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ABSTRACT: Mutacin 1140 and nisin A are peptide antibiotics that belong to the lantibiotic family. N-Terminal
rings A and B of nisin A and mutacin 1140 (lipid II-binding domain) share many structural and sequence
similarities. Nisin A binds lipid II and thus disrupts cell wall synthesis and also forms transmembrane
pores. Very little is known about mutacin 1140 in this regard. We performed fluorescence-based studies
using a bacteria-mimetic membrane system. The results indicated that lipid II monomers are arranged
differently in the mutacin 1140 complex than in the nisin A complex. These differences in complex
formation may be attributed to the fact that nisin A uses lipid II to form a distinct pore complex, while
mutacin 1140 does not form pores in this membrane system. Further experiments demonstrated that the
mutacin 1140—lipid II and nisin A—lipid II complexes are very stable and capable of withstanding
competition from each other. Transmembrane electrical potential experiments using a Streptococcus rattus
strain, which is sensitive to mutacin 1140, demonstrated that mutacin 1140 does not form pores in this
strain even at a concentration 8 times higher than the minimum inhibitory concentration (MIC). Circular
complexes of mutacin 1140 and nisin A were observed by electron microscopy, providing direct evidence
for a lateral assembly mechanism for these antibiotics. Mutacin 1140 did exhibit a membrane disruptive
function in another commonly used artificial bacterial membrane system, and its disruptive activity was

enhanced by increasing amounts of anionic phospholipids.

The increasing occurrence of multidrug-resistant bacteria
has created a dramatic need for the identification and testing
of new antibiotics to take the place of those that are failing.
Mutacin 1140 is a posttranslationally modified peptide
antibiotic produced by Streptococcus mutans JH1140 (1). It
belongs to a family of antibiotics called lantibiotics because
of their unique posttranslational modification involving the
formation of lanthionine rings. This class of antibiotics has
received considerable attention because of their broad
spectrum of activity, high potency, low immunogenicity, and
good structural stability. Importantly, genetically stable
resistant variants of sensitive strains have not yet been found,
suggesting that the structure and chemistry of mutacin 1140
may provide important information for the development of
new antibiotics. Mutacin 1140 is also a key component in
the development of replacement therapy for the prevention
of dental caries (2). Thus, for these reasons, it is important
to obtain a comprehensive understanding of mutacin 1140
and its mechanism of activity.

The 3-D structure of mutacin 1140 was determined using
the membrane-mimetic solvent acetonitrile—water (80:20),
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which is a reasonable starting point to predict the orientation
of the membrane-bound molecule (3). Similar to nisin A and
gallidermin, the thioether ring structures of mutacin 1140
were rigid and well-defined, and the regions not spanned by
thioether linkages were quite flexible (4-6). These flexible
regions may be important for bactericidal activity by allowing
the lantibiotic to orient itself properly in the membrane (7—10)
and for complex formation. Mutacin 1140 was determined
to have an overall horseshoe-like structure and is ap-
proximately 26 A in length, 14 A in width, and would be
inserted about 17 A into the membrane.

Electrostatic interactions between the lantibiotic and the
bacterial membrane are believed to be important for the initial
binding. Experiments with nisin A have demonstrated that
the sensitivity of the host bacterium is dependent on the
charged state of its cell wall and membrane (7, 10, 11). More
importantly, cell—lantibiotic interactions are enhanced by the
presence of docking molecules such as lipid II (/2—14). Lipid
IT aids in complex formation and, in the case of nisin A,
also in the formation of transmembrane pores. The interaction
of nisin A with lipid I involves a novel lipid II binding motif
that has been characterized by NMR' (15). The N-terminal
portion of nisin A, lanthionine rings A and B, interacts with

