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• Investigated antimicrobial activity of
N-acylated defensin analogs.

• Both acetylated and palmitoylated
peptides exhibited antimicrobial
activity.

• Palmitoylated peptides showed antibac-
terial activity in the presence of salt.

• Palmitoylation resulted in enhanced
binding to model membranes.

• Observed hemolytic activity is reduced
in the presence of lipid vesicles and
serum.
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Peptides spanning the C-terminal segment of bovine-β-defensin-2 (BNBD-2) rich in cationic amino acids, show
antimicrobial activity. However, they exhibit considerably reduced activity at physiological concentration of
NaCl. In the present study, we have investigated whether N-terminal acylation (acetylation and palmitoylation)
of these peptides would result in improved antimicrobial activity. N-terminal palmitoylation though increased
hydrophobicity of the peptides, did not enhance antimicrobial potency. However, antibacterial activity of these
peptides was not attenuated by NaCl. Biophysical studies on the palmitoylated peptides have indicated that an-
tibacterial activity in the presence of NaCl arises due to the ability of the peptides to interact with membranes
more effectively. These peptides showed hemolytic activity which was attenuated considerably in the presence
of serum and lipid vesicles. In defensin related peptides, fatty acylation would be a convenient way to generate
analogs that are active in the presence of salt.
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1. Introduction

Defensins are important components of host-defense against bacte-
ria and fungi. They are present in species across the evolutionary scale
[1–6]. The primary structures of defensins from several mammalian
species have been determined [5–9]. Defensins, particularly in
mammals, are characterized by three disulfide bonds and based on the
disulfide connectivity, they are referred to as α or β defensins [5–9].
Apart from the disulfide pattern and certain conserved residues, there
are considerable variations in the net positive charge (at neutral pH)
and peptide chain length. The antimicrobial spectrum and sensitivity
of antimicrobial activity to salt also vary considerably [10–12]. Extensive
efforts have been made to correlate the structural and sequence re-
quirements for activity [13–20]. From these studies, it emerges that
the native disulfide connectivity or even three disulfides are not essen-
tial for antimicrobial activity [14,17]. The cationic residues and the
presence of certain amino acids appear to play a critical role in deter-
mining the activity of native defensins [14,17]. Linearized defensin
analogs exhibit antibacterial activity although they do not adopt amphi-
pathic helical structures [21]. Some native defensins tend to form
dimers in solution [22,23]. This structural feature does not appear to
be essential for exhibiting activity as peptides with non-native disulfide
bridges as well as linear analogs that are unlikely to oligomerize, also
exhibit activity [22,23]. Peptides spanning the cationic segments of
β-defensins with a single disulfide bridge show antimicrobial activity
indicating that there is considerable flexibility in the sequence and
structural requirement for antimicrobial activity [14]. However, the an-
tibacterial activities of the truncated defensin analogs are attenuated in
the presence of high concentrations of salt. Several attempts have been
made to design analogs of defensins whose antimicrobial activities are
not affected by NaCl. These approaches have involved synthesis of
hybrid defensins or other synthetic modifications [24,25]. We have
earlier shown the peptides spanning the C-terminal segment of bovine
β-defensin BNBD-2 have antibacterial activity. However, these peptides
were inactive in the presence of high NaCl concentrations [14]. In this
study, we have explored whether salt resistant defensin analogs can
be obtained with minimal synthetic intervention.

Fatty acid acylation is a common post-translational modification oc-
curring in a wide variety of eukaryotic proteins and has an important
role in intracellular protein sorting and targeting to membranes [26].
Attachment of fatty acid to a protein or peptide would result in in-
creased hydrophobicity and favor greater membrane interaction [26].
Studies on short acylated antimicrobial peptides indicate that addition
of a fatty acid can modulate, both activity and selectivity [27–36]. For
example, in the case of polymyxin, removal of the fatty acid resulted
in reduced antimicrobial potency, indicating that it is important for
activity [37]. The attachment of palmitic acid to the N-terminus of a
positively charged model peptide, eliminated its antibacterial activity
but increased its antifungal and hemolytic activity [28]. Correlation
Table 1
Sequences of bovine β-defensin BNBD-2 and its analogs.

