induced membrane permeation measured by a diffusion
potential assay

Membrane destabilization, which results in the collapse of
transmembrane potential, was conducted on model phospholipid
vesicles and detected fluorimetrically using a fluorescence dye,
as described previously [28,29]. Briefly, a liposome suspension,
prepared in K+ buffer (50 mM K2SO4 and 25 mM Hepes-sulphate,
pH 6.8), was added to an isotonic K+-free buffer (50 mM Na2SO4

and 25 mM Hepes-sulphate, pH 6.8). Then the dye diS-C3-5 was
added. The subsequent addition of valinomycin created a negative
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diffusion potential inside the vesicles, which resulted in quenching
of its fluorescence. Peptide-induced membrane permeation re-
sulted in an increase in fluorescence. The wavelengths of excit-
ation and emission were 650 and 675 nm respectively. The per-
centage of fluorescence recovery Ft was defined by

Ft = [(It − Io)/(If − Io)] × 100

where It is the fluorescence observed after the addition of a
peptide at time t, Io is the fluorescence after addition of valino-
mycin and If is the maximum fluorescence obtained by 2 % (v/v)
Triton.

CD spectroscopy

The CD spectra of the peptides were measured with an Aviv 202
spectropolarimeter, in a quartz optical cell with a path length of
1 mm at 25 ◦C. Each spectrum was recorded at wavelengths in the
range of 260–190 nm (0.2 nm steps, 3 s averaging). The peptides
were scanned at a concentration of 100 µM in PBS and in a mem-
brane mimetic environment of 1% LPC in PBS. Fractional heli-
cities were calculated as follows [30,31]:

[θ ]222 − [θ ]0
222

[θ ]100
222 − [θ ]0

222

where [θ ]222 is the experimentally observed mean residue ellip-
ticity at 222 nm, and the values for [θ ]0

222 and [θ ]100
222, which

correspond to 0 and 100% helix content respectively at 222 nm
are estimated to be 2000 and 32000 deg · cm2/dmol respectively
[31].

ATR-FTIR measurements

Spectra were obtained with a Bruker equinox 55 FTIR spectro-
meter equipped with a deuterated triacylglycerol sulphate detector
and coupled with an ATR device. For each spectrum, 150 scans
were collected, with a resolution of 4 cm−1. Samples were pre-
pared as described previously [32,33]. Briefly, a mixture of lipids
(0.5 mg) alone or with a peptide (∼30 µg) was deposited on
a ZnSe horizontal ATR prism (80 mm × 7 mm). Before sample
preparations, the trifluoroacetate (CF3COO−) counterions, which
strongly associate with the peptides, were replaced with chloride
ions by several freeze-drying steps of the peptides in 0.1 M HCl to
eliminate an absorption band near 1673 cm−1 [34]. Lipid/peptide
mixtures were prepared by dissolving them together in a meth-
anol/chloroform (1:2) mixture and spread with a Teflon bar on
the ZnSe prism. The solvents were eliminated by drying under
vacuum for 30 min. Spectra were recorded and the respective
pure phospholipids spectra were subtracted to yield the difference
spectra. The background for each spectrum was a clean ZnSe
prism. Hydration of the sample was achieved by introducing
excess 2H2O into a chamber placed on top of the ZnSe prism in the
ATR casting, and incubating for 7 min before acquisition of
the spectra. The H/2H exchange was considered complete after
total shift of the amide II band. Any contribution of 2H2O vapour
to the absorbance spectra near the amide I peak region was elimin-
ated by subtracting the spectra of pure lipids equilibrated with
2H2O under the same conditions.

