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Novicidin is an antimicrobial peptide derived from ovispirin, a cationic peptide which originated from the
ovine cathelicidin SMAP-29. Novicidin, however, has been designed to minimize the cytotoxic properties of
SMAP-29 and ovisipirin toward achieving potential therapeutic applications. We present an analysis of
membrane interactions and lipid bilayer penetration of novicidin, using an array of biophysical techniques
and biomimetic membrane assemblies, complemented by Monte Carlo (MC) simulations. The data indicate
that novicidin interacts minimally with zwitterionic bilayers, accounting for its low hemolytic activity.
Negatively charged phosphatidylglycerol, on the other hand, plays a significant role in initiating membrane
binding of novicidin, and promotes peptide insertion into the interface between the lipid headgroups and the
acyl chains. The significant insertion into bilayers containing negative phospholipids might explain the enhanced
antibacterial properties of novicidin. Overall, this study highlights two distinct outcomes for membrane
interactions of novicidin, and points to a combination between electrostatic attraction to the lipid/water interface
and penetration into the subsurface lipid headgroups region as important determinants for the biological activity
of novicidin.

1. Introduction

Antimicrobial peptides (AMPs) are essential components of
innate immunity in multicellular organisms due to their selectiv-
ity and rapid response, crucial for encountering the fast
proliferation of microorganisms.1–3 Studying and developing new
AMPs has become particularly important in the light of the
emergence of antibiotic-resistant bacterial strains. Although these
peptides display high amino-acid sequence diversity, they
generally encompass short peptides (12-60 residues),4 and seem
to possess two common characteristics: amphiphilicity (ap-
proximately 50% hydrophobic residues) and net positive charge
(2-9 lysine or arginine residues).5 Many AMPs do not exhibit
ordered structures in water; however, they adopt specific
secondary structures in membrane environments, a transforma-
tion that is believed to be a major factor in their antimicrobial
activity.6 However, in a recent work on antimicrobial peptide
mimics,7 the requirement of a defined secondary structure as a
critical factor of antimicrobial activity has been challenged.

Numerous studies have aimed to decipher the modes of action
of AMPs and their specificity for bacterial cells rather than host
cells.8,9 The amphiphilic properties of AMPs generally enhance
their affinity to lipid membranes, which are believed to be their
initial, and most likely primary targets.9 In particular, the positive
charge of AMPs is believed to contribute to peptide specificity
toward bacterial membranes, which are enriched in anionic
lipids, in contrast to the more neutral surfaces of mammalian
cells.1,8,9

Antimicrobial peptides have been shown to form membrane
pores, which are believed to cause leakage of important
metabolites and lead to bacterial cell death. Two different types
of membrane pores have been described, namely, a barrel-stave
pore (observed for alamethicin), where the pore is lined solely
with the peptide,10,11 and a toroidal pore (for many helical,
amphipathic peptides such as magainin) in which the peptide
induces a curvature in the membrane and the pore is lined with
both peptide and lipids.12,13 Dermaseptin on the other hand has
been shown to self-associate in the presence of anionic lipids,
forming a “carpet” at the membrane’s surface, which breaks
after the peptide reaches a critical concentration.11

A more general description has been proposed by Huang et
al.,14 according to which a peptide can exist in one of two
possible states: inactive, parallel to the membrane surface and
active, transmembrane state, depending on the relative peptide/
lipid proportion in the membrane. For lower peptide/lipid ratios,
the energetically favored orientation is parallel to the membrane
and the peptide is embedded on the interface region between
hydrophobic acyl chains and hydrophilic lipid headgroups. At
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higher peptide/lipid ratios, a transmembrane orientation is
preferred which allows the peptide to assemble and to form
oligomeric pores. Another proposed model for AMP actionsthe
“detergent-like” modelstakes into account the geometry of the
lipid molecules intercalated by an amphiphilic peptide which
induces a curvature strain in the lipid bilayer, therefore acting
like a detergent molecule and disrupting the membrane.15 Recent
nuclear magnetic resonance (NMR) and molecular dynamics
(MD)-based studies of alamethicin in phospholipid bilayers,
micelles, and bicelles16,17 indicate that AMPs display a very high
degree of flexibility in their membrane binding conformations
which may be important for different modes of action.

Ovispirin is a synthetic peptide derived from the N-terminus
of the sheep cathelicidin SMAP-29.18,19 Ovispirin (sequence
KNLRRIIRKIIHIIKKYG) is highly cytolytic, and thus, its
applicability as a potential AMP is limited.18 This observation
has prompted an effort by Novozymes A/S to develop peptide
variants with reduced activity toward mammalian cells. A double
amino acid substitution I10G and G18F produced noVicidin, a
peptide displaying a favorable combination of effective anti-
microbial activity and low hemolytic properties. Assuming the
peptide adopts an ideal R-helical structure, the distribution of
positively charged and hydrophobic residues in the sequence
results in a highly amphipathic structure (Figure 1). The helical-
wheel representation of novicidin suggests a high affinity of
the peptide to anionic lipids that could counterbalance the
repulsion of positively charged residues, and points to an
interesting profile of membrane interactions. Here, we present
a comprehensive investigation of the biological activity and
membrane interactions of novicidin, with the goal of shedding
light upon its cell selectivity and mechanism of action.

