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The activity of lanthionine-containing peptide antibiotics (lantibiotics) is based on different killing mecha-
nisms which may be combined in one molecule. The prototype lantibiotic nisin inhibits peptidoglycan synthesis
and forms pores through specific interaction with the cell wall precursor lipid II. Gallidermin and epidermin
possess the same putative lipid II binding motif as nisin; however, both peptides are considerably shorter (22
amino acids, compared to 34 in nisin). We demonstrate that in model membranes, lipid II-mediated pore
formation by gallidermin depends on membrane thickness. With intact cells, pore formation was less pro-
nounced than for nisin and occurred only in some strains. In Lactococcus lactis subsp. cremoris HP, gallidermin
was not able to release K�, and a mutant peptide, [A12L]gallidermin, in which the ability to form pores was
disrupted, was as potent as wild-type gallidermin, indicating that pore formation does not contribute to killing.
In contrast, nisin rapidly formed pores in the L. lactis strain; however, it was approximately 10-fold less
effective in killing. The superior activity of gallidermin in a cell wall biosynthesis assay may help to explain this
high potency. Generally, it appears that the multiple activities of lantibiotics combine differently for individual
target strains.

Epidermin (1) and gallidermin (27) are lantibiotics pro-
duced by Staphylococcus epidermidis Tü 3298 and Staphylococ-
cus gallinarum Tü 3928, respectively. Their antimicrobial
activity spectra include a variety of pathogenic gram-positive
bacteria, such as staphylococci and streptococci. Both peptides
are active against Propionibacterium acnes (27), and prelimi-
nary clinical tests have demonstrated their potential for treat-
ment of acne. Gallidermin and epidermin are structural ana-
logues which differ at position 6 in the N-terminal part of the
molecule (Leu in gallidermin and Ile in epidermin). As a com-
mon feature of lantibiotics, both contain dehydroalanine and
dehydrobutyrine as well as lanthionine and methyllanthionine
rings. Details on the chemistry and biosynthesis pathways of
lantibiotics can be found in recent reviews (16, 21, 44).

Based on structural differences, two types of lantibiotics
have been distinguished (26). Typical type A lantibiotics, e.g.,
epidermin, subtilin, and nisin, are screw-shaped, elongated,
flexible, and amphipathic peptides with pore-forming activities
(29, 42), whereas type B lantibiotics, e.g., mersacidin, are small
and compact peptides which target specific components of the
bacterial membrane (13).

The pore formation process of type A lantibiotics has been
studied in detail using various physiological and artificial mem-
brane systems (2, 17, 18, 35). Driessen et al. (18) suggested a
“wedge model” for the nisin pore formation, in which the
peptides induce local perturbation of the bilayer structure in a
surface-bound configuration. This model was substantiated by

further studies (8, 9); however, in model membrane systems,
micromolar peptide concentrations are usually required to
provoke perturbation effects. In contrast, many gram-positive
bacteria have MICs in the nanomolar concentration range. An
explanation for this discrepancy was provided when lipid II, the
bactoprenol-bound cell wall precursor, was identified as a spe-
cific docking molecule which enabled pore formation in model
membranes at nanomolar concentrations of nisin (14).

Subsequent studies of this unique phenomenon revealed
that binding to lipid II promotes two bactericidal activities,
pore formation and inhibition of peptidoglycan biosynthesis
(11). Further structure-function studies identified the N-termi-
nal double-ring system of nisin as the binding site for lipid II;
an intact flexible hinge region and the C-terminal segment
were found to be essential for pore formation (11, 52). These
results were recently corroborated when the solution structure
of the lipid II-nisin complex was solved (24). The N-terminal
double-ring system of nisin was found to form a binding cage
for the pyrophosphate linkage group of lipid II; obviously,
undecaprenylpyrophosphate, when released after transglycosy-
lation, can also be bound (6). Thus, nisin has the ability to
interfere with the cell wall biosynthesis cycle simultaneously at
various sites. Binding of lipid II leads to formation of a pore
which is more stable and has a larger diameter than pores
formed in the absence of lipid II (53). In addition, lipid II-
independent mechanisms of action have been described, such
as the induction of autolysis of staphylococci (4). These mul-
tiple activities are considered to result in the high potency of
nisin towards some gram-positive strains.