VRNHVTC1RINRGFC2VPIRC3PGRTRQIGTC4FGPRIKC5C6RSW BNBD-2

RCPGRTRQIGTIFGPRIKCRSW PB1 (PB1L)a

RCDPGRTRQIGTIFDPGRIKCRSW PB4 (PB4L)a

Palmitoyl-RCPGRTRQIGTIFGPRIKCRSW PA1 (PA1L)
Palmitoyl-RCDPGRTRQIGTIFDPGRIKCRSW PA4 (PA4L)
Acetyl-RCPGRTRQIGTIFGPRIKCRSW AC1 (AC1L)
Acetyl-RCDPGRTRQIGTIFDPGRIKCRSW AC4 (AC4L)

Disulfide linkages are between C1–C5, C2–C4 and C3–C6 in BNBD-2.
DP indicates D-proline.
Peptides PA1L, PA4L, AC1L and AC4L (in parentheses) are linear forms of peptides where
the cysteine side chain protecting acetamidomethyl (acm) group has been retained.

a Peptide sequences corresponding to C-terminal segment of BNBD-2 [14].
between secondary structure induced by lipids and antibacterial or he-
molytic activity has been observed in fatty acylated peptides [28,31].
Studies on fatty acylated mastoparan have indicated that embedding
and positioning of the peptide in the membrane modify its effective
charge which plays a critical role in the selectivity of peptide between
neutral and negatively charged lipid membranes [29]. In the present
study, the C-terminal segment RCPGRTRQIGTIFGPRIKCRSW (PB1) of
BNBD-2 (sequence shown in Table 1), and its variant (PB4) have been
modifiedwith acetyl group or palmitic acid at the N-terminus. The anti-
microbial activity of themodified peptides (Table 1) was determined in
the presence and absence of NaCl. Their interaction with model mem-
branes was also investigated.

2. Materials and methods

2.1. Materials

Fluorenylmethoxycarbonyl (F-moc) protected amino acids used were
from Novabiochem AG, Switzerland and Advanced Chemtech, Louisville,
KY, USA. Coupling reagents used in peptide synthesis were N-hydro-
xybenzotriazole hydrate (HOBt) (Advanced Chemtech), 2-(1-H-benzotri-
azole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU)
(Advanced Chemtech), and N, N-diisopropylethylamine (DIPEA)
(Sigma). Palmitic acid used for acylation of peptides was from Sigma-
Aldrich, MO, USA. POPC, 1-palmitoyl-2-oleoyl-sn-glycerophospho-cho-
line, POPE, 1-palmitoyl-2-oleoyl-sn-glycerophospho-ethanolamine
and POPG, 1-palmitoyl-2-oleoyl-sn-glycerophosphoglycerol were
purchased from Avanti Polar Lipids (Alabaster). Cholesterol was ob-
tained from Sigma. All reagents and solvents used were of highest
purity available.

2.2. Peptide synthesis

The synthesis of resin-bound C-terminal segment of BNBD-2 pep-
tides with free amine group at the N-terminus has been described ear-
lier [14]. The peptides were synthesized on HMPA resin using Fmoc
chemistry [14]. N-terminal palmitoylation or acetylation of these pep-
tides was carried out on-resin using the method described elsewhere
[38,39]. N-terminal palmitoylated peptides were obtained by adding
the mixture containing palmitic acid: HOBt: HBTU: DIPEA (1:1:1:2) to
the resin-bound C-terminal segment of BNBD-2 and kept on gentle
mixing for 5 h. The processwas repeated two to three times andwashed
the resin thoroughlywith DMF and diethyl ether. Amixture of acetic an-
hydride and DIPEA (1:1) was added to the resin and kept on gentle
mixing for 1 h. The processwas repeated two to three times andwashed
the resin thoroughly with DMF and diethyl ether to obtain N-terminal
acetylated peptides. Peptides were cleaved from the resin using
trifluoroacetic acid containing thioanisole, m-cresol, and ethanedithiol
(10:1:1:0.5 v/v). The side chain protecting group in cysteines,
acetamidomethyl (acm) was removed by treatment with mercuric ace-
tate as described earlier [40]. Formation of disulfide bond was accom-
plished by oxidation in 20% aqueous dimethyl sulfoxide at a
concentration of 0.5 mg/ml for 24 h at room temperature [14,41].
Peptides were purified by HPLC on a reversed phase C-18 column
(Agilent Extent C-18 (4.6 mm × 250 mm)) using gradients of solvents:
(A) 0.1% TFA in water; (B) 0.1% TFA in acetonitrile. The adsorbed pep-
tides were eluted with a linear gradient of (10–70% solvent B) in
65min at a flow rate of 0.5ml/min. The purity of HPLC-purified peptides
was ≥98%. The molecular masses of HPLC purified peptides were con-
firmed on an electrospray ionization mass spectrometer with a linear
ion trap mass analyzer (LTQ-IT, Thermo Fischer, Waltham, MA, USA).