2. Materials and Methods

2.1. Materials. Novicidin was generously provided by Dr.
Hans Henrik Kristensen (Novozymes A/S).

Melittin was purchased from Sigma-Aldrich. All phospho-
lipids, including 1,2-dimyristoyl-sn-glycerophosphocholine
(DMPC), 1,2-dimyristoyl-sn-glycero-3-phospho-(1′-rac-glyc-
erol) (DMPG) sodium salt, and ESR probe 1-palmitoyl-2-

stearoyl-(10-doxyl)-sn-glycero-3-phosphocholine, were pur-
chased from Avanti Polar Lipids, Inc. (Alabaster, AL). Stock
solutions (40 and 20 mM for DMPC and DMPG, respectively)
were prepared by dissolution of the phospholipids in chloroform:
ethanol 1:1 mixtures, and were kept at -20 °C. For monolayer
experiments, phospholipid stock solutions of 1 mM were used.
Stock solution of the ESR probe was prepared by dissolution
in ethanol to a final concentration of 1 mg/mL and stored at
-20 °C.

The diacetylene monomer 10,12-tricosadiynoic acid was
obtained from Alpha Aesar, Lancaster Synthesis (Lancashire,
England). 60 mM stock solution was prepared by dissolution
of 10,12-tricosadiynoic acid in chloroform:ethanol mixture and
stored at -20 °C.

2.2. Hemolysis Assay. 1 mL of fresh blood from a human
donor was centrifuged at 4000g to separate erythrocytes from
blood plasma. Erythrocytes were washed four to five times with
PBS and centrifuged at 4000g, until no trace of free hemoglobin
was visible in the supernatant. The pellet of red blood cells was
resuspended in 10 mL of PBS (therefore diluting the initial
portion of erythrocytes 10 times) and treated with a range of
2-fold dilutions of novicidin and melittin and incubated for 30
min at 37 °C with gentle shaking (100 rpm). As a positive
control (100% lysis), we used a sample treated with 1% Triton
X100. The suspension was centrifuged (4000g) to separate intact
red blood cells from the supernatant. The amount of free
hemoglobin in the supernatant was determined by measuring
the absorbance at 560 nm. Each experiment comprised two
independent measurements, and the experiments were repeated
twice. These four measurements were the basis for the calcula-
tion of SD.

2.3. Antibacterial Assay. Three different bacteria strains
were used to determine the killing efficiency of the novicidin:
Escherichia coli BL21 and Salmonella enterica ser. typhimurium
(Gram-negative) and Bacillus cereus wild type (Gram-positive).
Bacteria were cultured at 37 °C in LB medium to reach an
optical density of 0.4-0.6 at 560 nm (midlog phase) and then
diluted 1000 times and subsequently transferred to a 96-well
microplate (Greiner) followed by treatment with a range of
2-fold dilutions of antimicrobial substances: two highly posi-
tively charged peptides (novicidin and bee-venom-derived
melittin) and a conventional antibiotic (streptomycin). Bacteria
were incubated at 37 °C for 16 h (overnight) with shaking (200
rpm). After incubation, the optical density (at 560 nm) was
measured to estimate the growth inhibition. The MIC 50 was a
concentration, which caused a decrease of optical density by
50% compared with the control. The experiment comprised two
independent measurements, and was repeated two times, yield-
ing a mean value ( SD.

2.4. Monolayer Adsorption Experiments. The experiments
were performed at 25 °C using a Nima 312D Teflon trough
(Nima Technology Ltd., Coventry, U.K.). The absorption
isotherms (∆π-time) were monitored throughout the duration
of the experiment using a Nima PS4, Wilhelmy plate sensor.
Lipid monolayers at different surface pressures were formed
by deposition of the lipid solutions at the air-water interface
of the dipping well (total volume of 50 mL). After 15 min of
solvent evaporation and equilibration, the peptide was injected
into the water subphase, below the preformed lipid monolayer
through a thin, vertical tube, to reach 200 ng/mL (87 nM)
concentration followed by 2-3 h of incubation with gentle
stirring.

2.5. Lipid Vesicle Preparation. Phospholipid stock solutions
in chloroform:ethanol 1:1 mixture were transferred to a glass

Figure 1. Helical wheel projection of novicidin. All lysine and arginine
residues (gray color) are located at one side of the amphipathic helix,
whereas the hydrophobic residues (yellow-green color) are facing the
opposite side. The vector in the middle of the wheel represents the
hydrophobic moment of the molecule. The image was created using
wheel.pl software, version 1.4.
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tube and evaporated under vacuum for several hours. In the
liposomes for ESR experiments, the doxyl probe (1-palmitoyl-
2-stearoyl-(10-doxyl)-sn-glycero-3-phosphocholine) constituted
2% of all lipids (molar ratio). The lipid film formed on a glass
surface was hydrated by incubation in Tris buffer for a few
minutes followed by probe sonication on a Misonix Incorporated
sonicator (Farmingdale, NY). The suspensions were incubated
at room temperature for 60 min and centrifuged at 5000g to
remove titanium particles.

