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Nisin is a cationic antimicrobial peptide that belongs to the group of lantibiotics. It is thought to form
oligomeric pores in the target membrane by a mechanism that requires the transmembrane electrical potential
(Dc) and that involves local pertubation of the lipid bilayer structure. Here we show that nisin does not form
exclusively voltage-dependent pores: even in the absence of a Dc, nisin is able to dissipate the transmembrane
pH gradient (DpH) in sensitive Lactococcus lactis cells and proteoliposomes. The rate of dissipation increases
with the magnitude of the DpH. Nisin forms pores only when the DpH is inside alkaline. The efficiency of
Dc-induced pore formation is strongly affected by the external pH, whereas DpH-induced pore formation is
rather insensitive to the external pH. Nisin1-12, an amino-terminal fragment of nisin, and (des-DAla5)-nisin

1-32

amide have a strongly reduced capacity to dissipate the Dc and DpH in cytochrome c oxidase proteoliposomes
and L. lactis cells. Both variants bind with reduced efficiency to liposomes containing negatively charged
phospholipids, suggesting that both ring A and rings C to E play a role in membrane binding. Nisin1-12

competes with nisin for membrane binding and antagonizes pore formation. These findings are consistent with
the wedge model of nisin-induced pore formation (A. J. M. Driessen et al., Biochemistry 34:1606–1614, 1995).

Lantibiotics are posttranslationally modified peptide antibi-
otics that owe their name to the presence of cyclic structures
formed by lanthionines or 3-methyllanthionine residues. The
lantibiotic nisin is produced by Lactococcus lactis subsp. lactis
and has five such intramolecular rings, termed A, B, C, D, and
E, in a total of 34 amino acids. Because of its bactericidal
activity against a broad range of gram-positive bacteria, nisin is
exploited as a food preservative. Its genetics (23) as well as the
regulation of its synthesis (22) are known, and several mutants
have been generated (24–26).
Nisin forms nonselective, transient, multistate pores in

membranes (38–40). In addition to having bactericidal activity,
it inhibits the outgrowth of spores (11, 18, 29, 33) and inter-
feres with the activity of biosynthetic (36) and autolytic (2–5)
enzymes. Nisin is able to form pores in cells, proteoliposomes,
liposomes, and black lipid membranes. It has been reported
that the pores are formed only when the transmembrane elec-
trical potential (Dc), negative inside, is sufficiently high (15, 38,
39). In cells, pore formation induces the release of ions, amino
acids, and ATP and causes the collapse of the proton motive
force (Dp) (7, 16, 21, 35, 37, 39, 40). Nisin requires anionic
phospholipids for membrane binding and pore formation (12,
15), while in the absence of anionic phospholipids, it acts as an
anion carrier (15, 17).
The structure of nisin in solution (28, 44) and in the bound

state to micelles of dodecylphosphocholine and of sodium do-
decyl sulfate (42, 43) has been studied by nuclear magnetic
resonance (NMR) analysis. Nisin is a flexible molecule in so-
lution but contains two relatively structured domains: an ami-
no-terminal domain (residues 3 to 19) containing rings A, B,

and C, in which rings A and B are particularly well structured;
and a carboxyl-terminal domain (residues 22 to 28) containing
rings D and E. Both domains are amphipathic, a property
consistent with the ability of nisin to interact with phospholipid
membranes. Based on structural and functional studies, we
have proposed a wedge model for pore formation by nisin (15,
32a). A wedge-like pore composed of multiple nisin molecules
may be formed once the Dc drives the membrane insertion of
the phospholipid surface-bound molecules. In this model, the
structure of nisin changes only in the putative hinge region
between rings C and D/E, while the orientation of the molecule
relative to the lipid headgroups remains unchanged. The car-
boxyl-terminal residues, which have a net positive charge, to-
gether with the bound lipids, are drawn across the membrane
in response to the Dc, causing the formation of a structural
defect in the phospholipid bilayer.
The aim of this work was to obtain more insight into the

mechanism of pore formation and to study the role of the
structural domains of nisin in this process. For this purpose, we
studied the role of the transmembrane pH gradient (DpH) in
pore formation and the characteristics of two nisin variants:
nisin1-12, a fragment of nisin containing only rings A and B
(10), and (des-DAla5)-nisin

1-32amide (8), a form of nisin in
which ring A is opened. The results demonstrate that nisin is
not a voltage-dependent bacteriocin per se, but that it can be
activated by the DpH as well. A possible mechanism of the
DpH-induced pore formation is discussed.

