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ABSTRACT: Nisin is a positively charged antibacterial peptide which binds to the negatively charged
membranes of Gram-positive bacteria. The initial interaction of the peptide with model membranes of
neutral (phosphatidylcholine) and negatively charged (phosphatidylcholine/phosphatidylglycerol) model
lipid membranes was studied using nonperturbing solid state magic angle spinning (MAS)31P NMR and
2H wide-line NMR. In the presence of nisin, the coexistence of two bilayer lipid environments was observed
both in charged and in neutral membranes. One lipid environment was found to be associated with lipid
directly interacting with nisin and one with noninteracting lipid. Solid state31P MAS NMR results show
that the acidic membrane lipid component partitions preferentially into the nisin-associated environment.
Deuterium NMR (2H NMR) of the selectively headgroup-labeled acidic lipid provides further evidence
of a strong interaction between the charged lipid component and the peptide. The segregation of acidic
lipid into the nisin-bound environment was quantified from2H NMR measurements of selectively
headgroup-deuterated neutral lipid. It is suggested that the observed lipid partitioning in the presence of
nisin is driven, at least initially, by electrostatic interactions.2H NMR measurements from chain-
perdeuterated neutral lipids indicate that nisin perturbs the hydrophobic region of both charged and neutral
bilayers.

The lipid membranes of cells are the sites of biological
activity for many natural and synthetic cytolytic peptides.
One particular class of peptides includes positively charged
amphipatic molecules, which bind to negatively charged lipid
membranes in a nonspecific way. This class includes a
number of toxins and antibacterial peptides, which exercise
their lytic action via the formation of nonselective trans-
membrane pores. Melittin (1-3) and magainin (4), for
example, have been studied extensively and have become
models for the design of a number of synthetic analogues,
amphipatic in nature and positively charged, with enhanced
cytolytic or bactericidal activity (5). It is currently accepted
that the cytolytic action occurs in two steps, initial binding
of the peptide to the target membrane governed by electro-
static attractive forces, followed by peptide oligomerization
and then translocation across the membrane.

Nisin (Figure 1) is an amphipathic, positively charged
peptide, produced byLactococcus lactis, which is a member
of the lantibiotic family of antimicrobial peptides (6); it
inhibits the growth of a wide range of Gram-positive
microorganisms and also inhibits the germination and/or
outgrowth of spores ofBacillusandClostridiumspecies. It
has been widely used as a preservative in the food industry

for a number of years (7, 8). The post-translational modifica-
tion of the precursor peptide of nisin leads to the formation
of dehydroalanine and dehydrobutyrine and, notably, of the
thioether-bridged residues, lanthionine and methyllanthionine,
which form five rings in the structure (6, 9, 10). The integrity
of these rings is clearly important for the biological activities
of nisin (11-13). There are two naturally occurring forms
of nisin, nisin A and nisin Z, differing in only one residue
(His or Asn at position 27) and with very similar bactericidal
activities (14, 15).

In aqueous solution, nisin is very flexible, with no
preferred overall conformation, although rings A and B, and
particularly the linked rings D and E, clearly impose
considerable local conformational constraints (6, 16, 17).
When nisin is bound to detergent or lipid micelles (18) or
lipid vesicles (19), its conformation becomes better defined.
Under these circumstances, two structured regions have been
identified: residues 3-19, containing rings A-C, and
residues 22-28, containing rings D and E; these are flanked
by flexible regions and linked by a “hinge” which may be
important for insertion of the peptide into the lipid bilayer
during pore formation (19).

The two actions of nisin and the related peptide subtilin,
inhibition of bacterial growth and inhibition of the germina-
tion and/or outgrowth of spores, exhibit distinct structure-
activity relationships, and must therefore involve different
mechanisms (12, 20). Its bacteriocidal action appears to be
due to the formation of pores in the bacterial membrane (6,
21). Model membrane studies show that nisin is active in
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lipid vesicles (21-28), monolayers (29), and black lipid
membranes (30, 31). In the absence of anionic phospholipids,
nisin acts as an anion-selective carrier (21, 24, 28), but in
the presence of anionic phospholipids, it forms nonselective,
transient (lifetime on the order of milliseconds) pores in the
target cytoplasmic membrane causing dissipation of the
proton motive force (∆Ψ) and efflux of ions, ATP, and other
solutes vital to the microorganism (21, 23, 26, 28, 29). A
transmembrane potential, inside negative, or a pH difference,
cytoplasm alkaline, is needed for pore formation (21, 24,
26, 28, 32).

Nisin interacts more strongly with negatively charged than
with neutral membranes (19, 22, 26, 27, 29, 30, 33, 34).
When bound to SDS or DPC micelles, nisin is located within
the headgroup region, rather than being inserted deeply into
the micelle, with the hydrophobic residues in the structured
regions (residues 3-19 and 22-28) facing into the micelle
(18). Similarly in bilayers where∆Ψ ) 0, there is evidence
to indicate that nisin does not penetrate the lipid bilayer but
rather binds to the headgroup region, in an orientation parallel
to the plane of the bilayer (19, 22, 34). Several mutagenesis
and fluorescence spectroscopic studies have led to differing
conclusions regarding the importance of various parts of the
nisin molecule for binding, and the depth of penetration into
the bilayer (27, 29, 34); some of these differences may reflect
the different phospholipid compositions of the bilayers or
monolayers that are used.