2.6. Polydiacetylene (PDA)/Phospholipid Vesicles. 10,12-
Tricosadiynoic acid and the phospholipids, dissolved in ethanol:
chloroform 1:1, were mixed in a glass tube in 3:2 ratio
(diacetylene:lipids) and dried in Vaccuo. The resulting lipid film
was hydrated with deionized water and sonicated using a
Misonix Incorporated sonicator (Farmingdale, NY). The tubes
were heated to 70 °C during the sonication process. The vesicle
suspension was cooled to room temperature and incubated
overnight at 4 °C followed by polymerization by UV irradiation
at 254 nm for 20-30 s to create polydiacetylene (PDA).

2.7. PDA Fluorescence. PDA/phospholipid vesicles were
mixed with various amounts of peptide followed by addition
of Tris buffer and filled with water to 1 mL. Final concentra-
tions: lipids 30 µM, Tris 1.5 mM, novicidin (3.48-0.435 µM;
peptide:lipid ratio 1:8-1:70). The solution was transferred to a
1 mL quartz cuvette, and the fluorescence emission spectra were
taken (530-700 nm) with the excitation wavelength 488 nm.
Spectra were baselined, and the emission intensity at 560 nm
was plotted as a function of the peptide concentration, creating
a titration curve.

2.8. Tyrosine Fluorescence. Internal fluorescence of novi-
cidin was measured in quartz cuvette (1 mL volume) using an
FL-920 spectrofluorimeter (Edinburgh, U.K.). The excitation
wavelength was set to 279 nm, emission spectra were taken
from 295 to 360 nm, and each spectrum was corrected by
baseline subtraction using the appropriate peptide-free liposome
solution. The suspension of liposomes (1 mM total lipid
concentration) was mixed with Tris buffer (final concentration
1.5 mM, pH 8), and then, the peptide was added. The volume
was filled to 1 mL using deionized water. The novicidin
concentration remained constant for all measurements (3.5 µM),
and the peptide to lipid ratio (from approximately 1:2 to 1:60)
was varied by changing the volume of added liposomes.

2.9. Circular Dichroism (CD). The vesicle suspension
(1 mM) was mixed with the Tris buffer (50 mM, pH 8.0) first,
and then, the peptide was added (2 mg/mL). Final concentrations
used: Tris 5 mM, novicidin 0.1 mg/mL (43.5 µM), and lipids
435 µM. Peptide concentration was determined after the
measurement using the BCA method. Solutions were placed
into a demountable, quartz cuvette with 0.1 cm path length,
and spectra were obtained using a Jasco J-815 CD spectrometer
(Jasco Spectroscopic Co., Hachioji City, Japan) using the
following settings: spectrum range 185-260 nm, scanning speed
10 nm/min, integration time 4 s, and data pitch 1 nm.

2.10. Electron Spin Resonance (ESR). Vesicles containing
2% of DOXYL probe were mixed with Tris buffer (pH 7.4)
and the peptide (final concentrations: lipids 0.5 mM, Tris 25
mM, novicidin 14.3 µM). Samples were placed in a 20 mm
length, 1 mm internal-diameter quartz capillary, and ESR spectra
were recorded on a Bruker EMX-220 digital X-band spectrom-
eter at room temperature. Amplitudes of 12.5 and 100 kHz,
modulation, and microwave power level were selected at
subcritical values (0.5 G and 20 mW, respectively) to obtain
the best signal-to-noise ratio. Processing of the ESR spectra was
carried out using Bruker WIN-EPR software.

The rotational correlation time was calculated according to
the equation

where I+1/I-1 corresponds to the amplitude of low- and high-
field components and ∆H+1 is the width of the low-field
component of the spectra.20

2.11. Monte Carlo (MC) Simulations. MC simulations of
novicidin were performed according to methodologies described
previously.21–25 Novicidin was depicted in a reduced way, in
which each amino acid was represented by two interaction sites,
corresponding to the R-carbon and side chain. These interaction
sites, as well as sequential R-carbons, were connected by virtual
bonds. The hydrophobicity of the membrane was represented
as a smooth profile of 30 Å width, corresponding to the
hydrocarbon region of phosphatidylcholine (PC) and phosphati-
dylglycerol (PG) membranes. A negative surface charge was
located on both sides of the membrane at a distance of 20 Å
from the midplane. Its magnitude corresponded to the fraction
of acidic lipids (0, 20, 50, and 100 mol %, in accordance with
the experiments). The solution was considered neutral with
monovalent salt at a concentration of 0.1 M. Novicidin’s initial
structure was modeled using the Scap methodology26 and Protein
Data Bank entry 1HU618 as a template. To calculate the free
energy of the peptide in water and in the membrane, four
simulations consisting of 900 000 Monte Carlo cycles were
conducted. In the simulations in water, the peptide was subjected
to internal conformational modifications only, while in the
membrane simulations the peptide was additionally allowed to
change its location and orientation relative to the membrane.
The total free energy of membrane association was calculated
as the difference between the free energies of the peptide in
water and in the membrane. A detailed description of the
energetic terms included can be found in the Supporting
Information. The helical content of novicidin was calculated as
described in ref 22.

