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A series of peptide analogs based on region 6–22
of Plantaricin 149 sequence were synthesized. The
interaction between these analogs and phospho-
lipid–polydiacetylene vesicles was investigated to
evaluate the ability of the bioassay to detect
differences in the interaction of the peptides with
dipalmitoylphosphatidylglycerol and dipal-
mitoylphosphatidylcholine vesicles, associated
with amino acid substitution and N-terminal conju-
gation of the sequences with short fatty acids (8
and 12 carbon atoms). Fatty acid conjugation of
peptides with low antimicrobial activity resulted
in lipopeptides with improved activity against
strains of Staphylococcus aureus and Listeria
monocytogenes. The length of the fatty acid deter-
mined the bacterial specificity, and the conjuga-
tion with n-octanoic acid yielded the most active
analog (C8-CT) against Staphylococcus aureus
strain (MIC: 1.0 lM) while the conjugation with n-
dodecanoic acid (C12-CT) was optimal for Listeria
monocytogenes strain (MIC: 2.0 lM). In contrast,
the substitution of Phe by Trp had an unfavorable
effect on the antimicrobial activity. Hemolysis
tests and membrane interaction studies with dipal-
mitoylphosphatidylcholine–polydiacetylene vesi-
cles showed that lipopeptides interact to a greater
extent with both biological and biomimetic mem-
branes. Also, a good correlation was found
between antimicrobial activity against Staphylo-
coccus aureus strain and % colorimetric response
values with dipalmitoylphosphatidylglycerol–
polydiacetylene vesicles.
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The emergence of bacterial strains resistant to conventional antibi-
otics is one of the major causes of inefficient therapy and high
mortality rates. For this reason, intensive efforts are being made to
develop novel drugs targeting bacterial cell membranes. Short anti-
microbial peptides (10–30 residues) are prevalent in nature as part
of the intrinsic defense mechanism of most organisms and have
been proposed as models for the design of novel antimicrobial
agents (1). This has led to the proliferation of new technologies for
drug discovery, which requires the parallel development of new
techniques to allow the rapid screening of large number of chemi-
cal and biological compounds.

Given the structural complexity of the membrane of actual cells and
the difficulties encountered in working with complex cellular sys-
tems, the study of peptide–membrane interactions using model sys-
tems such as liposomes or micelles becomes primordial. These
artificial models further allow examining the contribution of specific
parameters to membrane–peptide interactions and peptide activi-
ties. In this way, molecular assemblies containing synthetic conju-
gated polymers and lipids offer a unique platform for their
application as biosensors (2,3).

Conjugated substituted diacetylenes with various side chains readily
undergo photopolymerization via 1,4-addition reaction to form a
ene-yne alternated polymer chain under UV irradiation in a wide
range of organized structures, such as single crystal, Langmuir–
Blodgett (LB) films, self-assembled monolayers, liposomes or vesi-
cles (4–10).

Polydiacetylene (PDA) optical absorption occurs via a p fi p* elec-
tronic transition within the linear p-conjugated polymer backbone.
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The polymer backbone has two spectroscopically distinct phases,
designated as the blue and the red forms, which result from their
excitation absorption peaks at 650 and 540 nm, respectively. Under a
variety of environmental perturbations, such as temperature, pH, sur-
face pressure or mechanical stress, the PDA backbone can undergo a
drastic color transition from the blue to the red form (11–13).
Research work carried out by Jelinek's group has shown that mixed
vesicles containing both natural lipids and PDA could serve as a
membrane-mimicking environment for the detection of interfacial pro-
cesses (3,14). A detailed biophysical study of these biomimetic mem-
brane assemblies was also reported (15).

Many lactic acid bacteria secrete ribosomally synthesized antimicro-
bial peptides, known as bacteriocins. These peptides are usually
cationic, membrane permeabilizing, and contain between 25 and 60
amino acid residues (16). Plantaricin 149 is a bacteriocin produced
by Lactobacillus plantarum NRIC 149 isolated from pineapple (17).
We have previously demonstrated the bactericidal activity of a syn-
thetic carboxamide analog of Plantaricin 149 (Pln149a) against
strains of gram (+) food-borne pathogenic bacteria (18). Also, the
ability of Pln149a to inhibit S. cerevisiae growth was reported (19).

