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Abstract

Nisin, a peptide antibiotic, efficiently kills bacteria through a unique mechanism which includes inhibition of cell wall biosynthesis and pore
formation in cytoplasmic membranes. Both mechanisms are based on interaction with the cell wall precursor lipid II which is simultaneously used
as target and pore constituent. We combined two biosensor techniques to investigate the nisin activity with respect to membrane binding and pore
formation in real time. Quartz crystal microbalance (QCM) allows the detection of nisin binding kinetics. The presence of 0.1 mol% lipid II
strongly increased nisin binding affinity to DOPC (kD 2.68×10−7 M vs. 1.03×10−6 M) by a higher association rate. Differences were less
pronounced while using negatively charged DOPG membranes. However, lipid II does not influence the absolute amount of bound nisin. Cyclic
voltammetry (CV) data confirmed that in presence of 0.1 mol% lipid II, nanomolar nisin concentrations were sufficient to form pores, while
micromolar concentrations were necessary in absence of lipid II. Both techniques suggested unspecific destruction of pure DOPG membranes by
micromolar nisin concentrations which were prevented by lipid II. This model membrane stabilization by lipid II was confirmed by atomic force
microscopy. Combined CV and QCM are valuable to interpret the role of lipid II in nisin activity.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The antimicrobial peptide nisin is produced by a number of
strains of Lactococcus lactis and displays antibacterial activity
against a broad range of Gram-positive bacteria [1,2]. It belongs
to a group of ribosomally synthesized and posttranslationally
modified peptides, the lantibiotics. These are characterized by
the occurrence of intramolecular rings, formed by the thioether
amino acids lanthionine and 3-methyllanthionine [3,4]. Nisin is
the most prominent member of the type-A lantibiotics which are
elongated, screw-shaped peptides with a net positive charge.
These peptides can adopt an amphiphilic structure which has
been assumed to be the basis for the bacterial killing mechanism
by disturbing the integrity of the energy-transducing bacterial
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membranes [5]. Besides lantibiotics, other amphiphatic anti-
microbial peptides (AMPs), such as pardaxin, alamethicin,
oxyopinin, aurein, and magainin have been observed to mediate
a membrane disruption. Their mode of action and orientation in
membranes was shown to strongly depend on the membrane
composition and surrounding [6–10].

However, discrepancies between the micromolar nisin
concentrations needed for the disruption of model membranes
and the minimal inhibitory concentrations (MIC) in the
nanomolar range observed in vivo argue against a simple
membrane poration mechanism of nisin. In fact, its activity in
nanomolar concentrations was then shown to result from its
ability to use the cell wall precursor lipid II as a docking
molecule for subsequent pore formation. Apart from pore
formation, the binding of lipid II by nisin additionally blocks the
cell wall biosynthesis [11], i.e. nisin disposes two killing
mechanisms combined in one molecule.
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We recently focused on the time range of pore formation and
pore stability by using a black lipid membrane approach [12].
The nisin-induced pores in presence of lipid II have a lifetime in
the range of a second and a calculated diameter of about 2 to
2.5 nm. Further experiments using fluorescently labelled lipid II
demonstrated that lipid II is not only a target for nisin, but also a
constituent of the pore complex recruited by nisin [13]. These
studies demonstrated that the pores are of uniform structure and
constant nisin/lipid II stoichiometry [14]. More recently, NMR
studies have provided further insights into the nisin/lipid II
interactions on the molecular level. According to Hsu et al. [15],
the N-terminus of nisin forms a cage-like structure that allows
the formation of five intermolecular hydrogen bonds between
the backbone amides of nisin and the pyrophosphate linkage
group of lipid II.

In this work we used a novel combination of two biosensor
techniques in a planar model membrane system in order to
investigate both, simultaneously, the lantibiotic membrane
binding and the pore formation process in real time.

Biosensors are indicated as devices to detect biological
recognition processes by transmitting the biological signals into
physical measurable effects [16,17]. The quartz crystal micro-
balance (QCM) is the most prominent method that uses a mass-
sensitive transducer. This technique is based on the piezoelectric
properties of quartz crystals which enable an electrical
excitation and oscillation measurement of a thin quartz plate.
The resonance frequency of these oscillations correlates with
the mass load on its surface [18]. The QCM method has been
established for several analytical approaches, such as character-
ization of polymer surfaces [19,20] or biological films [21], and
ligand–receptor interactions [22–24]. Changes in mass can be
detected in real time by monitoring the frequency shifts which
additionally allow calculations of the kinetic binding constants
kass (association rate constant), kdiss (dissociation rate constant),
and kD (kinetic equilibrium constant). Furthermore, the so
called damping analysis allows the evaluation of viscoelastic
properties of the surface attached structures. Voluminous
structures show high damping effects while tightly bound or
small molecules oscillate closely to the quartz.

For the analysis of membrane permeability, cyclic voltam-
metry is an ideal completion to QCM. CV is based on a
triangular potential sweep of the working electrode. The
potential is linearly increased from a starting potential to the
reversing point, and then decreased with the same rate until the
starting potential is reached again. Redox active substances
react at the electrode surface by generating a Faradaic current
proportional to the reaction rate when their redox potential is
reached. Covering the electrodes with model membranes
inhibits the transport of the redox active substances to the
surface. Consequently, changes in membrane permeability for
the redox substances, such as by pore formation, can be
monitored by analyzing the peak current. CV experiments have
already been applied to investigate film forming [25] or membrane
disturbing processes [26].