3. Results

3.1. Biological Activity. Table 1 summarizes the hemolytic
and antimicrobial properties of novicidin, evaluated by com-
monly used Gram-negative and Gram-positive bacterial species.
For comparison, we also outline in Table 1 the hemolytic and
antimicrobial properties of melittin, a widely studied cytolytic
peptide,27 and streptomycin, a conventional antibiotic.28 The low
minimal inhibitory concentrations (MICs) recorded for novicidin
(Table 1) attest to its effective antibacterial properties. A recent
study recording the antibacterial properties of novicidin against
an array of Listeria monocytogenes and Staphylococcus aureus
strains similarly reported low MICs for the peptide.29 Table 1
also confirms the low hemolytic activity of novicidin; the
recorded IC50 of the peptide (>50 µM) is significantly higher
than that of melittin (1.6 µM).

TABLE 1: Antibacterial and Hemolytic Activities of
Novicidin

minimal inhibitory concentration (MIC, µM)

compound
E. coli
BL21

S. enterica ser.
Typhimurium B. cereus

hemolytic
activity

(IC50, µM)

novicidin 0.65 ( 0.3 1.4 ( 0.4 1.4 ( 1.0 >50
melittin 2.2 ( 0.7 0.4 ( 0.2 1.0 ( 0.5 1.6 ( 0.5
streptomycin 20 ( 7 86 ( 26 3.5 ( 1.7 n/a

τc ) 6.65 ·∆H+1[(I+1/I-1)
1/2 - 1] ·10-10 (s)
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The biological (both hemolytic and antibacterial) activities
of cationic AMPs are believed to be strongly associated with
their membrane interactions.9,30 We applied several biophysical
techniques designed to characterize the binding and insertion
of novicidin into model phospholipid membranes. The data,
presented and discussed below, help to shed light on the likely
mechanisms of antibacterial action and cell specificity of
novicidin.

3.2. Biophysical Characterization. Figure 2 depicts iso-
thermal adsorption experiments in which 87 nM novicidin was
injected underneath lipid monolayers deposited at the air/water
interface.31 Langmuir monolayers of lipids have been widely
employed as useful biomimetic assemblies;32,33 in particular,
numerous studies have focused on the analysis of peptide
incorporation into lipid monolayers as models for peptide/
membrane interactions.34,35 The adsorption isotherms depicted
in Figure 2 demonstrate the dramatic effect of the phospholipid
headgroup charge upon novicidin adsorption and penetration
into the lipid monolayers.

The adsorption isotherm in Figure 2,i shows a negligible
increase in surface pressure following injection of novicidin
underneath a monolayer comprising the zwitterionic phospho-
lipid dimyristoylphosphatidylcholine (DMPC). This result in-
dicates a minimal insertion of novicidin into the DMPC
monolayer. Importantly, Figure 2 demonstrates that when the
monolayer contained a higher concentration of dimyristoylphos-
phatidylglycerol (DMPG), a negatively charged phospholipid,
more pronounced incorporation of novicidin within the mono-
layer occurred, giving rise to higher surface pressures. This
observation highlights not only the pronounced affinity of the
peptide to monolayers containing anionic lipids but particularly
the fact that the peptide inserted into the DMPG-containing
monolayers. Such interpretation is also consistent with our
previous investigations indicating that novicidin adopts second-
ary structure elements allowing for lipid incorporation.36

While Figure 2 indicates that negatively charged DMPG
significantly promotes insertion of novicidin into lipid mono-
layers at the air/water interface, additional experiments were
carried out to evaluate the extent of insertion of the peptide
into lipid bilayers, which is the actual organization of lipid
molecules within physiological membranes. Figure 3 illustrates
the application of a biomimetic lipid/polymer assay to explore

the relationship between the extent of bilayer insertion and lipid
composition. Specifically, Figure 3 presents fluorescence dose
response curves recorded following incubation of novicidin with
phospholipid/polydiacetylene (PDA) vesicles. PDA is a unique
chromatic polymer which undergoes visible blue-red transfor-
mations as well as fluorescence emission induced by varied
molecular interactions.37 In particular, mixed vesicles comprising
PDA and lipid molecules have been previously used for analysis
of membrane interactions of antimicrobial peptides and other
membrane-associated molecules.37–39 In such lipid/PDA vesicle
systems, interactions of membrane-active molecules resulting
in disruption of the lipid bilayer led to significantly enhanced
fluorescence emission from the associated PDA polymer matrix.
Furthermore, the chromatic response of the vesicles can be
employed to distinguish between surface interactions of tested
peptides on the one hand and subsurface insertion on the other
hand, based upon the relative steepness of the dose-response
curves.40