ATR-FTIR data analysis

Before curve fitting, a straight baseline passing through the co-
ordinates at 1700 and 1600 cm−1 was subtracted. To resolve over-
lapping bands, the spectra were processed using PEAKFITTM

Table 1 Characterization of the investigated lipopeptides

Molecular RP-HPLC retention
Peptide Sequence* mass (g/mol) time (min)†

[D]-L6K6 LKKLLKKLLKKL-NH2 1466 16.3
[D]-L6K6-DA CH3(CH2)8CO-LKKLLKKLLKKL-NH2 1620.3 29.9
[D]-L6K6-DDA CH3(CH2)10CO-LKKLLKKLLKKL-NH2 1648.3 32.9
[D]-L6K6-MA CH3(CH2)12CO-LKKLLKKLLKKL-NH2 1676.3 36.1
[D]-L6K6-PA CH3(CH2)14CO-LKKLLKKLLKKL-NH2 1704.3 41.5

* Underlined and boldface amino acids are D-enantiomers. All the peptides are amidated at
their C-terminus.

† A C4 RP analytical column was used. The peptides were eluted in 80 min, using a linear
gradient of 0–80 % acetonitrile in water containing 0.05 % TFA.

(Jandel Scientific, San Rafael, CA, U.S.A.) software. Second-
derivative spectra accompanied by 13-data point Savitsky–Golay
smoothing were calculated to identify the positions of the com-
ponent bands in the spectra. These wave numbers were used
as initial parameters for curve fitting with Gaussian component
peaks. Positions, bandwidths and amplitudes of the peaks were
varied until (i) the resulting bands shifted by not more than 2 cm−1

from the initial parameters, (ii) all of the peaks had reasonable
half-widths (<20–25 cm−1) and (iii) good agreement between
the calculated sum of all the components and the experimental
spectra was achieved (r2 > 0.99). The relative contents of different
secondary structure elements were estimated by dividing the areas
of individual peaks assigned to a specific secondary structure by
the whole area of the amide I band.

Examination of peptides-induced bacterial and fungal damage by
TEM (transmission electron microscopy)

(i) Samples containing E. coli ATCC 25922 (1 × 106 CFU/ml)
in LB medium were incubated with the lipopeptides at concen-
trations corresponding to their MIC values or 50 µM for the
parental peptide, for 15 min. A drop containing the bacteria was
placed on to a gold-coated grid and negatively stained with 2%
(w/v) phosphotungstic acid (pH 6.8). The grids were examined
using a JEOL JEM 100B electron microscope (Japan Electron
Optics Laboratory). (ii) Samples containing Ca. albicans ATCC
10231 (3.5 × 107 CFU/ml) were incubated with or without (con-
trol) the lipopeptides dissolved in PBS at their MIC for 15 min.
The fungi were fixed by incubation with 1% glutaraldehyde in
PBS for 20 min. A drop containing the fungi was deposited on
to a carbon-coated grid and negatively stained with 1 % uranyl
acetate and visualized as described above.

RESULTS

Design of peptides

The parental peptide comprises both D- and L-amino acids, and
was designed to create an amphipathic α-helical structure if as-
sumed to be in all L-form, based on Schiffer and Edmundson’s
wheel projection [35], but its hydrophobicity is insufficient for
strong membrane binding and antimicrobial activity. Four lipo-
peptides were prepared by attaching fatty acids of various lengths
to the N-terminus of the peptide; DA (10 carbons), DDA (12 car-
bons), MA (14 carbons) and PA (16 carbons). All the lipo-
peptides were amidated at their C-terminus and had a net +6
charge (see Table 1). There is a gradual increase in the hydro-
phobicity of the lipopeptides as a function of the fatty acid length.
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Table 2 MIC of the peptides towards fungi

Results are the means for three independent experiments, each performed in duplicate.

MIC (µM)

Ca. albicans Cr. neoformans A. fumigatus
Peptide (ATCC 10231) (ATCC 26430) (ATCC MY A-422)

[D]-L6K6 >50 >50 50
[D]-L6K6-DA 25 1.56 12.5
[D]-L6K6-DDA 3.12 0.78 6.25
[D]-L6K6-MA 1.56 0.78 1.56
[D]-L6K6-PA 1.56 0.78 1.56

Table 3 MIC of the peptides towards bacteria

Results are the means for three independent experiments, each performed in duplicate.