! Abbreviations: MIC, minimum inhibitory concentration; DOPG,
1,2-dioleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]; DOPC, 1,2-dio-
leoyl-sn-glycero-3-phosphocholine; NMR, nuclear magnetic resonance;
TEM, transmission electron microscopy; LUV(s), large unilamellar
vesicle(s); TPP*, tetraphenylphosphonium; CF, carboxyfluorescein.
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FIGURE 1: Comparison of the covalent structures of nisin A and
mutacin 1140. The N-terminal portion is composed of a lipid II
binding domain, while the rest of the molecule is presumably
involved in lateral complex formation that is important for the
formation of a transmembrane pore and/or the abduction of lipid
IT from the site of active cell wall formation.

the pyrophosphate, peptidoglycan MurNAc, and the first
isoprene of lipid II. The N-terminal rings A and B of nisin
A and mutacin 1140 have a high degree of structural and
sequence similarity (Figure 1). These similarities led us to
investigate the biological activity of mutacin 1140 using the
same model membrane systems that were used to study the
activity of nisin A. In previous experiments, we discovered
that mutacin 1140 binds to lipid II, but, unlike nisin A, does
not form large transmembrane pores in this bacteria-mimetic
membrane system. This represented a novel mechanism of
antimicrobial activity: mutacin 1140, as well as nisin A, binds
to lipid II and abducts lipid II from the growth zones of
bacteria where lipid II is required for new cell wall formation
(16). The lantibiotics gallidermin and epidermin have also
been shown to interfere with cell wall biosynthesis via lipid
II binding as well as binding to the lipid II precursor, lipid
1(17).

In this study, we further explored the mechanisms of
bactericidal activity of mutacin 1140. A better understanding
of the functional activity of mutacin 1140 was gained by
using model membrane systems containing different ratios
of the anionic phospholipid 1,2-dioleoyl-sn-glycero-3-[phos-
pho-rac-(1-glycerol)] (DOPG) and the zwitterionic phos-
pholipid 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
with and without lipid II, membrane potential experiments
using a sensitive strain, Streptococcus rattus, and transmis-
sion electron microscopy (TEM) experiments. These experi-
ments extended our knowledge of the biological activity of
mutacin 1140 and, presumably, the activity of similar
lantibiotics.

EXPERIMENTAL PROCEDURES

Mutacin 1140 and nisin A were produced and purified as
previously described (/, 18, 19). DOPG and DOPC were
purchased from Avanti Polar Lipids (Alabaster, AL). All
other chemicals were purchased from Sigma-Aldrich (St.
Louis, MO) and were of the highest grade, unless otherwise
stated. HPLC-grade acetonitrile was obtained from Rathburn
Chemical Ltd. (Walkerburn, Scotland) and Sigma-Aldrich.

Synthetic Membrane Experiments. Large unilamellar vesicles
(LUVs) from DOPC with a varying lipid II content were
prepared as previously described (/4, 20, 21). Dried lipid
films were obtained by evaporating the organic solvents
under a continuous flow of nitrogen gas, followed by storage
for 2 h under vacuum to remove traces of chloroform and
methanol. The lipid films were hydrated, followed by 10
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cycles of freezing and thawing of the suspensions and 10
times manual extrusion through disposable 200 nm mem-
brane filters (Anotop 10; Whatman, Maidstone, U.K.). To
incorporate pyrene-labeled lipid II, a small aliquot of an
ethanol solution of pyrene-labeled lipid II at submillimolar
concentrations was rapidly mixed. Following incubation for
2 h at room temperature, the vesicles were separated using
a G-50 Sephadex (fine) spin column.

LUVs were used for pyrene fluorescence measurements
and for carboxyfluorescein (CF) leakage competition study.
The solution was stirred continuously and kept at 20 °C using
a circulating water bath. CF release and pyrene-labeled lipid
IT excimer assays were used to study mutacin 1140—mem-
brane interactions. CF leakage from DOPC LUVs containing
0.10 uM lipid II was used to study the mutacin 1140—lipid
IT complex. LUVs were incubated for 5 min with mutacin
1140 at concentrations ranging between 0.01 and 0.10 uM
followed by the addition of nisin A at a constant concentra-
tion of 0.10 uM. The ability of mutacin 1140 to bind and
assemble lipid II molecules into a complex was tested by
measuring the occurrence of excimer fluorescence in the
spectrum of pyrene-labeled lipid II. The three characteristic
pyrene monomer signals are present in the 360—440 nm
range, while the excimer signal is observed between 440 and
550 nm with a concomitant decrease in the monomer signal.
Pyrene fluorescence was recorded for samples containing
0.25 uM pyrene-labeled lipid II in 0.1 mol % lipid II
containing DOPC LUVs. Mutacin 1140 and nisin A were
added independently at a 0.75 uM concentration and
incubated for 5 min before the pyrene fluorescence was
recorded again. Subsequently, nisin A and mutacin 1140 were
added at a 0.75 uM concentration and incubated for 5 min
in the competition assay for lipid II.