Figure 3 depicts the effect of the anionic phospholipid DMPG
in phospholipid/PDA vesicles on the mode of interaction of
novicidin with the membrane. Steeper dose response curves were
observed following incubation of novicidin with vesicles
containing less DMPG. For example, 15 µM novicidin induced
a relative fluorescence of 1.0 (arbitrary units, a.u.) in DMPC/
PDA (2:3 mol ratio) vesicles (Figure 3,i), while the same
concentration gave rise to less than 0.4 a.u. in a solution of
DMPC/DMPG/PDA (1:1:3) vesicles (Figure 3,ii). These results
can be explained according to the extent of novicidin interaction
with the vesicle surface. In the DMPC/PDA biomimetic
membrane, novicidin is most likely associated with the PDA
headgroups (which are negatively charged), giving rise to the
steeper dose response curve (Figure 3,i). In comparison, in
vesicles containing more DMPG, a significant fraction of
novicidin is probably immersed within the DMPG domains,
overall leading to less surface perturbation of the PDA matrix
and consequently giving rise to a more moderate curve
compared to DMPC/PDA.

Previous studies have indicated that the fluorescence emission
induced in lipid/PDA systems is ascribed to surface perturba-
tions of the vesicles.37 Accordingly, the fluorescence results in
Figure 3 suggest that DMPG promotes deeper insertion of
novicidin beyond the bilayer surface, giving rise to relatively
lower fluorescence responses, while DMPC causes a higher
degree of surface binding leading to higher chromatic response.
Indeed, the most moderate fluorescence dose response curve

Figure 2. Isothermal adsorption of novicidin onto phospholipid
monolayers. Adsorption isotherms of 87 nM novicidin injected under
preformed phospholipid monolayers (initial monolayer pressure 16 mN/
m): (i) DMPC; (ii) DMPC:DMPG 4:1; (iii) DMPC:DMPG 1:1; (iv)
DMPG. The increase in the surface pressure of monolayers containing
anionic phospholipids indicates enhanced penetration of the peptide
into monolayers containing negative phospholipids. Almost no surface
pressure change was recorded for the zwitterionic monolayer, indicating
very weak interaction. The experimental sample size was n ) 2.

Figure 3. Fluorescence dose-response curves of lipid/PDA vesicles.
Novicidin induces perturbations of phospholipid/PDA bilayer vesicles
leading to induction of fluorescence emission at 560 nm. Differences
in fluorescence emission in various lipid compositions are dependent
upon the degree of penetration of the peptide: (i) DMPC:PDA 2:3 (mole
ratio); (ii) DMPC:DMPG:PDA 1.6:0.4:3; (iii) DMPC:DMPG:PDA 1:1:
3; (iv) DMPG:PDA 2:3. The experimental sample size was n ) 2.
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was apparent when novicidin was incubated with DMPG/PDA
vesicles (Figure 3,iv).

Tyrosine fluorescence data depicted in Figure 4 lend support
to the interpretation of the chromatic lipid/PDA assay results,
confirming that DMPG promoted more pronounced incorpora-
tion of novicidin into the bilayer. Aromatic amino acids such
as tryptophane and tyrosine have been shown to localize
preferentially at the membrane interface (headgroup region).41,42

In particular, the fluorescence emission of tyrosine has been
shown to exhibit pronounced sensitivity to the hydrophobicity
of its microenvironment.43 Indeed, Tyr fluorescence spectroscopy
is regularly employed to evaluate the extent of peptide interac-
tions with lipids.44

Novicidin has one Tyr residue in position 17. The tyrosine
fluorescence titration data in Figure 4 confirm that novicidin
did not penetrate into DMPC bilayers, yielding almost un-
changed fluorescence emission as the lipid:peptide ratio in-
creased (Figure 4, crosses). However, significantly higher
fluorescence was recorded when novicidin was added to vesicles
comprising, in addition to DMPC, also the negatively charged
DMPG. Similar to the chromatic assay results in Figure 3, Figure
4 demonstrates that higher abundance of DMPG within the
vesicles correlated with greater insertion of novicidin beyond
the lipid/water interface. Indeed, the highest increase in tyrosine
fluorescence emission was observed when novicidin was added
to DMPC:DMPG (1:1 mol ratio) vesicles and to pure DMPG
vesicles, respectively (Figure 4, filled circles and filled dia-
monds, respectively).