MIC (µM)

Staph. aureus Ps. aeruginosa E. coli
Peptide (ATCC 6538P) (ATCC 27853) (ATCC 35218)

[D]-L6K6 >50 >50 >50
[D]-L6K6-DA 6.25 12.5 12.5
[D]-L6K6-DDA 12.5 25 25
[D]-L6K6-MA 50 50 50
[D]-L6K6-PA 50 >50 50

Figure 1 Dose-dependent haemolytic activity of the peptides towards
hRBCs

The assay was performed using a final concentration of 4 % red blood cells in PBS that
were incubated with serial 2-fold dilutions of the different peptides for 1 h. The parental
peptide [D]-L6K6 was non-haemolytic at all tested concentrations. Designations: upper curves
are for [D]-L6K6-MA and [D]-L6K6-PA, and lower curves are for [D]-L6K6, [D]-L6K6-DA and
[D]-L6K6-DDA.

Antifungal, antibacterial and haemolytic activities
of the lipopeptides

The MIC values of the lipopeptides are shown in Tables 2 and 3 for
fungi and bacteria respectively. Amphotericin B and gentamicin
were used as controls for fungi, and bacteria respectively. The
parental peptide is inactive toward all the cells tested. Importantly,
there is a direct correlation between the length of the acyl chain
attached to the peptide and its antifungal activity. In contrast, the
antibacterial activity of the lipopeptides generally decreased with
an increase in the fatty acid chain.

The haemolytic activity of the lipopeptides towards 4% hRBCs
is shown in Figure 1. The two short DA and DDA lipopeptides
were non-haemolytic, whereas the longer MA and PA lipopep-
tides were haemolytic, but only above their MICs. Nevertheless,
they have significantly reduced haemolytic activity compared with

Figure 2 Dose-dependent dissipation of the diffusion potential in vesicles,
induced by the lipopeptides

The lipopeptides were added to isotonic K+-free buffer containing LUVs pre-equilibrated
with the fluorescent dyes diS-C3-5 and valinomycin. Fluorescence recovery was measured
for 60 min after the peptides were mixed with the vesicles. Lipid concentration was 30 µM and
peptide concentration was in the range 0.3–12 µM. (A) PC/cholesterol vesicles, (B) PE/PG
vesicles and (C) PC/PE/PI/ergosterol vesicles. Peptide designations: �, [D]-L6K6; �, [D]-L6K6-
DA; �, [D]-L6K6-DDA; �, [D]-L6K6-MA; and �, [D]-L6K6-PA.

well-known lytic peptides such as melittin, which induces 100%
haemolysis already at a concentration of 1–3 µM under similar
conditions.

Membrane destabilization induced by the lipopeptides

The potency of the lipopeptides to destabilize membranes,
measured by using the diffusion potential assay, are shown in Fig-
ures 2(A)–2(C) for PC/cholesterol, PE/PG and PC/PE/PI/ergo-
sterol SUVs respectively. The results can be summarized as fol-
lows: (i) in all three types of vesicles, the MA- and PA-lipopeptides
were equally active and possessed a potency significantly higher
than that of the two shorter lipopeptides. Their higher activity
towards PC/cholesterol and PC/PE/PI/ergosterol compared with
the DA and DDA lipopeptides is in agreement with their higher
haemolytic and antifungal activities respectively. However, their
activity towards PE/PG is in contrast with their very low anti-
microbial activity. This is thought to result from the high oligo-
meric state of the two longer lipopeptides in aqueous solution
based on their CD spectroscopy (see the following section). The
enhanced oligomerization of these peptides endows them with
a large volume, which makes it difficult for them to penetrate
through the bacterial cell wall into the cytoplasmic membrane
via a specific uptake pathway, termed self-promoted uptake [36].
Self-association of AMPs has been shown to be an important
parameter, which affects their selectivity toward different cells.
Studies have shown that dermaseptin [18,20], LL-37 [37,38] and
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Figure 3 Time-dependent dissipation of the diffusion potential in
PC/PE/PI/ergosterol vesicles, induced by the lipopeptides