In this work, we investigated the interaction of truncated and modi-
fied analogs of Pln149a with PDA–phospholipid vesicles to evaluate
the ability of the bioassay to detect differences in the interaction
of the peptides with the vesicles. These results were compared
with those obtained in the biological assays. The antimicrobial
activity of the peptides against two strains of gram (+) bacteria,
Staphylococcus aureus and Listeria monocytogenes, and the cyto-
toxic activity against human red blood cells were also investigated.

The two gram (+) bacteria under study contain a predominance of
phosphatidylglycerol in their membranes. Listeria membranes con-
tain 30% lipids, 80% of which correspond to phospholipids (20),
while S. aureus has around 25% lipids, more than 95% being phos-
pholipids (21). The different compositions of these biological mem-
branes indicate that different peptides can interact differently to
produce their permeabilization.

Materials and Methods

Peptide synthesis
Plantaricin 149 analog (Pln149a), CT (region 6–22 of Pln149a),
CT[W17] corresponding to a CT substituted analog where Phe17
was replaced by Trp17, and N-terminal fatty acid-acylated analogs
of CT (with n-octanoic and n-dodecanoic acid) (see Table 1) were
synthesized by Fmoc solid-phase synthesis (SPPS) as C-terminal
amides.

Couplings were performed by O-(Benzotriazol-1-yl)-N,N,N¢,N¢-tetram-
ethyluronium tetrafluoroborate (TBTU) and diisopropylethylamine
(DIEA). Fmoc-deblockings were performed with 20% piperidine in
DMF (v ⁄ v).

Final cleavage from the resin was achieved by a mixture of TFA ⁄
H2O ⁄ EDT ⁄ TIS (94.5: 2.5: 2.5: 0.5) (v ⁄ v). After 3 h, the resin was fil-
tered off, and the crude peptide was precipitated in dry cold diethyl

ether, centrifuged, and washed several times with cold diethyl ether
until scavengers were removed. The product was then dissolved in
water and lyophilized twice. Peptides were purified by HPLC (Gilson,
France) using a semi-preparative reverse-phase C18 column (Jupiter-
Proteo Phenomenex, 10 lm, 90 �, 250 · 10 mm).

The purified peptides were analyzed by analytical RP-HPLC using a
Jupiter (Phenomenex, Torrence, CA, USA) C4 column (5 lm, 300 �,
250 · 4.60 mm,). The peptides were eluted with a linear gradient
of 5–80% of acetonitrile with 0.1% TFA at flow rate of 0.8 mL per
min for 33 min. The absorbance was measured at 220 nm. The
experimental molecular weights were determined using an Ultraflex
II Bruker Daltonics MALDI-TOF ⁄ TOF mass spectrometer.

Minimal inhibitory concentration (MIC)
determination
Minimal inhibitory concentration (MIC) determinations were per-
formed by the modified microtiter dilution assay, according to the
procedures proposed by R.E.W. Hancock Laboratory for testing anti-
microbial peptides (http://cmdr.ubc.ca/bobh/methods/MODIFIED-
MIC.html). Listeria monocytogenes DBFIQ LM 3 and S. aureus
DBFIQ S 21 strains, both belonging to the culture collection of C�te-
dras de Microbiolog�a y Biotecnolog�a – FIQ-UNL (DBFIQ), were acti-
vated by culture for 24 h at 37 �C on Mueller–Hinton broth (MHB)
(Biokar Diagnostics). In these cultures, cellular concentrations were
of 5 · 107 CFU ⁄ mL. These inocula were used to perform the assay
in coated glass tubes using MHB in full strength and diluted (50%,
25%, 10%, and 5%) and incubated for 18–24 h at 37 �C (22–24).
The considered MIC was the lowest peptide concentration that
completely inhibited the growth of each bacterial strain, compared
with the growth in the control tube.

Hemolytic activity (HA)
Human erythrocytes were isolated from heparinized blood by centri-
fugation (1006 · g for 10 min) after washing three times with sal-
ine solution. Erythrocyte solutions were prepared to a concentration
of 0.4% (v ⁄ v) in isotonic saline solution.

Test-tubes containing 200 lL of erythrocyte solution were incubated
at 37 �C for 60 min with 200 lL of peptide solution at concentra-
tions ranging from 50 to 400 lM.