Considering the potentials and restrictions of both, QCM and
CV, it appears promising to apply these techniques for the first
time to investigate the lantibiotic activities. QCM allows the
detection of lantibiotic binding on membranes while CV can
simultaneously detect changes in the membrane barrier
function. The use of planar model membranes enables a
correlation with microscopic techniques.

In this study we were able to analyze the processes of nisin
binding and simultaneous membrane permeabilization sepa-
rately. The exact calculation of nisin binding kinetics allows an
isolated evaluation of binding factors, especially the role of lipid
II. Additionally, both devices are able for long term evaluation
of nisin interactions with the membrane after pore formation.
Further on, this view allows distinguishing the targeted activity
from the non-targeted effects of nisin in absence of lipid II.
These findings were supported by fluorescence and atomic
force microscopy.

2. Materials and methods

2.1. Chemicals

1-Hexadecanethiol (C16H33SH), potassium chloride (KCl), hydrogen per-
oxide (H2O2), sulfuric acid (H2SO4), potassium ferricyanide (K3[Fe(CN)6]), and
monochlorodimethyloctadecyl-silane (C20H43SiCl) were purchased from
FLUKA (Neu-Ulm, Germany). The phospholipids 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-phosphoglycerol
(DOPG), as well as insulin (oxidized B-chain), were obtained from Sigma-
Aldrich (Munich, Germany). 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-PE, Ammonium Salt) was
purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, USA). Sodium sulfate
(Na2SO4), ammonium solution (NH3), and chloroform (CHCl3) were obtained
from Riedel-de Häen (Seelze, Germany).

2.2. Purification of nisin and lipid II

Nisin was purified from culture supernatants of L. lactis NIZO22186 [27] by
chloroform extraction as described by Bonelli et al. [28]. Nisin was
permethylated by reductive methylation of the N-terminus and the lysine
residues [29] as performed by Bonev [30]. Complete methylation of nisin, i.e.
the incorporation of eight additional methyl groups, was confirmed by mass
spectroscopy. The lipid-bound cell wall precursor lipid II was synthesized using
membrane preparations of M. luteus DSM 1790 and purified as described [31].
The purity of nisin and methylated nisin was 99% (calculated from mass
analysis data) and ≥80% for insulin (detected by HPLC). Lipid II was of 98%
purity.

2.3. Modification of the quartz crystals and glass slides

The quartz crystals were cleaned as previously described [32] and then put
into a chloroform solution of 10 mM C16H33SH for about 12 h to form a self
assembled monolayer. The crystals were rinsed with ethanol and dried under air
stream conditions.

Microscope glass slides (diameter of 18 mm, thickness of 0.2 mm) were
incubated in a H2O2/H2SO4-mixture (1:3) under ultrasonic conditions for
15 min, completed by rinsing with demineralized water for 10 times.
Subsequently, the slides were cleaned with H2O2/NH3/H2O (1:1:5) under
ultrasonic conditions for 15 min. After rinsing again with demineralized water
for 15 times the slides were dried at 70 °C. Finally, the slides were incubated
with monochlorodimethyloctadecyl-silane at 70 °C for 10 min to create a
hydrophobic monolayer. Binding reaction was followed by rinsing with
chloroform, washing with water, and drying under air stream conditions.

The immobilization of a second monolayer to complete the supported
bilayer was performed by using the Langmuir–Blodgett technique. Therefore
lipid monolayers of DOPC ±0.1 mol% lipid II and DOPG ±0.1 mol% lipid II,
respectively, were preformed on the air–water interphase of the Langmuir
trough. For fluorescence microscope experiments, films contained 1 mol%
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NBD-PE. After condensing the lipid layer at a lateral pressure of 38 mN/m,
quartz crystals or glass slides were vertically driven through the layer resulting
in a complete bilayer. The transfer ratios were between 0.95 and 1. The freshly
prepared bilayers were immediately used for the experiments. The quartz
crystals were incorporated into the flow chamber under exclusion of air contact
to guarantee the integrity of the bilayers.

2.4. QCM measurements

QCM measurements were performed with a LiquiLab21 quartz crystal
microbalance (ifak e.V., Barleben, Germany) which enables the simultaneous
detection of frequency and damping changes in real time. Measurement
chambers were made of polycarbonate with a cell volume of 100 μl. AT-cut
quartz crystals with a 10 MHz resonance frequency (14 mm diameter) were
supplied by ifak e.V. and modified as described. They were inserted into the
measurement chamber to connect the Au-electrodes on both sides of the crystal
with the AC voltage supply. The experiments were performed under a volume
flow rate (pure water) of 270 μl min−1 which roughly corresponds to a shear rate
of 5 s−1. After equilibrating the quartz crystals under flow conditions to reach a
constant frequency, the indicated concentrations of peptides were added (see
Section 2.5). Frequency and damping changes were monitored in real time using
specific software. Frequency and damping curves allow for calculation of kinetic
binding constants, assuming a first order kinetic of nisin/lipid II interaction. The
association rate (kass) was calculated from the frequency drop according to Eq.
1a, where Δf is the measured frequency change, [A] is the concentration of the
injected peptide, and fmax is the maximum frequency change for the complete
loaded quartz crystal.

