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ABSTRACT: Nisin Z, a 34-residue lantibiotic, is secreted by some lactic acid bacteria and exerts its
antibacterial activity against various Gram-positive bacteria by permeabilizing the cell membrane. It is a
cationic amphiphilic peptide with several unusual dehydro residues and thioether-bridged lanthionines.
Isothermal titration calorimetry was used to provide a quantitative thermodynamic description for nisin Z
adsorption to and penetration into negatively charged and neutral lipid bilayers. The binding of the cationic
peptide (electric chargez∼ 3.8) to anionic membranes was found to be dominated by electrostatic forces
which could be described with the Gouy-Chapman theory. For biologically relevant conditions with a
membrane surface potential of-40 mV, the peptide concentration near the membrane surface increases
by about 2-3 orders of magnitude compared to the bulk concentration. The binding step proper, i.e., the
transition from the lipid-water interface into the membrane, is almost exclusively driven by the high
surface concentration. Binding can be described by a partition equilibrium of the formXb ) KCM ) KCp,f

exp(-zpψ0F0/RT), whereCM is the peptide surface concentration,Cp,f the bulk concentration, andψ0 the
membrane surface potential. The intrinsic partition coefficient (K ) 1.8 M-1) is remarkably small, indicating
a correspondingly small hydrophobic energy contribution to the binding process. The electrostatic model
was confirmed with nisin Z mutants in which valine-32 was replaced with either lysine (V32K) or glutamate
(V32E), increasing or decreasing the electric charge by 1 unit. The extent of peptide binding increased
for V32K and decreased for V32E as predicted by the electrostatic theory. In contrast, electrostatic effects
were almost negligible for the binding of nisin Z to neutral membranes. However, the binding isotherms
were characterized by a distinctly larger intrinsic binding constantK0 of ∼540 M-1 and an enhanced
hydrophobic free energy of binding. The binding of nisin Z to sonicated lipid vesicles is exothermic with
a ∆H° of ca. -9 and-3.4 kcal/mol for charged and neutral membranes, respectively.

Nisin, a 34-residue peptide, is an antimicrobial, cationic
peptide with intramolecular thioether bridges which has
found application as a food preservative (for reviews, see
refs 1-5). The peptide renders the bacterial cytoplasmic
membrane permeable to ions, amino acids, and ATP and
interacts with most membrane lipids in a nonspecific manner
(6). Its affinity for lipid membranes is sensitive to the lipid
composition and increases for negatively charged lipids (6-
10). The presence of a transmembrane potential of sufficient
height (inside negative) increases the level of perturbation
of the membrane permeability induced by nisin (11, 12). At
sufficiently high concentrations, nisin affects the overall
organization of lipid bilayers by promoting the inverse
hexagonal phase (HII) structure (13).

The binding of nisin to lipid membranes has been studied
with different techniques such as the monolayer trough (7),
fluorescence spectroscopy (12, 14), or equilibrium dialysis
(9). Qualitative or semiquantitative data for the binding
process were obtained, but detailed quantitative information
about the binding process is still missing. The investigation
presented here has two purposes. First, the binding/adsorption
of nisin Z to neutral and charged lipid bilayers is assessed
with high-sensitivity isothermal titration calorimetry (ITC),1

yielding both the binding isotherm and the binding enthalpy.
Second, we analyze the experimental binding/adsorption
isotherm in terms of a combined electrostatic adsorption-
hydrophobic partition model. The interaction of a peptide
with a lipid membrane can be purely electrostatic as, for
example, with polylysines (15, 16) or purely hydrophobic
as for cyclosporin A (17, 18), but for most peptides, an
intermediate situation will be encountered. Charged peptides
will be attracted electrostatically to the membrane surface
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and will then penetrate to some extent into the hydrophobic
part of the membrane. Under these circumstances, the
quantitative analysis must be based on the Gouy-Chapman
theory which has been applied successfully, e.g., for soma-
tostatin derivatives with varying electric charge (z ) 1-3)
(19-21), for magainin antibiotics (z) 3-4.8) (22-25), and
for several other peptides investigated in particular by
McLaughlin and co-workers (15, 26-29). When the same
approach is applied to the nisin binding isotherms, it is
possible to separate electrostatic from hydrophobic contribu-
tions of the binding process, to determine the intrinsic binding
constant, and to determine the free energy and entropy of
binding.