After centrifugation at 1006 · g for 5 min, the supernatant absor-
bance was measured at 405 nm. Lysis induced by 1% Triton X-100
was taken as 100%.

Phospholipid–PDA vesicles
Dipalmitoylphosphatidylcholine (DPPC), dipalmitoylphosphatidylglycer-
ol (DPPG), and cholesterol (Chol) were purchased from Sigma
(St. Louis, MO, USA). The diacetylenic monomer 10,12-tricosadyinoic
acid was provided by Fluka. Tris (hydroxymethylaminomethane) was
purchased from Sigma.

Lipid components and the monomeric unit 10,12-tricosadyinoic acid
were used at the following mole ratios: DPPG ⁄ PDA (4:6), DPPC ⁄ PDA
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(4:6), DPPC ⁄ Chol ⁄ PDA (2:2:6), dissolved in chloroform ⁄ methanol
(1:1) and dried together by purging with N2 to give a thin film of
lipids on the glass surface. Deionized water was added to yield a
total lipid concentration of 1 mM. Samples were sonicated at
approximately 70 �C followed by slow cooling at 4 �C, overnight.
After polymerization by irradiation at 254 nm for 20–30 seconds,
vesicles exhibited an intense blue color because of the alternating
conjugated triple and double bonds of PDA backbone (25). The self-
assembly and photopolymerization of diacetylene compounds after
irradiation with UV light have been well documented, and sche-
matic representations of this process appear in different reports
(3,7,14,26,27).

Colorimetric measurements
Samples were prepared by adding aqueous peptide solutions to
0.2 mL of vesicle and 2 mM Tris buffer (pH approximately 8). Pep-
tide concentrations in the vesicles ranged from 50 to 350 lM.
Finally, the solutions were diluted to 1 mL. UV–Vis spectroscopy
measurements were carried out at room temperature on a METRO-
LAB M 1700 spectrophotometer, using a cell of 0.5-cm optical path
length.

A quantitative value for the extent of blue-to-red color transitions
within the vesicle solutions was given by the colorimetric response
(%CR), which was defined as follows (28):

%CR = (PB0 – PBI) · 100 ⁄ PB0

where

PB = Ablue ⁄ (Ablue + Ared)

A is the absorbance either at the 'blue' component in the UV–Vis
spectrum (640 nm) or at the 'red' component (500 nm). PB0 is the
blue ⁄ red ratio of the control sample (without peptides), and PBI is
the value obtained for the vesicle solution after colorimetric transi-
tion occurs. The reported %CR values were averages of three inde-
pendent measurements.

The visible spectra of two analogs (Pln149a and C8-CT[W17]) in
both phospholipid–PDA systems were included as supplementary
data file to show the differences in the colorimetric responses.

Circular dichroism (CD) analysis
Far-UV CD measurements were taken on a Jasco J-810 CD spec-
trometer (Tokyo, Japan) in a 0.1-cm path quartz curvet (Hellma,
M�llheim, Germany) and recorded after accumulation of five runs.
CD analyses were recorded in the presence of DPPG and DPPC ves-
icles. For the preparation of small unilamellar vesicles (SUV), the
lipid dispersion in MiliQ water was sonicated until the solution
became transparent. The final lipid concentration was 3 mM, and
the peptide concentration was 0.2 mg ⁄ mL in all samples. Spectra
were corrected for background scattering because of the vesicles
by subtracting the spectrum of a single vesicle solution to that of
the peptides in the presence of vesicles (29,30).

Additional spectra were obtained in water and in the presence of
TFE [20 and 40% TFE (v ⁄ v)]; final peptide concentration was
0.2 mg ⁄ mL in all cases. Deconvolution of CD spectra was
performed by CDPro software package (Colorado State University,
CO, USA) and CONTINLL method (IBasis 5, 7 and 8) (31–33).

Results and Discussion

The synthesized sequences are shown in Table 1. All CT analogs
have a net positive charge of +6. The retention times (rt) of the dif-
ferent peptides determined by reverse HPLC and the experimental
molecular mass determined by MALDI-TOF mass spectrometry are
also shown in this Table. N-terminal acylation increases the rt of
the peptides, thus increasing their mean hydrophobicity.