Df ¼ � kassT½A� þ fmax

kassT½A� þ kdiss
T 1� ef�kassT½A�þkdissTðt�t0Þg
� �

ð1aÞ

Rinsing with pure water leads to a small frequency increase which allows the
calculation of the dissociation rate constant (kdiss), according to Eq. 1b, where f0
is the frequency value at t=0 and f the frequency value at t.

Df ¼ Df0Te�kdissTðt�t0Þ ð1bÞ
The kdiss/kass ratio yields the kinetic equilibrium constant kD (Eq. 1c).

kD ¼ kdiss
kass

ð1cÞ

2.5. CV-experiments

CV experiments were performed with a CHI-430 computerized, time-
resolved electrochemical QCM (CH Instruments Inc., Austin, TX, USA). The
working electrode is displayed by the gold coated quartz crystal (diameter
13.7 mm, electrode diameter 5 mm). An Ag/AgCl electrode filled with 3 M
aqueous KCl and a platinum wire were used as reference electrode and counter
electrode, respectively. The quartz crystal was inserted at the bottom of a
Teflon® cell (3 ml cell volume). 5 mM K3[Fe(CN)6] was soluted in 0.1 M
Na2SO4 (background electrolyte) and used as redox-active substance. Potentials
ranging from −0.05 to 0.6 V were applied to the working electrode with a scan
rate of 10 mV s−1. Substance solutions were added approximately after 35 scans;
overall 70 scans were recorded for each experiment.

All experiments were performed at 25 °C. 300 μM stock solutions were
diluted to final concentrations of 1.5 μM and 15 nM, respectively, related to the
volume of the measurement cells.

2.6. AFM measurements

The lipid films were prepared as described above and investigated
immediately after preparation. AFM images were obtained on a Nanowizard®
(JPK instruments, Berlin, Germany) and on a Digital Nanoscope IV Bioscope
(Veeco Instruments, Santa Barbara, CA). The microscopes were vibration-
damped. Commercial pyramidal Si3N4 tips (Micromash, Estonia) on a v-shape
cantilever with a resonance frequency of about 16 kHz and a nominal force
constant of 0.06 N/m were used. All measurements were performed in
intermittent contact/TappingTM mode at a scan speed of approximately 1 Hz to
avoid damage of the sample surface. The acquired pictures had a resolution of
512×512 pixels. All measurements were performed in a fluid cell under fully
hydrated conditions.

Images were obtained by displaying the amplitude signal of the cantilever in
the trace direction, and the height signal in the retrace direction, both signals
being simultaneously recorded.

2.7. Laser scanning microscopy and FRAP

For fluorescence microscopy, 1 mol% NBD-PE was inserted as marker into
the phospholipid film. The covered glass slides were fixed on an objective slide.
Fluorescent images were recorded with a confocal laser scanning microscope
(Leica DM IRE2, Leica Microsystems GmbH, Wetzlar, Germany), using a
63×1.4 oil immersion objective at an excitation wavelength of 488 nm and an
emission wavelength of 530 nm. In order to detect the fluorescence recovery
after photobleaching (FRAP), an area of 53×49 μm was bleached by scanning
this area with high intensity laser light within 5 s. The fluorescence recovery was
followed by scanning the whole image (81×70 μm) for 25 min (scan frequency:
one image per 5 min) and for 5 min (scan frequency: one image per 30 s),
respectively.

2.8. Statistical methods

Experiments were repeated for at least three to four times. Data are
represented as mean value±standard deviation. The statistical significance of
the discussed effects was determined by the unpaired Student's t-test. A p value
of ≤0.05 was considered for statistical significance. Details are described in the
figure legends.

3. Results

3.1. QCM-measurements for the detection of peptide
membrane bindings

It can be anticipated that the pore formation by nisin depends
strongly on the intensity of its membrane binding. In order to
focus on this initial step in an isolated and detailed manner, we
used QCM as mass sensitive biosensor technique. To simulate
the bacterial cell membrane, we covered the quartz surface by
support fixed bilayers. In accordance to former studies on the
leakage of liposomes by nisin, we applied two different
phospholipids for the model membranes, the non-charged
DOPC or DOPG, which possesses a net negative charge. In
order to consider whether lipid II (Fig. 1) as target for nisin is
important for the binding intensity, both membrane types were
prepared either in absence or in presence of 0.1 mol% lipid II.
Both DOPC and DOPG are fluid lipids forming homogeneous
films which tolerate the incorporation of fluid lipid II without
any cluster formation. Nisin was applied in two different
concentrations which represent the critical amounts for distinc-
tion of activity in the presence of lipid II (15 nM nisin) or its
absence (1.5 μM nisin). To further evaluate the specificity of
binding, we compared nisin with two other peptides (Fig. 1).
Reductive methylation of the amino residues of lysine side
chains as well as of the N-terminus leads to the formation of
methylated nisin. It also possesses a fourfold net positive charge
but a reduced binding capacity compared to unmodified nisin,
and it is unable to form pores [30].