DOPG—DOPC vesicle leakage experiments were per-
formed following previously reported procedures, unless
otherwise stated (8, 22). Vesicles were prepared using a
standard sonication procedure (Avanti Polar Lipids) in which
20 mg of lipid with varying ratios of DOPC and DOPG was
dissolvedin 1 mL of chloroform. The phospholipid—chloroform
solution was placed in a 250 mL flask attached to a vacuum
line at room temperature and dried to remove the chloroform.
The dry lipid film was hydrated in 1.0 mL of 50 mM
MES—KOH, pH 6.5, and 100 mM K,SO4 (K-buffer). The
phospholipid suspension with 100 mM CF added was
sonicated on ice 10 times in 10 s bursts with a Vibra-Cell
probe tip sonicator (Sonics and Materials Inc., Newtown,
CT). The phospholipid suspension was cooled on ice between
sonication bursts to prevent overheating of the lipid suspen-
sion. The vesicle suspension was then microcentrifuged at
10000 rpm for 30 s at room temperature to remove any
titanium particles that may have come from the sonicator
probe tip. This procedure produced unilamellar vesicles with
varying diameters between 50 and 300 nm as determined
by TEM. To separate CF-loaded vesicles from free CF, the
CF vesicle suspension was loaded after sonication onto a
0.5 cm x 30 cm Sephadex G50 column equilibrated with
K-buffer. The CF-loaded vesicles were then diluted to a 300
uM concentration with K-buffer and further diluted 100 times
with K-buffer to a final volume of 3 mL. Varying amounts
of mutacin 1140 were added and mixed gently for 45 s, and
fluorescence measurements were taken for 5 min at 30 s
intervals. Triton X-100 was added, 0.2% of total volume, to
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FIGURE 2: Competition assay of excimer fluorescence of pyrene-labeled lipid II. (A) The fluorescence was recorded following incubation
for 5 min with 0.75 uM mutacin 1140 (tracing m) and compared to pyrene-labeled lipid II fluorescence in the absence of mutacin 1140 or
nisin A (thin black tracing). The fluorescence was then recorded after the addition of 0.75 uM nisin to the vesicles preincubated with
mutacin 1140 (tracing m + n). The gray line (tracing n) represents the fluorescence after addition of 0.75 M nisin A only. The inset shows
an enlarged view of the excimer region. There was no increase in the excimer fluorescence of pyrene-labeled lipid II in vesicles incubated
with mutacin 1140 and subsequently incubated with nisin A, demonstrating that nisin A cannot abduct lipid II from the mutacin 1140—lipid
II complex. (B) Pyrene-labeled lipid II fluorescence was recorded in the absence of nisin A (thin black tracing) and after incubation for 5
min with 0.75 uM nisin A (tracing n). The fluorescence was then recorded after the addition of 0.75 uM mutacin 1140 to the vesicles
preincubated with nisin A (tracing m + n). There was no significant decrease in the excimer fluorescence of pyrene-labeled lipid II following
incubation with mutacin 1140, demonstrating that mutacin 1140 cannot abduct lipid II from the nisin A—lipid II complex.

the CF-loaded vesicle suspension to determine maximum
fluorescence intensity. Acetonitrile—water (80:20) was used
as a negative control. Phospholipid concentration was based
on total phosphorus (23).