MATERIALS AND METHODS

Materials.1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-rac-phos-
phoglycerol (POPG), 1,2-dioleoyl-sn-glycero-3-phosphocho-
line (DOPC), and 1,2-dioleoyl-sn-glycero-3-rac-phospho-
glycerol (DOPG) were purchased from Avanti Polar Lipids
Inc. (Alabaster, AL). All other chemicals were analytical or
reagent grade. Buffer was prepared from 18 MΩ water
obtained from a NANOpure A filtration system.

All measurements were carried out with nisin Z which
was obtained by batch fermentation and purified as described
previously (30). The nisin Z mutants V32K and V32E were
obtained by site-directed mutagenesis, purified, and charac-
terized (31). The nisin Z sequence is shown in Chart 1 (32).

Preparation of Sonicated Unilamellar Vesicles (SUV). A
defined amount of lipid in chloroform was first dried under
a nitrogen stream. To remove traces of ethanol which is
frequently used to stabilize chloroform, the lipid was
dissolved in dichloromethane and then again dried under
nitrogen and subsequently overnight under high vacuum.
Typically, 2-3 mL of buffer was added to the lipid and the
dispersion was extensively vortexed. If not otherwise stated,
all experiments were performed in 20 mM MES, 100 mM
NaCl buffer (pH 6.5). A few experiments were also carried
out with 20 mM phosphate buffer with 100 mM NaCl (pH
6.44). For preparation of small unilamellar vesicles (SUV),
the lipid dispersion was sonified (at 4°C, in ice and water)
using a titanium tip ultrasonicator until the solution became
transparent. Titanium debris was removed by centrifugation
(Eppendorf tabletop centrifuge, 10 min at 14 000 rpm). The

lipid concentration was calculated on the basis of the weight
of the dried lipid.

High-SensitiVity Isothermal Titration Calorimetry.Iso-
thermal titration calorimetry was performed using a MicroCal
Omega high-sensitivity titration calorimeter (Microcal,
Norhampton, MA) (33). Solutions were degassed under
vacuum prior to use. The calorimeter was calibrated electri-
cally. The heats of dilution were determined in control
experiments by injecting either peptide solution or lipid
suspension into buffer. The heats of dilution were subtracted
from the heats determined in the corresponding peptide-
lipid binding experiments.

Leakage Experiments.Carboxyfluorescein-loaded DOPC
and DOPG vesicles were generated as described previously
(9). The nisin (or magainin)-induced leakage of carboxy-
fluorescein from the vesicles was monitored by measuring
the increase in fluorescence intensity at 515 nm (excitation
at 492 nm) on a SPF 500 C spectrophotometer (SLM
Instruments Inc.) at 20°C in 50 mM MES (pH 6.0) and 100
mM K2SO4.

RESULTS

Charged Membranes.High-sensitivity isothermal titration
calorimetry was employed to study the binding of nisin Z to
phospholipid vesicles. In a first type of experiment, the
calorimeter cell contained lipid vesicles and small amounts
of a nisin solution were injected. Under the conditions of
the experiment, the lipid was in large excess over the injected
peptide, leading to an almost complete binding of the peptide.
The peptide “binding” (which, more correctly, is a physical
adsorption) was found to be exothermic with a reaction
enthalpy∆H° of no more than-7 kcal/mol.

In a second type of experiment, the peptide solution was
filled into the calorimeter cell and unilamellar lipid vesicles
were injected. Figure 1A shows a titration sequence where
10µL aliquots of a phospholipid vesicle suspension [DOPC/
DOPG (3/1 molar ratio); total lipid concentrationCL° of 35.4
mM] were injected into the reaction cell (Vcell ) 1.3450 mL)
containing a 20µM nisin Z solution (both solutions in the
same buffer, at 28°C). Each injection produced an exother-
mic heat of reaction,hi, which decreased in magnitude with
consecutive injections. As a control, buffer without lipid was
injected into the peptide solution under the same conditions.
The heat of dilutionhdil was∼0.5 µcal per injection. The

Chart 1
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heat of reaction (δhi ) hi - hdil) as a function of the injection
number (Ninj) is shown in Figure 1B. The reaction is complete
after about 15 injections, and the reaction enthalpy,∆H,
can then be evaluated with the equation∆H ) Σiδhi/
(Cpep

0Vcell) ) -8.5 kcal/mol, whereCp
0 is the total peptide

concentration in the calorimeter cell. Titration experiments
were performed at nisin Z concentrations of up to∼60 µM,
and the results are summarized in Table 1. The different
titration curves with mixed PC/PG (3/1) membranes led to
an average reaction enthalpy∆H of -9.3( 0.6 kcal/mol in
MES buffer.