Insulin was chosen as non-functional blank to evaluate the
influence of an overall net positive charge on the peptide
membrane effects. Since the B-chain of the insulin does not



Fig. 2. QCM investigations of the peptide binding. (A) After equilibrating the
resonance frequency of the membrane covered quartz crystal, the peptide
binding can be followed in real time by detecting the frequency (black line) and
damping (grey line) changes. A frequency minimum (corresponding to a
binding maximum) is reached within 3 min (marked by a crossbar). (B) displays
peptide binding to uncharged DOPC and (C) to negative charged DOPG
membranes. No distinct differences in nisin binding could be detected between
DOPC and DOPG. The presence of lipid II does not induce an increased peptide
binding. Insulin binds similar to nisin, whereas methylated nisin shows a slightly
reduced binding. Statistical significance at p≤0.05 is marked with * for
methylated nisin (nisinM) and insulin compared to the corresponding nisin
value, with # for DOPG data compared to DOPC values, and with ▪ for the
membrane containing lipid II compared to them without the docking molecule.

Fig. 1. Amino acid sequence of nisin and insulin. Nisin consists of 34 amino acids
(MW 3330 Da), altogether forming five lanthionine rings (A–E), and a flexible
hinge region. The molecule has a fourfold net positive charge. Methylation
results in eight additionalmethyl groups (two at each lysine residue and two at the
N terminus, as indicated by grey circles) without loss of the net positive charge.
The oxidized B chain of insulin consists of 30 amino acids. The molecule has a
comparable molecular weight to nisin (3496 Da) and a twofold net positive
charge. The two cystein residues (grey circles) are sulfated. Negatively charged
amino acid residues of the peptides are marked by open arrows, positively
charged by filled ones. The bacterial target lipid II displays two N-acetylated
sugars (MurNAc and GlcNAc) linked via pyrophosphate to an undecaprenyl tail.
Five amino acid residues (white circles) are linked to MurNAc.
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have any intramolecular ring structures or bridging patterns, no
specific interaction between the peptide and lipid II will be
expected and all effects will be related to unspecific nature.

The QCM measurements were performed in a flow chamber.
After equilibrating the resonance frequency of the membrane
covered quartz under flow conditions, the addition of the
indicated peptide into the medium and subsequent binding onto
the membrane can be followed in real time, as illustrated in Fig.
2A. The drop in frequency (black) correlates with the binding of
15 nM peptide. Binding process is completed within 3 min. This
time range was independent on the peptide amount and
identical, when hundred or thousand fold higher concentrations
were used (data not shown).

Kinetic binding constants which should most sensitively
illustrate binding characteristics were calculated from the
frequency slopes and summarized in Table 1. Considering
nisin, the binding onto neutral DOPC membranes is strongly
influenced by lipid II which increases the association rate by
factor 6. This results in a nearly fourfold higher binding rate. The
value for the DOPC/lipid II system (kD 2.68×10− 7 M)
correspond to the recently published binding constant of
2×10−7 M for nisin [11]. Lipid II does not influence the
dissociation of the peptide.

Due to charge interactions, nisin binds stronger onto the
negatively charged DOPG than onto DOPC (kD of 3.13×10−7
vs. 1.03×10−6 M) which is also stronger than recently des-
cribed [33]. The increase in nisin binding to DOPG by lipid II
is only marginal (kD of 3.13×10−7 M vs. 2.11×10−7M).
However, the identical kD for nisin binding to DOPC and



Table 1
Kinetic constants of nisin binding to DOPC or DOPG membranes in absence or presence of 0.1 mol% lipid II compared to nisinM and insulin as control

kass (M
−1
* s

−1
) kdiss (s

−1) kD (M)

Nisin DOPC 751.96±105.84 7.7×10−4±4.16×10−5 1.03×10−6±1.16×10−7

DOPC/0.1 mol% lipid II 4676.58±307.47▪ 1.77×10−3±2.95×10−4▪ 2.68×10−7±1.74×10−7▪
DOPG 652.8±119.94 2×10−4±7.5×10−5 3.13×10−7±1.34×10−7#

DOPG/0.1 mol% lipid II 643.83±255.64# 1.58×10−4±9.43×10−5# 2.11×10−7±9.93×10−8

nisinM DOPC 2257.94±1001.81* 2.44×10−3±5.26×10−4* 1.42×10−6±4.26×10−7

DOPC/0.1 mol% lipid II 2430.05±271.85* 1.58×10−3±6.43×10−4 7.17×10−7±1.96×10−7*,▪
DOPG 1137.45±582.95* 3.26×10−3±1.53×10−3 1.76×10−6±5.14×10−7*

DOPG/0.1 mol% lipid II 1708.10±706.82* 1.43×10−4±9.02×10−5#,▪ 1.38×10−7±7.29×10−8#,▪
Insulin DOPC 535.92±246.57 6.33×10−4±2.99×10−4 1.62×10−6±1.5×10−6

DOPC/0.1 mol% lipid II 2431.21±1350.04* 1.81×10−3±2.84×10−4▪ 1.34×10−6±5.98×10−7*

DOPG 1440.67±329.6*,# 1.99×10−3±1.11×10−3* 2.59×10−6±1.76×10−6

DOPG/0.1 mol% lipid II 2118.65±264.32*,▪ 1.27×10−3±6.01×10−4* 6.19×10−7±2.98×10−7