The lipopeptides were added to isotonic K+-free buffer containing LUVs pre-equilibrated with the
fluorescent dyes diS-C3-5 and valinomycin. Fluorescence recovery was measured as a function
of time after the peptides were mixed with the vesicles. Peptide designations: �, [D]-L6K6;
�, [D]-L6K6-DA; �, [D]-L6K6-DDA; �, [D]-L6K6-MA; and �, [D]-L6K6-PA.

model AMPs [14] that self-associate in solution have increased
antifungal and haemolytic activities. Other studies have shown
that cyclization or incorporation of D-amino acids into melittin
abolished its ability to assemble in solution and as a result
increased activity towards Gram-negative bacteria, but reduced
the haemolytic activity [39]. The shorter lipopeptides, which have
a lesser tendency to oligomerize, should traverse the bacterial cell
wall more efficiently, and act on the phospholipid membranes.
(ii) The parental peptide was only slightly active on PE/PG vesi-
cles. (iii) The DA and DDA lipopeptides were active on PE/PG
displaying a rapid kinetics, in agreement with their antibacterial
activity, but they were not active on PC/cholesterol, in agreement
with their inability to lyse red blood cells. (iv) In contrast with
the two longer lipopeptides, the two shorter ones were active on
PC/PE/PI/ergosterol SUVs only after a long incubation time (Fig-
ure 3).

A final interesting point is the similar activities of [D]-L6K6-MA
and [D]-L6K6-PA (Tables 1 and 2 and Figures 3 and 4). This sug-
gests a maximal threshold of effective hydrophobicity, which in
our case is the conjugation of MA. Crossing that level did not
improve the potency of [D]-L6K6-PA compared with [D]-L6K6-
MA in any of the assays.

Secondary structure of the lipopeptides in micelles and solution
and their ability to assemble in solution determined by CD
spectroscopy

A short amphipathic peptide will not adopt a stable secondary
structure in solution unless it exists as an oligomer. Figures 4(A)
and 4(B) show the spectra of the lipopeptides at 100 µM in
PBS and 1% LPC solutions respectively. The parental peptide dis-
played no structure as expected (results not shown). Note that the
featured spectra are mirror images of those corresponding to all
L-amino acid α-helical peptides, because these peptides are diaste-
reomers, thus manifesting altered chirality. In LPC solution, all the
lipopeptides adopted a partial α-helical structure. In PBS, how-
ever, only [D]-L6K6-MA and [D]-L6K6-PA formed a helical struc-
ture, indicating that they form oligomers in aqueous solution. The
micellization of the lipophilic acid moiety probably has a pivotal
role in this process.

Note that CD in proteins is a phenomenon that results when
chromophores (mainly non-bonding electrons of the carbonyl
oxygens) in an asymmetrical environment interact with polarized
light. A diastereomer, as opposed to all-L- or all-D-amino acid pep-
tides, is composed of both D- and L-amino acids that have opposite

Figure 4 CD spectra of the peptides in solution and LPC

(A) CD spectra of the lipopeptides in PBS. Spectra were measured at a peptide concentration
of 100 µM. Peptide designations: [D]-L6k6-PA (———), [D]-L6k6-MA ( · · · · · · · ),
[D]-L6k6-DDA (- - - -) and [D]-L6k6-DA (·–·–·–). (B) CD spectra of the lipopeptides in 1 % LPC.
Spectra were measured at a peptide concentration of 100 µM. Symbols are as in (A).

magnetic dipole moment and optical activity. The opposite circu-
larly polarized absorption components of the D- and L-amino
acid can decrease or even eliminate the overall absorbance of the
right-handed helix. Thus the analysed results collected from
the CD spectroscopy, regarding the diastereomers, should not
be considered quantitatively, but rather qualitatively, as reflecting
a helical secondary structure.