Nisin Z binding to negatively charged membranes should
be dominated by electrostatic interactions since nisin Z
carries a net charge〈z〉 of ∼3.3 at pH 6.5. To test this
hypothesis, binding studies were performed with V32K and
V32E, where valine 32 was replaced with lysine and
glutamate, respectively (31), changing the electric charge∆z
by (1. The calorimetric titration pattern obtained for V32K
is shown in Figure 2A. The binding reaction is complete
after about 10 lipid injections (compared to about 15
injections for wild-type nisin Z), indicating a stronger binding
of this peptide. The opposite result is obtained for the less
charged V32E (data not shown). The titration peaks,δhi,
decrease less steeply, and the binding is not yet finished after

25 injections. The appearance of the titration patterns
qualitatively confirms the dominant role of electrostatic
attractions. A quantitative analysis of the binding electrostat-
ics in terms of the Gouy-Chapman theory will be given
below. The reaction enthalpy of V32K is-1.9 kcal/mol, and
that of V32E is-7.0 kcal/mol.

FIGURE 1: Titration calorimetry of nisin Z with DOPC/DOPG (3/1
molar ratio) sonicated unilamellar phospholipid vesicles. (A) Nisin
Z (Cp

0 ) 20 µM) dissolved in buffer [0.1 M NaCl and 20 mM
MES (pH 6.5)] titrated with phospholipid vesicles (Cp

0 ) 35.4 mM)
suspended in the same buffer. Each titration peak corresponds to
the injection of 10µL of lipid vesicles. The temperature was 28
°C. (B) Heats of injection,δhi, as a function of the injection number,
Ninj. The solid line is the best theoretical fit to the experimental
data using a surface partition equilibrium with aK of 1.8 M-1 and
a ∆H of -9.1 kcal/mol and calculating the increased nisin Z
concentration at the membrane surface by using the Gouy-
Chapman theory. The average charge of the peptide〈z〉 was≈3.8.

Table 1: Thermodynamic Parameters for the Binding of Nisin Z
to DOPC/DOPG Unilamellar Vesicles with Varying Compositions
at 28°Ca

compound
PC/PG
(%/%)

Cp
0

(µM)
CL

0

(mM)
∆H°

(kcal/mol)
K

(M-1) zeff
b

nisin Z 100/0 60 21.6 -3.3 500c 0
64.1 31.0 -3.4 500c 0

75/25 10 40.9d -7.8 1.8 3.8
20 35.4 -8.5 1.8 3.8
30 18.15 -9.9 1.8 3.8
40 18.2 -9.7 1.8 3.8
50 35.8 -12.2 1.8 3.8
60 18.1 -8.6 1.8 3.8
60 37.0 -8.6 1.8 3.8
61 50.14e -7.8 1.8 3.8

50/50 2.5-40 ∼20 -6.5( 0.5 NDf

V32K 75/25 20 36.7 -1.9 1.0 4.8
V32E 75/25 20 17.16 -7.0 5.0 2.8
a Buffer composed of 20 mM MES and 100 mM NaCl (pH 6.5).

b Electric charge of the peptide as seen by the membrane surface.
c Calculated with the assumption that nisin Z binds to the vesicle outside
only (60% of the total lipid).d POPC/POPG (3/1 molar ratio) lipid
composition; buffer composed of 20 mM phosphate and 100 mM NaCl
(pH 6.44).e POPC/POPG (3/1) lipid composition; buffer composed of
50 mM phosphate and 100 mM NaCl (pH 6.43).f ND, not determined.