The presence of lipid II strongly increases the binding affinity and the association rate of nisin to DOPC membranes. Due to a charge-induced membrane attraction of
nisin to DOPG, the effect of lipid II for increasing the association rate is less pronounced. Methylated nisin displays lower binding affinity compared to nisin, the
binding of insulin is not influenced by the presence of lipid II, indicating an unspecific nature of protein membrane interactions.
Statistical significance at p≤0.05 is marked with * for methylated nisin and insulin compared to the corresponding nisin value, and with # for DOPG data compared to
DOPC values, and with ▪ for comparing membranes containing lipid II to membranes without lipid II.
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DOPG in presence of lipid II (kD 2.68×10−7M vs. 2.11×
10−7M) emphasize the role of lipid II for binding. The fact that
lipid II overlays a charge impact in nisin binding has also been
postulated by others [11].

The absolute frequency changes representing the total bound
masses are summarized in Fig. 2B and C. Despite the evident
effects of lipid II on binding kinetics, an increase in total amount
of nisin bound was not evident in presence of lipid II.
Furthermore, we could not detect distinct differences between
DOPC (Fig. 2B) and DOPG (Fig. 2C) membranes; although a
stronger binding to DOPG could be anticipated, as observed by
others [34]. On both membranes the higher nisin concentration
only displayed a marginal stronger binding.

The methylation of nisin diminishes the binding ability
compared to nisin which is reflected by both, the kinetic data in
Table 1 as well as the frequency drops in Fig. 2. The effect of
lipid II on binding kinetics is less distinct, only the binding onto
DOPG/lipid II membranes is identical to nisin. Again, an effect
of lipid II on bound protein mass is not evident.

As expected, insulin as blank peptide displays a lower
binding activity in general. Neither the kinetic constants nor the
absolute frequency shifts correlate with an effect of lipid II and
Table 2
Slopes of D/f plots reflect viscoelasticity of the membrane

Plotting the damping (D) against the frequency ( f ) values represents time-independ
DOPG data of methylated nisin and insulin (highlighted in light grey) are lower comp
membrane. The nisin data (highlighted in dark grey) display much higher values fo
structure, hypothetically related to the formation of vesicular structures on the surf
showing a membrane stabilizing effect of lipid II. Statistical significance at p≤0.05 i
nisin value, and with # for DOPG data compared to DOPC values, and with ▪ for c
do not allow interpreting specific binding factors. Charge-
induced interactions appear responsible for the higher binding
onto DOPG than DOPC (Fig. 2), but the stronger binding of the
lower concentration cannot be explained.

To characterize the mode of peptide membrane binding, we
analyzed the damping frequency which is illustrated in Fig. 2A
as a grey line. The damping frequency correlates with the
viscoelastic properties of the sensor bound analytes and
therefore allows further binding interpretations. We detected
the changes in damping frequency within the indicated time
range. For a proper evaluation we related these data to the
resonance frequency changes. D/f slopes represent time-
independent absolute data (Table 2) and reflect the viscoelas-
ticity on the membrane surface. In absence of lipid II, the data of
methylated nisin and insulin are lower for DOPG than for
DOPC. This indicates a tighter binding of the positively charged
peptides to the negatively charged membrane than to the neutral
DOPC. The presence of lipid II changes the D/f slopes which
illustrate that lipid II has an impact on the membrane surface
and affects peptide attachment.

However, the nisin data behave significantly different and
display a much higher value in case of the pure DOPG com-
ent information on membrane surface characteristics. In absence of lipid II the
ared to DOPC indicating a tighter binding of the positive peptides to the negative
r pure DOPG compared to pure DOPC. This indicates a highly viscous surface
ace. The presence of lipid II in DOPG membranes results in lower D/f slopes
s marked with * for methylated nisin and insulin compared to the corresponding
omparing membranes containing lipid II to membranes without lipid II.
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pared to the pure DOPC membrane. This indicates a highly
viscous surface structure which is typically induced by mole-
cular associations. It would correspond with former findings
that positively charged peptides, when contacting negatively
charged membranes, are able to extract lipids out of the
membrane assembly and generate micellar or vesicular
associates. This effect has been described as “carpet mechan-
ism” by Shai [35] and was also observed for pardaxin on POPC
membranes [36].

AFM images (Fig. 3) strongly support this hypothesis.
Whereas the pure DOPG film (Fig. 3A) displays a plain surface,
nisin induces the formation of round vesicular structures in the
100 nm range (Fig. 3B). Lipid II (0.1 mol%) appears to be
homogeneously distributed in the DOPG membrane, giving no
indication for phase separations (Fig. 3C). In presence of lipid
II, the addition of nisin does not induce the formation of the
surface vesicles (Fig. 3D) as observed in the pure DOPG
membranes. The image indicates a homogenous (lower part)
and particularly strong and clustered adhesion of the peptide
(upper part), which cannot fully be elucidated.

The fact that the structure of the pure DOPC film (Fig. 3E) is
not affected by nisin (Fig. 3F) emphasizes the impact of charge-
induced protein interaction.