Mutacin 1140 was dissolved in acetonitrile—water (8:2 and
7:3) at a concentration of 1 mM for the DOPG—DOPC
experiments and the LUV experiments, respectively. Nisin
A stock solutions were made in 0.05% acetic acid at
concentrations of 0.25 and 0.80 mM. All peptide solutions
were kept at —20 °C until used. Pyrene-labeled lipid II and
unlabeled lipid II were synthesized and purified as was
previously published (20). Labeled and unlabeled lipid II
species were dissolved in chloroform—methanol (1:1 v/v)
at concentrations of 0.5—1.0 mM and stored under nitrogen
at —20 °C. CF and pyrenesulfonyl chloride were obtained
from Invitrogen (Carlsbad, CA). Fluorescence measurements
for the DOPG—DOPC and LUV experiments were per-
formed with a VersaFluor fluorometer (Bio-Rad, Hercules,
CA) and an SLM-Aminco SPF-500 C fluorometer (SLM
Instruments Inc., Urbana, IL), respectively. Vesicles were
added to 10 x 4 mm cuvettes in 1.25 mL final volume.

Measurement of the Transmembrane Electrical Potential.
The transmembrane electrical potential in cells was deter-
mined with an electrode specific for the lipophilic cation
tetraphenylphosphonium (TPP™) (24) as described previously
(25). Nigericin, a K*/H* antiporter was used to uncouple
the H" gradient at a 1 uM concentration. Valinomycin, a
K*-free transporter, served as positive control for dissipation
of the K* gradient at a 1 uM concentration. S. ratfus BHT-2
(laboratory collection (26)) was used as a mutacin 1140-
susceptible strain (27). Cells were grown in trypticase soy
broth with yeast extract (Difco Laboratories, Detroit, MI) at
37 °C. Cells from early log phase (ODgy approximately 0.25)
were washed by centrifugation in phosphate-buffered saline
(PBS) before the experiment. Mutacin 1140 was added to a
final concentration of 8 uM.

Transmission Electron Microscopy. Negatively stained
samples were prepared by floating 20 4L of 20 uM mutacin
1140 or nisin A solution (acetonitrile—water, 80:20) on a
carbon-coated copper grid for 4 min. Excess liquid from
each sample was blotted with filter paper, and then the
specimens were stained with 2% uranyl acetate for 30 s.

Acetonitrile—water (80:20) was used as a negative control.
The mutacin 1140 and nisin A grids were observed under
a transmission electron microscope, Jeol JEM-100CXII
(Joel Ltd., Tokyo, Japan). Images were taken at magni-
fications between 40000 and 50000.

RESULTS

Mutacin 1140—Lipid II Complex. The nisin A—lipid II
pore complex was previously characterized using pyrene-
labeled lipid II. The pyrene-labeled lipid II molecules in these
pores were shown to be in close contact, giving rise to an
excimer signal with a simultaneous decrease in the monomer
signals (20). The activity of mutacin 1140 was further
explored using the DOPC LUV model membrane system.
To determine whether mutacin 1140 can induce similar
excimer signals, as was observed for the nisin A pore
complex, we compared the fluorescence of pyrene-labeled
lipid II in DOPC LUVs in the presence of mutacin 1140
and nisin A. The fluorescence spectrum of 0.25 uM pyrene-
labeled lipid II in DOPC vesicles (0.1 mol %) before (thin
black line) and 5 min after the addition of a 3-fold excess of
mutacin 1140 (line m) exhibited the three characteristic
pyrene monomer signals in the 360—440 nm range (see
Figure 2A). The decrease in the intensity of the monomer
signals following the addition of mutacin 1140 showed that
mutacin 1140 was bound to lipid II. However, following the
addition of mutacin 1140 the excimer signal between 440
and 550 nm was virtually absent (see Figure 2A, insert, line
m) compared to that of nisin A (Figure 2A, insert, line n).
The lack of mutacin 1140-induced excimer intensity is most
probably due to differences in the way lipid II is oriented
during formation of the mutacin 1140—lipid II and nisin
A—Tlipid II complexes. When an equal molar amount of nisin
A was added after mutacin 1140, the formation of the intense
excimer signal was completely blocked by mutacin 1140
(Figure 2A). This experiment was repeated with vesicles first
exposed to nisin A (Figure 2B). However, this time, when
an equal molar amount of mutacin 1140 was added after
nisin A, there was no disruption of the intense excimer signal
by mutacin 1140 (Figure 2B). These data showed that
mutacin 1140 and nisin A complexes tightly sequestered lipid
IT and could not be competitively replaced.
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FIGURE 3: Mutacin 1140 and nisin A competition assay for lipid
II. Leakage induced by nisin A was inhibited by equal molar
concentrations of mutacin 1140. The LUVs containing DOPC and
0.1 uM lipid II were incubated for 5 min with various mutacin
1140 concentrations (0.010—0.100 «M), while nisin A was
subsequently added at a 0.100 4«M concentration. Fluorescence of
samples containing CF-loaded DOPC vesicles was recorded for
200 s. From a 20% Triton X-100 solution, 10 uL. was added to
yield the value for 100% leakage.