2.3. Antimicrobial activity

Antibacterial activity of the peptides against bacterial strains
Escherichia coli (MG1655), Staphylococcus aureus (ATCC 8530) and



Fig. 1. Binding of ANS to linear and cyclic variants of N-terminal palmitoylated BNBD-2 an-
alogs in the presence and absence of NaCl. Different concentrations of peptides were
added to ANS (4 μM). The increase in fluorescence λmax (470 nm) is plotted against pep-
tide concentration. (A) PA1L, (B) PA1, (C) PA4L and (D) PA4. Key: (●)−NaCl, (O)+NaCl.
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Pseudomonas aeruginosa (NCTC 6751) was determined as described
previously [42,43]. Bacteria were grown in LB medium to mid-log
phase and diluted to 106 colony-forming units (cfu)/ml in 10 mM
sodium phosphate buffer pH 7.4 (PB). Bacteria were incubated with
different concentration of peptides (1–15 μM) for 2 h at 37 °C, in sterile
96-well plates in a final volume of 100 μl. Suitably diluted aliquots were
spread on LB agar plates. The plateswere incubated at 37 °C for 18 h. The
protocol is similar to the one used for defensins [42,43]. The cfu were
counted, and percentage killing of bacteria relative to the cfu in untreat-
ed controls was calculated. The concentration of the peptides at which
no viable colonies formed was taken as lethal concentration (LC),
which was determined from the average of three independent experi-
ments done in duplicates. Human serum (20%) or 150mMNaCl was in-
cluded in the incubation buffer to determine the effect of serum or salt.

The antifungal activity of peptides against Candida albicans (ATCC
18804) in final volumes of 100 μl was determined as described previ-
ously [44,45]. Minimum fungicidal concentrations (MFC) of the pep-
tides were determined by growing C. albicans aerobically in yeast
extract–peptone–dextrose (YEPD) medium at 30 °C. After 20 h, 0.3 ml
from this suspension was subcultured for 2 h in 20 ml of YEPD broth
to obtain a mid-log-phase culture. Cells were harvested by centrifuga-
tion, washed with PB and resuspended in the same buffer, and the con-
centration was adjusted to 106 cells/ml. Aliquots of diluted cells were
incubated with different concentrations of peptides (1–15 μM) in
100 μl volumes at 30 °C for 2 h. Suitably diluted aliquots of cell suspen-
sions were spread on YEPD agar plates and incubated for 24 h at 30 °C.
Colonies were counted, and the concentrations of the peptides at which
no viable colonies were formed were taken as theMFC. The averages of
results from three independent experiments done in duplicates were
taken for the calculation of MFC.
2.4. ANS fluorescence measurements

Fluorescence measurements were carried out on a Hitachi F-7000
Fluorescence spectrophotometer. ANS (4 μM)was titratedwith increas-
ing concentration of acylated peptide in 10mMphosphate buffer pH 7.4
in the presence and absence of 150mMNaCl. The sampleswere excited
at 350 nm, and the emission spectrum was recorded from 420 to
550 nm. The excitation and emission slits were set to 5 nm. Allmeasure-
ments were carried out at 25 °C.
Table 2
Antimicrobial activity of acylated peptides and the analogs spanning the C-terminal
segment of bovine β-defensin BNBD-2.

Peptide LC (μM)a MFC (μM)a

E. coli P. aeruginosa S. aureus C. albicans

PB1L 4b 5b 5b 7
PB1 4b 6b 4b 20
PB4L 4b 10b 6b 6
PB4 4b 5b 6b 20
PA1L 7 11 6 10
PA1 5 10 3 12
PA4L 5 12 4 12
PA4 5 10 2 12
AC1L 11 13 5 10
AC1 5 11 2 11
AC4L 5 12 5 8
AC4 5 12 2 10

Lethal concentration (LC). Minimum fungicidal concentrations (MFC).
a Variations in LC or MFC between independent experiments were ±1 μM.
b Indicates LC values taken from earlier report [14].
2.5. Circular dichroism (CD)