Comparatively little is known about the mode of action of
epidermin and gallidermin. Early studies indicated that they
may impair membrane functions (2, 43) and that lipid II may
play an important role in this process (14). The latter can be
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reasonably explained in light of the structural work mentioned
above (6, 24), since the N-terminal double-ring system is al-
most completely conserved in both nisin and epidermin (Fig. 1).
However, beyond the N-terminal double-ring system there is
hardly any structural similarity between those two peptides.
Ring C is completely missing in epidermin, and its flexible
hinge region is longer. The C-terminal tail, which is essential
for nisin pore formation (49), is absent from epidermin.
Rather, its C terminus is compact due to a double-ring system
involving an aminovinyl cysteine residue resulting from oxida-
tive decarboxylation of the terminal ring (31). The solution
structure identifies epidermin as an amphiphilic screw-shaped
molecule with an overall length of 30 Å (19), which is consid-
erably shorter than nisin (50 Å) (20). Such differences between
nisin and epidermin provided an excellent basis for extending
our knowledge of the molecular activities of lantibiotics, par-
ticularly since hybrid peptides with such drastic structural dif-
ferences as exist between nisin and epidermin may be difficult
to obtain through directed mutagenesis. It was of particular
interest to study whether the same complexity of antimicrobial
activity found for nisin would hold true for considerably
smaller molecules such as epidermin and gallidermin.

The results reported here demonstrate that the overall
length of gallidermin is crucial for pore formation, which oc-
curs only with certain strains. For nisin, which was able to form
pores in the three indicator strains tested in this study, it was
previously shown that antibiotic activity strongly increases
when cell wall biosynthesis inhibition is combined with pore
formation (52). Interestingly, in spite of pore formation not
taking place with, e.g., Lactococcus lactis, epidermin was found
to be more potent than nisin against this strain. Clearly, al-
though there has been considerable progress in unraveling the
complexity of lantibiotic activities and attributing specific
mechanisms to defined segments of the molecules, more has to
be learned on how these various activities combine to produce
a given MIC of a particular test organism.

MATERIALS AND METHODS

Chemicals and materials. All chemicals were of analytical grade or better. The
phospholipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmito-
leoyl-sn-glycero-3-phosphocholine (DPoPC), 1,2-dimyristoyl-sn-glycero-3-phos-
phocholine (DMPC), and 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC)
were purchased from Avanti Polar Lipids, Inc. and stored at �20°C in chloro-
form. Cholesterol and carboxyfluorescein (CF) were purchased from Sigma
(Steinheim, Germany). The protein concentration of membrane preparations
was determined using the bicinchonic acid protein assay reagent (Pierce Chem-
ical Corp., Bonn, Germany) with bovine serum albumin as a standard.

Bacterial strains and culture conditions. Lantibiotic-producing strains Staph-
ylococcus epidermidis Tü 3298, Staphylococcus gallinarum Tü 3928, Staphylococ-
cus epidermidis EMS6 pCU gdmA L6V, and Staphylococcus epidermidis EMS6
pCU gdmA A12L were cultivated in tryptic soy broth (Merck, Darmstadt, Ger-
many) at 37°C with aeration. The mutant strains (38) were kindly provided by F.
Götz, Tübingen. Micrococcus flavus DSM 1790 and Staphylococcus simulans 22
were grown in tryptic soy broth at 30°C and 37°C, respectively, with aeration, and
Lactococcus lactis subsp. cremoris HP was grown in M17 broth plus 0.5% glucose
(Oxoid, Basingstoke, England) at 30°C without aeration.

Preparative purification of lantibiotics. Producer strains were grown for 24 h.
Cells were harvested by centrifugation (10,000 � g, 10 min) and the peptides
were extracted from the culture supernatant as described previously (15). Chlo-
roform was added to the supernatant fluid (0.1:1, vol/vol), stirred vigorously for
1 h at 4°C, and centrifuged (10,000 � g, 10 min) for phase separation. The
precipitate formed at the interface between the chloroform and culture super-
natant fluid was lyophilized. The crude extract was resuspended in 30% aceto-
nitrile–0.1% trifluoroacetic acid (TFA) and applied to a preparative high-per-
formance liquid chromatography column (Nucleosil 100-C18; 10 �m, 225 by 20
mm [inner diameter]; Schambeck SFD, Bad Honnef, Germany). The column was
equilibrated with buffer A (H2O, 0.1% [vol/vol] TFA), and peptides were eluted
using a linear gradient of 20 to 60% buffer B (acetonitrile, 0.1% [vol/vol] TFA)
at a flow rate of 12 ml/min. For further purification, a semipreparative (Nucleosil
100-5C18; 250 by 8.6 mm [inner diameter]) and/or analytical (Nucleosil 100-
3C18; 250 by 4.6 mm [inner diameter]) column was used. Electrospray mass
spectrometry was used to confirm the correct mass and the purity of the peptides.
Stock solutions were prepared in 0.05% acetic acid and stored at �20°C.