Antimicrobial activity of acylated and
substituted CT analogs
In a previous work (18), the antimicrobial activity of Pln149a against
two strains of gram (+) bacteria was investigated using full-strength
MHB, and unexpected high MIC values were found. In this work, a
preliminary study about the antimicrobial activity of Pln149a and its
analogs in full-strength and diluted (50%, 25%, 10%, and 5%)
MHB was carried out. The results clearly demonstrated that using
diluted MHB (10% and 25%) instead of the full-strength medium
increased the sensitivity of the antibacterial test. The mid-logarith-
mic phase of bacterial growth (1 · 104–1 · 105 CFU ⁄ mL) was
reached in these conditions, and best MIC results were obtained
with 10% of MHB. Consequently, MBH diluted at 10% was used in
this work for MIC determination.

Table 1: Sequences and characterization of the investigated peptides

Analog identification Region Sequence
Molecular mass (Da) Net charge RP-HPLC
Calculated Experimentala At pH = 7.4 Retention time (min)b

Pln 149 a 1–22 YSLQMGATAIKQVKKLFKKKGG-NH2 2424 2423.48 +7 19.7
CT 6–22 GATAIKQVKKLFKKKGG- NH2 1801.3 1801.25 +6 17.0
C8-CT 6–22 CH3-(CH2)6-CO-GATAIKQVKKLFKKKGG- NH2 1927.52 1927.24 +6 22.1
C12-CT 6–22 CH3-(CH2)10-CO-GATAIKQVKKLFKKKGG- NH2 1983.61 1983.21 +6 24.7
CT[W17]c 6–22 GATAIKQVKKLWKKKGG- NH2 1840.3 1840.11 +6 17.3
C8-CT[W17]c 6–22 CH3-(CH2)6-CO-GATAIKQVKKLWKKKGG- NH2 1966.51 1966.27 +6 21.6

All the peptides are amidated at their C-terminus. Purity >90%.
aDetermined by Maldi-Tof.
bA C4 column was used, and peptides were eluted in 33 min using a gradient elution of 5–80% of ACN in water containing 0.1% TFA.
cSubstituted analogs, where Phe17 of Pln149a sequence was replaced by Trp17.
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The effect of MHB strength on the antimicrobial activity of some
peptides has been described, and the reduction in the activity when
using full-strength medium has been attributed to several factors,
like the salt content of the media used to quickly propagate bacte-
rial cultures that blocks the positive charges needed for membrane
interaction (34), the aggregation of amphipathic alpha-helical pep-
tides, and ⁄ or the interaction of the peptides with other components
of this complex media (35). In this way, a good activity of pyrrhoco-
ricin–drosocin dimer chimeras against S. aureus was found in one-
quarter strength MHB but not in full-strength MHB (36,37).

Also, the effect of different culture media on the antimicrobial
activity of short peptides derived of Class IIa bacteriocins against
Listeria strains has also been reported. The highest antimicrobial
activity was detected using chemically defined culture media
instead of complex ones. Some components of complex media (like
brain heart infusion and MHB) might interfere with detection of the
antimicrobial activity (38).

Minimal inhibitory concentration values of the different peptides
against S. aureus DBFIQ S 21 and L. monocytogenes DBFIQ LM3
are shown in Table 2.

The N-terminal conjugation of CT with n-octanoic and n-dodecanoic
acids improved the antimicrobial activity against S. aureus strain,
according to MIC values (C8-CT: 1 lM; C12-CT: 2 lM) (see Table 2).

On the other hand, CT analog showed lower activity against L. mon-
ocytogenes strain (MIC: 17.8 lM) than to S. aureus (MIC: 8.9 lM).
A direct correlation between activity and the length of the fatty
acid chain conjugated to the peptide was found for L. monocytoge-
nes strain, as the best results were obtained when n-dodecanoic
acid was used (C12-CT: 4 lM).

Malina & Shai studied the effect of the conjugation of a cationic
biologically inactive peptide with fatty acids of different lengths.
The conjugation with decanoic acid (C10) and dodecanoic acid (C12)
gave rise the most active lipopeptides toward gram (+) and gram
()) bacteria while conjugation with longer fatty acids (myristic and
palmitic acid, 14 and 16 carbon atoms) not only decreased the anti-
microbial activity but also increased the hemolytic activity (39).

In a recent report, Laverty et al. studied the antimicrobial activity of
an ultrashort cationic tetrapeptide (OOWW-NH2), N-terminally modi-
fied with fatty acids of different length (C6–C16). In this case, tet-
rapeptides bearing N-terminal C12 exhibited optimal antimicrobial
activity against bacteria and fungi (40).