To corroborate the fluorescence data in Figures 3 and 4, which
point to a direct relationship between DMPG content and bilayer
insertion, and probe the approximate depth of peptide insertion
into the bilayer, we further carried out electron spin resonance
(ESR) spectroscopy experiments utilizing phospholipid vesicles
which additionally included phosphatidylcholine displaying a
doxyl spin probe in position 10 of the acyl chain (PC-10-DS,
Table 2). Table 2 depicts the effect of novicidin upon the
rotational correlation times of the doxyl residue, denoted τc,
which are highly sensitive to the local dynamical properties of
the spin-probe within the lipid bilayer.45

Table 2 demonstrates that addition of novicidin resulted in
dramatic transformations of the τc values. Particularly important,
changes of the rotational correlation times were clearly depend-
ent upon the presence of DMPG in the vesicles. Specifically,
in 10-DS-PC/DMPC (1:50 mol ratio) vesicles, incubation with

novicidin yielded a minimal change to τc from 2.63 to 2.73 ns
(Table 2), consistent with the proposed surface localization of
novicidin in bilayers comprising only DMPC. However, almost
a 2-fold increase in correlation time compared to the control
vesicles, from 2.21 to 3.79 ns, was apparent when novicidin
was added to 10-DS-PC/DMPC/DMPG (1:25:25) vesicles, and
a 4-fold greater τc was recorded when the peptide was incubated
with 10-DS-PC/DMPG (1:50) vesicles. The increase in τc is
indicative of the slower mobility of the spin probes and
underscores lower membrane fluidity.46 Accordingly, since the
doxyl residue in 10-DS-PC is localized closer to the middle of
the lipid acyl chains, the τc data likely indicate that novicidin
insertion into the headgroup/acyl chain interface affects the
bilayer interior, possibly through penetration of the side-chains
of hydrophobic residues, such as leucine and isoleucine, into
the hydrocarbon region of the bilayer.

While Figures 2-4 and Table 2 highlight the relationship
between novicidin membrane penetration and the abundance
of the negatively charged phospholipid DMPG as compared to
zwitterionic DMPC, we further assessed the consequences of
membrane interactions upon the peptide structure. Figure 5
depicts circular dichroism (CD) spectra of novicidin incubated
with different vesicle systems. In a buffer solution (no lipids
present), the CD spectrum of novicidin (Figure 5,i) exhibits a
pronounced dip at around 198 nm, indicative of a predominant
random coil structure. The CD trace of novicidin incubated with
DMPC vesicles (Figure 5,ii), although slightly different than
the peptide in the buffer solution, similarly points to a highly
disordered conformation of the peptide. It should be pointed
out, however, that the CD spectra in buffer (Figure 5i) and in
PC (Figure 5i) are different, especially in the region 190-205

Figure 4. Tyrosine fluorescence titration curves. Titration with
liposomes containing different ratios of DMPG vs DMPC. Novicidin
interaction induces an increase of fluorescence emission at 304 nm
(Y17) due to penetration of the peptide into the lipid bilayer. (×)
DMPC; (2) DMPC:DMPG (4:1 mol ratio); (b) DMPC:DMPG (1:1);
([) DMPG. THe experimental sample size was n ) 6.

TABLE 2: ESR DatasRotational Correlation Times, τc, of
PC-10-DS Incorporated into the Phospholipid Vesiclesa

τc (ns)

control novicidin

DMPC 2.63 2.73
DMPC:DMPG 4:1 2.21 3.79
DMPG 1.93 7.80

a SD values were less than 10%.

Figure 5. Circular dichroism (CD). Far UV CD spectra of novicidin
in different environments: (i) Tris buffer; (ii) DMPC; (iii) DMPC:
DMPG 4:1; (iv) DMPG. Novicidin adopts an R-helical structure when
incubated with negatively charged liposomes (iii and iv), whereas it is
unstructured in the buffer (i). The spectrum obtained for DMPC vesicles
(ii) differs from the one in the buffer (i), exhibiting a higher signal in
the region corresponding to a positive band characteristic for the R-helix
and a slightly lower signal in the region corresponding to a negative
band of the helical structure, indicating a minor structural change of
the peptide.
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nm. In PC, the signal is more positive (displaying a spectral
maximum at around 195 nm) than in buffer. Furthermore, the
minima at 208 and 222 nm (helix signature) are somewhat more
pronounced in PC than in water. These differences are small
but experimentally significant, and possibly point to a residual
helical structure in the presence of DMPC vesicles.

The CD results reveal a dip at around 220 appearing in the
spectra as the DMPG content in the vesicles gradually increased
(Figure 5,iii-iv). CD traces featuring dips at around 208 and
222 nm generally point to the formation of a helical peptide
conformation.47 This result confirms the empirical prediction
that the anionic membranes would induce the R-helical structure
of novicidin. Indeed, many cationic AMPs exhibit a general
tendency to adopt helical structures upon interactions with the
negatively charged membranes.6,30

3.3. Monte Carlo Simulations. The results of Monte Carlo
(MC) simulations, depicted in Figures 6 and 7, provide a
computational chemistry framework for the experimental data
and their interpretation. The calculated helical contents of
novicidin in water and in bilayers of different lipid compositions
correlate well with the CD spectra. Novicidin is, in essence,
randomly coiled in water (Figure 6A). The helicity of novicidin
only slightly increased due to the surface interaction with a
neutral (DMPC) lipid bilayer and markedly increased with the
addition of negatively charged lipids (DMPG) (Figure 6A). In
comparison, melittin which is less charged and more hydro-
phobic exhibits high helicity both in the charged and neutral
lipid bilayers (Figure 6C).