Secondary structure of the lipopeptides in phospholipid
membranes as determined by FTIR spectroscopy

The lipopeptides were assayed on the three types of multibilayers,
i.e. PC/PE/PI/ergosterol, PC/cholesterol and PE/PG, at a lipid/
peptide molar ratio of 30:1 after complete deuteration as described
before [38]. Assignment of the different secondary structures to
the various amide I regions was calculated according to the values
taken from Jackson and co-workers [40,41] and our previous
results [39,42,43]. Deconvoluted amide I region spectra of the in-
vestigated peptides, when incorporated into PC/PE/PI/ergosterol,
are shown as representative spectra in Figure 5 for the parental
peptide and all the lipopeptides. The relative areas that were
assigned to the corresponding structures for all the lipopeptides
when bound to all types of lipids are summarized in Table 4.

The data reveal similar and mainly helical (both α-helical and
310/dynamic helix) and β-sheet (both low and high frequency)
structures for all the peptides in PC/cholesterol and PE/PG
multibilayers. Interestingly, however, the parental peptide, the
DA and the DDA peptides adopt a significant random coil in PC/
PE/PI/ergosterol multibilayers, which correlates with their
reduced activity against fungi, and for the slow kinetics of these
three peptides in dissipating the membrane potential of PC/PE/PI/
ergosterol liposomes. Note, however, that the same peptides are
similarly less active towards hRBCs and PC/cholesterol phospho-
lipid membranes without the same random-coil component being
observed. This indicates that additional factors besides the
structure are important for achieving antifungal activity.
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Figure 5 Deconvolution of the amide I spectra of the fully deuterated
peptides incorporated into the PC/PE/PI/ergosterol (5:2.5:2.5:1, by weight)
multibilayers as detected by FTIR spectroscopy

The component peaks are the result of curve fitting using a Gaussian line shape. The sums
of the fitted components superimpose on the experimental amide I region spectra. A molar
ratio of approx. 1:30 was used. ———, deconvoluted amide I region spectra; - - - - -, fitted
structural components. (A) [D]-L6K6, (B) [D]-L6K6-DA, (C) [D]-L6K6-DDA, (D) [D]-L6K6-MA and
(E) [D]-L6K6-PA.

The effect of the lipopeptides on the phospholipid acyl-chain order

The orientation of the three types of phospholipid multibilayers
with or without a bound peptide was determined by polarized
ATR-FTIRspectroscopy.Thesymmetric[υ sym(CH2) ≈ 2853 cm−1]
and the antisymmetric [υantisym(CH2) ≈ 2922 cm−1] vibrations of
lipid methylene C–H bonds are perpendicular to the molecular
axis of a fully extended hydrocarbon chain. Thus measurements
of the dichroism of IR light absorbance can reveal the order and
orientation of the membrane sample relative to the prism surface.
Antisymmetric and symmetric peaks indicate that the membranes
are predominantly in a liquid–crystalline phase similar to bio-
logical cell membranes [44,45]. Assessing the influence of in-
dividual peptides on the orders of the acyl-chains in the multi-
bilayers results from comparing the CH2 stretching dichroic ratios
of phospholipid multibilayers alone and in a peptide-bound state.
Since the intensity values of the antisymmetric CH2 vibration
exceeded the value of 1, our calculations were based only on
dichroic ratio (R) values taken from the symmetric vibration. The
calculated values of the dichroic ratios are presented in Table 5.
Contrary to the diffusion potential assay results, these results re-
vealed a similar pronounced effect for all the peptides on each

Table 4 Composition of the peptide secondary structures as determined by
ATR-FTIR spectroscopy from the deconvolution of the amide I bands of the
peptides incorporated into the lipid multibilayers

A 30:1 lipid/peptide molar ratio was used. cho, cholesterol; erg, ergosterol.