MATERIALS AND METHODS

Materials. Nisin was obtained as a gift of Aplin & Barrett. Dioleoylphosphati-
dylglycerol (DOPG), egg phosphatidylcholine (PC), N-(7-nitro-2, 1,3-benzox-
adiazol-4-yl) (NBD)-labelled phosphatidylethanolamine (PE), and PE from
Escherichia coli were purchased from Avanti Polar Lipids Inc. (Birmingham,
Ala.). 9-Amino-6-chloro-2-methoxyacridine (ACMA) was obtained from Molec-
ular Probes. [14C]benzoic acid (22 mCi/mmol) was purchased from NEN. (des-
DAla5)-nisin1-32amide and nisin1-12 were obtained as described previously (8,
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10). L. lactis IL 1403 was used as a sensitive strain and grown as described
previously (32).
Preparation of liposomes. Liposomes were made by injection of phospholipid-

containing ethanol into buffer (1).
Binding of peptides to liposomes. Binding of nisin and the variants was mea-

sured by a fluorimetric assay that is based on the increase in the fluorescence
quantum yield of NBD when the molecules bind to the liposomes containing 2
mol% NBD-PE (15). Experiments were performed in 50 mM KPi (pH 7.0) at
308C. Fluorescence was measured with a Perkin-Elmer LS-50 spectrofluorimeter,
using excitation and emission wavelengths of 460 and 536 nm, respectively. The
slit widths were set to 4 nm.
Growth inhibition assay. Half-maximal inhibitory concentrations were deter-

mined as previously described (34), except that Tween 80 was excluded, using a
microtiter assay system. Experiments were started at a cell density of 20 mg of
cellular protein/ml.
Cytochrome c oxidase vesicles. Beef heart cytochrome c oxidase was reconsti-

tuted into liposomes composed of ether-acetone-washed E. coli lipids as de-
scribed previously (14). After dialysis, proteoliposomes were subjected to five
subsequent freeze-thaw cycles, by freezing them in liquid nitrogen and thawing
them slowly. Thereafter they were extruded 11 times through 400-nm and sub-
sequently 11 times through 200-nm-pore-size polycarbonate filters. Proteolipo-
somes (0.4 mg of lipid/ml) were energized with the electron donor cytochrome c
(10 mM)–N,N,N9,N9-tetramethylphenylenediamine (TMPD) (10 mM)–ascorbate
(10 mM). The K1/H1 antiporter nigericin (0.25 mM) prevented the generation
of a DpH, or alternatively, the K1 carrier valinomycin (0.25 mM) prevented the
generation of a Dc.
Bacteriorhodopsin vesicles and measurement of a DpH, inside acid. Bacte-

riorhodopsin was reconstituted into lipid vesicles (E. coli lipids/egg PC lipids, 3:1)
as described previously (14) in 50 mM KPi. Bacteriorhodopsin-mediated proton
pumping was initiated by illumination with white light (Xenon lamp, 450 W),
filtered through a 495-nm-pore-size high-pass filter. Changes in the DpH were
measured by recording the fluorescence of ACMA at 2.2 mM, using excitation
and emission wavelengths of 409 and 474 nm, respectively.
Measurements of proton motive force. The Dc, inside negative, was calculated

from the distribution of tetraphenylphosphonium ion (TPP1) as measured with
a TPP1-selective electrode (20). Cells were used at a concentration of 2.1 mg of
protein/ml. The magnitude of the Dc was calculated according to the Nernst
equation. A correction for TPP1 binding to the cells and proteoliposomes ac-
cording to reference 30 was made.
The internal pH of cytochrome c oxidase vesicles was determined from the

fluorescence of pyranine (excitation and emission wavelengths of 450 and 508
nm, respectively) as described previously (16). Entrapment was achieved by
adding 1 mM pyranine to the vesicles before the sonication step. External

pyranine was removed by passing the vesicles through a Sephadex G-50–medium
column (1 by 20 cm).
The internal pH of cells was measured with the fluorescent pH indicator

29,79-bis-(2-carboxyethyl)-5(and-6)-carboxyfluorescein (BCECF) as described
previously (31). In short, two suspensions of 20 ml of 50 mM KPi (pH 7.0)
containing washed cells (100 mg of protein) on ice were supplemented with 0.5
mM BCECF. To one suspension 2.0 ml, and to the other 2.5 ml, of 0.5 M HCl was
added. Suspensions were kept for exactly 5 min at room temperature. External
BCECF was removed by five washes in 1 ml of 50 mM KPi (pH 7.0). Cells loaded
under the lowest HCl concentration were used for experiments. Experiments
were performed in 50 mM KPi at 308C. Alternatively, the DpH was measured by
monitoring the distribution of radiolabelled benzoic acid by the silicon oil cen-
trifugation technique (6, 19).