Solid state NMR1 is a direct and quantitative technique
for investigating lipid-peptide and lipid-protein interactions
in membranes.31P MAS NMR allows one to resolve the
individual lipid components in the bilayer (35) and to
measure changes in their isotropic chemical shift, CSA, and
fwhh in response to modulation of the phosphate motions
in the presence of proteins (35-37). Wide-line 2H NMR
provides a sensitive way to investigate the electrostatic
environment of the lipid headgroups by measuring the
changes in the quadrupole splittings of selectively deuterated
lipids (38, 39). Incorporation of molecules in the bilayer

interior perturbs the order of the acyl chains.2H NMR of
chain-perdeuterated lipids is sensitive to changes in the order
at different methylene deuteron positions along the chains,
and the quadrupole splitting

from spectra of randomly oriented bilayers provides a
measure of the deuterium order parameterSCD (40). The
quadrupole coupling constant (e2qQ/h) ) 170 kHz (40, 41)
for methylene C-D bonds.

In this paper, we describe the use of solid state NMR to
investigate, in a direct and nonperturbing way, the interaction
of nisin with lipid bilayers. Natural abundance31P magic
angle spinning NMR and wide-line2H NMR of selectively
headgroup-labeled lipids are used to probe the electrostatic
interaction between nisin and the lipid headgroups, while
2H NMR of chain-perdeuterated lipids provides information
about the perturbation by nisin of the hydrophobic core of
the lipid bilayer.

MATERIALS AND METHODS

Sample Preparation.Synthetic unlabeled dimyristoylphos-
phatidylcholine (DMPC) and dimyristoylphosphatidylglyc-
erol (DMPG) were purchased from Sigma and used without
further purification. Headgroup-deuterated DMPC-d4 was
prepared from dimyristoylglycerol (Sigma) and deuterated
ethanolamine (Merck) (42). Chain-perdeuterated DMPC was
synthesized from perdeuterated myristic acid (43), by acy-
lation of glycerophosphocholine (Sigma) (44). The final
product was purified on a Silica Gel, mesh 60, liquid
chromatography column and eluted with a 65/25/5 mixture
of chloroform, methanol, and 28% ammonia. The lipid was
found to migrate as a single spot on thin layer chromatog-
raphy. Nisin was a gift of Aplin and Barrett and was used
as supplied (98% pure).

For sample preparation, lipids were mixed in a chloroform/
methanol (2/1) system. The solvent was removed under
vacuum, and the lipid mixtures were dried under high
vacuum for 3-5 h. Nisin was added to the buffer [10 mM
Tris, 10 mM NaCl, and 1 mM EDTA (pH 7.2) in2H-depleted
water] at a concentration of 1 mg/mL. Nisin is soluble in
water at this concentration at pH 7.2 (45). Approximately
20 mg of the lipid mixtures was hydrated in 10 mL of the

1 Abbreviations: NMR, nuclear magnetic resonance; MAS, magic
angle spinning; DMPC, 1,2-dimyristoylphosphatidylcholine; DMPC-
d4, R,â-[2H4]-1,2-dimyristoylphosphatidylcholine; DMPC-d54, 1,2-per-
deuterodimyristoylphosphatidylcholine; DMPG, 1,2-dimyristoylphos-
phatidylglycerol; DMPG-d5, R,â,γ-[2H5]-1,2-dimyristoylphosphatidyl-
glycerol; fwhh, full width at half-height; MIC, minimal inhibitory
concentration.

FIGURE 1: Primary sequence of nisin A. Dhb, dehydrobutyrine; Dha, dehydroalanine;D-Alai, alanine moiety of 3-methyllanthionine;D-Abu,
R-aminobutyric acid moiety of 3-methyllanthionine.

∆νQ ) 3/4(e
2qQ/h)SCD
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peptide-containing buffer. Each sample was subsequently put
through five cycles of rapid freezing in liquid nitrogen and
thawing at 50°C. The MLV suspensions were then centri-
fuged (70 000 rpm, 1 h), and the pellet was loaded directly
into 4 mm NMR zirconia rotors for the MAS experiments
or 5 mm Pyrex NMR tubes for static wide-line measure-
ments.

NMR. 31P and2H NMR measurements were carried out
on a CMX Infinity 500 spectrometer at a proton frequency
of 500 MHz. A single 90° pulse was used for the acquisition
of 31P spectra with broad-band decoupling at the proton
frequency during acquisition. The 90° pulse length was 4
µs, and the strength of the proton decoupling field was 20
kHz. The dwell time was 100µs, and 8192 points were
collected in each experiment. Between 128 and 256 transients
were averaged for each free induction decay (FID) with a 5
s delay between acquisitions.