In vitro lipid II synthesis and purification. Synthesis and purification of the
lipid-bound cell wall precursor were performed as described previously (45).
Briefly, lipid II was synthesized in vitro using membrane preparations of Micro-
coccus flavus DSM 1790. Membranes were isolated from lysozyme-treated cells
by centrifugation (40,000 � g), washed twice in 50 mM Tris-HCl, 10 mM MgCl2,
pH 7.5, and stored under liquid nitrogen until use. The analytical assay was
performed in a total volume of 150 �l containing 400 to 800 �g of membrane
protein, 10 nmol undecaprenylphosphate (C55-P), 100 nmol UDP-N-acetylmu-
ramyl pentapeptide (UDP-MurNAc-PP), and 100 nmol UDP-N-acetylglu-

FIG. 1. Primary structures of gallidermin, gallidermin mutant peptides, and epidermin (A) and the related lantibiotic nisin (B). Modifications
of gallidermin mutants used in this study are indicated by arrows. Epidermin differs from gallidermin at position 6 (Ile). Dha, dehydroalanine; Dhb,
dehydrobutyrine; Ala-S-Ala, lanthionine; Abu-S-Ala, �-methyllanthionine.
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cosamine (UDP-GlcNAc) in 60 mM Tris-HCl, 5 mM MgCl2, pH 8, and 0.5%(wt/
vol) Triton X-100. UDP-MurNAc-PP was purified as described previously (28).
For purification of milligram quantities of lipid II, the analytical procedure was
scaled up by a factor of 250. Reaction mixtures were incubated for 1 h at 30°C,
and lipids were extracted with the same volume of n-butanol–6 M pyridine-
acetate (2:1, vol/vol), pH 4.2. Purification of lipid II was performed on a DEAE-
cellulose column (0.9 by 25 cm, DEAE SS type; Serva, Heidelberg, Germany)
and eluted with a linear gradient of chloroform-methanol-water (2:3:1, vol/vol/
vol) to chloroform-methanol-300 mM ammonium bicarbonate (2:3:1, vol/vol/
vol). Lipid II-containing fractions were identified by thin-layer chromatography
(TLC) (60F254 silica plates; Merck) using chloroform-methanol-water-ammonia
(88:48:10:1) as the solvent (40). Spots were visualized by phosphomolybdic acid
staining. The concentration of purified lipids was determined as inorganic phos-
phate after treatment with perchloric acid (41).

Inhibition of in vitro lipid II synthesis. Inhibition of in vitro lipid II formation
was analyzed using the analytical lipid II synthesis assay as described above, with
the addition of radioactively labeled [14C]UDP-GlcNAc (9.21 GBq/mmol; Am-
ersham Pharmacia Biotech., Braunschweig, Germany). Gallidermin, epidermin,
and the mutant peptides [L6V]gallidermin and [A12L]gallidermin were added to
the reaction mixture in molar ratios as indicated (0.5:1, 1:1, and 1.5:1, referring
to the total amount of 10 nmol C55-P). After incubation for the indicated time
periods at 30°C (1 min to 1 h), lipids were extracted from the reaction mixture
and separated by TLC (see above). Radioactively labeled spots were visualized
with iodine vapor, excised, and quantified by beta-scintillation counting (1900
CA Tri-Crab scintillation counter; Packard, Zurich, Switzerland).

Inhibition of the FemX reaction. The assays for synthesis of lipid II-Gly1 (45)
were performed in a total volume of 100 �l containing 5 nmol lipid II, 10 �g
His-tagged glycyl-tRNA-synthetase, 25 �g tRNA, and 2.7 �g His-tagged FemX
in 100 mM Tris-HCl, 20 mM MgCl2 (pH 7.5), 0.8% Triton X-100, 2 mM ATP,
and 50 nmol [U-14C]glycine (3.7 GBq/mmol; Pharmacia Biotech.). For testing
the impact of the lantibiotics in the FemX reaction, the substrate lipid II and the
peptides (in a molar ratio of 1:2) were preincubated for 15 min before addition
of the reaction mixture. After incubation for 60 min at 30°C, 50 �l from the
reaction mixture was analyzed by TLC (60F254 silica plates; Merck) using sol-
vent B (butanol, acetic acid, water, pyridine; 15:3:12:10, vol/vol/vol/vol). Radio-
actively labeled spots were analyzed as described above.

MIC determinations. MIC determinations were carried out in microtiter
plates. M. flavus DSM 1790 and S. simulans 22 were grown in half-concentrated
Mueller-Hinton broth (Oxoid). Lactococcus lactis subsp. cremoris HP was grown
in M17 broth plus 0.5% glucose (Oxoid). Serial twofold dilutions of the peptides
were made in the growth medium of the respective indicator strain. Bacteria
were added to give a final inoculum of 105 CFU/ml in a volume of 0.2 ml.
Incubation conditions were 30°C for 24 h for M. flavus DSM 1790, 37°C for 16 h
for S. simulans 22, and 30°C for 16 h for L. lactis subsp. cremoris HP. The MIC
was read as the lowest peptide concentration causing inhibition of visible growth;
results given are means of three independent determinations.