FIGURE 2: Influence of peptide charge. Titration calorimetry of
V32K nisin Z. The replacement of valine 32 with lysins increases
the average peptide charge〈z〉 to 4.8. (A) Titration of V32K nisin
Z (Cp

0 ) 20 µM) with DOPC/DOPG vesicles (Cp
0 ) 37.4 mM),

both in the same buffer [0.1 M NaCl and 20 mM MES (pH 6.5)],
with 10 µL injections of lipid. The temperature was 28°C. (B)
Variation of the heat of reaction as a function of injection number,
Ninj. The solid line corresponds to the best theoretical fit calculated
with a K of 1.0 M-1 and a∆H of -1.86 kcal/mol.
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As an additional control, nisin Z binding experiments were
performed at an increased salt concentration of 0.1 M NaCl
and 50 mM phosphate (pH 6.5) [reference measurements
with 0.1 M NaCl and 20 mM phosphate (pH 6.5)]. The
electrostatic Gouy-Chapman theory predicts a∼20% reduc-
tion in the level of nisin Z binding which was indeed
observed experimentally (data not shown).

Electrostatic interactions can be enhanced by employing
lipid vesicles with a higher negative surface charge density.
Previous investigations have relied on either pure DOPG
vesicles or 1/1 DOPG/DOPC mixtures to increase the level
of peptide binding (9, 12, 14, 34). We have also performed
experiments with 1/1 DOPC/DOPG vesicles in the nisin
concentration range of 2.5-40µM. As expected, the titration
isotherms are steeper than observed for 3/1 DOPC/DOPG
vesicles, but the reaction enthalpy is less exothermic with a
∆H° of -6.5( 1 kcal/mol. Attempts to describe the binding
isotherm with the Gouy-Chapman theory and the surface
partition model were unsuccessful. The experimental binding
isotherm was always steeper than predicted by theory.
Additional effects, such as lipid clustering or counterion
condensation, may come into play, but were not further
investigated.

Neutral Membranes.The adsorption of the cationic peptide
to a neutral membrane imparts a positive charge to the bilayer
surface, making the approach of further molecules more
difficult. The electrostatic interactions are thus repulsive,
reducing the extent of peptide binding. This is indeed borne
out experimentally. Figure 3A shows the titration of a nisin
Z solution (Cp

0 ) 64.1 µM) with sonicated unilamellar
DOPC vesicles (CL

0 ) 31 mM). The heats of reaction (Figure
3B) are distinctly smaller in magnitude and vary less steeply
than those observed for charged DOPC/DOPG vesicles under
similar conditions. However, the non-zero heats of reaction
provide evidence for the binding of nisin Z also to neutral
membranes. (A titration of a 20µM nisin Z solution with
DOPC vesicles gave correspondingly smaller exothermic
reactions.) The binding enthalpy is at least-3.4 kcal/mol
but could be as large as-8 kcal/mol (cf. below).

DISCUSSION

Theoretical Analysis.The titration experiment can be used
to derive the binding isotherm,Xb ) f(Cp,f), whereXb is the
molar amount of bound peptide per mole of lipid (accessible
for binding) andCp,f is the equilibrium concentration of
peptide in bulk solution (17). Let us denote withΘp,b

i the
mole fraction of peptide bound to the lipid vesicles afteri
lipid injections. It can be evaluated from the experimental
δhi:

The free peptide concentrations,Cp,f
i, are then given by

The dilution factor takes into account the increase in reaction
volume due to lipid vesicle injection and is defined as

where Vinj is the injected volume per reaction step (Vinj/
Vcell , 1). The extent of peptide binding,Xb

i, is defined as
the molar ratio of bound peptide,npep,b

i, to accessible lipid,
nL

i. The lipid content increases with each injection according
to iVinjCL

0 andXb
i is thus given

CL
0 is the concentration of either the total lipid (if nisin Z

can rapidly translocate from the membrane outside to the
inner half-layer) or, in the absence of translocation, the lipid
in the outer half-layer only (0.6CL

0). A plot of Xb
i versus

Cp,f
i yields the desired binding isotherm, i.e.,Xb ) f(Cp,f).