Lipid Helical β-Sheet Random
Peptide composition structure* (%) structure† (%) coil (%)

[D]-L6K6 PC/cho 57 43 –
PE/PG 54 46 –
PE/PC/PI/erg 45 25 30

[D]-L6K6-DA PC/cho 62 38 –
PE/PG 47 53 –
PE/PC/PI/erg 45 28 27

[D]-L6K6-DDA PC/cho 70 30 –
PE/PG 58 42 –
PE/PC/PI/erg 46 29 25

[D]-L6K6-MA PC/cho 64 36 –
PE/PG 58 42 –
PE/PC/PI/erg 53 47 –

[D]-L6K6-PA PC/cho 78 22 –
PE/PG 65 35 –
PE/PC/PI/erg 53 47 –

* The sum of both α-helical and 310-helix/dynamic helix regions.
† β-Sheet structure refers to both low-frequency β-sheet and high-frequency β-turns

component regions.

Table 5 Dichroic ratios of the phospholipid multibilayers

A 1:30 peptide/lipid molar ratio was used.

Dichroic ratio of υsym (CH2)

Peptide PC/cholesterol PC/PE/PI/ergosterol PE/PG

Phospholipid 1.33 1.47 1.38
[D]-L6K6 1.43 1.61 1.62
[D]-L6K6-DA 1.46 1.64 1.57
[D]-L6K6-DDA 1.47 1.63 1.59
[D]-L6K6-MA 1.44 1.64 1.57
[D]-L6K6-PA 1.46 1.66 1.62

type of tested multibilayers. This supports the notion that the
peptides can affect the packing of the phospholipid membranes,
which is probably their major target. Once bound to the mem-
brane, they all cause a similar disturbance to it.

Visualization of morphological changes by TEM

The effects of the lipopeptides on bacteria are shown in Fig-
ures 6(A)–6(F). The data shown correlate with the MICs shown
in Table 3 for the short lipopeptides, and both endowed many
of the cells with a ghost-like appearance. Very interestingly, the
longer lipopeptides induced a unique effect on the cell, which
might reflect the formation of spheroplast-like structures. These
could be the result of a partial vesiculation of some of the bacterial
membranes into smaller vesicles, or a complete breakdown of
some of the cells, while others survive. The appearance of a
number of intact bacteria could be explained by the shorter
incubation time (15 min) compared with the antibacterial assay
(18 h).

All the lipopeptides at their MICs caused also a massive
disruption of a large portion of the Candida cell wall after treat-
ment for 15 min, as shown for example for [D]-L6K6-DDA (Fig-
ures 6G and 6H, for untreated and treated Candida respectively).
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Figure 6 Electron micrographs of negatively stained E. coli ATCC 35218
(A–F) and Ca. albicans ATCC 10231 (G and H) before and after treatment
with the lipopeptides

(A) Untreated bacteria, (B) [D]-L6K6, (C) [D]-L6K6-DA, (D) [D]-L6K6-DDA, (E) [D]-L6K6-MA,
(F) [D]-L6K6-PA, (G) untreated Ca. albicans and (H) [D]-L6K6-DDA.

DISCUSSION

Many studies have shown that antimicrobial activity is reduced
upon alteration of the amphipathicity of AMPs [5,46,47]. In the
present study, we isolated the hydrophobicity element without
changing the peptidic chain. The starting compound was a non-
active short cationic diastereomeric peptide, to which fatty acids
with different lengths were then attached. The main findings
are: (i) the attachment of the fatty acid at the N-terminus can
compensate for the hydrophobicity of the peptidic chain. (ii) The
length of the fatty acid controls cell selectivity (Tables 2 and 3
and Figure 1). (iii) A specific secondary structure does not play a
central role in controlling the biological activity, since all the
lipopeptides were active, although with different cell specifi-
cities. (iv) When examined against fungal biomimetic membrane
vesicles, [D]-L6K6-DA and [D]-L6K6-DDA displayed slow
kinetics (Figure 3). (v) All the active lipopeptides cause physical
damage to the bacterial and fungal cells (Figure 6).