Preparation of unilamellar vesicles. Large unilamellar vesicles were prepared
for carboxyfluorescein and potassium efflux experiments by the extrusion tech-
nique (23, 34). Large unilamellar vesicles were made of phosphatidylcholine with
different carbon chain lengths (DOPC, DPoPC, DMPC, or DLPC). When indi-
cated, vesicles were made with 50% cholesterol (molar ratio) with and without
0.1 mol% lipid II (referring to the total amount of phospholipids). To prepare
liposomes, lipid solvents were removed under vacuum in an exsiccator. Multila-
mellar liposomes were made by the addition of CF or KCl solutions to the dry
lipids, followed by vigorous stirring. Then, unilamellar vesicles were produced by
repeated extrusion (Lipex Extruder; Northern Lipids, Canada) of the multi-
lamellar vesicles through polycarbonate filters with a pore size of 400 nm (Isopore
membrane filters; Millipore, Ireland). Following the extrusion, vesicles were
passed through a Sephadex G-50 column to remove untrapped CF or KCl. The
concentration of phospholipids in the final liposome suspension was determined
according to the method described by Rouser et al. (41).

Carboxyfluorescein efflux experiments. CF-loaded vesicles were prepared with
50 mM CF and then diluted in 1.5 ml K� buffer (50 mM MES [morpholinoeth-
anesulfonic acid]-KOH, pH 6.0, 100 mM K2SO4) in a final concentration of 25
�M phospholipid (or, when vesicles were prepared with 50% cholesterol, 12.5
mM phospholipid) on a phosphorous basis. After addition of the peptide, the
increase of fluorescence intensity was measured at 520 nm (excitation at 492 nm)
on an RF-5301 spectrophotometer (Shimadzu, Duisburg, Germany) at room
temperature. Peptide-induced leakage was documented relative to the total
amount of marker release after disintegration of the vesicles by addition of 10 �l
of 20% Triton X-100.

Potassium efflux experiments. Potassium-loaded vesicles were made of DOPC
with and without 0.1% lipid II in KCl buffer (300 mM KCl, 30 mM MES, 20 mM

Tris, pH 6.5) and diluted in 2 ml choline buffer (300 mM choline chloride, 30 mM
MES, 20 mM Tris, pH 6.5) in a final concentration of 250 �M phospholipid on
a phosphorous basis. Peptide-induced potassium efflux was monitored using a
microprocessor pH meter (pH 213; Hanna Instruments, Kehl, Germany) with an
MI-442 potassium electrode and MI-409F reference electrode. Peptide-induced
leakage was expressed relative to the total amount of potassium recorded after
addition of 46 �l 30% octylglycoside (final concentration of 0.7%). Before each
experiment, the electrodes were calibrated with standard solutions containing
0.01, 0.1, or 1 mM KCl in buffer, and calculations of potassium efflux in percent
were performed as described previously (37).

Potassium release from whole cells. Cells were harvested at an optical density
at 600 nm (OD600) of 1.0 to 1.5 (3,300 � g, 5°C, 3 min), washed with 50 ml cold
choline buffer, and resuspended in the same buffer to an OD600 of 30. The
concentrated cell suspension was kept on ice and used within 30 min. For each
measurement the cells were diluted in choline buffer (25°C) to an OD600 of about
3. Peptide-induced leakage was expressed relative to the total amount of potas-
sium release induced by addition of 1 �M nisin (data not shown).

RESULTS

Studies on unilamellar vesicles. Previous experiments had
shown that, at nanomolar concentrations, nisin and epidermin
were able to induce marker release from lipid II-containing
multilamellar liposomes made of egg yolk phosphatidylcholine
and 50% cholesterol (14). To gain more insight into structural
and functional aspects of the lipid II-mediated pore formation
process, it was necessary to use a better-defined membrane
system. Thus, we prepared large unilamellar vesicles (consist-
ing of only one bilayer of phospholipids and possessing a ho-
mogeneous size of 400 nm) made of phospholipids with uni-
form acyl chain length.

Such liposomes, when made of pure DOPC (acyl chains of
C18:1), were not impaired by nisin or by epidermin in concen-
trations up to 1 �M. When 0.1 mol% lipid II was added to
DOPC liposomes, unexpectedly, gallidermin was not able to
release carboxyfluorescein even at a concentration of 1 �M
(data not shown). In control experiments conducted with nisin,
rapid marker release was detected, as reported before (52). We
confirmed that gallidermin was able to bind to lipid II by
sequential addition of nisin after gallidermin; in this case, nisin
was not able to induce any detectable marker leakage, most
likely because lipid II binding sites were already occupied by
gallidermin.