Next, the binding isotherm is analyzed in terms of an
electrostatic model described previously for the magainin 2
antibiotics (22, 35). The model first calculates the concentra-
tion of the peptide at the membrane surface,CM. The latter
is distinctly larger than the bulk equilibrium concentration,
Cp,f, because the membrane and nisin Z are oppositely
charged and the peptide is electrostatically attracted to the
membrane surface. The surface concentration is given by
the Boltzmann equation:

Θp,b
i ) ∑

k)1

i

δhi/(∆HVcellCp
0) (1)

Cp,f
i ) Cp

0(1 - Θp,b
i)fdil

i (2)

FIGURE 3: Nisin Z binding to neutral membranes. (A) Titration of
a 64.1µM nisin Z solution with a dispersion of neutral DOPC
vesicles (CL

0 ) 31.0 mM), both in buffer [0.1 M NaCl and 20 mM
MES (pH 6.5)], with 5µL injections of lipid. The temperature was
28 °C. (B) Variation of the heat of reaction as a function of lipid
injection. The solid line is the best theoretical fit, calculated with
a 〈z〉 of 0.96, aK of 325 M-1, and a∆H of -3.4 kcal/mol.

fdil
i ) ( Vcell

Vcell + Vinj
) ≈ Vcell

Vcell + iVinj
(3)

Xb
i ) Θp,b

i
Cpep

0Vcell

iVinjCL
0

(4)

CM ) Cp,fe
-(zpF0ψ0)/RT (5)
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wherezp is the signed charge of the peptide,F0 is the Faraday
constant, andRT is the thermal energy. The membrane
surface potential,ψ0, must be calculated with the Gouy-
Chapman theory (19).

In a second step, the surface concentrationCM is used to
calculate the amount of bound peptide,Xb, according to the
surface partition model

whereK is the surface partition coefficient. At this stage,
electrostatic concentration differences have been eliminated
andK reflects exclusively hydrophobic and other nonelec-
trostatic energies of binding.

Binding Isotherms of NegatiVely Charged Membranes.The
theory outlined above was used to fit the titration curves
δhi ) f(Ninj) and to find the optimum parameters forK and
∆H. Figure 1B (solid line) shows the result of such an
analysis calculated with a partition constantK of 1.8 M-1

and a reaction enthalpy∆H of -9.1 kcal/mol, assuming a
rapid translocation of nisin Z across the membrane. Na+

binding to POPG was taken into account with a binding
constantKNa+ of 0.6 M-1 (36-38). The negative charge of
the membrane generates a surface potentialψ0 of ca. -40
mV and reduces the pH from pH 6.5 in bulk solution to pH
5.8 near the membrane surface. The pK of the N-terminal
NH2 group was assumed to be 7.2 and that of His-31 6.5
(39). The peptide chargezeff changes from 3.34 at pH 6.5 in
solution to∼3.8 at the membrane surface at pH 5.8. As a
consequence of the large surface potential, the concentration
of the peptide,CM, above the plane of binding is found to
be larger by a factor of 200-300 than the bulk concentration,
Cp,f. The corresponding analysis was also performed for
V32K (z ≈ 4.8). Figure 2B again demonstrates an excellent
agreement between theory and experiment using aK of 1.0
M-1 and a ∆H of -1.86 kcal/mol. The corresponding
analysis for V32E (z ≈ 2.8) yields aK of 5 M-1 and a∆H°
of -7 kcal/mol.

Knowledge of the binding constantK allows the calcula-
tion of the binding isotherm. Figure 4 shows two different
representations of the nisin Z binding isotherms for DOPC/
DOPG (3/1 molar ratio) membranes (in buffer at pH 6.5).
In Figure 4A, the level of bound nisin,Xb, is plotted against
the nisin Z surface concentration,CM. The solid line is the
theoretical prediction, and the symbols represent the experi-
mental data derived from Figure 1.CM is not experimentally
accessible but must be evaluated using the model described
above. The figure confirms the linear relationship between
the amount of bound nisin Z and the peptide surface
concentration,CM. Figure 4B shows the same experimental
data as a function of the peptide equilibrium concentration,
Cp,f, i.e., the conventional binding isotherm. The binding
isotherm is nonlinear, bending toward thex-axis as the
membrane surface charge is gradually compensated at higher
nisin Z concentrations. The solid line represents again the
prediction of the theory.