CD spectra were recorded on a Chirascan-plus CD spectrometer
(Applied Photophysics, Leatherhead, UK). A resolution of one-
nanometer and scan speed of 0.2 nm were applied to record far-UV
spectra (190 nm to 260). Peptide concentrations of 10 μM were used
to record the spectra in 10mMphosphate buffer pH 7.4 in the presence
of above critical micellar concentration (CMC) of SDS. Spectra of 50 μM
peptides in trifluoroethanol (TFE) were recorded on a JASCO J-815
(Japan) automatic recording spectropolarimeter. The spectra were re-
corded at 25 °C using a quartz cell of 1mmpath length. The data obtain-
ed has been represented as mean residue ellipticities.
Fig. 2. CD spectra of acetylated and palmitoylated BNBD-2 analogs in 5 mM HEPES buffer
pH 7.4 and containing 12 mM SDS. (A) PA1L, (B) PA1, (C) AC1L and (D) AC1. Key: gray
line— buffer, dark line — 12 mM SDS.



Fig. 3. CD spectra of palmitoylated and acetylated BNBD-2 analogs in TFE. Key: (A) PA1L and PA1 (B) PA4L and PA4 (C) AC1L and AC1 (D) AC4L and AC4. Key: (■) linear peptides, (O) cylic
peptides.
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2.6. Preparation of large unilamellar vesicles (LUVs)

The lipid vesicles were prepared as follows: 5 mM POPC lipids were
dried under vacuumovernight. The lipid film thus obtainedwas hydrat-
edwith 1ml of 5mMHEPES buffer, pH 7.4 and the solutionwas subject-
ed to vortexmixing. Themultilamellar vesicles obtained were extruded
40 times through a Lipofast extruder apparatus (Avestin Inc., Ottawa,
ON) equippedwith a polycarbonate membrane filter (19mmdiameter,
100 nm pore diameter) to produce LUVs with vesicle size of 100 nm
[46]. The size distribution of vesicles was confirmed by dynamic light
scattering (DLS) measurements.

2.7. Calcein leakage assay

Large unilamellar lipid vesicles composed of POPC: Cholesterol
(10:1) or POPC: POPG (1:1) entrapped with calcein (50 mM)were pre-
pared by extrusion through polycarbonate membranes with a pore size
of 100 nm on a Lipofast extruder apparatus (Avestin, Inc., Canada) [46].
Lipid film was hydrated with 5 mM HEPES buffer pH 7.4, 50 mM NaCl
containing 50 mM calcein. After extrusion, untrapped calcein was re-
moved by gel filtration on a Sephadex G-75 column. Leakage of dye
from lipid vesicles was determined as follows: small aliquots of
calcein-entrapped vesicles (75 μM) were added to 0.5 ml of 5 mM
HEPES buffer pH 7.4, 150 mM NaCl containing peptide in a quartz cu-
vette. Fluorescence was measured in a Hitachi F-4500 Fluorescence
spectrophotometer with excitation at 490 nm and emission at
520 nm. The excitation and emission band widths were 3 and 5 nm re-
spectively. Themaximum fluorescence intensitywas determined by ad-
dition of Triton X-100 to a final concentration of 0.1%.

2.8. Inner-membrane permeabilization (IM)

Inner-membrane permeability of E. coli in the presence of the acylat-
ed peptides was assessed by using o-nitrophenyl-β-D-galactoside
(ONPG), a substrate for cytoplasmic β-galactosidase enzyme [47].
E. coli strain (GJ 2455), which is constitutive for β-galactosidase synthe-
sis (derivative of E. coli MG 1655 lac I−, lac Z+), was grown to mid log
phase in LB broth. The cells were diluted to an OD600 of 0.05 with PB
containing 20 mM ONPG. Aliquots of these cells were incubated with
fixed concentration of peptide (30 μM) at 37 °C for 30min. ODmeasure-
ment made at 420 nm which reflects ONPG influx into the cells, was
taken as an indicator of the permeability status of IM. Membrane
permeabilization kinetics was also determined for a representative set
of palmitoylated (PA1) and acetylated (AC1) peptides by following the
kinetics of hydrolysis of ONPG to cytoplasmic galactosidases. Controls
without peptides were taken as blanks. The experiments were repeated
thrice with duplicate samples. Activity obtained from cells incubated
with SDS (1% (w/v)) was taken as 100%.