We also tested for K� leakage to exclude the possibility that
gallidermin-induced pores could be smaller than nisin-induced
pores and too narrow to promote CF leakage (CF has a mo-
lecular radius of approximately 1 nm). However, significant K�

release could not be detected (data not shown). These data
suggested fundamental differences between nisin and gallider-
min in their ability to form pores. Since the most obvious
difference on the structural level is the overall length (30 Å for
epidermin and 50 Å for nisin), we prepared membranes from
phosphatidylcholine with shorter acyl chains, i.e., DPoPC
(C16:1), DMPC (C14:0), and DLPC (C12:0). Such liposome
membranes may spontaneously leak CF over a broad temper-
ature range (7) and need to be stabilized by addition of 50%
cholesterol (3).

When such liposomes were made from DPoPC and supple-
mented with 0.1 mol% lipid II, gallidermin was still not able to
release CF (Fig. 2A). In contrast, its ability to induce pores
became detectable with liposomes made of DMPC and DLPC
(Fig. 2B and C), although the rate of marker release was
significantly lower than that for nisin. However, these thin mem-
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branes became increasingly unstable as demonstrated with the
undoped control membranes, which became more susceptible
towards the lantibiotics (Fig. 2). Notwithstanding this, our re-
sults demonstrate that membrane thickness is crucial for gal-
lidermin pore formation and raised the question of whether
pore formation would be an integral part of the antibiotic
activity of gallidermin in vivo.

Pore formation by gallidermin in intact cells. The lipid com-
position of bacterial membranes differs from species to species
and varies considerably with growth conditions, in particular
temperature. We used the potassium electrode system to mon-
itor gallidermin-induced efflux from three different indicator
strains, i.e., Staphylococcus simulans 22, with intermediate gal-

lidermin susceptibility, and Micrococcus flavus DSM 1790 and
Lactococcus lactis subsp. cremoris HP, with high susceptibility
(Table 1). Pore formation was most pronounced in M. flavus.
Both gallidermin and nisin induced complete and rapid leak-
age of potassium at a concentration of 500 nM, although with
nisin controls, efflux was clearly faster (Fig. 3A). At a concen-
tration of 50 nM (which corresponds to 25 times the MIC for
nisin and 8 times the MIC for gallidermin), both peptides were
equally effective, whereas no leakage was observed at 5 nM.

Compared to wild-type activity, gallidermin variant peptides,
i.e., epidermin (Fig. 4) and [L6V]gallidermin (data not shown),
with an amino acid exchange at position 6 to Ile or Val, ex-
hibited an unaltered capability to form pores. In contrast, mu-
tation in the flexible hinge region of the peptide, i.e., replace-
ment of Ala by Leu at position 12 ([A12L]gallidermin), led to
a total loss of the pore-forming activity (Fig. 4). Interestingly,
the antimicrobial activity of the non-pore-forming mutant
against M. flavus and S. simulans 22 was clearly reduced (Table
1), underlining the important role of the central flexible region
for the mechanism of pore formation.

In the staphylococcal and lactococcal strains, pore formation
appeared to contribute less to killing than in the case of M.
flavus. In staphylococcal cells, despite MICs in the same range,
gallidermin had to be 10 times more concentrated (500 nM)
than nisin (50 nM) to induce comparable K� release levels
(Fig. 3B). An even more striking result was obtained with L.
lactis. Although this strain is highly susceptible against galli-
dermin in vivo, we observed no potassium leakage even at the
highest concentration (500 nM). Nisin pore formation in this
strain was unaltered. However, the pore-forming activity of
gallidermin against the three indicator strains tested does not
correlate with the antimicrobial activity in vivo (Table 1), indicat-
ing that further mechanisms may be involved in its antibiotic
activity.

Inhibition of in vitro lipid II biosynthesis. The ability of gal-
lidermin and gallidermin variants to bind to lipid I and subse-
quently to inhibit the formation of lipid II was analyzed using an
in vitro lipid II synthesis assay with radiolabeled UDP-GlcNAc.
The conversion of the substrate (C55-P) to lipid II was clearly
inhibited by addition of wild-type gallidermin in a concentra-
tion-dependent manner (Fig. 5). Almost the same levels of
inhibition were obtained after addition of nisin as a control, of
epidermin, or of the mutant peptides [L6V]gallidermin and
[A12L]gallidermin (substrate/peptide ratio of 1:1) (Fig. 5),
demonstrating that neither the described changes in the first

FIG. 2. Activities of gallidermin (triangles) and nisin (squares) on
unilamellar liposomes made of phospholipids with decreasing chain
length. Filled symbols, liposomes with 0.1 mol% lipid II; open symbols,
liposomes without lipid II. Liposomes were stabilized with 50% cho-
lesterol and used at a final concentration of 12.5 �M phospholipid on
a phosphorous basis. Carboxyfluorescein release from (A) DPoPC
(C16:1), (B) DMPC (C14:0), and (C) DLPC (C12:0) was determined 2.5
min after addition of peptide. The 100% leakage level was determined
by addition of Triton X-100.