For each point of the binding isotherm of Figure 4B, an
apparent binding constantKapp()Xb/Cp,f) can be defined.Kapp

is obviously not constant but varies with peptide concentra-
tion. For the concentration range shown in Figure 4B,Kapp

varies between∼1800 M-1 near the origin to 550 M-1 at
15 µM nisin Z. Nisin Z binding to negatively charged

membranes has been investigated previously with different
tryptophan mutants taking advantage of a change in fluo-
rescence intensity upon binding (14). Electrostatic effects
were not considered. The apparent binding constant for 1/1
DOPC/DOPG vesicles was∼104 M-1 at a nisin concentration
of 1 µM, in broad agreement with the analysis presented
here.

Binding Isotherms of Neutral Membranes.The binding of
nisin Z to neutral membranes exhibits a rather flat titration
curve (small changes inδhi between consecutive lipid
injections) which excludes strong electrostatic effects. Un-
expectedly, the titration isotherms are well-described by a
simple partition equilibriumXb ) KCp,f without electrostatic
effects (Cp,f is the bulk peptide concentration). In this
simplified model, onlyK and∆H° are free parameters. If it
is assumed that nisin Z binds to the vesicle outside only,K
and∆H° are determined to be 500 M-1 and-3.4 kcal/mol,
respectively. As the electric charge is switched on,K
increases since repulsive interactions come into play. If a
hypothetical peptide chargezeff of 1 is assumed, the
electrostatic interactions are still small andK increases
modestly to 540 M-1. Again, an almost perfect description
of the experimental data is possible. However, if the same
calculation is repeated for the true peptide charge of 3.8,
the fit between experimental data and theory is poor. No
binding constant is found which describes the data over the

Xb ) KCM (6)

FIGURE 4: Nisin Z binding isotherm for DOPC/DOPG (3/1 molar
ratio) membranes. The binding isotherm was calculated with a nisin
Z binding constantK of 1.8 M-1. (A) Extent of binding,Xb, as a
function of the surface concentration,CM. (B) Extent of binding,
Xb, as a function of the equilibrium concentration,Ceq. Note the
different scales and units of the two abscissae. The surface
concentration,CM, is about 2 orders of magnitude larger than the
equilibrium concentration,Ceq. The solid symbols represent the
experimental results depicted in Figure 1. The surface potential
decreases from about-45 mV at zero peptide concentration to
about-38 mV whenCp,f ) 20 µM. Na+ binding to POPC was
taken into account with a binding constantK of 0.6 M-1.

Nisin Z Binding to Membranes Biochemistry, Vol. 39, No. 33, 200010251



whole concentration range. From an empirical point of view,
it must be concluded that only a partition model with no or
little electrostatic interaction (z ) 1) provides a satisfying
description of the experimentally available data. Fluorescence
studies with nisin Z tryptophan mutants and neutral mem-
branes revealed only minor intensity changes (14). Very low
concentrations of nisin (1µM) and lipid (100µM) were used.
On the basis of the above binding constant, it can be
estimated that no more than 5% of the total nisin Z was
bound in these earlier experiments and thus escaped detection
against the large background of free nisin.

The differences between the nisin Z binding isotherms for
neutral and charged membranes suggest two modes of
interaction. For negatively charged membranes, nisin Z
appears to maximize its nonspecific electrostatic interactions
at the expense of hydrophobic interactions (lowK); in the
presence of neutral lipids, the hydrophobic interaction
becomes dominant (largeK) and the electric charges remain
some distance from the membrane (cf. below).

Thermodynamic Aspects of Nisin Z Binding.Knowledge
of the intrinsic binding constant allows the calculation
of the free energy of binding according to the equation
∆Gh° ) -RT ln(55.5K). The factor 55.5 corresponds to the
molar concentration of water and corrects for the fact that
the peptide concentration in solution is not given as its mole
fraction but in moles per liter. The hydrophobic free energy
contributions (∆Gh°) are-2.8 and-6.1 kcal/mol for charged
and neutral membranes, respectively. The electrostatic term
contributes an additional-4.1 kcal/mol in charged mem-
branes. The corresponding binding enthalpies∆H° are-9.3
and-3.4 kcal/mol. As a first conclusion, it follows that the
binding process is driven predominantly or even exclusively
by the reaction enthalpy.