In previous studies, CF release experiments using LUVs
composed of the synthetic lipid DOPC with 0.1 mol % lipid
II revealed that micromolar concentrations of mutacin 1140
were not able to form a pore (/6). The lack of any noticeable
pore formation by mutacin 1140 contrasts the effects seen
with nisin A, as this lantibiotic causes an efficient release of
CF at nanomolar concentrations (/4). Because mutacin 1140
was not capable of producing a pore large enough for the
efflux of CF from LUVs (/6), we were able to design a
competition assay in which we measured the ability of
mutacin 1140 to inhibit nisin A from forming a transmem-
brane pore. This was done by monitoring the nisin A-induced
efflux of CF with vesicles incubated with varying concentra-
tions of mutacin 1140 (Figure 3). These experiments revealed
that the addition of 0.1 uM nisin A to vesicles incubated
with mutacin 1140 resulted in leakage only when the mutacin
1140 concentration dropped below the lipid II concentration
(0.1 uM). This corresponds to a 1:1 stoichiometry if all lipid
II molecules were available for the interaction with mutacin
1140. This 1:1 stoichiometry has also been previously
described for nisin A and lipid II (27, 28). Similar to what
was revealed in the pyrene-labeled lipid II experiments, the
stability of the mutacin 1140—lipid II complexes is high
enough to withstand the competition by nisin A in these CF
release experiments.

Mutacin 1140 Membrane Studies. To characterize mutacin
1140’s action in the membrane, we used potentiometric
measurements with a Kt electrode and TPP" electrode. As
previously reported, mutacin 1140 at concentrations ranging
from 0.1 to 1.0 #uM was unable to induce CF leakage in the
in vitro DOPC LUV membrane system containing 0.1 mol
% lipid II (16). Given the possibility that the pores could be
too small to allow for the efflux of CF, K' leakage
experiments were done utilizing the same in vitro model
membrane system. In these experiments, mutacin 1140 was
also unable to induce K leakage (data not shown). Mutacin
1140 was tested at the upper limit concentration of 1.0 uM,
which is 10-fold higher than the concentration reported for
pore formation induced by nisin A. To study whether mutacin
1140 is capable of permeabilizing the cytoplasmic membrane,
we used the susceptible strain S. rattus. This strain has been
used for over 2 decades as an indicator strain for mutacin
1140 activity (Z, 27). The MIC for mutacin 1140 against S.
rattus in early log phase (ODg approximately 0.25) is <1
ug/mL. Mutacin 1140’s effect on the transmembrane electri-
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FIGURE 4: Measurement of transmembrane potential using a TPP*
electrode. (A) Control experiment with S. rattus cells. Glucose was
added to energize the cells, nigericin, a K*/H™ antiporter, was used
to uncouple the H gradient, and valinomycin, a K* free transporter,
served as positive control for dissipation of the K gradient. (B)
Mutacin 1140 added to the glucose-energized cells caused a
negligible change in the transmembrane potential, showing that
mutacin 1140 did not permeabilize the membrane of the sensitive
strain.