3.2. CV investigations to follow nisin induced pore formation

In order to investigate changes in membrane permeability by
pore formation, we applied CVmeasurements. In former studies
we optimized the CV measurements in respect to bilayer
Fig. 3. AFM images of the model membrane used. Whereas the pure DOPG film (A
formation of round vesicular structures in the 100 nm range (B). The DOPG/lipid II (
interaction of 1.5 mM nisin with the DOPG/lipid II membrane (D) is manifested in a su
peculiarities illustrated in (B) are not evident. The pure DOPC membrane (E) is not
nisin is not evidently illustrated.
permeability detection [32]. We could show that the membrane
forming steps on the quartz surface, beginning with an
immobilized monolayer and followed by bilayer completion,
lead to a dramatic insulation against electrode transfer. This
strongly flattens the Faradaic current (Fig. 4A) which
complicates a common evaluation including the peak currents
and the distance between the peaks. Therefore, changes in
membrane permeability were analyzed by integrating the area
between two single scans, resulting in a time-resolved
illustration of the electrical charge (Fig. 4B). A detailed charge
calculation from CV curves was previously described [32]. The
changes of the Faradaic current after peptide addition,
calculated from the time resolved illustration of the electrical
charge, were presented as histograms (Fig. 5).

Considering the effects in a DOPC membrane (Fig. 5A), the
data strongly confirm a nisin-induced pore formation and the
essential role of lipid II. Whereas in absence of lipid II, both
concentrations of nisin display only a marginal membrane
permeabilization, the presence of lipid II increases the effects by
the factor 2 (15 nM nisin) and 5 (1.5 μM nisin), respectively.
This is fully corresponding to earlier findings. Nanomolar
concentrations of nisin are sufficient for pore formation when
lipid II acts as a target molecule [37]. Insulin as control displays
certain effects on membrane permeability which could neither
be explained nor correlated to peptide concentration and lipid II
presence. The small amount of methylated nisin (15 nM) does
not show any current increase, but a hundredfold higher
concentration causes a distinct current increase which could
partly be related to unspecific membrane damages.
) appears as even membrane surface, the addition of 1.5 μM Nisin induces the
99.9/0.1) membrane (C) gives no indication for lateral separation of lipid II. The
rface attachment of small, and partly agglomerated structures, but the membrane
disturbed by 1.5 μM Nisin (F) in contrast to DOPG (B). Any pore formation by



Fig. 4. CV measurements to detect permeability changes. (A) The immobiliza-
tion of a hexadecanethiol monolayer on the gold electrode inherently flattens the
Faradaic current. The current is further decreased by additional coating with
phospholipids resulting in a bilayer. (B) Since a common evaluation including
peak currents and peak distance is not available, the area between two single
scans is integrated, resulting in a time resolved illustration of the electrical
charge.

Fig. 5. CV investigations to illustrate nisin induced pore formation and the role
of lipid II. (A) While nisin only shows an unspecific small current increase on
pure DOPC membranes, the presence of lipid II raises the current by factor 2
(15 nM nisin) and 5 (1.5 μM nisin). A certain membrane permeabilization by
methylated nisin was only observed at 1.5 μM concentrations. (B) The nisin
effects on the negatively charged DOPG membranes are stronger pronounced.
Both, nisin and methylated nisin, show an unspecific current increase by
interacting with lipid II free DOPGmembranes, indicating a membrane structure
disorder. Pore formation was not observed for methylated nisin. (C) The initial
current increase of DOPG/lipid II membranes was followed by a current
decrease; a further charge induced peptide attachment and insulation of the
electrode is assumed. Statistical significance at p≤0.05 is marked with * for
methylated nisin and insulin compared to the corresponding nisin value, with #
for DOPG data compared to DOPC values, and with ▪ for comparing membranes
containing lipid II to membranes without lipid II.
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The effects of nisin on the charged DOPG membrane (Fig.
5B) are principally the same than on DOPC. However, even
though the proportion is identical, all preparations lead to a
higher permeability of the charged membrane. Again, the
importance of lipid II becomes evident since the nanomolar
nisin concentration induces a nearly 100% current increase,
strongly exceeding the effect of the micromolar nisin in absence
of lipid II. Without any doubts, charge-induced interactions
between peptide and membrane are partly responsible for the
higher level of effects. However, the low and the high nisin
amount display similar effects in absence of lipid II, although
much higher data would be anticipated for the millimolar
concentration, referring to the postulated unspecific membrane
damage from the D/f plots in Table 2.

The impact of charge-induced interactions can also
explain the insulin data, since the positively charged control
peptide causes a certain membrane permeabilization, regard-
less of lipid II.

In DOPG membranes, methylated nisin displays a current
increase of about 50% only in absence of lipid II. The lower
D/f slopes, compared to nisin, imply that the generation of
molecular associates might not be responsible for the
permeability increase. Probably, methylated nisin causes a
contraction of DOPG molecules, leading to a tighter arrange-



Fig. 6. Fluorescence recovery after photobleaching (FRAP) experiments to
illustrate the lateral diffusion and the membrane stabilizing effect of lipid II. In
one area of each film the fluorescence was quenched, resulting in a complete
black domain (not shown). The slides illustrate the reappearance of fluorescence
in the bleached domains as indicator for diffusion of lipids, e.g. fluorescence
markers. Fluorescence intensity was recorded every 5 min—the pictures show
fluorescence levels 5 and 25 min after bleaching. A reduced lateral diffusion
(lower fluorescence intensity in the bleached area) was detected in the lipid II
containing DOPC and DOPG films compared to the pure phospholipids. This
correlates with a stabilizing effect of lipid II on the lateral membrane
constitution.