Fast magic angle spinning (MAS) line shape analysis was
performed by fitting simulated Lorentzian lines to the
experimental spectra using Spinsight (Chemagnetics, Fort
Collins, CO) and Felix (MSI, Cambridge, U.K.). The
intensity of the individual lines was estimated from the
integral of the simulated spectra. Analysis of the side-band
patterns at a low spinning speed was performed by spectral
simulation using an algorithm developed by Hertzfeld and
Berger (46, 47). All 31P chemical shifts are measured relative
to 0 ppm for 10% phosphoric acid.2H powder line shapes
were simulated using the GAMMA library (48) and a script
developed by Glaubitz (49).

All 2H experiments were performed using a quadrupole
echo sequence (90°-τ-90°-τ acquisition) (40, 41, 50) with
aτ of 40µs. The 90° pulse length was 4µs, and the repetition
time was 0.5 s. Between 1024 and 96 000 transients were
averaged per FID.

Analysis.In the analysis of DMPC/DMPG mixtures, the
total fraction of DMPC,xt, in the bilayer can be expressed
in terms of its fractions in the nisin-free and nisin-associated
environments,xf andxn, respectively, and the ratio between
the two environments,R:

whereR ()sf/sn) is determined from the contribution from
the nisin-free,sf, and nisin-associated,sn, environments to
the NMR spectra. The DMPC fraction in the peptide-
associated lipid is

The total fraction of DMPC in the mixed lipid bilayerxt

reflects the composition of the starting lipid mixture and is
monitored by the relative spectral contribution from the lipid
components in the31P MAS NMR spectra and from theR-
andâ-quadrupole splittings of headgroup-deuterated DMPC-
d4. The composition of the fluid component is determined
both from 31P MAS and from2H wide-line NMR spectra
(51).

EXPERIMENTAL RESULTS

Bilayer-Surface Interactions. (1) Phosphorus MAS NMR.
High-speed magic angle spinning31P NMR was used to study
the interaction of nisin A with model phospholipid bilayers.

Two experimental systems were studied to monitor the
interaction of nisin with charged bilayers, consisting of
DMPC and DMPG, and with neutral bilayers of DMPC
alone.

Figure 2a shows a31P MAS NMR spectrum from a lipid
bilayer composed of DMPC and DMPG in a 2/1 molar ratio
at a spinning speed of 8 kHz. The resonance at-0.9 ppm
arises from DMPC and that at 0.2 ppm from DMPG (Table
1). The spectrum can be simulated by a superposition of two
Lorentzian lines with fwhhs of 0.32 and 0.29 ppm. The
intensity of the DMPG resonance constitutes approximately
32% of the total spectral intensity, which reflects very well
the fraction of DMPG in the mixture.

FIGURE 2: 31P MAS NMR spectrum of a mixture of DMPC and
DMPG in a molar ratio of 2/1 (a) and in the presence of nisin A at
a lipid-to-peptide molar ratio of 20 (b), with a spinning speed of 8
kHz at 30°C. The simulated broad spectral component was obtained
as described in the text. See Table 1 for spectral parameters.

Table 1: 31P Isotropic Chemical Shift (σi), Line Width (fwhh), and
Relative Intensity (I) for DMPC and DMPG Phosphates without and
with Nisin at a 1/20 Molar Ratio to the Total Amount of Lipid
Determined from Spectra, Simulated To Fit the Experimental
Spectra As Described in the Texta

σi (ppm) fwhh (ppm) I (%) R

A
DMPC -0.94 0.29 68 n/a
DMPG -0.07 0.32 32 n/a
DMPC and nisin -0.82 0.34 13 n/a
DMPG and nisin 0.27 0.33 37 n/a
broad resonance -0.54 3.00 50 0.5

B
DMPC -0.91 0.36 n/d n/a
DMPC and nisin -0.88 0.39 n/d n/a
broad resonance -0.54 3.00 n/d 0.5

a The fraction of the nisin-free lipid component in the presence of
nisin (R) is shown for DMPC/DMPG (2/1 molar ratio) and for pure
DMPC bilayers, DMPC/DMPG bilayers (A), and DMPC bilayers (B).
Experimental conditions are described in the text. n/a, not defined. n/d,
cannot be determined from the NMR spectra.

xfR + xn(1 - R) ) xt (1)

xn ) (xt - xfR)/(1 - R) (2)
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A spectrum from the same lipid mixture in the presence
of nisin A in a lipid to peptide molar ratio of 20/1 is shown
in Figure 2b. Two narrow resonances, as observed in the
spectrum shown in Figure 2a, are still present. The fwhh of
the DMPC resonance is 0.33 ppm and that of the DMPG
resonance-0.34 ppm. Spectral simulations require, in this
case, the consideration of at least one additional resonance
with a fwhh of 3.00 ppm, centered at approximately-0.54
ppm. The similar values for the fwhh of the narrow
resonances in the presence and in the absence of nisin suggest
that the spectral intensity in the narrow spectral features
originates from lipid not interacting with nisin. Such
interpretation is further supported by the observation that
the effective31P chemical shift anisotropy of the narrow
resonances, determined from slow (2 kHz) spinning speed
MAS NMR, does not change upon addition of nisin (spectra
not shown). While the origin of the broad spectral component
is unknown, it is likely that it arises from an overlap of the
spectral contributions from DMPC and DMPG interacting
with membrane-associated nisin molecules. The observed line
broadening reflects an enhanced phosphorus transverse
relaxation rate, which may result from restrictions imposed
on the motional freedom of the lipid headgroups during the
interaction between the negatively charged lipid phosphates
and the positively charged residues of nisin. The possibility
that the broad spectral feature, also observed in2H NMR
spectra from labeled phospholipids, arises from an effective
elevation of the main transition temperature of the lipid in
the presence of nisin was ruled out after observing the
persistence of the broad feature in2H NMR spectra at
temperatures exceeding 55°C (cf. the inset of Figure 4).