The orientation of novicidin within bilayers of various lipid
compositions was estimated on the basis of the average distances
of the residues from the membrane midplane (Figure 6B). Figure
6B shows that in all cases the peptide backbone was ap-
proximately parallel to the bilayer surface. In a purely neutral
membrane (corresponding to a DMPC lipid bilayer), novicidin
interacted very weakly with the membrane (membrane-associa-
tion free energy of about -8kT) and, for the most part, remained
in the aqueous phase approximately 30 Å from the bilayer
midplane (Figure 6B).

The incorporation of negative surface charge into the bilayer
(the model’s representation of the negatively charged DMPG
lipids) led to penetration of novicidin into the headgroup region
of the membrane. This location was favorable, since it enabled
the hydrophobic residues to be buried in the hydrocarbon region
of the membrane, while the positively charged residues inter-
acted through Coulomb attraction with the negative membrane-
surface charge. The charged and polar residues remained in the
water-bilayer interface to minimize the desolvation penalty
associated with their transfer into the hydrophobic region of
the membrane. A similar conformation was previously described
for melittin24 (Figure 6D), as well as for NKCS and two
derivatives.25 In addition, the position of the tyrosine residue
(Tyr-17) at the membrane interface region is in agreement with
previous reports.41,42 However, in contrast to melittin, novicidin
did not partition into the polar headgroup region in a pure PC
membrane and its penetration was dependent on the presence
of the negatively charged lipids. This property was manifested
also by NKCS and its two derivatives.25 Figure 6B also points
to the greater flexibility of the C-terminus of the peptide (e.g.,
larger error bars), likely induced by electrostatic repulsion
between asparagine and the negatively charged phospholipids
in the bilayer.

Figure 7 confirms that the membrane-association free energy
of novicidin increased with the fraction of negatively charged
lipids. It also shows a comparison of the novicidin data with
previous simulations of melittin within bilayers of different
compositions.24 In both cases, the calculated free energy values
correlated well with the experimentally estimated hemolytic and
antibiotic activity data (Table 1). Novicidin’s MIC against
bacteria is comparable to the MIC of melittin (Table 1). This
observation correlates with the similar penetration depth of both
peptides into negatively charged membranes, despite novicidin’s
lower (more favorable) binding free energy to the negatively
charged lipids, relative to melittin (Figure 6D). Although the
association energy of melittin to negatively charged membranes
is higher than that of novicidin, it is still low enough to

Figure 6. Peptide helicity and location of the R-carbon atoms in the
lipid bilayer based on Monte Carlo simulations. The curves obtained
for water solution and bilayers comprising different lipid compositions
are depicted in different colors. (A, C) The calculated helical content
of novicidin (A) and melittin (C) in the aqueous phase and lipid bilayers.
(B, D) Average conformations of novicidin (B) and melittin (D) in the
lipid bilayer determined as the average distance of each residue alpha-
carbon from the bilayer midplane. The error bars mark the standard
deviations. For clarity, the error bars of novicidin in DMPC:DMPG
1:1 and DMPC:DMPG 4:1 are omitted. The residues are indicated using
a one-letter code. The horizontal dotted line marks the location of the
phosphate group of the lipid polar heads.

Figure 7. Calculated free energy of membrane association of novicidin
(blue) and melittin (green) as a function of the fraction of anionic lipids
in the bilayer. The error bars indicate the standard deviation. Please
notice that for the most part the error bars are smaller than the marks
of the data points.
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effectively bind, and penetrate bacterial membranes (containing
20-40% of anionic lipids for Gram-negative bacteria and up
to 100% negatively charged lipids for Gram-positive bacteria48)
at the concentrations used. Likewise, the higher (less favorable)
free energy of novicidin association with the neutral bilayer
could be ascribed to its lower hemolytic activity in comparison
to melittin. Moreover, the average conformations of novicidin
and melittin within a neutral lipid bilayer support this notion
(Figure 6B and D). While melittin was immersed within the
uncharged bilayer, novicidin remained only loosely associated
with the membrane’s surface.

4. Discussion

A primary question pertaining to the biological activity of
novicidin concerns the factors affecting its significant antimi-
crobial activity on the one hand and diminished hemolytic action
on the other hand. The experimental data and MC simulations
provide a framework for understanding both cell selectivity and
bacterial toxicity. In particular, our results point to the role of
negatively charged lipids, specifically phosphatidylglycerol, as
determining membrane insertion of novicidin.