RESULTS

Dissipation of the DpH and Dc by nisin in intact cells.
Previously it has been shown that in the absence of a Dc, nisin
is able to dissipate the DpH in cytochrome c oxidase vesicles
composed of E. coli lipids and egg PC (9:1) (16). To determine
if this activity of nisin is also relevant for intact cells of L. lactis,
DpH measurements were performed with cells loaded with the
fluorescent pH indicator BCECF (31). The presence of vali-
nomycin and potassium ions prevented the generation of a Dc,
as evident from measurements of the distribution of TPP1

(data not shown). At a concentration of 42 nM, nisin com-
pletely collapsed the DpH in L. lactis cells (Fig. 1A, a). Similar
results were obtained when the DpH measurements were per-
formed by monitoring the distribution of radiolabelled benzoic
acid (Fig. 1B). This concentration is about 250-fold lower than
that needed to dissipate the DpH in proteoliposomes (see Fig.
3 and reference 16). These data demonstrate that nisin is not
a voltage-dependent bacteriocin per se, but that a DpH suffices
as well.
The efficiency of nisin-induced DpH and Dc dissipation was

studied as a function of the external pH in cells energized with
glucose. In the presence of valinomycin, the efficiency of DpH

FIG. 1. (A) Nisin dissipates the DpH in sensitive L. lactis cells. Logarithmically grown cells loaded with BCECF (17 mg of protein/ml) in 50 mM KPi (pH 7.0) were
energized with 0.5% glucose (arrow 1). Valinomycin (0.25 mM; arrow 2) collapsed the total membrane potential and increased the pH gradient. Subsequently, either
nisin (42 nM) (a), or (des-DAla5)-nisin1-32amide (42 nM) (b), or nisin1-12 (42 nM) (c) was added (arrow 3). Nigericin (0.25 mM; arrow 4) dissipated the remaining pH
gradient. (B) pH dependence of the DpH-induced pore formation. Logarithmically grown cells (2.1 mg of protein/ml) in 50 mM KPi at pH 7.0 (E), pH 6.5 (h), or pH
6.0 (å) were energized with 0.5% glucose and incubated with radiolabelled benzoic acid. After 4 min, 0.25 mM valinomycin was added; 1 min later, nisin was added.
Cells were incubated for 15 min and separated from the medium by centrifugation through silicon oil (6, 31). (C) pH dependence of the Dc-induced pore formation.
Logarithmically grown cells (2.1 mg of protein/ml) in 50 mM KPi at pH 7.0 (E), pH 6.5 (h), or pH 6.0 (å) were energized with 0.5% glucose and supplemented with
nigericin (0.25 mM). The Dc was measured by using a TPP1 electrode as described in Materials and Methods.
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dissipation by nisin is hardly affected by the external pH within
the range pH 6.0 to 7.0 (Fig. 1B). In contrast, Dc measure-
ments in the presence of nigericin show a striking pH depen-
dence of the nisin-induced Dc dissipation (Fig. 1C). At a low
pH, nisin is much less effective than at the higher pHs. Com-
parison of the dose-response curves shows that at pH 7.0, nisin
is equally effective in dissipating the DpH and Dc. However, at
pH 6.0, the DpH is more effectively dissipated than the Dc,
implying an important role of DpH in nisin pore formation.
When nisin was added to the cells prior to energization, 400

nM nisin (Fig. 2, d) was needed to prevent the generation of a
DpH upon the addition of glucose. This concentration is nearly
10-fold higher than needed to dissipate a preexisting DpH, i.e.,
when nisin is added after energization with glucose (Fig. 1A,
a). Moreover, especially at the lower concentrations of nisin,
the generation of a DpH appeared to be transient (Fig. 2, b and
c), suggesting that in the absence of a Dc, a DpH is required for
pore formation.
Dissipation of the DpH in proteoliposomes. It was previ-