TABLE 1. Antimicrobial activities of gallidermin, epidermin, and
gallidermin mutant peptides

Peptide

M. flavus DSM
1790

S. simulans 22
L. lactis subsp.

cremoris HP

MIC
(�M)

Potassium
releasea

MIC
(�M)

Potassium
release

MIC
(�M)

Potassium
release

Epidermin 0.002 Yes 0.15 —b 0.002 —
Gallidermin 0.002 Yes 0.15 Yes 0.005 No
[L6V]gallidermin 0.002 Yes 0.15 — 0.009 —
[A12L]gallidermin 0.037 No 2.3 — 0.009 —
Nisin 0.006 Yes 0.19 Yes 0.048 Yes

a Potassium release from whole cells monitored with a potassium sensitive
electrode (see Fig. 4 and 5).

b —, not determined.
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ring nor the reduced flexibility in the hinge region affects the
binding of gallidermin to lipid I.

We also tested the inhibition of in vitro lipid II biosynthesis
at a fixed peptide/C55-P ratio (1:1) over time. In such an assay,
gallidermin was superior to nisin (Fig. 6) in that it completely

blocked synthesis of lipid II within the first 10 minutes of
incubation. These results suggest that gallidermin may have a
higher binding affinity to lipid I than nisin, which might help to
explain the excellent in vivo activity of gallidermin against
several strains in spite of its inability to form pores.

Inhibition of lipid II-Gly1 biosynthesis. In a search for fur-
ther inhibitory activities, we also tested whether gallidermin
may interfere with subsequent steps of cell wall precursor bio-
synthesis, such as the formation of the interpeptide bridge. The
initial step of pentapeptide bridge formation in staphylococci is
the addition of a glycine residue to the stem peptide of lipid II
catalyzed by the peptidyl-transferase FemX. The activity of
FemX can be analyzed in vitro, using the purified enzyme as
well as lipid II and the charged Gly-tRNA as substrates (45). In
this assay approximately 0.8 mol glycine was introduced per
mol of lipid II in the absence of inhibitors, which is close to the

FIG. 3. Potassium release from Micrococcus flavus DSM 1790 (A),
Staphylococcus simulans 22 (B), and Lactococcus lactis HP (C) induced
by gallidermin (triangles) and nisin (squares). Peptides were added at
30 seconds, and the potassium release was monitored with a potassium
electrode. Potassium leakage is expressed relative to the total amount
of potassium released after addition of 1 �M nisin (100% value).
Peptides were applied at 500 nM (black symbols), 50 nM (gray sym-
bols), or 5 nM (white symbols). Lines without symbols are baselines.

FIG. 4. Potassium release from Micrococcus flavus cells induced by
gallidermin (triangles) epidermin (circles), and [A12L]gallidermin
(squares). Peptides were applied at 500 nM (black symbols) or 50 nM
(gray symbols); the line without symbols is the baseline.

FIG. 5. Inhibition of in vitro lipid II synthesis by gallidermin, epi-
dermin, gallidermin mutant peptides, and nisin. Gallidermin and nisin
were tested at molar ratios of 0.5:1 (white bars), 1:1 (gray bars), and
1.5:1 (black bars) with regard to the primary substrate C55-P (10 nmol).
Epidermin and gallidermin variants were tested only at a 1:1 (lantibi-
otic/substrate) molar ratio. The amount of lipid II synthesized by M.
flavus membranes in an assay without addition of lantibiotics was taken
as 100%. Inhibition of lipid II formation results from complexation of
the peptides with the intermediate substrate lipid I. Mean values and
standard deviations from three independent experiments are shown.
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theoretical value of 1. In contrast, when a glycopeptide antibi-
otic such as teicoplanin was added, no radiolabeled glycine was
detected in lipid II (Fig. 7A and B, lane and bar 5). Glycopep-
tides are known to bind to lipid II at the D-Ala-D-Ala terminus
of the pentapeptide chain (36), which obviously not only blocks
the transglycosylation reaction but also interferes with the ac-
tivity of FemX. When lantibiotics were added to the reaction
mix at a molar ratio of 1:2 (lipid II:peptide), lipid II was not
found to migrate in the TLC system used. Rather, lipid II was
found together with the lantibiotics at the application spot.
Apparently, and in contrast to teicoplanin, all three lantibiotics
equally form a stable complex with lipid II which does not
dissociate in the TLC solvent system. Moreover, lipid II iso-
lated from the application spot did not contain any radiola-
beled glycine, demonstrating the strong inhibition of the FemX
reaction by nisin, gallidermin, and epidermin.