cal potential was determined by monitoring the distribution
of the lipophilic cation TPP* in energized S. rattus cells
during early log phase. First, a control experiment was
performed with glucose-energized cells incubated with
nigericin followed by the addition of valinomycin, uncou-
pling the transmembrane electrical potential (Figure 4A).
Using a high concentration of mutacin 1140 (8 uM), we
showed that the transmembrane electrical potential of
susceptible glucose-energized S. rattus cells was not depo-
larized by the addition of mutacin 1140 (Figure 4B). The
potassium ionophore valinomycin elicited an instantaneous
dissipation of the transmembrane electrical potential, indicat-
ing that the experimental system was fully functional. This
experiment demonstrated that mutacin 1140 does not form
a pore complex in the sensitive strain S. rattus. These results
support an alternative bactericidal mechanism other than pore
formation for mutacin 1140, likely involving lipid II abduction.

To further examine the possibility of mutacin 1140’s
ability to disrupt membranes, we used the bacteria-mimetic
DOPG—DOPC membrane system that was first utilized for
characterization of nisin A’s pore-forming ability (8). This
membrane system demonstrated that mutacin 1140 can
permeabilize membranes, depending on anionic lipid content.
The percentage of CF release from 100% DOPG vesicles
with a 3 uM lipid concentration was determined 5 min after
the addition of varying concentrations of mutacin 1140
(Figure 5A). Efficient release of CF was observed at low
concentrations of mutacin 1140; ~46% of the CF was
released in 5 min from vesicles exposed to mutacin 1140 at
a 435 nM concentration. At this concentration, release of
CF was observed when there was at least one mutacin 1140
molecule per seven DOPG molecules. The vesicles were
depleted of CF at a 1.4 uM concentration of mutacin 1140
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in 5 min. Interestingly, no significant CF release was detected
until reaching a 145 nM mutacin 1140 concentration. This
suggested that there was a threshold concentration (more than
1 mutacin 1140 molecule per 20 DOPG molecules) for
complex formation that disrupted the DOPG vesicle mem-
brane. We also examined the dependency of mutacin 1140
activity on anionic phospholipid by varying the percentage
of the anionic phospholipid DOPG relative to the zwitterionic
phospholipid DOPC (Figure 5B). CF release increased with
increased proportion of DOPG at a constant lipid to mutacin
1140 ratio. The maximum efficiency of CF release was
observed with 100% DOPG vesicles. There was a small
release of CF from the 20% DOPG vesicles. The dramatic
decrease in activity observed with the 20% DOPG vesicles
suggested that anionic phospholipids were important for the
membrane-disrupting activity of mutacin 1140 in the
DOPG—DOPC membrane system and that anionic phos-
pholipids enhanced the membrane perturbation effects.
Complex Formation Observed by Electron Microscopy.
TEM was initially performed to visualize pore complexes
on vesicle membranes. Although no pore complexes were
observed with TEM, mutacin 1140’s ability to disrupt
DOPG—DOPC vesicles was detected (data not shown).
Further examination of these grids showed unusual circular
objects in the background. In an attempt to identify the source
of these objects, a carbon-coated grid was floated on a sample
of mutacin 1140 in acetonitrile—water (80:20) for 4 min and
stained. Interestingly, large circular objects averaging 50 nm
in diameter were present on these grids (Figure 6A) but
absent from the acetonitrile—water (80:20) negative control.
The covalent and three-dimensional structures of mutacin
1140 were determined by nuclear magnetic resonance using
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FIGURE 6: TEM micrographs of mutacin 1140 and nisin A
complexes. (A) The carbon-coated grid was floated on 20 uL of a
20 uM mutacin 1140 solution (acetonitrile—water, 80:20) for 4 min
and was stained with 2% uranyl acetate for 30 s. (B) The carbon-
coated grid was floated on 20 uL of a 20 uM nisin A solution
(acetonitrile—water, 80:20) for 4 min and was stained with 2%
uranyl acetate for 30 s. Mutacin 1140 and nisin A formed circular
complexes on the grids. A black box is drawn around each of these
complexes.