ously shown that nisin dissipates only a Dc, inside negative (15,
38, 39). To establish whether a similar polarity effect exists with
the DpH, nisin was added to proteoliposomes containing cyto-
chrome c oxidase or bacteriorhodopsin. In the presence of
reduced cytochrome c, cytochrome c oxidase liposomes gener-

ate a DpH, inside alkaline (14). On the other hand, upon
illumination, bacteriorhodopsin liposomes generate a DpH, in-
side acid (14). Valinomycin was added to prevent the forma-
tion of a Dc. Nisin was much more effective in dissipating a
DpH, inside alkaline, than a DpH, inside acid (Fig. 3). Only at
very high concentrations (around 46 mM) of nisin, dissipation
of the DpH, inside acid, occurred (data not shown). Addition
of 0.2 mM nigericin caused in both cases complete dissipation
of the DpH (data not shown). These data demonstrate that
nisin dissipates the DpH only in an oriented manner.
Dissipation of the DpH and Dc by nisin derivatives. Ni-

sin1-12 is an amino-terminal fragment derived from nisin upon
chymotrypsin cleavage (10), and (des-DAla5)-nisin

1-32amide is
a form of nisin with an open ring A resulting from the hydro-
lysis of the dehydroalanine at position 5 (10). Both derivatives
exhibit a strongly reduced bactericidal activity with intact cells
(8–10) (Table 1). To establish if the reduced bactericidal ac-
tivity of nisin1-12 and (des-DAla5)-nisin

1-32amide correlates
with their pore-forming capacity, their effects on the Dp in cells
and cytochrome c oxidase vesicles were determined. Both de-

FIG. 2. DpH stimulates nisin action. To logarithmically grown cells loaded
with BCECF (17 mg of protein/ml), valinomycin (arrow 1), nisin (arrow 2), and
glucose (0.5%; arrow 3) were added. Nisin was used at concentrations of 0 (a),
42 (b), 100 (c), and 400 (d) nM. Finally, the DpH was dissipated by the addition
of nigericin (arrow 4).

FIG. 3. The outside-acid DpH induces nisin pores. Nisin was added to bac-
teriorhodopsin (BR) vesicles (F; inside-acid DpH) or cytochrome c oxidase
vesicles (■; outside-acid DpH). BR vesicles (0.4 mg of lipid/ml, 1.7 nmol of
BR/ml) were incubated in 50 mM KPi (pH 7.0) in the presence 50 nM valino-
mycin, 2.5 mM MgCl2, and 2.2 mM ACMA and illuminated with a Xenon lamp
(450 W) via fiber optics, using a 495-nm-pore-size high-pass filter. The inside-
acid DpH was estimated from the ACMA fluorescence quenching. Cytochrome
c oxidase vesicles (0.4 mg of lipid/ml) were loaded with 1 mM pyranine and
incubated in 50 mM KPi (pH 7.0) in the presence of valinomycin (0.25 mM),
ascorbate (10 mM), TMPD (10 mM), and cytochrome c (10 mM). The alkaline
DpH was estimated from the pH changes recorded by pyranine.

TABLE 1. Activity and membrane binding of nisin and variantsa

Lantibiotic
IC50 (mM) Membrane

binding (%)Viability Dc

Nisin 0.0086 6 0.0016 0.94 6 0.06 100.0 6 1.7
(des-DAla5)-nisin

1-32amide .30.0 .30.0 74.0 6 1.9
Nisin1-12 15.3 6 1.4 .18.0 17.0 6 0.8

a IC50 represents the concentration of nisin or derivative needed for half-maximal killing of the indicator strain or dissipation of the Dc. Binding experiments were
performed at 10.0 mM nisin or nisin variant with DOPG vesicles (220 mM lipid) containing 2 mol% NBD-PE. The relative levels of binding were estimated from the
NBD fluorescence increase, with the value for nisin set to 100%.
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rivatives showed a dramatically reduced ability to dissipate the
DpH (Fig. 1A) and Dc (Table 1) in cells. In cytochrome c
oxidase vesicles, both nisin1-12 and (des-DAla5)-nisin