DISCUSSION

In this study we have demonstrated that the type A lantibi-
otics gallidermin and epidermin are able to kill bacteria at
nanomolar concentrations through complex mechanisms of ac-
tion. We found that the antibiotic activity of gallidermin
against two of the indicator strains used in this study, i.e., M.
flavus and S. simulans, can be well explained by a dual mode of
action, which involves pore formation and cell wall inhibition
by specific interaction with cell wall precursor lipid II accord-
ing to the model described for nisin (52). Using the potassium
release assay, we observed that gallidermin forms pores in the
membrane of both strains and that the rate of pore formation
(Fig. 3) is reflected in the MIC values (Table 1), i.e., higher
release rates were obtained for the more susceptible strain, M.
flavus. With a mutant peptide in which a bulky amino acid
side chain was introduced into the flexible hinge region
([A12L]gallidermin) (38), we observed both loss of the pore-
forming activity (Fig. 4) and significantly reduced in vivo ac-
tivity (Table 1), demonstrating that pore formation is an im-
portant factor contributing to the overall killing mechanism for

this strain. The remaining antimicrobial activity of the hinge
region mutant peptide can be well explained by the unaltered
ability to bind to lipid I and lipid II and thus to inhibit cell wall
biosynthesis.

Generally, the pore formation capacity of gallidermin was
reduced compared to that of nisin and clearly depended on
membrane thickness. Only when liposome membranes were
made of phospholipids with C14 or shorter acyl chains was pore
formation observed, which was facilitated when lipid II was
incorporated into the bilayer. The thickness of the lipid bilayer
in vesicles made of monounsaturated phosphorylcholines has
been shown to depend on the number of acyl chain carbons

FIG. 6. Impact of gallidermin (triangles) and nisin (squares) on the
kinetics of in vitro lipid II synthesis. Peptides were added at 10 nmol to
the synthesis assay in 150 �l containing 10 nmol C55-P. Lipid II syn-
thesized after 15 min of incubation in the absence of the peptides
(circles) was taken as 100%. Mean values and standard deviations from
three independent experiments are shown.

FIG. 7. Inhibition of in vitro lipid II-Gly1 synthesis by gallidermin,
epidermin, nisin, and teicoplanin (lanes and bars 2 to 5, respectively).
(A) TLC of reaction mixtures of purified lipid II incubated with
[U-14C]glycine in the presence of recombinant tRNA synthetase and
purified tRNA with FemX in the absence (lane-1) or in the presence
(lanes 2 to 5) of the peptides. (B) Ratio of [U-14C]glycine incorporated
per lipid II as determined from the TLC presented in panel A. The
results of one representative experiment are shown.
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and can be calculated according to dL � (15.9 � 1.4) � n(1.5
� 0.2) Å (30), so that, e.g., the thickness of a membrane made
of PC14:1 is approximately 37 Å. Since incorporation of cho-
lesterol is known to increase the thickness of membranes pre-
pared from short-chain fatty acid phospholipids (47), the C14

liposomes used in our study can be estimated to be close to 40
Å. For the DOPC membranes, which were prepared without
cholesterol, a thickness of 43 Å can be assumed. Based on
these figures, it can be expected that nisin, with an overall
length of 50 Å, is able to form pores, while epidermin and
gallidermin, with an overall length of 30 Å, in theory may be
considered to be too short to span a membrane. Currently,
there is not enough information on the architecture of lipid
II-mediated pores to conclusively discuss the molecular basis
for the (albeit clearly reduced) ability of gallidermin and epi-
dermin to form pores. For nisin, it has been suggested that
lipid II is an integral part of the pore (10). If this holds true for
gallidermin, the composite pore aggregate may compensate for
the theoretical size deficiency of this lantibiotic. Also, the Shai-
Matsusaki-Huang model, which describes the non-target-me-
diated membrane poration by amphiphilic peptides, proposes a
membrane-thinning effect before the actual poration process
takes place (54). In addition, the changes induced by choles-
terol and possibly yet-undefined effects of lipid II on the prop-
erties of model membranes may facilitate pore formation by
gallidermin.

With intact cells, pore formation was only observed in the
staphylococcal and micrococcal strains, whereas in the Lacto-
coccus lactis strain no gallidermin-induced potassium leakage
occurred. In addition, [A12L]gallidermin, which lost its pore-
forming activity in Micrococcus flavus (Fig. 4), was as active as
wild-type gallidermin against this strain (Table 1), indicating
that indeed in lactococci pore formation does not contribute to
killing. Interestingly, L. lactis membranes have been reported
to contain considerable proportions of phospholipids with 16,
18, and 19 C atoms; the average acyl chain length had been
calculated to be 17.1 (25). In contrast, for several staphylococ-
cal species (32), for S. aureus (48, 50), and for Micrococcus
luteus (51), a high proportion of C15 and very little C17 or
longer acyl chains have been reported. Whether these figures
are sufficient to explain the observed differences in pore for-
mation capacity of gallidermin remains to be studied. Very
little is known about the inhomogeneous distribution of mem-
brane lipids or the occurrence of lipid raft-like structures in
bacteria, which could lead to localized areas of reduced mem-
brane thickness. Also, the distribution of lipid II in membranes
is unknown, and it is conceivable that it concentrates at sites of
de novo cell wall synthesis. In such spots, specific local envi-
ronments that might be favorable for pore formation by a
specific lantibiotic in a given species could occur.