The antimicrobial activity of C8-CT and C12-CT against S. aureus
and L. monocytogenes agrees with these reported data in the sense
that conjugation with short fatty acid chains appears to be optimal
for the interaction of the lipopeptides with the bacterial phospho-
lipid membranes.

However, taking into account that C8-CT and C12-CT differ in their
hydrophobicity (see Table 1, rt determined by HPLC), the effect of
this physicochemical parameter appears to be more important for
the permeabilization of L. monocytogenes than for S. aureus mem-
branes. Notwithstanding, the most active analog against L. mono-
cytogenes strain was Pln149a (MIC: 1.7 lM) (see Table 2).

The action mechanism of Plantaricin A, a bacteriocin that shares
significant sequence homology with Plantaricin 149, remains poorly
understood, but different studies have suggested that lipid mem-
branes could be a target for its antimicrobial activity against Liste-
ria (16).

Then, it appears that the N-terminal pentapeptide (YSLQM) of
Pln149a favors the interaction with Listeria membrane through the
hydrophobic amino acid residues Leu3 and Met5. In addition, it is
possible that another specific mechanism may be involved in the
interaction and permeabilization of Listeria membrane.

The substitution of Phe17 by Trp17 significantly reduced the anti-
microbial activity of CT against the two tested strains (see
Table 2). Nevertheless, CT[W17] conjugation with n-octanoic acid
notably increases the antimicrobial activity of this analog against
the two tested strains (eightfold more active), showing again that
the alkyl chain improves the interaction with the bacterial mem-
branes.

In a study about physicochemical parameters affecting the antimi-
crobial activity, the hydrophobic moment of the peptide chain was
considered as the parameter that has the most significant effect on
the antimicrobial activity of lytic peptides (41).

To analyze the substitution effect (Phe17 versus Trp17) on the prop-
erties of the sequences, peptide hydrophobicity (H) and hydrophobic
moments (Hm) were calculated using the normalized consensus
hydrophobicity scale of Eisenberg (42) and the European Molecular
Biology Open Software Suite (EMBOSS) (43).

The most amphipathic region of Pln149a is extended from Ile10 to
Lys19 (IKQVKKLFKK, Hm: 0.837) and the substitution of Phe by Trp
decreases the Hm (0.806) of this region. The mean hydrophobicity
of CT and CT[W17] calculated by the same algorithm (H: )0.147
and )0.226, respectively) indicates that CT is slightly more hydro-
phobic than CT[W17]. In this way, the increased antimicrobial activ-
ity of CT against the two gram (+) tested strains may be explained
by its higher amphipathicity.

Table 2: Minimal inhibitory concentration (MIC) of peptides
against Staphylococcus aureus and Listeria monocytogenes strains

Peptide

MIC (lM)

S. aureus L. monocytogenes

DBFIQ S21 DBFIQ LM3

Pln 149a 6.6 1.7
CT 8.9 17.8
C8-CT 1.0 16.0
C12-CT 2.0 4.0
CT[W17] >69.6 69.6
C8-CT[W17] 8.1 8.1
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Hemolytic activity
Figure 1A depicts the percent hemolysis of human erythrocytes as a
function of peptide concentrations for Pln149a, CT, and its conjugated
analogs. Low hemolytic activity was found for Pln149a and almost
null for CT in the whole range of concentrations (25–400 lM).

Particularly, at concentrations >100 lM, the differences between
the hemolytic activity of C12-CT and the other CT analogs were sig-
nificantly increased showing that the longer hydrocarbon chain
enhances the interaction with the eukaryotic cell membrane. In
addition, the different shape of C12-CT curve suggests a different
mode of interaction of this analog with the eukaryotic membrane.

The substitution of Phe17 by Trp17 slightly increases the hemolytic
activity of CT (not more than 20%) as observed in Figure 1B, but
the conjugation of CT[W17] with n-octanoic acid notably increases
the cytotoxic activity at concentrations higher than 200 lM.

Circular dichroism (CD) analysis
Circular dichroism results showed that all the peptides adopt a ran-
dom structure in water as expected for small peptides in aqueous
solution, consistent with a pronounced minimum observed around

198 nm and confirmed by deconvolution with CDpro package Pro-
gram.