2.9. Hemolytic assay

Human erythrocytes were isolated from heparinized human blood
by centrifugation and washed thrice with phosphate-buffered saline
(PBS, 10 mM phosphate buffer containing 0.15 M NaCl, pH 7.4) just be-
fore assays were performed. Aliquots of cell suspension (107/ml) in
Eppendorf tubes were incubated at 37 °C with peptides in duplicates
for 30 min with gentle mixing. The samples were centrifuged and the
absorbance of the supernatant was measured at 540 nm. The lysis ob-
tained with 1% Triton X-100 was considered as 100%. The percentage
lysis was calculated. Human serum (20%) was included in the incuba-
tion buffer to determine the effect of serum on the activity. Hemolytic
activity in the presence of POPC large unilamellar vesicles (LUVs) was
also determined at varying lipid peptide ratios. The experiments were
repeated thrice with duplicate samples. The percentage lysis was calcu-
lated as described above.

3. Results

Theprimary structures of peptides chosen for the study are shown in
Table 1. It was earlier reported that the C-terminal segment of BNBD-2



Fig. 4. Calcein release from lipid vesicles in the presence of acylated peptides. The acylated peptides (final concentration 3 μM)were added to LUVs with different phospholipid compositions
encapsulated with calcein. (A) Calcein release induced by palmitoylated and acetylated peptides (PA1L, PA1, AC1L and AC1) from POPC:POPG (1:1) vesicles. (B) Calcein release induced by
palmitoylated and acetylated peptides (PA4L, PA4, AC4L and AC4) from POPC:POPG (1:1) vesicles. Peptide/lipid ratios are 1:250. (C) Calcein release induced by palmitoylated and acetylated
peptides (PA1L, PA1, AC1L and AC1) from POPC:cholesterol (10:1) vesicles. (D) Calcein release induced by palmitoylated and acetylated peptides (PA4L, PA4, AC4L and AC4) from POPC:cho-
lesterol (10:1) vesicles. Peptide/lipid ratios are 1:25.
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(PB1), its variant (PB4) in which G and P (14th and 15th residues) in
the sequence PB1 were reversed to (PG) and prolines were replaced,
with D-proline (DP) exhibits antibacterial activity [14]. N-terminal
palmitoylated and acetylated single disulfide bond containing peptides
(PA1, PA4, AC1 and AC4) and their corresponding linear forms with
(acm), side chain protecting group in cysteines (PA1L, PA4L, AC1L, and
AC4L) were derived from PB1 and PB4. N-terminal acetylated peptides
were synthesized to examine the effect of blocking the N-terminus.
The synthetic peptides were analyzed on HPLC using reversed phase
C18 column. The palmitoylated peptides (PA1L, PA1, PA4 and PA4L)
eluted between 50 and 53 min and acetylated peptides (AC1, AC4,
AC1L, and AC4L) between 31 and 33 min, indicated considerable in-
crease in hydrophobicity for the palmitoylated peptides.

The antimicrobial activity of palmitoylated (PA1L, PA1, PA4L and PA4)
and acetylated (AC1L, AC1, AC4 and AC4L) peptides examined by the
method used to determine the antimicrobial activity of mammalian
defensins [42–45] is summarized in Table 2. Both linear and single
disulfide bond containing peptides show antimicrobial activity. The data
indicate that N-terminal modified peptides did not show significant
enhancement in antibacterial activity against E. coli and P. aeruginosa
when compared to the unacylated BNBD-2 analogs (shown with *).
A marginal improvement in antibacterial activity was observed for all
the peptides except for PA1L against S. aureus. Slight increase in antifungal
activity was observed for N-terminal acetylated and palmitoylated
disulfide bond containing peptides. The data indicate that N-terminal
modification by acetylation or palmitoylation does not result in increased
antimicrobial potency.
The effect of 150 mM NaCl and 20% human serum on antibacterial
activity against E. coli and S. aureus was also determined. The results
show that palmitoylated peptides exhibited activity in the presence of
NaCl whereas unacylated and acetylated BNBD-2 peptides did not
show activity under similar conditions. In the presence of 20% serum,
loss of activity of both palmitoylated and acetylated peptides was
observed only against S. aureus.

We further investigated biophysical properties such as tendency to
aggregate, structure in membrane-mimicking environment and ability
to permeabilize model membranes to get insights into salt resistant
antimicrobial activity of the palmitoylated peptides.