Compared to those of other amphipathic peptides such as
the magainin antibiotics, the binding enthalpies of nisin Z
and its analogues are distinctly less exothermic even though
nisin Z is the longer peptide. This difference can be explained
by the fact that magainin peptides undergo an exothermic
coil f R-helix transition at the membrane surface which
contributes about-10 kcal/mol to the binding enthalpy (23).
No such conformational transition appears to be possible for
nisin Z due to the presence of several lanthionine rings.

Finally, it should be noted that the pH near the surface of
the negatively charged membrane is lower than that in bulk
solution, leading to a protonation of the N-terminal amino
group and the His-31 side chain as the peptide approaches
the membrane. The protonation enthalpy∆Hprot can be
estimated to be-2.1 kcal/mol (19).

Membrane Permeability and Nisin Translocation.The
biological activity of nisin Z results from a permeabilization
of bacterial membranes, causing an efflux of the cytoplas-
matic content. The present analysis provides evidence that
membrane leakiness parallels the extent of peptide binding.
This is illustrated in Figure 5A, where nisin Z and magainin
2 are added to dye-loaded lipid vesicles (composed of either
DOPC or DOPG) and the dye efflux is measured as a
function of the peptide concentration. Nisin Z is seen to be
much more efficient for DOPG than for DOPC vesicles (9).
The binding isotherms, calculated for nisin Z binding to pure
DOPC and mixed DOPC/DOPG (3/1) membranes, are
displayed in Figure 5B. A semiquantitative agreement
between the two types of experiments is obtained. The dashed

line in Figure 5B represents the binding isotherm for nisin
Z binding to neutral membranes, calculated with aK of 540
M-1 and azof ≈1, and the solid line is the binding isotherm
of nisin Z binding to charged membranes (3/1 PC/PG) with
a K of 1.8 M-1 and az of ≈3.8. The extent of binding is
distinctly larger for charged than for neutral membranes since
the electrostatic attraction to the anionic membrane more than
compensates for the larger hydrophobic binding to neutral
membranes.

Figure 5A further demonstrates that, for a given membrane
system, magainin 2 amide causes a larger dye efflux than
nisin Z. While both peptides have about the same electric
charge, the intrinsic binding constant of magainin 2 amide
is 50 M-1 for 3/1 POPC/POPG membranes and 2000 M-1

for POPC membranes at 30°C (22). Under equal electrostatic
conditions, the enhanced hydrophobic binding constant of
magainin 2 amide makes binding of this peptide more
favorable than binding of nisin Z. At a free peptide
concentrationCp,f of 1 µM, the extent of binding is 12 mmol
of peptide/mol of lipid for magainin 2 amide but only 1
mmol/mol for nisin Z. The increase in membrane leakiness
as induced by magainin 2 amide (Figure 5A) can thus be
explained by the larger intrinsic (hydrophobic) binding
constant of this peptide.

Membrane leakiness can be induced by either a perturba-
tion of the lipid packing (13) or the formation of peptide
pores. Both possibilities are discussed in the literature, but
a decision between the two alternatives is not possible at
present. Peptide pores require a transmembrane orientation

FIGURE 5: (A) Carboxyfluorescein efflux from DOPC or DOPG
vesicles as a function of the nisin Z or magainin 2 amide
concentration: (9) M2a binding to DOPG vesicles, (0) nisin Z
binding to DOPG, (b) M2a/DOPC vesicles, and (O) nisin Z with
DOPC. (B) Comparison of nisin Z binding to charged and neutral
lipid bilayers. The theoretical binding isotherms were calculated
with the parameters found to yield the optimum fit to the
experimental data. The solid line is for the charged membrane (3/1
PC/PG) using aK of 1.8 M-1 and azeff of ≈3.8. The dashed line
is for the neutral membrane (PC) using aK of 325 M-1 and azeff
of 0.96.
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of the peptides that are involved. Experimental evidence for
a translocation of nisin Z across negatively charged mem-
branes comes from trypsin digestion experiments in which
trypsin was enclosed in the lumen of lipid vesicles (40). The
evaluation of the nisin Z titration isotherms obtained with
charged lipid vesicles was therefore based on 100% lipid
accessibility. For neutral membranes, only an asymmetric
binding was assumed.