The composition of the nisin-free phase in the presence
of nisin can be determined from the relative intensity of each
of the sharp DMPC and DMPG resonances with respect to
one another, while the fraction of the fluid phase in the total
bilayer lipid can be quantified from the cumulative intensity
of both sharp features as a fraction of the total spectral
intensity. The fraction of DMPG in the fluid phase, deter-
mined in this way, is 26%, and the fluid component in the
spectrum is approximately 50% (Table 1).

The interaction of nisin with neutral lipid bilayers of
DMPC was also investigated. A31P MAS NMR spectrum
of the DMPC MLV suspension (not shown) reveals a single
resonance from DMPC with a fwhh of 0.36 ppm (Table 1).
When nisin is added at a lipid/peptide molar ratio of 20/1,
the spectrum becomes a superposition of a narrow component
with a fwhh of 0.39 ppm (Table 1), and a broad component
with a fwhh of 1.22 ppm (Table 1). It is suggested again
that the broad resonance arises from nisin-associated lipid,
while the narrow spectral component can be interpreted as
the spectral contribution from nisin-free DMPC in the bilayer.
The fraction of the nisin-free environment can be determined
from spectral simulations to be approximately 50% (Table
1).

(2) Deuterium NMR. Wide-line 2H NMR of deuterated
lipids is used to study the electrostatic interaction of nisin
with the lipid headgroups and perturbations of the acyl chain
motions. Headgroup-deuterated DMPC-d4 is used as a
nonperturbing probe of the interaction of nisin A with
charged bilayers. The introduction of a relatively high

FIGURE 3: 2H NMR spectrum of a mixture of headgroup-deuterated
DMPC-d4 and DMPG in a molar ratio of 2/1 (a) and in the presence
of nisin A at a lipid-to-peptide molar ratio of 20 (b), at 30°C. See
Table 2 for spectral parameters.

FIGURE 4: 2H NMR spectrum of a mixture of DMPC and headgroup
deuterated DMPG-d5 in a molar ratio of 2/1 (a) and in the presence
of nisin A at a lipid-to-peptide molar ratio of 20 (b), at 30°C. See
Table 2 for spectral parameters. The inset shows the2H NMR
spectrum from the same bilayer in the presence of nisin at 55°C.
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percentage (66.7%) of saturated chain neutral lipid into the
negatively charged bilayer prevents the formation of non-
lamellar phases, observed with pure DMPG under low-salt
conditions (52) and in the presence of nisin (26). A 2H NMR
spectrum from a mixture of DMPC-d4 and DMPG in a 2/1
molar ratio is shown in Figure 3a. The spectrum consists of
two overlapping Pake doublets, indicating rapid axially
symmetric reorientation of lipid molecules in a liquid
crystalline bilayer phase (40, 41). The most prominent
spectral features are the sharp edges at(4.6 and(1.3 kHz
arising, respectively, from theR- and â-deuterons on the
choline moiety of DMPC-d4 molecules oriented at a 90°
angle relative to the external magnetic field (Table 2). The
observed deviation of the spectral intensity around the middle
of the powder patterns from a spherically symmetric powder
distribution results from a slight elongation of the liposomes
in the high external magnetic field (53). The effective
quadrupole splitting, used in the analysis, is unaffected by
the vesicle deformation. TheR-splitting of the lipid mixture
is 9.2 kHz, and theâ-splitting is 2.7 kHz. These results agree
with previous measurements from DMPC/DMPG mixtures
of the same composition by Marassi and Macdonald (54)
and Sixl and Watts (42).

Figure 3b shows a2H NMR spectrum from a 2/1 DMPC-
d4/DMPG mixture where nisin was added at a lipid/peptide
molar ratio of 20/1. Two components can be resolved in the
spectrum arising from the sharp 90° edges of two Pake
doublets at 8.3 and 3.2 kHz (R- andâ-splittings, respectively)
and a broad spectral feature, arising from a bilayer lipid
environment with a reduced symmetry of molecular motions.
The latter, observed as the spectral intensity between theR-
andâ-splittings of DMPC-d4 and in the region around(1
kHz, arises from a spectral distribution very different from
the Pake distribution and cannot be interpreted in terms of
contributions from individual deuterons. It is suggested that
it arises from lipids associated with membrane-bound nisin.
The Pake doublets suggest the presence of bilayer lipid in
the liquid crystalline phase which does not have an immediate
interaction with nisin. It is likely that the two lipid environ-
ments correspond to lateral bilayer phases, coexisting within
the same bilayer in thermodynamic equilibrium.