1-32amide
were nearly inactive in eliminating the DpH and Dc (data not
shown). On the other hand, increasing concentrations of ni-
sin1-12 reduce the rate and extent of the nisin-induced Dc
dissipation in cytochrome c oxidase vesicles (Fig. 4). This an-
tagonistic effect of nisin1-12 on the nisin activity was stronger on
the initial rate of Dc dissipation (Fig. 4) than on the steady-
state level of the Dc (Fig. 4, inset). These data suggest that
nisin1-12 interferes with the formation of a functional nisin
pore.
Membrane binding of nisin derivatives. The antagonistic

effect of nisin1-12 on the action of nisin could be due to com-
petition for membrane binding sites, to the formation of het-
ero-oligomeric pore complexes, or both. The ability of the nisin
variants to interact with the membrane was analyzed by the
use of phosphatidylglycerol liposomes containing 2 mol%
NBD-PE (15). Binding of nisin to these membranes results in
an increase in the fluorescence quantum yield of NBD, and this
effect has been attributed to shielding of NBD from the aque-
ous environment (15). Nisin1-12 but more notably (des-DAla5)-
nisin1-32amide retained the ability to bind to phosphatidylglyc-
erol liposomes, but the binding activity was lower than that of
nisin (Table 1). The membrane-bound nisin1-12 rapidly disso-
ciates from the liposomes, as the addition of a 30-fold excess of
phosphatidylglycerol liposomes without NBD-PE resulted in a
complete loss of NBD fluorescence at a rate of about 50%/s,
while only a very slow release was observed with nisin (0.8%/s).
These results demonstrate that truncation of the carboxyl-
terminal domain of nisin severely interferes with binding to
phosphatidylglycerol.
A binding experiment was performed with increasing con-

centrations of nisin1-12 followed by addition of a fixed but a
suboptimal amount of nisin (Fig. 5). The addition of increasing
amounts of nisin1-12 results in a gradual increase in NBD
fluorescence, but identical final fluorescence levels were ob-

tained after the subsequent addition of a fixed amount of nisin.
These results demonstrate that nisin and nisin1-12 compete for
the same binding sites, which can, at least in part, explain the
antagonism of nisin1-12 on nisin action.

DISCUSSION

The present results show that even in the absence of a Dc,
nisin is able to effectively dissipate the DpH in L. lactis cells.
This finding demonstrates that, in contrast to previous sugges-
tions, nisin does not obligatorily require a Dc, but that this
function can also be fulfilled by the DpH. The characterization
of nisin pores as voltage-gated channels is therefore not cor-
rect. The efficiency with which nisin dissipates the Dc de-
creases markedly when the pH is lowered from pH 7.0 to 6.0.
In contrast, the efficiency by which nisin collapses the DpH is
only marginally lower at pH 6.0 than at pH 7.0.
At this stage, it is unclear why nisin becomes less effective in

dissipating the Dc when the pH is lowered. Proton conduc-
tance may involve protonable side chains in the nisin mole-
cules. For instance, the histidine residues (His27 and His31) at
the carboxyl-terminal part of nisin may play an essential role in
the DpH-dissipating activity. In aqueous solution, both histi-
dines have a pKa of about 6.5 (41), and thus a significant
fraction will be in the protonated state around neutral pH.
When bound to micelles of sodium dodecyl sulfate, the pKa
increases to 7.5 (43); this phenomenon has been explained by
the electrostatic effects of the adjacent negatively charged sul-
fate groups, implying that the histidine side chains reside at the
micellar surface. A similar phenomenon may occur when nisin
binds to liposomes containing acidic phospholipids. Under the
influence of a pH gradient, the C-terminal part of nisin, which
contains the protonated histidines, may insert into the mem-
brane together with bound phospholipids, forming a wedged
pore (15). The C-terminal domain harbors most of the cationic
amino acid side chains that have been implicated in the Dc-
dependent formation of a nisin pore. It is important to note
that nisin is highly active only against a DpH, inside alkaline,
not a DpH, inside acid. This mechanism is consistent with the

FIG. 4. Nisin1-12 antagonizes nisin-induced Dc dissipation in cytochrome c
oxidase vesicles. The effects of nisin1-12 in the absence (■) and presence (F) of
nisin (42 nM) on the initial rate of Dc dissipation and the steady-state level of Dc
(inset) were determined. Experiments were performed in 50 mM KPi (pH 7.0).