The linear palmitoylated (PA1L, PA4L) and single disulfide containing
peptides (PA1, PA4) are cationic peptide segments with a hydrophobic
fatty acyl chain at the end, similar to micelle forming amphiphatic pep-
tides. ANS is a fluorescent probe that changes its intensity or emission
maximum depending on the polarity of the environment [48]. The aggre-
gation property of palmitoylated peptides (PA1L PA1, PA4L, PA4) was in-
vestigated by monitoring the changes in intensity of ANS fluorescence at
480 nm (Fig. 1 (A–D)) in the presence and absence of 150 mM NaCl.
When the fluorescence intensity at 480 nm was plotted as a function of
the peptide concentration, linear increase was observed for all of the pep-
tides indicating the absence ofmicelle formation. Since there is an increase
in ANS fluorescence, it is likely that the peptides aggregate, but not into
distinctive micellar structures like SDS or CTAB. The acetylated peptides
did not show any change in fluorescence intensity (data not shown).

The secondary structure of palmitoylated (PA1L, PA1) and acetylat-
ed (AC1L and AC1) peptides was examined by CD spectroscopy in



Fig. 5. Effect of palmitoylated and acetylated peptides on inner membrane permeability. Mid-log-phase E. coli GJ 2544 was incubated with 20 mM ONPG and the release of ONP due to
hydrolysis ONPG by cytoplasmic β-galactosidase was monitored at 420 nm. Complete hydrolysis of ONPG with 1% SDS after 30 min was taken as 100%. Cells incubated in the absence
of peptide were taken as the control. Inner membrane permeabilization measured at 30 min after the addition (30 μM) palmitoylated peptides (Fig. 5A) and acetylated peptides
(Fig. 5B) in the presence and absence of 150 mM NaCl is shown. Key: open bars (− NaCl) and dark bars (+ NaCl). The kinetics of inner membrane permeabilization of a palmitoylated
peptide PA1 shown in C and acetylated peptide AC1 in D. Open circles (− NaCl) and dark circles (+ NaCl). The error bars represent standard deviation.
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10 mM phosphate pH 7.4 buffer, and in the presence of 12 mM SDS
(shown in Fig. 2 (A–D)). SDS provides a membrane-like environment
and has been used extensively asmodelmembrane system [49]. In buff-
er, all the peptides spectra show a minimum ~195 nm and cross over
below 195 nm indicating the absence of ordered conformation of
these peptides (Fig. 2 (A–D gray lines)). PA1, AC1L and AC1 show a neg-
ative band at ~195 nm and a broad negative band at 200–220 nm in the
presence of 12 mM SDS, which is above CMC of SDS indicating unor-
dered conformation Fig. 2 (B–D dark lines). PA1L showed a negative
band at 207 nm and shoulder at 220 nm which is typical of α-helical
structure Fig. 2 (A, dark line).

The CD spectra of palmitoylated and acetylated peptides recorded in
TFE are shown in Fig. 3 (A–D). In TFE, PA1L, PA1, AC1L and AC1 show
negative minima at 205 and 225 nm with a crossover at 200 nm. The
spectra are similar to peptides populating helical and β-hairpin
conformation [50,51] and defensins with three disulfide bridges [52,53].
Introduction of DP and switching of GP to PG in PA4L, PA4, AC4L and
AC4 appears to favor β-hairpin conformation as shown in Fig. 3B
(PA4L, PA4) and Fig. 3D (AC4L, AC4). The results indicate that in a me-
dium like TFE, no significant differences in the secondary structure
were observed upon acetylation or palmitoylation of peptides.

The ability of acylated peptides to permeabilize model membranes
was investigated bymonitoring the release of calcein from lipid vesicles
with varying lipid compositions. Lipid vesicles composed of POPC:POPG
(1:1) and POPC:cholesterol (10:1) are often used extensively to investi-
gate peptide–membrane interactions [54–57]. Calcein release in the
presence of palmitoylated and acetylated peptides is shown in Fig. 4
(A–D). Release of calcein from POPC:POPG (1:1) is shown in Fig. 4
(A–B), and POPC:cholesterol (10:1) is shown in Fig. 4 (C–D). The
data indicate that palmitoylated peptides were more effective in
causing calcein release from POPC:POPG (1:1) or POPC:cholesterol
(10:1) vesicles compared to acetylated peptides.
Inner-membrane permeabilization was determined by monitoring
the cytoplasmic-β-galactosidase activity after 30 min in the presence
of acylated peptides. Inner-membrane permeabilization of E. coli by
palmitoylated (PA1L, PA1, PA4L and PA4) and acetylated (AC1L, AC1,
AC4 and AC4L) peptides (30 μM) in the presence and absence of
150 mM NaCl is shown in Fig. 5 (A–B). It was observed that
palmitoylated peptides (PA1L, PA1, PA4L and PA4) permeabilized
E. coli inner-membrane more effectively in the presence and absence
NaCl (shown in Fig. 5A) when compared to acetylated peptides
(shown in Fig. 5B). The kinetics of inner membrane permeabilization
of a representative set of palmitoylated (PA1) and acetylated peptide
(AC1) are shown in Fig. 5 (C, D). The data showed different perme-
abilization kinetics for PA1 and AC1 (Fig. 5C, D). Inner-membrane per-
meabilization was more rapid in the presence of PA1 (Fig. 5C), that is
reflected in the antimicrobial activity of PA1, both in the presence and
absence of NaCl.