The effect of nisin A on charged lipid bilayers can be
investigated further by labeling specifically the headgroup
of the charged lipid component DMPG-d5. The 2H NMR
spectrum of a mixture of DMPC and DMPG-d5 in a 2/1

molar ratio is shown in Figure 4a. The spectrum consists of
superimposed powder [Pake (55)] doublets, arising from
deuterons at theR-, â-, andγ-positions on the phosphati-
dylglycerol moiety. TheR-, â-, and γ-doublets appear in
decreasing order of their effective quadrupole splitting (56),
which are, respectively, 9.2, 4.0, and 1.08 kHz. The splitting
at approximately 1.4 kHz arises from theâ-deuteron of
D-glycerol, present in the racemic mixture used in DMPG-
d5 synthesis. The spectrum in Figure 4a arises from deuterons
undergoing a fast, axially symmetric motion, characteristic
of lipids in a liquid crystalline bilayer (42). A low-intensity
doublet appears at approximately 2 kHz.

Addition of nisin at a lipid/peptide molar ratio of 20/1
results in a reduction in the motional symmetry of the
DMPG-d5 molecules (Figure 4b). The main spectral features
of the new lipid state resemble those expected for a finite
number of restricted jumps between different sites for the
lipid headgroup (57-59). Such a reduction in the symmetry
of headgroup motions suggests that in the presence of nisin
the headgroup dynamics approaches the intermediate regime.
The overall spectral width remains practically unchanged,
which may suggest some disordering effect of nisin on the
lipid headgroups. The more pronounced changes in the
spectral intensity distribution on DMPG than on DMPC
headgroups in the presence of nisin reflect the presence of a
preferential interaction between the peptide and the charged
lipid component.

The spectral feature arising from motionally restricted
DMPG-d5 persists at temperatures exceeding 55°C (see the
inset of Figure 4). Therefore, this phase emerges as a result
of nisin-lipid interactions, which are stronger than the lipid-
lipid interactions in a lipid gel phase. At 55°C, the
motionally restricted phase is in equilibrium with a lipid
population in the liquid crystalline phase. The slight elevation
in Tm of the nisin-free lateral phase results from the use of
racemic glycerol during DMPG-d5 synthesis and, possibly,
from a slight variation in the residual salt content (see the
Discussion).

Headgroup-labeled DMPC-d4 is used to examine the
interaction of nisin A with neutral lipid bilayers (spectra not
shown). At 30°C, the spectrum is characteristic of fast axially
symmetric lipid motions and suggests that DMPC-d4 is in a
liquid crystalline phase. At this temperature, theâ-deuteron
quadrupole splitting almost completely overlaps theR-split-
ting (51, 60). Both splittings are between 5.6 and 6.1 kHz.
Addition of nisin to the DMPC-d4 suspension at a lipid/
peptide molar ratio of 20/1 results in a2H NMR spectrum
which is a superposition of two components, one character-
istic of a liquid crystalline phase and another suggesting the
presence of a lipid population with restricted molecular
motions. The quadrupole splitting of the spectral component
from the liquid crystalline phase for both labeled positions
is equal to 5.5 kHz. The slight difference between theR-
andâ-quadrupole splitting, observed in the form of a small
shoulder on the outer side of the 90° edges of the pure lipid
powder spectrum, is no longer observed. A comparison of
the quadrupole splittings of DMPC-d4 alone and in the
presence of nisin reveals a very weak response of the lipid
headgroups to the presence of the peptide. Due to the similar
values of theR- andâ-quadrupole splittings for the peptide-
free bilayer, the electrostatic interaction between nisin A and

Table 2: 2H NMR Quadrupole Splittings Measured for DMPG
Lipid HeadgroupR-, â-, andγ-Deuterons and DMPC HeadgroupR-
andâ-Deuterons in Bilayers Prior to (A) and Following the
Addition of Nisin A (B)a

R-splitting
(kHz)

â-splitting
(kHz)

γ-splitting
(kHz) R

A
DMPC-d4/DMPG 9.2 2.7 n/a n/a
DMPC/DMPG-d5 9.2 4.0 1.08 n/a
DMPC-d4 5.6* 6.1* n/a n/a

B
DMPC-d4/DMPG and nisin 8.3 3.2 n/a 0.3/0.4
DMPC/DMPG-d5 and nisin n/d n/d n/d n/d
DMPC-d4 and nisin 5.5 5.5 n/a 0.5

a R is the fraction of the nisin-free lipid component in the presence
of nisin. Experimental conditions are described in the text. *, estimated
extreme splittings from partially overlapping doublets. n/a, not defined.
n/d, cannot be determined from the NMR spectra.
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the zwitterionic lipid component cannot be quantified at 30
°C.