the same solvent conditions (3, 29). These data provide
evidence that mutacin 1140 exists as a monomer in solution
since all samples had narrow line widths and did not show
any changes in chemical shift when mutacin 1140 was diluted
(3). A mechanism for lateral assembly is the only plausible
explanation for the large circular geometry seen by TEM.
This assembly may be activated by exposure to the hydro-
phobic carbon-coated grid. At best, a very rough guess can
be made at estimating the relative number of mutacin 1140
monomers in these complexes. The dimensions of mutacin
1140 were previously determined from the three-dimensional
NMR structural analysis and were estimated to be 26 x 14
A in width and 17 A in depth (3). On the basis of the
maximum area that the widths of each monomer would
occupy, each complex may contain more than 100 monomers
of mutacin 1140. We repeated these experiments with nisin
A and found that it also formed similar large uniform
complexes on the grid (Figure 6B). The nisin A complexes
were also approximately 50 nm in diameter and, thus, also
contain a high number of nisin A monomers. These structures
on the carbon-coated grid show that mutacin 1140 and nisin
A have an inherent ability for lateral assembly. This attribute
further explains why nisin A or mutacin 1140 could not
abduct lipid II after the vesicles were pre-exposed to them
in the competition assays described above. Presumably, the
lateral interactions of mutacin 1140 and nisin A promote
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formation of an extremely tight complex that locks in lipid
II, preventing competition for lipid II from nisin A or mutacin
1140.

DISCUSSION

The findings from this study include experiments showing
the following: a distinct difference in the positioning of lipid
IT in the mutacin 1140 complex and the nisin A complex;
competition studies that demonstrate the stability of mutacin
1140—Iipid II and nisin A—lipid II complexes; a membrane
potential study on a mutacin 1140-sensitive strain demon-
strating that mutacin 1140 kills this strain by a mechanism
other than pore formation; mutacin 1140’s ability to disrupt
the DOPG—DOPC membranes, which improves with in-
creasing anionic lipid content; and mutacin 1140 and nisin
A’s inherent ability to form large circular complexes as
observed by TEM. These data suggest that mutacin 1140
kills bacteria primarily by lipid II abduction and may also
kill by a membrane-disruptive mechanism; albeit the latter
mechanism has not been observed in vivo.

Using the DOPC LUV experimental system, we showed
that pyrene-labeled lipid II lacked an excimer signal follow-
ing the addition of mutacin 1140 and that the mutacin 1140—
and nisin A—lipid II complexes were very stable. The lack
of a lipid II excimer signal following addition of mutacin
1140 was different from nisin A, suggesting either that lipid
IT monomers must be located farther apart in the mutacin
1140 complexes than in the nisin A complexes, even though
mutacin 1140 (22 amino acid residues) is considerably
smaller than nisin A (34 amino acid residues), or that the
orientation of the lipid II headgroup is different. One
important distinction between nisin A and mutacin 1140 is
that nisin A monomers, in the presence of lipid II, can span
the bilayer forming an actual pore complex, while experi-
mental evidence suggests that there is no pore complex for
mutacin 1140 in the DOPC LUV system. Therefore, the
pyrene excimer signal is most probably a characteristic of
the formation of an actual pore complex.

The N-terminal portion of mutacin 1140 and nisin A,
comprising rings A and B, represents the lipid II binding
motif (Figure 1). The sequence variability outside of the lipid
IT binding domain likely confers the functionality of the
lantibiotic, in particular, whether it is a pore former, and how
it positions lipid II during complex formation. In addition
to a lipid II binding domain, our work supports the belief
that there is a separate binding motif for lateral association
of these lantibiotics. This dual activity of binding to lipid II
followed by lateral assembly of the lantibiotic may explain
the high potency of these antimicrobial compounds. The
binding affinity for nisin A to lipid II has been calculated to
be in the order of 2 x 107 M~! (/4). This binding affinity
does not take into consideration the lateral assembly of the
lantibiotic which would further trap lipid II into large
lantibiotic islands in the bilayer. This bactericidal mechanism
of activity ensures that lipid II will not become available
for cell wall synthesis.