The data presented here underscore a significant effect of
negatively charged phospholipids upon binding and insertion
of novicidin into membrane bilayers. Indeed, the presence of
DMPG was found to constitute an essential prerequisite for
novicidin attachment and penetration into lipid bilayers. This
observation, combined with the lack of helical structure and
negligible insertion of novicidin into pure zwitterionic lipid
bilayers, might explain the selectivity of the peptide toward
bacterial cells, which generally display a much higher abundance
of negatively charged phospholipids in their membranes.48

Diminished membrane interactions of AMPs with zwitterionic
lipids have been widely observed and are believed to account
for their low hemolytic activities.49,50 Similarly, binding of
cationic AMPs to negatively charged lipids has been reported
in varied membrane systems mimicking bacterial membranes.51,52

The differences between melittin and novicidin both in the
biological context (Table 1) as well as the MC calculations
pertaining to membrane localization (Figure 6) are noteworthy.
Specifically, the ability of melittin to insert into zwitterionic
membranes and consequent hemolytic activity most likely
emanates from its specific distribution of hydrophobic and
positively charged residues in the sequence and its overall
hydrophobicity. These properties are reflected in the lower (more
negative) energy of melittin association with neutral membranes
compared to novicidin. Melittin contains five positively charged
residues, mostly clustered at the N-terminus, and 11 hydrophobic
residues (I, L, V, F, and A). Novicidin, on the other hand, has
seven cationic residues distributed evenly along the peptide and
seven hydrophobic residues. The higher portion of hydrophobic
amino acids presumably assures melittin’s interaction with
zwitterionic membranes.

Interestingly, ovispirin, another peptide that has the same ratio
of hydrophobic vs charged amino acids as novicidin, exhibits
high hemolytic and cytotoxic properties.18 Indeed, our MC
simulations showed that ovispirin associates with neutral lipids
(Supporting Information, Figure S1A). The differences between
the novicidin and ovispirin constitute Gly vs Ile at position 10
and Phe vs Gly at position 18. Roughly speaking, these
substitutions preserve the overall hydrophobicity level of the
peptide. However, the effect of the substitution in position 10
is more pronounced, since it is much closer to the membrane
than position 18. The important role of the G10I substitution is
further supported by another close relative: the novispirin peptide

which has only one of the two substitutions, F18G. The MC
simulations, as well as experimental data,18 showed that no-
vispirin has a weak affinity for and does not insert into a neutral
bilayer (Supporting Information, Figure S1B).

Further to these arguments, it has been suggested that
hemolysis of eukaryotic cells by AMPs is not solely dependent
on the electrostatic attraction to the membrane but requires
peptide penetration into the hydrophobic core of the membrane
and simultaneous R-helix formation.6,30 An interesting example
demonstrating this phenomenon is dermaseptin B2, which adopts
a helical structure in zwitterionic membranes and is therefore
highly cytolytic. A variant of dermaseptin lacking the hydro-
phobic C-terminal part (crucial for adopting a helical conforma-
tion in zwitterionic membranes) remains unordered in phos-
phatidylcholine vesicles and, more significantly, has very low
cytolytic properties.53 A recent study on the cationic peptide
pardaxin has demonstrated a dependence of the secondary
structure and the mode of action upon membrane composition.54

Pardaxin adopted a helical conformation in zwitterionic DOPC
vesicles and permeabilized the bilayer through a “barrel-stave”
mechanism, whereas in anionic vesicles (DOPC/PG) the peptide
disrupted the membrane via the “carpet” mechanism. The ability
of pardaxin to form an R-helix in zwitterionic membranes is
likely to be the key to the cytolytic activity, since its diastere-
oisomer, which is unable to adopt a helical conformation, is
nonhemolytic.55 Unlike the cytolytic peptide pardaxin, novicidin
did not adopt a helical structure upon interaction with zwitte-
rionic membranes (Figures 5,ii and 6A) and did not penetrate
into the bilayer (Figures 2-4). This conclusion accounts for
novicidin’s very low hemolytic activity (Table 1).

In addition to modulation of the membrane specificity of
novicidin, the experiments point to an important role of negatively
charged phospholipids in promoting insertion of novicidin into the
interface between the hydrophilic headgroups and the hydrophobic
tails of the lipids. The incorporation of novicidin within DMPG-
containing bilayers was evident through application of the
biophysical techniques employed, including the chromatic lipid/
PDA assay (Figure 2), tyrosine fluorescence (Figure 3), and ESR
(Table 2). Folding of novicidin into a pronounced helical
conformation upon interaction with DMPG vesicles (Figures 4
and 5B) provides a structural framework for insertion of the
peptide into the bilayer, rather than localization only at the lipid/
water interface.

Insertion of novicidin into the headgroup region, promoted
by negatively charged phospholipids and a serious membrane
perturbation, may well be the underlying mechanism for the
antibacterial action of the peptide. Subsurface bilayer penetration
has been previously observed for some cationic peptides.56,57

In conclusion, this investigation reveals the critical role of the
phospholipid headgroup charge in determining the biological
activity of novicidin, a novel antimicrobial peptide, particularly
as the molecular determinant for discrimination between mam-
malian and bacterial membranes.
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