The results presented here on both neutral and charged
membranes are in qualitative agreement with surface pressure
studies on nisin Z penetration into lipid monolayers with
different compositions (7). Nisin Z proved to have a high
penetration power for anionic lipids and a low penetration
power for neutral lipids. At a monolayer surface pressureπ
of 25 mN/m [i.e., the bilayera monolayer equivalence
pressure of sonicated vesicles (41-43)], the increase in
monolayer surface pressure,∆π, was ∼6 mN/m for the
DOPC monolayer but∼15 mN/m for pure DOPG mono-
layers (∼0.5 µM nisin Z). Since the increase in surface
pressure is caused by an intercalation of nisin Z between
the lipids, the monolayer studies are consistent with the∼3-
fold largerXb value for charged PC/PG membranes compared
to that for neutral PC membranes (Figure 5) at low nisin Z
concentrations. Likewise, nisin Z binding to lipid bilayers
was investigated previously with a centrifugation assay (9),
with nonequilibrium gel chromatography (9), and with
fluorescence spectroscopy (14), and the level of binding was
found to be distinctly larger for charged membranes than
for neutral membranes.

Binding Model.The NMR analysis of nisin Z in solution
and in a micellar environment demonstrates that the lanthion-
ine-containing ring systems are well-constrained while the
structure of the linear peptide is less defined, leading to a
rather flexible molecule (44). The presence of five ring
systems excludes the possibility of a coilf helix transition
at the membrane surface as observed for other amphipathic
peptides such as melittin or magainin. Electric charges are
found at residues 1 (amino terminus), 12 (Lys), 22 (Lys),
31 (His), and 34 (Lys). On the basis of the NMR analysis,
both the N-terminal and C-terminal halves of the molecule
have been described asâ-structured and amphipathic (44).
The depth of penetration of nisin Z into lipid bilayers was
investigated with nisin Z mutants containing tryptophan
residues at different positions in the molecule (14) and by
Monte Carlo simulations (45). Both studies orient the nisin
Z molecule with its long axis parallel to the membrane
surface as evidenced, for example, by the only modest blue
shift (5-12 mm) of the tryptophan emission maximum,
indicating a tryptophan location not in the membrane interior
but closer to the lipid-water interface.

Thermodynamic measurements are not particularly useful
for differentiating between molecular models. Nevertheless,
this study provides a number of results which must be taken
into account when placing nisin Z into the lipid membrane.
First, the interaction of nisin with charged membranes (25%
PG) is essentially electrostatic, accounting for about 60%
of the total free energy of binding. Second, nisin Z binds
significantly to neutral membranes, and the binding energy
under these conditions is exclusively hydrophobic. Thus, the
orientation and penetration depth of nisin Z cannot be the
same for the two types of membranes. A similar result was
reported for magainin 2 amide where the intrinsic binding

constant was∼50 M-1 for charged membranes (23, 35) and
increased to∼2000 M-1 for neutral membranes (22). Third,
the binding isotherms for charged membranes are best
described by assuming a rapid translocation of nisin Z across
the membrane. Even if nisin Z is mainly located at the
membrane surface, transitory steps (pore formation and lipid
perturbation) are required to allow the passage across the
membrane interior.

In conclusion, nisin Z binding to lipid membranes can be
described in terms of a classical partition model for both
neutral and charged membranes. The peptide shows a
significant affinity for neutral membranes but binds even
better to negatively charged membranes because of nonspe-
cific electrostatic attraction. The electrostatic forces are well-
described by the Gouy-Chapman theory, and the theoretical
approach is supported by the results obtained with nisin Z
mutants with altered peptide charge. For 3/1 PC/PG mem-
branes,∼60% of the nisin Z free energy of binding comes
from electrostatic interactions. The nisin-induced dye leakage
through the membrane parallels the extent of peptide binding.
For a given amount of bound peptide, membrane leakage
appears to be similar for neutral and charged membranes. A
specific binding of nisin Z to phosphatidylglycerol is not
supported by the experimental resuls. The adsorption to and
partial penetration into the membrane is an exothermic
process if sonicated unilamellar vesicles are employed. The
reaction enthalpy (and not the entropy) is the driving force
for binding.
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