FIG. 5. Competition of nisin1-12 with nisin for binding to liposomes. Nisin1-12

at the concentrations indicated, without (■) or with (F) 817 nM nisin, was added
to DOPG liposomes (12.6 mM) containing 4 mol% NBD-PE, and the increase in
NBD fluorescence was recorded. a.u., arbitrary units.
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wedge model, which assumes an oriented interaction of nisin
with the membrane relative to Dp.
The naturally occurring variant of nisin A, nisin Z, in which

His27 has been replaced by Asp27 (24), has full bactericidal
activity, as do the H27K (13) mutant of nisin A and H31K (26)
mutant of nisin Z, showing that the histidine residues are
apparently not essential for activity. Similarly, the fragment
nisin1-29 shows only a 16-fold decrease in activity (10), and even
nisin1-20, lacking the cationic C-terminal domain of the mole-
cule, has detectable though low (;1%) activity (10). However,
it is not clear if these variants are still able to form pores in the
presence of only a DpH.
According to the wedge model of pore formation (Fig. 6), a

hinge region may act as a twist that allows nisin to bend the
lipid surface (15). Our model speculates that the ABC rings
might bind to the membrane and remain surface bound, while
the Dp drives the membrane insertion of the carboxyl-terminal
domain containing the DE rings together with the bound lip-
ids. The detectable activity of nisin1-20 and the importance of
an intact ring C (10) suggest that ring C may also partly insert
into the pore. NMR studies of nisin in solution (41, 44) indi-
cate that the flexibility of the hinge between rings B and C is
nearly as high as that of the hinge between rings C and D.
The wedge model predicts that contributions to membrane

binding will not be confined to specific subdomains but will be
found all along the nisin molecule. In line with this assumption
is the observation that nisin1-12 exhibits a strongly reduced
membrane binding activity, while the opening of ring A in
(des-DAla5)-nisin

1-32amide has a smaller effect on membrane
binding. NMR studies on micelle-bound nisin are also consis-
tent with the idea that several parts along the nisin molecule
contribute to membrane binding, as both dehydroalanines
(residues 5 and 33) as well as residues Ile30 to Lys34 are
shielded to some extent from the solvent. Spin label experi-
ments indicate that the interactions of residues Ser29 to Lys34
with the micelles are the strongest (43). Absence of the latter
interactions in the case of nisin1-12 and absence of the inter-
action of residues 33 and 34 in the case of (des-DAla5)-nisin

1-

32amide might also contribute to the observed reduced mem-
brane binding of both variants.
Both nisin1-12 and (des-DAla5)-nisin

1-32amide are strongly
defective in Dc and DpH dissipation in intact cells and cyto-
chrome c oxidase proteoliposomes. This finding parallels the
observations that these variants are devoid of bactericidal ac-
tivity. It should be stressed that the loss of activity of (des-
DAla5)-nisin

1-32 must be the consequence of the opening of the
A ring, since nisin1-32amide, which also lacks the two carboxyl-
terminal residues, and the DAla5-Ala mutant have full bacte-
ricidal activity (8, 11). The largest conformational differences
between soluble nisin and sodium dodecyl sulfate micelle-
bound nisin are seen in ring A around Dha5 (41, 43). Studies
with a Dha5Dhb mutant (25) and with [a-OH-Ala5]nisin fur-
ther confirm the importance of the A ring. Both the bacteri-
cidal activity and the extent of the structural change of nisin
upon micelle binding decrease in the following order: nisin
A . nisinDha5Dhb . [a-OH-Ala5]nisin (42). This finding
suggests that the micelle-bound conformation of ring A might
indeed mimic that of active membrane-bound nisin and con-
firms the importance of the conformation of this ring for ac-
tivity.
In summary, these studies have established that nisin is not

a Dc-dependent pore per se, but that pore formation can also
be affected by the DpH. At an acidic pH, nisin dissipates the
DpH more effectively than the Dc, indicating that under the
conditions with which most bacterial fermentations in food
manufacturing are performed, the DpH is the primary target
for nisin action.

ACKNOWLEDGMENT

This work was supported by the European Community (Biotechnol-
ogy Program contract BIOT-CT94-3055).

REFERENCES

1. Batzri, S., and E. D. Korn. 1973. Single bilayer liposomes prepared without
sonication. Biochim. Biophys. Acta 298:1015–1019.