Nisin-Bilayer Core Interactions.Chain-perdeuterated
DMPC-d54 was used to study the response of the hydrocarbon
chain region of the lipid bilayer to addition of nisin in the
presence and in the absence of a charged lipid component.
A 2H NMR spectrum from a DMPC-d54/DMPG mixture in
a molar ratio of 2/1 is shown in Figure 5a. The spectrum is
a superposition of powder doublets, which indicates that the
lipid chains undergo axially symmetric motions in a fluid
phase. The maximum observed quadrupole splittings of about
26 kHz arise from the almost overlapping 90° edges of
deuterons at methylene positions 2-7, close to the glycerol
backbone (40). The smaller resolved quadrupole splittings
between 25 and 15 kHz arise from methylene deuterons
between the middle of the chain and the terminal methyl
groups (methylene positions 7-13). The chain methyl groups
give rise to the distinct powder doublet with the smallest
splitting of 3.0 kHz. The quadrupole splittings of the chain
deuterons in the liquid crystalline phase are sensitive to
changes in chain segmental motions and can be used as a
measure of the order along the lipid acyl chains (40, 41).
The spectrum of Figure 5a exhibits a small deviation from
a Pake line shape, which indicates a slight elongation of the
charged phospholipid vesicles in the external magnetic field
(53). These spectral changes affect the distribution of spectral
intensity but not the effective deuterium quadrupole splittings.

After addition of nisin to the DMPC-d54/DMPG bilayer
at a lipid to peptide molar ratio of 20/1, the2H NMR
spectrum from DMPC-d54 shows that the bilayer is still in
the liquid crystalline state (Figure 5b). The maximum spectral
width remains unchanged. A slight redistribution of spectral
intensity at close to maximum splitting is observed while
the methyl splittings remain unchanged. The enhancement
of the 90° edges, observed in the absence of nisin, is no
longer present, possibly because of the reduced net charge

in the peptide-containing bilayers and a consequent reduction
in vesicle ellipticity.

The effect of nisin on the hydrophobic region of pure
DMPC-d54 bilayers was also examined using2H NMR. The
pure DMPC-d54 bilayer is in the liquid crystalline state, and
the spectrum is a superposition of Pake doublets (Figure 5c)
with a maximum quadrupole splitting of approximately 28
kHz. Addition of nisin results in a spectrum with an
essentially unchanged overall width (Figure 5d). The resolu-
tion of most 90° singularities, however, is lost. The deuterium
lines are broadened, and only major groups of methylenes
with similar order parameters, giving rise to splittings of
approximately 27, 18, and 11 kHz, can be resolved. One
possible explanation for the observed line broadening is that
the presence of nisin might enhance the transverse relaxation
rate of the chain deuterons. Such enhancement, if present,
does not appear to have a differential effect on deuterons at
different positions along the acyl chain. Another change in
the spectral intensity distribution is a small reduction at close
to minimum methylene splitting, observed after nisin is
added. An increase in spectral intensity in the regions
between-28 and-15 kHz and between 15 and 28 kHz
indicates diminished vesicle ellipticity in the presence of
nisin, presumably in response to a reduction in the bilayer
net surface charge density. Further analysis of the methylene
deuteron spectra by means of de-Pake-ing would be unreli-
able due to vesicle elongation in the presence of a charged
lipid without nisin and due to loss of spectral resolution from
neutral bilayers in the presence of nisin.

Quantification of the Stoichiometries of Nisin-Lipid
Interactions.The relative intensities of31P NMR lines were
used to quantify the fraction of DMPC in the negatively
charged DMPC/DMPG lipid bilayers before and after nisin
was added. The initial fraction of DMPC in the bilayer,
determined in this way, is 0.68 (xt) (Table 3). The DMPC
fraction in the nisin-free bilayer is 0.74 (xf), and the

FIGURE 5: 2H NMR spectra of chain-perdeuterated DMPC-d54 at 30 °C in a mixture with DMPG at a molar ratio of 2/1 (a), the same
mixture in the presence of nisin A at a lipid-to-peptide molar ratio of 20 (b), in pure bilayers (c), and in pure bilayers with nisin A at a
lipid-to-peptide molar ratio of 20 (d).
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contribution from the nisin-free spectral components is 0.50
(R). The DMPC fraction in the nisin-associated environment
can be calculated using eq 2 to be≈0.62 (xn). This
corresponds to 12.4 DMPC molecules in 20 lipid molecules.