Remarkably, epidermin and gallidermin were 10 to 20 times
more potent against L. lactis than nisin in spite of the missing
pore formation capacity. In the in vitro lipid II biosynthesis
assay, gallidermin was more efficient in blocking the addition
of N-acetylglucosamine to lipid I. It should be noted that this
reaction takes place at the inner leaflet of the cytoplasmic
membrane so that epidermin and nisin would have to cross the
membrane in order to inhibit this reaction. Experimental proof
for translocation of lantibiotics across the cytoplasmic mem-
brane is lacking so far. However, it has been demonstrated that

cationic amphiphilic peptides do cross membranes and act on
cytoplasmic targets (for a review, see reference 12), and it is
conceivable that this also happens with lantibiotics; interac-
tions with bactoprenol might even be helpful for translocation.
In such a context, a small molecule such as gallidermin/epider-
min might translocate more easily than nisin and thus might
more strongly inhibit cytoplasmic cell wall biosynthesis reac-
tions such as lipid II synthesis and the subsequent formation of
the pentaglycine interpeptide bridge. On the other hand, the
higher affinity for lipid I could also be reflected in a higher
affinity of gallidermin for lipid II, and this may enable stronger
inhibition of transglycosylation which occurs on the outside,
where lipid II is readily accessible.

Structural information on the interaction of lantibiotics with
the cell wall precursor so far is restricted to lipid II. Hsu et al.
(24) described the pyrophosphate moiety of lipid II as the
primary binding site for nisin. They identified six hydrogen
bonds between backbone amides of rings A and B of nisin and
the pyrophosphate moiety. Bonev et al. (6) demonstrated that
nisin can also bind bactoprenol pyrophosphate; however, the
affinity was considerably lower than that for the complete lipid
II molecule. This demonstrates that for high-affinity binding of
nisin additional interactions must take place, presumably be-
tween the N-acetylmuramyl moieties, whereas the pentapep-
tide side chain and the isoprenoid moiety may not be involved.
Evidence for the interaction of the lantibiotics with lipid I
stems mainly from the observation that lipid II biosynthesis is
strongly blocked; structural analysis of a lantibiotic-lipid I com-
plex has not been reported. The A- and B-ring system of nisin,
which has been shown to be responsible for binding lipid II, in
particular the pyrophosphate moiety, is conserved in nisin,
subtilin, epidermin/gallidermin, and a number of structural
variants, such as mutacin 1140, mutacin I, ericin A, and strep-
tin. A structural element in gallidermin/epidermin that could
be responsible for higher affinity, compared to nisin, is Lys in
position 4 (instead of Ile in nisin), which provides an additional
positive charge that may enhance binding to the pyrophos-
phate moiety.

The antimicrobial activity of gallidermin, as reflected in the
MIC of a given strain, may also be influenced by lipid II-
independent factors, e.g., the lantibiotics nisin and Pep5 have
been shown to induce autolysis of susceptible staphylococcal
cells, resulting in massive cell wall degradation. The cationic
peptides activate the autolysins by displacing them from their
binding sites in the peptidoglycan (4, 5). Also, binding and
nontargeted pore formation by nisin in the absence of lipid II
were shown to depend on the overall negative surface charge
of the cytoplasmic membrane (8). This phenomenon was also
described for antimicrobial defense peptides (for a review, see
reference 33), and Staphylococcus aureus achieves resistance to
such peptides by modifying anionic phosphatidylglycerol in the
cytoplasmic membrane with positively charged L-lysine (46). In
addition, the charge of the cell wall influenced sensitivity to-
wards cationic antimicrobial peptides, since staphylococcal
mutants with increased sensitivity were shown to have an al-
tered teichoic acid structure. The mutant teichoic acids lacked
D-alanine, as a result of which the cells carried an increased
negative surface charge (39). Thus, the net charge of the bac-
terial envelope, which is modulated during the cell cycle and
under varying physiological conditions, is an important con-
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tributor to the susceptibility of bacteria towards cationic pep-
tides and needs to be considered when modes of action and
MICs are correlated.

Taken together, the overall antimicrobial activity of gallider-
min is a complex process that involves specific interactions with
the cell wall precursor lipid II and possibly lipid I, leading to
cell wall inhibition and, in some cases, to pore formation; lipid
II-independent nontargeted interactions with the bacterial cell
and possibly additional effects which remain to be identified
may further contribute to killing. The multiple activities may
combine differently for individual target bacteria and explain
the range of sensitivities of various bacterial species (22). The
combination of different modes of action can provide a new
concept for the design of future multifunctional antibiotics to
combat primarily multiresistant pathogens.
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