Table 3
Confirmation of the membrane stabilizing effect of lipid II

Pure phospholipid film Phospholipid film and
0.1 mol% Lipid II

DOPC 2.62×10−2±1.94×10−2 1.49×10−2±7.78×10−5

DOPG 5.03×10−3±3.68×10−4 1.35×10−3

In further FRAP experiments the fluorescence intensity was measured every 30 s
within 5 min after bleaching; the slope of the fluorescence intensity/time curve
was calculated and is illustrated here. The presence of lipid II in DOPC and
DOPG reduces the lateral diffusion of membrane lipids by about 50% and 25%,
respectively.
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ment of the peptides at the membrane. The postulated
membrane stabilizing effect of lipid II inhibits this contraction
and subsequently a current increase.

The assumption that charge-induced interactions of the
peptides with the DOPG membrane influence the data is
supported by the findings presented in Fig. 5C. Only in case of
the DOPG/lipid II membrane, the permeability decreases
dramatically below the starting level after the initial permea-
bilization. This should be attributed to a further charge induced
peptide attachment to the membrane surface which insulates the
membrane after the specific pore formation. The peptide
amount for this secondary effect appears to be small since the
QCM courses (Fig. 2B and C) did not give any indications for
massive bindings. This correlates with the finding that the
permeability decrease is independent of the peptide amount.

Since the drop in permeability could only be observed in
presence of lipid II, this leads to further interpretation of a
stabilizing role of lipid II for the model membranes.

3.3. Fluorescence microscopic investigation of lipid II
membrane effects

Besides its role as a target for nisin and pore constituent, a
further function of lipid II in model membranes can be assumed.
Since the size of the hydrophobic moiety of lipid II exceeds the
thickness of a monolayer, the insertion of lipid II in a membrane
will increase the contact of both monolayers, partly reducing the
ability for vertical diffusion of the matrix lipids. This should not
contradict the role of lipid II as pore constituent in a fluid
membrane. Whether the postulated anchoring by lipid II
decreases the lateral membrane diffusion was evaluated by
fluorescence recovery after photobleaching. The bleaching of a
lipid-bound fluorescence marker within a certain area of a
model membrane is the basis to microscopically evaluate the
time dependency for diffusion of marker molecules into the
bleached area.

In analogy to the quartz sensors, DOPC and DOPG model
membranes with and without 0.1 mol% lipid II were prepared.
They contained 1 mol% of the fluorescence dye NBD-PE and
were transferred to microscopic slides. With the help of a laser
scanningmicroscope, an area of about 53×49mmwas bleached.
The diffusion of fluorescence into this area was followed by a
sequence of microscopic images, as illustrated in Fig. 6.

It is evident that despite individual differences, lipid II
reduces the lateral diffusion of both lipids which corresponds
our postulation. It was not the intention to calculate the exact
lateral diffusion velocity. But to support this optical evidence,
we analyzed the pixel intensity of the bleached area in time
dependency for 25 min. To avoid dysfunctions due to the
general bleaching of the membranes, we sensitively analyzed
the slope within the first 5 min at a scan sequence of 30 s, as
illustrated in Table 3.

These data confirm that the presence of lipid II reduces the
lateral diffusion of DOPC to about 50%. DOPG itself has a
much lower lateral diffusion ability compared to DOPC in this
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study. However, the influence of lipid II is even much stronger
and diminishes the diffusion rate to about 25%. The appearance
of fluorescent spots in the DOPG/lipid II membrane should be a
matter of further evaluations.

4. Discussion

In this study we applied two combined biosensors to analyze
the molecular events of nisin leading to cell death with respect
to nisin membrane interaction, pore formation, and the role of
lipid II. Several studies have already been performed referring
to the pore formation of nisin using different model membrane
systems. In most cases, the marker release from liposomes by
nisin was used to define the molecular mechanisms of pore
formation and the essential role of lipid II [11,34,38]. Recent
data confirm that lipid II is recruited by nisin as a constituent of
the pores which are of constant structure and nisin–lipid II
stoichiometry [12–14,37].

Our biosensor approach gives further insight into these
mechanisms. QCM as mass sensitive sensor was combined with
CV to correlate the binding of nisin onto a planar model
membrane with pore forming in real time. Both techniques were
referred to the role of lipid II, the nisin concentration and
membrane characteristics.

The QCM assay allows for the first time to solely focus on
the nisin binding characteristics by analyzing both, the binding
kinetics as well as the absolute amount of bound nisin. Lipid II
as a target for nisin has an essential role in the initial binding
phase which is evident by a sixfold higher association rate of
nisin onto DOPC membranes containing 0.1 mol% lipid II. This
supports the role of lipid II in an early phase of nisin contact to
the bacterial membrane. Although nisin binds stronger to the
plain DOPG membrane than on plain DOPC due to charge
effects, lipid II overcomes these differences resulting in
identical binding constants for both systems. Following the
binding process for several minutes, these initial differences in
binding affinity do not influence the absolute amount of bound
nisin. The frequency changes in Fig. 2 demonstrate no stronger
binding of nisin in presence of lipid II. Furthermore, we could
not find a correlation of bound nisin with nisin concentrations,
since hundredfold higher amounts show only slightly stronger
binding. This might indicate that the amount of nisin binding is
not limiting the activity.