The partitioning of DMPC and DMPG between the nisin-
free and nisin-associated environment can be quantified using
2H NMR, as well. The relative magnitude of theR- and
â-quadrupole splittings can be used to measure the surface
charge in the bilayer headgroup region (38, 39). In particular,
a reduction in theR-splitting and an increase in theâ-splitting
indicate a change in the surface charge to more positive
values (38). A change in the lipid order, in contrast, would
be accompanied by a change of both splittings in the same
direction. Therefore, the observed increase in the choline
â-splitting and a decrease in theR-splitting are a good
indication that the interaction between nisin and the DMPC/
DMPG bilayer is of electrostatic nature. The observed
changes in the values of the DMPC-d4 R- andâ-quadrupole
splittings in the DMPC-d4/DMPG mixture upon addition of
nisin are compared to the quadrupole splittings from a series
of DMPC-d4/DMPG mixtures, measured by Marassi and
Macdonald (54). The fraction of DMPC-d4 in the nisin-free
bilayer can be obtained from2H NMR data or in a simple
way from the31P NMR measurements. At the same time,
the spectrum of the nisin-associated bilayer environment
cannot be used directly to determine its composition. This
can be done by using the already determined composition
of the fluid phase and its fraction in the bilayer. A spectral
subtraction method, similar to the method used by Morrow
et al. (61) and Huschilt et al. (62), is used to determine the
contribution of the fluid component in the spectrum of Figure
3b. Two Pake doublets are simulated with quadrupole
splittings matching the ones measured from the spectrum in
Figure 3b. The simulated and experimental spectra are then
normalized to the same intensity,M0, assuming that the
transverse relaxation rates for the deuterons in the two phases
are similar. The 90° edges of the experimentalR-splitting
are found to be canceled out by subtraction of 30-40% of
the simulated spectrum from the spectrum in Figure 3b. The
90° edges of theâ-splittings are used as a supplementary
criterion only, since the ellipticity of the MLV, producing
distortions on the experimentalR-doublets in the presence
of nisin, cannot be estimated. Using the values ofxt (0.67)
and xf (0.80), determined earlier, the calculated DMPC
fraction in the nisin-associated bilayer is 0.58 and 0.61 (xn)
when R ) 0.30 and 0.40, respectively. Since the nisin-to-
lipid ratio is 1/20 in this experiment, these values correspond
to 11.6 and 12.2 DMPC molecules per 20 lipid molecules.
The DMPC fraction in the bilayer prior to addition of nisin
has 13.3 molecules in 20 molecules, and in the nisin-free
bilayer phase in the presence of nisin, there are 16 DMPC
molecules in every 20. The withdrawal of acidic lipid into
peptide-associated domains is similar to the segregation of
phosphatidylglycerol by a charged peptide, derived from the

C-terminus of HIV-1 glycoprotein gp160, observed by
Gawrsich et al. (63).

When nisin interacts with neutral bilayers, the spectral
fraction of the nisin-free lipid component in the DMPC-d4/
nisin bilayer is determined from2H NMR spectra by the
spectral subtraction method. The contribution from the fluid
spectral component is approximately 50% (Table 2), which
agrees with the31P MAS NMR results (Table 1).

DISCUSSION

The observations of (i) the decrease in the31P NMR
spectral intensity of the DMPG resonance relative to that of
DMPC in the nisin-free bilayer upon addition of nisin, (ii)
the reduction in the net charge in the fluid lipid environment,
measured by2H NMR of headgroup-labeled DMPC-d4, and
(iii) the strong effect of nisin on labeled DMPG-d5 headgroup
dynamics all provide strong and direct evidence that nisin
interacts preferentially with the charged bilayer lipid com-
ponent. The larger fraction of nisin-associated lipids in
charged bilayers compared to neutral bilayers (Table 2B)
indicates a higher affinity of nisin for membranes containing
charged lipids.

The isotropic chemical shifts of both DMPC and DMPG
phosphates in the lipid mixture undergo a slight upfield shift
upon addition of nisin (see Table 1A). A similar lower-
magnitude nisin-induced upfield shift is observed in the
chemical shift of pure DMPC bilayers. Such changes reflect
changes in the electrostatic environment of the lipid phos-
phates upon addition of nisin.

The relatively weak electrostatic perturbation of the
DMPC-d4 headgroups in neutral bilayers by nisin in com-
parison to charged bilayers reflects an increased distance in
the former case between the nisin charges and the lipid
headgroup dipole. Since nisin has been shown to have a
similar orientation in charged and neutral bilayers (34), the
observed changes may arise from differences in penetration
depth of nisin into the two lipid bilayers.

A broad feature, characteristic of a lipid environment with
restricted motional freedom, is observed in the31P and2H
NMR spectra from lipid headgroups in the presence of nisin.
One possibility is that this motionally restricted lipid
environment may reflect the formation of lipid gel phase
domains as a result of the reduction of the bilayer surface
charge in the vicinity of the positively charged nisin
molecules in a way, similar to the elevation of the main
transition temperature of DMPG at low pH (64, 65).
However, the overall width of the observed2H NMR line,
arising from this environment, is smaller than the expected
width of a gel phase spectrum. Also, changes in the DMPG
headgroup charge are not expected to produce elevation of
the lipid Tm above 42°C. In our experiments, the broad
feature is observed in2H NMR spectra from DMPC-d4 and
DMPG-d5 at temperatures exceeding 55°C (e.g., as in the
inset of Figure 4). Therefore, the broad spectral feature is
not a lipid gel phase but rather a lipid environment dominated
by nisin-lipid interactions that are stronger than the lipid-
lipid interactions resulting in the formation of gel phases.

Additional investigation into the origin of the broad
spectral component, observed in the31P spectra of phospho-
lipids in the presence of nisin, is required before it can be
used in a quantitative way to elucidate the phase behavior

Table 3: Calculated DMPC Molar Fraction in the Pure Lipid
Bilayer (xt) and after Addition of Nisin in the Nisin-Free (xf) and
Nisin-Associated (xn) (peptide/lipid ratio of 1/20) Lipid Environment

DMPC fraction xt xf xn

from 31P MAS 0.68 0.74 0.62
from 2H 0.67 0.80 0.58/0.61
per 20 lipid molecules 13.3 16 11.6/12.2
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of lipid bilayers. While the composition of the nisin-free
environment can be quantified with an accuracy better than
(5%, modeling of the broad spectral component is more
sensitive to spectral manipulations, such as phase and
baseline corrections. This, presumably, is due to the fact that
the broad resonance is a superposition of two lines. As a
result, the uncertainty in the less mobile fraction determi-
nation from high-speed31P MAS NMR may be much greater
than stated. The relative fraction of DMPG in the nisin-free
component decreases with increasing amounts of added nisin
and can be quantified with accuracy. At the same time, the
spectral contribution of the putatively nisin-associated lipid
displays changes, upon cumulative addition of nisin, which
are on the same order as the expected overall change in the
intensity of this spectral component. This has necessitated
the use of2H NMR from selectively labeled lipids to obtain
the spectral fraction from the nisin-associated component in
a more reliable way.