Hemolytic activity of the palmitoylated (PA1L, PA1, PA4L and PA4)
and acetylated (AC1L, AC1, AC4 and AC4L) peptides is shown in Fig. 6
(A–E). The N-terminal modified analogs (both acetylated and
palmitoylated) showed hemolytic activity. N-terminal palmitoylated
peptides showed considerably more hemolytic activity when com-
pared to acetylated peptides. Significant decrease in hemolytic activ-
ity was observed in the presence of 20% human serum as shown in
Fig. 6 (C–D). Hemolytic activity was also considerably reduced in
the presence of POPC vesicles with increasing peptide/lipid molar ra-
tios (Fig. 6E). However, antibacterial activity was not affected in the
presence of POPC vesicles (data not shown). These results indicate
that N-terminal blocking of the peptide with palmitoylation in-
creases hemolytic activity. Significant decrease in hemolytic activity
without affecting antibacterial activity in the presence of lipid vesi-
cles indicates selectivity in activity can be obtained by liposomal
formation.



Fig. 6. Hemolytic activity of linear and cyclic variant of palmitoylated and acetylated BNBD-2 analogs. (A, B) Hemolysis of palmitoylated and acetylated peptides as a function of peptide
concentration (A) PA1L, PA1, AC1L and AC1 (B) PA4L, PA4, AC4L and AC4. Key: (O) PA1 or PA4; (●) PA1L or PA4L; (Δ) AC1 or AC4; (▲) AC1L or AC4L; (C, D) effect of 20% human serum on
hemolytic activity of palmitoylated and acetylated BNBD-2 analogs at a fixed concentration of peptide (3 μM). Key: dark bars (− serum) and open bars (+ serum). (E) Protection of he-
molytic activity of palmitoylated peptides (PA1L, PA1, PA4L and PA4) in the presence of POPC vesicles at different molar ratios of peptide to lipid. Key: dark bars (1:20), open bars (1:100).
The error bars represent the standard deviation.
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4. Discussion

α- andβ-defensins showbroad spectrumantimicrobial activity [1–4].
However, physiological concentrations of salt attenuate their antimicro-
bial activity considerably [7,11,14,25]. Several approaches have been
used to engineer defensin analogs to render their antimicrobial activity
salt-insensitive. For example, salt sensitive NP1 (α-defensin) analogs
when theywere end to end circularized, i.e.β-tile peptideswith clustered
cationic residues, retained activity in the presence of NaCl against E. coli
and Salmonella typhimurium [58]. The chimeric human beta defensins
HBD-1/HBD-3 [24] and HBD-2/HBD-3 [25] analogs identified different
domains or segments inHBD-1–3 that are critical for specific antibacterial
activity and salt sensitivity [24,25]. These strategies involved de novo
chemical synthesis. Truncated analogs ofα- and β-defensins exhibit anti-
microbial activity indicating that the entire sequence or the structural fea-
tures observed in native defensins is not essential for activity. However,
many of these analogs are inactive in the presence of physiological
concentration of salts such as Na+ and divalent cations. A relatively sim-
ple strategy to generate peptides that retain antimicrobial activity in the
presence of salt was explored. While the C-terminal segment of BNBD-2
is rich in cationic amino acids, particularly arginine residues, it is devoid
of hydrophobic amino acids. The hydrophobicity of the peptide was
increased by covalently adding the fatty acid i.e. palmitic acid at the
N-terminus. The corresponding acetylated peptides were also generated
to study the effect of N-terminal capping of the peptide.