In the presence of DPPC vesicles, all the peptides showed a mini-
mum around 200–204 nm, suggesting that they are predominantly
unordered (Figure 2A), while in the presence of DPPG vesicles,
Pln149a, C8-CT, C12-CT, and C8-CT[W17] showed a predominant a-
helical structure with two minima at 208–210 and 217–222 nm and
a maximum at 196–198 nm (Figure 2B). This observation also
agrees with our previous investigations, indicating that Pln149a
adopts a-helical structure in AOT reverse micelles (18), validating
the hypothesis that electrostatic interactions between positively
charged residues on the peptides and negatively charged groups in
the membrane are important for structuring and functionality of
these analogs.

Additional CD analyses were carried out in the presence of TFE
(20% and 40%). In this case, and for all the peptides, a greater
tendency to a-helix structure while increasing TFE concentration
was found.

CD studies of Plantaricin A in liposomes have shown that whereas
negatively charged membranes induced as much as 45% helicity,

A B

Figure 1: Hemolysis of human erythrocytes as a function of concentration of the different peptide analogs. (A) CT and its fatty acid conju-
gated analogs. (B) CT and its substituted analogs (Phe17 was replaced by Trp17).

A B

Figure 2: CD spectra of Pln149a, CT acylated and substituted analogs (A) in dipalmitoylphosphatidylcholine vesicles (B) in dipalmitoylphos-
phatidylglycerol vesicles. Peptide concentration in all measurementes was 0.2 mg ⁄ mL.

Phospholipid–PDA Vesicles and Antimicrobial Peptides
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zwitterionic vesicles induced only around 7% helicity (44). A similar
effect of zwitterionic vesicles on Plantaricin E ⁄ F and Plantaricin J ⁄ K
structure was reported (45).

Colorimetric analysis
Figures 3A,B and 4A,B show the colorimetric responses (CR) of
lipid ⁄ PDA vesicles as a function of peptide concentrations in the bi-
omimetic membranes. The error bars confirm the reproducibility of
the colorimetric analysis.

DPPC–Chol–PDA membranes
Figure 3A,B shows the chromatic responses of the peptides inter-
acting with DPPC–Chol–PDA membranes. The shape of the curves
of Pln149a, CT, C8-CT, and C12-CT is quite different (see Figure 3A),
and only significant differences between the interaction of the lipo-
peptides compared to CT and Pln149a were observed at high con-
centrations (225–275 lM). Similarly, a greater interaction of
CT[W17] and C8-CT[W17] compared with CT was only observed at
concentrations higher than 200 lM (see Figure 3B).

Circular dichroism analyses of the peptides in the presence of DPPC
liposomes evidenced they are highly unordered, suggesting a low
interaction with zwitterionic membranes, which is also consistent
with the low hemolytic activity detected in a wide range of peptide
concentrations.

At an early stage, two types of membranes were prepared, one
containing DPPC–Chol–PDA and the other without cholesterol. The
correlation between hemolytic activity of the peptides and DPPC–
PDA interaction was not good when the vesicles were prepared in
the absence of cholesterol because high CR values did not correlate
with the percentages of hemolysis (data not shown). Instead of this,
the addition of cholesterol to DPPC–PDA membranes coincided with
a decrease in CR values, suggesting that cholesterol increased the
fluidity and stability of the vesicles, leading to a better simulation
of human red blood cell membranes.

DPPG–PDA membranes
Figure 4A,B shows the colorimetric responses (CR) of peptides with
DPPG–PDA vesicles. Similar shapes of CR curves were found for CT

A B

Figure 3: Colorimetric transitions induced in dipalmitoylphosphatidylcholine-Chol-polydiacetylene vesicles for the peptides. (A) Interaction
of Pln149a, CT and its conjugated analogs. (B) Interaction of CT and the substituted analogs (Phe17 by Trp17).

A B

Figure 4: Colorimetric transitions induced in dipalmitoylphosphatidylglycerol-polydiacetylene vesicles. (A) Interaction of Pln149a, CT and its
conjugated analogs. (B) Interaction of CT and the substituted analogs (Phe17 by Trp17).
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and its conjugated analogs as peptide concentration increased (Fig-
ure 4A), also showing that interaction of CT with DPPG–PDA mem-
brane was the lowest in almost the entire range of concentrations
tested.