2. Bierman, G., and H.-G. Sahl. 1985. Induction of autolysis of Staphylococci by
the basic peptide antibiotics Pep5 and nisin and their influence on the activity
of auto-lytic enzymes. Arch. Microbiol. 141:249–254.

3. Bierman, G., and H.-G. Sahl. 1987. Autolytic system of Staphylococcus simu-
lans 22: influence of cationic peptides on activity of N-acetyl-muramoyl-L-
alanine amidase. J. Bacteriol. 169:5452–5458.

4. Bierman, G., and H.-G. Sahl. 1988. Influence of cationic peptides on the
activity of the autolytic endo-b-N-acetylglucosamidase of Staphylococcus
simulans 22. FEMS Microbiol. Lett. 58:223–228.

5. Bierman, G., and H.-G. Sahl. 1991. Induction of autolysis of Staphylococcus
simulans 22 by Pep5 and nisin and influence of the cationic peptides on the
activity of the autolytic enzymes, p. 386–396. InG. Jung and H.-G. Sahl (ed.),
Nisin and novel lantibiotics. ESCOM, Leiden, The Netherlands.

6. Booth, J. R. 1985. Regulation of cytoplasmic pH in bacteria. Microbiol. Rev.
49:359–378.

7. Bruno, M. E. C., A. Kaiser, and T. J. Montville. 1992. Depletion of proton
motive force by nisin in Listeria monocytogenes cells. Appl. Environ. Micro-
biol. 58:2255–2259.

8. Chan, W. C., B. W. Bycroft, L.-Y. Lian, and G. C. K. Roberts. 1989. Isolation
and characterisation of two degradation products derived from the peptide
antibiotic nisin. FEBS Lett. 252:29–36.

9. Chan, W. C., G. C. K. Roberts, and B. W. Bycroft. 1993. Structure-activity
relationships of nisin and subtilin, p. 770–771. In C. H. Schneider and A. N.
Eberle (ed.), Peptides 1992. ESCOM, Leiden, The Netherlands.

10. Chan, W. C., M. Leyland, J. Clark, H. M. Dodd, L.-Y. Lian, M. J. Gasson,
B. W. Bycroft, and G. C. K. Roberts. 1996. Structure-activity relationships in
the peptide antibiotic nisin: antibacterial activity of fragments of nisin. FEBS
Lett. 390:129–132.

11. Chan, W. C., H. M. Dodd, N. Horn, K. Maclean, L.-Y. Lian, B. W. Bycroft,
M. J. Gasson, and G. C. K. Roberts. 1996. Structure-activity relationships in
the peptide antibiotic nisin: the role of dehydroalanine 5. Appl. Environ.
Microbiol. 62:2966–2969.

12. Demel, R. A., T. Peelen, R. J. Siezen, B. de Kruijff, and O. P. Kuipers. 1996.
Nisin Z, mutant nisin Z and lacticin 481 interactions with anionic lipids
correlate with antimicrobial activity. A monolayer study. Eur. J. Biochem.
235:267–274.

FIG. 6. Wedge model of nisin pore formation. Nisin binds to the anionic
membrane surface, leading to a high local concentration and disturbance of the
lipid dynamics. Both components of the proton motive force are by themselves
sufficient for inducing insertion of nisin into the membrane. Coinsertion of
bound, anionic phospholipids results in bending of the lipid surface, giving rise to
a wedge-like pore.

VOL. 179, 1997 NISIN PORE FORMATION IN L. LACTIS 139



13. Dodd, H. M., N. Horn, C. J. Giffard, and M. J. Gasson. 1996. A gene
replacement strategy for engineering nisin. Microbiology 142:47–55.

14. Driessen, A. J. M., and W. N. Konings. 1993. Insertion of lipids and proteins
into bacterial membranes by fusion with liposomes. Methods Enzymol. 221:
394–408.

15. Driessen, A. J. M., H. W. van den Hooven, W. Kuiper, M. van de Kamp,
H.-G. Sahl, R. N. H. Konings, and W. N. Konings. 1995. Mechanistic studies
of lantibiotic-induced permeabilization of phospholipid vesicles. Biochemis-
try 34:1606–1614.

16. Gao, F. H., T. Abee, and W. N. Konings. 1991. Mechanism of action of the
peptide antibiotic nisin in liposomes and cytochrome c oxidase-containing
proteoliposomes. Appl. Environ. Microbiol. 57:2164–2170.
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