Despite differences in the hydrophobicities of the lipopeptides,
their secondary structures in the membrane are similar to the
parental non-acylated peptide (Figure 4B and Table 4 respect-
ively). An exception was found in the case of the PC/PE/PI/
ergosterol multibilayers, in which [D]-L6K6, [D]-L6K6-DA and
[D]-L6K6-DDA exhibited a fraction of the random coil structure.
However, the effect of bound peptides on the acyl-chain order of
the phospholipid multibilayers was similar and did not reveal any
distinguishable effect for the random-coil structure component.
This may indicate that all the lipopeptides disrupt the membrane
similarly post binding. The additional random coil structural el-
ementmayprovideastructurallybasedcorrelationfor the slow kin-
etics of these two lipopeptides against fungal model membranes.

CD spectra analysis of the lipopeptides in PBS solution indi-
cated the assembly of [D]-L6K6-MA and [D]-L6K6-PA in aqueous
solution, most probably as a consequence of the micellization
of the long aliphatic chains. The stronger tendency of these two
lipopeptides to self-associate in solution and to form oligomers
may explain their microbicidal activity on cells that do not have
highly negatively charged outer membranes. Indeed, with the
exception of the antibacterial assay, there is a direct correlation
between hydrophobicity and activity. The longer lipopeptides are
more potent on the model membranes (Figure 2) as well as towards
fungi (Table 2) and red blood cells (Figure 1). Note that whereas
the lipopeptides with the longer aliphatic chains have low activity
towards bacteria, they are highly active against PE/PG vesicles,
which mimic bacterial membranes. This is probably directly con-
nected to the inter-relationship between the oligomeric state and
the composition of the cell surface. Oligomerization of the lipo-
peptides makes it difficult for them to traverse the bacterial cell
wall and to reach and perturb the cell membrane. However, it is
not clear what factors constitute the critical elements in a cell
surface that interact with the peptidic oligomers to determine
their potency against that cell type. Two possible factors are
the polarity and density of the external layer of the cell surface.
Conversely, the lipopeptides with the shorter attached fatty acids
can easily traverse the bacterial cell wall as evident from their
potent biological activities. It is therefore reasonable to assume
that the relatively lower activity of the shorter lipopeptides
towards fungi originate from their diminished ability to permeate
their membranes owing to insufficient hydrophobicity-derived
oligomerization, rather than difficulty to reach the membrane.

The data reveal that [D]-L6K6-DA and [D]-L6K6-DDA consist-
ently had a weaker membrane-lytic activity towards vesicles
compared with [D]-L6K6-MA and [D]-L6K6-PA. This reduced
activity probably stems from the lower hydrophobicity of the
shorter chains, which is associated with the less ordered structure
of the shorter lipopeptides in solution. Furthermore, in the pre-
sence of fungal membranes, which are less negatively charged
than those of bacteria, the less ordered structure of the two shorter
lipopeptides may cause electrostatic repulsive forces owing to the
positive charges of the peptides, thus amplifying the unordered
structure. This in turn might reduce their activity.

In summary, the attachment of aliphatic acids to cationic pep-
tides can be a key factor in controlling their self-assembly and
in determining their oligomeric state; the shorter and less hydro-
phobic lipopeptides have a broad spectrum of antibacterial and
fungal activities, without harming hRBCs, whereas the more
hydrophobic lipopeptides are selectively active toward fungi, but
also possess haemolytic activity at concentrations higher than their
MICs. The overall correlation between biological activity and
the ability to disrupt model membranes indicates that membrane
perturbation is at least one of the targets of these lipopeptides.

Besides giving us basic important information, the potential
resistance of diastereomeric peptides to proteolytic degradation
and to inactivation in the serum [15] serves as another incentive for
continuing research on them as potential templates for antifungal
and antibacterial peptides.
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