One additional point needs clarification in view of the
proposed two-dimensional segregation of the charged mem-
brane lipid by nisin. The2H NMR spectrum of DMPG-d5 at
30 °C (Figure 4b), unlike the spectrum of DMPC-d4 in the
DMPC/DMPG mixture, gives no indication of coexistence
of a nisin-associated lipid environment with restricted
headgroup motions and a lipid phase with axial symmetric
headgroup deuteron dynamics at this temperature. However,
the occurrence of a fluid phase in the DMPC/DMPG-d5

mixture in the presence of nisin A is observed when the
temperature is elevated to 50°C (inset of Figure 4). The
coexistence of the two lipid environments can also be
converted into a single, motionally restricted lipid environ-
ment with spectral features similar to those observed in
Figure 4b, when the ionic strength of the aqueous phase is
increased to 100 mM NaCl (spectrum not shown). The
differences in the lateral phase behavior of the DMPG-d5-
containing system and the other DMPG-containing bilayers
might be attributed to some additional heterogeneity intro-
duced into the system by the presence of equimolar amounts
of both headgroup glycerol enantiomers. In addition, as a
result of the sensitivity of the system to ionic strength, the
differences, observed between the phase behavior of the
DMPC-d4 and DMPG-d5-containing mixtures, may reflect
the presence of trace amounts of salts in the preparation of
DMPG-d5.

31P MAS from the phospholipid bilayers and wide-line
2H NMR measurement from bilayers of headgroup-labeled
DMPC, with and without negatively charged lipid component
DMPG, reveal the coexistence of at least two bilayer
environments in the presence of nisin. The spectral intensity
distribution in2H NMR line shapes and the overall magnitude
of the quadrupole splittings in both coexisting lipid environ-
ments demonstrates that all lipid in the system is in a bilayer
phase. It is suggested that the two lipid environments
observed in the presence of nisin coexist laterally within the
same lipid bilayer. The rate of exchange of lipids between
the two environments is governed by the strength of the
lipid-peptide interaction. The observed superposition of
spectra, rather than an average spectrum from the two lipid
environments, suggests that the rate of exchange is slower
than the inverse time scale of the2H NMR experiment (∼103

Hz) [cf. Bloom and Thewalt (66)]. The border between two
lateral lipid environments creates a local weaknesses in the

bilayer (67), which may be implicated in peptide transloca-
tion during pore formation or in anion transport.

The highly fluid nisin-free lipid environment can be
visualized as a matrix in which islands of nisin with
associated lipid float at much reduced mobility. In this
context, the nisin-free environment can be characterized as
a large ensemble of molecules representing a true lateral
phase. In the nisin-associated lipid, on the other hand, a large
number of molecules determine the average behavior seen
in the NMR experiment without necessarily allowing for a
direct lipid exchange to occur between lipid associated with
different nisin molecules. The number of lipid molecules in
each nisin-associated cluster may be small; therefore, the
nisin-associated phase is not a true thermodynamic phase.
The reduction in membrane fluidity, observed by Kordel et
al. (22) and Giffard et al. (30), upon addition of nisin to
bilayers can be explained either by assuming the formation
of small lipid aggregates, associated with single peptide
molecules, or by considering large lipid-peptide domains of
macroscopic size. In the former case, the effective molecular
mass of a complex of nisin and associated lipids would result
in a much lower effective lateral mobility in the membrane,
while in the latter, the reduced mobility within a motionally
restricted phase would be detected.

Nisin appears to interact more strongly with bilayers
composed of lipids with acidic headgroups than with bilayers
composed of neutral lipids. This description of the state of
the lipid bilayer prior to permeabilization is important for
understanding the mechanism of action of nisin. The trans-
location of anionic molecules across neutral bilayers in the
presence of nisin can occur when the positively charged
molecules of nisin, immersed in the hydrophobic region of
the PC bilayer, interact with the negatively charged molecule
on the opposite side of the membrane. The potentially neutral
complex, formed in this way, may be entropically driven to
either side of the bilayer across mismatched bilayer regions
between nisin-associated and nisin-free lipids. In the presence
of negatively charged lipid in the membrane, a strong
electrostatic interaction leads to a surface localization of nisin.
A substantial electromotive force would be necessary, for
example, in the form of a transmembrane potential difference,
to overcome the strong electrostatic interaction between nisin
and the anionic lipid headgroups. In this case, it is possible
that the more energetically favorable structure is a trans-
membrane oligomer, rather than a nisin-anion transmem-
brane complex.
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