To evaluate the amount of bound nisin, the detected
frequency changes were calculated according to the Sauerbrey
equation (Eq. 2), where Δf is the frequency change, f0 the
fundamental resonance frequency, A the area of the quartz
crystal, ñ the density, μ the shear modulus of the quartz crystal,
and Δm the mass change [18]:

Df ¼ � 2f 20
A ffiffiffiffiffiffiffiffiffiffilqqq
p Dm ¼ �CfDm ð2Þ

Regarding the sensitive surface of the quartz sensor, a
frequency change by 1 Hz corresponds to a mass increase of
1.24 ng. The frequency changes in Fig. 2B correspond to a
binding of about 1.22 to 2.3 pmol nisin.
Since we could not detect an influence by the presence of
lipid II, a correlation of the nisin amount with the number of
lipid II molecules appears useful. The sensitive area of the
sensor is covered by about 7×1013 phospholipid molecules,
referring to a mean head size of about 40 Å2. Consequently, 0.1
mol% lipid II would roughly correspond to 7×1010 molecules,
respectively 0.7 pmol. This correlates with a molar ratio of
nisin/lipid II ratio of 2:1 at the nanomolar concentration, or 3:1
at the micromolar nisin amount. However, the binding ratio of
2:1 for the nanomolar concentration excellently corresponds
with previous findings on the constant pore stoichiometry of
nisin/lipid II in a ratio of 2:1 [14]. These findings help to explain
the mechanism of nisin activity. 15 nM nisin binds to the
membrane surface with an affinity increasing effect of lipid II.
The nanomolar concentration fits perfectly with 0.1 mol% lipid
II to induce the pore formation. Hasper et al. reported that nisin
recruits all available lipid II for pore formation [14]. This can
also be a reason that hundredfold higher nisin amounts do not
possess clearly increased membrane permeabilization, as
illustrated by the CV data of DOPG (Fig. 5B).

Considering the control peptides, the methylation of nisin
does not only impair the pore forming properties, it also reduces
the binding affinity (Table 2) and binding intensity (Fig. 2). An
effect of lipid II is less pronounced as for nisin. Insulin as blank
peptide displays lower bindings, independent of lipid II.

The CV experiments prove the essential function of lipid II
for pore formation (Fig. 5). The CV data allow an evaluation of
the long term pore stability. Whereas the increase in the
Faradaic current, respectively the pore formation, occurres
within a single scan of about 65 s, the current remains stable
within the total time of detection of 35 min. The observed pore
stability again corresponds with the results described by Hasper
et al. [14].

The DOPG lipid II membranes give further causes for
interpretation. In this system, the initial current increase was
followed by a drop in current below the base line. This might
indicate that independent on the obvious stability of the pores,
further peptide molecules attach charge-induced to the mem-
brane and unspecifically occlude the pores. Nisin behaves
similar to the insulin control peptide which emphasizes the role
of charge. The neutral DOPC membranes do not show this
phenomenon. However, the attached amounts of peptide appear
to be low, since they are not detectable in the QCM frequency
course. Furthermore, this process occurs only in presence of
lipid II which indicate a potential membrane stabilizing function
of lipid II. A stabilizing effect has also been proven by
measuring the D/f-slopes of DOPC and DOPG membranes
without peptide addition. The presence of 0.1 mol% lipid II
decreased the D/f-slope in both phospholipids, indicating a
more rigid and stabilized film. In principle identical, but
stronger pronounced effects were detected when replacing lipid
II by 0.1 mol% of cholesterol as established membrane
stabilizer. The D/f-slope of pure DOPC (0.518) was reduced
by lipid II and cholesterol (0.456 vs. 0.300), and of pure DOPG
(0.574) to 0.465 and 0.270, respectively.

In absence of lipid II, the DOPG membrane is disturbed by
high nisin concentrations. We postulated a carpet-like extraction
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of negative lipids out of the membrane by positive peptides [35]
from the damping slope in Table 2. This hypothesis and the
value of damping analysis could be strongly confirmed by AFM
images which illustrate loosely attached vesicles formation. In
contrast, lipid II seems to anchor the membrane network. The
structure of the hydrophobic moiety of lipid II should allow a
dynamic contact of both membrane leaflets. This will not lead to
a static conservation of the lateral membrane structure which
would contradict the pore formation, but the lateral membrane
diffusion should be reduced by lipid II. The FRAP data confirm
this postulation and clearly illustrate a strong reduction in lateral
diffusion in membranes with lipid II.

Summarizing, both biosensor techniques give further
insights into nisin antibiotic activity and the role of lipid II in
this model membrane system. Lipid II possesses an essential
affinity increase for nisin binding, but it does not directly
influence the amount of peptide binding. The peptide amount is
no limit for the pore formation. Whereas earlier studies
postulated that high nisin concentrations create pores in absence
of lipid II, we illustrate other types of unspecific membrane
damages. In that context, a physical stabilizing effect of lipid II
became evident by microscopic images.
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