Earlier studies on unacylated BNBD-2 analogs, which have free
amine group at the N-terminus have indicated that the loss of antibac-
terial activity in the presence of salt could arise due to inability of the
peptides to associatewith themembranes [14]. Studies on fatty acylated
peptides showed that the presence of a lipophilic moiety can provide
hydrophobicity that can modulate antibacterial activity but does not al-
ways result in enhanced activity [27,34,59]. Increase in leishmanicidal
activity was observed for N-terminal fatty acylated cecropin–melittin
hybrid peptide [27]. Similarly, improved antibacterial activity was
observed for a 9-residue peptide derived from lactoferrin B [60].
Acylation with long chain fatty acids resulted in loss of activity against
S. aureus and E. coli in dermaseptin derivatives [34]. In maganin analogs
MS1-78 and LL37, the antibacterial activity was inhibited considerably
whereas enhancement in hemolytic activity was observed [34].

The results presented in this paper indicate thatwhile fatty acylation
does not enhance the antimicrobial potency, the activity was not atten-
uated by high concentrations of NaCl. N-terminal fatty acylation appears



Fig. 7. Amodel for association of palmitoylated peptides derived from cationic C-terminal segment of BNBD-2 with the lipid bilayer. Binding of the unacylated BNBD-2 analogs in the ab-
sence (A), and in the presence (B) of NaCl is shown. Binding of palmitoylated BNBD-2 analogs, where palmitoylated chain inserted into the bilayer in the presence and absence of NaCl (C).
Circles represent lipid head groups. Thin zig-zag lines depict acyl chains of membrane phospholipids.
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to favor greater interaction of the peptide chainwith negatively charged
head-group region of the bacterial membrane which is not affected in
the presence of NaCl. The presence of a hydrophobic N-terminus and
cationic peptide segment did not result in micelle formation in the
range of antimicrobial and hemolytic activity. The greater membrane
disruptive ability of palmitoylated peptides correlates with their anti-
bacterial activity in the presence of NaCl as well as with their hemolytic
activity. The disulfide bridged fatty acylated peptides did not adopt
folded conformation in buffer or even in SDS. Only linear peptide partic-
ularly PA1L showed tendency to form helical structure in SDS, but this
does not result in enhanced antibacterial activity. Clearly, the hemolytic
activity is also caused by membrane destabilization rather than pore
formation by ordered aggregates of peptides as even the linear peptides
that tend to adopt helical conformation in SDS micelles are less hemo-
lytic as compared to the disulfide bridged peptides. The palmitoylated
and acetylated peptides also showed similar structures in the presence
of TFE which indicate that a definite secondary structure may not be
crucial for antimicrobial activity of palmitoylated peptides in the
presence of salt. A schematic representation of the interaction of fatty
acylated peptideswithmodelmembranes is shown in Fig. 7.When pep-
tidemolecules encounter lipids, the fatty acyl chain inserts into the lipid
bilayer providing an anchor and facilitating greater contact of the posi-
tively charged residues with the negatively charged membrane surface
which is not disrupted by high NaCl concentrations. Subsequently
membrane destabilization occurs, which results in the membrane per-
meabilization. Since the peptides are not amphipathic, it is unlikely
that membrane permeabilization is by toroidal pore formation [61].
The model membrane binding ability of these peptides was exploited
to overcome undesirable hemolytic activity. Considerable reduction in
hemolytic activity without reduction in antimicrobial activity was ob-
served when palmitoylated peptides were associated with zwitterionic
lipid vesicles.

Acylated peptides showed activity in the presence of serum and in-
hibition of activity in the presence of heat inactivated serum against
E. coli (data not shown). This result is similar to that obtainedwith poly-
myxin B that showed bactericidal activity against Gram-negative bacte-
ria in the presence of human serum [62]. Palmitoylation does not result
in interactionwith serumcomponents as activity against E. coli is not di-
minished, it is possible that serum components bind to the cell surface
of S. aureus and prevent binding of peptides. It has been hypothesized
that the loss of activity in the presence of heat inactivated serum
could be due to the blocking or inhibitory factors generated during
heat inactivation that influence the activity of peptides [63].

Thus, the study shows that truncated defensin analogs modified
with fatty acids and without having the structural features of parent
defensins can exhibit antibacterial activity. The results indicate that a
facile modification of defensin analogs can result in enhanced salt toler-
ance and complex restructuring of the peptide is not required. A design
that permits strong interaction of cationic segments with membrane
surface results in antimicrobial activity. By simple engineering of
defensins it should be possible to get molecules that could be attractive
candidates for therapeutic development.
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