We did not see an effect on membrane potential when
mutacin 1140 was added to a mutacin 1140-susceptible strain
S. rattus. This differs significantly from nisin, which elicits
a dramatic drop in membrane potential in Staphylococcus
cohnii (31). The difference in activity is that nisin A actually
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forms a stable pore complex (20). Although similar to nisin
A (8), mutacin 1140 did demonstrate a potent membrane-
disruptive capability in the DOPG—DOPC membrane system
that was dependent on anionic lipid content. Mutacin 1140’s
ability to disrupt the DOPG—DOPC model membranes
suggests that it may kill by a membrane-disruptive mecha-
nism, although we should emphasize that the DOPG—DOPC
model membrane system has a much lower membrane
stability than a bacterial membrane. The electrostatic attrac-
tion of mutacin 1140 to the negatively charged headgroups
presumably increases the rate in which mutacin 1140 binds
to the membranes, thus promoting membrane disruption.
Supporting data come from the binding affinities of nisin A
to this model membrane system. The interaction of radio-
labeled nisin Z to 100% DOPC vesicles was 10-fold less
than for 100% DOPG vesicles (8).

The relative importance of anionic lipid content for the
antimicrobial activity of mutacin 1140 and other lantibiotics
is not well understood. For instance, the bacterium Listeria
monocytogenes was shown to be relatively insensitive to nisin
A (MIC between 200 and 1000 ug/L) even though the
content of the negatively charged lipids is relatively high,
i.e., reported to be 50-88% (8, 32). Therefore, other factors
besides anionic lipid content may affect the sensitivity of a
bacterium to lantibiotics. The thickness and composition of
the cell wall and cell membrane could be another important
determinant for bacterial susceptibility (8, /7). The role of
negatively charged lipids in the antimicrobial activity of
mutacin 1140, as well as other lantibiotics, would require
further examination. The importance of membrane composi-
tion, in particular anionic membrane composition, for the
antimicrobial peptide protegrin-1 was described recently (33).

Interestingly, mutacin 1140 and nisin A were shown to
form uniform circular complexes, composed of more than
100 monomers on the TEM grid. These complexes form after
the lantibiotic makes contact with the hydrophobic carbon
film on the grids and provide direct visualization of the lateral
assembly of mutacin 1140 and nisin A. Direct visualization
by TEM can be used in future mutagenesis studies to identify
the residues important for the assembly process. An inherent
mechanism for lateral assembly of these antibiotics helps to
explain the abduction and clustering of lipid II in bacteria
and bacteria-mimetic membrane systems (/6). It also helps
to explain the stability of mutacin 1140—lipid II and nisin
A—lipid II complexes and why they are very effective
bactericidal compounds. Not only do they have a dedicated
lipid II binding domain, but they also assemble into large
complexes that trap lipid II into a lantibiotic cage, thus,
permanently removing lipid II from the site of bacterial cell
wall synthesis. Type B lantibiotics, in particular, actagardine
and mersacidin, have also been shown to function without
forming pores and are believed to bind to lipid II, thus
inhibiting cell wall inhibition (30).

In conclusion, mutacin 1140’s primary mode of bacteri-
cidal activity is presumably through the binding of lipid II
and trapping it into a tight lantibiotic cage complex, which,
in turn, blocks cell wall synthesis. This hypothesis is based
on the observation that mutacin 1140 did not affect the
membrane potential of the mutacin 1140-sensitive strain S.
rattus and that mutacin 1140 sequesters lipid II into a stable
complex. Furthermore, we showed that mutacin 1140 and
nisin A both have an inherent ability to form large circular
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complexes on a carbon-coated grid, suggesting that they have
a distinct mechanism for lateral assembly. These experiments
expand our knowledge of the function of mutacin 1140. In
addition, it promotes future areas of study for mutacin 1140,
as well as other lantibiotics, that will enhance our under-
standing of the mechanisms involved in the lateral assembly
process, which plays an important role in trapping lipid II.
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