The highest differences between %CR of C8-CT and C12-CT were
detected at 150 lM (48% and 43%, respectively), but at higher con-
centrations (>250 lM), the differences were negligible.

These results correlate with the higher antimicrobial activity of the
lipopeptides against the two tested strains, suggesting a better
interaction of the lipopeptides with the biomimetic and also with
the biological membranes. In the same way, dichroism analyses of
lipopeptides have demonstrated that in the presence of anionic ves-
icles, C8-CT and C12-CT adopt an a-helix structure allowing a high
interaction with the bacterial membranes.

The higher interaction of Pln149a with DPPG membranes compared
with CT shows that the hydrophobic residues of the N-terminal
sequence (YSLQM) improved the interaction with the biomimetic
membrane. These results are in agreement with those of antimicro-
bial activity in the sense that Pln149a was always more active than
CT against the two tested strains. Figure 4B shows the interaction
of CT, CT[W17], and C8-CT[W17] with DPPG–PDA biomimetic mem-
branes.

The differences in the permeation properties of CT and CT[W17] are
not related to distinct structural features as CD analyses in DPPG
liposomes evidenced similar contributions of ß-sheet conformation,
consistent with the presence of a minimum at 215–216 nm and
according to the deconvolution analyses by CDPro software. Never-
theless, these peptides were the least ordered of all investigated
peptides. Comparing CT and CT[W17] curves, it was observed that
the analog containing Trp gave rise to the steepest increases in
%CR in the range of concentrations between 50 and 200 lM. Also,
the higher chromatic variations in the %CR values of CT[W17] sug-
gest that this peptide was predominantly located at the lipid–water
interface, causing enhanced perturbation in the head-group region
of the lipid–polymer assembly. CT, on the other hand, inserted dee-
per into the hydrophobic core of the lipid bilayer and consequently
induced lower %CR. Previous analyses of color transitions induced
in phospholipid ⁄ PDA systems have verified that surface perturba-
tions are the predominant factors for induction of the PDA color
changes (46–49). Such interpretations are also consistent with the
hydrogen bonding ability of the Trp indole ring and its preference to
locate at the interface membrane (50,51).

Fatty acid acylation of CT[W17] with n-octanoic acid increased the
interaction with DPPG–PDA membranes (see Figure 4B), and CD
analyses also evidenced that the conjugation promoted a conforma-
tion change toward an a-helix structure with minor contributions of
ß-sheet, being the structure highly ordered. These results correlate
with the biological assays, showing that C8-CT[W17] was the most
active substituted analog against the two tested strains.

Colorimetric response values obtained with vesicles of DPPG-PDA
varied in a narrow range for the different analogs, according to the
concentration of each peptide (35–42% at 100 lM, 200 lM 38–

50%), while for DPPC–Chol–PDA vesicles, largest variations were
observed, particularly at 200 lM (47–66%), and also higher values
of CR were detected with these vesicles.

Different reports have demonstrated that %CR of model peptides
varies according to the lipid composition of the vesicles. For exam-
ple, different %CR were obtained for melittin and indolicin analogs
in the presence of DMPC-PDA, DMPE -DMPG-, -PDA, and LPS-
DMPC-PDA, among others (8,14,46,47,52). These reports also dem-
onstrated that biomimetic membranes containing DMPC induced
higher chromatic responses than those containing DMPG.

Conclusions

Fatty acid acylation increased the interaction with anionic lipid bi-
layers, and a good correlation was found with the antimicrobial
activity, particularly against S. aureus strain, suggesting that the
hydrocarbon chain improves the interaction with the bacterial mem-
branes. The folding of Pln149a, C8-CT, C12-CT, and C8-CT[W17] into
a pronounced helical conformation upon interaction with DPPG vesi-
cles supports from a structural point of view the insertion of these
peptides into the bilayer rather than their localization only at the
lipid–water interface.

The similar interaction of Pln149a, C8-CT, and C12-CT with DPPG–
PDA vesicles could not explain the highest activity of Pln149a
against L. monocytogenes strain, suggesting that other mechanisms
may be also involved in the mode of action against this bacteria.

The random coil structure and low insertion of the peptides in
DPPC–PDA vesicles might explain the high selectivity of these pep-
tides toward bacterial membranes.
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